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Introduction

A microfluidic device for both on-chip dialysis
protein crystallization and in situ X-ray diffraction

Niels Junius, @ 12 Sofia Jaho, 2 Yoann Sallaz-Damaz,® Franck Borel, @?
Jean-Baptiste Salmon @° and Monika Budayova-Spano 0®+

This paper reports a versatile microfluidic chip developed for on-chip crystallization of proteins through
the dialysis method and in situ X-ray diffraction experiments. A microfabrication process enabling the inte-
gration of regenerated cellulose dialysis membranes between two layers of the microchip is thoroughly de-
scribed. We also describe a rational approach for optimizing on-chip protein crystallization via chemical
composition and temperature control, allowing the crystal size, number and quality to be tailored. Combin-
ing optically transparent microfluidics and dialysis provides both precise control over the experiment and
reversible exploration of the crystallization conditions. In addition, the materials composing the microfluidic
chip were tested for their transparency to X-rays in order to assess their compatibility for in situ diffraction
data collection. Background scattering was evaluated using a synchrotron X-ray source and the back-
ground noise generated by our microfluidic device was compared to that produced by commercial crystal-
lization plates used for diffraction experiments at room temperature. Once crystals of 3 model proteins (ly-
sozyme, IspE, and insulin) were grown on-chip, the microchip was mounted onto the beamline and partial
diffraction data sets were collected in situ from several isomorphous crystals and were merged to a com-
plete data set for structure determination. We therefore propose a robust and inexpensive way to fabricate
microchips that cover the whole pipeline from crystal growth to the beam and does not require any han-
dling of the protein crystals prior to the diffraction experiment, allowing the collection of crystallographic
data at room temperature for solving the three-dimensional structure of the proteins under study. The re-
sults presented here allow serial crystallography experiments on synchrotrons and X-ray lasers under dy-
namically controllable sample conditions to be observed using the developed microchips.

long exposure times of the protein crystals in front of the
X-ray beam. To overcome this barrier, cryogenic cooling of the

X-ray crystallography has been for many years the principal
experimental technique for studying the structure of complex
macromolecules such as soluble and membrane proteins. The
most powerful sources for generating X-rays are synchrotrons,
which have become numerous over the last few years and
have increased photon flux and smaller beam size. However,
the use of X-ray crystallography for the determination of the
atomic structure of proteins is restricted, firstly, by the size
and quality of the protein crystals. Obtaining well diffracting
protein crystals with an adequate size, usually bigger than 10
um,' can be challenging and time-consuming. Another re-
strictive parameter is the radiation damage caused by the
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crystals prior to their exposure to X-ray radiation is used in or-
der to improve the signal-to-noise ratio during the collection
of the diffraction data sets. Nevertheless, the optimal
cryocooling conditions need to be determined in advance for
each protein since cryocooling can conceal conformational
changes of the three-dimensional structure of the protein
molecules.>* Another challenge that must be addressed dur-
ing conventional X-ray crystallography experiments is sample
delivery. The most widely used methods for growing protein
crystals are batch crystallization and vapor diffusion. Once
the protein crystals are grown to a sufficient size, they need to
be harvested from the bulk and delivered in front of the X-ray
beam, a process that can damage fragile samples.

The direct observation and acquisition of functional con-
formations of proteins or other biological macromolecules re-
mains the major goal in structural biology. Current studies
focus on the use of small crystals and more challenging pro-
tein targets due to the ongoing development of increasingly
bright and micro-focused synchrotron X-ray beams, as well as

This journal is © The Royal Society of Chemistry 2020
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the emergence of X-ray free-electron lasers (XFELs). Crystals
considered too small for conventional X-ray crystallography
can be used for structure determination at new generation
synchrotron beamlines and XFEL sources.? Limitations re-
lated to radiation damage, long exposure times and sample
manipulation can be eliminated by using serial data collec-
tion strategies.’ The use of serial synchrotron X-ray crystallog-
raphy (SSX) at synchrotrons or serial femtosecond X-ray crys-
tallography at XFELs is based on the merging of data sets
collected from multiple small, isomorphous crystals.

Microfluidics may exhibit many advantages related to both
the protein crystallization process and the structural X-ray
analysis. First of all, setting up crystallization experiments in
microfluidic devices requires minute amounts of protein
samples,” therefore reducing the production and purification
costs of these high-valued biomolecules. Moreover, micro-
scale geometries yield large surface area-to-volume ratios and
small dimensions, enabling fine control over transport phe-
nomena within the microfluidic structures.®” Microfluidic
scales also limit inertial and convective phenomena,>® and
diffusion-limited heat and mass transfer in microfluidic envi-
ronments facilitates the control over temperature and con-
centration gradients, necessary for the growth of uniformly
sized crystal populations. For all these reasons, microfluidic
devices are suitable for investigating phase diagrams’™" and
performing high-throughput screening of diverse crystalliza-
tion conditions by using only a few nL-pL of samples.®"*
Various and innovative solutions have been reported pointing
out the challenges encountered while using microfluidics for
investigating and screening the crystallization conditions of
soluble proteins***” and membrane proteins.***°

While microfluidic tools display several benefits for con-
trolling the size uniformity and the morphology of crystals
grown on microchips, the need to handle and harvest crys-
tals prior to their use with crystallography methods has not
yet been fully surpassed. The novel approach of in situ and
on-chip X-ray diffraction data collection has been proposed
by many groups working on the field of structural biol-
ogy.>*° Designing and fabricating microfluidic devices com-
patible for in situ X-ray measurements shows restrictions re-
lated to the interactions of X-rays with matter, mainly
absorption and scattering. Attenuation, induced by the ab-
sorption of the material itself, must be considered since the
presence of the microfluidic device adds more material in
the path of the X-ray beam.® The nature of the materials
used for fabricating a microfluidic device and its thickness
are highly relevant parameters since attenuation can reduce
the intensity of both the incident and diffracted X-rays.>®®
Moreover, the thickness of the devices can severely reduce
the impact of quasi-elastic scattering. Scattering effects from
the materials of the device add up to X-ray scattering in-
duced by the presence of air surrounding the experiment
and/or the presence of fluids within the crystal structure and
lead to increased background noise.>®® Thus, decreasing the
total thickness of the chip or using low density materials
can moderate the impact of attenuation and scattering on
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the diffraction measurements. Nonetheless, decreasing the
thickness of such devices also gives rise to some limitations
concerning their mechanical stability and the fabrication
process could be complicated.”

