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Preface

Kidney stone disease influences 10% of people in the world [36]. Calcium oxalate (CaOx) stones are
the most common stones found in the kidney stone. In this research, ANSYS/Fluent CFD was used
to determine the supersaturation profile in the microchannel for different constant flow rates and Ca
and Ox inlet concentrations. The growth of the CaOx stones is studied by performing experiments in a
microfluidic channel under an optical microscopy. The growth of the CaOx stones is also investigated
by using a combined transport-kinetics model which couple both mass transport and CaOx precipi-
tation reaction at the surface of the crystal. It is shown that the crystal growth rate increases with
solution supersaturation increasing and decreases with the crystal size increasing. The findings also
indicated that in cases of low bulk solution supersaturation and low surface reaction constant values,
the crystal growth rates are controlled by the surface reaction kinetics and independent on the species
transport. When the bulk solution supersaturation and surface reaction constant values are high, the
Ca and Ox surface concentrations become lower than the bulk solution concentration values. Thus,
the crystal growth rates are controlled by the species transport. The presented study also shows that

in the presence of inhibitor osteopontin, the crystal growth rate was decreased.
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Introduction

The background and objectives for research into kidney stone formation are presented in this chapter.

1.1. Kidney stone disease

Kidneys act as filters for the body. The blood is filtered in the tubules of kidneys, removing the waster out
of the body. Kidney stone is a hard mass of crystals that are usually formed in the kidneys. The kidney
stone disease would not only cause severe pain but also kidney failure in the long term, in addition,
10% of people in the world are suffering this disease [36]. Urine composition consists of different
chemicals like calcium, sodium, potassium, oxalate, uric acid and phosphate. These chemicals can
clump together and crystallize. The crystals will grow into visible stones in a period of time (weeks to
years) which is dependent on reaction condition. Hypercalciuria is one of the reasons that the kidney
stones are formed.

The stone size is one of the important characteristics of the kidney stone. Masses less than five
millimetres in diameter will usually flush out of the body unforced [7]. When a stone gets larger enough
to scratch the walls of the urinary tract, it can cause bleeding and infection or back flow of urine and
damage the kidneys. This results in symptoms of nausea, vomiting and a burning sensation while
urinating [15].

1.2. Calcium oxalate stone

In 80% kidney stone cases, calcium oxalate CaC,04 (CaOx) is the majority type of kidney stone to
form. Calcium oxalate may appear in the form of CaOx monohydrate (COM), CaOx dyhydrate (COD)
and CaOx trihydrate (COT) as displayed in Fig. 1.1. Among them, COM is the most thermodynamically
stable and most frequently found stone in the kidneys [1].
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2 1. Introduction

Figure 1.1: SEM of COM and COD. [37] (a) and COD on the surface of marble [33] (b)

The stone formation is not caused by a single reason but caused by several reasons such as [5, 20,
30, 39]:

 High supersaturation and concentrations of stone-forming substances like calcium, phosphorus,

oxalate and low urine volume.
» Low concentrations of inhibitors like citrate, phospahtes and magnesium.

» High concentrations of promoters like uric acid.

1.3. Research objectives

The goal of this research is to study the influence of mass transport of calcium (Ca) and oxalate (Ox)
ions from bulk solution to the crystal surface at different constant flow rates on the growth rate of the
CaOx stone. ANSYS/Fluent CFD was used to determine the supersaturation profile in the microchannel
for different constant flow rates and Ca and Ox inlet concentrations, which is needed for the CaOx
growth rate data analysis. A Polydimethylsiloxane (PDMS) microfluidic device was used to mimic the
collecting duct in kidney. The crystal growth rate were measured with a aid of an optical microscope
which provided a continuous observation of growth during the entire experiment. Then, the CaOx
stone growth rate is determined by using a Kassemi combined transport-kinetics model in which both
mass transfer of ions to the crystal surface and reaction on the growing crystal surface are taken into
account. The understanding of the CaOx stone mechanism is essential to provide valuable information

in preventing the disease to occur.



Theoretical Background

2.1. Supersaturation

Itis well known from the experimental data that supersaturation is the driving force for the crystallization
process. Supersaturation is defined as the chemical potential difference between the mother phase
and the daughter phase at the same temperature and pressure [35, 41]. The spontaneous crystal-
lization occurs when the chemical potential of the mother phase is larger than that of daughter phase.
In other words, the solution precipitates when the solute concentration is larger than the equilibrium
concentration.

Ap = Umother — Uerystal = Hmother — .urenqother (2.1)

where un.:ner IS the chemical potential of solute in the mother phase being crystallized and uffother is
the chemical potential of solute at equilibrium in the mother phase. In a solution, the chemical potential
of solute is described by:

ug = up(T,P) + RT Inxpyp (2.2)

where p; (T, P) is the hypothetical standard state, xz is the solute mole fraction and y is the solute
activity coefficient.

Combination of Egs. 2.1 and 2.2 gives:

yc

Au=RTIn (2.3)

YeqCeq

where c is the solute concentration being crystallized and ¢, is the solute concentration at equilib-

rium.



4 2. Theoretical Background

In general, the extent of supersaturation or relative supersaturation can be defined as [18]:

Au yc
=—=1In
RT YeqCeq

o (2.4)
If the activity coefficient y is not influenced by the concentration, then in a given concentration range

there is y=y,4, the eqn2.4 becomes:
c € — Ceq

c=ln— =

2.5
o~ e (2.9)

The term ¢ — ¢, represent the concentration driving force Ac. For practical use, the supersaturation

ratio is expressed by [26]:

c
S=— 2.6
o (26)
and relative supersaturation is expressed by [27]:
Ac
c=—=5-1 (2.7)
Ceq

When two crystallizing components are involved such as Ca and Ox ions, the concentrations in egn.

2.6 are replaced by the concentration products of the two components [10, 11, 26]:

CCa2+ COXZ— 1/2 CCaZ+ COXZ_ 1/2
S=\—"""7T77— = —"" (2.8)
CCaZ"',eq COxz‘,eq Ksp

where K, is the solubility product. Strictly speaking, the Ca and Ox concentrations in eqn.2.8 should
be corrected with the consideration of an activity coefficient activities y due to the fact that interaction

between Ca-Ca ions or Ox-Ox ions is different than that between Ca and Ox ions. The Egn. 2.8

becomes:

1/2
S = <—CC‘1“C0"2"’2) (2.9)

Ksp

Thus, in order to determine an accurate supersaturation value it is needed to find ion activity by
calculating the activity coefficient.The activity coefficient can be calculated by several activity models.
In this study, the Davies equation has been chosen to calculate the activity coefficient due to the fact

that it is capable of calculating activity coefficient over a moderate range of dilute solutions [28]:

—logy; = AZ? ( ) —0.3I (2.10)

1+1

where y; is the ion activity for species i, Z; is the charge of the it" ion in the electrolyte and A is the
Debye-Huckel constant, which has a value of 0.509 at 25°C for water [28].
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| is the ionic strength of the solution which can be calculated by the following relation:

1 2
1=§Zcizi 2.11)
where C; and Z; are the concentration and the charge of the it" ion in the electrolyte.
In this study, the equations above were solved by Herman’s Solchem program code using MATLAB.

In the crystallization process, three regions of saturation can be recognized which are represented
in Fig. 2.1.

1. Unsaturated region at Point a: crystals of all sizes will be dissolved when added to the solution

2. Metastable region at Point c: Point c is between Point b and d. At point b, the solution is saturated
and no more crystals will be dissolved. In the metastable region, there is no crystal nucleation
but the existing crystal can still grow.

3. Unstable region: the supersaturation is high enough to make spontaneous nucleation occur. The

crystals can also grow.

Metastable limit, ¢

Hi

Solubility curve, ¢,

Unsaturated region

Concentration of solute
\

T,
Temperature

Figure 2.1: Representative solubility—supersolubility diagram [16]
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2.2. Nucleation

Crystallization is a solid-liquid phase transformation process in which crystalline particles are formed
from a homogeneous solution. One of the important concepts in phase transformation is the nucleation.
Nucleation can be separated into two parts: homogeneous and heterogeneous. Homogeneous nucle-
ation is unaided by any surface or defects. Heterogeneous is aided by container wall, grain boundaries,
impurities and defects and etc.

