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CHAPTER |
INTRODUCTION

1.1 Statement of background and problem

Cysteine, one example of the sulphur-containing amino acids, acts as the most
effective antioxidant in human body. Due to the health benefit of cysteine, it has many
applications in pharmaceuticals, food and cosmetics [1] The major function of cysteine
is for determining structure of extracellular proteins by forming a disulfide bond as a
bridge. The presence of the disulfide bond causes the structure of proteins more
resistant against thermal condition or extreme condition [2]. The other major functions
of cysteine are the precursor for glutathione and taurine synthesis, the source of

sulphate and pyruvate, and the neurotransmitter.

In human body, cysteine can be produced by changing from homocysteine
synthesized from methionine to cysteine or breakdown of endogenous protein [3].
Adsorption of cysteine from diets is also an alternative. Cysteine can be excreted in
urine and the urinary concentration of total cysteine of the healthy individuals is in
the range of 25-200 pM [4-8]. However, an excessive amount of cysteine in human
body causes impaired resorption [6]. Besides that, it can also increase the possibility
of cysteine oxidized form called cystine which has the solubility approximately 250

mg/L (ImM/L) [9] thus giving a risk of forming stone in kidney, bladder and ureters



which can be dissolved completely only in strong base [1]. Thus, the level of cysteine

in urine can be an indicator for the disease and monitoring its urinary level.

Several methods for cysteine detection have been developed using high-
performance liquid chromatography [10, 11], fluorescence spectroscopy [12],
electrochemical voltammetry [13], spectrophotometry [14], and capillary
electrophoresis [6, 15]. However, these methods are time consuming, expensive and
sophisticated instruments. Alternatively, colorimetric methods for cysteine detection
by naked eyes or by UV-Vis spectrophotometer using nanoparticles such as silver
nanoparticles (AgNPs) and gold nanoparticle (AuNPs) have been studied. The latter
methods were applied to detect cysteine in rat brain [16], aqueous samples [17-19],
and biological fluids such as serum [20] and urine [7, 8]. The thiol group on the cysteine
may form either Ag-S or Au=S bond with AgNPs or AuNPs. When a solution of salt (e.g.
Ca(NO3),, Cu(NOs),, NaCl) was further added to interact with either amine or carboxyl
group of cysteine on nanoparticles surface, the electrostatic repulsion between
AuNP/cysteine or AgNP/cysteine was reduced and the aggregation of the nanoparticles
occurred [4, 7, 17-20]. However, this method involved standard addition to determine
the concentration of cysteine in the sample. The high sensitivity of this method was
described by the value of detection limit in the range of 1-10 nM for aqueous samples
[18, 19] and 0.05 uM for urine samples [8]. Previously, the use of nanoparticles has

some advantages, but it still requires the use of instrument such as a UV-Vis



spectrophotometer to determine the concentration of cysteine in samples. In the
present study, the use of hydroxyapatite (HAp) modified with Ag" as the material for
colorimetric cysteine detection by naked eyes has been developed. By measuring color
intensity of HAp using ImageJ software, the concentration of cysteine in the sample

could be determined.

Hydroxyapatite (HAp) or Ca;o(PO4)s(OH), was selected as solid material in this work
because it is non-toxic, inexpensive and easy to synthesize [21, 22]. In the presence of
other cations such of Ag* and K*, Ca?* on HAp could be replaced via ion exchange [23,
24]. Based on this property, in this present work, HAp was then modified with Ag" to
be the material used for cysteine detection for onsite analysis. Moreover, the use of
HAp also helps observation of a color change more obvious on a solid than that in the

solution.

Colorimetric detection of cysteine is based on the aggregation of silver
nanoparticles on the surface of HAp induced by the presence of cysteine and NaBHj.
Interaction between a thiol group of cysteine with AgNPs on HAp resulted in the
formation of AgNPs clusters. The size of AgNPs cluster depends on the concentration
of cysteine, and the change of material color from yellow to violet was observed in
an increasing cysteine concentration. The color intensity on a solid was then observed
by naked eyes and measured using the Image-J software. This method is simple and

has potential in clinical screening of cysteine in urine samples.



1.2 Research objectives
The objectives of this research are as follows.
1.2.1 To develop a colorimetric method for determination of cysteine using

hydroxyapatite modified with Ag™ as the material and NaBH, as reducing agent

1.2.2  To apply the method to detect cysteine in human urine samples.

1.3 Scope of the research

The parameters affecting sample pre-treatment and detection were investigated.
In the sample pre-treatment, cysteine in samples was extracted on cation exchange
resin. The effects of extraction and elution time, the addition of NaOH and Ca?* were
studied. In the detection step using hydroxyapatite modified with Ag®, various
parameters including concentration of Ag", the reaction time between Ag" solution and
HAp, sample volume, and NaBH, volume were investigated. Moreover, the matrix effect
in synthetic urine and the presence of other thiol containing amino acids in the system

were also examined.

Color intensity of the material was observed by naked eyes and measured by the
ImageJ software using a grey scale mode. Moreover, the standard addition method was
used to determine the concentration of cysteine in urine samples. The human urine
samples used in this research were obtained from Environmental Analysis Research

Unit (EARU) members.



.1.4 The benefit of this research

A new method for clinical screening of cysteine level in urine samples was

obtained.



