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THAI ABSTRACT 

ดวงทิพย์ ลาวัณษ์เสถียร : การพัฒนาอุปกรณ์วิเคราะห์ไมโครฟลูอิดิกส าหรับการตรวจวัดสารประกอบ
ซัลเฟอร์โดยใช้รามานสเปกโทรสโกปี (DEVELOPMENT OF MICROFLUIDIC ANALYTICAL DEVICE 
FOR DETECTION OF SULFUR-CONTAINING COMPOUNDS USING RAMAN SPECTROSCOPY) อ.
ที่ปรึกษาวิทยานิพนธ์หลัก: อ. ดร.มนพิชา ศรีสะอาด, อ.ที่ปรึกษาวิทยานิพนธ์ร่วม: ผศ. ดร.คเณศ วงษ์ระ
วี{, 83 หน้า. 

ในงานวิจัยนี้ระบบไมโครฟลูอิดิกส์ร่วมกับการตรวจวัดด้วยรามานส าหรับการประยุกต์ในงานด้านการ
วิเคราะห์ได้ถูกพัฒนาขึ้นโดยใช้อนุภาคไมโครซิลเวอร์นาโนพอรัสที่สังเคราะห์ทั้งนอกและในชิปส าหรับเป็น  SERS 
ซับสเตรต อนุภาคไมโครซิลเวอร์นาโนพอรัสที่สังเคราะห์นอกชิป ถูกน ามาใช้เป็น SERS ซับสเตรตบนชิปส าหรับการ
ตรวจวัดกลูธะไธโอน โดยใช้เทคนิคการรายงานผลแบบย้อนกลับ อนุภาคไมโครซิลเวอร์นาโนพอรัสจะถูกหยดลงบน
ช่องทางเดินสารรูปกากบาทของระบบไมโครฟลูอิดิกส์ โรดามีนหกจี (ตัวรายงาน) จะเกิดอันตรกิริยากับอนุภาคไม
โครซิลเวอร์นาโนพอรัสที่ฝังอยู่ในช่องทางเดินสาร เกิดเป็นสารประกอบเชิงซ้อนของโรดามีนหกจี-อนุภาคไมโครซิล
เวอร์นาโนพอรัส ซึ่งให้สัญญาณรามานสูง จากนั้นโรดามีนหกจีในสารประกอบเชิงซ้อนจะถูกแทนที่ด้วยโมเลกุลขอ
งกลูธะไธโอน ท าให้สัญญาณของรามานลดลง ซึ่งการลดลงของสัญญาณรามานจะสัมพันธ์กับปริมาณกลูธะไธโอนที่
เพิ่มขึ้น ช่วงความเข้มข้นที่เป็นเส้นตรงของวิธีวิเคราะห์ส าหรับการตรวจวัดกลูธะไธโอน อยู่ในช่วง 10-8 - 10-3 โมลาร์ 
และมีค่าสัมประสิทธิ์ความเป็นเส้นตรงเท่ากับ 0.9760 โดยความเข้มข้นของกลูธะไธโอนที่จุดต่ าสุดของกราฟ
มาตรฐานคือ 10-8 โมลาร์ อนุภาคไมโครซิลเวอร์นาโนพอรัสที่ฝังอยู่ในช่องทางเดินสารสามารถน ากลับมาใช้ซ้ าได้ถึง
