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ABSTRACT

The development of x-ray free electron laser (XFEL) light sources and serial crystallography methodologies has led to a revolution in
protein crystallography, enabling the determination of previously unobtainable protein structures and near-atomic resolution of otherwise
poorly diffracting protein crystals. However, to utilize XFEL sources efficiently demands the continuous, rapid delivery of a large number of
difficult-to-handle microcrystals to the x-ray beam. A recently developed fixed-target system, in which crystals of interest are enclosed
within a sample holder, which is rastered through the x-ray beam, is discussed in detail in this Perspective. The fixed target is easy to use,
maintains sample hydration, and can be readily modified to allow a broad range of sample types and different beamline requirements.
Recent innovations demonstrate the potential of such microfluidic-based fixed targets to be an all-around “workhorse” for serial crystallog-
raphy measurements. This Perspective will summarize recent advancements in microfluidic fixed targets for serial crystallography, examine
needs for future development, and guide users in designing, choosing, and utilizing a fixed-target sample delivery device for their system.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0167164

. INTRODUCTION

X-ray crystallography has been the premier technique for
protein structure determination, with over 170000 structures
obtained through x-ray crystallography deposited in the Protein
Data Bank (PDB) to date.”” The development of x-ray free electron
lasers (XFEL) revolutionized x-ray crystallography, with the high
brilliance of XFEL light sources making it possible to collect data
from previously unusable protein microcrystals with conventional
light sources.” The high intensity XFEL pulse yields detectable
diffraction from a single exposure; however, the diffracting micro-
crystal is immediately degraded or destroyed (diffraction before
destruction). This necessitated the development of serial femtosec-
ond crystallography (SFX), in which single shots from thousands of
randomly oriented microcrystals are used to collect a full rotational

dataset.”™” Considered the new frontier for x-ray crystallography,
serial crystallography techniques address the traditional bottleneck of
obtaining large, well-diffracting protein crystals and eliminate the
need for cryo-cooling to reduce radiation damage, allowing for the
collection of more biologically relevant data at room temperature.” "’

Correspondingly, the advent of SFX required innovation in
sample delivery methods, namely, ways to deliver numerous, delicate
protein crystals to the beam interaction point at speeds accommodat-
ing the XFEL repetition rate. With thousands of microcrystals
needed to obtain a protein structure with SFX, significant efforts
have been made to identify optimal sample delivery methods that
reduce sample consumption and time required to collect data."'~'® A
number of sample delivery methods have been developed, the first
being gasdynamic virtual nozzles (GDVNs).'”'® Early successes
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using GDVNs for protein structure determination were achieved;
however, GDVNs faced major limitations due to nozzle clogging
and high sample consumption.'”'>**" To address these issues,
alternative methods were advanced, including droplet injectors,”***
electrospray aerosol generators,”*® and viscous media injectors such
as agarose and lipidic cubic phase (LCP) injectors,27“m Nevertheless,
their complex setup, operation and strict sample requirements have
limited these methods’ potential as a “workhorse” sample delivery
method. On the other hand, fixed-target (FT) delivery systems, in
which protein crystals are held in a sample holder and rastered
through the x-ray interaction point as shown in Fig. 2, are notable
for reduced sample consumption and improved ease of use. FT
systems were often thought unsuitable for high-repetition rate experi-
ments and restricted in the range of experiments due to limitations
in sample scan speeds, use of high background sample supports,
dimensional restrictions, or complicated loading requirements. In
this work, we present new innovations in FT sample delivery that are
easily, rapidly, and inexpensively fabricated, easy to use, and demon-
strate relatively low background and high adaptability for a variety of
experimental conditions and sample geometry requirements. The
described FT is robust and well suited for SFX structure determina-
tion as well as for screening crystals under different conditions while
minimizing sample requirements. To promote adoption by structural
biology groups, we provide guidance to carry out successful synchro-
tron or SFX experiments using this “workhorse” sample delivery
system and are especially well suited for screening crystals under dif-
ferent conditions while minimizing sample requirements. We also
identify and discuss areas for innovation and improvement within
FT sample delivery methods.

