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ABSTRACT

UNDERSTANDING THE DIVERSITY AMONG HUMAN URINES USING
AN ARTIFICIAL URINE SYSTEM AND FTIR SPECTROSCOPY

Ahmed, Mariam Hany Farouk Mohamed
M.S., Department of Applied Physics

Supervisor: Prof. Dr. Filiz Korkmaz Ozkan

January 2023, 44 pages

Urine tests are a common and convenient way to identify and diagnose a variety
of disorders. In this study, we employ a novel artificial urine protocol (MP-AU) to
determine the spectra of the normal minimum and maximum values of 9 urine
components within the normal physiological range. Fourier Transform Infrared (FTIR)
spectroscopy is employed to generate these spectra, which will aid in the early
detection of disorders, if any exists.

The spectrum obtained from the patient's urine sample would be compared to the
spectra obtained from artificial urine solutions for the minimum and maximum normal
values. The outcome of this comparison will be related to the patient's health. If the
patient's spectrum lies between these two normal spectra, the patient can be considered
healthy. Correspondingly, if the patient's spectrum falls outside of the normal range,
more tests can be ordered to detect the anomaly.

The findings of this study reveal that the quantity of components within the
artificial urine system is correlated with the amplitudes of the peaks in the FTIR
spectra. Furthermore, characteristic peak positions of the tested urine components are
identified, which can be used as a reference in further studies.

This study was financially supported by Atilim University Research Support
program, Grant number ATU-ADP-2122-01.

Keywords: FTIR spectroscopy, normal range, artificial urine, Urinalysis, urine
components.
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INSAN IDRARLARI ARASINDA GOZLENEN CESITLILIGIN YAPAY iDRAR
SISTEMI VE FTIR SPEKTROSKOPiSi KULLANILARAK ANLASILMASI

Ahmed, Mariam Hany Farouk Mohamed
Yiiksek Lisans, Uygulamali Fizik Boliimii

Tez Yoneticisi : Prof. Dr. Filiz Korkmaz Ozkan
Ocak 2023, 44 sayfa

Idrar testleri, gesitli tibbi bozukluklari tanimlamanin ve teshis etmenin yaygin ve
uygun bir yoludur. Bu calismada, 9 yapay idrar bileseninin normal minimum ve
maksimum degerlerinin spektrumunu belirlemek i¢in yeni bir yapay idrar protokoliinii
(MP-AU) kullaniyoruz. Fourier Transform Infrared (FTIR) spektroskopisi, varsa
bozukluklarin erken saptanmasina yardimci olacak bu spektrumlart olusturmak igin
kullanilmustir.

Hastanin idrar numunesinden elde edilen spektrum, minimum ve maksimum
normal degerler i¢in yapay idrar ¢ozeltilerinden elde edilen spektrumlarla
karsilastirilabilir. Bu karsilastirmanin sonucu hastanin saghigi ile ilgili olacaktir.
Hastanin spektrumu bu iki normal spektrum arasinda yer aliyorsa, hastanin saglik
oldugu diisiiniilebilir. Buna bagl olarak, hastanin spektrumu normal araligin disina
cikarsa, anomaliyi saptamak icin daha fazla test istenebilir.

Bu c¢alismanin bulgulari, yapay idrar sistemi igindeki bilesenlerin miktarinin,
FTIR spektrumundaki tepe noktalarinin genlikleri ile iliskili oldugunu ortaya
koymaktadir. Ayrica, daha sonraki ¢alismalarda referans olarak kullanilmak iizere, test
edilen idrar bilesenlerinin karakteristik bant pozisyonlar1 da belirlenmistir.

Bu calisma Atilim Universitesi Arastirma Destek programi ¢ergevesinde ATU-

ADP-2122-01 numaral1 proje ile finansal olarak desteklenmistir.

Anahtar Kelimeler: FTIR spektroskopisi, normal aralik, yapay idrar, idrar tahlili,

idrar bilesenleri.
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CHAPTER 1

INTRODUCTION

1.1 Urine Formation

Urine is a waste fluid produced by the human body through the kidneys [1]. This
fluid consists mainly of water (95%), urea (2%) and other components such as
creatinine, uric acids, and ions that add up to 3% in total [2]. The system that is
responsible for eliminating urea from the body, maintaining acid-base balance,
sustaining hemodynamics, and getting rid of other unnecessary substances is called the
urinary system. The main organs in this system are the two kidneys, the two ureters,
the urinary bladder, and the urethra (Figure 1.1). Eliminating unnecessary and toxic
substances from the body occurs in three main processes; glomerular filtration,
reabsorption, and secretion. The first process, i.e. glomerular filtration, depends on

nephrons, the kidneys' functional units (Figure 1.2) [3].

The renal corpuscle is the structure essential for the filtration of blood in the
kidney's nephron. The glomerulus is the first part of the renal corpuscle, which is the
network of specialized capillaries. The second part of the renal corpuscle is the
Bowman's capsule which collects the filtrates and transports them to the proximal
convoluted tubule. The blood enters the glomerulus from the afferent arteriole and
exits via the efferent arteriole. The fluid that enters the glomerulus is called glomerulus
filtrate. The filtration here occurs across an ultrafiltration barrier. Due to this barrier,
molecules with a diameter of less than 1.8 nanometer are filtered out, but those

molecules larger than 3.6 nanometers cannot be filtered.
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Figure 1.1 Anatomy of the excretory system [4]
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Figure 1.2 Anatomy of nephron [4]




The ultrafiltration barriers consist of three layers. These three layers are all
negatively charged with glycoproteins. Due to the negatively charged glycoproteins,
negative molecules cannot pass through this barrier. For example, serum albumin
cannot be filtered even if it fits in size range. The bottom layer is the endothelium of
the capillary, which contains pores called fenestrations. All molecules can pass
through this layer, such as salts, water, and sugar, due to their small size, unlike blood
cells, which cannot pass through due to their larger size. These large molecules stay in
the capillary and generate osmotic pressure within the capillary. The middle layer is
the basement membrane which prevents the filtration of large proteins. The last layer
is the outer layer consisting of podocytes. These podocytes have many finger-like
projections which are so close to each other called pedicels. This part has narrow
filtration slits, which allow only the small molecules to pass through [3]. Ultrafiltration
of blood depends on the balance between two forces: hydrostatic pressure and oncotic

pressure.

Hydrostatic pressure is a force that the fluid does on the walls of its compartment,
which in this case is the Bowman's capsule. On the other hand, oncotic pressure is
pressure due to the force of plasma proteins on the walls of its capillaries. So, the net
filtration pressure (NFP) is equal to the hydrostatic pressure of the glomerulus capillary
(55 mmHg) minus the hydrostatic pressure of Bowman's capsule (15 mmHg) minus
oncotic pressure of glomerulus capillary protein (30 mmHg) which is equal (10
mmHg) [5]. As there are many nephrons and renal corpuscles in the two kidneys, this
rate is called the glomerulus filtration rate (GFR). It indicates how much filtrate is
formed by all the renal corpuscles in the two kidneys per minute. GFR is used to know

how well the two kidneys are working. The normal GFR is 90 ml/min/1.73 m? [6].

