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ABSTRACT

Kidney stones may be uncommon is certain parts of the world. On the other hand, considering the percent-
age of cases in the western world, one can say it is worrisome. Anyone can have kidney stones, which may be
easily passed out of the kidney through the urine. It only becomes a cause for concern when the stones grow
beyond a certain size. They can cause flank and abdominal pains, fever, painful urination, etc., and can subse-
quently result in kidney failure if the patient has only one kidney present. In that case, a kidney stone patient
may require the attention of a nephrologist. Advancement in technology has provided conventional tech-
niques such as ureteroscopy (URS), percutaneous nephrolithotomy (PNL) and shockwave lithotripsy (SWL)
for treating kidney stones.

One may wonder what exactly these stones are. They are nothing extraordinary but rather made of cal-
cium oxalate (CaOx) crystals which are formed from a supersaturated urine. CaOx crystal which is a product
of crystallization occurs in two forms, calcium oxalate monohydrate (COM) and calcium oxalate dihydrate
(COD). Crystallization is a very simple and effective purification and phase separation process used in the
chemical and pharmaceutical industry. This process is usually influenced by many factors such as concen-
tration, temperature, mixing, impurities, etc.

The presence of oxalate in urine is a major contributor to the formation of kidney stones. High concen-
tration of oxalate combines with calcium to form CaOx. On the other hand, injury to the kidney tubular
epithelial cells results in the expression of Hyaluronic acid (HA). HA has since been considered as a binding
agent which causes the retention of kidney stones. Furthermore, some scientists are of the idea that HA may
also influence the formation of kidney stones.

A novel method was developed to study the nucleation kinetics of CaOx in artificial urine under the in-
fluence of varying oxalate and HA concentrations. The method involved crystallizing CaOx (COM, COD) in
emulsions (micro-droplets) that were generated by and stored in a microfluidic device. Incorporating polar-
ized light microscopy also allowed COM and COD to be detected at the same time. The cumulative probabil-
ity distribution as a function of induction time for COM and COD was determined and fitted to the Weibull
model. The induction time is the average time at which the first crystal is detected in the droplets.

As was expected, higher oxalate concentration shortened the induction time for both COM and COD.
Surprisingly, increasing HA concentration induced the formation of COM whiles inhibiting the formation of
COD. In general, the frequency of COD was always less than that of COM. In conclusion, the idea that HA
played a role in the formation of kidney stones was confirmed. This was the most important part of the re-
search.

Keywords: Kidney stones, URS, PNL, SWL, Nucleation, Emulsions, Polarized light microscopy, Weibull model.
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1
I NTRODUCTION

Crystallization is basically a puri�cation and a phase separation process which is used in the pharmaceutical
and chemical industries for production of chemicals such as fertilizers and other high-valued products. Not
only is it an industrial process but also a biological process occurring right within the human body.

Kidney stone is a product of crystallization that consist of aggregates of tiny crystals. Large stones can be
problematic when an individual passes urine for instance. Developing drugs to combat such a condition can
be time consuming and less ef�cient with the mainstream technologies. Also, current development of drugs
is very costly. Clinical trials are less effective as individuals react differently to drugs. Babies, for example are
at risk as clinical trials are not done on them. The inef�ciency of drug development and clinical trials has
led to a new branch of techno-medicine where a home for cells outside of the body (organ/human on chip)
is developed to provide the basic functionality of human organ(s). Drug development and clinical trials can
then be personalized by putting, for example, one's own stem cells in the chip and learning how they interact
with the drugs.

In this work, only the chip is considered which is the �rst stage of to achieving an organ on a chip system.
In vitro kidney stone research that involves crystallization of CaOx needs to be done in arti�cial urine so as to
mimic the renal environment as much as possible. Several studies on this subject have made use of arti�cial
urine and MSMPR crystallizers. However, these crystallizers may perhaps, provide a system (�uctuating tem-
perature and macromixing) which is on a larger scale compared to the kidney. Therefore, an arti�cial urine
(AU) environment was incorporated within a micro�uidic device, also referred to as micro�uidic chip.

1.1. UROLITHIASIS OR KIDNEY STONE D ISEASE
Understanding the epidemiology of kidney stone is very important to providing underlying methods to com-
bat it. The occurrence of kidney stones varies depending on geography, age, sex, and even race. The presence
of kidney stones among people all over the world is reported to be around 12%, while 5-10% of western world
is reported to be living with kidney stones as well [11, 12]. Most surveys carried out also indicate a higher
percentage of kidney stone occurrence and reoccurrence in males (10-12%) compared to females (5-6%) be-
tween ages of 20-49 years [13].

Certain abnormalities and high levels of chemical composition in urine creates a perfect stage for the oc-
currence of kidney stones. Several reports suggests that there is also a link between dietary conditions and
kidney stone formation. High intake of dietary calcium, oxalate, salts, and animal protein may all increase
the risk of stone formation [14, 15]. However, lowering the intake of dietary calcium alone is no longer rec-
ommended for preventing reoccurring kidney stones, speci�cally calcium stones [16].

Kidney stones are formed in different parts of the urinary system such as the kidney, ureter, urethra, and
urinary bladder. In line with most research, most stones are found in the upper urinary tract which consist
of the ureter and the kidneys [17]. The kidneys in particular are the �lters of the human body. They �lter out
waste product and excess water from the blood and eliminate them as urine. The ureter on the other hand,

1
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serves as the connecting tube between the kidney and the bladder. They are responsible for draining out urine
from the kidneys into the bladder. During �ltration, supersaturation with respect to certain compounds is
created thereby leading the potential formation of kidney stones. The presence of these stones in the kidney
calyces are considered harmless. The problem arises when the stones get stuck in the ureter.

Figure 1.1: Location of kidney stones in the upper tract of the urinary system [1]

Every single human is capable of forming these stones, but the stone has to growth to a certain size (above
7 mm) for patients to require medical attention [18]. Because of the different locations of stones in the uri-
nary system, signs and symptoms may differ in many ways. Some general signs and symptoms include the
following.