Il. MICROFLUIDIC FIXED TARGETS FOR PROTEIN
SERIAL CRYSTALLOGRAPHY

Fixed-target (FT) sample delivery methods at XFELs have
been the focus of steadily increasing research interest, and several
different FT devices have been developed within the last decade,
including nylon loops,”’ microgrids, and microfluidic chips.”*™**
These FTs are then mounted in the path of the x-ray source and
translated with motors to collect diffraction data from crystals
inside or on the FT (Fig. 1). FT’s offer advantages over other
sample delivery methods, including low sample consumption,
maintenance of the sample environment, option for in situ crystal-
lization,” and the high degree of modularity of each sample-
containing target, eliminating the need for lines, pumps, and other
“plumbing” that increases sample-exchange time. A wide range of
FT designs have been explored, notably microfabricated silicon or
silicon nitride substrates,”*"™" which offer low scatter back-
ground, high x-ray transmission, and dimensional precision in
their fabrication methods. However, microfabricated silicon or
silicon nitride FTs are fragile, expensive, have longer fabrication
lead times, are difficult to sample load and maintain sample hydra-
tion, and require ultrahigh precision FT translation. There can also
be issues with x-ray beam damage and subsequent detector damage
from silicon scattering if misalignment of the FT to the incident
beam occurs. Other polymeric film materials, such as polyimide
(Kapton),"*** Mylar,” and cyclic olefin copolymer (COC)**"” have
also been developed, providing low x-ray absorption with easier
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FIG. 1. (a) Schematic of a fixed-target x-ray serial crystallography experiment at
Linac Coherent Light Source (LCLS). (b) Cross-sectional view of the
fixed-target.

fabrication and usage. Microfluidic FTs consist of enclosed micro-
fabricated or micropatterned solid matrices, in which either micro-
liter volumes of crystal slurry are loaded or microcrystals are grown
within the FT itself (Fig. 2). The integration of microfluidics facili-
tates incorporation of additional features,” such as controlling
crystal locations,”**™" complex in situ crystallization conditions,” >
adaptation for membrane protein crystallization via an LCP
matrix,”” ™' and high-precision delivery flows.”>"’ However, the
need to combine low background polymeric films, easy fabrication,
and simple sample loading has limited the adoption of FTs as a
“workhorse” sample delivery system for serial crystallography.

Ideally, a “workhorse” FT delivery system should exhibit
certain features, such as

(1) Low background scatter to maximize signal to noise ratio.

(2) Easy crystal loading to minimize environmental stresses with
stable storage conditions to maximize diffraction quality.

(3) Maximize data collected from available sample volume.

(4) Suitable for both high-repetition XFEL measurements and
pseudo-serial synchrotron measurements.

(5) Easily modifiable for a variety of beamline requirements and
sample considerations.

(6) Easily fabricated with accessible methods for a low barrier of

entry.

In this Perspective, we discuss the design and usage of a spe-
cific microfluidic FT device conceptualized by our group to address
common shortcomings of previous generation FT's, which we will
refer to as a “chip.” We believe that our chip meets all the basic
requirements for an easy-to-use, general workhorse tool for serial
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FIG. 2. Recent microfluidic FT designs for in situ serial crystallography. (a) Trap array designs. (i) Protein microcrystals are trapped in alternating weir-type arrays.*® (ii)
Simplified trap design based on (i).** (b) Microfluidic design using capillary valving to split aqueous reactions into nanoliter droplets for crystallization.*’ gc) ChipX3
designed for counter-diffusion screens of crystallization conditions.” (d) Microfluidic FT designed with modifiable microwell diameters to trap crystals by size.”" Protein—
ligand complexes are obtainable by refilling with ligand solution. (e) Centrifugally actuated microfluidic device to control fluid flow and enable metering for counter diffusive
protein crystallization screens.” (f) Rotating FT device capable of three-degrees-of-freedom motion.>” (g) Ultra-thin cyclic olefin copolymer (COC) microfluidic device with
micrometer scale channels fabricated with UV-lithography and hot-embossing.** (h) FT integrated with cellulose dialysis membranes for crystallization by dialysis.**

x-ray crystallography experiments that is suitable for a wide range is applied to one side of the PMMA sheet using an adhesive trans-
of applications. fer tape (3 M, F9460PC). These frames are CO, laser cut to the
desired design to form Layer 2. Cyclic olefin copolymer (COGC;
TOPAS Advanced Polymers Grade 6017, Tg=170°C) films are
obtained by spin coating a solution of COC in sec-butylbenzene on

A schematic of the chip’s layered assembly is shown in Fig. 3. a silicon wafer. The PMMA frames are then adhered to the COC
In brief, 1 mm thick polymethyl methacrylate (PMMA) sheets film directly onto the wafer and removed using a lift-off process
(SimbaLux, 5 x 7 in.) were purchased from Amazon. An adhesive (layers 2 and 3). Symmetric assembly of layers 2 and 3 are