สามครั้งโดยการล้างด้วยโซเดียมโบโรไฮไดร์ นอกจากนี้อนุภาคไมโครซิลเวอร์นาโนพอรัสยังถูกสังเคราะห์บนชิป โดย
ใช้คลอไรด์เป็นตัวเหนี่ยวน าให้ตกตะกอนของสารประกอบเชิงซ้อนซิลเวอร์แอมมีนเพื่อให้เกิดแม่แบบซิลเวอรค์ลอไรด์
และตามด้วยปฏิกิริยารีดักชัน การเปลี่ยนแปลงอัตราการไหลของตัวท าปฏิกิริยา (สารตั้งต้น) ในระบบจะสังเกตพบ
โครงสร้างของแม่แบบซิลเวอร์คลอไรด์ที่แตกต่างกัน 4 แบบ ได้แก่ ลูกบาศก์, พีระมิดฐานสามเหลี่ยม, สามขา และ สี่
ขา จากนั้นแม่แบบซิลเวอร์คลอไรด์จะถูกรีดิวซ์เพื่อให้เกิดเป็นอนุภาคไมโครซิลเวอร์นาโนพอรัส พบว่าโซเดียมโบโรไฮ
ไดรด์เป็นตัวรีดิวซ์ที่ดีที่สุดเพราะว่าสามารถคงรูปร่างเดิมของแม่แบบซิลเวอร์คลอไรด์ไว้ได้ ผลการทดลองจาก SEM 
แสดงขนาดของการเช่ือมต่อของอนุภาคระดับนาโนบนผื้นผิวอยู่ในช่วง 40-65 นาโนเมตร โครงสร้างแบบสี่ขาของ
อนุภาคไมโครซิลเวอร์นาโนพอรัสซึ่งให้สัญญาณรามานสูงสุดจะถูกเลือกมาใช้เป็น  SERS ซับสเตรตส าหรับการ
ตรวจวัดไธโอไซยาเนตบนชิป ช่วงความเป็นเส้นตรงของวิธีวิเคราะห์นี้ส าหรับการตรวจวัดไธโอไซยาเนตอยู่ในช่วง 1-
20 ไมโครโมลาร์ และสัมประสิทธ์ิความเป็นเส้นตรงคือ 0.9887 ขีดจ ากัดการตรวจวัดและขีดจ ากัดการวิเคราะห์เชิง
ปริมาณที่ได้จากการค านวณได้คือ 0.10 และ 1.5 ไมโครโมลาร์ ตามล าดับ ความถูกต้องของการวิเคราะห์ถูกศึกษา
โดยการหาร้อยละการได้กลับคืนของสารละลายมาตรฐานไธโอไซยาเนต พบว่าอยู่ในช่วง 90-110% นอกจากนี้
เปอร์เซ็นต์ความเบี่ยงเบนมาตรฐานสัมพัทธ์ของสัญญาณรามานในการตรวจวัดโพแทเซียมไธโอไซยาเนตในตัวอย่าง
น้ าลายมีค่าน้อยกว่า 9% ส าหรับการตรวจวัดภายในวันเดียวกันและระหว่างวัน ดังนั้นวิธีที่พัฒนาขึ้นโดยใช้เทคนิค 
SERS ควบคู่กับไมโครฟลูอิดิกส์ส าหรับการตรวจวัดสารไธโอไซยาเนตพบว่ามีความแม่นและความเที่ยงสูง 
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ENGLISH ABSTRACT 