• Blood in urine

• Flank and abdominal pains

• Urinary obstruction and retention

• Painful urination

• Fever, nausea and vomiting

1.1.1. TYPES OFKIDNEY STONES
Kidney stones have been known to man for ages and extensive research been carried to explain the causes and
mechanisms for its formation. Kidney stones come in different types with some having a higher frequency
than others. The stones are categorized based on the composition of stone-forming substance. In essence,
there are 4 different types of kidney stones 1) Calcium, 2) Struvite, 3) Uric acid, and 4) Cystine stones.

Figure 1.2: Type of stones. (A) cystine crystal; (B) struvite crystals; (C) calcium oxalate dihydrate crystals; (D) calcium oxalate
monohydrate crystal; (E) rectangular uric acid crystals; and (F) rhomboidal uric acid crystals [2]
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CALCIUM STONES

Statistics show that 70-80% of kidney stones contain calcium oxalate and calcium phosphate (Brushite), with
calcium oxalate (CaOx) being the principal component [2, 19, 20]. Only 5% of kidney stones is made up of
calcium phosphate which occurs when the urine pH is high (pH > 7.5). In contrast, an acidic urine, (pH 5.0-
6.5) rather favours the formation of calcium oxalate. The most common type of CaOx which has the greatest
propensity of forming stones is the thermodynamically stable COM followed by the less stable COD [21, 22].
COM crystals are considered pathogenic due to their usual presence in the urine of stone formers, whereas
COD is physiological as they can be found in the urine of healthy individuals when it is concentrated [21].
Although there is a third type of CaOx which is the unstable COT, however, its presence in kidney stones is
rare.

STRUVITE STONES

Struvite is another another stone type that is formed due to the an infection in the urinary tract. It is made
up of magnesium, waste ammonium, and phosphate. The frequency of struvite stones is known to be about
10-15%.

URIC ACID STONES

Not only does excess amount of uric acid in the blood cause gout, it is also a contributor to kidney stone
disease. About 3-10% of kidney stones are due to uric acid.

CYSTINE STONES

Cystine is a compound that is considered as a building block for muscles, nerves, etc in the human body. An
excess build up of this compound is as a result of a disorder known as cystinuria which leads to the formation
of stones. The presence of cystine stone generally accounts for less than 2% of kidney stone cases.

1.1.2. TREATMENT
Advancement in technology has provided useful techniques for the treatment of kidney stones. Some of
which include ureteroscopy (URS), percutaneous nephrolithotomy (PNL), and shockwave lithotripsy (SWL).
URS is a process where a small telescope is passed through the urethra and the bladder and up through the
ureter to the stone location. PNL is done by inserting a nephroscope through an incision on the back of the
patient near the pelvis region to get rid of the stones. SWL as the name implies is where shock waves outside
the patient's body are directed towards the kidney stones causing them to disintegrate.

The type of treatment technique used is dependent on several factors including on stone size, composi-
tion, location, and obesity. SWL for instance is not recommended for cases where patients are obese. Stones
made of cystine are very hard and cannot be treated with SWL [2]. However, high stone-free rates (RSFs) are
obtained when SWL is used on stones with sizes less than 20 mm. Lager stones ( > 20mm) are mostly treated
with PNL as it is size independent. Flexible URL may also be used as a second option to PNL for treatment
larger stones but SFRs are lower [23].

As mentioned before, the major portion of the kidney stones matrix is made up of crystals. However,
there are other organic macromolecules such a glycosaminoglycans (GAGs) which are present within the
stone matrix. An example of such molecule is hyaluronic acid.

1.2. A REVIEW OF H YALURONIC ACID (HA)
The process of kidney stone formation is complex and it involves nucleation, growth, and aggregation of
crystals [24–26]. Also, adherence of CaOx crystals to tubular surfaces is considered crucial in kidney stone
formation [27, 28]. These processes are in one way or the other in�uenced by an environment containing
supersaturated-crystal forming ions (e.g. Mg Å , Ca2Å) and other organic macromolecules such as HA [22].

Hyaluronic acid is basically a high-molecular mass polysaccharide which is identi�ed as a major crystal-
binding molecule. The anionic nature of HA allows for complex interaction with cations and Ca 2Å in par-
ticular. It is known to have a promoter and inhibitor effects on nucleation and growth rate respectively [28].
Furthermore, the attachment of crystals in the tubules is considered to be a result of regenerating cells that
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expresses HA at their surfaces [27, 29, 30].

The adsorptive nature of COM also allows them to bind to these macromolecules or vice versa, and further
for attaching epithelial cells surfaces. During attachment, the residence time is increased allowing suf�cient
crystal growth and aggregation for problematic stone size [29, 31].

A couple of researches have investigated the mechanisms governing the relationship between HA and
COM crystal in different solutions. Other experimental environments such as rat kidney and human renal
tubular cells have been used to study the adhesion effect.

Lamontagne [31] demonstrated the adhesion capability between HA and COM crystal and the implica-
tion of crystal faces, pH, and citrate. HA-coated AFM probe was brought into contact with the surface of the
[100] face COM crystal (15¹ m), in the presence of arti�cial urine, calcium oxalate solution, and pure water,
and immediately retracted. The adhesion work it took to separate HA-probe and crystal surface was then
measured.

Arti�cial urine with increasing pH led to a 25% decrease in energy required to detach HA-probe and crys-
tals surface. The introduction of citrate at varied arti�cial urine pH led to an overall reduction of interaction
forces of molecules. The effect of citrate on adhesion work was very signi�cant, thereby overcoming the in-
�uence of pH. The adhesion in calcium oxalate solution was relatively low due to low Ca 2Å concentration in
solution, whereas, no attraction existed in the case of pure water as crystal surfaces became unstable due to
dissolution.

Asselman [32] also investigated the role of HA, Osteopontin, and CD-44 in CaOx crystal retention in dam-
aged tubular epithelial cells caused by ethylene glycol in rat kidney. CaOx crystals formed were retained in
tubules in the case of injured tubular epithelial cells. Crystal retention however, reduced in the absence of
injury. Verhulst [29] showed that crystal binding had reduced when tubular cells in the human nephron ex-
pressing HA were digested by an enzyme. The bottom line is that the over expression of HA during cell injury
and regeneration may indeed have a role to play in kidney stone formation.