2.2.1. Homogeneous nucleation

Nucleation is the first stage of the formation of new phases. The nucleus will be formed when it has
reached the critical radius r*. Critical radius is determined by free energy change (AGy) due to formation
of a solid particle of radius r in liquid as an energy barrier to the nucleation process. To be simplified,
it is assumed a spherical solid nucleus in a liquid (Fig. 2.2) has the same density as that of liquid, thus

no volume change on transformation.

AG’“”"O:é 3(Gy — G 41?2 2.12
7 37'[7'(5 L) + 4y, (2.12)

In Egn. 2.12 [38]the first part is the volume free energy, AG,, which is negative in supersaturation
solution. The second part is the surface free energy, AGgy,fqce Which results from the formation of
solid-liquid phase boundary during the phase transformation [42]. G represents free energy per unit
volume of solid and G, represents free energy per unit volume of liquid. y; is energy per unit area of

the solid-liquid interface. These energy as function of radius is shown in Fig. 2.3.

a4 -
Volume = =7 r°

L— Liquid
]

S
/
tqé"n /
5 e N\
20 = :
) ~a radius, r
2 N
@ N
Solid , 8 \. AG,
ol Area = 4mre = \
Solid-liquid \
interface - \

Figure 2.2: The nucleation of a spherical solid particle in a Figure 2.3: Free energy as a function of radius.
liquid. [42].

Critical radius is located at which Ath"m" is maximum. If the particle radius is less than r*, the
growth is thermodynamically not favorable, causing the particle to shrink and redissolve. If the particle
reaches a size corresponding to r*, the particle will continue to grow.
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Applying the condition for maximum AG}“”"":
dAGRo™e
= =0 (2.13)
or -
which leads to:
. =2y
m=C (2.14)
v
Substitution of Eqn.2.14 into Eqn.2.12 gives:
16my,3
AGhomo — 3(;;”)2 (2.15)
v

2.2.2. Heterogeneous nucleation

In case of heterogeneous nucleation, nucleation is more likely to take place at the container wall rather

than inside the liquid. To be simplified, it is assumed a spherical solid nucleus is formed from a liquid

phase at on a plat surface. The interfacial energies are presented in Fig. 2.4 and the interfacial energy

balance in the plane of the flat surface is expressed by [42]:

YiL = ¥si + Vs, cos 0

(2.16)

where y;., vs; and ys; are surface-liquid, solid-surface and solid-liquid interfacial energies respec-

tively. The volume of a solid particle, V; is expressed by:

4
V, = §7TT'35 G

where,
2 —3cos 8 + cos36

S0) = 2

The solid-liquid and solid-surface interfacial area are expressed by:

1—0039)

Agy = 4mr?
SL T[T( 2

and

Ag; = mr?(1 — cos?0)

Combination of equations above leads to the result:

AG}let — VSAGU + ASLYSL + ASIVSI - ASIVIL

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

The last term of AG}“” can be considered as additional driving force. Applying the condition for maxi-

mum AG}let:
IAGpet

or =0

——
T=Thet

(2.22)



8 2. Theoretical Background

which leads to:
=2y

Thet = g (2.23)
v
Substitution of Eqn. 2.23 into Eqn. 2.24 gives:
16 3
AGpet = TISL s (0) (2.24)
3(AG,)

where S (0) has a numerical value between 0 and 1, indicating the shape of the solid spherical cap.
Therefore, it is capable of explaning why heterogeneous nucleation is favoured over homogeneous
nucleation.

Ligquid

s

Surface or interface

Figure 2.4: Heterogenous nucleation of a solid from a liquid [42].
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2.3. The Growth Rate

Once a nidus has formed, the nucleus will continue to grow into a macroscopic crystal. This second step
of the crystallization process is defined as crystal growth. Crystal growth is controlled by a number of
factors. These include the 3D crystal structure and crystal defects which influence the intermolecular
interactions between the crystal surface. In addition, the presence of impurity, supersaturation and

temperature also play important roles in crystal growth [27, 32].

The growth process can be separated into the following stages [3, 17]:
1. Diffusion of substances from the mother bulk phase to the crystal surface.

2. Surface diffusion of substances from a given site on the crystal surface to energetically favorable
sites.

3. Incorporation of the substances into the crystal lattice.

2.3.1. The Kossel and Stranski Theory
The concept of nonequivalent of sites on the crystal surface was first realized by Stranski. In this model,
the growth unit was simplified as a cubic block. The three types of attachment sites for growth units to

grow at the crystal surface are displayed in Fig. 2.5.

Step site

= - ~
;

[TTT

Ledge site

Figure 2.5: lllustration of growth process on two-dimensional surface [12].

The growth unit will diffuse to kink site that is most energetically stable, i.e. where the greatest
energy is released. At kink site, the growth unit gets the maximum contact with the crystal surface,
hence maximum binding energy between them and least probability of dissolution. Thus, the growth
units are incorporated into the kink sites one after another repeatedly until rows are formed [3]. A new
layer is started by forming a 2D nucleus at flat surface that is not so stable. This step is energetically
unfavourable and would occur at supersaturation 25% to 50% whereas according to experiments many
crystals require less than 1% [13]. This was mainly due to crystal defects which will be discussed in

the following section.
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2.3.2. The Burton Cabrera and Frank Theory

In the previous Kossel-Stranski model, the crystal is assumed to be ideal without any lattice defects.
A more promising crystal growth model was proposed by Frank and his coworkers who assumed that
the real crystals are imperfect and steps are originated during crystal growth on dislocations [4]. Dislo-
cations are defeats or irregularity within the crystal lattice structure when the lattice atoms move from
regular ideal position as shown in Fig. 2.6.

Screw Growth Resulting
dislocation spiral crystal
growth

Figure 2.6: Screw-dislocation mechanism of crystal growth [16].

Dislocations act as fault site which minimize the energy barrier, providing easier incorporation of new
grow units and a new way to form surface uninterrupted while avoiding the high energy demanded
2D nucleation [4, 6, 41]. The surface then continue to grow in a spiral manner around the dislocation
center. This model is able to explain why crystals grow at very low supersaturation.

Many studies showed the parabolic rate law for electrolytes of different valence types both at low
and high supersaturation. Meyer and Smith studied crystal growth of CaOx in a stable supersturated

solution and found the rate law takes the form [22]:

dc )
i kN (2.25)

where -dc/dt is the rate of disappearance from solution of component ¢, k is the rate constant and
N is the difference between component c activity at saturation and any time t. Marc observed the
same dependence for potassium sulphate in the experiment in which the growth rate is proportional to
(c — ¢5)? [31]. Nielsen proposed a crystal growth mechanism based on the BCF model that is capable
of explaining the parabolic nature of the surface reaction. As explained by Nielsen [25], the growth rate
of salts is governed by both kinetic and thermodynamic factors. One of the (S-1) second order term
indicating the flux rate of incorporation of ions into the crystal surface per kink while the other (S-1)
factor comes from the density of kinks on the crystal surface.
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For many sparingly soluble inorganic salts M, X,,, the deposition rate of ions onto the crystal surface
is expressed by Eqn. 2.26 [13].

dn "

= = —ky sKE) P (2.26)
where n is the moles of salts precipitated, k;' is the surface reaction rate constant, p is the effective

order of the reaction, s is a function of the surface area of the crystals and v is the sum of a and b and

o is the relative supersaturation.






Supersaturation simulation using CFD

tools

This chapter will deal with the outcomes of simulation results using CFD under different conditions.
The modeling equations are solved numerically to study the supersaturation profile in microchannel
with different Ca and Ox inlet concentrations and inlet flow rates. A 3D model of the microchannel used

in the experiment will be structured in this simulation.

3.1. Introduction

In this study, the three-dimensional simulations have been performed with the industrial ANSYS/Fluent
CFD (Computational Fluid Dynamics) code. Fluent is one of the widely used CFD software package
with great success in all fields of engineering applications and scientific research. CFD is a powerful tool
to solve complex partial differential equations governing conversational mass and energy law by a set of
algebraic equations. Fluent software package used in this study uses the finite volume method (FVM)
to find the numerical solutions of partial differential equations. In the CFD technique, the flow domain
is divided into a number of finite-sized sub-domains (control volume). Each domain is represented
by a finite number of grid points. The governing differential equations are discretized and solved in
integral form. Then, the initial conditions and boundary conditions are used to solve these equations.
These equations are solved iteratively until the solution reaches the desired accuracy. Additionally,
FVM carries the physical meaning of conservation with itself. As differential equation is an equation
which is valid at a point, it states the principle of conservation mathematically at a point. By integrating
the differential equation over the domain it will imply that the same conservation principle over the

domain are satisfied in an integral form.

