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supporting information at journals.iucr.org/j 3D printed microfluidic droplet generation devices for serial femtosecond
crystallography (SFX) are reported. SFX is a novel crystallography method
enabling structure determination of proteins at room temperature with atomic
resolution using X-ray free-electron lasers (XFELs). In SFX, protein crystals in
their mother liquor are delivered and intersected with a pulsed X-ray beam
using a liquid jet injector. Owing to the pulsed nature of the X-ray beam, liquid
jets tend to waste the vast majority of injected crystals, which this work aims to
overcome with the delivery of aqueous protein crystal suspension droplets
segmented by an oil phase. For this purpose, 3D printed droplet generators that
can be easily customized for a variety of XFEL measurements have been
developed. The surface properties, in particular the wetting properties of the
resist materials compatible with the employed two-photon printing technology,
have so far not been characterized extensively, but are crucial for stable droplet
generation. This work investigates experimentally the effectiveness and the
long-term stability of three different surface treatments on photoresist films and
glass as models for our 3D printed droplet generator and the fused silica
capillaries employed in the other fluidic components of an SFX experiment.
Finally, the droplet generation performance of an assembly consisting of the 3D
printed device and fused silica capillaries is examined. Stable and reproducible
droplet generation was achieved with a fluorinated surface coating which also
allowed for robust downstream droplet delivery. Experimental XFEL diffrac-
tion data of crystals formed from the large membrane protein complex
photosystem I demonstrate the full compatibility of the new injection method
with very fragile membrane protein crystals and show that successful droplet
generation of crystal-laden aqueous droplets intersected by an oil phase
correlates with increased crystal hit rates.

1. Introduction

X-ray crystallography is one of the most powerful tools to
elucidate protein structures. High-intensity femtosecond
X-ray free-electron lasers (XFELs) allow for the investigation
of protein structure and dynamics with atomic resolution.
Unlike traditional X-ray crystallography where a single
protein crystal is rotated and irradiated with X-rays, in serial
© 2019 International Union of Crystallography femtosecond crystallography (SFX) a protein structure is
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determined by merging thousands of diffraction patterns from
individual micro- and nanometre-sized crystals being ‘hit’ by
the XFEL pulses in random orientations (Chapman et al.,
2011). The crystals need to be rapidly replenished because
they are destroyed by the XFEL beam in less than a picose-
cond. A major method to accomplish crystal delivery is by
jetting an aqueous suspension of protein crystals across the
beam path using a gas dynamic virtual nozzle (GDVN) (Doak
et al., 2012; Trebbin et al., 2014). Although the femtosecond
X-ray pulses of XFELs either have varying repetition rates
from 30 Hz up to 120 Hz or arrive in 10 Hz bunch trains with
each bunch containing up to 2700 X-ray pulses (Chavas et al.,
2015; Seddon et al, 2017), every XFEL beamline has a
common problem: crystals injected between pulses or bunch
trains are not irradiated and are therefore wasted. The sample
cannot be recycled as the radicals formed by the XFEL beam
exposure spread the damage in the solution. Large protein
amounts, up to millilitres of protein crystal suspension, or tens
of milligrams to grams of protein, are then required to obtain a
complete data set (Martin-Garcia et al., 2016). Methods for
producing and crystallizing proteins in such large amounts are
highly resource and time intensive and can be a serious
limiting factor for protein crystallography with XFELs. Thus,
methods for reducing protein crystal waste in serial femtose-
cond crystallography are of the utmost importance. Examples
of sample-introduction methods with reduced sample
consumption (Martin-Garcia et al., 2016; Martiel ez al., 2019)
are viscous media injection (Weierstall, 2014; Sugahara et al.,
2015, 2016; Conrad et al, 2015), electrospinning with a
microfluidic electrokinetic sample holder injector (Sierra et al.,
2016), double flow-focusing nozzles (Oberthuer et al., 2017),
acoustic droplet ejection (Mafune et al., 2016; Roessler et al.,
2016), droplet on tape (Fuller et al, 2017) and fixed target
(Heymann et al., 2014; Hunter et al., 2014; Lyubimov et al.,
2015; Mathews et al., 2017; Mueller et al., 2015; Murray et al.,
2015; Roedig et al., 2017). In addition, recirculating jets that
recycle the injected sample have been developed and
employed at the Linac Coherent Light Source (LCLS)
(Hunter & Sublett, 2019) and the SPring-8 Angstrom
Compact Free Electron Laser (SACLA) (Tono et al., 2015;
Tono, 2017). However, the recirculating jet setup at LCLS is
not designed for experiments under vacuum, and jet diameters
are typically >20 pm, both contributing to higher background
scattering than non-recirculating jets under vacuum. Further-
more, SACLA requires a minimum sample volume of 5 ml in
order to use the recirculating jet, a volume which can be
prohibitive for samples that are difficult to crystallize in large
volumes. The exposure to the XFEL beam also leads to
ionization and radical formation, inducing damage in the
recycled sample even if the protein crystals have not been
exposed to a laser pulse. Such radiation damage defers the
goal of SFX for near-damage-free X-ray diffraction collection
from protein crystals at room temperature such as metal
proteins like photosystem I (PSI), but recycling jets may still
be applied for radiation-hard samples.

