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Abstract

Crystallization and crystallographic studies with various diffraction techniques are
the key steps in deciphering protein structures and understanding the mechanisms of
their action in relation to their biological functions. The most predominant and
advanced technique applied for structural studies of biological macromolecules is
synchrotron X-ray diffraction. Acquiring protein crystals with an adequate diffraction
quality that can reveal structural details near to atomic resolution can be challenging.
Conventional crystallization methods like vapor diffusion or batch have been
employed for protein crystallization and instrumental developments, concentrating
over the years on reducing the sample consumption in parallel experiments for
screening crystallization conditions. However, finding optimal conditions for yielding
well-diffracting crystals can be compromised if sensitive variables that affect
crystallization cannot be precisely controlled.

Instrumental and methodological developments were implemented to address
some of the challenges encountered in protein crystallography. We have developed a
microfluidic chip and a platform (MicroCrys) for optimizing and rationalizing protein
crystallization. Model soluble and membrane proteins were crystallized on chip with
the microdialysis method and the crystals were used for in situ synchrotron serial X-
ray crystallography (SSX). Microdialysis, combined with temperature control, offers a
reversible and precise control over crystallization and can be used to decouple
nucleation from crystal growth for investigating protein phase diagrams. Automating
the on chip crystallization process with MicroCrys allows crystallization solutions to be
dynamically exchanged within the microfluidic channel in a continuous circulation
mode, without wasting the protein sample. Thus, crystallization conditions can be
screened and phase diagrams can be explored using the dialysis chip. Custom-built
computer software provides a user-friendly graphical interface to manipulate the
visualization, the fluidic and the thermal components of MicroCrys. Moreover, the
lipidic cubic phase (LCP) method for protein crystallization was used on chip in
combination with microdialysis. Numerous, isomorphous and well-diffracting micro-
crystals of soluble proteins grew on chip applying the LCP approach.

Further studies were conducted to strengthen the direction of our developments
and to validate them. The background noise generated by the materials comprising
our microfluidic device was minimized rendering the chips compatible with in situ
diffraction data collection. The current microchip uses a RC membrane, integrated
within two layers of the device, for on chip microdialysis crystallization. However, the
novel approach of fabricating hydrogel membranes directly on microchips via in situ
photo-polymerization was considered and such a chip was designed for preliminary
tests. Finally, the effect of radiation damage on the protein crystals during in situ X-
ray diffraction experiments at room temperature was investigated in order to evaluate
and propose data collection strategies for future SSX experiments.



Résumé

La cristallisation et les études cristallographiques a I'aide de diverses techniques
de diffraction sont les étapes clés pour élucider les structures des protéines et
comprendre les mécanismes de leur action en lien avec leurs fonctions biologiques. La
technique la plus prédominante et la plus avancée appliquée aux études structurales
des macromolécules biologiques est la diffraction des rayons X au synchrotron.
L'acquisition de cristaux de protéines présentant une qualité de diffraction adéquate
et pouvant révéler des détails structurals proches de la résolution atomique peut
s'avérer difficile. Les méthodes conventionnelles de cristallisation, comme la diffusion
en phase vapeur ou le batch, ont été utilisées pour la cristallisation des protéines et
les développements instrumentaux se sont concentrés au fil des années sur la
réduction de la consommation d'échantillons dans des expériences a haut debit
paralléles pour cribler les conditions de cristallisation. Cependant, la recherche de
conditions optimales pour obtenir des cristaux bien diffractants peut étre compromise
si les variables sensibles qui affectent la cristallisation ne peuvent pas étre controlées
avec précision.

Des développements instrumentaux et méthodologiques ont été mis en ceuvre
pour relever certains des défis rencontrés en cristallographie des protéines. Nous
avons développé une puce microfluidique et une plateforme (MicroCrys) pour
optimiser et rationaliser la cristallisation des protéines. Des protéines solubles et
membranaires modeles ont été cristallisées sur la puce avec la méthode de
microdialyse et les cristaux ont été utilisés pour la cristallographie sérielle aux rayons
X in situ au synchrotron (SSX). La microdialyse, combinée au controle de la
température, offre un controle réversible et précis de la cristallisation et peut étre
utilisée pour découpler la nucléation de la croissance des cristaux afin d'étudier les
diagrammes de phase des protéines. L'automatisation du processus de cristallisation
sur puce avec MicroCrys permet a la solution de cristallisation d'étre dynamiquement
échangée dans le canal microfluidique dans un mode de circulation continue, sans
gaspiller I'échantillon de protéine. Ainsi, les conditions de cristallisation peuvent étre
criblées et les diagrammes de phase peuvent étre explorés en utilisant la puce de
dialyse. Un logiciel personnalisé fournit une interface graphique conviviale pour
manipuler la visualisation, les composants fluidiques et thermiques de MicroCrys. De
plus, la méthode de cristallisation des protéines en phase cubique lipidique (LCP) a été
utilisée sur la puce en combinaison avec la microdialyse. De nombreux microcristaux
de protéines solubles, isomorphes et bien diffractés, ont poussé sur la puce en
appliquant I'approche LCP.

Des études supplémentaires ont été menées pour renforcer I'orientation de nos
développements et les valider. Le bruit de fond généré par les matériaux composant
notre dispositif microfluidique a été minimisé, rendant la puce compatible avec la
collecte de données de diffraction in situ. La micropuce actuelle utilise une membrane
RC, intégrée dans deux couches du dispositif, pour la cristallisation par microdialyse
sur puce. Cependant, la nouvelle approche consistant a fabriquer des membranes
d'hydrogel directement sur les micropuces par photopolymérisation in situ a été
envisagée et une telle puce a été congue pour des tests préliminaires. Enfin, I'effet des
dommages causés par le rayonnement sur les cristaux de protéines pendant les

Vi



expériences de diffraction des rayons X in situ a temperature ambiante a été étudié
afin d'évaluer et de proposer des stratégies de collecte de données pour les futures
expériences SSX.

Vii



Preface

Unravelling the three-dimensional structure of biological macromolecules, such
as proteins, is the core of structural biology where X-ray crystallography remains the
predominant investigation technique. Elucidating the structural details of proteins is
a key parameter for understanding the mechanisms of their action in various
organisms and their connection to essential biological functions. Synchrotron
radiation and X-ray free electron lasers (XFELs) are continuously upgrading in order to
provide powerful and state-of-the-art tools necessary for the determination of
proteins’ structure near to atomic resolution. However, the use of X-ray
crystallography comes along with intrinsic limitations to X-ray radiation and the
crystallization process. Despite the wide range of crystallization methods, growing
well-diffracting protein crystals is a difficult task requiring an extensive screening and
optimization of crystallization conditions. Moreover, when protein crystals are grown
to an adequate size, they must be prepared for X-ray diffraction experiments. This step
is performed manually by harvesting the fragile protein crystals from the mother
liguor in which they grow and using cryogenic cooling to protect them from radiation
damage provoked by the high X-ray flux and the long exposure time to X-ray radiation.
Finding the optimal crystallization conditions with conventional methods may require
large amounts of proteins, the production and purification procedure for which, in
some cases, may become time-consuming and expensive, providing only small
samples. This only adds extra layers to the considerations of applying conventional
protein crystallography techniques.

Microfluidic technology has been proven valuable to protein X-ray
crystallography exhibiting many advantages, such as minute sample consumption per
crystallization experiment (typically few nL - pL). Multiple crystallization experiments
can be set up in parallel facilitating high-throughput screening and optimization. The
inherent large surface area-to-volume ratio at the microfluidic scale and the diffusion-
limited transport phenomena enable accurate control over temperature or
concentration gradients. Crystal size and population uniformity can be controlled.
Moreover, crystallographic studies can be performed directly on microchips via in situ
X-ray diffraction, eliminating any manipulation and potential relative deterioration of
the crystal quality. A wide range of materials with high transparency to X-rays and low
background noise is available for fabricating microchips compatible with in situ X-ray
diffraction studies. Finally, the serial data collection strategy is easier to implement,
as numerous, small, isomorphous and randomly oriented protein crystals grown on
microchips can be used to merge multiple partial diffraction data sets collected in situ.

This manuscript presents the research project, being part of the Innovative
Training Network (ITN) RAMP (RAtionalizing Membrane Protein crystallization),
carried out during my PhD studies and funded from the European Union’s Horizon
2020 Research and Innovation program under the Marie Sktodowska Curie grant
agreement no 722687. It is divided in four main chapters and a final chapter (Chapter
5) including the main concluding remarks and perspectives for future
implementations.
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General concepts on crystallization principles and microfluidics are presented in
the introductory chapter (Chapter 1). Specifically, methods for crystallizing proteins
are emphasized and compared to dialysis that was thoroughly used in this work.
Membrane protein crystallization methods, like the lipidic cubic phase method and
the importance of investigating protein phase diagrams are also discussed. Moreover,
all six soluble and membrane protein systems used for on chip crystallization and in
situ X-ray diffraction studies are briefly presented. Finally, protein crystallization in
microfluidic devices is reviewed and examples from the literature are provided.

A microfluidic chip has been developed coupling the advantages of the
microfluidic technology and the microdialysis protein crystallization method allowing
for accurate, fine-tuned and reversible control over the experimental parameters of
the on chip crystallization. The work related to the design and functionality of the
microchips is presented in Chapter 2. Microchips with 0.1 pL and 0.3 pL maximum
volume of the protein reservoir have been developed for the on chip crystallization of
proteins via microdialysis. A small piece of regenerated cellulose dialysis membrane is
embedded within two layers of the chip. The molecular weight cut-off of the
membrane can be chosen according to the molecular weight of the protein sample
and the precipitant solution. The membrane separates the protein and the precipitant
solution and supersaturation is achieved by the diffusion of the precipitant through
the membrane towards the compartment containing the protein sample. Dialysis
offers a kinetic trajectory that allows an extensive exploration of the phase diagram
and it can be used in combination with temperature control to decouple nucleation
from crystal growth, while a multitude of crystallization conditions can be screened
with the same protein sample. In the case of the dialysis microchip, the crystallization
solution can be injected within the fluidic channel with a continuous circulation mode
allowing conditions to be changed dynamically without wasting the protein sample or
the chip.

Chapter 3 includes the instrumental developments concerning a platform
(MicroCrys) that has been designed to automate the on chip crystallization via
microdialysis for investigating crystallization phase diagrams through chemical
composition and temperature control. The platform contributes to the overall goal of
optimizing and rationalizing protein crystallization. All the separate components of the
platform are controlled by a custom-built LabVIEW software displaying a user-friendly
graphical interface designed to manipulate the spatial movement of the support for
the chips, the focus of the camera, the illumination level through LED lights and to
record images with a frequency allocated by the user. Moreover, a commercial fluidic
system (Elveflow) for mixing and circulating the crystallization solution under constant
flow or under constant differential pressure between the inlet and the outlet port of
the fluidic channel has been incorporated in the MicroCrys platform. This fluidic
system contributes to the automation of the on chip crystallization via microdialysis
allowing the exchange of crystallization solutions in the fluidic channel of the chip.
Finally, a prototype for thermal regulation using the Peltier effect has been developed
in order to couple the on chip microdialysis with temperature control to quench the
study of protein phase diagrams. A LabVIEW program has been written for real-time
acquisition, displaying and recording of the temperature value at the protein reservoir
of the chip. Once, the thermal regulation system and the pressure-driven fluidic



system will be integrated into the main software of the platform, MicroCrys will be a
fully-automated, user-friendly platform for on chip crystallization experiments.

Chapter 4 includes the results of the on chip crystallization experiments and in
situ serial X-ray diffraction studies. Two model soluble proteins (Hen Egg White
Lysozyme (HEWL) and Thaumatin from Thaumatococcus danielli) and four membrane
proteins (AcrB from Escherichia coli, ShuA from Shigella dysenteriae, SERCA from
Oryctolagus cuniculus and TmPPase from Thermotoga maritima) were crystallized on
chip with the microdialysis method and used for room temperature in situ X-ray
diffraction experiments at various synchrotron beamlines. The background noise
generated by the interaction of X-rays with the materials comprising the dialysis chip
was evaluated, rendering the chips compatible with in situ X-ray data collection
(Chapter 2). Detailed electron density maps were produced for HEWL crystals at a
resolution higher than 2 A. Moreover, partial diffraction data sets were collected from
numerous, small Thaumatin crystals and HEWL crystals grown on chip with the lipidic
cubic phase (LCP) crystallization method, validating the compatibility of the chip for in
situ synchrotron serial X-ray crystallography (SSX). As expected, in the case of
membrane protein targets, on chip crystallization was more challenging. However, the
crystals of three membrane proteins tested were produced on the dialysis chips.
SERCA crystals diffracted close to 7 A, which gives the best resolution so far acquired
with membrane protein crystals on our chip.
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2.2.2: 3D schematic representation of the dialysis chip fabrication protocol.
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3.3.9: (a) The heat sink with integrated cooling fins (RS) and (b) the axial
ventilator (RS) used for dissipating the heat produced by the Peltier module.
3.3.10: The WAGO system assembled to automate the use of the reversible
controller and integrate the thermal system to the LabVIEW based interface
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3.3.15: Top view of the CAD design (Solidworks) of the second support
developed for on chip thermal regulation, illustrating the position for (a) the
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(V18 0 1 o LU T3 o] [ ST

3.3.16: Transverse view of the CAD designs for the second support developed
for on chip thermal regulation, illustrating (a) the metallic lid for the Peltier
module (brown color) and the heat transfer from the hot side of the module
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positions. The central hole of the Peltier module and the holes drilled on the
lids of the Peltier module and the support allow visualization of the protein
reservoir with the inverted camera. (b) The entire system developed for
thermal regulation, including the aluminium support, the reversible controller
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4.1.1: HEWL (30 mg mL?) crystals grown in the presence of 0.8 M (a, c) and 1
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dialysis (c, d) at 293 K. The scale bar represents 100 M. ......cccceveeveeeeeciecievnnnnns
4.1.2: HEWL crystals grown on chip via microdialysis in the presence of 1 M
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mM CHsCOONa pH 4.0 and 20 % v/v PEG 400. All experiments were
performed at 293 K. The scale bar represents 100 M. ....cccoceeevecvininineneneeneens
4.1.3: Dissolution and re-crystallization experiment performed on chip with
the MicroCrys platform. (a) HEWL crystals grew in 1 M NaCl and (b) dissolved
in 0 M NaCl. (c) The majority of the crystals were completely dissolved after 1
day and (d) were re-grown in the presence of 0.8 M NaCl. In all steps, the
temperature was 293 K and the buffer concentration was 100 mM CH3zCOONa
pH 4.0. The scale bar represents 100 [M. ...ccccovueeeerereiieieieieeerereeseese e eeeseanees
4.1.4: Schematic representation of the phase diagram for the growth and
dissolution experiment performed on chip with the MicroCrys platform. (a)
The kinetic pathway of the nucleation step is shown with green arrow, where
the precipitant concentration (NaCl) increases (I to Il) and crystal growth
occurs while the protein concentration decreases (Il to Ill). (b) The kinetic
pathway of dissolution is shown with red arrow, where the NaCl
concentration decreases gradually and HEWL crystals dissolve once the
solubility curve is crossed (V). HEWL concentration increases gradually until
reaching the initial value (V). ..o
4.1.5: Electron density maps of the refined HEWL structure from (a) a single
and (b) the merged data set of two crystals grown on chip via microdialysis at
293 K. The maps were calculated at 1.95 A and 1.84 A, respectively, and
contoured at 1o0. Reproduced from Jaho et al.10 ..........coovveeveeeeeeeeeecerce e
4.1.6: The equipment for preparing mesophases for crystallization
experiments with the LCP method including (a) Hamilton glass syringes and
needles and (b) a coupler and a repeating diSPENSEr. ......cccceeeeveeveeceeeeieeieains
4.1.7: The optically transparent cubic mesophase prepared by mixing
monoolein and HEWL solution (40 mg mL?) in a 3:2 volume ratio at 293 K. ....
4.1.8: HEWL crystals grown on chip with the LCP method at 293 Kin (a) 0.7 M
NaCl, 100 mM CH3COONa pH 4.0 and 4 % PEG 400, (b) 0.8 M NaCl, 100 mM
CH3COONa pH 4.0 and 8 % PEG 400 and (c) 1 M NaCl and 100 mM CH3COONa
pH 4.0. The scale bar represents 100 LM. .......cccoeevereeeenreeeceireeereeneeeeseesrecreensens
4.1.9: (a) Numerous, isomorphous HEWL crystals grown on chip with the LCP
method during in situ serial X-ray diffraction data collection at room
temperature at the PROXIMA-2A beamline. The scale bar represents 100 um.
(b) Electron density map of the refined HEWL structure from the merged data
sets of multiple crystals grown on chip with the LCP method at 293 K. The map
was calculated at 2.6 A resolution and contoured at 10. .......cooveeeveereeeereesenenen.
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4.1.10: Thaumatin crystals grown with the hanging drop method at 293 K in
0.8 M sodium potassium tartrate and 50 mM ADA pH 6.5. The protein
concentration was (a) 19 mg mL* and (b) 41 mg mL L. The scale bar represents
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4.1.11: Thaumatin crystals grown on chip with the microdialysis method at
293 Kin 0.8 M sodium potassium tartrate and 50 mM ADA pH 6.5. The protein
concentration was (a) 19 mg mL* and (b) 41 mg mL L. The scale bar represents
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4.1.12: Thaumatin crystal on chip (a) before and (b) after exposure to X-rays
during in situ serial data collection at room temperature at the PROXIMA-2A
beamline. The effect of radiation damage is detectable by the hole left on the
crystal site after irradiation. The scale bar represents 100 pm. .......ccccovevercernenne
4.1.13: Electron density map of the refined Thaumatin structure from the
merged data sets of multiple crystals grown on chip with the microdialysis
method at 293 K. The map was calculated at 1.8 A resolution and contoured
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4.2.1: AcrB crystals grown with the hanging drop method at 293 K in 8 % v/v
PEG 3350 and (a) 100 mM LiSO4 and (b) 100 mM MgSOa4. The scale bar
represents 100 M. ..ot et st e et s e ss e eese e s e sae et e
4.2.2: AcrB crystals grown with the hanging drop method at 293 K in 11 % v/v
PEG 4000, 5 % v/v glycerol, 50 mM ADA pH 6.5 and 200 mM (NH4)2S0a. (a)
Native crystals and (b) crystals grown in the presence of 1 mM Rifampicin. The
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4.2.3: AcrB (10 mg mL?) crystals grown on chip via microdialysis at 293 K in 10
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The scale bar represents 100 M. ...ccccceeerieiiiiee et e e e ees s e
4.2.4: (a) AcrB crystals on the protein reservoir of the dialysis chip during in
situ X-ray diffraction at BL13 - XALOC beamline (ALBA). (b) Diffraction image
of AcrB crystals grown on chip. The diffraction spots are indicated with arrows
at resolution IOWEr than 14 A. ...t eee e es st
4.2.5: ShuA (6.3 mg mL?) crystals grown with the hanging drop method at 293
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4.2.6: SERCA (14 mg mL™?) crystals grown with the hanging drop method at
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4.2.7: (a) SERCA crystal on the protein reservoir of the dialysis chip during in
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Chapter 1

Introduction

1.1  Principles of Crystallization

The main objective of this work is the development of microfluidic chips for on chip
protein crystallization via the microdialysis method and in situ X-ray diffraction studies.
Moreover, a platform for the automation of the on chip crystallization through temperature
and chemical composition control has been developed. Understanding the principles ruling
crystallization contributes towards the rationalization of protein crystallization and structure
determination. Many books, papers and reviews have been written on the principles
governing crystallization. The following section derives from the work of Mullin', de Yoreo and
Vekilov? and others3=,

1.1.1 Nucleation theory

Crystallization is a process where matter undergoes a phase transition from a high free
energy state to a lower energy state resulting in the crystal lattice. Crystallization occurs in
nature and biological systems (biomineralization) and is vital for the chemical, pharmaceutical
and food industry, as a particle formation and purification process. Producing particles with
desirable characteristics such as size, shape, form and chemical purity is the main goal of
crystallization from solutions. Solution crystallization is a multiple-step procedure including
nucleation and crystal growth, and decoupling these two steps for better understanding and
control has been a long-term pursuit for crystallographers. The first step in crystallization is
forming a supersaturated solution in a non-equilibrium state where the new phase can
emerge spontaneously. When supersaturation is achieved, molecules within the solution start
to aggregate forming nuclei which are the minimum amount of the new phase that can exist
independently in a metastable phase and are the active centers for crystal growth. Nucleation
is a first-order phase transition, followed by crystal growth where particles within the solution
diffuse to the surface of the nuclei and the crystal lattice forms.

Primary nucleation is widely described by the classical nucleation theory (CNT),
developed originally by Gibbs in the 19% century studying the thermodynamic aspect of this
process and formalized in the 20™ century for the case of drop condensation from its vapor
phase®’. The change in free energy (AG) required for nuclei formation has two components
(Eg. (1.1)). The first component is the change of free energy for the phase transformation
(AGy) and describes the spontaneous formation of solid state (crystal nuclei) in a
supersaturated solution. The second component is the change in free energy for surface
formation (AGs). Therefore, the formation of the nuclei in the supersaturated solution is an
energetically driven competition between the decrease in the negative volume component
favoring growth and the increase in the positive surface component favoring dissolution.
Figure 1.1.1 (a) is a qualitative schematic representation of the free energy change (AG) as a
function of the nuclei radius (r). For small values of r, AGs dominates causing an increase in



the total free energy which reaches a maximum (AGc¢) at a critical r value and then decreases
favoring the formation and growth of the nuclei. The critical radius (rc) is the size of the critical
nuclei which have the same probability of either growth or dissolution, and the energetic
barrier of AGc has to be crossed for the formation of the stable nuclei and their substantial
growth.

AG = AGy + AGs  (1.1)

The volume term in Eq. (1.1) is given by the difference in chemical potentials of n
molecules in solution, pa, and the solid phase, pg:

AGy = —n(pe — pg) (1.2)

However, the chemical potential can be expressed through the activity (ai) of the
molecules in the solution or in the solid phase:

wi = + kTlney  (1.3)

Where u? is the reference chemical potential of the i species. The surface term in the
total free energy is the product of the nuclei’s surface area and the specific energy of the
surface (y). For spherical nuclei:

AGg = 4mr?y (1.4)

Combining Eq. (1.1) — (1.4), the overall free energy change for nucleation can be
expressed through the Gibbs-Thomson relationship:

43
3 2
v KT InS + 4mr“y  (1.5)

AG =

Where k is the Boltzmann constant, T is the temperature in K and V the molar volume. S,
the supersaturation, is defined as the ratio of the solution activity divided by the activity at
equilibrium.

It has been made clear so far that the driving force for nucleation can be expressed
through energy terms as the change in the total free energy (AG) or through the change in
chemical potential (Ap)®. Rather than using Ay, crystallographers use supersaturation, S, or
absolute supersaturation, o. Differentiating Eq. (1.5) with respect to r and setting it to zero
(i.e. finding the mathematical maximum), the critical radius rc can be calculated. Then, the
activation barrier AGc for nucleation can be found by substituting rcin Eq. (1.5):

16mV2y3

AGC = m (1.6)



Figure 1.1.1 (b) illustrates the Gibbs-Thomson equation (AG) as a function of the nuclei
size (r) for three supersaturation values (S). The critical values for the crystal nuclei size and
the free energy activation barrier are inversely proportional to supersaturation.
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Figure 1.1.1: Schematic representation of (a) the free energy change (AG) during
nucleation as a function of the cluster radius (r) and (b) the critical value of AG as a function
of the supersaturation (S). Redrawn from [3].

Nucleation, as described so far, is a probabilistic process. The nucleation of a new phase
results from density fluctuations occurring in the bulk solution in order to bring together
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molecules forming clusters of a critical size. The spatial and temporal distribution of these
fluctuations is random, but the nucleation probability is strongly related to the critical nuclei
size. The critical size, however, is proportional to the interfacial energy. Therefore, the
probability of nucleation can be controlled through the solution composition or the
supersaturation. Based on Boltzmann’s distribution law, the nucleation kinetics can be
predicted. The number of the critical nuclei formed per unit volume of the system (V:) and
time, named nucleation rate (J) can be calculated as:

] = ko Vi exp ( i;:'c) (1.7)

The exponential term in Eq. (1.7) is related to the critical nuclei and the activation barrier,
while the pre-exponential term ko is a kinetic factor depending on several parameters like the
molecular mobility, temperature, solution viscosity, solution density and the molecular charge
and volume3#, The theoretical value is given as 10°°cm3s1.4 Comparing Eq. (1.6) and (1.7), it
can be concluded that the nucleation rate depends on the 2" power of supersaturation and
the 3 power of interfacial energy within an exponential factor. J is low for low
supersaturation values and increases dramatically after a critical supersaturation value. This
dependence of the nucleation rate on the supersaturation value explains the width of the
metastable zone (MSZW) in the phase diagram (Figure 1.1.2). Finally, Eq. (1.7) suggests that
the nucleation rate is proportional to the volume of the system, V:, requiring caution when
scaling-up or scaling-down crystallization conditions®2.

Upper limit of MSZW
Solubility curve

Supersaturated

Concentration

Metastable zone

Undersaturated

Temperature

Figure 1.1.2: Schematic representation of a phase diagram as a function of temperature
for proteins with direct solubility. The metastable zone width is shown as MSZW.



The metastable zone is confined within two curves. The solubility curve is the lower limit
and it is fixed. It represents the solution at equilibrium state for various concentration values
of the system (for example protein) and the crystallization parameter (for example precipitant
concentration) and it is thermodynamically defined. The nucleation probability is zero, while
the solution is practically stable for infinite time. The upper limit of the metastable zone is
represented by another curve, the nucleation probability of which is one and the nucleation
induction time (1) is considered to be zero. This means that nucleation is spontaneous. The
induction time depends strongly on the supersaturation: higher supersaturation value leads
to shorter induction time for nucleation. Consequently, the location of this second curve is
defined by the nucleation kinetics. It is not stable but depends on the rate of achieving
supersaturation. Therefore, the MSZW depends on both supersaturation (S) and the rate that
supersaturation occurs (dS/dt), explaining why in some cases nucleation doesn’t start even if
the solution is supersaturated. If the metastability zone is crossed very fast, the solution will
be supersaturated before inducing nucleation3.

Theoretically, the induction time is the time interval between achieving supersaturation
within a solution and the formation of the critical nuclei:

T= T (1.8)

Where J is the nucleation rate as defined by Eq. (1.7). Practically, T is one of the very few
nucleation parameters that can be measured experimentally, decoupling nucleation from
crystal growth.

The CNT model presented so far assumes primary homogeneous nucleation in pure
solutions where the fluctuation probability is identical over the whole system volume. Yet,
under realistic experimental conditions or in the case of on chip crystallization where a foreign
surface already exists, nucleation is heterogeneous. In this case, the nucleation probability is
locally increased since the presence of a foreign surface decreases the energy activation
barrier for the formation of critical nuclei. The activation energy between heterogeneous and
homogeneous nucleation is given by:

AGheterogeneous = AGhomogeneous ' f(e) (1-9)

Where f(0) is a function of the contact angle 8 between the crystal nucleus and the
substrate:

2—3cos0+ cos30

f(0) = 22222 (1.10)

Investigating Eq. (1.9) and (1.10), one concludes that the smaller the contact angle value,
the smaller the nucleation activation barrier is, while the nucleation is practically
homogeneous when the nucleus wets completely the substrate, i.e. when 6 = 180°. According
to Turnbull®, heterogeneous nucleation probability should be minimized in small volume
systems, as for example within the micro- or nano-liter scale of protein crystallization
experiments. However, this assumption has not yet been proven experimentally3.



CNT assumes that the nuclei are spherical with uniform densities and uses the capillary
approximation theory®. In a few words, this approximation suggests that the molecular
arrangement in a nucleus is identical to that of the crystal, implying that the surface tension
of these two entities is equal. Moreover, CNT assumes that the nuclei grow by the addition of
one monomer at a time, ignoring any interaction between particles or pre-existing nuclei. The
theory kinetics is modelled in steady state conditions ignoring the time dependence of
nucleation. In order to circumvent the simplification assumptions of CNT, the two-step
nucleation theory has been proposed for systems displaying a liquid-liquid immiscibility region
such as protein-precipitant solutions!®!, Density fluctuations in a protein-precipitant solution
near the liquid-liquid boundary lead to the formation of high-density protein drops. In this
non-classical approach, the first step to nucleation is the formation of the high-density protein
drops and the second step is the formation of small crystals within the drops, surrounded by
a highly concentrated liquid film. This is an on-going research field with promising results.

1.1.2 Crystal growth kinetics

Growth kinetics is governed by mass transfer phenomena, specifically by the diffusion of
molecules from the supersaturated solution to the crystal surface. It has been proposed that
the growing crystal surface consists of flat areas (terraces) and partially raised regions
(steps)¥21213 The steps contain sites called kinks where diffusing molecules attach by bonding
to neighboring molecules. Due to existing bonding sites in the kinks, the probability of
molecular attachment is higher than in other positions on the crystal’s surface, as in terraces
or edges. Crystal growth occurs because the rate of the attachment of molecules on the
crystal’s surface is higher than the rate of detachment. The energy barrier for the detachment
of a molecule by breaking the bonds from adjacent molecules is higher than the barrier
required for the attachment to a step. This molecular flux depends on the solute concentration
and changing the solubility can alter the kinetics of the crystal growth. An important aspect
on the growth kinetics is the introduction of impurities (ions, additives, molecules, poisons,
surfactants) on the surface that can alter the attachment/detachment rates and modify the
shape of the growing crystal. In protein crystallography, this external intervention on crystal
growth is crucial when well-formed, high-quality crystals are required for structure
determination through X-ray diffraction.

1.1.3 Protein crystallization

The crystallization of macromolecules like proteins, nucleic acids and viruses is driven by
supersaturation under conditions that do not intervene or alter their natural state related to
their biological significance. Compared to crystals of small molecules, macromolecular crystals
are usually smaller in size, less robust, dehydrate faster due to a very high content of the
solvent (27 to 65 %)** and have weaker optical or X-ray diffraction properties. Moreover,
macromolecular crystals are very sensitive to temperature variations and undergo extensive
radiation damage when not treated properly. Understanding the principles of protein
crystallization and the factors affecting it, can contribute significantly to X-ray crystallography,
developed to elucidate the three-dimensional (3D) structure of these macromolecules and



their role in biological functions. The following section is based on the work of Krauss et al.*>,
McPherson and coworkers'®!” and Asherie'8.

Even though protein nucleation is not yet fully understood, the growth step can be
described by classical mechanisms!”1°, The crystal growth can be represented graphically in a
two-dimensional phase diagram (Figure 1.1.2). The protein solution is supersaturated when
the protein concentration increases over the solubility limit. The supersaturation area of the
phase diagram consists of the metastable region supporting only crystal growth, the labile
region where both nucleation and growth are promoted and the precipitation zone where the
supersaturation value is high and amorphous aggregates are formed. While the solubility
curve is defined thermodynamically, the other regions in the phase diagram are defined by
kinetics and their boundaries are not fixed. The correlation of the MSZW to nucleation kinetics
was explained in Section 1.1.1. Supersaturation is not an equilibrium condition. In order to
establish equilibrium while moving from a supersaturated condition, a solid state (the crystal)
is formed until equilibrium is reached at the solubility limit. The phase diagram illustrated in
Figure 1.1.2 is for proteins with direct solubility, where the solubility of the protein increases
with temperature.

Protein crystallization is affected by numerous chemical, physical or biochemical factors.
These factors can be used to induce or control supersaturation and indirectly the nucleation
or growth rates which are strongly related to the supersaturation value. Lists and detailed
descriptions of the factors affecting protein crystallization are provided in the literature>'’,
In this study using the dialysis crystallization method, temperature, pH, the sample purity, the
precipitant and the effect of additives are mainly considered.

e Temperature is related to protein solubility. When the protein solubility increases with
increasing temperature, the solubility is called direct. Otherwise, the protein displays
indirect solubility. In the case of direct solubility, crystallization is driven mainly by
enthalpy effects on the free energy of the system, whereas the crystallization of
proteins with indirect solubility is entropy-driven and the sample is less soluble at
higher temperatures?’. This temperature dependence is attributed to variations of the
acid/base reaction constant of the protein’s side chain. Protein crystals are usually
grown at 4 or 20 °C. The on chip crystallization of soluble and membrane proteins and
the in situ X-ray diffraction experiments in this work were performed at room
temperature. However, due to the significance of the temperature effect on protein
crystallization, a prototype system for on chip thermal regulation was developed
(Chapter 3).

e Moreover, protein solubility is considerably affected by pH variations. Proteins contain
many ionizable groups and own a characteristic pH value known as the isoelectric point
(pl), where the positively charged groups of the protein molecules balance the
negative charges. Variations on pH can change this balance of electrostatic interactions
and the protein-protein interactions that are important for crystal packing, binding
specificity of the protein, the formation of hydrogen bonds and salt bridges and the
folded protein structure?!.

e The precipitants are compounds used for protein crystallization to decrease the
solubility of the macromolecule. Salts, for example, can change the activity coefficient
of water, organic compounds can alter the dielectric constant, while PEGs
(polyethylene glycol polymers) can increase the molecular crowding and reinforce the



interactions among protein molecules. Precipitants are usually combined in solutions
to increase the probability of crystallization.

e The impact of additives on the kinetics of crystal growth has already been highlighted.
In protein crystallization, an additive is any compound added to the crystallization
solution apart from the precipitant, the buffer and the protein itself. An additive can
modify the natural protein conformation, the interactions between protein molecules
or between protein and solvent molecules, the crystallization phase and the crystal’s
surface energy'>?2. In the case of some proteins, ligand molecules are used to bind on
specific sites to maintain the protein conformational state. Ligands are bounded on
the macromolecule in advance or can be added by soaking or co-crystallization??. In
the case of membrane proteins, the most prominent additives are the solubilizing
agents and the detergents.

1.1.3.1 Conventional crystallization methods

There are several methods for protein crystallization and each one offers a different
kinetic pathway for reaching supersaturation and exploring the phase diagram®>17:23, Figure
1.1.3 illustrates a phase diagram where protein concentration is plotted against the
concentration of the precipitating agent and the kinetic trajectories of the various
crystallization methods are indicated with colored arrows. The most commonly used protein
crystallization method is vapor diffusion which is based on the evaporation and diffusion of
water molecules in a sealed container?*?>. A droplet of uL volume containing the protein
sample and the crystallization solution (buffer and precipitant) is deposited on a siliconized
glass cover slide and is equilibrated over time against a well solution containing only the buffer
and the precipitant. The concentration of the precipitant in the well is higher than the
respective concentration in the drop. Through vapor diffusion, the protein and precipitant
concentration increases with time until supersaturation is achieved. This concentration
difference (Ac) of the precipitant in the drop and the well is the driving force for inducing
nucleation. The vapor diffusion method includes the hanging drop, sitting drop or sandwich
drop approach. The small volumes of protein samples and the advent in robotics and
automation have made vapor diffusion a vastly used method for screening crystallization
conditions.
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Figure 1.1.3: Schematic representation of a two-dimensional phase diagram as a
function of the precipitant’s concentration. The kinetic pathways for four crystallization
methods are shown with colored arrows: green for dialysis, purple for vapor diffusion, blue
for FID and orange for batch crystallization. Redrawn from [15].

For applying the batch crystallization method, the protein sample and the precipitant, or
any other additive, are mixed directly in a container which is sealed and left aside until crystals
are observed. The supersaturation is achieved by the direct mixing of the solutions; therefore,
the kinetic trajectory of this technique has its starting point above the upper limit of the
metastable zone (Figure 1.1.3). The phase diagram cannot be explored with this method.
However, the microbatch method was developed?® where the protein and precipitant solution
are mixed in droplets of a few pL volume. The droplet is usually covered with inert oil to
prevent evaporation. The microbatch method can be used for screening crystallization
conditions by preparing several small droplets.

For the Free Interface Diffusion (FID) method, supersaturation is achieved by diffusive
mixing of the protein sample and the precipitant in a capillary. The two solutions inter-diffuse
over time until equilibrium is reached. FID offers a better control over the supersaturation
value, producing high quality crystals for X-ray diffraction. Nevertheless, large protein volumes
are required and setting up an experiment in a capillary can be practically difficult or disrupted
by convective phenomena due to high-density differences. Screening conditions with the FID
method can be implemented in microfluidic devices?”:?8 where only nL volumes of the protein
sample are required.

A relatively new method for protein crystallization has been introduced by Garcia-Ruiz
and coworkers?>3°, The counter-diffusion method is based on creating an interface between
the protein sample and the precipitant solution and uses gelled media where a gel layer can
separate the protein and precipitant solution or one of the solutions can be gelled before
being introduced in a capillary. The most common approach is to introduce the protein
solution in a capillary, fix one end of the capillary in a gel and pour the precipitant solution
over the gel. The precipitant solution diffuses over time through the gelled medium towards
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the capillary, increasing the protein supersaturation. A precipitant concentration gradient is
achieved across the capillary axis, where small crystals or aggregates are formed at high
supersaturation near the end of the capillary that is in direct contact with the gel, while fewer,
bigger, high diffraction quality crystals are formed as the supersaturation decreases across the
capillary. In a sense, screening of crystallization conditions is achieved within the capillary.

1.1.3.2 The dialysis method

Dialysis is based on the diffusion and equilibration of the precipitant molecules through
a semi-permeable membrane. The membrane separates the protein and the precipitant
solution and supersaturation is achieved by the diffusion of the precipitant through the
membrane towards the compartment containing the protein sample. The most common way
of using dialysis in protein crystallography is using the microdialysis buttons where the protein
sample is placed within a few pL volume chamber and covered with a semi-permeable
membrane. Then, the button is placed within a reservoir containing the buffer and the
precipitant solution. The semi-permeable membrane usually applied is a regenerated
cellulose (RC) dialysis membrane that is commercially available and comes in various pore
sizes or molecular weight cut-offs (MWCO). The MWCO of the dialysis membrane is chosen
accordingly and serves a double purpose: it must retain the protein sample within the
chamber and the MWCO of the RC membrane should be smaller than the molecular weight of
the protein, while at the same time it should allow the diffusion of the precipitant molecules
across the membrane.

Dialysis offers a kinetic trajectory that allows an extensive exploration of the phase
diagram (Figure 1.1.3). The dialysis kinetics depends on several factors such as the MWCO of
the dialysis membrane, the volume of the system (dialysis button) and the precipitant
concentration. Merely changing the precipitant concentration difference across the
membrane can modulate the rate at which equilibrium is reached. Moreover, several
crystallization conditions can be screened while using the same protein sample. This feature
is very important in the case of membrane proteins that are hard to produce or come in
minute quantities. When using microdialysis buttons, this can be achieved by transferring the
button in another reservoir where the precipitant concentration is different or by exchanging
the precipitant solution in the same reservoir. This procedure can be applied several times as
long as the protein sample is not damaged, dehydrated or denatured. The main disadvantage
of the dialysis method comes from concentrated PEG solutions, as they tend to dehydrate the
protein solution within the button. An interesting work on the diffusion of salt and PEG
mixtures across semi-permeable membranes was published recently3?.

The reversibility of the dialysis method and the precise control over the crystallization
conditions are applied on the microfluidic chips that we have developed for on chip protein
crystallization via microdialysis3%33. A small piece of RC dialysis membrane of appropriate
MWCO is incorporated within the microchip allowing precipitant molecules to diffuse across
the membrane towards the protein chamber of the chip.
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1.1.4 Crystallization of membrane proteins

Membrane proteins consist approximately 30 % of the proteins produced by some
organisms like Homo sapiens or Escherichia coli according to genomic sequence data343°,
while at the same time they are considered possible drug targets to a percentage up to 60 %3°.
The number of known membrane protein structures was quite limited at the beginning of the
21° century, when less than 100 uniqgue membrane protein structures were posted in the
Protein Data Bank (PDB)?’. The first membrane protein structure was published in 198538, By
2019, this number raised up to approximately 3500 structures of 1000 unique membrane
proteins3®. This impressive increase in the quantity of unique membrane protein structures
can be attributed significantly on the advent of crystallization methods compatible with the
nature and the challenges coming from these biological macromolecules.

The main difficulty confronted when working with membrane proteins is the fact that
these macromolecules in the living cells of the organism are embedded in a lipid bilayer, the
cellular membrane, exhibiting an amphipathic surface?®*!. The hydrophobic surface of
membrane proteins emerges within the lipid bilayer forming contacts with the alkyl chains of
the lipids, while the hydrophilic surface comes in contact with the polar groups of the lipids or
the aqueous phase surrounding the membrane. In order to work with membrane proteins,
one has to extract them from their native environment and form an artificial environment
where the amphipathic macromolecules can be hosted in vitro. Usually, membrane proteins
are purified and crystallized in the presence of solubilizing agents such as detergents.
However, extracting membrane proteins from their natural environment and overexpressing
them in heterologous systems, as for example in bacterial cells, is a time-consuming, laborious
task, while the use of detergents multiplies the overall production cost. Moreover, the amount
of a membrane protein when successfully purified is rather limited rendering every ug of the
protein precious for crystallization screening.

There are two main methods for membrane protein crystallization: the in surfo method
where detergents are used to solubilize the membrane proteins and the in meso methods
where the lipidic mesophases are used to reconstitute the protein in a lipid bilayer simulating
their natural occurring environment. There are numerous publications and reviews on
membrane protein crystallization and the following section is based on some of them37:40-45,

1.1.4.1 In surfo crystallization

Detergents are amphiphilic molecules containing a polar head group and a hydrophobic
chain. In aqueous environment, they spontaneously form micellar structures. Membrane
proteins can be solubilized in the detergent micelles which mimic the natural lipid bilayer
where membrane proteins are encountered. Detergents are classified as ionic, nonionic, bile
salts and zwitterionic*’. Some of the most commonly used detergents with membrane
proteins and their physicochemical properties are provided by le Maire et al.*®. The most
prominent property for detergents is the critical micelle concentration (CMC) which is the
minimum concentration required to form micelle clusters from individual detergent
molecules, at a given temperature. The formation of the micelle depends strongly on the
detergent’s molecular shape and it is described by the packing parameter, P. The critical
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packing parameter (CPP) is a function of the chain’s volume, the cross-sectional area of the
headgroup and the length of the chain. For small CPP values (P < 1/3) spherical micelles are
formed, while for higher values (P > 1/2) lamellar detergent aggregates form*’, as shown in
Figure 1.1.4 (a)*. Figure 1.1.4 (b) illustrates how membrane proteins bind detergent
micelles*®. The repulsive forces of the head group and the hydrophobic interactions of the tail
determine CMC. CMC depends on many parameters such as the temperature, pH, ionic
strength or the presence of protein and lipids.
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Figure 1.1.4: (a) Molecular shape and CPP for detergents. Used with permission from
[48]. (b) Different binding arrangements (A: micellar, B: monolayer and C: prolate ring) of
detergents by membrane proteins. The structure of a detergent’s micelle is shown in D,
while the arrangement of detergent molecules in the air-water interphase is shown in E.
Used with permission from [46].

The phase diagram of detergents as a function of temperature is provided in Figure
1.1.5%. For concentrations below CMC, only detergent’s monomers exist in the solution, while
above the critical concentration there exists equilibrium between monomers and micelles. At
very high detergent concentration, the liquid-crystalline phase exists which is immiscible in
water and its structure can be lamellar, hexagonal or reverse hexagonal. When detergents are
used for membrane protein extraction, in the equilibrium state (above CMC) exist three states
instead of two: the detergent monomers, the detergent micelles and the micelles embedding
the protein molecule. Therefore, crystallizing membrane proteins in the presence of
detergents and studying the phase diagram is not as straight forward as in the case of soluble
proteins, described by the CNT model. When determining the solubility curve or the
supersaturation and the metastability region, one must bear in mind that membrane protein
molecules are bound to detergent micelles and what actually crystallizes is the
macromolecule-detergent complex. Once the detergent solubilizes the membrane protein
molecules, the crystallization methods that can be applied are the same conventional
methods used for soluble proteins, such as vapor diffusion, batch, dialysis and FID or counter
diffusion.
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Figure 1.1.5: Phase diagram for detergents as a function of temperature. The detergent
molecules can exist in various phases (monomers, micelles, hydrated crystals) depending on
the concentration and temperature value. CMC is the critical micelle concentration and KP is

the Krafft point (the temperature at which the detergent’s solubility is equal to CMC at the
same temperature). Used with permission from [49].

The choice of detergent is crucial for membrane protein crystallization because the
detergent micelle must optimally fit the crystal lattice. Attractive interactions between the
polar groups of the detergent micelles appear to stabilize the crystal lattice?. The protein
stability in the presence of the chosen detergent and the concentration of the detergent in
protein-detergent complex should be optimized prior to crystallization assays. At the final step
of the purification, the membrane protein sample is usually being concentrated by
centrifugation to increase the final concentration. However, during this procedure, the
detergent’s concentration may increase as well. If this concentration is too high, protein
denaturation or phase separation during crystallization can occur. Dialysis can be used to
decrease detergent’s concentration®4,

1.1.4.2 In meso crystallization

The second approach for membrane protein crystallization relies on the spontaneous
self-assembly of lipids and detergents in vesicles, discoidal micelles or bicelles and liquid
crystals or mesophases. These methods are collectively called as bilayer methods3’, where a
bilayer of lipids, detergents and protein is formed. Using lipids to crystallize membrane
proteins can be an alternative for membrane proteins that are not stable only in the presence
of detergents. The bicelle method is based on the reconstitution of the protein sample in
discoidal micelles of lipids and detergents, while the vesicle method was introduced by Takeda
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et al.>® producing high-quality crystals of bacteriorhodopsin (bR). The lipidic cubic phase (LCP)
method uses the mesophases of lipids and was first introduced by Landau and Rosenbusch,
who crystallized bR in the cubic phase of monoolein that diffracted to 1.55 A resolution®Z.
Understanding the lipid mesophases and their phase behavior is crucial for applying the LCP
method for membrane protein crystallization.

1.1.4.3 Lipidic mesophases

Lipids can self-assembly in different mesophases depending on the lipid’s nature and
concentration, the concentration of the aqueous medium, the temperature and the pressure.
The self-assembly process is spontaneous since no external energy source is required and is a
result of the hydrophobic effect when lipids are immersed in water. Lipids have an amphiphilic
nature containing polar and hydrophobic parts. The lipidic mesophases are optically
transparent, non-birefringent, gel-like materials and are categorized in the lamellar phase,
with the planar lipid bilayer being the sole representative, and in non-lamellar phases such as
the cubic and the inverted hexagonal phase®’ (Figure 1.1.6). The mesophases represent a
liquid-crystalline state.

The representation of the lipidic cubic phases is based on a mathematical description of
three-dimensional, infinitely periodic minimal surfaces. These minimal surfaces lie within the
lipid bilayer. The bicontinuous, cubic Pn3m phase, which is used for the LCP crystallization
method, is a surface containing a bilayer that separates two interpenetrating water channels
forming a diamond-like lattice®2. The size of the water channels is crucial for the reconstitution
of a membrane protein molecule within the cubic phase. It has been measured that the size
of water channels at room temperature is approximately 50 A and the unit cell size of
monoolein for the cubic phase is 69 —113 A at 92 — 0 °C 53
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Figure 1.1.6: Schematic representation of lipidic mesophases including the lamellar
phase (Lc and Ls), the non-lamellar phases (cubic Pn3m, 1a3d or Im3m and inverted
hexagonal Hyj) and the fluid isotropic phase (Fl). Used with permission from [37].

1.1.4.4 The phase diagram

The phase behavior of lipids in water is represented by temperature versus composition
phase diagrams in equilibrium. These diagrams represent regions of the mesophases of a
specific lipid as a function of water concentration and temperature and follow the Gibbs phase
rule. In regions where two mesophases coexist, their composition remains constant while the
overall composition of the sample and the relative amounts of the two phases change
isothermally3’.

The most commonly used lipids with the cubic phase crystallization method are the cis
monounsaturated monoacylglycerols (MAGs). These lipids have a simple molecular structure
and are well suited for the investigation of phase behavior which is intrinsically related to lipid
form and function. The phase diagram of monoolein or 9.9 MAG is the most studied in the
literature®3°* and is widely used for protein crystallization with the cubic phase method at 20
°C. The equilibrium phase diagram of the monoolein-water system is shown in Figure 1.1.7°%.
The Pn3m cubic phase is formed at a composition of 40 % water and 60 % monoolein at 20 °C.
A comprehensive review on monoolein mesophases structure characterization and phase
behavior is provided by Kulkarni et al.>>. Small-Angle X-ray Scattering (SAXS) is used to identify
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the phases of the lipid and the respective lattice size when the lipid is mixed only with water>*
or when mixed with aqueous solutions containing crystallizing agents as salts and PEGs>®>’
and detergents®8.
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Figure 1.1.7: The equilibrium temperature-composition phase diagram of the
monoolein-water system as determined by Qui and Caffrey’?. The Pn3m cubic phase is
formed at a composition of 40 % water and 60 % monoolein at 20 °C.

1.1.4.5 The crystallization protocol

The LCP method relies on the bicontinuous cubic phase of MAGs (e.g., monoolein) and
water. The cubic phase forms spontaneously by mixing monoolein and protein sample at a 3:2
ratio at 20 °C. In the case of membrane proteins, the protein sample is actually a protein-
detergent complex because detergents are used to solubilize membrane proteins during their
purification process. To induce crystallization, mixtures of salts, buffers, PEGs, or any other
agent provoking supersaturation, are added above the cubic phase and the sample is
incubated at appropriate temperature and humidity conditions for nucleation and crystal
growth. This is the basis of the method which works with membrane proteins and soluble
proteins as well>®. Performing all the steps of the method at room temperature and yielding
high diffraction quality crystals are some of the advantages of the method. The detailed
protocol of membrane protein crystallization in lipidic mesophases is given by Caffrey and
Cherezov®®. This protocol used for the on chip crystallization of Hen Egg White Lysozyme
(HEWL) in the lipidic cubic phase of monoolein using microdialysis at room temperature is
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presented in Chapter 4. Finally, it is worth mentioning that LCP crystallization follows the
trends and the progress of protein crystallization. Automated, robotic systems have been
developed for screening crystallization in lipid mesophases®!, while plates have been
developed for in meso and in situ X-ray diffraction experiments®2. A microfluidic device made
of PDMS (polydimethylsiloxane) and COC (cyclic olefin copolymer) has been designed for the
on chip mixing and preparation of monoolein lipidic mesophases and in situ SAXS phase
determination®3.

1.2 Protein systems
1.2.1 Soluble proteins
1.2.1.1 Hen Egg White Lysozyme

Lysozyme, a protein also known as muramidase or N-acetylmuramide glycanhydrolase, is
an enzyme functioning as an antibacterial agent. Specifically, lysozyme catalyzes the hydrolysis
of 1,4-beta-linklages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in
peptidoglycan and between N-acetyl-D-glucosamine residues in chitodextrin. Peptidoglycan is
the main component of the gram-positive bacterial cell wall and the hydrolysis, triggered by
lysozyme, causes lysis of the bacterial cell wall. Lysozyme is found in various biological
secretions, such as saliva, tears, mucus or human milk and it is abundant in egg white.
Lysozyme was discovered by Fleming in 1922 and was the first enzyme sequenced, the first
protein used for X-ray crystallography®* and the first enzyme with an action mechanism®. Ever
since, lysozyme has been a model system for multitudes of studies as it is commercially
available at affordable price.

HEWL was used in this study to validate on chip protein crystallization via microdialysis.
HEWL crystals grown on chip were used for in situ X-ray diffraction experiments and full data
sets were collected at BM30A-FIP at the European Synchrotron Radiation Facility (ESRF). HEWL
is a positively charged polypeptide consisting of 129 amino acids with a molecular weight of
14.4 kDa. The protein is stable in acid solutions within a wide range of temperatures, while in
alkaline solutions its activity decreases with increasing temperature®®. The isoelectric point of
lysozyme is pl = 11. Numerous crystallization conditions have been screened for lysozyme
either through conventional crystallization methods or with microfluidic devices, yielding
robust, well-shaped and well-oriented crystals for X-ray diffraction studies. The structure of
tetragonal HEWL crystals determined at 0.94 A resolution by X-ray diffraction and crystallized
in the P43212 space group (PDB entry 1IEE) is shown in Figure 1.2.1 (b). The crystals were
grown by the counter-diffusion method®” at 293 K. Figure 1.2.1 (a) shows HEWL crystals grown
in a 30 uL dialysis button under 0.7 M sodium chloride (NaCl) and 400 mM sodium acetate
(CH3COONa) pH 4.0 at 293 K. The protein concentration was ~30 mg mL* in water and the
volume of the reservoir solution was 500 pL. The MWCO of the RC dialysis membrane was 6 —
8 kDa.
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Figure 1.2.1: (a) HEWL (~30 mg mL™) crystals grown in a 30 pL dialysis button under 0.7
M NaCl and 400 mM CH3COONa pH 4.0 at 293 K. The scale bar represents 100 um. (b) The
structure of tetragonal HEWL crystals determined at 0.94 A resolution by X-ray diffraction
(PDB entry code 1IEE).