13
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3.2. Governing Equations
In this section the computational fluid dynamics modeling equations for the behavior of fluids and chem-
ical species in microfluidic channel are described.

3.2.1. Continuity Equation
The equation for conservation of mass, or continuity equation is as follows:
d
Piv.(p-mH=0 (3.1)
at
where p is the density of the fluid and ¥/ is the velocity field vector of the fluid. The first term on the
left-hand side of Eqn. 3.1 is the rate of change of mass in a small element of fluid and the second on
the left-hand side is the net rate of flow of mass across a small element surface.

3.2.2. Momentum Conservation Equation
Momentum conservation equation (equation of motion/ Navier-Stokes equation) involving a Newtonian

fluid with the assumptions of impressibility and constant viscosity is written as:

ov -
p<a+(17-V)17>=—VP+uV217+p§+F (3.2)

where P is the pressure, u is the dynamic viscosity of the liquid, pg and F are the gravitational
body force and external body forces. The acceleration on the left-hand side of the equation has two
components: the local acceleration and the convective acceleration. The local acceleration term is also
known as unsteady term which represents how the velocity of the element fluid changes with respect to
time. The convective acceleration term is also known as steady term which represents how the velocity
changes as a particle fluid moves from one location to another location. In a 3-dimensional Cartesian
coordinate system (x,y,z), the V (Nabla operator) is defined as <(;—x) ( 0 )( 9 )) and the V? (Laplace

ay )’ \oz
. . az 02 02
operator) is defined as ((ﬁ><ﬁ)(@))

3.2.3. Species transport Equation
Transport of Ca and Ox ions through the microchannel is described by the species transport equation
by setting up a mole balance over a small element volume. The differential equation that governs the
transport of species is expressed by the convection-diffusion equation for the two ionic species as:

dc

a_ti + Di‘mvzci - 1—7) . VCi =0 (33)

for i= Ca, Ox

where D;,, is the molecular diffusivity in m?/s and c; is the concentration of ionic species i. The

first term in the equation describes the transient transport of the mass, the second term describes the
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diffusion flux due to concentration gradients using Fick’s law and the final term describes the convection
of mass caused by the flow.

3.3. Simulation Setup

This section will deal with the computational model that has been built in this study. The modeling equa-
tions are solved numerically to study the supersaturation at different Ca and Ox inlet concentrations
and different flow rates.

3.3.1. Geometry and Mesh

A 3D model of the microchannel used in the experiment was structured in simulation. The microchannel
has a length of 1300 um, a depth of 45 ym and a width of 295 ym. The microchannel can be separated
into two parts. The upper part has a width of 145 ym and the bottom part has a width of 150 pym.
Geometrical details are given in Fig. 3.1.

Oxinlet —* I 145 um
Outlet

Cainlet _, I 150 um

1300 pm

Figure 3.1: Schematic view of the microchannel geometry used for this study

A 3D geometry of the microchannel was construced in ANSYS workbench and is shown in Fig. 3.2
Quadrilateral mesh was used for meshing the geometry shown in Fig. 3.3 It was meshed into 110760

elements.

0 000025 0,0005 {m)
I 4 ..

0.00013 000038

Figure 3.2: Geometry of the microchannel in ANSYS workbench
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0 0.00025 0.0005 (m)

000013 000038

Figure 3.3: Quadrilateral mesh of the microchannel geometry

The physical dimensions and operating conditions are listed in Table. 3.1

| Parameter | Unit | Range or Value
i'hengt.h X Width X Depth of mXmXm | 1.3 x 1073 X 295 x 10~6 X 45 x 10~6
€ microchannel
Ox inlet microchannel width m 145 x 107°
Ca inlet microchannel width m 150 x 107°
Inlet flow rate of solution m3/s 20x1071%t01.3 x 107°
Inlet concentration of Ox mol/L 0.0039, 0.0004
Inlet concentration of Ca mol/L 0.0039, 0.012
Diffusion coeffcient of Ox and Ca | m?/s 1x 1078 [2]
Activity coefficient y dimensionless | 0.7577, 0.5959

Table 3.1: Physical dimensions and operating conditions used in simulation

3.3.2. Boundary conditions and Method of solution

To solve the equations in the simulation, boundary conditions for the computational domain were imple-
mented. The pressure outlet boundary condition was set to the microchannel outlet. A no-slip boundary
condition was imposed to the interface between the solid wall and liquid. For the ionic species transport
process, the walls were set to no flux. Flow rate and concentration of the solution were specified at
the inlet of the microchannel. The laminar model was implemented based on Reynolds number (Re)
which determines the nature of fluid flow. Re is the ratio of the inertial effects to the viscous effects of

the fluid written as:

_ pVDy
U

where v is the average velocity of the fluid, p is the density of the fluid and Dy, is the characteristic length

Re (3:4)

dimension. In general, when Re for a liquid traveling through a pipe or vessel below 2100 the flow is
laminar. In laminar flow, the fluid particles move in a same straight line without any lateral mixing. The

flow in microchannel is generally laminar since the dimensions of microfluidic system is small. In this
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work, the Re is 6 for the largest velocity used in the microfluidic experiments. Thus, this study will deal

with fluid flow at low Re that falls within the laminar flow region.

For the velocity and pressure fields, the pressure-based solver was used to numerically solve the
continuity and momentum equations. For the pressure-velocity coupling method, a coupled scheme
was used. All governing equations were solved using the finite volume approach.
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3.4. Results and Discussion

The microchannel has two separate streams where the Ox ions enter through the top inlet and the
Ca ions enter through the bottom inlet. As the two streams enter and meet in the microchannel, the
two species will only mix through diffusion by moving in a direction transverse to the flow direction.
Convective mixing of fluid will not occur since the fluid in the microchannel flows in a laminar pattern. In
reality, simultaneously to the diffusion of the species, the precipitation reaction between the two species
will also happen. But in this study, the reaction is not considered. The supersaturation was calculated
based on Egn. 2.9 The simulation results of supersaturation in Fig. 3.4 were carried out for bulk Ca
concentration 0.0039 M, bulk Ox concentration 0.0039 M and inlet flow rate of 1.3 x 10~° m3/s.

t=0.005s o

2490400

8~

2.49e+01
2242401
1.99e+01
1.74e+01
t 0 O 1 0 S 1.49e+01
1.24e+01
9942400
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4.97e+00
2.492+00
0.002+00
249401
224401
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1.74e+01
1.492+01
t= 0 0155 1.24e+01
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7.462+00
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t= 0 0205 1.240+01
9.942+00
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224401
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t= 1.24e+01
9.942+00
7.48e+00
4.97e+00
2.43e+00

0.00e+00

Figure 3.4: The supersaturation profile at different time steps with with Ca and Ox inlet concentration=0.0039 M, mean veloc-
ity=0.10 m/s (inlet flow rate=1.3x 10~° m3/s) at z=8.5 um.
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The simulation results of supersaturation in Fig. 3.5 were carried out for bulk Ca concentration 0.012
M, bulk Ox concentration 0.0004 M and inlet flow rate of 10 x 1071 m3/s. The contours of supersatu-
ration profiles were all plotted at z=8.5 um since the microscope was focused on the microchannel wall
with depth of field of 8.5 um. Fig. 3.4 and Fig. 3.5 show that the supersaturation reached the steady
state condition within 1s. In addition to that, all the supersaturation profiles under other conditions in
this simulation also reached the steady state condition within 1s. As the transient time is much shorter
than the experimental operating time, for the following analysis of simulation results will be presented

based on the steady state condition.
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) "(!',
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Figure 3.5: The supersaturation profile at different time steps with with Ca inlet concentration=0.012 M and Ox inlet concentra-
tion=0.0004 M, mean velocity=0.075 m/s (inlet flow rate= 10 x1071% m3/s) at z=8.5 um.
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3.4.1. Mixing of ionic species
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Figure 3.6: Concentration profiles for different constant total flow rates with Ca and Ox inlet concentration=0.0039 M at z=8.5
um. (a) mean velocity=0.02 m/s (2 cm/s), flow rate= 2.7 x 1071° m3/s. (b) mean velocity=0.10 m/s (10 cm/s), inlet flow rate=
1.3 x 107° m3/s.
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Figure 3.7: Concentration profiles for different constant total flow rates with Ca inlet concentration=0.012 M and Ox inlet con-
centration=0.0004 M at z=8.5 um. (a) mean velocity=0.015 m/s (1.5 cm/s), flow rate= 2 x 1071% m3/s. (b) mean velocity=0.075
m/s (7.5 cm/s), inlet flow rate= 10 x 1071% m3/s.

