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ABSTRACT

This work reports a cheap and easy-to-use droplet-based microfluidic platform for the study of protein
crystallization, offering the possibility to characterize the protein phase behaviour, and the effect of
volumetric and interfacial phenomena on the crystallization mechanism. We conducted a parametric
study supported by comparison with literature data, to quantify the influence of the droplet volume
on the thermodynamic (solubility data) and kinetic (metastability data) parameters, using lysozyme as
a model protein. Experiments were performed in a tubular microreactor at low Capillary numbers
(4.1 x 1073-2.3 x 10™%), resulting in a broad range of droplet sizes. The droplet formation in a flow-
focusing geometry was also numerically studied using CFD and a correlation for the droplet size was
developed. Subsequently, the lysozyme phase behaviour and the possible mechanisms associated with
the nucleation process were evaluated. While crystallization in small volume droplets is usually charac-
terized by a low nucleation probability and correspondingly low number of crystals, we did not observe
this in our experiments. A potential explanation for this is the complex and stochastic mechanism of
nucleation, including the competition between monomers and oligomers in solution.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

2013), researchers from different scientific fields are trying to pro-
duce high-quality protein crystals for three dimensional (3D)

Since the pioneering work of Friedrich Hiinefeld in 1840, who structure determination by X-ray crystallography (Vorontsova
accidentally discovered protein crystals in blood samples (Giegé, et al., 2015; Leng and Salmon, 2009; Haeberle and Zengerle,
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2007; Maeki et al., 2016; Yang et al., 2010; Shui et al., 2007; Teh
et al., 2008). Proteins are the building blocks of all cells in all living
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Nomenclature

Roman symbols

C concentration [mol-m 3]

Ca Capillary number (Ca = pu/a) [-]
Co Courant number (Co = | U |At/Ax) [-]
d diameter [m]

At time-step [s]

Ax cell size [m]

d¢ Teflon tube diameter [m]

e wall wetting film thickness [m]
fo surface tension force [kg-m™2-s72]
g gravity acceleration [m-s—2]

L length [m]

fl unit surface normal vector [-]

Q flow rate [m3-s7']

P probability [-]

S supersaturation [-]

T temperature [K]

u velocity [m-s™]

1% volume [m?]

Greek symbols

u dynamic viscosity [Pa-s]
o marker function (volume fraction) [-]
0 density [kg-m 3]

o surface tension [N-m~!]

K local surface curvature [-]

0 contact angle [°]

Subscripts

C continuous phase

d dispersed phase

i phase (i = c,d)

nucl nucleation

t Teflon tube

0 initial

Abbreviations

CFD Computational Fluid Dynamics

CFL Courant-Friedrichs-Lewy

CSF Continuum Surface Force

MULES Multidimensional Universal Limiter with Explicit
Solution

MZW metastable zone width

OF OpenFoam®

PFA perfluoroalkoxy alkane

PIMPLE Pressure Implicit Method for Pressure Linked Equations

VOF Volume-of-Fluid method

therefore determining their 3D structure is of importance. This is a
crucial insight for fundamental research in biochemistry for the
identification and design of new drugs and pharmaceutical prod-
ucts, and to understand biological systems at a molecular level
(Walsh, 2015). However, crystallization of proteins is a complex
and multiparametric process, involving thermodynamic and
kinetic features, as well as the optimization of several variables
(i.e. temperature, pH, and concentrations of protein and precipitant
agent, among others), where there is not an accurate theory to sub-
stitute for empirical approaches (Leng and Salmon, 2009; Yang
et al., 2010).

Crystallization is a two-step physical process in which the
supersaturation is the driving force. The first step (nucleation) is
the formation of nuclei, followed by the growth of these nuclei to
a macroscopic scale (crystal growth). Compared to crystal growth,
nucleation is more difficult to address theoretically and experi-
mentally due to its stochastic nature and the high supersaturation
levels to overcome the critical activation free energy barrier
(Vorontsova et al., 2015; Leng and Salmon, 2009; Haeberle and
Zengerle, 2007; Maeki et al., 2016; Yang et al., 2010; Shui et al.,
2007; Teh et al., 2008). Associated with the highly stochastic nat-
ure of protein nucleation, it is often a matter of trial-and-error to
successfully crystallize a protein. This implies testing a large num-
ber of potential crystallization conditions with large amounts of
protein of interest. Since proteins are usually only available in
low quantities, high-throughput experimental methodologies for
the acquisition of relevant thermodynamic and kinetic data, as well
as more systematic crystallization strategies are needed. An exam-
ple of a systematic strategy for monitoring nucleation and crystal
growth is using seeding, which allows a better control of crystal
size and the reduction of crystallization time (Leng and Salmon,
20009; Schieferstein et al., 2018; Gerdts et al., 2006; Revalor et al.,
2010).

Crystallization processes can be situated in a phase diagram,
which indicates which state (liquid, crystalline, or amorphous pre-
cipitate) is stable when varying crystallization parameters. Fig. 1
depicts the protein concentration as a function of adjustable

parameters (e.g. precipitant agent concentration). In the labile
zone (nucleation zone) the spontaneous formation of new nuclei
is occurring, whereas in the metastable zone crystal growth is
favoured, with a low probability for the formation of new nuclei.
In addition, there is a stable zone (below the solubility curve),
where the protein is soluble, and a precipitation zone, where the
formation of an amorphous solid phase is observed (Chayen and
Saridakis, 2008).