1.2.1.2 Thaumatin from Thaumatococcus danielli

Thaumatin was first isolated in 1972 from Thaumatococcus danielli (katemfe), a fruit
found in West Africa. The fruit contains both Thaumatin | and Thaumatin Il which have almost
the same molecular weight (22 kDa) and the same amino acid sequence (207 amino acids in
total), apart from five residues®. Thaumatin proteins are produced in plants when attacked
by a pathogenic agent. Katemfe produces Thaumatin as a response mechanism to viral
pathogens. It is a taste-modifying protein functioning as natural sweetener or flavor enhancer.
Thaumatin is one of the sweetest known compounds and it is estimated to be 100000 times
sweeter than sucrose on a molar basis®. It has been found that the cysteine-rich domain of
the human taste receptors T1R3 are involved in the sweet tasting of Thaumatin’®.

Thaumatins constitute a family of single-domain, globular proteins containing eight
disulfide bonds. The isoelectric point of Thaumatin is pl = 12. Bipyramidal, Thaumatin crystals
were first grown in the presence of L-tartrate ions in the C2, P4:212 and P21212; space
groups’!. Ever since, Thaumatin has been used as a model system for protein crystallography
and has been crystallized with many conventional crystallization methods and novel methods,
such as in microgravity’? and within microfluidic chips by counter diffusion’3. Thaumatin is
highly soluble in water, but concerning the temperature dependence, the protein solubility
varies with the chirality of the tartrate ion. Specifically, in the presence of L-tartrate, the
solubility increases with temperature, while the protein has a reverse solubility in D-tartrate’.

The structure of tetragonal Thaumatin | crystals determined at 1.05 A resolution by X-ray
diffraction and crystallized in the P41212 space group (PDB entry 1RQW) is shown in Figure
1.2.2 (b). The crystals were grown by the vapor diffusion method (hanging drop) at 298 K.
Figure 1.2.2 (a) shows Thaumatin crystals grown by hanging drop under 1 M potassium sodium
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tartrate (KNaCsH406) and 50 mM ADA (CsH10N20s) pH 6.5 at 293 K. The protein concentration
was ~41 mg mL? in water and the volume of the reservoir solution was 500 pL. The drop
consisted of 2 uL protein and 2 ulL of the precipitant solution. The Thaumatin lyophilized
powder (Sigma-Aldrich) was a mixture of Thaumatin | and Thaumatin II.

Figure 1.2.2: (a) Thaumatin (~41 mg mL™?) crystals grown by hanging drop under 1 M
potassium sodium tartrate and 50 mM ADA pH 6.5 at 293 K. The scale bar represents 100
um. (b) The structure of tetragonal Thaumatin | crystals determined at 1.05 A resolution by
X-ray diffraction (PDB entry code 1IRQW).

1.2.2 Membrane proteins

1.2.2.1 ShuA from Shigella dysenteriae

Iron is an essential nutrient for most living organisms and plays an important role for the
characterization of virulence of pathogenic bacteria. Under aerobic conditions, iron oxidizes
rapidly and due to this capability of gaining or losing an electron, it participates in critical
metabolic processes such as oxygen metabolism, electron transfer and deoxyribonucleotide
synthesis. As a result of the insolubility of iron under aerobic conditions, its biological
concentration is very low’® (10'*® M). The concentration required for bacterial growth has
been estimated at 108 - 107 M”®. In humans, iron is majorly bound to heme in hemoglobin.

In order to circumvent iron-depleted conditions and meet their nutrient requirements,
pathogenic Gram-negative bacteria have developed mechanisms for iron uptake through iron-
chelating compounds, known as siderophores. Siderophores have a low molecular weight (500
— 1500 kDa) and are categorized to catechols, hydroxycarboxylates and hydroxamates’”’. Ferric
iron (Fe®*) is bound in siderophores which can be transported across the outer membrane of
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Gram-negative bacteria by TonB-dependent transporters (TBDT). Specifically, iron acquisition
in Gram-negative bacteria is undertaken by a complex consisting of an outer membrane
receptor, a periplasmic binding protein (PBP) and a cytoplasmic (inner) membrane ABC (ATP-
Binding Cassette) transporter’®. Outer membrane receptors transport siderophores into the
periplasm against a concentration gradient using the energy-dependent mechanism of proton
motive force and ATP (adenosine triphosphate) hydrolysis. The cytoplasmic proteins
associated to the siderophores uptake are TonB, ExbB and ExbD and the outer membrane
proteins are called TonB-dependent receptors’”’°. Figure 1.2.3 illustrates the transport
process of ferric iron in Gram-negative bacteria®.

TonB-dependent uptake systems are targets for antibiotics because they allow specific
permeability of the cell envelope in Gram-negative bacteria’. Bacteria may express more than
one system for iron uptake but each one is specific for a single siderophore. For example E.
coli synthesizes 7 TonB-dependent transporters®®. Other compounds transported through
TBDTs are vitamin Biz, nickel and carbohydrates®!. The first crystal structures of two TBDTs
(FhuA and FepA) from E. coli were publish in 1998 and several structures have been solved
with X-ray diffraction ever since®,

Shigella dysenteriae is a Gram-negative human pathogenic bacterium of the
Entobacteriaceae family responsible for dysentery. Shigella dysenteriae uses free heme or
heme from hemoglobin as an iron source which binds to the TonB-dependent outer
membrane transporter ShuA%2. Heme is transported through the outer membrane into the
periplasm and then, it is transferred to the cytoplasm with an ABC transporter. The structure
of ShuA was solved by Cobessi et al.83 at 2.6 A resolution in the presence of heavy atoms (Pb2*)
through X-ray diffraction (PDB entry code 3FHH). The expression and purification protocol was
developed by the same group®*. ShuA was overexpressed in E. coli and the outer membranes
were solubilized with octyl-polyoxyethylene (octyl-POE) detergent. Octyl-POE was exchanged
to n-octyl-B-D-glucopyranoside (B-OG) for crystallization. The protein crystallized in the
orthorhombic P212121 space group via the vapor diffusion method (sitting drop) at 290 K. The
structure of ShuA (PDB entry code 3FHH) is shown in Figure 1.2.4 (a), while Figure 1.2.4 (b)
shows a 3D printed model of the protein. The polypeptide consists of 621 amino acid residues
and the molecular weight is approximately 71.7 kDa. The structure consists of a
transmembrane B-barrel with 22 strands, filled by the N-terminal plug domain. The strands of
the B-barrel are connected by flexible extracellular loops involved in the ligand recognition. It
is suggested that the heme group binds to two histidines, His86 and His420 which are 9.86 A
apart. His86 is located at the apex of the plug and His420 in the extracellular loop L7. A
conformational change of the apex and the L7 loop is suggested for the heme binding in
ShuA®,
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Figure 1.2.3: Schematic representation of the transport mechanism and regulation of
ferric siderophores in Gram-negative bacteria. The TBDT transporter is located in the outer

membrane (OM) of the cell wall. Used with permission from [80].

Figure 1.2.4: (a) The structure of ShuA solved at 2.6 A resolution through X-ray
diffraction (PDB entry code 3FHH) and (b) a 3D printed model of ShuA.
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1.2.2.2 AcrB from Escherichia coli

Multidrug transporters are involved in serious implications in cancer chemotherapy and
the antibiotic resistance of pathogenic bacteria. In bacterial cells, multidrug resistance is
associated to the overexpression of multidrug efflux systems®. Multidrug transporters
recognize and extrude toxic compounds from the cells. In mammalian cells, ABC are the
majority of multidrug efflux transporters. In human cells, P-glycoprotein is a multidrug efflux
pump preventing toxic compounds entering the mucosal surface of the intestinal tract and
when overexpressed, it increases the drug resistance of cancer cells®®.

The Acriflavine resistance protein B, AcrB, is a multidrug transporter in E. coli, responsible
for the resistance of E. coli against antibiotics, dyes, disinfectants and detergents. AcrB is an
inner membrane protein forming a complex with the periplasmic fusion protein AcrA and the
outer membrane channel TolC. AcrA links AcrB and TolC proteins. The AcrA-AcrB-TolC complex
ejects compounds from the inner cell directly into the surrounding environment without using
the periplasm. AcrB belongs to the resistance nodulation division (RND) transporters®’, one of
the five families of bacterial multidrug transporters®. The transport mechanism of AcrB is
fueled by proton motive force. AcrB in E. coli is responsible for transporting drugs, while the
only RND member in E. coli responsible for exporting heavy metals (copper, silver) is CusA%.

The first structure of native AcrB crystals was published in 2002°° (PDB entry code 1IWG)
and is shown in Figure 1.2.5 (a). The protein was overexpressed in E. coli cells and the
membranes were solubilized with n-dodecyl B-D-maltoside (DDM) detergent. The structure
was determined at 3.5 A resolution by X-ray diffraction and the protein crystallized in the H32
space group with the sitting drop method at 298 K. AcrB is a homotrimer and each monomer
consists of a transmembrane region with 12 helices and a protruding head which opens like a
funnel for the TolC docking. A central cavity (Figure 1.2.5 (b)) is formed at the bottom of the
head suggesting that compounds are transported through the pore into the TolC channel. The
molecular weight of the monomer is approximately 114 kDa and it consists of 1049 amino
acids. Ever since, AcrB has been co-crystallized in the presence of many ligands, shedding more
light to the binding mechanism of this multidrug efflux transporter.

Trimeric, wild-type AcrB was crystallized in the presence of rhodamine 6G, ethidium,
dequalinium and ciprofloxacin and the structure suggested that three molecules of each ligand
bind simultaneously to the central cavity by hydrophobic, aromatic or van der Waals
interactions, but each ligand uses different residues for binding®. Several drugs were also
used to determine the structure of a mutant AcrB, indicating that ligands bind not only to the
wall of the central cavity but also to a periplasmic site formed by the C-terminal loop®?. AcrB
was also crystallized in the symmetric R32 and the asymmetric C2 space groups and the
structures suggested that the protein captures ligands mainly from the periplasm. However,
ligands can enter the cavity of the transporter from the cytoplasm possibly through
interactions with phenylalanine residues of the N-terminus®?. AcrB monomers cycle among
three conformational states: a loose, L (or access) state, a tight, T (or binding) state and an
open, O (or extrusion) state. Drugs of low molecular weight bind directly to the distal pocket
of the T monomer. However, high molecular weight drugs, such as rifampicin and
erythromycin, bind first to the proximal pocket of the L monomer and then to the distal pocket
by a peristaltic mechanism?3. The access pocket of the L monomer is separated by the binding
pocket of the T monomer by a switch-loop®*°°.
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Figure 1.2.5: (a) The structure of AcrB determined at 3.5 A resolution by X-ray
diffraction and (b) the central cavity (pore) of the AcrB homotrimer serving at transporting
compounds (PDB entry code 1IWG).

1.2.2.3 SERCA from Oryctolagus cuniculus

P-type ATPases are a family of enzymes found in eukaryotic and prokaryotic organisms
involved in pumping cations across the cell membrane. These P-type cation pumps, also
known as ion motive ATPases, catalyze the hydrolysis of ATP into ADP (adenosine
diphosphate) and inorganic phosphate (P;). This dephosphorylation reaction releases chemical
energy within the cells used in other processes. The enzymes also catalyze the reverse process
of phosphorylation. P-type ATPases are integral membrane proteins which apart from being
involved in the ATP cycle, pump ions across the membrane against an electrochemical
gradient. The phosphorylation and the binding site of the ion are separated in the tertiary
structure of the protein. P-type ATPases are categorized in Type |, usually involved in the
transport of heavy atoms (Cu?*, Cd?*, Hg?*) and Type Il that transfer cations with lower atomic
mass (Na*, K*, CaZ*, H*)%®,

In eukaryotic cells, the Ca%*-ATPases are involved in the regulation of calcium
concentration and are located in the plasma membranes (PMCA), the sarco-endoplasmic
reticulum (SERCA) or the secretory pathway (SPCA)®’. The calcium-transporting ATPases play
an important role for muscle functioning and calcium signaling or transport. There are various
types of SERCA proteins, as for example SERCAla expressed in the adult human fast-twitch
muscle or SERCA2A in cardiac and slow-twitch muscles. Malfunctions on P-type ATPases are
associated with severe diseases in humans. For example, SERCA1 is related to Brody myopathy
and SERCA2 to heart failure and Darier disease®’. SERCA transports calcium and proton ions
through the endoplasmic reticulum membrane in opposite directions. The energy of this
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process in produced by the hydrolysis of ATP molecules. A scheme for the four-step reaction
mechanism of SERCA is provided in Figure 1.2.6 (a)®. In general, SERCA alternates between
the high energy E1 state, related to phosphorylation, and the lower energy E2 state, related
to dephosphorylation. First, the phosphorylated intermediate with bound cytoplasmic ions
(CazE1) is formed. Then, the bound calcium ions are released across the membrane through
conformational changes driven by the ATP hydrolysis. During this step, there is a conversion
to the low-energy state (H,E2P) where the affinity for Ca®* is low and protons are attached to
the intermediate. Then, phosphate is removed (HnE2) and the enzyme goes through this cycle
again by binding calcium ions (CazE1). In the final step, there is a Ca**/H* exchange in opposite
direction®®%7%°, Neutron macromolecular crystallography has been proposed to study the
protonation process in SERCA®, In this study, we used the rabbit SERCA Ca2E1-AMPPCP form
for on chip crystallization via microdialysis and in situ X-ray diffraction. The protein was
provided by Dr. Samuel J. Hjorth-Jensen and Prof. Poul Nissen from the Department of
Molecular Biology and Genetics — DANDRITE (Aarhus University, Denmark)'. The structure
of SERCA1 in complex with the non-hydrolyzable ATP analogue AMPPCP (B,y-methylene ATP)
was determined at 2.6 A resolution®! and the dephosphorylation process were studied°2.

The first structure of SERCA near to atomic resolution (2.6 A) was solved in 20001°3 (PDB
entry code 1SU4) in the CazE1 open conformation without any ATP molecule bound. The two
calcium ions (shown in Figure 1.2.6 (b) in green color) are bound in the transmembrane
domain comprised of 10 a-helices. The cytoplasmic part of the membrane consists of three
domains: the central catalytic or phosphorylation domain (P-domain where the Na* ion is
shown in Figure 1.2.6 (b) in purple color), the nucleotide-binding domain (N-domain) and the
N-terminal or A-domain. The molecular weight of the monomer is approximately 110 kDa and
it consists of 994 amino acids. The protein crystallized in the C121 space group through the
microdialysis method and the X-ray data collection was performed at cryogenic conditions
(100 K).
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Figure 1.2.6: (a) Schematic representation of the four-step reaction mechanism of
SERCA. SERCA transports Ca%* and H* ions in opposite directions across the endoplasmic
reticulum membrane using energy from the ATP hydrolysis. Used with permission from [98].
(b) The structure of SERCA in the CazE1 open conformation determined at 2.6 A resolution
by X-ray diffraction (PDB entry code 1SU4). The two Ca%*ions the Na* ion are shown in green
and purple, respectively.

1.2.2.4 TmPPase from Thermotoga maritima

Membrane-bound pyrophosphatases (M-PPase) are enzymes coupling the synthesis and
hydrolysis of pyrophosphate (PP)) to the generation of potentials across biological
membranes. M-PPases are homodimers consisting of 15 — 17 transmembrane helices. Their
catalytic substrate is Mg,PP; and they all bind Mg?* ions. M-PPases are found in prokaryotes
and eukaryotes and their role is crucial for cells to survive under abiotic conditions, such as
cold or drought. They are categorized in four classes based on the monovalent cation binding
and pumping specificity: the K*-independent H*-PPases, the K*-dependent H*-PPases, the Na*-
PPases and the Na*/H*-PPases'®*. The sodium-pumping PPases are found only in prokaryotic
cells. Na*-PPases and the Na*/H*-PPases bind sodium ions required for their activity. In low
concentration of Na*, Na*-PPases can pump both protons and sodium ions, but very high
concentrations have an inhibitory effect,

The first structure of M-PPases was published in 2012 at 2.6 A resolution®’. It is the
structure of the Na*-pumping M-PPase from Thermotoga maritima (TmPPase) in the resting
state with bound Mg?* and Ca?* ions, as shown in Figure 1.2.7 (b) (PDB entry code 4AV3). The
protein crystallized in the P1211 space group by sitting drop at 295 K. The molecular weight of
the homodimer is approximately 157 kDa. Each monomer consists of 16 transmembrane
helices. The active site has four regions: the hydrolytic center above the surface of the
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membrane, the coupling funnel, the gate below the membrane surface and a channel for
exiting Na* ions. In the native state, the gate is closed. The authors proposed a binding
mechanism, shown in Figure 1.2.7 (a). They suggest that the substrate (PPi) binding leads to
the closure of the active site by a conformational movement of helices 5 and 6. At the same
time, movement of helices 11 and 12 opens the gate and the cation (Na*) can exit to the extra-
cellular environment. The active site can open only right after the hydrolysis of the
pyrophosphate group, when the two phosphates are released. Further studies of the group
on TmPPase structures in various catalytic states, support and provide further insights into the
proposed binding mechanism?%, In this study, we used TmPPase for on chip crystallization via
microdialysis and in situ X-ray diffraction. The protein was provided by Jannik Strauss and Prof.
Adrian Goldman from the Astbury Centre for Structural Molecular Biology (University of Leeds,
UK).
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Figure 1.2.7: (a) Binding mechanism of M-PPases proposed by Kellosalo et al.??’.
Substrate (PP;) binding leads to the closure of the active site by movement of helices 5 and 6,
while movement of helices 11 and 12 opens the gate and Na* can exit to the extra-cellular
environment. (b) Structure of TmPPase in the resting state with bound Mg?* and Ca?* ions
determined at 2.6 A resolution by X-ray diffraction (PDB entry code 4AV3).
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1.3 Microfluidics
1.3.1 General concepts

In this section, some general concepts on the flow at the microfluidic scale are presented
based on the book of P. Tabeling “Introduction to Microfluidics”?®® and critical review
paperst9t1l The microfluidic world and its inherent properties are vast and, in several cases,
well studied and characterized. In this section, simple notions relevant to our microfluidic
application are discussed to provide a comprehensive insight of the microdialysis
crystallization on microchips.

Fundamental physics acts differently at the microfluidic scale. For example, inertia
effects, responsible for instabilities in fluid mechanics and the generation of chaotic
turbulence, are negligible at the microfluidic scale. Some dimensionless numbers expressing
the importance of phenomena such as convection or diffusion can describe fluid physics.
Assuming continuum, incompressible (constant density), monophasic, Newtonian fluids, the
conservation of mass (Eq. (1.11)) and momentum (Eq. (1.12)) can be expressed through the
Navier-Stokes equations (Eq. (1.13)). A fluid is Newtonian when the stress tensor is linearly
correlated to the deformation tensor at every point.

Z—‘t’+ Vip-u) =0 (1.11)

Du
o= V' o+F (L12)

p% = —VP+vV?u+ pg (1.13)

Where p is the density (kg m3), tis the time (s), u is the flow velocity field (m s), V is the
divergence (a vector operating on a vectorial field like the velocity), o is the Cauchy stress
tensor (including both pressure and shear stress), F is the external force sum (N) acting
throughout the body volume, P is the pressure (N m=), u is the shear viscosity (N s m?2) and g
is the gravitational acceleration (~9.81 m s2).

The material derivative has a temporal and spatial term and can be written as:

D d
E_ a+ uV (1.14)

Combining Eq. (1.13) and (1.14), the Navier-Stokes equation for Newtonian fluids is:

p (% +u Vu) = —VP + uV?u+ pg (1.15)
The inertial forces appear on the left of Eq. (1.15) and the external forces on the right. In
this case, we assume that the external forces acting on the fluid are pressure, viscous stress

and gravity. The kinematic viscosity (v = u/p) is a measure of the diffusivity for fluid flow.
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Moreover, it should be mentioned that the incompressibility assumption is valid when the
fluid velocity is much lower than the speed of sound.

Assume a planar Poiseuille flow of incompressible, Newtonian fluid in a rectangular
channel of width w (y coordinate), height h (z coordinate) and length | (x coordinate), where |
>>w, h. The velocity has only the x component, there is no acceleration and the flow is laminar
(low Reynolds number). Then, Eqg. (1.16) describes the pressure drop induced only by the
viscosity:

dp 9%u 9%u
== ”(WJF ) (116

For a channel length L, the pressure drop is related to the volumetric flow rate, Q (m3s1):

AP w h3
12plL

Q= (1.17)

Eqg. (1.17) is important for calculating the hydrodynamic resistance within a rectangular
microfluidic channel with a length L. In analogy to the electronic circuits, it can be deduced
from Eq. (1.17):

AP=R-Q (1.18)

Combining Eq. (1.17) and (1.18), the hydrodynamic resistance of the fluidic channel is:

__12ulL
R= 1 (1.19)

1.3.2 Inertia at the microscale

The Reynolds number (Re) is associated to inertial forces and is frequently mentioned in
microfluidic applications where inertial effects are negligible. Re is a dimensionless number
comparing inertial against viscous forces. It derives from the Navier-Stokes equations (Eq.
(1.15)) assuming steady flow in one spatial direction of an incompressible, Newtonian fluid.
The Reynolds number is given by the following equation, where p is the density (kg m3), u is
the fluid velocity (m s1), Lo is the characteristic dimension of the microfluidic channel (m) and
W is the shear viscosity (N s m™):

ul inertial forces
Re = 2220 — (1.20)

u viscous forces

In the microscale, the Reynolds number ranges between 10 — 10 for typical velocity
values of a few pm s to a few cm s, length values between 1 — 100 um and assuming the
viscosity and density of water!!?, The low Re values in microfluidic applications confirm that
inertial forces are negligible and the flow is laminar. A flow is laminar when Re < 2300 and
turbulent when Re > 3000. For Re in between these values, the flow is called intermittent. At
moderate Re numbers at the microscale produced for example by inkjet printer, where the
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velocity reaches a few meters per second, irreversibility can be observed leading to boundary
layer separation'®,

1.3.3 Convection, diffusion and mixing at the microscale

For high Re values, turbulent mixing occurs, but for the low Re regime of microfluidics
only diffusive mixing takes place. The dimensionless number comparing convection against
diffusion is the Péclet number (Pe):

ulLgy convection

Pe = D - diffusion (1.21)

Where D is the mass diffusion coefficient (m? s!) derived from Fick’s law of diffusion. For
simple liquids, typical values of D are in the order of 10> m? s%. The higher the Pe number, the
more flow dominates over molecular diffusion. In mass related transport phenomena, Pe is
the product of Re and Schmidt’'s number (Sc) correlating momentum diffusivity and mass
diffusivity in fluids. Assuming a linear channel with width w, where two fluids flow in parallel,
it would take a time of approximately w?/D for the fluids’ particles to diffuse freely across the
whole length of the channel. Therefore, Pe varies approximately to the square of the
characteristic dimension of the microchannel (~ Lo?), suggesting that the microscale is mainly
governed by diffusion which can be too slow. However, there is no characteristic value regime
for the Pe number at the microscale, as opposed to the Re number.

There are several mixing microfluidic systems, such as the T junction!?, micromixers

based on size sorting'!?, the H filter'!4, circular micromixers'*> or the herringbone
micromixer!!®. While for the first examples, mixing occurs slowly through diffusion among
laminar fluidic streams, in the case of the circular and herringbone mixers, stirring motion is
used in order to reduce the mixing length. The main idea behind these systems is that the
fluids are mixed rapidly enough so the system is reaction-, and not diffusion-limited.

In the case of our microfluidic devices, if microdialysis occurs under static conditions (no
flow of the crystallization solution within the microfluidic channel), diffusion dominates over
convection. However, in the case where the crystallization solution circulates within the
microchannel under constant flow with the aid of an external pressure-driven system, the flow
is still driven by diffusion if the velocity flux remains low.

1.3.4 Interface phenomena

The surface-to-volume ratio at the microscale is much larger than the respective one in
other fluidic systems, indicating the importance of interface phenomena for microfluidic
applications. The surface energy is called interfacial tension, y (J m™2). In a microfluidic channel,
the wetting of the channel by the fluid (crystallization solution) can be described by three
interfaces: the interface between the solid substrate of the channel (S) and the fluid (L) with
a surface energy ysi, the interface between the solid substrate and the air/gas within the
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channel (G) with ysg surface energy and between the fluid and the air with interfacial energy
vic (Figure 1.3.1). Young’s law describes this system in equilibrium:

YsG + YsL + YLG cosO =0 (122)

Where 0 is the wetting angle between the fluid and the solid substrate. For low 0 values,
the spreading of the fluid on the solid surface is high and the surface can be characterized as
hydrophilic. In the case of high 8 values the surface is hydrophobic. Knowing the wettability
of a solution on a surface is quite important. Several chemicals, such as silanes or surfactants,
can change the hydrophobicity of the surface. In the case of protein crystallization, detergents
are used to solubilize membrane proteins, PEGs are used in the crystallization solution as
precipitants or lipids are used for the reconstitution of proteins in lipidic mesophases. All these
factors can affect the wetting of the microchannel’s surface.

Interfacial phenomena are also important for droplet-based microfluidics'’, where
droplets are formed between two immiscible fluids. In this system, there are two competing
forces: the surface tension acting on reducing the interfacial area and the viscous forces acting
on extending the interface, leading eventually to the droplet formation. The dimensionless
capillary number (Ca) describes the competition between interfacial and viscous forces:

u interfacial stress
Ca = ”7= e e (1.23)

viscous stress

Where y is the interfacial energy between the two immiscible fluids (J m), u is the fluid
velocity (m s?) and p is the shear viscosity (N s m™2).

Liquid Gas

Ysc
Solid I

Figure 1.3.1: Schematic representation of Young’s law illustrating the interfaces among
a solid substrate, liquid and gas and the respective surface energy vectors (y).
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1.3.5 Microfluidic crystallization

Microfluidics exhibit many advantages for the crystallization of biological
macromolecules!'t 118121 First of all, crystallization on microfluidic devices requires minute
amounts of protein sample (typically on the nL scale) reducing significantly the production and
purification cost of these high-valued biological macromolecules. Moreover, microfluidic
devices yield a large surface-to-volume area, compared to traditional methods for protein
crystallization, enabling a fine control over interfacial phenomena critical for droplet
formation or heterogeneous nucleation. At the same time, the flow of solutions in microfluidic
channels is laminar, characterized by low Re numbers, allowing diffusive mixing and short
mixing times. Inertial and convective phenomena are limited at the microfluidic scale and
turbulent mixing or gravitational effects are negligible. This control over transport phenomena
in microfluidic environments facilitates a fine tuning of concentration or temperature
gradients, or the generation of supersaturation, necessary for controlling the nucleation and
subsequent growth of crystals with desired size distribution and diffraction quality. These
advantages render microchips proper devices for investigating phase diagrams'?>1%> and
performing high-throughput screening and optimization of crystallization conditions, using
merely a few nL - uL of the valuable protein sample. Furthermore, on chip crystallization
addresses another hurdle in protein crystallography, which is the manipulation of the fragile
protein crystals. Manual handling, harvesting or cryo-preservation leading to concealed
conformational changes of the 3D protein structure®?® can be avoided.

But how exactly does the microscale affect crystallization? As already mentioned in
Section 1.1, crystallization is a process governed by both kinetic and thermodynamic
parameters. Thermodynamics controls the solubility through temperature, pH, solvent
concentration and other factors, while the kinetic trajectories on the phase diagram affect the
size, number and morphology of the crystals. Studying crystallization kinetics is essential for
decoupling nucleation from crystal growth. According to CNT, the induction time for
nucleation is strongly dependent on the supersaturation (Eg. (1.8), Section 1.1.1) and
practically, it can define the MSZW in the phase diagram. There are two models for the
theoretical determination of the induction time: the mononuclear mechanism suggesting that
the formation of the first, single nucleus drives the system out of metastability and the
polynuclear mechanism suggesting that this occurs only when a number of nuclei are formed
up to an adequate size. In both cases, the induction time is defined as*3®:

= 4 (—%  yi/n
t; v + (an] Gn_1) (1.24)

Where J is the nucleation frequency (m3s), Vi is the system volume (m3), a = Vm/Vt, Vm
is the volume of a nucleus, an is a shape factor determined by the growth mechanism and G
is the growth rate. Eq. (1.24) is a generalized formula for all growth mechanisms of the nuclei
and it is independent on whether the mechanism is mononuclear or polynuclear. The first
term of the sum (1/JV4) is the mean induction time of the mononuclear mechanism and the
second term of the sum, being independent of the system’s volume, corresponds to
polynuclear mechanism.
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Eqg. (1.24) shows a clear correlation between the nucleation time and the system’s
volume. In the case of small volumes, the mononuclear mechanism prevails. The microfluidic
scale, where V: is small (order of uL), affects nucleation kinetics by prolonging the induction
time for nucleation. This way, nucleation kinetics indicated by the mononuclear mechanism
can be decoupled by growth kinetics and measurements of the induction time can be
practically feasible. However, since induction time in microfluidics can be prolonged,
supersaturation can be adjusted in order to induce nucleation within shorter time intervals.
On the other hand, one must keep in mind that due to these prolonged induction times, not
observing crystals inside microfluidic devices doesn’t necessary translates to no nucleation at
all.

As explained in Section 1.1.1, nucleation kinetics was originally described for the case of
droplet condensation from its vapor phase in order to overcome the problems associated to
nucleation in bulk solutions. Large volumes, impurities or heterogeneous nucleation in several
sites within the bulk, complicate the measurements of nucleation rates (J) and induction time
(i) in solutions. Nucleation in droplets is a useful approximation to study nucleation kinetics
in small volumes and overcome the complications imposed by larger volumes®'?’. However,
even this approximation can be compromised by the polydispersity of the formed droplets.
Droplet-based microfluidic devices offer the advantage of generating small volumes of
monodisperse droplets necessary to study nucleation kinetics and phase diagrams!?7:128,

1.3.6 Microfluidic devices for protein crystallization

It is beyond the scope of this work to review all the advances accomplished in the field of
microfluidic crystallization or cite an extensive list of publications. There are indeed several
review articles!117,113-121,129,130 qyerviewing the progress on microfluidic devices developed
for protein crystallization and structure determination with the in situ X-ray diffraction
method. However, it is important to point out that despite the versatile advances in this field,
the integration of microdialysis in microfluidic devices has not been thoroughly studied.

The majority of the conventional methods for protein crystallization (Section 1.1.3) have
been implemented in microfluidic devices. Simple, hybrid or multi-layered microchips have
been developed for on chip protein crystallization via vapor diffusion3!, microbatch!3?, FID%,
counter diffusion’, solvent evaporation'3? or micro-seeding®3*. The on chip crystallization of
more challenging protein samples, such as membrane proteins, has also been studied. For
example, the group of R. F. Ismagilov'3> developed a droplet-based microfluidic approach for
screening and optimizing the crystallization conditions of the reaction center from
Rhodopseudomonas viridis and the porin from Rdodobacter capsulatus in nlL-sized plugs.
Crystallization of the reaction center from Blastochloris viridis was performed on the SlipChip,
a well-based microfluidic device made of soda-lime glass!3®. Moreover, the group of J. A. Kenis
has implemented the use of lipidic mesophases for protein crystallization at the microscale.
They have developed a microfluidic platform made of thin COC (50 um) and PDMS (35 — 70
um) layers for on chip preparation of lipidic mesophases and phase characterization with in
situ SAXS®3 and on chip crystallization of the photosynthetic reaction center from Rhodobacter
sphaeroides and structure analysis with in situ X-ray diffraction'%’.
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Another emerging issue in protein crystallization at the microscale is that of high-
throughput screening and optimization of crystallization conditions. A critical review on the
milestones and major developments in the field of high-throughput screening with
microfluidic devices has been published by Li and Ismagilov?3°. Several crystallization methods
have been successfully applied in valve-, droplet- or well-based microfluidic devices for
screening and optimization in protein crystallography. Droplet-based microfluidics has been
the preferred technique for crystallization screening in small volumes combined with
microbatch, pseudo-vapor diffusion or FID'713813% Moreover, the formation of nL - pL sized
droplets facilitates the study of nucleation or reaction kinetics and phase diagrams.

Microfluidic devices provide several benefits for controlling the size uniformity and the
morphology of protein crystals grown on chip. One of the most significant advantages is that
microfluidic tools circumvent the need for manually handling and harvesting the fragile
protein crystals prior to their use for structural analysis with the X-ray diffraction method.
Many research groups working on the field of structural biology have proposed the approach
of in situ X-ray diffraction on crystals grown directly on microchips. Microfluidic devices are
being designed and developed with a double goal of serving as microscale alternatives to
conventional crystallization techniques and simultaneously, as substitutes of classical
methodologies for delivering protein crystals in front of the X-ray beam through cryo-loops or
capillaries. Fabricating microfluidic devices compatible with in situ X-ray diffraction
experiments encounters some restrictions related to the interactions of X-rays with matter.
The composition of the fabrication materials and their thickness are parameters that should
be highly considered, since attenuation induced by the absorption of X-rays from the
materials, reduces the intensity of the diffracted beam. Moreover, the background noise
generated by scattering of the materials should be maintained as low as possible in order to
avoid restrictions or complications on the interpretation of the diffraction signal from the
crystal. The interactions of X-ray radiation with matter, the constrains rising when choosing
fabrication materials and some examples of microchips compatible with in situ X-ray
diffraction experiments are provided in more detail in Chapter 2. The characterization of the
materials composing our dialysis microchip is also provided in Chapter 2.

While microfluidic technology addresses the sample delivery issues in X-ray radiation
facilities with the in situ data collection approach, another restrictive parameter in protein
crystallography is the radiation damage observed in protein crystals. Cryogenic cooling of the
crystals prior to their exposure to X-ray radiation has been proposed to overcome this
problem. However, finding the optimal cryo-cooling conditions for each protein sample
requires screening and it can be laborious and time-consuming. In addition, cryo-cooling can
conceal conformational changes of the 3D protein structure. Data collection on microfluidic
devices is performed mainly at room temperature, even though there are chips designed to
perform crystallization and the addition of cryo-protectants in a single device!*°. Recent
studies have shown that lower specific radiation damage was observed for diffraction
experiments performed at room temperature'*!. The impact of radiation damage on protein
crystallography and some simulations on the case of radiation damage of HEWL crystals grown
on our microchips with the microdialysis method are detailed in Chapter 4.

Current studies in protein crystallography focus on more challenging protein targets due
to the continuous development of increasingly bright and micro-focused X-ray beams at
synchrotron facilities and the advent of X-ray free-electron lasers (XFELs). The novel approach
of serial crystallography!#%'43 has been introduced both at synchrotron (serial synchrotron X-
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ray crystallography, SSX) and XFELs (serial femtosecond X-ray crystallography, SFX) and is
based on collecting and merging partial diffraction data sets from multiple, small (200 nm to
2 um)**2, randomly oriented crystals before their destruction due to radiation damage. A high-
density multi-crystal grid fabricated by a 100 or 200 um thick polycarbonate plastic can be
used for loading crystals directly onto the ports of the device or crystals can be grown on the
device by vapor diffusion or the LCP method. Moreover, the grid can be adjusted in a standard
magnetic base and used for in situ X-ray data collection at cryogenic or room temperature
conditions'#*. The structures of various protein samples have been determined at high
resolution with this fixed-target approach using XFELs'*>. Single-crystalline silicon chips have
been used for fixed-target SSX. The structure of myoglobin from Physeter catodon was
determined at 1.8 A resolution46. The structure of glucose isomerase was solved at 2.1 A
resolution by collecting partial data sets from numerous crystals at room temperature on chips
made of a 80 um-thick PDMS layer sealed on both sides by 25 or 50 um-thick COC foil or 8 um-
thick Kapton foil'*’. Microfluidic chips have been also used for in situ time-resolved studies of
the photoactive yellow protein (PYP) from Halorhodospira halophila at room temperature
where the photoinitiation was performed with pulsed laser illumination4®,

All the devices mentioned above are only a small fraction of the developments achieved
in microfluidics for protein crystallization and structure determination. Examples were given
to emphasize how microfluidic technology has been evolved to keep up with the ongoing
progress and requirements of protein crystallography. The main contribution of this work in
this rapidly advancing field is the implementation of the microdialysis method in microchips
developed for on chip and in situ X-ray diffraction studies of soluble and membrane proteins
at room temperature.

1.3.7 Microfluidic dialysis

Dialysis as a crystallization method is based on the use of a semi-permeable membrane
separating the compartments containing the precipitant and protein solutions.
Supersaturation is achieved by the diffusion of the precipitant molecules through the semi-
permeable membrane towards the protein solution. The kinetic pathway of the dialysis in the
phase diagram (Figure 1.1.3), enables precise and reversible control over the crystallization
conditions. Combined with temperature control, dialysis can be used to decouple and
optimize nucleation and crystal growth kinetics independently!#® allowing the thorough
investigation of phase diagrams merely by altering the precipitant concentration while using
the same protein sample.

Membranes are defined as selective barriers permitting some species such as molecules
or ions to pass through. The transport across a membrane is driven by a gradient in
concentration, temperature, pressure or electrical potential between the two sides of the
membrane. When concentration gradient is the driving force, the operation can be dialysis,
pervaporation or forward osmosis. Micro-, ultra- and nano-filtration or reverse osmosis and
gas separation are pressure-driven separations>. The transport mechanism depends on the
structure of the membrane which can be dense or porous®>'. The transport across dense
membranes, such as PDMS or cellulose ester, is diffusion-based and this model applies in
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dialysis, reverse osmosis or pervaporation. Dense membranes are characterized by their
permeability (P) and selectivity (a), both being intrinsic properties indicating the capacity and
the separation efficiency of the membrane. For porous membranes, such as polysulfonate or
polyether membranes, transport occurs through the pores, convectively, according to the
hydrodynamic model and not through the material of the membrane. In this case, the
morphology of the membrane such as the porosity (€), the pore size and the tortuosity (t)
indicate the separation efficiency. Membranes are characterized by the MWCO in Daltons
(Da). The MWCO is defined as the molecular weight retaining 90 % of the transported species.
In crystallization via dialysis, the MWCO of the membrane is smaller than the molecular weight
of the protein, but large enough to allow smaller molecules such as salts, PEGs or solvents, to
diffuse through the membrane.

Membranes can also be further classified in homogeneous when they are entirely
fabricated by a single material either polymeric or inorganic and heterogeneous when they
are composed by a dense and a porous layer. In fact, there are several classifications
depending on the membrane morphology or functionality®>?. For example, ion-exchange
membranes allow the transportation of charged ions across the membrane, while retaining
oppositely charged ions or neutral particles. The driving force for the separation is a gradient
in the electrical potential. Porous, dense or electrically charged membranes are all
characterized as isotropic. Anisotropic membranes consist of several layers with different
structure or permeability. For example, interfacial membranes consist of a thin, dense film on
the surface and a thicker, porous support. There are indeed several possible combinations of
membrane characteristics and morphologies. In dialysis crystallization, RC membranes are the
most commonly used. The RC dialysis membrane is hydrophilic but not soluble in water,
allowing the diffusion of ions or molecules with low molecular weight, while retaining
macromolecules such as proteins, due to the intermolecular hydrogen bonding among the
hydroxyl groups of the membrane>®>4 Dialysis membranes are microporous and
homogeneous with high chemical and biological compatibility. In this work, RC dialysis
membranes from SpectrumLabs were used with a MWCO of 6 — 8 or 12 — 14 kDa depending
on the protein sample and the molecular weight of PEGs in the crystallization solution.

Several approaches have been reported for the integration of membrane technology in
microfluidics. A review by de Jong et al.'>® summarizes the integration of membrane
functionality in four main categories, while the review by Chen and Shen®° adds the recent
developments in the field. Commercially available membranes can be directly incorporated
into microfluidic devices by clamping or gluing. This method is relatively simple in application
and allows the choice among a variety of membrane materials and morphologies, but the
sealing of the device can be a difficult task. A second method to integrate membranes in
microfluidics is to prepare the membrane during the fabrication of the device where porous
layers can be fabricated directly by materials used in the process. An alternative is to use the
membrane properties of the materials composing the chip. PDMS has been widely studied
and exploited for its high permeability to gas'>, while other polymeric materials such as
polyimides can serve the same purpose. The fourth method of membrane integration is the in
situ preparation. Since the pioneering work of Beebe et al.2>® for fabricating active hydrogels
inside microchannels by direct photo-polymerization of the liquid phase, much progress has
been reported in the use of hydrogels as membrane materials. Song et al.*> fabricated nano-
porous microdialysis membranes of acrylate monomers in chips by using phase separation
polymerization with a UV laser beam. They fabricated two membranes with different MWCOs
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showing that controlling the phase separation and the ratio between the monomer and the
cross-linker can modify the MWCO of the membrane, the position and the thickness. Recently,
the group of J.-B. Salmon used a maskless UV projection setup for the in situ photo-patterning
of nano-porous hydrogel membranes in microfluidic devices made of polyethylene glycol
diacrylate (PEGDA) 250 '8 or PDMS*®°, In the latter case, they fabricated membranes with a
MWCO within the range compatible with protein microdialysis.

The case studies in biology integrating dialysis in microfluidic devices can be mainly listed
in sample preparation, concentration or filtration and cell studies'®. But what about protein
crystallization on chips with the dialysis method? Shim et al.}*° developed the Phase Chip, a
device made of PDMS that takes advantage of the membrane properties of the elastomer in
order to implement dialysis for protein crystallization. 1 nL droplets of the protein sample
(xylanase) were formulated in a continuous oil stream and stored in the wells of the chip. First,
numerous, small nuclei of crystals were formed which were subsequently, dissolved by using
dialysis to reduce the protein and precipitant concentration. This approach of decoupling
nucleation from growth enables only a few, large, high-quality crystals to grow. Kornreich et
al.*®! fabricated a dialysis chip made of two PDMS layers separated by a cellulose ester
membrane. Dialysis was used to exchange buffer conditions in order to monitor the phase
transition of the filamentous bacteriophage fd virus from isotropic to liquid crystal with cross
polarizers. A step further on the use of dialysis for in situ structural studies of proteins was
done by Skou et al.1%2, The authors developed a microfluidic setup with two separate modules.
The first module is a dialysis chip where a RC dialysis membrane is “sandwiched” in between
two PDMS sheets, clamped together with two pieces of 5 mm thick PMMA plates. The dialysis
chip was used to concentrate a protein solution (lysozyme) with an imposed osmotic pressure
difference across the membrane. The dialysis chip was connected to the exposure chip where
a 25 pm thick polystyrene (PS) window was used for in situ SAXS measurements. Recently, as
mentioned above, Nguyen et al.>® fabricated PEGDA-based hydrogel membranes within
PDMS channels using maskless UV projection photo-polymerization. The chips were used to
measure the membrane permeability and estimate the MWCO (10 — 20 kDa) and to crystallize
chicken egg-white lysozyme via microdialysis.

Despite the tremendous progress in the field, there hasn’t been so far to our knowledge,
a microfluidic device designed for on chip crystallization of proteins with the microdialysis
method and compatible for in situ X-ray diffraction experiments. We have developed such a
chip made of the photo curable NOA 81 (Norland Optical Adhesive) resin, incorporating a RC
dialysis membrane. The MWCO of the RC membrane can vary and is chosen accordingly to the
experimental conditions, i.e. the molecular weight of the protein sample and the precipitating
agent. The chips have been used for the on chip crystallization of soluble (HEWL, Thaumatin)
and membrane (ShuA from Shigella dysenteriae, AcrB from Escherichia coli, SERCA from
Oryctolagus cuniculus, TmPPase from Thermotoga maritima) proteins and have been fully
characterized for their compatibility with in situ X-ray diffraction experiments. Chapter 2
details the development of the chip’s fabrication protocol, while the crystallization trials and
the diffraction experiments are included in Chapter 4.
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Chapter 2

Microfluidic chips

2.1 Introduction to microfabrication
2.1.1 Designs and masks

Photolithography is one of the standard, conventional methods, along with electron
beam or focused ion beam (FIB) lithography, to generate patterned masters?.
Photolithography, usually performed in a clean room, consists of several steps and the basis
of the method is to imprint micro-structures on silicon wafers by illumination of a
photosensitive resin through a photomask. There are two types of photolithographic masks:
the hard masks produced in quartz or borosilicate glass, commonly used in microelectronics,
and the soft masks made of plastics as for example, polyethylene terephthalate (PET). In this
work, we used soft masks containing transparent and opaque (black) features (Figure 2.1.2 (a)
and Figure 2.1.2 (b)). The lateral dimensions of the patterns printed on a soft photomask can
reach a limit of 8 um, whereas for dimensions < 8 um the patterns are transferred by laser or
electron beam on a thin layer of chrome (Cr) metal on a glass slide3. Even though hard masks
display several advantages such as high resolution, solvent resistance and high transparency,
their production is time-consuming and more expensive compared to soft masks that can be
printed within a few hours. The physical properties of photolithographic masks can alter with
temperature, humidity, mechanical stress and aging. These changes have to be taken into
account because they can influence the transfer of the patterns on the photosensitive resin
and eventually on the microfluidic device.

Designing the masks is a step that proceeds the microfabrication steps. For this purpose,
a vector drawing software (CleWin 3.0) was used to design the motifs of the masks. Two
designs of the microfluidic chips are available depending on the volume of the protein
reservoir (0.1 uL or 0.3 pL). For each of these chips, two soft photomasks were designed: one
outlined with the channels and pillars and one mask outlining only the pillars. Figure 2.1.1 (a)
shows the design for the 0.1 uL chip drawn with CleWin and Figure 2.1.2 (a) shows the
respective photomasks, while Figure 2.1.1 (b) and Figure 2.1.2 (b) show the design and the
photomasks, respectively, for the 0.3 uL chip.
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Figure 2.1.1: The patterns of the microfluidic chips as designed with CleWin with (a) 0.1
uL and (b) 0.3 pL volume of the protein reservoir. In both designs, the figure on the left
includes the linear fluidic channel and the pillars, while the figure on the right contains only
the pillars.

Figure 2.1.2: The soft photomasks of the (a) 0.1 pL and (b) 0.3 pL design containing the
channel and the pillars (left) and containing only the pillars (right). The masks feature
opaqgue motifs that remain soluble during the development step when the SU-8 negative
photoresist is used for photolithography.
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2.1.2 Photolithography

The first step of photolithography is the spin coating of a photosensitive resin on a
substrate, as for example a silicon wafer. The photoresist is then exposed to radiation of a
specific wavelength in order to transfer the patterns of the photomask on the wafer. There
are three ways of pattern transfer from a mask including: i) contact printing, in which the mask
is in direct contact with the silicon wafer where the photoresist is deposited, ii) proximity
printing which requires short distance between the photoresist and the mask and iii)
projection printing where the mask patterns are projected on the photoresist through an
optical system. In this work, we used the epoxy-based negative photoresist SU-8 (3000 series,
Microchem), the UV illumination source was the mask aligner MJB 4 by SUSS MicroTec and
the transfer mode was contact printing. The UV light activates the photoactive components
of the resin modifying the local solubility. A photoresist is defined as positive when the
exposed parts remain soluble after irradiation, while it is negative if the exposed parts are
crosslinked®?. Thus, the black patterns on the photomasks of Figure 2.1.2 (a) and Figure 2.1.2
(b) remain soluble in the developer solvent (PGMEA) after the UV exposure during
photolithography and the channels and pillars are engraved on the masters (Figure 2.1.3).

Figure 2.1.3: The SU-8 master of the 0.3 uL design developed during photolithography
on a silicon wafer. The opaque features of the photomask are not polymerized during
photolithography and the patterns are engraved on the master.

The height of the photoresist on the master depends on the thickness of the layer that is
initially deposited on the silicon wafer, while the photomask defines the shape and the lateral
dimensions of the patterns3. Photoresists can be deposited on silicon wafers with various
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techniques such as spin coating, spray coating and electrodeposition. We used the spin
coating method and the SPS Spin 150 spin coater. The silicon wafer is placed on the dedicated
position of the spin coater and applied vacuum maintains it in place while rotated in high
speed. The photoresist is then deposited on the center of the wafer and during acceleration,
centrifugal forces spread the photoresist across the surface creating a thin film on the wafer.
The thickness and the uniformity of this thin film is very important in microfluidic applications
and can be adjusted by the spinning speed and acceleration.

In the case of the SU-8 photoresist, the acceleration ramp and the spinning speed are
provided by the manufacturer (Kayaku Microchem) in order to select the appropriate product
and the experimental parameters for the desired film thickness. The SU-8 3000 series was
developed for improved adhesion, reduced coating stress and high aspect ratio imaging. The
thickness of the film after spin coating can range from 4 — 120 pum. SU-8 3000 can be used for
UV lithography with a wavelength of 350 — 400 nm, even though in this work we used a
wavelength of 365 nm. SU-8 3000 photoresists are provided in five different viscosities. The
manufacturer provides graphs of the film thickness (um) as a function of the spin speed (rpm)
for all five SU-8 3000 resists in various temperatures. Figure 2.1.4 shows the film thickness for
various spin speeds and SU-8 3000 products at 294 K. To prepare the SU-8 masters, we chose
the SU-8 3050 photoresist with a density of 1.153 g mL™* and a viscosity of 13.8 Pas.

A comprehensive review on SU-8 photolithography is given by Martinez-Duarte and
Madou®. The general process for producing a SU-8 master on a silicon wafer consists of five
steps: the spin coating, the soft baking, the exposure to UV radiation, the post-exposure bake
(PEB) and the development. Prior to the application of the photoresist on the substrate, the
silicon wafer was treated in an air plasma cleaner (Diener Electronic ZEPTO) for 90 s to
promote adhesion. Apart from recommendations on the spin speed and acceleration, the
manufacturer provides also information for the time of the soft bake and the PEB at 368 K,
the exposure energy and the development time, depending on the film’s thickness (Table
2.1.1).

For a thickness of approximately 50 um, the SU-8 3050 resist was applied as follows
(according to Figure 2.1.4 and Table 2.1.1):

e Spin coating: 10 s spin at 500 rpm with acceleration of 100 rpm/s followed by 30 s spin
at 3500 rpm with acceleration at 300 rpm/s

e Soft bake: 15 min at 368 K on a hot plate followed by 2 min at room temperature

e UV exposure: 8 s with a power of 41 mW cm™

e PEB: 5 min at 368 K on a hot plate followed by 2 min at room temperature

e Development: 15 min in PGMEA bath

The silicon wafer with the photoresist structures on it, called the master, is then rinsed
with isopropanol until no blurry precipitation is observed, dried with nitrogen gas and stored
in Petri dishes. Finally, the surface of the master is treated with a silane to facilitate the
detachment of PDMS during the soft lithography steps of the fabrication protocol. The wafers
are placed in a tapped hot plate for 10 min at 368 K under the vapor atmosphere of
Hexamethyldisilazane (HMDS). The depth measurements of the channels and the pillars
engraved on the SU-8 masters prepared for the two chip designs used in this work were
performed with a profilometer and the results are provided in Appendix 2.1 (Figure A2.1 and
A2.2).
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Figure 2.1.4: Film thickness for various spin speeds and SU-8 3000 products at 294 K
(Kayaku Microchem).

Table 2.1.1: Recommended time for soft bake, PEB and development and
recommended exposure energy depending on the film’s thickness for the SU-8 3050
photoresist (Kayaku Microchem).