CHAPTER Il
THEORY

2.1 Hydroxyapatite

Hydroxyapatite (HAp) has a formula of Ca;o(PO4)¢(H,O), with atomic Ca/P molar
ratio of 1.67. Because of the similar chemical composition with the component of
natural bone, HAps are widely used in calcified hard tissue e.g. in orthopaedic as an
implant to repair, fill, extend or reconstruct the damaged bone tissue and in dental
reconstruction. It also used as a coating on materials such as a coating on titanium and

titanium alloys as bioactive properties such as knee joint replacements [21, 22, 25].

c plane a plane
(PO, site: negative charge) (Ca site: positive charge)

Figure 2.1 Crystal plane of hydroxyapatite. Plane A is rich in Ca®* ions charge while
plane B is rich in phosphate and hydroxide ions [24]



2.1.1 Properties of hydroxyapatite

HAps are stable at room temperature and pH between 4-12. It has hexagonal
crystalline structure with two major crystal planes, a plane as positively charged
plane rich in calcium ions, and ¢ plane as negatively charged plane rich in phosphate
and hydroxide ions as seen in Figure 2.1 [24]. Because HAp contains both cations and
anions in its structure, it has high affinity for organic molecules. Moreover, Ca** ions
on HAp can be replaced with other cations such as Ag*, Mg?*, Na*, and K* causing a
slight change in the a and ¢ lattice parameters compared to the original HAp [24, 26].
Because of this cation replacement, hydroxyapatite is widely used for removal of
heavy metal ions such as Cd** [27], Pb** [28], Cr**, Zn®* [29], and Cu?" [30] in an

aqueous solution.

Besides substitution of cations, anions on HAps can also be substituted with
other anions as follows: F" and Cl substitute OH while CO;* and SiO,* substitute
PO,> on HAps. Moreover, HAp has high tolerance for ion substitution, where OH’,

PO,> and Ca*" ions can be substituted without changing the structure [31].

2.1.2 Synthesis of Hydroxyapatite

The methods of HAp synthesis are classified into wet chemistry methods and
solid-state reactions. The wet chemistry methods include precipitation method, sol-

gel method, hydrothermal reactions, and emulsion and micro-emulsion method,



while solid state reactions typically are the reactions between B—tricatcium

phosphate (TCP) and Ca(OH), powders [32-37].
10 Ca®" + 6 PO,” + 20H —> Cayo(POy)((OH), (2.1)

The precipitation method is the most commonly used method using an
aqueous solution of calcium and phosphate in a basic solution (Eq. 2.1). This method
is simple and inexpensive, requires few numbers of chemicals, produces HAPs
nanoparticles and gives only water as by-product. The reaction is performed at
temperature between 25 and 90°C. Adjusting the mixture pH to a value of 9 or higher
during the process can increase the production rate of hydroxyapatite. A solution of
ammonium hydroxide is generally used to adjust the pH of solution. Furthermore,
washing the obtained crystal is necessary to remove residual nitrate and ammonium

hydroxide [21, 22, 38].

2.1.3 Modification of hydroxyapatite with Ag*

Hydroxyapatite can be modified with specific cations to improve its properties
to suit its applications. Examples of several cations substituted on Haps and its
specific applications are as follows: Co?* modified on HAp giving catalytic effect for

specific reactions [39] and Ag" gave antibacterial effect of HAp [40].

Insertion of Ag" into the HAp structure could be achieved by several

approaches. Silver ions could be introduced into crystal structure either by doping



them during the co-precipitation reaction [26, 35] or through ion exchange or
diffusion mechanisms [26, 40]. In the doping of Ag" on HAp by co-precipitation
method, Ag” is added in the starting mixture at a (Ca+Ag)/P ratio of 1.67. On the other
hand, in the doping of HAp with Ag* via ion exchange method, silver ions solution is
added onto HAp solid. Santos et al. [26] compared the preparation of A¢” modified
Hap by the co-precipitation and diffusion method. In the diffusion method, Ag*
replaced some of Ca?* ions on the surface via ion exchange mechanism. Ag* could
substitute Ca”* on HAPs through interaction with phosphate on HAp and the resulting
agglomerates size was different from that of the original HAp. Moreover, the insertion
Ag"into HAp structure caused changes in a and ¢ lattice parameter compared to the

original HAp after 1h of the synthesis.

2.2 Silver nanoparticles

Silver nanoparticles (AgNPs) are the most widely used material in nanotechnology
products because of its physical and chemical properties including high electrical and
thermal conductivity, surface-enhanced raman scattering, chemical stability, catalytic
activity, and non-linear optical properties. The size, shape, environment, chemical
composition and surface chemistry of the silver nanomaterial determine its physical,

chemical, and optical properties [41].
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As mentioned before, the size of AgNPs is one of determinants of optical
properties which relate to surface plasmons resonances. Surface plasmons are
collective excitation of electrons resulted from interaction between electromagnetic
wave with AgNPs described by evanescent electromagnetic waves (Figure 2.2). The
characterization of collective oscillations of the electron cloud are determined by a
surface charge distribution whilst frequency of each collective oscillation of electron
cloud is determined by the electron density, effective mass, and the shape of the

particle [42, 43].

Electric
field

Electron

cloud

Figure 2.2 Illustration of the localized surface plasmon resonance [43]

Exhibiting broad spectrum of anti-bactericidal and anti-fungicidal properties, AgNPs
have been applied in surgical, food handling, packaging and storage tools, water
purifiers, textiles, cosmetics, contact lens cases, wound care products, implantable
devices, and more recently drug delivery [41, 44]. The using of AgNPs as anti-
bactericidal and anti-fungicidal is because the majority of cell materials and also DNA

of bacteria and other microbes are made from sulphur and phosphorus which are soft
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base while AgNPs is soft acid. Because interaction between AgNPs and sulphur causes

cell damage, therefore it leads to the cell death [44].

2.3 Cysteine

Cysteine, a thiol-containing non-essential amino acid, has important roles in
protein synthesis, detoxification, and diverse metabolic functions. As a strong
antioxidant, thiol group acts as nucleophilic undergoing addition and substitution
reaction. It also has high binding affinity toward heavy metals. For biochemical
research, determination of the level of sulphur-containing compounds is important
especially in the study of thiols drugs or the diagnosis of diseases such as cystinuria

and homocystinuria [1, 3].

