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中文摘要 

本研究發展了一創新的液相分離微流體晶片，利用設計不同深度的管道結構

創造足夠的毛細管作用力與液體表面張力之間差異，將兩不互溶且低表面張力液

體達到近 90%的分離效率，如:甲苯和水。此外，液滴式微流體系統擁有較多的

雙液相界面，且藉由液滴內部持續循環的流場，有助於提供化學反應穩定且擴散

均勻的液相混合，對於奈米粒子的合成有較佳的應用。因此，本研究開發之微流

體晶片有效提升金奈米粒子(AuNPs)於雙液相合成，在 T 字型的管道中穩定控制

還原劑 (連續相 )與金鹽甲苯溶液 (分散相 )的流速，便由連續片段的流體

(Segmented flow)中合成出粒徑分布均勻的金奈米粒子，其粒徑尺寸相較於一般

容器中所還原的粒徑小。利用液相分離微流體晶片，成功獲得簡易且高效率的方

式收集金奈米粒子於甲苯溶液，減少粒子與過多還原劑反應而使粒徑持續成長。 

本研究亦提出一種高靈敏度的多巴胺(DA)比色法檢測方式，由 4-二甲氨基

吡啶(DMAP)分子將甲苯中還原的金奈米粒子轉移到水相環境，再作為檢測樣品

中多巴胺濃度的探針。實驗結果得知，經由相轉移的水相金奈米膠體加入多巴胺

溶液後，金奈米粒子溶液會由原本珠紅色轉變為墨綠色，從吸收光譜亦可觀察到

特徵吸收波峰發生藍位移(Blue shift)的情形。此外，由穿透式電子顯微鏡(TEM)

更發現，原本溶液中存在粒徑 13 nm 的金奈米粒子被多巴鞍分子將核心蝕刻至粒

徑約為 2~5 nm，藉由粒徑的顯著變化來作為多巴胺生物樣品之檢測。本研究發

展之 DMAP-AuNPs 探針對於多巴胺的檢測更擁有高靈敏度偵測極限(5 nM)，在

常見的量測干擾物如:抗壞血酸(AA)、高香草酸(HVA)和鄰苯二酚(CA)等物質存

在下，仍擁有良好的選擇性而不會對量測造成干擾。 

    然而，為了使金奈米粒子應用於生物檢測時，可獲得快速樣品反應且能夠即

時的作量測，本研究最終整合其生醫檢測技術於微流體晶片之開發，以玻璃光纖

作為樣品吸光度量測的訊號傳輸。本研究發展的光學量測感測器是將蝕刻後的多

模光纖(Multimode optical fiber)導入晶片設計的管道中，待測樣品先由液滴式微
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流體系統達到均勻的混合，再注入晶片中的光學檢測微管道作即時吸收光譜量測。

然而，利用光學量測感測器作為吸收光譜量測時，其消耗的樣品體積只需 50 nL，

相較於一般光譜檢測儀擁有相對微量的耗費。由實驗結果得知，液滴式微流體系

統對於化學反應動力學擁有較快的反應速率，利用本研究發展的光學檢測微流體

晶片，更可提供快速且連續動態的化學反應研究。 

    由以上結果指出，本研究發展之液相分離微流體晶片，提供多樣性應用的潛

力，有利於金奈米粒子的合成或作為液相樣品的萃取。此外，藉由整合簡易的光

學量測系統，便可在微流體晶片中進行快速且連續的樣品檢測。因此，本研究發

展之光學檢測微流體晶片與金奈米粒子生醫檢測技術，有助於未來開發高靈敏度

且快速檢測的生醫感測器，以實際應用於生物、醫藥和病理等方面的分析與檢測，

更有效的縮檢樣品之銷耗及檢測時間。 

 

關鍵字: 微流體晶片、液相分離、金奈米粒子、多巴胺、光纖、吸收光譜 
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Abstract 

In the conventional sample extraction approach, to achieve efficient liquid-liquid 

phase separation for the sample analysis is an important issue. However, it is 

challenging to separate the immiscible liquid of low surface tension from water by 

using microfluidic device. Therefore, this study developed a microfluidic chip that 

composed of T-junction, reaction channel and a novel liquid-liquid phase separator for 

continuously synthesizing fine gold nanoparticles (AuNPs) in the organic solvent 

(toluene). The design of glass chip is capable for separating water (surface tension = 

72.75 mN/m) and toluene (surface tension = 30.9 mN/m) with 92% separation 

efficiency, owing to design different depths of microchannel that creates large 

difference between liquid surface tension and capillary force. Furthermore, AuNPs 

that synthesized in the microdevice exhibits narrower size distribution and better 

dispersion in comparing to the typical vessel synthesis process. 

Besides, this study successfully developed a novel and high performance 

colorimetric probe for dopamine (DA) detection. Aqueous-phase AuNPs extracted via 

4-(dimethylamino) pyridine (DMAP) from toluene were used as the reaction probes. 

Interestingly finding that the original diameter of AuNPs around 13 nm which 

separated into 2-5 nm size after adding DA. This exhibits change in the color of 

AuNPs colloid from red to blackish green. Transmission electron microscopy (TEM) 

and dynamic light scattering (DLS) showed the AuNPs break into the smaller sizes 

right after addition of DA. The DA concentration is quantitatively monitored by using 

UV-Vis spectrometer with a limit of detection (LOD) as low as 5 nM. In addition, the 

developed DA detection approach appears no significant problems in detecting DA 

with present common interferents such as ascorbic acid (AA), homovanillic acid 

(HVA) and catechol (CA).  
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    However, many study reported that using microfluidic chip is capable to provide 

fast chemical reaction and rapid detection approach for biochemical analysis. This 

study developed a novel optical detection sensor by using the etched multi-mode 

optical fibers assembling in a droplet-based microfluidic system to achieve on-site 

absorbance measurement. Hence, the reaction of AuNPs detecting DA biosample was 

also capable to achieve rapid and continuously detection by using the microdevice. 

The proposed optical detection sensor composed by initially forming AuNPs droplet 

in segmented flow and measuring for sample absorbance in a 10 mm long of optical 

detection channel. Note that using the microdevice for absorbance measurement only 

required sample volume for 50 nL, which exhibits lower sample consumption in 

comparing to detect in the conventional cuvette system. Results indicated the 

developed microdevice capable for steady measuring sample absorbance with 

operating flow rate in the range from 5-25 μL/min. In addition, the detection approach 

shows faster reaction response for kinetic measurement of DA core etching AuNPs.      

Therefore, this study successfully developed microfluidic chip to provide 

efficient liquid-liquid phase separation, which benefit to use for the sample extraction 

and synthesizing AuNPs of uniform size distribution in toluene. In addition, 

assembling optical fibers on the microfluidic chip that have offers simple and high 

performance optical detection to the bioanalysis. In this regard, the proposed 

microdevice with using AuNPs probes shows great potential to achieve high 

sensitivity detection for the future applying to such as biology, medical and clinic 

diagnostic applications. 

 

Keywords: Microfluidic chip, Liquid phase separation, Gold nanoparticles, 

Dopamine, Optical-fiber, Absorbance 
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Chapter 1 Introduction 
In recent years, microfluidic system has been widely developed for such medical 

diagnostics, drug screening, environmental and food analysis applications. 

Microfluidic chips were considered to provide many advantages for reducing the 

sample consumption, achieving faster detection and system miniaturization, which 

exhibits great potential for integrating experimental process (e.g. sample preparation, 

reaction, separation and detection) on the microdevice. Furthermore, the development 

of micro total analysis system (µTAS) has enhanced the analysis capability for using 

in the chemical and biological research field. Many analyzing methods have been 

widely developed for assembling onto the microchip such as mass spectrometry, 

optical and electrochemical detection. However, they all have some drawbacks with 

the detection process usually needs for a complex integration procedure and exhibits 

the smaller signal when compared to detect by using the conventional system. 

Therefore, developing high performance detection method by using the microfluidic 

system is an important issue for the study of biosensing applications.      

Further, optical detection methods have been widely using for chemical analysis 

in the microfluidic system due to its noninvasive nature, easy coupling, rapid response 

and exhibits high sensitivity for the detection. Most of the optical detection approach 

is based on measuring for the absorbance or fluorescence signal of the analytes. 

However, they may suffer from relative low sensitivity of the detection signals due to 

measuring by using the small optical path length and insufficient analytes. Thus, 

many researchers interested on improving optical detection sensitivity by extending 

optical path length in the axial-direction, using waveguide or integrating optical fibers 

on the microfluidic chip. In addition, droplet-based microfluidic system exhibits many 

advantages such as using smaller sample consumption, have faster mass transfer and 
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high-throughput fabrication that is benefit using for the microreactor, chemical 

reaction and biological analysis. Therefore, the development of optical detection 

sensor by using droplet-based microfluidic system shows great potential to achieve 

high sensitivity bioanalysis.    

Furthermore, noble metal nanoparticles exists unique electrical and optical 

properties, in which the solution color is highly correlated to the shape and size of 

particles, and the dielectric constant of surrounding medium. Hence, many studies 

have widely investigated for the nanoparticles synthesis approach and the biosensing 

applications in recent years. As well, due to the gold nanoparticles (AuNPs) exhibits 

great biocompatible of surface and the tunable particle shape and size. It is attractive 

for using such as chemical and biosensing, drug delivery, optical detection enhancer 

and surface-enhanced Raman scattering (SERS) applications. Except for the typical 

AuNPs synthesis approach in the aqueous, the alternative method for preparing 

AuNPs in the water has reported by phase transferred from the organic phase. In this 

approach, different kinds of biofunctional groups can be used for surface modify 

AuNPs and achieve a promising platform for biosensing applications.  

In order to achieve rapid and high performance biosensing by using the 

microfluidic system, optical fibers is benefit to be assembled on the microdevice for 

on-site absorbance measurement. In addition, utilizing the colorimetric detection 

method of AuNPs is benefit to prove high sensitivity biosensing and chemical analysis. 

Therefore, this study successfully developed a microdevice applied for liquid-liquid 

phase separation and synthesizing fine AuNPs in the organic solvent. Moreover, novel 

and high performance DA detection approach was demonstrated to achieve in an 

off-chip system and measured by using the proposed optical detection microdevice. In 

this reagads, the developed microfluidic system shows great potential to provide a 

fine analysis for the biosensing applications.   
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1.1  Motivation and objectives 

The main purpose of this research was developing a high performance optical 

detection sensor with using AuNPs for biosample detection in the microfluidic system.  

However, typical AuNPs synthesis approaches by using a two-phase solution that the 

reduction reaction is carried at the adjoining phases between water and toluene. When 

using a vessel for AuNPs synthesis is not easy to control the concentration gradient of 

chemical reaction, which usually causes AuNPs exhibits large size distribution. In 

contrast, multiphase microfluidic system provides large interfacial area, fast mixing 

and mass transfer which exhibits great potential for synthesizing uniform size of 

AuNPs relative to the typical large scale systems. Therefore, this study is developing a 

novel liquid-liquid phase separation microdevice for efficiently separates AuNPs from 

reducing agent which reduce unnecessary reduction reaction. Using this design 

microfluidic chip is benefit for synthesizing AuNPs in the organic solvent (toluene) 

with uniform size distribution.  

Besides, AuNPs have been widely developed using for colorimetric detection 

which exhibits great ability to achieve high sensitive biosensing. In the conventional 

approach using AuNPs for bioanalysis, many studies reported the detection method 

was based on observing from the cross-linking of particle aggregation. Thus, the 

preparation for surface modify of AuNPs to enhance the affinity with sample 

molecules is an important issue. However, developing a sensitive measurement of 

dopamine detection is essential for the analysis of Parkinson’s disease. The 

conventional detection approach requires for sophisticated equipment which is not 

benefit to the DA analysis. Hence, this work is developing an alternative colorimetric 

detection method for DA analysis, which by using a novel core-etching of 

DMAP-AuNPs. The proposed technique considered to provide sensitive DA detection 
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which based on DMAP molecules separating Au atom form the outermost surface. 

AuNPs colloids observing for color changes by adding into different DA 

concentration. This novel core-etching technique was analyzing for DA detection 

performance in the off-chip system.     

Furthermore, optical detection methods have well developed for analytical 

chemistry by using the microfluidic system. Most of the analyzing approach is based 

on measuring for absorbance or fluorescence signal of the analytes. However, these 

optical sensors may suffer from relative low sensitivity of signal due to microchip 

provides small optical path length and insufficient analytes. This study developed a 

droplet-based microfluidic optical detection system for on-site absorbance 

measurement that is benefit using for AuNPs analysis. Therefore, the development of 

optical detection sensor with AuNPs colorimetric probes by using microfluidic chip is 

capable providing rapid and accurate bioanalysis. This approach shows great potential 

for providing high performance detection in the future biosensing applications.   

Following summarizes the main purpose in this study for developing simple 

method to achieve these goals: 

(1) Developing stable segmented microfluidic system for synthesizing uniform size 

distribution and better dispersity of AuNPs in the solution. 

(2) Developing efficient liquid-liquid phase separation microdevice for collecting 

the synthesized AuNPs in organic solvent (toluene). 

(3) Developing high sensitivity and good selectivity approach for DA detection 

based on using AuNPs as the detection probes. 

(4) Developing high performance optical detection sensor for providing rapid 

AuNPs bioanalysis by using the droplet-based microfluidic system. 
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1.2  Thesis organization 

The dissertation is simply organized into six chapters to describe the research 

and development efforts as shown in Figure 1.1. 

I. Chapter 1. Introduction 

This chapter simply introduces the development of detection approaches in 

microfluidic system and the applications of using AuNPs for biosensing. Due to the 

conventional detection methods exhibit some drawbacks when using for the 

bioanalysis. This study describes the motivation and purpose for developing novel 

microdevice to enhance the detection performance and solve the problems in typical 

analyzing methods.  

 

II. Chapter 2. Background and literature review 

This chapter briefly introduces recent developments and applications of using 

segmented microfluidic system, which integrated optical detection approach to 

provide rapid and sensitive biosensing. Many studies reported the advantages of 

using segmented flow to achieve fast and uniform sample mixing. Using the 

chemical synthesis approach in microfluidic system was capable to prepare uniform 

size distribution of AuNPs in the solution. Furthermore, AuNPs exhibits specific 

optical and electrical properties which capable for providing better platform in the 

biosensing. Review showed the recent development of optical detection by using 

microdevice and the AuNPs colorimetric probes to provide high sensitive bioanalysis 

in the wide range applications. 

 

III. Chapter 3. Working principle and theory  

The chapter describes the working principle and the optical detection theory in 
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this study. The developed microdevice was design to achieve liquid-liquid phase 

separation and synthesizing uniform size distribution AuNPs in the toluene. Besides, 

by coating with DMAP molecules on the synthesized AuNPs in organic-phase was 

used for phase transferring to the aqueous. This developed DMAP-AuNPs using as 

the reaction probes to provide high performance DA detection. At last, the study 

developing a simple optical detection microdevice that is for getting rapid AuNPs 

absorbance measurement by using multiphase microfluidic system.  