Thickness Soft bake time PEB Exposure energy | Development
(um) (min, at 368 K) (min, at 368 K) (mJ cm?) (min)
4-10 2-3 1-2 100 - 200 1-3
8-15 5-10 2-4 125-200 4-6
20-50 10-15 3-5 150-250 5-8
30-80 10-30 3-5 150-250 6-12
40-100 15-45 3-5 150-250 7-15

2.1.3 Soft lithography

Soft lithography is a non-photolithographic method where elastomeric materials are used
for reproducing micro- and nano-structures (30 nm to 500 um)® on stamps with the patterned
relief structures on their surface. There exists a wide variety of soft lithographic techniques¢-
8 including microcontact printing (LCP)°, microtransfer molding (UTM), replica molding
(REM)* and micromolding in capillaries (MIMIC)'? or other techniques such as solvent-
assisted micromolding, cast molding, embossing and injection molding. All soft lithographic
techniques have been extensively used in microfabrication due to the low capital cost, the
ease in manipulation and reproduction, the diversity of the materials that can be patterned
with these methods and the fact that clean room facilities are not required. Soft lithography
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techniques use organic (soft) materials such as polymers for transferring and replicating a
pattern on stamps or molds. The pattern replication first lies on the fabrication of the
patterned silicon masters. Then, the masters are molded with an elastomer (PDMS) to
generate the patterned stamps which are subsequently used for generating a replica of the
original pattern on a surface or substrate.

PDMS elastomers (or silicone rubbers) are the most widely used materials in soft
lithography, exhibiting a plethora of advantageous features. PDMS has low interfacial free
energy (19 — 21 mJ m), low elastic modulus (2.5 MPa for Sylgard 184*3) and good thermal
stability. It is isotropic and homogeneous material. The elasticity of PDMS and its high
permeability to gases!* make it a suitable candidate for fabricating elastomeric valves and
pumps by multilayer soft lithography'®. The interfacial properties of the elastomer can be
modified by air or oxygen plasma treatment. Plasma activation makes a surface more
hydrophilic by inducing the generation of Si-OH groups. In the case of PDMS, plasma
treatment converts the methyl (-OSi(CH3).0-) group to silanol (-OnSi(OH)as-n). The irreversible
bonding between two plasma-activated surfaces (as for example PDMS and glass commonly
used in microfluidics) is attributed to the formation of the covalent siloxane (Si-O-Si) bond.
PDMS is also optically transparent down to 300 nm®. Additional properties that make PDMS a
good choice are its low cost, biocompatibility, low toxicity and inertness to many chemicals.
However, some of the PDMS properties may restrict its application range. PDMS shrinks by
approximately 1 % after crosslinking and swells in organic solvents'®. Moreover, the low elastic
modulus limits the working pressure when circulating fluids in PDMS-based microfluidic
devices since high pressure values can change the geometry of the fluidic channels. The
flexibility of PDMS also limits the aspect ratio of the microstructures that can be patterned on
its surface using soft lithography'’. Finally, distortion of the PDMS stamps, known as stamp
collapse, is attributed to adhesive forces between the stamp and the substrate material (SU-
8 master) when the former is detached from the latter?®.

PDMS comprises of an inorganic siloxane backbone (Si-O-Si) and organic methyl groups
attached to silicon. The repeating monomer group of PDMS is (-OSi(CH3),-) terminating with
vinyl groups (-CH=CH;), while the periodic group of the curing agent is a silicone hydride
(-OSiHCH3-). Due to its low glass transition temperature (148 K°), PDMS is liquid in room
temperature and can be thermally crosslinked. In this work, we have used the product Sylgard
184 from Dow Corning containing a liquid silicon rubber base and a curing agent. The two
components were mixed in a 10:1 (base: curing agent) mass ratio and cured thermally in an
oven (Memmert UNE 200-800) for 1 h at 338 K. The mixing ratio of the two PDMS components
is defined by the desirable Young’s modulus and the higher this ratio the lower is the Young’s
modulus value of the elastomer?®. Crosslinking occurs through the hydrosilation reaction
between the vinyl groups of the siloxane oligomer and the groups of the curing agent creating
(-Si-CH,-CH,-Si-) bonds. A platinum catalyst contained in the curing agent catalyzes the
crosslinking which can take place at room temperature or it can be accelerated at higher
temperatures.
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2.2 Microfabrication of the dialysis chip
2.2.1 Protocol

The protocol for the fabrication of the microfluidic devices used in this study is a
modification of the protocol developed by Niels Junius during his Ph.D. thesis?. The original
protocol was patented?? and published in a peer review journal in 2020%3, while the modified
protocol, enabling to further reduce the required volume of the protein sample, and a case
study of the on chip crystallization of a soluble protein (HEWL) and in situ X-ray diffraction
data collection were published recently?4. The fabrication protocol is based on the pioneering
work of Bartolo et al.?> who developed “stencil-like” micro-patterned stickers (uPS) made of
the thiolene-based resin NOA 81 using soft imprint lithography. Later on, the same group
(Morel et al.??) modified their protocol in order to fabricate microfluidic devices of the NOA
resin embedding commercially available polycarbonate membranes. They used the devices to
study the diffusion of various components across the membrane under shear free conditions
for cell cultures?®?’, The device consisted of two parts: one layer containing the micro-
structures made of the photo-curable resin, embedding a porous membrane and sealed on
one side with a glass slide with drilled holes for the circulation of the solutions and the second
part was a coverslip patterning open micro-wells for the cell culture. The two parts were
bonded in a reversible manner with magnets and the device was used for diffusing the desired
molecules from the flow channel, through the membrane to the micro-wells containing the
cells or tissues. The porous membranes were made of polycarbonate (Cyclopore) with a 400
nm hole diameter. An innovative modification of the method led to the conception of the
dialysis chip used in this work, developed to couple the advantages of the microfluidic
technology, such as minute sample consumption per experiment (typically < 1uL), and the
microdialysis protein crystallization method allowing for accurate, fine-tuned and reversible
control over the experimental parameters of the on chip crystallization. This work is based on
the miniaturization of a macro-scale bench (typical volume > 20 pL), previously developed in
our laboratory, using a dialysis flow cell for screening and optimizing protein crystallization by
mapping temperature or precipitant concentration phase diagrams?®2°,

The fabrication protocol is shown schematically in Figure 2.2.1 as a transverse view and
in Figure 2.2.2 as a 3D representation. The preparation of the SU-8 masters was performed at
the Laboratory of the Future (LOF, Bordeaux) and the microfluidic chips were fabricated at
the Laboratoire Interdisciplinaire de Physique (LiPhy, Grenoble). The first step of the
fabrication procedure is to prepare two masters on silicon wafers (Si wafers, (100) orientation,
76.2 mm diameter, 500 + 20 um thickness) with the desirable patterns by photolithography
using a negative photoresist in a clean room. Before use, the surface of the two Si wafers was
treated with air plasma for 90 s to facilitate the deposition and attachment of the negative
photoresist. Once treated, the Si wafer was placed on a spin coater and roughly 3 mL of the
photoresist was poured in the middle of the wafer. In order to obtain a layer of 50 um nominal
thickness, the SU-8 3050 negative photoresist was spin coated for 10 s at 500 rpm and
successively for 30 s at 3500 rpm (Figure 2.2.2 (A)). After the deposition, the photoresist was
placed on a hot plate (Sawatec HP-200-Z-HMDS BM) for 15 min at 368 K. This step is called
soft baking (pre-exposure baking) and it allows the evaporation of the solvent contained in
SU-8 and the partial solidification of the resin. This way, the masters don’t stick on the
photomasks during the following steps of the protocol. Then, the masters are left at room
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temperature for 2 min. The next step of photolithography lies on the production of the
geometrical patterns designed for the chip on the silicon wafers. Therefore, the silicon master
covered with the partially solidified SU-8 photoresist is placed on a mask aligner with a power
of 41 mW cm2 and exposed to UV light for 8 s (Figure 2.2.2 (B)). Subsequently, the master is
placed again on the hot plate for 5 min at 368 K for the post-exposure baking to complete the
photoreaction initiated by the UV exposure. Next, the wafer is immersed in a bath of PGMEA
and stirred gently for approximately 15 min in order to remove all the SU-8 resist that was not
crosslinked during the UV exposure. The wafer is then rinsed with isopropanol and dried with
nitrogen gas. Two designs of the microfluidic chips are available depending on the volume of
the compartment dedicated to be the protein reservoir. The respective volume values can be
0.1 plL or 0.3 pL. For each of these two designs, two silicon masters are necessary for the
fabrication process. After photolithography, one master contains the linear, fluidic channel
and the pillars (Figure 2.2.1 (A) left, Figure 2.2.2 (B) left) and the second master contains only
the pillars (Figure 2.2.1 (A) right, Figure 2.2.2 (B) right). Therefore, the steps of
photolithography detailed above are applied twice in order to produce two silicon masters for
each chip design. Finally, the surface of both masters is treated with a silane to facilitate the
detachment of PDMS during the following steps of the fabrication protocol. The wafers are
placed in a tapped hot plate for 10 min at 368 K under the vapor atmosphere of HMDS. The
silicon masters can be stored in Petri dishes and used indefinitely if the patterned micro-
structures are not damaged. Moreover, the surface of the masters can be treated with HMDS
vapor whenever the detachment of PDMS becomes difficult after several uses.

The second part of the fabrication protocol is based on soft lithography techniques®’ and
specifically, on soft imprint lithography3°. For each design, two PDMS molds were generated
by replica molding of the two masters. The PDMS silicone base was mixed with its curing agent
in a 10:1 mass ratio. Then, the mixture was degassed in a vacuum desiccator to remove all air
bubbles. The mixture was then poured on the two masters up to a height of approximately 5
mm (Figure 2.2.1 (B), Figure 2.2.2 (C)) and PDMS was cured thermally in an oven for 1 h at 338
K. Once the PDMS molds were hardened (Figure 2.2.2 (D)), they were cut with a scalpel around
the patterns of the SU-8 masters (Figure 2.2.2 (E)). The first PDMS mold consists of a layer
including the linear fluidic channel and the pillars for the inlet/outlet ports and the protein
reservoir (Figure 2.2.2 (E) left) and the second mold includes only a layer of pillars (Figure 2.2.2
(E) right). The patterns exceed vertically from the horizontal surface of the PDMS molds by
approximately 45 um which is the height of the patterns produced on the SU-8 masters during
photolithography. It should be mentioned that during photolithography, the nominal height
of the patterns engraved on the two masters was 50 um but, once the procedure was
completed, profilometer measurements showed that the experimental value was
approximately 48 or 44 um (Appendix 2.1).

The third part of the protocol is the fabrication of the dialysis chips. The PDMS mold
containing both the channel and pillars is placed on a rigid microscope glass slide (3 x 1 in.
standard size) with the patterns facing upwards (Figure 2.2.1 (C), Figure 2.2.2 (F)). A dry piece
of the RC dialysis membrane with the appropriate MWCO is deposited on the PDMS mold right
above the central pillar which is the protein reservoir. The size of the RC membrane piece is 2
x 2 mm? for the 0.1 pL chip and 4 x 4 mm? for the 0.3 pL chip. Then, the second PDMS mold
containing only the pillars is placed and aligned with its micro-structures facing downwards.
The alignment can be accomplished by visual inspection or with the aid of an optical
microscope. The main goal is to align the two central pillars and the respective inlet/outlet
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points (at the edges of the fluidic channel) of the two PDMS molds. The piece of the RC dialysis
membrane is “sandwiched” in between the two PDMS molds (shown in red color in Figure
2.2.1 (D) and Figure 2.2.2 (G)). Once the alignment is achieved, the assembly is desiccated for
30 min in a vacuum chamber in order to remove all the trapped air in the PDMS molds and
facilitate the insertion of the resin during the next step in the protocol. The two PDMS molds
are held together by solid-solid (PDMS-PDMS) adhesion and there is no need for pressure or
other external way of temporary bonding. The empty space between the two PDMS molds is
then filled with the photocurable, thiolene-based resin NOA 81 by capillary imbibition (Figure
2.2.1 (E), Figure 2.2.2 (H)) and the adhesion between the two PDMS molds prevents the filling
of the pillars by the liquid resin. NOA 81 has a viscosity of 300 mPa s at 298 K and it takes a
few minutes to fill in the space between the two PDMS molds by capillarity. Once the filling is
complete, the resin is cured by UV (365 nm) exposure for 10 s using a collimated UV lamp with
a power of 35 mW cm™ (UVITec Crosslinker CL-508) (Figure 2.2.1 (F), Figure 2.2.2 (l)). This
short exposure allows NOA 81 resin to be partially crosslinked leaving a thin layer of the liquid
precursor in contact with the two PDMS molds uncured due to the gas permeability of PDMS
and the inhibition of polymerization by oxygen. The upper PDMS mold with the partially
crosslinked layer of NOA is separated from the bottom PDMS mold supported on the glass
slide and, it is gently pressed on a 175 um thick PMMA (Goodfellow) foil (Figure 2.2.1 (G),
Figure 2.2.2 (J)). The new assembly (upper PDMS mold + NOA + PMMA) is exposed again to
UV light for 60 s. The second exposure allows the resin to be fully crosslinked and facilitates
the adhesion of NOA to the PMMA substrate without any further treatment or manipulation.
Finally, the upper PDMS mold is carefully removed from the NOA 81 sticker (Figure 2.2.1 (H),
Figure 2.2.2 (K)). The two PDMS molds can be reused a few times once washed with
isopropanol and acetone, as long as they are not damaged or bent. Damage of the PDMS
molds can lead to un-desirable leakage of the liquid NOA resin in between the pillars.

A side view schematic of the dialysis chip is given in Figure 2.2.1 (I) and Figure 2.2.2 (L).
The piece of the RC dialysis membrane is directly incorporated within the NOA 81 crosslinked
resin, separating the protein reservoir from the linear fluidic channel located at the bottom
layer of the chip. No mechanical clamping or further manipulation was necessary to fix the
membrane. The height of the micro-structures imprinted on the bottom layer of the chip
(fluidic channel) is approximately 45 um and the height of the protein reservoir is 45 um, while
the height of the inlet and outlet port is 90 um. The volume of the protein reservoir is 0.1 or
0.3 uL (two different designs), while the respective values for the chips developed by Junius
et al.> were 0.2 and 0.7 pL.
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Figure 2.2.1: Schematic representation of the dialysis chip fabrication process (side
view). (A) Two SU-8 masters on silicon wafers containing the channel and pillars are
produced with photolithography and (B) two PDMS molds are produced by soft lithography
containing the reverse patterns of the SU-8 masters. (C, D) The two PDMS molds are
supported on a glass slide and a piece of the RC dialysis membrane is “sandwiched” between
the molds. (E) The space between the molds is filled by capillarity with the photo-curable
resin NOA 81 and (F) the resin is exposed to UV light. (G) The bottom PDMS mold is removed
and the assembly containing the upper PDMS mold and the partially cured NOA 81 resin is
pressed on a PMMA substrate. (H) A second UV exposure follows to fully polymerize the
resin and the upper PDMS mold is removed. (I) Side view of the dialysis chip showing the
protein reservoir and the inlet/outlet ports of the fluidic channel. Modified by Junius et al.?3
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Figure 2.2.2: 3D schematic representation of the dialysis chip fabrication protocol. (A)
The SU-8 resist is spin coated on two silicon wafers and (B) two masters containing the
channels and pillars are prepared during photolithography. (C) PDMS is poured on the silicon
masters and after being cured for 1 h at 338 K, (D) the two PDMS molds produced by soft
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lithography are peeled of the SU-8 masters. (E) The two PDMS molds featuring the micro-
patterns are cut to an appropriate size and (F) supported on a glass slide. The RC dialysis
membrane is “sandwiched” between the two central pillars of the PDMS molds and (G) the
molds are placed in desiccator for approximately 30 min. (H, I) The space between the molds
is filled by capillarity with the photo-curable resin NOA 81 and exposed to UV light for 10 s.
(J) After the first exposure, the bottom PDMS mold is removed and the assembly with the
partially cured NOA 81 layer and the upper PDMS mold is supported on a PMMA substrate.
(K) The new assembly is exposed again to UV light (60 s) and the upper PDMS mold is
removed. (L) Side view schematic of the dialysis chip including the thickness of the materials
and the height of the micro-patterns. Modified by Jaho et al.?

2.2.2 Connectors and protein encapsulation

Pictures of the microchips, the fluidic channels, the protein reservoir and the connectors
used for setting up crystallization experiments are shown in Figures 2.2.3 —2.2.5. Two designs
were developed for the on chip crystallization of proteins via microdialysis depending on the
maximum volume capacity of the protein reservoir. Microchips with 0.3 pL and 0.1 pL
maximum volume of the protein reservoir are shown in Figure 2.2.3 (a) and Figure 2.2.3 (b),
respectively. The protein reservoirs and the linear fluidic channels are indicated in Figure 2.2.3
(c) for two different microchips. For both designs, the length of the fluidic channel is
approximately 36 mm and its width is 0.5 mm. However, the height of the channels depends
on the thickness of the deposited SU-8 resin on the silicon master during photolithography.
As explained in Appendix 2.1, the nominal thickness value during photolithography was 50 um
but the experimental values measured with a profilometer were 48 um of thickness for the
0.1 pL design and 44 um for the 0.3 plL design. Assuming a rectangular cross section for the
fluidic channels, the volume was calculated to be approximately 0.9 uL for the two chip
designs. Thus, one chip requires merely 0.1 uL of protein sample and 0.9 uL of precipitant
solution to fill the fluidic channel and start a crystallization experiment, whereas the other
chip requires 0.3 pL of protein sample and 0.9 ul of precipitant solution.

As explained in the fabrication protocol (Section 2.2.1), a 175 um thick PMMA foil is used
as a substrate for the NOA 81 chip (Figure 2.2.3 (a)). During the second UV exposure, the NOA
81 resin gets fully polymerized and is attached on the PMMA substrate by adhesion. COC was
also tested as a potential substrate for the NOA 81 chips considering its widespread
application in microfluidic devices compatible for in situ X-ray diffraction experiments. Figure
2.2.3 (b) shows a NOA 81 chip on a 50 um thick COC foil (Microfluidic ChipShop). The
fabrication protocol is the same as the one used to fabricate NOA on PMMA chips with a few
modifications. The time for the first UV exposure of the NOA 81 resin is 5 s (as opposed to 10
s for the standard protocol) and for the second UV exposure is 45 s (as opposed to 60 s for the
standard protocol). Moreover, the hydrophobic surface of the COC foil was treated with air
plasma for 3 min prior to its use in order to enhance the adhesive bonding with the NOA 81
resin. Once the UV exposure time and the plasma treatment time were established, several
chips were fabricated on a COC substrate. However, the COC foil is more flexible than PMMA.
Thus, PMMA was the preferred substrate for fabricating chips for crystallization experiments
and in situ X-ray diffraction studies.
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The on chip crystallization experiments can be performed in two different modes, the
static and the continuous circulation mode. For the static mode operation, the fluidic channel
is filled with the precipitant solution manually or automatically with the aid of a syringe pump
or a pressure-driven system and then, it is set aside, under proper temperature and humidity
conditions, for crystallization. For the continuous circulation mode, the precipitant solution is
flowing within the fluidic channel continuously under constant flow or under constant
differential pressure (AP) between the inlet and the outlet port of the fluidic channel. The
pressure at the outlet port is equal to the atmospheric pressure, while the inlet pressure value
can be adjusted by a pressure-driven system (Chapter 3). Junius et al.?® suggested that the
inlet pressure value varies between 20 — 60 mbar for solutions with viscosity close to water
viscosity and between 50 — 150 mbar for more viscous solutions. In the case of the on chip
crystallization of membrane proteins where the crystallization solution often contains PEG or
glycerol, we used an injection pressure of 50 — 100 mbar. Moreover, the continuous circulation
mode offers the advantage to exchange the precipitant solution with another one without
wasting the protein sample and the device itself. 400 uL is the total volume required in order
to completely exchange a solution flowing within the channel with another one?3. This
approach is recommended for screening crystallization conditions and mapping the phase
diagram of the protein with reduced sample consumption. The instrumental developments
related to the automation and control of the on chip protein crystallization via microdialysis
are discussed in detail in Chapter 3.
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Figure 2.2.3: Microfluidic chips embedding a RC dialysis membrane for on chip protein
crystallization. (A) NOA 81 chip with a 0.3 pL protein reservoir on a 175 um thick PMMA
substrate. (B) NOA 81 chip with a 0.1 pL protein reservoir on a 50 um thick COC substrate.
(C) Top view of NOA 81 chips with 0.1 pL (left) and 0.3 uL (right) protein reservoir on PMMA.
The fluidic channels and the protein reservoirs are indicated.
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A close-up view of the 0.3 pulL protein reservoir under a bright field optical microscope
(Leica) is shown in Figure 2.2.4. As described in the fabrication protocol, the piece of the RC
dialysis membrane is directly embedded within the NOA 81 crosslinked resin (Figure 2.2.4 (a)).
The protein reservoir is the compartment located right above the dialysis membrane and
corresponds to the central pillar of the upper PDMS mold as illustrated in Figure 2.2.2 (F) of
the fabrication protocol. The other two pillars of the same PDMS mold correspond to the inlet
and outlet ports of the fluidic channel. The protein reservoir and the inlet/outlet ports
resemble holes on the various photographs of chips shown in Figure 2.2.3. The height of the
protein reservoir is determined by the thickness of the SU-8 resin deposited on the silicon
master during photolithography. For the design with 0.1 uL volume of the protein reservoir,
the height was measured to be 48 um and for the 0.3 pL design, the height was 44 um. The
heights of the protein reservoir (48 or 44 um), the fluidic channel (48 or 44 pL) and the
inlet/outlet ports (96 or 88 um) are shown in a schematic side view of the chip in Figure 2.2.2

(L).

It is worth noting that several studies have been conducted to estimate the effect of UV
radiation on PDMS and polymeric membranes. UV radiation can change the surface chemistry
of PDMS3! and it can be used for direct photo-patterning of PDMS mixtures containing photo-
initiators like benzophenone3?. However, in this work, we use PDMS molds only as
intermediates for the fabrication of the NOA 81 sticker. The PDMS molds are used several
times but they are disposed when they are damaged and hinder the fabrication process. In
the case of polymeric membranes, it has been shown that UV irradiation increases the water
permeability of poly(ether sulfone) and sulfonated poly(sulfone) membranes333* or the salt
permeability of the RC dialysis membrane3>. Specifically, Vaquez et al.3> treated a sample of
RC membrane with UV light at 317 nm and 40 W for 48 h and they measured 5 % increase in
NaCl permeability of the UV treated membrane compared to the permeability of the
untreated membrane. This change was related to changes in the packing of the polymer chains
resulting in increased fractional void volume after UV irradiation. Nevertheless, the exposure
time and energy used during the fabrication of the dialysis chip (10 and 60 s at 35 mW cm™)
can be considered negligible to induce any alteration on the functionality of the RC dialysis
membrane.
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Figure 2.2.4: Top view of the 0.3 uL protein reservoir through an optical microscope. (a)
The RC dialysis membrane, embedded within the NOA 81 chip, is indicated. (b) The droplet
of the protein sample is pipetted in the protein reservoir located right above the RC dialysis

membrane.

As described so far, the central pillar of the chip designed to being used as the protein
reservoir remains open and exposed to the atmosphere. First, the protein droplet is manually
pipetted within the protein reservoir right upon the RC dialysis membrane, as shown in Figure
2.2.4 (b). Then, a thin layer of high-vacuum silicone grease is applied all around the protein
reservoir and a small piece of PMMA is placed gently right above covering the whole surface
of the protein compartment. PMMA is impermeable to air3¢. The thickness of the PMMA piece
is 175 um and it is the same material used as substrate for the NOA 81 chip (Figure 2.2.3 (a)).
The contact between the PMMA piece and the NOA 81 chip is not an irreversible bonding but
merely a solid/solid interface. The thin layer of silicone grease between them is used to
prevent the spreading of the protein droplet outside the limits of the protein reservoir. In
order to ensure an overall air-tight sealing of the protein reservoir, a piece of a 20 um thick
Kapton tape (DuPont) is set above the PMMA piece, sticking on the NOA 81 chip as shown in
Figure 2.2.5 (b). Once the protein sample is encapsulated within the protein reservoir, the
dialysis chip is ready to be used for crystallization experiments as discussed in detail in Chapter
4. The chips can be reused if the RC membrane and the adhesion of the NOA 81 sticker on the
PMMA substrate are not damaged, otherwise, leaks are observed when injecting the
crystallization solution into the fluidic channel. Distilled water is used to wash the channels
and the protein reservoir in the case of low viscosity solutions (salts, buffers), while for more
viscous solutions (PEGs or glycerol) reusing the chips is not recommended.

While the protein sample is manually pipetted in the protein reservoir, connectors must
be bonded on the inlet and outlet ports of the fluidic channel for handling the precipitant
solution. Commercially available PEEK connectors (NanoPort) can be bonded using fast epoxy
glue, as shown in Figure 2.2.5 (b). PTFE tubes are used for the injection of the precipitant
solution within the fluidic channel either manually with a disposable syringe or automatically
with the aid of a syringe pump or a pressure-driven system. The diameter of the PTFE tubes is
chosen according to the inner diameter of the connectors. Even though commercially
available kits are recommended for easy and precise manipulation, disposable laboratory
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pipette tips can also be used as connectors (Figure 2.2.5 (a)). The tips must be cut in one side
so that the diameter fits the outer diameter of the PTFE tubes.

Kapton tape

Figure 2.2.5: (a) Dialysis chip with pipette tips glued as connectors on the inlet and
outlet ports of the linear fluidic channel. (b) A dialysis chip ready for crystallization
experiments. Commercially available connectors are glued on the ports of the fluidic channel
and the protein sample is encapsulated within the protein reservoir by a piece of PMMA foil
and Kapton tape.

2.3 A chip for in situ fabrication of hydrogel membranes
2.3.1 Designs and photolithography masks

The dialysis chip described in Section 2.2 has been designed to integrate the microdialysis
crystallization method for proteins in a microfluidic device compatible with in situ X-ray
diffraction studies. The device is fabricated based on soft imprint lithography techniques by
the UV-induced polymerization of the photo-curable resin NOA 81. The RC dialysis membrane
is embedded within the layer of the NOA 81 resin and its MWCO is chosen accordingly to the
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molecular weight of the protein sample and the precipitant molecules. The protein sample
must be retained within the protein reservoir of the device, while the precipitant agents
diffuse across the membrane to induce nucleation. In order to avoid the manual handling and
alignment during the integration of the dialysis membrane, | had the opportunity, during my
first secondment (2018) in the group of Dr. Jean-Baptiste Salmon at the Laboratory of the
Future (LOF), to implement the method of in situ fabrication of hydrogel membranes. They
use maskless UV projection for in situ photo-patterning hydrogel membranes in microfluidic
devices made of PEGDA 25037 or PDMS38. | have designed a chip that could be compatible with
on chip microdialysis crystallization of proteins made of PEGDA 250. The design of this
preliminary chip was subsequently improved by Camille Keita and used for the study of
colloidal dispersions during her Ph.D. thesis entitled “Microfluidic osmotic compression:
colloidal dispersions and industrial formulations characterization”. In this section, the design
of the preliminary chip, its fabrication protocol as well as some droplet tests are described.

The design of the chip is divided in two layers: the first layer contains the channels and
the pillars, and the second layer contains only the pillars. The pillars connected to the channels
are, in fact, the inlet and outlet ports of the microfluidic device where suitable connectors can
be placed after the development of the chip for the injection of the protein solution and the
crystallization agents. CleWin 3.0 was used to design the motifs of the masks. Figure 2.3.1 (a)
shows the design of the first layer containing the channels and pillars on the left and the
second layer patterning only the pillars on the right. The masks used for photolithography are
illustrated in Figure 2.3.1 (b), where the first layer is located on the left of the figure and the
second layer on the right. During photolithography, when the SU-8 photoresist is exposed to
UV radiation, the transparent patterns of the photomasks are crosslinked while the opaque
features of the masks remain soluble in the PGMEA developer.

It is worth noting that the design illustrated in Figure 2.3.1 (a) is the final design that was
used to develop the microfluidic chips for in situ photo-patterning of hydrogel membranes.
Two more masks were tested before the final one (“SJ_mask 4”) and the designs are provided
in Appendix 2.2.1 (Figure A2.3). Moreover, during my second secondment at LOF (2019), |
designed another device for on chip microdialysis crystallization via in situ fabrication of
hydrogel membranes (named “SJ_1 pL”) and the respective design, masks and protocols are
included in Appendix 2.2.2.
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Figure 2.3.1: (a) The patterns of the microfluidic chip (“SJ_mask4”) for in situ photo-
patterning of hydrogel membranes as designed with CleWin and (b) the respective masks for
photolithography.

The width of the channels and diameter of the pillars are given in Figure 2.3.2 (a). The
central reservoir for the protein sample is given in magnification in Figure 2.3.2 (b). The
interface between the two colored areas (purple and blue) is the location where the hydrogel
membranes are fabricated in situ by maskless UV projection. The height of the channels and
the height of the pillars is defined during photolithography by the thickness of the SU-8 resin
(Section 2.1.2). For the final design (“SJ_mask 4”), the thickness of the SU-8 photoresist and
subsequently the height of the channels is approximately 8 um. So, considering a rectangular
cross-section for the protein reservoir, the volume can be calculated and its value is 7.2 nL.

67



: o — - Crystallizing agents :
e i - Hydrogel membrane
S Protein sample .o
V:=7.2nL

Figure 2.3.2: (a) The width of the channels and the diameter of the pillars for the chip
designed for in situ photo-patterning of hydrogel membranes (“SJ_mask4”). (b)
Magnification of the central reservoir where the location of the membrane is indicated.

2.3.2 Photolithography

Photolithography was implemented to acquire the masters for the designs named
“SJ_mask 4” (Figure 2.3.1) and “SJ_1 uL” (Appendix 2.2, Figure A2.4). The protocol for the
“S)_mask 4” master is described in the following section, while the protocol for the “SJ_1 pL”
design is provided in Appendix 2.2.2. The SU-8 3000 series negative photoresist was used on
silicon wafers (76.2 mm diameter and 500 * 20 um thickness). The equipment used for plasma
treatment, spin coating, soft baking and the mask aligner are the same as described in Section
2.1. Moreover, the surface measurements of the SU-masters of all the designs tested for in
situ photo-patterning of hydrogel membranes are included in Appendix 2.2.3.

2.3.2.1 Protocol for “SJ_mask 4”

Two-layer photolithography was implemented for the “SJ_mask 4” design. The nominal
thickness of the first layer patterning the channels and the pillars (Figure 2.3.1 (b) left) was
approximately 12 um and the thickness of the second layer patterning only the pillars (Figure
2.3.1 (b) right) was approximately 100 um. It is noteworthy that for the fabrication of the
PEGDA chips based on the “S]_mask 4” design, only one master is required and it should not
be confused with the protocol described in Section 2.1 where two masters were necessary for
each design for the fabrication of the dialysis chip. Therefore, the two photomasks shown in
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Figure 2.3.1 (b) are used to develop one master by multi-layer photolithography. Each layer of
the SU-8 photoresist is deposited above the previous layer on the same silicon wafer to
fabricate a multi-layered device.

Prior to photolithography, the silicon wafer was rinsed with isopropanol and acetone,
dried with nitrogen gas and its surface was treated with air plasma for 90 s, in order to
facilitate the adhesion of the SU-8 photoresist. The wafer was then placed on the spin coater.
For the first layer of photolithography, the SU-8 3005 photoresist was chosen. For a thickness
of approximately 10 um, the SU-8 3005 resist was applied as follows (according to data
provided by Microchem, Figure 2.1.4):

e Spin coating: 10 s spin at 500 rpm with acceleration of 100 rpm/s followed by 30 s spin
at 500 rpm with acceleration at 300 rpm/s

e Soft bake: 10 min at 368 K on a hot plate followed by 3 min at room temperature

e UV exposure: 8 s with a power of 41 mW cm™

e PEB: 5 min at 368 K on a hot plate followed by 3 min at room temperature

SU-8 3050 was chosen for the second layer of photolithography. The wafer was centered
again on the spin coater. SU-8 3050 is more viscous than SU-8 3005 and it is crucial to cover
all the patterns of the first layer before starting the spinning process. For a thickness of
approximately 100 um, the SU-8 3050 resist was applied as follows (Figure 2.1.4):

e Spin coating: 10 s spin at 500 rpm with acceleration of 100 rpm/s followed by 30 s spin
at 2000 rpm with acceleration at 300 rpm/s

e Soft bake: 30 min at 368 K on a hot plate followed by 3 min at room temperature

e UV exposure: 8 s with a power of 41 mW cm™

e PEB: 5 min at 368 K on a hot plate followed by 3 min at room temperature

e Development: 15 min in PGMEA bath

The master with the photoresist structures on it was then rinsed with isopropanol, dried
with nitrogen gas and stored in Petri dishes. If blurry white precipitate is visible after rinsing
with isopropanol, the master must be immersed again in the PGMEA bath as the development
step is not completed. Finally, the surface of the master is treated with a silane to facilitate
the detachment of the PEGDA 250 hydrogel used for the fabrication of the microchips. The
waferis placed in a tapped hot plate for 10 min at 368 K under the vapor atmosphere of HMDS.
Figure 2.3.3 shows the SU-8 masters developed at LOF for the “SJ_mask 4” design.
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Figure 2.3.3: The SU-8 masters developed by two-layer photolithography for the
“SJ_mask4” design.

The alignment of the separate layers is crucial when using multi-layer photolithography.
In this case, the pillars of the second layer (Figure 2.3.1 (b)) must be perfectly aligned with the
pillars of the first layer (Figure 2.3.1 (a)). For this purpose, alignment marks, shown on the left
and right edges of each photomask, are used. The alignment marks are illustrated in Figure
2.3.4: when combined, the motifs of the mark of the first layer (Figure 2.3.4 (a)) and the marks

of the second layer (Figure 2.3.4 (b)), should fit perfectly (Figure 2.3.4 (c)).
b
\ c /

Figure 2.3.4: Alignment marks for two-layer photolithography. The features of the first
layer (a) and the features of the second layer (b) must fit perfectly (c).
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2.3.3 Microfabrication of PEGDA chips

Two methods were used for fabricating PEGDA chips. The first method is described by
Decock et al.?” and involves the fabrication of two PDMS molds from the SU-8 master,
whereas, with the second method, the chips are fabricated directly on the SU-8 master. The
protocol for the first method is provided in Appendix 2.3.1, while the protocol for the second
method is described in Section 2.3.3.1. The solution used to fabricate the PEGDA chips
contains 95 % v/v of PEGDA 250 (average Mn, Sigma-Aldrich) and 5 % v/v of the photo-initiator
2-Hydroxy2-methylpropiophenone (Darocur 1173, Sigma-Aldrich). For PEGDA, the number
250 refers to the average molecular weight, Mn, defined as the weight of the polymer
molecules in a sample divided by the total number of polymer molecules in the sample.

2.3.3.1 Direct fabrication on the master

The second method of fabricating PEGDA stickers on a glass substrate is less time-
consuming than the first method (Appendix 2.3.1) because there is no necessity to prepare
PDMS stamps. The procedure is schematically described in Figure 2.3.5 from top to bottom.
First, a microscope glass slide was set above the patterned SU-8 master which was previously
treated with HMDS vapor for 10 min at 368 K. The empty space between the glass slide and
the master was filled by capillarity with the PEGDA 250 solution. The assembly was exposed
to UV light for 1 s and the thin PEGDA layer was partially crosslinked. Then, the PEGDA sticker
was peeled off the glass slide and was pressed gently on another glass slide, previously
silanized with 3-(trimethoxysilyl) propyl acrylate in a closed environment at 338 K for 24 h.
The assembly was exposed again to UV light for 180 s. During the deposition of the partially
crosslinked PEGDA sticker on the silanized glass slide, the risk of entrapping air bubbles was
increased. This would happen frequently with the first two designs (“SJ_pattern 1” and
“SJ_mask 3” shown in Appendix 2.2.1) due to the complexity of the design and the large
dimensions of the channels. Specifically, the length of the channels (a few mm) was quite large
compared to their height (less than 10 um) and this could lead to entrapped air bubbles or the
channels could collapse during microfabrication. However, the “SJ]_mask 4” design gave more
satisfactory results. PEGDA chips were fabricated by using this mask where less air bubbles
were trapped and the channels were well-shaped and well-suited for the application. A chip
prepared with this method is shown in Figure 2.3.6 (a).
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Figure 2.3.5: Schematic representation of the second method for fabricating PEGDA
chips. From top to bottom: a glass slide is placed above the patterns of the SU-8 master. The
PEDGA 250 solution fills in the space between the master and the glass slide by capillarity
and it is exposed to UV light (1 s). The partially crosslinked PEGDA layer is detached from the
master and pressed on a silanized glass slide. The polymerization is completed by a second
UV exposure (180 s).

Once the chips were fabricated, micropipette tips were used as connectors. They were
attached on the inlet and outlet ports by using an epoxy glue. PTFE tubing with inner diameter
of 1 mm were plugged on the connectors to test the flow within the channels. The chips that
were made from the “SJ_mask 4” master gave satisfactory results concerning the flow, since
no leaks were observed for pressure values up to nearly 600 mbar. Figure 2.3.6 (b) illustrates
a PEGDA chip on a glass slide with its connectors.

Figure 2.3.6: (a) PEGDA chip fabricated directly from the SU-8 master and (b) the
pipette tips used as connectors on the inlet and outlet ports.
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2.3.4 Insitu photo-patterning of hydrogel membranes

Once the PEGDA chips were fabricated by using the “SJ_mask 4” wafer and the
connectors were glued, the proceeding step was the in situ photo-patterning of the hydrogel
membrane at the interface between the protein reservoir and the reservoir of the crystallizing
agent, as shown in Figure 2.3.2 (b). This was achieved with a maskless UV projection setup
(Primo, Alvéole) able to project patterns at the focal plane of a microscope. The optical
apparatus uses a UV laser with a wavelength of 375 nm combined with a digital micro-mirror
device (DMD) for the projection of the patterns. The lateral resolution of the projected
patterns can be approximately 1.2 um over a field of view of 500 x 300 pm? with a 20x
objective. The software (Leonardo) allowing the control of several parameters, such as the
power of the laser source and the illumination, is a product of the same company.

The aqueous solution for the in situ polymerization of hydrogel membranes contains
PEGDA 700 (average Mn, Sigma Aldrich) as a precursor, 2-hydroxy-2-methylpropiophenone
(Darocur 1173, Sigma Aldrich) as photo-initiator, PEG 1000 (Sigma Aldrich) as porogen and
water as the solvent. Specifically, the PEGDA 700/photo-initiator solution (with a 90: 10 % per
volume ratio), was mixed with PEG 1000 and water in a 25 % : 25 % : 50 % volume fraction.
First of all, the hydrogel formulation was stirred before use to homogenize the mixture. Then,
a droplet of the mixture was injected within the channels of the chip from one of the five inlets
(Figure 2.3.7 (b)). The injection of the hydrogel formulation can be done either manually with
the aid of a disposable syringe or with the aid of an automated pressure-driven fluidic system
(Fluigent). If air bubbles are trapped within the microfluidic channels, then a new quantity of
the hydrogel formulation is injected from one of the chip’s inlets and simultaneously air is
pressurized from the opposite inlets with the aid of the pressure-driven system. It is important
to avoid air bubbles close to the area where the hydrogel formulation will be photo-
polymerized to create the membrane. Once the channels are filled with the hydrogel solution,
a suitable pattern is chosen to be projected with the maskless UV projection setup. Then, the
UV photo-polymerization of the hydrogel solution takes place at the desired position. An
example of a photo-patterned hydrogel membrane within a chip made from “SJ_mask 4” is
shown in Figure 2.3.7 (a) (yellow arrow). The red and green arrows indicate the protein
reservoir and the flow of the crystallizing agents, respectively.

Once the hydrogel solution was polymerized, the chip was rinsed with distilled water in
order to remove the non-polymerized hydrogel solution from the microfluidic channels. This
step should be implicated fast and sufficient amount of water should be used to wash the
channels, otherwise the non-polymerized hydrogel solution remaining in the channels can be
polymerized by the UV light present in the environment and block the fluidic channels. The
chip is ready for use or it can be stored for future use, while the channels remain filled with
water. It should be mentioned that the porosity of the membrane depends on the composition
of the hydrogel formulation.
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Figure 2.3.7: (a) The hydrogel membrane fabricated by in situ photo-patterning on a
PEGDA chip. (b) The inlet/outlet ports of the PEGDA chip dedicated for the circulation of the
crystallization solution (green color), the protein solution (red color) and the fluorinated oil

(purple color).

2.3.5 Droplet tests

The main purpose of designing the “SJ_mask 4” chip is to entrap a small volume (nL scale)
of protein sample within the central channel of the chip, surrounded by a droplet of
biocompatible oil. This idea is described schematically in Figure 2.3.7 (b) where the flow of the
various solutions within the different channels of the chip is indicated with colored arrows.
Inlets 1 and 2 (green color) can be used for the circulation of the crystallization solution, inlets
4 and 5 (red color) for the protein solution and inlet 3 (V-shape, purple color) can be used for
the injection of fluorinated oil to entrap a droplet of the protein solution within the central
channel. Once the oil is injected within the channels, it creates an interface with the aqueous
phase, as shown in Figure 2.3.8. In order to maintain the oil/water interface in a standard
position, constant pressure is applied from both inlets 4 and 5. This way, both inlets 4 and 5
are blocked and neither oil nor the protein sample can flow back through these inlets
(backward flow) and everything is trapped within the central channel. The hydrogel
membrane which is fabricated in the central channel, allows the diffusion of molecules from
the side where the crystallizing agents flow to the side where the protein sample is trapped
by the oil droplet.

Some tests were performed at LOF to realize the idea of entrapping a small volume of an
aqueous solution by an oil droplet. For this experiments, distilled water and fluorinated oil
were used. The outcome of one of the tests is shown in Figure 2.3.8. An oil/water interface,
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indicated with red arrows, was created on both sides of the central channel. On the left side,
however, the interface is not well-formed, as an air bubble is trapped inside the channel. As
may be seen from Figure 2.3.7 (a), the hydrogel membrane is not well-defined on the left edge
of the central channel allowing water and air molecules to diffuse easily from one side of the
channel to the other. Nevertheless, the membrane remained functional despite of the high
pressure values applied during the tests (up to 600 mbar).

Air bubble

7

Hydrogel membrane

Figure 2.3.8: The water/fluorinated oil interface and the diffusion of water through the
hydrogel membrane in PEGDA chip fabricated from the “SJ_mask 4” master.

2.4 Microfluidic devices for in situ serial X-ray crystallography
2.4.1 Introduction

Microfluidic technology has been proven a valuable tool for X-ray crystallography,
exhibiting numerous advantages for the crystallization of biological macromolecules and their
structural studies. The novel approach of on chip and in situ X-ray diffraction data collection
has been proposed and used by several groups working in the field of structural biology 4%,
as it eliminates the manual manipulation of the fragile macromolecular crystals and the
potential deterioration of the crystal quality prior to diffraction experiments. A wide range of
microfluidic devices for in situ X-ray protein crystallography studies have been designed and
developed by various research groups, choosing fabrication materials and techniques
compatible with the restrictions posed by the interactions of the fabrication materials with X-
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rays. The fabrication materials must be optically transparent, biologically inert and
demonstrate high transparency to X-ray radiation and optimal signal-to-noise ratio during the
in situ data collection.

PDMS-based devices have been developed for the crystallization of model soluble protein
targets and their structural investigation via in situ X-ray diffraction. Hansen et al.*? used the
permeability of PDMS membranes in combination with the FID crystallization method for
growing lysozyme, glucose isomerase, thaumatin and catalase crystals and collecting in situ
diffraction data at 100 K by diffusing cryoprotectant solutions directly into the chip’s chambers
over a period of 24 — 72 h. A composite PDMS and glass capillary device was fabricated by
Zheng et al.*3 using microbatch or vapor diffusion droplet-based crystallization. Lysozyme and
thaumatin crystals were grown for in situ data collection at room temperature and diffracted
close to 1.8 A resolution. Microchips made of PDMS by replica casting, PMMA by direct laser
ablation or COC by hot embossing were used by Dhouib et al.** for the in situ X-ray diffraction
of lysozyme and thaumatin crystals grown on the chips by counter-diffusion. The background
noise generated by the various fabrication materials was evaluated and the differences in the
quality of the diffraction data were extensively explained based on the choice of the chips’
materials and their thickness. The scattering background was measured at two different
wavelengths showing that PMMA and COC provide a good compromise between the device
thickness and the absorption of X-rays. A similar study on the characterization of the X-ray
transparency of materials based on their linear attenuation coefficient and the transmission
factor was performed by Guha et al.**. A thin hybrid microfluidic chip consisting of one thin
layer of PDMS (20 pum) and two layers of COC (100 pm and 50 pum) was used to collect X-ray
diffraction data of lysozyme crystals at room temperature and the mosaicity of the merged
data set was an order of magnitude lower than the mosaicity of the respective data collected
at cryogenic conditions.

Moreover, the in situ data collection strategy on microfluidic chips has been also applied
in more challenging protein targets. Kisselman et al.*® developed the X-CHIP for high-
throughput, microbatch crystallization and in situ diffraction of the protein kinase domain of
human ephrin receptor tyrosine kinase A3 (EphA3) and the Pseudomonas aeruginosa
alkylhydroperoxidase D protein (PA0269). On chip anomalous diffraction de novo structure
determination at room temperature was performed by Perry et al.*’ for the selenomethionine
(SeMet) derivative of the phosphonoacetate hydrolase (PhnA) from Sinorhizobium meliloti at
2.11 A resolution. The 24- or 96-well microfluidic array chips were made of COC, PDMS and
Duralar®. More recently, in situ structural analysis has been used with membrane protein
crystals of cytochrome bos oxidase, grown with microseeds on microfluidic assemblies made
of PDMS and COC layers with a total thickness of 200 pm*,

Microfluidic chips have been designed to couple the in situ and the serial data collection
strategies in a single device for X-ray crystallography experiments at synchrotrons and X-ray
free-electron lasers (XFEL). Heymann et al.*® developed X-ray semi-transparent chips of a total
155 um thickness by bonding COC or Kapton films on a thin PDMS layer containing the
microfluidic channels. Nanoliter-sized droplets of glucose isomerase were encapsulated in oil
within the chips and stabilized by surfactants. Several partial data sets were collected from
152 randomly orientated glucose isomerase crystals at room temperature using a synchrotron
source and they yielded 93 % completeness of the merged data sets and a structure at 2.1 A
resolution. More innovative materials were used by Sui et al.>° for fixed-target on chip serial
synchrotron crystallography. Single-layer graphene on PMMA substrate was incorporated into
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ultra-thin microfluidic devices made of 100 um thick COC. An extensive study was performed
to fully characterize the compatibility of the chips for in situ experiments by calculating the
transmission factor (I/1o) as a function of the materials’ thickness at a fixed energy value or as
a function of energy for various thickness values of the materials or by measuring the
background scattering and estimating the signal-to-noise when diffraction data were collected
from HEWL crystals at room temperature. Gicquel et al.>! fabricated devices patterned from
epoxy glue that were lidded on both sides with polyimide foils windows allowing goniometer
based fixed target serial data collection with low background noise. Small crystals (size 10 —
20 pum) of thaumatin, glucose isomerase and thioredoxin were used to evaluate the
compatibility of the chips for in situ X-ray serial crystallography at room temperature. More
recently, ChipX3, a microchip made entirely of COC, was used for the on chip crystallization of
several bio macromolecules via counter-diffusion®?. The characteristic diffusive scattering ring
of COC at 4 — 6 A resolution had no significant impact on the diffraction data quality. The
structure of 4 proteins (protease 1 from Pyrococcus horikoshii (PhP1), lipase from
Thermomyces lanuginosus (Lip), CCA-adding enzyme from Planococcus halocryophilus (CCA),
Ilama nanobody PorM_02 (Nb02)) and an RNA duplex were successfully determined within
the resolution range of 1.5 — 2.5 A by collecting partial data sets from several different crystals
or from several volume wedges of the same crystal. Another interesting approach for serial
synchrotron crystallography (SSX) is the in-flow SSX where diffraction data can be collected
from a slurry of microcrystals under flowing conditions. Monteiro et al.>3 developed a metal-
polyimide (Kapton) flow-focusing device and determined the lysozyme structure at 2.1 A from
multiple data sets collected at room temperature. Unlike the devices described so far where
the macromolecular crystals grew on chip, for the metal-polyimide flow-focusing device, the
lysozyme crystals were not grown directly on the chip but were transferred to the sample
chamber right before the in situ diffraction data collection.

2.4.2 Characterization of materials for in situ X-ray diffraction studies

When microfluidic devices are used for in situ X-ray crystallography, the diffraction signal
from the macromolecular crystals is added to the signal generated by the interactions
between the materials composing the chip and the X-rays, known as background noise. The
background noise is generated by scattering or attenuation of X-rays through mater when the
X-ray beam interacts with the chip’s materials or any other material interfering between the
chip and the detector, as for example the surrounding air or the mother liquor surrounding
the crystal. During data collection, the signal-to-noise ratio between the diffraction signal of
the macromolecular crystal and the background noise of the microfluidic device should be
maintained as high as possible. Therefore, it is important to characterize the materials
composing the microfluidic device and minimize parameters leading to the degradation of the
signal-to-noise ratio. The density and the thickness of each material should be chosen
accordingly in order to generate as low background noise as possible, while remaining
biocompatible and compatible with the mechanical restrains of the experiment.
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2.4.2.1 Measurements of background noise

The measurements for the material characterization were performed at BM30A-FIP
beamline at ESRF equipped with an ADSC Quantum 315r detector with a matrix of 3 x 3 CCD
(charged-coupled device) for an active surface of 315 x 315 mm and a resolution of 9.4 mega
pixels. Monochromatic X-rays of 0.98 A wavelength or 12.656 keV energy (Selenium K edge)
were used and the beam slit size was 250 x 250 um. The photon flux was 3.32 x 10%° ph s!
with 200 mA in the storage ring at ESRF. The distance between the sample material and the
detector was 200 mm and each sample was exposed for 20 s while remaining perpendicular
to the X-ray beam during the data collection. Each measurement was followed by an exposure
of 20 s to the surrounding environment. For example, the exposure of the 175 um thick PMMA
sheet was followed by an exposure to empty space, where no material apart from air
interfered between the beam output and the detector. However, the amplitude of X-ray
scattering contribution increases with the elemental atomic number, Z. Thus, instead of
atmospheric air (a mixture of mainly nitrogen with Zny = 7 and oxygen with Zo = 8), helium (He,
Zne = 2) flux (a feature provided at BM30A-FIP beamline, currently rebuilt on a new position
as BMO7-FIP2 at ESRF) was chosen during data collection for material characterization and
protein diffraction experiments. Scattering images were viewed using Adxv and radial
intensity plots were designed using ROOT.