In human body, the sources of cysteine are from diets, methionine degradation,
and proteins breakdown [3]. The concentration of total cysteine in biological fluid

samples such as urine of healthy individuals is in the range of 20-200 pM [4-8, 10].

o NH,

HO/\/\ - -lf;x\/\/OH

NH, Q

Cysteine

[reduction] | | [oxidation)

b 2
O Cystine NH2
| | S OH
. e

1
NH, o

Figure 2.3 reversible oxidization-reduction system of cysteine-cystine
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However, the presence of excessive amount of cysteine causes impaired
resorption which could increase the possibility of cysteine oxidation to form cystine
(Figure 2.3) and cause stone disease called cystinuria in kidney, bladder, or ureters. The
solubility of cysteine stone or cystine in urine is approximately 250 mg/L (ImM/L) at
pH up to 7 whilst at pH above 7, the solubility increases up to more than two times
[9]. Consumption of large amount of fruits and vegetables especially citrus fruits can
produce alkaline urine and help prevention of cysteine stone formation. Moreover,

excessive loss of cysteine can also cause hereditary disorder [1, 3].

2.3.1 Determination cysteine by using nanoparticles

Nanoparticles such as silver nanoparticles (AgNPs) and gold nanoparticles
(AuNPs) were applied to detect cysteine in rat brain [16], in an aqueous samples [17-
19], and in biological fluids such as serum samples [20] and urine samples [7, 8].
Thiol group on the cysteine may interact with either AgNPs or AuNPs to form Ag-S or
Au-S bond [17, 18]. The addition of salt solution such as NaCl in the system intends
to reduce electrostatic repulsion between AuNP/cysteine or AgNP/cysteine in
solution, thus induce the aggregation of nanoparticles [7, 17]. Then, the addition of
other cations such as Ca" and Cu** would bind with amino (-NH,) and carboxylate (-
COOH) groups of cysteine on the nanoparticles resulting in chain-like aggregates of
cysteine-coated AuNPs or AgNPs. Consequently, the color of solution changes

depending on the concentration of cysteine as illustrated in Figure 2.4 [15, 17-20].



13

“ 4
-~ o Q
! ! / 4 NGl ¥
™ . a
*‘"I - S~ OGO
|
Cys 1 Ca¥a SDS f Dispersive Ag NPs oﬁmregalmAgMPs

Figure 2.4 Schematic representation of the analytical process for detecting cysteine

using AgNPs [20].

2.3.2 Sample collection, storage and preparation cysteine

Diet and lifestyle are determinants of the components containing urine. The
normal urine usually does not contain proteins and lipids. Because cysteine can be
easily oxidized to form cystine, the analysis of cysteine is conducted immediately
after sample collection. Therefore, urine samples are collected randomly for the
analysis of thiols [45]. Kusmierek et al. [45] reported that cysteine in urine sample
was fairly stable in early hours after urine collection. Based on the result, the analysis

of cysteine should be done within 4-5 h after sample collection.

Furthermore, to suppress the conversion of thiol to disulphide, addition of a
chelating agent, alkylation of reduced thiol groups, and acidification of the samples
can be performed. Chelating agent (e.¢. ethylene diaminetetraacetic, EDTA) can form
complex with metal ions such as Fe®* [46] that act as non-enzymatic catalyst of thiol

group oxidation. The alkylation reagents should be susceptible to nucleophilic attack
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by the cysteine sulphur. lodoacetic acid is an example of the reagent which prevents
the formation of oxidized cysteine by deactivated thiol group on cysteine [47, 48].
On the other hand, acidification of samples suppresses the oxidation of thiol group
on cysteine by protonating all functional groups on cysteine (Figure 2.5). However,
acidification of the sample is often not suitable for reduction, derivatization, or pre-

treatment steps in further analysis.

SH pKa SH pKa s pKa S

2.05 [P 8.00 _ 10.25 _
OH —_— O —_— ——
HaN HgN HaN © H,N ©
0] 0] 0

Figure 2.5 pKa values of cysteine and its deprotonated forms

2.4 Cation Exchange Resin

lon exchange resin is polymer resin containing positively or negatively charged
groups and its counter ions that can be exchanged with ions of the same charge. The
ions are attached to the charged groups on the resin via electrostatic attraction. lon
exchange resins are widely used in separation, purification, and decontamination

processes.

Strong cation exchange resins (CER) contain strong acid functional groups such as
sulphonic acid (-SO3H) as shown in Figure 2.6 that can be deprotonated to sulfonate

groups as cation exchanger with negative charge. The counter ions such as proton can
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be exchanged with other cations in solution. The cations affinity against to CER is
determined by ionic size and charge of the cation. Moreover, the affinity order of some

common cations in dilute solutions [49] is as follows.

Hg?* < Li* < H" < Na* < K" = NH," < Cd** < Cs* < Ag" < Mn*" < M¢®* < Zn?* < Cu** <

NiZ* < Co?" < Ca?" < Sr*t < Pb?" < AT < Fe?*

—CH—CH,—CH—CH,—CH—CH,—

SO5H
—CH—CH,—CH—CH,—CH—CH,—CH—

58S

SO3H SO,H
—CH—CH,—CH—CH,—CH—CH,—CH—

SO0

Figure 2.6 A strongly acidic sulfonated polystyrene cation exchange resin [49]



3.1 Chemicals

The chemicals solutions used in this research was prepared in deionized water.

CHAPTER Il
EXPERIMENTAL

The chemicals listed in table 3.1 were analytical grade.