The information on protein phase behaviour is fundamental for
a systematic design of crystallization experiments, which con-
tributes to a more accurate prediction of protein crystallization
conditions. However, most of the studies were focused on the sol-
ubility instead of the metastability data (Forsythe et al., 1999;
Howard et al., 1988). The effect of different parameters on the
metastability limit was reported in a few number of publications.
For example, the effect of salt concentration was studied by
Crespo et al. (2010) and Castro et al. (2016), the temperature effect
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Fig. 1. Representation of the phase behaviour of a biological macromolecule: Stable
(undersaturation), metastable (below the nucleation zone), nucleation and precip-
itation zones [Adapted from Chayen and Saridakis (2008)].
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by Maosoongnern et al. (2012) and Ildefonso et al. (2012), and the
ultrasound effect also by Crespo et al. (2010).

Protein crystallization in droplets has become an increasingly
popular topic during the last decade. Droplet-based microfluidics
represents an attractive tool for high-throughput screening exper-
imentation (Maeki et al., 2016; Teh et al., 2008; Whitesides, 2006;
Belkadi et al., 2015; Squires and Quake, 2005), since each droplet is
considered as an independent microreactor, allowing to carry out a
large number of experiments under identical conditions, offering
thus more flexibility at minimal material consumption (Baroud
et al., 2010). This segmented flow system creates discrete volumes
using immiscible phases, where the droplets (dispersed phase) are
generated within a second immiscible carrier fluid (continuous
phase) along the microchannels (Giinther and Jensen, 2006). The
droplet breakup and size are determined by the hydrodynamic
conditions (i.e. cross-flow, co-flow or flow-focusing) and the flow
rates of the two fluids. These combined effects will determine
the regime of droplet formation (Teh et al., 2008; Squires and
Quake, 2005; Anna, 2016). Furthermore, droplet-based microflu-
idics provides unique experimental approaches when compared
to larger scale systems, such as control of molecular diffusion
and protein crystal nucleation (Li and Ismagilov, 2010). Different
materials and designs of microfluidic devices have been reported
for protein crystallization experiments (Gerdts et al., 2006;
[Idefonso et al., 2012a, 2012b, 2011; Leng and Salmon, 2009;
Haeberle and Zengerle, 2007; Maeki et al., 2016; Zheng et al.,
2005, 2004; Dhouib et al.,, 2009; Hamon and Hong, 2013; Shi
et al, 2017; Zhang et al., 2015a,b, 2017a,b; Yamaguchi et al.,
2013; Hammadi et al., 2013). Numerical simulations can facilitate
the design of microfluidic devices for protein crystallization exper-
iments, as reported by Zhang et al. (2015a,b), Wang et al. (2013),
Ngo et al. (2015), Li et al. (2014), and Wang et al. (2015). Further-
more, simulations of the droplet formation can be used to reduce
the number of costly and time-consuming experiments. Different
models have been proposed following Lagrangian (i.e. Moving
Mesh and Front-Tracking) and Eulerian (i.e. Volume-of-Fluid,
Level-Set and Phase Field) approaches with commercial and open
source software (Worner, 2012). Controlling the droplet volume
is important to achieve a better understanding of the nucleation
phenomenon (Hammadi et al., 2013; Grossier et al., 2011), which
is not yet explored in detail. Only the works reported by Zhang
et al. (2015a,b, 2017a,b), Hammadi et al. (2013), Roberts et al.
(2010), and Akella et al. (2014) present contributions to justify
the crucial influence of the droplet volume on protein
crystallization.

In the present work, we study lysozyme phase behaviour at 3%
(w/v) sodium chloride and pH 4.7 in a droplet-based microfluidic
platform. This platform consists of a Teflon tube arranged in a ser-
pentine shape and basic passive micromixers (T- and flow-focusing
junctions). First, a hydrodynamic study in the squeezing flow
regime, which allows a wide range of droplet sizes, was conducted
for a range of low values of the Capillary number (Ca), using exper-
imental and numerical approaches. The lysozyme phase diagram
was then built for a single droplet size condition.

2. Materials and methods
2.1. Experimental methods

2.1.1. Experimental set-up

The developed droplet-based microfluidic platform consists of a
Teflon tube (PFA tubing 1/16” OD x 0.040” ID x 5 ft, IDEX Health &
Science) fixed by an acrylic plate and then jacketed to control
the temperature through a water bath (Huber - Ministat 125,

accuracy * 0.02 °C). Syringe pumps (NE-4000, New Era, USA) were
used to control the flow rates of both phases. Glass syringes
(Fortuna Optima® Ganzglasspritze, Poulten & Graf GmbH) were used
for improved flow rate control and avoiding pulsation (Zhang et al.,
2017a,b).

The microfluidic platform was placed under an optical micro-
scope (Nikon SMZ1500 Stereoscopic Zoom Microscope with a Nikon
DS-2M digital camera) to measure the droplet sizes and monitor
the nucleation events. Time-lapsing images were post-processed
for further analysis (including the determination of the static con-
tact angle) using the NIS-Elements Basic Research Imaging software
(“NIS Elements Basic Research - Microscope Imaging Software”,
2017). The characterization of the droplet size distribution was
done using an image analysis methodology reported by Ferreira
et al. (2011, 2012). The experimental set-up involves three main
parts (A-C) as indicated in Fig. 2.