The scattering signal of each material comprising the microfluidic chip was measured in
He atmosphere. The part of the microchip that is exposed to the beam during in situ X-ray
diffraction experiments is the protein reservoir where the macromolecular crystals grow. The
protein reservoir consists of a layer of Kapton tape (~ 20 um thickness), two layers of PMMA
(175 um thickness each), one used below the Kapton tape to encapsulate the protein sample
within the protein compartment and one used as the substrate of the microchip, and the RC
dialysis membrane (~ 40 um thickness). The total thickness of the materials interacting with
the X-rays is ~ 410 um. Figure 2.4.1 illustrates the intensity of background scattering generated
by the materials comprising the protein reservoir (Kapton, PMMA, RC membrane) and their
assembly (microchip) plotted against resolution (A). In the case of the PMMA sheet, a wide
peak can be observed between 4 — 8 A, corresponding to the diffusion of the X-rays in the
material and then the intensity decreases, while for the Kapton tape a diffuse peak is present
at a resolution lower than 4 A. The RC dialysis membrane contributes little to the background
noise with a peak spotted at 4 — 5 A resolution owing the lowest intensity of all the materials
measured in Figure 2.4.1. The diffusive peaks are characteristic of amorphous materials.
However, polymers are not totally amorphous. For example, they contain groups like the
benzene group and they behave as randomly orientated crystals. The background noise
generated by the microchip (the assembly of Kapton tape, RC membrane and 2 layers of
PMMA) is maximum (peak) at a relatively low resolution (6 — 7 A), which is less critical for
processing diffraction data at higher resolution. Figure 2.4.2 shows the scattering images
recorded for each material at 0.98 A containing 3072 x 3072 pixels. The grayscale shown on
the left of Figure 2.4.2 has been adjusted and is the same for all images. The background of
He is also shown and it can be seen that the background of thinner materials, like Kapton and
PMMA, is less significant than the noise generated by thicker or denser materials. In the
measurements presented in this section, the dialysis chip was empty of any solution (protein
or precipitant solution) and the contribution of the presence of solution to the background
noise has not been measured.
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Apart from the materials comprising the protein reservoir of the microfluidic chip, Figure
2.4.1 includes the intensity plots for three more materials studied in this thesis. COC is a
material widely used in the literature®*4>493052 for the fabrication of microfluidic devices
compatible with in situ X-ray macromolecular crystallography (MX). A 50 um thick COC foil
was considered as an alternative to substitute the 175 pum thick PMMA sheet used as a
substrate of the NOA 81 dialysis chip. The background scattering intensity of the COC foil was
also measured under the same experimental conditions (200 mm sample-to-detector
distance, 20 s exposure time, He atmosphere) at BM30A-FIP. The characteristic peaks of COC
(Figure 2.4.1) can be distinguished in a resolution range from 4 — 6 A and the respective rings
are shown in the scattering image in Figure 2.4.2. On the other hand, PMMA shows a wider
peak owing roughly the same intensity value, shifted towards a lower resolution range (4 — 8
A), rendering the PMMA sheets a more suitable candidate for the fabrication of the dialysis
chip. Moreover, the PMMA sheets are more robust and mechanically stable than the COC foil,
minimizing the potential risks rising when transferring and setting up the chips in the
beamline. Another material tested was the PEGDA 250 hydrogel, considered to replace the
NOA 81 resin during the fabrication of the microchips. Moreover, hydrogels were considered
to replace the RC dialysis membrane. As described in the protocol for the device fabrication
(Section 2.2), the RC membrane is incorporated between two layers of the chip, adding more
steps on the fabrication protocol. Instead, hydrogel membranes can be fabricated directly
within the microfluidic channels of the chip by in situ photo-patterning®’38, simplifying the
fabrication protocol and reducing the total thickness of the chip which would be a one-layered
device (Section 2.3). From Figure 2.4.1 and Figure 2.4.2, it can be seen that the polymerized
layer of PEGDA 250 has a peak within 4 — 6 A resolution, whereas the intensity peak of the RC
membrane lies within 4 — 5 A. However, the maximum background intensity caused by the
interaction of the PEGDA 250 hydrogel is 3 times higher than the respective value for the RC
dialysis membrane. Finally, the background noise generated by the NOA 81 resin was also
measured. Even though the NOA 81 resin is not part of the protein reservoir that is directly
exposed to X-rays during the in situ data collection, it forms the main body of the microchip.
For NOA 81, a peak is present between 3 — 6 A (Figure 2.4.1 and Figure 2.4.2). An interesting
concluding remark after the analytical inspection of the intensity plots is that all the polymeric
materials (PMMA, COC, NOA 81 and PEGDA 250) present a scattering peak at approximately
the same resolution range and intensity value.
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Figure 2.4.1: Background scattering intensity as a function of resolution (A) for the
materials comprising the protein reservoir of the dialysis chip (PMMA, Kapton, RC
membrane), the microchip, NOA 81 and other materials studied in this work (COC, PEGDA
250).

Helium Kapton PMMA RC membrane

cocC NOAS81 PEGDA250 Microchip

Figure 2.4.2: Scattering images showing the background noise generated by the
materials used in this work (Kapton, PMMA, RC membrane, COC, NOA 81, PEGDA 250), the
microchip and helium. The gray scale has been adjusted to the same level for all images.

80



The background scattering of the dialysis chip was then compared to the background
noise generated by two commercial plates for crystallization screening and in situ X-ray
diffraction experiments, the 96-well plate CrystalQuickX by Greiner made of low birefringent
COC and the 96-well plate CrystalCube designed by Cube Biotech for in meso crystallization.
Figure 2.4.3 illustrates the background scattering intensity versus resolution (A) graphs for the
dialysis chip and the commercial crystallization plates. As described previously, the intensity
corresponds to the value recorded by the detector for the chip or the plates, after subtracting
the measurement performed without any sample between the beam and the detector. All
measurements were done in He atmosphere, the sample to detector distance was 200 mm
and the exposure time 20 s. During data collection, all samples were perpendicular to the X-
ray beam. The two commercial plates have a high intensity peak close to 5 A resolution and
the dialysis chip shows a maximum intensity at a resolution lower than 5 A. However, the
background noise intensity obtained by the microchip is approximately 8 to 15 times lower
than the background noise generated by the commercial plates for in situ X-ray
crystallography. Practically, this means that for a given protein sample and volume, the quality
of the diffraction image will be less impacted by the background noise in the case of the
dialysis chips. Choosing materials with relatively high X-ray transparency and reducing their
thickness are key parameters for in situ data collection. Nevertheless, very low thickness
values can compromise the rigidity of the microfluidic device and has been associated with
sample evaporation issuesC,
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Figure 2.4.3: Background scattering intensity as a function of resolution (&) for the
dialysis chip and the commercial crystallization 96-well plates CrystalQuickX and
CrystalCube.

Giving a graphical representation of the scattering images shown in Figure 2.4.2, would
lead to intensity graphs plotted against the image pixels, as shown in Figure 2.4.4, where
scattering measurements were performed for a sample to detector distance of 200 mm and
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an exposure time of 20 s. The samples shown in Figure 2.4.4 were a layer of polymerized
PEGDA 250, a COC foil and polymerized NOA 81 resin on COC substrate. However, Figures
2.4.1 and 2.4.3 show intensity graphs plotted as a function of resolution (A). The pixel value
of each scattering image read directly by the detector was converted to resolution values using
Bragg’s law:

A

d= (2.1)

2sin6

Where d is the resolution value (A), A is the wavelength (0.98 A) and 0 is the scattering
angle (°).

Moreover, by inspecting Figure 2.4.4 and comparing with Figures 2.4.1 or 2.4.3, it is
obvious that the intensity data are quite noisy and the respective graph doesn’t appear
smooth. In order to improve the representation of the data, a window function was used. The
intensity data represented on the y axis of Figures 2.4.1 and 2.4.3 were filtered with a low-
pass filter. Specifically, a Hamming window of 49 values was applied:

h(n) = 0.54 — 0.46 cos (an)n e [0,N] (2.2)

Where N is the order of the filter, which is equal to the filter length -1.
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Figure 2.4.4: Background scattering intensity as a function of the image pixels for
various materials (NOA 81 on COC, PEGDA 250, COC).
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2.4.2.2 Impact of the sample-detector distance and exposure time on the background
noise

Two parameters considered during the measurements for the material characterization
were the distance between the sample and beamline detector and the exposure time. Several
tests were performed to examine the impact of the detector to sample distance and the
exposure time on the intensity of the background noise and two examples are shown in
Appendix 2.4.1 for a 50 pum thick COC foil and a polymerized PEGDA 250 layer. Moreover, in
order to evaluate the impact of a long exposure time on the background noise generated by
various materials (Kapton, PMMA, RC dialysis membrane, microchip), a supplementary study
was performed at BM30A-FIP and the results are provided in Appendix 2.4.2.

2.4.3 Considerations for X-ray compatibility

The design and fabrication of microfluidic devices compatible with in situ X-ray diffraction
experiments lies on the optimization between the observed sample signal (diffraction spots
of the protein crystal) and the background noise. The background noise can be attributed to
the attenuation of the incident or diffracted beam, especially if the beam size and the sample
size are different or can be the result of X-ray scattering due to the presence of the chip’s
materials, the surrounding air and the presence of liquid within the protein crystal or around
it (crystallization solution). Attenuation arises from the absorption of photons by the
materials, resulting to the loss of intensity of both the incident and diffracted beam, while
scattering refers to the elastic re-direction of the incident photons by the internal structure of
the material. Therefore, the nature of the material and its thickness contribute significantly to
scattering, while the crystalline order, the crystal size and packing density contribute to the
diffraction. So far, the evaluation of the materials’ diffusion when exposed to X-ray radiation
has been presented. However, for this evaluation the transmission of the materials should be
considered too.

For a given energy value, attenuation can be calculated by the exponential decay of the
intensity of monochromatic photons from the incident intensity, lo, as the beam traverses the
material of thickness x and density p?0:4>50,54,55;

1= 1, exp[(_“/p)x] (2.3)

The mass attenuation coefficient, y, can be calculated for a compound or a mixture as
the sum of the contribution to attenuation of each elemental material, i, weighted according
to their mass fraction, wi:

w=Ximw; (2.4)
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Eg. (2.3) shows that the thickness of the material contributes significantly to the
background noise and reducing its value can mitigate both attenuation and scattering effects.
This is the main reason why X-ray diffraction experiments are performed under vacuum in
order to reduce the air density between the crystalline sample and the detector. He flux is
used instead of air, since the lower atomic number of He decreases significantly attenuation
effects. The attenuation coefficient varies as a function of photon energy, with soft X-rays (100
eV — 10 keV) resulting in stronger attenuation, and has been well-studied for all elemental
materials®. In general, the mass attenuation coefficient is lower for higher photon energies.
An example for the dependence of the attenuation coefficient on the photon energy is given
in Figure 2.4.5 for carbon (https://physics.nist.gov/PhysRefData/XrayMassCoef/tab3.html).
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Figure 2.4.5: Dependence of the attenuation coefficient (1) on the photon energy for
carbon.

The attenuation coefficient for the materials used in this study were calculated according
to Eq. (2.4) and the results are summarized in Table 2.4.1. The list of materials includes Kapton
or polyimide ((C22H1005N2)n), PMMA (CsHgOz)n), cellulose ((CsH100s)n), COC ((CoH14)n), PEGDA
250 ((CsH1004)n) and NOA 81. For NOA 81, according to the producing company (Norland
Products Inc.), the resin is a mixture of 50 — 70 % mercapto-ester (C3Hs02S) and 50 — 70 %
triallyl isocyanurate (C12H15N303). In order to calculate the linear attenuation coefficient, a
mixture of 50 % mercapto-ester and 50 % triallyl isocyanurate was assumed for the NOA 81
composition. Table 2.4.1 includes the atomic mass fraction of each element composing the
material (w;) and the mass attenuation coefficient (1/p in cm? g%) calculated at 0.98 A (12.65
keV). Values for the X-ray mass attenuation coefficient of each element (H, C, O, N, S) were
taken by NIST tables (https://physics.nist.gov/PhysRefData/XrayMassCoef/tab3.html) for X-
ray energies of 10 and 15 keV, while the value at 12.65 keV was calculated by linear
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interpolation. Then, the attenuation coefficient of the mixture was calculated by Eq. (2.4),
using the elemental atomic mass fraction and the elemental mass attenuation coefficient at
12.65 keV, and is given in Table 2.4.1. The attenuation coefficients of Kapton, PMMA, cellulose
and PEGDA have similar values. The lowest value is acquired for COC which contains only
carbon and hydrogen atoms and the highest value corresponds to NOA 81 which contains
nitrogen (N) and sulfur (S) atoms. Heavier atoms, like N or S, have a larger cross-section of
interaction with the photons and cause a larger degree of attenuation.

Table 2.4.1: The atomic mass fraction (w) of the elements composing the materials used
in this work and the mass attenuation coefficient (u/p in cm? g1) calculated at 12.65 keV.

Element Kapton | PMMA | Cellulose | COC PEGDA | NOA 81
H 0.0263 | 0.0805 | 0.0621 0.1154 | 0.0592 | 0.0595
C 0.6911 | 0.5998 | 0.4444 0.8845 | 0.5646 | 0.5069
0 0.2092 | 0.3196 | 0.4933 - 0.3760 | 0.2250
N 0.0732 | - - - - 0.1182
S - - - - - 0.0902
i/rif;ngSA 2.0470 | 2.4546 | 2.5697 1.4088 | 2.3119 | 4.8129

From Eq. (2.3) - (2.4), the transmission factor (I/lo) can be calculated and plotted against
the thickness (x in um) of any material, as shown in Figure 2.4.6 for 12.65 keV photon energy
(0.98 A). At a given thickness value, the transmission factor is higher and therefore the
transmission is better for the lower density, thin COC foil, while the NOA 81 resin has the
lowest transmission. The transmission curves for the other organic polymers (Kapton, PMMA,
cellulose, PEGDA) show a similar tendency. Sui and Perry®°, calculated and plotted the
transmission factor against the thickness value (um) for several materials used in the
fabrication of microfluidic devices (COC, Graphene, PMMA, PDMS, SiO3, SizN4, Silicon), as well
as air, water and He. In this plot*°, the transmission factor was calculated at an energy of 12.4
keV (1 A). The authors showed that the transmission is higher for low density gases (air, He),
while thin films of organic polymers (COC and PMMA) and graphene show lower attenuation
than silicon-based elastomers (PDMS) or hard materials (quartz, SiO», silicon nitride, SizNa).
Moreover, they showed that water, majorly present in protein crystallography experiments,
attenuates X-rays to a similar manner as most organic polymers. Studies on the transmission
factor of various fabrication materials have also been conducted by other groups*>°%°4°8,
Therefore, decreasing the thickness of the device and choosing materials with low atomic
numbers are strategies commonly encountered in the fabrication of X-ray compatible
microchips. However, it should be noted that the thickness of the materials should be chosen
carefully, as even though ultra-thin polymeric films are available, they tend to provide poor
mechanical stability and increased sample dehydration in microfluidic applications in protein
crystallography®. In conclusion, both material thickness and composition contribute to the
signal attenuation.
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Figure 2.4.6: The transmission factor (I/lo) plotted against the thickness (x in um) of
various materials (Kapton, PMMA, Cellulose, COC, PEGDA 250, NOA 81) at 12.65 keV photon
energy.

2.5 Conclusions

A microfluidic chip has been developed for the on chip crystallization of protein samples
using the microdialysis method. The RC dialysis membrane is incorporated directly on the chip
during the fabrication process and no chemical bonding, clapping or any other mechanical
manipulation is required to fix the membrane. The MWCO of the membrane can be chosen
according to the molecular weight of the protein sample and the precipitant solution. In fact,
the protocol for the device fabrication can be upgraded in order to incorporate any kind of
polymeric membrane, as for example poly(ether sulfone) (PES) membranes, with various
MW(CO values. Two devices have been designed depending on the maximum volume capacity
of the protein reservoir which can be 0.1 uL or 0.3 pL. The rapid prototyping of the chips, the
flexibility of choosing a RC membrane with appropriate MWCO for the application and the
relatively inexpensive materials enable the fabrication of numerous chips. Moreover, the
chips can be washed and reused as long as the dialysis membrane or the adhesion of the NOA
81 sticker on the PMMA substrate are not damaged. The same applies to the PDMS molds
used during intermediate steps of the fabrication protocol. The PDMS molds can be washed
with acetone and isopropanol and used several times.
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The chips have been designed for injecting and continuously circulating the crystallization
solution within the fluidic channel with the aid of an automated pressure-driven system or
syringe pump. The maximum values of pressure have been defined in order to avoid
deformation of the channels or the RC membrane, which is not firmly bonded on the layers of
the NOA 81 sticker. In order to address issues raised by the integration of the membrane and
potential leaks while circulating the crystallization solution, two prototypes were designed for
fabricating hydrogel membranes in the chips by in situ photo-patterning. Different fabrication
(PEGDA 250, NOA 81) and substrate (glass, COC) materials were used and the flow in the
channels was tested. Even though, these two designs constitute a potential alternative to the
dialysis chip, more experiments should be conducted to establish a well-functioning protocol
for their use with on chip protein crystallization via microdialysis. Further work is also required
on the characterization of the hydrogel membranes based on the molecular weight cut-off
and their resistance to applied external pressure.

Finally, the dialysis chips have been developed for in situ X-ray diffraction studies at room
temperature. The in situ data collection approach at room temperature addresses issues
associated with cryo cooling, manual harvesting and radiation damage (Chapter 4) of the
protein crystals. Once protein crystals are grown on the dialysis chip, the chip can be mounted
directly on synchrotron beamlines compatible with in plate X-ray diffraction experiments, with
the aid of a 3D printed support (Chapter 4). The background noise generated by the interaction
of X-rays with the materials comprising the dialysis chip (PMMA, Kapton, RC membrane) has
been evaluated, rendering the chips compatible with in situ X-ray data collection.
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Chapter 3

Instrumental developments

3.1 Introduction

In Chapter 1, several conventional methods (vapor diffusion, batch, dialysis, FID) for
protein crystallization were described along with their benefits or drawbacks and their range
of applicability. Crystallization is the first major step in X-ray protein crystallography applied
to elucidate the atomic structure of protein targets and their mechanism of action in living
organisms. However, finding the optimal crystallization conditions for each protein target is a
demanding, time-consuming task adding extra cost, time and labor to the study of these high-
valued biological macromolecules. The knowledge of the phase diagram of each protein is a
fundamental necessity for rationalizing protein crystallization and facilitating the screening for
favorable crystallization conditions. The kinetic trajectory of the dialysis crystallization method
(Figure 1.1.3) allows the exploration of the phase diagram through a precise and reversible
control over the crystallization conditions. The dialysis kinetics can be modulated by the
MWCO of the membrane, the volume of the system and the precipitant concentration, while
multiple crystallization conditions can be explored by using the same protein sample. Apart
from searching for crystallization conditions, optimizing these conditions to yield well-
diffracting protein crystals is an additional step in the query of unraveling the 3D protein
structure. Developing techniques to adjust the uniformity of the crystal population and tailor
their size and morphology is significant for growing well-diffracting crystals. Dialysis combined
with temperature control can be used to decouple nucleation and crystal growth and facilitate
the investigation of the phase diagram?®2.

In Chapter 2, | described the development of microfluidic chips for the on chip
crystallization of soluble and membrane proteins with the microdialysis method compatible
with in situ X-ray diffraction experiments®“. The dialysis chip was designed to combine the
advantages of the microfluidic technology, such as minute sample consumption (< 1 pL) and
fine control over transport phenomena, and the dialysis protein crystallization method
allowing an accurate tuning of the experimental parameters. A small piece of RC dialysis
membrane with various MWCOs is incorporated within the two layers of the chip separating
the fluidic channel for circulating the crystallization solution from the protein reservoir. The
MW(CO of the membrane is chosen accordingly to enable the diffusion of the precipitant’s
molecules from the fluidic channel towards the protein reservoir and to retain the protein
sample in the reservoir. The diffusion of the precipitant across the membrane is driven by a
concentration difference (Ac) and results in increasing the supersaturation of the protein
solution and inducing nucleation. Several model soluble and membrane proteins were
crystallized on chip via microdialysis and used for in situ X-ray diffraction experiments at room
temperature in various synchrotron sources and the results will be discussed in Chapter 4.

In the current chapter, | am going to elaborate on the development of a visualization
platform (MicroCrys), one of the main goals of this project whose overall ambition is to
optimize and rationalize protein crystallization. MicroCrys has been developed to automate

93



the on chip protein crystallization via microdialysis for the investigation of phase diagrams,
integrating chemical composition and temperature control. The MicroCrys platform is a
miniaturization of two other macro-scale pipelines developed and operating in our laboratory
over the past years, for screening and optimizing protein crystallization by mapping
temperature or precipitant concentration phase diagrams?°. The first generation apparatus
consists of temperature-controlled, multiple wells designed to grow large crystals for neutron
crystallography with the batch crystallization method®. Quartz cells of 25 - 1000 pL volume are
used in a single-well or multiple-well motorized carousel attached on a brass support. The
temperature is regulated with Peltier elements reaching a range of 233 — 353 K with an
accuracy of £ 0.1 K. The apparatus can be mounted in a microscope table with an adapted
support facilitating real-time visualization and recording. Later on, temperature-controlled
dialysis buttons with a volume of 25 — 200 pL were designed for the same instrument?. The
stainless steel dialysis buttons include a polycarbonate window at the bottom for visualization
and they are attached on brass supports fitting in wells of the motorized carousel. This
instrument is a semi-automated approach in the sense that the precipitant solution is
introduced manually with a pipette in the dedicated reservoir. In order to fully automate the
procedure, a dialysis setup with a flow cell was designed?. The protein chamber (15 L) is
separated from the reservoir by a dialysis membrane of the appropriate MWCO, featuring a
polycarbonate window for real-time visualization. The reservoir is connected to a pressure-
driven system for automated mixing and circulation of the crystallization solution, functioning
as a flow cell. The dialysis setup is supported on a platform (OptiCrys) where thermal
regulation is achieved with two Peltier modules. A graphical user interface was designed with
LabVIEW for visualization and recording and for control over the experimental parameters
(temperature, chemical composition, mixing and flow of the crystallization solution)®. This
instrument has been used to explore the temperature — precipitant concentration phase
diagram and control the crystal size and morphology of various proteins’. Crystals of several
proteins grown with these two instruments have been used for neutron and X-ray diffraction
measurements.

3.2 MicroCrys: a platform to automate on chip crystallization

The MicroCrys platform includes a support for the chips compatible with the dimensions
and the mechanical constraints of the flexible, polymeric materials composing the microfluidic
devices, a digital camera with automated focus for real-time monitoring and image recording
during the evolution of the crystallization process and a fluidic system for mixing and
circulating the crystallization solution within the chips under constant flow or under constant
differential pressure (AP) between the inlet and the outlet port of the fluidic channel. The
support is motorized and allows stepwise movement along all three axes in a Cartesian
coordinate system (x, y, z) enabling the scanning of the microchips for detecting the protein
crystals within the protein reservoir. Moreover, the parts of the platform are controlled by a
custom-built software designed to manipulate the movement of the support and the focus of
the camera, to record images and to initialize or stop the mixing and the flow of the
crystallization solution within the fluidic channel of the chips. A bench, provided by Dr. Jean-
Luc Ferrer (Synchrotron Group, IBS, Grenoble), has been manufactured by NatX-ray to support
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commercial 96-well crystallization plates (SBS standard) for real-time visualization of the drops
within the wells. We were allowed to modify it and expand its use for crystallization
experiments on microchips. The developments of the instrumentation and the software were
accomplished in collaboration with Dr. Yoann Sallaz-Damaz (Synchrotron Group, IBS and
BMO7-FIP2, ESRF, Grenoble). The visualization platform is shown in Figure 3.2.1.

Figure 3.2.1: (a) The visualization bench manufactured by NatX-ray for on plate protein
crystallization. (b) The MicroCrys platform developed for automated on chip protein
crystallization. The 3D printed white support for the microchips is positioned on the metallic
sample holder of the bench.

Specifically, the platform contains a metallic support for 96-well plates or the microfluidic
chips (Figure 3.2.2 (a)). The dimensions of this unit are suitable for supporting a typical 127
mm x 85 mm CrystalQuickX crystallization plate (Greiner). Two M-404 precision linear stages
and one M-232 high-resolution linear actuator with direct current (DC) motor (Physik
Instrumente, Pl) are used for the spatial movement of the metallic support along the three
axes. The M-404 linear stages have a travel range from 25 — 200 mm and minimum
incremental motion of 0.1 um, while the M-232 actuator has a travel range of 17 mm and
minimum incremental motion of 0.1 um. The linear stages and the DC motor are controlled
by three 1-axis C-863 Mercury servo controllers (Pl). The linear stages and the Mercury
controllers are shown in Figure 3.2.2 (a) and Figure 3.2.2 (c), respectively. The unit of the
platform adjusted for visualization is an inverted UEye color, Internet camera (IDS) with a
resolution of 1280 x 1024 pixels (Figure 3.2.2 (b)). The camera is placed under the metallic
support for the microfluidic chips. A stepper motor controls the microscope zoom of the
camera. A 1-axis networkable C-663 Mercury controller (Pl,) is used for the stepper motor.
Two LED (light emitting diode) lights (CCS HLV2 series, white LED) are attached beneath the
metallic support of the platform, near the UEye camera (Figure 3.2.2 (b)), and one LED light is
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located above the support, as shown in Figure 3.2.2 (a). The two front lights allow visualization
through reflection and the back light visualization through transparency.

Figure 3.2.2: Components of the visualization platform. (a) The metallic support for 96-
well plates or microfluidic chips, the M-404 linear stage and the back LED light, (b) the
inverted UEye color camera with the two front LED lights and (c) the C-863 Mercury servo
controllers.

In Figure 3.2.1 (b) the platform is shown while being used for on chip protein
crystallization experiments. For the on chip crystallization experiments, a sample support has
been designed with SolidWorks and was printed using 3D printing. The 3D printed sample
support can be mounted directly on the metallic support of the platform and it can carry up
to three microchips simultaneously3. In Figure 3.2.1 (b) two microchips are mounted on the
sample support (white color polymeric support) bearing the appropriate connectors and PTFE
tubes for fluid handling with the external pressure-driven system. The external dimensions of
the support are equal to the dimensions of the commercial 96-well crystallization plates
CrystalQuickX (SBS standard), as shown in Figure 3.2.3 (b), while each one of the three slots
(Figure 3.2.3 (a)) designed for the placement of the chips has the standard dimensions of a
microscope glass slide (3 x 1 in). It should be reminded at this point, that the PMMA foil used
as a substrate for the NOA 81 sticker during the fabrication of the devices (Section 2.2.1) has
the same dimensions as a microscope glass slide. The same sample support can be mounted
in macromolecular crystallography beamlines compatible with in plate crystallography
measurements and can be used to hold the chips in front of the X-ray beam for in situ X-ray
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diffraction experiments (Chapter 4). The use of the 3D printed sample support contributes
significantly to the automation of the entire procedure, from the on chip crystallization
experiments performed with the MicroCrys platform to the in situ X-ray diffraction
experiments at synchrotron beamlines because the sample changers of the beamlines are
designed to manage crystallization plates.

Figure 3.2.3: The 3D printed support for microchips (a) has the same external
dimensions as the 96-well crystallization plate CrystalQuickX (b). The support can carry up to
three chips simultaneously and each position has the dimensions of a microscope glass slide

(3x1in).

3.2.1 Electronics and programming

The three C-863 and the C-663 Mercury motor controllers are connected in serial
connection to an Ethernet convertor. An Ethernet Modbus controller controls the three LED
lights. The operational system (OS) of the visualization platform is Windows 10. The bench
designed by NatX-ray was operating in Linux. However, in order to operate the bench with the
requirements and specifications of the MicroCrys platform, the original control system had to
be changed completely and all units were re-programmed to run in Windows 10. Currently, a
program developed in LabVIEW (National Instruments, NI) controls all the units of the
platform (inverted camera, LED lights and motorized controllers). The objective of developing
the LabVIEW program was to create a user-friendly interface where all the separate units of
the MicroCrys platform can be adjusted and controlled in an easy and automated way, while
permitting further manipulations or additions without interfering on the functionality of the
main program.

The main VI (Virtual Instrument) of the LabVIEW software includes three windows, each
one dedicated to a specific manipulation. The front panel of the main Vl is illustrated in Figure
3.2.4 where the interface windows named “Display”, “Image Record” and “pfluidic” are
distinguished. The specific screenshot relates to the “Display” interface dedicated to
manipulating the parameters of visualization. The user can adjust the intensity of the front
and back LED lights to the desired luminosity, as well as the zoom of the inverted camera. In
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the example shown in Figure 3.2.4, the camera has been zoomed up to 75 % in order to inspect
the fluidic channel and part of the protein reservoir of a 0.1 uL dialysis chip. The focus is
adjusted externally by rolling the central wheel of the computer’s mouse. Adjusting the focus
can take up to several seconds especially when trying to accurately locate the micro-patterns
of the chips, because the zoom level used for the experiments renders the depth of field very
low. For this reason, an “off/on” button has been added on the “Display” interface for
controlling the focus with higher accuracy. When the button is clicked (as in Figure 3.2.4), the
accurate focus mode is “on” and rolling the mouse wheel allows for a precise control. On the
contrary, when the button is not clicked, the accurate focus mode is “off” and a single roll of
the mouse wheel can change the focus rapidly. This operation is very useful when screening
the entire surface of the microchip or when localizing in a specific compartment, as for
example the protein reservoir. Finally, the spatial movement of the metallic support along the
x- and y-axes is achieved by clicking the mouse on the targeted direction on the image
displayed on the “Display” interface. For example, by clicking on the upper most point of the
image displayed in Figure 3.2.4, the motorized stage will move accordingly and the view of the
whole protein chamber will be revealed. If the user needs to examine the fluidic channel
across all its length, clicking successively on the lower point of the image moves the stage
accordingly. The same procedure is applied for investigating the image on the left or right
direction.

The “Image Record” interface of the main VI, shown in Figure 3.2.5, is designed for
handling the recording parameters. First, the user has to define the directory for image
recording and then choose the frequency (in seconds) at which images are recorded in the
pre-defined directory. In the example shown in Figure 3.2.5, one image is recorded every 1000
s. Moreover, the software offers the possibility to turn on the LED lights only during recording
to prevent overheating the solution within the protein reservoir from continuous lighting. This
can be achieved by selecting the “Light on only during recording” button. With this
functionality, even if the front- and back-lights are set to zero value in the “Display” panel,
they will be turned on while recording an image. Finally, once all the parameters for recording
are regulated, the user has to press the “Start” button to initiate the image recording at the
desired time intervals. If recording is no longer required during the course of the experiment,
pressing the “Stop” button can cease it.
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Figure 3.2.4: The front panel of the main VI of the LabVIEW software developed to
control all the separate units of the MicroCrys platform. The main interface includes three
windows named “Display”, “Image Record” and “ufluidic”, each designated to specific

functionalities of the platform. The “Display” interface shown here is dedicated to
manipulating the parameters of visualization.
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Figure 3.2.5: The “Image Record” interface of the main VI designed for handling the
recording parameters with MicroCrys.
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A flowchart of the LabVIEW code divided in three modules is shown in Figure 3.2.6. The
first module (INIT) initializes the communications of all the units of the platform. The lights
and the motors are initialized with an Ethernet Modbus communication protocol and the
camera with a proprietary protocol requiring a driver supplied by the manufacturer. Once the
communication is initialized properly, the second module (RUN) is activated. This module is
related to the operation of the camera, the recording and lighting parameters as well as the
spatial displacement of the metallic support through the motorized stepper controllers.
Within the operations of this module the motors are controlled by the computer’s mouse (left
click on the screen or rotation of the mouse wheel), the intensity level of all the LED lights is
adjusted through the front panel of the main VI on the “Display” interface and the recording
parameters are set on the “Image Record” interface. In the block diagram of the LabVIEW
code, all the functions of the main code are running in a loop with event check. When the
“Exit” button on the graphical user interface is clicked, the third module of the flowchart is
activated, terminating the communication for each sub-task of the main program.

*+ OPEN MODBUS COM
INIT ———— * OPEN CAM COM + SET PARAM
* OPEN MOTOR COM

»  ACQUIRE IMAGE (CAM) —>  DISPLAY
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Figure 3.2.6: A flowchart of the LabVIEW program developed for automated operation
of the visualization and recording functionalities with the MicroCrys platform.

3.2.2 System for fluid handling

For mixing and circulating the crystallization solution within the channel of the microchip,
a pressure-driven flow controller from Elveflow has been incorporated in the MicroCrys
platform. The OB1 pressure controller consists of the OB1 base Mklll and the two OB1 MkllI
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pressure channels that are used to drive the solutions from pressurized containers into the
PTFE tubes connected to the inlet and outlet ports of the microfluidic device. The maximum
inlet pressure for the OB1 channels is 2000 mbar. The OB1 controller supports up to four
pressure channels. The setup also includes two thermal-based digital MFS4 flow sensors for
measuring the flow rate in a range of 1 pL min to 1 mL min. The flow sensors are bi-
directional, and their working principle is based on measuring the temperature through a glass
capillary due to the local heating of the flowing solution®. One of the flow sensors can be
connected prior to the inlet of the microfluidic chip to regulate the flow of the solution as
imposed by the pressure-driven controller and the second flow sensor can be connected right
after the outlet port of the chip. If knowing the outlet flow rate is not essential for the
experiment, the second flow sensor can be used to regulate the inlet flow rate of a second
chip allowing multiple on chip crystallization experiments to be performed simultaneously. In
fact, flow sensors can be added at any point along the direction of the flow where the accurate
measurement or regulation is necessary. This equipment is sufficient to perform experiments
when the crystallization solution is prepared manually by mixing the buffer and precipitant
solutions in advance and the pressure channels are used to circulate the solution from the
pressurized container (50 mL Falcon tubes) into the fluidic channel of the chip. A schematic
illustration of this operation is shown in Figure 3.2.7. In our case, the OB1 controller has two
pressure channels that can be used independently to circulate a solution in two different
chips; therefore, two crystallization experiments can be performed simultaneously.

MFS4 flow
sensor

crystallization
solution

waste

1l

OBL1 pressure controller

Figure 3.2.7: Operation of the OB1 pressure controller (Elveflow) for injecting a pre-
mixed crystallization solution in the channel of the microfluidic chip. A flow sensor is added
prior to the inlet point of the chip.

Apart from manually preparing the crystallization solutions by mixing all the components
in advance, there is the possibility to automate the procedure with the MUX Distributor
(Elveflow). The distributor of our choice was the 6 to 1 model including six inlets and one outlet
port. The device has been designed to add sequentially solutions in a mixing reservoir. A
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flowchart of the procedure is illustrated in Figure 3.2.8. Solutions (salts, buffers, etc.) are
shown in Figure 3.2.8 with numbers 1 —4 inside the reservoirs. The solutions are injected one
by one through the MUX Distributor and a microfluidic valve (MPV 3/2 from Elveflow) into an
intermediate reservoir, in order to prepare the crystallization solution. A flow sensor (MFS4)
is regulating the flow rate of the solutions prior to their injection within the intermediate
reservoir. The crystallization solution within the intermediate reservoir is then pressurized
through the OB1 pressure controller to flow towards the inlet of the microfluidic chip. Prior to
the inlet of the microfluidic chip, another flow sensor (MFS4) is connected to regulate the flow
rate of the crystallization solution. Figure 3.2.9 shows all the parts of the fluidic system as have
been set next to the MicroCrys platform.
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/[ MUX MFs4 flow ||| | i | MFs4flow

— dlstrlbutor sensor AN\ ! sensor
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crystallization
solution

— waste U
11 washing
l J solution OB1 pressure controller
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Figure 3.2.8: Schematic illustration of the OB1 pressure controller and the MUX
distributor (Elveflow) for mixing components (salts, buffers, etc.) of the crystallization
solution by sequential injection into a mixing reservoir. Flow sensors are added at points
along the direction of the flow where the accurate measurement or regulation is necessary.
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Figure 3.2.9: Next to the MicroCrys platform, from left to right, are shown the MUX
distributor, the OB1 pressure controller and the two MFS4 flow sensors of the Elveflow
fluidic system.

Elveflow has developed the ESI (Elveflow Smart Interface) software for an interactive,
user-friendly control of all the instruments. The software allows the user to connect up to
sixteen different instruments and manipulate their functional parameters through the user
interface, such as flow rate, pressure value, acquisition time and frequency, units, or recording
parameters, such as graphical display and data recording path. A screenshot of the two
pressure channels used for the experiments conducted with the MicroCrys platform as
displayed on the ESI user interface is shown in Figure 3.2.10. The panel of the pressure
channels can be used to set a pressure (in mbar) or flow rate (in uL min) and displays the
actual pressure and sensor value. Each pressure channel can be configured independently,
while the values of the pressure regulators and the flow sensors are shown in real time in the
ESI Graph window (Figure 3.2.10, bottom right side). Moreover, the pressure of the regulator
and the flow rate of the sensor can be constant at the set value or it can be adjusted using
several built-in profiles, like the ramp profile where the pressure increases linearly to reach
the set value in a defined time interval. In fact, a PID (Proportional — Integral — Derivative)
algorithm is used to adapt the actual pressure to the set value and custom profiles can be
made by tuning the parameters of the PID regulation. A PID algorithm calculates an error value
defined by the difference between a set point and a measured value and applies a correction
based on proportional, integral or derivative terms. For example, the proportional or gain
parameter of a PID algorithm of the flow sensor improves the response time of the system
and the integral parameter can regulate the instabilities of the flow rate. However, each one
of the PID parameters may induce instabilities on the others, therefore, fine-tuning the PID
parameters is crucial for the optimal response of the system (controller, regulator, sensor,
etc.).
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Figure 3.2.10: The ESI (Elveflow Smart Interface) software illustrating the two pressure
channels used for the on chip crystallization experiments conducted with the MicroCrys
platform.

Our aim has been to integrate the feature functionalities of the ESI software in the
LabVIEW program developed for MicroCrys. The “ufluidic” interface of the main VI (Figure
3.2.4) has been dedicated to the integration of the Elveflow fluidic system. Elveflow provides
SDK (Software Development Kit) packages in various programming languages (C++, MATLAB,
Python or LabVIEW) for Windows OS only, containing all the functions for a customized
software development. The LabVIEW libraries contain example VlIs for the OB1 pressure
controller, the MFS flow sensors and the MUX distributor. The VI of the OB1 pressure
controller has been added to the “pfluidic” interface and a screenshot is shown in Figure
3.2.11. The workflow of the OB1 VI is summarized in four modules related to the configuration
of the controller, the calibration, the main working loop and the termination of the operation.
First, the instrument is initialized and the flow sensors are connected to each one of the four
pressure channels. Then the controller is calibrated and the execution of the main working
loop starts. In the main loop, the user can set the pressure value to all the channels at once or
to each channel separately. The main working loop includes also operations related to data
acquisition, displaying and recording. A “STOP” button in the front panel ensures the proper
termination of the working loop. Once the Vis for the MFS flow sensors and the MUX
distributor are incorporated in the LabVIEW program of MicroCrys, then all the actions related
to visualization and fluid handling can be accomplished through a single graphical user
interface.
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Figure 3.2.11: The LabVIEW VI of the OB1 pressure controller added to the “pfluidic”
interface of the main LabVIEW program developed for MicroCrys.

3.3 Thermal regulation
3.3.1 Thermal transfer in microfluidics

Temperature is an important parameter in the crystallization of biological
macromolecules affecting the solubility of the protein sample, as explained in Chapter 1
(Section 1.1.3). Temperature control combined with the dialysis method can be used to
decouple nucleation and crystal growth and facilitate the investigation of temperature and/or
precipitant concentration phase diagrams. However, exploring the full potential of precise
temperature control as a crystallization variable in the microfluidic scale is quite challenging.
Heat transfer mechanisms, in the macro- or micro-scale, are ruled by complex physical and
thermodynamic concepts, especially when combined with the presence of fluid flow or
electronic components. The fundamental notions on thermal transfer in microfluidics are
provided in the book of P. Tabeling®.

A review by Miralles et al.*? on thermal regulation in microfluidic systems designates the
developed applications in three main categories: external heating, integrated heating or
heating through electromagnetic radiation'’. For the two first approaches, a heating source is
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used for thermal transfer towards the fluid, while for the third approach the fluid is heated in
the bulk without using any source. Thermal regulation and control in microfluidic applications
can be described either in terms of temperature profile or in terms of temperature range.
External heating techniques operate with commercial heaters for pre-heating a fluid prior to
its use in microfluidic devices or the thermal components are integrated in the microfluidic
application. A widely applied technique is the use of thermoelectric components, such as the
Peltier modules!?. The temperature profile achievable with these techniques can be
homogeneous throughout the position of interest or a constant temperature gradient can be
generated with high accuracy. For example, Khandurina et al.'3 developed an integrated
system for rapid PCR (polymerase chain reaction) analysis based on the thermal cycle of two
Peltier modules coupled with microchip gel electrophoresis device achieving a heating or
cooling ramp rate of 20 — 30 °C s*. Apart from PCR applications, Peltier junctions have been
used with PDMS microfluidic devices for high resolution imaging of cells4. Fast (10 s)
temperature switching between 5 and 45 °C was used to study temperature-sensitive gene
mutations of the fission yeast Schizosaccharomyces pombe. The heat produced by the Peltier
elements was dissipated by water circulation in the top layer of the multi-layered chip. Instead
of using water cooling, Yang et al.*> developed a system for dissipating the heat from the
Peltier elements through aluminium cooling fins and two cooling fans achieving heating and
cooling rates of 7—8 °Cand 5 — 6 °C, respectively.

Linear temperature profiles in PDMS-based microfluidic devices were generated either
with pre-heated liquids through standard laboratory water bath circulators (5.8 °C mm™
gradient)'® or Peltier elements and a copper block for heat dissipation (13.75 °C mm
gradient)Y’. Laval et al.®® used temperature gradients generated through external Peltier
elements located below a silicon wafer to screen two-dimensional solubility phase diagrams.
They fabricated a PDMS device to store hundreds of droplets of nL volume containing a
solution with gradual variation of the solute concentration. Crystallization in the droplets was
induced by rapid cooling and a temperature gradient (0.7 °C mm™) along the channel of the
chip was used to eventually dissolve the crystals and map-out a concentration vs. temperature
phase diagram and localize the solubility curve. However, temperature gradients can be
produced by integrating resistive thermal components in the microfluidic device'® or by
injecting and polymerizing a conductive silver-filled epoxy within a microfluidic channel
dedicated only to cooling®.

Integrated heating or cooling techniques are based on the thermal transfer from a system
integrated within the microfluidic device towards the fluid under study. Joule heating is
applied through conductive materials, as for example the silver-filled epoxy mentioned above,
being part of the microfluidic device or separate thermal components or metal wires?! can be
assembled with the chip. Moreover, endothermic or exothermic chemical reactions within the
microfluidic channels are characterized as integral processes for temperature control. Guijt et
al.?? used the endothermic evaporation of acetone to cool down a microchannel and the
exothermic dissolution of sulfuric acid in water for heating.

Astier and Veesler?® highlighted the significance of temperature as a crystallization
variable with practical examples on the impact of temperature on protein phase separation
and crystallization. HEWL was crystallized on chips fabricated from silicon wafers with
chamber arrays?*. A constant temperature gradient between 12 — 40 °C was maintained across
the silicon substrate with two Peltier modules and a heat sink with cooling fins was used for
heat dissipation. The HEWL crystals grown on chip with temperature control were used for X-
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ray diffraction data collection at room temperature and diffracted at 1.78 A resolution.
Teychené and Biscans®® developed glass microfluidic devices for on chip crystallization of
organic molecules in organic solvents and relative studies on the nucleation kinetics.
Supersaturation was achieved either through mass transfer or thermal gradient generated
with two Peltier elements. The authors studied the crystallization of eflucimibe in droplets of
octanol generated in water?>?¢ and the liquid-liquid phase separation of ibuprofen in organic
solvents partially miscible with water?>.

In this study, we used the external approach based on thermoelectric Peltier modules for
the thermal regulation and control of the protein reservoir of the microchip where
crystallization occurs. The two prototypes, the separate components involved in thermal
regulation and a graphical user interface designed for automation and integration of the
thermal system into the MicroCrys platform are described in the following sections.

3.3.2 Components for thermal regulation

3.3.2.1 The programmable controller

The TC-XX-PR-59 (Laird Technologies) is a programmable temperature controller
designed for reversible control of thermoelectric assemblies (like Peltier elements) that
require accuracy and precise control of the temperature. The controller can regulate the
temperature in cooling and heating modes, while the user can configure the regulation mode
that can be selected among several options (power, PID, on/off or algorithm mode). The
temperature range for thermal regulation is from -20 °C to + 100 °C with the standard NTC
(negative temperature coefficient) type sensor and the accuracy is 0.05 °C. The TC-XX-PR-59
controller can be configurated and used with RS-232 interface, a standard for serial
communication and transmission of data. The controller features two programmable fan
outputs, an alarm output relay, as well as outputs for LEDs, thermoelectric modules and NTC
thermistors or PT1000 sensors (platinum resistance thermometer with a resistance of 1000 Q
at 0 °C). A minimum power supply of 450 W can supply 11 — 30 V voltage to the controller.
Moreover, the same company has designed computer software for Windows OS and a
graphical user interface can be used to set input parameters and visualize output parameters
in real time. The user can also adjust the set point of the controller with an external
potentiometer within the range of 0 — 5V, while the outputs and the alarms are configurable.

The TC-XX-PR-59 controller is operating with a pulse-width modulation (PWM) of the
output. PWM is a method of digitally encoding the average power delivered by an electrical
signal into discrete quantities?”.28. The base frequency of the controller is 10 kHz. In fact, PWM
techniques are algorithms generating a repeated switching function. The average voltage or
current is supplied to the load via the PWM algorithm with repeating on and off pulses with
different duration. The duration of the on pulses defines the total power supplied to the load,
while the frequency of the switching function can be adjusted according to the load and the
application. This switching frequency is described by the duty cycle defined as the time
percentage during which the signal is active (on status) in one period?. The period (T) of the
repetitive signal is the time interval necessary to complete a cycle and it is defined as the
reciprocal of the frequency (f): T = 1/f. The duty cycle is expressed in a percentage of the pulse
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width during active time divided by the period (Eq. (3.1)). For example, a digital signal with a
duty cycle of 50 % is half of the time “on” and half of the time “off”. This can be expressed
graphically by a wave function (Figure 3.3.1 (a)). A duty cycle of 25 % is shown in Figure 3.3.1
(b) where the pulse is “on” only 25 % of the period.

ulse width
Duty cycle = P . 100%  (3.1)
a Period
Pulse width
—.
50% on 50% off
b
25% on 75% off

Figure 3.3.1: A duty cycle of (a) 50 % and (b) 25 % for pulse-width modulation
algorithms.

Figure 3.3.2 features the connections on the output relays of the TC-XX-PR-59 controller,
as specified by the manufacturer. The DC power supply and the thermoelectric (Peltier)
module are connected in four flat pin terminals. The NTC temperature sensor is connected in
a three-wire KK type Molex terminal. The controller also features three more KK type Molex
terminals for two-wire connections available for an alarm, an external potentiometer or a
second temperature sensor. Screw terminals are used to connect the RS-232 standard and the
fan.
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Figure 3.3.2: The output relays for the DC power supply, the Peltier module, the
temperature sensor, the fan and the RS-232 communication on the TC-XX-PR-59 reversible
controller.

3.3.2.2 The temperature sensor

The first temperature measurements were conducted with the 3 kQ NTC thermistor
manufactured by Vishay. This NTC thermistor consists of a chip soldered between two
insulated 0.3 mm nickel leads and it is coated with a solid epoxy lacquer. The thermistor is
mounted on the Molex terminal of the controller by soldering its cables. It can operate from
0 °C to 50 °C with an accuracy of + 0.5 °C. This thermistor didn’t respond well to the system
developed for thermal regulation of the microfluidic chips, while its head diameter of 2.4 mm
is relatively large and comparable to the dimensions of the protein reservoir where the
temperature sensor must be fixed.

In order to improve the response time and decrease the dimension of the probe head,
we connected a second temperature sensor on the two-wire Molex terminal of the controller.
For this application, the J type thermocouple by RS Components was chosen (Figure 3.3.3 (a)),
with a head diameter of 2 mm, equipped with a soldered junction connected to earth for fast
response time and wires with PTFE insulation. It can measure temperatures in the range of -
50 °C to 250 °C with a + 1.5 °C accuracy and a response time of 5 s. A thermocouple is a
temperature sensor consisting of two wires made from different metals, joined together at
one end to form an electrical junction. The J type thermocouple is made of one positive, iron
wire and one negative, constantan alloy (copper-nickel) wire. The thermocouple produces a
voltage as result of the Seebeck effect that can be interpreted to measure temperature. For
the case of the J type thermocouple by RS Components, a 5.269 mV output voltage
corresponds to 100 °C. The Seebeck effect describes that if two conductive materials are
joined together at a point, declared hot point, and there is a temperature difference (AT)
between the hot point and the tail of the two conductive wires (cold point), then an open
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circuit voltage (AV) is developed at the cold point3°. This correlation is expressed in Eq. (3.2)
and illustrated in Figure 3.3.3 (b).

AV = agAT (3.2)

Where as (V K1) is the Seebeck coefficient, a temperature-dependent property of
conductive materials. According to NIST data, the Seebeck coefficient for the J thermocouple
at 20 °Cis 51.502 pVv °C13%,

b hot point cold point
iron
@ +
T AV
T+AT constantan

Figure 3.3.3: (a) The J type thermocouple (RS) made of an iron and a copper-nickel alloy
wire. (b) Schematic illustration of the Seebeck effect as developed in the J type
thermocouple.

There are several types of thermocouples depending on the semiconductive materials of
the wires. For example, the J thermocouple used in this study has an iron and a copper-nickel
alloy wire, the E thermocouple has a nickel-chromium and a copper-nickel wire and the K type
has a nickel-chromium and a nickel-aluminium wire. The various types of thermocouples
exhibit different range of temperature and accuracy. For protein crystallization, the
temperature range is not very wide as the minimum temperature value required would be
approximately 4 °C and the maximum approximately 25 °C. The crucial parameters are the
accuracy of the measurement and the response time. For this reason, we chose the J
thermocouple having an accuracy of + 1.5 °C compared to * 2.2 °C for the K thermocouple
(data by RS Components). Figure 3.3.4 shows the graph of voltage (mV) to temperature (°C)
for a reference junction at 0 °C, for the J, K and E types as calculated from data acquired from
NIST tables based on the ITS-90 standard (The International Temperature Scale of 1990)3*.
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Figure 3.3.4: Voltage (mV) versus temperature (°C) graph for the J, E and K type
thermocouples based on the ITS-90 standard.

3.3.2.3 The thermoelectric Peltier module

Apart from the Seebeck effect, another thermoelectric effect implemented in the thermal
regulation of the dialysis chips is the Peltier effect. The Peltier effect describes the absorption
or release of heat to the environment when an electrical current flows through the junction
of two different semiconductive materials3%32, This heat exchange is associated to the thermal
energy produced by an electrical current being different depending on the material. Thus,
when an electrical current flows through the junction of two materials, the difference in their
thermal energy is released or absorbed at the junction depending on the direction of the
electric current. Typical Peltier modules are doped with n-type (negative) and p-type (positive)
semiconductors. In this case, energy is released from the junction when the current flows from
the n-type to the p-type doped material or the junction is heated when the current flows the
opposite way. This correlation is expressed in Eq. (3.3) and illustrated in Figure 3.3.5 (b).

Q= —IlxpI (3.3)

Where Q (J) is the heat generated at the junction, Myp (V) is the Peltier coefficient of the
junction calculated from the respective Peltier coefficients of the n-type and p-type
semiconductors and | (A) is the electric current flow through the junction.
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Figure 3.3.5: (a) The Peltier element (Laird Thermal Systems) used for thermal
regulation features a 7.21 mm diameter hole allowing visualization of the protein reservoir
of the dialysis chip with the MicroCrys platform. (b) Schematic illustration of the Peltier
thermoelectric effect for modules doped with n-type and p-type semiconductors.

The thermoelectric module that we chose for temperature control of the protein
reservoir of the dialysis chip is the SH10-23-06-L1-W4.5 annular thermoelectric cooler (Laird
Thermal Systems), shown in Figure 3.3.5 (a). The ceramics (alumina, Al,Os) of the hot and cold
side have a circular hole in the center. This design facilitates light protrusion for visualization
of the protein reservoir with the MicroCrys platform. The thermoelectric cooler can be placed
right below the chip and the hole of the module can be aligned with the protein reservoir
allowing visualization and precise thermal regulation. The diameter of the hole is 7.21 mm and
the diameter of the protein reservoir for the 0.1 uL and the 0.3 pL chip is 1.5 mm and 2.8 mm,
respectively. While in most applications two thermoelectric modules are used to allocate a
temperature difference between the hot and cold side, the TC-XX-PR-59 controller is used for
reversible control of the thermoelectric assembly. Thus, one module is sufficient in our system
since the controller can reverse the side of the module that is in contact with the chip
depending on whether we heat the protein reservoir or cool it down. According to the
manufacturer, the maximum power (Q) of the SH10-23-06-L1-W4.5 module is 4.6 W when the
temperature difference is AT = 0 °C, while the power is zero for AT = 70.5 °C. The specifications
for the optimal operation of the thermoelectric module are given by the company and are
summarized in Table 3.3.1. A graph for the operating performance of the Peltier module is
provided by the manufacturer in the datasheet (Figure 3.3.6), showing the current () versus
voltage (V) profiles for various temperature difference (AT) values between the hot and cold
side.
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Table 3.3.1: Specifications for the optimal operation of the Peltier module used in this
study as provided by the manufacturer (Laird Thermal Systems).

Specifications
Hot side T 27 °C 35°C 50 °C
Qmax (AT = 0) 4.6 W 4.8 W 5.0wW
ATmax (Q =0) 70.5°C 73.5°C 78.8 °C
Imax (@t ATmax) 3.1A 3.1A 3.0A
Vmax (at ATmax) 25V 26V 2.8V
Resistance 0.76 Q 0.79Q 0.850Q
Operating Tmax 80 °C

Current vs Voltage (I vs V)
Thot = 27 °C

= AT=0°C
= AT=10°C
= AT=20°C
== AT=30°C
= AT=40°C

AT=50°C
= AT=60°C

Operating Voltage (Volts)

0.00 0.50 1.00 1.50 2.00 250 3.00 3.50 4,00
Operating Current (Amps)

Figure 3.3.6: Current (I) versus voltage (V) profiles for various temperature difference
(AT) values between the hot and cold side of the Peltier module used in this study.