Blood coming from the renal artery enters the glomerulus from the afferent
arteriole. After being filtrated in the glomerulus, this blood has two ways to exit: either
it flows out as blood through the efferent arteriole or exits as filtrate from the
glomerulus. This filtrate is not blood because it should not contain red blood cells or
large proteins such as albumin, so it is mainly water with small solutes. When the
afferent arteriole is vasoconstricted, less blood can enter the glomerulus. Due to this

fact, less filtrate will be produced. Due to vasoconstriction, the vascular resistance will



increase, and there will be lesser renal blood volume. Because of this, there will be

less pressure in the glomerulus, and the GFR will be decreased.

On the other hand, when the efferent arteriole is vasoconstricted, the blood can
easily enter the glomerulus through the afferent arteriole as it is now not
vasoconstricted but exits hardly from the efferent arteriole. Due to this, increased
pressure in the glomerulus will lead to a higher amount of filtrate than normal. So, the

GFR will be increased even if there is still vascular resistance [7].

The filtrate that enters the nephron consists of water and various solutes. The
main reason for urine formation is to remove waste elements such as creatinine and
urea from the circulation before they become toxic. If the two kidneys work well, the
body produces a filtrate of about 90 ml/min / 1.73 m>. First, in the proximal convoluted
tubule, potassium, sodium chloride, water, amino acids, glucose and bicarbonate
reabsorption occurs. Potassium, sodium chloride, and water are reabsorbed by 65%,
whereas amino acids and glucose are reabsorbed by 100%. These components are
helpful and essential for the human body, so it would be wasteful to get rid of them
out of the body.

On the other hand, bicarbonate is reabsorbed by 90% because if it is excreted
from the body in massive amounts, this causes the body to be more acidic than normal.
Uric acid, a nitrogenous waste, and organic acids, which contain many antibiotics, are
secreted into the proximal convoluted tubule. The next part is the loop of Henle, which
is responsible for urine concentration. In the descending limb of the loop, water is
reabsorbed due to the water permeability of this part. On the other hand, in the
ascending limb, 25% of filtered sodium chloride is reabsorbed. However, there are
high concentrations of other waste components, such as urea. In the distal convoluted
tubule, 5% of filtered sodium chloride is absorbed. From the previous information, the
reabsorption of the water in the nephron depends on the sodium chloride's movement,
which happens due to osmotic pressure. Also, potassium and hydrogen ions are

secreted in the distal tubule, which means they are moved back into the nephron.

In conclusion, the proximal convoluted tubule is responsible for most of the
reabsorption and secretion processes, whereas the loop of Henle is responsible for

urine concentration. On the other hand, the distal tubule does fine-tuning. Therefore,
4



urea and some of the filtered sodium chloride are reabsorbed in the last part, the
collecting duct (Figure 1.3) [8]. Creatinine is a sign of glomerular filtration rate as it
is not reabsorbed from the secretion through the nephron. So, if creatinine increases in
the blood, there may be a problem in the glomerulus. The last step is excretion, where
the components of the urine go out from the nephron to the urethra and then to the
urinary bladder. The significant components of urine are water, sodium chloride,

potassium, bicarbonate, creatinine and urea [8§].
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Figure 1.3 Labeled diagram of a nephron [9]




In previous studies using mass spectroscopy, approximately 250 different
solutes are routinely excreted from the human body with urine. On the other hand,
depending on the person's diet and the time in which the sample of urine is taken,

there can be approximately 3000 solutes in the urine (Figure 1.4) [1], [2].
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5.8% : 2.1% creatinine
water 2.2% ]
= ] so'utes / Cltrate
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95%| & ]
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Figure 1.4 The composition of human urine. The percentages reflect the mass ratio of
each urine component with respect to the total mass of 1.5 L-urine. The others
(42.3%) represent hundreds of different molecules, each contributing less than 0.5%
to the total urine composition in the same chart. The picture is taken from Kurultak et
al., 2022 [2], with authors’ permission

1.2 Current Clinical Methods of Testing Urine

Urinalysis (UA) tests on a urine sample indicate several health problems, such
as kidney failure, urinary tract infections, kidney stones and acid-base disorders [10].
Urinalysis can be divided into three sections: visual examination; dipstick, and urine

microscopy.

Firstly, urine color indicates the degree of hydration. For example, if the color
of the urine sample is amber-yellow, that may indicate dehydration. On the other hand,
the color of the urine is also affected by health conditions, the kind of medicine the
patient takes, or the diet the patient follows. For example, red color may refer to

bleeding from the kidneys or the urethra or even the ureters. Also, the red color may
6




refer to the diet of the patient who had beets or other same fruits and vegetables. The
orange color of the urine may refer to a high level of bilirubin in the body which may
be caused by liver disease; it can also refer to the type of antibiotic called rifampin.
The last example is the green color, which is not common, may refer to urinary tract
infection due to Pseudomonas or excess digestion of food with blue dye like asparagus
[11]. Secondly, the turbidity of urine means how clear it is. Normal urine must be clear,

so if it is turbid, it may refer to urinary tract infections or the presence of crystals [12].

The second section is the urine dipstick, a reagent strip with pads on it. These
pads are sensitive to different components in the urine. The dipstick test is easy to use.
Firstly, the strip is dipped in the urine or soaked with the urine using a pipette. Then
the excess urine is wiped off, and the strip is left for 1-2 minutes. Incubation time
depends on the instructions from the manufacturing company. At this point, pads on
the strip are compared with the list of the color of different components of the urine
that comes with the strips. Each color indicates the amount of components in the urine
semi-quantitatively. The first of these components is specific gravity. The specific
gravity is the ratio of the urine's density to that of the water. Although water is the
main component in urine, urine is always denser. This density comes from the urea,
electrolytes and other components found in the urine. The normal range of specific
gravity is from 1.005 to 1.030. For example, if the specific gravity is approximately
1.001, that refers to excessive hydration or maybe diabetes insipidus. On the other
hand, if it is close to 1.035 it may refer to dehydration, glycosuria or proteinuria. The
second component that the dipstick test reveals is the urinary pH. The pH ranges from
4.5 to 8, depending on the patient's health conditions. If pH is lower than or equal to
5, it may indicate excessive lactate or ketones. If pH is between 7 and 8, it may refer
to alkalemia or urinary tract infections. Although this test is important, it cannot be
used without knowing the diet the patient follows because pH is highly affected by the

patient's diet.

The next component is glucose, and any glucose in this test refers to glycosuria
as glucose, which the proximal convoluted tubule must completely reabsorb. The
dipstick test is susceptible to hemoglobin. If there is urinary blood, it may be an

indication of renal stones or urinary tract infections. Also, dipstick for protein is



sensitive to albumin. This sensitivity depends on its concentration in urine. If albumin
is detected in this test, it refers to a glomerular disease. Another component is the
leukocytes which refer to the white blood cells in the urinary tract. The presence of
nitrites in this test refers to Enterobacteriaceae. On the other hand, the presence of
ketones may refer to diabetics or prolonged hunger. The last test that the dipstick can
do is bilirubin and urobilinogen. For example, in the case of hemolysis, the level of
urobilinogen increases in the urine. In another case of biliary obstruction, the level of

bilirubin increases and the level of urobilinogen may decrease [13].