Microfluidic devices have been explored in traditional
crystallography applications typically coupled with synchro-

tron irradiation (Zheng et al., 2004; Ghazal et al., 2016; Maeki
et al.,2016), and also in crystallography with XFELs including
microfabricated liquid jet injectors (Trebbin et al, 2014
Beyerlein et al., 2015), crystal sorters (Abdallah et al., 2013)
and time-resolved crystallography with microfluidic mixers
(Calvey et al., 2016). We have recently proposed using water-
in-oil microfluidic droplets to reduce the protein crystal
suspension volume for SFX with XFELs (Echelmeier et al.,
2015). For droplet generation we fabricated a device using
two-photon polymerization 3D printing. This approach
involves a polymerization reaction initiated by near-infrared
femtosecond laser pulses focused into a photosensitive mat-
erial volume, followed by the removal of non-photo-
polymerized material, with advantages including micrometre
resolution, availability of transparent photoresists and fast
design modification (Waheed et al., 2016; Lee et al., 2008). This
3D printing approach has been utilized to develop nozzles for
SFX sample delivery (Bohne et al., 2019; Nelson et al., 2016;
Wiedorn et al., 2018). Although droplets can be generated
using devices with different geometries, we have focused on a
T-junction geometry because of its simplicity and well char-
acterized droplet formation physical parameters (Thorsen et
al., 2001; Nisisako et al., 2002; Zheng et al., 2003; Song &
Ismagilov, 2003; Song et al., 2003; Li & Ismagilov, 2010;
Garstecki et al., 2006; Husny & Cooper-White, 2006; Zhu &
Wang, 2016). In T-junction droplet generators, the continuous-
phase channel orthogonally intersects the dispersed-phase
channel, and the resulting droplets proceed down the
continuous-phase channel outlet (Husny & Cooper-White,
2006).

Generation of multiphase flows in XFEL experiments poses
unique challenges unlike those in droplet generation in
microfluidic devices at low pressure. Firstly, the sample is
placed in a reservoir which frequently requires a few metres of
liquid lines to connect to the GDVN. This connection is
established through fused silica capillaries with small inner
diameters (50-100 um) and is required for accommodating
protein crystal suspension anti-settling devices necessary to
avoid clogging. Therefore, fluidic resistance is high, and
pressures comparable to those typical in high performance
liquid chromatography (HPLC) are usually required for the
crystal suspension injection. Polyether ether ketone (PEEK)
devices withstand high operating pressures and have been
used for droplet generation with controlled droplet frequency
by adjusting the flow rate ratios of the two phases employed
for droplet generation, from hundreds of microlitres to milli-
litres per minute (Ferreira et al., 2018; Zhang et al., 2015).
However, because of their relatively large internal diameters
they do not allow for adjustment of droplet volumes and
frequencies within the much lower flow rates typical for SFX
(tens of microlitres down to hundreds of nanolitres per
minute), as we noted in preliminary tests. In addition, PEEK
devices are not transparent and do not allow visual monitoring
of the droplet generation.

Second, wetting properties are crucial for reproducible and
long-term droplet generation in an SFX experiment and have
not been fully investigated. An ideal coating should render
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hydrophobic both the 3D printed photoresist droplet
generator and the upstream and downstream fused silica
capillary surfaces. Also, it is highly desirable to collect
diffraction data uninterruptedly for typically 6-12 h over the
course of one shift at the XFEL beamline. Surface coatings
should therefore be stable over long periods at flow rates of
tens of microlitres per minute.

A huge variety of coating methods on photoresists and glass
have been developed, addressing surface composition,
chemical functionality, wettability, charge, porosity/roughness
and coating durability, including coating methods to impart
specific wetting properties in microfluidic droplet generation
devices (Ho et al, 2015; Waheed et al, 2016). Droplet
formation occurs when the drag force, with a minor contri-
bution from inertia, overcomes the interfacial tension.
However, coating the inner surface of an SFX device assembly
consisting of a 3D printed droplet generator with internal
dimensions of a few tens of micrometres connected to several
metres-long fused silica capillaries with internal diameters
between 50 and 100 pm can be extremely challenging and time
consuming. Chemical approaches for surface modification
such as self-assembled monolayers (Wong & Ho, 2009) and
gas-phase silanization methods (Fadeev & Kazakevich, 2002;
Wong & Ho, 2009) typically require an activation step (Fadeev
& Kazakevich, 2002; Wong & Ho, 2009), e.g. acid or plasma
treatment, for rendering desired surface chemical function-
ality prior to the linking reaction. Silanization under a vapor
environment in addition involves a relatively complicated
setup (Fadeev & Kazakevich, 2002) (e.g. vacuum and venti-
lation system) and protocol. Fluorophilic surface coatings in
cyclic olefin copolymer microfluidic devices for fixed-target
crystallography were achieved using a simple protocol
(Aghvami et al., 2017). All these surface coating methods,
while effective for microfluidic devices with dimensions of a
few millimetres, would be highly impractical to use with our
device assemblies, which include a glass nozzle, metres of silica
capillaries and the 3D printed droplet generator device, and
too cumbersome to perform if needed during beamtime
experiments. Therefore, we explored simpler physical
adsorptive coatings and tested them on various surfaces,
including photoresists used in two-photon polymerization 3D
printing approaches as well as on glass surfaces (del Campo &
Greiner, 2007; Huang et al., 2015; Ligon et al., 2017; Nelson et
al., 2016; Wiedorn et al., 2018).

We have addressed challenges in droplet generation for
SFX by developing a 3D printed microfluidic droplet
generator with a size <2 mm in every dimension, which can
withstand high pressures (up to approximately 2500 psi; 1 psi =
6.89 kPa), is transparent and can be rapidly prototyped. In
addition, our device is compatible with both low and high
X-ray pulse frequencies (from 10 to 120 Hz), supports micro-
to nano-sized crystals, does not ionize the protein crystal, and
is suitable for time-resolved serial crystallography. Here we
investigate different adsorptive surface coatings that can
produce and maintain stable droplet streams for several hours
under high pressure in device assemblies for droplet genera-
tion in SFX experiments and assess the ability to collect XFEL

diffraction data from droplets of PSI protein crystal suspen-
sions.