The focus of this research work is to determine the effect of hyaluronic acid on the nucleation kinetics
of calcium oxalate monohydrate and calcium oxalate dihydrate. Hyaluronic acid was chosen as an inhibitor
and promoter because of the suspicion that it may actually be involved in the nucleation of calcium oxalate.

1.3. ARTIFICIAL URINE (AU)
Urine contains lots of substances capable of in�uencing the formation of CaOx crystals. Several researches
have been done to determine the inhibitor and promoter effect of these substances on crystal formation
[33, 34]. An in vitro studies of kidney stones requires environmental conditions similar to human urine. As
such, Grif�th [35], came up with the �rst arti�cial urine which has been altered over the years [36].

Deepak [37], gives a summary of the original and subsequent studies on the constituents of arti�cial urine
used in different research �elds. They proposed a composite arti�cial urine media concentration based on
the average values in reference studies. Arndt [36], also made use of arti�cial composition based on the
work of Grif�th et al., where a range of equivalent compounds in healthy human urine was also presented.
Chutipongtanate [38], analyzed six different arti�cial urine samples whose compounds were mostly found to
be beyond the physiological ranges as seen in normal human urine.

The primary composition of arti�cial urine used in this research was based on that composed by Streit
[10], with a few adjustments to calcium and oxalate levels. These adjustments were done to ensure that
concentration levels were within the normal range. This arti�cial urine amongst many was selected since
it provided the solubility data for calcium oxalate.

All human urine are supersaturated with respect to calcium oxalate and, calcium phosphate which mostly
depends on pH [39]. This means that once supersaturation is reached, calcium salts will start to crystallize.
For this reason, the initial preparation of the arti�cial urine used in this research contained no calcium and
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oxalate. Calcium and oxalate were added later on to obtain a complete arti�cial urine. Given that this work
investigates calcium oxalate precipitates, the amount of calcium used were always within the normal range
(i.e. 2.5 – 7.5 mM) [40]. On the other hand, a relatively higher percentage of patients were seen to have hy-
peroxaluria where oxalate levels were above 0.45 mM [40]. Hence, oxalate levels used in this work always
exceeded 0.45 mM.

Table 1.1: Composition of arti�cial urine used in this research according to Streit et al [10]

Compound Concentration (mM)
Equivalent compounds in 1L healthy
adults human urine [36, 40]

Vendor

NaCl 90 2.5-7.5 mM Calcium Fluka
KCl 42 1-10 mM magnesium Emsure
NH 4Cl 20 60-200 mM sodium Sigma-Aldrich
Creatinine 7 20 mM sulphate Sigma-Aldrich
Urea 300 120-240 mM chloride Emprove
Tri-sodium citrate 2 20-45 mM phosphate Emprove
MgSO4 ·7H2O 2 30-100 mM potassium Sigma-Aldrich
Na2SO4 13 40 mM ammonium Sigma-Aldrich
NaH2PO4 16 200-600 mM urea Sigma-Aldrich
CaCl2 - 120 mM creatinine Sigma-Aldrich
Na2C2O4 - - Sigma-Aldrich
Measured pH 5.57 - -

1 CaCl2and Na2C2O4 concentrations were not given in this table as the concentrations varied from
Raman experiments to micro�uidic experiments. It is also important to note that a complete arti-
�cial urine includes soluble amounts of CaCl 2 and Na2C2O4 (refer to table [ ? ] and [ ? ].

1.4. RESEARCHGOALS AND OBJECTIVES
The goal was to determine the induction for COM and COD under varying oxalate and hyaluronic acid con-
centration. To answer this, certain questions needed to be asked. For example:

• A complex solution such as the AU adopted in this research, what will be the outcome when calcium
and oxalate are reacted together ?

• Will the solution appear entirely crystal clear prior to mixing calcium chloride and sodium oxalate ?

• Will the intended crystal be formed or not, and if so which hydrate of the calcium oxalate hydrate is to
be expected ?

• How will Hyaluronic acid in�uence the cumulative probability and induction time of calcium oxalate ?

Answers to these questions will provide certainty for induction time measurements of calcium oxalate in
arti�cial urine.

Prior to this, several trial experiments were done to try and form the basis of the reactants concentration
needed. The necessary optimized conditions were required to ensure the formation of individual crystals. It
was also important to keep in mind the solubility levels of calcium and oxalate in the chosen arti�cial urine.
Not forgetting the fact that calcium and oxalate levels had to be within normal levels as found in human urine.

To obtain answers to these questions, the experiments were performed in a chronological order as follows.

• Several arti�cial urine found in the literature were considered. Their compositions were compared with
the normal levels in human urine to ensure that the �nal urine selected had compositions within the
normal range.

• Precipitation of COM and COD in arti�cial urine was done using Crystalline. This was to give a fair idea
of the reactant concentrations needed to precipitate.

• Raman spectroscopy was used to monitor the molecular signatures of the crystals formed in 4 ml bulk
solution to determine the type of crystals formed.
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• Different concentrations of sodium oxalate and hyaluronic acid were used in the micro�uidic crystal-
lization part.

• Polarizing light microscopy was used together with droplet-based micro�uidics, a new method de-
veloped to measure induction time of crystals in micro-droplets. This method provided a means of
drawing a clear distinction between the induction time for COM and COD.



2
CRYSTALLIZATION

2.1. THEORETICAL BACKGROUND
At the end of this work, it will be quite nice to be able to interpret and relate the results to CNT. Crystallization
basically occurs in two main steps, crystal nucleation and growth. As the aim of this work is focused on
nucleation, the theory behind it is very important to the reader. A short introduction of the crystalline state
of calcium oxalate is necessary to give the reader a fair idea of the crystal dynamics.