The third type of urine analysis is urine microscopy. In this section sample of
urine must be prepared in a few steps. Firstly, at least 10 ml of urine is centrifuged for
5 minutes. After this time, a liquid layer will float on the top of the tube (supernatant)
and the high molecular weight components of the urine will remain at the bottom of
the tube (pellet). The supernatant is discarded and the pellet is homogenized by shaking
the tube. Next, a sample is taken, applied on a microscope slide with a coverslip, and
placed under a microscope [14]. the time and way of storing the urine sample are
necessary to be recorded because they affect the interpretation of the results. For
example, if the urine is left for a long time, the cells or crystals may start to breakdown
and thus give misleading results. The first component seen under the microscope is the
red blood cells (RBCs). RBCs are defined in the urine test by the number of cells per
high-powered field, which in most cases equals 400x. To say that there are abnormal
RBCs in the urine sample, it must be more than or equal to 3 per this high-powered
field. In this case, the most vital suggestion is a glomerular disease, or it may also be
a urinary tract infection [15]. The second component is the white blood cells which are
similarly defined as the number of cells per high-powered field. The result is abnormal
if it is more than 5, and there are many reasons for this abnormality, one of which is
urinary tract infections [16]. The third component is the presence of bacteria. The
presence of bacteria in the urine is evidence of urinary tract infections [17]. The fourth
component is the crystals, microscopic solids composed of ions, molecules, or both.
The formation of these crystals depends on the concentration of the ions and molecules
in the urine and the pH of the urine. One of these crystals which may appear under the
microscope is the uric acid crystals. They are formed due to the acidic urine and are
related strongly to tumor lysis syndrome. Also, calcium phosphate crystals may appear
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in this test, related to alkaline urine. Magnesium, ammonium, and phosphate crystals
can be seen in alkaline urine when ammonium concentration is high. Calcium oxalate
can be seen in two cases, and these crystals do not depend on the pH of the urine. The
first case is the calcium oxalate dehydration crystals, and the second case is the calcium
oxalate monohydrate crystals, and this type may refer to ethylene glycol ingestion

(Table 1.1) [18], [19].

Table 1.1 Physical and biochemical properties of a healthy urine sample [20]

Physical characteristics Chemical characteristics Microscopic characteristics
Color Amber Blood Negative RBCs .
& RBCs/HPF
. . 0to4
Turbidity Clear Glucose Negative WBCs WBCs/HPF
pH 4.5108.0 Ketones Negative Ep(l:te}ileshal 0 to 3/ HPF
Protein Negative Casts Negative
Bilirubin Negative Crystals Negative
. ; 1.015¢ » .
Specific gravity 1.02 50 Urobilinogen Negative
Leucocyte esterase | Negative Bacteria Negative
Nitrite for bacteria | Negative

1.3 Electromagnetic Spectrum
The electromagnetic spectrum is the range of frequencies light can have from
radio waves to gamma rays (Figure 1.5). All of these waves travel with the speed of

light, which can be calculated from the equation:
c=Av ,c=3x108m/s (1.1)

In the electromagnetic spectrum, the wavelength increases as going toward radio
waves. On the other hand, as going towards the gamma rays, the frequency increases.
The energy of photons in these waves is directly proportional to the frequency. The

energy of photons can be determined as the following:

E = h.v ,his Plank's constant = 6.626 X 1073* Joule. second (1.2)
9



For example, gamma rays have the highest frequency and thus are the most energetic

photons in the electromagnetic spectrum [21].

Visible Light

700nm 600nm 500nm 400nm

Radio waves Microwaves Infrared Ultraviolet X-rays Gamma

<«——LONGER WAVELENGTH (meters) SHORTER——>

| | i L L L |
102 1* 1 10 107 10° 10* 10° 10° 107 10° 10° 10%° 10% 102 100

Figure 1.5 Electromagnetic spectrum [22]

Infrared is also part of electromagnetic radiation that has a longer wavelength than
visible light, which extends from 700 nm to 1 mm. It is also called heat radiation
because it has the property of heating objects when it falls on or is emitted from them
[23]. This type of radiation is not energetic enough to excite electrons or to break down
the chemical bonds between molecules, but it causes molecules to vibrate. So, this
vibrational energy is eventually reemitted as heat. The infrared part of the
electromagnetic spectrum is divided and analyzed in three different regions, classified
according to their wavelength, ranging into near infrared, mid infrared, and far
infrared. This window of the spectrum emitted from substances provides information
about the vibrational states of the composing molecules. Every atom and molecular
group have their characteristic vibrational frequencies; thus, measurement of emitted

infrared radiation allows the identification of molecules making up the substances [24].
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1.4 Interaction Between Light and Matter

According to Bohr’s model of the atom, electrons can be only found at certain
discrete energy levels. The difference between any two levels of these energy levels is
AE. The electron can move from a lower to a higher energy level by absorbing energy
from a photon equal to AE. When this electron returns to its original energy level, it
emits this energy again as a photon (Figure 1.6) [25]. Combining the wavelength-
frequency equation and that of the energy of a photon, the energy of a photon can be

expressed as:

(1.3)

Stimulated absorption

Upper level
E2

photon

NS

Spontaneous emission
E2

W

photon
Random directicn

Stimulated emission
Ezx

S
W

Photon

Py

same directicn
Lowver level arom

Figure 1.6 The interaction between an atom and a photon [26]

The middle infrared zone extends from 400 to 4000 cm™!, and according to the equation
of photon energy, it is proportional to the frequency and inversely proportional to the

wavelength (Table 1.2).

Table 1.2 The photon energy of the middle infrared zone, its wavelength and

frequency
Wavenumber
(cm™Y) Wavelength (nm) | Frequency (Hz) | Photon energy (eV)
4000 2500 1.2 x 1014 0.4963
400 25000 1.2 x 1013 0.0496
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1.5 States of Energy Within the Molecules

A molecule in the ground state has three types of energies. The first is due to the
electrons inside the molecule, called electronic energy. The second is due to the
vibrations within the molecule, called vibrational energy. The last is due to the
molecule's rotation, called rotational energy. When this molecule is irradiated with a
source of light, this source supplies the energy that is equal to that of the energy gap
between two electronic states. Each spectroscopic technique can detect one type of
these energy states. For example, the UV-spectroscopy detects the electronic
transition, while infrared spectroscopy detects the vibrational transitions, and that is
because infrared has less energetic radiation than that of ultraviolet. The molecules'
bonds are flexible, so they can act like springs. If these bonds got enough energy, they
could be stretched or compressed. On the other hand, this energy can also change the
angle between bonds, which makes one of the atoms bend relative to another. A source
of infrared radiation can supply this energy. If the length of the bond is changed, this
is called a stretching vibration, while if the angle between bonds changed, this is called
bending vibration. Stretching vibration can be divided into two types as symmetric and
asymmetric. On the other hand, bending vibration can be divided into in-plane and
out-of-plane bending (Figure 1.7) [27]. For a molecule to be active, it should change

its net dipole moment; consequently, not all molecules are active.

s N
symmetric stretching asymmetric stretching
r/ . ' Yy
| | A -—
scissoring twisting
(in-plane bending) (out-of-plane bending)

Figure 1.7 Vibration Modes of Bonds [28]
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1.6 The Dipole Moment

The electric dipole moment is defined as two charges (+q,—q) equal in
magnitude and opposite in their sign with a distance between them called (d) (Figure
1.8). The separation distance is also called the dipole axis. The magnitude of the

electric dipole moment can be calculated from the next equation:
P=gq.d (1.4)

If the dipole is placed inside an electric field and its axis is horizontal, the positive
charge will be affected by force accelerating it along the electric field direction. On
the other hand, the negative charge will also be affected by a force that accelerates it
in the opposite direction of the electric field. As the two charges are equal in magnitude
and opposite in their sign, the net force on the dipole is zero. In another case, if the
dipole is placed in an electric field where its axis is perpendicular to the electric field,
both charges will be affected by two forces opposite in direction. In this case, the axis
of the dipole will rotate around its center under the effect of torque [29]. Torque, in

this case, can be calculated using the following equation:

t=F.d (1.5)
The force acting on the charge can be calculated as follows:

F=q.E (1.6)
So the net torque can be calculated as:

t=q.E.d (1.7)

After a time of rotating, the axis of the dipole will make an angle with the electric field.