The fluid connections consist of a T-junction (Tee Tefzel 1/16”
0.020” thru-hole) for the mixing of the protein and the precipi-
tant agent (NaCl) aqueous solutions, and a flow-focusing junc-
tion (Cross PEEK 1/16” 0.020” thru-hole), where the dispersed
(crystallizing solution) and continuous phase (silicon oil, Hamp-
ton Research™) meet forming droplets. A preliminary numerical
study was also conducted for choosing the contacting geometry,
following the strategy discussed in the next subsection. The
premixing at the T-junction was used to avoid nucleation in
the glass syringes before starting the temperature control. The
outlet junction was connected to a serpentine Teflon tube and
the generated droplets were distributed continuously along its
entire length (1.2 m).

2.1.2. Fluid flow segmentation

The physical properties of the studied liquids are listed in
Table 1. Silicon oil is commonly used in crystallization experi-
ments, due to its good wettability of Teflon surfaces. Therefore, it
was possible to generate aqueous droplets avoiding contact with
the Teflon wall, preventing possible protein adsorption by the
microchannel surface and, at the same time, increasing the fre-
quency of droplet generation. It was assumed that the protein
and precipitant agent aqueous solutions were sufficiently diluted
to neglect a concentration effect on the physical properties of the
fluids. Dynamic viscosity and interfacial tension were measured
using a rotational rheometer (Physica MCR301, Anton Paar) and
an optical tensiometer (Biolin Scientific Theta Lite 100), respectively.

2.2. Numerical methodology

The Volume-of-Fluid (VOF) interface capturing approach was
selected to predict the droplet formation in the flow-focusing
geometry. The particular challenge of the numerical study is
related to the low Capillary numbers (see Table 2), as this domi-
nance of surface tension is known to introduce spurious currents
in the solution (Lafaurie et al., 1994). For computations we used
OpenFOAM-5.x (Weller, 2017) and the interFoam solver with the
extension of the “interfaceProperties” library (van As, 2017), which
was initially reported by Hoang et al. (2013). In the following
section we briefly summarize the governing equations and the
solution schemes (Kirby, 2010; Tabeling, 2005). Assuming
incompressible flow and Newtonian fluids, the two-phase flow is
governed by the conservation of mass (continuity equation)

op =

E+V-(pu)_0 (1)
where p is the fluid density [kg-m~3], t the time [s], and U is the
fluid velocity vector, and conservation of momentum (Navier-
Stokes equations)
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Fig. 2. Schematic overview of the experimental set-up: (A) Droplet production and detection: Injection of dispersed (T-junction) and continuous (flow-focusing junction)
phases using syringe pumps; (B) Droplet incubation and observation: Microfluidic platform with an integrated temperature controller. Experiments are monitored by optical
microscopy and the crystals are collected at the end of the reactor; (C) Data acquisition and analysis: Crystal counting and droplet size measurements by image analysis

techniques.

Table 1

Physical properties of the fluids at T = 20 °C.
Fluid Density, p [kg-m~3] Dynamic viscosity, i [mPa-s] Interfacial tension, ¢ [mN-m™!] Contact angle, 0 [°]
Water (dispersed phase) 1000 1
Silicon oil (continuous phase) 827 0.95 38.74 120

Table 2

Overview of the hydrodynamic points for the segmented flow regimes under study.
Regime Droplet Irregular segmented Plug
Case #1 #2 #3 #4 #5
Q. [ml-min~"'] 0.200 0.250 0.200 0.150 0.150
Qq [ml-min~1] 0.080 0.200 0.300 0315 0.435
Olc 0.714 0.556 0.400 0.323 0.256
Ca. 1.0 x 1074 13x10* 1.0x10°* 7.8 x10°° 7.8 x10°°
Caq 41x107° 1.0x 107 15 %107 1.6 x 107 23x107
Va [1l] 0.9 2.1 3.7 8.8 183
t, [min] 114 4.6 3.0 29 2.1
fals™'] 1.4 2.4 2.9 2.0 1.9

[Note 1: Droplet frequency, fq: fq = uq/Lq.]

[Note 2: Reactor residence time, t, = L;/ug, where L; and uq4 define, respectively, length of Teflon tube and velocity of dispersed phase.]
[Note 3: Droplet volume, V4 (Nie et al., 2008): V4 = n/lZ[ZLﬁ —(Lg — dd)2(2Ld +dg)], where Ly and dq4 represent the droplet length and the droplet diameter, respectively.]

ou - - — 92— — 7
plgr+ U VU | ==-VP+uV'u +pg + fo (2)

where u is the dynamic viscosity [Pa-s] and g the gravitational

_
acceleration [m-s™2]; 715 represents the pressure forces, and f,
the surface tension forces. The surface tension force is modelled

as a volumetric force by the Continuum Surface Force (CSF) method
(Brackbill et al., 1992).

fo=oxT 3)

where ¢ is the interfacial tension, x the interface curvature

(x=V.7), and fi the interface-normal vector (ﬁ':%). In
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addition to the continuity and Navier-Stokes equations, the VOF
method solves an advection equation for the phase indicator
function («).

oo —

bt . = 4
ot +V-(au)=0 (4)
where o varies from 0 to 1, with « = 1 representing the dispersed
phase, o = 0 the continuous phase, and grid cells that contain the
interface have a value situated between O and 1, depending on
the volume fraction of each phase. The fluid properties are calcu-
lated according to Egs. (5) and (6).