The maximum values for the current, the voltage and the temperature should not be
exceeded when operating the Peltier module. One of the major challenges that we
encountered when setting up the thermoregulation system was the different operating
voltage of the controller (12 V) and the Peltier module (3 V, as measured with an external
voltmeter at room temperature). To address this issue, a resistance (R) had to be added in
serial connection to the Peltier module. An external oscilloscope (ISO-TECH Kunststoff) was
used to measure the voltage of the controller, the resistance and the Peltier module in order
to calculate the final value of the resistance that had to be added to make the operating
voltage of the Peltier module 3 V. First, two resistances R1 (3.3 Q) and Rz (4.7 Q) were
connected in parallel resulting in a total resistance, R, of approximately 1.9 Q, according to Eq.
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(3.4). The voltage of the resistance was measured at 7 V (Figure 3.3.7 (c)) and the current
flowing through the resistance and the overall circuit was calculated according to Eq. (3.5) to
be 3.6 A. It should be noted that the vertical axis of the oscilloscope is the voltage and the
increment is 2 V, while the horizontal axis is the time and the increment is 10~ s. The voltage
of the Peltier was measured at 4.8 V (Figure 3.3.7 (b)) and the voltage of the overall circuit
was 11.8 V (Figure 3.3.7 (a)) being in compliance with the operating voltage of the controller.
However, in order to have 3 V at the Peltier module, the voltage of the resistance should be
11.8V -3V =8.28V.For8.8Vand 3.6 A current, the resistance is calculated according to Eq.
(3.5) at approximately 2.5 Q. A circuit with a serial connection of two elements and the
relationships among the voltages, the current and the resistances are shown in Figure 3.3.8.

_ RiRp

= R (3.4)
A\

I = ? (3.5)

a Overall b Peltier ¢ Resistance

Figure 3.3.7: Voltage measurements of (a) the overall circuit, (b) the Peltier module and
(c) the resistance with an external oscilloscope. The increment of the vertical axis is 2 V and
the horizontal axis is 107 s.

resistance Ry ———  Peltier R,
Vi Vp
| |
| |
R=Rg+ Rp Vv
V=Vs+ V,

Figure 3.3.8: An electrical circuit with serial connection of two elements (resistance and
Peltier module).

114



In the final version of the thermal regulation system, we used a 2.7 Q coil resistance from
the RS100 series by RS Components covered by aluminium envelope (Figure 3.3.18). The
resistance is able to deal with a power of 100 W. With this resistance value, the voltage of the
Peltier element is 2.3 V and lies within the operating specifications of the manufacturer.

3.3.2.4 The heat dissipater

Thermoelectric modules require a heat sink or other heat exchanger to dissipate the
excess of heat. Typically, in these applications, a water circulating system (chiller) is used to
dissipate the heat. However, our goal has been to integrate the thermal regulation system
into the MicroCrys platform avoiding voluminous equipment. For this, a heat sink for IC
(integrated circuit) processors with cooling fins was combined with an axial ventilator. The
aluminium dissipater, purchased by RS Components, features a black anodized surface with
dimensions of 43.6 x 43.6 x 12.3mm. Its thermal resistance is 9 K W and the installation is
implemented by thermal conductive adhesive. For all the thermal contacts in our system, the
silicone thermal grease by RS Components is used with a thermal conductivity value of 5.2 W
m K and operational temperature range of - 30 °C to 300 °C. The axial fan was also
purchased by RS Components and operates at 12 V DC supply voltage. The dimensions of the
fan are 40 x 40 x 20 mm and the speed is 7800 rpm. Axial ventilators operate by dissipating
hot air from the surface to cool down the surface. The airflow for the axial ventilator used in
this study is 15.3 m3 h'’. The heat dissipater and the axial ventilator are shown in Figure 3.3.9
(a) and Figure 3.3.9 (b), respectively.

Figure 3.3.9: (a) The heat sink with integrated cooling fins (RS) and (b) the axial
ventilator (RS) used for dissipating the heat produced by the Peltier module.
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3.3.3 Data acquisition

The TC-XX-PR-59 reversible controller can be manipulated by user-friendly PC software,
the LT-Interface, developed by Laird Technologies, described in more detail in Appendix 3.1.

3.3.3.1 The LabVIEW program

In order to automate the use of the controller and to integrate the thermal system to the
LabVIEW based interface of MicroCrys, an assembly of input/output electronic WAGO cards
has been developed. The J type thermocouple is connected to a two-channel analog input card
WAGO 753-469 and a two-channel analog output card WAGO 753-550 is connected to the KK
type Molex terminal of the controller for two-wire connections. The communication between
the WAGO cards and the computer is achieved by the MODBUS TCP/IP communication
protocol through a Fieldbus Ethernet coupler WAGO 750-352 card, while an end module
WAGO 750-600 card is added at the end. The fieldbus coupler connects Ethernet to the
modular WAGO I/0 (WAGO 753-469 and WAGO 753-550) system and creates a local memory
map with mixed arrangements of analog and digital modules. According to the manufacturer,
the coupler is designed for communication in both Ethernet/IP and MODBUS networks and
supports various standard Ethernet protocols (HTTP, FTP, etc.). A power supply WAGO 787-
602 card with 24 V DC output voltage and 1.3 A output current is connected prior to the
fieldbus coupler. Once the fieldbus node is assembled, the end module is added to complete
the internal data circuit and to ensure a correct data flow within the system. The WAGO
system is shown in Figure 3.3.10.
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Figure 3.3.10: The WAGO system assembled to automate the use of the reversible
controller and integrate the thermal system to the LabVIEW based interface of MicroCrys.
The electronic cards are the switched-mode power supply 787-602, the fieldbus Ethernet

coupler 750-352, the analog input 753-469, the analog output 753-550 and the end module
750-600 (from left to right).
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A program written in LabVIEW accomplishes the recording of the data at the computer.
The Serial Command Interface of the controller (Laird Technologies) is a serial communication
protocol for taking full command of the controller. In this case, the communication is done by
ASCII chars. When initiating the controller, the parameters of the internal EERROM memory
are copied to the runtime registers. With the RW command, the master can write the runtime
registers to EEPROM after ensuring that all runtime registers have been changed. This
communication is integrated in the main VI of the LabVIEW software developed for thermal
regulation and it is initialized when the “Init Peltier CTRL” button is clicked on the front panel
(Figure 3.3.11). The block diagram of the main VI for thermal regulation is provided in
Appendix 3.2.

The temperature of the J thermocouple is read with the WAGO cards and the MODBUS
protocol via the LabVIEW program. The “Init WAGQO” button has been added to the front panel
of the main VI for this purpose. A user-friendly graphical interface allows recovering the
numerical value of the thermocouple and displaying the corresponding data. The front panel
(Figure 3.3.11) includes a waveform chart window to visualize temporal (s) variations of the
temperature (°C) as measured by the J type thermocouple. The power supply of the Peltier
module is realized directly with a PID control integrated in the LabVIEW program. The
controller is set to power regulation mode allowing to regulate the output power from - 100
% to + 100 % depending on the voltage value. A sliding bar named “Voltage from WAGO to
Peltier CTRL” has been added to the main VI with a value range from 0 —5 V. 0 V correspond
to - 100 % power, 2.5V to 0 % power and 5 V to 100 % output power. When performing an
experiment, the temperature in °Cis set in the “Set point in degree” box and the “Start Peltier”
and “Start Regulation” switches are turned on (Figure 3.3.11). The PID algorithm will regulate
the voltage to adjust the temperature. This temperature value is adjusted in real time by
comparing the temperature set point to the actual temperature through the PID control.
Finally, a “STOP” button allows terminating the “while” loop operating in the block diagram
that includes all the above-mentioned functions.
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Figure 3.3.11: The front panel of the main VI of the LabVIEW software developed for
thermal regulation. The interface includes buttons to initialize the controller and the WAGO
system, to set the temperature and start the regulation of the Peltier module. The temporal

variations of the temperature (°C) in real time are shown in a graph.

3.3.4 Support for on chip thermal regulation

3.3.4.1 First prototype

In order to promote thermal transfer from the Peltier module to the microchip, a
conductive system is necessary to connect these two elements. A support was designed with
the CAD (Computer Aided Design) software Solidworks and was 3D printed at the SERAS
platform (Institut Néel, Grenoble). The resin support with 12.7 x 8.6 cm external dimensions
has the exact size of a SBS standard 96-well crystallization plate (Figure 3.2.3 (b)) and it can fit
on the metallic sample support of the OptiCrys platform (Figure 3.2.2 (a)). The CAD design of
the support is shown in Figure 3.3.12 (a), where the cavities and the pockets for incorporating
the various parts (thermocouple, Peltier element, microchip, copper lamella and heat
dissipater) for the thermal regulation are visible. A top and a bottom view of the design are
illustrated in Figure 3.3.13 (a) and Figure 3.3.13 (b), respectively. The microchip is positioned
horizontally on the support and the protein reservoir is aligned with the central hole of the
Peltier module facilitating visualization and image recording with the inverted camera of the
platform. The Peltier module (white head with a black and a red wire) is positioned below the
chip, on the pocket of the support specifically designed to accommodate this part of the
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thermal assembly. The thermocouple (green wire) is placed in a way that its head junction is
right above the central hole of the Peltier module and right below the protein reservoir of the
chip ensuring that the temperature measurement is performed in the proximity of the protein
reservoir. “Sandwiching” the thermocouple between the chip and the support was quite
challenging. This is one of the reasons why the NTC thermistor, originally used as a
temperature sensor with the TC-XX-PR-59 reversible controller, was replaced by a J type
thermocouple that has a smaller head junction size. However, the NTC thermistor remains
connected to the dedicated position on the controller, otherwise, the controller cannot be
initialized, but it is not used for temperature reading. The J thermocouple is used for reading
the temperature near the protein reservoir of the chip via the WAGO system (Section 3.3.3.1).

Figure 3.3.12: (a) The CAD design (Solidworks) of the first support developed for on chip
thermal regulation and (b) the 3D printed support. The cavities for incorporating the
thermocouple, the Peltier module, the microchip, the copper lamella and the heat dissipater
are visible.

As mentioned in Section 3.3.2.4, we wanted to avoid voluminous equipment for
dissipating the excess heat produced by the Peltier module in order to integrate the support
for thermal regulation into the MicroCrys platform. An aluminium dissipater with cooling fins
and an axial ventilator are used for dissipating the heat. The thermal contact between the
dissipater and the Peltier module is achieved with an L-shaped copper lamella, as shown in
Figure 3.3.13 (b). Copper and aluminium exhibit a good thermal conductivity with values of
385 W mt K and 205 W m™ K at 293 K, respectively33. However, the copper lamella is not
in direct contact with the Peltier module. In order to increase the thermal contact, a thin layer
of silicone thermal grease (RS Components) is used with a thermal conductivity value of 5.2 W
m1 K. Moreover, an 8 mm diameter hole has been drilled on the copper lamella (as illustrated
in Figure 3.3.13 (b)) to visualize the protein reservoir of the microchip with the inverted
camera. Despite the compact design, this first prototype for thermal regulation didn’t respond
well to the experimental requirements. Preliminary tests were carried out to determine the
response of the heat dissipater assembly to temperature variations. When setting the
temperature at a certain point, as for example at 4° C or at 20 °C, commonly used for
crystallization experiments, these values would be reached and remain constant for only a few
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seconds. After this time, we observed a sudden increase in the temperature and an excessive
local heating of the copper lamella, concluding that heat dissipation rate was not sufficient to
keep the temperature of the Peltier element fixed at the set point value. The thickness of the
copper lamellais approximately 2 mm and the width and the total length of the L-shaped piece
is 1.5 cm and 15.5 cm, respectively. Using Fourier’s law for heat conduction (Eg. (3.6)), the
heat flux (Q in W) for the copper lamella is 2.61 W. The maximum power (power =1 - V)
produced by the Peltier module is approximately 8 W for Imax = 3.1 A and Vmax = 2.6 V (third
column, Table 3.3.1). Thus, the heat flux (2.61 W) of the copper lamella is not sufficient over
time compared to the heat production rate (8 W) by the thermoelectric module. To address
this issue, we designed a second prototype, which is fully metallic, the cooling fins are
integrated within the main body of the support and a more powerful fan has replaced the axial
one.

kAAT

Q== (36)

Where k is the material’s thermal conductivity (W m™* K1), Ais the cross section area (m?),
L is the length of the material (m) and AT (K) is the temperature difference between the two
ends of the material. For the L-shaped copper lamella in contact with the Peltier module, a
value of AT = 35 K was used for the calculation.

Peltier module microchip dissipater

// copper

thermocouple

Figure 3.3.13: (a) A top view of the first support for thermal regulation (CAD design)
illustrating the microchip, the Peltier module and the thermocouple mounted on the
dedicated positions. (b) A bottom view of the same CAD design showing the mounted L-
shaped copper lamella and heat dissipater. A hole has been drilled on the copper lamella for
visualization of the chip’s protein reservoir with the inverted camera of the MicroCrys
platform.
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The 3D printed resin support is shown in Figure 3.3.12 (b). Figure 3.3.14 shows the
support on the metallic sample holder of the MicroCrys platform. The L-shaped copper lamella
is held in place with screws, the heat dissipater is screwed on the copper lamella and the axial
fan is fixed on the dissipater. The Peltier module and the J thermocouple (black and white
wires) are positioned below the microchip. The protein reservoir of the chip is aligned with
the central hole of the Peltier module and the hole on the copper lamella, right above the
inverted UEye camera and below the back light of the platform.

Figure 3.3.14: The 3D printed support for thermal regulation on the metallic sample
holder of the MicroCrys platform. All the components (chip, Peltier module, J thermocouple,
copper lamella, heat dissipater and axial ventilator) are mounted on the dedicated positions.

The central hole of the Peltier module and the hole drilled on the copper lamella make it
feasible to visualize the protein reservoir of the chip with the inverted camera.

3.3.4.2 Second prototype

For the second prototype, an AVC frameless cooling fan from an old NVIDIA Quadro 4000
graphics card was used. The diameter of the fan is 7 cm and it operates at 12 V DC power and
0.5 A current. The fan speed ranges between 3100 to 3900 rpm. The new fan operates as a
turbine forcing the flow through all the cooling fins integrated in the main body of the metallic
support. The support was designed with Solidworks and manufactured from aluminium at the
SERAS platform. The main objective of fabricating the support entirely from a conductive
metal was to enhance the heat dissipation. In this case, heat is dissipated by the cooling fins
integrated in the main body of the support. The dimensions of the aluminium support are 12.7
cm (length) and 8.6 cm (width) and it fits precisely on the metallic sample holder of the
OptiCrys platform. The top view of the CAD design indicating the cavity for the Peltier module
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is shown in Figure 3.3.15 (a). A small part was designed as the lid for the Peltier module. The
fabrication material of the lid was originally aluminium, as the main body of the support.
However, during the preliminary tests, we noticed that the thermal transfer between the hot
part of the Peltier module and the support was too large because the lid and the support,
fabricated from the same conductive material, were in direct contact, as shown in transverse
view in Figure 3.3.16 (a). In order to resolve this problem, we designed a lid for the
thermoelectric module composed of two parts: a metallic part (aluminium or copper) for
direct contact with the cold side of the Peltier module and a plastic (PVC or Derlin acetal resin)
frame for insulating the main body of the support, as shown in Figure 3.3.15 (b) and in Figure
3.3.16 (b) in transverse view. The dimensions of the metallic piece and the plastic frame are
15 x 15 mm and 29 x 19 mm, respectively. The metallic piece has a hole of 5 mm diameter for
enabling the visualization with the inverted camera of the MicroCrys platform. We made in-
house the small piece from aluminium and the frame from a mixture of carbon fibers and
epoxy adhesive (Figure 3.3.18 (a)) in order to use the support immediately, while the CAD
designs have been forwarded to SERAS for manufacturing the final parts.

Figure 3.3.15: Top view of the CAD design (Solidworks) of the second support developed
for on chip thermal regulation, illustrating the position for (a) the Peltier module (green
color) and (b) the lid designed for the Peltier module. The metallic part of the lid is shown
with brown color and the polymeric part with blue color.
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Figure 3.3.16: Transverse view of the CAD designs for the second support developed for
on chip thermal regulation, illustrating (a) the metallic lid for the Peltier module (brown
color) and the heat transfer from the hot side of the module (red arrows) and (b) the
modified version of the lid containing a metallic part (brown color) and a polymeric part
(blue color) that is used as a thermal insulator.

The bottom view of the CAD design for the second prototype is shown in Figure 3.3.17
(a), revealing the cooling fins and the cavity for the frameless cooling fan. The heat dissipater
used with the first prototype has been replaced with nine cooling fins designed to be part of
the support. The bottom part of the support is shielded with an aluminium lid as shown in
Figure 3.3.17 (b). The support’s lid dimensions are 120 x 72 mm and the diameter of the hole
below the fan is 48 mm. Moreover, the support and the lid have a hole for visualizing the
protein reservoir of the dialysis chip. The upper part of the aluminium support fits precisely
on the holder of the MicroCrys platform, while the bottom part exceeds vertically by 15 mm
below the holder allowing proper airflow through the cooling fins.

hole for
cooling fins lid of support visualization

fan

Figure 3.3.17: Bottom view of the CAD design of the second support developed for on
chip thermal regulation, illustrating (a) the cooling fins integrated on the main body of the
support and the position for the cooling fan and (b) the bottom lid of the support and its
position on the metallic sample holder of the MicroCrys platform.
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The second prototype for thermal regulation is shown in Figure 3.3.18 (a) on the sample
holder of the MicroCrys platform. The protein reservoir of the microchip is positioned right
above the Peltier module and it is aligned with the hole of the module and all the holes drilled
on the aluminium support for light protrusion and visualization with the inverted camera. The
lid of the Peltier module can be fixed with screws. The J type thermocouple is placed between
the Peltier module and the chip in the proximity of the protein reservoir. Two holes on the
support located near the inlet and outlet ports of the chip are designed for stabilizing the chip
with two screws. Otherwise, the chip can be fixed on the support with insulating tape. The
black and red wires of the fan (located at the bottom part of the support) protrude from a
hemispherical cavity. The second prototype connected to the controller and the WAGO
system developed for thermal regulation operated successfully, dissipating heat in a sufficient
rate and regulating the temperature at values even below 0 °C. The whole system developed
for thermal regulation, including the aluminium support, the reversible controller and the
WAGO system, is shown in Figure 3.3.18 (b). The WAGO system, the controller and the
resistance connected to the Peltier module are fixed on a metallic plate to optimize the spatial
distribution of these elements. In the future, this plate can be integrated within the platform.

Figure 3.3.18: (a) The aluminium support for thermal regulation on the metallic sample
holder of the MicroCrys platform. All the components (chip, Peltier module and its lid, J
thermocouple, cooling fan) are mounted on the dedicated positions. The central hole of the
Peltier module and the holes drilled on the lids of the Peltier module and the support allow
visualization of the protein reservoir with the inverted camera. (b) The entire system
developed for thermal regulation, including the aluminium support, the reversible controller
and the WAGO cards.
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3.4 Conclusions

A visualization platform (MicroCrys), integrating chemical composition and temperature
control, has been developed for automating the on chip crystallization of proteins via
microdialysis for investigating phase diagrams. MicroCrys is a miniaturization of two macro-
scale pipelines previously developed in our laboratory for screening and optimizing protein
crystallization, through the batch or the dialysis method, by mapping temperature and/or
precipitant concentration phase diagrams?°. The MicroCrys platform includes a step-wise
motorized metallic support, an inverted digital camera with automated focus for real-time
monitoring and image recording and three LED lights located near the camera and above the
sample holder facilitating the visualization of the microchips. The metallic support, originally
designed for commercial 96-well crystallization plates, can accommodate the 3D printed
holder that we developed for the chips with external dimensions equal to the SBS standard
crystallization plates. The 3D printed support can hold up to three chips simultaneously and it
is also used for on chip and in situ X-ray diffraction experiments at synchrotron beamlines
compatible with in plate protein crystallography. All the components of the platform are
controlled by a custom-built LabVIEW software displaying a user-friendly graphical interface
designed to manipulate the spatial movement of the support, the focus of the camera, the
illumination level through the LED lights and to record images with a frequency (image per
time unit) allocated by the user.

Moreover, a commercial fluidic system (Elveflow) for mixing and circulating the
crystallization solution under constant flow or under constant differential pressure between
the inlet and the outlet port of the fluidic channel has been incorporated in the MicroCrys
platform. The system for fluid handling includes a pressure-driven controller with two
pressure channels and two thermal-based digital flow sensors. The controller has two
pressure channels used to drive the solutions from pressurized containers into the PTFE tubes
connected to the inlet port of the microfluidic device. The two channels can be used
independently to circulate a solution in two different chips, allowing two crystallization
experiments to run simultaneously. Flow sensors can be connected at any point along the flow
where the accurate measurement or regulation of the flow rate is important for the
experiment. Pre-mixed crystallization solutions can be used with the pressure-driven
controller or can be prepared in an automated way with a six-valve distributor. The distributor
injects sequentially various salt or buffer solutions into a mixing reservoir in order to prepare
the final mixture for crystallization. Interactive software (ESI) has been developed by the
manufacturer for controlling all the instruments of the fluidic system. However, in the future
we aim to integrate the functionalities of the ESI software in the main LabVIEW program
developed for MicroCrys, in order to accommodate all the features of the platform for
visualization and fluid handling in a single graphical user interface. So far, the pressure-driven
controller has been integrated in the LabVIEW interface.

In order to investigate protein phase diagrams with the microchips, thermal regulation of
the protein reservoir is a major parameter as temperature control combined with the dialysis
crystallization method can be used to decouple nucleation and crystal growth. We developed
two prototypes using the thermoelectric Peltier effect for heating and/or cooling the protein
reservoir. The Peltier module has a 7.21 mm diameter hole facilitating visualization of the
protein reservoir through the inverted camera of the MicroCrys platform. The diameter of the
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protein reservoir for the 0.1 pL and the 0.3 pL chip is 1.5 mm and 2.8 mm, respectively. While
in most applications, two Peltier modules are used to produce a temperature difference
between the hot and the cold side, the TC-XX-PR-59 controller for thermoelectric assemblies
is used for reversible control. Thus, a single Peltier module is sufficient for our application
since the controller can reverse the side of the module that is in contact with the chip
depending on whether we want to heat the protein reservoir or cool it down.

The same Peltier module and reversible controller were used for thermal regulation with
the two prototypes. The difference lies on the system used for dissipating the excessive heat
produced by the thermoelectric module. The first, 3D printed resin support used a copper
lamella, a heat dissipater with integrated cooling fins and an axial fan. Even though copper has
a good thermal conductivity (385 W m™ K at 293 K), the L-shaped lamella of the first
prototype in combination with the dissipater and the fan could not dissipate heat at a rate
sufficient to keep the temperature of the Peltier element fixed. Thus, the second support was
manufactured entirely from aluminium. A frameless cooling fan used in computers’ graphical
cards replaced the axial fan and the cooling fins are part of the main aluminium body of the
support. Various holes of appropriate diameter were drilled in different parts of the support
for the visualization of the protein reservoir with the inverted camera. Both the 3D printed
resin support and the aluminium support can be positioned on the sample holder of the
MicroCrys platform.

Finally, a program written in LabVIEW accomplishes displaying and recording the
temperature values read by the J type thermocouple at the computer. The thermocouple is
positioned between the Peltier module and the chip and its junction head is placed close to
the protein reservoir. The thermocouple and the Peltier module are both connected to the
reversible controller. Laird Technologies has developed the LT interface for interactive
manipulation of the TC-XX-PR-59 controller and its components by the user. However, the
company provides a serial communication protocol for taking full command of the controller
without the LT interface. In order to automate the use of the controller and to integrate the
thermal system to the main LabVIEW interface of MicroCrys, an assembly of five electronic
WAGO cards has been developed. The temperature of the J thermocouple is read with the
WAGO cards and the MODBUS protocol via the LabVIEW program developed for thermal
regulation. A graphical user interface allows to recover the numerical value of the
thermocouple (°C) and to display the corresponding data as a function of time (s). The power
supply of the Peltier module is realized directly with a PID algorithm that regulates the voltage
in order to adjust the temperature on the side of the Peltier module that is in contact with the
chip.

126



3.5 References

(1) Shim, J.; Cristobal, G.; Link, D. R.; Thorsen, T.; Fraden, S. Using Microfluidics to Decouple
Nucleation and Growth of Protein Crystals. Cryst. Growth Des. 2007, 7 (11), 2192—-2194.

(2) Junius, N.; Oksanen, E.; Terrien, M.; Berzin, C.; Ferrer, J.-L.; Budayova-Spano, M. A
Crystallization Apparatus for Temperature-Controlled Flow-Cell Dialysis with Real-Time
Visualization. J. Appl. Crystallogr. 2016, 49 (3), 806—813.

(3) Junius, N.; Jaho, S.; Sallaz-Damaz, Y.; Borel, F.; Salmon, J.-B.; Budayova-Spano, M. A
Microfluidic Device for Both On-Chip Dialysis Protein Crystallization and in Situ X-Ray
Diffraction. Lab Chip 2020, 20 (2), 296—310.

(4) Jaho, S.; Junius, N.; Borel, F.; Sallaz-Damaz, Y.; Salmon, J.-B.; Budayova-Spano, M.
Crystallization of Proteins on Chip by Microdialysis for In Situ X-Ray Diffraction Studies. J.
Visualized Exp. 2021, No. 170, e61660.

(5) Budayova-Spano, M.; Dauvergne, F.; Audiffren, M.; Bactivelane, T.; Cusack, S. A
Methodology and an Instrument for the Temperature-Controlled Optimization of Crystal
Growth. Acta Crystallogr., Sect. D 2007, 63 (3), 339-347.

(6) Vahdatahar, E.; Junius, N.; Spano, M. B.-. Optimization of Crystal Growth for Neutron
Macromolecular Crystallography. J. Visualized Exp. 2021, No. 169, e61685.

(7) Junius, N.; Vahdatahar, E.; Oksanen, E.; Ferrer, J.-L.; Budayova-Spano, M. Optimization of
Crystallization of Biological Macromolecules Using Dialysis Combined with Temperature
Control. J. Appl. Crystallogr. 2020, 53 (3), 686—-698.

(8) Elwenspoek, M. Thermal Flow Micro Sensors. In International Semiconductor Conference
1999, 2, 423-435.

(9) Tabeling, P. Introduction to Microfluidics. OUP Oxford, 2005.

(10) Miralles, V.; Huerre, A.; Malloggi, F.; Jullien, M.-C. A Review of Heating and Temperature
Control in Microfluidic Systems: Techniques and Applications. Diagnostics 2013, 3 (1),
33-67.

(11) Issadore, D.; J. Humphry, K.; A. Brown, K.; Sandberg, L.; A. Weitz, D.; M. Westervelt, R.
Microwave Dielectric Heating of Drops in Microfluidic Devices. Lab Chip 2009, 9 (12),
1701-1706.

(12) Maltezos, G.; Johnston, M.; Scherer, A. Thermal Management in Microfluidics Using
Micro-Peltier Junctions. Appl. Phys. Lett. 2005, 87 (15), 154105.

(13) Khandurina, J.; McKnight, T. E.; Jacobson, S. C.; Waters, L. C.; Foote, R. S.; Ramsey, J. M.
Integrated System for Rapid PCR-Based DNA Analysis in Microfluidic Devices. Anal. Chem.
2000, 72 (13), 2995-3000.

(14) Casquillas, G. V.; Fu, C.; Berre, M. L.; Cramer, J.; Meance, S.; Plecis, A.; Baigl, D.; Greffet,
J.-).; Chen, Y.; Piel, M.; T.Tran, P. Fast Microfluidic Temperature Control for High
Resolution Live Cell Imaging. Lab Chip 2011, 11 (3), 484—-489.

(15) Yang, J.; Liu, Y.; B. Rauch, C.; L. Stevens, R.; H. Liu, R.; Lenigk, R.; Grodzinski, P. High
Sensitivity PCR Assay in Plastic Micro Reactors. Lab Chip 2002, 2 (4), 179-187.

(16) Mao, H.; Yang, T.; Cremer, P.S. A Microfluidic Device with a Linear Temperature Gradient
for Parallel and Combinatorial Measurements. J. Am. Chem. Soc. 2002, 124 (16), 4432—
4435,

(17) Matsui, T.; Franzke, J.; Manz, A.; Janasek, D. Temperature Gradient Focusing in a
PDMS/Glass Hybrid Microfluidic Chip. ELECTROPHORESIS 2007, 28 (24), 4606—4611.

(18) Laval, P.; Lisai, N.; Salmon, J.-B.; Joanicot, M. A Microfluidic Device Based on Droplet
Storage for Screening Solubility Diagrams. Lab Chip 2007, 7 (7), 829-834.

127



(19)
(20)
(21)

(22)

(23)

(24)

(25)
(26)
(27)
(28)
(29)
(30)

(31)

(32)

(33)

Shen, K.; Chen, X.; Guo, M.; Cheng, J. A Microchip-Based PCR Device Using Flexible
Printed Circuit Technology. Sens. Actuators, B 2005, 105 (2), 251-258.

Vigolo, D.; Rusconi, R.; Piazza, R.; A. Stone, H. A Portable Device for Temperature Control
along Microchannels. Lab Chip 2010, 10 (6), 795-798.

Wu, J.; Cao, W.; Wen, W.; Chang, D. C.; Sheng, P. Polydimethylsiloxane Microfluidic Chip
with Integrated Microheater and Thermal Sensor. Biomicrofluidics 2009, 3 (1), 012005.
M. Guijt, R.; Dodge, A.; Dedem, G. W. K. van; Rooij, N. F. de; Verpoorte, E. Chemical and
Physical Processes for Integrated Temperature Control in Microfluidic Devices. Lab Chip
2003, 3 (1), 1-4.

Astier, J.-P.; Veesler, S. Using Temperature To Crystallize Proteins: A Mini-Review. Cryst.
Growth Des. 2008, 8 (12), 4215—-4219.

Judrez-Martinez, G.; Steinmann, P.; Roszak, A. W.; Isaacs, N. W.; Cooper, J. M. High-
Throughput Screens for Postgenomics: Studies of Protein Crystallization Using
Microsystems Technology. Anal. Chem. 2002, 74 (14), 3505—-3510.

Teychené, S.; Biscans, B. Microfluidic Device for the Crystallization of Organic Molecules
in Organic Solvents. Cryst. Growth Des. 2011, 11 (11), 4810-4818.

Teychené, S.; Biscans, B. Crystal Nucleation in a Droplet Based Microfluidic Crystallizer.
Chem. Eng. Sci. 2012, 77, 242-248.

Holtz, J. Pulsewidth Modulation for Electronic Power Conversion. Proceedings of the IEEE
1994, 82 (8), 1194-1214.

Silva, E. R. C. da; Santos, E. C. dos; Jacobina, B. Pulsewidth Modulation Strategies. IEEE
Industrial Electronics Magazine 2011, 5 (2), 37-45.

Barrett, S. F.; Pack, D. J. Microcontrollers Fundamentals for Engineers and Scientists.
Morgan & Claypool Publishers, 2006.

Van Herwaarden, A. W.; Sarro, P. M. Thermal Sensors Based on the Seebeck Effect. Sens.
Actuators 1986, 10 (3), 321-346.

Burns, G. W.; Scroger, M. G.; Strouse, G. F.; Croarkin, M. C.; Guthrie, W. F. Temperature-
Electromotive Force Reference Functions and Tables for the Letter-Designated
Thermocouple Types Based on the ITS-90. National Institute of Standards and
Technology, 1993.

Gurevich, Y. G.; Logvinov, G. N. Physics of Thermoelectric Cooling. Semicond. Sci. Technol.
2005, 20 (12), R57—-R64.

Young, H. D. University Physics. 8th ed.; Addison-Wesley Pub. Co.: Reading, Mass, 1992.

128



Chapter 4

On chip protein
crystallization and In situ
X-ray diffraction
experiments



Chapter 4

On chip protein crystallization and in situ X-ray diffraction
experiments

4.1 On chip crystallization of soluble proteins

Two model soluble proteins were used for on chip crystallization with the microdialysis
method and in situ X-ray diffraction studies. Lyophilized powder of Hen Egg White Lysozyme
(HEWL) and Thaumatin from Thaumatococcus danielli were purchased from Sigma-Aldrich
and dissolved in distilled water to obtain various final concentrations. All protein solutions
were filtered through 0.22 um Millipore filters prior to their use for the crystallization
experiments. The crystallization solutions containing salts, buffers or PEGs, were all
centrifuged and filtered to remove solid particles of precipitate or dust prior to their use. The
MWCO of the RC dialysis membrane (Spectrum Labs) integrated within the dialysis chip,
separating the protein reservoir and the fluidic channel, can be chosen according to the
molecular weight of the protein sample. For the on chip crystallization experiments of HEWL
and Thaumatin with 14.4 kDa and 22 kDa molecular weight, respectively, the MWCO of the
RC membrane was 6 — 8 kDa. This value is sufficient to retain the protein sample within the
protein reservoir of the chip and to allow the molecules of the crystallization solutions (mainly
salts, buffers and low molecular weight PEG solutions?) to diffuse from the fluidic channel
towards the protein reservoir.

4.1.1 Hen Egg White Lysozyme

Before setting up crystallization experiments on the microchips, conventional
crystallization methods were used to perform a preliminary screening of crystallization
conditions and evaluate the effect of protein concentration, precipitant concentration and the
crystallization method itself on the crystal size and shape distribution and uniformity. In the
case of HEWL, both hanging and sitting drop vapor diffusion methods were employed, as well
as the dialysis method with standard dialysis buttons (Hampton Research). All experiments
were performed at 293 K. Figure 4.1.1 illustrates some representative results of HEWL
crystallization with sitting drop and dialysis. The protein concentration was approximately 30
mg mL? and in the case of the sitting drops, 10 pL of protein were mixed with 10 pL of the
precipitant solution, while in the case of dialysis, buttons with 30 puL volume and RC dialysis
membrane of 6 — 8 kDa were used. Figure 4.1.1 (a) shows HEWL crystals grown with the sitting
drop vapor diffusion method in the presence of 0.8 M sodium chloride (NaCl) and 400 mM
sodium acetate (CH3COONa) pH 4.0 while the crystals shown in Figure 4.1.1 (b) were grown
using the same method in the presence of 1 M NaCl and 400 mM CH3COONa pH 4.0. A slight
increase of the precipitant concentration from 0.8 M to 1 M, had a significant impact on the
number and the size of the crystals. Figure 4.1.1 (c) and Figure 4.1.1 (d) show HEWL crystals
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grown with dialysis in the presence of 0.8 M NaCl and 400 mM CH3COONa pH 4.0 and in the
presence of 1 M NaCl and 400 mM CH3COONa pH 4.0, respectively. Numerous crystals were
grown in both experiments, however higher precipitant concentration resulted in more and
smaller crystals. An increase in the precipitant concentration increases the supersaturation
value and the available nucleation sites. Considering the similar volumes of the initial mixture,
the impact of the crystallization method on the crystal size and population can be seen by
comparing Figure 4.1.1 (a) to Figure 4.1.1 (c) or Figure 4.1.1 (b) to Figure 4.1.1 (d), where
crystals were grown under conditions of the same chemical composition but with different
crystallization method. All photos were taken at the same time (1 day from the beginning of
the experiments) and the scale bar represents 100 um. More examples of HEWL crystals
grown with conventional methods can be found in Appendix 4.1.1.

Figure 4.1.1: HEWL (30 mg mL™) crystals grown in the presence of 0.8 M (a, c) and 1 M
(b, d) NaCl and 400 mM CH3COONa pH 4.0 with sitting drop (a, b) and dialysis (c, d) at 293 K.
The scale bar represents 100 pum.

HEWL was crystallized on chip using the microdialysis method (Section 4.1.1.1), the lipidic
cubic phase method (Section 4.1.1.3), while large HEWL crystals were grown on chip for
preliminary Neutron diffraction experiments (Appendix 4.1.2). Several experiments were
conducted to evaluate the effect of protein and precipitant concentration on the
crystallization of HEWL with the microdialysis method on the microfluidic chips. The
experiments illustrated in Figure 4.1.2 were performed at 293 K. The volume of the protein
reservoir was 0.3 puL and the MWCO of the RC membrane was 6 — 8 kDa. The crystals shown
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in Figure 4.1.2 (a) and Figure 4.1.2 (b) were grown in the presence of 1 M NaCl and 100 mM
CH3COONa pH 4.0 and the protein concentration was approximately 30 mg mL™* and 60 mg
mL?, respectively. The HEWL crystals illustrated in Figure 4.1.2 (a) were captured 2 h after the
onset of the experiment and the ones in Figure 4.1.2 (b) were captured 10 min after starting
the experiment. Doubling the concentration of the protein sample increases significantly the
supersaturation and the nucleation rate, resulting in the formation of multiple, smaller
crystals. The crystals shown in Figure 4.1.2 (c) were grown in the presence of 1 M NacCl, 100
mM CH3COONa pH 4.0 and 20 % v/v PEG 400, while the protein concentration was
approximately 30 mg mL™. The photo was captured 30 min after the onset of the experiment.
The effect of adding a second precipitant molecule (PEG 400) can be visualized by comparing
Figure 4.1.2 (a) and Figure 4.1.2 (c). Smaller, numerous HEWL crystals were formed under the
synergetic effect of NaCl and PEG 400, both acting as precipitants.

All the figures of the on chip protein crystallization experiments included in this section
were captured with the inverted UEye color camera of the MicroCrys platform (see Chapter
3). As explained in Chapter 2 (Section 2.2.2), the on chip crystallization experiments can be
performed either under static mode or continuous circulation mode. In the former case, the
fluidic channel is filled with the crystallization solution manually with the aid of a disposable
syringe or automatically with the aid of a syringe pump or a pressure-driven system and it is
set aside under appropriate temperature and humidity conditions. For the continuous
circulation mode, the precipitant solution is flowing within the fluidic channel continuously
under constant flow or under constant differential pressure (AP) between the inlet and the
outlet port of the fluidic channel using the Elveflow fluidic system presented in Chapter 3
(Section 3.2.2). The experiments illustrated in Figure 4.1.2 were carried out in a manual way
by pipetting the protein sample within the 0.3 pL protein reservoir and filling the fluidic
channel with the aid of a disposable syringe. Moreover, in Chapter 2 (Section 2.2.2), the details
of bonding connectors on the inlet and outlet ports of the microchip were discussed, along
with the protocol of encapsulating the protein sample within the protein reservoir with a piece
of 175 um thick PMMA foil and Kapton tape. The Kapton tape has a characteristic yellow color
that adds up to the green color of the images captured by the UEye camera. An example of
the images captured with MicroCrys is shown in Appendix 4.1.1 (Figure A4.2), where the
Figure 4.1.2 is cited in its original version. The exposure and recording settings of the UEye
camera can be adjusted by the LabVIEW program developed for the automated control of all
parts of the MicroCrys platform. Applying white balance corrections on the part of the
LabVIEW code controlling the camera settings can regulate the green hue in the images.
However, the current version of the code uses the default settings for visualization. In order
to facilitate the observation of the crystals grown on the chips in this chapter, all the figures
are provided in black and white.
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Figure 4.1.2: HEWL crystals grown on chip via microdialysis in the presence of 1 M NaCl

and 100 mM CH3COONa pH 4.0 and protein concentration 30 mg mL™* (a) and 60 mg mL* (b).

(c) HEWL (30 mg mL?) crystals on chip in 1 M NaCl, 100 mM CH3COONa pH 4.0 and 20 % v/v
PEG 400. All experiments were performed at 293 K. The scale bar represents 100 um.

4.1.1.1 Using MicroCrys to study crystallization phase diagrams

The MicroCrys platform was used in combination with the continuous circulation mode
for filling the fluidic channel in order to evaluate the reversibility of the dialysis method and
the compatibility of the dialysis chip for studying crystallization phase diagrams. HEWL crystals
were grown on chip at 293 K in the presence of 1 M NaCl and 100 mM CH3COONa pH 4.0. The
protein concentration was 30 mg mL* and the volume of the protein reservoir was 0.3 L. The
crystals are shown in Figure 4.1.3 (a) after 1 h from the beginning of the experiment. The
crystallization solution was continuously flowing within the fluidic channel at a constant inlet
pressure of 20 mbar using the pressure-driven fluidic system by Elveflow. In order to dissolve
the crystals, the precipitant concentration was set to zero (0 M NaCl) and a solution containing
only the buffer (100 mM CH3COONa pH 4.0) was prepared and connected to the pressure-
driven fluidic system. The dissolution of the HEWL crystals at 293 K started approximately 3
days after the beginning of the experiment. 400 pL of the new solution are sufficient to ensure
a complete exchange between the precipitant solution used for crystallization and the buffer
solution used for dissolution?. Figure 4.1.3 (b) and Figure 4.1.3 (c) show the progress of
dissolution after 1 h and 1 day from the beginning of this step, respectively. Eventually, crystals
were re-grown at 293 K in the presence of 0.8 M NaCl and 100 mM CH3COONa pH 4.0, as
shown in Figure 4.1.3 (d) after 1 h from the onset of the re-nucleation step. During all the steps
the crystallization solution was injected automatically in the fluidic channel under constant
inlet pressure of 20 mbar. However, the reservoir containing the crystallization solution (50
mL Falcon tube) connected to the pressure-driven fluidic system was filled manually with pre-
mixed solutions every time that a new step (growth, dissolution or re-nucleation) started. This
manipulation resulted in trapping air within the reservoir and the PTFE tubes connecting all
the parts for fluid handling. These air bubbles were transferred towards the fluidic channel
and are visible in all photos presented in Figure 4.1.3. In order to avoid the heterogeneities
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added to the system by the air bubbles that could potentially affect crystallization, the inlet
pressure was increased at 100 mbar, without exceeding the recommended limits?, just for the
time necessary to push the air bubbles towards the outlet of the fluidic channel. Then the
pressure was set again at 20 mbar. The scale bar in all captures represents 100 um.

Figure 4.1.3: Dissolution and re-crystallization experiment performed on chip with the
MicroCrys platform. (a) HEWL crystals grew in 1 M NaCl and (b) dissolved in 0 M NaCl. (c) The
majority of the crystals were completely dissolved after 1 day and (d) were re-grown in the
presence of 0.8 M NaCl. In all steps, the temperature was 293 K and the buffer concentration
was 100 mM CH3COONa pH 4.0. The scale bar represents 100 um.

A schematic representation of the qualitative phase diagram illustrating the nucleation
and dissolution steps of the experiment described in Figure 4.1.3, is shown in Figure 4.1.4 (a)
and Figure 4.1.4 (b), respectively. The initial concentration of the protein solution is 30 mg mL
1 and the initial concentration of NaCl in the crystallization solution is 1 M. The gradual
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transition from point | to point Il (Figure 4.1.4 (a)) represents the increase of the precipitant
concentration in the protein reservoir of the dialysis chip, as molecules of NaCl diffuse from
the fluidic channel through the RC dialysis membrane towards the protein reservoir. At point
I, nucleation starts as the protein solution is supersaturated and continues until reaching the
final concentration of the precipitant. Then, the crystals already present in the solution
continue to grow. This step is represented by the decrease in protein concentration until point
Il in the diagram (Figure 4.1.4 (a)). The dissolution begins (Figure 4.1.4 (b)) by a gradual
decrease in the precipitant concentration by exchanging the crystallization solution with a
solution containing only buffer (100 mM CH3COONa pH 4.0). This step is represented by
crossing the solubility curve (point IV), resulting in the dissolution of the HEWL crystals. At the
same time, the protein concentration increases reaching the initial value (point V, Figure 4.1.4
(b)). After dissolution, re-nucleation is induced in a less supersaturated condition (0.8 M NaCl).
This step follows a kinetic trajectory similar to the one illustrated in Figure 4.1.4 (a). Even
though, the phase diagrams shown in Figure 4.1.4 are a qualitative representation, they
demonstrate in a comprehensive way the kinetic pathway and the reversibility of the dialysis
method and the possibility of studying protein phase diagrams through precipitant
concentration variations on chip with the automation provided by the MicroCrys platform.
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Figure 4.1.4: Schematic representation of the phase diagram for the growth and
dissolution experiment performed on chip with the MicroCrys platform. (a) The kinetic
pathway of the nucleation step is shown with green arrow, where the precipitant
concentration (NaCl) increases (I to Il) and crystal growth occurs while the protein
concentration decreases (Il to ). (b) The kinetic pathway of dissolution is shown with red
arrow, where the NaCl concentration decreases gradually and HEWL crystals dissolve once
the solubility curve is crossed (IV). HEWL concentration increases gradually until reaching the
initial value (V).
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4.1.1.2 In situ X-ray diffraction experiments

In situ X-ray diffraction data from HEWL crystals grown on chip with the microdialysis
method were collected at BM30A-FIP beamline (ESRF). The microchips were mounted on the
beamline with the aid of the 3D printed support shown in Figure 3.2.3 (Chapter 3), designed
to carry up to three microchips simultaneously. BM30A-FIP beamline, compatible with in plate
X-ray crystallography experiments, is equipped with a robotic arm and a plate gripper®* to
hold the chips’ support in front of the X-ray beam. Moreover, the beamline is equipped with
a web-based user interface (WIFIP) to control data collection parameters for standard
goniometer-based protein cryo crystallography or in situ experiments®. The data collection on
the microchips was carried out at room temperature. The X-ray wavelength during on chip
data collection was 0.98 A (12.656 keV), the flux was 3.32 x 10° ph s and the beam size was
250 pum x 250 um. The diffraction images were recorded with an ADSC Quantum 315r detector
with a matrix of 3 x 3 CCD for an active surface of 315 x 315 mm? and 9.4 mega pixels
resolution. The data collection was performed under helium flux instead of atmospheric air,
since the lower atomic number of helium decreases attenuation effects as discussed in
Chapter 2 (Section 2.4).

Complete X-ray diffraction data sets were collected from two single HEWL crystals grown
on chip in the presence of 1.5 M NaCl and 100 mM CH3COONa pH 4.0 at 293 K. The protein
concentration was 30 mg mL? in distilled water and the MWCO of the RC dialysis membrane
was 6 — 8 kDa. The crystal morphology was cubic and the approximate size was 200 um along
each axis. The 3D printed support enabled data collection with an angular range of - 40° to +
40° around the crystal axis. The diffraction images were collected with 1° oscillation per
exposure and 30 s exposure time. The observed reflections were processed, indexed and
integrated using XDS®, while the program Phaser” of the CCP4 suite was used for molecular
replacement and determination of the phases for model building. The coordinates of the PDB
entry 193L were used for the molecular replacement. Phenix® was used for refinement and
the final protein model was inspected with COOT®. The analysis of the diffraction data sets
was accomplished with the help of Dr. Franck Borel (Synchrotron Group, IBS, Grenoble). The
crystallographic statistics for each HEWL crystal are provided in Table 4.1.1 reproduced from
Jaho et al.'°,

Due to the high symmetry of HEWL crystals, complete data sets can be obtained from
single crystals providing sufficient information for molecular replacement and refinement. For
each crystal used for this experiment, 80 diffraction images were collected in total, with 1°
oscillation per exposure at an angular range of - 40° to + 40° around the crystal axis. However,
for the data analysis of the first crystal (column 2, Table 4.1.1) and the second crystal (column
2, Table 4.1.1) only 40 and 30 diffraction frames were used, respectively. The diffraction signal
was slightly deteriorated during the collection of the last diffraction frames for each data set,
presumably due to radiation damage provoked by the relatively long exposure time to X-ray
radiation, which was 30 s per frame. The radiation damage on the HEWL crystals used for in
situ X-ray diffraction at room temperature is discussed in Section 4.3 of this chapter and some
interesting simulations and statistics are provided therein. The serial data collection strategy
is a viable approach to overcome the issues rising from radiation damage and the degradation
of the diffraction signal. In order to evaluate the possibility of the SSX approach from multiple
crystals grown on the microchip, the two data sets from the single HEWL crystals were merged
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providing better statistics and the results are included in the fourth column of Table 4.1.1. All
the values in Table 4.1.1 provided in parentheses correspond to the highest resolution shell.

Table 4.1.1: In situ X-ray diffraction data collection parameters and refinement statistics
of HEWL crystals grown on chip via microdialysis. The fourth column corresponds to values
obtained after merging the data sets of the two single crystals. Values in parentheses
correspond to the highest resolution shell. Reproduced from Jaho et al.*°

Data collection

Number of crystals 1 1 2

Number of diffraction frames 40 30 70

Oscillation (°) per exposure 1 1

Exposure time (s) 30 30

Space group P432,2 P43212 P43212

Unit cell parameters a=78.86 Ab=78.86 A | a=79.17 Ab=79.17 A a=78.47 A b=78.47 A

c=37.87 A c=37.95 A c=37.65 A

o=B=y=90.0° o=B=y=90.0° a=B=y=90.0°

Resolution range (A) 27.31-1.95 27.39-1.96 27.17-1.85
(2.02-1.95) (2.03 -1.96) (1.91-1.85)

Mosaicity (°) 0.319 0.121

Total reflections (observed) 25127 (3552) 19991 (3001)

Unique reflections (observed) 8641 (1357) 8295 (1321) 10404 (975)

Redundancy 2.90(2.61) 2.41(2.27)

Completeness (%) 95.0 (94.8) 91.9 (93.3) 98.23 (93.15)

Mean I/o 6.83 (1.16) 7.09 (1.66) 3.7

CCi/2 99.1 (42.4) 97.9 (37.0) 97.0

R-merge 0.184

R-pim 0.116

R-meas 0.139 0.221 0.219

Refinement

Reflections used in refinement 8645 (787) 8451 (857) 10391 (965)

Reflections used for R-free 864 (78) 846 (85) 1039 (96)

R-work

0.1988 (0.2968)

0.1853 (0.2872)

0.1839 (0.3102)

R-free

0.2430 (0.3437)

0.2297 (0.3622)

0.2207 (0.3703)

Number of non-hydrogen

1069 1071 1096
atoms
macromolecules 1012 1012 1012
water 55 57 82
ligands 2 2 2
Protein residues 131 131 131
rms (bonds, A) 0.008 0.009 0.005
rms (angles, °) 1.17 1.26 1.05
Ramachandran favored (%) 98.43 97.64 99.21
Ramachandran allowed (%) 1.57 2.36 0.79
Ramachandran outliers (%) 0.00 0.00 0.00
Average B-factor 34.26 28.54 24.34
protein 33.94 28.14 23.62
water 40.23 35.57 33.16
ligands 33.23 29.63 24.77

137




Electron density maps for a single HEWL crystal and the merged data set of the two
crystals were obtained at 1.95 A (Figure 4.1.5 (a)) and 1.84 A (Figure 4.1.5 (b)) resolution,
respectively. The maps were contoured at 1o. Detailed structural information obtained by in
situ X-ray diffraction experiments conducted at room temperature on the microchips are
shown in both density maps. The structure refinement worked successfully as indicated by the
R-work factor with values of 0.19 and 0.18 for the two single HEWL crystals and 0.18 for the
merged data set respectively, and the R-free factors of 0.24 and 0.22 for the two single HEWL
crystals and of 0.22 for the merged data set, respectively. High quality data can be obtained
through in situ X-ray diffraction at room temperature using the dialysis chip and the serial data
collection strategy is a feasible approach. The results of the in situ X-ray diffraction
experiments discussed in this section were published recently?®.

