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crystal structures of proteins to be determined from a population of
microcrystals. Protein production and crystallization is a non-trivial procedure

work.
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sample consumption low and the crystals in their native environment. This
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supporting information at journals.iucr.org/s microfluidic flow-focusing devices which allow for the collection of X-ray

diffraction data in flow. The flow-focusing conditions allow for sample
consumption to be significantly decreased, while also opening up the possibility
of more complex experiments such as rapid mixing for time-resolved serial
crystallography. This high-repetition-rate experiment allows for full datasets
to be obtained quickly (~1 h) from crystal slurries in liquid flow. The X-ray
compatible microfluidic chips are easily manufacturable, reliable and durable
and require sample-flow rates on the order of only 30 ul h™".

1. Introduction

Microfluidic devices have emerged as platforms for X-ray
scattering and diffraction experiments at both synchrotrons
and XFELs (X-ray free-electron lasers) (Ghazal et al., 2016;
Narayanan et al., 2017; Sui & Perry, 2017; Trebbin et al., 2013).
These sample environments allow for the accurate handling
of microlitre fluid flows in micrometre-sized channels. The
sample can be continuously flowed inside the microfluidic
chip. X-ray-induced damage to the sample during data
collection is greatly reduced due to the constant replenish-
ment at the X-ray interaction region (Koster & Pfohl, 2012;
Jeffries et al., 2015; Pernot et al., 2010). When employing
microcrystalline slurries as samples, single diffraction patterns
from individual flowing microcrystals can be collected in a
serial synchrotron crystallography (SSX) approach, as
described below.

Several metal-polyimide (metal-Kapton) X-ray compatible
microfluidic devices have been previously described for in situ
X-ray scattering experiments. The devices have been used to
follow global structural transitions of proteins upon diffusion
of ligands or under re-folding conditions (Dootz et al., 2006;
Ghazal et al., 2016; Graceffa et al., 2013) and structural tran-
sitions in polymers (Iida et al., 2009; With et al., 2014).

So far, the most widely used techniques to seal polyimide—
metal devices required either clamping of the foils with
© 2019 International Union of Crystallography external plates (Uzawa et al., 2004; Graceffa et al., 2013), the
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use of silicone-based self-adhesive polyimide (Dootz et al.,
2006; Koster et al., 2008; Pfohl et al., 2007) or the use of epoxy
glue (Iida et al., 2009). There are two further methods for the
bonding of polyimide foils to produce microfluidic devices,
though these are not as widely used. The first involves surface
modification chemistry (Heymann et al., 2014). While this
approach can yield Kapton-based devices with a very low
X-ray background, the process adds manual fabrication steps
that can lower the reproducibility of bonding quality. The
reagents also degrade over time, further impacting the
manufacturing procedure. A second approach employs heat
sealing of polyimide foils coated with a thin layer of a melt-
processable fluoro-polymer. This method has been shown to
allow the fabrication of chemically inert and pressure-resistant
microfluidic devices for X-ray experiments (With et al., 2014;
Barrett et al., 2006). This approach also offers a very repro-
ducible, single-step bonding routine.

Even though these heat-sealed Kapton-based devices are
highly X-ray resistant, they have yet to be used in flow-based
SSX experiments. SSX differs from standard macromolecular
crystallography in that thousands of static diffraction patterns
are collected from individual microcrystals, in contrast to the
collection of rotation series of one or a few single large crys-
tals, allowing for room-temperature diffraction data to be
collected without severe X-ray radiation damage (Warkentin
et al., 2012). Compared with cryo-cooling-based measure-
ments that could introduce structural artefacts, room-
temperature measurements avoid these and reveal the
conformational flexibility of proteins (Fraser et al., 2011).

