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ABSTRACT 

61356801 : Major PHARMACEUTICAL SCIENCES (INTERNATIONAL 

PROGRAM) 

Keyword : Caesalpinia sappan, Gold nanoparticles, Chitosan, Microwave, Extraction 

MR. THANA THANAYUTSIRI : GREEN, MICROWAVE-ASSISTED 

SYNTHESIS OF GOLD NANOPARTICLES USING CAESALPINIA 

SAPPAN HEARTWOOD EXTRACT AND CHITOSAN THESIS ADVISOR : 

ASSOCIATE PROFESSOR THEERASAK ROJANARATA, Ph.D. 

The aims of this work were to develop microwave (MW) assisted synthesis 

methods for gold nanoparticles (AuNPs) using green reagents as both reducing agents 

and stabilizing agents and to apply the fabricated products for analytical application. In 

the first work in which the Caesalpinia sappan (CS) heartwood extract was employed, 

the MW-assisted extraction performed at 300 W for 3 min was used to prepare the 

extract with high and reproducible brazilin content (13.1 ± 0.4% w/w) and it could be 

readily used for the synthesis of AuNPs. Under the optimal AuNP synthesis conditions 

i.e. using 5 mL of 1.5 mM HAuCl4 solution, 0.4 mL of the CS extract and a MW 

irradiation fixed at 60 °C for 1 min, roughly spherical CS-AuNPs with an average 

diameter size of 49.6 nm and acceptable 28-day stability were obtained. The resulting 

CS-AuNPs were capable of selective binding to Fe2+, Fe3+ and Al3+, leading to particle 

aggregation as well as noticeable change of color and shift of UV-vis absorption 

maxima at 650 nm. Therefore, they had potential for the colorimetric sensing of certain 

metal ions in pharmaceutical products. In the second work, chitosan-capped gold 

nanoparticles (CTS-AuNPs) were synthesized. The synthesis was carried out by using 

0.75 mL of 10 mM HAuCl4 and 5 mL of 0.1% w/v CTS solution and a microwave 

irradiation at 125 °C for 40 s. The resulting red colloidal solution, showing the 

maximum absorption peak at 520 nm, contained monodispersed, spherical, and stable 

CTS-AuNPs with a mean diameter of 17.8 nm. Due to the positively charged surface, 

CTS-AuNPs were applied to the assay of the polyanionic compound i.e. disodium 

edetate based on the particle aggregation which eventually induced red-to-blue color 

change of the solution. It was found that the absorbance at 670 nm related to the 

disodium edetate concentration with a 4-parameter logistic model. The assay was 

accurate and precise; its results were comparable to those obtained from the titrimetric 

pharmacopeial method. Moreover, gold (Au0) was shown to be easily recovered from 

CTS-AuNPs through alkaline-induced precipitation followed by acid treatment and 

heating, providing a facile and efficient means for treatment of laboratory waste. 

  

 
 

 

 

 



 
 E 

ACKNOWLEDGEMENTS 
 

ACKNOWLEDGEMENTS 

  

I would like to express my deep appreciation to all those who participated in the 

creation of this thesis, helped, and supported me throughout my Ph.D. Firstly, I would 

like to express my sincere thanks to my thesis advisor, Associate Professor Dr. Theerasak 

Rojanarata, for his invaluable help and constant encouragement throughout the course of 

this thesis. He gives me the golden opportunity to learn and share, and he builds me up to 

be a perfect researcher in my own way and always understands me for who I am. I am 

most grateful for his advice, not only on the research methodologies but also many other 

methodologies in life. I would not have achieved this far, and this thesis would not have 

been completed without all the support that I have always received from him. I also would 

like to express my gratitude to my co-advisor, Professor Dr. Praneet Opanasopit and 

Associate Professor Dr. Prasopchai Patrojanasophon, for an advice, support, and kindness 

throughout the course of this research. I would like to thank the Faculty of Pharmacy, 

Silpakorn University, which is my second home, and staff members for the facilities and 

other support they provided. Also, I would like to thank all of my friends and the members 

of the Pharmaceutical Development of Green Innovation Group (PDGIGs) for helping me 

with all of their power, listening to all my stories, even the good and bad, and trying to 

build this warm home together. Finally, I most gratefully thank my family for their love, 

understanding, encouragement, and support throughout the period of this research and 

throughout my life. 

  

  

MR. Thana  THANAYUTSIRI 
 

 

 



 

TABLE OF CONTENTS 

 Page 

ABSTRACT .................................................................................................................. D 

ACKNOWLEDGEMENTS .......................................................................................... E 

TABLE OF CONTENTS ............................................................................................... F 

LIST OF TABLES ......................................................................................................... J 

LIST OF FIGURES ...................................................................................................... K 

LIST OF ABBREVIATIONS ........................................................................................ 1 

CHAPTER 1 INTRODUCTION ................................................................................... 4 

1.1 Statement and significance of the research problem .................................... 4 

1.2 Objectives ..................................................................................................... 8 

1.3 Hypothesis .................................................................................................... 8 

CHAPTER 2 LITERATURE REVIEW ........................................................................ 9 

2.1 Gold nanoparticles (AuNPs) ........................................................................ 9 

2.1.1 Definition and general characteristics ........................................................ 9 

2.1.2 Synthesis method of AuNPs ..................................................................... 10 

2.1.3 Application of AuNPs .............................................................................. 11 

2.1.3.1 Drug and gene delivery ................................................................ 11 

2.1.3.2 Diagnosis sensing ......................................................................... 11 

2.1.3.3 Catalysis ....................................................................................... 12 

2.1.3.4 Colorimetric assay ........................................................................ 12 

2.1.4 Recovery of gold from AuNPs ................................................................. 12 

2.2 Microwave (MW)....................................................................................... 15 

2.2.1 Definition.................................................................................................. 15 

2.2.2 Advantages and limitations ...................................................................... 16 

2.2.3 MW assisted extraction (MAE) ................................................................ 17 

2.2.4 MW assisted synthesis of AuNPs ............................................................. 18 

  



 
 G 

2.3 Brazilin ....................................................................................................... 19 

2.4 Chitosan (CTS)........................................................................................... 20 

CHAPTER 3 MATERIALS AND METHODS .......................................................... 22 

3.1 Materials ..................................................................................................... 22 

3.2 Equipment .................................................................................................. 23 

3.3 Methods ...................................................................................................... 24 

3.3.1 Development of Caesalpinia sappan capped gold nanoparticles (CS-

AuNPs) ..................................................................................................... 24 

3.3.1.1 Preparation of CS extract.............................................................. 24 

3.3.1.1.1 Conventional heating ..................................................... 24 

3.3.1.1.2 MW irradiation .............................................................. 24 

3.3.1.1.3 Determination of brazilin ............................................... 24 

3.3.1.2 Synthesis of CS-AuNPs ................................................................ 25 

3.3.1.3 Characterizations of CS-AuNPs ................................................... 25 

3.3.1.3.1 Physical appearance ....................................................... 25 

3.3.1.3.2 Surface plasmon resonance effect ................................. 25 

3.3.1.3.3 Fourier-transform infrared spectroscopy ....................... 25 

3.3.1.3.4 Morphology and particle size ........................................ 26 

3.3.1.3.5 Hydrodynamic diameter, size distribution, and zeta 

potential .......................................................................... 26 

3.3.1.4 Stability study of CS-AuNPs ........................................................ 26 

3.3.1.5 Preliminary study of metal binding property of CS-AuNPs ........ 26 

3.3.2  Chitosan-capped gold nanoparticles (CTS-AuNPs) ................................ 27 

3.3.2.1 MW-assisted synthesis of CTS-AuNPs ........................................ 27 

3.3.2.2 Characterizations of CTS-AuNPs................................................. 27 

3.3.2.2.1 Physical appearance ....................................................... 27 

3.3.2.2.2 Surface plasmon resonance effect ................................. 27 

3.3.2.2.3 Fourier-transform infrared spectroscopy ....................... 27 

3.3.2.2.4 Morphology and particle size of CTS-AuNPs ............... 28 

 



 
 H 

3.3.2.2.5 Hydrodynamic diameter, size distribution, and zeta 

potential .......................................................................... 28 

3.3.2.3 Development of the colorimetric assay for Na2EDTA injection 

using CTS-AuNPs ........................................................................ 28 

3.3.2.3.1 Assay procedure ............................................................ 28 

3.3.2.3.2 Method validation .......................................................... 28 

3.3.2.3.2.1 Linearity and range ...................................... 28 

3.3.2.3.2.2 Limit of detection and limit of quantification

 ...................................................................... 29 

3.3.2.3.2.3 Accuracy ...................................................... 29 

3.3.2.3.2.4 Intra-day and inter-day precision ................. 29 

3.3.2.3.3 Comparison of the proposed method with the standard 

method ............................................................................ 29 

3.3.2.4 Recovery of gold from laboratory waste and composition analysis

 ...................................................................................................... 29 

3.3.2.5 Statistical analysis ........................................................................ 30 

CHAPTER 4 ................................................................................................................ 31 

RESULTS AND DISCUSSION .................................................................................. 31 

4.1 Caesalpinia sappan capped gold nanoparticles (CS-AuNPs) .................... 31 

4.1.1 MW-assisted extraction of CS heartwood ................................................ 31 

4.1.2 Optimal condition for MW-assisted synthesis and characteristics of CS-

AuNPs ...................................................................................................... 32 

4.1.3 Stability of CS-AuNPs ............................................................................. 37 

4.1.4 Metal ion binding property of CS-AuNPs ................................................ 37 

4.2 Chitosan capped gold nanoparticles (CTS-AuNPs) ................................... 39 

4.2.1 Optimization of MW-assisted CTS-AuNPs synthesis .............................. 39 

4.2.2 Characteristics of CTS-AuNPs ................................................................. 41 

4.2.3 Analytical applicability of CTS-AuNPs ................................................... 43 

4.2.3.1 Principle of the colorimetric assay of edetate disodium ............... 43 

 



 
 I 

4.2.3.2 Assay conditions optimization ...................................................... 45 

4.2.3.2.1 pH of the reaction ........................................................... 45 

4.2.3.2.2 CTS-AuNPs solution volume ......................................... 46 

4.2.3.2.3 Reaction time ................................................................. 46 

4.2.3.3 Analytical performance of the assay ............................................. 47 

4.2.4 Laboratory waste treatment and gold recovery ........................................ 51 

CHAPTER 5 ................................................................................................................ 53 

CONCLUSION ............................................................................................................ 53 

5.1 Synthesis and application of CS-AuNPs .................................................... 53 

5.2 Synthesis and application CTS-AuNPs ...................................................... 53 

REFERENCES ............................................................................................................ 54 

VITA ............................................................................................................................ 64 

 



 

LIST OF TABLES 

 Page 

Table  1 Regression models representing the relationship of absorbance and 

concentration of Na2EDTA .......................................................................................... 48 

  



 

LIST OF FIGURES 

 Page 

Figure  1 Various shape of the AuNPs [44] ................................................................... 9 

Figure  2 Schematic of the gold recovery and recycling process by Pati et al. [66]. .. 13 

Figure  3 Images of representative states during gold recovery from nanowaste. From 

left to right, AuNPs nanowaste waste suspension (A), AuNPs sedimentation by NaCl 

addition (B), HAuCl4 solution after oxidation with HCl + H2O2 of gold sediment (C)  

[67]. .............................................................................................................................. 14 

Figure  4 The electromagnetic spectrum showing characteristics of MW [69]. .......... 15 

Figure  5 The temperature profile after 60 s as affected by MW irradiation (left) 

compared to treatment in an oil-bath (right) [70]. ....................................................... 16 

Figure  6 Chemical structure of (a) brazilin and (b) brazilein. .................................... 19 

Figure  7 Structure of CTS consisting of glucosamine and N-acetyl glucosamine. .... 21 

Figure  8 The amount of brazilin found in the CS extract delivered by (a) the MW-

assisted method and (b) conventional heating method using 100°C temperature  (n=3).