In both above figures, the bottom Ca part of the microchannel is located at y= -150 ym and the
upper Ox part of the channel is located at y= 145 um. The position at x= 0 ym and y= 0 ym is where
two streams separated before they meet in the microchannel. The simulation result as shown in both
figures finds that Ox stays mostly confined to the upper part of the microchannel while the Ca stays
mostly confined to the bottom part of the mirochannel. Thus, the fluid flows over the microchannel in a
side-by-side arrangement.

The concentration profile has a narrow shape at the entrance of the microchannel but a broader shape
at the end of the microchannel. This is because that the ionic species can diffuse further away from
the centre of the microchannel in the direction reverse to flow as going further down the microchannel.
Moreover, the concentration profiles shown in Fig. 3.6 and Fig. 3.7 in the microchannel have different

constant flow rates, which determine the convection time scale for a fixed geometry. The convection
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time scale refers to the time taken for convection from the inlet to the outlet of the channel. When the
convection time increases, the ionic species have more time to diffuse across the central microchannel.
When the convection time decreases, the ionic species will tend to remain in the original stream. As
Fig. 3.6 (a) and (b) or Fig. 3.7 (a) and (b) compares, when the convection time number becomes
smaller, the diffusion becomes less important.

3.4.2. supersaturation profile

249401 1.10e+01

224e+01 9.92e+00
1.99e+01 8.82e+00
1.75e+01 7.72e+00
1508401 8.012+00 P —————————
1.25e+01 5.51e+00
9976400 4416400
7.48e+00 3.31e+00
439600 2208400
2490400 (a.1) 1108400 (b.1)
0.00e+00 0.00e+00
2.49e+01 1.10e+01
2240001 9926400
1.99e+01 8.82e+00
1.74e+01 7.72e+00
1.49e+01 8.81e+00
1240001 5516200
9946200 416000
7408400 3316500
4.97e+00 220e+00
240000 (a:2) - {b:2)
0.00e+00 0.00e+00
2.49e+01 1.10e+01
224e+01 9.92e+00
1.75e+01 7.72e+00
1.50e+01 8.81e+00
U 551400
997400 4418400
7480500 3318400
B 2.20e+00

| @3) ©3)
0.00e+00 0.008+00
2438401

‘ . (b)
199401
1740401
1430401
1240001
9946200
7.46e+00

4.97e+00 (a 4)

249401
2242401
1992401

1.75e+01

1.50e+01
1.25e+01
9972400

748400

4590400
2490400 (a.5)

0.00+00

(@)

Figure 3.8: Supersaturation profiles for different constant total flow rates at z=8.5 um with (a) Ca inlet concentration=0.0039
M and Ox inlet concentration=0.0039 M (a.1) flow rate= 2.7x 1071°, mean velocity=0.020 m/s (2.0 cm/s) (a.2) flow rate= 5.0x
1071%, mean velocity=0.038 m/s (3.8 cm/s) (a.3) flow rate= 7.0x 10~1°, mean velocity=0.070 m/s (7.0 cm/s) (a.4) flow rate=
1.1x 107, mean velocity=0.084 m/s (8.4 cm/s) (a.5) flow rate= 1.3x 10~°, mean velocity=0.10 m/s (10 cm/s) (b) Ca inlet
concentration=0.012 M and Ox inlet concentration=0.0004 M (b.1) flow rate= 2.0x 1071°, mean velocity=0.015 m/s (1.5 cm/s)
(b.2) flow rate= 4.6x 107, mean velocity=0.035 m/s (3.5 cm/s) (b.3) flow rate= 10x 10~1°, mean velocity=0.075 m/s (7.5 cm/s)

The supersaturation profiles in the microchannel with different Ca and Ox inlet concentrations and

different constant flow rates in Fig. 3.8 were evaluated according to the Eqn. 2.9.
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Besides the contour plots, the variation in supersaturation with y-coordinate for different x width
position of the microchannel is shown in Fig. 3.9. For other flow rates, the supersaturation figures can
be found in Appendix. A. In all the curves in Fig. 3.9, the maximum supersaturation is reached near
the centre of the microchannel at position y =-1 ym. The interface is not found at y= 0 ym because the
width of the upper part of the microchannel is smaller than that of the bottom part of the microchannel.
Therefore, it results in a higher velocity in the upper part, moving the interface little bit downward. As
same as in the concentration profiles, as going further down the microchannel, the supersaturation

curve gets broader due to the diffusion.
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700 um
900 um
1100 um

1300 pm

Supersaturation
Supersaturation

o

100

-100 -50 0 50

-100 -50

y-coordinate (um) y-coordinate (um)

(a) (b)

Figure 3.9: The variation in supersaturation with y-coordinate for different x width position of the microchannel at z=8.5 um with
(a) Ca inlet concentration=0.0039 M and Ox inlet concentration=0.0039 M, flow rate= 1.3x 10~°, mean velocity=0.10 m/s (10
cm/s) (b) Ca inlet concentration=0.012 M and Ox inlet concentration=0.0004 M, flow rate= 10x 10~1°, mean velocity=0.075 m/s
(7.5 cmls).

In Table. 3.2 and Table. 3.3 the supersaturation slope values at position 6 ym away from the

interface in y-direction for different Ca and Ox inlet concentrations and different constant flow rates are

given.
. . AS [ Ay atyy,e £ Ay | AS /Ay at yy,e + Ay | AS/ Ay at yi,e £ Ay | AS/ Ay at yie + Ay | AS [ Ay at y;e £ Ay
zlr?g‘?’sgate ?An?/:;] velocity x;ie;z)velocny and x= 500 ym and x= 700 ym and x= 900 ym and x= 1100 pm and x= 1300 pm
(1/um) (1/um) (1/um) (1/um) (1/um)
27 %1071 1 0.02 2 0.02 0.01 0.007 0.005 0.005
5.0 x 1071° | 0.038 3.8 0.06 0.03 0.02 0.01 0.01
7.0 x 1071° | 0.07 7 0.09 0.06 0.04 0.03 0.02
1.1x107° | 0.084 8.4 0.2 0.1 0.07 0.05 0.04
1.3%x107° | 0.1 10 0.2 0.1 0.1 0.07 0.06

Table 3.2: The supersaturation slope at various x-positions for different constant total flow rates at z=8.5 um with Ca inlet
concentration=0.0039 M, Ox inlet concentration=0.0039 M and Ay= 6 um, y;,.=interface position at y-coordinate.

: T ASTAy alyng Ay [ S T8y @ty T By | AS 7By yir £ By | ASTAy alyme £y [ BST Ay at v £ By
z':s‘?’s;ate m?/:;] velocity ?g;a/;‘)"e'“'ty and x= 500 pm and x= 700 pm and x=900 pm | and x= 1100 ym | and x= 1300 pm
(1/um) (1/um) (1/pm) (1/um) (1/um)
20 % 10- [ 0.015 5 0.05 0.04 0.03 0.03 0.02
456 % 10710 | 0.035 35 0.08 0.07 0.05 0.05 0.04
10x 10~ | 0,075 75 0.1 0.1 0.09 0.09 0.08

Table 3.3: The supersaturation slope at various x-positions for different constant total flow rates at z=8.5 um with Ca inlet
concentration=0.012 M, Ox inlet concentration=0.0004 M and Ay= 6 ym, y;,.=interface position at y-coordinate.