SSX has required the development of new sample delivery
methods (Yamamoto et al., 2017); these include, for example,
fixed targets (Owen et al., 2017), an X-ray-compatible
conveyer belt with either drop-on demand (Roessler et al.,
2013) or liquid dispensers (Beyerlein et al., 2017), or high-
viscosity extruders (Botha et al., 2015; Nogly et al, 2015). In
fixed targets, the microcrystalline slurry is spread onto an
X-ray-compatible chip [made of silicon (Roedig et al., 2016;
Zarrine-Afsar et al., 2012; Mueller et al., 2015), silicon nitride
(Coquelle et al., 2015) or polymers (Huang et al., 2015; Baxter
et al., 2016; Axford et al., 2016; Schubert et al., 2016)], and
diffraction patterns are collected while the chip is rastered
through the X-ray beam (Owen et al., 2017). For high-viscosity
extruders, the crystals are embedded in a highly viscous
medium, such as a lipidic cubic phase (Weinert et al., 2017),
grease or hydrogels (Kovacsova et al.,, 2017; Sugahara et al.,
2015). All these approaches have been shown to produce good
quality SSX data. Nevertheless, they require the handling and
transfer of the microcrystalline slurry, which may be detri-
mental for samples that are sensitive to changes in environ-
ment. They are also not amenable for in situ fast delivery of
ligands on the millisecond timescale and, therefore, cannot
be used for rapid-mixing experiments. On the other hand,
microfluidics pave the way for millisecond-mixing-based time-
resolved structural experiments at modern synchrotron and
FEL sources, where systems are perturbed from equilibrium
and their subsequent structural changes tracked in real time
(Svergun et al., 2013). Recent examples include the mixing of

small-molecule actuators to observe functional structural
intermediates of proteins and nucleic acids (Stagno et al., 2017,
Denz et al., 2017; Olmos et al., 2018) as well as the study of
phase transitions of polymeric nanoparticles (Karnik et al.,
2008; Wang et al., 2011; Fiirst et al., 2016).

In-flow SSX was first reported by Stellato et al. who showed
that diffraction can be collected from microcrystals in flow in a
100 pm glass capillary (Stellato et al., 2014). Their approach
involves flowing a microcrystalline slurry through the capillary
and using short X-ray exposures with a microbeam to capture
single diffraction patterns from single crystals (Stellato et al.,
2014; Standfuss & Spence, 2017). Even though this approach
was first demonstrated in 2014, no further optimizations, such
as the introduction of microfluidic chips, have yet been
reported for SSX. Since protein production and crystallization
are challenging, especially in large quantities, flow-focusing
approaches, where the sample is centered in a fluid stream
by co-flowing with a coaxial aqueous medium, can diminish
sample consumption by markedly reducing the width of the
sample flow. Flow-focusing has already been shown to main-
tain the high concentration of the macromolecular sample in
the central region of the device in SAXS experiments (Denz et
al., 2017). Here, we show that this approach can also be used
for diffraction experiments, that the sample remains centered
on the chip and can be aligned to the X-ray interaction region,
and that the indexable hit-rate is indeed comparable with that
quoted by Stellato et al. (2014) for a non-flow-focused sample.

2. Results and discussion
2.1. Device manufacture

Kapton FN is a polyimide foil which is coated on one side
with a melt-processable 25 pm thin layer of FEP (fluorinated
ethylene propylene copolymer). FEP, a highly inert polymer,
was used to create a strong and durable metal-polyimide
microfluidic device suitable for X-ray scattering and diffrac-
tion experiments. The polymer properties of FEP, specifically
its melting temperature in combination with a quick surface-
plasma activation step, allowed for a very repeatable and
reliable manufacturing workflow whereby tightly sealed, leak-
free and reproducible devices could be easily made and did
not require any external bulky clamps. The devices presented
here are novel in the sense that they are a hybrid of previously
reported methodologies. Heat-sealable Kapton foils have
been previously employed to fabricate thin, pure Kapton
devices where the microfluidic channels were produced by
laser-ablation techniques (With et al, 2014; Barrett et al.,
2006). Kapton—-metal hybrid devices, where the channels are
produced through spark erosion of metal plates, have been
reported bearing either self-adhesive polyimide foils (weak
bonding, silicon-based coating) or bound through surface
chemistry. We built on these two previously described
methods and developed a fast and optimized fabrication
routine for the bonding of Kapton FN foils to metal micro-
fluidic chips under controlled temperature and pressure using
a hot press (for the detailed procedure, see the Experimental
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section). Spark erosion of metal plates allows for a CAD-
structure-based parallel, large-scale production of microfluidic
chips, compared with the highly time-consuming laser ablation
method used for structuring Kapton foils. Our method utilizes
lower temperatures than previously described (270°C versus
the previously reported 300-370°C), does not require
controlled-temperature ramping and is completed within
20 min. This temperature is slightly above the FEP melting
temperature, allowing it to bond to the metal chip without
flowing into the microchannels. The procedure was optimized
to yield bubble-free and strongly bound devices. The chemical
resistance of the FEP, heat sealability and thinness made the
device ideal for X-ray diffraction experiments.

