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Abstract

The practice of serial X-ray crystallography (SX) depends on efficient, continuous delivery of
hydrated protein crystals while minimizing background scattering. Of the two major types of
sample delivery devices, fixed-target devices offer several advantages over widely adopted jet
injectors, including: lower sample consumption, clog-free delivery, and the ability to control on-
chip crystal density to improve hit rates. Here we present our development of versatile,
inexpensive, and robust polymer microfluidic chips for routine and reliable room-temperature
serial measurements at both synchrotrons and X-ray free electron lasers (XFELs). Our design
includes highly X-ray-transparent enclosing thin film layers tuned to minimize scatter
background, adaptable sample flow layers tuned to match crystal size, and a large sample area
compatible with both raster scanning and rotation based serial data collection. The optically
transparent chips can be used both for in situ protein crystallization (to eliminate crystal
handling) or crystal slurry loading, with prepared samples stable for weeks in a humidified
environment and for several hours in ambient conditions. Serial oscillation crystallography,
using a multi-crystal rotational data collection approach, at a microfocus synchrotron beamline
(SSRL, beamline 12-1) was used to benchmark the performance of the chips. High-resolution
structures (1.3-2.7 A) were collected from five different proteins- hen egg white lysozyme,
thaumatin, bovine liver catalase, concanavalin-A (type VI), and SARS-CoV-2 nonstructural
protein NSP5. Overall, our modular fabrication approach enables precise control over the cross-
section of materials in the X-ray beam path and facilitates chip adaption to different sample and
beamline requirements for user-friendly, straightforward diffraction measurements at room
temperature.
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Introduction

As aresult of continued developments in the field of X-ray crystallography, the number of X-ray
structures deposited annually in the Protein Data Bank (rcsb.org) has continued to increase
rapidly from 135 in 1990 to 11234 in 2020. Alongside the rise of cryo-crystallography!, these
include improvements in crystallization methods?, approaches to high throughput screening?, and
the emergence of highly brilliant, microfocus synchrotron beamlines enabling the collection of
data from ever smaller crystals.*> Meanwhile, the development of femtosecond XFELSs has
ushered in a new era of structural biology, with radiation damage-free data collection made
possible at room temperature (RT) using serial femtosecond crystallography (SFX), due to the
diffraction before destruction principle.®® While single crystal cryogenic measurements continue
to be the workhorse of macromolecular crystallography, technological development to support
XFEL experiments has elicited a resurgence of interest in RT data collection at synchrotron
facilities in recent years, with the parallel appearance of serial synchrotron crystallography
(SSX) and serial oscillation crystallography (SOX) methods. In contrast with cryo
measurements, RT synchrotron studies are advantageous because they eliminate the need to
screen cryoprotectants and freeze samples.® Importantly, measurements at RT have opened
avenues to study not just static structures but also protein dynamics over a broad time-range,
from picosecond to seconds, using time-resolved measurements. This new frontier in capabilities
is paving the path for making molecular movies involving ligand binding, photoactivation, and
catalysis to better understand dynamic structure-function relationships but requires facile and
functional sample delivery.!%-14

The high intensity of 3 and 4 generation microfocus X-ray beamlines, fast onset of radiation
damage at RT, and the use of microcrystals limit the number of high-resolution diffraction
frames that can be collected from a single crystal. To address this limitation, serial
crystallography (SX) can be used, where data from multiple crystals is combined.®!>!6 For SOX,
in which small rotation wedges (1-20°) are collected from small crystals (~10s of um in size),
data from tens to hundreds of crystals is typically sufficient.!” For SSX or SFX, each diffraction
volume is exposed only once and diffraction data from thousands of crystals is often required to
obtain a complete dataset with high redundancy and good signal-to-noise at high resolution.!>-8
In most cases, these techniques require a much larger amount of crystalline material than
conventional crystallography, using crystals that may be too small to successfully mount using
conventional cryo-loops. This necessitates the development of specialized crystal delivery
methods which are continuous, robust, and keep the crystals hydrated over the course of the
measurement. Therefore, an optimal sample delivery platform should: (1) maintain crystal
quality and hydration by minimizing sample stresses during sample preparation, characterization,
and delivery; (2) minimize scatter contribution from the delivery device and excess buffer
surrounding crystals; (3) optimize crystal density and crystal size to the beam and data collection
requirements; (4) allow efficient use of beamtime by minimizing down time (e.g. from clogging
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or sample alignment for rastering) with fast/automated sample changes (e.g. sample preparation
in advance); and (5) allow experiments to probe structural dynamics by allowing different
triggering methods.!%?° Various sample delivery approaches have been proposed and
demonstrated including liquid-jets?!-24, droplet-on-demand tape drives?>-*, and fixed-target
devices?’32. The work presented here focuses on a new fixed-target platform for SOX or
SSX/SFX. Fixed-target devices are advantageous compared to other approaches because they
require very low sample volumes. Our novel geometries are compatible with in sifu crystal
growth which eliminates crystal handling and enable tuning of crystal densities and sizes to
achieve high hit rates and high-quality diffraction images. Furthermore, they allow for the use of
non-jetable crystal morphologies, like needles or plates, or crystals of heterogeneous size. They
can also be used to facilitate dynamic experiments using stimuli like electric fields gradients,
temperature jumps, pH gradients, ligand exchange and photo-activation.

For fixed targets, the choice of construction materials and fabrication strategy are important
considerations as they significantly impact the cost, fragility, and stability of the devices. Several
materials such as low-Z polymers (COC, PMMA, PDMS, Kapton, Mylar, epoxies), silicon,
silicon nitride, glass and quartz have been used to make devices that balance these attributes with
the measurement requirements. The two most common design formats are (1) microgrids and (2)
microfluidic chips. Microgrids are chips with a 2D array of micropatterned holes for crystal
entrapment upon deposition, sometimes used with thin films supports (0.1-10 um) to improve
sample retention and/or protect against dehydration.!7-27-30-33-46 These chips can offer advantages
of high hit-rates and ultra-low background if wicking or vacuum application is used to localize
crystals into pores and remove excess crystallization solution, but the exposed sample (even with
sandwiching thin films) is sensitive to dehydration, requiring sample preparation and assembly
shortly before measurements (< 1-2 hours). Microfluidic chips, on the other hand, are enclosed
devices offering precise control over sample volume and thickness, long-term stability against
evaporation, and in situ crystal growth to eliminate crystal handling. But, the thick flow channels
(25-300 pm) and capping layers (25-600 pm) often used to construct these devices contribute
significantly to background scatter.'®$47-37 While several such devices have demonstrated high
resolution data collection from large, well-ordered protein crystals, for many proteins obtaining
large crystals often proves intractable. In the case of these small or weakly-diffracting
microcrystals (desired for SX), the X-ray attenuation and scatter background from typical
microfluidic chips can limit the resolution attained. Therefore, there is a need for the
development of novel fixed targets with the stability and ease-of-use of microfluidic approaches,
that are inexpensively fabricated and easily modified to match different sample and beamline
requirements, while maintaining the advantages of high hit-rates and low background of
microgrid approaches.