In this case, the net torque can be calculated as the following equation:
t=FE.q.d.sinf (1.8)
Also, this equation can be rewritten as:

t=PxE (1.9)
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Figure 1.8 The electric dipole moment [30]

1.7 Infrared Active Molecules

The covalent bonds act as vibrating springs. If there is a change in the dipole moment
of these bonds, like stretching or compression, then they are called infrared active. In
this case, these bonds produce peaks in the spectrum when spectroscopy is used.
Vibration energy depends on the strength of the bond (bond order) forming the
molecule, and the two are directly proportional, i.e., as the bond strength increases,
absorption frequency (wavenumber) increases as well (Table 1.3) [29]. On the other

hand, if there is no change in the dipole moment, they are called infrared inactive.

Table 1.3 Examples of the relation between the absorption frequency and the strength

of the bond
Bond Wa(‘;v:lﬁ?;ber Bond Wa(\;(:;lirlr;ber Bond Wa(vc?::lllr;ber
c—-C ~1200 c-0 ~1110 C—N ~1135
c=C ~1660 cC=0 ~1750 C=N ~1665
C=cC ~2200 C=0 ~2100 C=N ~2240
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1.8 FTIR Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a technique used to identify
and analyze the chemical composition of a sample by measuring the sample's infrared
(IR) absorbance spectra. Based on the principle that different molecules absorb
specific wavelengths of IR radiation differently, this variation can be used to identify
and quantify the different chemical bonds and functional groups present in the sample.
In an FTIR spectrometer, a sample is irradiated with a beam of IR radiation. Some of
the radiation is absorbed by the sample, while the rest passes through and is detected
by a detector. The absorbance spectrum of the sample is then obtained by plotting the
sample's absorbance (or transmittance) at various wavelengths of IR radiation. FTIR
spectroscopy is widely used in various fields, including materials science,
pharmaceuticals, environmental science, and polymer chemistry, to name a few. It is
a fast, non-destructive, and susceptible technique that can identify and quantify many

molecules, including organic compounds, inorganic compounds, and polymers [31].

1.9 Beer-Lambert Law

The Beer-Lambert law, also known as the Beer-Lambert-Bouguer law or the
Lambert-Beer law, is an empirical law that describes the relationship between the
absorbance of a substance and the concentration of that substance in a solution. It states
that the absorbance of a solution is directly proportional to the concentration of the
absorbing species in the solution, and the path length of the light through the solution.

Mathematically, the Beer-Lambert law is expressed as:
A = ebc (1.10)

Where: (A) Is the absorbance, (€) is molar absorptivity (a measure of how well a
compound absorbs a given wavelength of light), (b) is path length (a distance that light
has to travel through a sample) and (c) is the concentration of the sample (the more
concentration, the more absorbance that will occur). The Beer-Lambert law is widely
used in analytical chemistry to determine the concentration of a species in a solution.
It is often used in conjunction with spectroscopic techniques, such as UV-vis

spectroscopy, to determine the concentration of a substance in a solution. It is a simple
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yet powerful tool with many applications in various fields, including environmental

science, pharmaceuticals, and food science [32].

1.10 FTIR Components

A Fourier transform infrared (FTIR) spectrometer consists of several vital
components. The first component is an Infrared source such as a blackbody radiator or
a globar, to produce a beam of IR radiation. The second component is the sample
compartment, where the sample is placed for analysis. This sample may be in the form
of a solid, liquid, or gas. The third component is the monochromator which is used to
select a specific wavelength of IR radiation for analysis. It consists of a grating or
prism that is used to disperse the IR radiation into its component wavelengths. The
fourth component is a detector that measures the intensity of the transmitted or
reflected IR radiation. The most common detectors in FTIR spectroscopy are thermal
detectors, such as bolometers, and photodetectors, such as photodiodes or
photomultiplier tubes. The fifth component is a data acquisition and analysis system
which consists of a computer and software that are used to control the spectrometer,
acquire and process the data, and display the results in the form of an absorbance or
transmittance spectrum. The last component is the accessory components such as an
attenuated total reflectance (ATR) accessory for analyzing solid samples, a liquid

sample cell for analyzing liquid samples, or a gas cell for analyzing gases [31].

1.11 How FTIR Spectroscopy Works

A sample is placed in a sample compartment in the FTIR spectrometer. The
sample can be in the form of a solid, liquid, or gas. Infrared radiation is generated by
a light source, such as a globar or a tungsten-halogen lamp and is passed through the
sample. The light source is usually coupled to a monochromator, which selects a
specific range of wavelengths for the infrared radiation. As the infrared radiation
passes through the sample, some of it is absorbed by the sample, while the rest is
transmitted. The amount of infrared radiation absorbed by the sample depends on the
chemical structure of the sample and the functional groups present. The absorbed

infrared radiation is then detected by a mercury cadmium telluride (MCT) detector or
16



a pyroelectric detector. The detector generates an electrical signal proportional to the
intensity of the absorbed infrared radiation. The resulting spectrum is plotted as a
function of wavenumber (cm'), which measures the frequency of the infrared
radiation. The resulting spectrum is a unique fingerprint of the sample and can be used
to identify and analyze the sample's chemical composition. The absorption peaks in
the spectrum correspond to specific vibrational modes of the functional groups present
in the sample. The intensity and shape of these peaks can provide information about

the chemical bonds and the structures of the molecules in the sample (Figure 1.9) [31].

r— — — 7
F::-,;-+}- |
IR -1 | reference
snurceo"_:\ | |
\l-ee- . J|.
|
sample | SaMPIe
compartment IR detector
125 CHP

Figure 1.9 Simple FTIR spectroscopy diagram [33]
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2.1 Materials

CHAPTER 2

MATERIALS AND METHODS

All chemicals used in this study are listed below (Table 2.1), all chemicals listed are

used without additional purification.