2. Materials and methods
2.1. Reagents and materials

Silicon wafers (p-type (100), 4 inches) were obtained from
University Wafer, USA. Glass slides (76 x 25 x 1 mm) were
purchased from Fisher Scientific, USA. The negative photo-
resist SU-8 2007 for surface coating and SU-8 developer were
purchased from Microchem, USA. The ultraviolet sensitive
photoresist (IP-S) was purchased from Nanoscribe GmbH,
Germany. (Tridecafluoro-1,1,2,2-tetrahydrooctyl) dimethyl-
chlorosilane (TDTS) was purchased from Gelest Corp., USA.
Novec 1720 electronic grade was a generous gift from 3M,
USA. Aculon AL-B was purchased from Aculon Inc., USA.
Ethanol, acetone, potassium chloride, magnesium sulfate, Tris
base, 2-(N-morpholino)ethanesulfonic acid (MES), g-
mercaptoethanol, poly(ethylene glycol) methyl ether (mPEG,
MW = 5000 amu), perfluorodecalin (PFD) and 1H,1H,2H,2H-
perfluoro-1-octanol (perfluorooctanol, PFO) were purchased
from Sigma—Aldrich, USA. n-Dodecyl-8-maltopyranoside was
purchased from Glycon, Germany. Deionized water (18 M)
was supplied from a Synergy purification system (Millipore,
USA). Fused silica capillaries (360 pm outer diameter, 100 pm
inner diameter and 50 um inner diameter) were purchased
from Molex, USA. Hardman extra-fast setting epoxy was
purchased from All-Spec, USA.

2.2. Preparation of photoresist film model surfaces

Silicon wafers and glass slides were sonicated in isopropanol
and acetone for 5 min and immediately rinsed thoroughly with
deionized water and dried with a stream of nitrogen gas before
the surface coating. A previously described SU-8 coating
method was used (Duong et al., 2003). In brief, an Si wafer was
spin-coated at 1000 r min~" with a Laurell spinner (WS-650-8,
Laurell, USA) for 30 s by dispensing 3 ml of negative photo-
resist SU-8, UV-exposed for 30s (350 W, 10.32 mW cm 2,
HTG Mask Aligner, JM Industries, USA) and developed in a
developer bath. The thickness of the SU-8 film was 12 um as
measured by a profilometer (Dektak II, USA). The IP-S
photoresist was spin-coated at 1000 r min~' for 60s on a
silicon wafer and then cured by a high-power UV (365 nm)
curing LED system (CS2010, Thorlabs, USA) under an inert
N, atmosphere. The thickness of the IP-S layer on the Si wafer
was 62 pm as measured by the Dektak profilometer.

2.3. Hydrophobic coatings on photoresists and glass

SU-8 or IP-S films on silicon wafers and bare glass slides
were coated with hydrophobic agents as follows. The surfaces
were rinsed with deionized water and dried with a stream of
nitrogen gas and placed in glass Petri dishes. A volume of
200 pl of either Novec 1720 or Aculon AL-B was placed on
the substrate and allowed to evaporate at room temperature.
Subsequently, the substrates were baked in an oven at 423 K
for 30 min. For the surface coating with a fluorinated silane,
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gas-phase deposition of TDTS was performed in a desiccator
connected to a vacuum source by evaporating 40 pl of TDTS
in an incubator with SU-8 and IP-S substrates. A vacuum was
applied for 1 min then turned off and the TDTS was allowed
to deposit for 30 min.

2.4. Contact angle measurement

All substrates were rinsed with deionized water and dried
with compressed air or nitrogen gas before measurement.
Contact angles were measured with a goniometer (drop shape
analyzer DSA25, Kruss, Germany) under ambient conditions.
To measure the static water contact angle, a sessile drop (2 pl)
of deionized water was dispensed onto bare and treated
photoresist films and glass slides, and a side image was
captured with the camera when the droplet was stabilized on
the substrate. Three different samples for each material and
surface treatment were measured.

2.5. Stability of hydrophobic coatings

To explore the long-term coating stability we measured the
contact angles on Novec 1720-treated SU-8, IP-S and glass
slides before and after immersion in either a mixture of
PFD:PFO (10:1 v:v%) oil for up to 24 h or ethanol or deio-
nized water for up to 16 h. In addition, the contact angles of
the Novec-treated samples were measured before and after
immersion in deionized water in an ultrasonic bath (JP-031B
180 W, 40 K Hz, 6.5 L, USA) for 3, 10 and 30 min at room
temperature followed by drying under pressurized N, gas.

2.6. 3D printed devices for droplet generation

Devices were designed in AutoCAD (AutoDesk, USA) and
imported into the DeScribe software of the Nanoscribe GT
instrument (Nanoscribe GmbH, Germany). A drop of IP-S
was deposited onto a clean indium tin oxide-coated boro-
aluminosilicate glass slide. The 3D structure was printed on
the glass slide upon the two-photon polymerization of IP-S.
The structure was printed using the standard Meso Scale
protocol: IP-S 25x solid (ITO) recipe, with 100 000 um s~ scan
speed, 100% laser power, 0.9 power scaling, 1 um slice
distance and 0.5 pm hatch distance. Printing was complete
after 4-7 h depending on the device version. After printing,
the device was developed by one or more cycles of a 40 min
sonication in SU-8 developer followed by an isopropyl alcohol
rinse until development completion was determined by visual
inspection using an optical microscope. After development,
the dry 3D printed device was immobilized on a glass slide
with tape, and 360 pm outer diameter fused silica capillaries
with polished flat ends were inserted into the two inlets and
the outlet of the device. The diameters of the two inlet and the
outlet ports were 370 um. Fused silica capillaries were
permanently affixed to the device with fast-curing epoxy for
high-pressure operation.