Table 3.1 The list of chemicals used in this work

Chemicals Supplier Purity
Ammonia solution Merck 25 %
Calcium nitrate (Ca(NOs),) RPE 99-103 %
Cation Exchange Resin Dowex -
Cysteine Sigma-Aldrich 97 %
Cystine Sigma-Aldrich -
Homocysteine Sigma-Aldrich > 95 %
Methionine Sigma-Aldrich 98 %
Nitric acid Merck 65 %
Phosphoric acid (HsPO,) RPE 85 %
Silver nitrate (AgNO5) AEN CORE 99.9 %
Sodium borohydride (NaBH,) Lobal Chemie 97 %
Sodium hydroxide Merck 99.9 %
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3.2 Preparation and characterization of hydroxyapatite

3.2.1 Synthesis of hydroxyapatite powder

Hydroxyapatite was synthesized via a precipitation method by mixing H3POq
and Ca(NOs3), solutions (Eq. 3.1). To get 20 mg of HAp, 47.013 g of Ca(NOs),.4H,0 were
dissolved in 50 mL of DI water whilst 6.83 ml of H;PO, were diluted into 25 mL of Dl
water. These amounts give a Ca/P-mole ratio of 1.67 for forming HAp. The diluted
HsPO, solution was then added dropwise into the Ca(NOj), solution. The pH of
solution was then adjusted to 10 by adding an ammonia solution and kept at this
pH during the mixing process for 1.5 h. The obtained mixture was centrifuged, and
the solid was washed with deionized water to remove the excess amount of

ammonia and dried at 120°C overnight in an oven.

10 Ca(NO3), + 6H5PO, + 20 NH;OH —> Cayo(PO)s(OH), + 20 NH,NO5 + 18 H,0 (3.1).

3.2.2 Characterization of prepared hydroxyapatite

The crystalline phases of the synthesized hydroxyapatite powders were
identified by X-ray diffraction (XRD) using Rigaku, D/max-2200 Ultima + diffractometer
equipped with a monochromator and a Cu anode operated KO radiation source. The
20 angle of the X-Ray beam was in the range of 20° to 55° degrees during screening.

Moreover, the morphology of the materials including size and shape of HAp, AgNPs
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containing HAp was examined by using transmission electron microscopy (TEM), JEM-

2100 from JEOL.

3.3 Preparation of silver hydroxyapatite nanoparticles

Hydroxyapatite was modified with Ag" via doping by ion-exchange (Eq. 3.2). A
AgNO; solution (16 mg/L, 1.00 mL) was added onto HAp (40 mg) and stirred for 2 min.

The mixture was centrifuged to separate the solid from the solution.

Calo (PO4)6 (OH)2 + Ag+ —> Ca(lo_n) Agn (PO4)6 (OH)Z (32)

Some parameters including the reaction time between Ag* solution and HAp and

the concentration of Ag" were studied.

3.4 Detection cysteine in standard solution and synthetic urine

Detection of cysteine of different concentrations in standard solutions (0-50 pM)
was investigated. 2.8 mL of cysteine sample solution was added onto the Ag" modified-
HAp and stirred for 2 min. After discarding the solution, 30 uL of 10 mM NaBHg4 was
added and mixed for 2 min. The solid was filtered onto a filter paper for onsite color
observation. The photo of the solid was taken in a black box and subjected to Image-
J program to measure the color intensity. The effect of NaBH4 volume was investigated

to ensure a total reduction of Ag" to AgNPs.
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In order to investigate the effect of matrix on the analysis, cysteine in synthetic

urine solutions was prepared and used in the experiment. The composition of synthetic

urine and their levels are listed in the Table 3.2 [50]. These chemicals were dissolved

in deionized water and mixed together.

Table 3.2 Composition of synthetic urine

Mass (mg) in | Concentration
No Chemical Formula
100 mL of DI | (mg/L or ppm)
1 Ammonium chloride NH,Cl 100 1000
2 Calcium chloride CaCl, 56 560
3 Creatinine C4H7N50O 110 1100
4 Magnesium chloride MgCl, 31 310
5 Potassium chloride KCl 160 1600
6 Potassium dihydrogen KH,PO4 280 2800
phosphate
7 Sodium chloride NaCl 460 4600
8 Sodium sulphate Na,SO, 230 2300
9 Sodium oxalate powder Na,C,04 2 20
10 Trisodium citrate NazCeH50, 65 650
11 Urea CHgN,O 2,500 25,000
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3.5 Activation of cation exchange resin

Cation exchange resin was activated by diluted nitric acid. The resin and acid
solution were mixed with the ratio 1:2 (mass : volume). The mixture was stirred

overnight and washed with deionized water until the pH of runoff was neutral.

3.6 Sample pre-treatment and cysteine detection

Sample pre-treatment consisted of two steps, extraction and elution step. The
sample pre-treatment was schematically presented in Figure 3.1. Prior to the extraction
step using cation exchange resin (CER), sample pH was adjusted to pH 2 or lower to
convert cysteine to its protonated form. 300 L of 4 M HNO; was added into 32.00 mL
of sample and the mixture was then mixed with 1.6 mL of cation exchange resin for 5

min. CER was then separated and washed with DI water.

In the elution step, the mixture solution of 600 uM of 2 M NaOH and 9.00 mL of
the solution of 2 mM Ca(NOs), was added to the obtained CER and stirred for 5 min to
elute the extracted cysteine. The eluted sample solution was collected and further
analysed using Ag” modified HAp for cysteine detection. In the sample pre-treatment
step, the effect of extraction and elution time, the NaOH addition, the concentration
of Ca**, and volume of eluent sample were studied. In this work, each urine sample
was diluted five-fold to minimize interferences effect. The diluted sample was further

undergone sample pre-treatment as previously described.
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Sample pre-treatment step:

/ Sample solution 10 ml
¥ Diluted Sample 32 ml 2 mM Ca?* 9 ml
- + 4 M HNO3 300 pl s+ 2 M NaOH 600 pl
—> B ' $ ' -
| 1o, | 1, Y
E A Stirred 5 min = A Stirred 5 min | T
/ =—— = <=
SO0 Discard solution
oil - 50 Eluted sample
ilution (5
Detection step:
/4], 16 ppm Ag* // Eluted Sample 2.8 mL g 10 mM NaBH. .
o 1ml W / 30 pL i
\ Stirred 2 min \ Stirred 2 min } Stirred ﬁ

= = ———y &/ ——

@ Discard solution E // Discard solution S // 2min v
HAp 40 mg ) J;
|® k

Image)

Intensity in grey scale mode

Figure 3.1 The procedures of sample preparation and cysteine detection.