An overview of the device geometry and fabrication is
shown in Fig. 1. A cross-shaped junction at the top of the chip
brings together three fluid inlets, the central one for the
sample and two side channels for buffers, which flow along the
main channel where the crystals are probed by X-rays (Fig. 2).
The square channels (300 pm x 300 um) were spark eroded

into a metal plate.

Kapton FN

Metal device

Kapton FN

. @ (®)

Figure 1

Schematic representation of the hot-press-assisted fabrication procedure
for the microfluidic device. (a) Overview of the device layers and
alignment. (b) Layer stacking inside the hot press for bonding. The metal
frame is sandwiched between two Kapton FN foils. The hot plates are
protected with two Kapton HN foils to avoid attachment of the device to
the hot press. The plates are heated and sealed during bonding.

sample =

waste

(a) (®)
Figure 2

2.2. Experimental design and data collection

X-ray-transparent metal-polyimide devices make use of
cut-through channels in thin steel metal plates which are then
sealed with polyimide foils. Here, a 300 pm x 300 pum channel
size was chosen to accommodate the minimum workable
sample flow rate of 30 ul h™" in order to prevent settling in the
sample feeding lines and device entrance which quickly leads
to clogging. The cross-shaped junction allows for the sample to
be flow-focused hydrodynamically with buffer which confines
the sample in a region where the fluid streamlines are more
uniform, allowing for controlled diffusion. At high buffer-to-
sample flow ratios, the crystal flow is centered in the channel,
maintaining a very stable and constant speed of microcrystals
as well as a good overlap with the X-ray microbeam. Flow-
focusing therefore decreases sample consumption while
maintaining the sample-residency time in the X-ray beam as
needed. As the sample is flow-focused, there is largely no
sample-dilution effect and thus no decrease of hit-rate. Crystal
diffusion out of the liquid stream is negligible due to the very
small diffusion coefficients of these micrometre-sized species
(~1 x 107" m?s™" for a 5 pm crystal and ~4 x 10" m*s™!
for a 10 um crystal).

A 10:1 flow-focusing regime (2 x 150 plh™' buffer and
30 ul h ! sample) provided sufficient crystal residency time in
the X-ray beam for diffraction to be collected. The sample
speed in the center of the device was calculated to be
1.9 mm s, giving a maximum residency time of 5 ms for the
fastest flowing 10 um crystals and an X-ray beam size of
2.7 pm x 3.7 um. The 300 pm thickness of the chip along with
the thin polyimide windows (2 pm X 25 pm Kapton) also
delivered a relatively low background.

Data were collected at beamline ID13 at the European
Synchrotron Radiation Facility (ESRF). Lysozyme crystals (8-
12 um) were used as the test sample. The crystalline slurry was
placed in a sample reservoir mounted on a slowly alternating
rotation motor which acted as an anti-settling device (Fig. 2).
The liquid-flow rates were controlled using high-precision

X-rays
“e‘ QQO \““ r
By > _\‘e‘;\‘\o“ Crystal size
®
X-ray spot
size
40 um

Flow-focused width

(©

Overview of the experimental setup. (a) Device and fluidic connections. The sample flows in the center channel and the buffer flows in the side channels.
The microcrystalline slurry sample is placed in a sample reservoir on an anti-settling device. The sample flow is controlled by injection of water into the
reservoir which hydraulically flows the sample into the device. (b) The polyimide metal device showing the attached nanoports for fluid connections.
(c) Schematic view of a 10:1 flow-focusing of the sample by the buffer (total flow rate 330 ul h™"). The cross-sectional area of the device channel is 300 pm
X 300 um and the width of the flow-focused stream is roughly 40 um. The crystal size and X-ray spot size are shown to scale. The sample is irradiated
through the volume of water encapsulated by polyimide windows.
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syringe pumps and the device and crystal flow
were aligned to the X-ray interaction region.
The combination of a very bright microbeam
[37um x 27pum (H x V) FWHM, 2 x
10'* photons s™'] with the recording of
diffraction patterns on an Eiger X 4M detector
(Dectris AG) allowed for diffraction patterns
to be collected from very short exposures
(1.4 ms) at very high repetition rates (715 Hz).