p=apg+(1-0a)p, (5)

= oty + (1 - o), (6)

Due to the large gradients in the « field, the phase-fraction
equation is penalized by numerical diffusion (Hoang et al., 2013).
To counteract, Eq. (4) is extended with an interface compression
term [3rd term in Eq. (7)] which is only active in the interface
region (Nieves-Remacha et al., 2015).

oo — —
E‘FV'(OCU)‘I’V'[UNCO*O{)]:O (7)

Since the fluid interface is implicitly represented by the VOF
function, the phase fraction variable is discrete, and abrupt
changes in its value lead to errors in the calculation of the interface
curvature and normal vectors. These errors can induce the appear-
ance of artificial velocity magnitude values where the calculation
of the interface forces is more difficult (e.g. regions near the droplet
interface and on the recirculation zones inside the droplet). Hoang
et al. (2013) proposed that if the curvature (k) is computed from a
smoothed VOF function (&) over a finite region around the fluid
interface, the appearance of non-physical spurious currents should
be suppressed.

Va
= (73) ®
A Laplacian filter was proposed by Lafaurie et al. (1994) and the

transformation from the VOF function o to a smoother function &
is done according to Eq. (9).

~ !0
i = ZEIH ©
Zf:lsf

where the subscripts k and f represents the cell and face indexes,
respectively; S is the surface area. This smoothing procedure trans-
forms the indicator function by interpolating it from cell centres to
face centres back to the cell centres, which is repeated twice.

The equations are solved using standard numerical schemes
(Gauss linear), except for the velocity component advection term
and flux of the compression velocity. Furthermore, the advection
equation for the volume fraction is solved using an explicit tempo-
ral solver with a first order spatial discretization scheme. The tran-
sient terms are discretized using a first order implicit Euler scheme
and the MULES (Multidimensional Universal Limiter with Explicit
Solution) explicit solver is used to ensure the boundedness of the
phase fraction function. The PIMPLE (Pressure Implicit Method for
Pressure Linked Equations) algorithm with 2 corrector loops and
interface compression is applied for the pressure-velocity coupling
to obtain a sharp interface.

The CFL condition was used to limit the time step, which is based
on the maximum Courant number (Co) as indicated in Eq. (10).

|ujAt

Co Ax

(10)

where || is the magnitude of the velocity in the cell, At is the time-
step, and Ax is the cell size in flow direction. For all considered

cases, Co is limited to 0.5 in the bulk of the phases, and to 0.25 in
the interfacial region.

The flow-focusing geometry was reconstructed using SALOME-
8.3.0 (SALOME, 2018) and the numerical mesh was generated with
the snappyHexMesh utility. The entrance lengths (l.,) were
calculated in order to ensure fully developed flow, [ =
0.379e-0148Re 1 (0.055Re + 0.26, as proposed by Dombrowski et al.
(1993). A mesh independency study to achieve stable droplet size
was performed, and the final mesh element sizes are Ax., = Ax., =
AXc, =25 pm (blockMesh utility), with refinement layers near the
walls but without grading. The final mesh consists of a total of
392 189 cells. Fig. 3 illustrates different planes of the discretized
solution domain.

The thickness of the film developed between the droplet inter-
face and the Teflon wall can be estimated using Bretherton’s law
(Bretherton, 1961), which is expressed in Eq. (11) for circular
cross-sections and for low values of the Capillary number
(Cag <0.01) (Baroud et al., 2010; Kurup and Basu, 2011).

B dt Ug UL, 2/3
e71.347(7) 11)

For our simulated conditions, the film thickness is situated in
the range 1.2-1.7 um. Our computational mesh is therefore not
able to resolve the film. However, simulations performed by Raj
et al. (2010) showed that for Ca. < 0.01 there is no film, and our
simulated cases are in the same range of Capillary numbers.

2.3. Protein crystallization

During the crystallization experiments, the protein used was
chicken egg white lysozyme (purchased from Merck CAS-No.
9001-63-2), without further purification. Lysozyme and precipitant
agent aqueous solutions [sodium chloride 6% (w/v), obtained from
Panreac AppliChem (99.5%, Germany)] were both prepared in a
0.2 M sodium acetate buffer stock solution [sodium acetate trihy-
drate from Sigma-Aldrich (99.5%, Germany)], whose pH was
adjusted to 4.7 with glacial acetic acid [Merck (100%, Germany)].
Sodium chloride aqueous solution pH was posteriorly adjusted
with a 1 M hydroxide sodium (Pronolab, Portugal) solution. All
the solutions were prepared with ultrapure water (Milli Q water,
resistivity of 18.3 MQ-cm™! at 20 °C) and filtered using syringe fil-
ters (Puradisc FP 30 mm, cellulose acetate, 0.2 pm [Sigma-Aldrich,
Whatman, Germany]). Microbatch lysozyme crystallization trials
were then carried out by mixing the lysozyme and sodium chloride
aqueous solutions in a T-junction before the intersection between
the continuous and the dispersed phases.