A. Fabrication steps and design requirements
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FIG. 3. (a) Schematic of the individual layers of the all-polymer microfluidic chip
for fixed-target serial crystallography. (b) Image of an assembled chip with three
independent x-ray imaging areas. (c) Optical microscope image of lysozyme
crystals grown on chip and used to determine the structure of lysozyme to 1.7 A
at the LCLS, MFX beamline. Adapted from Liu et al.**

connected by a double-sided adhesive (layer 4; Adhesives Research,
ARcare” 92712) and aligned by hand. To protect the COC films
during transport, handling, etc., Duck” Brand HP260"" packing
tape is placed over both sides of the chip. Detailed fabrication steps
and techniques are provided in Liu et al’* The design features
large area, few micrometers thick, polymer windows that have low
x-ray scatter to enclose the crystal sample. Independent microflui-
dic channels (windows) allow for loading of unique samples or
crystallization conditions within the same chip. Within the bounds
of this fabrication, several parameters can be adjusted to meet
sample or beamline requirements, including overall chip dimen-
sions and shape, imaging window dimensions and shape, channel
or sample flow layer thickness, inlet design, and chip materials.

pubs.aip.org/aip/bmf

There are numerous advantages of using only amorphous
polymers in the fabrication. Key points are summarized here. First,
polymer materials are inexpensive, easy to work with, and amor-
phous polymers have relatively low scatter background from the
imaging window. Second, precise x-ray beam alignment during
high-repetition rate XFEL measurements is not necessary. The all-
polymer FT chip is simply rastered at a constant speed to obtain a
desired shot spacing. X-ray shots that hit the 1 mm thick frame
contribute a high scatter background but do not generate high
intensity Bragg peaks associated with ordered material, thereby
minimizing the risk of damage to the x-ray area detectors.
Furthermore, frame-intersecting shots are filtered out during data
analysis by their unique scattering profile. Third, the chip, and
described storage holder, can maintain sample stability for weeks
or more. Under ambient conditions, lysozyme crystals have been
observed to be stable for up to 10 days, while we believe chips
stored in the described storage holder can last for months or more.
Fourth, the use of transparent materials means users can use con-
ventional microscopy to a priori optimize sample quality and ulti-
mately select chips with high sample quality for synchrotron or
XFEL measurements.

1. Material selection

The chip design presented here consists of three main material
components, the frame, thin film window, and adhesive spacer,
which defines the microfluidic sample layer. Materials selection for
FT sample delivery involves a few specific considerations, such as
x-ray and optical transparencies, mechanical properties, water per-
meability, and fabrication requirements.

Key components of the device that require optimization of
material properties are the materials in the x-ray beam path. We
selected cyclic olefin copolymer (COC) as the thin film window
material [Layer 3, Fig. 2(a)], owing to its low contribution to back-
ground scatter, relatively low water permeation rate, and the ability
to easily form controllable micrometer-thick films by simple spin
coating.”” COC film thickness is controllable as a function of spin
speed and solution concentration.”* COC has a 99% transmission
at a thickness of 8.9 um for an x-ray beam of 12.4 keV, demonstrat-
ing low x-ray absorption or scattering due to the COC film.”” We
have also explored other materials, such as epoxy, to produce films
with improved mechanical properties that are robust for larger con-
tinuous window areas without film sagging but have a higher water
permeability. A unique aspect of the fabrication is the use of com-
mercial hydrophilic double-sided adhesives for the sample channel/
spacer material (layer 4). The adhesive used in this work consists of
a polyester substrate and acrylic adhesive that was laser cut to
match the dimensions of the PMMA frame. Strong adhesion
between the window film material and adhesive spacer is required
to maintain structural integrity and reduce hydration loss. A variety
of double-sided adhesive layer thicknesses with different physical
properties are commercially available to meet various sample
requirements. Thick sheets of polymethylmethacrylate (PMMA,
layer 2) provide structural support to the thin polymer film and
sample layer. Finally, the whole chip is sealed with clear packing
tape (layer 1) to protect the thin COC windows during handling
and transport, seal the inlet and outlet holes, and decrease
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evaporation from the chip. The protective crystal clear tape is
removed from the x-ray imaging area prior to x-ray diffraction
measurements and is not required when the chip is placed in long-
term storage as described in Sec. IT C.