...................................................................................................................................... 32 

Figure  9 The solution color (shown in circle) and the particle size distribution of CS-

AuNPs synthesized with different reactant compositions. Each reaction was 

performed using the MW-assisted method at the temperature of 60°C for 1 min. ...... 34 

Figure 10 The solution color (shown in circle) and the particle size distribution of CS-

AuNPs synthesized with varied time and temperature. Each reaction was performed 

using the MW-assisted method with 5 mL of 1.5 mM HAuCl4 solution and 400 µL of 

the CS extract as the reactant. ...................................................................................... 34 

Figure 11 (a) The color of the resulting CS-AuNPs colloidal solution and light 

scattering Tyndall effect and (b) the scanned UV-Vis spectrum of CS-AuNP solution.

...................................................................................................................................... 35 

Figure 12 TEM image of CS-AuNPs. .......................................................................... 35 

Figure 13 FTIR spectra of CS-AuNPs (red) and CS extract (blue). ............................ 36 

Figure 14 The mean of CS-AuNPs hydrodynamic particle size produced using MW 

irradiation versus conventional heating after 4°C for 28 days storage (n=3). *Signify 

statistically significant differences. .............................................................................. 37 

  



 
 L 

Figure 15 (a) Color of the CS-AuNPs solutions upon adding metal ions (blank 

measurement was performed in water), (b) UV-Vis absorption bands shift with added 

Fe2+, Fe3+ or Al3+, and (c) the observed CS-AuNPs agglomeration when Fe2+ was 

added  under TEM. ...................................................................................................... 38 

Figure 16 UV-Vis spectra of CTS-AuNPs synthesized with varied (a) reaction 

temperatures (time = 40 s) and (b) time (temperature = 125 °C). ............................... 40 

Figure 17 Particle size distribution determined by DLS technique of CTS-AuNPs 

synthesized with various reaction temperatures (rows) and time (column). ............... 41 

Figure 18 FTIR spectra of (a) chitosan (red) and (b) CTS-AuNPs (blue). .................. 42 

Figure 19 Suggested mechanism of colorimetric reaction occurred among CTS-

AuNPs and Na2EDTA.................................................................................................. 44 

Figure 20 (a) UV–vis spectra of CTS-AuNPs (red) and the CTS-AuNPs interacted 

with Na2EDTA (purple), and TEM images of (b) CTS-AuNPs and (c) CTS-AuNPs 

aggregation. .................................................................................................................. 45 

Figure 21 (a) The relationship between the absorbance and pH at a fixed wavelength 

of 670 nm. The relationship between the absorbance and Na2EDTA concentration 

with the effect of (b) pH, (c) CTS-AuNPs volume, and (d) assay reaction time. ........ 47 

Figure 22 (a) The image of the colorimetric assay reaction with 0.1–1.2 mM 

Na2EDTA and (b) a 4 PL standard curve showing the LOQ of 0.080 mM Na2EDTA.

...................................................................................................................................... 50 

Figure 23 (a) The dried precipitates of CTS-AuNPs (left tube) and citrate-capped 

AuNPs (right tube) after the treatment with alkaline solution, (b) refined gold solids 

from CTS-AuNPs wastes, (c) SEM micrograph (top view) of gold grains, and (d) 

EDS spectrum of gold within the representative microscopic area marked with red-

bordered rectangle in (c). ............................................................................................. 52 

 



 

LIST OF ABBREVIATIONS 

 

%     percentage 

/     divide 

®     registered trademark 

±    plus or minus 

>     more than  

≥     more than or equal  

<     less than  

≤    less than or equal 

°C     degree celsius  

et al.     et alia (Latin) means “and others”  

i.e.     id est (Latin) means “That is”  

e.g.     exempli gratia (Latin) means “for example” 

h     hour(s)  

min     minute(s)  

s     second(s) 

L     liter  

mL     milliliter  

µL     microliter  

g     gram  

mg     milligram  

µg     microgram  

M     molar  

mM     millimolar  

µM     micromolar 

N     normality  

w/v     weight by volume  

v/v     volume by volume  



 
 2 

m    meter 

cm     centimeter  

nm     nanometer  

kV    kilovolt 

mV    millivolt 

W    watt 

AuCl4
-    tetrachloroaurate ions 

AuNPs    gold nanoparticles 

CS    Caesalpinia sappan Linn. 

CTAB    cetyltrimethylammonium bromide 

CTS    chitosan 

CTS-AuNPs   chitosan-capped gold nanoparticles 

DLS    dynamic light scattering 

DNA     deoxyribonucleic Acid 

FTIR    fourier-transform infrared 

GHz    giga hertz 

HAuCl4   tetrachloroauric(III) acid 

HBr    hydrogen bromide 

HNO3    nitric acid 

H2O2    hydrogen peroxide 

HPLC     high performance liquid chromatography  

ICH     the international council for harmonization 

KBr    potassium bromide 

LA     labeled amounts 

Log     logarithm  

LOD     limit of detection 

LOQ     limit of quantification 

MAE    microwave assisted extraction 

MHz    mega hertz 



 
 3 

MW    microwave 

NaBH4    sodium borohydride 

Na2EDTA   ethylenediaminetetraacetic acid disodium salt 

PDI    polydispersity index 

pH     potentia hydrogenii (latin) 

4 PL    4-parameter logistic 

R.S.D.     relative standard deviation  

r2    coefficient of determination 

S.D.     standard deviation 

TEM    transmission electron microscopy 

UV     ultraviolet  

USP     United State Pharmacopeia  

Vis     visible 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 4 

CHAPTER 1 

INTRODUCTION 

 

1.1 Statement and significance of the research problem 

Gold nanoparticles (AuNPs) are inorganic nanoparticles with particle size range 

from 1 to 300 nm with a high monodispersity and a large specific surface area. AuNPs 

are accounted as nontoxic and biocompatible. The use of AuNPs in various disciplines, 

including chemistry, electronics, engineering, and the biological and pharmaceutical 

sciences, has been the subject of numerous investigations [1-3]. The development of 

more effective synthesis methods has also been pursued in an effort to produce gold-

based nanomaterials with desired features. Among the different fabrication techniques, 

environmentally friendly procedures that need nontoxic precursors and moderate 

reaction conditions, use less energy, and produce less waste have drawn a lot of interest 

since they are secure, affordable, reasonably quick, and environmentally sustainable. 

The utilization of reducing and stabilizing agents that are generated naturally from 

plants [4-6], microbes [7, 8], and biocompatible and renewable substances [9] is one of 

these greener synthesis techniques. The synthesis of AuNPs has also made use of 

microwave (MW) irradiation, which is thought to be a more environmentally friendly 

method of heating. This has sped up the preparation process and saved time, money, 

and energy [10-12]. 

Caesalpinia sappan Linn. (CS) or sappan, sappanwood, brazilwood, Indian 

redwood is a medicinal plant with various application such as a dye for cotton fabric 

and silk yarn as well as medicinal advantages. The analysis of ethanolic CS extract from 

heartwood reveals a variety of chemical components, including brazilin and particularly 

xanthone, coumarin, chalcones, flavones, and homoisoflavonoids. Brazilin is a 

significant active component found in the heartwood of CS [13, 14]. This organic 

substance is non-toxic and biocompatible for biomedical use. According to literature, 

brazilin is a pharmaceutical substance with anti-inflammatory, antibacterial, and 

antioxidant activities [13, 15-17]. Due to its safety, this natural substance can be 

developed to be used in food, drinks, cosmetics and textile industries as well as 

pharmaceutical and medical applications. Brazilin appears as red in an alkaline solution, 

orange in a neutral solution, and yellow in an acidic solution. Additionally, brazilin is 
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not stable and is readily oxidized to brazilein due to its higher inclination for 

degradation [14]. In the chemical structure of brazilin, the carbonyl functional group 

from oxidation replaces one of the hydroxyl groups in the chemical structure of brazilin, 

turning the solution to a red color. Also, brazilin could be oxidized to become brazilein 

when exposed to air and light. 

Brazilin from CS is currently rarely used in the synthesis of AuNPs. The only 

research found to demonstrate the use of CS extract for AuNPs synthesis was by 

Chartarrayawadee et al. [18] who has effectively used the extract as reducing and 

stabilizing agents for the environmentally friendly manufacture of AuNPs. Depending 

on the size of the AuNPs, colloidal solutions of reduced gold ions exhibit natural red-

wine and dark purple colors, without interference from the orange/reddish-orange color 

of the CS extract. For the synthesis and stabilization of AuNPs colloidal solution, 

effects of CS concentration on the morphology, size, and zeta potential of AuNPs were 

examined. It was discovered that 0.004-0.04 wt% of CS was the optimal concentration 

to be used as the reducing agent for green synthesis of AuNPs. Due to the adsorption 

and stabilizing properties of CS extract, the particle size of AuNPs reduced when CS 

concentration was raised. The AuNPs were different in size and form with earthworm 

and quasi-spherical morphologies, according to Transmission electron microscopy 

(TEM) examination. The stability of AuNPs produced by CS was  related to the zeta 

potential of the obtained particles, which was roughly in the range of -10 mV to -20 

mV.  

Other than plant extracts, monosaccharides and polysaccharides are well-known 

naturally abundant biomolecules that have the potential to be effective candidates for 

the creation of metal nanoparticles due to their reducing and stabilizing properties. 

Several other kinds of carbohydrates, such as glucose [19], sucrose [20], carrageenan 

[21], dextran [22], starch [23], agarose [24], gellan gum [25], pectin [26], and fucoidan 

[27] have been used in the synthesis of AuNPs. Chitosan (CTS) which is made up of 

N-acetylglucosamine and glucosamine units linked with β-1,4-linkage has also been 

used in the preparation of stabilized AuNPs that benefited from the aminated moieties. 

CTS is a green polymer from the standpoint of the environment because it is created 

naturally and derived from the renewable substance chitin, which is found in the 

exoskeletons of crustaceans. Additionally, it is biodegradable and harmless. According 
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to a number of studies, CTS can convert the precursor Au(III) into zero-valent AuNPs 

by transferring charges from polar functional groups like hydroxyl or amino groups 

[28]. Additionally, the stabilization and formation of AuNPs are significantly 

influenced by the electrostatic interactions between the tetrachloroaurate ions (AuCl4
-) 

in the solution and the amino groups in CTS; as a result, CTS can function as both a 

reducing agent and a stabilizing agent for AuNP synthesis [29]. CTS-capped AuNPs 

(CTS-AuNPs) have recently been created and used for a variety of purposes, including 

contrast agents for cell and tumor imaging [30], functional nanomaterials for cancer 

phototherapy [31], carriers for drug and gene delivery [32, 33], and colorimetric sensors 

[34, 35]. 

Without the use of other reducing or capping agents, such as sodium citrate or 

sodium borohydride, the conventional heating method and CTS can be used to 

synthesize CTS-AuNPs. By heating with the temperature between 70 to 140 °C, the 

CTS solution and tetrachloroauric acid are mixed with energetic stirring to create the 

CTS-AuNPs. The appropriate temperature depends on a number of variables, including 

the concentrations of CTS and gold salt, the ratio of reactants, and the pH of the 

reaction, which varies among on the studies. Despite the method’s simplicity, it takes 

between 15–120 min [35-40] to synthesize CTS-AuNPs by conventional heating. This 

considered time- and energy-consuming. MW irradiation is a more effective heating 

method than the conventional heating because it improves reaction time, product 

consistency, and requires less energy consumption. Numerous techniques for creating 

gold nanostructured materials, including AuNPs [41], with the aid of MW have been 

established recently. Tetrachloroauric acid and CTS solution were combined in a 

synthesis vessel and irradiated using MW energy, typically using constant power (watt) 

set at the proper level [42, 43], in various experiments on the synthesis of CTS-AuNPs. 

The outcomes of these investigations showed that the time required for the synthesis 

was reduced drastically to 1-3 min. 

Until now, the use of AuNPs in analytical chemistry and quality control has not 

yet met its capability. Thus, this study aimed to utilize AuNPs for quantitative analysis 

of different compounds using AuNPs synthesized with MW-assisted method. The 

purpose of this work was to investigate the MW-assisted synthesis of AuNPs with the 

presence of CS extract. Brazilein, an oxidized compound from CS extract, was known 
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to be able to interact with specific metals; the capacity of brazilein-capped AuNPs to 

interact with metals and cause aggregation leading to color change was examined. 