3.7 Selectivity test

Before applying this proposed method to urine sample analysis, the selectivity of
this method toward cysteine detection was evaluated in standard solutions in either
the absence or the presence of another sulphur—containing amino acids such as
methionine, cysteine or homocysteine. The color of AgNPs-HAps obtained was
compared. The concentrations of cysteine used were 30 uM and 60 UM, while the

chosen concentration of other sulphur—containing amino acids was based on its
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concentration found in human urine sample (20 uM cystine, 8 uM methionine, and 10
UM homocysteine) [4-8, 10]. One-way ANOVA was then used to evaluate the effect of
another sulphur-containing amino acids presence in the analysis with 95% confidence

level and & = 0.05.

3.8 Method Performance

The performance of the proposed method was evaluated under the optimal
condition. The method was applied to human urine sample analysis. Linear range,

accuracy and precision were determined.

3.8.1 Linearity and working range

First, the linear range of the determination was determined using cysteine
standard solutions. Then standard addition method was applied to determine
concentration of cysteine in the urine samples. The calibration curve of standard
addition method was established under optimal condition obtained before. The
calibration curve was constructed using delta color intensity (the difference between
color intensity of blank and sample) as y axis and concentration of added cysteine
in the range of 0 — 60 UM as x-axis. The linearity of this method was then reported

in terms of correlation coefficient value (R?).
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3.8.2 Accuracy and precision

The accuracy of this method was evaluated by determining percentage of
recovery by spiking the known amount of cysteine into the sample with particular
level concentration. In this present work, the concentrations of spiking were 15, 20,
and 24.9 pM. Percent recovery can be calculated using Equation 3.3. Based on the
AOAC International [51], percent recovery of the spiked analyte should be in the

range 80-110 to be accepted as shown in Table 3.3.

R (op) - LomA cystetne oo o (3.3)
CCOVEY I = added cysteine 0 '

The precision of this method was presented in terms of percentage of relative
standard deviation (% RSD) value which should not be higher than 7.3 (Table 3.3) as

based on the AOAC International [51].

Table 3.3 Percent recovery and percent RSD in the presence of different analyte

concentration according to AOAC international

Analyte (%) | Mass fraction Unit Recovery range (%) RSD (%)
100 1 100% 98-102 13
10 10" 10% 98-102 1.9
1 107 1% 97-103 2.7
0.1 107 0.1% 95-105 3.7
0.01 10* 100 ppm 90-107 5.3
0.001 107° 10 ppm 80-110 73
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0.0001 10° 1 ppm 80-110 11
0.00001 107 100 ppb 80-110 15
0.000001 107 10 ppb 60-115 21

0.0000001 107 1 ppb 40-120 30

3.9 Detection of cysteine in urine sample

The urine samples were collected from healthy adult volunteers from
Environmental Analysis Research Unit (EARU) members, and the analysis was
conducted immediately after sample collection. The standard addition method was
used to determine concentrations of cysteine in urine samples. A stock solution of
cysteine was prepared in deionized water and diluted to obtain working solutions in
the range of 0 — 60 uM. 50 pL of working solution was then added in to the 9.95 mL
of urine sample to obtain the concentration in a range of 0 to 60 uM. These spiked
samples were diluted five-fold to decrease the interferences effect, and it was then
undergone the pre-treatment step prior to the detection step as previously described.
The color intensity of the solid obtained after the analysis of every samples was
observed by naked eyes and measured by the ImageJ software using grey scale mode.
The results were used to construct a calibration curve of the standard addition method

and the concentration of cysteine in the urine sample was determined.



CHAPTER IV
RESULTS AND DISCUSSION

The main idea of this work is to determine the amount of cysteine based on the
aggregation of silver nanoparticles on hydroxyapatite induced by cysteine.
Hydroxyapatite was synthesized and further modified with silver ions (Ag-HAp) for the
use in the detection of cysteine. Due to the matrix interferences on the analysis,
sample preparation was applied in this work by using cation exchange resin to extract

cysteine from urine sample.

4.1 Characterization of hydroxyapatite and silver-hydroxyapatite

The crystalline structure and phase purity of the synthesized HAp were confirmed
by X-ray diffraction (XRD) in the 20 range from 20° to 55°. The XRD pattern of the
crystal was compared with the standard database (JCPDS card 9-0432) as shown in
Figure 4.1. The XRD pattern of the prepared material corresponded to hexagonal

structure and in agreement with the standard pattern.
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Figure 4.1 XRD pattern of the prepared hydroxyapatite.

The morphology of the materials was observed using a transmission electron
microscope (TEM). The prepared hydroxyapatite (Figure 4.2 A) had rod-like and needle
like shape with the particle size around 60-70 nm. Moreover, the successful
modification of HAp with Ag" via extraction was confirmed by the presence of the
spherical particles of AgNPs on the HAp after adding a NaBH, solution as shown in

Figure 4.2 B.

Figure 4.2 TEM images of Hydroxyapatite, HAp (A) and hydroxyapatite in the
presence of silver nanoparticle, AgNPs-HAp (B).
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4.2 Silver-hydroxyapatite nanoparticles preparation

The silver ions-modified hydroxyapatite (Ag-HAp) was prepared by extracting Ag"
onto HAp via doping ion-exchange. Ag" substitutes Ca** on the HAp through ion
exchange mechanism. Extraction of Ag" on HAPs can also occur via interaction with a
phosphate ion on HAps [26]. The presence of Ag" on HAp was observed by adding
NaBH, to reduce Ag" onto HAp to AgNPs. The AgNPs formed were observed by TEM as
spherical particles on HAp (Figure 4.2 B), and the color of HAp turned to yellow.
Moreover, some influence parameters such as Ag" concentration, reaction time

between a Ag* solution and HAp were optimized.