2. Adjustable dimensions

Previous FT devices have required photolithography or other
complex fabrication techniques, making device design and dimen-
sion changes more difficult, time consuming, and costly. Simple
fabrication methods enable quick turnaround times for a wide
range of design modifications. For example, changes in FT dimen-
sions are often necessary to meet specific beamline or sample
requirements. With our simple fabrication method, changes in
overall chip dimension, window geometry, and inlet/outlet design
can be fabricated in a single day using commonly available equip-
ment. Specifically, the dimensions of the chip (Fig. 3) are simply
controlled by CO, laser cutting the PMMA frame (layer 2) and
adhesive spacer/channel flow layer (layer 4) to the desired dimen-
sions. The thickness of various chip components is guided by
sample requirements. The sample thickness orthogonal to the x-ray
beam is determined by the thickness of layer 4 (typically, 25 or
48 um) and the thickness of the COC window film (layer 2). For 2-
3um thick COC windows, easily prepared by spin coating, the
maximum free standing film width is about 3.5mm with any
length desired for the channel. Larger widths can be problematic
due to opposing window film contact prior to sample loading.
Thinner COC windows will reduce background scattering with a
concomitant increase in the sample dehydration rate; however,
background scattering is primarily from excess crystallization buffer
in the x-ray beam—sample cross section.”” To limit diffuse scatter
from the buffer during crystal hits and prevent crystal displacement
during measurements, the channel flow layer should roughly match
the dimensions of the protein crystal. The sample flow layer can be
easily adjusted by applying double-sided adhesive (layer 4) of
desired thicknesses. The thickness of commercially available adhe-
sives ranges from 25 to 150 um, matching the range of crystal sizes
used in serial crystallography. If thinner sample flow layers are
desired, a commercially available 13 um thick COC sheets can be
physically cut or a COC sheet can be hot embossed as in our previ-
ous work.”

B. Protein sample

The emergence of SFX has led to a shift in ideal protein
sample characteristics. Instead of cryo-cooled singular large, well-
diffracting crystals, SFX experiments focus on room temperature
collection from a high density of small microcrystals.””*® Due to
the limitations in XFEL availability, judicious planning to grow
crystals of the optimal size, diffraction quality, orientations, while
maintaining sample stability is needed to maximize resultant data
collection efficiency and data quality.”””" A distinct advantage of
microfluidic FT approaches is the ability to accommodate a variety
of crystal sizes and morphologies. Larger microcrystals (>30 #m) in
the FT can be measured at synchrotrons.

pubs.aip.org/aip/bmf

1. On-chip crystallization

In situ protein crystallization is possible in microfluidic FT
sample delivery devices. The described chip works with microbatch
or vapor diffusion crystallization conditions. For microbatch, the
FT inlet and outlet holes are sealed with Hampton crystal clear
tape. For vapor diffusion, the inlet and outlet holes are left unsealed
to allow slow exchange of water vapor. The chip is then placed in
an enclosure with a reservoir of crystallization buffer. Relative
humidity (RH) can be controlled during storage to adjust the water
evaporation rate during on-chip crystallization.

For on-chip crystallization, the chips are typically loaded with
a well-mixed 1:1 solution of protein and precipitant solution by
gently pipetting into one of the inlet holes. The volume of solution
needed to fully fill the flow channel is determined by the dimen-
sions of the adhesive sample flow layer—for example, in Fig. 3 the
3mm x 30 mm x 48 um channel requires 4.5ul of the solution.
Although alterations in crystallization are to be expected for crystal-
lization on-chip compared to off-chip methods, for soluble protein
on-chip crystallization, similar crystal sizes and morphologies were
obtained without modifications to established crystallization condi-
tions.” However, slow water evaporation rates and low Grashof
number conditions on chip result in slower crystal growth rates.
There is also a decrease in the nucleation rate due to the large
interfacial contact between the thin film and the sample layer and a
reduction of natural convection around crystals in channel heights
of less than 100um.”" These aspects can be advantageous for
obtaining larger crystals in FTs and concomitant reduction in the
buffer background. Preferential orientational growth is possible in
microfluidic channels due to the reduction of natural convection of
solute, causing areas of depletion around crystals in channel
heights of less than 100um.”' Fortunately, the large FT x-ray
imaging window accommodates a wide rotational angle.

2. Slurry loading

A significant advantage of microfluidic FTs is the ability to slurry
load samples. Proteins that are difficult to crystallize require specialized
crystallization procedures, or proteins with minimal sample volume
grown with other techniques can be loaded with their surrounding
mother liquor into the FT by micropipette. The dimensions of the
channel and volume in an imaging window channel can be matched
to the protein sample and volume limitations. It is imperative that the
channel height be close to the crystal sizes to reduce background, min-
imize crystal motion during stage movements, and settle due to gravi-
tational effects.'’ Crystal displacement is especially evident when
rotating the sample during serial synchrotron measurements (Fig. S2
in the supplementary material). High viscosity crystallization condi-
tions containing large amounts of PEG or other viscosity-increasing
additives can be used to minimize the crystal motion.