Microfluidic technologies have been proven crucial to cou-
ple and facilitate protein crystallization and structural studies
in a single device. Many designs and materials have been
proposed for in situ X-ray experiments and the following ex-
amples constitute only a small portion of available proposed
solutions. PDMS-based devices using vapor diffusion®’ or free
interface diffusion (FID)** have been developed for the crys-
tallization and in situ X-ray diffraction measurements of solu-
ble proteins. Hybrid microfluidic devices made of PDMS,
COC (cyclic olefin copolymer) or PMMA (poly(methyl methac-
rylate))'* or PDMS and COC® were also used to collect in situ
structural data of soluble proteins and evaluate the fabrica-
tion materials for their transparency to X-rays and their con-
tribution to the background noise. In situ data collection has
been also applied in more challenging protein targets.
Kisselman et al.>* developed the X-CHIP for microbatch crys-
tallization, and Perry et al."® fabricated a device made of thin
layers of PDMS, COC and Duralar® for on-chip anomalous
diffraction measurements, while Schieferstein et al.>* studied
the crystallization of membrane proteins with microseeds
using microchips® made of PDMS and COC. Microfluidic
chips composed of multiple levels of various fabrication ma-
terials (PDMS, COC, PMMA, graphene films or epoxy glue)
can also be used for in situ X-ray data collection for serial
crystallography.®®?°

As listed above, various methods (vapor diffusion, micro-
batch, and free interface diffusion) have been used for the
crystallization of soluble and membrane proteins on micro-
fluidic devices and in situ X-ray diffraction experiments. High
throughput screening and optimization of crystallization con-
ditions on the microscale is another major issue that needs
to be addressed. Li and Ismagilov’" published a critical and
complete review on the major developments in the field of
microfluidic technology for protein crystallization and high-
throughput screening. They have included the milestones in
microfluidic protein crystallization that have been developed
and successfully tested to implement traditional crystalliza-
tion methods (microbatch, vapor diffusion and free interface
diffusion) in valve-, droplet- and well-based devices. Well-
based microfluidic platforms are one of the most recently
adapted technologies for on-chip screening of multiple crys-
tallization conditions. Recently, Li et al.>* published their re-
sults for using a triple-gradient generator device in order to
screen the conditions for crystallizing three different pro-
teins. Droplet-based microfluidics combined with either the
micro-batch crystallization method, pseudo-vapor diffusion
or counter diffusion is more automated and used for setting
up high-throughput screening of crystallization condi-
tions.>'*1>1%28 Ahdallah et al®* developed a PDMS micro-
fluidic device in order to address the challenging problem of
optimization in microfluidics. The device was used in high-
throughput batch-type crystallization experiments for multi-
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dimensional screening and the investigation of phase dia-
grams of two different proteins.

Another method used in protein crystallization is dialysis.
Dialysis enables precise and reversible control over the crys-
tallization conditions® and can be used, combined with tem-
perature control, to decouple nucleation and crystal growth
during the investigation of phase diagrams.””® Semiperme-
able membranes are used with a molecular weight cut-off
(MWCO) smaller than the dimensions of the macromolecule
under study, allowing small molecules, like salts or solvents,
to diffuse through the membrane. Many approaches have
been reported in order to integrate membranes into micro-
fluidic chips. A review by de Jong et al** summarizes the
integration of membranes into microfluidics in four main
categories. The first method involves the direct incorporation
of membranes into microfluidic devices by gluing or
clamping.>® Commercially available membranes can be
employed like regenerated cellulose (RC) dialysis membranes
which are widely used in the crystallization of biological
macromolecules. A microfluidic setup including two separate
modules, a “dialysis chip” and an “exposure chip” for in situ
SAXS data collection, was reported by Skou et al.** In their di-
alysis chip, an RC membrane is sandwiched in-between two
PDMS sheets, clamped together using two pieces of 5 mm-
thick PMMA plates. Such a dialysis chip was used to concen-
trate a flowing protein solution using an imposed osmotic
pressure difference that drives a solvent flow through the
semi-permeable membrane. This dialysis chip is connected
to the “exposure chip” for acquiring SAXS spectra from the
osmotically-concentrated dilute protein solution.

In a previous work, we developed the prototype of an inte-
grated apparatus for the rational optimization of crystal
growth by manipulating and mapping temperature-precipi-
tant concentration phase diagrams.”>® The so-called crystalli-
zation bench comprises a flow cell dialysis set-up (typical vol-
ume >20 pL) to exchange conditions and control
temperature during the experiments. Based on this macro
scale instrument, the present work focuses on a miniaturized
device that allows precise control of the experimental param-
eters®’ exploiting the advantages of microfluidics such as the
control of transport phenomena and the reduced sample vol-
ume needed per experiment (typical volume <1 pL). The new
system that we developed couples microfluidics with the
micro-dialysis method for on-chip crystallization of proteins
and investigation of phase diagrams. The principle of the di-
alysis method applied to a macro scale flowing system has
been discussed in our previous work.” The novelty of our
work is the use of the dialysis method on a unique versatile
microfluidic device, designed to meet the requirements of
both on-chip protein crystallization and in situ X-ray crystal-
lography. Microfluidic dialysis is used here for monitoring
the crystallization process in response to precipitant concen-
tration exchange, but our microfluidic device also allows fu-
ture possibilities of studying experimentally induced struc-
tural changes by serial X-ray crystallography under
dynamically controlled sample conditions. We have designed
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a microchip for on-chip crystallization of proteins via micro-
dialysis that can be set directly in front of an X-ray beam for
data collection without the need for harvesting the protein
crystals. Collecting data in situ prevents the modification of
the environment surrounding the crystals, as it takes place in
a sealed controlled volume, avoiding the degradation of the
crystal quality induced by evaporation or the risk of damag-
ing the crystals due to manual handling. We describe a
microfabrication protocol to insert RC membranes in the
microfluidic chip, as well as crystallization assays carried out
on-chip in order to optimize the crystallization process, in
situ X-ray diffraction studies and a prototype to control the
temperature. Precipitant concentration is controlled via a
platform for fluid handling and an interactive software inter-
face that we designed for the preparation of the crystalliza-
tion solution.® Salts, solvents, buffers and other solutions can
be pre-mixed and subsequently pumped into the microfluidic
channel in a fully automated way. Uncontrolled concentra-
tion variations observed in traditional crystallization tech-
niques due to random mixing can be eliminated. Tempera-
ture can be controlled within the microfluidic devices via a
prototype using external heating through Peltier modules
and copper elements (see the ESIT). Homogeneous tempera-
ture distribution or temperature gradients can be achieved
across the chip. We propose a robust and inexpensive way for
manufacturing numerous chips in a few hours.

Materials and methods
Microfluidic device fabrication

The fabrication of our microfluidic device is directly inspired
by the protocol developed by Bartolo et al.>* for “stencil™like
micro-patterned stickers made of the thiolene-based resin
NOA 81 (Norland Optical Adhesive) with soft imprint lithog-
raphy. The same team (Morel et al.*®) modified the original
protocol in order to make photocurable resin-based micro-
chips embedding commercial membranes to study the diffu-
sion of various components across the membrane without
applying any stress on the biological samples (cell cultures).
Our microfluidic chips were made based on this pioneering
work, in order to couple microfluidics with the crystallization
of proteins through the dialysis method in a single device.
The fabrication protocol is shown schematically in Fig. 1.
The first step of the fabrication process (Fig. 1A) is photoli-
thography where the patterns of the device are obtained on
masters fabricated on silicon wafers (3 inch Si-wafers) using
negative photoresist (SU-8 3000 series, Microchem). After the
photolithography, the surface of both silicon wafers
containing the micro patterns were treated with a vapor of
HMDS (hexamethyldisilazane, Sigma Aldrich) at 95 °C for 10
min to facilitate the detachment of the PDMS stamps. The
second step of the fabrication protocol consists of obtaining
two PDMS (silicone elastomer base, Sylgard 184 Dow Corning
or RTV-615 Momentive) stamps by replica molding of the two
silicon masters. The first PDMS stamp consists of two succes-
sive layers: one layer where the microfluidic channels are