2.7. T-junction and capillary coating with Novec 1720

For hydrophobic surface treatment, Novec 1720, as
provided by the manufacturer, was slowly injected into one of

the T-junction assembled capillaries using a disposable syringe
and fittings (P-629, F-300, F-142N and F-262) (IDEX-HS,
USA) until it could be seen exiting the other two fused silica
capillary ends. The entire Novec-filled assembled device was
placed in a ventilated oven at 423 K overnight to allow for
vaporization of any excess solvent.

2.8. Droplet generation and monitoring

The oil-phase mixture was PFD:PFO (10:1 v:v%). The
aqueous phase was either water, mPEG buffer (82 mM
potassium chloride, 14 mM Tris base pH = 7.3, 1.4 mM
B-mercaptoethanol and 7% mPEG, used as mother liquor for
the protein of interest for SFX studies) or low ionic strength
PSI buffer [5 mM MES pH = 6.4 and 0.02% (w/v) n-dodecyl- 8-
maltopyranoside] for delivery of PSI crystals. In the X-ray
diffraction experiments the aqueous phase was a suspension of
1-5pm PSI protein microcrystals prepared as described
previously (Chapman et al., 2011; Abdallah et al., 2015; Hunter
& Fromme, 2011), and the aqueous phase reservoir was
mounted on a custom-made device that slowly oscillates to
prevent microcrystals from settling while keeping the crystal
suspension at 277 K (Lomb, 2012). The aqueous and oil phases
were each driven by an HPLC pump (LC-20AD, Shimadzu,
Japan) operating in constant-flow-rate mode into a custom-
made stainless steel syringe-like reservoir (Oberthuer et al.,
2017; Wang, 2014). The reservoirs were connected to the 3D
printed T-junction microfluidic droplet generator by fused
silica capillaries. Oil-phase flow rates (Q,;) ranged from 6 to
45 ul min~!, and aqueous-phase flow rates (Qaqueous) from 0.5
to 20 ul min~'. The outlet capillary was mounted in a droplet
detector about 30 cm downstream of the droplet generator,
and about 20 cm further downstream was connected to the
GDVN inlet liquid capillary. For preliminary studies at the
laboratories at Arizona State University prior to the first
experiments at the Linac Coherent Light Source (LCLS) at
SLAC National Accelerator Laboratory, the T-junction
droplet generation was imaged by immobilizing the 3D
printed device onto a glass slide with tape and using an
inverted microscope (IX71, Olympus, USA) in bright-field
imaging mode in conjunction with a high-speed camera
(FASTCAM SA4, Photron, Japan). The droplet detector was
used to monitor the frequency of the droplets in real time in
the fused silica capillary and consisted of a 1550 nm laser
diode and a photodetector connected to an oscilloscope, which
detected a signal based on the difference in transmittance
between the oil and the aqueous phase.

2.9. X-ray diffraction

The SFX experiments were carried out at the macro-
molecular femtosecond crystallography (MFX) instrument at
LCLS (proposal ID: LQ70) at an X-ray energy of 9.5 keV with
40 fs pulse duration at a pulse rate of 120 Hz (Sierra et al.,
2019). The X-ray diffraction experiments were carried out at
ambient pressure in a helium atmosphere to reduce back-
ground scattering from air. The X-ray diffraction data were
recorded using a Rayonix MX170-HS detector in the 2 x 2
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binning mode, leading to 1920 x 1920 pixels, each 89 x 89 um.
In this mode, the rate of data collection was detector-limited to
10 Hz. For online data collection monitoring and live real-time
crystal hit rates, we used OnDA (Mariani et al., 2016). Further
analysis was performed on a single experimental run where we
observed droplet generation as detected by the above
mentioned droplet detector during beamtime. The images
were preprocessed to detect the crystal hits using Cheetah
(Barty et al., 2014). To identify when aqueous-phase droplets
formed, based on the X-ray scattering, we used radial profiles
calculated from each 2D image to distinguish the aqueous-
phase scattering from the largely different oil-phase scattering.
The radial profiles from oil-only and water/aqueous-buffer-
only data were calculated and used for estimating volume
fractions of oil and water in each PSI diffraction image (where
volume fraction of water + volume fraction of oil = 1.0).
Volume fractions (Boutet ef al., 2016) were estimated using a
linear combination of oil and water scattering profiles with
custom Python scripts. Images were sorted by increasing
fractions of water and the crystal hit rate was calculated by
binning the sorted images into groups of 100 images.

3. Results and discussion

The wetting properties of the channels are crucial for the
quality and reproducibility of droplet generation. For produ-
cing water-in-oil droplets, the device walls need to be hydro-
phobic, whereas oil-in-water droplets require hydrophilic
channels (Chae et al., 2009; Seemann et al., 2012; Teh et al.,
2008). Since the wetting properties of the employed Nano-
scribe proprietary photoresist have not been studied in detail,
we investigated the effect of different hydrophobic surface
treatments on 3D printed device assemblies with regards to
droplet generation performance in SFX.