Moreover, CTS-AuNPs preparation using MW-assisted synthesis in a fixed 

temperature mode, referring to the MW source itself regulates the power sent to the 

reactor to keep the temperature consistent throughout the synthesis has not yet been 

reported. The optimal condition for the synthesis of CTS-AuNPs was studied to provide 

a new avenue for the synthesis as an alternative procedure. The CTS-AuNPs were then 

used as a colorimetric sensor for the quantitative determination of the anionic 

compound ethylenediaminetetraacetic acid disodium salt (Na2EDTA), which is an 

intravenous chelating agent used to treat heavy metal poisoning and lower the serum 

calcium levels in hypercalcemia. The CTS-AuNPs is positively charged due to the use 

of CTS as the capping agent. Therefore, the properties of capped AuNPs have been 

illustrated and described in this study.   
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1.2 Objectives 

1.2.1 To develop green and rapid MW-assisted synthesis of AuNPs using the 

CS heartwood extract and CTS. 

1.2.2 To apply the AuNPs synthesized by using CS extract and CTS for the 

pharmaceutical analysis i.e., sensing of metal ions and assay of Na2EDTA, respectively. 

1.3 Hypothesis 

1.3.1 AuNPs can be synthesized by green and rapid method using CTS and the 

heartwood extract of CS with the aid of MW irradiation. 

1.3.2 The synthesized AuNPs can be applied for pharmaceutical analysis based 

on colorimetry i.e., the analysis of Na2EDTA and metal ions.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Gold nanoparticles (AuNPs) 

2.1.1 Definition and general characteristics 

 AuNPs are tiny particles of gold (Au0) that have diameters in the nanoscale, 

typically ranging from 1 to 100 nm.  AuNPs have colors depending on size, shape and 

distance between them. For small (~30 nm) monodisperse AuNPs, the surface plasmon 

resonance phenomenon causes an absorption of light in the blue-green portion of the 

spectrum (~450 nm) while red light (~700 nm) is reflected, yielding a rich red color. 

As particle size increases, the wavelength of surface plasmon resonance related 

absorption shifts to longer, redder wavelengths. Red light is then absorbed, and blue 

light is reflected, yielding solutions with a pale blue or purple color.  

AuNPs have unique optical, electronic, and chemical properties that are 

different from bulk gold, making them useful in a variety of applications such as 

catalysis, drug delivery, and sensing. They can be synthesized in various shapes, sizes, 

and surface chemistries, and can be functionalized with a variety of ligands or other 

chemical groups to tune their properties. By different synthesis method used and the 

reaction conditions, AuNPs obtained can have a variety of shapes, including spheres, 

rods, cubes, and more complex shapes such as triangles, hexagons, and stars (Figure 1).  

 

 

Figure  1 Various shape of the AuNPs [44] 
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2.1.2 Synthesis method of AuNPs 

There are several methods for synthesizing AuNPs, including physical, chemical, 

and biological methods. 

• Physical methods involve the use of physical forces to reduce gold ions AuNPs. 

One common method is laser ablation [45]. 

• Chemical methods involve the use of chemical reduction agents to reduce gold 

ions to AuNPs. The most common methods rely on the use of citrate or sodium 

borohydride (NaBH4) as reducing agent.  conventional methods used for AuNPs 

synthesis is Turkevitch method in 1951. Turkevitch used citrate solution as 

reducing agent to reduce gold (III) derivatives, namely HAuCl4 to gold with zero 

valency [46]. Later, the use of had been developed to eliminate the heating 

process.  

o Turkevitch method 

The Turkevich method was developed in 1951 [47], and it is then a 

widely used method for synthesizing AuNPs. It involves the reduction of gold 

ions by sodium citrate with the aid of heat. Citrate ion also act as a capping or 

stabilizing agent to prevent the aggregation of nanoparticles. In some 

circumstance, additional stabilizing agent, such as cetyltrimethylammonium 

bromide (CTAB), polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), is 

added to enhance the product stability. 

HAuCl4 + 3 NaC6H5O7
- → AuNPs + 3 NaCl + 3 C6H5O7

- 

o Sodium borohydride (NaBH4) method 

NaBH4 is a strong reducing agent that is highly reactive with gold ions, 

leading to rapid reduction and formation of the nanoparticles. By this method, 

heating is unnecessary.  

HAuCl4 + NaBH4 → AuNPs + NaCl + H2O 

• Biological methods involve the use of microorganisms or enzymes to 

synthesize AuNPs [48]. Example of a biological method are the use of bacteria 

[49] or fungi [50] to produce AuNPs, which can be achieved by reducing gold 

ions with the microbial metabolic byproducts. In addition, AuNPs can be 

synthesized by the use of plant extracts which contain various biomolecules 
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such as flavonoids [51], terpenoids [52] and polyphenols [53] acting as a 

reducing agent and stabilizing agent. 

 

2.1.3 Application of AuNPs 

2.1.3.1 Drug and gene delivery 

The advantages of AuNPs are their high stability and biocompatibility, which 

make them suitable for use in the human body. AuNPs can be easily functionalized with 

a variety of biomolecules, such as proteins, nucleic acids, and small molecules, which 

allows them to be targeted to specific cells or tissues in the body. 

In drug delivery, AuNPs can be used to deliver therapeutic agents directly to the 

site of disease, which can improve the effectiveness of treatment and reduce side 

effects. AuNPs can also be used to deliver gene therapies, which involve the 

introduction of functional genetic material into cells to treat or prevent disease. 

Examples of the use of AuNPs for drug and gene delivery are; 

• Doxorubicin loaded gold nanoparticles to use as passive targeting on anticancer 

efficacy [54]. 

• Gold nanoparticles loaded with docetaxel [55]. 

• Polymer functionalized gold nanoparticles as nonviral gene delivery reagents 

[56]. 

2.1.3.2 Diagnosis sensing 

AuNPs have also been used in the development of diagnostic sensing 

technologies for detecting a variety of diseases and conditions [57]. For example, 

AuNPs functionalized with specific antibodies or other biomolecules have been used to 

detect cancer markers in blood or tissue samples, to detect infectious diseases such as 

HIV or tuberculosis, and to diagnose a range of other conditions such as diabetes or 

cardiovascular disease. Examples of the use of AuNPs for diagnostic sensing are; 

• Electrochemiluminescence of gold nanoparticles and gold nanoparticle-labelled 

antibodies as co-reactants [58]. 

• Fluorescence near gold nanoparticles for DNA sensing [59]. 

• Generation of cytotoxic singlet oxygen via phthalocyanine-stabilized gold 

nanoparticles:  a potential delivery vehicle for photodynamic therapy [60]. 
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 2.1.3.3 Catalysis 

The important properties of AuNPs that suitable for catalysts is their high 

surface area, which allows them to interact with a large number of reactant molecules 

simultaneously. This can increase the efficiency of the catalytic process and result in 

higher yields of the desired product. Examples of the use of AuNPs for catalytic are; 

• Supported gold nanoparticles as catalysts for the oxidation of alcohols and 

alkanes [61]. 

• Gold nanoparticle catalysts for selective hydrogenations [62]. 

 2.1.3.4 Colorimetric assay 

AuNPs have been widely used in colorimetric assays, which are analytical 

techniques that measure the concentration of a substance by measuring the color of a 

solution. 

In a colorimetric assay using AuNPs, the substance of interest interacts with the 

AuNPs solution, inducing the aggregation of nanoparticles.  This phenomenon leads to 

the change their color due to the alteration of the size and shape of the particles.  

The change in color can be measured using a spectrophotometer, which 

measures the intensity or wavelength of the light absorbed or transmitted by the 

solution. By comparing the color of the solution before and after the substance is added, 

it is possible to determine the concentration of the substance in the sample. Examples 

of the use of AuNPs for colorimetric assay are; 

• A simple and sensitive colorimetric assay for determining mercury(II) ion using 

gold nanoparticles [63]. 

• A colorimetric assay for D-Penicillamine in urine and plasma samples based on 

the aggregation of gold nanoparticles [64]. 

• Colorimetric assay using gold nanoparticles for trace determination of 

tolyltriazole in aqueous media [65]. 

2.1.4 Recovery of gold from AuNPs 

The production and use of AuNPs result in consequent generation of nanowaste.  

Since Au(III) salts, a precursor of AuNPs are expensive resources, some attempts have 

been made to develop a methodology which allows laboratory scale gold recovery 

and/or its transformation into new AuNPs. In addition, the recovery and recycling of 
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these materials is important nowadays because of the environmental issues in terms the 

management of sustainable materials when non-renewable resources are involved. 

Moreover, the potential risks of nanomaterials and their impact to human beings and 

the environment are currently insufficiently understood and could become a key point 

in the future. 

From the literature review, the Pati et al. [66] reported focused on AuNPs 

capped with citrate recovery and recycling (Figure 2). In this work, β-cyclodextrin was 

used for Au(III) extraction after oxidation, employing a mixture HBr : HNO3 = 3 : 1, 

of a simulated aqueous nanowaste containing AuNPs. Afterwards, several steps of 

reduction, precipitation and oxidation were carried out, allowing to obtain a gold 

solution that was employed to synthesis of AuNPs. However, the obtained AuNPs, 

which contained unidentified impurities, were unstable and coalesced.  

 

 

 

Figure  2 Schematic of the gold recovery and recycling process by Pati et al. [66]. 

 

In another work [67], Au(III) was recovered from aqueous laboratory 

nanowaste, using commonly available reagents (Figure 3). The recovery process 

involves three-steps: (1) AuNPs separation from real or simulated nanowaste by salting-

out; (2) aqueous HAuCl4 solution preparation employing a mixture of hydrogen 
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peroxide and hydrochloric acid.; (3) Au nanospheres synthesis employing a seeded 

growth approach. This process allowed the recovery of more than 99% of the original 

gold. 

 

Figure  3 Images of representative states during gold recovery from nanowaste. From 

left to right, AuNPs nanowaste waste suspension (A), AuNPs sedimentation by NaCl 

addition (B), HAuCl4 solution after oxidation with HCl + H2O2 of gold sediment (C)  

[67]. 

  



 
 15 

2.2 Microwave (MW) 

 2.2.1 Definition 

MW are electromagnetic radiations with  wavelengths ranging from about 1 m 

to 1 mm. and frequencies between 0.3 and 300GHz (Figure 4). MW are commonly used 

in telecommunications, radar, and MW ovens. Most commercial MW ovens are 

designed for operation at 2450 MHz [68]. In a laboratory setting, a MW is a device that 

uses to produce quickly and uniformly heat the sample or reactants, which can facilitate 

the extraction or synthesis process.  

 

Figure  4 The electromagnetic spectrum showing characteristics of MW [69]. 

 

MW irradiation produces heat by causing the water molecules in the sample to 

rotate by two main mechanisms: dipolar polarization and ionic conduction. This 

vibration produces heat, which is then transferred to the rest of the sample. The heat 

generated by the MW can help to dissolve or extract the desired compounds from the 

sample, making them more readily available for analysis or further processing.  

Different from a conventional heating method that the vessel surface is 

contacted with the heat source, the heat of reaction mixture caused by MW proceeds 

directly inside the material avoiding the reaction vessel (Figure 5). This means that the 

reaction proceeds rapidly and uniformly in the reaction vessel. In addition, the 
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temperature of a MW irradiated substrate can be raised higher than its boiling point, 

i.e., superheating, but the highest temperature of conventional heating is limited by 

boiling point of a substrate. Furthermore, MW irradiation provide the synthesis reaction 

with MW effects, i.e., those resulting from the material and wave interactions and the 

dipolar polarization, in addition to the effects of efficient heating 

 

 

Figure  5 The temperature profile after 60 s as affected by MW irradiation (left) 

compared to treatment in an oil-bath (right) [70]. 

 

 2.2.2 Advantages and limitations 

The advantages and limitation of MW that have been discussed in many literatures [68, 

71-75] which are summarized below 

Advantages: 

• Speed: MW can heat and dry samples much faster than conventional methods, 

such as heating on a hot plate. This can save time and increase productivity in 

the laboratory. 