2.1.1. CRYSTALLINESTATE
Aside the existence of some 200 known liquid crystals, solid crystal is what is usually known. They may come
in different sizes and external shapes. Crystal shapes are basically de�ned by the repeating arrangement of
molecules, ions, or atoms along the lattice structure of the crystal. Every crystal has several faces which have
equal angles to each other (i.e., Ha üy's Law of constant interfacial angle), and are symmetric about a point,
line, or plane. Based on the symmetry, crystals are classi�ed into seven systems. However, only two of these
systems (tetragonal and monoclinic system) de�ne calcium oxalate polymorphs.

COM and COD are polymorphs of calcium oxalate and are chemically identical but have different shapes.
COM crystals have a monoclinic system whereas COD crystals have a tetragonal system. Both systems are
describes by three axes (x,y,z) and angles (®, ¯ , ° ). In the case of a tetragonal system, ® = ¯ = ° = 90± and
x Æy 6Æz. In a monoclinic system, ® = ¯ = 90± 6Æ° and x 6Æy 6Æz . The shapes of COM and COD observed
during experiments are described in the simplest form as seen in �gure 2.2.

Figure 2.1: Crystallographic axes for describing monoclinic and tetragonal system [3]

7
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(a) Tetragonal
bipyramid COD crystal

(b) Monoclinic
rhomboid COM crystal

Figure 2.2: Simple forms of tetragonal and monoclinic systems [4], Refer to �gure 3.8 and 3.9 for crystal image

2.1.2. SUPERSATURATION
Nucleation mechanism may not be enough to cause crystallization. A certain driving force is also required
to drive the solutes into solidi�cation or crystallization. This driving force is known as supersaturation. The
schematic representation of supersaturation is often done using the solubility diagram. Solubility plays a
major role in crystallization by determining how easily a solute can dissolves in a solvent. In essence, it is
de�ned as the amount of solutes that can dissolve in a certain amount of solvent at a particular constant
temperature. A solubility diagram depicts three distinct zone; an undersaturated state where no nucleation
occur, a metastable zone where nucleation may occur but not spontaneously, and �nally, a supersaturated
state where spontaneous nucleation occur. The process of spontaneous nucleation can be achieved either by
cooling or evaporation of the saturated solution or by increasing solute concentration.

Figure 2.3: A schematic representation of solubility diagram [5]

DEFINING SUPERSATURATION RATIO

The small change in free energy ( dG) that is needed to drive a solution to a supersaturated state (i.e., spon-
taneous nucleation) can be expressed in terms of the chemical potential ( ¹ ). The chemical potential of a
species can be de�ned as the energy absorbed or released due a small change in the mole number of the
species (dn ). Furthermore, the difference, ¢ ¹ , in the chemical potential of the solute between the solution
(¹ s) and the precipitate ( ¹ p) can be written as

¢ ¹ ÆdG/ dn Æ¹ s ¡ ¹ p Æ ¡RT ln(a/ ao) (2.1)

where R is the universal gas constant, a is the solution activity of the solute before precipitation, and ao is
the solution activity of the solute when the solution is in equilibrium with the precipitated solute. The activity
of any salt or solute may be interpreted as the effective concentration given by

a Æ° C (2.2)
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The supersaturation ratio is therefore de�ned as

SÆ
a

ao
Æ

C

Co
(2.3)

where ° is the activity coef�cient and C and Co are the solute molar concentration before and at equi-
librium. At saturation, the solution is basically in equilibrium with the solute, hence, a = ao. Therefore, as
indicated in Eq.2.1, there will be no free energy for precipitation.

On the other hand, supersaturation is achieved when a > ao or when S > 1, which is often the case for
supersaturated solution. Therefore, there will be free energy for precipitation as depicted in Eq.2.1. In other
words, the larger the supersaturation, the more free energy there is for nucleation to occur.

2.1.3. NUCLEATION
The birth of any crystal is as a result of the process called nucleation. Although, supersaturation is considered
to be the driving force behind crystallization, there also has to be the presence of very tiny solid bodies, seeds,
or nuclei to serve as a source for crystallization [3]. The nucleation mechanism in principle can be divided
into primary and secondary nucleation. The idea is such that nucleation can either happen in the presence
or absence of crystalline matter or surfaces such as crystals, crystallizer walls, and impellers. The focus of
this work is primarily based on primary nucleation and therefore secondary nucleation is not considered.
Nucleation in the absence of crystalline mater (i.e., primary nucleation) can be possible in two ways, thus
homogeneous and heterogeneous nucleation.

2.1.4. PRIMARY NUCLEATION

H OMOGENEOUS NUCLEATION

In the absence of solid particles high energy is required for homogeneous nucleation to occur which makes it
a rare process [41]. Nevertheless, homogeneous nucleation occurs when constant molecular collision due to
�uctuations in the local concentration causes the formation of ordered clusters. A cluster is basically a group
of several nanoscopic solute molecules. The attachment and detachment of single molecules to and from the
cluster is what is known as Szilard mechanism [42]. Furthermore, the dynamics of cluster formation during
nucleation is described by classical nucleation theory (CNT). According to CNT, �uctuations in density and
other factors leads to the formation of clusters in which the resulting crystal nuclei have the same shape as a
mature crystal [43]. The theory assumes that cluster formation is by an additive mechanism where clusters
evolve in size by addition of single solute molecules [3, 44]:

AÅ A 
 A2 (2.4)

A2 Å A 
 A3 (2.5)

An-1 Å A 
 An (2.6)

where A is a single solute molecule, A n-1 is a cluster of two or more molecules, and A n is a critical cluster.

The geometry of a cluster in terms of dimension, L, can be de�ned by using the area and volume shape
factors, thus ¯ and ® respectively [45]. Hence, the cluster volume (V) and area (A) can be de�ned as shown in
Eq. 2.7 and 2.8.