3.1. Device fabrication and characteristics

A schematic of droplet generation in a microfluidic
T-junction is shown in Fig. 1. In a hydrophobic channel
[Fig. 1(a)] the oil coats the walls of the T-junction and prevents
aqueous-phase adherence and, as the aqueous phase extends
into the oil channel, droplets pinch off the bulk and proceed
downstream to the outlet. In contrast, in a hydrophilic channel
[Fig. 1(b)] the aqueous phase adheres to the walls and co-flows
with the oil without breaking into droplets. These effects can
also be seen in a fused silica capillary [as demonstrated below
in Fig. 5(d)]. A computer-aided design (CAD) drawing and an
optical microscopy bright-field image of the 3D printed
droplet generator are shown in Figs. 1(c) and 1(d), respec-
tively. The oil enters through the left side of the device into the
large rectangular channel of the T-junction (width = 100 pum,
height = 75 pm), while the aqueous phase enters through a
circular channel (radius = 25 pum) orthogonal to the oil
channel. Flow proceeds down the large channel toward the
outlet port (right). All three ports are connected to 360 pm
fused silica capillaries and are sealed with epoxy to withstand
high pressures. This seal can typically withstand sustained

Hydrophobic Hydrophilic
— . —
Oil phase o Oilphase
queou Aqueou:
phase phase

(a) (b)

Oil inlef >
\\ -
‘ Qil inlet
{ \
o Q-
Aqueous / \\ T:t‘I):‘

inlet v Capillary

Aqueous inlet

© @

Figure 1

(a) Schematic of ideal water-in-oil droplet generation in a T-junction
device with hydrophobic walls. Inset: image of a water droplet sitting on
glass treated with a hydrophobic coating agent. (b) Schematic of a
hydrophilic T-junction droplet generation device. The aqueous phase
adheres to the walls and oil flows beside it; no droplets are generated.
Inset: image of a water droplet on a hydrophilic glass slide. Panels (a) and
(b) are not to scale. (¢) CAD drawing of the 3D printed droplet generator.
The black arrows indicate the various inlets and outlet. (d) Bright-field
microscopy image of a 3D printed droplet generator (red dotted outline),
epoxy-bonded and connected to fused silica capillaries. White arrows
indicate capillaries and orange arrows indicate epoxy bonding material.
The gray speckled background is due to tape used to attach the device
onto a glass slide for microscopy. Scale bars in (c¢) and (d) are 200 pm.

pressure of several hundred psi over a time period of 12 h,
with short-durations of increased pressure up to 2500 psi, as
demonstrated during an SFX shift.

3.2. Glass and photoresist treatment with different fluori-
nated agents

Fluorinated agents for treatment of microfluidic droplet
generators include perfluorinated polymers (Nge et al., 2013;
Martinelli et al., 2008; Sarvothaman et al., 2015), long fluori-
nated hydrocarbon compounds such as polyfluoropolyethers
(Riche et al., 2014; Kuhn et al, 2011) and commercialized
adsorptive fluoropolymer surfactants (Tullis er al, 2014
Scheler et al., 2016; Guzowski et al., 2016). Our goal was to
investigate the stability of the droplet streams in a serial
crystallography setup using a 3D printed droplet generator
with three different adsorptive surface coatings. Owing to
their geometry and small dimensions, it is not possible to
measure contact angles inside fused silica capillaries and 3D
printed devices using a sessile droplet. Instead, we investi-
gated static water contact angles on borosilicate glass slides as
well as on SU-8 and IP-S films spin-coated on silicon wafers
before and after applying three different fluorinated hydro-
phobic surface treatments to mimic the coating effect within
fused silica capillaries and 3D printed T-junction channels,
respectively.
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Figure 2

Static water contact angle () measurements on SU-8, IP-S and glass
substrates before and after treatment with three fluorinated chemicals.
Error bars represent the standard deviations of the mean contact angle
measurements.
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Novec and Aculon are two commercially available long-
chain fluorinated hydrocarbons, both dissolved in methyl
nonafluorobutyl ether and methyl nonafluoroisobutyl ether.
Aside from solvent composition, they presumably also differ
in the fluorinated compound content, which is a trade secret.
Both are specified for water repellent treatment and can be
flowed through microfluidic channels and capillaries for easy
application (Novec 1720 EGC Technical Data Sheet and
Aculon AL-B Technical Data Sheet; available at https:/
www.3m.com). The third agent, TDTS, was applied through
chemical vapor deposition. All treatment agents produced an
increase in contact angle on the three surfaces tested, but to a
different extent. The contact angle measurements and corre-
sponding droplet images are shown and listed in Fig. 2(a) and
the supporting information.

For our application, Novec was the most advantageous
treatment. It was easiest to handle — specifically as simply
flushing it through the device treats the inner surfaces of the
3D printed droplet generator assembled with silica capillaries.
Furthermore, it produced the largest contact angles 6 > 110°
for all three substrates and demonstrated good long-term
stability, as detailed in the following section. Silanization with
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TDTS produced contact angles almost as large as Novec,
although for our particular application this method presented
several disadvantages. Introducing TDTS in the gas phase into
3D printed devices with a few hundred micrometre-sized inner
diameters coupled to long fused silica capillaries is cumber-
some to accomplish. In addition, for optimum results silani-
zation requires an activation step with plasma (Saini et al.,
2008) or acid (Fadeev & Kazakevich, 2002) to increase the
number of hydroxyl groups on the surface before surface
modification. Since activation of the inner surface of our
assembled devices with plasma is not feasible, and activation
with acid would be cumbersome and could damage our
devices, we did not further consider this method. Finally, the
Aculon treatment did not produce hydrophobic (6 > 90°)
surfaces on any of the substrates.