• Efficiency: MW are more energy-efficient than conventional heating methods 

because they directly heat the sample rather than heating on the vessel surface 

surrounding the sample. In addition, the temperature of a substrate can be raised 

higher than its boiling point, i.e., superheating may take place. This can result 

in energy savings and reduced operating costs. 
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• Uniform heating: MW can uniformly heat the sample, which can be beneficial 

for certain types of reactions or processes that require uniform heating. 

• Controllability: MW can be precisely controlled and adjusted, which allows for 

precise temperature control and the ability to monitor the heating process. 

Limitations: 

• Compatibility: Not all materials are suitable for MW heating or synthesis. Some 

materials, such as metals and certain types of glass, can reflect MW and may 

not be heated efficiently. 

• Safety: Care must be taken when using MW in the laboratory to ensure the 

safety of the operator. MW ovens must be properly grounded and shielded to 

prevent leaks, and proper safety precautions must be followed to prevent burns 

or other injuries. 

• Cost: MW equipment can be more expensive than conventional heating 

equipment. 

• Limited application: MW may not be suitable for all types of heating or 

synthesis processes. For example, they may not be suitable for processes that 

require very high temperatures or for certain types of reactions that are sensitive 

to MW. 

 

 2.2.3 MW assisted extraction (MAE) 

Extraction is a common and essential step in many analytical chemistry 

techniques. MAE is a recent extraction technique available to analysts. It involves the 

use of MW to facilitate the extraction process, and it offers several advantages over 

traditional extraction methods. One of the main benefits of MAE is the ability to 

perform extractions more rapidly and efficiently, which can lead to significant time 

savings and cost reductions. In addition, MAE can often provide more complete and 

reproducible extractions, as it can effectively extract a wider range of analytes from 

various sample matrices. In MAE, MW are used to generate heat and pressure within a 

MW-transparent solvent, which can then be used to extract analytes from the sample 

matrix. There are several factors that can influence the efficiency of MAE, including 

the temperature and pressure of the solvent, the type and concentration of the solvent, 
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and the duration of the extraction. they can significantly impact the quality and 

reproducibility of the resulting extract. 

In many studies, it has been reported that MW irradiation causes disruption of 

plant cells, thereby facilitating the mass transfer of solvent into the plant material and 

the release of the plant constituents [76]. Therefore, it is more efficient extraction 

method than conventional heating in terms of the requirement of less solvent and energy 

consumption, higher yield and faster operation [77].  

Example of MAE are described in several articles e.g. Chan et al.(2011) [77], 

Llompart et al.(2019) [78], Mirzadeh et al.(2020) [79]. 

 

 2.2.4 MW assisted synthesis of AuNPs  

 For the synthesis of AuNPs, MW irradiation has potential to significantly reduce 

the synthesis time and improve the yield. In addition, it is more energy-efficient and 

safer. In term the characteristics of the products, it is usually found that MW produce 

smaller size, narrow uniformity and higher stability compared to conventional methods 

[70]. Example of MW assisted synthesis of AuNPs are; 

• Nguyen et al. [80] compared MW-assisted synthesis of AuNPs using 

Ganoderma lucidum extract with the conventional method. The result showed 

that MW irradiation at 400 W only for 10 min could produce AuNPs whereas 

conventional used 6 h at 85 oC. In addition, the particle size, yield and size 

distribution of AuNPs obtained from MW method were better than those 

prepared by conventional method. 

• Arshi et al. [81] produced AuNPs by mixing HAuCl4, citric acid and CTAB then 

irradiated by MW at 100 W for 40 s. The resulted AuNPs had a diameter range 

of 1-10 nm and showed high antibacterial activity against E. coli (ATCC 25922 

strain). 

• Sunkari et al. [82] used Papaya leaf extract to reduce the HAuCl4 by MW 

assisted synthesis. The AuNPs could be produced at 750 W for 90 s. The AuNPs 

had the average size of 15 ± 2 nm. The papaya leaf extract capped AuNPs 

showed effective antibacterial activity on both P. putida and S. aureus. 
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2.3 Brazilin 

Brazilin, (6aS-cis) (7,11b-dihydrobenz[b]indeno[1,2-d]pyran-3,6a,9,10,(6H)-

tetrol) (Figure 6(a)), is a  red colored, water soluble homoisoflavonoid. It is a main 

constituent found in the heartwood of CS, a plant in the family of Caesalpiniaceae 

which is widely distributed in Southeast Asia. Brazilin can be oxidized, by exposure to 

atmospheric oxygen and light, to brazilein or 6aS-(6a,7-dihydro-3,6a,10-trihydroxy-

benz[b] indeno[1,2-d]pyran-9(6H)-one) (Figure 6(b)). Traditionally, the aqueous 

extracts from the wood of CS are used for the dyeing of fabrics [83]. In addition, 

scientific studies of CS have reported various pharmacological effects of brazilin and 

CS heartwood extract, including antioxidant activity, antibacterial activity, antiacne 

activity, anti-inflammatory activity, hypoglycemic activity, hepatoprotective activity 

and vasorelaxation activity [13, 83]. 

 

 

Figure  6 Chemical structure of (a) brazilin and (b) brazilein. 

 

To obtain brazilin or red dye from sappan wood, a traditional method is based 

on boiling of wood pieces in water. Also, Chartarrayawadee et al. [18] prepared the CS 

extract in water by conventional heating at 80°C for 3 h for the synthesis of AuNPs.  In 

laboratory, extractions of CS heartwood are usually carried out by using mainly organic 

solvents e.g. ethanol, methanol and the mixture of alcohol and water as solvents [84, 
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85]. In addition, the MAE [86, 87] and the subcritical solvent extraction [88] were 

reported. 

Since CS extract which contains brazilin and other phytochemicals such as 

polyphenols and flavonoids can act as a reducing agent, its applicability for the 

synthesis of AuNPs has been investigated. However, the study is currently limited. 

Until now there is the only work carried out by Chartarrayawadee et al. [18] In that 

work, the solution of lyophilized CS extract was mixed with HAuCl4 solution. 

Subsequently, the mixture was stirred overnight (12 h) at room temperature followed 

by heating the solution at 90°C for 1 h, resulting in quasi-spherical and short-length 

earthworm-like shaped CS-AuNPs with the average hydrodynamic size of 49 nm [10].  

Since brazilin can form the complex by coordinate covalent bonds with 

selectivity to certain metal ions such as Al3+ [89] and Fe2+, it was also used for 

colorimetric detection of of Fe2+ via a ratiometric absorption response to Fe2+ at 539 

nm and 615 nm [90]. However, until now there is no report about the possibility of 

using brazilin or brazilein which is caps on the AuNPs for the analysis of metal ions. 

 

2.4 Chitosan (CTS) 

 CTS is a biodegradable, biocompatible, and non-toxic macromolecule. It 

consists of glucosamine and N-acetyl glucosamine units linked together by β-1,4-

glucosidic bonds (Figure 7) [91]. CTS has a molecular weight ranging from a few 

hundred to several hundred thousand daltons, depending on the degree of deacetylation 

and the method of synthesis. It is insoluble in water, but soluble in dilute acidic pH (pH 

2-6). As the degree of deacetylation increases, the solubility increases. CTS is a 

polycationic polymer with a pKa on amine group around at 6.17 to 6.51 [92]. It is 

produced from degradation of chitin on the shell of marine crustaceans such as shrimp 

and crab induced by certain groups of bacteria that produce the enzymes deacetylase or 

chitosanase enzymes. In medical and pharmaceutical fields, CTS can be used for 

several applications such as tissue engineering [93, 94], wound healing [95, 96], drug 

delivery [97, 98], medication [99, 100] and gene therapy [101]. 
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Figure  7 Structure of CTS consisting of glucosamine and N-acetyl glucosamine. 

 

 CTS-AuNPs can be synthesis by conventional synthesis methods using sodium 

citrate or NaBH4 as a reducing agent and then adding CTS as a capping agent. For the 

example, Chen et al. [34] prepared CTS-AuNPs by reducing HAuCl4 solution with 

trisodium citrate. Then, CTS was added. The resulting CTS-AuNPs could be used for 

colorimetric sensing of heparin. Bhattarai et al. [102] used NaBH4 to reduce HAuCl4 in 

the presence of CTS at room temperature. The resulted AuNPs could immobilize 

necked plasmid DNA to enhance DNA delivery.  

Apart from the conventional synthesis method which uses toxic reducing 

agents, CTS can be used for that purpose as both a reducing agent and capping agent 

by itself. In 2017, 0.1% (w/v) CTS was mixed with HAuCl4 with heating for 45 min. 

The AuNPs solution showed red color with the particle size of AuNPs in the range of 

24 - 30 nm in diameter [103]. These CTS-AuNPs could be used for the detection of 

amplified nucleic acids isolated from sputum. In addition, the MW-assisted synthesis 

of CTS-AuNPs had been developed. This method reduced the synthesis reaction time 

to 40 - 60 s [41, 43]. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Materials 

1. Aluminum sulfate octadecahydrate (Al2(SO4)3·18H2O) (Sigma-Aldrich®, St. 

Louis, MO, USA) 

2. Boric acid (≥99.5%) (Sigma-Aldrich®, St. Louis, MO, USA ) 

3. Brazilin standard (≥99.0%) (Chengdu Biopurify Phytochemical Ltd., China) 

4. Caesalpinia sappan Linn. Powder  

5. Calcium sulfate dihydrate (CaSO4·2H2O) (Sigma-Aldrich®, St. Louis, MO, 

USA) 

6. Chitosan (low molecular weight, 50-190 kDa, 75%–85% degree of 

deacetylation) (Sigma-Aldrich®, St. Louis, MO, USA) 

7. Disodium edetate (Na2EDTA) dihydrate (≥99.0%) (Sigma-Aldrich®, St. Louis, 

MO, USA) 

8. Ferric chloride hexahydrate (Fe(III)Cl·6H2O) (Sigma-Aldrich®, St. Louis, MO, 

USA) 

9. Ferrous sulfate heptahydrate (Fe(II)SO4·7H2O) (Sigma-Aldrich®, St. Louis, 

MO, USA) 

10. Glacial Acetic Acid (Merck, Germany) 

11. Gold (III) chloride trihydrate (HAuCl4·3H2O) (≥99.0%) (Sigma-Aldrich®, St. 

Louis, MO, USA) 

12. Hydrochloric acid fuming, ≥37% (Merck, Germany) 

13. Magnesium sulfate heptahydrate (MgSO4·7H2O) (Sigma-Aldrich®, St. Louis, 

MO, USA) 

14. Methanol (Merck, Germany) 

15. Na2EDTA dihydrate injection 

16. Nitric Acid (Merck, Germany) 

17. Phosphoric acid (≥85 wt. % in H2O) (Merck, Germany) 

18. Potassium bromide (KBr) (FT-IR grade, ≥99%) (Sigma-Aldrich®, St. Louis, 

MO, USA) 

19. Potassium sulfate (K2SO4 (Sigma-Aldrich®, St. Louis, MO, USA) 
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20. Sodium hydroxide (≥97.0%, pellets) (Sigma-Aldrich®, St. Louis, MO, USA ) 

21. Sulfuric acid (95.0-98.0%) (Merck, Germany) 

22. Zinc sulfate heptahydrate (ZnSO4·7H2O) (Sigma-Aldrich®, St. Louis, MO, 

USA) 

3.2 Equipment 

1. Analytical balance (Satorius AG Gottingen, Germany) 

2. C18 HPLC column (4.6 x 150 mm, 4.6×150 mm, 5 µm; Cosmosil® Japan) 

3. High Performance Liquid Chromatography (HPLC) (Agilent 1260 Series, 

Agilent Technologies, Santa Clara, CA, USA ) 

4. LCD Digital Magnetic Hotplate Stirrer MS-H380-Pro (Onilab LLC, USA) 

5. Microcentrifuge (Microfuge® 16 Centrifuge, Beckman Coulter) 

6. Micropipette (Eppendorf Research®, Eppendorf, Germany) 

7. Microplate reader (Victor NivoTM Multimode plate reader, Perkin Elmer, UK) 

8. Microwave (MW) synthesizer (Discover SP, CEM Corporation, USA) 

9. pH meter (LAQUAtwin pH, HORIBA, Japan) 

10. Scanning electron microscopy (SEM, Tescan Mira3) coupled with energy-

dispersive X-ray spectroscopy (EDS, Element EDS System, EDAX) 

11. Thermo Nicolet Nexus 4700 FTIR spectrometer (Thermo Fisher Scientific, 

USA) 

12. Transmission electron microscopy (TEM, Philips® Model TECNAI 20, OR, 

USA) 

13. UV/Visible spectrophotometer (Cary 60 UV-Vis, Agilent Technologies, Santa 

Clara, CA, USA) 

14. Vortex mixer (VX100, Labnet International Inc., USA) 

15. Zetasizer Nano ZS (Malvern Instruments, UK) 
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3.3 Methods 

 3.3.1 Development of Caesalpinia sappan capped gold nanoparticles (CS-

AuNPs) 

 3.3.1.1 Preparation of CS extract 

 3.3.1.1.1 Conventional heating 

One gram of CS heartwood powder was accurately weighed in a 50-mL glass 

vessel, then 20 mL of water was added. The vessel was placed to boil in a 100 °C water 

bath with vigorous stirring. At different timepoints (5, 15, 30, 60 min), 1 mL of the 

extract was withdrawn from the vessel, centrifuged, and filtered to obtain a clear 

solution. The solutions were kept in a refrigerator at 4 °C until further use. 