 

IV. Chapter 4. Materials and methods 

This chapter illustrates details of developing microfluidic chip with AuNPs 

colorimetric detection in the research, including reagent preparation, apparatus 

detection, chip fabrication process and experimental setup. The sequence experiment 

showed the developed microfluidic chip used for separating immiscible liquid and 

achieved high separation efficiency. The ability of using microfluidic chip for AuNPs 

synthesis have in comparing to typical approach, which evaluate by the particle size 

distribution. DMAP-AuNPs was prepared by extracting from toluene solvent and used 

for providing high performance DA detection. The optical detection sensor was design 

by assembling optical fibers on the microfluidic chip, which capable measuring for 

sample absorbance by using a segmented flow system.   

 

V. Chapter 5. Results and discussion 

Results indicate the developed microfluidic chip capable for achieving high 

separation efficiency for separating toluene from water via controlled appropriate 

flow pressure. AuNPs synthesis by using the microfluidic chip exhibits uniform size 

distribution in comparing to synthesize in the conventional vessel. In addition, the 

developed AuNP etching protocol for DA detection provides a novel and versatile 
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approach for rapid biosensing applications. Finally, the developed optical detection 

sensor successfully provides lower sample consumption, faster chemical reaction and 

rapid absorbance measurement which in comparing to analyze by using the 

conventional cuvette system. 

 

VI. Chapter 6. Conclusions and Future works  

The achievements and contribution of the dissertation are summarized in this 

section. This study successfully developed a microdevice that is capable to achieve 

high separation efficiency for separating immiscible liquid of low surface tension 

(toluene/water). When using microdevice for AuNPs synthesis, it is benefit to produce 

uniform size distribution and better dispersity. Besides, core-etching technique for 

detecting DA neurotransmitter by using the synthesized DMAP-AuNPs is a novel and 

versatile approach for further rapid biosensing. Finally, the proposed optical detection 

sensor provides low sample consumption and fast chemical reaction to achieve on-site 

absorbance detection by using microdevice. Ultimately, this research works 

successfully developed a high performance microfluidic device for AuNPs synthesis 

and biosensing applications. 

In the future work, the ability for precisely controlled of the generate AuNPs size 

and shape is considered to achieve by synthesizing in the droplet-based microfluidic 

system under well control of several parameters (e.g. droplet size, sample mixing rate, 

reagent concentration). Besides, due to high performance optical detection was 

achieved by using the microfluidic chip which has been accurately assembled optical 

fiber on the chip. Thus, the future tends to develop simple device for optical fiber 

assembling, and design for the multi-detection channels that benefits to achieve faster 

biosensing and multi-samples detection.    
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Figure 1.1 Chapter overviews. 
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Chapter 2 Background and literature reviews 

2.1 Multiphase microfluidic systems  

2.1.1 Microfluidic systems  

Microfluidic system has been well developed for wide range of applications in 

recent years, due to the system exhibits many advantages including small sample 

consumption, fast analysis time and high throughput production [1]. This technology 

exhibits great potential to provide high performance assay within the microscale 

fluidic system, which holds the typical laboratory experiment by using the reagents 

volume from milliliters to microliters or femtoliters. Moreover, using the microfluidic 

systems for chemical analysis also provides rapid reaction time which in the few 

second or less. Therefore, it is benefit to develop scaling down of analytical platform 

by using lab-on-a-chip microdevice, which brings many advantages for the clinical 

diagnostic applications [2].  

However, using the microfluidic system for samples mixing in many applications 

may suffer from the problems of that exist with nonuniform mixing and slow 

diffusion process. Due to the low values Reynolds number Re causing for laminar 

flow in the microfluidic system, which sample mass transfer between the liquid 

phases only based on the diffusion approach. Hence, the initial striation length stl (0) 

plays the key role for enhancing diffusion ability and the time for diffusion tdiff (s) that 

can be described by eq. (1), where D (m2/s) is the diffusion coefficient [3]. ୢݐ୧ 	= 	                                                (1)	ଶ/2D(0)݈ݐݏ

Furthermore, several researches have reported simple methods for enhance the sample 

mixing ability in microfluidic system by reducing mixing length or create the chaotic 

advection in the flow [4], develop for active and passive micro-mixers by using the 

microfluidic chips.  
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2.1.2 Droplet-based microfluidic systems  

Unlike the continuous flow in microfluidic system, droplet-based microfluidic 

system provides many advantages for such sample extraction [5, 6], micro-reactor [7]  

and micro-mixer which offer a new technology to manipulate such small volume of 

reaction system [8]. Due to the droplet microfluidic system exhibits high surface to 

volume ratios (S/V) that has a shorter diffusion distance to provide heat and mass 

transfer, which is benefit for achieve faster reaction process [9]. Most of all, droplet 

microfluidic system offers great potential of producing higher throughput rate 

(200000/s) [10, 11] and stable analysis than the continuous flow system. They even 

reduce the biosamples have sensitive to the channel surface properties, due to the 

droplets are isolated from the channel walls by the carrier liquid. Therefore, this 

approach has been widely developed for wide range of applications such as kinetics 

measurement [12, 13], chemical and biological analysis [14, 15], protein 

crystallization [16, 17] and nanoparticle synthesis [18, 19]. Furthermore, based on 

using the droplet microfluidic system is considered to provide rapid and uniform 

sample mixing that can be accurately control with the reaction time. 

 

2.1.3 Multiphase droplet formation in microfluidic systems  

Many studies reported the microfluidic devices have been widely fabricated by 

using polydimethylsiloxane (PDMS), which is cheap and easily molding of the elastic 

polymer. However, PDMS usually suffer to the problem of leading material occur 

swelling and deformation while present in the organic solvents. Thus, several 

materials with good solvent resistance such as glass and silicon [20] have been well 

developed for the alternative option. In addition, the wetting properties of 

microchannel walls are important for stably generating uniform droplets in the 
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microfluidic system. Thus, having the hydrophilic channel wall is benefit to generate 

the stable oil droplets by surrounding of aqueous phase. To improve the capability of 

controlling generated droplets of exhibit monodispersity, surfactant is usually added 

to the continuous phase for providing better fluidic manipulation.  

The condition to form droplets in the multiphase microfluidic system based on 

the competition force between liquid interfacial tension and viscosity in the small 

scales of microchannnel. Therefore, the liquid surface tension should be approaching 

to capillary number Ca, which leading the fluid attempt to be formation as plugs flow. 

The Capillary number can be described by the eq. (2) [21]. 

Ca	= vߟ ൗߛ                                                           (2) 

Where η (kg/m·s) presents the viscosity of fluid, v (m/s) is the flow velocity and γ 

(N/m) symbol for the interfacial tension between aqueous phase and the carrier fluid. 

Therefore, low value of Ca simply indicates that interfacial tension is larger than the 

viscous stress, which the disperse phase liquid would attend to form as spherical to 

minimize the surface area. 

In the typical droplets formation approaches based on using two-phase 

microfluidic system usually divided by two kinds of methods: T-junction [22, 23] and 

flow focusing [24, 25] in the multiphase microfluidic system (Figure 2.1). The key 

point to stably generating uniform droplets in the microdevice, have reported by well 

control the external flow pressure between viscous shear stresses. Most of all, such 

capillary number usually operating in the range between 10-3 to 101 for the wide range 

applications based on droplet formation in the microfluidic devices [26]. Therefore, to 

steadily generating uniform droplets in the microfluidic system is benefit for 

providing efficient and rapid chemical reaction inside each formed droplets. 
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Figure 2.1 The experimental of droplet formation by using (A) T-junction and (B) 

flow focusing device in the multiphase microfluidic systems. [26]    

 

2.1.4 Segmented flow in microfluidic systems  

Recently, multiphase microfluidic systems have been widely developed for those 

heat exchangers, miniature fuel cells and micro-reactors. Due to the segmented flow 

exhibits the circulation motion within the flow and the gas bubbles are usually 

separated from the channel wall with thickness smaller than 1 µm [27], which greatly 

provide rapid mixing and efficient mass transfer in the discrete droplets. Therefore, 

this approach significant increase the capability of providing efficient chemical 

reaction in many applications such as micro-separations [28], protein crystallizations 

[29] and chemical computing [30]. The main advantages of using segment flow that 

compared to the continuous flow is that having the ability to improve flow uniformity, 

exhibit the superior analytic control in the small sample volumes and reduce the 

susceptibility to fouling. In this regards, segment flow has proven to be the significant 

platform using for chemical and biological applications with using ultra-small of 

sample volumes (nanoliter to femtoliter).  

In general, segmented flows are composed by at least two immiscible fluidic 

which using for liquid-gas and liquid-liquid mixtures. It is usually divided into two 

types of segmented flows, which is depends on the phase where the sample reaction 
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taking place. The first approach shows liquid droplets have been encapsulated by the 

carrier fluid that is wetting the microchannel (Figure 2.2 (A)). These droplets also 

called as “plugs” to using as the sample reaction chamber in the microfluidic system, 

which the rapid and uniform mixing is achieved by the circulation flow inside the 

droplets. Note the reagents reacting in the plugs flow are not contacting to the 

microchannel wall and without occurring sample dispersion during the liquid 

transportation. However, the other method of segmented flow shows liquid “slugs” 

are divided by discrete gas bubbles (Figure 2.2 (B)). Based on using this approach for 

the sample mixing, which chemical reaction happening in the slugs usually formed as 

the continuous phase [31]. Therefore, it is considered the circulation flow in the slugs 

have leading to low diffusion process for achieve uniform sample mixing.  

 

Figure 2.2 The comparison of different reaction by using two types of segmented 

flows in the microfluidic channels. (A) The liquid plugs are encapsulated by the 

carrier of immiscible continuous phase. (B) The aqueous slugs are divided by another 

liquid phase, which the reaction is occurring in the continuous phase. [31] 
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2.1.5 Taylor circulation of the segmented flow   

Moreover, segmented flow and laminar flow are the most common used method 

for liquid extraction in micro-reactors applications. Due to slugs moving through the 

small capillary rely on channel physical properties and flow operating conditions, 

which causing for the internal circulations within the slugs (Figure 2.3 (A)). However, 

these circulation phenomenon can be described as two regions in the slugs: a 

recirculation zone at the center and a stagnant zone where shows zero of the liquid 

velocity [32]. Therefore, it is considered to provide the rapid sample mixing and 

efficient interphase mass transfer by using the segmented flow in the capillary. In 

addition, the thin aqueous wall film that caused by the surrounding solution have also 

increasing the recirculation ability in the slugs flow (Figure 2.3 (B)).  

Due to the capillary segmented flow has generating of Taylor vortices inside the 

slugs, which is induced from the shear force between channel wall surface and the 

flow pressure. This multiphase flow pattern successfully reducing the thickness of 

boundary layer at the interface, which is capable for greatly enhance the diffusive 

penetration in the applications of chemical reaction. Most of all, for generating the 

stable and uniform slug flow pattern that several important parameters is essential to 

be considered such as the specific interfacial area, the mass transfer coefficients and 

energy demand (shown in Table 2.1). Therefore, well controlling for the interfacial 

force between flow pressure and the channel surface energy that is benefit achieve 

fast and uniform micromixing in the segmented microfluidic system.   
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Figure 2.3 (A) Schematic illustrates of internal circulations inside the aqueous and 

organic slugs, respectively. (B) The photo shows typical two-phase segmented flow 

pattern of water (with fluorescence) encapsulated oil slugs in the capillary, which 

clearly observing there exhibit a thin layer between the slugs and wall surface. [32]    

 

Table 2.1 Operating parameters of the comparison between using capillary slug flow 

and the stirred tank system. [33] 

 

 

Contactor Slug flow capillary Stirred tank
Mass transfer coefficient [s-1] 0.02-1.5 2·10-5 - 2·10-3

Interfacial area [m2m-3] ~ 3200 ~ 500

Energy requirement [KJ m-3] 0.2-20 150-250

Contacting time well-defined statistically distributed

Stochastic phenomena absent dispersion & coalescence

Temperature profiling facile infeasible
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2.1.6 Different patterns of the segmented flow   

However, based on producing the segmented flow in the capillary there usually 

exhibits with three kinds of flow patterns. In the typical approach for generating stable 

segmented flow presents the uniform flow pattern (Figure 2.4 (A)), which by setting 

in the wide range of operating flow rates and controlling with slugs length in 2 mm or 

less [34]. Note the smaller of the capillary diameters is benefit for stabilizing the slug 

flow to the formation degree [35]. In the smaller slugs of dispersed phase (Figure 2.4 

(B)), which the suspended droplet shows no Taylor vortices insides due to the 

weakness wall shear forces can be transmitting to the droplet surface. Based on using 

this approach, mass transfer is difficult to achieve within such hard sphere droplet. 

The mixing process happen in the droplet was dominated by the nature diffusion 

ability. Furthermore, due to exist of multiple vortices along the longer slugs have 

leads to the complex interference for the mass transfer within the droplet (Figure 2.4 

(C)). Therefore, controlling with optimal slug length is benefit to achieve faster mass 

transfer rate for chemical reaction by using the segmented flow system. 

 

Figure 2.4 Schematic illustrates the different slug length for mass transfer. (A) The 

typical Taylor vortex structure, (B) suspended droplet without internal circulation, (C) 

multiple vortices and the additional stagnant zones in the longer slugs flow. [33] 
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2.2 Liquid-liquid phase separation  

2.2.1 Liquid phase separation in microfluidic systems 

Many studies reported that micro-reactors and micro-mixer operating with the 

multiphase flow have provided larger interfacial area, faster mixing and mass transfer 

process, which achieved the better performance relative to the typical batch scale 

systems. Furthermore, diverse of separation process and sample extraction has proven 

to be achieved in the micro devices [36]. Since the typical operation process for 

sample extraction can be divided into contacting and separation of the immiscible 

liquid phase. There are still many off-chip analyses, such as gas chromatography (GC) 

and spectroscopy measurements required for detecting the sample products such that 

separating different phase of fluids become desirable.   

However, the conventional liquid-liquid phase separation is difficult to achieve 

in the micro scale due to the surface tension has dominate over the body forces under 

the length scales. Thus, based on using the gravity force of the liquid is not capable 

for phase separation within the microsystem [37]. Figure 2.5 shows the different 

approaches for liquid-liquid phase separation by using the laminar flow and 

segmented flow. Comparing to achieve the efficient phase separation in the parallel 

flow, it is much more difficult to be separated from the segmented flow. Due to both 

liquid phases stay within the same channel. Therefore, several researches reported 

efficient methods for separating gas-liquid and liquid-liquid phase samples by using 

the microdevice of treated different region in the channel with hydrophilic or 

hydrophobic surface modification [38, 39], or by using the hydrophobic membrane 

[40, 41]. In this regard, these approaches successfully achieved liquid phase 

separation by using the microfluidic system, which based on creating large difference 

between the surface tension and channel surface energy. 
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Figure 2.5 Schematic illustrates typical two types of liquid-liquid phase separation 

methods. (A) Design of Y shape output channel for phase separation in the laminar 

flow and (B) using capillary force for phase separation in the segmented flow. [42] 

 

2.2.2 Capillary force for liquid-liquid separation  

In addition, surface tension and capillary force of the microchannel are the most 

useful technique for dominant the phase separation in the segmented flow system 

[43-45]. It is considered to have great potential for continuously separating the 

immiscible liquid of different interfacial tensions. The main working principle of the 

gas bubble or droplet filter by using the capillary force is based on, that the surface 

energy of the droplet getting increases while forced to move into the narrower channel 

(Figure 2.6). When considering the droplet geometry as two-dimensional shape, 

surface energy difference should be control with equal to the work required of states 

A and B. The operating pressure difference can be described as eq. (3).  