Compared with smooth spin-coated films, the walls of the
IP-S 3D printed device may present a higher surface rough-
ness depending on printing parameters such as the objective
magnification, slicing distance and hatching distance. For the
described 3D printed T-junctions, the root-mean-square
roughness amplitude is estimated to be on the order of 100 nm
(Kirchner et al., 2017). The effect of roughness on the wetting
properties in the meso-scale (several hundreds of micrometres
to millimetres) typically amplifies the hydrophilic or hydro-
phobic character of the corresponding smooth surface (Quéré,
2008). For two-phase flows in hydrophilic microfluidic chan-
nels, such as the 3D printed devices without surface treatment
or with Aculon coating, the effect of the contact line pinning at
surface irregularities can decrease its intrinsic hydrophilicity
(Yang et al., 2018). In a hydrophobic channel, such as Novec-
coated IP-S devices (Fig. 2), the effect of the surface roughness
is always further increased by the surface hydrophobicity
(Yang et al., 2008) and thus is advantageous for the generation
of water-in-oil droplets.

3.3. Long-term hydrophobic coating stability tests

In SFX experiments with XFELs, protein crystal suspen-
sions are delivered to the X-ray beam for several hours, and
thus the surface coating stability is critical for sustained
droplet generation. To determine whether the Novec-modified
surfaces can retain their hydrophobicity, we investigated the
treatment stability under various conditions. We mimicked the
flow conditions in a droplet generator by immersing Novec-
coated SU-8, IP-S and glass surfaces in various solvents, and
also by sonicating the samples for 3-30 min in water. Fig. 3
shows contact angle measurements on Novec-treated SU-8,
IP-S and glass surfaces before and after various immersion
times in oil, deionized water and ethanol, and after sonication
in water. The measured contact angles did not exhibit
noticeable changes, which indicates that the Novec treatment
is effective in rendering SU-§, IP-S and glass surfaces hydro-
phobic, with excellent long-term stability. The excellent
stability of the surface coating with Novec was also observed
during droplet generation in an SFX experiment, as discussed
below.

3.4. Effects of surface treatment on droplet generation

Next, we compared the effects of the hydrophobic surface
treatment on the droplet generation behavior of T-junction
devices assembled with fused silica capillaries. The experi-
mental setup used at the MFX instrument is described in detail
in the experimental section and schematically shown in Fig. 4.
This setup was mimicked in laboratory experiments, with
similar flow rates, pressures, tubing and capillary lengths, and
coupling the droplet generator and GDVN. In this setup,
droplets of protein crystal suspensions could be generated
reproducibly using a single T-junction device for periods of
~8 h under applied pressures from ~200 psi up to 2500 psi
(for short periods of pressure spikes), with protein crystal
suspension flow rates of 1-5 ul min~' and total flow rates of
20-40 ul min~"'. The high pressure arises from the long lengths
of small-inner-diameter capillaries and the viscosity of the oil
phase; for example, for a conservative length of 1 m, an inner
diameter of 50 pm and viscosity of 5.1 cP for PFD, the pressure
drop required is approximately 1500 psi. The frequency of the
droplets ranged from 30 to 150 Hz depending on the flow rates
of the aqueous and oil phases.

We first characterized the fluid-flow behavior on the IP-S
and fused silica capillary portions of the fully assembled
device, as summarized in Fig. 5. When the droplet generator
assembly was left untreated, no droplets could be generated.
The aqueous phase streamlines along the surfaces, randomly
making contact with the device walls, and varying the flow rate
QO did not disrupt the stability of the streamlines. This situation
is depicted in Fig. 5(a) for Qo = 10 pl min™" and Ququeous =
5 ul min~'. When the droplet generator assembly was treated
with Aculon, droplets usually appeared in the 3D printed
device initially; however, after a few minutes under flow, the
aqueous phase began adhering to the wall, streamlining and

fast
camera

oil reservoir

aqueous phase reservoir
on anti-settling device

(
. 1
— tubmg X-ray GDVN |
— fused silica capillary detector jot |
e i

helium chamber

Figure 4

Experimental setup for droplet generation. Two HPLC pumps were used
to drive two stainless steel reservoirs containing the oil and aqueous
phases. The aqueous phase reservoir was mounted in a slowly oscillating
holder (represented by curved arrows) to prevent the crystals from
settling. The reservoirs were connected to the T-junction droplet
generator using fused silica capillaries. Droplet generation at the T-
junction was imaged using bright-field microscopy coupled to a fast
camera. The outlet of the droplet generator was connected to a droplet
detector and subsequently to the GDVN using a fused silica capillary.
Helium gas was used in the GDVN to form a stable jet. The droplet
detector consisted of a 1550 nm laser diode and a photodetector
connected to an oscilloscope. Based on the differences in transmittance
between oil and water at this wavelength, the droplet frequency was
monitored.
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No Treatment Aculon Coating

Novec Coating

©

IP-S T-Junction

Fused Silica Capillary

Figure 5

Effect of surface treatment on IP-S (a)—(c) and fused silica (d)—(f) capillaries on water-in-oil droplet
generation. For IP-S: (a) no surface treatment (0 < 90°) results in the aqueous phase forming
streamlines instead of droplets (Qu; = 10 pl min™"; Qaqueous = 5 pl min~"), (b) surface treatment with
Aculon (6 < 90°) results in adherence of the aqueous phase to IP-S until it pinches off into a droplet at
the T-junction capillary joint (Q.; = 12 pl min~"; OmpEG butrer = 5 1l minfl), and (c) surface treatment
with Novec (6 > 90°) results in droplet formation at the T-junction with no aqueous phase adherence to
the IP-S surface (Qo; = 6 pl min~"; Ops1 putter = 0.5 il min_l). For fused silica capillaries: (d) Right
panel: the aqueous phase co-flows next to the oil (red arrow indicates phase boundary) when flowing
both oil and water. The faded line below the red arrow is the same phase boundary from an out-of-
focus wall of the capillary (Qq; = 45 pul min~"; Opst bufrer = 5 1 minfl). (d) Left panel: an untreated
fused silica capillary surface (6 < 90°) with only the aqueous phase which fully wets the walls, provided
for comparison. (e) After coating a fused silica capillary with Aculon (6 < 90°), aqueous drops adhere
to the capillary wall (red arrows indicate adhered drops) (Qe; = 35 pl min™"; Qps; pugter = 5 pl min~").
(f) Surface treatment with Novec (6 > 90°) prevents droplets from adhering to the fused silica surface
(Qoin = 12 pl min™"; QppeG butrer = 5 Pl min~'). The blue arrow indicates debris on the outside of the
capillary. Dashed white lines indicate the cylindrical fused silica capillary walls. The scale bars are
50 pm in all images.
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Figure 6