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic illustration of the fabrication process of the microfluidic chips embedding an RC dialysis membrane (transverse view). (A) Two
silicon wafers containing the microfluidic channels and pillars are produced using negative photoresist via photolithography (top) and two PDMS
stamps are made by replica molding (middle). The stamps are then supported on a glass slide, incorporating the RC dialysis membrane (bottom).
The heights of the micro-patterns are H = 100 um and h = 50 um. (B) The space between the two PDMS stamps is filled with the photocurable
resin (NOA) by capillarity (middle) and the resin is cured by UV exposure (bottom). (C) The bottom PDMS stamp is removed and the rest of the as-
sembly (upper PDMS stamp and the partially cured NOA layer containing the RC membrane) is gently pressed on a glass slide or a 175 um thick
PMMA substrate (top). The new assembly is exposed again to UV to fully reticulate the NOA resin and the upper PDMS stamp can be finally de-
tached (middle), revealing the micro-patterns, as the central well designed to be the protein reservoir and the inlet and outlet for the microfluidic

connectors (bottom).

located with an approximate height of 50 um and one
layer containing the pillars for the solution flow and the
protein reservoir of about 2 = 50 um as well. The total
height of the two-layered stamp is H = 100 um
(Fig. 1A left). The second PDMS stamp consists of a sin-
gle layer containing only the pillars with a total height
of approximately H = 100 pum (Fig. 1A right). The total
height of the patterns in each PDMS stamp is defined
by the height of the respective pattern on the silicon
wafers.

The two-layered PDMS stamp is placed on a rigid micro-
scope glass slide (3 in x 1 in, Dutscher) in order to enhance
the support of the assembly, with the patterned channels and
pillars facing upwards (Fig. 1A bottom). This way, the central
pillar of the two-layered PDMS stamp which is the protein
reservoir exceeds vertically by 50 um from the horizontal sur-
face of the stamp. A dry piece of the regenerated cellulose
(RC) dialysis membrane is cut and deposited on the PDMS
stamp at the exact location of the exceeding pillar (center of
the stamp) which is the protein reservoir. The dialysis mem-
branes are commercially available (Spectra/Por®) and the
MWCO is defined by the molecular weight of the proteins un-
der study. Then, the one-layered PDMS stamp has to be
placed and aligned with its microstructures facing down-
wards. The one-layered stamp also consists of a central pillar
that exceeds the surface by 100 um and can be visually seen
without any extra equipment. Therefore, the alignment can
be achieved by moving the upper PDMS stamp until the cen-

This journal is © The Royal Society of Chemistry 2020

tral pillar of the one-layered stamp is at the exact same posi-
tion as the central pillar of the two-layered stamp. This way,
the dialysis membrane is “sandwiched” in between the two
PDMS stamps (Fig. 1B top). The assembly is desiccated (30
min) in order to remove trapped air bubbles, to degas PDMS,
and to accelerate further the insertion of the resin.

Once the alignment of the two PDMS stamps is achieved,
the two pieces are kept in place simply by the good PDMS-
PDMS adhesion and no external pressure or other way of
bonding is applied. The empty space between the two PDMS
stamps is then filled with photocurable resin NOA by capillar-
ity (Fig. 1B). The adhesion between the two PDMS stamps
prevents the liquid resin from seeping in between the pillars
of the stamps. This resin has high viscosity and it takes a few
minutes for NOA 81 (300 mPa s at 298 K) and NOA 61 (300
mPa s at 298 K) or approximately 30 minutes for NOA 68
(4500-5500 mPa s at 298 K) to fill the gap by capillary imbibi-
tion. No pre-treatment of the NOA resin was implemented
prior to its use for the fabrication process. The commercial
product was kept in a fridge at approximately 4 °C and was
removed 1 or 2 hours prior to the experiment in order to
reach room temperature. The resin is then cured by UV expo-
sure through the transparent PDMS stamps (Fig. 1B bottom).
We observed that the exposure settings depend on the nature
of PDMS we used. In the case of Sylgard 184, the assembly
was uniformly illuminated with a total deposited energy of
100 mJ em ™ and in the case of RTV-615 the total deposited
energy should be 200 mJ cm™. These values were obtained

Lab Chip, 2020, 20, 296-310 | 299
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using a UVITEC Cambridge Crosslinker at a wavelength of
365 nm. Exposure of the PDMS material to UV light can
change its surface chemistry. Bhagat et al** used both
Sylgard 184 (Dow Corning) and RTV-615 (GE Silicones) in or-
der to directly pattern micro structures in PDMS. They pre-
pared the PDMS mixtures by mixing the base and the curing
agent in a 10:1 (m/m) ratio and they added benzophenone, a
photoinitiator used to initiate free-radical polymerization by
UV light. The PDMS was directly patterned by exposure to UV
light (<365 nm) at 12 mW c¢m > for 10 min and both PDMS
formulas yielded the same results concerning the patterned
micro structures. Our main hypothesis on this divergence in
the behavior of the two PDMS types is the formula provided
by the two different companies, as according to Bhagat
et al.** there should be no difference in patterning micro-
structures with the two types of PDMS.

The first exposure allows NOA to be partially crosslinked.
The gas permeability of PDMS and the inhibition of polymer-
ization by oxygen ensure that a very thin layer of NOA in con-
tact with the PDMS stamps on both sides remains uncured.**
The excess of NOA was cut gently from the external sides of
the stamps. The top PDMS stamp with the partially cured
NOA stuck on it, was removed from the bottom PDMS stamp.
The upper assembly (one-layer PDMS stamp + NOA) was then
gently pressed on a conventional 1 mm thick microscope
glass slide or a 175 pm thick PMMA sheet (poly(methyl meth-
acrylate), Goodfellow), as shown in Fig. 1C (top). The new as-
sembly (glass slide or PMMA + NOA + one-layer PDMS stamp)
was reticulated again at a higher energy, approximately ten
times higher than the first exposure (1000 mJ cm™ for
Sylgard 184 stamps for example), leading to the adhesion of
the NOA layer on the glass or PMMA substrate without any
further treatment. Finally, the remaining PDMS stamp was
removed (Fig. 1C). Both PDMS stamps can be re-used 4-5
times after washing with isopropanol and acetone. After
using the PDMS stamps multiple times, they can be a little
bit bended. This is mainly due to manipulation of the
stamps. When this happens, NOA can leak between the pil-
lars of the PDMS stamps and the stamps have to be replaced.

Following the fabrication protocol, the dialysis membrane
is directly incorporated into the NOA sticker; thus no me-
chanical clamping or further manipulation was needed to fix
the membrane on the microchip's material. Kornreich et al.*°
developed a microfluidic device composed of two PDMS
layers (a material widely used in microfabrication) separated
by a cellulose ester dialysis membrane but the device was
used only for cross polarization microscopy. Morel et al.*
also confronted the problem of multi-level clamping in
PDMS, resulting in the development of a protocol using the
NOA resin, for which the dialysis membrane is directly em-
bedded into the microchip. Moreover, the permeability of
PDMS to both water and air was a prohibitory factor while
choosing fabrication materials, since crystallization experi-
ments may last up to several days, as shown in Fig. 5.

Studies have been conducted to estimate the effect of UV
radiation on structural and transport parameters of poly-
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meric membranes. In the case of RC membranes, Vaquez
et al.** treated a sample with UV light at 40 W and 317 nm
for 48 h in an air-circulated artificial ageing chamber. They
measured a 5% increase in salt permeability (NaCl) for a UV
treated sample versus an untreated sample. As suggested by
Vaquez et al.,** this result could be related to a change in the
packing of the polymer chains (expansion of the polymer
chains), which results in an increase of the fractional void
volume in the case of UV-treated RC membranes. According
to the above-mentioned studies, there is an increase of per-
meability of polymeric membranes after treatment with UV
radiation. During the fabrication of our microchips, the RC
membrane is exposed two times to UV radiation at 365 nm
and the deposited energy is 100 mJ cm > and 1000 mJ cm™>
in the case of Sylgard 184. These exposures can be considered
negligible in terms of deposited energy as compared to what
has been reported in the work of Vaquez et al.*!