P1	− P2 = 2γ (
ଵ௪ − ଵௐ)                                               (3) 

Where P (Pa) is liquid pressure, γ (N/m) the interfacial tension between liquid-liquid 

phases, w is the width of narrower channel and W is the width of wider channel [46]. 

Therefore, due to the size of droplets or bubbles are larger than the channel diameter 
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and difficult to pass through the capillary. The droplet was able to flow into the fine 

liquid output channel not inter the smaller channel. In this regards, it is easily to 

separate the immiscible of two liquid phases in the segment flow by controlling with 

the proper threshold pressure.   

 

Figure 2.6 Schematic illustrates gas bubble deformation process into a narrower 

channel, which the surface energy have increases between the variation of state A and 

B. [46]     

However, using the capillary force is the most powerful methods for efficiently 

separating two immiscible liquids in the segmented flow. Based on well control the 

flow breakthrough pressure is benefit for phase separation by using different diameter 

branch microchannels (Figure 2.7). Most of all, design for optimize combination of 

narrow separation channel and well controlled the flow pressure drop is considered to 

achieve higher phase separation efficiency. Hagen Poiseuille’s law enable for the 

calculation of pressure drop, which based on the laminar Newtonian flow along the 

channel with the known geometry. The pressure drop can be described as eq. (4) [47]. ∆ܲ = ఈఎொమ                                                          (4) 

Where ∆ܲ	(Pa) is the pressure drop of presenting fluid flow, α the numerical factor 

related to the geometry of channel cross-section, η (Pa·s) the fluid viscosity, Q (m3/s)  

the flow rate of fluid, L (m) the design channel length and A (m2) the cross sectional 

area of the channel.  
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Figure 2.7 Schematic illustrates the conventional pore comb microchannel for 

achieving liquid-liquid phase separation by using the segmented flow system. [48]  

 

2.3 Gold nanoparticles  

2.3.1 Applications of gold nanoparticles 

Nanoparticles usually defined as the material with the average diameter less than 

100 nm. Since the noble metal nanoparticles exists the specific physical properties of 

surface plasmon resonance (SPR) that makes the particles have the strong scattering 

and absorption of the visible light wavelengths. Hence, the color showing from the 

nanoparticles colloids is found highly related to its shape, size and the local 

environment [49]. The development based on using these specific physical properties 

of the nanoparticles is considered to provide new generation for the sensing and 

bioanalysis applications. Most of all, due to the nanoparticles exhibit large specific 

surface area which provides great capability for signal enhancement while utilizing 

the nanoparticles as the amplification labels. Furthermore, based on  self-assembling 

specific biomolecular on the nanoparticles surface has also been widely developed for 

increasing the detection signals of such optical sensing [50, 51], electrochemical tags 

[52, 53] and micro-gravimetric transduction of different biomolecular recognition [54, 

55]. In this regards, the development of this nanotechnology has provided high 

performance detection for many applications.  
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However, gold nanoparticles (AuNPs) in the solution which also called the gold 

colloids have been early reported by Faraday in 1857, that the deep red solution of 

AuNPs was reduction from chloroaurate (AuCl4
-) by using the phosphorus as the 

reducing reagent. He investigated the optical properties of thin films that was dried 

from the AuNPs colloids and observed with the reversible color changes 

(bluish-purple to green) during compressing with this AuNPs film [56]. Since the 

discovered of AuNP have unique optical properties in the early century, the intensive 

of development and research for AuNPs fundamental knowledge and the sensing 

applications have been widely reported in recent years. In addition, AuNPs have many 

advantages for the wide range of bioanalysis applications, due to it has easy and fast 

production which based on the chemical synthesis methods, exist narrow size 

distribution in the solution, have efficient surface modification by thiols or some 

bioligands [57, 58]. Most of all, AuNPs surface have great bio-compatibility which 

can be easily conjugated with specific biomolecules and keeps the biochemical 

activity for the tagged molecules [59, 60]. Therefore, these approaches have provided 

great platform for such biosensing [61, 62], drug delivery [63], catalyst [64], heat 

source [65] applications and also using for the signal amplification while taking 

AuNPs as the labels in the optical and electrical measurement (Figure 2.8). 

 

Figure 2.8 Typical signal amplification strategies (A) based on AuNPs serving as the 

carriers, (B) the AuNPs serving as detection probe. [66]  
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2.3.2 Gold nanoparticle synthesis in aqueous-phase 

In the conventional method for synthesizing uniform particle size of AuNPs 

colloids is usually based on the bottom-up approach that using the chemical synthesis 

technique in either aqueous or organic phase. However, the most common way for 

preparing stable AuNPs in the aqueous phases was reported by Turkevich et al. in 

1951 [67]. Herein demonstrated the AuNPs with diameters in the range of 10-20 nm 

can be easily produced in the solution by rapid stirring of the boiled chloroauric acid 

(HAuCl4) solution with the reducing agent such as sodium citrate (Na3C6H5O7). The 

Au3+ ions are then reduced to the neutral gold atoms and gradually form to 

sub-nanometer particles, which the rest of gold atoms are absorbed on the existing 

particles during the reduction process (Figure 2.9).  

In addition, variety of reducing agents has been widely developed for 

synthesizing AuNPs such as sodium borohydride (NaBH4), alkaline tetrakis 

(hydropxymethyl) phosphonium chloride (THPC) and even by using the nature 

material of Aloevera plant extract [68]. Based on the chemical synthesis approach, the 

most important things for producing uniform size distribution of AuNPs in the 

solution that needs to have vigorous stirring during the AuNPs reduction process in 

the bulk system [69]. 

 

Figure 2.9 The schematic illustration of AuNPs formation process by using chemical 

synthesis in the aqueous phase. [70] 
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Having the fine production of AuNPs colloids is considered to provide high 

sensing performance which using for AuNPs-based colorimetric detection. The key 

factor to control synthesis nanoparticles with good dispersity in solution have been 

study for its stabilization or aggregation ability, which depends on the potential of 

interparticle attractive and repulsive forces (Figure 2.10). In the typical electrostatic 

stabilization approach, particles surface was charged with counter ions in the medium, 

which form the repulsive electric double layer as stabilizer for against van der Waals 

attractive forces between the interparticles. However, this stabilization method usually 

suffers from the disadvantage of highly sensitive to the bulk ionic strength, which 

leads to decrease in the electrostatic repulsion ability while putting in the environment 

of high salt concentrations (50 mM of NaCl) [71-73]. 

Another reports of steric stabilization approach is based on provide a polymeric 

barrier that prevents AuNPs in the solution from being too close, which have potential 

for controlling the attractive force between interparticles. In this approach, the thicker 

of the polymer layers and higher graft densities [74] is considered to provide more 

effective capability for steric stabilization of AuNPs colloids. Several researchers 

therefore report that synthesis with thiol-functionalized AuNPs in the aqueous [75] 

and using thiols containing of different length poly(ethylene oxide) chains [76, 77] or 

carboxylate modification [78, 79]. Furthermore, poly (N-viny-2-pyrrolidone) (PVP) 

[80, 81] is the most used of polymer molecule for stabilizing synthesis AuNPs in the 

water solution. Besides, electrosteric stabilization which provided by surface modified 

of high density DNA biomolecules (negative charged) is the most effective method 

for stabilizing AuNPs even present at the high salt concentrations environment [82, 

83]. Therefore, based on using chemical grafting or physical adsorption of small 

molecules or polymers on the AuNPs surface shows great potential for producing 

stable AuNPs colloids, which particles exhibit better dispersity in the aqueous phase.  
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However, the development of capable producing monodisperse nanoparticles and 

that have the ability to controlled AuNPs size and shape is essential for providing high 

performance bioanalysis. Thus, many research reported for producing monodisperse 

of AuNPs colloids based on control over the AuNPs growth by using one-phase 

approach [84, 85], confined the interparticle space with graft micelles [86], reduction 

with presents various ligands and capping agents [87], digestive ripening of thiol for 

AuNPs [88]. These approaches present the simple method to achieve control of 

synthesis AuNPs size and distribution by using weak ligands for decreasing the 

reducing ability. Most of all, the ability for synthesize AuNPs of uniform size and 

better dispersity relies on the initial seed-mediate condition, which provides sufficient 

time for separating the preparation of each particles size [89, 90]. Furthermore, 

several synthetic methods have also developed the simple methods for preparing 

AuNPs with different shape and size [91]. Based on utilizing the specific optical 

properties of AuNPs that is highly related to the size variation, this approach shows 

great potential for providing wide range of biosensing applications. 

 

Figure 2.10 Schematic illustrates AuNPs colloid stabilized by using (A) small 

charged of molecules on the particles surface (electrostatic stabilization), (B) surface 

grafted of polymers (steric stabilization ) and (C) surface grafted by the charged of 

DNA or polymers (electro-steric stabilization). [92] 
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2.3.3 Gold nanoparticle synthesis in organic-phase 

The AuNPs synthesis in non-polar organic phase has been early reported by 

Brust et al. [93] that brought a new technology for the preparation of nanoparticles. In 

the two-phase synthesize AuNPs approach, thiol ligands plays the key molecules for 

stabilizing nanoparticles in the solvent, due to that have strong binding strength on 

gold surface based on the chemical properties of Au and S (Figure 2.11). In this 

organic phased AuNPs synthesis method, chloroaurate ions (AuCl4
-) were initially 

transferred to toluene by using tetraoctylammonium bromide (TOAB) as the phase 

transfer reagent. The mondisperse of AuNPs with diameter between 1.5 ~ 5.2 nm 

were reduced by using the sodium borohydride (NaBH4), which nanoparticle surface 

was uniform capped with dodecanethiol (C12H25SH) molecules. The two-phase 

synthesize AuNPs process can be described as eq. (5) (6) [93].  

AuCl4
- 

(aq) + N (C8H17)4
+ (C6H5Me) → N (C8H17)4

+ AuCl4
- (C6H5Me)           (5)  

m AuCl4
- (C6H5Me) + n C12H25SH(C6H5Me) + 3m e- → 4m Cl-

(aq) + [Aum(CH25SH)n] 

(C6H5Me)                                                          (6) 

The conditions for well control the synthesis AuNPs size is determine by the 

gold/thiol ratio (ξ). Based on this approach that AuNPs can be achieved to the 

smallest diameter of 16 ± 2 Å when the ratio was as lowered below than 1:1 [94].  

 

Figure 2.11 Schematic illustrates the formation of AuNPs coated with thiol molecules 

by reduction AuⅢ ions in the toluene solvent. [95] 
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Besides, the surfactant stabilized of AuNPs in the organic phase exhibit many 

advantages such as having high degree of control the particle size and monodispersity 

[96], easily prepared for high concentrations AuNPs, have the ability to store as 

powder and re-dissolved in different organic solvents without occur aggregation. In 

the typical approach for AuNPs prepared in the organic phase usually provide better 

application of catalytic process and have tunable of surface properties based on the 

organic functional groups [97, 98]. The formation of self-assembled monolayers 

(SAMs) can be well controlled by varying the space between interparticles via 

capping with different length of alkanethiols [99]. Therefore, the synthesis of uniform 

size and monodisperse AuNPs in the organic phase is considered to provide high 

sensing performance of using fine AuNPs colloids, which enhance the capability of 

applying to the catalyst and biochemical applications.   

 

2.3.4 Gold nanoparticles phase transfer 

Except directly synthesis stable AuNPs in the water or organic phase, many 

studies have developed the simple method for moving such nanoparticles across into 

different phase solutions. The first reported AuNPs to achieve phase transferred from 

water to an organic solvent of butyl acetate, was by using the co-polymer of methyl 

methacrylate and glycidyl methacrylate as form the comb stabilizer [100]. In addition, 

the most effective phase transfer approach was reported by the Au-Ru system that 

using an alkylamine or alkanethiol as the coating molecules [101]. Due to surface 

modify of molecules have hydrophobic properties that is capable for AuNPs go 

through phase transfer between the two-phase interface (Fig. 2.12 (A)). Furthermore, 

since AuNPs transferred from one phase to another which the size distributions were 

still remain the same in different solution phase. The color exhibits small difference 
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and observed with shift in the UV-Vis absorption spectra, which these phenomenon 

were mainly caused by the changes in refractive index of medium (water: 1.33 to 

toluene: 1.47) after the particles phase transferred (Figure 2.12 (B)).   

Although many studies have developed the simple methods for phase transfer of 

AuNPs from aqueous to organic media, such applications for the biosample detection 

rely on analyzing in the aqueous environment. Thus, several researches reported new 

way for phase transfer of AuNPs from organic to aqueous phase, which based on 

covalent capping of irreversible amphiphilic molecules on the particle surface. 

However, these approaches usually required for precipitation steps or by using the 

solvent exchange process to achieve the efficient phase transfer. The AuNPs have 

been stabilized with strong attached ligand in the solution that is not benefit using for 

the wide range of biosensing applications.  

In contrast, the organic compound of 4-dimethyl-aminopyridine (DMAP) has 

been widely reported to be the most efficient and rapid one-step approach for 

providing AuNPs across the interphase boundary (organic to aqueous). This approach 

is essentially different to the typical phase transfer method, which based on covalently 

bond of thiol-stabilized nanoparticles in the aqueous (Figure 2.13). Moreover, based 

on using DMAP molecules for efficient transferred nanoparticles in the aqueous 

exhibit higher stability and without causing aggregation after stored for long period of 

six months [102]. In this regards, the non-covalent bonding of DMAP-stabilized 

AuNPs considered to achieve better performance while using for homogenous 

catalysis and wide range applications. 
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Figure 2.12 (A) Photograph shows the color changes of AuNPs phase transferred 

from water (bottom of left bottle) into the organic solvent (top of right bottle). [103] 

(B) UV-Vis spectra shows AuNPs have same absorption band at wavelength 520 nm 

which the difference of absorbance intensity is caused by the different refractive index 

of medium. [104] 

 

 

Figure 2.13 Schematic presents the phase transfer of AuNPs from toluene to water, 

which the particle surface have been charged with different chemical structure of (A) 

citrate molecules and (B) DMAP stabilizer with positive charged. [105] 
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2.3.5 Gold nanoparticle synthesis in microfluidic systems 

The preparation of aqueous-based AuNP was most achieved by using the 

chemical synthesis approach, which generally have reacting with two or more 

reactants in the solution. However, based on using the conventional mixing process in 

the vessel system always caused to several disadvantages such as reaction 

environment was not able to achieve homogeneous mixing, and the nucleation for 

AuNPs growth processes cannot be efficient separated. Since the typical particles 

reduction process was reacting in a large difference of local environment conditions, 

which is not capable for well controlling the AuNPs synthesis manner. Therefore, the 

development for providing better performance of synthesis method is essential to 

achieve monodispersity of AuNPs with desired size and shape.      