Table 2.1 chemicals and instruments names used in this study

Compound name Company Mole:cular Chemical formula
name weight
Sodium STighatg Aklar Kimya 142.04 g/mol NaxSOq4
anhydrous
Uric acid SIGMA 168.11 g/mol CsHaN4O3
Trisodium citrate
o 294.10 g/mol Na3;CeHs507.2H20
CreatinigQ Sigma Aldrich | 113.12 g/mol CsH7N,O
anhydrous
Urea crystals 150 I.“AB 60.06 g/mol CH4N2O
chemicals
. . Honeywell
Potassium chloride Riedel-de Haén 74.55 g/mol KCl
Sodium chloride Sigma Aldrich 58.44 g/mol NacCl
Calcium chloride ISO LAB
dihydrate chemicals 147.01 g/mol CaCl».2H>O
Ammonium chloride Tekkim 53.49 g/mol NH4Cl
Potassium Oxalate
Monohydrate 166.22 g/mol K>C204.H,0
Magnesium sulfate R
heptahydrate Emir Kimya 246.48 g/mol MgS04.7H,0O
Sodium dihydrogen .
phosphate dihydrate Aklar Kimya 156.02 g/mol NaH>P0O4.2H>O
Disodium hydrogen )
phosphate dihydrate Aklar Kimya 177.99 g/mol NaxHPO4.2H>O
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2.2 Artificial Urine Preparation

To prepare a normal multipurpose artificial urine (MP-AU), first, a glass beaker and a
magnetic fish are cleaned with ethanol and distilled water. Then the magnetic fish is
put in the glass beaker, and the beaker is filled with 100 ml of distilled water. The
beaker with magnetic fish is placed on a magnetic stirrer with a heat plate (Heidolph
MR Hei standard) to heat it to 37 C to imitate the human body temperature. During
this time, the chemicals used to prepare MP-AU are weighed using paper and a
sensitive balance (OHAUS) with a sensitivity of 1 X 10~*g. When distilled water
reaches this temperature, the components of artificial urine are added in the same order
shown in (Table 2.2). When all the analytes are added, the solution is left to stir at 37
C for 10 minutes. At this point, it is an artificial urine solution with a specific gravity
value of 1.015 and the pH value of 7. It is a colorless and odorless solution. After
incubation, the solution is ready for spectroscopy investigation. The amount of each
component of normal artificial urine, maximum amount and minimum amount used in
this study is shown in (Table 2.2). The physiological range of components analytes of
human urine is taken from [2]. The amount of each analyte that corresponds to the

minimum, mid, and maximum value of the physiological range (Table 2.3).
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Table 2.2 shows the amounts of chemical compounds used to prepare MP-AU

Average daily urine volume =1.5 L

MW Physiological Min Max Average N (mmol) Molarity
(g/mol) Range (g/100ml) (g/100ml) (g/100ml) (mM)

Urea 60.060 10-35 g/d 0.6 2.33 1.5 24.975 249.750
Uric acid 168.113 <750 mg/d 0 0.05 0.025 0.1487 1.487
Creatinine | 113.120 M‘"‘les;nggij'zg% 0.06367 0.1957 0.1297 1.147 11.470

Females: 601-
1689 me/d 0.0401 0.1126 0.0764 0.6754 6.754
Citrate 192.124 | 221-1191 mg/d | 0.014733 0.0794 0.0470665 0.2449798 2.4497
Sodium 22990 | 41-227 mmol/d | 0.062839 0.3479 0.2054 8.9343 89.343
Potassium 39.098 17-77 mmol/d 0.04431 0.2007 0.1225 3.1332 31.332
Ammonium 18.050 15-56 mmol/d 0.01805 0.06739 0.04272 2.3668 23.668
Calcium 40.078 Malegge® 0 0.0167 0.00835 0.2083 2083
mg/d
ginales: <200 0 0.01333 0.00667 0.16634 1663.42
mg/d
Magnesium 24.305 51-269 mg/d 0.0034 0.01793 0.010665 0.43887 4388
Chloride 35453 | 40-224mmol/d | 0.09454 0.52943 0.31199 8.8001 88001
0.11-0.46
Oxalate 88.018 0.00065 0.002699 0.001672 0.01897 187.73
mmol/d

sulphate 96.060 7-47 mmol/d 0.044828 | 0.300988 0.172908 1.8 18000
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Table 2.3 chemicals used in the preparation of MP-AU

Compound Minimum normal MP-AU M;;‘:ﬁ:lm
(g/100 ml) (g/100 ml) (/100 ml)
Sodium sulphate 0.0208 0.1700 0.3446
Uric acid 0 0.0250 0.0940
Trisodium citrate 0.0110 0.072 0.1490
Creatinine 0.030 0.0881 0211
(women)
Creatinine (men) 0.048 0.0881 0.367
Urea 0.5 1.5 3.750
Potassium chloride 0.2308
Sodium chloride 0.1756
Calcium chloride 0.0185
Ammonium
chloride Y
Potassium Oxalate
Monohydrate 0.0035
Magnesium 0.0132 0.1082 0.2194
sulphate
Sodium
dihydrogen 0.0739 0.2912 0.4621
phosphate
Disodium
hydrogen 0.0211 0.0831 0.1319
phosphate
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Minimum, maximum and average amounts of urea in MP-AU are calculated as

an example as following:

First, the amount of minimum and maximum amount of urea is converted from g/1.5ml

into g/100ml as follows:

minimum amount of urea = 109x100ml _ 0.67g/100ml (2.1)
1500ml
maximum amount of urea = % = 2.33g/100ml (2.2)

The second step is calculating the average amount of urea as follows:

0.67+2.33 159

The average amount of urea = > = (2.3)
The third step is calculating the number of moles in mM as follows:
no.of moles = weightngram _ _15 o 103 = 24.975mmol (2.4)
molecular weight 60.060
The last step is calculating the molarity as follows:
. __ number of molesinmM __ 24.975 _
Molarity = m—— = R 249.75 mM (2.5)

Five microliters from the prepared solution were taken and pipetted onto the diamond
of the ATR. Then the spectrum of this sample is taken and visualized using the
spectrometer software OMNIC. The previous step is repeated twice for the same
solution, so each sample is scanned 3 times to measure the experimental error. In

conclusion, 9 components were analyzed using 81 solutions.

2.3 ATR-FTIR Spectroscopy

The Nicolet 6700 (Thermo Scientific, USA) spectrometer is used to obtain the
infrared absorbance spectrum. It has ten internal reflections in the form of a diamond
Attenuated Total Refraction (ATR, ConcentratlR2, USA) accessory. A DTGS
(Deuterated Tri Glycine Sulphate) detector is employed for each sample measurement,
and a background interferogram is captured on a spotless diamond surface. A sample
of 5ml is then pipetted onto the diamond and dried for 15 minutes using a moderate
nitrogen stream. Drying the sample before data collection was preferred because water
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absorption (H-O-H stretching) interacts with urea absorption. The drying period is
maximized by drying the sample urine for 25 minutes and scanning it every 5 minutes.
After 15 minutes, the O-H stretching vibration at 3400 cm™! fades, and the amplitude
of that region remains constant. In this manner, only the extra water is drained [24].
For a final resolution of 4 cm™ on all samples, 120 scans are gathered and averaged.
Actual points are separated by 0.96 cm™'. The spectra are captured without using any
techniques for digital signal augmentation. To remove ambient changes in water vapor
during measurements, the interferometer's sample chamber is continually purged with
Naz. Spectra's second derivative is computed using the Savitsky-Golay method with 17
smoothing points. Spectrometer software OMNIC version 8.2.388 is utilized to collect

spectra and calculate derivatives (Thermo Scientific, USA).