Figure 4.1.5: Electron density maps of the refined HEWL structure from (a) a single and

(b) the merged data set of two crystals grown on chip via microdialysis at 293 K. The maps

were calculated at 1.95 A and 1.84 A, respectively, and contoured at 16. Reproduced from
Jaho et al.*®
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4.1.1.3 Crystallization with the LCP method

In Chapter 1, two approaches for membrane protein crystallization were discussed. The
in surfo method (Section 1.1.4.1) relies on the use of amphiphilic detergents. Membrane
proteins can be solubilized in the detergent micelles mimicking the natural lipid bilayer where
membrane proteins reside. Then, the complex of membrane protein and detergent molecules
can be crystallized in aqueous solutions using conventional crystallization techniques, such as
vapor diffusion, dialysis, etc. The second approach of in meso crystallization (Sections 1.1.4.2
—1.1.4.5) relies on the spontaneous self-assembly of lipids and detergents in vesicles, discoidal
micelles or bicelles and liquid crystals or mesophases. The LCP method uses the bicontinuous
cubic phase of monoacylglycerols when mixed with water in specific temperature and
concentration conditions to reconstitute the protein in the lipidic bilayer. It should be
mentioned that in the case of membrane proteins, the protein sample contains also detergent
molecules used to solubilize the protein during production and purification. However, the LCP
method has been successfully used for the crystallization of soluble proteins at 293 K, as for
example chicken egg white lysozyme (CEWL)!?.

The most commonly used lipids with the LCP method are the cis monounsaturated
monoacylglycerols (MAGs). The phase diagram of monoolein (9.9 MAG) has been extensively
studied in the literature and the equilibrium temperature-composition phase diagram of the
monoolein-water system is provided in Figure 1.1.7 (Section 1.1.4.4). The Pn3m cubic phase
for LCP crystallization is formed at a composition of 40 % water and 60 % monoolein at 293 K.
In the current chapter, monoolein was used to investigate the compatibility of the dialysis chip
with the LCP crystallization method in combination with microdialysis. In the following
sections, the procedure of setting up crystallization trials on the microchip using lipidic cubic
phases is presented and it is based on the detailed protocol provided by Caffrey and
Cherezov!?. Moreover, the results of on chip HEWL crystallization in the lipidic cubic phase of
monoolein using microdialysis at room temperature are provided along with the in situ X-ray
diffraction studies performed at the PROXIMA-2A beamline at synchrotron Soleil.

4.1.1.3.1 The on chip LCP crystallization protocol

Before starting the experiment, monoolein (Molecular Dimensions) was removed from
the freezer (193 K) and set to adjust to room temperature. Then the lipid was incubated in a
heating block at 315 K in order to melt and facilitate its manipulation during the following
steps of the protocol. The equipment necessary to prepare the lipidic cubic phase is shown in
Figure 4.1.6 and includes two Hamilton glass syringes of 100 uL volume each for loading the
molten lipid and the protein sample, one 10 puL Hamilton syringe for sample delivery, needles
and ferrules for air tight connections (Figure 4.1.6 (a)), one dispenser (PB600-1 from Hamilton)
for delivering the cubic phase on the chip and one coupler (Molecular Dimensions) for mixing
the lipid with the protein solution to form the cubic phase (Figure 4.1.6 (b)).

First, the plunger was removed from one of the 100 puL Hamilton syringes and the molten
lipid was loaded into the barrel from the plunger end with a pipette. For the experiments
presented in this section, 40 puL of monoolein were used. The plunger was placed back into
the barrel of the syringe without pushing the lipid and the syringe was held in a vertical
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position. Then, the coupler, bearing ferrules at both ends, was carefully positioned and
screwed to the open end of the syringe containing the lipid. Once the coupler was tightened,
the lipid was pushed with the plunger inside the barrel of the syringe until the open end of the
small needle of the coupler. The lipid-loaded syringe was ready and it was set aside while the
second 100 pL Hamilton syringe was being prepared for the protein sample. It is
recommended to heat all the pieces of equipment (Hamilton syringe, coupler, ferrules) used
for the preparation of the lipid syringe in order to avoid potential solidification of the lipid due
to a temperature difference between the lipid (approximately 315 K) and the equipment at
room temperature (293 K).

The volume of the protein solution that should be used to form cubic phase with
monoolein at full hydration was calculated. As already explained, the Pn3m cubic phase of
monoolein is formed at a composition of 40 % water and 60 % monoolein at 293 K. These
percentages refer to mass or volume ratios assuming that the density of water and monoolein
at 293 K are closeto 1 g mL™* (0.998 g mL! and 0.942 g mL%, respectively)!?. Thus, for 40 pL of
monoolein, 26.7 uL of protein should be loaded in the second Hamilton syringe. The
concentration of HEWL was 40 mg mL* in distilled water. Before loading the protein, it is
important to centrifuge the sample for 2 —5 min at 293 K to remove aggregates. The procedure
of loading the protein solution is similar to the procedure described for loading the lipid. The
plunger was removed from the second Hamilton syringe and 26.7 uL of HEWL were loaded
into the barrel from the plunger end with a pipette. The plunger was placed back into the
barrel of the syringe and the protein solution was pushed until the open end of the glass
syringe where a meniscus formed by the solution should be visible. Then, the protein syringe
was screwed to the open end of the coupler attached to the lipid syringe. By the way that both
syringes were prepared, the lipid volume at the open end of the coupler is in direct contact
with the protein volume at the open end of the protein syringe, ensuring that there is no dead
volume before starting the mixing step. When loading the syringes, it is important to avoid
entrapping air bubbles. If this happens, the syringe is held in vertical position and the plunger
is moved up and down to remove the air bubbles. It is recommended to avoid over- or under-
tightening the syringes and the coupler, otherwise the ferrules might be damaged or leakages
might occur.

Figure 4.1.6: The equipment for preparing mesophases for crystallization experiments
with the LCP method including (a) Hamilton glass syringes and needles and (b) a coupler and
a repeating dispenser.
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To initiate mixing, the plunger of the protein syringe was pushed to its limit driving the
protein sample through the coupler towards the lipid syringe. An equal and opposite
movement of the plunger in the lipid syringe occurred. Then, the plungers of the two syringes
were moved back and forth alternately, using the thumb or index fingers, in order to properly
mix and homogenize the protein-lipid mixture and form the cubic phase. When the mixing
process starts, non-uniform and cloudy regions can be visible within the protein-lipid mixture,
while moving the plungers of the glass syringes is difficult. However, at the end of the process,
if mixing is performed properly, the mesophase should be homogeneous and optically
transparent in the syringe barrel (Figure 4.1.7). In this case, moving the plungers requires less
effort. The protein is reconstituted into the lipid bilayer and the cubic mesophase is formed
and ready to be used for crystallization experiments.

Figure 4.1.7: The optically transparent cubic mesophase prepared by mixing monoolein
and HEWL solution (40 mg mL1) in a 3:2 volume ratio at 293 K.

For distributing the cubic mesophase within the protein reservoir of the dialysis chip, a
repeating dispenser and the 10 pL Hamilton syringe (Figure 4.1.6 (b)) were used. First, the
empty dispensing syringe (10 pL) was positioned on the holding ring of the repeating dispenser
and the plunger of the syringe was positioned and slightly screwed in a small ring at the top
end of the dispenser. The plunger was moved until the zero graduation mark of the barrel by
moving the ratchet arm (Figure 4.1.6 (b)). The next step was to transfer the mesophase from
the 100 pL syringe used during mixing to the dispensing syringe already accommodated on
the dispenser. Therefore, the empty 100 uL syringe was disconnected from the coupler and
the mesophase-loaded syringe with the coupler still attached to it was connected to the
dispensing syringe. Then, simply by pushing the plunger of the 100 uL syringe, the mesophase
was transferred through the coupler towards the dispensing syringe, moving the plunger of
the dispensing syringe upwards. Once loading was accomplished, the assembly of the coupler
and the mixing syringe were disconnected and a flat-tipped needle was tightened to the front
end of the dispensing syringe, as shown in Figure 4.1.6 (b). In order to fill the void volume of
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the needle, the button on the ratchet arm was pressed several times to advance the plunger
in the barrel of the syringe until a string of the mesophase emerged at the tip of the needle.
The dispensing assembly was then used to set up the crystallization experiments. It should be
noted that the button on the ratchet arm is used for dispensing predefined volume of the
mesophase every time that it is pressed. When used with a 10 pL syringe, the dispensing
volume of the mesophase bolus is 0.2 L at every repetition. This volume is compatible with
the chip design where the protein reservoir volume is 0.3 pL. Automated, robotic systems
developed for LCP crystallization screening on plates can dispense boluses down to 50 nL
volume?3,

4.1.1.3.2 On chip HEWL crystallization with the LCP method

Several experiments were conducted to evaluate the compatibility of the dialysis chip
with the LCP crystallization method. The experiments illustrated in Figure 4.1.8 were
performed at 293 K. The volume of the protein reservoir was 0.3 uL and the volume of the
mesophase bolus dispensed on the reservoir was 0.2 pL. The cubic mesophase was prepared
by mixing monoolein and HEWL in a 3:2 volume ratio as described in Section 4.1.1.3.1. The
protein concentration was 40 mg mL?! in distilled water. The MWCO of the RC dialysis
membrane in the chip was 6 — 8 kDa. The crystallization solution was continuously flowing
within the fluidic channel of the chip at a constant inlet pressure of 50 mbar using the
pressure-driven fluidic system with the MicroCrys platform. It should be mentioned that
during conventional crystallization experiments with the LCP method set on glass plates
designed for in meso crystallization, the crystallization solution is added on top of the
mesophase bolus. For the experiments performed on the dialysis chip, the crystallization
solution was circulating only within the fluidic channel and the precipitant molecules were
diffusing through the RC membrane towards the protein reservoir where the mesophase bolus
was dispensed. Thus, the combination of in meso and dialysis on chip crystallization were
evaluated simultaneously.

The crystals shown in Figure 4.1.8 (a) were grown in the presence of 0.7 M NaCl, 100 mM
CH3COONa pH 4.0 and 4 % PEG 400 and the crystals in Figure 4.1.8 (b) were grown in 0.8 M
NaCl, 100 mM CH3COONa pH 4.0 and 8 % PEG 400. In both experiments, multiple micro-
crystals with an average size of 10 — 20 um were grown allowing a serial data collection
strategy for the in situ X-ray diffraction experiments carried out at RPOXIMA-2A beamline
(Soleil). However, doubling the PEG concentration from 4 % to 8 % has a dramatic effect on
the crystal population. In the center of Figure 4.1.8 (b), the crystal population is so dense that
it is practically difficult to visualize separate crystals. On the contrary, the crystals in Figure
4.1.8 (a) can be distinguished even if they are numerous. In order to eliminate the effect of
PEG 400 on the supersaturation, a solution containing only 1 M NaCl and 100 mM CH3COONa
pH 4.0 was prepared and the formed HEWL crystals are shown in Figure 4.1.8 (c). In this case,
the crystals are slightly larger, in the range of 20 — 50 um, but still numerous and well
distributed along the protein reservoir. The HEWL crystals shown in Figure 4.1.8 (a), 4.1.8 (b)
and 4.1.8 (c) were captured 3 h, 1.5 h and 24 h, respectively, after starting the experiment.
The scale bar represents 100 um.
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Figure 4.1.8: HEWL crystals grown on chip with the LCP method at 293 Kin (a) 0.7 M
NaCl, 100 mM CH3COONa pH 4.0 and 4 % PEG 400, (b) 0.8 M NaCl, 100 mM CH3COONa pH
4.0 and 8 % PEG 400 and (c) 1 M NaCl and 100 mM CH3COONa pH 4.0. The scale bar
represents 100 pm.

4.1.1.4 Insitu serial X-ray crystallography experiments

In situ X-ray diffraction data from HEWL crystals grown on chip with the LCP method were
collected at PROXIMA-2A beamline!* at synchrotron Soleil. The microchips were mounted on
the beamline with the aid of the 3D printed support (Figure 3.2.3, Chapter 3). The support for
the chips is shown in Appendix 4.4 as mounted on POXIMA-2A and BM30A-FIP beamlines.
PROXIMA-2A beamline, compatible with in plate X-ray crystallography experiments, is
equipped with a robotic arm to hold the support in front of the X-ray beam®®. The data
collection on the microchips was carried out at room temperature. The X-ray energy during
on chip data collection was 12.65 keV (0.98 A), the flux was approximately 1022 ph s and the
beam size was 5 um x 10 um. The diffraction images were collected with the EIGER X 9M
detector (Dectris) with an active surface of 233 x 245 mm? and a resolution of approximately
10 mega pixels.

Partial X-ray diffraction data sets were collected from 32 small, isomorphous HEWL
crystals grown on chip with the LCP method in the presence of 0.7 M NaCl, 100 mM CH3COONa
pH 4.0 and 4 % PEG 400. The partial data sets were merged to a full data set confirming the
compatibility of the dialysis chip with the in situ serial data collection approach. The protein
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concentration was 40 mg mL™. The crystals are shown in Figure 4.1.9 (a) as captured with the
beamline camera during the data collection. The cross is located on the crystal that has been
selected for data collection and the scale bar corresponds to 100 um. The micro-focus beam
on PROXIMA-2A was a suitable selection for the micro-crystals grown on chip with the LCP
method. Each crystal was rotated around its axis for 35° in total and each diffraction image
was collected after 0.1° rotation and 0.01 s exposure time. The electron density map of the
merged data set was obtained at 2.6 A resolution (Figure 4.1.9 (b)) and the crystallographic
statistics are provided in the second column of Table 4.1.2. The data analysis was carried out
at Soleil synchrotron by Dr. Serena Sirigu (PROXIMA-2A beamline). Detailed structural
information obtained by in situ serial X-ray diffraction experiments conducted at room
temperature on the microchips are shown in the density map. The structure refinement
worked successfully as indicated by the R-work factor of 0.18 and the R-free factor of 0.23.
However, it should be mentioned that the refinement statistics in Table 4.1.2 do not
correspond to final values and could be further improved by running the refinement process
more times.

Figure 4.1.9: (a) Numerous, isomorphous HEWL crystals grown on chip with the LCP
method during in situ serial X-ray diffraction data collection at room temperature at the
PROXIMA-2A beamline. The scale bar represents 100 um. (b) Electron density map of the

refined HEWL structure from the merged data sets of multiple crystals grown on chip with
the LCP method at 293 K. The map was calculated at 2.6 A resolution and contoured at 10.
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Table 4.1.2: In situ X-ray diffraction data collection parameters, processing and
refinement statistics of the merged data sets from multiple HEWL crystals grown on chip
with the LCP method (second column) and Thaumatin crystals (third column). Values in
parentheses correspond to the highest resolution shell.

Protein HEWL_LCP Thaumatin
Data collection and processing

Number of crystals 32 10
Total oscillation (°) range 35 35
Oscillation (°) per exposure 0.1 0.1
Exposure time (s) 0.01 0.01
Temperature (K) 293 293

Space group

P43212 (96)

P412:2 (92)

a=79.19 A b=79.19 A

a=58.58 A b=58.58 A

Bond lengths (&) / Bond angles (°)

Unit cell parameters c=38.24 A c=151.54 A
a=B=y=90.0° a=B=y=90.0°
Resolution range (A) >0.0-2.6 >0.0-1.8
(2.67 — 2.60) (1.85 - 1.80)
Completeness (%) 100 (100) 99.4 (92.8)
/o 12.17 (1.45) 31.11 (4.42)
CCy/2 99.5 (47.6) 99.9 (98.1)
Reym 33.1 (146.6) 21.9 (86.9)
Multiplicity 24.46 (8.07) 184.6 (61.6)
Number of reflections 3844 23941
Refinement
Resolution range (A) 39.60-2.60 46.34-1.8
(2.67 - 2.60) (1.85 — 1.80)
Ruork / Riree (%) 18.70/23.71 (34.4/ 44.4) | 17.00/19.87 (31.2 / 32.8)
Mean B-factor (A2) 42.78 30.98
r.m.s deviations 0.008 / 1.69 0.013/1.75

4.1.2 Thaumatin from Thaumatococcus danielli

As discussed in Section 4.1.1, conventional crystallization methods were applied for a
preliminary screening of crystallization conditions before setting up experiments on the
dialysis chips. In the case of Thaumatin, the hanging drop vapor diffusion method was used to
evaluate the effect of protein and precipitant concentration on the crystal size and shape
distribution. All experiments were performed at 293 K. Figure 4.1.10 illustrates some
representative results of Thaumatin crystallization with vapor diffusion hanging drops. The
protein volume was mixed with the crystallization solution in a 1:1 ratio. The characteristic
bipyramidal Thaumatin crystals shown in Figure 4.1.10 (a) and Figure 4.1.10 (b) grew in the
presence of 0.8 M sodium potassium tartrate (C4HsKNaOg) and 50 mM ADA (CeH10N20s) pH
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6.5 and the protein concentration was approximately 19 mg mL! and 41 mg mL™, respectively.
Increasing the concentration of the protein sample increases the supersaturation and the
nucleation rate, resulting in the formation of numerous crystals. Both photos were taken at
the same time (5 days from the beginning of the experiment) and the scale bar represents 100
um. More examples of Thaumatin crystals grown with conventional methods can be found in
Appendix 4.2.

Figure 4.1.10: Thaumatin crystals grown with the hanging drop method at 293 K in 0.8
M sodium potassium tartrate and 50 mM ADA pH 6.5. The protein concentration was (a) 19
mg mL! and (b) 41 mg mL. The scale bar represents 100 um.

Several experiments were conducted to evaluate the effect of protein and precipitant
concentration on the crystallization of Thaumatin with the microdialysis method on the
microfluidic chips. The experiments illustrated in Figure 4.1.11 were performed at 293 K under
the same protein and precipitant concentration conditions as the hanging drop experiments
described in Figure 4.1.10. Specifically, the crystals shown in Figure 4.1.11 (a) and Figure 4.1.11
(b) were grown in the presence of 0.8 M sodium potassium tartrate and 50 mM ADA pH 6.5
and the protein concentration was approximately 19 mg mL* and 41 mg mL}, respectively.
The volume of the protein reservoir was 0.3 pL and the MWCO of the RC membrane was 6 —
8 kDa. The crystallization solution was continuously circulating within the fluidic channel at a
constant inlet pressure of 50 mbar using the pressure-driven fluidic system. The scale bar
represents 100 um. Both pictures were captured 1 day after the onset of the experiments
using the MicroCrys platform. Doubling the concentration of the protein sample increases
significantly the supersaturation and the nucleation rate, resulting in the formation of multiple
crystals. In fact, the Thaumatin crystals illustrated in Figure 4.1.11 (b) have created a densely
populated region within the protein reservoir where only the crystals at the edges of this
region can be distinguished. Moreover, their shape is not clearly defined as opposed to the
bipyramidal crystals shown in Figure 4.1.11 (a). Similar crystallization experiments were
performed on chip at the same protein concentration values (19 mg mL* and 41 mg mL™?) but
higher precipitant concentration (1 M sodium potassium tartrate) and the results are included
in Appendix 4.2.
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Figure 4.1.11: Thaumatin crystals grown on chip with the microdialysis method at 293 K
in 0.8 M sodium potassium tartrate and 50 mM ADA pH 6.5. The protein concentration was
(a) 19 mg mLt and (b) 41 mg mL™2. The scale bar represents 100 um.

4.1.2.1 In situ X-ray serial crystallography experiments

The in situ X-ray diffraction experiments with the Thaumatin crystals grown on chip were
performed at PROXIMA-2A beamline under the same experimental parameters described in
Section 4.1.1.4. The Thaumatin crystal shown in Figure 4.1.12, as captured during data
collection with the beamline camera, was gown in the presence of 0.8 M sodium potassium
tartrate and 50 mM ADA pH 6.5 at 293 K. Specifically, the cross in Figure 4.1.12 (a) shows the
position of the crystal chosen for exposure to X-rays. The effect of radiation damage on the
crystal is noticeable in Figure 4.1.12 (b) where a hole is left on the position chosen in Figure
4.1.12 (a) after irradiation. The scale bar represents 100 um. Diffraction data were collected
from 10 Thaumatin crystals and merged to a complete data set. Each crystal was rotated
around its axis for 35° in total and each diffraction image was collected after 0.1° rotation and
0.01 s exposure time. The electron density map of the merged data sets was obtained at 1.8
A resolution (Figure 4.1.13) and the crystallographic statistics are provided in the third column
of Table 4.1.2. The data analysis was carried out at Soleil synchrotron by Dr. Serena Sirigu
(POXIMA-2A beamline). The structure refinement worked successfully as indicated by the R-
work factor of 0.17 and the R-free factor of 0.19. As for the case of HEWL grown with the LCP
method (Section 4.1.1.4), it should be mentioned that the refinement statistics in Table 4.1.2
do not correspond to final values and could be further improved by running the refinement
process more times.
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Figure 4.1.12: Thaumatin crystal on chip (a) before and (b) after exposure to X-rays
during in situ serial data collection at room temperature at the PROXIMA-2A beamline. The
effect of radiation damage is detectable by the hole left on the crystal site after irradiation.

The scale bar represents 100 um.
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Figure 4.1.13: Electron density map of the refined Thaumatin structure from the
merged data sets of multiple crystals grown on chip with the microdialysis method at 293 K.
The map was calculated at 1.8 A resolution and contoured at 1c.
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4.2 On chip crystallization of membrane proteins

Several membrane proteins were used for on chip crystallization with the microdialysis
method and in situ X-ray diffraction studies. The multidrug efflux transporter AcrB from
Escherichia coli and the TonB-dependent outer membrane transporter ShuA from Shigella
dysenteriae are produced and purified in our laboratory at IBS (Institute de Biologie
Structurale, Grenoble). The purification protocols were developed and optimized by Elham
Vahdatahar (GSY group, IBS) as a major part of her PhD thesis entitled “Optimization of crystal
growth of membrane proteins for advanced diffraction techniques” with the contribution of
Dr. David Cobessi (GSY group, IBS). The calcium-transporting ATPase SERCA from Oryctolagus
cuniculus was provided for on chip crystallization experiments by Dr. Samuel J. Hjorth-Jensen
and Prof. Poul Nissen from the Department of Molecular Biology and Genetics — DANDRITE
(Aarhus University, Denmark) and the sodium-pumping TmPPase from Thermotoga maritima
was provided by Jannik Strauss and Prof. Adrian Goldman from the Astbury Centre for
Structural Molecular Biology (University of Leeds, UK). For all the crystallization experiments
carried out on chip with membrane proteins, the MWCO of the RC dialysis membrane
integrated within the device was 12 — 14 kDa as high molecular weight PEG solutions were
frequently used as precipitants. This MWCO is sufficient to retain the protein within the
protein reservoir of the chip and allow the molecules of the crystallization solutions (salts,
buffers, PEGs or glycerol) to diffuse from the fluidic channel towards the protein reservoir.

4.2.1 AcrB from Escherichia coli

Membrane protein crystallization on the dialysis chips was more challenging than the
crystallization of model soluble proteins discussed in Section 4.1. Crystallization trials with
conventional methods preceded the on chip experiments. The hanging drop vapor diffusion
method was used for preliminary screening of crystallization conditions for AcrB to evaluate
the effect of protein and precipitant concentration or the impact of additives on the crystal
size, shape or population. Some results are shown in Figure 4.2.1 and Figure 4.2.2. For these
experiments, | performed the production and purification of the protein sample and the
respective protocols are provided in Appendix 4.5. AcrB was solubilized in 0.02 % v/v DDM
(Anatrace) detergent and after purification 1 mL of protein with a concentration of 12.89 mg
mL?! was acquired. The hanging drops were prepared by mixing 2 pL of protein with 2 uL of
the precipitant solution and the volume of the reservoir solution was 500 uL. All experiments
were performed at 293 K. All photos were taken 1 week from the beginning of the experiment
and the scale bar represents 100 um. The native AcrB crystals shown in Figure 4.2.1 (a) grew
in the presence of 8 % v/v PEG 3350 and 100 mM lithium sulphate (LiSO4) and the crystals in
Figure 4.2.1 (b) grew in the presence of 8 % v/v PEG 3350 and 100 mM magnesium sulphate
(MgS0a4). In both experiments the concentration of the precipitant (PEG 3350) was the same
but the impact of the buffer composition on the crystal size and morphology was evident.
Numerous, relatively small, needle-like and pyramidal crystals grew in the presence of LiSOa,
while MgS04 led to the formation of few larger crystals. In the latter case, the morphology of
the AcrB crystals was solely pyramidal.
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Figure 4.2.1: AcrB crystals grown with the hanging drop method at 293 K in 8 % v/v PEG
3350 and (a) 100 mM LiSO4 and (b) 100 mM MgSQa. The scale bar represents 100 um.

The hanging drop method was also used to evaluate the effect of additives on the
crystallization of AcrB. Rifampicin (CazHssN4O12) purchased from Sigma-Aldrich, an antibiotic
used to treat bacterial infections, was added to the protein sample. The concentration of
Rifampicin and AcrB was 1 mM and 12.89 mg mL?, respectively. The hanging drops were
prepared by mixing 2 pL of protein with 2 plL of the precipitant solution and the volume of the
reservoir solution was 500 pL. All experiments were performed at 293 K. All photos were taken
6 days from the beginning of the experiment and the scale bar represents 100 um. The AcrB
crystals shown in Figure 4.2.2 (a) and 4.2.2 (b) grew in the presence of 11 % v/v PEG 4000, 5
% v/v glycerol, 50 mM ADA pH 6.5 and 200 mM ammonium sulphate ((NH4),S04). However, in
Figure 4.2.2 (b) the protein sample was mixed with 1 mM Rifampicin that gives an orange color
to the solution. In both experiments the morphology of the crystals is similar, including needle-
like and plate-like crystals. The presence of Rifampicin led to the formation of numerous and
uniformly sized crystals. More examples of AcrB crystals grown with the hanging drop are
provided in Appendix 4.3.

Figure 4.2.2: AcrB crystals grown with the hanging drop method at 293 Kin 11 % v/v
PEG 4000, 5 % v/v glycerol, 50 mM ADA pH 6.5 and 200 mM (NH4)2SOa. (a) Native crystals
and (b) crystals grown in the presence of 1 mM Rifampicin. The scale bar represents 100 pum.
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4.2.1.1 On chip AcrB crystallization and in situ X-ray diffraction

Many experiments were performed to obtain AcrB crystals on chip with the microdialysis
method and several conditions were screened. The protein concentration varied from 5 — 12
mg mL?! and trials were done in the presence or absence of Rifampicin. One experiment
yielding crystals is shown in Figure 4.2.3. The protein sample was provided by Elham
Vahdatahar and the protein concentration was approximately 10 mg mL™. The volume of the
protein reservoir was 0.3 uL and the MWCO of the RC membrane was 12 — 14 kDa. The photo
was captured approximately 2 weeks from the beginning of the experiment and the scale bar
is 100 um. The AcrB crystals grew at 293 K in the presence of 10 % v/v PEG 4000, 5 % v/v
glycerol, 50 mM ADA pH 6.5 and 150 mM (NH4).SO4. Moreover, the crystallization solution
contained 0.02 % v/v DDM, the same concentration of detergent in which the protein sample
was solubilized during purification. This addition of detergent in the crystallization solution
was important to ensure equilibrium between the compartments and to avoid generating a
concentration difference across the RC membrane resulting in dialysis of the detergent from
the protein reservoir towards the fluidic channel where the crystallization solution circulates
and therefore to affect the critical micelle concentration (CMC) of the detergent at which the
DDM micelles form and guarantee the stability of the protein-detergent complex. To remind,
the micelle size of DDM determined based on refractive index measurements is 72 + 1.4 kDa?®,
It is noteworthy that when using the dialysis crystallization technique, it is crucial to include
all the components of the protein buffer at the same concentration in the crystallization
solution located in the reservoir compartment. Otherwise, these components can dialyze
through the RC membrane out of the protein reservoir leading to protein precipitation or
denaturation.

Figure 4.2.3: AcrB (10 mg mL™?) crystals grown on chip via microdialysis at 293 K in 10 %
v/v PEG 4000, 5 % v/v glycerol, 50 mM ADA pH 6.5 and 150 mM (NH4)2SO4. The scale bar
represents 100 um.
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Native AcrB crystals grown on chip were tested for their diffraction quality at the BL13 -
XALOC beamline (ALBA synchrotron). The crystallization solution contained 10 % v/v PEG
4000, 5 % v/v glycerol, 50 mM ADA pH 6.5, 200 mM (NH4),S04 and 0.02 % v/v DDM. The
protein concentration was approximately 5 mg mL?, the volume of the protein reservoir was
0.1 pL and the MWCO of the RC membrane was 12 — 14 kDa. The crystallization and the in situ
X-ray diffraction experiments were carried out at 293 K. The chip was mounted on the
beamline with the aid of the 3D printed sample holder for magnetic goniometer base designed
by the staff of the beamline. The X-ray wavelength during the on chip data collection was 0.98
A (12.656 keV), the photon flux was 2 x 10!2 ph s and the beam size was 71 pm x 17 um. The
diffraction images were recorded with a PILATUS 6M (Dectris) detector with an active area of
424 x 435 mm? and 6 mega pixels resolution. The crystals diffracted weakly at a resolution
lower than 14 A, as can be seen from the diffraction pattern in Figure 4.2.4 (b). Figure 4.2.4
(a) is an image of the protein reservoir as captured with the beamline camera where the
crystal used for X-ray diffraction is targeted.

Figure 4.2.4: (a) AcrB crystals on the protein reservoir of the dialysis chip during in situ
X-ray diffraction at BL13 - XALOC beamline (ALBA). (b) Diffraction image of AcrB crystals
grown on chip. The diffraction spots are indicated with arrows at resolution lower than 14 A.

4.2.2 ShuA from Shigella dysenteriae

ShuA was solubilized in octyl-POE (Bachem) during purification. The purification protocol
is provided in Appendix 4.5.2. The octyl-POE detergent has a CMC value of approximately 7
mM?’. For the crystallization experiments, octyl-POE was exchanged with B-OG (Anatrace)
with a CMC value of 25 mM?8. For detergent exchange, the protein sample obtained from the
ion exchange chromatography was centrifuged in the presence of a buffer containing 10 mM
Tris-HCl pH 8.0 and 1.4 % v/v OG. Figure 4.2.5 shows native ShuA crystals grown with the
hanging drop method in the presence of 15 % PEG 1000, 100 mM NaCl and 100 mM MES pH
6.5. The protein concentration was 6.3 mg mL™ and the drop was prepared by mixing protein
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and crystallization solution in 1:1 volume ratio. The scale bar corresponds to 100 um. Several
conditions for ShuA crystallization were screened with the dialysis chip using different
precipitants and buffers or varying the protein and precipitant concentration. Heavy atom
salts (0.8 mM Europium (Ill) chloride hexahydrate from Sigma-Aldrich) were also tested as
additives for co-crystallization. However, so far, the on chip trials via microdialysis have not
yielded ShuA crystals. ShuA was also used for screening crystallization conditions with the LCP
method. The respective protocols and results are provided in Appendix 4.5.3.

Figure 4.2.5: ShuA (6.3 mg mL™?) crystals grown with the hanging drop method at 293 K
in 15 % PEG 1000, 100 mM NaCl and 100 mM MES pH 6.5. The scale bar represents 100 um.

4.2.3 SERCA from Oryctolagus cuniculus

SERCA was solubilized in octaethylene glycol monododecyl ether (C12Es) detergent with a
CMC value of 0.09 mM?°. The composition of the protein solution is given in the first column
of Table 4.2.1. For crystallization experiments, the protein was mixed in a 1:1 volume ratio
with the precipitant solution (column 2, Table 4.2.1). Native crystals of SERCA grown under
the conditions given in Table 4.2.1 (column 3) with the hanging drop method at 293 K are
shown in Figure 4.2.6. The protein concentration was approximately 14 mg mL? and the drop
was prepared by mixing the protein solution (pre-mixed with the precipitant solution) and the
crystallization solution in a 1:1 volume ratio. The crystals were formed 6 days after setting up
the experiment and were used as seeds for a few on chip crystallization experiments, without
however inducing nucleation.
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Table 4.2.1: Composition of the protein, the precipitant and the crystallization solution

for the crystallization experiments with SERCA.

Protein solution

Precipitant solution

Crystallization solution

20 % v/v glycerol
35 mM Ci;Es
100 mM MOPS pH 6.8
80 mM KClI (potassium chloride)
3 mM MgCl; (magnesium chloride)
10 mM CaCl; (calcium chloride)

5 mM NaF (sodium fluoride)
0.33 mM AICls (aluminium chloride)
5 mM BME (B-mercaptoethanol)
1 mM ADP (adenosine diphosphate)

10 % v/v glycerol
200 mm CH3COONa
(Sodium acetate)

6 % v/v tBu
(tert-butyl hydroperoxide)
100 mM MOPS pH 6.8
10 mM BME

12 % v/v PEG 6000
8 % v/v glycerol
100 mm CH3COONa
3% v/vtBu
100 mM MOPS pH 6.8
40 mM KCl
1.5 mM MgCl,

5 mM CacCl,

2.5 mM NaF
0.165 mM AICl3
7.5 mM BME
0.5 mM ADP

Figure 4.2.6: SERCA (14 mg mL?) crystals grown with the hanging drop method at 293 K
in the conditions provided in Table 4.2.1 (third column). The scale bar represents 100 um.
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4.2.3.1 On chip SERCA crystallization and in situ X-ray diffraction

SERCA was also crystallized on chip with the microdialysis method and, so far, it has been
the membrane protein target that has yielded the best diffraction with X-rays. Specifically,
native SERCA crystals were tested for in situ X-ray diffraction at the BL13 - XALOC beamline
(ALBA) using the same beamline configurations described for the diffraction experiment with
AcrB crystals (Section 4.2.1.1). The protein solution had the same composition as described in
Table 4.2.1, but the protein concentration was approximately 12 mg mL™. The crystallization
solution contained 8 % v/v PEG 6000, 15 % v/v glycerol and 17.5 mM CizEs. The rest of the
composition was identical to that provided in Table 4.2.1. The volume of the protein reservoir
was 0.3 pL and the MWCO of the RC membrane embedded on the chip was 12 — 14 kDa. The
crystallization and the in situ X-ray diffraction experiments were carried out at 293 K. The
SERCA crystal shown in Figure 4.2.7 (a) spotted with the red cross diffracted close to 7 A
resolution (Figure 4.2.7 (b)).

1
149.1um

149.1um

Figure 4.2.7: (a) SERCA crystal on the protein reservoir of the dialysis chip during in situ
X-ray diffraction at BL13 - XALOC beamline (ALBA). (b) Diffraction image of SERCA crystals
grown on chip. The diffraction spots close to the 7 A resolution ring are indicated with
arrows.

4.2.4 TmPPase from Thermotoga maritima

TmPPase was expressed in baker yeast cells and solubilized in 0.5 % v/v octyl glucose
neopentyl glycol (OGNPG) detergent with a CMC value of 1.02 mM?°. The composition of the
protein and the crystallization solution is given in Table 4.2.2. The protein concentration was
approximately 12.5 mg mL’. The volume of the protein reservoir was 0.1 pL and the MWCO
of the RC membrane embedded on the chip was 12 — 14 kDa. TmPPase crystals that were
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crystallized on chip with the microdialysis method are shown in Figure 4.2.8 (a). The on chip
crystallization experiments were performed at the Center for Free Electron Lasers (CFEL)
during my secondment in the laboratory of Prof. Arwen Pearson. TmPPase crystals grown on
chip were tested for in situ X-ray diffraction at P14 beamline at PETRA Il (DESY synchrotron).
The chip was mounted on the beamline with the aid of the 3D printed support (Figure 3.2.3).
The X-ray wavelength during on chip data collection was 0.98 A, the photon flux was 2 x 1013
ph s and the beam size was 2 um x 6 um. The diffraction images were recorded with an EIGER
16M (Dectris) detector with an active area of 311 x 327 mm? and 18 mega pixels resolution.
Both crystallization and in situ X-ray diffraction experiments were carried out at 293 K. The
TmPPase crystals diffracted weakly at a resolution around 15 A, as shown in the diffraction
pattern in Figure 4.2.8 (b).

Table 4.2.2: Composition of the protein and the crystallization solution for the on chip
crystallization experiments with TmPPase.

Protein solution Crystallization solution
50 mM MES-NaOH pH 6.5 28 % v/v PEG 400
50 mM KClI 50 mM Tris-HCl pH 8.0
5 mM MgCl, 2 mM MgCl,
3.5 % v/v glycerol 175 mM KCl
2 mM DTT (dithiothreitol) 2 mM DTT
4 mm NaslDP (imidodiphosphate sodium salt) 4 mm NasIDP
0.5 % v/v OGNPG 0.5 % v/v OGNPG

Figure 4.2.8: (a) TmPPase crystals grown on chip via microdialysis in the conditions
provided in Table 4.2.2 (second column). (b) The in situ X-ray diffraction experiments with
TmPPase were performed at P14 beamline (PETRA Ill). The diffraction spots are indicated

with arrows at a resolution close to 15 A. The scale bar represents 100 pm.
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4.3 Radiation Damage

The term radiation damage refers to the limiting or detrimental effects that X-ray
irradiation can introduce to macromolecular crystals. Radiation damage is inherent in ionizing
radiation such as X-rays and macromolecular X-ray diffraction experiments can be highly
compromised due to the impact of radiation damage on data acquisition, quality and
interpretation. Understanding radiation damage and developing techniques to suppress or
mitigate its deleterious impact on protein crystallography has been one of the major
challenges in the field of structural biology for several decades. In simple terms, radiation
damage is the energy lost by the X-ray beam while it passes through the crystal due to the
interactions of the X-rays with the crystalline matter. There is a Sl unit describing the amount
of energy absorbed per unit mass and that is Gray (Gy = J kg). So, radiation damage is
described by dose and measured in Gy. The first step in understanding radiation damage and
its impact on macromolecular crystallography is to comprehend how it is induced during
diffraction experiments.

4.3.1 Interactions of X-rays with matter

At the X-ray energies typically used in MX experiments (5—17.7 keV or 2.5 to 0.7 A)2, the
main interactions of the incident photons with the atoms of the crystals are Thomson
(coherent or elastic) scattering, Compton (incoherent or inelastic) scattering and photoelectric
absorption?%22, Some of these physical processes result in the deposition of energy in the
crystalline material and the emergence of radiation damage. Thomson scattering arises from
the elastic collision of the X-ray photon with the atoms of the crystal. In this case, the energy
is not deposited in the crystal but remains in the photon that scatters coherently and gives
rise to the diffraction pattern (Figure 4.3.1 (a)). Compton scattering takes place when the
incident photon scatters electrons incoherently. The energy from the incident photon is
transferred to electrons of the atoms and another lower energy photon is emitted
incoherently (Figure 4.3.1 (b)). The background noise often observed in diffraction images is
attributed mainly to Compton scattering. The energy loss during Compton scattering varies
with the incident energy level and the scattering angle, nevertheless, the amounts of energy
deposited on the crystal are negligible compared to the energy deposited due to photoelectric
absorption. During the photoelectric absorption, the third interaction type, the incoming
photon is completely absorbed and a lower level core electron is ejected from the atom
carrying the excess energy as kinetic energy (Figure 4.3.1 (c)). Photoabsorption is the main
interaction between the X-rays and the crystal in the photon energy regime used in MX. The
atom at which photoabsorption occurs loses an electron and the energy deposited in the
crystal contributes to mechanical disruption of the crystal lattice, thermal heating, ionization
events and breakage of chemical bonds which are all aspects of radiation damage. Apart from
these events, the excited atom might lose part of the excess potential energy via fluorescence
or Auger process. In the former process, a higher shell electron fills the vacancy created by the
emission of the photoelectron and characteristic X-rays of the atom are produced.
Fluorescence becomes significant mainly for higher atomic number atoms. The Auger effect is
observed when the outer electrons are ejected from the atom following the photoelectric
absorption. Even though the ionization events produced by photoelectric absorption have a
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probabilistic nature, it has been estimated in the literature that a single absorbed photon can
produce approximately 500 subsequent ionization events?>. Many studies have been
conducted for the correlation of photoabsorption and radiation damage, as it generates free
radicals, which are directly correlated to secondary and specific structural radiation damage
(Section 4.3.2.1).

®)
Primary photoelectron

O

()

Figure 4.3.1: The main interactions of the incident photons with the atoms of the
crystals are (a) Thomson (coherent or elastic) scattering, (b) Compton (incoherent or
inelastic) scattering and (c) photoelectric absorption. Reproduced from [24].

The relative contribution of the Thompson scattering, the Compton scattering and the
photoelectric absorption can be estimated by the cross section of each process. For the
incident energy levels or wavelengths used for MX experiments, photoelectric absorption has
the higher cross section contributing over 90 % of the total energy deposited by the beam?*.
Graphs of the cross section (in barns/atom) of each interaction process as a function of the
photon energy (eV) for each element were published by Hubbell et al.>>~%” and shown in Figure
4.3.2. Figure 4.3.2 (a) illustrates the respective graph for carbon (atomic number Z = 6). The
cross section for Thompson scattering (ocon) and Compton scattering (Oincon) are approximately
equal at 10* eV, but above this energy level Compton scattering dominates and peaks at
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around 10° eV. The cross section for Thompson scattering at 10% eV is an order of magnitude
less than the respective one for photoelectric absorption and at 4 x 10* eV is an order of
magnitude less than Compton scattering. So, X-ray energies between 10 — 40 keV are
suggested, if the goal is to maximize the ratio of elastic scattering to the sum of inelastic
scattering and photoabsorption?2. For higher energy levels (> 10° eV) processes like nuclear
field pair production (kn), electron field pair production (ke) and nuclear photoabsorption (oph)
become dominant. Similar remarks can be concluded from Figure 4.3.2 (b) illustrating the
cross section of lead (Z = 82) as a function of photon energy. A simple comparison shows that
the cross section increases with atomic number, Z, and at the same energy the cross section
for elastic scattering for lead is nearly an order of magnitude larger than carbon’s.
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Figure 4.3.2: Graphs of the cross section (barns/atom) of each interaction process of X-
rays with matter as a function of the photon energy (eV) for (a) carbon and (b) lead. The
contributions are Thompson scattering (ocon), Compton scattering (Oincon), atomic photo-

effect (t), nuclear field pair production (kn), electron field pair production (ke) and

photonuclear absorption (oph). The total photon cross section is shown as owt. Reproduced
from [27].

4.3.2 Classification of radiation damage

Based on the interactions of X-rays with the crystal, radiation damage can be classified in
primary, secondary and tertiary?*. Primary damage is the ionization of an atom caused by
photoelectric absorption and Compton scattering and occurs in a femtosecond timescale?®
while the absorbed energy is not uniformly deposited in the crystal but it is deposited in
amounts of 20— 100 eV in regions named spurs?®2°, Primary damage cannot be avoided. If the
primary event occurs in the protein molecule, then the damage can be further classified as
direct, while it is indirect if the solvent surrounding the macromolecule absorbs the radiation.
In the latter case, reactive species such as solvated electrons, hydroxyl and hydrogen radicals
are formed and interact with the protein?4. This kind of indirect ionization of the protein
molecule can be minimized by using scavenger molecules?®3°, Low-energy secondary
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electrons are formed?*3! and can diffuse into the crystal causing further ionization and
excitation events. The damage arising from the interaction of these secondary and
thermalized electrons with the crystal component, that can lead even to the breakage of
chemical bonds, is called secondary damage. O’Neil et al.?® predicted that if ionization events
are produced by a 12 keV incoming photon, then the emitted electron with approximately the
same energy can produce up to 500 ionization events, considering that 25 eV energy is
required per ionization event. The tertiary radiation damage is mainly related to mechanical
disturbances such as damage on the crystal lattice invoked by the excess of energy that the
crystal absorbs. The above-mentioned classifications are not quite consistent in the literature.
However, they are briefly mentioned in order to comprehend the extent of physical and
chemical processes that are linked to radiation damage of macromolecules and the substantial
efforts made to deeply understand its nature and implications.

4.3.2.1 Global and specific radiation damage

There is indeed a universal classification of radiation damage that is interesting for
macromolecular crystallography and structural biology. Radiation damage can be separated
in global and specific. Global or non-specific radiation damage is related to changes observed
in the reciprocal space and the metrics used by crystallographers to describe it. These are the
diffraction limit, the sample mosaicity and the Wilson B factor?®32, A loss of diffraction spots
intensity is considered the first indication of global damage and it can be attributed to the
production of hydrogen gas in the crystal?®. Moreover, Ravelli and McSweeney?® studied
numerous data sets from 3 different proteins (HEWL, Winged bean Chymotrypsin Inhibitor
(WCI), Torpedo californica acetylcholinesterase (TCAChE)) and observed a clear increase in the
unit cell volume. They suggested that the unit cell volume could be an additional, new metric
of global damage. Gonzalez and Nave3? studied the effect of global damage on the diffraction
quality of tetragonal HEWL crystals at 100 K by analyzing Laue diffraction patterns after each
exposure and comparing them with a reference pattern generated at the onset of the
experiment. Their pioneering work concluded that radiation damage is feasible and
observable even at cryogenic conditions and there is a size limit to the protein crystal for
obtaining a full data set depending on the experimental parameters (photon flux and exposure
time). Even though radiation damage manifests itself as decay in the overall quality of the
diffraction data, many studies have shown that synchrotron radiation can cause specific
damage on the protein sample.

Specific radiation damage is related to real space changes observed in the electron
density map like breakage of disulfide bonds and decarboxylation of acidic residues33-3¢ and
can be up to approximately 60 times faster than global damage3’. Weik et al.*3 studied the
effect of specific chemical and structural damage in cryogenic temperatures for the enzymes
TcAChE and HEWL and they observed cleavage of the disulfide bridges in cysteine residues for
both proteins, with the Cys254 —Cys265 and the Cys6 — Cys127 bond being the most
susceptible to damage in TcAChE and HEWL, respectively. Moreover, an increase in B factors
for both protein samples revealed that acidic residues, like glutamate and aspartate, are also
susceptible to damage provoked by synchrotron radiation. They argue that this increase in B
factors can be attributed to increased mobility or decarboxylation induced by ionizing
radiation. Similarly, Ravelli and McSweeney?® noticed by inspecting electron density maps of
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three different proteins that the increase in B factor per residue was greater for cysteine,
glutamic acid and aspartic acid, assigning these changes to disulfide bond breakage.
Burmeister® used cry-cooled crystals of myrosinase to study structural changes induced by
synchrotron radiation. Characteristic global changes, like a decrease in the total diffracted
intensity and a subtle expanse of the unit cell, were prominent. However, using Fourier
difference maps and occupancy refinement, he observed specific damage concerning the
breakage of disulfide bonds, decarboxylation of aspartate and glutamate residues, a loss of
hydroxyl groups from tyrosine and loss of the methylthio group from methionine, while in the
same manuscript possible mechanisms for the explanation of these structural alterations were
thoroughly discussed.

4.3.2.2 Radiation damage at cryogenic and room temperature

Systematic radiation damage studies have been carried out for more than two decades
and there is a vast extent of published work available for comprehending the implications of
radiation damage in structural biology, its manifestations and mechanisms of action as well as
estimating the parameters that affect, progress or mitigate radiation damage and the
guestions arising from the ongoing research. Critical reviews on radiation damage can be
found in the literature?#3839, as for example some reviews citing the work presented from
various groups in Radiation Damage Workshops*®3 or review/guides focusing mainly on the
prevention of the phenomenon3’. The majority of the studies on radiation damage have been
implemented at cryogenic temperatures (around 100 K) because of a decrease in radiation
sensitivity of protein crystals and a prolongation of the crystal lifetime of approximately a
factor of 70 compared to diffraction experiments conducted at room temperature?*3°.
Cryogenic methods, like flash cooling of protein crystals in liquid nitrogen, were implemented
to improve the crystal lifetime when using X-ray diffraction techniques because they cause
immobilization of the reactive radicals produced either directly from the protein molecule or
indirectly by the surrounding solvent, ceasing or slowing down the diffusion of these species
and the generation of secondary damage effects**° or stabilizing the crystal lattice?2.
However, even if this time-dependent secondary damage is less significant at cryo-
temperatures, primary dose-dependent damage still occurs. Henderson®® estimated that an
incident X-ray dose of 20 MGy can destroy a protein crystal at cryogenic conditions. This value
is known as the Henderson limit and refers to the dose limit which is the maximum dose that
a crystal can tolerate before the diffraction fades to half of its original value (D1/2). Owen et
al.*” examined experimentally the dose limit and found that a dose of 30 MGy, which is the
maximum dose that the crystal can tolerate at cryogenic conditions before the diffraction
fades to 70 % of its initial value (Do.7), can be suitable before crucial biological information are
compromised due to radiation damage. Nonetheless, many studies have shown that
secondary damage can still happen at cryogenic conditions as hydroxyl radicals or free
electrons are mobile at liquid nitrogen temperature (77 K)?8. Radiation damage inducing
structural alterations on the membrane protein bacteriorhodopsin (bR) at 100 K has also been
reported by Borshchevskiy et al.3* for X-ray dose lower than 0.06 MGy, a value 500 times lower
than the recommended experimental dose limit at cryo-temperatures. Moreover, cryocooling
protein crystals can result in increased mosaicity, may induce mechanical damage when fragile
crystals have to be mounted on loops and time must be spent in finding the optimal conditions
for crystal preservation in cryogenic conditions. For these reasons and despite the proven
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prolonged crystal lifetime in cryogenic temperatures, there has been an increased interest in
protein crystallography carried out at room temperature and an increasing research on
radiation damage at these experimental conditions. Room temperature crystallography offers
the benefit of avoiding the use of cryoprotectants and the mechanical stress applied to the
protein crystal due to manual handling and mounting on loops. Moreover, time-resolved
kinetic experiments can be performed and biologically relevant structural details can be
revealed since the flexibility and the conformational configurations of the targeted protein are
not biased due to cryocooling which may distort the protein’s backbone fold*'48,

Warkentin et al.*° provide a review on global radiation damage and its temperature
dependence demonstrating that there is a transition in radiation sensitivity at around 200 K>°.
Above this limit diffusive motions in the protein and the solvent are dominant and the
progression of global damage continues even when the incident X-ray beam is turned off.
Specific radiation damage at room temperature has been also investigated with some
controversial reports in the literature. Southworth-Davies et al.3! investigated the dose limit
for room temperature (292 K) X-ray diffraction experiments on HEWL crystals and they found
that the decay of the total diffraction intensity as a function of dose was first order. This
observation is in agreement with the pioneering work of Blake and Philips®! who studied the
radiation damage at room temperature for myoglobin crystals. Moreover, they showed that
the use of higher dose rates during the X-ray irradiation could prolong the crystal lifetime at
room temperature. Specifically, according to the authors, a 60 % increase in the dose rate at
room temperature can lead to a 4-fold increase in the dose required for the total diffraction
intensity to reduce to half of its initial value. Their findings indicate that radiation damage in
room temperature depends on the dose rate and not only on the absorbed dose, as it is the
case for radiation damage in cryogenic conditions. Moreover, by analyzing Fourier difference
electron density maps, they saw evidence of disulfide bond cleavage at room temperature,
confirmed by another study by Coquelle et al.>?> who performed serial synchrotron data
collection at room temperature on lysozyme crystals using micro- and nano- focused beam.

The discovery by Owen et al.>® that free radicals formation can be outrun in room
temperature adds up to the increasing interest in room temperature macromolecular
crystallography. The authors used crystals of three different samples and showed that the
mean lifetime of the crystals increases as a function of dose rate, suggesting that at high dose
rates (roughly 1 MGy s?) radical recombination, quenching and diffusion occurs (in timescales
<60 ms) and the remaining free radicals that can lead to crystal damage are far less in number.
More recently, de la Mora et al.>* used the advent of SSX in order to investigate radiation
damage on HEWL crystals both at cryo- and room temperature. The diffraction intensity of the
collected data sets reached half of its initial value at average dose (D1/2) of 0.57 and 15.3 MGy
at room temperature and 100 K, respectively. Moreover, they observed specific radiation
damage at disulfide bonds at room temperature, but not at the acidic residues usually
observed at cryogenic conditions?®3335, A dose limit of 0.38 MGy per dataset is recommended
in static and time-resolved synchrotron crystallography conducted at room temperature,
which can vary depending on the protein sample and the resolution limit.

162



4.3.3 Estimating radiation damage and RADDOSE

In order to estimate and monitor radiation damage in MX, several metrics based on global
or specific effects have been used in the literature. The disadvantage of using different metrics
is that data obtained under various experimental conditions cannot be compared. There is
one metric that can be estimated even though it is not directly experimentally measurable
and that is the dose. As has been already mentioned, the dose is the energy absorbed per unit
mass of sample and it is expressed in Gray units (Gy = J kg). This amount of absorbed energy
is the energy lost by the incident X-ray beam. Assuming that the intensity of the incident beam
is Jo, then the intensity decay (J) for a crystal with thickness x and linear absorption coefficient
Habs is given as38:

] = ]Oe_uabsx (41)

The energy lost by the X-ray beam in the sample or the absorbed dose is ], — ] multiplied
by the energy of the incident beam. Estimating the dose requires information concerning the
atomic composition of the crystal and the precipitant solution, as well as information on the
beam energy, size and profile and the exposure time. A computer program named RADDOSE-
3D has been developed in order to model dose estimations spatially and temporally for
macromolecular X-ray diffraction experiments.