However, microfluidic system shows great potential to provide rapid and 

homogeneous sample mixing in the “micro-reactor”, which offers many advantages 

such as allow conducting chemical reaction in the continuous flow, using smaller 

amount of reactants, have the rapid and efficient mixing within a short time in 

compared to the typical reactors [106]. Thus, microfluidic reactor is considered to 

provide the ideal platform for producing well control of AuNPs synthesis shape and 

size. Due to the chemical reaction by using laminar flow along with long 

microchannel scale that the sample mixing was mainly caused by the diffusion at the 

interface layer, which the microfluidic reactor exhibit high surface-to-volume ratio 

enable for enhance heat and mass transfer. The efficient mixing in microfluidic 

system also shows great potential to well control of temperature and concentration 

gradients for the chemical reaction, which enhance the capability for separating each 

nucleation process independently. Therefore, based on using microfluidic 

microreactor is benefit for synthesizing monodisperse AuNPs in the solution.      
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Microfluidic reactors usually divided into two types of approach: continuous 

flow microreactors and segmented flow microreactors. Due to the continuous 

microreactors have ability for continuously varied with sample mixture condition, 

which can be well controlled of adding different reagents along the reaction channel 

[107]. Hence, these kinds of microreactors provide the precise condition for 

individual sample reaction that leads to synthesize uniform AuNPs in the solution 

(Figure 2.14). In addition, decreasing the microchannel scale and increasing the 

running time of the parallel simple mixing enable for reducing the sample reaction 

volume and shorten the efficient chemical reaction time. However, the continuous 

flow is not suitable for providing high degree and flexible fluid manipulation. Due to 

the fluid flow have always affects by the microchannel surface properties and the 

actuating system stability. Therefore, it is essential for developing better performance 

of microfluidic reactors to achieve wide range of applications.        

 

Figure 2.14 Schematic illustration of using microfluidic device for AuNPs synthesis, 

which Au atom reduction by (A) sodium citrate in 100oC temperature, [108] (B) 

mixing in the three dimensional micromixer with NaBH4 reagent. [109]    
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Comparing to the single phase microfluidic system, multiphase microfluidic has 

made the significant advantages including large interfacial area, efficient mixing and 

faster mass transfer. Based on well controlling for the chemical reaction within 

droplets or the segment flow is benefit for synthesizing monodisperse of AuNPs. Due 

to the segmented flow microreactors exhibit the narrow residence time distribution 

(RTD) [110, 111], which the gas-liquid segment flow have induce recirculation inside 

the slugs and enhance the capability to achieve rapid mixing for AuNPs synthesis 

reaction. Furthermore, the nucleation process of nanoparticles growth can be well 

controlled by initially reaction inside the segment slug, which the slug microreactor 

have provided homogeneous and fast sample mixing under operating with high flow 

rates. In addition, due to the segmented flow have encapsulated the whole simple 

mixing and reaction inside the slugs, which prevents the synthesis AuNPs from 

blocking or contamination of microchannel [112]. Therefore, the wetting properties of 

the internal channel wall have great influence to the carrier liquid and able for 

controlling the segment flow performance. In this regards, based on well develop and 

control of the segmented flow have great potential for producing highly uniform size 

distribution of AuNPs that in compared to synthesizing in the continuous flow or 

other approaches of large system (Figure 2.15).     

 

Figure 2.15 Schematic presents typical segment flow for AuNPs synthesis by using 

microfluidic reactor. The aqueous slugs have divided by gas or organic solution. [113] 
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2.3.6 Gold nanoparticles for colorimetric detection 

In the past few years, the development of AuNPs-based colorimetric detection 

that relies on the surface plasmon resonance (SPR) has lead this nanotechnology 

attractively creating simple and versatile platform in the biosensing applications. The 

advantage of utilizing this approach based on observing of the colloids color changes, 

which is causing by the interparticle plasmon coupling during the AuNPs aggregation 

(red to purple) or redispersion from the particle aggregate (purple to red) [114]. Since 

the first DNA sensor was developed by Mirkin in 1997 [115], AuNPs-based 

colorimetric detection approach have been increasingly developed for analyzing 

variety of targets such as proteins [116, 117], nucleic acids [118, 119], metal ions 

[120, 121], cells [122, 123] and small molecules [124, 125]. Therefore, it was soon 

become the alternative approach to the conventional detection methods and provided 

great potential for many applications such as clinical diagnostics, environmental 

contaminant analysis and drug discovery.  

The basic working principle of AuNPs for colorimetric detection is rely on the 

exist of electrons coherent oscillation on the particle surface, which also called the 

localized surface plasmon resonance (LSPR) that have induced by the incident 

electromagnetic field [126]. When applying for the visible light to AuNPs colloids, 

the specific resonant wavelength caused the free-electrons on the metal surface to 

oscillate. Due to the wavelength of incident light is much larger than the nanoparticles 

size that creates the resonance conditions (Figure 2.16). When the wave front of light 

passed through AuNPs, the electron density is polarized at one side and with the 

specific resonance frequency to occur oscillation. Therefore, this surface electron 

resonance will causing the specific wavelength absorption and changed in the 

particles scattering spectroscopy, which the phenomena is found with highly related to 
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the particles size, shape and the dielectric constants of the medium [127].  

 

Figure 2.16 Schematic illustrates AuNPs surface plasmon resonance induced by the 

interaction of electron in the conduction band with visible light. [127] 

 

Generally, AuNPs of diameter in 13 nm have the specific absorption band at 

~520 nm of the visible light spectrum, which is considered as absorb with the green 

light in the visible light range. Thus, the observe color for AuNPs colloids is normally 

appears to the ruby red color. Due to the nanoparticles have changes of its shape or 

increase with size diameter that the surface geometry variation would leading to the 

shift in electric field density of the particles surface. In this condition, those surface 

electrons will alter its oscillation frequency and causing the different absorption 

condition with changing to the optical properties. Based on the unique optical 

properties of AuNPs, which the particles aggregation have causing the interparticle 

plasmon coupling. When taking the aggregated AuNPs colloids for the absorbance 

measurement, which the equipment is analysis as observing with larger particle size. 

Therefore, this physical phenomenon changes so cause the red-shift and broadening 

the absorption band in the UV-Vis spectra. In this regards, the predictable color 

changes of the AuNPs aggregation or redispersion in the solution have provided the 

attractive platform to be using as the colorimetric detection (Figure 2.17).            
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Figure 2.17 (A) Schematic illustrates AuNPs aggregation that caused by crosslinking 

or noncrosslinking approach. (B) UV-Vis spectra show the AuNPs absorption band 

which detected from the particles dispersed and aggregated in the solution. 

 
 

2.3.7 Core etching technique for gold cluster formation 

Among the wide range applications that based on utilizing the advantages of 

AnNPs, to prepare for the quantum clusters (QCs) or called sub-nanoclusters have 

been increasingly developed in recent years. The QCs usually composed with very 

few atoms which the core size only in the sub-nanometer regime. Due to such smaller 

size of metallic material exhibits discrete electronic energy levels, which shows 

entirely different properties from the nanoparticle. Most of all, the QCs have great 

photoluminescence properties which easily for changing their emission wavelength 

from ultra-violet (UV) to near-infrared (NIR) range based on changing the number of 

core atoms. Therefore, this approach shows great promising for providing ultra-bright, 

biocompatible and light-emitting sources in the wide range of imaging and detection 

applications. 

However, several researches reported the novel approach for preparing gold QCs 

by the core etching of AuNPs. Since the first Au cluster etching approach was 
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reported by Schaaff and Whetten in 1999 [128], which the absorbed monolayer such 

as alkane thiol (-SR) on the cluster surface have ability for removing Au atoms from 

the outermost surface layer. Thus, the reaction of Au core etching approach leads to 

obvious variation in the UV-Vis absorption spectra, which caused the blue shift of the 

AuNPs specific absorption band. It was significant indicated the particles size have 

transformed into the smaller dimension. In this regards, the simple method for 

producing Au clusters by core etching of synthesized AuNPs was treated with excess 

amounts of molecules such as thiols [129], triphenylphosphine (PPh3) [130] and 

glutathione (GSH) (Figure 2.18). However, in the approach of using thiol as etching 

molecule, the key factor for controlling cluster size is depend on well control of 

increased Au:SR ratio. Based on this core etching method is considered to provided 

new approach for well preparing of metallic cluster in the biosensing detection. 

 

 

Figure 2.18 Photos show the obvious color changes of Au cluster solution by using 

core etching technique of GSH molecules. [131]  
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2.3.8 Gold nanoparticles for dopamine detection  

Dopamine (DA), which has a chemical structure of 4-(2-aminoethyl) benzene-1, 

2-diol is intensively involved in the normal functions of daily life, including 

movement, feeding and neurocognition [132]. Moreover, a number of neurological 

disorders such as Parkinson’s disease and schizophrenia [133] are highly correlated to 

DA concentration. Thus many researchers have focused on developing analytical 

methods with a high sensitivity and good selectivity for detecting DA in human fluids. 

A number of established methods for detecting DA have been reported including 

electrochemical (EC) analyses [134-137], high performance liquid chromatography 

(HPLC) [138, 139], chemiluminescence detection [140-142], and mass spectrometry 

approaches [143]. Although these kinds of methods can provided highly specific and 

sensitive detection of DA, they all have some drawbacks which require sophisticated 

equipment and time consuming analytical process. 

Furthermore, the voltammetric detection of DA in brain tissue is often 

complicated by the presence of ascorbic acid (AA), which produces an oxidation peak 

that may interfere with that of DA. While using a standard electrode configuration for 

electrochemical detection of DA, it is difficult for real quantification analysis of DA 

with this approach [144]. Recent reports indicate that Nafion and some polymer layers 

have the ability to eliminate the interference of AA while detecting DA [145, 146]. In 

addition, the EC electrodes may be subjected to the fouling effect due to the 

accumulation of oxidized products on the electrodes [147]. In order to overcome this 

effect, several methods have been proposed to solve these problems by using surface 

modified electrodes [148, 149]. However, these processes rely on time consuming 

sample pre-concentration processes prior to the EC measurement. Therefore, it is 

beneficial to develop a simple, low cost yet high performance method for detecting 

DA with low interference effects.  
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However, since AuNPs exhibits unique electrical and optical properties which 

have been widely investigated and applied in molecular catalysis and biosensors over 

the last few decades. Typically, synthesized AuNPs with a size of 13 nm exhibit a 

specific absorption band around 520 nm while dispersed in liquid media. When the 

AuNPs tend to aggregate, the increased particle size will caused a red shift in the 

absorption spectrum which is easy to observe and analyze. Therefore, most of the 

reported AuNPs based biosensors adopt this colorimetric assay as the detection 

principle. In order to conquer the difficulties of the previous proposed methods used 

for the detection of DA, many studies have been proposed based on the cross-linking 

of AuNP aggregation for providing a sensitive detection of DA. The lowest limit of 

detection (LOD) of DA from the proposed literature which observed the aggregation 

of AuNPs was reported to be 0.36 μM [150] (Figure 2.19). 

 

Figure 2.19 Schematic illustrate the mechanism of the colorimetric detection of DA 

utilizing DBA and unmodified AuNPs. [150] 
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2.4 Detection in microfluidic systems   

2.4.1 Optical detection in microfluidic systems  

Optical detection technique has been widely developed in the microfluidic 

system for using in broad range of applications e.g. analytical chemistry, medical 

analysis, clinical diagnostic and food technology. Due to the detection method 

exhibits noninvasive nature, easily integrating with microchip, have rapid response 

and high sensitivity for getting detection signals [151]. Thus, several miniature optical 

components have been developed for integrating on the microchip such as coupling 

optical fibers, design with waveguide or micro-lenses in channel. In these detection 

approaches which detection light source usually provides by using light emitting 

diodes (LEDs) or laser diodes. Most of detection method based on detecting 

absorbance or fluorescence signal of the analytes. However, using the absorbance 

detection in microfluidic system mainly suffer from getting relative low sensitivity, 

due to microchip exhibit small optical path length and insufficient analytes for the 

analysis. Therefore, it is essential developing high performance optical detection in 

microfluidic system to provide better chemical analysis applications.  

2.4.2 Optical fiber-based detection in microfluidic systems 

In many developed of optical detection approaches, optical fibers have been 

mostly demonstrated used for integrating on the microfluidic chip. Due to the 

optical-fiber has relative simple and flexible ability to connect with analytical 

instruments. When using the typical optical fiber-based detection method to provide 

sample absorbance measurement in microfluidic system, which works by transmitting 

the light through one optical fiber to the analytes. The changes of absorbed light 

intensity by reacting with analytes is then detected through the other or same fiber to 

the analyze instrument [152]. However, due to the applying light source usually 



 39

designed for perpendicular passing through microchannel. The micrometer size of 

channel depth shows great influence for the detection sensitivity that is caused by the 

limited of smaller optical path length. Therefore, many research reported to increase 

optical path length or design focus micro-lenses in the detection channel for solving 

low detection sensitivity problems (Figure 2.20). In this regards, using optical fibers 

to integrate in the microfluidic system can provide rapid and sensitive biosensing and 

enhance the analyze performance in wide range of applications.  

Besides, the absorbance measurement based on detecting in the microdevice has 

ensured to use with very low sample volume (nanoliter to picoliter). Various 

development of optical detection approach by using microfluidic system exhibit many 

advantages for providing better platform in the bioanalysis. However, it is difficult to 

provide rapid kinetic measurement in the conventional microfluidic system. Due to 

the system is not capable to offer efficient and fast sample mixing with nanoliter 

range. Thus, several researches reported the millisecond of kinetics measurement can 

be achieved by using the droplet-based microfluidic system by detection from the 

changes of sample fluorescent signal. In this regards, to develop for the rapid optical 

detection in the microfluidic system shows great potential for providing high 

performance detection using in the bioanalysis.   

 

Figure 2.20 The typical optical detection sensor of using microchip for enhance 

detection sensitivity by (A) increasing the optical path length [153] and (B) design 

with parallel mirrors in the channel. [154]. 
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Chapter 3 Working principle and theory 

3.1 Chip design for liquid-solvent separation 

The working principle of proposed liquid-liquid phase separation approach is 

based on creating large capillary force by using the segmented flow system. The 

design comb channel of liquid phase separator provides a sufficient force for 

separating immiscible liquids of low surface tension. The main fluid channel and 

smaller side channels are designed with the depth in 25 µm and 50 µm, respectively. 