Pictures of the microchips, micro-compartments and con-
nectors are shown in Fig. 2. The design of the microfluidic
chip proposed in this work is based on the idea of introduc-
ing the crystallization solution into a fluidic, linear channel
with an automated pressure driven system and the protein
solution being manually introduced by pipetting it into the
protein reservoir. Both the protein reservoir and the linear
channels can be distinguished from the photographs in
Fig. 2A and B. During the fabrication process, the micro-
fluidic channel is imprinted on the two-layer PDMS stamp, as
shown in Fig. 1. Once the empty space between the two
PDMS stamps is filled by NOA and the stamps are removed
after the resin is crosslinked, the linear channel is located at
the second, bottom layer of the chip (height of 50 um) and
consists of one inlet for the introduction of the crystallization
solution and one outlet for the disposal of the solution
(Fig. 2B). Their total height is 200 pm and they resemble
holes on the photographs of the various chips
(Fig. 2A and B). The reservoir designed for the deposition of
the protein solution is also featured in Fig. 2A-C. The protein
reservoir is the chamber located above the dialysis membrane
and is imprinted on the one-layer PDMS stamp during the
fabrication process (Fig. 1C bottom). The height of the pro-
tein reservoir is 100 um and its volume differs based on the
different prototypes that were designed. In
Fig. 2A and B (top), a microchip containing only one reservoir
for the protein solution with a maximum volume of 0.7 pL is
shown. The same protein reservoir is shown in Fig. 2C. The
reservoir was investigated through an optical microscope
(Leica) for the alignment of the 2 layers. The piece of the RC
dialysis membrane which is embedded within the micro-
fluidic chip can be clearly distinguished in the same figure,
as well as the microfluidic channels (scale 400 pm). Another
chip, similar to the one illustrated in Fig. 2A and B, was
designed with a maximum volume of 0.2 uL (not shown
here). The microchip depicted in Fig. 2B (bottom) contains
six reservoirs of 0.7 pL each for the protein solution. The ob-
jective for developing a device with six protein reservoirs is to
facilitate the investigation of phase diagrams. A protein

This journal is © The Royal Society of Chemistry 2020
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protein
reservoir\ 4

Fig. 2 NOA 81 microfluidic chips embedding an RC dialysis membrane for the on-chip crystallization of proteins and in situ X-ray measurements.
(A) NOA 81 microchip on a 175 um thick PMMA substrate. Volume of protein reservoir: 0.7 pL. (B) Top view of the chip illustrated in (A) where the
inlet/outlet for the fluidic connectors and the protein reservoir are shown (top). A microchip containing 6 protein reservoirs (0.7 puL each) for inves-
tigating phase diagrams via composition and temperature control (bottom). (C) Top view of the protein reservoir through an optical microscope.
The RC dialysis membrane incorporated into the microchip can be distinguished. (D) Picture of a microchip ready-to-use for the on-chip crystalli-
zation of proteins. The protein sample is encapsulated in the central reservoir by a piece of PMMA and Kapton tape. Peek Nanoport connectors

are bonded on the inlet and outlet of the device with fast epoxy glue.

solution of constant concentration is deposited in all six res-
ervoirs at the same time. The crystallization solution intro-
duced in one of the linear channels has an initial concentra-
tion C; and the solution introduced in the other channel has
an initial concentration C,. The temperature of the reservoirs
can be controlled by Peltier modules in pairs by supporting
the chip on three different copper plates (T, T, and T3), as
described in more details in the section for the development
of the temperature control prototype (see the ESIT). In this
case, six different crystallization conditions can be monitored
simultaneously on one single microchip and by varying the

PLACAMAT

10z

temperature or the concentration of the crystallization solu-
tions, more crystallization conditions can be investigated on
the same device with the less possible consumption of pro-
tein sample. We study extremely slow processes that can last
up to 50 days as shown in Fig. 5. Under such conditions, and
because the osmotic pressure difference across the mem-
brane is very small (dilute protein solutions), there is no sig-
nificant solvent trans-membrane flux, and solute diffusion
homogenizes the concentration of the crystallizing agents
(salts/PEGs in our case) in the protein reservoirs connected
in series.

PLACAMAT

T00m

Fig. 3 SEM images obtained from a profile cross section of the chip. (A) The dialysis membrane integrated into the NOA resin and (B) a view
highlighting the protein reservoir (white arrow) and the microfluidic channel (green arrow). The red arrows in both cases indicate the RC dialysis

membrane.
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N\

. Nucleation zone
Nucleation zone

Metastable zone

Protein concentration

Precipitant concentration Temperature Temperature Precipitant concentration

Fig. 4 Crystallization and dissolution experiment performed on-chip via the micro-dialysis method using ~30 mg mL™* lysozyme. a) Nucleation
and growth at 293 K, NaCl 0.75 M. b) Dissolution at 300 K, NaCl 0.75 M. c) Fast nucleation at 293 K, NaCl 0.75 M. d) Dissolution at 293 K, NaCl
0 M. The top figures show crystals of lysozyme grown inside the protein reservoir of the microfluidic chip for conditions a-d. The bottom figures
are a schematic view of the respective phase diagrams as a function of the precipitant concentration (a and d) when the temperature is constant
or as a function of temperature (b and c) when the precipitant concentration is constant. The red arrows illustrate the kinetic trajectory for the di-

alysis crystallization experiments.

Fig. 5 Crystals of IspE (~10 mg mL™) grown on-chip via the micro-dialysis method after a) 6 days, b) 19 days and c) 50 days from the onset of the
experiment. Crystallization conditions: 8% w/v PEG 8000, 5 mM MgCl,, 5 mM ATP, 0.1 M sodium citrate pH 6 and T = 293 K.

As described so far, the reservoir dedicated to be used for
the deposition of the protein sample remains open to the at-
mosphere. We used the following method to encapsulate the
protein sample within the dialysis reservoir. Once the droplet
of protein solution is deposited inside the reservoir right
upon the dialysis membrane, silicone grease is placed around
the protein reservoir and a small piece of PMMA is gently
placed on the top. The contact between the NOA sticker and
the PMMA piece is a solid/solid interface and the presence of
the silicon grease between them doesn't ensure any kind of
bonding or irreversible sealing. The only way to produce irre-
versible sealing would be to expose again the NOA resin to
UV radiation while being in contact with the PMMA piece.
However, this is not feasible considering that the NOA was
completely polymerized after the second exposure during the
fabrication of the microchips. In order to circumvent this
limitation and to ensure a good sealing of the protein reser-
voir, a piece of Kapton tape is set above the PMMA layer in
order to improve air tight closure of the reservoir, as shown

302 | Lab Chip, 2020, 20, 296-310

in Fig. 2D. The Kapton tape is not in contact with the protein
reservoir directly but with the PMMA piece that is first set
above the reservoir. The PMMA piece ensures that no con-
tamination of the protein sample can occur and the Kapton
tape will not fold or collapse into the reservoir. Another way
to encapsulate the protein sample and seal the reservoir
would be to directly set the Kapton tape right above the pro-
tein reservoir. However, this way of sealing would bring the
sticky part of the Kapton tape in direct contact with the reser-
voir and would possibly have a negative influence on the crys-
tallization process. The assembly also ensures the absence of
leakages from the reservoir and the materials are bio compat-
ible and show good transparency to X-rays for in situ mea-
surements. The PMMA piece used for the encapsulation of
the protein sample is the same as the sheet used as a sub-
strate for the NOA stickers with a thickness of 175 um. More-
over, the permeability of PMMA to gas is very low. PMMA has
been characterized as impermeable to air.*® Peek NanoPort
connectors were bonded on the inlet and outlet of the

This journal is © The Royal Society of Chemistry 2020
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microfluidic channel using fast epoxy glue (Fig. 2D). Tubes
plugged on these connectors were used to connect the micro-
chip with the pressure driven system for fluid handling and
mixing.