XFEL diffraction from PSI microcrystals injected with a 3D printed microfluidic droplet generation
device. (a) Single XFEL diffraction pattern showing Bragg diffraction and diffuse scattering from oil
(inner ring) and water. Diffraction peaks were observed to ~3.5 A. (b) Volume fraction of water
calculated per pattern, sorted by increasing fraction of water (blue). An effective crystal hit rate
calculated from binning the sorted patterns into groups of 100 shows a clear correlation between
crystal hit rate and water volume fraction. Water fraction values below the dashed line cannot be
distinguished from pure oil. (¢) Droplets containing PSI crystals in an outlet capillary. The capillary
was imaged ‘free standing’ at an angle through the image plane resulting in the right droplet being out
of focus. (d) Still image of a Novec-coated GDVN jetting oil. Flow rates were 10 pl min~" for PSI
buffer solution and 20 pl min~" for oil. Scale bars in (c) and (d) are 100 pm.

producing droplets that occasionally
pinch off approximately at the T-
junction and capillary joint, thus
preventing control over the droplet
generation, as shown in Fig. 5(b) for
Qo1 = 12l min~" and Qaqueous
5wl min~'. This limitation can be
ascribed to the contact angle on the
Aculon coating, which does not reach
the hydrophobic regime, and to
incomplete coverage, low stability of
the coating or a combination of these.
Lastly, when the surface was treated
with Novec, as shown in Fig. 5(c) (see
video S1 of the supporting informa-
tion), the aqueous phase did not
stream along the wall and instead
pinched off into droplets in the device
itself (Qqy = 6l min™%;
0.5 pl min~"). This situation was only
achieved with a surface treatment
capable of rendering the IP-S surface
hydrophobic.

Similar effects were observed on
fused silica capillary surfaces. When
flowing both water and oil phases
in untreated surfaces [Fig. 5(d),
right], the hydrophilic fused silica
walls resulted in the aqueous phase
flowing as a stream next to the oil
phase (Qoil =45 ul min - Qaqueous =
Sulmin~'). When only ﬂowmg an
aqueous phase, the inner fused silica
capillary was fully wetted [Fig. 5(d),
left]. For cases of contact angles
<90° after the surface treatment, or
for cases of inhomogeneous surface
treatment [Fig. 5(e)], a similar situa-
tion to that shown in Fig. 5(b)
is observed in the fused silica capil-
lary (Qoi = 35 plmin™"; Ququeous =
Sulmin™'). The aqueous phase
interacts with the hydrophilic regions
and may adhere to the surface.
Eventually, a large droplet pinches off
from this hydrophilic spot and the
droplet progresses until it is captured
by the next hydrophilic region. Ulti-
mately, this results in unstable non-
uniform droplet generation. Lastly,
when the surface is coated with Novec
and uniformly hydrophobic [Fig. 5(f)],
the aqueous droplets do not interact
with the walls and maintain their

Qaqueous =

shape, size and spacing (Q. =
12 ulmin™" Ququeous = 5 plmin™).
With flow rates in the range
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0.5-20 pl min~" for the aqueous phase and 5—40 pl min~" for
the oil phase, droplets could be generated for periods of up to
8 h with no observable degradation of the Novec surface
coating. Furthermore, droplets containing PSI crystal
suspension were generated in a Novec-coated device under
similar flow rate conditions [Fig. 6(c)]. In this example, <1 nl
droplets were generated at a frequency of ~90 Hz (Q,; =
14 pl min~}; Qaqueous = 3 |l min_l). In addition, the droplets
could be transported through capillaries of up to 2 m in length,
and the droplet generator was tested at an XFEL as shown in
the next section.

3.5. Experimental diffraction from XFELs

To assess the ability to collect XFEL diffraction data using
the droplet generator, we performed SFX experiments at the
MFX instrument at LCLS (see also Fig. 4 for the entire fluidic
setup and the discussion above). The droplet generator was
configured for a 120 Hz operation, which is the maximum
X-ray pulse repetition rate at LCLS. In these initial tests,
droplet synchronization with the XFEL was not realized,
although it is the focus of ongoing work. Also, diffraction
images were collected at the lower rate of 10 Hz, which is the
X-ray detector maximum frequency in 2 x 2 binning mode
with an effective pixel size of 89 pm suitable for Bragg peak
identification at a detector-to-sample distance of 160 mm.