The tables above show that the supersaturation values at x= 500 ym and 6 ym away from the
interface in y-direction deviate from the maximum value. Both tables indicate that the slopes of the
supersaturation curves decrease as the x-coordinate increases. Thus, for the microfluidic CaOx growth

rate experiments the crystal particles in the region yinierrace = Ay, X >500 pym were analysed for the
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size measurement.

It should be noted that there are two reasons that cause the supersaturation values in Fig. 3.8 to
deviate from the true value. One reason is because the precipitation reaction is not incorporated in the
model, indicating the supersaturation values in the microchannel were overestimated. Another reason
is that in all the cases it was assumed that the activity coefficients were constant in the simulation.
However, the activity coefficient is a function of ionic concentration. The activity coefficient increases
as the concentration of ions decreases. Thus, the activity coefficients were underestimated at position

away from the centre of the microchannel and also the supersaturation values.






Calcium Oxalate Crystal Growth

This chapter will deal with the CaOx crystal growth under different conditions with varying supersatura-
tion, velocity and Ca and Ox inlet solution concentrations on the centre line. The materials and method
regarding microfluidic experiment will be presented. A Kassemi transport- kinetics combined model for
the growth of CaOx crystal will be given. In the results section, both experimental and modelling results
will be discussed.

4.1. Materials and Method
4.1.1. Materials and Equipment

The growth rate of CaOx was examined inside the microchannel with an aid of an optical microscope.
The materials used to prepare the PDMS microfluidic chip are summarized in Table. 4.1. All chemicals
used were of analytical grade and were used as received without any further purification.

| Substance | Chemical Formula | CAS Number | Vendor

Sodium Oxalate Nay,Co04 62-76-0 Sigma-Aldrich

Calcium Chloride CaCl, 10043-52-4 Sigma-Aldrich

Ultrapure Water H,O Elga

Trichlorosilane NCF3(CF5,)5CH,CH,SICl; | 78560-45-9 Sigma-Aldrich
Polydimethylsiloxane | (CoHgOSi)n The DOW Chemical Company
2-propanol C3HgO 67-63-0 Sigma-Aldrich

Osteopontin human - SPR3131 Sigma-Aldrich

Table 4.1: List of chemicals used in the experiments

25
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A list of equipment used in the experiments is shown in Table. 4.2.

| Equipment | Equipment Name | Brand \
Scale Mettler PM2000 Mettler Toledo
Ultrasonic bath | Branson 2510 Ultrasonic Cleaner | Branson
Oven Binder
Centrifuge Universal 320 R Hettich Zentrifugen
Dessicator Kartell
Spincoater Polos
Microscope Zeiss Axiovert-200M Zeiss
Nikon Eclipse Ti Nikon
Pressure pump | MFCS - EZ Fluigent

Table 4.2: List of equipment used in the experiments

4.1.2. Microfluidic Chip Manufacturing

In a plastic tube, the PDMS was mixed in a 1:7 ratio of curing agent and PDMS monomers. The mixture
was stirred with spatula until it filled up with many air bubbles and became cloudy. In order to remove
the bubble, the mixture was kept in centrifuge for 15 minutes at 7400 rpm. Before pouring PDMS into
the silicone wafer, the silicone wafer (Fig. 4.1) needs to be coated with a thin layer of trichlorosilane to
make the peeling process easier. This was done by placing a small drop of trichlorosilane and silicone
wafer upside down into the desiccator for 2 hours at pressure 100 mbar. The trichlorosilane coated

silicone wafer can be used 4 times.

Figure 4.1: silicone wafer

The PDMS was then degassed in the desiccator by vacuum at 500, 300, 200, 100 and 30 mbar
sequentially to prevent sudden rush of air knocking over the wafer. A few small bubbles on the PDMS
surface are acceptable since they do not effect the device’s performance. After degassing for 1 hour

vacuum was released slowly and the degassed PDMS was then placed inside an oven overnight at
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65°C, allowing the PDMS to harden. Holes were punched at the inlets and outlet of the PDMS chip.

The solid PDMS with desired microchannel pattern can be used to bond a glass slide.

Both the glass slide and PDMS chip were cleaned with methanol to prevent dirt from clogging the
channels. A small drop of PDMS mixture in a 1:10 ratio of curing agent and PDMS monomers was
poured onto the glass slide. Then, they were spin-coated, leaving a thin film layer of PDMS mixture
on the glass slide. After that the glass slide was place in an oven at 90 °C for about 15 minutes. The
stickiness of PDMS thin film layer was repeatedly checked to ensure if it is cured enough to bond to
the PDMS chip. Once the glass slide and PDMS chip were bonded, they were placed into the oven
overnight at 65°C to be completely cured. The PDMS chip was punched with three holes, two for inlets
and one for outlet. The open end of the PDMS chip was then sealed by applying the UV curing agent
(UV curing adhesive glue) and placing it under ultraviolet light for about 5 minutes. After that, the PDMS
chip (Fig.4.4)was tested for the leakage.

4.1.3. Solution Preparation

The quantity of calcium chloride and sodium oxalate used in the microfluidic experiments is shown in
Tabel.4.3.These chemicals were dissolved in ultra pure water by ultrasonic homogenization. For the
Osteopontin (OPN) inhibitor experiments the calcium chloride and sodium oxalate were kept at 0.012
M and 0.0004 M respectively. OPN stock solution was prepared by dissolving 50 ug of OPN in 6.25 mL
of ultra pure water, giving a concentration of 8 yg/mL. Then, the OPN stock solution was added into
the sodium oxalate stock solution to a required concentration. The prepared OPN stock solution was
stored in the fridge at -20°C. The list of used molar ratio between OPN and Ca for the OPN inhibitor

experiments is shown in Table. 4.4.

Mol tio Ca:0 Calcium chloride | Calcium chloride | Sodium oxalate | Sodium oxalate
olar ratio Ca:0x | (/o1 (g/100mL) (moliL) (9/100mL)

1:1 0.00389 0.00389 0.0432 0.0521

30:1 0.012 0.133 0.0004 0.00536

Table 4.3: Quantity of chemical needed for preparing solutions for microfluidic experiments.

OPN mass concentration in stock solution
Molar ratio OPN: Ca | where both sodium oxalate and OPN present
(mg/mL)
2x107° 1.44
5x107¢ 3.60
7 x 1076 5.04

Table 4.4: Molar ratio OPN:Ca for OPN inhibitor experiments.
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4.1.4. Experimental Setup
For the CaOx growth rate experiment, both calcium chloride and sodium oxalate aqueous solution were

prepared. The two 1.5 mL reservoirs connected with pressure pump (Fig.4.6) were filled with solutions.
The capillary tubing (Warner Insturments, 0.28 mm inner diameter) was used to connect reservoirs and
PDMS microchip. The pressure was controlled via AlO software provided by Fluigent. The flow rate
was calculated by weighing the amount of water pushed through the microchannel at different pressure.

The setup of the experiment is given in Fig. 4.2 and Appendix. B.1.

Microscope

N, gas

CaCl,

— 0000000

Pressure
Pump

1
]
l
]
Outlet !
1
I
I
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Figure 4.2: Schematic setup of the CaOx crystal growth microfluidic experiment.

Air bubbles (Fig. 4.3) will block or obstruct flow and are sometimes very difficult to remove. In order
to prevent air bubbles getting into the microchannel during the experiment, an experimental protocol

was developed with following steps:
1. The microchannel was filled with de-ionized water
2. The reservoirs were filled up with solution by injecting the solution through the tubes into them.
3. The inlet tubes were filled with solutions ensuring no air is in the tip of the tubes

4. The inlet tubes were inserted into the microchannel while kept the fluids inside the inlet tubes

flowing at 5 mbar.