2.4 Spectroscopic Analysis of Samples

First, the average of the three measurements was calculated to analyze these
spectra. Three spectra are compared with the peak positions and heights for the spectral
analysis of tested analytes. The first of the three spectra were obtained from the
solution that included the minimum value of the physiological range for the tested
analyte. The second of the three spectra were the MP-AU, in which all analytes are in
mid-values. The last of the three spectra was obtained from the solution that included
the maximum value of the physiological range for the tested analyte. Then each
component is compared with its minimum spectrum. The peaks are followed from the
x-axis and compared with peaks found in the spectrum of the component dissolved in
distilled water. Using the literature information, peaks in the spectra correlate with
molecular vibrations. Available functional groups were determined using the structure
of the components. After the spectroscopic analysis of all spectra, they are transferred
to Origin to generate pictures presented in this study. In the produced spectrum, the x-
axis refers to the wavenumber of molecules, while the y-axis refers to the absorbance
of the frequency by the molecules in the compound. The normal expectation is when
the amount of the compound increases in the solution of MP-AU, the amplitude of the

peaks increases as well as in peak 3430 cm™! in the urea spectrum (Figure 2.1).
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Figure 2.1 Urea spectrum as an example
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CHAPTER 3

RESULTS AND DISCUSSION

An artificial urine solution is prepared and measured in triplets for each varying
component. Three levels of magnitude were tested: minimum value of the normal
range, mid-point of the normal range and maximum value of the normal range. The
physiologically normal range of each substance is looked up on the Mayo Clinic
website [2]. The change in the amount of a component from minimum to average and
then to maximum can be followed by simultaneous changes in the FTIR spectra. This
chapter presents all such spectra collected for each component, discusses the
characteristic peaks of components, and attempts to correlate spectral peaks to

vibrational modes in the structure of compounds.

3.1 Effect of Urea on MP-AU

In the high-frequency spectrum region, the range 3200-3500 cm™ is affected
dramatically by the changes in urea. The peak located at 3430 cm™! grows in amplitude
as the amount of urea changes from a minimally normal value to a maximally normal
value in the mixture of MP-AU. The origin of this peak is the 3434 cm™ urea peak that
is obtained by scanning the urea only where this peak is due to NH: stretching
vibrations. Also, the peak at 3334 cm™! increases in amplitude as urea increases from
minimally normal to maximally normal values. This peak is located at 3339 cm™! in the
urea spectrum. This peak is due to N-H stretching vibrations. Peak located at 3257 cm’
! grows in amplitude as the magnitude of urea increases from a minimally normal value
to a maximally normal value. The origin of this peak is located at 3258 cm™!, due to

NHa stretching vibrations (Figure 3.1) [34].

In the low-frequency region, the peak located at 1615 cm™! increases amplitude
as urea increases from minimally normal to maximally normal. The position of this

peak in the urea spectrum is located at 1621 cm™, due to C=0 vibrations [34]. Another
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peak at 1461 cm™ grows in amplitude as urea increases from minimally normal to
maximally normal. The origin of this peak is located at 1463 cm™ in the urea spectrum,

which is due to C-N vibrations (Figure 3.1) [34].

In the high-frequency region, the range 3179-2279 cm™! decreases in amplitude
as urea increases from minimally normal to maximally normal. Also, in the low-
frequency region, the range 1898-1659 cm™ and range 1345-619 cm™! have an inverse
relation with the magnitude of urea; as urea's magnitude increases, the amplitude
decreases. This inverse action can be explained with a chemical reaction that clears
these regions so that when more urea is added to the solution, there is more reaction

with an already existing urine component, which is then relocated (Figure 3.1).

— MP-AU 0 1461
1 —— Min.Urea |

—— Max.Urea

C
] Urea HZN/ \N H2

Absorbance

T I T T T T T T T T T I T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™)

Figure 3.1 The infrared spectrum of MP-AU (black), MP-AU with the minimum
amount of urea (red), MP-AU with the maximum amount of urea (blue) and urea in
distilled water

3.2 Effect of Glucose on MP-AU
In the high-frequency region in the range of 3000-3500 cm™!, the amplitude is

directly proportional to the magnitude of glucose. Amplitude increases as glucose
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Absorbance

increases in MP-AU from a minimally normal value to a maximally normal value.
Comparing this range with the spectrum of glucose in distilled water in the same
region, a broad hump is seen. So this increasing peak is due to one of the functional
groups of glucose. The suggested functional group is the O-H stretching vibrations

(Figure 3.2) [34].

In the low-frequency region, there is a slight change at the position 993 cm!,
where the amplitude decreases as the glucose amount increases from minimally normal
to maximally normal value. Looking at the spectrum of glucose, there is a peak located
at 1024 cm’!, which might explain the amplitude change at 993 cm™. This peak is
assigned to the C-O vibrations in the structure of glucose (Figure 3.2) [34].

MP-AU CH,OH
- ——Min.Glucose | H 7, H
—— Max.Glucose OH H
H
{1 —— Glucose

993

1024

' I T T I ' T I
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Figure 3.2 Shows the full FTIR spectrum of MP-AU (black), MP-AU with the

minimum amount of glucose (red), MP-AU with the maximum amount of glucose
(blue) and glucose in distilled water (green)

3.3 Effect of Creatinine on MP-AU Formulated for Women
There is a big difference between the spectrum of creatinine in MP-AU of

women and that of men. This difference is due to the variation in the magnitude of
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maximum and minimum creatinine in MP-AU between men and women. The
minimum amount of creatinine in MP-AU of men is 0.048 g/100ml, and that of women
15 0.030 g/100ml. On the other hand, the maximum creatinine value for men is 0.367
g/100ml, while for women is 0.211 g/100ml. So as there is more amount of creatinine
in men, there are more interactions between creatinine and other components in MP-

AU.

In the high-frequency region, creatinine causes several changes simultaneously
as the amount of creatinine increases from minimally normal to maximally normal. For
example, the amplitude of peaks at 3430 cm™ and 3332 cm™! decrease as the magnitude
of creatinine increases from the minimally normal value in MP-AU to the maximally
normal value. This inverse relationship can be due to an indirect reaction between
creatinine and other urine components used in the formulation of MP-AU. This
suggested component in urine is urea. The origin region of these two peaks in the
creatinine spectrum is due to O-H vibrations [34]. The peak amplitude located at 3256
cm’! decreases as the amount of creatinine in MP-AU increases from minimally normal
to maximally normal. The normal position of this peak in the creatinine spectrum is at
3247 cm™!, which is due to N-H stretching vibrations [34]. The peak located at 2805
cm’! decreases in amplitude as the magnitude of creatinine increases in MP-AU. The
origin position of this peak is located at 2802 cm™! in the creatinine spectrum, which is

due to the CHj3 group found in the creatinine structure (Figure 3.3) [34].