In this paper we describe the design of polymer fixed-target chips that address this need, for
routine and reliable RT SOX and SSX/SFX experiments. The polymer materials used were
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selected for low water permeability, high X-ray transparency and high optical transparency (for
on-chip imaging and light triggering of structural changes for future time-resolved structural
studies). A modular, layered fabrication process enabled control over the cross section of
materials in the beam path and easy design modification or adaption to different sample and
beamline requirements. The chip is compatible with in situ crystallization using micro-batch and
vapor diffusion methods. Pilot X-ray data collection with the chips was performed using SOX.
The robustness and versatility of the chips was demonstrated, showing that they allow long-term
storage, stability, easy transportation, and straightforward on-chip crystallization to diffraction
measurements. Preliminary results also indicate that the chip is amenable for SFX measurements
without further alteration.

Materials and methods

A layered assembly process was used to construct the polymer microfluidic chip from hot-
embossed COC supports, spin-coated COC thin films, laser-cut PMMA frames, and an adhesive
sample flow layer. Five proteins (hen egg white lysozyme, thaumatin, bovine liver catalase,
concanavalin-A, and SARS-CoV-2 nonstructural protein NSP5) were crystallized in situ and
diffraction data directly collected on-chip at RT at beamline 12-1 at SSRL. The minimum beam
spot size was 55 um x 5 um (X-Y, FWHM) and a SOX data collection approach was used to
benchmark the performance of the chip.

Microfluidic chip fabrication and assembly

A schematic of the chip construction layers, and the final assembled chip are shown in Figure 1.
The X-ray imaging regions of the chip were made of cyclic olefin copolymer (TOPAS® COC,
Grade 8007, Tg = 75 °C). The sample flow layer (layer 1) consisted of a CO, laser cut, tunable
acrylic or silicone pressure sensitive adhesive (25 um AR92734 or 48 um AR 92712, Adhesives
Research Inc., Glen Rock, PA, USA) used to bond the two microfabricated sides (top and
bottom) together. 2-5 um COC thin films (layer 2) provided low-background sample enclosing
layers. These were prepared by spin-coating solutions of 10-20 wt.% COC dissolved in sec-
butylbenzene on UV-ozone treated silicon wafers. Films ranging from 500 nm to 10 um in
thickness could be easily produced by varying the COC concentration and spin speed (Figure
S1). The 200 um thick COC supports with windows (layer 3) were hot embossed using molds
made of elastic polydimethylsiloxane (PDMS, details of the mold fabrication and hot embossing
below). And finally, 0.5 or 1 mm polymethyl methacrylate (PMMA) frames (layer 4) with an
adhesive layer 3M™ F9460PC) were produced by CO, laser cutting.

The use of hard mold materials like steel, silicon or high-temperature epoxy used to emboss
COC in previous works**3830 proved difficult due to feature entanglement and warping issues
while demolding the COC sheets (with 200 pm deep through-holes) from the rigid molds. PDMS
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molds proved successful due to their elasticity and low adhesion to COC. These molds were
fabricated by casting a replica of a silicon master mold with an array of 300 um deep X-ray
window features using a 5:1 monomer:curing agent mixture of Dow Sylgard™ 184 (fabrication
of Si master and additional process details provided in SI Section 1). The PDMS replica was
demolded and bonded to a silicon wafer using oxygen plasma treatment (50 W, 25 sccm O,, 0.79
Torr, 1 minute). Hot embossing was performed using a semi-automated EVG 501 wafer bonder.
The PDMS mold was brought into contact with a 240 um COC sheet (Europlex 0F304, Roehm
America LLC, Sanford, ME, USA) attached to a polyvinyl alcohol (9 wt. % PVA, 1500 rpm, 60
s) coated silicon wafer. The assembly was heated to 120 °C and a force of 12 kN was applied for
15 minutes to emboss window in the supports. The embossed sheet was demolded after cooling
below the glass transition temperature of COC. Obtaining perfect through holes with hot
embossing was difficult due to the flexibility of the PDMS mold. Instead, the ~20-30 um
residual thin film in the windows features was removed by an oxygen plasma reactive-ion
etching process (500 W, 25 sccm O,, 330 mTorr, 30 minutes) to yield the COC window support
with through-holes (layer 3). A schematics of the fabrication steps is shown in Figure 2A,B.

After fabricating the various layers as described above, Figure 2C shows a schematic of the
processing steps involved in assembling the two symmetric sides of the chip (top and bottom,
Figure 1). First, a COC window support (layer 3) was solvent treated with 35:65 acetone:
cyclohexane solution for 1 minute to render the surface tacky>?, dried with a nitrogen stream, and
brought into contact with a spin-coated COC thin film (layer 2) on a silicon wafer. This process
created a strong room-temperature bond between layers while maintaining the integrity of the
thin film (layer 2). The assembly was further reinforced by attaching 0.5 or I mm thick PMMA
frames (layer 4) on the other side to improve planarity, prevent bowing of the thinner layers, and
make the chip easy to handle. At this stage, the assembled layers (layers 2-4) were robust and
could be stored until needed. This was advantageous as the flow-layer (layer 1) could be varied
in thickness to tailor the chip for a particular protein crystal size/ beamline spot size on demand.
Both thin (25-50 um) or thick (80-150 um) flow layers could be used depending on sample
requirements, e.g., ultra-small protein crystals benefit from thinner flow layers to decrease
background from excess crystallization solution, while efficient slurry loading of larger crystals
necessitates thicker flow layers. The hydrophobic COC films needed to be rendered hydrophilic
prior to final assembly to facilitate fast and complete solution loading into the chip. To do this,
assembled top and bottom sides (layers 2-4) were exposed to atmospheric plasma treatment for 3
minutes in a Harrick PDC-32G Basic Plasma Cleaner. Advancing water contact angles using a
Ramé-Hart goniometer were 83 + 6° for the native COC surface, 22 + 5° after plasma
treatment, and recovered to ~60° upon storage in ambient conditions for 2-4 weeks (Figure S2).
To complete the chip fabrication process, the two chip sides were bonded using a laser-cut,
double-sided adhesive sample flow layer of the desired thickness. The holes or “window”
features (0.5 x 1.75 mm or 1 mm x 1 mm) in the two sides of the chip were aligned by
maximizing light transmission through the features using a backlight. The aligned sides were
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manually pressed together to create an enclosed microfluidic chip. A contact dwell time of 24-72
hours was required to ensure strong adhesion between all the layers before using the chip. A
more detailed protocol on the individual microfabrication steps is provided in the SI Section S1.