For example, one option for increasing sample viscosity and
long-term sample storage stability is the addition of Pluronic F-127
(PF-127), a non-ionic surfactant composed of polyoxyethylene-
polyoxypropylene copolymers.”” At concentrations between 20%
and 35% (w/v) PF-127 forms a thermoreversible gel, existing as a
liquid at 4 °C and as a solid at room temperature.”” Mixing PF-127
and a crystal suspension at 4°C provides a liquid solution for
crystal slurry loading into the chip. At room temperature, a solid
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hydrogel matrix is formed to fix crystals in their initial locations
while maintaining precise sample layer thickness. Using HVE injec-
tors, Kovacsova et al. demonstrated PF-127’s compatibility with
protein diffraction measurements and resolved the structures of
glucose isomerase, thermolysin, and bacteriorhodopsin to 2.0, 2.0, and
2.3 A. Furthermore, they found PF-127 is chemically compatible with
final concentrations of 0.25M ammonium sulfate, 2M NaCl, 25% (w/
v) polypropylene glycol 400, 23% (w/v) polyethylene glycol 400, and
7% (w/v) polyethylene glycol 2000.”* PF-127 may also help maintain
protein crystal hydration under vacuum and long-term storage.
Finally, when slurry loading delicate, large (>50 um dimen-
sion) uridine-specific nidoviral endoribonuclease (NendoU) crys-
tals, which have needle or rod-like morphologies, significant crystal
damage due to the high shear stress gradient was observed at the
entrance to the sample flow channel. The maximum shear rate
occurs at the constriction between the inlet hole and the narrow
flow channel. When the crystal material strength is exceeded due to
shear stress, the crystals fracture, leading to a decrease in the dif-
fraction quality. We have not observed crystal damage when slurry
loading large crystals of lysozyme, thaumatin, or Rapid Encystment
Protein (REP) or when slurry loading smaller 10-15 um crystals of
NendoU or Photosystem 1. To reduce the shear stress during slurry
loading, a more gradual incline between the inlet hole in the
PMMA frame and the sample flow layer can be obtained using a
conical drill. Numerical analysis (see in the supplementary mate-
rial) was used to estimate the shear rate during slurry loading with
respect to lateral position for the two inlet designs, a “sharp” inlet
with a perpendicular cross section between the inlet and the
sample channel, and a “curved” inlet with a conical cross section to
the flow layer. The shear rate is reported in Fig. 4 as a function of

500 |- .
: B[~~~ Sharp Inlet
400 | i AM__ | —— Curved Inlet
i)
© :
N—
300 | :
2 i
& 2
S 200 | i
o
<
17
100 |
————
ok Direction of flow
L L L L L L L L L

=)
N
s>k

6 8 10 12 14 16 18
Length (mm)

FIG. 4. Numerical analysis of the shear rate when loading at a rate of 0.5 ul/s
for sharp and curved inlet designs for chips with a flow layer height of 48 um.
The x-axis is the distance from the first edge of the chip. The spike in the shear
rate during loading at the inlet can be significantly reduced using the curved
inlet design. Details on the numerical analysis and geometry can be found in
the supplementary material.
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distance as the fluid traverses through the inlet channel, when it
passes through the bend, and the imaging region where x = 0 corre-
sponds to the leading edge of the chip. The shear rate is calculated
from the gradient of the 3D cross-sectional velocity profile during
fully formed flow in the center of the channel. At the “sharp” inlet,
flow recirculation is observed, and the fluidic constriction increases
the pressure gradient and, thus, the shear rate. In the case of the
curved inlet shape, this fluidic constriction is minimized, resulting in
a decrease in the shear rate. Under either case, i.e., sharp, or curved
inlet, the shear rate settles to a relatively constant value as it flows
through the imaging region with constant cross-sectional dimension,
resulting in a uniform rectangular laminar velocity profile.