In the low-frequency region, peaks at 1659 cm™, 1342 cm™ and 1242 cm™! grow
in amplitude as the magnitude of creatinine increases in MP-AU from minimally
normal to maximally normal. The origin of these peaks is located at 1666 cm™, 1330
cm’! and 1244 cm™!, respectively, in the spectrum of creatinine. These peaks are due
to C=0 stretching vibrations, C-N stretching vibrations and CNH vibrations [34].
Peaks located at 1615 cm™ and 1461 cm™ are shifted, and their amplitude decreases as
the magnitude of creatinine increases from minimally normal to maximally normal.
Range 1060-869 cm™! decrease in amplitude as the magnitude of creatinine increases

from minimally normal to maximally normal (Figure 3.3).
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Figure 3.3 The infrared spectrum of MP-AU (black), MP-AU with the
minimum amount of creatinine (red), MP-AU with the maximum amount of
creatinine (blue) and creatinine in distilled water (green)

3.4 Effect of Creatinine on MP-AU Formulated for Men

In the high-frequency region, there are two peaks at 3428 cm™ and 3335 cm’!
that decrease in amplitude as the amount of creatinine increases from minimally
normal to maximally normal. This inverse relationship can be due to an indirect
reaction between creatinine and urea, which is used in the formulation of MP-AU. The
only peak in the same region in the creatinine spectrum is at 3248 cm™ due to N-H
vibrations [34]. Range 3248-2924 cm! increases in amplitude as the magnitude of
creatinine increases from minimally normal to maximally normal values in MP-AU.
At the same range in the creatinine spectrum, a wide hump is seen. This hump is due

to C-H stretching vibrations (Figure 3.4) [34].

In the low-frequency region, the peak located at 1487 cm™! increases in amplitude
as the amount of creatinine increases from minimally normal to maximally normal.
The normal position of this peak is located at 1498 cm™ in the creatinine spectrum.
This peak is due to CH; deformation [34]. Peak located at 1342 cm™ increases in

amplitude as the amount of creatinine increases from a minimally normal value to a
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maximally normal value in MP-AU. The origin of this peak is located at 1330 cm™ in
the creatinine spectrum. This peak is due to C-N stretching vibrations found in the
structure of creatinine [34]. Peak located at 1243 cm™! increases in amplitude as the
magnitude of creatinine increases in MP-AU from minimally normal to maximally
normal. The origin peak is located at the same position in the creatinine spectrum due
to CNH vibrations [34]. Peak located at 842 cm™! grows in amplitude as the creatinine
increases from minimally normal to maximally normal. The origin peak is located at
the same position in the creatinine spectrum due to N-CHj3 vibrations in the structure

of creatinine (Figure 3.4) [34].
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Figure 3.4 The infrared spectrum of MP-AU (black), MP-AU with the minimum
amount of creatinine (red), MP-AU with the maximum amount of creatinine (blue)
and creatinine in distilled water (green)
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3.5 Effect of Sodium Phosphate on MP-AU

In the high-frequency region, the range 3518-3144 cm™! decreases in amplitude
as the amount of sodium phosphate increases in MP-AU from minimum normal value
to maximum normal value. A large hump in the sodium phosphate spectrum is in the
same range due to OH stretching vibrations [34]. This inverse relation between the
amplitude of MP-AU and the amount of sodium phosphate may be due to the
interaction between sodium phosphate and another component of MP-AU, and the
suggested component is urea. Range 3144-2328 cm™! increases in amplitude as the
amount of sodium phosphate increases in MP-AU from minimum normal value to
maximum normal value. There is a broad hump at the same range in the sodium
phosphate spectrum, and it is due to OH stretching vibrations of the P-OH group
(Figure 3.5) [34].
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Figure 3.5 FTIR spectra of MP-AU (black), MP-AU with the minimum amount of

sodium phosphate (red), MP-AU with the maximum amount of sodium phosphate

(blue), Di-sodium hydrogen phosphate in distilled water (green) and sodium
dihydrogen phosphate in distilled water
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In the low-frequency region, peaks located at 1658 cm™, 1603 cm™ and 1448
cm’! decrease in amplitude with increases in the amount of sodium phosphate in MP-
AU from minimum normal value to maximum normal value. A band in the sodium
phosphate spectrum is in the same range due to HO-P=O vibrations. So, this inverse
relationship may be due to the interaction between sodium phosphate and urea in MP-
AU [34]. Peak located at 1144 cm™ grows in amplitude as the magnitude of phosphate
increases from minimum normal value to maximum normal value in MP-AU. There
is a peak at 1145 cm™ in the sodium phosphate spectrum due to P=O stretching
vibrations (page 364). Another peak at 1076 cm’! increases in amplitude as sodium
phosphate's amount increases from the minimum value to the maximum value. The
normal position of this peak in the sodium phosphate spectrum is located at 1075 cm”
! due to PO, stretching vibrations [34]. Peaks at 990 cm™,924 cm™,867 cm™!, and 783
cm’! increase in amplitude as the amount of sodium phosphate increases from
minimum normal value to maximum normal value. The reason for these peaks is P-O-
P stretching vibrations found at the range 1000-800 cm™ in the sodium phosphate
spectrum (Figure 3.5) [34].

3.6 Effect of Sodium Citrate on MP-AU

In the high-frequency region, the range 3481-2968 cm! has an inverse relation
in amplitude with the magnitude of sodium citrate. The amplitude decreases as sodium
citrate increases in MP-AU from minimally normal to maximally normal. This inverse
relationship can be due to an indirect reaction between sodium citrate and other
components of MP-AU. One of the suggested components is urea. At the same range
in the sodium citrate spectrum, a large hump is visible. This hump is due to OH

stretching vibrations (Figure 3.6) [34].

In the low-frequency region, the peak located at 1605 cm™ increases in amplitude
as sodium citrate increases from minimally normal to maximally normal. At the same
region in the sodium citrate spectrum, a peak located at 1572 cm™! appears. This peak
is due to COO" stretching vibrations found in the structure of sodium citrate [34].
Range 1457-1318 cm™! increases amplitude as the amount of sodium citrate increases

in MP-AU from minimum normal to maximum normal value. In addition, there is a
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peak at 1391 cm™ in the sodium citrate spectrum due to COH vibrations (Figure 3.6)

[34] .
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Figure 3.6 shows spectra of MP-AU (black), MP-AU with the minimum

amount of citrate (red), MP-AU with the maximum amount of citrate (blue) and
citrate in distilled water (green)

3.7 Effect of Sulphate on MP-AU

In the high-frequency region, the peaks located at 3425 cm™ and 3335 cm’!
increase in amplitude as the magnitude of Sulphate increases from minimally normal
to maximally normal. The origin of these two peaks is a wide absorption at the range
3600-3000 cm! in the sulphate spectrum due to O-H vibrations caused when Sulphate
interacts with water molecules in the solution [34]. The range 3204-2324 cm
decreases in amplitude as the magnitude of sulphate increases from minimally normal

to maximally normal (Figure 3.7).