Once the protein is encapsulated within the dialysis reser-
voir, the filling of the chips is carried out by pushing the crys-
tallization solutions into the microfluidic chip using the
MFCS-EZ pressure system (Fluigent). The inlet pressure value
varies depending on the solution used. Thus, for a solution
with a viscosity close to that of water, the injection/inlet pres-
sure varies between 20 and 60 mbar depending on the de-
sired flow rate and between 50 and 150 mbar for more vis-
cous solutions such as PEG (PEG 8000) at concentrations
above 15% w/v. The solute diffusion across the membrane is
imposed by a difference in concentration of the crystallizing
agents (salt/PEG) between the two compartments of the
microchip that are separated by the dialysis membrane. In
our device, crystallization of the proteins occurs under static
conditions regarding the protein solution and not under
flowing conditions.*® This is a major asset as crystallizing the
protein solutions under flowing conditions can be challeng-
ing and can affect the quality of the growing crystals.***?
However, the crystallization solution can flow continuously
within the microfluidic channel of our device, offering the
possibility to exchange dynamically crystallization conditions
while using the same protein sample, thus reducing also the
consumption of the valuable protein sample.

The chips can be reused several times depending on the
kind of crystallization solution used during the experiments.
The Kapton tape and the PMMA piece can be easily removed
from the protein reservoir. In the case of low viscosity solu-
tions (salts), the chips can be reused several times if the dial-
ysis membrane or the bonding of NOA on PMMA is not dam-
aged. In the case of viscous solutions (PEG), it is better not to
re-use the chip, unless the PEG solution can be removed
from the channels using a water flow. Visual inspection of
the dialysis membrane under a microscope after each experi-
ment is the most direct way to observe any changes or dam-
age to the membrane. Another way to observe changes in the
membrane is by using water flow. If the membrane is dam-
aged, the solution leaks through the protein reservoir and
there is no effluent in the outlet point of the microchip. This
way is more efficient to indirectly inspect the dialysis mem-
brane because leakages occur every time, even when the
membrane is not completely damaged. Both ways of
inspecting the membrane are non-invasive and they don't al-
ter the surface or the functionality of the membrane. The av-
erage lifetime of a microchip after its fabrication has been
empirically estimated to be 6 months. After this time period,
the chips become more fragile, especially regarding the NOA-
PMMA adhesion.

SEM characterization of the microchips

Scanning electron microscopy (SEM) has been performed
using a tabletop SEM microscope (TM3030, Hitachi). The

This journal is © The Royal Society of Chemistry 2020
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SEM photographs (Fig. 3) zoom in the area where the RC di-
alysis membrane is embedded into the layer of the NOA
resin. In Fig. 3A, a profile cross section of the microchip
shows exactly the integration of the RC membrane into the
layer of NOA. No traces of liquid NOA is observed to be
absorbed on the membrane and this can be seen clearly in
Fig. 3B. Fig. 3B is a SEM image taken after cutting the micro-
chip near the central protein reservoir where the RC mem-
brane is located. Specifically, in Fig. 3B we can observe a
cross section of the area (after cutting the chip) where the di-
alysis membrane is indicated with a red arrow, the protein
reservoir with a white arrow and the microfluidic channel
with a green arrow. As may be seen, the membrane is not
chemically bonded to the resin. Despite this fact, no leakages
were observed across the membrane and between the dialysis
reservoir and the fluidic channel, for our operating pressure
range (20-60 mbar for aqueous solutions or 50-150 mbar for
more solutions) during the crystallization
experiments.

viscous

Crystallization experiments

Chicken egg-white lysozyme was purchased from Sigma Al-
drich as a lyophilized powder, dissolved in distilled water
and filtered to obtain a solution with a final concentration of
~30 mg mL™". Insulin from porcine pancreas was also pur-
chased from Sigma Aldrich as a lyophilized powder, dissolved
in 0.5 M hydrochloric acid at pH 3 and filtered to obtain a so-
lution with a final concentration of ~2.5 mg mL™". IspE, a ki-
nase from Agrobacterium tumefaciens, was used with a final
concentration of ~10 mg mL™" (F. Borel et al*®). All protein
solutions were filtered through 0.22 pm Millipore filters prior
to their use. The membranes integrated into the chip were
the standard regenerated cellulose (RC) membranes Spectra/
Por® (Spectrum Labs). The crystallization mixtures were all
centrifuged and filtered to remove all solid particles (precipi-
tate, dust or nuclei of crystals) prior to their use. Table 1
summarizes the experimental conditions (protein concentra-
tion, initial concentration of the crystallization solution,
MWCO of the membrane, and temperature) for the on-chip
crystallization of lysozyme, IspE and insulin through the dial-
ysis method.

Results and discussion
Crystallization experiments

The crystallization tests were carried out using three differ-
ent proteins. These proteins have various molecular weights
and diverse conditions to crystallize which enables the inves-
tigation of the versatility of the microfluidic chip. For exam-
ple, we tested the resistance of the microchip against the
different chemicals used during the crystallization experi-
ments like sodium chloride (NaCl), sodium acetate (CHj;-
COONa), sodium citrate (NazCsHs0;), polyethylene glycol
(PEG) of molecular weight from 1 to 8 kDa, acetone (C3HgO)
and hydrochloric acid (HCI) or additives like magnesium
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Table 1 Experimental conditions for the on-chip crystallization of 3 soluble proteins via the dialysis method. Less than 1 puL of protein was placed in the

protein reservoir of the microfluidic chip for each crystallization experiment

Protein concentration Initial concentration of Membrane
Protein (mg mL™") reservoir solution MWCO (kDa) Temperature (K)
Lysozyme ~30 0.75-0.85 M NacCl 6-8 293-300
100 mM CH;COONa pH 4
IspE ~10 18% (w/v) PEG 8000 12-14 293
5 mM MgCl,
5 mM ATP
100 mM Na;CgH;0, pH 6
Insulin ~2.5 1 mM HCI 3.5 293
5 mM ZnCl,

50 mM Naz;CcH;0, pH 6
10% (v/v) C3HgO

chloride (MgCl,), zinc chloride (ZnCl,) or adenosine triphos-
phate (ATP).