3. Controlling crystal densities

An important consideration to optimize efficient data collec-
tion during FT-SFX experiments is ensuring a high density of crys-
tals within the FT device. Higher crystal densities correlate to
higher hit rates and faster data collection. The hit rate depends on
a variety of factors, including crystal size, crystal agglomeration,
crystal density, pulse repetition rate, shot spacing, and x-ray beam
size. From the Poisson statistics calculated at densities of ~10° par-
ticles/cm® for 100 nm sized samples with a 1um diameter x-ray
beam, the optimal hit rate is ~37% for single crystal hits.”” Higher
hit rates can lead to multiple crystal hits, which can be an issue
with small microcrystals or highly clustered crystals. A significant
advantage of microfluidic FT sample delivery is control over crystal
densities. When slurry loading, crystal density can be adjusted by
concentrating or diluting the crystal slurry. Higher crystal densities
can be obtained by leaving crystal suspensions to settle overnight
or by gently centrifuging and collecting from the bottom of the
microtube. For protein crystals grown in situ, crystallization condi-
tions need to be optimized to reach desired crystal densities.
Crystal density and size can be controlled to a degree in on-chip
crystallization by adopting methods that increase the nucleation
rate, most commonly by seeding. Introducing dilute micro-nano
seeds prepared from crystals grown with conventional off-chip
methods has proven an effective method to control the crystal size
and density on-chip.”

C. Sample stability and storage

Due to the fickle nature of protein crystallization and the
limited availability of XFEL beamtimes, it is ideal to prepare
protein samples well before measurements are conducted. A clear
advantage of microfluidic FT sample delivery systems is the ability
to store samples for long periods of time. The thin window films
used in our chips have low water permeability but changes in rela-
tive humidity (compared to the osmotic pressure in the sample
loaded chip) will cause water transport into or out of the chip over
time. Maintaining constant hydration and stable conditions within
the chip is essential for maintaining protein crystal diffraction
quality during storage.””””” Additionally, relative humidity and
water loss are important factors for crystallization. The steady-state
water vapor transmission rate (WVTR) as a function of COC film
thickness allows optimization of crystallization conditions.”” As a
part of our goal of making FT sample delivery user-friendly, we
have also developed means to maintain sample stability for weeks
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to months. This is simply achieved by placing sample loaded FT's
in air-tight acrylic cases. The cases are fabricated to minimize the
free volume that equilibrates with the chip. Instead of trying to
control relative humidity and temperature, the sample simply equil-
ibrates with the small free volume, thereby minimizing changes in
sample hydration. Importantly, the FTs and contained crystal
samples can be monitored in situ using optical microscopy.
Long-term stability also greatly facilitates screening multiple crystal
samples and conditions as there is very little downtime associated
with FT sample changes.

The key to long-term storage of protein crystal samples
depends on maintaining crystal hydration. While evaporation rates
through the FT film material are slow enough to limit water loss
during data collection, samples will dry out within days without
any environmental controls. Traditionally, water loss due to evapo-
ration is controlled by equilibration of relative humidity (RH)
inside a sealed container. Salt solutions in these sealed containers
can be used to maintain RH conditions, but recipes that need to be
adjusted are dependent on the actual concentration of the sample
in the chip and temperature, which sets the RH. Conversely, one
can simply maintain hydration under any conditions by minimiz-
ing the free volume. This limits the amount of liquid needed to
evaporate in order to reach the saturation point of water. An acrylic
chip storage chamber was designed and fabricated to meet this
requirement (Fig. 5), with an inset volume slightly greater than the
volume of an assembled chip. This leaves the free volume outside
the chip equivalent to the volume of the cutout PMMA frame,
approximately 700 mm®, which accounts for three 3 x 30 mm®
sample windows, the two sides of the 1 mm thick PMMA frame
3%3 %30 x1 mm? x 2 =540 mm?, and the extra 0.5 mm around the
FT. The calculation for water loss in weight % in the FT to keep
100% RH in the sealed storage chamber at 298 K and 1 atm condi-
tions is given below:

W = Thaerized 600,

Mchannel

(B) Side View

il <
Ldl.

N

o

._.
3
3
- =

FIG. 5. (a) Image of the FT chip in the acrylic storage chamber. (b) Schematic
of the storage chamber with chip. Acrylic is CO, laser cut with through holes for
bolts. The chamber is composed of three different layers. The bottom is a solid
3 mm thick piece. The middle is a 3 mm thick piece with a center cut out that is
0.5mm wider on all sides than the chip dimension. The top is a solid 1 mm
piece for ease of optical imaging. The top is sealed with vacuum grease along
the conformal portions. The middle and bottom can also be sealed this way or
glued.
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where 1,4porizeq is the mass of water vapor in the excess volume at
saturation vapor pressure and M ganne is the mass of the water in
the chip. The maximum mass of water vapor in a fully saturated
volume is given by

_ P sat 14
Myaporized = RT X MWiyater,

where Py, is the saturation partial pressure of water. A mere 0.12%
of water from a chip is sufficient to reach 100% RH in the storage
chamber at 25 °C. The storage chambers are effective, inexpensive,
and independent, ideal for facilitating sample screening.