Water permeability measurements

Water vapor transmission rate as a function of COC film thickness was measured using a slightly
modified version wet-cup tests described elsewhere®. In brief, free standing COC thin films of
different thickness were solvent bonded to a 240 um COC sheet with a 1 cm diameter hole in the
center and affixed to the opening of a 3 mL clear glass vial containing Millipore water using
Dow Corning® high vacuum grease. Sample weight loss was monitored over a period of one
week from five replicates. Steady-state water vapor transmission rates (WVTR) were calculated

. . A . .
from the weight loss measurements using WVTR = Ai;nt, where Am was the weight loss, A is the

area of the membrane, and ¢ is the time. The water vapor permeability (WV P) of COC, which is

a function of the solubility and diffusivity of water in the material, was calculated by fitting the

WVP x AP

experimental data to WVTR = ———— where AP was the differential pressure of water vapor

across the membrane of thickness L. The measurements were carried out in a climate-controlled
room with a relative humidity of 20 + 2% at 23 + 2 °C. The relative humidity gradient (ARH)
was approximately 80% assuming the relative humidity inside the sealed vial enclosure was

close to 100%, resulting in AP = P xARH = 2.2 kPa, using a water vapor saturation pressure of
2.8 kPa at 23 °C.

Protein expression, purification, and crystallization

SARS-CoV-2 main protease nonstructural protein NSP5 was expressed and purified using a
modified protocol as previously described®!. In short, NSP5 was expressed from PGEX-6p-1-
NSPS5 plasmid (kindly provided by R. Hilgenfeld, University of Liibeck, Germany), from E. coli
BL21 DE3 Gold cells in 2YT media overnight at 18 °C. Freshly streaked plates from transformed
glycerol stocks were used for inoculation. The harvested cell pellets were stored at -80 °C until
purification. The pellet was thawed in Buffer A (20 mM Tris pH 7.8, 150 mM NaCl, 5 mM
imidazole) and disrupted by sonication at 4 °C (2 min total) and two passes through a cell
disruptor (12-14 kPa). The suspension was clarified by centrifugation (30 kg, 45 min), filtered
(0.8 um) and loaded onto a 5 mL HisTrap FF column (Cytiva). The column was washed with 5
CV of Buffer A and the protein eluted in SmL fractions of Buffer B (20 mM Tris pH 7.8, 150
mM NacCl, 300 mM imidazole). The protein was dialyzed against Buffer C (20 mM Tris pH 7.8,
150 mM NacCl, 0.5 mM TCEP) concurrently with GST tag removal by overnight digestion with
10% w/w HRV3C protease. The protein was loaded into a 5 mL HisTrap FF column and the
flow through collected in 12.5 mL fractions. The protein was further purified by size exclusion
chromatography (Superdex 200 pg, Cytiva) in Buffer D (20 mM Tris pH 7.8, 150 mM NacCl, 0.5



Lab on a Chip

mM TCEP, 1 mM EDTA). The protein was concentrated to 10 mg/mL and crystallized via vapor
diffusion with 100 mM Bis-Tris pH 6.5, 17.5% w/v PEG 3350, 175 mM Li,SO,. Seed stock was
generated from the resulting large plate clusters using Hampton Research’s PTFE seed beads and
diluted by a factor of one hundred with crystallization buffer. The vapor diffusion conditions
were spiked with 10% 1:100 seed stock and this process was repeated to generate second
generation seeds. To crystallize NSP5 on-chip, the same condition used to generate second
generation seeds was loaded into a microfluidic chip with 10% second generation seeds (Table
1) and crystallized via vapor diffusion as described below.

Chicken egg-white lysozyme (#L6876), thaumatin from Thaumatococcus daniellii (#T17638),
concanavalin A from Canavalia ensiformis (Jack bean) Type VI (#L7647) and catalase from
bovine liver (#C40) were purchased from Millipore Sigma (St. Louis, MO, USA) and dissolved
in MilliQ water or low ionic strength buffers as listed in Table 1. The protein solutions were
gently vortexed for a few seconds until the solution was well-mixed, centrifuged at 10,000 rpm
for 5 minutes to remove any insoluble materials, and the supernatant was removed and stored at
4 °C. All buffers and precipitant solutions were filtered through a 0.22 pum syringe filter prior to
use. The crystallization conditions used in this work were adapted from previous literature>-4
and are also reported in Table 1.

Direct crystal slurry loading requires filtration to ensure removal of large crystals which can
otherwise clog the inlet channel. While this was tested, this work mainly focusses on
demonstration of on-chip crystallization. The microfluidic chips were loaded with a well-mixed
1:1 solution of protein and precipitant solution by pipetting ~8-10 uL into one of the inlet holes
in the PMMA frame. Corner vents in the spacer flow layer ensured that the solution filled the
wide fluid chamber (~10 mm x 10 mm x 25-50 um) uniformly while minimizing bubble
entrapment. After filling, the inlets and outlets were sealed using Hampton crystal clear sealing
tape for micro-batch crystallization or stored unsealed for vapor diffusion crystallization to allow
for equilibration with the reservoir chamber. The filled chips were then placed in a Falcon 6-well
tissue culture plate either on a microbridge-like pedestal or affixed to a small magnet on the wall
of the well plate using magnetic chip holder pin bases (Crystal Positioning Systems, Jamestown,
NY, USA). The well was filled with 1.5-2 mL of precipitant solution and the plate was sealed
using crystal clear sealing tape to ensure that the chamber remained humidified to prevent
sample desiccation during storage over several days to weeks. The optically transparent
microfluidic chip and well sealing tape enabled on-chip sample monitoring without disturbing
the equilibrated enclosure.