Chicken egg-white lysozyme

In this section, we describe the crystallization of lysozyme on
the microchips in order to demonstrate the control over the
crystallization process and verify the reversibility of the dialy-
sis method by modifying the temperature or the concentra-
tion of the precipitant solution. The experimental conditions
are summarized in Table 1. Temperature and concentration
gradients were used to nucleate, grow and dissolve the crys-
tals. Fig. 4 (top) shows the nucleation and growth of lysozyme
crystals (a), the dissolution of the crystals using temperature
(b), their re-nucleation (c¢) and finally their re-dissolution
using concentration as a variable (d). The respective phase di-
agrams showing the kinetic pathway for each case are illus-
trated in Fig. 4 (bottom). The red arrows show the kinetic tra-
jectory of the dialysis method for crystallization. During the
onset of the experiment, the temperature was set at 293 K.
Nucleation occurred and lysozyme crystals grew within the
protein reservoir, as shown in Fig. 4a. Then, the temperature
was increased gradually up to 300 K, while the concentration
of the crystallization solution remained constant, in order to
dissolve the crystals (Fig. 4b top). This step is consistent with
the fact that lysozyme has a direct solubility, i.e. the solubility
increases with temperature rise. After total dissolution of the
crystals, the temperature was then rapidly decreased to the
initial temperature value (293 K) and new, smaller crystals
nucleated and subsequently grew (Fig. 4c). This second nucle-
ation event appeared faster than the first one (Fig. 4a), as the
protein reservoir was already at equilibrium with respect to
the precipitant concentration. The last step of the experiment
(Fig. 4d) was to exchange the crystallization solution circulat-
ing within the microfluidic channels with buffer solution
(without salt), in order to dissolve the newly formed crystals.
The second dissolution occurred due to the concentration
gradient between the protein reservoir and the buffer solu-
tion, while the temperature remained constant at 293 K. The
first dissolution event achieved through temperature control
was completed within 15 min and the second one, achieved
through control over the precipitant concentration, was com-
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pleted after 60 min. This observation is not peculiar, since
equilibrium concentration needs to be reached inside the
protein reservoir before dissolution occurs.

In Fig. 4a tetragonal lysozyme crystals can be seen. Crys-
tals with the same morphology were also observed by Hansen
et al.”>®> who used free interface diffusion (FID) in a micro-
fluidic device. This crystallization method promoted the for-
mation of large single lysozyme crystals. However, in the rest
of the photos in Fig. 4 this typical morphology is changing
since the lysozyme crystals undergo temperature- or
concentration-based variations. Variations in the morphology
of lysozyme crystals were also reported by Talreja et al.'” who
developed an evaporation-based crystallization platform. In
this device crystallization occurs through evaporation: protein
and precipitant solutions are mixed in a droplet which gradu-
ally gets concentrated through evaporation of the solvent.

IspE from Agrobacterium tumefaciens

A crystallization experiment of IspE from Agrobacterium
tumefaciens was conducted to demonstrate the compatibility
of the microfluidic chips for experiments with long duration.
The experimental conditions are summarized in Table 1.
Fig. 5 shows the nucleation and growth of IspE crystals at dif-
ferent time intervals from the onset of the experiment. Specif-
ically, IspE crystals are shown after 6 days from the begin-
ning of the experiment (Fig. 5a), after 19 days (Fig. 5b) and
after 50 days (Fig. 5¢). The MWCO of the dialysis membrane
used for this experiment was sufficient to allow the diffusion
of PEG through the membrane and protein retention. During
this experiment, the crystallization solution flows continu-
ously within the microfluidic channel with a pressure of ap-
proximately 90 mbar. In order to ensure continuous flow
within the microfluidic channel, the external reservoir
containing the crystallization solution was refilled when it
was necessary.

For experiments with long duration, dynamically moni-
toring the on-chip protein crystallization via the dialysis
method would provide further information on the kinetics
of the process and we are currently working towards this di-
rection. For the experiments conducted in the present work,
only photos of the crystallization process in specific time

This journal is © The Royal Society of Chemistry 2020
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intervals were taken with the aid of a digital camera
connected to a microscope.

IspE and insulin for serial X-ray data collection

The dialysis method allows the growth of numerous, isomor-
phous micro crystals required to perform serial X-ray diffrac-
tion experiments. A large number of micro crystals of IspE
(Fig. 6a) and insulin (Fig. 6b) were grown. The conditions of
the experiments are given in Table 1. In the microdialysis ex-
periment in the case of IspE, the crystallization solution cir-
culated in the microfluidic channel (Table 1) was balanced
against the solution of the mixture of the protein (~10 mg
mL™" in 50 mM Hepes pH 7, 3 mM DTT, 0.1 M NaCl, 1 mM
MgCl,) with ATP (5 mM) in Na;C¢Hs0; buffer pH 6, housed
in the dialysis reservoir of the microchip. The main differ-
ence between the crystallization experiments illustrated in
Fig. 5 and 6a is the final supersaturation obtained in the dial-
ysis chamber (i.e. the concentration of PEG 8000). Therefore,
compared to Fig. 5, which shows the low symmetry mono-
clinic IspE crystal in the presence of 8% PEG 8000, at 18%
PEG 8000 (Fig. 6a), the number of these crystals is much
larger while their size is much smaller.

For the crystallization of IspE, ATP is one of the molecules
comprising the solution of the protein reservoir. Due to its
molecular weight, ATP can diffuse across the dialysis mem-
brane, thus lowering the ATP concentration in the protein
reservoir and modifying crystallization conditions. Therefore,
it is mandatory that ATP is also present in the composition
of the crystallizing agent and has to be used as a co-factor in
the crystallization process. In this case, it is better to inject
the crystallizing agent sequentially instead of preserving con-
tinuous flow within the channel of the microfluidic chip. For
the experiments carried out with insulin, the chosen crystalli-
zation conditions contained up to 10% v/v acetone. These
conditions were first tested to grow insulin crystals by the va-
por diffusion method (hanging drop). Insulin crystals were
grown under the same conditions within the chip, despite
the use of highly volatile acetone in the synthesis of the crys-
tallization solution. Acetone proved to be compatible with
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the materials of the microfluidic device and the RC dialysis
membrane. In Fig. 6b, rhombohedral insulin crystals were
grown at 293 K via dialysis. There are many examples in the
literature where insulin crystals are grown in various crystalli-
zation experiments and using various techniques. For exam-
ple, Kwon and Kim*® grew insulin crystals using the seeding
method, and Parambil et al.*® used flow in capillarities to en-
hance the nucleation of insulin crystals, while Borgstahl
et al.”’ grew large well-ordered insulin crystals in micrograv-
ity. However, the morphology of the crystals also depends on
the crystallization method. Dialysis offers a different kinetic
pathway compared to other crystallization methods.

Material characterization for in situ X-ray diffraction

When microfluidic devices are used for on-chip in situ X-ray
diffraction experiments, the contribution of the interactions
between the materials composing the chip and the X-rays
must be considered. The diffraction signal from the crystals
is added to the signal known as background noise. Back-
ground noise is generated by the diffusion of X-rays through
the materials used to manufacture the chip and any other
materials that interfere between the chip and the detector, as
for example the air. This signal-to-noise ratio between the dif-
fraction signal coming from the crystals and the background
noise generated by attenuation or scattering of X-rays
through matter should be maintained as high as possible
during data collection. Thus, it is crucial to characterize the
materials used for fabricating the microfluidic devices in or-
der to minimize phenomena that degrade the signal-to-noise
ratio of the diffracted crystals."* The materials of such a de-
vice should generate a minimum background signal, while
being biocompatible and compatible with mechanical con-
straints imposed by the application.