2.4. Phase diagram construction

A two-dimensional (2D) phase diagram, representing the pro-
tein concentration as a function of temperature, was determined
to depict the metastability zone for the studied conditions: 3%
(w/v) sodium chloride and pH 4.7. For this, microbatch crystal-
lization assays were performed at different supersaturation
levels by changing the initial lysozyme concentration
(Cysozyme € [12.5-57.5] mg-ml~') and the temperature (T €
[10-25] °C). For all experiments, the droplet-based platform
was filled with the silicon oil and both lysozyme and salt
solutions as soon as the temperature in the droplet incubation
zone reached steady state. This ensures that the crystallization
assays were conducted at a defined constant temperature.
Supersaturation was expressed by the ratio between the initial
protein concentration in solution (Cy) and the protein solubility
(Cs), as represented by Eq. (12) (Mullin, 2001; Giegé and
McPherson, 2006; Ducruix and Giegé, 1999).
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Fig. 3. Discretized solution domain (a.1) 3D view (middle plan x-y), (a.2) side view (y-z) of the microchannel entrances and (a.3) Computed droplet curvature by the VOF

method in a 2D plane (y-z).

_G
-

As previously mentioned, the lysozyme and salt solutions were
mixed by a simple passive micromixer (T-junction) using equal
flow rates. The droplets were then generated using another basic
passive micromixer (flow-focusing junction) and silicon oil as the
carrier fluid. It was necessary to wait a certain time to ensure dro-
plet stability and monodispersity. At this moment, the syringe
pumps were stopped, after which each generated droplet can be
considered as an independent microreactor. After approximately
20 h, the droplets were observed using optical microscopy: the
droplets were classified as belonging to the metastable, labile or
precipitation zone and the crystals were counted. Afterwards, 3
independent microbatch trials were conducted for the
hydrodynamic condition that allows the generation of the smallest
droplet size.

S (12)

2.5. Nucleation probability

Different methods to assess nucleation experiments by micro-

scopy techniques are available (Garcia-Ruiz, 2003). In this study,
the applied method was based on the probability of nucleation
events. Crystal nucleation is a stochastic mechanism and can be
considered as an independent event from one droplet to another.
The nucleation probability [Eq. (13)] is defined as the probability
of finding at least a single crystal in a droplet (Bhamidi et al.,
2017; Teychené and Biscans, 2011, 2012).
Ppya=1- 11:]]—? (13)
where N, is the number of droplets that do not contain any crystal
and N, the total number of droplets. It was assumed that an event is
included on the metastable zone if the nucleation probability was
less than 10% (Puq < 0.1), which means a low nucleation probabil-
ity. The obtained data led to the construction of a lysozyme phase
diagram for static droplets generated in a single hydrodynamic
condition.

3. Results and discussion
3.1. Hydrodynamic study

The hydrodynamic conditions in the present study, squeezing
regime in a flow-focusing geometry, are characterized by low val-
ues of the Capillary number, Ca.<0.1 and Caq<0.01 (Zhu and
Wang, 2017). These ranges indicate that interfacial tension domi-
nates over the viscous forces during the droplet breakup and for-
mation, controlling the evolution of the interface (Baroud et al.,
2010). In the VOF method, this effect is responsible for the gener-
ation of spurious currents (parasitic currents) that tend to appear
near the interface and in the recirculation zones of the droplet.
Fig. 4 depicts the velocity field streamlines inside and in the vicin-
ity of the droplet interface in a reference frame moving with the
droplet. The moving reference frame allows to visualize the sec-
ondary flow and resulting recirculate motions. At the lowest Capil-
lary number, Caq (Case #1, Table 2), recirculation zones also appear
outside the droplet, which are non-physical and are caused by
afore mentioned spurious currents.

These unphysical velocity values are exclusively due to numer-
ical inadequacies during the calculation of the interface curvature
and normal vectors, which have a direct effect in the momentum
equation for the calculation of the surface tension term. However,
for all the cases, the droplet topology and curvature are apparently
not affected by the spurious currents (Fig. 4). The magnitude of the
spurious currents increases with decreasing Capillary number,
which is also observed in Fig. 4(a.1).

Droplet generation in the squeezing regime resulted in uniform
droplets in an extended range of droplet sizes with good frequency
and monodispersity (see Fig. 5). Table 2 lists the experimental con-
ditions of the performed experiments in terms of the flow rates of
the continuous (Q.) and dispersed (Qq) phase, the flow rate ratio
o = Q./(Q¢ + Qq), and the resulting Capillary numbers, calculated
as expressed by Eq. (14).

T
Caj == (14)
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(a.1)

Spurious

currents

Fig. 4. Streamlines within the radial direction (moving droplet reference frame) in a 2D plane (y-z) for: (a.1) Case #1 and (a.2) Case #5. [Recirculate motions outside the

droplet are caused by non-physical velocities.]

@@.1)

(a.2)

Fig. 5. Comparison between (a.1) experimental and (a.2) numerical (volume fraction) results obtained in a flow-focusing cylindrical geometry.

where u; denotes the superficial velocity and y; the dynamic viscos-
ity of each phase i (i = ¢ for continuous phase or i = d for dispersed
phase); o is the interfacial tension.