On-chip X-ray diffraction

X-ray diffraction data were collected at RT on the 12-1 beamline at SSRL, equipped with an
Eiger X 16M detector (Dectris AG). A magnetic chip holder pin base with a slot and set screw
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was used to securely hold the microfluidic chip before magnetically mounting it on the
goniometer. Inline high-resolution cameras at ~0° and 90° orientation to the beam were used to
position the chip in the beam path, scan through sample regions/windows, and to center the
protein crystals along the rotational axis. The beamline allowed for a translation range of + 2.5
mm along the Y-direction (vertical) and greater than + 7.5 mm along the X-direction
(horizontal). The close proximity of an upstream microcollimator limited the range of rotation
about the axis (Z) to = 35°. The smallest beam size available was 55 pm x 5 um (X-Y, FWHM),
with Y varied between 5 to 50 um based on crystal size and morphology to maximize the
sample-beam interaction cross-section.

Data was collected remotely using the Blu-Ice package®. Individual single crystals were
manually centered and 30° rotation wedges with 1° oscillation at 0.1s exposure per frame were
collected at 10-20 % transmission (full photon flux 4 to 5.6 x 1012 photons per second at 12.5
keV) with a 200 mm detector distance. A drop off in diffraction resolution was observed by the
20-25™ frame due to cumulative radiation damage. Data from 15-30 crystals was collected from
each chip with the final number of crystals merged for each protein reported in Table 2.
Diffraction data from multiple crystals was processed in xia2% (multiplexing mode) running the
CCP4%7 and DIALS®® packages to perform indexing, merging, and scaling. Structures were
solved with Phaser®, part of the PHENIX package’®, using PDB entries 1VED, IRQW, 8CAT,
1SCR, and 6XR3 as templates for phasing via molecular replacement for lysozyme, thaumatin,
concanavalin-A, catalase and NSP5 respectively. Iterative refinement was performed with
phenix.refine’! alternating with molecular modeling performed with Coot’?. Final data
processing and structure refinement statistics are provided in Table 2.

Results and discussion

Microfluidic chip fabrication and device performance

The goal of this work was to develop robust, user-friendly, low-background microfluidic chips to
support room-temperature serial crystallography experiments at synchrotrons or XFEL facilities.
A modular fabrication process was designed and used to construct large-area polymer chips that
could deliver hundreds to thousands of hydrated protein microcrystals to the X-ray beam. An
exemplary chip design (overall dimensions 25 mm x 15 mm) with a 4 x 9 array of rectangular X-
ray windows (0.5 mm x 1.75 mm) is shown in Figure 3A. The X-ray imaging regions of the chip
were made of COC, a thermoplastic material with excellent water barrier properties, optical
transmissivity, chemical compatibility with acids, bases and alcohols”?, and low X-ray
attenuation’®. Microfluidic chips based on this material have been reported previously, with
designs using either injection molding to make mm-thick devices, or hot embossing to produce
few-hundred pm-thick devices.*84931:52.38 The characterization of small or weakly-diffracting
microcrystals in these devices can prove challenging due to significant background from thick
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enclosing and flow layers, limiting the diffraction resolution attained. Therefore, a key focus of
our design was to minimize the X-ray cross section thickness to maximize signal to noise from
crystals. This was achieved by using a layered assembly process to produce physically robust
and easy-to-handle chips with a total thickness of ~1.5 mm but an effective cross section
thickness of only 30-60 um in the X-ray window regions.

The chip consisted of two sides (Figure 1, layers 2-4) mirror symmetric in construction, bonded
using a tunable pressure-sensitive adhesive spacer layer that defined the flow layer thickness
(layer 1, 25-48 um in this work). Windows in the 200 um hot-embossed COC support had ultra-
thin 2-5 um COC films attached that served as the low-background X-ray interaction regions.
The outermost 0.5-1 mm thick PMMA frame attached to the COC support imparted rigidity and
included inlet, outlet, and vent holes for introduction of crystallization cocktails or crystal
slurries into the chip by micro-pipetting. A major advantage of this approach was the
straightforward incorporation of tunable-background, wrinkle-free thin films in an enclosed
flow-chip design. Solvent bonding eliminated the need to handle fragile films, as is typically
required for alternatives like the single/few-layer graphene (<1-3 nm, expensive and laborious to
produce)*>4>74, freestanding commercially-available Mylar (2.5-3.5 um)?*%4% or Kapton (3-8
um)** films used as enclosing layers in open-format fixed-target chips. The modular construction
of the chip allows rapid modifications to the chip design, e.g., the sample area available for
rastering, sample volume, and thickness of enclosing and films, depending on sample and
experimental requirements. Sample fabrication and assembly of 12 chips took approximately 1
hour, but parallel processing could further reduce the fabrication time. For applications that do
not require ultra-thin supports (<5 um), the reactive-ion etch step could be omitted after hot-
embossing COC sheets to retain ~20-30 pum residual thin films over X-ray windows. This
decreases the number of fabrication steps and manufacturing time, but at the cost of
proportionally higher background scatter. Hydrophilic oxygen plasma surface treatment provided
facile loading of aqueous solutions into the chip as shown in Figure S3. The advancing contact
angle of atmospheric plasma treated COC films was ~ 22° for freshly treated films and increased
to ~ 60° over a period of 4 weeks as shown in Figure S2. Thus, fully assembled chips could be
stored for at least one month before use without significantly impacting solution loading.