Diffraction data of lysozyme, IspE and insulin crystals
grown on-chip with the microdialysis method were collected
at the BM30A-FIP beamline at the European Synchrotron Ra-
diation Facility (ESRF) using an X-ray wavelength of 0.98 A.
The beamline is equipped with an ADSC Quantum 315r de-
tector with a matrix of 3 x 3 CCD for an active surface of 315

Fig. 6 Multiple isomorphous single a) IspE and b) insulin crystals grown on-chip via the micro-dialysis method, used for collecting in situ X-ray dif-
fraction data. Crystallization conditions: for IspE 18% w/v PEG 8000, 5 mM MgCl,, 5 mM ATP, and 0.1 M NazCgHsO; pH 6 and for insulin: 1 mM
HCL, 5 mM ZnCl,, 50 mM NazCgHsO; pH 6 and 10% v/v acetone. Crystals of both proteins were grown at 293 K.
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x 315 mm and resolution of 9.4 mega pixels. The microchips
were mounted in front of the X-ray beam using the robotic
arm G-Rob and a sample support that we designed for these
experiments (Fig. ESI 4+).

Before the data collection of protein crystals, the micro-
chips were characterized in the same facility. The microchips
were placed on the support, mounted on the beamline and
exposed to the same wavelength (0.98 A). In order to perform
on-chip X-ray diffraction experiments, it is essential to select
appropriate materials for the microchips.** Thus, prior to
data collection from protein crystals, the scattering back-
ground of the microfluidic chip that we developed was com-
pared to the background noise generated by two conventional
plates for crystallization screening and in situ X-ray diffrac-
tion, Greiner CrystalQuickX and Crystal Cube by Cube Bio-
tech. The part of the microfluidic device that is exposed to
the X-ray beam is only the protein reservoir composed of the
Kapton tape (~20 um thickness), the PMMA piece below the
Kapton tape and the PMMA substrate of the microchip (350
pum thickness both) and the RC dialysis membrane (~40 pm
thickness). The distance between the chip/commercial plate
and the detector was 200 mm. Fig. 7a illustrates the intensity
versus resolution graphs for the microchip and the two com-
mercial plates. The intensity corresponds to the value
recorded by the detector for each device, after subtracting the
measurement done without any sample (chip or plate) in
front of the beam, i.e. subtracting the measurement for the
atmosphere surrounding the materials, which in this case is
helium. It is obvious that our device generates less back-
ground noise compared to the other two -crystallization
plates, as indicated by the broad peak in Fig. 7a. Reducing
the thickness of the device is crucial for in situ data collec-
tion.>'* Low thickness translates to less matter interference
in the path of the X-ray beam. The protein reservoir of the
microfluidic chip that we designed has a total thickness of
~410 pm which is affected by the interaction with X-rays be-
cause the layer of NOA is out of the X-ray beam path, while
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the respective thickness for the CrystalQuickX plate is ~700
pm. However, a very low thickness can lead to excessive evap-
oration and issues associated with the rigidity of the micro-
chip itself.® Our microchip proposes a fair compromise be-
tween the rigidity of the device and the reduction of
background noise for data collection.

Apart from the thickness of the microfluidic assembly, the
scattering signal of each material composing the device was
also measured. Using low density materials to fabricate the
chip is as important as reducing the thickness, because high
molecular weight materials add up matter across the way of
the X-ray beam resulting in increased background noise. The
materials investigated were the Kapton tape, the RC dialysis
membrane and the PMMA sheet. Each material was exposed
for 20 s to the X-rays (wavelength 0.98 A) and each measure-
ment was followed by an exposure of 20 s to the surrounding
environment. For example, the exposure of the PMMA sheet
was followed by an exposure to an empty space, where no
material apart from air interfered between the beam and the
detector, and so on. However, instead of air we used helium
flux, as it is lighter than air and contributes less to scattering
effects. The amplitude of X-ray scattering increases with the
atomic number of each element. The distance between the
sample and the detector was 200 mm. Scattering images were
viewed using Adxv and radial intensity plots were designed
using ROOT. In Fig. 7b, the intensity of background scatter-
ing of various materials is plotted against resolution (A). For
PMMA, a wide peak is present between 4 and 8 A and then
the intensity decreases. The broad peak corresponds to the
diffusion of X-rays in the material. In the case of Kapton
tape, the peak is even more diffuse. On the other hand, even
if the contribution of the RC dialysis membrane to the total
background noise is very small, a peak can be observed be-
tween 4 and 5 A. The noise generated from the microchip is
maximum (peak) at low resolution (6-7 A), which is less criti-
cal for processing the data at higher resolution. Moreover,
the background noise obtained from the microchip is still 15
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Fig. 7 a) Background scattering intensity as a function of resolution (A) for the microfluidic chip developed in the present work and conventional
crystallization plates (CrystalQuickX and CrystalCube). b) Background scattering intensity as a function of resolution (A) from the materials
composing the microfluidic assembly (2 x 175 um thick PMMA sheet, ~20 um thick Kapton tape and ~40 um thick RC dialysis membrane).
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to 27 times lower than the background noise of commercial
crystallization plates (Fig. 7a). The intensity in all the curves
corresponds to the value recorded by the detector for each
material, after subtracting the measurement done without
any sample in a helium atmosphere. Helium flux can also be
used while collecting diffraction data from protein crystals.
This way, the surrounding environment during X-ray diffrac-
tion measurements and the one during the experiments
conducted for the characterization of the chip's materials are
the same and can be used as reference and be subtracted
from each measurement.

In situ X-ray diffraction measurements from protein crystals

In situ X-ray diffraction data from lysozyme, IspE and insulin
crystals grown on-chip were collected at the BMB30A-FIP
beamline (ESRF). The wavelength of the X-ray beam was 0.98
A and the exposure times and the oscillation angles used for
all the crystals were comparable. The data collection was car-
ried out at room temperature. The microchips containing the
protein crystals were mounted on the beamline using the 3D
printed support described in Fig. ESI 4. Reflections were
processed, indexed and integrated using XDS.>” Molecular re-
placement and refinement were performed using the CCP4
suite.*®

Diffraction data sets were collected from single crystals
grown within the protein reservoir of the chip and data were
eventually merged. Statistics for different crystals of lyso-
zyme, IspE and insulin, as well as merged data, are shown in
Table 2. The composition of the crystallization solutions is
given in Table 1. However, for the in situ X-ray diffraction ex-
periments, lysozyme crystals were grown in 0.85 M NaCl (2nd
column, Table 2) or 0.75 M NaCl (3rd column, Table 2) and
IspE was crystallized in 20% w/v PEG 8000 (4th and 5th col-
umn, Table 2). The mosaicity of the crystals grown on-chip
and analyzed in situ by X-ray diffraction at room temperature
is significantly lower compared to the respective value
obtained from crystals of the same protein crystallized using
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another experimental set up and analyzed by X-rays at cryo-
genic temperature.’ Specifically, for lysozyme crystals grown
on-chip in a crystallization solution with 0.75 M NaCl, the
measured mosaicity at room temperature was 0.07° (Table 2).
On the other hand, the observed mosaicity at cryogenic tem-
perature of lysozyme crystals grown with the conventional va-
por diffusion (hanging drop) method under the same crystal-
lization conditions was much higher, 0.328°, and the
respective value for crystals grown with the previously de-
scribed dialysis method was 0.128°.° It is noteworthy that the
compared values of the mosaicity were obtained via XDS sta-
tistics, on the same ESRF beamline, with the beam of pho-
tons of equivalent intensity and on crystals comparable in
size. Therefore, such an observation can be attributed to the
slowly varying conditions required for early crystal nucleation
and relatively undisturbed lattice formation of crystals that
we are able to achieve in the chip as well as the further ab-
sence of handling the crystals. This observation is in agree-
ment with similar results reported elsewhere.’* In addition,
recently it has been demonstrated that specific and global ra-
diation damage are much less decoupled at room tempera-
ture than they are at cryogenic temperatures.®® These obser-
vations illustrate the interest in reviving the practice of
collecting X-ray diffraction data of biological macromolecules
at room temperature at synchrotron sources.