 3.3.1.1.2 MW irradiation  

A dispersion of CS heartwood powder was prepared in a 50-mL glass vessel (1 

g in 20 mL of water). Then, the glass vessel was placed in a MW synthesizer (Discover 

SP, CEM Corporation, USA) and irradiated using 100, 200, or 300 W power with a 

fixed power mode. The reaction time was varied to be 1, 2, and 3 min. Subsequent to 

the reaction completion, the vessel was removed from the reactor, and the clear solution 

was kept at 4 °C after centrifugation and filtration.  

 3.3.1.1.3 Determination of brazilin 

 The brazilin content in the extracts was quantified using HPLC analysis 

(Agilent 1260 Infinity, Agilent Technologies, USA) following the method reported by 

Warinhomhaun et al. [84] A C18 column (4.6 × 150 mm, 5 µm) was used as a stationary 

phase, while the mobile phase was a gradient flow of solution A (methanol) and solution 

B (methanol:2.5% acetic acid (10:90)). The flow started with the ratio of solution A:B 

at 10:90 for 12 min and shifted to 100% of solution A and hold for 13 min. Thereafter, 

the mobile phase was altered back to the initial ratio and maintained for 15 min. The 

injection volume, flow rate, detection wavelength, and column temperature were 20 µL, 

1.0 mL/min, 280 nm, and 35°C, respectively. The retention time of brazilin was 10.2 

min. The extraction condition that yields the highest content of brazilin was selected 

for the following experiments.  
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 3.3.1.2 Synthesis of CS-AuNPs 

 The reduction reaction was used to prepare CS-AuNPs in which the CS extract 

was employed as the reducing agent and stabilizing agent. A HAuCl4 solution was 

reduced in a MW synthesizer using dynamic control mode. Several parameters 

composing of HAuCl4 concentration, volume of CS extract, reaction time, and 

temperature was varied to optimize the synthesis procedure. Precisely, the substrate 

concentration was varied by 0.5, 1.0, and 1.5 mM with the final volume maintained at 

5 mL. The CS extract volume was 200, 400, and 600 µL. The reaction time was 0.5, 1, 

2 min, while the temperature was varied at 50, 60, and 70 °C. Immediately after the 

reaction by MW irradiation, the gold colloid solutions were cooled in an ice bath. The 

resulting CS-AuNPs were stored in a refrigerator until use. 

 

3.3.1.3 Characterizations of CS-AuNPs 

 3.3.1.3.1 Physical appearance 

The physical characteristics considering color and clarity of the colloidal CS-

AuNPs were investigated visually. Tyndall effect was used to examine the colloidal 

property where a laser beam is given to the sample solution and light scattering 

phenomenon of the colloidal systems is observed.  

 3.3.1.3.2 Surface plasmon resonance effect 

AuNPs possess surface plasmon resonance effect which can be determined by 

the ultraviolet-visible (UV-Vis) spectrophotometer. The bands of CS-AuNPs were 

scanned and collected in the wavelength range of 400-800 nm using a multimode plate 

reader (Victor Nivo, PerkinElmer, USA). 

 3.3.1.3.3 Fourier-transform infrared spectroscopy  

The chemical attribute of CS-AuNPs were analyzed using Fourier-transformed 

infrared (FTIR) spectroscopy (Thermo Nicolet Nexus 4700 FTIR spectrometer, 

Thermo Fisher Scientific, USA). The samples were obtained after centrifugation of the 

AuNPs solutions at 14,000 rpm for 15 min. Then, the supernatant was removed and the 

solid particles were washed with water and leave to dry in a hot air oven at 70 °C  

overnight. Also, the AuNPs colloidal samples were dried using lyophilization 

technique. The dried AuNPs were acquired in the KBr disc preparation for the 
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measurement in the spectrophotometer to compare the spectra of AuNPs dried using 

different technique. 

 3.3.1.3.4 Morphology and particle size  

The morphology of CS-AuNPs as well as the particle size was observed under 

a transmission electron microscope (TEM, Philips® Model TECNAI 20, OR, USA) 

with 80 kV accelerating voltage. The sample was prepared by dropping the solution on 

a copper grid and leave to dry prior to the investigation. 

 3.3.1.3.5 Hydrodynamic diameter, size distribution, and zeta 

potential 

The attributes of the AuNPs were characterized considering the hydrodynamic 

diameter, size distribution, and zeta potential. A Zetasizer NanoZS ( Malvern 

Instruments, UK) was used for the measurement. Before the measurements, the gold 

colloidal solutions were freshly prepared and diluted with purified water (1:9). The 

examination was performed in triplicate at 25 °C. 

 AuNPs formulations that were found to be red colloids with high intensity 

absorption (high yield) of maximum wavelength between 500-550 nm and has the 

particle size less than 100 nm with a narrow size distribution were considered to be with 

potentials and selected for further experiments.  

 

            3.3.1.4 Stability study of CS-AuNPs  

 The colloidal stability of CS-AuNPs prepared by both conventional heating and 

MW irradiation was investigated. The solutions were stored in a refrigerator at 4°C for 

28 days. The physicochemical characteristics were evaluated and compared to the 

initial information for both conventional and MW method.  

 

            3.3.1.5 Preliminary study of metal binding property of CS-AuNPs 

 Brazilein is a phytocompound in CS extract that is able to bind to certain metal 

ions. The capability of CS-AuNPs to chelate mono- and polyvalent ions was 

investigated to determine the agglomeration state of the AuNPs upon ion binding which 

would alter the solution color. Briefly, 100 µL of 20 mM Fe2+ Fe3+ Al3+ K+ Ca2+ Zn2+ 

Mg2+ solution which were prepared from FeSO4·7H2O, FeCl3·6H2O, Al2(SO4)3·18H2O, 
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K2SO4, CaSO4·2H2O, ZnSO4·7H2O, MgSO4·7H2O, respectively, were mixed with 100 

µL of CS-AuNPs solution. The reaction was allowed to perform at room temperature 

for 10 min. Then, the color change and UV absorption spectra were evaluated to 

illustrate any shift of the maximum wavelength. 

 

 3.3.2  Chitosan-capped gold nanoparticles (CTS-AuNPs) 

 3.3.2.1 MW-assisted synthesis of CTS-AuNPs 

The CTS-AuNPs were synthesized using MW-assisted technique. In brief, 10 

mM HAuCl4 solution was prepared and 0.75 mL of the solution was added to a 10-mL 

reaction vessel and mixed with 5 mL of 0.1 %w/v CTS in 1 %v/v acetic acid. The vessel 

was then placed in the MW synthesizer and a fixed temperature mode was turned on. 

The temperature was varied from 105, 125, and 145 °C, and the reaction time was 

varied from 20, 40, and 60 s to optimize the AuNPs synthesis. The resulting solutions 

were instantly cooled by immersing in an ice bath after the reaction time ends to stop 

the reaction. Thereafter, the synthesized CTS-AuNPs were kept in a refrigerator until 

required.  

 

 3.3.2.2 Characterizations of CTS-AuNPs 

 3.3.2.2.1 Physical appearance 

The physical appearance of CTS-AuNPs were examined visually as mentioned 

in the section 3.3.1.3.1. 

 3.3.2.2.2 Surface plasmon resonance effect  

The surface plasmon resonance bands of CTS-AuNPs were collected using the 

method mentioned in the section 3.3.1.3.2. 

 3.3.2.2.3 Fourier-transform infrared spectroscopy 

The chemical characteristics of CTS-AuNPs were investigated using FTIR 

measurement. The samples were prepared using a KBr disc technique. The AuNPs were 

collected by centrifugation of the solution at 14,800 rpm for 10 min. Then, the 

precipitate was obtained for washing with ultrapure water and dried overnight at 50 °C. 

The spectrum was compared with that collected from CTS extract.  
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 3.3.2.2.4 Morphology and particle size of CTS-AuNPs 

The CTS-AuNPs morphology and the particle size were studied using the 

method mentioned in the section 3.3.1.3.4. 

 3.3.2.2.5 Hydrodynamic diameter, size distribution, and zeta 

potential  

The physicochemical characteristics of CTS-AuNPs were collected and the 

criteria for the section of the AuNPs appropriate for further investigations were as 

mentioned in the section 3.3.1.3.5.  

 

 3.3.2.3 Development of the colorimetric assay for Na2EDTA injection 

using CTS-AuNPs 

 3.3.2.3.1 Assay procedure 

Standard Na2EDTA dihydrate powder were acquired for the preparation of 

standard solution series. By that, the standard compound was accurately weighed and 

dissolve in water then diluted to the following concentrations: 0.1, 0.2, 0.4, 0.6, 0.8, 

and 1.0 mM. Whereas, Na2EDTA injection (150 mg/mL, eq. to 446 mM of Na2EDTA) 

was used to prepare the sample solution at a final concentration of 0.5 mM. The analysis 

was performed in a 96-well plate by mixing 75 µL of Na2EDTA standard or sample 

solution with 100 µL CTS-AuNPs solution (as prepared) and 25 µL of Britton-

Robinson buffer (pH 4). The mixtures were made homogeneous with a micropipette, 

then incubated at an ambient temperature for 10 min. The absorbance of each well was 

collected with a multimode microplate reader at 650 nm. The quantity of Na2EDTA in 

the sample was calculated from the prepared standard curve. 

 3.3.2.3.2 Method validation 

Analytical method validation was performed to affirm the performance of the 

proposed analytical method with CTS-AuNPs. The International Conference of 

Harmonization (ICH) guidelines (ICH Q2 (R1) (2005)) [104] was used as a reference 

for the analytical method validation procedures. 

 3.3.2.3.2.1 Linearity and range 

The efficient analytical range that the drug concentration (independent variable) 

presented a linear relationship with the instrumental responses (dependent variable) was 



 
 29 

determined. Seven concentrations of Na2EDTA standard solutions varied between 0.1–

1.2 mM were plotted against the absorption responses and an appropriate regression 

model in a SigmaPlot software was used to compute the compute the coefficient of 

determination (r2) 

 3.3.2.3.2.2 Limit of detection and limit of quantification 

The limit of detection (LOD) and limit of quantitation (LOQ) which is described 

as 3.3 and 10 times the standard deviation of blank measurements (n=10), respectively, 

were calculated according to the regression analysis. 

 3.3.2.3.2.3 Accuracy 

The accuracy of the analytical procedure was examined by the quantification of 

the Na2EDTA standard solutions. Three known concentration levels composing of 0.4, 

0.5, 0.6 mM were quantified each in triplicate using the proposed assay method. The 

%recovery of was calculated using the following equation. 

%Recovery = 
Assayed Na2EDTA content

Known Na2EDTA content
 × 100 

 3.3.2.3.2.4 Intra-day and inter-day precision 

By examining six injection samples in one day for three consecutive days, the 

intra-day and inter-day precision were evaluated, respectively. The relative standard 

deviation (%RSD) values of the replicates were used to express the variances in the 

assay results. 