One of the main problems with the use of
microfluidic devices and aqueous solutions
is the rapid formation of X-ray radiation-
induced H, bubbles as well as the fouling of
the device windows with degraded sample,
both of which can rapidly disrupt the fluid
flow. Fouling of the windows is especially
problematic for SAXS and WAXS experi-
ments as it causes a change in background that
cannot be easily modeled. For diffraction,
small changes to the background are more

Table 1

Data collection, reduction and structure solution statistics.

Data collection parameters

Refinement parameters

PDB code 6h79 Total reflections 7428 (536)
Temperature (K) 293 No. reflections Ry 400 (21)
Exposure/image (ms) 14 Ryork 0.166 (0.318)
X-ray dose (kGy)t 100 Riree 0.216 (0.356)

Total images 320000 No. atoms 1059
Total measurement time ~1h 10 min Protein 1017
No. indexable hits (hit rate) 5349 (1.7%) Ligand/ion 10
Space group P432,2 Water 32
Unit-cell parameters B factors (Az)

a=b(A) 79.3 Protein 53.68

c (A) 37.7 Ligand/ion 61.99

a=B=y() 90 Water 53.70
Resolution (A) 56.07-2.10 (2.16-2.10) Ramachandran plot (%)
((la(D))) 5.57 (1.36) Favored 96.06
Completeness (%) 100 (100) Allowed 3.94
Multiplicity 121.1 (87.6) Outliers 0.00
Rpiic (%) 11.6 (113) R.m.s. deviations _
CCypn 0.96 (0.32) Bond lengths (A) 0.009
CC* 0.99 (0.70) Bond angles (°) 1.548
Wilson B factor (Az) 439 Clashscore 5

1 Diffraction-weighted dose calculated using Raddose3D (Zeldin, Gerstel et al., 2013).

easily modeled as the background is calcu-

lated locally, i.e. the area on the detector

adjacent to the diffraction peak for every Bragg-spot. The
main disruption due to fouling in SSX is in fact when the flow
is disrupted by the accumulated material. This effect, as well
as the appearance of bubbles, manifests as a drop in live
diffraction hit-rate which was monitored in real time using
NanoPeakCell (Coquelle et al., 2015). As a consequence, the
data collection strategy was altered and optimized accordingly
to prevent both the accumulation of debris and the formation
of bubbles (Fig. 3). In our optimized data collection strategy
(see Section 3.3), we worked in 2 s increments, each composed
of 0.28 s of X-ray exposure (a burst of 200 detector images)
and a waiting time of 1.72 s, during which the sample is still
flowing. This waiting time was dictated by the necessary
detector image transfer speed and can most likely be
decreased in future by using faster connections resulting in a
lower sample consumption for the overall dataset. However, a
minimum waiting time will always be needed to allow for
dissipation of any hydrogen/hydroxyl radicals to occur and is
expected to be short due to the very high diffusion coefficient
of these species [OH® 7.1 um” s~' (Campo & Grigera, 2005)].
Each dataset was 40000 images, took ~6.67 min in total to
be collected (200 x 2s increments with 200 images each,
including waiting time) and was followed by 2 min of sample

280 ms 280 ms 280 ms
1 1.72's 2 1.72s (...) /200
200 images  sleep 200 images sieep 200 images
714 Hz 714 Hz 714 Hz

1 dataset = 400 s = 40000 patterns (100 Hz)

X-rays
Figure 3
The data collection strategy, showing the X-ray shutter opening and
closing cycle. 200 images of 1.4 ms each are collected in each X-ray burst,
with 1.72 s of no X-rays in between. The cycle is repeated 200 times for
each dataset.

flushing for good sample refreshment. Eight datasets were
collected (320000 images in total) giving a total acquisition
time of 4160s (77 Hz effective average, 1h 10 min total).
From these patterns, more than 5300 could be indexed (1.7%
indexable hit-rate) and a lysozyme structure to a resolution of
2.1 A was determined (Fig. 4). The diffraction-weighted dose
for the experiment was 100 kGy, which is well below the dose
limit for room-temperature data collection from a single
lysozyme crystal (Barker et al., 2009; Garman, 2010; Zeldin,
Brockhauser et al., 2013).