To identify the timescales over which diffraction measurements could be carried out on our chips
without external humidification, measurements of water evaporative loss through thin COC films
were performed using a modified wet-cup method. Figure 4 shows the steady-state water vapor
transmission rate (WVTR) through COC films as a function of film thickness. The WVTR
measured was inversely proportional to the film thickness, as expected for diffusive transport.
Film thicknesses ranging from 2.5 to 140 um were included to serve as a guideline for users to
choose barrier properties as required for their application, keeping in mind that scatter
background would scale linearly with film thickness. For the 2-5 pum films used in this work, a
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WVTR of ~ 2% translated to a low evaporative loss of 0.5-1 wt.% per hour, ensuring that

crystals would remain hydrated without external humidity control for several hours during
diffraction measurements. To extend sample stability to several weeks, we stored the chips in
individually sealed wells with saturated salt slurries of K,SO4 (RH set point ~97.3% at 25 °C7)
or with the precipitant solution, to reduce the relative humidity gradient against which the chips
were equilibrating. We found that under these conditions, chips with crystals could be stored
over a period of 2-4 weeks without visible or measurable loss of crystallinity despite the small
sample volume in the chip (<10 uL). In comparison, previous microfluidic chips used thick
(>50-200 um) sealing layers of COC, Kapton or Mylar and were stable for weeks in ambient
conditions. Thin support films (~2.5-3.5 um Mylar or 3-8 um Kapton) have been used previously
as enclosing layers with microgrids, but these approaches are seldom designed or characterized
for long term stability, requiring sample preparation at the beamline3#38:40,

On-chip protein crystallization

To test the utility of the chips for in situ crystal growth and long-term storage, vapor diffusion
and micro-batch crystallization trials were conducted for five different proteins by adapting
existing conditions from the literature®'-64. Table 1 summarizes the crystallization conditions
used and compares observations of crystal size, morphology, densities, and time-to-
crystallization between on-chip and on-crystallization plate methods (hanging drop vapor
diffusion or micro-batch under oil methods were used for comparison as appropriate). For most
of the conditions tested, similar crystal sizes and morphologies were obtained on and off chip
without the need to modify established crystallization conditions. On average, slightly lower
nucleation rates and slower crystallization kinetics were observed on-chip leading to larger
crystals with sparser densities. Compared to the large droplet solution geometry in plate-based
methods, solution in a microfluidic chip is confined to the micro-scale in one or more
dimensions. In the near-2D geometry of our chip, a large interfacial contact area between the
solution and the polymer surface is expected to affect crystal nucleation. The slower
crystallization kinetics are due to the smaller evaporation rate in the chips and that mass transport
is primarily driven by molecular diffusion as buoyancy driven convection is suppressed in this
geometry.’677

The 30-200 um crystal sizes obtained were ideal for proof-of-principle SOX measurements due
to the comparable minimum beam size (5 x 55 um) at the 12-1 microfocus beamline at SSRL.
Seeding can be used to control the nucleation rates to produce a high density of smaller 10-20
pum microcrystals. Figure 3B shows fully hydrated, randomly oriented tetragonal thaumatin
crystals grown on chip using micro-batch crystallization (without and with seeding, top and
bottom respectively) and stored for three days. Figure S4 shows exemplary images of the other
protein crystals measured in this work. It is worth noting that the thin spacer film (25-48 um) not
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only reduced the sample volume requirements (4-8 pL) but also restricted crystal growth in the
Z-direction to span the “set” spacer thickness. This minimized scatter contribution from the
crystallization solution surrounding the microcrystals. Preferential alignment of 200-300 pm
long plate-like crystals of concanavalin-A and NSP5 was observed microscopically. The
concanavalin-A crystals appeared to grow to span the entire spacer thickness ~50 um whereas
individual NSPS5 plates in the crystal clusters were ~10-15 pm thick. Lysozyme and catalase
crystals, which were cuboid in appearance, did not have any visible preferential alignment.

X-ray scatter background measurements

To quantify and compare the X-ray scatter background contributions from different materials in
the beam interaction cross section, background measurements of ambient air scattering (5 mm
path length), chips with different COC films thicknesses, and buffer-filled chips (0.1 M Na
Acetate buffer, 1M NaCl) with two different spacer thicknesses were carried out. Radial
averages of the scattered intensity for air and buffer filled chips (Figure 5) are dominated at low
angles by air-scatter background. Contributions to background scattering from the enclosing
amorphous COC films represent an increase of approximately 20 percent over ambient air
scattering at the peak of the COC-associated scattering at approximately 1.1 A-!, corresponding
to 5.8 A in real space (seen as a broad “halo”). This is in agreement with previous observations
of increased scattering ~ 5-6 A for different COC grades®®’* and indicates there is some degree
of systematic packing between adjacent polymer backbone strands’®. COC also contributes a
broad, featureless scattering signal at low resolution (>6 A). At higher angles, the enclosed
buffer layer was the most significant background contribution with buffer filled chips exhibiting
a “water ring” at 1.8 A-! corresponding to 3.4 A in real space. This contribution can be decreased
by using a thinner spacer layer as demonstrated by the yellow curve in Figure S, corresponding
to a chip with a 25 um spacer layer. Because of the inherent flexibility of the enclosing thin COC
films, some variability (10-20 percent) in the buffer or flow layer thickness is expected. This
explains why the scattering signal (around 1.8 A1) for the 25- and 48-um spacer samples does
not scale linearly. Minor changes in peak intensities at ~ 0.3 and ~ 1.1 A-! were also observed
between the 25 and 48 um spacer samples, that cannot be explained sufficiently by COC film
thickness variation between different batches (< 0.2 um). Since the two samples were
characterized during different beamtimes using different batches of COC from Polysciences,
Inc., we suspect minor batch to batch compositional variation in the supplied COC material and
subsequent spin-coating solution preparation and processing steps (filtration, postbake) could
influence the degree of short-range chain packing, resulting in slightly different amorphous
scatter signal at low q. Regardless, both the enclosing film thickness and the flow spacer
thickness are parameters that can be changed to control background scatter to match sample
requirements. While a direct background comparison with other microfluidic chips from
literature is made challenging due to differences in material attenuation properties, film and flow
layer thicknesses, and beam characteristics, the inset in Figure 5 shows the drastic reduction in
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background that results from using thin films over X-ray windows (~3.7 um per side) vs.
shooting through thick supports (~200 pum per side) that are on the order of film thicknesses
sometimes used as capping layers in microfluidic chips.