4.2.1 Effect of Ag* concentration
The concentration of Ag" used to modify HAp was varied to get a sufficient
amount of silver on HAp for the further detection of cysteine. The concentration of
Ag" was selected based on the highest concentration of cysteine possibly found in
samples. The modified materials were used to detect 30 pM cysteine and the results

are shown in Table 4.1.

Table 4.1 Color on HAp observed at the different concentrations of Ag™ after adding

NaBH,
cysteine Ag* (mg/L)
(M) 16 12 8
0

30
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An increase in Ag" concentration from 8 to 16 mg/L resulted in more intense
color of AgNPs on HAp. At low concentration of Ag', a pale pink color on HAp was
observed in the presence of cysteine indicating that the amount of Ag” on HAp was
not sufficient to interact with cysteine. Using a solution containing 16 mg/L Ag"
resulted in the most intense color of AgNPs on HAp. When the Ag" concentration
was higher than 16 mg/L, the color of HAps in the absence of cysteine was dark
yellow due to an excessive amount of Ag" which was not good for color change
observation in the detection of cysteine at low concentrations. Therefore, the

concentration of 16 mg/L was adopted for further study.

4.2.2 Effect of contact time between Ag* and HAp
The effect of interaction time between Ag" (16mg/L) and HAp for HAp
modification was observed at 2, 4, 8, and 60 min. The amount of Ag¢" extracted was
determined using inductively coupled plasma atomic emission spectroscopy
(ICP/AES). As shown in Figure 4.4, the HAp could extract 81 % of Ag” from solution
within 2 min. Prolonging the time period to longer than 2 minutes did not remarkably
increase the amount of Ag" on HAp. Therefore, the extraction time of 2 min was

selected.
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Figure 4.3 Effect of contact time on the efficiency of Ag" extraction on HAp.

4.3 Detection of cysteine in standard solutions

HAp modified by Ag" (Ag-HAp) was then used as the material to detect cysteine in
standard solutions. The presence of cysteine with adding NaBH,; induced the
ageregation of AgNPs to form larger AgNPs clusters on HAp, and the color of solid
containing AgNPs changed from yellow in the absence of cysteine to yellow-pink and
violet in the presence of low and high concentrations of cysteine, respectively. The
color change could be observed by naked eyes and the color intensity was measured
by the Image J program. The AgNPs on HAp was observed by TEM (Figures 4.4A and B).
TEM images reveal that the cluster size of AgNPs was larger in the presence of cysteine

of higher concentration.
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Figure 4.4 TEM images of AgNPs-HAp in the presence of 5uM cysteine (A), and AgNPs-
HAp in the presence of 30 uM cysteine (B).

The mechanism of the cysteine detection using HAp modified with Ag* is
illustrated in Figure 4.5. The reaction between cysteine and Ag* on HAp occurs through
interaction with thiol group which has strong affinity toward metal ions. Besides that,
cysteine as zwitterion exists in a partly ionized form containing electron-donor groups
(-NH,) and -COOH) that enable it to coordinate with Ag* [52]. When NaBH, solution is
added, Ag" is converted into AgNPs and the presence of cysteine induces the formation

of AgNPs clusters on HAp.

—
l—A
—4£ cysteine
Yy Y ke
&‘{‘& NaBH, :YY”‘ o o:
p

Figure 4.5 Schematic illustration of the mechanism of cysteine detection.
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4.3.1 Effect of NaBH, volume

The volume of 10 mM NaBH, solution was varied to confirm whether it has any
effect on the analysis and to ensure a total reduction of Ag*” to AgNPs observed by
change color. Table 4.2 shows that increasing volume of NaBHj, resulted in more
yellowish shade on HAp in the presence of same concentration of cysteine. On the
other hand, at the lowest added volume of NaBH, solution (30 uL), the color of HAp
was pink violet. This result could be explained that the reduction of Ag* under lower
content of NaBH; may occur more slowly and the aggregation could take place
better, resulting in a bigger size of AgNPs cluster shown as pink violet color on HAp.

Therefore, the volume of 30 pL was chosen for the further experiments.

Table 4.2 Color of AgNPs-HAp obtained by using different volumes of NaBH, solution

cysteine Volume of NaBH,; 10 mM (uL)
(UM) 30 60 100 200 300 400 600

0 (
0 | ( f { ‘ (D (

4.3.2 Effect of sample matrix

Based on the results obtained previously, the method was then applied to
detect cysteine of different concentrations in standard solutions and in synthetic
urine to observe the interferences effect. The results are shown in Table 4.3. The

concentration of cysteine ranged from 0 to 50 pM was adopted as working
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concentration range. The results show that the color of AgNPs-HAp changed from
yellow to pink and violet in increasing cysteine concentration in standards solutions.
On the other hand, the color of AgNPs-HAp used to detect different concentrations
of cysteine in synthetic urine was not distinguishable at a concentration range of 0
to 30 pM. It proved that the matrix of synthetic urine seemed to prevent the
aggregation and had influence on the analysis. Furthermore, the color intensity of
the solids was measured by Image J software in grey scale. A calibration curve was
constructed by plotting delta color intensity (Al) which is the difference between the
intensity of blank and the standard solution, as y-axis and the concentration of

cysteine in the range of 0 to 50 uM as x-axis (Figure 4.6).

Table 4.3 Color of AgNPs-HAps obtained in the detection of different concentrations

of cysteine in standard solution and in synthetic urine

Concentration of cysteine (uM)
Matrix

0 10 20 30 40 50

Deionized water

Synthetic Urine
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Figure 4.6 Calibration curve of cysteine detection in standard solutions and in

synthetic urine.

The linear relationship was obtained in this concentration range. However, the
results clearly show that the detection of cysteine in urinary matrix was much less
sensitive than that in the standard solution as shown as the lower slope. It is likely
that the interferences such as Cl in synthetic urine competitively interacted with Ag”
on HAps, thus there was less number of Ag" available for binding with cysteine.