In the hydrodynamic study we numerically predicted and
experimentally measured the dispersed droplet size. Fig. 5 depicts
a qualitative comparison of the droplet images obtained from
experiments and the corresponding simulation results, while in
Fig. 6 the normalized droplet length with the Teflon tube diameter
is presented, where the numerically obtained results are averaged
for the first 5 generated droplets, and the experimental results rep-
resent the average of around 750 droplets per experiment. A very
good agreement between the experimental and numerical results
is observed, which proves that the applied VOF model is capable
of predicting the droplet generation in the flow-focusing geometry
at low Capillary numbers. The only significant deviation is
observed for the experimental point in the plug flow regime that
corresponds to the highest Qq, which also corresponds to the low-
est Ca. (Table 2). However, the experimentally observed droplet
size distribution (Fig. 7) for this case is broader compared to the
other conditions. Furthermore, for this fluid flow condition, the
smallest separation between droplets is observed (Fig. 5), and

6
—e+—Empirical - Zhu & Wang (2017)
—o+— Empirical - Kim et al. (2014)
5F A! Experimental
+. Numerical 3D
— 4r
5 NN
3°
-
2 r T
1F \'i
I l
Plug (Q < Q) se:,f,gel:,f;d Droplet (Qc > Q)
0 L L L L L L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
a [-]

Fig. 6. Droplet length (L4) normalized with the Teflon tube diameter (d;) as a
function of the flow rate ratio (o) in a flow-focusing geometry. Empirical scaling
laws: Ly/di =1+ Qq/Q. (Zhu and Wang, 2017) and Lq/d; = 1.32/0 (Kim et al.,
2014). [The error bars are standard deviations from 3 independent experiments].

consequently coalescence is more probable to occur. This effect
might explain the shift to larger sizes compared to the numerically
predicted droplet length for this fluid flow condition.
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A comparison of the experimentally and numerically obtained
droplet sizes with empirical correlations from literature reveals a
good agreement with the correlation reported by Zhu and Wang
(2017), represented by open squares in Fig. 6.

Lq/di =1+ Qq/Q (15)

Garstecki et al. (2006) reported that this correlation is limited to
T-junction geometries. However, in the squeezing regime and at
similar phase viscosities (Table 1), the mechanisms involved dur-
ing the droplet generation could be considered identical for both
hydrodynamic configurations. Furthermore, the empirical correla-
tions are usually obtained for geometries with rectangular cross-
sections, which can limit the applicability of the power laws
(Baroud et al., 2010; Funfschilling et al., 2009) (Fig. 6). The typical
form of a correlation to predict the droplet size in a T-junction is
Lq/d: = ki +k2Qq/Q, (Garstecki et al., 2006). A proposed correla-
tion to predict the droplet size in a flow-focusing geometry is of
the form Lq/d; = ks /o, e.g. with k3 = 1.32 as suggested by Kim

]
5 k
4t
o 3
= L,/d, = 0.75 a 133
2 L
1 -
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
dc [']

Fig. 8. Droplet length (Lg) normalized with the Teflon tube diameter (d;) as a
function of the flow rate ratio (o) in a flow-focusing geometry. The line represents
a power law fit to the experimental results. [The error bars are standard deviations
from 3 independent experiments.].

et al. (2014) (represented by open diamonds in Fig. 6). As this
empirical correlation overpredicts the observed droplet size, a
power law was used to fit the experimental results, which is shown
in Fig. 8. This power law is able to predict the droplet sizes for all
considered values of the continuous and dispersed phase flow
rates.

3.2. Phase diagram construction

Lysozyme (Lot no. K46535581 514) crystallization trials for the
construction of a phase diagram were performed, which is crucial
to quantify the range of initial protein concentration and tempera-
ture suitable for lysozyme crystallization in a droplet-based
microreactor (Teflon tube) at sodium chloride 3% (w/v) and pH 4.7.

To obtain a reliable phase diagram, the formed droplets need to
be monodisperse and stable. Indeed, the droplet volume plays an
important role in the nucleation mechanism, an effect currently
not sufficiently well understood in the scientific community
(Hammadi et al., 2013). To construct the phase diagram, we chose
the flow condition which results in the smallest droplets
(o =0.714). However, small droplet volumes can lead to lower
nucleation probability, as the number of available spots where
nucleation can take place is lower and, consequently, the width
of the metastable region could be larger. Thereby, this metastable
region may include the metastability limits for the other droplet
flow conditions, since the droplet volume is higher for the other
hydrodynamic conditions. Fig. 9(a) represents all the experimental
points, with the presence or absence (clear droplets) of crystals
inside the droplets. The lysozyme phase diagram in the droplet-
based microfluidic platform, representing the lysozyme concentra-
tion as a function of the temperature is plotted in Fig. 9(b).

The solubility line is entirely defined by thermodynamics,
and can be described by the van’'t Hoff equation (Mullin, 2001)

[Eq. (16)].

AG® =RTInK (16)

where AG° is the Gibbs free energy, K., the equilibrium constant, R
the ideal gas constant, and T represents the absolute temperature.
After substituting the Gibbs free energy with its enthalpic (AH°)
and entropic (AS°) contributions, Eq. (17) is obtained.
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In this way, a theoretical equation to describe the solubility
concentration (Cs) in function of temperature can be obtained

[Eq. (18)]
Cs(T) =A™ +D (18)

(17)

where the parameters A, B, C and D are determined through the
minimization of the sum of quadratic errors between the theoreti-
cally calculated and experimentally obtained concentrations. The
parameters B (—AH°/R) and C (AS°/R) allow the calculation of the
system’s enthalpy and entropy, respectively.