V Æ®L3 (2.7)

A Æ¯ L2 (2.8)

The process of cluster formation can be described thermodynamically using Gibbs free energy. The over-
all excess free energy required for the formation of a new phase is de�ned as the sum the surface excess free
energy (¢GS) and the volume excess free energy ( ¢GV) as shown in Eq. 2.9. ¢GS is the free energy required
for the formation of a cluster surface. Similarly, ¢GV is the excess free energy required for the phase transfor-
mation. Also, ° is the interfacial tension between the developing crystalline surface and the supersatursted
solution [3, 45].

¢G Æ¢GSÅ ¢GV Æ¯ L2° Å ®L3¢Gv (2.9)
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The excess free energy is however, de�ned by assuming that a cluster will have a spherical shape. There-
fore, the volume and area will be dependent on the radius rather than length. In that case, Eq. 2.9 is written
accordingly as shown:

¢G Æ4¼r 2° Å
4

3
¼r 3¢Gv (2.10)

where ¢GS is proportional to the square of the cluster radius (r 2), ¢GV is proportional to r 3, and ¢Gv is
the Gibbs free energy per unit volume [46].

The formation of a nuclei depends on the competition between ¢GS and ¢GV. As seen in �gure 2.4, when
the cluster size is less than the critical size ( r < r c), the ¢GS term dominates causing an initial increase in
the overall excess free energy (¢G). The cluster basically becomes unstable and subsequently dissolves [44].
Contrariwise, when r > r c, ¢GV dominates, (since solid state is more stable than liquid state),causing the
overall excess free energy to go through a maximum at the critical radius. Beyond which the overall excess
free energy (¢G) becomes negative resulting in a stable and continuous cluster growth.

Figure 2.4: Free energy diagram explaining the concept of critical radius and energy [3]

The critical size ( r c) beyond which the nucleation occurs can be determined by differentiating Eq. 2.10
with respect to r and setting it to zero as shown below.

d¢G

dr
Æ8¼°r Å 4¼r 2¢Gv Æ0 (2.11)

r c Æ ¡
2°

¢Gv
(2.12)

The critical Gibbs free energy ( ¢Gcrit ) which is the amount of energy required to form a stable nucleus can
then be determined by substituting ¢Gv from Eq.2.12 in Eq.2.10.

¢Gcrit Æ
4¼°r c

2

3
(2.13)

The rate of nucleation ( J) is de�ned as the number of nuclei that form from a supersaturated solution per
unit time per unit volume. It is a temperature dependent reaction rate and can be simply modelled using
Arrhenius equation as shown in Eq.2.14. Furthermore, a relation between supersaturation and cluster size
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can be described using Gibbs-Thomson equation which is given in Eq.2.15 [45], where v is the molecular
volume, k is the Boltzmann constant and T is the absolute temperature.

J ÆA exp
µ
¡

¢Gcrit

kT

¶
(2.14)

ln (S) Æ
2° v

kTr
(2.15)

Substituting r c with r from Eq.2.15 into Eq.2.13 we obtain

¢Gcrit Æ
16¼°3v2

3(kT ln (S))2 (2.16)

According to CNT, the homogeneous nucleation rate of a crystal can now be expressed by substituting
Eq.2.16 in Eq.2.14

J ÆA exp
µ
¡

¢Gcrit

kT

¶
ÆA exp

µ
¡

16¼°3v2

3(kT ln (S))2

¶
ÆA exp

µ
¡

B

(ln (S))2

¶
(2.17)

where A and B are the kinetic and thermodynamic parameters respectively.

H ETEROGENEOUSNUCLEATION

In practical terms, the presence of impurities such as dust during crystallization is inevitable. Nucleation
in the presence of such foreign materials is termed as heterogeneous. This type of nucleation mechanism
proceeds faster compared to homogeneous nucleation. The formation of a nuclei on a surface or an interface
basically lowers the crystal nucleation work ( W ¤ ) (i.e., energy barrier for nucleation) or ¢Gcrit , which is as a
result of a reduced interfacial tension ( ° in Eq.2.16)[6]. In other words, the reduced interfacial tension creates
an energy barrier which is lower for heterogeneous nucleation compared to homogeneous nucleation [47] as
shown in �gure 2.6.

Figure 2.5: Comparison between ¢Gcrit (i.e.,¢G*) for homogeneous and heterogeneous nucleation [6]

This reduced interfacial tension in heterogeneous nucleation is known as effective interfacial tension
(° e f f ). It includes the different interfacial tension between the nucleus and supersaturated solution ( ° ), nu-
cleus and heterogeneous particle ( ° pn ), and the supersaturated solution and heterogeneous particle ( ° ps).
The relation between the effective interfacial tension and the interfacial tension can be represented as:

° e f f ÆÃ° , (2.18)

where Ã is the activity factor and ranges between zero and unity [43].
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Figure 2.6: A schematic representation for heterogeneous nucleation.

In terms of nucleation thermodynamics, the exponential parameter, B, simply re�ects the structure of the
nucleus and describes the nucleation work or the free energy barrier and are related as shown in Eq.2.19 [43].

W ¤

kT
Æ

Ã
4c3v2° e f f

3

27(kT )3(ln (S))2

!

Æ
µ

B

(ln (S))2

¶
(2.19)

where the shape factor c = (36¼)1/3 . This expression is valid for heterogeneous nucleation. In the case
of homogeneous nucleation, the effective interfacial tension ( ° e f f ) is replaced with interfacial tension ( ° ). A
smaller B value suggests that nucleation work is lower and nucleation proceeds faster.

On the other hand, the pre-exponential parameter, A, describes the nucleation molecular kinetics [43]. It
also describes the statistical process by which a building unit attaches to the nucleus [47]

A Æz f *C0 (2.20)

where z is the Zeldovich factor, f * is the attachment frequency, and C 0 is the concentration of nucleation
sites. The Zeldovich factor means that there is a possibility of cluster dissolution even thought it is larger than
the nucleus size [47]. A large A value either indicates a higher number of possible active nucleation sites or a
higher attachment frequency.