Therefore, sample preparation is required in the detection of cysteine in urine

sample.

4.4 Sample preparation and detection of cysteine

Sample preparation was required for diminishing the interferences effect in the
analysis. By adjusting sample pH to be lower than 2, all functional groups on cysteine

was protonated (-NH;*, -COOH), and carry a positively charged (Figure 2.5). Cation
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exchange resin (CER) was then used for extracting cysteine from the sample (Figure
4.7). A solution of Ca®" was then used to elute cysteine from the resin through ion
exchange mechanism. Ca** was selected to replace the protonated cysteine containing
NH;* group because it has higher affinity toward sulfonate groups on the cation

exchange resin than the ammonium group (-NH5") [49].

The addition of NaOH with the certain amount in the Ca®* solution is expected to
increase the efficiency of cysteine elution from CER by deprotonating all functional
groups on cysteine. Furthermore, it also neutralizes the eluted sample before the
detection step. However, an excessive amount of NaOH would cause silver hydroxide

precipitation on HAp and reduce the content of Ag” ions on HAps.

13 33 55
@, R\ ff, @ 0, o (f @ %D @, 05555 @
oy = e i@ o ¥
o/ @ Ny s < e - _— SO +
@ J'()S\\’H ® &' Ir)ﬁ\\‘ ‘@ @ j)’gg\ @
® G Cysteine P G)@@@
Y Cation excﬁange resin- Ca2* Eluted sample
Cation exchange ‘ cysteine Cation exchange resin-Ca2*
resin

Figure 4.7 Sample preparation step

The effect of several influence parameters in sample preparation such as the
concentration of Ca?*, NaOH addition, and extraction and elution time were studied

using cysteine standard solutions.
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4.4.1 The effect of eluent concentration

Eluents containing varied concentration of Ca%" (1, 2, 4, 6 mM) were used in
the sample preparation and the results are shown in Table 4.4. Ca** was expected
to replace the extracted cysteine on CER, and hence, the aggregation of AgNPs
induced by a quantitative amount of eluted cysteine would be obtained. It was
observed that HAp has more intense pink color in increasing the concentration of

Ca?" from 1 mM to 2 mM.

The concentration of Ca** at 1 mM was not enough to elute cysteine from CER.
However, at concentration higher than 2 mM, disaggregation of AgNPs on HAps
occurred as the paler pink shade to yellowish shade of HAps color was observed. It
was probably triggered by the enhanced surface charge due to an excessive amount
of Ca®* on AgNPs surface. As a result, the AgNPs would repulse each other and

aggregation did not occur.

Table 4.4 Effect of concentration of Ca®* on the color of AgNPs-HAp

Concentration of Concentration of Ca®" (mM)
cysteine (UM) 1 2 4 6
0

40




4.4.2 The effect of NaOH addition into eluent
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Addition of NaOH in a Ca?* solution also enhances the release of cysteine from

CER by deprotonating all functional groups on cysteine. It was achieved by using 2

mM Ca?* solution containing 0.125 M NaOH to elute cysteine on the CER after an

extraction process. Table 4.5 shows that the distinguishable color of AgNPs-HAps

used in the detection of different concentrations of cysteine (0 - 105 uM) was

obtained by adding NaOH. Moreover, the addition of NaOH also increased the

sensitivity of the analysis confirmed by the higher slope of the linear calibration curve

from the linear regression (Figure 4.8). Therefore, the eluent containing 0.125 M NaOH

was used in the further experiments.

Table 4.5 The effect of NaOH addition into 0.2 mM Ca®* eluent on AgNPs-HAp color

With NaOH

Eluent Concentration of cysteine (uUM)
Without 15 30 45 60 75 90 120
NaOH
15 30 45 60 75 90 105
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Figure 4.8 Calibration curve of cysteine detection in standard solution with sample

preparation using eluent with and without 0.125 M NaOH.

4.4.3 Effect of extraction time and elution time

Before extraction and elution process, sample was diluted 5-fold for
diminishing interferences in sample. The time for extraction and elution of cysteine
was varied to get quantitative amount of cysteine for detection. The results are

shown in Table 4.6.

Based on the observation of color by eyes, there was no distinguishable
difference in color of AgNPs-HAps either using the extraction of 5, 8 and 10 min or
using elution time of 5, 8, and 10 min. These results had been confirmed by statistical
calculation using one-way ANOVA showing that there was no significant difference in
color intensities of the solids used in detection of 40 uM cysteine (P = 0.4131) or 100

pM cysteine (P = 0.816) at the 95% Confidence level a= 0.05).
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Table 4.6 Color on HAp observed at the different time of extraction and elution

(color intensity as grey values are given under each photo)

Extraction Elution time (min)
time (min) 5 8 10
5

19471 192.10 181.42 19582 19359 181.00 | 195.11 190.81 179.88

19432  191.34 181.06 194.26 ~ 191.74 181.28 | 194.23 19221 18237

10

—— ] ~—

194.02  193.04 181.07 194.83 19253 181.07| 194.72 191.88 182.34

0 40 100 0 40 100 0 40 100

Concentration of cysteine, uM

4.4.4 Effect of eluted sample volume in detection cysteine

The influence of eluted sample volume used to mix with Ag-HAp in the
detection step was further studied. The objective is to get a quantitative amount of
cysteine onto Ag-HAp that results in distinguishable color when different
concentrations of cysteine are detected. The sample volume was varied in the range
from 1.60 to 3.40 mL. The result showed that the sample volumes of 2.80 and 3.40
mL gave more distinct color change in the presence of different concentrations of
cysteine as shown in Table 4.7. Since the use of 2.80 and 3.40 mL of sample gave

similar color, 2.80 mL of eluted sample volume was used in the method.