Microcrystals (0.2-1 pm in size) of the large membrane
protein complex PSI were prepared as described previously
(Chapman et al., 2011; Hunter & Fromme, 2011) and delivered
using the droplet generator as described above. During the
run where we observed droplet generation at the beamline
with the droplet detector, we were able to collect 10124
images, of which 94 (1%) were identified as hits by Cheetah
[see Fig. 6(a) for an example diffraction pattern]. Of these 94
images, CrystFEL (White et al.,, 2016) was able to index 46
(50%). The average resolution of these patterns was 6.3 A,
with some patterns showing diffraction peaks to 3.5 A as
estimated by CrystFEL. There were not enough higher-reso-
lution images collected to generate a complete data set for
structure determination. Initial data analysis showed that the
proportion of oil and water in the X-ray-illuminated volume
varies from image to image, and correspondingly, the like-
lihood of hitting a crystal in the water droplet fluctuates as
well. This may be attributed to small instabilities in the posi-
tion of the liquid jet (~5 pum diameter) when aqueous droplets
in oil are injected with reference to the position of the X-ray
beam (~3 um diameter), resulting in the X-ray beam inter-
secting the liquid jet in different locations with each XFEL
pulse.

In the GDVN, a water droplet carried by the oil stream is
focused by a sheath of He gas, leading to droplet stretching.
For example, a 0.8 nl droplet could be stretched to a length of
40 mm in a 5 pm diameter jet. This may result in a thin column
of water (~3 pm thick) of finite length enveloped by an oil
sheath (~1 um thick), additionally contributing to the fluc-
tuation in water content. The likelihood of hitting a crystal in
the water droplet also fluctuated, as is commonly observed in

SFX experiments with GDVN sample delivery, and as
expected for randomly distributed crystals.

In addition, the angle of the liquid jet can flicker between
two positions when jetting alternates between only oil or an
aqueous droplet, further contributing to varied hit proportions
of oil and water. This was observed in laboratory tests and to
some extent at the MFX instrument. However, good jet
stability when the fluorinated oil was present as shown in
Fig. 6(d) was observed in the laboratory experiments. Addi-
tional detailed characterization of micrometre-scale jets of
water in oil suspensions is beyond the scope of this manu-
script.

Oil and water scattering patterns are distinguishable by
their diffuse rings. As can be seen in Fig. 6(a), oil has a rela-
tively narrow diffuse ring with a peak at g >~ 8.0 A, whereas
water has a very broad diffuse ring with a peak at g >~ 3.3 A.
Exposures containing both oil and water may arise when the
X-ray pulse hits the spheroidal end of a droplet. Furthermore,
as described above, a thin layer of oil around the droplets
prevents wetting of the capillary walls (hence the hydrophobic
surface treatment) which may extend into the liquid jet and
interaction region causing simultaneous exposure of oil and
water. Several example images of diffraction patterns in
varying fractions of oil/water are shown in Fig. S2 of the
supporting information. A correlation between the diffraction
resolution limit and volume fraction of water was not
observed. To assess the correlation between the likelihood of
hitting a crystal and the volume fraction of water illuminated
by the X-ray beam (and thus successful droplet generation),
we analyzed the one-dimensional radial scattering profiles
calculated for each image. Using oil-only and water-only
scattering profiles, the volume fractions of oil and water in
each image were estimated using a simple linear combination
fitting procedure [Fig. 6(b)]. Owing to the diffuse nature of the
oil and water rings, low volume fractions of water below
~20% [dashed line in Fig. 6(b)] cannot be distinguished from
pure oil. This probably refers to the regime where synchro-
nization between the droplet generator and the XFEL pulse
sequence is not achieved. After sorting the images by
increasing the volume fraction of water, crystal hit rates were
calculated by binning the images into groups of 100 and
calculating the average hit rate within each group. The results
show a clear correlation between the effective crystal hit rate
and the increasing volume fraction of water [Fig. 6(b)], and
correspondingly successful droplet generation. This demon-
strates that, despite the lack of synchronization of droplets
with the X-ray pulses in this prototype, the 3D printed droplet
generation device successfully injected crystal-containing
aqueous droplets into the oil stream, and delivered the
resulting liquid jet into the X-ray beam path for serial micro-
crystallography data collection.

4. Conclusions

Current liquid injection methods for SFX typically waste the
majority of injected crystals as a result of the mismatch
between XFEL pulse repetition rate and jet speed. Because of
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this mismatch, most of the sample flows into waste without
interacting with the X-ray beam. We address this problem with
a microfluidic droplet generator that effectively stops the flow
of sample between X-ray pulses by interleaving crystal-laden
aqueous droplets within an oil jet. Our device consists of a 3D
printed T-junction droplet generator coupled to fused silica
capillaries interfacing with liquid handling periphery and
sample injectors. The wetting properties of bare 3D printed
devices did not allow reproducible droplet generation. We
therefore investigated the effect of the two commercially
available coatings Novec and Aculon as well as gas phase
silanization with TDTS in the performance of the droplet in oil
generation. While the two commercially available coatings can
be applied by simple filling methods, the gas phase silanization
method was impractical for this application because of the
intricate geometry and small dimensions of the surfaces that
need to be coated. Of the three surface treatments investi-
gated under conditions mimicking the flow in an XFEL
experiment, Novec provided the most hydrophobic surface
and most stable coating on both photoresist films and glass.
Importantly, we demonstrated that Novec-treated droplet
generation devices produce stable droplets of aqueous buffers
employed in an SFX experiment over several hours, suitable
for use in an entire shift at an XFEL facility. In contrast,
coatings rendering lower hydrophobicity resulted in flow
conditions unsuitable for robust droplet generation such as co-
flowing of the oil and aqueous phases, intermittent surface
attachment of the aqueous phase or random droplet genera-
tion. We also demonstrated the successful application of the
novel droplet generator at an SFX experiment at LCLS and
showed a correlation between crystal hit rate and volume
fraction of water during droplet generation. Robust droplet
generation with a 3D printed device and Novec surface
coatings will be utilized for the synchronization of crystal
suspension droplets with the frequency and phase of XFELs in
the future.
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