In situ X-ray diffraction at room temperature

Figure 3C shows the COC microfluidic chip mounted on a slotted magnetic pin base and
attached to the goniometer for room-temperature data collection at the 12-1 beamline at SSRL.
The device’s large measurable area and facile mounting allowed rapid collection of data in a
semi-serial mode where 30° rotation wedges were collected on a series of manually centered
crystals, eliminating the need for mounting of individual crystals. Individual wedges were
collected in 15- 20 seconds. The average data collection time for each chip was between 30 min
and one hour, where the limiting step was manual centering of the crystals. Minimal settling or
crystal movement was observed for most in situ grown crystals where the crystal size was well
matched to the spacer layer thickness due to contact with the COC films. Some movement was
observed when the crystal size was well below the spacer thickness (~50 um spacer vs. 10-20

um lysozyme crystals).

Data from 5 to 16 individual crystals were merged to constitute complete data sets for the
measured proteins. Data collection and refinement statistics for each protein are shown in Table
2. The lysozyme, thaumatin, and concanavalin-A crystals generated high resolution datasets,
diffracting to 1.5 A, 1.45 A, and 1.30 A respectively, with high multiplicity and excellent
merging statistics including overall CC,,, of 0.999, 0.999, and 0.993 respectively. The catalase
dataset diffracted to a slightly lower resolution of 2.27 A (CC;,, 0.997) but is comparable in
quality to other room temperature structures reported for the protein’. Random crystal
orientation for lysozyme, thaumatin and catalase was confirmed by a high degree of
completeness, both in the total dataset and in the highest resolution shell. Concanavalin-A had
only slightly less favorable completeness statistics because of its lower symmetry space group
and apparent preferentially orientated crystal growth to span the spacer thickness (Figure S4F).

In cases where in situ growth limited crystal size to the full spacer thickness, background
scattering around the water ring (1.8 A-') was lower due to displacement of excess crystallization
solution from the X-ray cross section (Figure S5). Moreover, when contact between crystals and
the enclosing COC films was high, mother liquor background could also be reduced by
physically removing excess buffer from the chip, leaving film-supported crystals surrounded by
a minimal amount of mother liquor as observed in the case of catalase (Figure S6). The
differences in the unit cell dimensions between the fully hydrated and excess solvent removed or
partially “dehydrated” crystals were within the measurement error with ~0.1 A larger a- and b-
unit cell dimensions for the fully hydrated crystals. The merging statistics for both these datasets
is reported in Table S1.
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Plate-like or plate-cluster morphologies for the larger, thinner NSP5 crystals, however, proved
more challenging as the chip geometry limited possible crystal orientations. (Figure S4C). This
made collection of an adequately redundant data set with sufficient completeness in all resolution
shells difficult. Some of the crystals in the NSP5 dataset diffracted up to 2.3 A which is
comparable to other room temperature data sets for the protein that use similar crystallization
conditions, PDB entries 6WQF (single crystal, 2.3 A) and 7JVZ (SFX, 2.5 A). But ultimately, a
lower resolution cut-off of 2.7 A was used for the final structure refinement due to constraints
imposed by the crystal morphology and the low symmetry space group (C2), although only one
chip with this sample was measured. We expect that additional samples and tuning of on chip
crystal density and crystal size would improve these results. Overall, each of the solved
structures were in excellent agreement with the PDB references used for molecular replacement
except for a previously unreported carboxymethylation on the Cys376 residue observed in our
catalase structure. The RMSD values ranged from 0.121-0.416 A, which includes minor
movements of sidechains and loops and are shown in Table S2. Representative 2mF -DF,
electron density maps of the concanavalin-A and catalase actives sites are shown in Figure 6.

To study the effects of long-term storage on chip, data was also collected on lysozyme
crystallized under similar conditions but stored in a humidified environment at 21 °C for 17 days
(“aged”). These crystals showed minimal signs of dehydration based on unit cell shrinkage, and
diffracted to similar resolutions, as much as 1.5 A for the aged samples compared to 1.87 A for
freshly prepared crystals (stored for 3 days on chip). This difference in resolution can be
attributed to slight differences in crystal dimensions and normal variation in crystal quality,
especially given that each of these datasets was obtained from multiple crystals which diffracted
to differing resolutions. Thus, long term storage effects such as evaporative dehydration did not
degrade crystal quality. The RMSD between the two structures was 0.094 A, demonstrating that
the two structures were identical. A detailed comparison of crystallographic statistics for the
aged and fresh lysozyme sample is included in Table 2.

To assess the effect of both the polymer thin film and the mother liquor surrounding the crystals
on the structures, we made a comparison between the I/o(I) vs resolution and the measured chip
background (purely buffer-filled) vs resolution for both fresh and aged lysozyme, as shown in
Figure 7. Both samples appear to have no features in I/o(I) that correlate with background
scattering and no deleterious effects of the COC scatter peak at 5.8 A are apparent. While there is
a small drop in I /o (I) around the peak of COC scattering, in both cases it is within the level of
noise in the data.

Conclusion



Page 15 of 32

Lab on a Chip

In summary, this work demonstrates the development of robust, easy-to-use polymer
microfluidic chips that can be used for routine and reliable room temperature diffraction
measurements on fully hydrated protein microcrystals. Our large area, optically transparent chips
are compatible with in sifu crystallization, sample monitoring, crystal storage and transport, and
diffraction measurements directly on the chip, eliminating the need to handle small or fragile
crystals. The chips are stable over several weeks in a humidified environment, and for several
hours in ambient conditions removing the stress of on-the-fly sample preparation. The modular
device construction allows design flexibility to tune sample or flow layer thickness, enclosing
film thickness, chip volume, or rastering area to match sample and experimental requirements. In
this work, the chips were designed to be directly compatible with the standard goniometer setup
at SSRL. High resolution structures (1.3-2.7 A) for five different proteins (including one “non-
model” protein, NSP5) were collected on chip using SOX. Looking forward, we envision these
low-cost chips could be made available to users, to allow crystallization and sample screening
well ahead of beam-time, followed by streamlined plug-and-play experiments with minimal
sample handling or mounting requirements. The platform can be expanded to add functionalities
to study not just static structures but dynamics by leveraging microfluidic capabilities to allow
ligand introduction, electric field application, temperature-jumps, or pump-probe time-resolved
experiments.