The metastability line is a virtual limit, which results from a
combination of thermodynamics and kinetics, and the most impor-
tant, the type of the crystallizer. Nucleation probability is defined
by Eq. (19)

Pnucl = eiAGK/kBT (19)

where AG" is the critical Gibbs free energy and kg is the Boltzmann
constant. Analogously to the solubility limit, a theoretical equation
to describe the metastability concentration (Cy,;) in function of tem-
perature is obtained [Eq. (20)]

Co(T) = A®/™C 1 D (20)

where the parameters are again determined through the minimiza-
tion of the sum of quadratic errors. The parameter B’ (—AG"/kg)
allows the calculation of the critical Gibbs free energy.

As previously mentioned, the solubility limit is well-defined
and supported by a large number of published data for different
conditions and system configurations. In this work, the solubility
line was constructed based on data reported in literature by

Table 3

Parameter values to predict the solubility limit using Eq. (18) in different case studies.

Studied case

Ildefonso et al.

Maosoongnern

(2012a) et al. (2012)
pH 47 45 4.4 5
Chact [% (W]V)] 3 4 3 3
vy 0.9 pul 0.25 pl 4ml 4ml
A [mg-ml1] 1 1 1 1
B [°C] —56.8 -129.7 —166.2 -168.3
Cl-] 46 6.1 8.7 8.6
D [mg-ml~!] 1.7 1.9 1.7 1.5
AH° [K]-K 'mol™']  —129 -295 —-379 -383
AS° [kJ-mol '] -10 ~14 -20 -20
Table 4
Parameter values to predict the metastability limit using Eq. (20) in different case
studies.
Studied case Ildefonso Maosoongnern
et al. (2012a) et al. (2012)
pH 4.7 4.5 4.4 5
[NaCl] [% (w/v)] 3 4 3 3
Vy 0.9 ul 0.25 ul 4ml 4ml
A [mg-ml~'] 1 1 1 1
B’ [°C] -88.1 —416.6 -18.0 -15.2
C (-] 7.1 15.2 45 43
D' [mgml~'] 13.2 13.9 246 258
AG® [KJ-mol ] 0.73 3.5 0.14 0.12

Forsythe et al. (1999). The obtained parameters for both solubility
and metastability limits are indicated in Tables 3 and 4,
respectively.

Based on the obtained values, it can be concluded that for differ-
ent pH values (data reported by Maosoongnern et al., 2012), the
enthalpic and entropic values are similar. It is also worth noting
that the change in entropy is similar for different set-up configura-
tions, and operation at different flow rates, pH value and salt con-
centration. However, the enthalpic values depend on the used
methodology and even at the same conditions different values
could be obtained.

The higher Gibbs free energy values for the cases where the dro-
plet volume is lower could be explained considering the nucleation
barrier. For these cases, the higher critical activation free energy
barrier could also confirm the difficulty to nucleate in microliter
droplets (Garcia-Ruiz, 2003), where the nucleation probability
decreases.

As presented in Fig. 10, below the metastability limit, the solu-
tion is supersaturated but the critical supersaturation was not yet
reached, and clear droplets are obtained. Nucleation should not
occur (not spontaneously) and crystal growth is promoted. Other-
wise, above the metastability limit, depending on the initial lyso-
zyme concentration and temperature conditions (maintaining the
initial salt concentration and pH value), tetragonal crystals were
obtained varying in terms of number and size [Fig. 10(a)]. The val-
ues of initial supersaturation (S;) and nucleation probability (Py,q)
are represented in Fig. 10(b).

With our set of experiments, we are able to clearly define the
nucleation and metastable regions based on the nucleation proba-
bility [Fig. 10(b)]. In the metastable region, as explained above, the
limit of nucleation probability was initially fixed at 10% (low nucle-
ation probability), but for the studied conditions this probability
value was always below 10%. In the labile region, where nucleation
is spontaneous, the nucleation probability was higher than 80% for
all the cases.

For all temperatures, a large number of small crystals was
observed at the lowest investigated concentration level [Fig. 10
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(a)]. At the same temperature, for a sequential increase in the
supersaturation, an increase in crystal size was observed. In princi-
ple, this observation is not expected, since the formation of many
small crystals is usually observed at higher supersaturations, and
smaller crystals are expected for higher supersaturations (higher
nucleation rate). A possible explanation for this observation could
be increased crystal growth rates for larger crystal sizes, due to the
increased supersaturation levels. Furthermore, for higher supersat-
uration values, it was also possible to identify preferential loca-
tions of crystal formation at the droplet interface. For the studied
range of Capillary numbers, besides the dominance of the interfa-

cial forces during the droplet formation, these observations can
also indicate heterogeneous nucleation.

For the same supersaturation level (22.5 mg-ml~' at 15 °C and
40 mg-ml~! at 20 °C) [Fig. 10(b)], the number of crystals is higher
for the droplets with higher initial lysozyme concentration
[Fig. 10(a)]. For identical initial lysozyme concentrations (15
mg-ml~! at 10°C and 12.5 °C, and 30 mg-ml~! at 15 °C and 20 °C
in Fig. 10(a)), decreasing the temperature increases the crystal size,
which is also observed when the temperature is maintained, and
the concentration is gradually increased. For the latter, despite
the increase in supersaturation level (enhancing nucleation), the
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crystal size increases. However, there is an extreme value at 20 °C
(40 mg-ml~"), where possibly amorphous particles are present in
large number. A possible explanation is the proximity to the pre-
cipitation zone (high supersaturation levels) in the phase diagram.