 3.3.2.3.3 Comparison of the proposed method with the standard 

method 

 Commercially available edetate disodium injection was assayed using the 

proposed method and USP43 method (complexometric titration) [105] as the reference 

procedure. The quantification result was described as %labeled amount where the 

results were compared using t-test. 

 

 3.3.2.4 Recovery of gold from laboratory waste and composition 

analysis 

To the colored liquid laboratory waste from the experiments, sodium hydroxide 

(3 M) solution was added while stirring until the pH reached to approximately 7. Upon 

adding the basic solution, CTS-AuNPs in the waste were aggregated and precipitated. 
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The waste solutions were then centrifuged to collect the precipitate where the clear 

supernatants were removed. Thereafter, the solid precipitates were placed in a porcelain 

dish and dried in an ambient atmosphere or in a hot air oven to recover high-purity gold 

from the AuNPs.  Concentrated sulfuric acid was added to the completely dried solids 

and was then heated on a burner until no fume was seen to digest and eradicate other 

organic compounds. The recovered gold was observed as tiny grains on the dish. 

The recovered gold from the laboratory waste was analyzed on the composition 

using scanning electron microscopy (SEM) coupled with energy-dispersive X-ray 

spectroscopy. Briefly, the gold grain scratched from the dish was adhered on the SEM 

stub by a carbon double-sided adhesive tape. The information on the identity and purity 

of gold can be given from the analysis. 

 

 3.3.2.5 Statistical analysis  

Unless stated with the respective method section, all experiments were 

performed in triplicate. The results were reported as mean ± standard deviation. 

Statistical analysis of Student’s t-tests were conducted using Microsoft® Excel. Statistic 

significant differences were noted where p < 0.05. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Caesalpinia sappan capped gold nanoparticles (CS-AuNPs) 

4.1.1 MW-assisted extraction of CS heartwood 

 Reported by several literatures, organic solvents [85] or their mixtures with 

water i.e., ethanol/water [84, 106] have been utilized for the brazilin extraction from 

CS heartwood. In this research, the only extractant used was water in order to obtain an 

aqueous extract readily to be used in AuNPs synthesis; otherwise, the method would be 

less environmental-friendly and organic solvents removal process would be required. 

The MW-assisted extraction was used in this study due to its superior capability of 

naturally-derived material extraction. This method provides a faster and deeper internal 

heating compared to the conventional method which would yield a larger content of the 

active substance, brazilin. Different extraction parameters were studied composing of 

MW power and extraction time to establish the optimal extraction condition. The 

finding revealed that higher brazilin content was obtained when higher MW power and 

longer irradiation time were used (Figure 8(a)). Thus, the MW irradiation would 

terminate to avoid excess pressure generated in the synthesizer if additional time or 

MW power were given. Due to the limitation of the MW used, the condition of 300 W 

MW power and 3 min irradiation time was selected to be used for CS heartwood 

extraction in which 13.1 ± 0.4% w/w of brazilin was obtained.  

 Compared to the MW-assisted extraction, the conventional extraction method 

which was heating the samples in a water bath at 100°C provided significantly less 

brazilin content of 9.72 ± 1.56% w/w, as shown in Figure 8(b). Besides, the simple 

heating technique inquired over 10 times longer extraction time (30 min). This was 

reported to be due to the irradiation of MW range energy could create the disruption of 

the plant cells and allowed more efficient mass transfer of the extractant into the 

organelles [76, 83]. Subsequently, the active compounds are released and contained in 

the extraction fluid. Moreover, oxidation and degradation of brazilin to brazilein [83] 

could be avoided when shorter heating time was given. This resulted improved brazilin 

extraction effectiveness and yield higher amount of brazilin. Apart from that, the MW-

assisted synthesis would provide superior batch-to-batch reproducibility for brazilin 
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extraction since the heating process is more trustworthy and the temperature can be 

precisely controlled. This can be observed by lower standard deviation values shown 

by the error bars of the brazilin content obtained from the MW-assisted method 

compared to the conventional heating method in Figure 8. This suggested that the MW-

assisted extraction method is a more efficient and faster method for brazilin extraction. 

Thus, the method yielded an extract readily to be used for AuNPs synthesis in a far less 

time-consuming manner. Brazilin is a compound in the CS extract with known 

pharmacological activity. The method can be conveniently used to prepare the extract 

in an aqueous form and used for further studies for other medical applications.  

 

 

Figure  8 The amount of brazilin found in the CS extract delivered by (a) the MW-

assisted method and (b) conventional heating method using 100°C temperature  (n=3). 

 

4.1.2 Optimal condition for MW-assisted synthesis and characteristics of CS-

AuNPs 

For the synthesis of CS-AuNPs with MW-mediated technique, the CS extraction 

as acquired from the MW-assisted extraction method was used. It is known that 

temperature has a significant effect towards AuNPs synthesis. Literatures reported that 

precise temperature control given by the MW function provided AuNPs with highly 

reproducible size and narrow size distribution [107]. Therefore, the Dynamic control 

mode on the MW synthesizer was selected to be used for AuNPs synthesis in this study. 

The dynamic control function allows the MW to titrate the temperature and hold at the 

level set by the user. This is done by a constant tune of the MW power during the 
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reaction period. To find the most suitable reacting condition, the system was set with 

the temperature of 60 °C for 1 min, and the volume of the prepared CS extract and the 

concentration of HAuCl4 solution were used.  

The findings (Figure 9) presented that the varied reactant composition generates 

different colors of the colloidal solutions. Upon using low concentration of HAuCl4 (0.5 

mM), the resulting solution was pale pink or yellow referring to low AuNPs content 

received. On the contrary, a darker solution of AuNPs was obtained if high 

concentration of HAuCl4 (2.5 mM) was initially used along with high amount of CS 

extract (400 and 600 µL). This was presumably caused by an excess amount of 

reduction functional groups of CS extract that may have affected the reaction, created 

side reactions among the gold ions resulting unwanted characteristics of AuNPs [18]. 

The reactions containing 5 mL of 1.5 mM HAuCl4 solution and 400 µL of the CS extract 

were promising for solutions with red-wine color and smallest AuNPs size were 

obtained. According to the gathered information, the MW irradiation parameters were 

then further varied. Though it was acknowledged that the time and temperature of the 

MW greatly impacted the AuNPs synthesis and attributes with different reducing 

agents, those factors were not as greatly affected the synthesized AuNPs as the 

composition given to the reaction [108-110]. Figure 10 showed that upon varying the 

synthesis time and MW temperature, the color of the resulting solutions was similar. 

Thus, the reaction performed with the temperature of 60°C and 1 min MW irradiation 

produced the smallest AuNPs size with low polydispersity index (PDI). 
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Figure  9 The solution color (shown in circle) and the particle size distribution of CS-

AuNPs synthesized with different reactant compositions. Each reaction was 

performed using the MW-assisted method at the temperature of 60°C for 1 min. 

 

 

Figure 10 The solution color (shown in circle) and the particle size distribution of CS-

AuNPs synthesized with varied time and temperature. Each reaction was performed 

using the MW-assisted method with 5 mL of 1.5 mM HAuCl4 solution and 400 µL of 

the CS extract as the reactant.  

 

 The CS-AuNPs synthesized from the selected condition revealed a red-wine 

colored solution in which light scattering effect can be observed upon the given laser 

beam illustrating the colloidal properties of the CS-AuNPs solution (Figure 11(a)). 

Also, the UV-Vis absorption band of the AuNPs showed maximum absorption at 544 

nm as presented in Figure 11(b). The TEM image of the AuNPs depicted a rather 



 
 35 

spherical morphology with the mean diameter of 17.7 ± 4.4 nm (Figure 12). However, 

the hydrodynamic particle size of CS-AuNPs presented from the zetasizer was 49.6 ± 

0.4 nm while the zeta potential was approximately -13.6 mV. The negative surface 

charge was presumably resulted from the charge of ionized brazilein and other 

phytochemical molecules such as phenolic compounds, flavonoids, or tannins that 

could be found in the CS extract used for AuNPs reduction and capping [85]. 

 

Figure 11 (a) The color of the resulting CS-AuNPs colloidal solution and light 

scattering Tyndall effect and (b) the scanned UV-Vis spectrum of CS-AuNP solution. 

 

 

Figure 12 TEM image of CS-AuNPs. 

 

 The functional groups capped on the surface of the synthesized CS-AuNPs were 

confirmed by FTIR analysis. As shown in Figure 13, the spectra of both CS-AuNPs and 

CS extract presented the vibration of O–H stretching with a broad absorption band at 

3400 cm-1 which also overlapped the 2923 cm-1 signal of C–H stretching. Considering 

the fingerprint region of the spectra, the absorption bands were similar for both samples. 
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A significant difference observed was the CS-AuNPs spectrum presented C=O 

stretching at 1507 cm-1 that was not seen on the CS extract spectrum. This carbonyl was 

attributed to brazilein that was oxidized from hydroxyl groups of brazilin [55]. Thus, it 

is certain that brazilein was the major phytochemical capped on the surface of CS-

AuNPs. 

   

 

Figure 13 FTIR spectra of CS-AuNPs (red) and CS extract (blue). 

 

Formerly, Chartarrayawadee et al. published the synthesis of CS-AuNPs prepared 

though the direct heating method [18]. The report stated that reconstituted freeze-dried 

CS extract obtained from 80°C heating for 3 h was added to the HAuCl4 solution. The 

mixture was then mixed for 12 h before heated at 90°C for 1 h, and a combination of 

quasi-spherical and short-length earthworm-like shaped CS-AuNPs was acquired. 

These AuNPs were found to have average hydrodynamic size of 49 nm. Those AuNPs 

possessed the size comparable to the result in this study (50 nm) which used MW-

assisted technique for CS extraction and AuNPs synthesis. Besides, the advantages of 

this findings were the rapid extraction of CS heartwood (3 min) as well as AuNPs 

synthesis (1 min) using the MW irradiation. Moreover, the CS extract can instantly be 

used without freeze-drying process for AuNPs synthesis after the extraction process 

and removal of plant debris. Therefore, it can be stated that MW-assisted method was 

a far more rapid and feasible technique compared to conventional heating. 
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4.1.3 Stability of CS-AuNPs 

The synthesized CS-AuNPs were stored at 4°C for 28 days. The hydrodynamic 

particle size was then evaluated after the storage. It was found that the CS-AuNPs 

prepared using the MW-assisted method showed an increase in particle size from 49.6 

± 4.7 nm to 78.9 ± 13.2 nm as shown in Figure 14. However, the particle size was less 

than 100 nm which is a common definition of AuNPs. Concerning the CS-AuNPs 

obtained from the conventional preparation technique, the particle size of the AuNPs 

increased from 73.7 ± 5.4 nm to 134.7 ± 11.1 nm though the same reactant compositions 

and synthesis conditions were used. This suggested that the characteristics of CS-

AuNPs could be different according to the heating method even if the other parameters 

were constant. Presumably, MW effects such as efficient heating or resulting material 

obtained after wave interactions and the dipolar polarization were given by the MW 

irradiation [108-110]. This results demonstrated that CS extract can be used as an 

efficient stabilizing agent of AuNPs with good stability in an appropriate condition over 

time. Also, the MW-assisted method could deliver CS-AuNPs with better stability 

compared to the conventional and convective heating method. 

 

Figure 14 The mean of CS-AuNPs hydrodynamic particle size produced using MW 

irradiation versus conventional heating after 4°C for 28 days storage (n=3). *Signify 

statistically significant differences. 

 

4.1.4 Metal ion binding property of CS-AuNPs  

Brazilein has been reported that the compound was able to form coordination 

complex with some metal ions [89, 90]. So, the metal binding property of the 

synthesized CS-AuNPs was studied. To the CS-AuNPs solutions, Fe2+, Fe3+ or Al3+ 
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were added. The color of the solutions was clearly changed from red to purple, while 

negligible changes were presented with other metal ions (Figure 15(a)). Moreover, a 

maximum absorption wavelength from 544 nm to 555 nm was observed with CS-

AuNPs added with Fe2+, Fe3+ or Al3+ as presented in Figure 15(b). The reason for the 

observed chromogenic and spectral changes was the agglomeration of CS-AuNPs 

caused by metal ions (Fe2+, Fe3+ and Al3+) binding proved by the TEM image shown in 

Figure 15(c). This discovery implicit that the CS-AuNPs were promising to be applied 

for selective detection of these ions in a formulation by means of colorimetric sensors. 