Besides, the developed channel width of W1, W2 and Ws are 280 µm, 350 µm and 70 

µm, respectively (Figure 3.1 (A)). During the liquid phase separation process, toluene 

was initially formed into droplets (white) by surrounding with water (blue) at the 

T-junction channel of the chip. When toluene droplets come to the expansion channel, 

flow velocity shows decrease in the main fluidic channel which due to hydrodynamics 

forces and surface tension dominates the droplets movement. Therefore, the first 

generated toluene droplet was forced to slowly flowing at the main channel and fusion 

with next droplet. Finally, the formation of continuous toluene flow was benefit to 

achieve efficient collecting in the downstream.  

Furthermore, design different depth of microchannels is capable to create large 

difference in capillary force, which using for separating immiscible liquids by 

extracting water to go through smaller size of microchannels. By using the segmented 

microfluidic system, the generated of toluene droplets exhibits lower surface tension 

that is difficult to deform and force into the smaller channel. In the opposite, water 

solution was taking as the carrier flow which is easily passing through the small of 

comb-like channels at the bottom substrate (Figure 3.1 (B)). Therefore, low surface 

tension liquids of water/toluene are capable to achieve efficient separation by using 

the proposed separator. 
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Figure 3.1 Schematic illustration shows the working principle of (A) the design phase 

separator on the glass chip which by creates large separation force to separate toluene 

and water phases. (B) The cross-section view for water phase extraction. 

 

3.2  The working principle of using DMAP-AuNPs for DA detection 

Figure 3.2 presents the brief mechanism of the developed AuNP core etching 

technique for DA detection. The fundamentals of the developed method are 

functionalized DMAP-AuNPs with ligand exchange and phase transfer (toluene to 

water). Before the colorimetric detection of the DA base on the AuNP core etching 

process, the AuNPs were first synthesized in a solvent of toluene and then extracted 

into an aqueous solution by utilizing DMAP molecules. Several studies reported that 

DMAP molecules can be spontaneously attach onto the AuNP surface due to the 

positive charge of pyridine nitrogen. The DMAP-stabilized AuNPs then transfer into 

the water phase, which is caused by the DMAP molecule moving across the 

water-toluene phase boundary and physisorbing onto the AuNP surface. The addition 

of DA into the aqueous AuNP solution causes the core etching effect of AuNPs such 

that the size of AuNPs decreases. The corresponding chemical schematics and the size 

variation for the AuNPs at different stages are labeled in the scheme below. 
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Figure 3.2 Schematic illustrates the developed DA detection method, which based on 

the core etching effect of DMAP-AuNPs. 

 

3.3 The design of optical detection sensor by using microfluidic chip 

The final design of optical detection sensor by using the microfluidic chip is 

shown in Figure 3.3. The developed of optical detection approach composed by 

continuously generate sample droplets by using a multiphase microfluidic system. 

When droplets have passing through the optical detection channel that was rapidly 

detecting for the sample absorption spectrum. Providing a stable segmented flow 

system in the microchip, toluene used as the carrier fluid for generating droplets at the 

T-junction channel. In addition, two multi-mode optical-fibers have first etched by 

immersing in BOE solution to reduce buffer layer diameter. The optical detection 

sensor finally composed by assembling the etched optical-fibers into the channel.    

Therefore, the working principle of this optical detection sensor was presents by 

transmitting light source through one optical-fiber to the analytes and detecting for the 

amount of absorption light from the other optical-fiber. When sample droplets have 

filled up into the optical detection channel, it is rapidly measuring for the absorption 
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spectrum by using a UV-Vis spectrometer. Most important, the absorbance 

measurement by using the microdevice only requires sample volume of 50 nL, which 

exhibits lower sample consumption in comparing to the conventional cuvette system. 

By using the developed of optical detection approach in the microfluidic chip that is 

capable to provide rapid and sensitive absorbance detection for wide range of 

biosensing applications.  

 

Figure 3.3 Schematic illustrates the developed optical detection sensor by assembling 

optical fibers on the microfluidic chip. 

 

3.4 Absorbance detection theory 

Optical absorption detection is one of the most commonly used detection method 

in the microfluidic system. However, the development for the microfluidic absorption 

sensors may suffer from the problems of relatively low sensitivity of the signal, due to 

the small microchannel dimensions. Besides, the thickness of the microdevice is 

normally larger than the optical path length, which inducing the significant losses for 

coupling the incident light to the detector. Therefore, to develop high performance of 

detection method and design with the structures in microdevice for increasing the 

optical path-length is beneficial for providing sensitive of absorbance measurement.  
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The basic working principle of absorbance detection is based on the 

Beer-Lambert law, which the absorbance can be describes as eq. (7) [155].  

A = −logଵ ቆܫଵ ൗܫ ቇ =         (7)                                          ݈ܿߝ

where I1, I0 present for the transmitted light and incident light, respectively. The ε 

(M-1cm-1) indicates the extinction coefficient, c (M) is the concentration of analytes 

and l (cm) is the optical path length. The equation clearly indicates absorbance A is 

proportional to the analytes concentration and the absorption path length. However, 

due to the optical detection by using the microfluidic system usually exhibits small 

sample volume, which is difficult to provide high concentration of analytes for 

enhance the absorbance detection.  

Thus, the best way to solve insufficient optical detection problem of using 

microfluidic chip usually considered by creating the increased of optical detection 

path length. However, in typical approach which using the conventional cuvette-based 

spectrophotometer for absorbance measurement, that the standard optical path length 

was design into 10 mm. Utilizing MEMS fabrication approach is easily to produce the 

design channel length for enhance the optical detection ability by using the 

glass-based microfluidic chip. In this regards, the final work of the study have 

successfully developed a sensitive optical detection sensor by assembling the optical 

fibers onto the microfluidic chip. Moreover, based on using the segmented flow 

system shows great potential to provide fast and uniform sample mixing which is also 

benefits to achieve rapid and high sensitivity absorbance measurement by using the 

microdevice.  

However, light scattering occurs in microchannel usually affects the optical 

detection sensitivity which also leading to the serious intensity attenuation. Figure 3.4 

shows light intensity changes by measured from the different distance between light 
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emitted position and the detector by using microdevice. Due to glass-based 

microchannel usually leads to the strong light scattering and optical fiber provides an 

expansion band of emitted light source. Therefore, light intensity exhibits decreasing 

by the increasing of measured distance between light source and detector. In this 

regards, when using microdevice for absorbance measurement that usually suffer 

from the insufficient of light source intensity. However, based on using the 

commercial spectrometer that is easily to increase the integration time for enhancing 

light intensity to the absorbance detection. Furthermore, the proposed optical 

detection channel was design of a reduced channel width, which is benefit for 

enhancing light transmission in the 10 mm of microchannel. Therefore, this developed 

microfluidic chip shows great potential to provide high sensitive absorbance detection 

and achieve fast chemical reaction by using the segmented microfluidic system. 

 

Figure 3.4 Light intensity changes of measured from different distance between light 

emitted position and the detector by using the microdevice.    
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Chapter 4 Materials and methods 

4.1 Experiment of AuNPs synthesis by using microfluidic chip 

4.1.1 Reagents and apparatus 

This section describes the experiment preparation for design of liquid-liquid 

phase separator and using for fine AuNPs synthesis in the organic solvent. Toluene 

(99.97%) was purchase from Sigma Aldrich® and water solution added with blue ink 

(Parker Quink) was used for clear observation of two immiscible liquid in the 

microchannel. The input flow of toluene and water phase were each filled in 5 mL 

syringe (Terumo®) and controlled by the syringe pump (780200, KD Scientific, USA). 

A camera Nikon D5100 (Nikon, Tokyo, Japan) was mounted on the Nikon SMZ-800 

stereomicroscope for recording the fluidic phenomenon at the T-junction, mixing 

section and the phase separator area. In additional, deionized (DI) and distilled water 

used throughout AuNPs synthesis experiment by using microdevice and batch process. 

Hydrogen tetrachloroaurate (HAuCl4·3H2O) (99.99%) and tetra-n-octylammonium 

bromide (TOAB) (98%) were purchased from Alfa Aesar® and sodium borohydride 

(NaBH4) was supplied by Acros®. All experiment solutions were fresh prepared 

within 1 h at the ambient temperature (25 ± 2oC) prior to the experimental procedure. 

The stock solutions of 1 M of gold salt (HAuCl4), was prepared by immersed with 1 

mL of DI water. 

Analyzing for size distribution of AuNPs which have synthesized by two 

different approaches, nanoparticles were characterized by using a transmission 

electron microscopy (TEM JEM-3010 JEOL Corp., USA). The sample preparation for 

TEM characterization was prepared by dropping 5 μL of AuNPs colloidal solution on 

the carbon-coated copper grid and then dried at 100oC for 24 h. The absorbance 

detection of AuNPs colloids was measuring form a commercial UV-Vis 
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spectrophotometer (SP-880, Metertech, Taiwan). The size distribution of synthesizing 

AuNPs in the toluene was evaluated by calculating of 300 particles from the TEM 

images by using Image J software. 

 

4.1.2 Microfluidic chip fabrication 

The study of liquid-liquid phase separator is fabricated by using the micro electro 

mechanical system (MEMS) lithography etching process on a commercial microscope 

glass slides (76 × 25 × 1 mm3, Marienfeld, Germany). Figure 4.1 presents the 

simplified fabrication process of the developed microdevice. The glass slides were 

first cleaned in a boiling Piranha solution (sulfuric acid (%):hydrogen peroxide (%) = 

3:1) for 10 min, a thin layer of hexamethyldisilazane (HMDS, J. T. Baker, USA) was 

coated as adhesive primer for stable the thick layer of positive photoresist (PR) 

(AZ4620, Clariant Corp., USA) as the etching mask. The designed pattern on the 

glass was then fabricated by using the standard lithography process. The channel 

structures produce by immersed in a BOE etchant (6:1, J. T. Baker, USA) with 

ultrasonic agitated for 25 min, which to form the etched of channel depth for 25 µm. 

The PR etching mask was then removed by immersing in a diluted KOH solution 

(KOH:H2O = 1:3, at 50OC) for few seconds. The fluidic via holes were then drilled on 

the upper substrate for the solution input. Note the top and bottom of glass substrates 

have same design channel structure for creating a depth of 50 µm main flowing 

channel, which the smaller size of comb channel was only fabricated on the bottom 

glass substrate. Finally, the two substrates were carefully pre-aligned and thermally 

bonded by putting in a sintering oven at 660OC for 15 min. 
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Figure 4.1 Schematic illustrates the microfluidic chip fabrication process of the 

design liquid-solvent separator. 

 

4.1.3 AuNPs synthesis using typical vessel system 

Based on using the typical two-phase AuNPs synthesis approach that was 

reported by Brust et al., the precursors was prepared by extracting a 1 M (1.0 mL) 

aqueous gold-salt solution in the centrifugal tube and added with 30.0 mL toluene. 

The gold-salt in the toluene solvent has been dissolved with a 20 mM 

tetraoctylammonium bromide (TOAB). Due to the immiscible solution of water and 

toluene which gold salt ions have been transferred into the top of toluene layer and 

showed the color in brown. The reduction agent of 0.4 M (10 mL) NaBH4 solution 

was then added into the toluene bath and rapid stirring for 5 minutes. Therefore, the 

reduction of AuNPs colloids with size of 13-20 nm was successfully produced and 

observing ruby red color in the toluene layer after whole synthesis process. 
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4.1.4 AuNPs synthesis using the microfluidic chip 

Using the developed microdevice to synthesize AuNPs in the toluene, this 

approach is capable for providing uniform and rapid chemical reaction in the 

segmented flow system. The microfluidic channel was designed with two inlets for 

solution input and provides a rapid mixing along with the long mixing channel. In the 

AuNPs synthesis process by using the microdevice, one syringe filled with gold-salt 

of toluene solvent was injecting into T-junction channel using as the separation phase. 

Another inlet was injected by 0.4 M NaBH4 solutions which using as the continuous 

flow. The separation and continuous flow rate was operating in the range from 5-20 

µL/min for stably generating droplet from the T-junction. Finally, the uniform size 

distribution of AuNPs was synthesized in the segmented flow and purely collected at 

the downstream. Therefore, the developed liquid phase separator was efficiently 

separating low surface tension of toluene from water solution which using for AuNPs 

synthesis also prevents it from unnecessary reduction reaction. 

 

4.2 The preparation of DMAP-AuNPs for DA detection 

4.2.1 Reagents and apparatus 

 The details of preparation functionalized DMAP-AuNPs for DA detection is 

describes in below. The performance of developed AuNPs probes to detect DA was 

test by using off-chip system, deionized and distilled water using throughout. 

4-(Dimethylamino) pyridine (DMAP) were purchased from Alfa Aesar® and sodium 

borohydride (NaBH4) was supplied by Acros®. Dopamine hydrochloride (DA), 

catechol (CA), ascorbic acid (AA), homovanillic acid (HVA), glutathione (GSH) and 

phosphate-buffered saline (PBS, 0.01 M, pH 7.4) were purchased from 

Sigma-Aldrich®. All experimental solutions were freshly prepared within 1 h in the 
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ambient temperature (25 ± 2oC) prior to the experimental procedure. The stock 

solutions of 1 M of gold salt (HAuCl4), and 1 M of DA were both prepared by mixing 

with 1 mL of DI water.  

The mixture process of the DA biosample with the proposed AuNP solution was 

performed by using the vortex mixer (VM-2000, Digisystem, Taiwan) which vibrated 

for 3 mins. UV-visible absorption spectrum was analyzed by recording a 3 mL plastic 

cuvette of the AuNP solution in a commercial UV-Vis spectrophotometer (SP-880, 

Metertech, Taiwan). The sizes of AuNPs were characterized by transmission electron 

microscopy (TEM JEM-3010 JEOL Corp., USA). The sample for TEM 

characterization was prepared by dropping 5 μL of colloidal AuNP solution on a 

carbon-coated copper grid and then dried at 100oC for 24 h. Dynamic light scattering 

(DLS, N5 submicrometer particle size analyzer, Beckman Coulter Inc., USA) was 

used to measure the size distribution of AuNPs at different stages.  

An electrochemical analyzer (Model 611C, CH Instruments, Inc., USA) used to 

confirm the proposed detection mechanism for DA bonding to the AuNP surface. A 

standard three electrode electrochemical detection system composed of a platinum (Pt) 

counter electrode, a gold (Au) working electrode and a chlorination of silver 

(Ag/AgCl) reference electrode. All electrodes were 200 nm in height and with 1 mm 

in width. Spacing between working electrode and counter/reference electrodes was 1 

mm. DA sample was first prepared in PBS buffer solution for (200 µL, 100 mM) and 

extracted 40 µL for cyclic voltammetry (CV) measurement, which setting the 

potential scanned for ±0.6 V with scan rate of 0.1 V/s. Then, added with 20 µL and 

100 µL of DMAP-AuNPs colloid to the DA sample and extract for CV measurement 

again. 
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4.2.2 Preparation of the DMAP-AuNPs probes 

In the preparation of DA colorimetric detection probe which was used by 

extracting from the toluene-based AuNPs to aqueous phase. The AuNPs synthesis in 

toluene, 20.0 µL of 1 M aqueous gold-salt and 980.0 µL of DI water were combined 

in a centrifuge tube, and then added into 30.0 mL toluene dissolved with 20 mM of 

tetraoctylammonium bromide (TOAB). Since the water and toluene are immiscible to 

each other, an aqueous solution will be located at the bottom while the toluene solvent 

will stay at the top. The aqueous gold-salt and toluene beaker was first stirred for 5 

min. As the salt ions transferred to the toluene phase, the color of the toluene layer 

changed from yellow to brown. The brown toluene phase was then extracted to 

another beaker. Second, the reduction agent of a 0.4 M NaBH4 solution (5 mL) was 

then added into the toluene bath and stirred for 10 min. At this moment, the reduction 

of AuNPs to 13 nm in size immediately occurred and the ruby red toluene layer was 

apparent after the whole reduction reaction. The toluene layer of the AuNPs was then 

moved to another beaker in preparation for the extraction of DMAP-capped AuNPs. 