Outlook: XFEL measurements

We are currently expanding this work and are applying the design and fabrication principles to
produce and demonstrate chips that are tailored for XFEL SFX applications. The diffraction
before destruction principle of operation at XFEL sources demands fresh sample at every beam
shot. Based on the crystal symmetry and the data analysis techniques used?*-3!, hundreds to tens
of thousands of crystals must be delivered to the beam in random orientations. Since XFEL
beamtime is limited and precious, our goal is to develop a “shelf-stable”, plug-and-play
microfluidic chip for XFEL sample introduction that maintains crystal hydration for up to 24
hours without the need for external humidity control, while still contributing minimally to
background. This would address some of the limitations of existing approaches like the need for
on-the-fly sample preparation (open-format chips) and high background (microfluidic chips) to
enable routine, high-resolution SFX with minimal downtime. Validation of the first XFEL chip
prototypes in preliminary experiments is promising. The current design allows collection of ~104
useful, low background shots per chip when continuously rastering through the thick and thin
regions of the chip support with minimal alignment requirements due to the diffuse scattering of
the amorphous target material. Our ongoing efforts focus on (1) maximizing the X-ray window
regions on the chip to increase the fraction of area useful for sample characterization (beyond
current limit of 50 % due to thick supports), (2) controlling crystal nucleation and crystal
densities on the chip leveraging surface chemistry modifications, and (3) demonstrating the use
of this platform for more non-model proteins of interest.
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Figure 1: A schematic of (A) the different construction layers used to assemble the polymer
microfluidic chip; (B) the cross-section view showing the different layer thicknesses; and (C)
the final assembled chip.
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Figure 2: A schematic of the fabrication scheme used to produce the top and bottom sides of
the microfluidic chip (as shown in Figure 1). (A) Hot embossing was performed using an
elastic PDMS mold to imprint an array of “X-ray window” features in COC sheets (240 um).
(B) The residual thin film (20-30 pm) from the embossing step was removed using oxygen
plasma reactive ion etching (RIE) to create COC supports (~200 pm) with through-hole
windows. The supports were detached from the silicon wafer by dissolving the PVA
sacrificial layer in water. (C) To assemble each side (top and bottom), a COC support was
solvent treated to facilitate bonding to COC thin films of desired thicknesses (2-5 pm),
followed by attachment of a 0.5-1 mm thick PMMA frame using an adhesive layer to provide
rigidity and flatness.
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Figure 3: (A) A macroscopic view of the assembled polymer microfluidic chip witha 4 x 9
array of rectangular X-ray windows in the COC supports, to which COC thin films are
attached. Features for sample introduction are highlighted in the outermost layer of the chip,
the PMMA frame. (B) Optical microscopy images of tetragonal thaumatin crystals grown
directly on-chip using micro-batch crystallization as observed through the optically
transparent X-ray windows in the chip. The top and bottom figures correspond to
crystallization without and with seeding to control crystal size and density. The scale bar is
100 pm. (C) The chip magnetically mounted on the SMB goniometer at SSRL using a chip
holder pin base. Experiments were performed at room temperature without the need for any
external humidification.
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Figure 4: Steady-state water vapor transmission rates
(WVTR) through COC films measured using a
modified wet-cup method at 23°C, against a ARH
gradient of approximately 80 percent. COC films in
the thickness range of 2-5 microns that were used in
this work as sample enclosing layers (layer 2) have a

low WVTR of ~2ﬁ or ~0.5-1% sample wt. loss

per hour of storage in ambient room temperature
conditions without external humidity control. The
fitted line corresponds to a water vapor permeability

(WVP) of ~10 14 —10 137"
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Figure 5: Radial averages of scattering associated with crystal-free chips (or instrument-
associated air scattering) to quantify background scattering contributions. Air (cyan, blue) and
buffer-filled (red, yellow) chips with nominal 2.7 pm (cyan) or 3.7 um (yellow, blue, red)
COC enclosing films and 50 um (red) or 25 um (yellow) spacer layers are shown. Note: The
data represented by the yellow curve, collected during a separate beamtime using a different
batch of COC material from Polysciences Inc., shows a slightly different scatter profile at low
q. Inset: Comparison of scattering intensity from the 200 um COC support frame material and

a 3.7 um enclosing film.
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Figure 6: Active sites of two structures determined from on-chip crystallization and
synchrotron data collection. The 2mF,-DF, density maps at 1.5¢ are show in purple mesh. (A)
The saccharide binding site and calcium coordination site of concanavalin A. (B) The heme
active site of catalase bound to a proximal tyrosine residue.
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Figure 7: A comparison between the I/a(I) for the two lysozyme structures solved in this
work and the total scattering background from the chip. The fresh sample shown in light blue
(~30 um crystals) diffracted to 1.87 A and the aged sample shown in dark blue (~70 um
crystals) diffracted to 1.5 A confirming that long term storage of crystals on the chip does not
affect crystal integrity. A small dip in signal to noise is observed around scattering peak for
COC around 5.8 A (dashed line). The larger dip around 5 A corresponds to the location of a
gap in the detector panel (masked out during analysis) and is confirmed by a decrease in the
number of reflections in this resolution bin.
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Table 1: A summary of crystallization conditions used in this work and a comparison of crystal
size, morphology, density, and time to first crystals, obtained from on-chip crystallization and

comparable crystallization in 24-well crystallization plates. For on-chip crystallization, ~8 uL
of solution was loaded into the chip and the chip was stored either sealed (micro-batch) or
unsealed (vapor diffusion) in an enclosed environment with the precipitant solution in the
reservoir. Similar droplet volumes were used for crystallization in a 24-well plate format using
micro-batch under oil (paraffin) or hanging drop vapor diffusion methods for comparison, as
appropriate. Crystal density (n= # of crystals/mm?) was measured using optical microscopy and
qualitatively described as low for n < 10, medium for 10 < n < 100, and high for n > 100.