5. The pressure was set up at the desired value.
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Figure 4.3: Air bubble inside microchannel

Figure 4.5: Zeiss Axiovert-200M microscope

Figure 4.4: PDMS microchip

MFCS™-EZ

Regulated U _.-'-'.
Pressure l 0
g

Reservoirs

Figure 4.6: MFCS - EZ Fluigent pressure pump[9]
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4.1.5. Mathematical Model of Crystal Growth

| Symbol | Definition | Symbol | Definition
C dimensionless concentration at the crystal surface | r growth rate (cm/s)
(o concentration at the surface (mol/L) Re flow Reynolds number
Coo dimensionless bulk liquid concentration Sing bulk solution supersaturation
Cs, bulk liquid concentration Sh Sherwood number
Da Damkohlernumber Sc solution Schmidt number
Dim molecular diffusion coefficient (cm?/s) U relative crystal-fluid velocity
y activity coefficient Vi molar volume (M,,/p)
K film mass transfer coefficient (cm/s) M, molecular weight
K, surface reaction rate constant (cm/s)(L/mol) p crystal density (g/L)
Ksp equilibrium solubility product (mol/L)? U kinematic viscosity (cm?/s)

Table 4.5: Nomenclature

A spherical CaOx crystal particle with radius r is considered, which grows in water at uniform bulk
Ca and Ox concentrations. It is postulated that the growth process is controlled by a balance between
the transport of ions from the bulk to the surface and the kinetics of surface reaction of ions that grow

on the crystal surface. The growth rate of the crystal can be written as follows [13, 19, 24, 36]:

. dr CraCoxy? 1/2 :
F= = Kk 22 ) 1 4.1)
sp

In this formula, Cr, and Cp, are the concentration of Ca and Ox ions in the liquid at the crystal
surface. K, [8, 22] is the surface reaction rate constant for CaOx crystal formation, 1}, is the molar
volume of CaOx, Ky, is the equilibrium solubility product and y is a divalent activity coefficient. The
formula shows that in order to obtain the crystal growth rate, the surface concentration of Ca and Ox
ions need to be determined. This can be achieved by mass balance, balancing consumption of Ca and
Ox ions by the crystallization reaction at the crystal surface and the supply rates of these ions from
the bulk solution to the crystal surface. Thus, the unknown surface concentrations of each ion can be
solved by the mass balances shown as below:

2

C* C* yz 1/2
K, (CZx - Cgo,ox) = _KrKsp ( CaKox ) - 1] (4.2)
sp
and X
1/2
. § C* C* )/2
K (Cea = Cinca) = —KiKsp (%) - 1] (4.3)
sp

In these equations, the diffusion coefficients for Ca and Ox ions is assumed to be equal. Thus, K,
represents the film mass transfer parameter, which is same for both Ca and Ox ions. The equations
can be transformed into simple form by defining dimensionless concentrations, C., and C,,, and a
dimensionless, Damkohler number, Da. Da represents the ratio between the surface reaction rate and

the mass transfer rate [14].
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Cca 172 (4.4)

sp

) C*
Cox = Kf/"z (4.5)

sp

and 12

_ KKy

Da = T (46)
The Eqn. 4.2 can be changed to:
1/2 2

(Cox = Cuop) = =Da| (CaCorr®)"”* = 1] (4.7

The film mass transfer parameter K,,, can be written by incorporating the Sherwood number (Sh),

as
Ky, = 0m (4.8)
The Sherwood number is used in forced convection mass transfer correlations. The Sherwood
number can be estimated from an empirical Frossling equation [34, 36] for flow around a spherical

particle.

Sh =2+ 0.6Re'/?5c/3 (4.9)

In the equation above, Re and Sc are flow Reynolds number and Schmidt numbers, respectively,

defined as followed equations.

Ud
Re=— (4.10)
vm
and
vm
Sc = 4.11
Do (4.11)

Where U is relative velocity between the crystal and fluid, d is crystal diameter, v, is the kinematic
viscosity of solution, D;,,, is molecular diffusion coefficient.

With all the equations above, the growth rate of crystal can be calculated under different conditions.
The nonlinear mass balance equations for both species can be solved numerically by Newton-Raphson

method using Matlab. The list of physiochemical parameters in the analysis is presented in Fig. 4.6.

| Parameters | Value \

Vin 0.066 (L/mol) [8]
Ky 3.479x107° (mol/L)? [23]
K, 22 (L/mol)(cm/s) [8]

o 2200 (g/L) [8]
Dim 10~* (cm?/s) [2]
U 8.17 x 1073 (cm?/s) [2]

Table 4.6: Physiochemical parameters.
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4.2. Results and Discussion
The flow rates at pressure 20 mbar to 60 mbar were calculated by weighing the amount of water pushed
through the microchannel three times. The velocities presented in Table. 4.7 were calculated by taking

the flow rates over the cross section area of the microchannel.

Pressure | Velocity 1 | Velocity 2 | Velocity 3 | Mean velocity I
(mbar) (cm/s) (cm/s) (cm/s) (cm/s) Standard deviation
0 0 0 0 0 0

20 1.3 0.9 1.2 1.1 0.14

30 2.2 1.9 2.0 2.0 0.13

40 3.1 2.7 2.8 2.9 0.13

50 3.9 3.9 3.6 3.8 0.15

60 4.8 4.7 4.2 4.6 0.21

70 5.5 5.3 4.9 5.3 0.21

110 8.7 8.6 7.8 8.4 0.35

130 10.3 10.2 9.2 10 0.42

Table 4.7: Velocities at different pressures.

The velocity at 70 mbar to 130 mbar were estimated by means of linear extrapolation. The results
are shown in Fig. 4.7
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Figure 4.7: Velocities at different pressures.
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4.2.1. Crystal growth of equal Ca and Ox concentrations

In this study, the CaOx growth was studied under Zeiss Axiovert-200M series microscope (Fig. 4.5)
fitted with a high magnification camera (Mikrotron MC3011). 5x magnification was used with the focus
on the PDMS microchannel wall where the crystals are stationary (fixed) for imaging CaOx crystal size.
When crystals were visible to naked eyes, images were taken and then analyzed by a scientific image
processing software ImageJ. In Fig. 4.8 the CaOx crystallization process inside the microchannel is
illustrated.

U= 0.038 m/s (3.8 cm/s) U= 0.053 m/s (5.3 cm/s) U=0.010 m/s (10 cm/s)

t=>5s

t=10s

Figure 4.8: CaOx crystallization process inside the microchannel under 5x magnification under the Zeiss microscope

The radius of CaOx particle was calculated based on the particle area by assuming CaOx particle
is to be spherical. The radius started to be analyzed at the time when there a number of CaOx particles
occurred inside the microchannel. Growth rate of CaOx crystals for different relative velocities with
equal solution concentration is presented in Table. 4.8. The mean radius of CaOx versus time for
relative velocity U=0.02 m/s (2.0 cm/s) is shown in Fig. 4.9 and that for the other pressures is shown
in the appendix. C.

Pressure | Velocity | Velocity | Growth rate | Growth rate | 95% Confidence interval | 95% Confidence interval
(mbar) (cm/s) (m/s) (cm/min) (m/s) (cm/min) (m/s)

30 2 0.02 284 x107* [ 473 x 1078 [ 2.34 x 1074,3.36 x 10°* | 3.90 x 107%,5.60 x 1078
50 3.8 0.038 2.81x107* | 468 x 1078 | 2.32 x 1074,3.31 x 107* | 3.89 x 107%,5.52 x 1078
70 5.3 0.053 2.65x 107* | 4.42 x 1078 | 2.06 x 107%,3.24 x 10™* | 3.43 x 107%,5.40 x 1078
110 8.4 0.084 252x107* | 420x 1078 | 210 x 107%,2.94 x 10~* | 3.50 x 107%,4.90 x 1078
130 10 0.1 284 x107* | 473 x 1078 | 2.30 x 1074,3.39 x 10* | 3.83 x 107%,5.65 x 1078

Table 4.8: Growth rate in different relative velocities with equal solution inlet concentrations €5, ¢q=C5 0x=0.0039 (mol/L)

In Fig. 4.9, the linear changes in mean CaOx radius over time was extrapolated to estimated the
growth rate when the relative velocity U is 3.8 cm/s. The fluctuations in data might be caused by the
formation of nucleation and agglomeration and they did not affect the overall trend drawn from analyzing
the rest of the data. The results in Table. 4.8 showed that the effect of relative velocity on the CaOx

growth rate is quite limited.
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CaOx growth at U=0.02 m/s (2cm/s)
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Figure 4.9: CaOx mean radius vs time for relative velocity U=0.020 m/s (2.0 cm/s) with equal inlet solution concentration
Cio,ca=Cao,0x=0.0039 (mol/L)