In the case of lysozyme (Table 2), complete data sets have
been obtained from single crystals. Indeed, due to the high
symmetry of lysozyme crystals, there was no need to use
X-ray serial crystallography in order to collect data sets from
various crystals and then merge these data. Despite the fact
that the data collection was carried out at room temperature,
no damage of the crystals was observed. In contrast, ISpE
symmetry and accessible angle amplitude did not allow the
collection of a complete data set from one crystal. The statis-
tics for a merged data set obtained combining the data sets
from six isomorphous IspE crystals randomly oriented with
various crystals qualities are shown in Table 2 (5th column).
In the case of insulin, the partial data sets of six

Table 2 Crystallographic statistics obtained via XDS from lysozyme, IspE and insulin crystals grown within the microfluidic chip. The 5th and 7th column
correspond to data collected from six isomorphous crystals of IspE and insulin, respectively, and merged to a complete data set. Values in parentheses

correspond to the highest resolution shell

Lysozyme Lysozyme Insulin Insulin
Protein (1 crystal) (1 crystal) IspE (1 crystal) ISpE (6 crystals) (1 crystal) (6 crystals)
Resolution (A) 50-1.60 50-1.45 50-2.15 50-2.30 50-2.00 40-2.10
(1.70-1.60) (1.54-1.45) (2.28-2.15) (2.40-2.30) (2.12-2.00) (2.20-2.10)
Mosaicity (°) 0.06 0.07 0.11 0.18
Space group P432,2 P432,2 c2 C2 R3 R3
Unit cell parameters 79.23, 79.23, 79.27, 79.27, 72.48, 82.91, 72.73, 82.92, 82.58, 82.58, 82.58, 82.58,
37.90 37.94 51.01 51.17 34.11 34.12
90, 90, 90 90, 90, 90 90, 109.08, 90 90, 109.20, 90 90, 90, 120 90, 90, 120
Total reflections (observed) 50351 65652 19362 91 062 7353 34986
Unique reflections 14911 12725 9716 22461 4194 9612
(observed)
Redundancy 3.38 (3.13) 5.16 (3.83) 1.99 (1.91) 4.05 (2.88) 1.75 (1.66) 3.64 (2.77)
Completeness (%) 90.5 (93.4) 57.8 (63.0) 62.1 (64.8) 89.5 (74.0) 71.5 (74.7) 94.9 (91.1)
Ilo 13.1 (2.9) 15.3 (2.3) 8.0 (2.0) 5.8 (1.9) 6.8 (2.0) 7.0 (2.7)
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Fig. 8 Electron density maps derived from crystallographic data collected from multiple crystals of a) insulin and b) IspE. The maps at 2.1 A and

2.3 A resolution, respectively, are contoured at 1c.

isomorphous crystals were merged in order to provide a com-
plete data set (Table 2, 7th column). However, insulin crystals
were much smaller than IspE crystals (<50 pm). Despite the
presence of microcrystals, it was feasible to collect data in
situ using the microfluidic device that we developed.

Electron density maps

Electron density maps from insulin and IspE (Fig. 8 a and b)
have been obtained at 2.1 A and 2.3 A resolution, respectively.
Structure refinement worked correctly as indicated by R-work
factors of 0.15 and 0.16 and R-free factors of 0.20 and 0.21,
respectively for insulin and IspE. The derived electron density
maps, generated from the merging of various data sets
obtained through in situ X-ray diffraction for both proteins,
illustrate the quality of detailed structural information that
can be achieved. In addition, our diffraction analyses demon-
strate the compatibility of our microfluidic chips with serial
X-ray crystallography.

Conclusions

A microfluidic chip has been developed for on-chip protein
crystallization using the micro-dialysis method. The device
was designed in order to integrate commercially available RC
dialysis membranes within the chip in a reproducible way for
on-chip protein crystallization. The MWCO range of the RC
membranes can vary from 3.5 to 14 kDa depending on the
protein sample and the crystallization conditions. The flexi-
bility of choosing the MWCO of the membrane, the rapid
prototyping of the microfluidic chips and the relatively low
cost of the materials enable the fabrication of numerous
chips. The protocol presented in this work can be upgraded
in order to fabricate microchips with different types and
MWCOs of the embedded membranes.

Once protein crystals were grown on-chip, in situ X-ray dif-
fraction data were collected for all three proteins investigated
in this work. Complete data sets were collected at room tem-
perature from single crystals of lysozyme, whereas diffraction
data from six isomorphous microcrystals of IspE and insulin
were merged to yield complete data sets, demonstrating the
compatibility of our microfluidic device with serial X-ray crys-

308 | Lab Chip, 2020, 20, 296-310

tallography experiments. In situ data collection was rendered
feasible due to the relatively high X-ray transparency of the
materials chosen to produce the microchips and the low
background noise of the microfluidic assembly. Indeed, dif-
fraction data were collected from the materials composing
the microfluidic chip in order to evaluate the background
noise generated by the scattering and attenuation of X-rays.
The low level of background scattering of the microchip, es-
pecially at high resolution values required for structure deter-
mination in protein crystallography, is evidence that high
quality diffraction data can be collected. Moreover, this chip
allows the in situ collection of X-ray diffraction data at room
temperature, avoiding problems encountered with conven-
tional cryoprotectants. The automation level of the whole pro-
cess is enhanced by the use of a 3D printed support, adapted
to mount up to 3 chips simultaneously in front of the beam
at automated in situ X-ray diffraction beamlines. Therefore,
there is no need to harvest crystals from the crystallization
setup and transfer them to the beam, steps that can add up
stress to the fragile protein crystals. We have developed a
microfluidic chip that includes all the stages in the crystalli-
zation pipeline, from crystal growth using micro-dialysis to in
situ data collection and does not require any handling of the
protein crystals prior the X-ray diffraction experiment. In ad-
dition to using relatively inexpensive materials for fabrica-
tion, the chips can be reused several times as long as they
are sufficiently washed, they don't show any mechanical dam-
age and the dialysis membrane is not detached from the
NOA sticker.

Our microchips can be used also for screening and opti-
mizing crystallization conditions for mapping temperature-
precipitant concentration phase diagrams. A large number of
isomorphous crystals suitable for serial X-ray crystallography
can be grown on-chip through reversible control over the con-
centration and temperature conditions, using a low volume
(0.2-0.7 uL) of the protein sample. The combination of pre-
cise and dynamic chemical composition control, a prototype
for temperature control, real time observation and in situ
X-ray diffraction studies is promising for new, challenging
areas of investigation such as the crystallization of mem-
brane proteins. We expect that this inexpensive device would

This journal is © The Royal Society of Chemistry 2020
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contribute significantly to the field of structural biology
through serial X-ray crystallography studies at synchrotron
and XFEL sources.
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