In the low-frequency region, the peaks located at 1659 cm™ and 1607 cm!
decrease in amplitude as the amount of sulphate increases in MP-AU from the

minimum value to the maximum value. In the same region, the sulphate spectrum
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shows a band range of 1700-1652 cm™ due to OH bending vibrations [34]. The peak
at 1148 cm™! grows in amplitude as the amount of sulphate increases in MP-AU from
minimally normal to maximally normal. The underlying peak at 1140 cm™ in the
sulphate spectrum is due to SO» stretching vibrations [34]. Peak located at 1094 cm’!
increases in amplitude as the magnitude of Sulphate increases from minimum normal
value to maximum normal value. The original peak is located at 1098 cm™! in the
sulphate spectrum due to SO4 stretching vibrations [34]. Another peak at 1077 cm’!
grows in amplitude as the magnitude of sulphate increases in MP-AU from minimum
normal to maximum normal value. The position of this peak is located at 1075 cm™! in
the sulphate spectrum, and it is due to S=O stretching vibrations [34]. Peak located at
994 cm™! increases in amplitude as the amount of Sulphate increases from minimum
normal value to maximum normal value. At the same location in the sulphate
spectrum, there is a peak due to in-phase SO stretching vibrations [34]. In the
minimum normal spectrum, there is a peak located at 927 cm™!, which disappears in
the maximum normal spectrum, most probably due to an interaction with another

component of MP-AU. The suggested component is sodium phosphate (Figure 3.7).
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Figure 3.7 The infrared spectrum of MP-AU (black), MP-AU with minimum amount
of Sulphate (red), MP-AU with maximum amount of Sulphate (blue) and Sulphate
multiplied by 3 in distilled water (green)
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3.8 Effect of Albumin on MP-AU

In the high-frequency regions, peaks at 3435 cm™, 3335 cm™ and 3199 cm™! grow
in amplitude as the magnitude of albumin increases in MP-AU from minimally normal
to maximally normal. There is a peak located at 3294 cm™! in the spectrum of albumin
in distilled water, and this peak is due to N-H stretching vibrations (Amide A) found

in the structure of albumin (Figure 3.8) [35].

In the low-frequency region, peaks located at 1659 cm™, 1602 cm™ and 1445
cm’! decrease in amplitude as the amount of albumin increases from minimally normal
to maximally normal. At the same region in the albumin spectrum, peaks located at
1653 cm! and 1540 cm™ refer to C=O stretching vibrations (Amide I) and N-H
bending vibrations (Amide II), which are found in the structure of albumin (Figure

3.8) [35].
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Figure 3.8 spectrum of MP-AU (black), MP-AU with the minimum amount of
albumin (red), MP-AU with the maximum amount of albumin (blue) and albumin in
distilled water (green), source of Image of albumin [36]
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3.9 Effect of Uric Acid on MP-AU

In the high-frequency region, the range 3416-2541 cm™! increases in amplitude
as the amount of uric acid increases from minimum normal value to maximum normal
value in MP-AU. However, at the same region in the uric acid spectrum, there is a
wide hump due to OH stretching vibrations (Figure 3.9) [34]. In the low-frequency
regions, the peak located at 1655 cm™! increases in amplitude as the magnitude of uric
acid increases from the minimum normal value to the maximum normal value in MP-
AU. The origin of this peak is located at 1658 cm™ in the uric acid spectrum due to
C=0 stretching vibrations (page 390). Peak located at 1598 cm™! increases in amplitude
as the amount of uric acid increases from minimum normal to maximum normal value.
The origin of this peak is located at 1582 cm! in the uric acid spectrum due to CN
stretching vibrations [34]. Another peak at 1341 cm™ grows in amplitude as the
magnitude of uric acid increases in MP-AU from minimum normal to maximum
normal value. The origin of this peak is located at 1346 cm™' in the spectrum of uric
acid, which is due to C=0 vibrations [34]. Peaks located at 1117 cm™!, 990 cm™', 872
cm™! and 758 cm! increase in amplitude as the magnitude of uric acid increases from
minimum normal value to maximum normal value in MP-AU. The normal positions
of these peaks are visible in the spectrum of uric acid at 1120 cm™!, 90 cm!, 875 cm™!
and 782 cm’!, respectively. The reason for these peaks is C-O stretching vibrations

(Figure 3.9) [34].
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Figure 3.9 Spectra of MP-AU (black), MP-AU with the minimum amount of uric
acid (red), MP-AU with the maximum amount of uric acid (blue) and uric acid in
distilled water magnified by five times (green)

Instead of changing the urine components in magnitude one by one, all
components were also used in the minimum amount in the same artificial urine
solution to construct a spectral image of a normal urine in the lower limit of the
physiological range (Figure 3.10-red). Alternatively, all components were used in the
maximum possible amount to construct another spectral image of a normal urine in the
upper limit of the physiological range (Figure 3.10-blue). These two spectra can be
considered as drawing the limits of “spectral normal” of any urine spectrum. The
region 1500-1000 cm! is seen to change between these two spectra. This is expected
because most of the components tested in this study have a signature band directly or
have an indirect effect on this region. Therefore, this region is expected to show the

greatest variation among healthy human urine samples.

A previous study by Sarigul, et al. (2022) showed that healthy human urine
samples show variations in the same region even for the same age groups (Figure 3.11).
This result is in accordance with the data obtained in this study. Variations seen in

other regions depend on the age group of the sample. In adults (Figure 3.11-C), 1800-
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1200 cm™! region is variable, showing differences among individuals. This region is
mainly characterized by changes in urea, which depends mostly on the diet. In the
artificial system, the same region is also seen to be greatly affected by changes in urea.
Thus, data obtained in this study regarding the natural urine components and their

contribution to urine spectra can be used for pre-screening of urine samples together

with biochemical assays.
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Figure 3.10 The average spectrum of MP-AU (black), MP-AU with the minimum
amount of all components (red), MP-AU with the maximum amount of all
components (blue)
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Figure 3.11 Human urines taken from different volunteers of different ages; A:
children aged 3 to 10, B: young adults aged 20 to 30, C: adults aged 31 to 40. (Figure
taken from Sarigul et al., 2022 with the permission of authors)
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CHAPTER 4

CONCLUSION

Human urine is a vital fluid as it carries information about systemic and urinary
tract health. In previous research, a new protocol for an artificial urine solution was
produced that mimics healthy urine samples in terms of spectroscopic properties.
Using this new protocol, this study attempted to find the maximum normal, the
minimum normal and the average of a healthy human urine. FTIR spectroscopy was
used to obtain the spectra of 8 urine components changing in MP-AU from minimum
normal to maximum normal value. These components are sulphate, urea, creatinine,
albumin, glucose, citrate, uric acid and phosphate. For each component, the spectrum
of maximum normal value was compared with that of the minimum normal value and

with the spectrum of the component dissolved in distilled water.

The most effective components that change the spectra in the high frequency
region are urea and uric acid. The spectral changes in the region above 3300 cm™! are
due to urea, while in under this region are due to uric acid. On the other hand, the most
effective components in the low-frequency region are urea, phosphate, citrate,

sulphate, and uric acid.

In the high frequency region, increasing some components from minimum
normal value to maximum normal value gives an inverse relationship between the
amplitude and the magnitude. It is visible that amplitude decreases when magnitude
increases from minimum normal value to maximum normal value. These components
are citrate, creatinine and phosphate. This inverse relation is due to the interaction
between these components and another component of MP-AU. The suggested
component is the urea as it contains hydrogen, which can interact with the free oxygen
in the previous components. On the other hand, three components give the inverse
relationship between the components' amplitude and magnitude in the low-frequency

region. These components are urea, creatinine (in the case of women), and phosphate.
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So, this study can help in diagnosing patients by looking for their spectra and
comparing them with a spectrum of the normal range. For example, if the spectrum of
the patient is between the normal maximum and normal minimum, the patient can be
considered healthy. Likewise, if the spectrum of the patient is above or under this

range, this implies that the patient can have a health problem.
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