A comparison between experimental data and modelling results for the CaOx growth rate in differ-
ent relative velocities is presented in Fig. 4.10. The physiochemical parameters used in this model are
presented in Table. 4.6. In which, the uninhibited and unpromoted reaction rate constant is based on
the measurements done by Meyer and Smith [22]. It shows a relative good qualitative match between
the experimental data and modelling growth rate prediction. Quantitatively, both results show the mag-
nitude of growth rate is in an order of 1078 m/s. However, the experimental obtained growth rate is
higher than the modeling obtained growth rate. A possible reason is that the surface reaction constant
is higher than expected.
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Figure 4.10: Effect of relative velocity U on the CaOx growth rate for different solution supersaturation based on equal Ca and

Ox solution concentration .
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Figure 4.11: Effect of relative velocity U on the Ca and Ox surface concentration for different bulk solution supersaturations S;,
based on equal Ca and Ox solution concentration.
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According to Eqn. 4.1 the change in growth rate is because of variations in the Ca and Ox surface
concentration. In order to see what is happening around the CaOx particle, it is crucial to exam the
effect of the relative velocity on the surface concentration of Ca and Ox for different supersaturation
RSins as shown in Fig. 4.11. Ca and Ox surface concentrations at lower solution supersaturations are
almost equivalent to the corresponding bulk concentration values in the solution. To provide a better
overview, the impact of the Km (function of U, see Eqn. 4.8) on the Ca and Ox surface concentrations is
displayed in Fig. 4.12. It is shown that the growth rate is controlled by the transport in the limit of small
Km or U, especially at higher supersaturations the transport has more effect on the growth process.
As expected, for slow transport process the rate of ions get onto the CaOx surface cannot keep up
with the rate of ions consumed by the reaction on the CaOx surface. Thus, for large Km or U the Ca
and Ox concentrations approach the bulk concentrations, the growth rate becomes independent of the
transport process.
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Figure 4.12: Effect of Km on the Ca and Ox surface concentration for different solution supersaturations RS;, based on equal
Ca and Ox solution concentration.
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The reaction rate constant is dependent on urine chemical composition, the presence of inhibitors
and promoters in the solution such as citrates, magnesium and alpha defensin etc. It is interesting to
examine the influence of relative velocity on the CaOx growth rate at different reaction rate constant
which varies from 0.2 to 2000 (L/mol)(cm/s) in Fig. 4.13. It shows that as the reaction rate constant
increases, the CaOx growth rate becomes greater influenced by the relative velocity, especially when
the reaction rate constant is at order of magnitude 103. Thus, at higher reaction rates, the CaOx growth
rate is controlled by the transport. However, for lower reaction rates, where the crystallization is limited

by the reaction, the CaOx growth rates are independent of transport.
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Figure 4.13: Effect of U on the CaOx growth rate for different surface reaction rate constant S;,,s based on equal inlet solution
concentration Cs, ¢q=Cs 0x=0.0039 (mol/L).
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The relation between CaOx growth rate and the CaOx crystal radius for different relative velocities
is shown in Fig. 4.14. The growth rate starts to decrease at a radius around 10~3 cm and decreases
more as the crystal radius increases. The reason for this decrease can be explained by the fact that as
the crystal radius gets bigger, ions needed by the reaction becomes incapable to be transported from
the bulk to the larger surface areas of crystals. It is noted that for higher relative velocities, where the
growth rate is more limited by the surface reaction, the growth rate starts to decrease at a bigger crystal
radius in comparison with lower relative velocities. From Fig. 4.14 it can be seen that the growth rate

is controlled by the surface reaction at around radius of 10~3 cm.
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Figure 4.14: Effect of radius on the CaOx growth rate for different relative velocites with equal inlet solution concentration
Co,ca=Ca0,0x=0.0039 (mol/L), K,=22 (L/mol)(cm/s) and S5 = 25.
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4.2.2. Crystal growth of unequal Ca and Ox concentrations
In the previous experiments, equal molar Ca and Ox inlet concentrations were used for crystal growth
study. In this section, the experiments were performed under hypercalciuria condition where the Ox

inlet concentration is one thirtieth of the Ca inlet concentration.

U= 0.015 m/s (1.5 cm/s) U= 0.035 m/s (3.5 cm/s) U= 0.075 m/s (7.5 cm/s)

t=160s

Figure 4.15: CaOx crystallization process inside the microchannel under 10x magnification under the Nikon microscope for
different relative velocites with Ca inlet concentration= 0.012 M and Ox inlet concentrations= 0.0004 M.

The examination of CaOx particles was done by Nikon microscope at 10x magnification with the focus
on the PDMS microchannel wall where the crystals are stationary (fixed). In Fig. 4.15 the CaOx crystal
formation inside the microchannel at particular time step for different flow velocities is shown. CaOx
crystal images were captured by Andor Zyla sCMOS camera and submitted to ImagJ for the analysis
of the images, from which the surface area of each individual particles is extracted at two differet time
steps. The radius of particle was calculated based on the particle area by assuming CaOx particle is
to be spherical. In Table. 4.9 the average growth rate of crystal along with 95% confidence interval is

reported.
Velocity | Velocity | Growth rate | Growth rate | 95% Confidence interval | 95% Confidence interval
(cm/s) (m/s) (cm/min) (m/s) (cm/min) (m/s)
1.5 0.015 471x1075 [ 7.85x 107° [ 424 x 1075,5.18 x 1075 [ 7.07 x 107°, 8.63 x 10~°
3.5 0.035 436 x 1075 | 7.27 x 107° | 3.90 x 107%,4.82 x 107> | 6.50 x 102, 8.03 x 10~°
7.5 0.075 449 x 1075 | 7.48 x 107° | 4.09 x 107%,4.89 x 107> | 6.82 x 1072, 8.15 x 10~°

Table 4.9: Growth rate for different relative velocities with Ca inlet concentration= 0.012 M and Ox inlet concentration= 0.0004
M.

The results in Table. 4.9 show the influence of relative velocity is quite limited. A comparison be-
tween experimental data and modelling results for the CaOx growth rate in different relative velocities
is presented in Fig. 4.16. Again, the physiochemical parameters in Table. 4.6 were applied. Quali-
tatively, these results indicated that the data obtained from the microfluidic experiments and modeling
were highly consistent as same dependence pattern is observed as a function of velocity U. Quanti-
tatively, both results show the magnitude of growth rate is in order of 10~° m/s and the experimental
obtained growth rate is higher than the modeling obtained growth rate.
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Figure 4.16: Effect of relative velocity U on the CaOx growth rate for different solution supersaturation based on C3, ¢4/C%, 0x=30.
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Figure 4.17: Effect of relative velocity U on the surface concentrations of Ca for different solution supersaturation R, based on
Coo,calCoo,0x=30.
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Figure 4.18: Effect of relative velocity U on the surface concentrations of Ox for different solution supersaturation based on

Cdo,calCo,0x=30.

The effect of the relative velocity on the surface concentration of Ca and Ox for different supersatu-
ration S;, is shown in Fig.4.17 and Fig.4.18. These findings indicated the same patterns as observed

in the equal molar concentration results. Fig.4.19 and Fig.4.20 show the surface concentration of Ca

and Ox as a function of the relative velocity U for different surface reaction rate constants. When kr

increases from 0.2 to 2000, the surface concentration of Ca was decreased with 2%, while that of Ox

decreased with 80%. Thus, it is interesting to note that for unequal molar ionic concentrations, the

crystal growth rate is more dependent on the ionic concentration of ion that is present in the lowest

quantity in the bulk solution.
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Figure 4.19: Effect of relative velocity U on the surface concentrations of Ca for different surface reaction rate constants Kr based
0N Coo,calCoo,0x=30 and Sy r= 11.
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Figure 4.20: Effect of relative velocity U on the surface concentrations of Ox for different surface reaction rate constants Kr based
0N Coo,calCoo,0x=30 and Sy, r=11.
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The relation between CaOx growth rate and the crystal radius for different relative velocities is shown
in Fig. 4.16. The results show the same trends observed in the equal molar bulk solution concentrations
case. For the particle radius r smaller than 102 cm, the crystal growth rate is insensitive to the relative

velocity U. It indicates that the growth rate is controlled by the surface reaction kinetics at particle radius

around 1073 cm.
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Figure 4.21: Effect of radius on the CaOx growth rate for different relative velocites based on €3 cq/Coo,0x=30 and Sy, = 11,
K,-=22 (L/mol)(cm/s).
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4.2.3. Osteopontin
The inhibitor osteopontin (OPN) was chosen for study because it has been shown to decrease the
formation and growth of calcium oxalate crystals [43]. OPN is a negatively charged acidic hydrophilic
single-chain protein with a molecular weight of approximately 60 kDa [21]. The three OPN concentra-
tions that have been tested under the same Ca and Ox bulk concentrations (0.012 M and 0.0004 M
respectively) and relative velocity U=0.015 m/s (1.5 cm/s) were 1.44, 3.60 and 5.04 ug/mL. In Fig. 4.15
the CaOx crystal formation inside the microchannel at particular time step for OPN concentrations is
shown.The results of growth rate were summarized in Table. 4.10.
OPN=1.44 ug/mL

Without OPN OPN=3.60 ug/mL

t=160s

Figure 4.22: CaOx crystallization process inside the microchannel under 10x magnification under the Nikon microscope for
different OPN concentrations at U= 0.015m/s (1.5 cm/s).