D. Data collection and measurements
1. Pseudo-serial crystallography at synchrotrons

The described microfluidic FT' device has been demonstrated
at both synchrotron and XFEL sources. Synchrotron measurements
were conducted at the crystallography Beamline 12-1 at the
Stanford Synchrotron Radiation Lightsource (SSRL). Individual FTs
were imaged with the inline camera system and large, high-quality
crystals were selected, centered, and measured using +40° with 1°
degree increments. Diffraction data were collected at ambient temper-
ature using a wavelength of 0.979 A, a beam size of 0.05 x 0.04 mm?,
and an Eiger X 16 m detector (Dectris AG) at a detector distance of
0.2m. No degradation of the FT was observed, and high-quality dif-
fraction data were obtained, enabling high resolution structure deter-
mination to 1.5 A of a variety of model proteins.””**

Compared to other room temperature sample delivery tech-
niques for serial crystallography (e.g., liquid or viscous media
jets, which must be loaded with a freshly crystallized slurry or
un-enclosed FTs that require onsite-loading and meticulous
humidity control or cryo-freezing), minimal sample preparation is
needed during beamtime from the perspective of the user. Chips
can be assembled in advance; chips with crystal samples can be
prepared beforehand and stored until data collection; empty chips
can be slurry loaded in advance or right before data collection.
Both on-chip crystallized samples and slurry loaded samples have
been successfully characterized.’*

Generally, many crystallography-oriented beamlines have spe-
cific setups for FT sample delivery, which include a goniometer to
rotate the chip, translational motors to move the chip, and an
inline camera. A standard, screw tightened, slotted holder with a
magnetic base is used to mount the chip on the goniometer. Once
a chip is mounted, a specific crystal is placed into the beam path by
manually aligning the crystal using the inline camera and transla-
tional motors. Ideally, the identified protein crystal is larger than
the beam spot size, with the beam spot focused on the identified
crystal even during rotation. At SSRL, the Blu-Ice software package
was used to control motor translation and rotation for crystal align-
ment. Rotational wedges for identified crystals were then collected.
Since the most significant source of background scatter is from the
aqueous layer, it is important to match the flow layer thickness to
the size of the crystal since rotation will increase the path length of
the aqueous layer. Diffraction analysis was performed during data
acquisition to verify completeness. Typically, 10-20 crystals were
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sufficient for data collection, depending on the rotation length,
crystal quality, symmetry, and radiation sensitivity.”>**

2. Serial crystallography at XFELs

The chip was demonstrated for serial crystallography at the
Macromolecular Femtosecond Crystallography (MFX) instrument
at the Linac Coherent Light Source (LCLS), SLAC National
Accelerator Laboratory (see Fig. S1 in the supplementary mate-
rial).”" Measurements were conducted at a photon energy of
9.89 keV, ~3-5um spot size, 120 Hz repetition rate, and a detector
distance of 89.7 mm in a helium-rich ambient (HERA) environ-
ment to reduce background from air scattering. A 3D printed
sample holder was designed to hold the microfluidic chip and
mounted to MFX’s translational motor system with screws. While
running at a fixed pulse repetition rate, the shot spacing was con-
trolled by adjusting the translational motor speed. Linear actuator
operational velocities between 6 and 24 mm/s were used, giving
tunable shot spacings between 50 and 200 um. Optimal shot spac-
ings can depend on several factors, including x-ray beam transmis-
sion, repetition rate, crystal density, potential shockwave propagation,
and desiccation rate.

After mounting, data collection was conducted through a con-
tinuous raster scan through each window of the chip. A simple
script was used to raster the chip at a specified speed for specified
times, allowing for variations in shot spacing and rastering area. A
50 um shot spacing was primarily used. Inline cameras were used
to align the starting position of the script at the upper corner of the
first sample channel. Since the chip is made of amorphous low-Z
polymeric materials, misalighment was not an issue as pulses
hitting the frame produced easily distinguishable high, average
background patterns. Importantly, frame shots do not cause
damage to the detector. A full chip scan of a chip at 120 Hz with
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50 um steps took about 20 min. In demonstration measurements,
the structure of ~10 um diameter lysozyme crystals was resolved to
1.7 A using data collected from two 48 um spacer FTs. The total
sample volume was 24 ul and a mere 0.6 mg of protein.”* However,
this is not representative of the maximum resolution obtainable
with the FT, as the resolution can be improved by matching the
crystal size and sample thickness layer to better minimize back-
ground contribution. Overall, 29 215 indexed diffraction hits were
obtained yielding ~13 indexed hits/s. The hit rate could be further
improved with more precise alignment with the sample windows,
maximized crystal density, and further insight into the minimum
useful shot spacing. Future work will look in detail at maximizing
x-ray shot density in the context of the potential of shockwave
propagation and crystal damage or displacement caused by LCLS
pulses on these FT systems.