2.1.5. I NDUCTION TIME AND M ODELS

Induction time refers to the mean time gap between which supersaturation of a solution is reached and the
appearance of a new phase. The term 'new phase' always refers to the detectable solid crystal found in solu-
tion. One of the conventional methods for determining induction time is the use of Crytalline which is carried
out on macro-scale. The mode of operation is solely dependent on light transmissibility. A reduction in light
transmissibility indicates the presence of a crystal in the solution. That moment of reduced transmissibility
is de�ned as the induction time.

In contrast, the method used in this research was simply based on using a microscope camera to detect
crystals in micro�uidic droplets. During induction time measurements, time lapse images of droplets were
taken and analysed to determine the very moment a crystal forms.

CONVENTIONAL M ODEL

The calculation and analysis of Induction times can be done in two ways. The �rst is a conventional method
which basically assumes that the volume fraction of crystalline phase in a suspension is only possible by
primary nucleation and growth. In essence, the induction time is related to the crystal volume fraction ( ®),
linear growth rate (G), and nucleation rate (J) as shown in Eq 2.21. Some assumptions used for this model was
that particles formed where spherical and had a linear growth rate. Certain assumptions for G and ® values
led to variations of 5 orders of magnitude for induction times of 4-hydroxy acetophenone in ethyl acetate [47].

t i Æ
µ

3®

¼G3J

¶
1/4 (2.21)
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SINGLE NUCLEATION M ECHANISM M ODEL

The second model is a stochastic model that is capable of determining kinetic parameters such as nucleation
rates from induction times. This model is based on the single nucleation mechanism where a single crystal
causes the formation of all other crystal by secondary nucleation. In this work, an extension of this model
was used for a micro�uidic system where nucleation of crystals occurred in droplets. Every droplet is con-
sidered as an independent experiment and the probability of �nding m nuclei within a particular time gap is
described by the Poisson distribution 2.22 [48].

Pm Æ
N m exp(¡ N )

m!
, (2.22)

where N represents the expected average number of nuclei formed within a speci�c time frame. In a
situation where no nuclei are formed, thus m=0, then Eq 2.22 can be written as Eq 2.23. On the other hand, if
a certain amount of nuclei are formed in individual droplets, thus m ¸ 1, then the probability P ¸ 1 is simply
expressed as Eq 2.24

Po Æexp(¡ N ) (2.23)

P¸ 1 Æ1¡ P0 Æ1¡ exp(¡ N ) (2.24)

Eq 2.24 can further be expanded by introducing the nucleation rate ( J), volume of individual droplets ( V ),
and the speci�c time interval ( t J). The product of these parameters can be related to the average number of
nuclei formed ( N ) as shown in Eq 2.25. Therefore, the probability that more than one nuclei are formed is
given as Eq 2.26.

N ÆJV tJ (2.25)

P(t J) Æ1¡ Po Æ1¡ exp(¡ JV tJ) (2.26)

In a situation where a crystals are only detected in the form of suspension in the solution, then the speci�c
time interval ( t J) can be said to include the overall detection time ( t ) and the time taken for crystal to grow
until detection also known as delay time ( t g) as shown.

t j Æt ¡ t g (2.27)

In order to dimensionalize Eq 2.26, Eq 2.27 and a mean induction time scale ( ¿) are introduced as given
below.

P(t ) Æ1¡ exp
µ
¡

t ¡ t g

¿

¶
, (2.28)

where ¿Æ 1
JV .

Equation 2.28 is only valid for instances where t ¸ tg . More often than not the delay time is ignored as it is
insigni�cant compared to the mean induction times. The inclusion of tg yielded strange �ttings in previous
work, hence it was not used here. The exclusion of tg also resulted in bad �ts therefore another model known
as the Weibull model was used.

The Weibull model is also an exponential model but with an extension. It is a two-parameter distribution
function where the mean induction time scale parameter ( ¿) is related to the median nucleation time ( tMED )
as shown [49].

¿Æt MED (ln 2) 1/k (2.29)

P(t ) Æ1¡ exp
·
¡

µ
t

¿

¶
k
¸

(2.30)

The k parameter gives information about an increasing or decreasing nucleation. When k È 1, the nucle-
ation rate increases with time. But when k Ç 1, the nucleation rate decreases with time. Also, larger k values
signify a longer initial plateau at the start of nucleation [49].
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EXPERIMENTAL PROBABILITY CALCULATION

There are large variations in the detection of crystals in individual droplets. Therefore, in order to determine
the probability, a large number of induction time measurements are required specially at constant conditions
such as concentration, temperature and droplet volume. As mentioned earlier on, every single droplet is
considered as an isolated experiment. Hence, the probability distribution P(t) can be determined using Eq
2.31 [50].

P(t ) Æ
M Å(t )

M
, (2.31)

where M Å(t ) is the number droplets containing detectable crystals at time t and M is total number of
droplets. A �t to the Weibull model shows a very good correlation between the model and the experimental
data.

Figure 2.7: Experimentally determined probability distributions P(t) of induction times. Dotted lines are �ts to Eq 2.30
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3.1. RAMAN SPECTROSCOPY
The complex nature of arti�cial urine gives many possibilities of forming different crystals different from the
intended calcium oxalate (CaOx) crystals. For this reason, it is very important to ensure that CaOx crystals are
formed when CaCl 2 and NaOx compounds are mixed in arti�cial urine. Generally, calcium oxalate consists
of two carbon atoms and one calcium atom. However, COM has one water molecule whereas COD has two
water molecules. A visual microscope inspection of the morphology of these crystals in arti�cial urine is not
conclusive enough. Hence, analytical instrumentation (Raman spectroscopy) was employed to determine the
vibrational mode or structural �ngerprint of the different CaOx phases in arti�cial urine. Raman spectroscopy
can be used for both qualitative and quantitative analysis. The later was rather used by determining the
intensity and the wavenumber shift of scattered radiation.