Formulations containing the stated metal ions such as antacid (aluminum hydroxide), 

ferrous sulfate supplements, and ions contaminated in water or other pharmaceutical 

products could be determined using the proposed CS-AuNPs. Nevertheless, further 

assay method, analytical method development, and method validation for AuNPs 

content as well as reaction condition optimization must be examined.  

 

Figure 15 (a) Color of the CS-AuNPs solutions upon adding metal ions (blank 

measurement was performed in water), (b) UV-Vis absorption bands shift with added 

Fe2+, Fe3+ or Al3+, and (c) the observed CS-AuNPs agglomeration when Fe2+ was added  

under TEM.  
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4.2 Chitosan capped gold nanoparticles (CTS-AuNPs) 

4.2.1 Optimization of MW-assisted CTS-AuNPs synthesis 

For the synthesis of AuNPs using direct heating method, the temperature used to 

heat and catalyze the reaction was reported to have significant effect to the synthesis 

yield and the attribute of AuNPs. Therefore, heating temperature has been attentively 

monitored in the synthesis process of conventional heating [111, 112]. On the other 

hand, this factor has not been given very much interest when it comes to the use of 

MW-assisted method compared to the MW irradiation power. This study focused on 

the examination of the impact of the temperature used on the reaction for MW-assisted 

synthesis of CTS-AuNPs, also the suitable reacting temperature was optimized. 

Practically, the fixed temperature mode on the MW synthesizer was selected for the 

experiment. This operation mode allowed users to select the temperature control point 

and the operation run time which referred to the time held at the temperature 

programmed. The synthesizer would control the irradiation power of the instrument to 

deliver the temperature set. 

 The reacting solutions in all runs for synthesis optimization were fixed with 0.75 

mL of 10 mM HAuCl4 and 5 mL of 0.1 %w/v CTS solution. The temperature and 

reaction hold time was varied in search for the optimal synthesis condition. It was 

observed that after 1 min ramp period the color of all solutions went from yellow to 

ruby red within 10 s. This proved that AuNPs synthesis has occurred. Also, it was 

presented that the UV-Vis spectra of the CTS-AuNPs were altered with the change in 

maximum absorption wavelength and intensity once the reaction temperature was 

varied. Low CTS-AuNPs content was obtained if the solution was heated at 105 °C for 

40 s as shown in Figure 16(a). It was suggested that the heating temperature was 

inadequate for AuNPs preparation. Obviously, higher CTS-AuNPs yield was received 

when the reaction temperature was increased to 125 °C for the reaction rate was 

improved. Apart from that, the resulted solution was a deep-red color, and the UV-Vis 

absorption band showed single and maximum absorption intensity at the wavelength of 

520 nm. Considering the hold time set for the reaction while the synthesis temperature 

of 125 °C was kept, the time between 20 – 60 s did not show as much impact on the 

synthesis for no major changes on the light absorption spectra were noticed (Figure 
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16(b)). Yet, the hold time of 90 s resulted an agglomeration of AuNPs and their 

precipitation in the reaction vessel causing the loss of synthesis yield. Additionally, the 

narrowest surface plasmon resonance band in the shorter wavelength (blue region) was 

given when reaction was performed for 40 s referring to the small particle size AuNPs 

were formed. The color of AuNPs solution turned purplish-red after increasing the 

temperature to 145 °C. The spectrum from UV-Vis analysis was also amended as a new 

high intensity absorption was additionally observed at 650 nm. Former literature reports 

agreed that the reasons for such changes were the aggregation of AuNPs caused after 

overheating the reacting solution leading to particle size increase along with color 

alteration [113]. Larger particle size of the CTS-AuNPs synthesized at 145 °C was 

confirmed by DLS analysis which proved that the hydrodynamic particle size of CTS-

AuNPs were greater than the AuNPs synthesized at 125 °C (Figure 17). Taking particle 

size and particle size in consideration, the synthesis using 125 °C temperature for 40 s 

seems to be optimal for CTS-AuNPs for delivering the uniformed small particle sizes. 

 

 

Figure 16 UV-Vis spectra of CTS-AuNPs synthesized with varied (a) reaction 

temperatures (time = 40 s) and (b) time (temperature = 125 °C). 
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Figure 17 Particle size distribution determined by DLS technique of CTS-AuNPs 

synthesized with various reaction temperatures (rows) and time (column).  

 

4.2.2 Characteristics of CTS-AuNPs 

Once the optimal synthesis condition was used, CTS-AUNPs with a red colored 

solution with maximum absorption wavelength of 520 nm was obtained. Tyndall effect 

was conducted, and the colloidal property of the resulting solution was confirmed. The 

particle sized analyzed after TEM scrutinization was 17.8 ± 3.9 nm in average. 

Meanwhile, the DLC method established the mean hydrodynamic particle size of 43.8 

nm with a fair size distribution showing PDI value of 0.32. The cause for distinct 

particle sized observed using two different method was likely to be due to the swelling 

property of CTS which was coated on the AuNPs. Highly positive zetapotential (30 

mV) was found because CTS on the CTS-AuNPs surface was protonated at their 

primary amine moieties after dissolving in acidic environment used in the synthesis. 

 The capping of CTS on AuNPs was confirmed with FTIR measurement. In 

Figure 18, the broad absorption of O–H stretching overlapping N–H stretching 

presented at 3421 cm-1 and C–H stretching at 2923 cm-1 were presented on the spectrum 

of CTS. Also, the carbonyl groups of CTS showed a peak absorption from C=O 

stretching at 1646 cm-1. Other major peaks found on CTS spectrum were 1567 and 1409 

cm-1 which were attributed to the N–H bending of amine and 1074 cm-1 that belonged 

to the C–O stretching of the glycosidic linkage. On the other hand, similar absorption 

pattern was found on the CTS-AuNPs spectrum, thus some significant changes were 
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noticed. The C=O stretching at 1641 cm-1 were found to have higher intensity compared 

to CTS spectrum for Au3+ had oxidized the O–H functional groups of CTS to carbonyls. 

The amine bending shown at 1567 cm-1 also presented at a different wavenumber (1471 

cm-1) since the N–H vibration was decreased because CTS was bonded to AuNPs using 

the affinity interaction through the amines of CTS [43, 114]. Lastly, the decrease in the 

intensity of glycosidic linkage C–O stretching of CTS-AuNPs at 1072 cm-1 were found. 

This is likely because of a partial hydrolysis of the bond that may have occurred during 

the synthesis [115]. 

 

Figure 18 FTIR spectra of (a) chitosan (red) and (b) CTS-AuNPs (blue). 

 

Several reports stated that CTS can be hydrolyzed in an acidic electrolytic 

solution after the MW irradiation was given. So, heating with MW power was proved 

to be efficient for the preparation of low molecular weight and oligomeric CTS because 

the hydrolytic deacetylation as well as CTS depolymerization can be accelerated with 

such condition [116, 117]. The hydrolysis rate was largely enhanced when halide salts 

like NaCl, KCl and MgCl2 are present. This is probable for the conductivity and 

dielectric effect for MW coupling were improved [118]. Not only the MW irradiation 

showed superior efficacy on AuNPs synthesis, but also to other metal nanoparticles, 

like silver nanoparticles. The MW effect including wave interactions and the dipolar 

polarization phenomenon together with efficient heating offered by the MW synthesizer 

made the method a promising and attentive alternative synthesis method from the 
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conventional convective heating method [108-110]. Above all, the MW heating 

allowed rapid and efficient synthesis of uniform CTS-AuNPs. The active reducing 

species of CTS were generated after hydrolysis accelerated by the MW irradiation 

resulting homogenous nucleation and formation of CTS-AuNPs. Taking into account, 

the stability of CTS-AuNPs obtained was considerably desirable for significant changes 

were not noticed after 21-days storage at 4 °C. 

 The naturally derived polymer, CTS, was shown to be able to act as a green 

reducing agent and stabilizing agent for an efficient synthesis of CTS-AuNPs. The 

synthesis protocol proposed in this research can promisingly be used to prepare CTS-

AuNPs for other applications. Besides, it is cautioned that the by-product, formic acid, 

could be formed from polymer hydrolysis and Au(III) oxidation which may be 

undesirable, though the synthesis reaction using CTS could be considered green and 

biocompatible [115, 119, 120]. Therefore, the amount of the by-product should be taken 

in consideration prior to using the CTS-AuNPs in biomedical application to endure 

safety of the product. 

 

4.2.3 Analytical applicability of CTS-AuNPs 

4.2.3.1 Principle of the colorimetric assay of edetate disodium  

From the fact that CTS-AuNPs possesses primary amine of CTS on its surface, 

it can cause aggregation by interacting with polyanionic compounds through 

electrostatic interaction, thus the change of the solution color from red to blue can be 

noticed. This knowledge can be acquired to develop a colorimetric assay for certain 

analytes. Edetate disodium (Na2EDTA) are used as a chelator or antidote for heavy 

metal poisoning. The molecule contains polycarboxylic groups that are used for metal 

ion binding. To control the quality of the product, pharmacopeial method for Na2EDTA 

injection assay which is complexometric titration is widely used. The method composed 

of multiple preparation and analysis steps and utilize great amounts of reagents. Also, 

the simultaneous measurement of multiple samples or replicates are limited. The use of 

CTS-AuNPs can be applied to demonstrate the application of the synthesized product 

and could also overcome the disadvantages of the pharmacopeial method. So, the 

acquisition of CTS-AuNPs as the colorimetric sensor for Na2EDTA injection assay was 
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developed to allow quantification of the compound through UV-Vis 

spectrophotometric analysis. The Figure 19 shows the reaction between Na2EDTA and 

CTS-AuNPs that resulted the aggregation of the particles. Colorimetric change from 

red to blue solution that was caused by the shift of surface plasmon resonance band 

from 520 to 670 nm can be detected (Figure 20(a)). Also, the agglomeration among the 

CTS-AuNPs can be observed under TEM (Figure 20(b)-20(c)). 

 

 

Figure 19 Suggested mechanism of colorimetric reaction occurred among CTS-AuNPs 

and Na2EDTA. 

 



 
 45 

 

Figure 20 (a) UV–vis spectra of CTS-AuNPs (red) and the CTS-AuNPs interacted with 

Na2EDTA (purple), and TEM images of (b) CTS-AuNPs and (c) CTS-AuNPs 

aggregation. 

 

4.2.3.2 Assay conditions optimization  

4.2.3.2.1 pH of the reaction 

The optimal pH of the reaction was studied by primarily select the condition in 

which the CTS-AuNPs were stable. To the buffer of different pH values, the CTS-

AuNPs were immersed to observe the change in the solution color. It was noted that the 

color of the solution turned from red to blue when the pH was slowly increase to pH = 

5. The spectral change was also visible at this condition where the absorbance at 670 

nm was greatly increased as shown in Figure 21(a). CTS is soluble in an acid medium 

with pH below its pKa value of 6.5 in which the polymer stays in its cationic form. Its 

aqueous solubility dropped drastically if the pH was raised to over 6.5 which would 

eventually cause the polymer precipitates. The capability of CTS to cap and stabilize 

the AuNPs was then declined and drove the AuNPs to form large aggregates. During 

the preliminary study, it was found the color of CTS-AuNPs solution could change if 
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the pH was greater than 5 though Na2EDTA was not involved. The condition was 

unfortunately be accounted as inappropriate for the assay. Further examinations on 

Na2EDTA assay with the CTS-AuNPs pH ranged from 2 to 4 revealed that the pH most 

suitable for the analysis was pH = 4. This was because the condition provided the most 

accurate correlation between the absorbance and the drug concentration (Figure 21(b)). 

EDTA are protonated when the pH was less than 3 created less negatively charged 

molecules to interact with the CTS-AuNPs that the change in the color of the solution 

was not clearly observed thus not suitable to be used for the analysis. 