Molar ratio OPNin OX. Growth rate | Growth rate | 95% Confidence interval | 95% Confidence interval
. . stock solution . .
OPN: Caion (cm/min) (m/s) (cm/min) (m/s)
(pg/mL)
2x 1076 1.44 257 x10° [ 428 x 1077 [ 238 x 107>,2.75x 10™° | 3.97 x 1072,4.58 x 107°
5x 107° 3.6 126 x 1075 | 210 x 107° | 1.14x 1075,1.38 x 1075 | 1.9x 107°,2.3 x 107°
7 x107° 5.04 - - - -

Table 4.10: Growth rates at different OPN concentrations with Ca=0.012 M and Ox=0.0004 M in the stock solutions

As expected, in the presence of OPN, the growth rate of calcium oxalate crystal was lower than the
case where OPN is absent. The growth rate is a function of OPN concentration and obtain lower values
at larger OPN concentration. For OPN concentration 5.04 ug/mL, no crystals were observed after 30
min. As the growth of calcium oxalate crystal occurs most rapidly at steps on hillocks generated from
screw dislocations, it is believed that OPN is adsorbed to these growth steps [40]. A large number of
carboxylic acid of OPN will strongly bind the steps, leading to step pinning, modification of step kinetics
and as a result the growth rate is inhibited [29].

In all the above cases, the supersaturation at the centre-line was assumed to be remained virtually
constant for a while. However, it should be noted that the assumption of constant supersaturation

declines in validity.
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5.1. Conclusion

5.1.1. Supersaturation simulation using CFD tools

The main goal of this research is to study the growth rate of CaOx crystal at different relative velocities
and ionic specie concentrations. The first step was to structure a 3D model of the microchannel used in
the experiment with ANSYS/Fluent CFD code. In this simulation, the flow dynamics and mass transfer
were combined to determine the supersaturation profile in the microchannel for different constant flow
rates and Ca and Ox inlet concentrations. It was found that the maximum supersaturation is reached
near the centre of the microchannel at position y =-1 ym and the maximum supersaturation value was
half of the inlet ionic concentrations. The results showed that the supersaturation values at x= 500 ym
and 6 ym away from the interface in y-direction deviate negligibly from the maximum value. Thus, for
the microfluidic CaOx growth rate experiments the crystal particles in the region yinterace = Ay, X >500

pUm were analysed for the size measurement.

5.1.2. Calcium Oxalate Crystal Growth

In this study, a PDMS microfluidic channel was used to mimic the collecting duct in kidney. The crys-
tal growth rate measurements were measured with a aid of an optical microscope, which provided a
continuous observation of growth during the entire experiment. The experiments were conducted in
an equal molar ionic concentration condition where Ca and Ox inlet concentrations= 0.0039 M and in
an unequal molar concentration condition where Ca inlet concentration= 0.012 M and Ox inlet concen-
tration= 0.0004 M. Qualitatively, the data obtained from experiments and the modelling results were
highly consistent. Quantitively, the experimental obtained growth rate is higher than the modelling
growth rate. It was shown that the crystal growth rate increases with solution supersaturation increas-

ing and decreases with the crystal size increasing. The findings also indicated that under conditions

45
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of low bulk solution supersaturation and low surface reaction constant values, the growth rates are
controlled by the surface reaction kinetics and independent of the species transport. When the bulk
solution supersaturation and surface reaction constant values are high, the Ca and Ox surface concen-
trations become lower than their bulk solution values and the crystal growth rates are controlled by the
species transport. It was also shown that in the presence of inhibitor osteopontin, the crystal growth
rate was decreased. For osteopontin concentration 5.04 ug/ml, there was no sign of crystals after 30

min.

5.2. Recommendations
* It is recommended to perform all the preparation and semi-curing steps in a dust free working
environment to limit the impurities inside the microchannel. By increasing the chance of success

of making usable microfluidic device will reduce the workload and save time.

+ Itis advised to perform this study with other different Ca and Ox inlet concentrations and compare

the experimental results with the modelling obtained results.

» The physiological conditions in the collecting duct can be better mimicked by using artificial urine.

It is suggested to perform the experiments under artificial urine condition.

* In the current CFD simulation, the precipitation reaction between Ca and Ox is not yet incorpo-
rated. To obtain supersaturation profile with higher accuracy, PBE model could be coupled to a

CFD model using an Eulerian approach.

* In order to have a constant flow rate during the experiment, the flow rate controller can be used.



Supersaturation curves
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Figure A.1: The variation in supersaturation with y-coordinate for different x width position of the microchannel at z=8.5 um for
Ca inlet concentration=0.0039 M, Ox inlet concentration=0.0039 M, flow rate= 2.7 x 10~1% m3 /s, mean velocity=0.020 m/s (2.0
cm/s).
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48 A. Supersaturation curves
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Figure A.2: The variation in supersaturation with y-coordinate for different x width position of the microchannel at z=8.5 um for
Ca inlet concentration=0.0039 M, Ox inlet concentration=0.0039 M, flow rate= 5.0 x 10~1% m3 /s, mean velocity=0.038 m/s (3.8
cm/s).
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Figure A.3: The variation in supersaturation with y-coordinate for different x width position of the microchannel at z=8.5 um for
Ca inlet concentration=0.0039 M, Ox inlet concentration=0.0039 M, flow rate= 7.0 x 10~1% m3 /s, mean velocity=0.070 m/s (7.0
cm/s).
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Figure A.4: The variation in supersaturation with y-coordinate for different x width position of the microchannel at z=8.5 um for
Ca inlet concentration=0.0039 M, Ox inlet concentration=0.0039 M, flow rate= 1.1 x 10~° m3 /s, mean velocity=0.084 m/s (8.4

cm/s).
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Figure A.5: The variation in supersaturation with y-coordinate for different x width position of the microchannel at z=8.5 um for
Ca inlet concentration=0.012 M, Ox inlet concentration=0.0004 M, flow rate= 2.0 x 1071 m3/s, mean velocity=0.015 m/s (1.5

cm/s).



50 A. Supersaturation curves
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Figure A.6: The variation in supersaturation with y-coordinate for different x width position of the microchannel at z=8.5 um for

Ca inlet concentration=0.012 M, Ox inlet concentration=0.0004 M, flow rate= 4.6 x 10~1° m3 /s, mean velocity=0.035 m/s (3.5
cm/s).



Experimental setup

Figure B.1: The CaOx crystal growth microfluidic experimental setup
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Figure C.1: CaOx mean radius vs time for relative velocity U=0.038 m/s (3.8 cm/s) with equal inlet solution concentration
Cio,ca=Céo,0x=0.0039 (mol/L)
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Figure C.2: CaOx mean radius vs time for relative velocity U=0.053 m/s (5.3 cm/s) with equal inlet solution concentration
Cs,ca=Co0,0x=0.0039 (mol/L)
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Figure C.3: CaOx mean radius vs time for relative velocity U=0.084 m/s (8.4 cm/s) with equal inlet solution concentration
Cio,ca=Cao,0x=0.0039 (mol/L)
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CaOx growth at U=0.10 m/s (10cm/s)
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Figure C.4: CaOx mean radius vs time for relative velocity U=0.01 m/s (10 cm/s) with equal inlet solution concentration
Cio,ca=Céo,0x=0.0039 (mol/L)
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