The data collection parameters, data reduction statistics and
model building statistics are reported in Table 1 and show that
the data quality is comparable with that reported for previous
SSX data collected in flow (Stellato et al., 2014). The indexable
hit rate obtained is also comparable with that reported by
Stellato et al., where data were collected in flow using a simple
100 pm glass capillary as the sample environment. It is

(@
Figure 4
Example of X-ray data. (a) Section of a diffraction pattern collected
showing clean diffraction spots. (b) Part of the lysozyme protein chain.
Carbon atoms are shown in green, oxygen in red, nitrogen in blue and
sulfur in yellow. A 2F, — F_ electron-density map contoured at 1 r.m.s.d. is
shown as a blue mesh.
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important to note that the sample consumption of our
experiment during data collection is five times lower. The
indexable hit rate achieved here was noteworthy as the
exposure times for each pattern were very short and the X-ray
beam size was very small. In this experiment, the sample
volume probed by the X-ray beam for each image (obtained
by taking into account the beam size, sample depth and flow
speed) was approximately ten times smaller than that reported
by Stellato et al, but the crystals used here were approxi-
mately five times larger by volume (Fig. S1 of the supporting
information). These results show that flow-focusing does not
cause large dilution effects and that it works well in keeping
the high-density crystal flow in the center of the device. The
flow-focusing approach therefore allows for a large decrease
in sample consumption compared with single-flow devices,
without sacrificing the number of useable frames in the
dataset. The short exposure time and high repetition rate of
this experiment lead to a considerable decrease in the overall
data collection time needed to obtain a full dataset for
structure solution compared with previous in-flow SSX
experiments (Stellato et al., 2014).

3. Experimental
3.1. Device fabrication

The 300 pm-thick Cr-Ni alloy metal plates (H+S Prézisions-
Folien GmbH) were spark eroded to yield 300 pm-wide micro-
channels with 1.5 mm-wide circular inlets and outlets. This
microstructuring was performed using high-voltage wire
erosion on an AGIE AC X CLASSIC V3 with a 250 pm brass
wire. A DXF file created with AutoCAD 2017 (Autodesk)
contained the channel geometry which was translated into the
trajectory of the wire.

The device was sealed with two Kapton FN sheets: 25 pm
polyimide foil coated on one side with a 25 pm layer of FEP.
The polyimide foils were cut to match the size of the metal
chip. Then 2 mm-wide inlets were cut using a metal puncher
on one foil. The foils were washed in isopropanol and dried
with compressed air. The metal chips were sonicated in
acetone, washed in isopropanol and dried with compressed air.
The surfaces were plasma activated and cleaned in air
(0.38 mbar) in a 13.56 MHz ATTO plasma cleaner (Diener
Electronic) at 50 W for 10 min. The metal chip was sand-
wiched between the two Kapton FN layers and the inlets were
aligned. Fixation was achieved using polyimide adhesive tapes.
The sandwich stack was placed between the two additional
125 pm Kapton HN foils and into a 270°C pre-heated manual
hot press (Vogt Labormaschinen GmbH). A series of different
pressure steps were employed as follows: 1 kN for 20 s, 20 kN
for 10 s (to remove air bubbles), pressure released for <1 s,
1 kN for 10 s, pressure released for <1 s and 1 kN for 14 min
20 s. The bound device was removed from the hot press and
allowed to cool to room temperature.

NanoPorts (IDEX) were centered on the inlets and outlet
and glued with two-component epoxy glue. OD PE tubing,

1.09 mm in length (Scientific Commodities), was connected to
the ports using fingertight fittings and nanotight sleeves.

3.2. Sample preparation and flow

Lysozyme microcrystals were obtained following a
previously described protocol (Beyerlein et al., 2017): the
crystallization was performed at 1°C to yield 10 pm crystals.
All solutions were filtered through a 200 nm filter and cooled
to 2°C. A volume of 300 ul protein solution [120 mg ml™"
Lysozyme (Sigma—Aldrich) in 50 mM sodium acetate pH 3.5]
was mixed rapidly with 900 pl of precipitant (1M NaCl, 35%
v/v ethylene glycol, 12.5% w/v PEG 3350 and 50 mM acetate
pH 3.5). After 30 s at 2°C, the temperature was dropped to
1°C and the mixture vortexed every 2-3 min for 10 s for a total
of 15 min. The 10 um crystals formed within 30 min with a
yield of ~1 x 10’ microcrystals ml™'. Accurate temperature
control was achieved by using a ThermoStat C equipped with
a 2 ml SmartBlock (Eppendorf).