39

Table 4.7 Color on HAp observed using different eluted sample volume in the

detection step

Cysteine Volume of eluted sample (mL)

concentration (uM) 1.6 2.2 2.8 3.4

0

30

60

105

4.5 Selectivity test

Amino acids containing sulphur atom would either compete with cysteine on the
extraction by CER or induce the aggregation of AgNPs. The effect of cystine, methionine
and homocysteine, which are the amino acids possibly found in human urine, was
investigated. The selectivity of the method was evaluated by comparing the color of
AgNPs-HAps in the absence and the presence of these amino acids. The chosen
concentration of other sulphur-containing amino acids was based on its normal
concentration found in human urine samples [4-8, 10]. The results are shown in Table

4.8.

The results show that there was no difference in the observed color on AgNPs-

HAp in the absence and in the presence of another amino acid. It was also confirmed
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statistically by one-way ANOVA using color intensities with P = 0.152 (for cysteine 30

uM) and P = 0.137 (for cysteine 60 pM) at the 95% confidence level and & = 0.05.

Table 4.8 Color of AgNPs-HAp observed in selectivity test in the presence of

different sulphur containing amino acids

[Concentration Concentration of added amino acid (M)
of cysteine cystine methionine homocysteine
(M) 20 8 10
30
60 ' \

4.6 Method performance

The performance of the proposed method was evaluated under selected
condition that was obtained previously. The working range of this method was

determined using standard solutions of cysteine.

4.6.1 Linearity and working range

Under the optimum experimental conditions, a calibration curve was then
plotted between delta intensity of color (y-axis) against the concentration of cysteine
(x-axis). The color intensity of each solid was measured by the Image J program when

the photo of the solid was converted to red, blue, green, and grey scale.
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Figure 4.9 Calibration curve of cysteine in standard solution with sample preparation.

Color intensity was measured in green (A), red (B), blue (C), and grey (D) scale mode.

From Figure 4.9, the linear relationship was obtained by using intensities in grey

scale mode with a correlation coefficient of 0.9917 (Figure 4.5D), while the other

color scales did not give the linear relationship. Using the grey scale mode, the

working range of this method was in the range from 0 to 105 uM which covers the

concentrations of cysteine found in urine sample [4-7]

4.7 Detection of cysteine in urine sample

The applicability and reliability of the current method was evaluated by

applying the method to detect the level of cysteine in human urine samples. Pre-

treatment of sample was required since matrix interference substances such as urea,
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anions and cations from salts, other organic and inorganic compounds are usually
present in the urine. The pre-treatment of sample consisted of the extraction on cation
exchange resin (CER) and the elution step as described before. The condition in sample

pre-treatment and detection obtained previously in this study was used.

However, the urinary matrix differs from person to person and hence the standard
addition method was used to obtain the concentration of cysteine in real samples. To
evaluate the accuracy of the method, the recovery of known amount of cysteine
spiked to the urine sample was determined as shown in the Table 4.9. The proposed
method gave percent recovery in the range of 92.0 to 111.9 %. The Urine | sample had
percent recovery higher than 110 because of spiking a very low amount of cysteine
(15 uM), thus color did not obviously change, and more error could occur in this case.
In the other hand, the precision of this method was also evaluated and presented in
terms of percentage of relative standard deviation (% RSD). This present method gave
% RSD value in the range of 1.4-6.9 %. Moreover, percent recovery and percent RSD
of the results are in an acceptable range in the criteria of AOAC International [51],

indicating a good accuracy and precision of results obtained by this method.



Table 4.9 Determination of cysteine in urine sample

Cysteine concentration
Sample Recovery (%) RSD (%)
Added (uM) Found (uM)

Urine | 0 108+ 1.4 - -
15.0 2715+0.2 1119+ 1.6 1.4

Urine |l 0 15.6 + 0.5 - -
20.0 36.0 + 0.6 102.3 + 3.0 2.9

Urine Il 0 158 + 1.1 - -
20.0 359 +0.1 101.1 £ 3.0 3.2

Urine IV 0 10.2 + 1.8 - -
20.0 295+13 97.1+6.9 6.9

Urine V 0 18.9 + 4.0 - -
20.0 37.2 +0.90 920 +45 4.9

Urine VI 0 1544377 - -
24.9 38.7 + 0.7 937+ 2.8 2.9

a3



CHAPTER V
CONCLUSIONS

5.1 Conclusion

In the current study, the new method has been developed for detecting cysteine
based on the aggregation of AgNPs on HAp in the presence of cysteine. The optimal
condition for determination of cysteine was obtained by studying various parameters
including extraction and elution time, concentration of Ca’* solution, addition of NaOH,
eluted sample volume, contact time between Ag" and HAp, and concentration of Ag”,

and volume of NaBH, were studied to obtain optimal condition.

In order to overcome the matrix interfering effect, sample preparation, consisting
of two steps; extraction and elution step, was required. Cation exchange resin (CER)
was used to extract cysteine from the sample by adjusting sample pH to be lower
than 2. A solution of Ca?* containing NaOH was then used to elute extracted cysteine
from the CER through ion exchange mechanism. The eluted cysteine the solution, as

eluted sample, was then used in detection step.

The working range of this method using standard solutions was from 0 to 105 uM
with a correlation coefficient, R?, of 0.9917. The method is highly selective toward

cysteine detection.



a5

Due to the presence of various interferences levels in urine samples, the standard
addition method was then used for the determination of cysteine in human urine. The
accuracy and precision of this method were evaluated and presented in term of
percent recovery and percent relative standard deviation (RSD), respectively. The
results gave % recovery in the range of 92.0 to 111.9 along with 9% RSD in the range of

1.4 to 6.9 % which followed the AOAC International criteria.

5.2 Suggestion for future work

The using of reducing agent such as tris(2-carboxyethyl) phosphine, TCEP, may
help to extend the reduced cysteine form during analysis, thus in determination of

percent recovery may be done in 2 levels of concentration.
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