The procedure for extracting the synthesized AuNPs back into the water phase 

from the toluene phase can be referred to in work reported by Gittins and Caruso 

[102]. An amount of 1.0 mL of prepared toluene with TOAB-AuNPs was added along 

with 1.0 mL of 0.3 M 4-dimethyl-aminopyridine (DMAP) solution for AuNP 

extraction. The hydrophilic DMAP molecules were replaced by the hydrophobic 

TOAB molecules on the AuNP surface such that DMAP-AuNPs moved into the water 

phase. The color of the water phase gradually changed to ruby red and the toluene 

layer became colorless. Finally, the synthesized DMAP-stabilized gold nanoparticles 

(DMAP-AuNPs with extinction coefficient at 13 nm diameter is 2.7 × 108 (m-1cm-1), 

28 nM) in the water phase were then prepared for the colorimetric detection of DA.  
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4.2.3 Colorimetric detection of DA biosample 

The proposed DMAP-AuNPs for colorimetric measurement of a DA biosample 

were realized by following steps. First, the stock DA solution above was diluted with 

DI water into different concentrations (1~10-9 M) and then 0.5 mL was added into the 

prepared 1.0 mL DMAP-AuNPs solution. Then a mixture of the two solutions reacted 

for 3 min at room temperature. In order to prove the proposed method as a 

colorimetric detection for a DA biosample, the absorption spectrum of the reacted 

solutions was then recorded from a 1 cm path-length plastic cuvette shown in Figure 

4.2, which measured over the wavelength range of 330 to 800 nm. The analyzed DA 

concentration can also be quantified by the absorption ratio (A415/A520). Moreover, the 

TEM images and DLS analysis provides further observation of AuNP morphology 

variation and distribution.  

 

Figure 4.2 A simplified experimental process for the detection of DA by 

DMAP-AuNPs in aqueous solution. 
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4.3 Optical detection sensor using microfluidic chip 

4.3.1 Reagent and apparatus 

The development of optical detection sensor by using microfluidic chip, toluene 

solvent (99.97%) purchased from Sigma Aldrich® used as a continuous phase for 

producing AuNPs water droplet in the multi-phase microfluidic system. The injection 

of toluene and water solution has each filled in a 5 mL syringe (Terumo®) and 

controlled for the injecting flow rate by using the syringe pump (780200, KD 

Scientific, USA). DI water was used throughout the experiments for AuNPs synthesis 

and the application for DA detection, which provide the rapid optical detection by 

using the microdevice. The previous chapter describes the preparation of AuNPs for 

DA detection, which this novel biosample detection method was also taking to 

evaluate the proposed optical detection sensor by using the microdevice.  

The developed optical detection sensor was capable providing rapid and 

continuous absorbance measurement by using microfluidic chip, which composed of 

assembling etched of multimode optical fiber (50/125 μm, Corning, USA) into 

detection channel. One of the fibers used for transmitting light source to the analytes 

and the other takes for detecting sample absorption spectrum by analyzing from a 

UV-Vis spectrometer (QE65000, Ocean Optic, USA). A 120 W xenon lamp (HMX-4, 

Nikon, Japan) used as light source for absorbance measurement by using the 

microdevice, which light introduce to the optical fibers was achieved by coupling to 

fiber coupler. Evaluating the ability of light transmission within optical detection 

channel, Rhodamine B solution has diluted to filled into the channel for observing 

light transmission properties. A camera (D5100, Nikon, Japan) used for observe 

AuNPs droplets deforming process into the optical detection channel.  
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4.3.2 Optical fibers assembling on the microdevice 

 The two multimode optical fibers have initially pretreated before integrating 

into the microdevice, which stripped their protective plastic layers and then immersed 

in 6:1 BOE solution (J. D. Baker, USA) for 3.5 h reducing total diameter to achieve 

55 μm. Figure 4.3 shows SEM image of different optical fiber diameter which treated 

with and without etching process. Further, it also shows optical fiber surface remain 

keep in smoothness throughout the etching process. The etched multimode optical 

fibers were inserted into design of fiber insertion channel, which used by “fiber 

insertion guide” technique [156]. The upper substrate was cut into slightly smaller 

than the bottom substrate before bonding of two glass plates. After fusion bonding of 

two glass substrates, the expose of etched channel at the bottom substrate serves as 

the “guiding channel” for inserting the etched optical fiber. This assembling technique 

benefits for the optical fiber insertion into micrometer channel without needs for using 

delicate alignment apparatus. However, there should be carefully handling with the 

insertion of etched optical fibers to prevent from occurring damage during the optical 

fiber insertion process. Finally, optical fiber has been fixed in the position with using 

UV-sensitive glues (2050 A, Tex year, Taiwan).  

 

Figure 4.3 SEM image shows the optical fiber with and without etching by 

immersing in the BOE solution. 
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4.3.3 Microfluidic chip fabrication 

Figure 4.4 (A) presents a schematic illustration of the fabrication process for 

producing the proposed microdevice on the soda-line glass substrates (76 × 25 × 1 

mm3, Marienfeld, Germany). Note the details of glass-based chip fabrication 

procedures have been described in the chapter 4.1.2. Hence, this chip fabrication 

process mainly focused the method for producing optical fiber insertion channel on 

the microdevice. Initially, a thin layer of positive photoresist (AZ4620, Clariant Corp., 

USA) was uniform coated on the glass substrate to use as the mask material for wet 

etching process. The glass substrate were then etched in a 6:1 BOE solution (J.D. 

Baker, USA) with added 10% of hydrochloric acid (37%), which capable fabricating a 

high aspect ratio microchannel of depth in 30 μm. Based on using isotropic etching of 

glass substrates that was easily produce a micro-weir structure between the design of 

detection channel and fiber insertion channel, which the structure is benefit to fix 

optical fiber at the precise position in microchannel.  

The photoresist-etching mask on the glass was then removed by immersing into a 

diluted KOH solution for few seconds. The glass substrates were drilled with fluid 

inlet/outlet holes via using the diamond-coated drill bits. The two plates with same 

etched microstructure were then aligned under a microscope (Nikon SMZ-800, Japan) 

and prebonded by using UV-sensitive glues. Finally, the fabricated of sealed of elliptic 

microchannel was achieved by thermally bonded the two glass substrates in a 

sintering oven at 660OC for 15 min. Note the fabrication process capable producing 

the proper channel depth for sample flow and optical fibers insertion by using of one 

design mask, which the depth of sealed microchannel was approximate 60 μm for 

inserting the etched optical fiber (Fig 4.4 (B)). 
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Figure 4.4 (A) Schematic illustrates for the simplified fabrication process of the 

proposed optical detection microdevice. (B) The photo shows fabricated of microchip 

and SEM image presents high aspect ratio of optical fiber integration channel. 
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Chapter 5 Results and discussion 

5.1 Liquid-solvent separation for synthesizing AuNPs in toluene  

This section describes the details of proposed method for achieving liquid-liquid 

phase separation and utilizing for fine AuNPs synthesizing in the organic solvent. 

However, the main idea of developing high efficient liquid phase separator considered 

to provide better collection and achieved uniform synthesized AuNPs in the toluene. 

The proposed liquid phase separator prevents AuNPs from the additional contact with 

reducing agent. Many studies reported creating large capillary force by design 

different diameter of comb-like microchannel was able to achieve efficient liquid 

phase separation, which also rely on well tuning of flow breakthrough pressure by 

using the segmented flow system. This study successfully developed a glass-based 

microfluidic chip, which design the optimize combination of narrow comb channels, 

and different depth in the main fluid and separation channels. The microdevice was 

capable providing high separation efficiency for separating low surface tension liquid. 

However, due to segmented flow exhibit many advantages of providing uniform 

chemical reaction for AuNPs reduction. AuNPs synthesized by using microdevice 

shows narrow size distribution in comparing to synthesize in the conventional 

vessel-based system. Therefore, the proposed microdevice was benefit producing 

rapid and uniform chemical reaction for AuNPs synthesis and achieved high efficient 

of liquid-liquid phase separation. 

In the typical liquid-liquid extraction approach by using the microfluidic system, 

the complete operation procedure usually includes liquid phase contact, sample 

mixing and the separation. Therefore, results show in Figure 5.1 presents the photo 

images of fluidic pattern that generated by the T-junction, mixing section and phase 

separator. The continuous generating segmented flow (toluene slugs in a water stream) 
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was stably produced toluene droplets from the T-junction and the developed mixing 

section provides a uniform and faster mass transfer of chemical reaction by using the 

multiphase segmented flow system. The proposed liquid-liquid phase separation was 

successfully achieved by using the phase separator on the microdevice shown in 

Figure 5.1 (C), which indicates such low surface tension of toluene can be efficiently 

separated from water solution and have been continuous flow out of the downstream. 

Figure 5.1 (D) shows the fabricated of glass-based microdevice, which presents the 

complete flow operation process by using the proposed microdevice providing 

efficient liquid-liquid phase separation.   

 

Figure 5.1 The photo shows developed microdevice composed of (A) droplet 

formation at T-junction channel, (B) the stable segmented flow for sample mixing, (C) 

toluene and water phase separation by using comb-like capillary. (D) The schematic 

illustration of flow operation system by using the design glass chip. 
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The details for using the proposed micordevice to achieve phase separation were 

described by the interfacial of hydrodynamic forces and liquid surface tension. Figure 

5.2 shows the sequence photos that indicate the continuous separating two immiscible 

liquid phases captured from the recorded video. Once the toluene droplet flow to the 

separation channel, the average water flow velocity is decrease via the low flow 

resistance of channel expansion. Thus, the initial generated toluene droplet was keep 

in the middle of combs channels (Figure 5.2 (A)). Due to the next droplet exist the 

accelerate foreword movement, the interfaces of two droplets are going to deform and 

occurred merging into a large droplet (Figure 5.2 (B)). Furthermore, since the toluene 

droplet exhibits the large surface energy while force moving into a narrower channel, 

which the surface tension will keep the droplet from deformation. Alternatively, the 

water is easily going through the parallel comb channel at the bottom of the 

microdevice. In this regards, results indicated that the toluene droplet was 

successfully merging together and extracted out of the water phase by the design of 

narrowed separation channel (Figure 5.2 (D-F)). 

 

Figure 5.2 The sequence images show the toluene-water separating process within the 

designed liquid-liquid phase separator.  
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The optimize operation condition for the proposed microdevice to achieve 

efficient phase separation is mainly depend on several critical parameters such as 

liquid-liquid interfacial tension, channel geometry and the operation breakthrough 

pressure. Figure 5.3 shows the calculated phase separation efficiency versus the flow 

rate ratio of the toluene phase and water phase. Note the water flow rate was fixed at 

20 µL/min, and different toluene droplet size (600 µm, 840 µm, 1120 µm, 1400 µm) 

was generated by setting toluene flow rate at 4 µL/min, 8 µL/min, 12 µL/min, 16 

µL/min, respectively. When using the capillary force to achieve efficiently liquid 

phase separation that the approach depends on well control of liquid surface tension to 

be larger than the droplet breakthrough pressure. Results indicated the increased of 

toluene droplet diameter was benefit to get higher separation efficiency (92%) for 

separating liquid-solvent by using the capillary force. 

 

Figure 5.3 The calculated of toluene recover rate versus the flow rate ratio of the 

developed multi-phase microfluidic system. 
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Figure 5.4 presents the normalized of absorbance spectra for comparing 

synthesized AuNPs by using microdevice and conventional vessel system. Results 

indicated the exhibits of narrower absorption band at 516 nm for AuNPs synthesized 

by using the microdevice in comparing to AuNPs (@ 522 nm) synthesized in the 

vessel system. In addition, TEM images also presents the mean diameter were 8.35 

nm and 12.61 nm for the AuNPs synthesized by using microdevice and the typical 

vessel, respectively (Figure 5.5). When further characterize the distribution of AuNPs 

synthesis by using different approaches. Results clearly present the histogram of 

counting 300 particles by analyzing from the observed TEM images. Results indicated 

that the AuNPs synthesized in the microdevice (64%) exhibited smaller size and a 

narrower size distribution ((particles of mean diameter/total particles) × 100%) in 

comparing to the AuNPs synthesized in vessel (58%). This study successfully 

developed a novel liquid-liquid phase separator for synthesizing AuNPs with narrower 

size distribution in the toluene. The uniform size of AuNPs in toluene shows great 

potential for using to the colorimetric detection. 

 

Figure 5.4 The normalized of absorbance spectra show AuNPs synthesized by using 

the microdevice and conventional vessel system. Note the absorption band of 

synthesis in microdevice exhibits narrower band width comparing to use the vessel. 
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Figure 5.5 Size distribution histograms and TEM images show the synthesized 

AuNPs by using different approach in (A) the microdevice and (B) the vessel system. 

Note the particles exhibits the narrower size distribution and smaller mean diameter 

by synthesizing AuNPs in the microfluidic system.  

 

5.2 Core etching of DMAP-AuNPs for colorimetric DA detection 

This section describes the successful development of an alternative colorimetric 

approach which using a novel core-etching process on the synthesized of 

DMAP-AuNPs. The original synthesized AuNPs in the toluene was phase transferred 

into the aqueous phase by ligand exchange of the DMAP molecular. The original 

diameter of AuNPs is then separated into the smaller sizes right after addition of DA 

solution and easily observed the changes from the solution colors. Furthermore, 

results shows that the developed method appear to have no significant problem with 

detecting DA presence of typical interference in the solution. Following gives the 

details of the developed AuNPs etching protocol for DA detection, which provides a 

novel and versatile approach for rapid biosensing applications.    

In typical colorimetric measurements for the detection of DA by the citrate 

reduction of AuNPs, the addition of DA into the AuNP colloid will induce aggregation. 

For the proposed method of core etching of the AuNPs, however, shows that DA tends 
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to split the original synthesized DMAP-AuNPs into smaller ones. Scheme 1 simply 

illustrates the mechanism of the proposed method for colorimetric detection of DA. 

Results from this series of experiments also prove that DA molecule will have a 

similar chemical reaction as the thiol molecules that cause the removal of the Au 

atoms from the outer surface layer and form the smaller AuNPs size. The observable 

color and size changes of the AuNPs provide a simple and sensitive detection of a DA 

biosample in aqueous solution.  