 

4.2.3.2.2 CTS-AuNPs solution volume 

 The concentration and the amount of CTS-AuNPs used in the reaction were 

considered a significant parameter to be studied to demonstrate the sensitivity of the 

method. Using the optimized pH of the solution (pH = 4), various volumes of the CTS-

AuNPs as received from the synthesis added to the reaction mixtures were investigated. 

The Figure 21(c) presented that upon increasing the CTS-AuNPs volume to the reaction 

from 50 to 100 μL, the absorbance and the slope of the standard curve increased and 

signified greater sensitivity of the analysis. However, the sensitivity considering the 

slope of the standard curve did not improve for showing a parallel curve to that of the 

100 μL when 150 μL of the CTS-AuNPs was used. Therefore, the most suitable volume 

of CTS-AuNPs solution to be added to the reaction mixture was 100 μL that yielded 

desirable sensitivity and minimized the use of reagents. 

 

4.2.3.2.3 Reaction time 

 It was investigated that the reaction between CTS-AuNPs and Na2EDTA took 

some time to occur and that the aggregations were formed. The shortest time required 

for the reaction to complete and gave the most intense color of the aggregated solution 

was studied. It is depicted in the Figure 21(d) that after mixing Na2EDTA with CTS-

AuNPs for 5 min the slope of the calibration curve was lower than other time points 

investigated suggesting that the reaction was not completed. Once the time used to 

incubate the mixture was given further to 10 and 20 min, the absorbance of the reaction 

was increased and higher slope of the curve was given. However, no significant 
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different between the slopes of the standard curve found for 10 min and 20 min were 

noticed. This stated that the reaction was completed after 10 min and was ready to be 

read and inquire for the assay. Moreover, the color remained stable until 20 min 

incubation. It was further observed that the developed color would fade down after 

incubating for 1 h because of the aggregated particles started to precipitate. So, the 

incubation time and read time for the assay between 10–20 min subsequent to reactant 

mixing were recommended to achieve reliable results. 

 

Figure 21 (a) The relationship between the absorbance and pH at a fixed wavelength 

of 670 nm. The relationship between the absorbance and Na2EDTA concentration with 

the effect of (b) pH, (c) CTS-AuNPs volume, and (d) assay reaction time. 

 

4.2.3.3 Analytical performance of the assay 

Analytical method validation was performed after the optimized assay condition 

was determined. A suitable regression equation was used to demonstrate the 

relationship between the absorbance at 670 nm as the analytical signal and Na2EDTA 

concentration. From the experiments, it was clear that the simple linear regression 
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seems to be inappropriate for the responses showed a S-shaped sigmoidal correlation 

curve.  Thus, a non-linear regression model was required. According to the literature 

review, the observed curved-relationship was comparable to the responses received 

from the assay of different biological experiments such as immunoassays, dose-

response curves, ligand binding assays, etc. that the responses were non-linear. The 

recommended models to be used for the analysis of this type of response were the 4-

parameter logistic (4 PL) [121, 122] and 5-parameter logistic models [122]. A 

symmetrical S-shaped response curve best define the relationship found in this study, 

hence, the 4 PL regression equation was most suitable (table 1) to be used to describe 

the correlation and selected to explain the relationship of Na2EDTA concentrations 

ranged between 0.1–1.2 mM. 

 

The equation is shown as follows: 

where  y = the absorbance at 670 nm  

x = the concentration of Na2EDTA (mM) 

min = 0.0910 (the minimum concentration) 

max = 1.2792 (the maximum concentration) 

EC50 = 0.6386 

Hillslope = 2.3777 

 

Although, 5 PL regression equation had a higher R2, the equation was too 

complicated for the calculation. Therefore, it was not chosen for use. (Table 1) 

Table  1 Regression models representing the relationship of absorbance and 

concentration of Na2EDTA  

Regression model Concentration range (mM) R2 

Linear 0.1 – 0.8 0.9976 

Linear 0.1 – 1.2 0.9785 

𝑦 = min+ 
(max−min)

1 + (
x

EC50
)
−Hillslope
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 After the model fitting, the coefficient of determination (R2) from the regression 

analysis was found to be 0.9992 when the concentration of Na2EDTA ranged from 0.1–

1.2 mM. The coefficient was very close to 1 stating an acceptable linearity. Considering 

other regression factors, the mean square error was 0.0003, the sum of squared residual 

was 0.0008, and the SD of the residuals was 0.0163 which illustrated that all the error 

concerning parameters were close to 0. Considering all the results found, the 4 PL 

model showed goodness of fit and was selected to describe the proposed assay for 

Na2EDTA. Practically, the 4 PL model is known to be more complicated to be used 

compared to the simple linear model. Nowadays, there are several curve fitting and 

assay calculation software available both offline e.g., SigmaPlot and Assayfit Pro, 

Microsoft Excel add-in, and online e.g., MyAssays.com and MyCurveFit.com. 

The colorimetric reaction between CTS-AuNPs and Na2EDTA is shown in 

Figure 22(a). According to the calibration curve prepared, the LOD and LOQ for 

Na2EDTA quantitative analysis were discovered to be 0.036 and 0.080 mM, 

respectively (Figure 22(b)). The accuracy of the method was considerably desirable 

with the percentages of recovery of 99.2%, 100.8%, and 101.6% for the concentration 

of Na2EDTA 0. 4, 0. 5 and 0. 6 mM, respectively. Each analysis was performed in 

triplicate. Six assay analyses were performed independently to determine the precision 

of the analysis method. The %RSD for intra-day precision was 1.1, while the inter-day 

precision was 1.47 which proved that the repeatability and reproducibility of the method 

was accountable. The method specificity was not conducted because the Na2EDTA 

injection did not contain other compounds. However, this parameter needed to be 

further investigated when CTS-AuNPs would be acquired in the development for the 

analysis of other or more complicated formulations. 

In this work, the analytical method with CTS-AuNPs was proposed and the 

analysis results were compared with the official pharmacopeial method for Na2EDTA 

injection assay which is complexometric titration. The results revealed that the 

Quadratic 0.1 – 1.2 0.9932 

4-parameter logistic 0.1 – 1.2 0.9992 

5-parameter logistic 0.1 – 1.2 1.0000 
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%labeled amount of Na2EDTA after 6 replicates were 100. 67 ± 0. 68 %  and 100. 36 ± 

0.28 % from the proposed method and the official method, respectively. Subsequent to 

the statistical analysis using Student’ s t- test at 95%  confidence level, no significant 

difference between the two results were found (calculated t-values = 1.018 and critical 

t-values = 2.365). All in all, the proposed method using CTS-AuNPs for the analysis of 

Na2EDTA in its injection formulation was an attainable method to control the quality 

of the formulation. The advantages of this method were the rapid and simultaneous 

evaluation of multiple samples. Also, the method cam be further developed to be used 

to control the quality of other polyanionic substances. 

 

Figure 22 (a) The image of the colorimetric assay reaction with 0.1–1.2 mM Na2EDTA 

and (b) a 4 PL standard curve showing the LOQ of 0.080 mM Na2EDTA. 
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4.2.4 Laboratory waste treatment and gold recovery 

In the emerging era of technologies, environmental impacts from the technology 

waste, including the those used in the biomedical applications have noted the interest 

of researchers. Metal nanoparticles, like AuNPs, leave metal wastes which is 

considered toxic even though the extent of these wastes is very low. Together with the 

metal nanoparticles, the ligands utilized with the drug delivery system are reported to 

be the major cause of environmental toxicity [123]. Some have reported that AuNPs 

also have caused harm to the environment, particularly with the aquatic organisms. This 

was because AuNP products and wastes were commonly discarded into the marine. A 

study from Dedeh et al. [124], stated that genome composition modifications and gene 

expression of fish tissues were triggered after the exposure to AuNPs. Moreover, those 

products and wastes showed an increase in acetylcholine esterase activity in fish brains 

by amending neurotransmission process. This phenomenon was not found to occur 

when exposed to gold ions, thus intensifying the toxic of gold once prepared into 

nanoparticles. Despite the fact the CTS which is a nontoxic biocompatible material was 

used as a reducing and stabilizing agent in this study, the toxicity of AuNPs cannot be 

neglected since the harm to human and environment was still not clarified. Proper 

disposal and waste management of CTS-AuNPs were required to diminish any potential 

hazards.  

It was known from the experiments that CTS-AuNPs would precipitate when 

the pH of the colloidal solution was adjusted over 6.5. In this work, all wastes created 

were treated with basic solutions to tune the pH of the waste solutions to 7 at which the 

CTS-AuNPs were aggregated and can be conveniently removed after centrifugation. 

The treatment of AuNPs involved solutions method stated were proven to be effective 

for all kinds of wastes (CS- AuNPs, CTS- AuNPs + Na2EDTA reaction products, and 

residual unreacted CTS-AuNPs) were seen to precipitate resulting the purplish solution 

to turn into an almost clear solution especially after centrifugation. Peculiarly, a thin 

layer of shiny gold was observed with the dark colored precipitates after centrifugation 

as shown in Figure 23(a). This was a unique event that occurred with the CTS-AuNPs 

and not with citrate-capped AuNPs. Precisely, after adjusting the pH of the waste 
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solutions to over 7, the sedimentation of AuNPs happened. The finding provided an 

insight that CTS was loosely capped on the surface of AuNPs compared to the citrate 

ions since it can be easily separated from the gold surface when the pH was risen. 

The gold layer from waste management was further refined and recovered. The 

precipitates from treated CTS-AuNPs wastes were digested in acid and ignited to 

demolish other organic compounds and the by-products e.g., formic acid, formed after 

the synthesis. The recovered gold solids were considered visibly shiny as shown in 

Figure 23(b). The solid gold was further analyzed using SEM-EDS to ascertain the 

identity and purity of gold. The result showed that the recovered gold had a purity of 

97.62% by weight (Figure 23(c)-23(d)). Not only that the efficient and feasible 

laboratory metal waste management was reported in this study, but also the recovery of 

gold from CTS-AuNPs wastes was reported for the first time. All in all, CTS-AuNPs 

can be accounted as an appealing material with various advantages biomedically and 

environmentally for its wastes can be simply managed and recycled into a high-value 

material. The use of CTS-AuNPs was considerably support environmental 

sustainability and economic feasibility. 

 

 

Figure 23 (a) The dried precipitates of CTS-AuNPs (left tube) and citrate-capped 

AuNPs (right tube) after the treatment with alkaline solution, (b) refined gold solids 

from CTS-AuNPs wastes, (c) SEM micrograph (top view) of gold grains, and (d) EDS 

spectrum of gold within the representative microscopic area marked with red-bordered 

rectangle in (c).  
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CHAPTER 5 

CONCLUSION 

5.1 Synthesis and application of CS-AuNPs  

 The extraction of CS heartwood using MW technology was described, as well 

as the subsequent fabrication of AuNPs using the extract as a reducing and stabilizing 

agent. With MW radiation, the extraction process took only three minutes, producing 

an extract with a high and consistent brazilin content that could be instantly employed 

to create AuNPs. Spherical CS-AuNPs with a nano-scaled size and acceptable stability 

were produced with in 1 min under the optimal synthesis conditions, which included 

the reactant mixture, MW heating time, and reaction temperature. Additionally, the 

produced CS-AuNPs could selectively attach to Fe2+, Fe3+, and Al3+ and caused particle 

aggregation. Due to this occurrence, the color changed noticeably, and the UV-vis 

absorption maxima shifted, suggesting the possibility of colorimetric detection and 

quantitation of these metal ions. 

 

5.2 Synthesis and application CTS-AuNPs 

 CTS was studied to be acquired as a reducing and stabilizing agent in a CTS-

AuNPs synthesis process. The heating method used was MW irradiation in a fixed 

temperature mode, which has never been documented. In less than 2 min, the CTS-

AuNPs with the desired nano-size, homogeneous size distribution, and light absorption 

capabilities were produced. CTS-AuNPs were used for the assay of Na2EDTA injection 

based on the aggregation-induced color and absorption shift because of the positively 

charged surface interacting with the polyanions. The proposed validated method was 

easier, quicker, needed fewer chemicals, and could analyze a lot more samples than the 

currently employed titrimetric method. Futhurmore, a simple laboratory process was 

developed and used to successfully transform the CTS-AuNPs wastes into products. 
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