Due to nucleation in microliter volumes, it is expected that the
nucleation probability is low, and the formation of a lower number
of crystals could be expected for the entire range of temperatures
and lysozyme concentrations, and not only for higher supersatura-
tion levels (Hammadi et al., 2013; Grossier et al., 2011). A possible
explanation for this unpredictable behaviour could be the presence
of different states of lysozyme aggregation (oligomer formation) in
solution and their implications on the occurrence of nucleation.
Ferreira et al. (2017) reported the effect of lysozyme concentration
on the oligomer concentrations for a specified range of experimen-
tal conditions (T € [12.5-20] °C and Ciysozyme € [25-50] mg-ml 1),
which includes the labile zone for the studied case at T=20 °C.
At T=15°C, Ferreira and co-workers observed a gradual increase
in the oligomer concentration with the lysozyme concentration,
but a decrease in monomer concentration was observed for the
highest lysozyme concentration. This observation emphasizes the
complex behaviour of lysozyme in solution and the possible impli-
cations on nucleation and crystal growth, since nucleation will be
difficult to achieve due to the lower availability of monomers.
The results could be explained as a competition between cluster
growth (oligomers can act as heterogeneous nucleation sites) and
crystal growth (Ferreira et al., 2017; Price et al., 1999). For the
entire temperature range, the oligomer presence should promote
crystal growth and this point could explain the formation of few
large crystals at higher supersaturation levels. However, the final
crystal size is different at different temperatures. On the one hand,
there is the concentration effect, where higher supersaturations
should result in smaller crystals. On the other hand, there is the
behaviour of the oligomeric solution, which changes depending
on temperature.

Based on the fact that the images shown in Fig. 10(a) were taken
at the end of the experiments, intermediate stages during nucle-
ation and crystals growth were not represented. The crystal size
distribution appears to be uniform, which could be explained by
Ostwald ripening (Vetter et al., 2013). This mass transport process
is responsible for an increase in the mean crystals radius increase
over time due to lysozyme diffusion from smaller to larger crystals
(Streets and Quake, 2010).

Another observation is the absence of crystals in the droplet
caps at 20 °C and 40 mg-ml~'. This could be explained by asym-
metrical mixing patters due to heterogeneous local concentrations
inside the droplet. During the droplet formation, besides diffusion
there is also convection contributing to mixing. The convection
contribution (ugLg) is 1.7 x 1077 m?.s~!, while the diffusion coeffi-
cients of lysozyme and sodium chloride at 20 °C are 1.4 x 10~ 1°
m?s ! and 2.0 x 107°m?s~!, respectively (Howard et al., 2009).
However, when the droplets are stopped (microbatch experi-
ments), mixing may predominantly occur by molecular diffusion.

Crespo etal.(2010)and Castro et al. (2016) reported studies with
the same nature and concentration of precipitant agent and buffer,
and pH value at 20 °C, but for different geometries and mixing beha-
viour. In the present work, the lysozyme concentration in the
metastability limit is 27.5 mg-ml~!, and as previously mentioned
each droplet has a volume of 0.9 pl. Crespo et al. (2010) performed
batch lysozyme trials in microwells under static conditions in dro-
plets with a volume of 8 pl. In this case, the lysozyme concentration
in the metastability limit is 29.5 mg-ml~'. The small reduction of the
lysozyme concentration in the metastable zone for the studied case
compared to the one conducted by Crespo et al. (2010) can be
explained by the influence of convection during droplet generation,
or even due to an interfacial effect (lower surface to volume ratio).
However, due to the result uncertainty, this difference is not statis-

tically significant. Castro et al. (2016) conducted batch lysozyme tri-
als under dynamic conditions using an oscillatory flow mixing
within a volume of 4 ml. In this case, the lysozyme concentration
in the metastability limit is 23.1 mg-ml~". It is possible to observe
nucleation at a lower lysozyme concentration, and the metastability
zone width apparently decreases, which was expected as besides
molecular diffusion, (oscillatory) convection also significantly con-
tributes to mixing. Apparently, the crystal morphology is identical
in all the cases (tetragonal crystals), but their number and sizes are
different. Besides that, it was reported by Wang et al. (2008) that
for temperatures lower than 25 °C, lysozyme crystals are tetragonal.

4. Conclusions

This work introduces a rational and systematic screening strat-
egy to address the highly variable nature of protein crystallization.
The developed droplet-based microfluidic platform enables the
production of uniform and stable droplets with a very good fre-
quency (up to 250 droplets per assay). It also allows a large flexi-
bility regarding the generated droplet volume (range of 0.9-18
ul). The numerical simulations were validated by experimental
measurements and empirical data. Furthermore, this numerical
approach accurately predicts the droplet curvature and the com-
plex flow topology effects inside the droplets, with a significant
suppression of the artificial spurious velocities at the interface.
However, the impact of the artificial velocities on the simulations
increases for low Capillary numbers. Approaches for further sup-
pression should be explored in more detail, especially for simula-
tions of coupled interfacial heat and mass transfer.

The construction of the lysozyme phase diagram allowed the
calculation of the thermodynamic and kinetic parameters based
on the experimental data and further comparisons with reported
systems in literature. It was possible to conclude that the droplet
volume has a major contribution to the nucleation probability. It
was theoretically expected that in droplet-based microfluidics,
the nucleation probability decreases. Based on this, the formation
of a lower number of crystals could be expected for the entire
range of temperature and lysozyme concentration. This was how-
ever not observed due to the complex and stochastic mechanism of
nucleation, including a possible competition between monomers
and oligomers in solution.
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