3.1.1. QUANTITATIVE APPROACH
When a crystal is exposed to a laser beam (monochromatic light), most of the light is absorbed. A small por-
tion of this light, however, gets scattered elastically or inelastically. When the frequency of the scattered light
or photon ! s is equal to the frequency of the incident light or photon ! i , it leads to a process called Rayleigh
scattering . This type of scattering provides no useful information. On the other hand, a change in frequency
is called Raman Scattering or Raman Effect [7]. This effect is purely dependent on the chemical structure of
the analyte. The Raman scattering can be described as a two-photon process. When an electron within the
crystal lattice absorbs energy, it rises to a virtual state of energy. The electron loses energy and falls back to
either its initial energy level or to a different energy level in the process emits a new photon. Depending on
the �nal vibrational energy level of the electron Raman scattering can be divided into Stokes and anti-Stokes
lines or bands.

Stokes bands are Raman bands which occurs when the energy of the scattered photon is less than that of
the incident photon [7, 51], which in this case yields a positive transition energy. The energy of the scattered
photon can therefore be described by the following equation

h! s Æh! i ¡ h! M (3.1)

Contrariwise, when the energy of the scattered photon is higher than that of the incident photon the
Raman bands are referred to as anti-Stokes bands [51]. In this scenario, the energy of the scattered photon is
rather described by the following equation

h! s Æh! i Å h! M (3.2)

Raman spectrum is very important in identifying different compounds in a system. A spectra, for instance,
consist of many peaks with each peak corresponding to a molecular bond vibration. Each bond type such as
C-C, C=C, O-H, O-C-O, etc., has a unique vibrational mode which leads to speci�c interactions with light and
hence produce different Raman shifts [52]. Raman peaks are usually represented such that the Raman shift
or wavenumber shift ¢ v (unit: cm¡ 1) and intensity lie on the abscissa and the ordinate respectively [7]. The

15
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Figure 3.1: The energy transition process in Stokes (left) and Anti-Stokes (right) Raman scattering. The (i) denotes initial energy state,
whereas (f) denotes the �nal energy state.

wavenumber shift is basically the same as the transition frequency as seen earlier on as ! M [7]. The intensity
of a spectrum is seen to be proportional to the concentration. With mixtures, relative intensities provides
information about relative concentration of the components [53]. A positive wavenumber shift represents
Stokes Raman scattering, whereas a negative wavenumber represents anti-Stokes Raman scattering as seen
in �gure 3.1. A representation of Rayleigh and Raman spectra. It must also be noted that only Stokes Raman
bands were studied in this work.

Figure 3.2: A representation of Rayleigh and Raman spectra showing the positive and negative values of [7]
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3.2. M ATERIALS AND M ETHODS
The experiments were performed using Raman Rxn2 analyzer in conjunction with a phase-optimized sam-
pling probe to monitor laboratory scale batch samples. A schematic of the setup has been provided in the
�gure below.

Figure 3.3: Raman Rxn2 analyzer with phase-optimized sampling probe

All samples under study were prepared in a 4ml arti�cial urine solution contained in an 8ml glass vial. In
order setup the device for measurements the following procedure was undertaken.

1. The probe was inserted into the excitation laser which is located in the faraday chamber. In order to do
so the rim was loosened, the probe was then inserted and tightened to keep it �rmly in place.

2. The 8ml glass vial was placed inside the faraday chamber while lowering the probe in to the sample.
The chamber is then closed. The position of the probe needs to be adjusted with respect to solids in the
solution, in order to obtain the best focus.

3. The analyzer beside the faraday chamber was switched on by the turning the key in a clockwise matter
(a red light pops up).

4. The `ic-Raman' program on the computer was opened.

5. The experiment name, interval time (usually 2 minutes), and interval time (10 seconds) were input.
There was no need to select a reference spectra.

6. Before running the experiment, the exposure ef�ciency needed to be checked. An exposure time of 15
seconds usually gave an ef�ciency in the green zone. This meant that there was enough time for the
detector to be exposed to the Raman signal for better to signal-to-noise ratio.

7. The play button of then pressed to initiate measurements.

8. Once the experiment was done, the second button above the resulting graph which is the `copy as text'
option was selected.

9. The copied text was then pasted in notepad and saved for further analysis.

Raman spectra for COM (supplier) and CaOx as well as different arti�cial urine �ltrates were obtained. All
experiments were done at room temperature.
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Table 3.1: Equipment used for Raman spectroscopy experiments

Equipment Equipment name Brand
Scale - Mettler Toledo
Raman spectrometer Kaiser Raman RXN2 Kaiser Raman
Sonicator 2510 Ultrasonic Cleaner Branson

Table 3.2: Amount of chemicals used for preparation of arti�cial urine (AU)

Compound name Chemical formula Concentration (mM) mg/50ml ultrapure water
Sodium chloride NaCl 90 263.0
Potassium chloride KCl 42 156.6
Ammonium chloride NH 4Cl 20 53.5
Creatinine C4H7N3O 7 45.9
Urea CH4N2O 300 900.9
Tri-sodium citrate Na3C6H45O7 2 25.8
Magnesium sulfate heptahydrate MgSO4 • 7H2O 2 24.6
Sodium sulphate Na2SO4 13 92.3
Sodium phosphate monobasic NaH2PO4 16 96.0

Table 3.3: Amount of chemicals required to prepare samples in AU for Raman spectroscopy experiments

Compound Final concentration (mM) Vendor
CaCl2 4.3, 6.0 Sigma-Aldrich
Na2C2O4 1.2, 4.3 Sigma-Aldrich
COM powder 22.8 Alfa Aesar

3.3. PREPARATION PROCEDURE OF SAMPLES FORRAMAN ANALYSIS

3.3.1. PREPARATION OFARTIFICIAL URINE

The chemicals used in this experiment as seen in table 3.2 were of purity greater than or equal to 98%. Each
chemical was weighed using a weighing paper and poured into a 100ml conical �ask. 50 ml of ultrapure
water was weighed to ensure accurate volume and then added to the chemicals in the 100 ml conical �ask.
The �ask was covered with para�lm and sonicated for 25 to 30 minutes to ensure complete dissolution of
the chemicals. This solution formed the basis for further addition and dissolution of other chemicals such as
calcium chloride, sodium oxalate, and COM powder (supplier). It was also used within a 12 hour period to
avoid dissociation of urea into ammonia and other instabilities that may occur.