The ability to refine a complete protein structure from 0.6 mg
(~24ul) of protein sample and ~45min of total data collection
time demonstrate the powerful potential of FT systems as a work-
horse sample environment system for XFEL serial crystallography.
Furthermore, the modularity of FT delivery dramatically reduces
downtime during sample exchange, as new chips with entirely dif-
ferent samples (each channel in the chip is independent) can be
quickly mounted once a raster scan is completed. Multichip plat-
forms would further decrease downtime. This highly modular and
easily-to-use microfluidic chip design will enable high-throughput
serial crystallography experiments with minimal setup and a low
barrier to entry.

3. XFEL data collection optimization

Despite the growing interest in FT sample delivery for SFX
experiments, a few studies have been conducted to examine
optimal experimental conditions for data collection. With the goal

FIG. 6. Lysozyme crystals in the chip after XFEL data collection. (a) “Destruction” of crystals after x-ray exposure (red dashed circles). (b) Bubble formation after x-ray
pulse exposure (red circles) at 11% transmission indicating distance between shots. Scale bar is 50 zm.
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of using these technologies to study biologically relevant proteins,
experimental efficiency is key to obtaining useful structural infor-
mation from protein crystals with limited sample availability.

Due to the high energy character of XFEL pulses, secondary
radiation damage events, potential shockwave propagation, and for-
mation of vapor cavities may affect unexposed areas nearby, by
causing the displacement of crystals, reduction of diffraction
quality due to radiation damage, or crystal degradation due to
imposed stress and hydration loss (Fig. 6).”"*'~** The generation of
shockwaves is dependent on the energy absorbed by the system,
which is further dependent on the energy dependent cross-
sectional x-ray absorption coefficients of the film, mother liquor,
and crystal density.”® In preliminary studies, chips with 48 um
sample thickness and about 10um crystals, 62.7% transmission,
defined as the ratio of a number of photons over the maximum
number of photons at LCLS, yielded high-quality diffraction data
and no change in the hit rate during measurements.
Observationally, at 80% transmission, significant bubble formation
occurred and the hit rate decreased. At 100% transmission, damage
to the film material occurred as rapid sample dehydration was
observed during the measurement. Previous work has demon-
strated the need to translate 30-100 um between shots to contain
the effects of beam damage on data quality.”” Systematic studies
with high-speed imaging of the sample at the x-ray beam intersec-
tion are scheduled in the future at LCLS to examine the specific
mechanisms of damage propagation in these FT's to help research-
ers make more informed decisions on the effects of beam parame-
ters on measurements. Furthermore, due to the high amounts of
data produced during SFX experiments, statistically significant data
analysis will be possible to validate the effects of transmission, shot
spacing, beam profile, and wavelength on data quality and collec-
tion efficiency.

l1l. OUTLOOK

The described microfluidic, FT' devices for serial crystallogra-
phy at both synchrotron and XFEL light sources are easy to use,
robust systems that can meet many protein crystallography needs
while reducing the barrier to entry to users. We predict that
current FT technologies are only scratching the surface of what is
possible—experimental optimizations and incorporation of novel
features will extend the efficacy and efficiency of FT serial crystal-
lography. The modular and easily modifiable design of the
described chips simplifies the inclusion of new features to meet dif-
ferent user needs and incorporate advancements in the field,
including separating protein crystals by size,”” trapping crystals in
specific locations, adaptation for membrane proteins,”*™"" counter-
diffusion crystallization,”" compatibility with pump-probe experi-
ments, and integration with electric fields.”” Finally, while the feasi-
bility of FT' systems has been tested at 120 Hz and even up to
1 kHz,” FT viability at MHz repetition rates at the European X-ray
Free Electron Laser (EU-XFEL) or LCLS-II still remains to be seen.
Improvements in translational motor speed and resolution, inclu-
sion of shockwave absorbing materials, and multi-chip sample
holders may facilitate future low background, efficient, and
damage-free MHz measurements using FTs. Overall, the flexibility
and ease of use of FT systems drive its potential as a “workhorse”

pubs.aip.org/aip/bmf

system to fully adopt the benefits of serial crystallography for
protein structural characterization.

SUPPLEMENTARY MATERIAL

See the supplementary material for accompaniment figures for
data collection at XFEL light sources and details regarding the sim-
ulation methodology for Fig. 4.
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