The first version of the program was introduced by Murray et al.?l. It was written in
FORTRAN 77 and used CCP4 library routines. The absorption coefficients were calculated by
the program for different X-ray energies and then used to estimate the absorbed dose for a
specific crystal and beam. The crystal size was usually smaller than the beam size, rendering
the calculated dose almost independent of the crystal size, since the whole crystal was
irradiated nearly uniformly by the incident X-ray beam. The input information is the crystal
size, the volume and contents of the unit cell and the solvent content. RADDOSE uses the total
cross section (o) to calculate the attenuation coefficient (Hatt) and only the photoelectric cross
section for the calculation of the absorption coefficient (uabs). The total linear attenuation
coefficient of the crystal can be calculated by equation®®:

1
Mat = 525105 (4.2)

Where V is the unit cell volume and o is the atomic cross section for all the atoms of the
crystal (j=1,...,n) and is given as:

0= o-Thompson + 0-Compton + 0-photoelectric (4-3)

This calculation assumes that the atomic cross section is independent of the surrounding
environment of the crystal which is valid for light atoms but not for heavy atoms close to
absorption edge energies. These two coefficients (Uatt and pabs) are different since Thompson
and Compton scattering contribute little to absorption but more to the attenuation of the
beam. Moreover, inputs to the program are the photon flux and energy, the beam size, the
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exposure time per image and the image number. Nevertheless, the rotation of the crystal is
not considered in the first version of RADDOSE, as well as in versions 2 and 3°%°7,

The first version of RADDOSE also assumes that all the energy of the X-rays that may lead
to the production of a photoelectron is absorbed within the crystal. As has been already
mentioned, when a photoelectron is ejected, the atom is left in an excitation state followed
by the emission of an Auger electron or fluorescent X-ray. In the latter case, the fluorescent
X-ray may escape from the crystal. Therefore, the absorbed dose calculated by RADDOSE is
overestimated since not all the incident energy is deposited in the crystal. The second version
of RADDOSE®® takes into account this energy loss due to the escape of fluorescent photons
produced when the energy of the incident beam is greater than the absorption edge energies
(K, L or M) of the atoms present. X-ray fluorescence is negligible for light atoms but increases
with the atomic number (Z). Paithankar et al.°® modified RADDOSE to account this
fluorescence escape and some example calculations on the absorbed dose are presented for
several proteins.

The third version of RADDOSE®’ includes the effect of Compton scattering in calculating
the absorbed dose. In the previous versions?>°6, the absorption coefficient (Mabs) was
calculated only by the photoelectric cross section contribution which is a fair approximation
for the incident energies used in a typical MX experiment (5 — 20 keV). However, for higher X-
ray energies (> 20 keV) the contribution of the Compton scattering cross section becomes
significant. An example given by Paithankar and Garman®’, indicates that for a 100 um thick
CEWL crystal irradiated at 12.4 and 40 keV, Compton scattering accounts for 5.4 % and 67 %
of the total interaction, respectively. The new version of RADDOSE proposed by the authors
includes the effect of inelastic scattering to the calculations of the total absorption coefficient,
indicating that at high incident X-ray energies radiation damage rate may be reduced for the
same diffraction intensities. Finally, it should be mentioned that none of the above-mentioned
versions of RADDOSE considers crystal rotation during the diffraction experiment.

All three versions of RADDOSE yield a one-dimensional profile of the absorbed dose for a
stationary macromolecular crystal and allow for prediction of the crystal lifetime in
comparison to the experimental dose limit of 30 MGy*’. The assumptions and simplifications
used for the development of these software versions were sufficient enough in cases where
the crystal was smaller than the beam and the beam profile was uniform. Zeldin et al.>
developed a new version, RADDOSE-3D, for the full 3D mapping of the absorbed dose
distribution in MX experiments. The new version, written in Java, is designed to overcome the
limitations posed by the previous versions of the software such as the photoelectron escape
which could lead to reduced absorbed dose, the dose distribution within the irradiated crystal
volume which was not accounted for rotating crystals and non-uniform beam profiles, the
non-realistic crystal shapes and beam profiles and the fact that more regions of a crystal can
be exposed to the incident radiation for crystals lager than the X-ray beam. RADDOSE-3D
simulates the spatial and temporal distribution of the dose within the crystal volume for a
number of iterations in small angular steps across several data wedges. It should also be noted
that RADDOSE-3D calculates the two absorption coefficients (Hatt and Habs) separately at each
depth point of the crystal, correcting the approximations made by the previous versions.

The input file requires information on the crystal size and morphology, the beam and the
wedge> and always describes a single crystal and one or more beams and wedges of
contiguous data. The output file contains several dose metrics (Table 4.3.1) and it is updated
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after calculating each wedge providing the dose state at every voxel and every temporal step.
The voxel represents a value of a regular grid in a 3D space being the 3D equivalent of the
pixel. The term itself is a fusion of the terms volume and pixel. In the case of crystals, the voxel
represents a partial volume of the total crystal volume. Zeldin et al.>® showed that the profile
of the beam has a crucial effect on the dose distribution within the crystal, with the top-hat
beam profile resulting in more uniform distribution compared to the Gaussian one. When
using a Gaussian beam, the best data collection strategy for even dose distribution is to match
the beam size to the crystal, which can be achieved by applying a helical scan.

Table 4.3.1: Dose metrics as provided by the RADDOSE-3D output file.

Dose metric Explanation/units

Total absorbed energy divided by the mass of
the whole crystal/ MGy %°

Total absorbed energy divided by the mass of a
Average dose — exposed region (AD-ER) | region defined as any voxel having nonzero
dose/ MGy °°

The average dose inside a volume bounded by
Threshold average dose (TAD) the isosurface calculated to enclose a fraction of
the total absorbed energy (default 95 %)/MGy >°
The dose in the voxel with the highest dose
value anywhere in the crystal/ MGy >°
Maximum dose divided by threshold average
Dose contrast dose: a measure of the contrast in the dose
distribution >°

The fraction of the crystal voxels with a nonzero
dose/ % °°

The sum of the absorbed energy for all the
voxels in the crystal/ J *°

A histogram showing the fraction of voxels in
each dose range °°

The maximum dose over the total absorbed
energy/ kg8

Combines information from dose aggregation
within each volume element of the crystal up to
a given time, with the way the crystal is being
exposed at that moment/ MGy >°

Average dose — whole crystal (AD-WC)

Maximum dose (max dose)

Used volume

Absorbed energy

Final dose histogram

Dose Inefficiency

Diffraction weighted dose (DWD)

Elastic yield Elastically scattered photons/photons >°
Diffracted dose efficiency (DDE) or The ratio of elastically scattered photons to the
Diffraction efficiency diffraction weighted dose/ photons MGy >°

The aggregate metrics, like average dose or maximum dose, refer to the final state of the
whole crystal once the data collection is completed. For example, the AD-WC metric weights
equally each volume element of the crystal no matter how each volume element was
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irradiated during the exposure. In order to evaluate the fluence (photons per unit area) that
each volume element of the crystal receives during the exposure and the extent of damage in
time, Zeldin et al.>® introduced the diffraction-weighted dose (DWD) metric. As opposed to
aggregate metrics, DWD is calculated per each diffraction image and the dose at each volume
element is weighted by how much the specific volume element has contributed to the current
image. A more recent publication reports on the extension of RADDOSE-3D for dose
estimation in SAXS experiments, as well as, modifications in order to include the effects of
Compton scattering and photoelectron escape in dose calculations®. For the experimental
results and simulations presented in Section 4.3.4 and Appendix 4.6, DWD and maximum dose
are used as metrics.

4.3.4 Experimental results and simulations

RADDOSE-3D was used to simulate dose estimations for an in situ X-ray diffraction
experiment of HEWL crystals grown on the microfluidic chips with the microdialysis method
at 293 K. The lyophilized HEWL powder was dissolved in water to a final concentration of
approximately 30 mg mLand crystals were grown in the presence of 1.5 M NaCl and 100 mM
CH3COONa pH 4.0. The volume of the protein sample was 0.3 pL. HEWL crystals grew 1 h after
the onset of the on chip crystallization experiment and the in situ data collection was
performed after 7 days at BM30A-FIP beamline (ESRF) at room temperature. The crystal
morphology was cubic and the approximate size was 200 pum along each axis. For the data
collection, the microchip was mounted in front of the X-ray beam with the aid of a 3D-printed
support (Figure 3.2.3, Chapter 3) and diffraction data were collected from - 40° to + 40° angular
resolution. For the full data set, 80 diffraction images were collected with 1° oscillation per
exposure and 30 s exposure time. The beam profile at BM30A-FIP was top hat, the beam size
was 250 um x 250 um, the beam energy of 12.6578 keV (Se K edge) and the flux of 3.32 x 10%°
ph st were employed. Under these experimental conditions, the maximum dose estimated by
RADDOSE-3D is 0.6267 MGy, a value far below the Henderson limit (20 MGy) or the
experimental dose limit of 30 MGy, estimated by Owen et al.*’. The DWD value is 0.3028 MGy.
A color-map dose profile for the 200 um x 200 pm x 200 pm cuboid crystal at 2 um3 voxel
resolution exposed over an angular range of 80 ° (- 40° to + 40°) for a total exposure time of
2400 s (30 s per 1° oscillation) is shown in Figure 4.3.3. The map illustrates the dose attributed
to each voxel of the cuboid crystal and the color map shows the variation of the dose state in
the crystal volume. The blue color indicates the less exposed regions to the beam, therefore
the voxels with the lowest dose, and the red color indicates the voxels with the highest
absorbed dose. The beam is set along the z-axis and the rotation of the crystal is right-handed
about the y-axis. The visualization has been produced with the open source software Paraview
(https://www.paraview.org). Figure 4.3.3 shows a uniform distribution of the dose in the
crystal volume, as expected for data collection strategies where the beam size is equal or
larger than the crystal size. The majority of the voxels are in the high-dose regime (red) for
this experiment, but the highest dose value is 0.63 MGy (< 30 MGy). Only the edges of the
crystal lie within the low-dose regime (between 0.42 to 0.5 MGy as illustrated with blue color).
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Figure 4.3.3: Dose map for the 200 um x 200 pm x 200 um cuboid HEWL crystal
irradiated at BM30A-FIP beamline (ESRF) at room temperature, with a photon energy of
12.6578 keV and flux 3.32 x 10%° ph s™1. The dose is given in MGy and the map was produced
with Paraview.

BM3O0A-FIP (ESRF) had operational energy limits from 6.9769 keV (Eu L3 edge) to 17.1663
keV (U L3 edge). The same beamline has been reconstructed and is currently called BM07-
FIP2 with energy limits from 4.9392 keV (Te L1 edge) to 25.5140 keV (Ag K edge). Simulations
were performed using RADDOSE-3D for the same experimental conditions (crystal size, beam
profile, beam size and flux) by varying the beam energy. The dose maps generated with
Paraview are shown in Figure 4.3.4 for BM30A-FIP and in Figure 4.3.5 for BMO7-FIP2. The DWD
and the maximum dose metrics for each energy level are provided in Table 4.3.2. A uniform
dose distribution can be seen for the energy values of 17.1663 keV (Figure 4.3.4 (b)) and
25.5140 keV (Figure 4.3.5 (b)), similar to the dose distribution of the real experiment (as shown
in Figure 4.3.3), but with different dose limits (0.22 — 0.32 MGy for Figure 4.3.4 (b) and 0.098
— 0.14 MGy for Figure 4.3.5 (b)). However, a different dose distribution can be distinguished
for data collection strategies at lower energies. Figures 4.3.4 (a) (6.9769 keV) and Figure 4.3.5
(a) (4.9392 keV) show that only half of the crystal volume in both cases has been exposed in
the high-dose regime (red).
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Table 4.3.2: DWD (MGy) and maximum dose (MGy) metrics as calculated by RADDOSE-
3D for the energy limits of BM30A-FIP and BMO7-FIP2 (ESRF).

Energy (keV) DWD (MGy) Max Dose (MGy)
6.9769 0.9231 2.1853
17.1663 0.1597 0.3249
4.9392 1.4749 4.3433
25.5140 0.0690 0.1393

Figure 4.3.4: Simulations of the dose map for the 200 um x 200 um x 200 um cuboid
HEWL crystal for (a) 6.9769 keV and (b) 17.1663 keV, the energy limits of BM30A-FIP (ESRF).
The photon flux is 3.32 x 101° ph s'1. The dose is given in MGy and the maps were produced

with Paraview.

Figure 4.3.5: Simulations of the dose map for the 200 um x 200 um x 200 pum cuboid
HEWL crystal for (a) 4.9392 keV and (b) 25.5140 keV, the energy limits of BMO7-FIP2 (ESRF).
The photon flux is 3.32 x 101° ph s'1. The dose is given in MGy and the maps were produced

with Paraview.
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Apart from the photon energy, other parameters than can affect the dose distribution
and the dose metrics are the crystal size, the beam size and profile and the photon flux. All
these parameters are input parameters for RADDOSE-3D and can be altered in order to
estimate the dose state of the irradiated crystal and design the optimum diffraction data
collection strategy, especially when the absorbed dose is close to the experimental limit (30
MGy) or when the protein crystals are difficult to reproduce or the protein sample is limited.
Even in the case of HEWL, a widely studied, model soluble protein that produces robust and
well-diffracting crystals, the simulations show that the choice of the experimental parameters
during data collection has a significant impact on dose distribution. So far (Figures 4.3.3 —
4.3.5), the only parameter altered has been the photon energy. Some example simulations
with different crystal morphology and size, beam size and photon flux are provided in
Appendix 4.6 (Figure A4.14) to comprehend how these parameters can affect the dose
distribution.

Another way of inspecting the dose distribution is to divide the crystal’s voxels into dose
bins. This is automatically performed by RADDOSE-3D, which separates the voxels of the
crystal in 11 bins. Each bin contains the percentage of the voxels that lie within a dose range,
with the first bin attributed to the 0.0 — 0.1 MGy range, the second bin to 0.1 — 3.4 MGy, etc.
The 11™ bin contains the voxels with an estimated dose value > 30 MGy. Table 4.3.3
summarizes the bins and the percentage of voxels in each bin for a 200 um x 200 pum x 200
um cuboid crystal exposed to a 50 um x 50 um top hat beam with a 3.32 x 10%° ph s flux at
12.6578 keV. For this example, nearly 70 % of the voxels were exposed to a dose range
between 0.1 — 6.7 MGy, while no volume voxel was exposed to more than 16.7 MGy. Similar
conclusions can be drawn for cases with different input parameters (crystal size, beam size
and profile, photon flux), as the output file of RADDOSE-3D generates the division of voxels
into dose bins. Accumulative histograms are provided in Figures 4.3.6 and Figure A4.15 in
Appendix 4.6, where the percentage of voxels (% voxels) is plotted against 11 dose bins (MGy)
for various beam size values for a 200 um x 200 um x 200 um crystal (Figure 4.3.6 (a)) and a
50 um x 50 um x 50 um crystal (Figure 4.3.6 (b)). In both histograms, the crystal is considered
as cuboid, the beam profile is top hat and the photon flux is 3.32 x 10° ph s at 12.6578 keV.
The beam size values investigated are: 300 pum x 300 pum, 250 um x 250 pm, 200 um x 200 um,
150 pum x 150 um, 100 pm x 100 pm, 50 um x 50 pm, 10 pm x 10 um and 5 um x 5 pm.
Regardless of the crystal size, the majority of the voxels are exposed to the low-dose regime
(up to 3.4 MGy) when the beam size is between 300 um x 300 um and 150 pm x 150 um. The
choice of these values would constitute a suitable data collection strategy as the larger volume
of the crystal is exposed to relatively low dose and can withstand until a full data set is
collected without compromising the biological relevance of the recorded data. For both
crystals, a wider dose distribution among the bins can be observed for smaller beam size
values, while the dose exceeds the limit of 30 MGy when the beam size is 10 um x 10 um or 5
pum x 5 um. Dose histograms for a Gaussian beam profile are provided in Appendix 4.6.
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Figure 4.3.6: Dose histograms of the percentage of voxels (%) against 11 dose range
bins (MGy) for various beam size values for (a) a 200 um x 200 um x 200 um crystal and (b) a
50 um x 50 um x 50 um crystal. The crystal is cuboid, the beam profile is top hat and the

photon flux is 3.32 x 10'° ph s'* at 12.6578 keV.
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Table 4.3.3: The bins and the percentage of voxels in each bin, as calculated by
RADDOSE-3D, for a 200 pm x 200 pm x 200 pum cuboid HEWL crystal exposed to a 50 pum x 50
um top hat beam with a 3.32 x 10%° ph s* flux at 12.6578 keV.

Dose range (MGy) | % of voxels
0.0-0.1 0
0.1-3.4 34.9
34-6.7 344
6.7-10.1 16.2
10.1-13.4 5.2

134-16.7 9.3
16.7 -20.0 0
20.0-234 0
23.4-26.7 0
26.7-30.0 0

>30.0 0

The impact of the photon flux, the crystal size and the beam size for a top hat beam on
the DWD (MGy) metric calculated by RADDOSE-3D as a function of the beam energy (keV) is
shown in Figure 4.3.7 and Figure A4.16 in Appendix 4.6, respectively. The energy values used
in these graphs are the limit values for the beamline BM30A-FIP (6.9769 keV, 17.1663 keV and
20.9476 keV), the limit values for the beamline BM0O7-FIP2 (4.9392 keV, 25.5140 keV) and the
energy value of 12.6578 keV (Se K edge) where the HEWL diffraction data set was collected
on chip at room temperature. The crystal size is 200 pum x 200 um x 200 um, the beam is top
hat with a size of 250 pm x 250 um and the flux values are 3.32 x 10%° ph s (experimental
value used during data collection), 3.32 x 10! ph s* and 3.32 x 10*2 ph s* (theoretical values
used for the simulations). From the plot in Figure 4.3.7, it can be concluded that the value of
DWD is lower for higher beam energies and higher for lower energies in all three photon flux
values. Moreover, for the highest flux value (3.32 x 102 ph s?), DWD value increases
significantly for photon energies < 10 keV. The DWD has been estimated to be 1.4749 MGy
(flux 3.32 x 10%° ph s), 14.7499 MGy (3.32 x 10* ph s!) and 147.4992 MGy (3.32 x 102 ph s
1) at 4.9392 keV, while the respective estimations at 25.5140 keV are 0.0690 MGy (3.32 x 10%°
ph s1), 0.6902 MGy (3.32 x 10*! ph s!) and 6.9027 MGy (3.32 x 10*2 ph s1).
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Figure 4.3.7: DWD (MGy) calculated by RADDOSE-3D as a function of the beam energy
(keV) and the flux value (ph s!) for a cuboid HEWL crystal of 200 um x 200 um x 200 um and
a top hat beam of 250 um x 250 um.

4.4 Conclusions

Two model soluble proteins, HEWL and Thaumatin, were used for on chip crystallization
with the microdialysis method and in situ X-ray diffraction studies. Crystallization conditions
for both proteins were first screened with conventional methods, such as vapor diffusion and
dialysis, and the effect of protein or precipitant concentration on the nucleation time, the
crystal size and shape and the uniformity of the crystal population was investigated. On chip
crystallization experiments were performed with the pre-screened conditions via
microdialysis or other conditions that were not used with conventional methods were
explored. In the case of on chip crystallization of soluble proteins, the MWCO of the RC dialysis
membrane embedded within two layers of the device was 6 — 8 kDa and the volume of the
protein reservoir was either 0.1 uL or 0.3 L. The crystallization solution was pre-mixed
manually and was injected within the fluidic channel manually with a disposable syringe or in
an automated mode with the pressure-driven fluidic system incorporated in the MicroCrys
platform (Chapter 3). All the experiments were performed at 293 K. Multiple crystallization
conditions were screened with the dialysis chip for HEWL and Thaumatin by varying the
protein or the precipitant concentration or the nature of the precipitant itself.

HEWL was used as a model protein to investigate the compatibility of the dialysis chip for
growing large crystals for neutron crystallography in the presence of deuterated solutions.
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Moreover, HEWL was used to perform a qualitative study of the phase diagram of the protein
as a function of the precipitant (NaCl) concentration. HEWL crystals were grown at 293 K in
the presence of 1 M NaCl, dissolved in 0 M NaCl and then, nucleation was induced again at a
lower precipitant concentration (0.8 M NaCl). The MicroCrys platform was used in
combination with the continuous circulation mode for filling the fluidic channel and
exchanging the crystallization solutions in order to confirm the reversibility of the on chip
dialysis method and the compatibility of the chip for studying phase diagrams. Finally, HEWL
was used to prepare cubic mesophase of monoolein at 293 K in 3:2 (monoolein: protein) ratio
in order to set up on chip crystallization experiments with the LCP method. Multiple,
isomorphous, small crystals of HEWL were grown on chip with the LCP method at 293 K in
various crystallization conditions.

In situ X-ray diffraction experiments were carried out at different beamlines (BM30A-
FIP/ESRF, PROXIMA-2A/Soleil, BL13 — XALOC/ALBA and P14/PETRA lIlI) confirming the
compatibility of the dialysis chip with in situ data collection at room temperature. Detailed
electron density maps were produced for HEWL crystals at a resolution higher than 2 A. Partial
diffraction data sets of numerous, isomorphous, small crystals of HEWL grown on chip with
the LCP method and Thaumatin crystals were recently collected at PROXIMA-2A beamline at
room temperature, verifying the compatibility of on chip cubic phase crystallization with the
requirements of synchrotron serial X-ray crystallography (SSX). The HEWL crystals grown with
the LCP method and the Thaumatin crystals diffracted close to 3 A and 2 A, respectively.

Four membrane proteins were used for on chip crystallization experiments. The MWCO
of the RC dialysis membrane was 12 — 14 kDa and the volume of the protein reservoir was
either 0.1 pL or 0.3 pL. Experiments were performed at 293 K. The crystallization solution was
injected within the fluidic channel manually with a disposable syringe or in an automated
mode with the pressure-driven fluidic system. Crystallization conditions were screened in
advance with conventional methods. Several conditions varying the protein concentration,
the precipitant concentration or the composition of the crystallization solution were tested
on chip. Moreover, in the case of AcrB and ShuA additive molecules were also used for co-
crystallization. Rifampicin was used with AcrB and Europium salt with ShuA. However, the on
chip crystallization of membrane proteins was more challenging than the case of soluble
proteins. AcrB, SERCA and TmPPase crystals grew on chip via microdialysis and their diffraction
quality was tested. AcrB crystals diffracted at a resolution lower than 14 A, TmPPase diffracted
close to 15 A, while SERCA diffracted close to 7 A, yielding the best resolution acquired with
membrane protein crystals on chip so far.

Finally, RADDOSE-3D was used to simulate dose estimations for the in situ X-ray
diffraction experiment of HEWL crystals grown on chip via microdialysis at 293 K. A dose map
for the 200 pm x 200 um x 200 pum cuboid HEWL crystal irradiated at BM30A-FIP at room
temperature, with a photon energy of 12.6578 keV and flux 3.32 x 10%° ph s! was produced
showing a uniform distribution of the dose in the crystal volume, as expected for data
collection strategies where the beam size is equal or larger than the crystal size. The majority
of the crystal volume was in the high-dose regime for this experiment but the highest dose
value of 0.63 MGy was still much lower than the experimental dose limit of 30 MGy. More
simulations were conducted based on this case study by varying the crystal size or shape, the
beam profile or size, the photon flux or the photon energy value to investigate the effects of
these parameters on dose metrics related to radiation damage.
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Chapter 5
Conclusions and perspectives

My thesis project was to automate and optimize the on chip crystallization of model
soluble and membrane proteins for investigating the three-dimensional structure of these
biological macromolecules with the in situ X-ray diffraction method. It has been part of the
ITN MSCA RAMP program (https://ramp-itn.eu/sofia-jaho/). My project can be divided in
three main objectives including the design of microfluidic devices for on chip protein
crystallization via the microdialysis method, the development of instrumentation and
computer software for the control and automation of the on chip crystallization process and
the study of various protein targets exhibiting biological significance with on chip
crystallization and in situ X-ray diffraction experiments. In this final chapter, | will elaborate on
the outcomes and the concluding remarks of this work, the successful outcomes, the
encountered difficulties and the promising perspectives for future implementations.

On the microfluidic chips

A microfluidic chip has been developed for the on chip protein crystallization with the
microdialysis method compatible with in situ X-ray diffraction experiments. The main body of
the chip consists of the NOA 81 photocurable resin supported on a PMMA substrate. The
dialysis chip combines the advantages of the microfluidic technology, such as minute sample
consumption and fine control over transport phenomena, and the dialysis protein
crystallization method allowing an accurate control and tuning of the experimental
parameters. Specifically, two devices have been designed with 0.1 pL or 0.3 pL maximum
volume capacity of the protein reservoir. Dialysis operates based on the diffusion and
equilibration of precipitant molecules through a semi-permeable membrane and offers a
kinetic pathway allowing an extensive exploration of the protein phase diagram. Moreover,
dialysis combined with temperature control facilitates decoupling nucleation from crystal
growth and multiple crystallization conditions can be screened with the same protein sample.
In order to integrate the dialysis method into our microchips, a small piece of RC membrane
is incorporated directly within two layers of the chip during the fabrication process without
requiring chemical bonding or mechanical manipulation. The MWCO of the membrane can be
chosen according to the molecular weight of the protein sample and the precipitant solution.
RC dialysis membranes are commercially available and the fabrication protocol of the chips
can be adjusted to incorporate any kind of polymeric membrane for dialysis, as for example
poly(ether sulfone) (PES) or polycarbonate membranes.

The rapid prototyping of the chips, the flexibility of choosing commercially available
membranes with appropriate MWCO for the application and the relatively inexpensive
materials enable the fabrication of numerous chips. Approximately 20 — 30 chips can be
fabricated in a single working day in a clean room. Moreover, the chips can be washed and
reused as long as the dialysis membrane or the adhesion of the NOA 81 sticker on the PMMA
substrate are not compromised.
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The design of the dialysis chip includes a linear channel for the circulation of the
crystallization solution, a central cavity for the manual loading of the protein sample and two
cavities (pillars) at the edges of the channel dedicated to act as the inlet and outlet ports for
fluid handling. The fluidic channel and the protein reservoir are separated by a small piece of
RC dialysis membrane. A major modification of the original protocol for the fabrication of the
chips was the reduction of the volume of the protein reservoir from 0.2 pL or 0.7 uL to 0.1 plL
and 0.3 pL (Chapter 2, Section 2.2.1). This volume could be further reduced if pipetting such
small quantities of the protein sample can be achieved either manually or with the aid of
automated platforms developed for setting up nL-droplets with conventional crystallization
methods in 96-well plates. Another potential modification on the chip’s design is related to
the length of the fluidic channel. For both designs (0.1 pL and 0.3 uL) the length of the channel
is approximately 3.5 cm and the volume of the precipitant solution required to fill the channel
is approximately 0.9 uL. Shorter channels would require smaller volumes of crystallization
solutions, an important advantage in cases where the crystallization mixture includes
expensive additives for pharmaceutical drug design experiments.

Nevertheless, reducing the channel length poses some restrictions concerning the
connectors for fluid handling. As explained in Chapter 2, commercially available PEEK
connectors or disposable pipette tips are glued on the inlet and outlet ports of the channel for
injecting and circulating the crystallization solution. These connectors have a relatively large
diameter compared to the diameter of the inlet/outlet pillars of the chip, while the fast epoxy
glue used for this application spreads around the connectors before it solidifies (Figure 2.2.5,
Chapter 2). Both these factors contribute to the coverage of the chip’s surface and sometimes,
the epoxy glue can reach close to the protein reservoir rendering the encapsulation of the
protein sample with the PMMA piece and the Kapton tape challenging. The length of the
channel and subsequently the length of the chip have been designed to avoid this problem.
However, reducing the length is not prohibitive if connectors with smaller diameter
comparable to the diameter of the inlet/outlet pillars (1 mm) can be used. Another way to
address this issue would be to envision the integration of lateral needle-like connectors. A
simplified design is shown in Figure 5.1. These connectors would be integrated in the chip
during the fabrication process. The idea is to “sandwich” the connectors between the two
layers of the chips during the fabrication step where the RC membrane is “sandwiched”
between the protein reservoir and the fluidic channel. The inner or outer diameter of the
connectors should be appropriate for connecting PTFE tubes for fluid circulation.

PTFE tubes

| =

Lateral connectors

Figure 5.1: Schematic illustration of a dialysis chip with lateral inlet and outlet
connectors.
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In order to address issues raised by the integration of the RC membrane and potential
deformation or leaks during the circulation of the crystallization solution under constant
pressure, the potential of fabricating hydrogel membranes directly in the chips by in situ
photo-patterning was explored. Two chips were developed using different fabrication (PEGDA
250, NOA 81) and substrate (glass, COC) materials. The two designs constitute a potential
alternative to the dialysis chip; however, more experiments should be conducted to establish
a well-functioning protocol for their use with on chip protein crystallization via microdialysis.
The MWCO of the hydrogel membranes can be adjusted by altering the composition of the
formulation mixture. Moreover, the potential of parallelizing crystallization experiments is
feasible by designing a device with multiple protein compartments where the membrane can
be fabricated in situ in exact positions. A simplified design for a chip with hydrogel membranes
for screening crystallization conditions is shown in Figure 5.2. Two protein samples with
different concentration can be injected in 8 wells and 8 channels can be used for injecting
crystallization solutions of various compositions. In total, 8 different conditions can be
screened with a single device. This is merely a simple example of how multiple parallel
experiments can be set up with a chip and the number of channels or the protein reservoirs
or the complexity of the device can only be limited by our designing imagination.

I
111

Protein reservoirs @ Channelsfor
crystallization solutions

Protein C1 concentration @ Hydrogel membrane

Protein C2 concentration

Figure 5.2: Schematic illustration of a multi-well microchip for in situ fabrication of
hydrogel membranes for screening protein crystallization conditions.

Finally, the dialysis chips are compatible with in situ X-ray diffraction studies at room
temperature. The in situ data collection approach at room temperature addresses issues
associated with cryogenic cooling, manual harvesting and radiation damage of the protein
crystals. Once protein crystals are grown on the dialysis chip, the chip can be mounted directly
in front of the X-ray beam on synchrotron beamlines, with the aid of a 3D printed support
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(Figure 3.2.3, Chapter 3). However, the 3D printed support limits the range of accessible
beamlines as it is mainly designed for beamlines compatible with in plate X-ray diffraction
experiments equipped with a gripper for 96-well crystallization plates (SBS standard). To
address this problem, another support should be designed allowing the position of the chips
in any MX beamline. The support could resemble a standard magnetic base for goniometer
heads, as the example shown in Figure 5.3 (a).

The dialysis chip has been successfully used for in situ synchrotron serial crystallography
(SSX) experiments and the perspective of in situ serial femtosecond X-ray crystallography (SFX)
using XFEL sources is promising. Moreover, performing on chip and in situ time-resolved
experiments is a possibility that would be interesting for the crystallographic community.
Reagents that could trigger time-resolved studies could be introduced within the microfluidic
channel either manually with a syringe or with an automated fluidic system. A chip including
an additional inlet port for injecting reagents can be fabricated (Figure 5.3 (b)) ensuring the
feasibility of the experiments. However, the diffusion of the reagents through the dialysis
membrane has to be ensured in advance by selecting a membrane with the appropriate
MW(CO and preliminary experiments should be conducted to study diffusion and mixing times.
The timescale in time-resolved experiments and the response time of the protein target to
external triggers are crucial parameters. Therefore, it is also important to ensure that the
diffusion time of the reagents through the dialysis membrane lies within the timescale of the
experiment.

Inlet for precipitant

a -

)

|

Inlet for reagents

Metallic base
—

Figure 5.3: (a) Schematic illustration of a magnetic base supporting the dialysis chip
compatible with standard goniometer base for in situ X-ray diffraction studies. (b) A dialysis
chip with two inlet channels for the precipitant solution and reagents triggering in situ time-

resolved experiments.

The background noise generated by the interaction of X-rays with the materials
comprising the dialysis chip (PMMA, Kapton, RC membrane) has been evaluated, rendering
the chips compatible with in situ X-ray diffraction experiments. Even though, other materials
like COC were also tested for supporting the NOA 81 resin instead of the 175 um thick PMMA
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substrate, we continued to mainly fabricate the dialysis chip with PMMA substrate due to the
mechanical stability that it offers during the on chip crystallization experiments or when
mounting the chips in MX beamlines. The same PMMA foil is used to encapsulate the protein
sample within the protein reservoir as described in Chapter 2 (Section 2.2.2). However, the
thickness of this PMMA piece used for protein encapsulation can be reduced since it is not
crucial to be as thick (175 um) as the substrate. The reduction of this layer of the microfluidic
assembly can reduce further the background noise generated by the interaction of X-ray
radiation with the chip’s materials.

On the MicroCrys platform

The MicroCrys platform has been developed for automating the on chip crystallization of
proteins via microdialysis. Chemical composition and temperature control has been
integrated for investigating protein phase diagrams. MicroCrys includes a stepwise motorized
metallic support, an inverted digital camera with automated focus and LED lights facilitating
real-time monitoring and image recording of the microchips. The metallic support can
accommodate the 3D printed holder developed for positioning 3 chips simultaneously for
crystallization or for in situ X-ray diffraction experiments. The components of the platform are
controlled by custom-built LabVIEW software displaying a user-friendly graphical interface
designed to manipulate the spatial movement of the support, the focus of the camera, the
illumination level and to record images with a frequency allocated by the user.

Even though the platform is robust from a manufacturing point of view, additional
features relevant to microfluidic protein crystallization could be added. For example, a
humidity box surrounding the microchips can be fixed on the metallic support of the platform
(Figure 5.4). One of the major challenges encountered with the on chip crystallization
experiments was related to evaporation, especially when experiments lasted for prolonged
time (weeks). This humidity box can open from one side allowing the manipulation of the chips
and it can be manufactured from optically transparent material, as for example Plexiglas,
ensuring the visualization of the experiments.
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Humidity box

Figure 5.4: Schematic illustration of a transparent humidity box positioned on the
sample holder of the MicroCrys platform.

In order to automate fluid transfer and circulation within the linear channel of the chips,
a commercial fluidic system (Elveflow) has been integrated in the MicroCrys platform. The
system for fluid handling includes a pressure-driven controller with two pressure channels for
mixing and circulating the crystallization solution under constant flow or under constant
pressure difference between the inlet and the outlet port of the fluidic channel and two
thermal-based digital flow sensors. The controller has two pressure channels used to drive the
solutions from pressurized containers into the PTFE tubes connected to the inlet port of the
microfluidic device. The two channels can be used independently to circulate a solution in two
different chips, allowing two crystallization experiments to run simultaneously. However, the
manufacturer offers the possibility to add up to four pressure channels in one controller. This
feature can be an important asset when setting up crystallization experiments on several chips
simultaneously or when chips with multiple inlets (Figure 5.2) are used for parallel
experiments.

Moreover, the Elveflow system includes flow sensors that can be connected at any point
along the flow were the accurate measurement or regulation of the flow rate is important for
the experiment. Pre-mixed crystallization solutions can be used with the pressure-driven
controller or can be prepared in an automated way with a six-valve distributor. The distributor
injects sequentially various salt, buffer or PEG solutions into a mixing reservoir for preparing
the final mixture for crystallization. Indeed, there are several components for fluid handling
that can be added for an easy and precise control of fluid transfer in microfluidics. Our goal
was to verify the compatibility of these components with our application of on chip protein
crystallization, integrate the separate parts in MicroCrys and automate their control with our
LabVIEW program. So far, the pressure-driven controller has been integrated in the LabVIEW
interface. In the future, the flow sensors and the six-valve sequential distributor can be added.
Adding features and functionalities for mixing solutions can upgrade the existing user
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interface. The user can set input parameters such as the concentration of the reagents (salt,
buffer or PEG solutions) and the final volume of the crystallization solution and the program
can calculate automatically the mixing ratio and prepare the mixture with the sequential
distributor.

Thermal regulation of the protein reservoir is crucial for investigating crystallization phase
diagrams. We developed a prototype using the thermoelectric Peltier effect for heating and/or
cooling the protein reservoir. Frequently, two Peltier modules are used to produce a
temperature difference between the hot and the cold side. However, a single Peltier module
is sufficient for our application since a reversible controller for thermoelectric assemblies can
reverse the side of the module that is in contact with the chip depending on whether we want
to heat the protein reservoir or cool it down. The Peltier module has a 7.21 mm diameter hole
facilitating visualization of the protein reservoir through the inverted camera of the MicroCrys
platform. Nevertheless, reducing the diameter of the Peltier element to a size comparable to
the diameter of the protein chamber would guarantee a more precise thermal control. The
diameter of the protein reservoir for the 0.1 uL and the 0.3 pL chip is 1.5 mm and 2.8 mm,
respectively. Ordering a custom-build Peltier module from the manufacturing company is a
viable solution for future applications. Finally, simulations on the heat transfer must be
conducted to acknowledge the thermal distribution across the protein reservoir. Undesirable
temperature gradients within the protein reservoir can compromise the crystallization process
and the accuracy of phase diagrams.

The final support developed for on chip thermal regulation was manufactured entirely
from aluminium. The cooling fins used for heat dissipation are part of the main aluminium
body of the support. The support can be used with the MicroCrys platform. Several holes of
appropriate diameter were drilled in different parts of the support for the visualization of the
protein reservoir with the inverted camera.

A J type thermocouple is used to read the temperature value near the protein reservoir.
The thermocouple is stabilized externally in the dedicated position of the support for thermal
regulation. Incorporating the thermocouple within the microchip during the fabrication
process could guarantee better precision on thermal regulation. A thermocouple with thin
wires can be “sandwiched” between the two layers of the chip and positioned at the exact
edge of the protein reservoir. At a first glance, this suggestion of using a thermocouple per
chip doesn’t seem financially viable. However, the thermocouple can be removed when the
chip is disposed and re-used.

The thermocouple and the Peltier module are connected to the reversible controller.
Laird Technologies (the manufacturer of the controller) provides a serial communication
protocol for taking full command of the controller and its components. In order to automate
the use of the controller, we developed a custom-built program written in LabVIEW for
displaying and recording the temperature value read by the J type thermocouple at the
computer. A graphical user interface allows to recover the numerical value of the
thermocouple (°C) and to display the corresponding data as a function of time (s). An assembly
of five electronic WAGO cards has been developed to read the temperature of the J
thermocouple via the LabVIEW program. The LabVIEW code for thermal regulation can be
added in the main LabVIEW program of the MicroCrys platform for an overall control over the
instrumental developments associated to the on chip crystallization. The user will be able to
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control and configure the experimental parameters concerning the platform, the fluidic
system and the thermal regulation through a single graphical interface.

On protein crystallization and in situ X-ray diffraction

Two model soluble proteins (HEWL and Thaumatin from Thaumatococcus danielli) and
four membrane proteins (ShuA from Shigella dysenteriae, AcrB from Escherichia coli, SERCA
from Oryctolagus cuniculus and TmPPase from Thermotoga maritima) were used for on chip
crystallization with the microdialysis method and in situ X-ray diffraction studies. Prior to the
on chip crystallization trials, crystallization conditions for all proteins were screened with
conventional methods, such as vapor diffusion hanging drop and dialysis. The effect of protein
or precipitant concentration on the nucleation time, the crystal size and shape and the
uniformity of the crystal population were investigated. On chip crystallization experiments
were performed with the pre-screened conditions via microdialysis. When the pre-screened
conditions did not yield crystals, other crystallization conditions were explored on chip by
varying the protein or the precipitant concentration or the nature of the precipitant itself.
Moreover, for AcrB and ShuA proteins, additive molecules were also used for co-
crystallization. Rifampicin was used with AcrB and Europium salt with ShuA. In the case of on
chip crystallization of soluble proteins, the MWCO of the RC dialysis membrane was 6 — 8 kDa,
while for membrane protein crystallization the MWCO was 12 — 14 kDa. All the on chip
crystallization experiments were carried out at 293 K. The crystallization solution was pre-
mixed and was injected within the fluidic channel manually with a disposable syringe or in an
automated mode with the pressure-driven fluidic system of the MicroCrys platform.

HEWL was used as a model protein for verifying the compatibility of our dialysis chip with
different crystallization methods or X-ray diffraction data collection strategies. Specifically,
HEWL was used to perform a preliminary, qualitative study of the crystallization phase
diagram of the protein as a function of the precipitant (NaCl) concentration. HEWL crystals
grew on chip at 293 K in the presence of 1 M NadCl, dissolved in 0 M NaCl and re-nucleated at
a lower precipitant concentration (0.8 M NaCl). The MicroCrys platform was used in
combination with the continuous circulation mode for exchanging the crystallization solutions
demonstrating the reversibility of the on chip microdialysis method and the feasibility of
studying phase diagrams with MicroCrys. Future experiments should also exploit the
prototype developed for thermal regulation for investigating temperature-concentration
protein phase diagrams.

HEWL was also used to prepare cubic mesophase of monoolein at 293 K in 3:2
(monoolein: protein) ratio in order to set up on chip crystallization experiments with the LCP
method. Multiple, isomorphous, small crystals of HEWL were grown on chip with the LCP
method in various crystallization conditions. The advantages of the LCP method were
thoroughly discussed in the manuscript but the main advantage with a practical aspect was
the stabilization of the protein sample within the protein reservoir. Occasionally, the protein
sample would move around within the reservoir of the chip when air was trapped during the
encapsulation of the protein or when pressure was applied during the injection of the
crystallization solution in the channel. The viscous nature of the cubic mesophase completely
eliminated this problem. A characteristic example is shown in Figure 5.5 (a) where HEWL (20
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mg mL?) crystals grew on chip in the presence of 1 M NaCl, 100 mM CHsCOONa pH 4.5, and
30 % PEG 400. The HEWL (40 mg mL?) crystals in Figure 5.5 (b) grew with the LCP method in
the presence of 1 M NaCl, 100 mM CH3COONa pH 4.0 and 30 % PEG 400.

Figure 5.5: HEWL crystals grown on chip in the presence of (a) 1 M NaCl, 100 mM
CH3COONa pH 4.5, and 30 % PEG 400 and (b) 1 M NaCl, 1700 mM CH3COONa pH 4.0 and 30 %
PEG 400 with the LCP method. The scale bar represents 100 pum.

Finally, HEWL was used to investigate the compatibility of the dialysis chip for growing
large crystals for neutron crystallography in the presence of deuterated solutions. Even
though relatively large crystals grew on chip, the thickness of the crystals can be restricted by
the height of the dialysis reservoir that is approximately 45 um. In the future, it would be
interesting to examine the diffraction of such crystals in situ using our chips with an adapted
depth in the neutron diffraction tests, while at the same time, the interaction of neutrons with
the materials of the device (PMMA, Kapton, RC membrane) should be studied to evaluate the
background noise.

In situ X-ray diffraction experiments were carried out at different beamlines (BM30A-
FIP/ESRF, PROXIMA-2A/Soleil, BL13 — XALOC/ALBA and P14/PETRA Ill) confirming the
compatibility of the dialysis chip with in situ data collection at room temperature. Detailed
electron density maps were produced for HEWL crystals at a resolution higher than 2 A. Partial
diffraction data sets of numerous, isomorphous, small crystals of HEWL grown on chip with
the LCP method and Thaumatin crystals were recently collected at PROXIMA-2A beamline at
room temperature, validating the compatibility of on chip LCP crystallization with SSX
experiments. The HEWL crystals grown with the LCP method and the Thaumatin crystals
diffracted close to 2.6 A and 1.8 A, respectively. Despite the advantages of the on chip LCP
method related to sample stabilization and diffraction quality of the crystals, studies must be
conducted on the contribution of the cubic mesophase of monoolein on the background noise
during in situ data collection. Figure 5.6 shows a diffraction image of HEWL crystals grown with
the LCP method collected in situ at PROXIMA-2A beamline. Diffusive rings attributed to the
lipidic mesophase can be distinguished close to the beam center. SAXS is the most suitable
technique to investigate this contribution and characterize the lipidic mesophases on chip. We
had been allocated beamtime to perform the experiments at the P12 beamline (PETRAIIl) and
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investigate the phase diagram of monoolein on chip at 293 K in the presence of various
solutions (salts, buffers, PEGs, detergents) commonly used for protein crystallization.
However, due to the worldwide sanitary crisis and the restrictions on travelling, the
experiments were cancelled. In the future, this investigation should be carried out to reveal
essential information for applying the LCP method with the dialysis chip.

Figure 5.6: Diffraction image of HEWL crystals grown on chip with the LCP method
during in situ X-ray diffraction at PROXIMA-2A beamline. Diffusive rings attributed to the
lipidic mesophase of monoolein are visible close to the beam center.

The on chip crystallization of membrane proteins was more challenging than the case of
soluble proteins. AcrB, SERCA and TmPPase crystals grew on chip via microdialysis and their
diffraction quality was tested. AcrB crystals diffracted at a resolution lower than 14 A,
TmPPase diffracted close to 15 A, while SERCA diffracted close to 7 A, yielding the best
resolution acquired with membrane protein crystals on chip so far. Several crystallization
conditions that were tested in advance with conventional methods by the collaborators, who
provided the protein samples, were also tested with the dialysis chip. However, the on chip
crystallization trials were not always successful. Assuming that induction times for nucleation
are prolonged at the microscale, the chips carrying the membrane protein samples were left
to incubate for longer time intervals from several days up to several weeks. Evaporation issues
were encountered. The humidity box proposed for the MicroCrys platform (Figure 5.4) could
potentially address this problem. Moreover, multiple crystallization conditions must be
screened on chip in order to find the optimal conditions that can increase the supersaturation
and induce nucleation of the membrane protein crystals.

Finally, RADDOSE-3D was used to simulate dose estimations for the in situ X-ray
diffraction experiment of HEWL crystals grown on chip via microdialysis at 293 K. A dose map
for a cuboid HEWL crystal irradiated at BM30A-FIP at room temperature was produced,
showing a uniform distribution of the dose in the crystal volume, as expected for data
collection strategies where the beam size is equal or larger than the crystal size. Most of the
crystal volume was in the high-dose regime for this experiment but the highest dose value of
0.63 MGy was still much lower than the experimental dose limit of 30 MGy. Simulations were
conducted based on this case study by varying the crystal size or shape, the beam profile or
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size, the photon flux or the photon energy value to investigate the effects of these parameters
on dose metrics related to radiation damage. Using a beam size equal or larger than the
protein crystal is indeed a good choice. But this is not always feasible, especially when using
micro-focused beams. A characteristic example of radiation damage on a Thaumatin crystal
during in situ serial data collection at room temperature at the PROXIMA-2A beamline was
given in Figure 4.1.12 (Chapter 4). Thus, it is important to estimate the expected dose prior to
in situ X-ray diffraction experiments in order to establish the optimal data collection strategy.
Despite this fact, as for the quality of the crystallographic statistics for Thaumatin, it does not
appear to have been compromised. A detailed electron density map was generated at a
resolution of 1.8 A by merging partial data sets collected from several crystals and only future
careful structural analysis could possibly reveal traces of radiation damage.
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Appendices
Appendix for Chapter 2
2.1 Profilometer measurements for the dialysis chip

A profilometer was used to measure the thickness of the deposited SU-8 film on the
silicon wafers after photolithography. The profilometer used at LOF (Laboratory of the Future)
was the non-contact, 3D surface profiler Sensofar S neox and the measurements were taken
by using the program SensoSCAN 6.3 which was set on the function of Vertical Scanning
Interferometry (VSI) providing nanometer vertical resolution. The bright field objective used
was a Nikon DI 10X.

The black patterns on the photomasks of Figure 2.1.2 (a) and Figure 2.1.2 (b) remain
soluble in the PGMEA developer after the UV exposure during photolithography and the
channels and pillars are engraved on the masters, as illustrated in Figure 2.1.3. Therefore, the
thickness of the SU-8 resist after photolithography can be measured as the depth of the
channels and pillars on the masters. This depth (AZ) is the vertical distance from the surface
of the master where the SU-8 photoresist was polymerized after the UV exposure (transparent
features of the photomasks in Figure 2.1.2 (a) and Figure 2.1.2 (b)). Figure A2.1 shows the
profilometer measurements for the two SU-8 masters produced for the chip design with a
protein reservoir volume of 0.1 L. Specifically, Figure A2.1 (a) shows the depth of the protein
reservoir (central pillar) and Figure A2.1 (b) the depth of the fluidic channel. The respective
measured values are approximately 48 um for both the protein reservoir and the channel,
indicating a uniform deposition of the photoresist on the masters. The SU-8 3050 resist was
spin coated on the silicon wafers in order to acquire a nominal thickness of 50 um. The actual
experimental value of 48 um confirms a satisfactory deposition during photolithography,
deviating only 4 % from the nominal thickness. Figure A2.2 shows the profilometer
measurements for the two SU-8 masters produced for the chip design with a protein reservoir
volume of 0.3 uL. The depth value measured for the central protein reservoir (Figure A2.2 (a))
and the linear fluidic channel (Figure A2.2 (b)) is approximately 44 um, deviating by 12 % from
the nominal value.
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Figure A2.1: Profilometer measurements of (a) the central pillar and (b) the fluidic
channel for the SU-8 master produced for the chip design with protein reservoir volume of
0.1 pL.
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Figure A2.2: Profilometer measurements of (a) the central pillar and (b) the fluidic
channel for the SU-8 master produced for the chip design with protein reservoir volume of
0.3 pL.
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2.2 In situ fabrication of hydrogel membranes

2.2.1 Designs and masks

The design illustrated in Figure 2.3.1 (a) is the final design that was used to develop the
microfluidic chips for in situ photo-patterning of hydrogel membranes. Two more masks were
tested before the final one (“SJ_mask 4”). These masks had the same design but some features
were different. Specifically, in the first mask (“SJ_pattern 1”) the channels had larger
dimensions and the pillars had a larger diameter and were more numerous (Figure A2.3 (a)).
In Figure A2.3 (b), the second mask (“SJ_mask 3”) is shown, where the dimensions of the
patterns are the same with the first mask (“SJ_pattern 1”) but less pillars are included. Both
these designs did not work very well for the chip fabrication and the final design (“SJ_mask 4”,
Figure 2.3.1 (a)) was developed.

Figure A2.3: (a) The patterns of the first design (“SJ_pattern1”) and (b) the second
design (“SJ_mask3”) for in situ photo-patterning of hydrogel membranes as designed with
CleWin.
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During my second secondment at LOF (2019), | designed another device (“SJ_1 pL”) for in
situ fabrication of hydrogel membranes. Figure A2.4 (a) shows the design of the first layer
containing the channels and pillars on the left and the second layer patterning only the pillars
on the right. The respective masks used for photolithography are illustrated in Figure A2.4 (b).
The volume of the protein reservoir, which is the hemisphere in the design, is 1 pL. The
interface between the protein reservoir (hemisphere) and the precipitant reservoir
(rectangular) is the location where the hydrogel membranes are fabricated.

Figure A2.4: (a) The patterns of the microfluidic chip (“SJ_1 uL”) for in situ photo-
patterning of hydrogel membranes as designed with CleWin and (b) the respective masks for
photolithography.

Photolithography was implemented to acquire the master for the design “SJ_1 uL” (Figure
A2.4). The protocol is described in the following section. The SU-8 3000 series negative
photoresist was used on silicon wafers (76.2 mm diameter and 500 *+ 20 um thickness). The
equipment used for plasma treatment, spin coating, soft baking and the mask aligner are the
same as described in Section 2.1 (Chapter 2). Moreover, the surface measurements of the SU-
8 masters of all the designs tested for in situ photo-patterning of hydrogel membranes are
included in Appendix 2.2.3.
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2.2.2 Protocol for “SJ_1 nL” design

For the fabrication of the PEGDA or NOA 81 chips based on the “SJ_1 uL” design, one
master was developed for each one of the photomasks shown in Figure A2.4 (b). The first
master patterns the channels and the pillars and the second master patterns only the pillars.
Both masters were developed by one-layer photolithography. First, the silicon wafer was
rinsed with isopropanol and acetone, dried with nitrogen gas and its surface was treated with
air plasma for 3 min. For a thickness of approximately 50 um, the SU-8 3050 resist was applied
as follows:

e Spin coating: 10 s spin at 500 rpm with acceleration of 100 rpm/s followed by 30 s spin
at 3500 rpm with acceleration at 300 rpm/s

e Soft bake: 15 min at 368 K on a hot plate followed by 2 min at room temperature

e UV exposure: 8 s with a power of 41 mW cm™

e PEB: 5 min at 368 K on a hot plate followed by 2 min at room temperature

e Development: 15 min in PGMEA bath

The masters with the photoresist structures on them were rinsed with isopropanol, dried
with nitrogen gas and stored in Petri dishes. Finally, the masters were placed in a tapped hot
plate for 10 min at 368 K under the vapor atmosphere of HMDS.