The synthesized AuNP colloid was first stabilized by the DMAP molecule 

repulsion that prevents AuNPs from aggregating. The addition of DA into the colloid 

produces an immediate change in the color. To analyze the sensitivity of the proposed 

DMAP-AuNPs to detect a DA biosample, 0.5 mL of DA with different concentrations 

(1~10-9 M) is each added into 1.0 mL of DMAP-AuNPs colloid. Figure 5.6 (A) 

shows the color of the AuNPs colloid has changed from the original ruby red to green 

after the mixture. According to the typical AuNP colorimetric detection method, this 

addition of DA would cause a color change from red to blue due to the fact that 

AuNPs tend to be conjugated by the addition of DA. Our results show greater 

colorimetric variations using the proposed DMAP-AuNPs, which can therefore 

provide a novel and sensitive measurement of DA biosample compared to the typical 

AuNP aggregation phenomenon. Furthermore, the change in DA concentration from 

1~10-4 M was easily observed by the naked eye. To confirm the accuracy of the 

proposed detection method for DA, a series of UV-Vis spectra were then recorded for 

the different experimental concentrations. 

Figure 5.6 (B) shows the series normalized absorption spectra for detecting 

different concentrations of DA using the synthesized AuNP colloids. Note that the 

spectrum was normalized with maximum absorbance as 1 at 330 nm wavelength and 

minimum absorbance as 0 at 800 nm wavelength, respectively. In the plotted series of 
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recorded wavelengths, the absorption band has an obvious blue shift from 520 nm to 

415 nm caused by the increased DA concentration. Under a low concentration of the 

added DA (from 10-4 to 10-9 M) to the AuNP colloid, there is only one absorption peak 

at 520 nm. However, the spectrum variation shows a decrease of the absorbance 

intensity at 520 nm and an increase at shorter wavelengths for this DA concentration 

range. This result simply demonstrates that the original DMAP-AuNPs size of 13 nm 

have decreased by the addition of DA. Once the DA concentration reaches about 10-3 

M, a new absorption peak appears at about 415 nm. This observed phenomenon also 

indicates the distribution of the original AuNP colloid of 13 nm has been transformed 

into the smaller-sized ones. Furthermore, it can be noted that the spectrum has no 

specific absorption peak when the concentration of DA reaches 1 M. These results 

indicate that all the original DMAP-AuNPs have been etched by the DA molecule and 

have changed into smaller sizes. When the AuNPs are smaller than 5 nm, there will be 

insignificant plasma resonance to be monitored by the UV-Vis spectrophotometer. 

These results indicate that the DA concentration is highly correlated to the core 

etching ability of the AuNPs and can be easily monitored by the absorption spectrum. 

 

Figure 5.6 (A) Photographs showing the color change of DMAP-AuNPs reacted with 

various DA concentration solutions. (B) The normalized absorption spectra of AuNPs 

in different DA concentrations (incubation time: 20 min at room temperature). 
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To provide further confirmation of the change in AuNP morphology, both TEM 

and DLS were utilized for a detailed analysis. Figure 5.7 (A) presents the 

morphology of DMAP-AuNPs transferred into the water phase from toluene. It 

clearly shows the original DMAP-AuNPs with the uniform average size around 13 nm. 

Once the 10-1 M DA is added into the DMAP-AuNP colloid, the relatively smaller 

particle size is obtained, as shown in Figure 5.7 (B). Results confirmed that the 

proposed DMAP-AuNPs have been core etched by the DA molecule and split into 

smaller AuNPs. Furthermore, DLS analysis clearly indicates the average diameter of 

the AuNPs tend to decrease after the addition of DA (Figure 5.7 (C~D)). The 

measured AuNP mean diameter has changed from the original size of 12.5 nm into 5.2 

nm. The above results provide proof that the DA molecule plays an important role in 

the core etching of the DMAP-AuNPs. The proposed method can therefore provide a 

novel and simple method for detection of a DA biosample. 

 

Figure 5.7 TEM images of (a) DMAP stabilized AuNPs in water, and (B) after the 

addition of 10-1 M DA, causing decrease of AuNP size. Histogram show the size 

distribution of (C) DMAP-AuNPs and (D) after addition of DA to the AuNPs colloids.  
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To demonstrate utility of the chemical reaction used in the proposed method to 

detect DA, Figure 5.8 shows the cyclic voltammogram responses of 200 µL (1 × 10-1 

M) DA in PBS buffer solution (red CV curve) and then extracted from the addition of 

20 µL and 100 µL DMAP-AuNPs colloids (blue and green CV curve). Due to DA 

binds to the gold surface that induce the original DA concentration in the solution 

decreased, resulting in the decreasing DA oxide and redox currents. This result 

suggests that DA can be ligand-exchanged for the DMAP molecule and strongly 

bonded to the AuNP surface. As existing DA molecules in the solution tend to occupy 

the exposed AuNP surface, core etching of the AuNPs will occur and to split the 

original DMAP-AuNPs into the smaller size. The above experimental results all 

indicate that the proposed colorimetric detection method is a novel and sensitive 

detection of DA by the core etching process of DMAP-AuNPs. 

With this approach, the change in DA concentration can be easily monitored by 

the naked eye, and is capable of detecting a nano-molar of DA concentration by the 

spectrophotometer. As shown in Figure 5.9, the absorption ratio (A415/A520) will 

increase as DA concentration increases. The linear equation could be fitted as 

A415/A520 = 0.0011 (x) (DA, nM) + 0.915 (R2 = 0.9969) with the detected DA 

concentration in the range of (10~102 nM), which shows the proposed detection 

method has good sensitivity. For measuring a wide range of DA concentrations 

(10~105 nM), the trend line equation could be fitted as A415/A520 = 0.0263 log (c) (DA, 

nM) + 0.8693 (R2 = 0.9822). Most of all, DA concentration in the human urine are 

50-100 mcg/mL that the proposed method was capable for measuring such level and 

achieved the detection limit of DA concentration as low as 5 nM. Comparing to the 

other proposed colorimetric methods, this study shows a great sensitivity for the 

detection of DA. The method presented in this research provides an alternative 

approach for developing new nanoparticle-based biosensors. 
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Figure 5.8 Cyclic voltammogram responses of detecting 200 μL (1 × 10-1 M) DA and 

DA sample after added 20 μL and 100 μL of DMAP-AuNPs solutions. Results show 

that the concentration of DA has been reduced by the AuNPs. 

 

Figure 5.9 Calculated absorption ratio value A415/A520 of added versus different DA 

concentration and with correlation coefficients of 0.9969. 
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The selectivity for detecting DA in the presence of other interferents such as 

ascorbic acid (AA), homovanillic acid (HVA), catechol (CA) and an important 

interferent of glutathione (GSH) was also experimentally investigated (n = 5). Pure 

interferents and DA mixed with interferents were analyzed using the AuNP colloids. 

The selectivity of the developed method for detecting various samples were evaluated 

using a defined parameter of the absorption ratio index (ARI) which was defined as 

(A415/A520)Sample/(A415/A520)Blank. Therefore, the ARI for the dummy test (blank) should 

be 1. Figure 5.10 presents the histogram of detecting various samples. Quite clearly, 

the developed method is insensitive to the interferents of AA, HVA, CA and GSH as 

the ARI for detecting these pure samples was close to 1. Alternatively, the ARI values 

for detecting pure DA and DA added with various interferents appear to have similar 

ARIs, indicating the existing interferents did not affect the detecting results. This 

result further confirms that the developed core-etching technique exhibits a good 

selectivity for detecting DA. 

 
Figure 5.10 Measured absorption ratio index versus various samples including 

dopamine and some typical interferents of DA. The experiment used 1 mL (28 nM) 

AuNP colloids added to 0.5 mL (10 mM) of sample solutions. The ARI was measured 

after 3 min of vortex mixing at room temperature. 
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5.3 DA detection in microfluidic chip 

Optical detection method is attractive to provide sensitive biosensing by using 

microfluidic system in recent years. These detection approaches mainly based on 

using optical fibers as transmission light source and signals, which the fibers also 

provide relative simple process to assemble on the microfluidic chip and easily 

connect to the commercial analytical instruments. However, absorbance measurement 

is the most straightforward and popular analyzing method for bioanalysis, which the 

absorption spectra are highly related to the sample concentration and provides specific 

identity information. Therefore, this study successfully developed a novel optical 

detection sensor by assembling the etched of optical fibers on microfluidic chip and 

shows great potential to achieve rapid on-line absorbance measurement. Furthermore, 

droplet-based microfluidic systems have well developed for using the chemical and 

biological applications that exhibit many advantages by enhance and accelerate such 

chemical reaction within the slugs. Most of the all, when using droplets as the 

microreactor that only requires sample volume in the range from picoliters to 

nanoliters and exhibits high-throughput fabrication ability. In this regards, this study 

utilizing a segmented microfluidic system as microreactor to achieve uniform sample 

mixing and applying to the bioanalysis. Due to the previous chapter described a novel 

colorimetric probe for DA detection, which has been proved by using off-chip system. 

This section illustrates the approach of using optical detection microdevice to achieve 

on-line absorbance measurement and applied for AuNPs detecting DA.  

In order to solve the typical disadvantages by using optical detection in 

microfluidic systems, many study reported via integrated simple components for 

increasing detection sensitivity. However, based on the absorbance detection theory, 

that absorption intensity highly related to analytes concentration and optical path 
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length. The dimension of optical detection channel is the key point to affect sensing 

performance by using the optical detection in the microfluidic systems. Therefore, the 

study developed an optical detection microdevice for rapid absorbance measurement 

which by detecting analytes in a longer optical detection channel. Most of all, 

absorbance detection in the microdevice only requires an ultra-low sample 

consumption. Segmented microfluidic system provides many advantages to achieve 

rapid mixing and prevents sample from causing dispersion during the fluidic 

transportation. It is considered to provide many advantages for taking chemical and 

biomedical reaction inside the droplets. However, droplet formation in the multiphase 

microfluidic systems usually achieved by injecting the disperse phase and continuous 

phase from T-junctions microchannel and generated at the crossing section. This 

process creates large shear force and interfacial tension between the immiscible 

liquids that generating uniform droplets in the continuous flow.   

The developed optical detection sensor is composed by initially formed sample 

(AuNPs) droplets and detecting for the absorption spectrum in the optical detection 

channel. The chaotic advection inside droplets system provides great ability to 

achieve rapid and uniform sample mixing. By using the microdevice is considered to 

provide faster chemical reaction in the long of mixing channels and successive 

measuring sample absorption spectrum. In addition, the above chapter presents novel 

technique for providing high performance DA detection. The detection method is 

simply based on using core etching of DMAP-AuNPs as the colorimetric detection 

probes. In this regards, the final of this works successfully developed a novel optical 

detection sensor to provide rapid and sensitive absorbance measurement. Moreover, 

microdevice also has the ability using for kinetic measurement of DA core etching 

reaction process. Therefore, the proposed microdevice exhibits a great platform for 

optical detection and benefit using to the biosensing applications. 
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The absorbance measurement in the microfluidic system was simply achieved by 

assembling two etched optical fibers into the microchannel. One fiber used for 

transmitting light source and the other used for measuring absorption intensity. 

Results show the optical fibers assembled in the microchannel have been fixed at the 

position between the optical detection channel and optical fiber insertion channel. 

Note the etched optical fibers must carefully insert in the center of channel while 

using for the absorbance measurement. In addition, sample solution was initially 

formed droplets at T-junction by using the multiphase microfluidic system. Later, 

sample droplets have sequence filled into optical detection channel for the 

measurement. The fabricated input and output channels have 2 times wider than the 

optical detection channel, which is benefit to be well controlled droplets flow into the 

detection channel. Therefore, the small dimension of optical detection channel 

provided ultra-low sample consumption to achieve sensitive absorbance measurement, 

which the detection channel have designed for a length of 10 mm.       

Besides, the developed microdevice has been evaluated for light transmission 

capability by using the design optical detection channel, which observed light emitted 

performance by exciting from the fluorescence solution. Figure 5.11 shows light 

source successfully coupled into the optical fiber and emitted from the right side 

channel. The incident light beam exhibits strong intensity and uniform passed through 

the microchannel (10 mm). Notes the etched of optical fiber still has smooth surface 

for light emission and the arc of microchannel also prevents light beam from 

occurring expansion. Results indicated the incident light was capable transmitted 

through the long optical detection channel. Although there have small decrease of 

light intensity to the detector, the absorbance measurement for sample analysis 

showed no influence by using the microdevice. Therefore, the developed optical 

detection sensor shows great potential for providing sensitive biosensing applications.           
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Figure 5.11 Photo shows the developed optical detection sensor by assembling etched 

optical fibers on microfluidic chip, which left side indicates the optical detection and 

right side was coupling light source for using absorbance measurement. 

 

However, this study developed a novel optical detection approach for measuring 

sample absorbance by using the droplet-based microfluidic system. Figure 5.12 

shows the sequence images to clearly illustrate sample droplets deformation process, 

which rely on the hydrodynamic pressure to force droplets continuously extruding 

into the optical detection channel. Results indicated the initial generated sample 

droplets were easily forced into a narrow of optical detection channel, which the 

droplets were driven by the large of continuous flow pressure. Therefore, such small 

of microfluidic channel provides great advantages for decreasing sample consumption 

in the applications of biochemical analysis. Furthermore, this approach successfully 

designed a longer optical path length of optical detection channel which also exhibits 

narrow channel width. In this regards, when measuring for the sample absorbance by 

using the microdevice that only requires 50 nL of sample volume for bioanalysis. 

Therefore, the proposed optical detection channel provided novel and ultra-low 

sample consumption for better applying to the optical detection in microfluidic 

systems.    
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Figure 5.12 The sequence images show sample droplet filled into a narrow optical 

detection channel, which provides lower sample consumption for absorbance 

measurement by using the microdevice. 

 

Comparing the detection performance of sample absorbance measurement by 

using the typical cuvette and microfluidic systems, the synthesized toluene-based 

AuNPs was using as sample solution for evaluate the detection capability of different 

approaches. Figure 5.13 shows the comparison of measuring AuNPs absorption 

spectra via detecting AuNPs colloids by using the cuvette system and microdevice. 

Due to the typical absorbance measurement by using the cuvette system was analyzed 

from a UV-Vis spectrophotometer, that AuNP solution has to be measuring in a 3 mL 

of plastic cuvette. Although result shows clear spectrum of AuNPs specific absorption 

band at 520 nm, these approach mainly suffer from the disadvantages of using large 

sample volume which is not benefit for providing low cost biosensing.  
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However, when using the proposed microdevice for absorbance measurement 

that only requires for 50 nL of sample volume by detecting in the small of optical 

detection channel. Thus, microdevice shows great potential to provide simple and low 

cost detection method to achieve sensitive biosensing. Furthermore, this study 

developed a droplet-based microfluidic system to provide fast and uniform sample 

mixing to analyze for the chemical reaction. Using the developed optical detection 

sensor, that the synthesized aqueous-based AuNPs was initially formed into droplets 

in a two-phase microfluidic system by setting flow velocity in the range from 5-25 

μL/min. When droplets sequence filled into the optical detection channel, sensor was 

capable providing rapid absorbance measurement. Results indicated taking the 

absorbance detection in the microdevice exhibits good compatibility with the 

conventional spectrophotometer, which indicates the developed optical detection 

method has the potential to create a novel and simple approach for the biochemical 

analysis. Most of all, low sample consumption and rapid analysis by using the 

microdevice provided great advantages for using the biosensing applications. 