Protein Protein  Precipitant Incubation Crystallizatio Crystal size, morphology, density,
solution solution Temperat n method crystallization time
ure
On-chip 24-well
Crystallization
plate
Lysozyme 30 IM Sodium  4°C Micro-batch 25-35 um, 25-35 pm,
mg/mL in  Chloride, cuboid, high, cuboid, high, ~2-
20 mM 0.1M ~2-3 hours. 3 hours.
Sodium Sodium
Acetate Acetate
buffer, buffer, pH
pH 4.6 4.6
50 2M Sodium 21°C Micro-batch 60-100 um, 30-70 pm,
mg/mL in  Chloride, cuboid, low, cuboid, medium,
DI water  0.IM 12-24 hours. 2-4 hours.
Sodium
Acetate
buffer, pH
4.6
Thaumatin 25mg/ml 1M L- 4°C Micro-batch ~25 um, ~20 pm,
in DI Sodium tetragonal tetragonal
water Potassium bipyramidal, bipyramidal,
Tartrate, low, ~12 hours.  high, ~12 hours.
0.IM ADA Crystals grow
buffer, pH to 70-100 pm
6.5 in size over 2-3
days.
21°C Micro-batch 50-100 pm, Did not
tetragonal crystallize
bipyramidal,

low, 3-4 days.
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21°C Vapor 50-100 pm, 50-150 pm,
diffusion tetragonal tetragonal
bipyramidal, bipyramidal, low,
low, ~24 hours. ~24 hours.
21°C Micro-batch 15-20 pm, 15-20 pm,
(with seeding  tetragonal tetragonal
using 1° seed  bipyramidal, bipyramidal,
stock 1:5:5 high, ~24 high, ~24 hours
seed: protein: hours.
precipitant)
Concanavalin- 70 2.8M 21°C Micro-batch 150-300 pm, 30-60 pm, cubic,
A (Type VI) mg/mL in  Ammonium round base high, 0-2 hours
20 mM Sulfate in rhombic initially;
Tris 0.1M Tris tetrahedron, equilibrates to
buffer, buffer, pH low, ~12 hours.  150-300 pm,
pH 8.0 8.5 round base
rhombic
tetrahedron, low,
over the next 3-7
days.
Bovine Liver 40 22.5% PEG 21°C Micro-batch 70-120 um, 70-120 pm, prism
Catalase mg/mL in 4000 in prism shaped, shaped, low, 2-4
50 mM 0.1M Tris low, <12 hours  hours
Sodium buffer, pH
Phosphate 8.5
buffer,
pH 6.8
21°C Vapor 30-100 pm, 30-100 um, prism
diffusion prism shaped, shaped, medium,
medium, 0-4 0-2 hours
hours
NSP5 Smg/mlin 100 mM 21°C Vapor 300 um, large 150-200 pm large
20 mM Bis-Tris pH diffusion, with  thin plate single plates or
Tris pH 6.5,17.5% seeding clusters, low, plate clusters,
7.8, 150 w/v PEG ~12 hours low, ~12 hours
mM 3350, 175
NaCl, 0.5 mM;
mM Li1,SOy;
TCEP, 1 10% 1:100
mM 2’ seeds

EDTA
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Table 2: Crystallographic statistics obtained from Lysozyme, Thaumatin and Concanavalin-A,
Catalase and NSP5 crystals grown in the microfluidic chip. Values in parentheses correspond to
the highest resolution shell.

Protein Lysozyme Lysozyme Thaumatin  Concanavalin-A  Catalase NSPS
(fresh) (aged)
Number of 7 6 16 12 7 11
crystals used
Average ~30-35 pm ~70 pm ~ 100 pm ~ 200 pm ~90-100 ~200 pm
crystal size pm
(Largest
dimension)
Resolution 56.05 - 1.87 3525-1.5 58.61-1.45 51.18 - 1.30 52.8 - 31.64 -2.7
range ) 2.274
(1.94-1.87) (1.55-1.5) (1.48-1.45) (1.35-1.30) (2.355 - (2.797 -
2.274) 2.7)
Unit cell a=b=79.26 a=b= a=b=5860 a=63204,b= a=b= a=114.29
dimensions A, 78.82 A, A, 87.22 A, 141.77 A, A b=
54.81 A,
c=37944A, ¢=38207 c¢=151444, ¢=89.124, c=10347 ¢ =4533 4,
A, A,
a=f=y=  a=p=y= a=f== a=f=y=90° a=f=  a=y=
90° 90° 90° 90°, y = 90°, f =
120° 101.45°
Space group P4;2,2 P4;2,2 P4,2,2 1222 P3,21 Ci121
Data
processing
statistics
Total 120310 331623 1392515 786259 (24955) 1040538 49766
reflections (12080) (33168) (65410) (97971) (5027)
Unique 10449 (1003) 19849 47884 (2332) 60428 (5732) 55166 7530 (747)
reflections (1949) (5256)
Multiplicity 11.5 (12.0) 16.7 (17.0) 29.1 (28.0) 13.0 (4.4) 18.9 (18.6) 6.6 (6.7)
Completeness  99.82 (98.91) 99.97 100.0 (100.0) 98.8 (89.5) 99.56 96.30
(%) (99.95) (95.89) (93.18)
Mean I /o (1) 11.47 (2.02) 16.80 15.4 (0.9) 17.6 (0.6) 10.64 8.24 (1.78)
(1.59) (1.05)
Rinerge 0.159 (1.63) 0.09752 0.146 (3.606) 0.072 (2.107) 0.218 0.248
(1.953) (2.587) (2.01)
Rineas 0.167 (1.703) 0.1007 0.149 (3.671) 0.075 (2.384) 0.224 0.2691
(2.013) (2.658) (2.183)
Rypim 0.048 (0.481) 0.02467 0.027 (0.677) 0.019 (1.055) 0.051 0.097
(0.4847) (0.606) (0.795)
CCyp 0.994 (0.602) 0.999 0.999 (0.647) 0.993 (0.159) 0.997 0.968
(0.773) (0.576) (0.267)



Wilson B-
factor

Refinement
statistics
Rwork (%)
Rfree (%)

RMS (bonds,
A)

RMS (angles,
%)
Ramachandran
favored (%)
allowed (%)
outliers (%)
Average B-
factor
macromolecule
ligands
solvent

28.48

15.61

17.9

0.005

0.59

99.21
0.79

33.30

36.39

22.45

15.02

17.13

0.008

0.84

99.21
0.79

28.13

36.13
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19.9

15.2
16.0
0.022
1.59

98.0
2.0

21.9

38.6

17.8

14.6
16.5
0.004

0.83

97.8
2.2

22.7
14.6
34.6

48.65

16.2
20.1
0.003

0.58

95.85
3.94
0.20

56.46
55.17
46.48

55.59

18.0

21.8

0.003

0.53

96.04
3.96

59.64

49.38
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