Figure A2.5: The SU-8 master patterning the channels and the pillars of the “SJ_1 uL”
design developed for in situ photo-patterning of hydrogel membranes.
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2.2.3 Surface measurements of the SU-8 masters

Many measurements were taken across the channels of each wafer and at the
inlet/outlet ports (pillars) with the Sensofar S neox profilometer. Table A2.1 summarizes the
average values of the thickness for the different designs. Specifically, in the second column is
given the average thickness (um) of the channels and in the third column the average
thickness (um) of the pillars for five different masters. The masters named “SJ_pattern 1” and
“SJ_mask 3” were the two designs that did not give satisfactory results. The master named
“SJ_mask 4” is the one that gave good results and was used to fabricate a plethora of PEGDA
chips. Trapped air bubbles during the fabrication of the PEGDA chips is the reason why the
first two designs (“SJ_pattern 1”7 and “SJ_mask 3”) were not very efficient during
microfabrication. The “SJ_mask 4” design would also lead sometimes to the trapping of
undesired air bubbles within the very thin PEGDA chips.

Table A2.1: Profilometer measurements for all SU-8 masters and designs developed for
in situ photo-patterning of hydrogel membrane.

Master Height of channels (um) Height of holes (um)
“S)_pattern 1” 8.3 94.7
“SJ)_mask 3” 7.9 97.8
“SJ)_mask 4” 7.9 92.8
“S)_1pL” 47.9 423

In the following figures some results from the SensoSCAN program are shown. Figure A2.6
illustrates a scan of the whole surface of the “SJ_mask 4” master. Some patterns on the SU-8
master are missing like for example, the pillar at the V-shaped motif on the right or part of a
channel near the V-shaped motif on the left. This damage was caused after the master was
used several times to fabricate PEGDA chips directly on the wafer’s surface. During the
cleaning step of the master following the chips’ fabrication, more subtle manipulation should
be made in order to avoid the accidental damage of the motifs.
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Figure A2.6: Scan of the surface of the “SJ_mask 4” master with the Sensofar S neox
profilometer. The damaged structures can be located on the channel (left) and the pillar
(right) near the V-shaped motif.

The transparent patterns on the photomasks of Figure 2.3.1 (b) get crosslinked after the
UV exposure of the SU-8 photoresist during photolithography, while the opaque features of
the masks remain soluble in the PGMEA developer. Thus, the height of the channels and the
pillars of the “SJ_mask 4” exceeding vertically the surface of the silicon wafer define the
thickness of the deposited SU-8 photoresist. On the contrary, the channels and pillars of the
“S)_1 ul” master appear opaque (black) on the photomasks (Figure A2.4 (b)), remaining
soluble during the development of the SU-8 resin, and are engraved on the masters, as
illustrated in Figure A2.5. Therefore, the thickness of the SU-8 resist after photolithography
can be measured as the depth of the channels and pillars on the “SJ_1 uL” master. This depth
(AZ) is the vertical distance from the surface of the master where the SU-8 photoresist was
polymerized after the UV exposure (transparent features of the photomasks in Figure A2.4
(b)). Figure A2.7 (a) shows the height of the pillar of the V-shaped patter of the “SJ_mask 4”
master and Figure A2.7 (b) the depth of a channel of the “SJ_1 uL” master. The respective
values are approximately 98 um for the height of the pillar and 48 um for the depth of the
channel. The SU-8 photoresist was spin coated on the silicon wafers in order to acquire a
nominal thickness of 100 um for the “SJ_mask 4” master and 50 um for the “SJ_1 uL” master.
The measured values indicate a satisfactory deposition during photolithography deviating only
by 2 % and 4 % from the theoretical values, respectively.
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Figure A2.7: Profilometer measurements of (a) the pillar of the V-shaped pattern of the

“SJ_mask 4” master and (b) the channel of the “SJ_1 uL” master.
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2.3 Fabrication of PEGDA chips

2.3.1 1t method: Fabrication of PDMS molds

The protocol is shown schematically in a transverse view in Figure A2.8 and Figure A2.9.
First, a PDMS stamp was made, as illustrated in Figure A2.8 (a) (from top to bottom). For this
purpose, a mixture of 10:1 of silicone base: curing agent was prepared. A thick layer of the
PDMS mixture was purred on the patterned master and crosslinked at 338 K for 1 h. Then, the
PDMS block was peeled off the SU-8 master and the surface of the patterned PDMS stamp
was treated with HMDS vapor at 368 K for 10 min. The PDMS stamp contains the reverse
patterns of the SU-8 master.

Once the PDMS stamp was ready, a PDMS anti-stamp was prepared, as shown in Figure
A2.8 (b) (from top to bottom). First, a thick layer of a 10:1 PDMS mixture was purred on a flat
Petri plate. The polymer was heated at 338 K for 15 min. This time period was sufficient for
the PDMS block to be partially crosslinked and not entirely rigid. Then, the PDMS stamp was
placed above the PDMS block and “sank” within the PDMS block which remained partially
liquid. The assembly was heated for 1 h at 338 K and afterwards, the PDMS stamp was peeled
off. Finally, the PDMS anti-stamp, which contained the same pattern as the original SU-8
master, was ready. A similar procedure was used to prepare a flat PDMS stamp. A thick layer
of 10:1 PDMS mixture was purred on a flat silicon wafer previously treated with HMDS at 368
K for 10 min. The assembly was heated at 338 K for approximately 1 hour. Finally, the flat
PDMS stamp was peeled off the silicon wafer. Both the PDMS anti-stamp and the PDMS flat
stamp were treated with HMDS at 368 K for 10 min. After this final step, they could be used
for the fabrication of PEGDA chips.
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Figure A2.8: Fabrication of (a) the PDMS stamp containing the reverse patterns of the
SU-8 master and (b) the PDMS anti-stamp featuring the original patterns of the SU-8 master
by replica molding.

Figure A2.9 illustrates schematically the procedure of the PEGDA chips fabrication (top to
bottom). The PDMS anti-stamp was placed on a microscope glass slide and the flat PDMS
stamp was placed above the anti-stamp. The empty space between the two PDMS stamps was
filled by capillarity with the PEGDA 250 solution. The assembly was exposed to UV light for 6
— 8 s and the thin PEGDA layer was crosslinked but it also had some uncured superficial layers
because of the oxygen permeability of the PDMS stamps. Then, the PEGDA sticker was pressed
gently on a silanized glass slide. The glass slide was previously treated by vapor deposition of
an acrylate-based silane (3-(trimethoxysilyl)propyl acrylate, Sigma-Aldrich) in a closed
environment at 338 K for 24 h. The sticker was exposed again to UV light for 20 s and it was,
finally, covalently bonded on the glass slide.

201



|| i

Flat PDMS stamp
PDMS anti-stamp
“ . PEGDA

Glass slide

Figure A2.9: Schematic representation of the first method for fabricating PEGDA chips.
From top to bottom: the PDMS stamp and anti-stamp are supported on a glass slide. The
PEDGA 250 solution fills in the space between the two PDMS stamps by capillarity and UV

light (8 s) is used to partially polymerize the hydrogel solution. The partially crosslinked
PEGDA layer is pressed on a silanized glass slide and the polymerization is completed by a
second UV exposure (20 s).

2.3.2 Fabrication of chips with the “SJ_1 pL” design

The “S)_1 uL” master (Figure A2.5) was developed to address and improve the issues
raised from the droplet tests performed with the PEGDA chips fabricated from the “SJ_mask
4” master (Chapter 2). The chips were fabricated with the NOA 81 resin on COC substrate
following the protocol described in Section 2.2.1 and the modifications on the exposure time
provided in Section 2.2.2. The chip is shown in Figure A2.10 where fluidic connectors are glued
on the inlet and outlet ports of the channel designed for the injection of the precipitant
solution. The chip is supported on a microscope glass slide in order to be placed on the
maskless UV projection setup, as the COC foil is quite flexible. The in situ photo-patterning of
hydrogel membrane failed as the channels were blocked possibly by leaks of the NOA 81 resin
within the channels and the injection of the hydrogel solution was not feasible. However,
PEGDA hydrogel membrane microwindows (HMM) have been fabricated in situ by microscope
projection  photolithography in  NOA 81 stickers by Paustian et al.,
(https://journals.aps.org/prx/abstract/10.1103/PhysRevX.3.041010) suggesting that the
failure of our tests is not owned to the feasibility of the procedure but mainly attributed to
the chip’s fabrication protocol and the blockage of the channels.
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Figure A2.10: NOA 81 chip on a 50 um thick COC substrate fabricated from the “SJ_1
pL” design for in situ photo-patterning of hydrogel membranes.

2.4 Material characterization for in situ X-ray diffraction studies
2.4.1 Impact of the sample-detector distance on the background noise

Two parameters considered during the measurements for the material characterization
were the distance between the sample and beamline detector and the exposure time. Several
tests were performed to examine the impact of the detector to sample distance and the
exposure time on the intensity of the background noise and two examples are shown in Figure
A2.11 and Figure A2.12 for a 50 um thick COC foil and a polymerized PEGDA 250 layer,
respectively. The detector to sample distance values tested were 200, 300 or 400 mm and the
exposure time was 10, 20 or 50 s. The samples were perpendicular to the X-ray beam and the
intensity values correspond to the values recorded by the detector subtracting the
measurements without any sample in He atmosphere. The characteristic diffusing peaks of
COC (Figure A2.11) and PEGDA 250 (Figure A2.12) can be distinguished in a resolution range
from 4 — 6 A, independently of the experimental parameters. From the respective scattering
images (Figure 2.4.2, Chapter 2), it can be seen that PEGDA 250 has a wide diffusive ring, while
the COC foil has three, well-defined rings in the same resolution range (4 — 6 A) implying that
its internal structure is less amorphous. In the intensity versus resolution plot, these three
rings correspond to the three peaks included in the wider peak within 4 — 6 A resolution (Figure
A2.11). By inspecting Figure A2.11 and Figure A2.12, it is clear that highest intensity value is
reached when the sample is set 200 mm from the detector and exposed for 20 s. These (200
mm, 20 s) are the values used for the experiments. A 200 mm distance allows for recording
diffraction patterns to a resolution up to 1.5 A. Hence, these values were chosen in compliance
with the diffraction experiments on HEWL crystals that were performed in the same beamline
(BM30A-FIP, ESRF) discussed in Chapter 4.
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Figure A2.11: Background scattering intensity of the COC foil as a function of resolution
(A) for various values of exposure time and sample-to-detector distance.
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Figure A2.12: Background scattering intensity of the UV polymerized PEGDA 250 layer
as a function of resolution (A) for various values of exposure time and sample-to-detector
distance.
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2.4.2 Impact of the exposure time on the background noise

In order to evaluate the impact of a long exposure on the background noise, a
supplementary study was performed at BM30A-FIP. Scattering data were collected for each
of the materials comprising the chip’s protein reservoir and their assembly, i.e. the microchip,
for an angular range of - 2° to + 3°. An image was recorded every 0.1° and the exposure time
for each step was 20 s. Therefore, the first image was recorded after 20 s and the last one
after 1000 s. The sample-to-detector distance was 200 mm. Figure A2.13 illustrates the
intensity plots for the Kapton tape, the 175 pum thick PMMA sheet, the RC dialysis membrane
and the microchip calculated from the scattering data collected at the onset (20 s exposure
time) and the end of the experiment (1000 s exposure time). The plots show a similar tendency
for all the materials: the intensity of the material’s characteristic peak is lower after the long
exposure to the X-ray radiation, i.e. after 1000 s. This observation could be linked to radiation
damage invoked on the materials’ structure after a long exposure time. However, the two
images recorded at 20 and 1000 s for each material, were also recorded in different rotation
angles. The first image was recorded at - 1.9° and the last one at 3° rotation around the sample
axis. An intensity plot for the chip is given in Figure A2.14, where the rotation of the sample is
taken into consideration. The plot represents the scattering data collected for the microchip
at 20 s where the chip was rotated - 1.9° from the beam axis, at 400 s where the chip was
perpendicular to the beam, at 800 s where the chip was rotated + 1.9° and at 1000 s where
the chip was rotated + 3° from the beam axis. The tendency related to the exposure time and
the rotation angle is clear, indicating that the highest the exposure time and the sample
rotation, the lower is the background intensity value. In order to decouple the effect of the
rotation angle and the exposure time, the data recorded at the same rotation angle of the
sample (-1.9° and + 1.9°) but at different time (20 and 800 s, respectively), show clearly that
the tendency on the loss of the peak’s intensity by 4 % is mainly related to the duration of the
exposure. A close-up illustration of the chip’s intensity peaks at various rotation angles and
exposure time has been added in Figure A2.14 to facilitate the visualization of the plots.
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Appendix for Chapter 3
3.1 Data acquisition with the reversible controller

The TC-XX-PR-59 reversible controller can be manipulated by user-friendly PC software,
the LT-Interface, developed by Laird Technologies (Figure A3.1). The interface allows the user
to input parameters and visualize output parameters in real time. Once the communication
port between the controller and the computer is chosen and the controller is set to one of the
available regulation modes, online information from the controller is displayed on the LT
interface. The controller can operate as a PID regulator or through on/off, power or algorithm
mode. There are six tabs on the interface allowing the user to modify the parameters, as for
example, to choose the temperature sensor type that is connected to the regulator and set a
temperature point, to visualize the operation parameters in real time through a scaled graph,
to set alarm settings for the voltage and the current of the controller and its connected

components (fan, temperature sensor) or to set functional parameters for the controller, the
fan and the sensor.

,

File Edit View Regulator Setup Logfile Help

DS HE| & B & |E e | = |
. Regulator Status
Laird - Ty
TS
- Ready
Regulator contral Parameter stream
START STOP SEND RETRIEVE
Input Regulator information Qutput
T1 aC Uin - v sp1 - oC Main
T2 ¥C Uext.ctrl - " Tr1 - o Fanl = v
T3 “C I{main) - A Fan2 - v
T4 =g
Base ]Runtime I Alarm I Fan } Sensor] Regulator
Stl 20 C
Temperature sensor | TCNTC-1 ~
Notes:
Enter user comment here...
Idle. waitina for user. For Helo. press F1 CONN: Offline

Figure A3.1: The LT-Interface (Laird Technologies) for manipulating in real time the
input and output parameters of the TC-XX-PR-59 reversible controller.
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3.2 LabVIEW for thermal regulation

The block diagram of the LabVIEW program developed for thermal regulation of the
dialysis chip (Figure A3.2) includes an event structure for reading the J thermocouple through
the MODBUS protocol and putting the values in the waveform chart and for the regulation of
the controller. The values of the PID regulation algorithm of the LabVIEW program are set to
- 0.05 for the proportional parameter (P), to 0.07 for the integral parameter (I) and to O for
the derivative term. However, these parameters can be optimized if the response of the
regulation deteriorates.
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Figure A3.2: The block diagram of the LabVIEW main VI developed for thermal regulation.
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Appendix for Chapter 4
4.1 Hen Egg White Lysozyme
4.1.1 Crystallization experiments

HEWL crystals grown with the vapor diffusion hanging drop or sitting drop method at 293
Kare shown in Figure A4.1. The crystallization conditions are provided in Table A4.1. The effect
of protein concentration, the precipitant concentration and the crystallization method itself
on the crystal size and shape or the uniformity of the crystal population can be seen by
comparing the various conditions. For example, by increasing the precipitant concentration
from 0.8 M NaCl (Figure A4.1 (a)) to 1.2 M NaCl (Figure A4.1 (b)), a significant impact can be
seen on the number of crystals grown with the hanging drop.

Table A4.1: Crystallization conditions for the HEWL crystals shown in Figure A4.1.

Crystallization method Crystallization conditions
HEWL 30 mg mL?
Figure A4.1 (a) Hanging drop 0.8 M NacCl

100 mM CH3COONa pH 4.0
HEWL 30 mg mL™

Figure A4.1 (b) Hanging drop 1.2 M NaCl

100 mM CH3COONa pH 4.0
HEWL 60 mg mL™?

Figure A4.1 (c) Hanging drop 1 M NacCl

100 mM CH3COONa pH 4.0
HEWL 60 mg mL?

Figure A4.1 (d) Sitting drop 1 M NaCl

100 mM CH3COONa pH 4.0
HEWL 30 mg mL?

Figure A4.1 (e) Sitting drop 0.8 M NacCl

100 mM CH3COONa pH 4.0
HEWL 30 mg mL?

Figure A4.1 (f) Sitting drop 1.2 M NaCl

100 mM CH3COONa pH 4.0
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Figure A4.1: HEWL crystals grown with the hanging drop or the sitting drop method at
293 K. The crystallization conditions are provided in Table A4.1. The scale bar represents 100
um.

Figure A4.2 is the original version of Figure 4.1.2 provided in Chapter 4. The images were
captured with the inverted UEye color camera of the MicroCrys platform (Chapter 3). As
explained in Chapter 4, applying white balance corrections on the part of the LabVIEW code
controlling the camera settings can regulate the green hue in the images. However, the
current version of the code uses the default settings for visualization. In order to facilitate the
observation of the crystals grown on the chips in Chapter 4, all the figures captured with
MicroCrys are provided in black and white. The crystallization conditions for the experiments
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shown in Figure A4.2 are provided in Table A4.2. The HEWL crystals grew on chip at 293 K. The
volume of the protein reservoir was 0.3 puL and the MWCO of the RC membrane was 6 — 8 kDa.

Table A4.2: Crystallization conditions for the HEWL crystals shown in Figure A4.2.

Crystallization conditions
HEWL 30 mg mL?
Figure A4.2 (a) 1 M NaCl
100 mM CH3COONa pH 4.0
HEWL 60 mg mL?
Figure A4.2 (b) 1 M NacCl
100 mM CH3COONa pH 4.0
HEWL 30 mg mL™?
1 M Nacl
100 mM CH3COONa pH 4.0
20 % v/v PEG 400

Figure A4.2 (c)

Figure A4.2: HEWL crystals grown on chip via microdialysis at 293 K. The crystallization
conditions are provided in Table A4.2. The scale bar represents 100 um. The images were
captured with the inverted UEye color camera of the MicroCrys platform.

4.1.2 Growing large HEWL crystals for preliminary Neutron diffraction experiments

A solution of HEWL in deuterated water (D20) was prepared to a final concentration of
30 mg mL for growing large crystals on chip with the dialysis method in order to demonstrate
the compatibility with in situ neutron diffraction experiments. The experiments, originally
planned to take place at the second quasi-Laue neutron diffractometer DALI developed at
Institut Laue-Langevin (ILL) in Grenoble, France, have not been conducted yet, however, the
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idea is to demonstrate that large crystals can be grown within the dialysis chip. Large crystals
are usually required for diffraction experiments using neutron sources, as the neutron flux is
much lower than the photon flux produced in synchrotron facilities. The smallest crystals used
for neutron diffraction were grown to a volume range of approximately 0.1 — 0.2 mm?3 which
interprets to growing isometric crystals with a size of approximately 500 um in all three
dimensions3. Figure A4.3 shows HEWL crystals grown on chip in two different precipitant
concentrations. For these experiments, deuterated stock solutions of NaCl and CH3COONa pD
4.5 were prepared. The relationship between pH and pD is: pD = pH + 0.3 according to Lumry
et al. (https://doi.org/10.1021/ja01153a090). The crystals shown in Figure A4.3 (a) were
grown in the presence of 0.5 M NaCl and 100 mM CH3COONa pD 4.5 and the crystals shown
in Figure A4.3 (b) were grown in 0.4 M NaCl and 100 mM CH3sCOONa pD 4.5. In the latter case,
reducing the precipitant concentration resulted in fewer but larger crystals with a final size of
approximately 300 um in the largest dimension. Both photos were captured with MicroCrys
62 h from the beginning of the experiments. The experiments were conducted in a continuous
circulation mode of the crystallization solution under 50 mbar constant inlet pressure in the
fluidic channel and the volume of the protein reservoir was 0.3 uL. The scale bar represents
100 pm.

Figure A4.3: HEWL (30 mg mL™?) crystals grown on chip via microdialysis in the presence
of deuterated 0.5 M (a) and 0.4 M (b) NaCl and 100 mM CH3COONa pD 4.5 at 293 K. The
scale bar represents 100 um.
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4.2 Thaumatin from Thaumatococcus danielli

Thaumatin crystals grown with the vapor diffusion hanging drop method at 293 K are
shown in Figure A4.4. The crystallization conditions are provided in Table A4.3. Comparing the
two different conditions can illustrate the effect of precipitant concentration on the crystal
size and the crystal population.

Table A4.3: Crystallization conditions for the Thaumatin crystals shown in Figure A4.4.

Crystallization method Crystallization conditions
Thaumatin 15 mg mL?
Figure A4.4 (a) Hanging drop 0.6 M sodium potassium tartrate

50 mM ADA pH 6.5
Thaumatin 15 mg mL?
Figure A4.4 (b) Hanging drop 0.8 M sodium potassium tartrate
50 mM ADA pH 6.5
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Figure A4.4: Thaumatin crystals grown with the hanging drop method at 293 K. The
crystallization conditions are provided in Table A4.3. The scale bar represents 100 um.

Thaumatin crystals grew on chip with the microdialysis method at 293 K in various
conditions. Figure A4.5 shows Thaumatin crystals on chip grown in the same concentration of
the precipitant but in different protein concentrations. The volume of the protein reservoir
was 0.3 pL and the MWCO of the RC membrane was 6 — 8 kDa. The experimental conditions

are given in Table A4.4.

Table A4.4: Crystallization conditions for the Thaumatin crystals shown in Figure A4.5.

Crystallization conditions

Figure A4.5 (a)

Thaumatin 19 mg mL?
1 M sodium potassium tartrate
50 mM ADA pH 6.5

Figure A4.5 (b)

Thaumatin 41 mg mL?
1 M sodium potassium tartrate
50 mM ADA pH 6.5
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Figure A4.5: Thaumatin crystals grown on chip via microdialysis at 293 K. The
crystallization conditions are provided in Table A4.4. The scale bar represents 100 um.

4.3 AcrB from Escherichia coli

AcrB crystals grown with the hanging drop vapor diffusion method are shown in Figure
A4.6. AcrB was solubilized in 0.02 % v/v DDM and crystallized at 293 K. The effect of the protein
concentration on the crystal size and population can be seen by comparing Figure A4.6 (a) to
Figure A4.6 (b), while the effect of the additive (1 mM Rifampicin) can be seen by comparing
Figure A4.6 (a) to Figure A4.6 (c).

Table A4.5: Crystallization conditions for the AcrB crystals shown in Figure A4.6.

Crystallization conditions
AcrB 12 mg mL?
12 % PEG 4000
Figure A4.6 (a) 5 % glycerol
50 mM ADA pH 6.5
200 mM (NH3)2S04
AcrB 6 mg mL?
12 % PEG 4000
Figure A4.6 (b) 5 % glycerol
50 mM ADA pH 6.5
200 mM (NHa)2S04
AcrB 12 mg mL* and 1 mm Rifampicin
12 % PEG 4000
Figure A4.6 (c) 5 % glycerol
50 mM ADA pH 6.5
200 mM (NH3)2S04
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Figure A4.6: AcrB crystals grown with the hanging drop method at 293 K. The
crystallization conditions are provided in Table A4.5. The scale bar represents 100 um.
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4.4 1In situ X-ray diffraction experiments

As explained in Chapter 4, the microchips are mounted in protein crystallography
beamlines compatible for in plate X-ray diffraction data collection with the aid of a 3D printed
support that can carry up 3 chips simultaneously. Figure A4.7 shows the chips as mounted on
the BM30A-FIP beamline at ESRF (Figure A4.7 (a)) and on the PROXIMA-2A beamline at
synchrotron Soleil (Figure A4.7 (b)).

Figure A4.7: The microchips mounted on (a) BM30A-FIP (ESRF) and (b) PROXIMA-2A
(Soleil) beamline with the 3D printed support designed for in situ X-ray diffraction
experiments.
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4.5 Purification protocols

4.5.1 AcrB from Escherichia coli

The protocol for the production and purification of the multidrug efflux pump AcrB from
Escherichia coli was optimized by Elham Vahdatahar and Dr. David Cobessi (group GSY, IBS,
Grenoble). AcrB was overexpressed in E. coli and the cell pellets were kept at -20 °C. The
protocols for cell pellets production and purification are given below.

AcrB production in E. coli

1.

Preparation of solutions and pre-culture of E. coli cells
Prepare 4 L of LB Broth with a concentration of 20 g L't and autoclave the solution
Prepare 3 sterilized tubes of 13 mL each containing:

o 5 mL of LB Broth

o 5L Kanamycin (50 mg mL? in distilled water)

o 1 single colony of E. coli bacteria containing the gene that expresses AcrB
Incubate for 6 h (310 K, 200 rpm)
Transfer the pre-culture to 6 sterilized Erlenmeyer flasks of 250 mL. Each flask
contains:

o 50mLLBBroth (20gL?)

o 50 pL Kanamycin (50 mg mL?)

o 50 pL of the pre-culture
Incubate overnight (310 K, 180 rpm)

Increase the volume of the cell cultures and induce the expression of AcrB
Check the optical density (OD) of the pre-culture solutions by absorption at visible light
at 600 nm. The OD value should be approximately 0.3 — 0.4. If the absorbance value is
not within the acceptable limits, the pre-culture solutions should be left more time at
the incubator.
Use 8 sterilized Erlenmeyer flasks of 3 L for the culture solutions. Each flask contains:
o 1LLBBroth(20gL?)
o 1 mLKanamycin (50 mg mL?)
o 16 mL pre-culture solution
Incubate approximately for 3 h (310 K, 180 rpm) until the value of ODggo is 0.6 — 0.8
Once the ODego value is within the limits, transfer the 8 flasks at 303 K and incubate for
30 min (180 rpm)
Add 1 mL of isopropyl B-d-1-thiogalactopyranoside (IPTG) 0.5 mM in each one of the
culture solutions. IPTG is used to overexpress the genes encoding AcrB within the E.
coli cells
Incubate for 4 h (303 K, 180 rpm)
Preparation of the E. coli cell pellets
o Centrifuge all the culture solutions (30 min, 5500 rpm, 293 K) and keep the cell
pellets

219



o Solubilize the pellets with 150 mL of buffer A (20 mM Tris-HCl pH 8.0, 500 mM
NaCl)

o Centrifuge again (30 min, 4000 g, 277 K) and keep the cell pellets

o Store the cell pellets in 50 mL Falcon tubes at 253 K or at 193 K for long-term
storage

AcrB purification

Table A4.6 contains the composition of all buffer solutions used during purification. The
chemicals were purchased from Sigma-Aldrich or Roth. All the stock solutions and the buffer
solutions were filtered through 0.22 um Millipore filters. The components of the solubilization
buffer must be added in the exact order as given in Table A4.6.

Table A4.6: The composition of all the buffers used for AcrB purification.

20 mM Tris-HCl pH 8.0
500 mM NacCl
20 mM Tris-HCl pH 8.0
Buffer B 500 mM NacCl
2 mM MgC|z
10 % v/v glycerol
50 mM Tris-HCl pH 7.0
10 mM Imidazole pH 7.0
2 % v/v DDM
% tablet of protease inhibitor (EDTA free)
20 mM Tris-HCI pH 7.0
0.2 % v/v DDM
10 % v/v glycerol
10 mM Imidazole pH 7.0
20 mM Tris-HCI pH 7.0
0.02 % v/v DDM
10 % v/v glycerol
50 mM Imidazole pH 7.0
20 mM Tris-HCl pH 7.0
0.02 % v/v DDM
10 % v/v glycerol
200 mM Imidazole pH 7.0
10 mM Hepes pH 7.0
0.02 % v/v DDM

Buffer A

Solubilization
buffer

Buffer C

Buffer D

Buffer E

Buffer F

Thaw the cell pellets and resuspend each with 25 mL of buffer B

Use a Microfluidizer (15000 psi) for the cell lysis

Centrifuge (10000 g, 15 min, 293 K) and keep the supernatant
Ultracentrifuge (Ti70 rotor, 46000 rpm, 1 h, 277 K) and keep the pellets
Resuspend the pellets using 6 mL of buffer A

e wnN e
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10.

11.

12.

13.

14.

15.

16

Add the resuspended pellets in 40 mL of the solubilization buffer
Incubate the membrane suspension at 277 K for 1 h while slowly rotating the sample
to solubilize the membranes
Ultracentrifuge (Ti70 rotor, 40000 rpm, 45 min, 277 K) and keep the supernatant
Prepare Ni-NTA (Nickel-nitrilotriacetic acid) column
e Add 6 mL of Ni-NTA solution in a falcon tube. The solution contains 50 % resin
and 50 % ethanol (EtOH). Once centrifuged, only 3 mL of resin are left.
e Add 3 mL of distilled water
e Wash the resin by pipetting up and down
e Centrifuge for 1 min at the highest speed to eliminate the solvent (EtOH)
e Wash the column with 15 mL of buffer C
Mix the supernatant with the Ni-NTA resin and incubate overnight at 277 K on a
rotating wheel
Use of Ni-NTA column for affinity chromatography
e Pack the column containing the resin and the supernatant and collect the flow
through
e Wash the column with 15 mL of buffer C (washing buffer)
e Wash with 15 mL of buffer D (Buffer D is used to remove other proteins possible
present)
e Elute the protein with buffer E (elution buffer) in 8 fractions of 1.5 mL each. For
fractions 2 —4 incubate the column with 1.5 mL of buffer E for 5 min before elution.
e Wash the column with distilled water and store in 20 % EtOH
Measure the absorbance at 280 nm (A2so) of the fractions collected after the Ni-NTA
column with Nanodrop spectrophotometer. Use buffer E as blank for the
measurements.

Run SDS-PAGE gel for the protein fractions of step 11. Also run any other sample during
the purification steps (for example the flow through of the Ni-NTA column or the wash
of the Ni-NTA column, etc.)
Pull together the fractions with the highest concentration and start concentrating the
protein by centrifuging at 4000 g and 277 K

e Use Amicon concentrator with a MWCO 100 kDa

e Concentrate to approximately 200 uL final volume
Exchange buffer E to buffer F

e Add 5 mL of buffer F and centrifuge (2000 g, 5 min, 277 K)

e Add 5 mL of buffer F and centrifuge again (2000 g, 5 min, 277 K)

e Add 3 mL of buffer F and centrifuge again (2000 g, 5 min, 277 K)

e Measure the Azso value

. Store the concentrated protein at 277 K before using it for crystallization experiments

For the purified AcrB sample used with the crystallization experiments described in

Chapter 4 (Section 4.2.1) the final volume of the protein was 1 mL and the concentration
12.892 mg mL®. The absorbance measurements (A2s0) of the fractions from the Ni-NTA
column are given in Table A4.7 and the SDS-PAGE gel in Figure A4.8. The fractions on the gel
are named F1 to F8 corresponding to the 8 fractions from the Ni-NTA column, while the
marking bands are illustrated at the left of the image. AcrB can be distinguished close to the
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100 kDa band as the molecular weight of the protein is 114 kDa. In the third line of Table A4.7,
the concentration of the fractions is given in mg mL?, after applying the Beer-Lambert law: A
= el-c, where A is the absorption value, | (cm) is the path length, ¢ (mg mL?) is the
concentration of the solution and € is the extinction coefficient. For AcrB, the extinction
coefficient is 89855 in wunits of M?! cml, at 280 nm measured in water
(https://web.expasy.org/cgi-bin/protparam/protparam1?P31224@noft@ for entry P31224)
meaning that for absorption value of 0.791 the concentration of AcrB in aqueous solution is 1
mg mL™.

Table A4.7: The absorbance measurements (A2s0) and concentration (mg mL?) of the
AcrB fractions from the Ni-NTA column.

Ni-NTA 1 2 3 4 5 6 7 8
fraction

Azs0 0.220 | 3.492 | 3.020 | 2.569 | 0.759 | 0.212 | 0.140 | 0.025
C(mgmL) | 0278 | 4.414 | 3.817 | 3.247 | 0.959 | 0.268 | 0.176 | 0.031

Figure A4.8: The SDS-PAGE gel of the fractions from the Ni-NTA column during the
purification of AcrB. The fractions on the gel are named F1 to F8.
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4.5.2 ShuA from Shigella dysenteriae

The protocol for the production and purification of the TonB-dependent outer membrane
transporter ShuA from Shigella dysenteriae was optimized and implemented in the laboratory
by Elham Vahdatahar and Dr. David Cobessi (group GSY, IBS, Grenoble). ShuA was
overexpressed in E. coli. The protocols for producing the cell pellets and purifying the protein
are given briefly below.

ShuA production in E. coli

1.

Preparation of solutions and pre-culture of E. coli cells
e Prepare 4 L of LB Broth with a concentration of 20 g L' and autoclave the solution
e Use 8 sterilized Erlenmeyer flasks of 250 mL for the pre-culture solutions. Each flask
contains:
o 70 mL LB Broth
o 35 uL Ampicillin (1 g per 10 mL of distilled water)
o 1single colony of E. coli bacteria cells containing the gene that expresses ShuA
e Incubate overnight (180 rpm, 310 K)

Culture of E. coli cells
e Check the optical density (OD) of the pre-culture solutions by absorption at visible
light at 600 nm. The ODgsgo value should be approximately 0.5 — 0.6. If the
absorbance value is not within the acceptable limits, the pre-culture solutions
should be left more time at the incubator.
e Use 8 sterilized Erlenmeyer flasks of 3 L each for the culture solutions. Each flask
contains:
o 1LLBBroth
o 25 mL of pre-culture solution
o 1 mL Ampicillin
e Incubate for 2 h (180 rpm, 310 K)
e Measure the ODggo value
Add 1 mL of IPTG 0.5 mM in each one of the culture solutions. IPTG is used to
overexpress the genes encoding ShuA within the E. coli cells.
Incubate overnight (303 K, 180 rpm)
Preparation of the E. coli cell pellets
o Centrifuge all the culture solutions (25 min, 5500 rpm, 293 K) and keep the cell
pellets
o Solubilize the pellets with 200 mL of 50 mM Tris-HCI pH 8.0
Centrifuge again (1 h, 3600 rpm, 277 K) and keep the cell pellets
o Store the cell pellets in 50 mL Falcon tubes at 253 K or at 193 K for long-term
storage

o
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ShuA purification

Table A4.8 contains the composition of all buffer solutions used during purification. The
chemicals were purchased from Sigma-Aldrich. All the stock solutions and the buffer solutions
were filtered through 0.22 um Millipore filters. The buffers used for chromatography (A2 and
B2) should be degassed before being injected in the ion exchange column.

Table A4.8: The composition of the purification, the chromatography and the dialysis

buffer used for ShuA purification.

Purification buffers

50 mM Tris-HCl pH 8.0
Al 250 mM NacCl
10 mM Imidazole pH 8.0

50 mM Tris-HCI pH 8.0
Bl 100 mM Nacl
500 mM Imidazole pH 8.0

Chromatography buffers

50 mM Tris-HCI pH 8.0

A2
1 % v/v octyl-POE

50 mM Tris-HCI pH 8.0
B2 1 M NaCl
1 % v/v octyl-POE

50 mM Tris-HCl pH 8.0
Dialysis buffer 50 mM Nacl
1 % v/v octyl-POE

ouhkwnpeE

Thaw the cell pellets and solubilize each pellet with 25 mL of buffer Al

Use a Microfluidizer (15000 psi) for the cell lysis

Centrifuge (10000 g, 10 min, 293 K) and keep the supernatant

Ultracentrifuge (Ti45 rotor, 40000 rpm, 30 min, 277 K) and keep the pellets
Resuspend the pellets using 25 mL of buffer A1 and 10 % v/v octyl-POE

Incubate the membrane suspension at 277 K for 1 h while slowly rotating the sample

to solubilize the membranes

© N

Ultracentrifuge (Ti70 rotor, 40000 rpm, 30 min, 277 K) and keep the supernatant
Prepare the Ni-NTA column (affinity chromatography)

Add 6 mL of Ni-NTA solution

Wash the resin with distilled water

Centrifuge for 1 min at the highest speed to eliminate the solvent (Ni-NTA
resin is stored in 20 % v/v EtOH)

Wash the column with 40 mL of buffer Al containing 1 % v/v octyl-POE

Mix the supernatant from step 7 with the resin and incubate for 1 h at 277 K
on a rotating wheel. This step promotes the binding of the His-tagged ShuA
on the resin.
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9. Use of Ni-NTA column for affinity chromatography
e Pack the column containing the resin and the supernatant and collect the flow
through
e Wash the column with 20 mL of buffer Al containing 1 % v/v octyl-POE
(washing buffer)
e Wash with 20 mL of buffer B1 containing 1 % v/v octyl-POE (elution buffer) and
collect 10 fractions of 2 mL each
e Wash the column with distilled water and store in 20 % v/v EtOH
10. Measure the absorbance at 280 nm (Azs0) of the fractions collected after the Ni-NTA
column with Nanodrop spectrophotometer. Use buffer B1 as blank for the
measurements.
11. Select the fractions with the highest concentration and use dialysis tube to remove the
excess of Imidazole in the fractions collected from the Ni-NTA column.
e Prepare 2 L of dialysis buffer
e Centrifuge the fractions from the Ni-NTA column (4000 g, 30 min, 277 K) and
load all the samples in the dialysis tube
e Add the dialysis buffer in a beaker, place the dialysis tube loaded with the
protein fractions within the beaker and stir overnight at low speed
12. Transfer the protein sample from the dialysis tube into a 50 mL Falcon tube or
Eppendorf tube (depending on the volume) and centrifuge (4000 g, 30 min, 277 K)
13. Prepare the column for ion exchange chromatography (Mono Q® 5/50 GL
manufactured by Sigma-Aldrich) and the buffer A2 and B2
14. Use an AKTA purifier FPLC system (GE) to perform the ion exchange chromatography
e Wash the column with buffer A2, B2 and A2 again
e Inject the protein sample from step 12
e Collect fractions of 0.5 mL
e Wash the column with buffer A2, buffer B2 and distilled water
e Store the columnin 20 % v/v EtOH
15. Measure the absorbance at the wavelength of 280 nm (A2s0 value) of the fractions
collected from the ion exchange column. Use buffer A2 as blank for the measurements.
16. Run SDS-PAGE gel for the protein fractions of step 14
17. Pull together the fractions with the highest concentration and start concentrating the
protein by centrifuging at 1500 g and 277 K for the time necessary to reach the desired
final concentration. Use a 50 kDa Amicon concentrator.
18. Store the concentrated protein at 277 K before using it for crystallization experiments

During my secondment in Trinity College Dublin (TCD) in the lab of Prof. Martin Caffrey
(Membrane Structural and Functional Biology/MSFB lab), | purified ShuA to use it for
crystallization screening with the LCP method. The results of the purification are summarized
below. The final volume of the protein was 50 pL and the concentration 9.27 mg mL?. The
absorbance measurements (Azgo0) of the fractions from the Mono Q column are given in Table
A4.9 and the SDS-PAGE gel in Figure A4.9. The fractions on the gel are named A5 to A11, while
the marking bands are illustrated at the left of the image. ShuA can be distinguished close to
the 70 kDa band. In the third column of Table A4.9, the concentration of the fractions is given
in mg mL?, after applying the Beer-Lambert law. For ShuA, the extinction coefficient is 117690
in units of M? cm?® at 280 nm measured in water (https://web.expasy.org/cgi-
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bin/protparam/protparam1?P72412@noft@ for entry P72412) meaning that for absorption

value of 1.692 the concentration of ShuA in aqueous solution is 1 mg mL™.

Table A4.9: The absorbance measurements (A2s0) and concentration (mg mL?) of the
ShuA fractions from the Mono Q column.

Mono Q fraction Azs0 C(mgmL?)
A5 0.59 0.35
A6 0.65 0.38
A7 0.42 0.25
A8 0.43 0.25
A9 0.31 0.18
A10 0.19 0.11
All 0.12 0.07

200 kDa
120 kDa

70 kDa

50 kDa
40 kDa
30 kDa

25 kDa
20 kDa

15 kDa

10 kDa

Figure A4.9: The SDS-PAGE gel of the fractions from the Mono Q column during the

purification of ShuA. The fractions on the gel are named A5 to A11.

The results of the FPLC (Fast Protein Liquid Chromatography) acquired by using a Mono
Q® 5/50 GL column are shown in Figure A4.10. The absorption value (mAU) is plotted against
the volume (mL) of the elution buffer (buffer B2) that was running in the column. The
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characteristic double peak of ShuA can be seen in the graph corresponding to fractions A5 and
A6, which are the fractions with the highest concentration of protein (also confirmed by the
SDS-PAGE gel).
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Figure A4.10: The absorption value (mAU) against the volume (mL) of the elution buffer
(B2) running in the Mono Q column during ShuA purification. The characteristic double peak
of ShuA can be seen.

4.5.3 ShuA crystallization with the LCP method

The ShuA sample that | purified at TCD was used for crystallization experiments with the
LCP method. The protein concentration was 9.27 mg mL* and the lipidic mesophase was
prepared with monoolein in a 3:2 (lipid: protein) ratio at 293 K according to the protocol
described thoroughly in Chapter 4 (Section 4.1.1.3). 96-well glass plates (Jena Bioscience)
compatible with LCP crystallization were first silanized and then used with the SIAS robot
(Xantus) for setting up the crystallization trials in an automated way. In each well, 50 nL of
mesophase bolus was used and 800 nL of precipitant solution was dispensed above the
mesophase bolus. Figure A4.11 (a) and A4.11 (b) show the dispensing process of the bolus and
the precipitant solution, respectively, with the SIAS robot. Once all the wells of a glass plate
were filled, a cover slip was positioned above the wells. Figure A4.12 illustrates the mesophase
bolus and the precipitant solution drop within the wells of the glass plates. The plates were
appropriately labelled and incubated in a temperature-controlled chamber (FORMULATRIX
Storage and Imaging System) for crystallization at 293 K. Images were regularly recorded with
bright field light and polarized filters. 16 plates were prepared with the ShuA-monoolein
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mesophase using several commercially available crystallization kits for screening (Table
A4.10).

Figure A4.11: Dispensing of the (a) ShuA-monoolein mesophase bolus and (b) the
precipitant solution on the 96-well glass plates with the SIAS robot (Xantus).

Figure A4.12: The ShuA-monoolein mesophase bolus and the precipitant solution drop
within the wells of the 96-well glass plates compatible with the LCP crystallization method.
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Table A4.10: The commercial kits for screening crystallization conditions with the LCP

method.
Screen Company

MemGold™ Molecular Dimensions

MembFac Hampton Research
MemPlus™ Molecular Dimensions
MemMeso™ HT-96 Molecular Dimensions
MemTrans™ ECO MD1-113 Molecular Dimensions
MemGoldMeso™ MD1-115 Molecular Dimensions
Wizard Cubic Screen™ HT96 Molecular Dimensions

Crystal Screen Lite™ Hampton Research

PEG/lon Screen™ Hampton Research

JB Screen LCP Jena Bioscience

The crystallization plates were inspected regularly with the Rock Maker Website
developed for remote access of the FORMULATRIX Storage and Imaging System. Figure A4.13
shows bright field pictures of a well as recorded 1 day (Figure A4.13 (a)) and 1 month (Figure
A4.13 (b)) from the beginning of the experiment and polarized pictures (Figure A4.13 (c) and
A4.13 (d)) recorded at the same time intervals. The scale bar corresponds to 100 um. The
crystals grew with the LCP method in the presence of 100 mM magnesium chloride
hexahydrate (MgClz(H20)s), 100 mM sodium citrate tribasic dihydrate (CéHsNazO7(H20)2) pH
5.0 and 40 % v/v PEG 200 (MemMeso™ HT-96 screen). The crystals were mounted on loops
and cry-cooled by the staff of the MSFB lab and tested at Diamond Light Source for X-ray
diffraction, but they were salt crystals of magnesium chloride.
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Figure A4.13: Images of the ShuA experiments performed with the LCP method as
recorded by the FORMULATRIX Storage and Imaging System. Bright field images (a) 1 day
and (b) 1 month and polarized images (c) 1 day and (d) 1 month from the beginning of the

experiment. The scale bar represents 100 pum.

4.6 Radiation Damage

Some example simulations are shown in Figure A4.14 for a HEWL crystal exposed to X-
rays of 12.6578 keV (Se K edge), over an angular range of 80 ° (- 40° to + 40°) for a total
exposure time of 2400 s. Figure A4.14 (a) represents a cuboid crystal of 200 um x 100 um x 50
um, exposed to a top hat beam of 250 um x 250 um with a photon flux of 3.32 x 10 ph s,
Figure A4.14 (b) represents a cuboid crystal of 200 um x 200 um x 200 um, exposed to a top
hat beam of 150 pm x 150 pm with a photon flux of 3.32 x 10%° ph s, while Figure A4.14 (c)
represents a cuboid crystal of 200 um x 200 pum x 200 um, exposed to a top hat beam of 250
um x 250 um with a photon flux of 3.32 x 1012 ph s™. Figures A4.14 (a), A4.14 (b) and A4.14 (c)
can be compared to Figure 4.3.3 (Chapter 4) and draw conclusions on the effect of the crystal
size, the beam size and the photon flux, respectively, for an X-ray diffraction experiment at
12.6578 keV. Changing the crystal size (from 200 um x 200 um x 200 um in Figure 4.3.3 to 200
pm x 100 pum x 50 um in Figure A4.14 (a)) doesn’t change considerably the dose metrics, as
shown in Table A4.11, however, it has a significant impact on the distribution of the dose in
the crystal volume since only half of the crystal volume in Figure A4.14 (a) is exposed in the
high-dose regime (0.622 — 0.63 MGy). Altering the beam size (from a top hat beam of 250 um
X 250 um in Figure 4.3.3 to a top hat beam of 150 pum x 150 um in Figure A4.14 (b)) affects

230



both the dose metrics (Table A4.11) and the dose distribution as illustrated by the dose map.
As may be seen in Figure A4.14 (b), mainly the central region of the cubic crystal along the z-
axis is exposed in the high-dose regime (1 — 1.7 MGy). Finally, changing merely the photon flux
(from 3.32 x 10%° ph s in Figure 4.3.3 to 3.32 x 102 ph s in Figure A4.14 (c)) doesn’t impact
the dose distribution on the crystal’s voxels but what actually changes are the dose metrics
(DWD and maximum dose), as shown in Table A4.11. Both dose metrics exceed the limit value
of 30 MGy when using a higher flux value and the fidelity of the biological information when
interpreting the electron density map generated in this case is compromised.

Table A4.11: DWD (MGy) and maximum dose (MGy) metrics as calculated by RADDOSE-
3D for a HEWL crystal irradiated at 12.6578 keV in various conditions.

DWD (MGy) | Max Dose (MGy)
Figure 4.3.3 0.3028 0.6267
Figure A4.14 (a) 0.3108 0.6270
Figure A4.14 (b) 0.7371 1.7410
Figure A4.14 (c) 30.2821 62.6791
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Figure A4.14: Dose map simulations for a HEWL crystal irradiated at 12.6578 keV. (a)
Cuboid crystal of 200 pum x 100 um x 50 um, exposed to a top hat beam of 250 um x 250 um
with a photon flux of 3.32 x 10%° ph s%, (b) cuboid crystal of 200 um x 200 pm x 200 pm,
exposed to a top hat beam of 150 um x 150 pm with a photon flux of 3.32 x 10%° ph s* and
(c) cuboid crystal of 200 um x 200 um x 200 um, exposed to a top hat beam of 250 um x 250
um with a photon flux of 3.32 x 10*? ph s%. The dose is given in MGy and the maps were
produced with Paraview.
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Dose histograms are shown in Figure A4.15 for a Gaussian beam profile with a FWHM
(full width at half maximum) of 50 um vertical x 200 um horizontal. The photon flux is 3.32 x
10%° ph s at 25.5140 keV (Figure A4.15 (a)) and at 4.9392 keV (Figure A4.15 (b)), the limit
energy values at BMO7-FIP2. The percentage of voxels (% voxels) is plotted against 11 dose
range bins (MGy) for various cuboid crystal size values: 200 pm x 200 pm x 200 um, 100 pm x
100 pum x 100 pm, 50 pm x 50 pm x 50 um and 10 um x 10 pm x 10 um. Figure A4.15 (a) shows
that all the volume voxels are exposed to the low-dose regime (up to 3.4 MGy), regardless of
the crystal size. However, Figure A4.15 (b) shows a wider dose range distribution among the
voxel bins at 4.9392 keV for all crystal size values, except for the smallest size (10 um x 10 um
x 10 um) where the crystal is completely exposed to a dose > 30 MGy.
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Figure A4.15: Dose histograms of the percentage of voxels (%) against 11 dose range
bins (MGy) for a Gaussian beam of 50 um x 200 um and various crystal size values. The
photon flux is 3.32 x 10%° ph s! and the photon energy is (a) 25.5140 keV and (b) 4.9392 keV.

Figure A4.16 (a) illustrates a plot of the DWD (MGy) against the photon energy (keV) for
various size values of a cuboid crystal. The beam is a top hat with a size of 250 um x 250 um
and the photon flux 3.32 x 101° ph s (experimental value). The crystal shape is cuboid and
the size is 200 um x 200 pum x 200 pm, 100 pm x 100 pm x 100 pm or 50 um x 50 pm x 50 um
or 200 um x 100 pum x 50 um. In all cases represented in this plot, DWD increases as the photon
energy decreases. Specifically, DWD lies within the range of 1.4749 MGy (200 um x 200 um x
200 um crystal) to 1.9457 MGy (50 um x 50 um x 50 um crystal) at 4.9392 keV, while at 25.5140
keV the respective DWD values are within the range 0.0690 MGy (200 pm x 200 um x 200 um
crystal) to 0.0695 (50 pum x 50 um x 50 um crystal).

The impact of the beam size for a top hat beam is shown in Figure A4.16 (b), where DWD
(MGy) is plotted against the photon energy (keV) for 8 different beam size values: 300 pm x
300 pm, 250 pm x 250 pm, 200 pm x 200 pm, 150 pm x 150 pum, 100 pm x 100 pm, 50 um x
50 um, 10 pm x 10 um and 5 pm x 5 um. The photon flux is 3.32 x 10%° ph s (experimental
value) and the cuboid crystal is 200 pum x 200 um x 200 um. Two major conclusions can be
drawn from the interpretation of this plot: the DWD value is lower for higher beam energies
regardless of the beam size, while the beam size has a significant impact on DWD for photon
energies < 10 keV. Specifically, a ten-fold increase on DWD can be seen for beams with a size
much smaller than the crystal size. The DWD has been estimated to be within 1.0303 MGy
(300 pum x 300 um beam) and 414.3988 MGy (5 um x 5 um beam) at 4.9392 keV and within
0.0480 MGy (300 pm x 300 um beam) and 22.8472 MGy (5 um x 5 um beam) at 25.5140 keV.
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Figure A4.16: DWD (MGy) calculated by RADDOSE-3D as a function of the beam energy
(keV) and (a) the crystal size for a top hat beam of 250 pum x 250 um and photon flux of 3.32
x 101° ph s, and (b) the beam size of a top hat beam for a cuboid crystal of 200 pum x 200
um x 200 um and photon flux of 3.32 x 10%° ph s™2.
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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


http://crossmark.crossref.org/dialog/?doi=10.1039/c9lc00651f&domain=pdf&date_stamp=2020-01-16
http://orcid.org/0000-0002-8709-0613
http://orcid.org/0000-0002-6271-3212
http://orcid.org/0000-0002-8905-5336
http://orcid.org/0000-0001-9825-5113
http://orcid.org/0000-0002-0967-6213
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9lc00651f
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC020002

Open Access Article. Published on 05 December 2019. Downloaded on 3/2/2020 12:14:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

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
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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
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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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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

10z

PLACAMAT

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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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
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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

Lab Chip, 2020, 20, 296-310 | 303
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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

d
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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

300
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2 150
2
=
= 100
50
0

0 2 4 6 8 10 12 14 16 18 20
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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-
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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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