3.3.2. COM ( SUPPLIER)
100 mg of COM powder from Alfa Aesar was weighed and poured into 30 ml of AU contained in a 100 ml
Easymax reactor. The solution was then stirred for an hour. The COM in this case did not completely dis-
solve. 4 ml of the colloidal suspension was drawn using a 5 ml micropipette into an 8 ml glass vial which was
immediately analyzed under Raman spectroscope.

3.3.3. CaOx ([CA]=4.3mM , [OX]=4.3mM )
CaOx crystals were precipitated from an equal molar concentration of calcium chloride and sodium oxalate.
8.6 mM concentration of CaCl 2 was prepared by dissolving 19.1 mg of the compound in 20 ml of freshly
prepared AU. The same concentration was prepared for NaOx where 23 mg of NaOx was dissolved in 20ml
of AU. The dissolution of both compounds was done using a sonicator for 15 minutes. Prior to precipitation,
both solutions were �ltered using 0.45 ¹ m pore �lter. A micropipette was used to draw 2 ml of each solution
and mixed together in an 8ml glass vial. The �nal concentration for CaCl 2 and NaOx in AU after mixing was
4.3 mM. The vial was covered with a lid gently turned up and down three times to ensure a homogeneous
mixture. The 4 ml solution was allowed to stand overnight for precipitation.
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3.3.4. CaOx ([CA]=6.0mM , [OX]=1.2mM )
CaOx was precipitated from an unequal molar concentrations of calcium chloride and sodium oxalate in
arti�cial urine. The same procedure in 3.3.3 above was repeated here but with different molar concentrations
of CaCl2 and NaOx. In this case, 12 mM concentration of CaCl 2 was prepared by dissolving 26.6 mg of the
compound in 20 ml of freshly prepared AU. 2.4 mM concentration of NaOx was prepared where 6.4 mg of
NaOx was dissolved in 20 ml of AU. The �nal concentration for CaCl 2 and NaOx in AU after mixing was 6.0
mM and 1.2 mM respectively.

3.3.5. ARTIFICIAL URINE FILTRATE FROM COM ( SUPPLIER) SOLUTION
20 ml of the COM (supplier) sample (as prepared in 3.3.2 above) was poured into a 50 ml self-standing plastic
test tube. The suspension was centrifuged at 7500 rpm for 15 minutes and �ltered using a 0.45 ¹ m pore �l-
ter. The �ltrate, thus arti�cial urine which now contains soluble calcium and oxalate was then analyzed for
Raman bands.

3.3.6. ARTIFICIAL URINE FILTRATE FROM CaOx SOLUTION
CaOx crystals in section 3.3.3 and 3.3.4 above were �ltered using a 0.45 ¹ m pore �lter AU after centrifuging
the solution at 7500 rpm for 15 minutes. 4 ml each of saturated AU containing dissolved calcium and oxalate
were collected using a micropipette into two separate 8 ml glass vials and sent for Raman analyses.

3.4. RESULTS
A Raman spectrum with wavenumber shift spanning from 380-1800 cm¡ 1 was studied. In order to avoid
analysing any background interference, a Raman spectra was obtained for the different arti�cial urine �ltrates
as seen in �gure 3.4. AU �ltrates (blue, black and green lines) contained undersaturated levels of calcium and
oxalate. AU (SS=0) contained no calcium and oxalate. The resulting peaks for all samples were observed at
the same Raman shift.

Figure 3.4: Raman spectra of arti�cial urine �ltrates

For a clearer distinction, the spectrum of AU �ltrate from CaOx solution ([Ca]=6.0mM, [Ox]=1.2mM) was
compared with the spectra of COM (supplier) and CaOx crystals in �gure 3.5. This spectra demonstrated 3
distinct peak regions A, B, and C which were common to the peaks observed in �gure 3.4. In the other words,
these peaks were primarily due to the dissolved compounds contained in the arti�cial urine.

For easy representation of results, �gure 3.5 is subdivided into two parts. The �rst part (i.e. �gure 3.6) has
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Figure 3.5: Raman spectra showing signi�cant spectral difference which allows COM (supplier) and CaOx peaks to be distinguished
from any background noise (i.e. arti�cial urine-AU)

the wavenumber shift spanning from 380 - 1100 cm¡ 1, whereas the second part (i.e. �gure 3.7) spans from
1100 - 1800cm¡ 1. A summary of the comparison between this work and literature for the most prominent
peaks have also been presented in table 3.4

Table 3.4: Comparison of between thesis study and literature Raman bands

Present study Literature values [54–58]
COM (supplier) CaOx CaOx

COM COD COM COD
504 504 - 503, 504, 506 507, 508
896 896 - 896, 897 -

- - 912 - 910, 912
1463 - - 1462, 1463, 1465 -

- - 1478 - 1474, 1477, 1478
1487, 1488, 1489, 1490, 1492

1490 - - -
1630 1630 - 1630, 1631 1632

The most prominent Raman bands observed in kidney stones for both COM and (COD) are reported to
be at 504, 897 (898), 1465, 1491, and 1630 (1632)cm¡ 1 [54]. These bands are at similar wavenumber shifts
as those observed in �gure 3.6 and 3.7. This suggests that the precipitated crystals are entirely made of COM
and COD. Peaks at 504 and 896cm¡ 1 as observed in �gure 3.6 are characteristics of COM, and are assigned
the O-C-O deformation mode and the v(CO) stretching mode respectively [54]. The v(CO) stretching mode in
the pure state COD also occurred at 912 cm¡ 1 [54].

Figure 3.7 shows the key absorption peaks which are usually used to distinguish between the two calcium
oxalate hydrates. A doublet peak at 1463 and 1490 cm¡ 1 are the main absorption peak for COM, and are
described by the v(CO) stretching mode [55, 56]. On the other hand, a singlet peak at 1478 cm¡ 1 shows the
presence of COD which is assigned the v(CO) stretching [57, 58]. Lastly, a less intense peak occurring at 1630
cm¡ 1 were assigned to CO asymmetric stretching for COM [58].
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