Shortly before the diffraction experiment, the crystal
concentration was doubled by removing 50% of the mother-
liquor volume. The crystals were loaded into a sample reser-
voir composed of two 1ml plastic Luer lock syringes
connected with one common double-headed plunger
[Fig. 2(a)] and placed on an anti-settling device. Double-
filtered water in a 1 ml Hamilton glass gas-tight syringe was
used to drive the flow of sample from the reservoir. Buffers
were loaded into 2.5 ml Hamilton gas-tight glass syringes. The
buffer syringes and sample reservoir were connected to the
device feeding lines and neMESYS (Cetoni GmbH) low-
pressure syringe—pump modules were used to control the
liquid flows of the buffer (150 ul h™') and sample (30 pl h™1).

3.3. Data collection and reduction

Data were collected on beamline ID13 (ESRF). The device
was aligned to the X-ray interaction region. Data were
collected 1 mm vertically below the center of the T-junction.
The X-ray beam was 3.7 um x 2.7 um (H x V) FWHM in size,
had a flux of 2 x 10'* photons s~ and an energy of 13 keV.
The 1.4 ms exposures were acquired using an FEiger 4M
detector (2070 pixels x 2167 pixels, pixel size 75 pm x 75 pum;
Dectris AG) at a distance of 94.5 mm.

The 200 increments of 200 images (1.4 ms per image, 714 Hz
repetition rate) were collected for each individual dataset. The
shutter was kept open for the 200-image burst (0.28 s) and
closed for 1.72's between bursts (Fig. 3). The total X-ray
exposure time for each dataset of 40000 images (200 incre-
ments x 200 images) was 400 s with a total acquisition time of
~6.67 min including waiting time. A total of eight datasets
(320000 images) were collected with 2 min of flushing time
between each dataset for good sample refreshment. The total
data collection time was ~4160 s (1 h 10 min, 77 Hz average
repetition rate).

Live hit rates were monitored using NanoPeakCell
(Coquelle et al., 2015). The diffraction images were integrated
and merged using CrystFEL (White et al., 2016) by invoking
MOSFLM (Battye et al., 2011), DirAx (Duisenberg, 1992) and
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TakeTwo (Ginn et al., 2016) for integration and Partialator
(White, 2014) for merging. Rsplit, CC*, CC1/2, SNR, multi-
plicity and completeness were calculated with compare_hkl
and check_hkl (CrystFEL). Merged data were phased by
molecular replacement with PDB entry 5mjj using Molrep
(Vagin & Teplyakov, 1997) and refined using REFMAC5
(Murshudov et al., 2011) within CCP4i2 (Potterton et al., 2018).
Manual model building and real-space refinement was
performed using Coot (Emsley et al., 2010). The diffraction-
weighted dose was calculated using RADDOSE-3D (Zeldin,
Gerstel et al., 2013).

4. Conclusions

This work is the first demonstration of the possibility of
collecting SSX data from flow-focused samples in microfluidic
devices. The flow-focusing approach allows for low sample
consumption (30 ulh™") and full datasets can be collected
in just over 1 h without large dilution effects. To the best of
our knowledge, this is also the highest repetition rate SSX
experiment at a monochromatic source reported to date.
Therefore, this easy-to-fabricate microfluidic polyimide-metal
device is very suitable for SSX data collection.

Although the sample consumption over time is still larger
than that for viscous jets, the total sample needed for a single
dataset is of the same order. The microfluidic liquid flow-
focusing approach also opens up the possibility for time-
resolved experiments using rapid mixing, through diffusion of
small molecules between the sample and buffer flows. The
time resolution is defined by the diffusion time of the ligand
into the flow-focused sample. The estimated time for a small
molecule to diffuse to the center of the flow-focused stream
(20 pm) is on the order of ~20-30 ms (Makinen & Fink, 1977;
Schmidt, 2013), which is longer than the current 1.4 ms
exposure time necessary to obtain useable diffraction patterns.
The use of a small X-ray microbeam also allows rastering
across the channel and targeting of species that may form at
the fluid interfaces and at different time points along the
continuous flow. One further advantage of these devices is
the ease of sample handling. The crystals are flowed in their
mother liquor (or any other aqueous solution desired) inside a
fully sealed device. Minimal handling of the crystals means
that samples that are sensitive to changes in humidity or
mechanical stress can be studied without damaging them. The
microfluidic device presented here was also successfully tested
in-house for compatibility with other typical crystallization
solutions (such as 2M ammonium sulfate, data not shown),
indicating that the devices are compatible with a variety of
aqueous solutions, as expected given the highly inert nature of
both FEP and Kapton, although care must be taken to avoid
metal-reactive solutions. The devices can operate without
interruption for multiple hours.
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