 

Figure 5.13 The normalized of absorption spectra from detecting AuNPs colloids by 

using the conventional cuvette system and comparing to the microdevice. 
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Due to the proposed optical detection method shows capability for providing 

rapid absorbance measurement in the microfluidic system. The stability of the optical 

detection sensor was also test by detecting for AuNPs droplet absorbance in the 

microdevice, which the operating flow rate was setting in the range of 5-25 μL/min. 

However, due to AuNPs exhibits the specific absorption band at 520 nm wavelength, 

Figure 5.14 (A) shows the detected absorbance variation by recording from AuNPs 

droplet cycle that have passing through the optical detection channel with the setting 

flow rate in 5 μL/min. Results indicates when the AuNPs droplet have been stably 

produced in the multi-phase microfluidic system and filled up into the optical 

detection channel, the sensor has rapidly and stably measuring for the absorbance 

variation via recorded with time series. Besides, each of the pulse signals represents 

the optical detection process for measuring AuNPs droplet absorbance in the detection 

channel. Note the absorbance intensity of sample was depending on the stable line in 

the pulse signals. The space between each measured signal indicates that was by 

detecting to toluene solution, which shows no absorption signal at the wavelengths 

520 nm. Moreover, in the pulse signal of measured from AuNPs droplet that two 

sharp peaks representing of the droplet edges, which the light scattering caused the 

increasing of absorbance intensity. Therefore, the proposed optical detection sensor 

exhibits a rapid and stable absorbance measurement by using the microfluidic system.  

In addition, Figure 5.14 (B) presents the measured AuNPs droplet absorbance by 

detecting from the microdevice with operating flow rate in the range of 5-25 μL/min. 

Results indicated that the proposed detection method was capable for providing rapid 

absorbance measurement by using a high flow rate microfluidic system. However, 

while the operating flow rate was above the 20 μL/min, the measured absorbance 

intensity only shows few increased for the detection of AuNPs droplet in the 

microdevice. Results indicated the proposed optical detection sensor was confirmed to 
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achieve a rapid and stable detection for absorbance measurement in the microfluidic 

system with operating in the high flow rate. 

 

Figure 5.14 Calculated of absorbance A520 versus (A) cycling detection of AuNPs 

droplet with time series, and (B) detected of AuNPs by operating different flow rate. 

 

The advantage of using microfluidic system for chemical analysis usually 

provides fast and uniform mixing process, which the microdevice also exhibit small 

sample consumption. Furthermore, when using the microdevice for detecting such 

biosamples within a sealed of microchannel. It is capable prevents the samples to 

suffer the unnecessary contamination, which usually caused by the pretreatment 

process. Thus, the development of microfluidic chip by using optical detection shows 

great potential to provide better platform for the biochemical analysis. Due to the 

proposed optical detection sensor was confirmed providing rapid absorbance 

measurement, which also exhibits good stability for the optical detection by using the 

microdevice. In this regards, the ability for providing rapid analysis by using the 

microdevice was evaluated from continuously monitoring droplet absorbance, which 

the sample droplets have added to different DA concentrations with DMAP-AuNPs 
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colloids. Note the different core etching conditions that caused by the addition of 

varied DA concentration, have rapidly measured by using the microdevice at setting 

the flow rate in 5 μL/min.    

Figure 5.15 (A) shows the measured absorbance of wavelength 520 nm versus 

detecting AuNPs droplets that has been mixed with different DA concentration in the 

range of 20-100 nM. However, due to the proposed DA detection technique was relied 

on DA molecular causing DMAP-AuNPs of core etching process in the solution, 

which the particles was transformed into the smaller-sized one. Hence, analyzing this 

DA detection approach by using the microdevice, which the original AuNPs specific 

absorption spectra (A520) exhibited a decreasing intensity by the addition increased 

DA concentrations. Results indicated the analytical performance by using the optical 

detection sensor shows great ability to achieve rapid and continuous absorbance 

measurement. Therefore, the microdevice provides on-site detection for the 

biochemical analysis by using the microfluidic system.  

Furthermore, previous section reported such developed DA detection approach 

shown a sensitive detection by using the synthesized DMAP-AuNPs in the off-chip 

system. Figure 5.15 (B) presents the developed optical detection sensor also capable 

for providing sensitive biochemical analysis by using the microfluidic system. Most 

of all, the successive absorbance measurement by using the microdevice was capable 

for detecting different variation of DA concentration. Results indicated the measured 

absorbance (A520) intensity showed obvious decreased which caused by the increase 

of DA concentrations. The linear equation could be fitted as A520 = -0.0034 (x) (DA, 

nM) + 1.278 (R2 = 0.9963) with the detected DA concentration in the range of 20-100 

nM, which shows the proposed optical detection sensor has good sensitivity for the 

sample absorbance detection by using the microfluidic system. Therefore, in 

comparing to the typically absorbance measurement by using the cuvette system, this 
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approach shows great improvement of providing sensitive chemical analysis. Besides, 

the microdevice even provides the successive optical detection which benefit to 

achieve rapid biosensing applications.  

 

Figure 5.15 Calculated of absorbance A520 versus (A) detected the AuNPs added with 

different DA concentration (20-100 nM), and (B) presents the sensor exhibits a linear 

correlation coefficient of 0.9963 for different DA concentration measurement. 

 

In addition, the fast kinetic measurement is essential for understanding biological 

and chemical reaction, such as the RNA with protein folding, protein-protein 

interaction and enzymatic mechanism. The typical kinetic detection methods was by 

initially mixing with two or more reactant solutions in the chamber, and then 

monitoring for the sample reaction response by stopped or quenched the flow at the 

detection position. However, using the conventional instrument for kinetic 

measurement usually consumed large volume of samples, which was not beneficial to 

achieve low cost of bioanalysis applications. In this regards, several researches 

reported that droplet-based microfluidic system was capable for providing kinetics 

measurement within milliseconds. These approaches exhibit good ability for rapid 

sample mixing and without causing dispersion in the microfluidic system. Therefore, 
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to monitor sample kinetic response by using droplet microfluidic systems shows great 

potential providing high sensitivity bioanalysis.          

The previous results confirmed that proposed microdevice was capable for 

providing rapid and sensitive absorbance measurement by using droplet microfluidic 

system. The developed optical detection sensor even shows great advantage of costing 

low sample consumption for the high performance bioanalysis. Besides, in order to 

evaluate the capability of using droplet microfluidic system for providing rapid 

kinetic measurement. The reaction kinetic of DA molecular core etching 

DMAP-AuNPs was analyzed by monitoring the sample absorption responses within 

the droplets. In the proposed kinetic measurement approach, DMAP-AuNPs colloids 

was initially mixing of 10 mM DA solution and then continuously recording the 

measured absorption signals by using the optical detection sensor. However, due to 

the DA core etching AuNPs technique caused the particles size transformed into the 

smaller one, which leads to AuNPs specific absorption band blue shift to the 

wavelength 415 nm. Thus, the test of using microdevice for providing rapid kinetic 

measurement was proved by recording absorbance A415 in the droplet microfluidic 

system at the setting of 5 μL/min flow rate. In this regards, the proposed approach is 

considered to provide simple and sensitive optical detection for monitoring 

biochemical kinetic reactions.     

Figure 5.16 (A) shows the rapid kinetic measurement of monitoring DA 

molecular core etching DMAP-AuNPs reactions by using the proposed microdevice. 

Note each of histograms describes the normalized of calculating from 30 droplets/min 

by using the segment flow system, which exhibits the measured absorption A415 

intensity changes versus 20 minutes saturation time. Due to the proposed core etching 

approach have leads to the blue shift of AuNPs absorption spectrum. Results show the 

kinetic measurement of AuNPs absorption (A415) intensity exhibit clear increasing by 
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the longer reaction time by adding into the DA solution. Therefore, microdevice 

exhibits great capability for providing rapid kinetic measurement by analyzing from 

the absorbance variation. However, utilizing the typical spectrometer for absorbance 

measurement is not capable to achieve sequence analysis. The developed approach 

shows many advantages to provide rapid and high sensitive bioanalysis by using the 

microfluidic system. Furthermore, results indicated the final reactions of DA 

molecules core etching process only required 8 minutes of saturation time. Therefore, 

the proposed optical detection approach successfully provided rapid absorbance 

measurement and also can be used for kinetic measurement by detecting with the 

droplet microfluidic system.  

The segmented flow system exhibits many advantages to achieve fast sample 

mixture and uniform mass transferred which benefit providing high performance 

bioanalysis. Figure 5.16 (B) shows the normalized signals of kinetic measurement of 

DA core etching AuNPs reactions, which the comparison of measuring by using the 

typical cuvette and the microdevice. Due to the segmented microfluidic systems was 

known for producing chaotic flow inside the droplet. The proposed microdevice 

shows great capability for providing uniform sample mixing. However, the emulation 

for the capability of achieving fast yet uniform sample mixing by using the segmented 

microfluidic system. The microdevice was analyzed with AuNPs core etching reaction 

by detecting in different process of using the typical spectrophotometer and the 

developed optical detection sensor. Results indicated the microdevice provided rapid 

kinetic measurement, which shows the DA core etching approach exhibits a faster 

saturation response by the sample mixed within the segmented microfluidic system. In 

comparing to measuring chemical reaction process by using the same optical 

detection path length (10 mm) of cuvette system, microdevice exhibits the better 

capability for providing continuous observation. Therefore, this proposed microdevice 
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shows great potential to achieve on-situ yet high performance detection that benefit 

using for the biosensing applications.   

 

Figure 5.16 (A) Histograms shows the calculated of 600 droplets from recorded A415 

intensity changes, which measured 20 minutes by using the microdevice. (B) The 

comparison of kinetic measurement for DA core etching reaction by using the 

microdevice and cuvette. Note the microdevice exhibits faster reaction response. 
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Chapter 6 Conclusions and Future works 

6.1  Conclusions 

This research successfully developed a novel liquid-liquid phase separator for 

efficiently separating the immiscible liquids, which created large separation ability by 

using capillary force and liquid surface tension. Results show the proposed 

microdevice exhibits 92% separation efficiency for separating low surface tension of 

water/toluene. Moreover, the larger size of generated segmented droplet is benefit to 

achieve higher efficiency of liquid phase separation. The proposed microdevice 

exhibited stable chemical reaction for AuNPs synthesized in the toluene solvent, 

which generated better monodispersity and smaller particles size in comparing to the 

conventional vessel system. Note the segmented flow system provided a simple 

method for sample extraction by using microfluidic chip, which also benefits to 

achieve rapid and uniform chemical reaction of biosensing and nanoparticle synthesis 

applications. 

Besides, the developed novel core etching technique exhibited high performance 

analysis for detecting DA neurotransmitter which by using synthesized aqueous-based 

DMAP-AuNPs. The binding of DMAP molecules on AuNPs surface was initially 

confirmed by using cyclic voltammetry detection. The addition of DA molecules 

induced core etching effect of DMAP-AuNPs that causes AuNPs size reduced and 

results in blue shift of the absorption spectra. Results indicated the DA detection 

method achieved a low detection limit of 5 nM, and exhibits good selectivity to the 

DA molecules while presents in some common interferents. The developed assay also 

presented wide DA concentration detecting range of 10~105 nM, and has good linear 

correlation coefficients of 0.9969 in the range of 10~102 nM. These results 

demonstrated DMAP-AuNPs appropriate as a simple and sensitive detector of DA 
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biosample in aqueous solution, and the proposed core etching technique provided 

novel and high sensitivity detection for the future rapid biosensing applications. 

Furthermore, the developed optical-fiber-based detection sensor by using the 

microfluidic chip successfully provided rapid and sensitive absorbance measurement. 

The performance of the developed optical detection sensor was evaluated by the 

absorbance measurement of analyzing AuNPs detecting DA by using the 

droplet-based microfluidic system. The etched of multimode optical fibers have 

carefully assembled on the glass microchip for measuring AuNPs absorption spectrum. 

Utilizing MEMS fabrication technique was easily to create the length of 10 mm 

detection channel on the substrate, which enhanced the sensitivity of optical detection 

by using the microdevice. Note the absorbance detection of using the proposed 

microdevice required vary low sample consumption in comparing to analysis in the 

conventional cuvette. Results indicated the optical detection sensor capable to 

measure with AuNPs absorbance by using the segmented flow system at the operating 

flow rate in the range from 5-25 µL/min. The kinetic measurement of DA molecules 

core etching AuNPs reaction also exhibits faster response by using the droplet-based 

microfluidic system. 

Therefore, this research successfully developed novel and versatile microfluidic 

chip to achieve liquid-liquid phase separation, uniform size AuNPs synthesis, rapid 

and sensitive biosensing. The developed of core etching technique provided new 

approach of using AuNPs as the colorimetric probes. The optical detection 

microdevice exhibits lower sample consumption which benefit for using in the wide 

range of bioanalysis applications. These approaches showed great potential in the 

development of nanotechnology and microfluidic system. 
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6.2  Future works 

In this study, we mainly utilized the segmented microfluidic system to provide 

fast mass transfer and uniform chemical reaction, which benefit using for the 

nanoparticles synthesis and biosensing applications. The developed microdevice 

provided a simple approach to achieve efficient liquid-liquid phase separation for 

using in the wide range sample extraction applications. The optical detection sensor 

also shows many advantages of providing rapid and sensitive biosensing for the 

biomedical analysis.        

However, the future trends suggest that the development of multi-detection 

sensor is capable for enhancing biochemical detection and shorten the time 

consuming which shows great potential to provide fast clinical diagnostic. For 

enhancing the developed optical detection sensor by using the microfluidic chip, the 

future works is considered to design with multi-detection channel by assembling 

several optical fibers onto the chip. In this regards, different biosamples can be 

rapidly mixed by using the segmented flow, and then detecting for multi samples at 

the same time. Besides, by using the multiphase microfluidic system was capable for 

synthesizing uniform AuNPs in the toluene. However, it is difficult for accurately 

controlling the synthesized AuNPs shape and size by using the microfluidic system. 

Therefore, to achieve better AuNPs synthesis with controllable size distribution by 

using the segmented flow system, it is considered have well studying for the synthesis 

process with multiphase droplet parameter such as reducing agent concentration 

inside the droplet, sample mixing rate and contacting time, the relation of liquid 

droplet size between the AuNPs size distribution. Utilizing the novel technique of 

segmented flow system is benefit for developing better platform of using to the new 

field for nanotechnology and bioanalysis.   
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