# # 5472891423 : MAJOR CHEMISTRY 
KEYWORDS: MICROFLUIDIC ANALYTICAL DEVICE 

DUANGTIP LAWANSTIEND: DEVELOPMENT OF MICROFLUIDIC ANALYTICAL DEVICE FOR 
DETECTION OF SULFUR-CONTAINING COMPOUNDS USING RAMAN SPECTROSCOPY. 
ADVISOR: MONPICHAR SRISA-ART, Ph.D., CO-ADVISOR: ASST. PROF. KANET WONGRAVEE, 
Ph.D.{, 83 pp. 

In this work, microfluidic systems coupled with Raman detection for analytical 
applications were developed using both off-chip and on-chip synthesized nanoporous Ag 
microstructures (np-AgMSs) as SERS substrates. Off-chip synthesized np-AgMSs were used as on-
chip SERS substrates for determination of glutathione (GSH) using a reversed reporting technique. 
The np-AgMSs were drop casted onto the cross channel of a microfluidic device. R6G (a Raman 
reporter) interacted with the embedded np-AgMSs in the microchannel to form R6G-np-AgMSs 
which provided high SERS signal. Then, R6G in the R6G-np-AgMSs complex was replaced by GSH, 
causing the decrease in SERS signal which was related to the GSH concentration. A linear range of 
the method for determination of GSH was found to be 10-8-10-3 M with R2 = 0.9760 and the lowest 
of calibration curve was 10-8 M. The embedded np-AgMSs could be reused up to 3 cycles by 
chemical regeneration using NaBH4. In addition, np-AgMSs were also on-chip synthesized using Cl- 
induced precipitation of a silver ammine complex ([Ag(NH3)2]+) to form AgCl templates and followed 
with chemical reduction. By simply changing input reactant flow rates, four different structures of 
fabricated AgCl templates, including cubic, tetrahedron, tripod and tetrapod, were observed. The 
obtained AgCl templates were subsequently chemically reduced to form np-AgMSs. NaBH4 was 
found to be the best reducing agent to reduce AgCl templates because it retained the structure of 
the parent AgCl templates. SEM results showed that the interconnected grain size of np-AgMSs was 
in the range of 40-65 nm. Tetrapod np-AgMSs which provided the highest SERS signal were chosen 
as SERS substrates for on-chip quantitative determination of SCN-. A linear range of this approach 
for determination of SCN- was in the range of 1-20 µM with R2 = 0.9887. Calculated LOD and LOQ 
were 0.10 and 1.5 µM, respectively. For accuracy study, %recovery of spiked SCN- standard solutions 
was found to be in the range of 90-110%. In addition, %RSD of SERS signal for the detection of 
KSCN in saliva was less than 9% for both intraday and interday measurements. The developed 
SERS-microfluidic method for the determination of SCN- was found to be high accuracy and 
precision. 
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CHAPTER I 
INTRODUCTION 

1.1  Introduction 

Microfluidic systems or miniaturized total analysis systems (µTAS) have been 
used as analytical tools for several fields of applications including chemistry, biology, 
environment and point-of care (POC) diagnostics [1-4]. The µTAS systems offer practical 
advantages over conventional bench top systems, such as high sensitivity, online 
detection, easy manipulation, possibly automated systems and high-throughput 
analysis [5, 6]. Besides analytical applications, microfluidic systems have been widely 
used as microreactors for synthesis of various compounds, such as organic molecules 
[7], polymers [8-10] and nanoparticles [11-13]. Microfluidics offers advantages over 
batch synthesis in terms of high repeatability [14], monodispersity of nanoparticles [15] 
and high-throughput systems [16]. Flow rate is one of the most important factors in 
microfluidic systems. Concentration of reactant can be manipulated only by changing 
the input flow rate. Moreover, a flow-based system provides possibility of an automatic 
system to reduce the use of human labor [1]. The key parameter for microfluidic 
synthesis is the volume involving in microfluidic systems, which is down to nanoliters. 
Therefore, mass and heat transfers in micronscales are massively improved when 
compared to batch systems [17]. For batch synthesis, to obtain high quality products, 
vigorously stirring of the solutions and well and precisely controlling of experimental 
parameters are needed.  

In terms of using microfluidics as an analytical device, a detection system is 
one of the important factors to be considered. Due to small volumes in microfluidic 
devices, a highly sensitive detection system is required. Surface enhanced Raman 
scattering (SERS) is one of the highly sensitive detection methods, which provides an 
enhancement factor (EFs) of 106-1014 times of Raman signal compared to a normal 
Raman scan [16, 18]. Characteristic vibration modes for individual functional groups on 
an analyte compound can be obtained by the technique, which offers high selective 
detection. Only small amount of analyte (down to 1 µL) is required. Furthermore, the 
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Raman spectrum of water is weak and unobtrusive, allowing good spectra of analytes 
to be acquired in aqueous solutions. According to all advantages, the SERS technique 
is very compatible with microfluidic systems for both in- and on-line detection systems.  

In this work, we not only focused on the use of microfluidics coupled with 
Raman detection as an analytical device, but also focused on the use of microfluidics 
as a microreactor to on-chip synthesized nanoparticles to be used as on-chip SERS 
substrates for analytical applications.  

1.2  Literature Review 

Examples of reports on integration of SERS and microfluidic systems are 
evaluation of mixing behavior between confluent laminar flows in a microflidic channel 
[6], in situ monitoring of chemical reactions in a microfluidic channel [5], 
pharmaceutical and environmental analysis [4], biological analysis and biomedical 
diagnostics [2, 3]. Recent works were focused on on-chip synthesis of nanoparticles to 
be used as on-chip SERS substrates for in-situ detection. For example, Oh and Jeong 
[19] reported the use of plasmonic nanoprobes self-aligned along with microfluidics 
for detection of dopamine. Silver film was coated onto the surface of a polydimethyl 
siloxane (PDMS) device and the device was then treated with plasma and bonded with 
a glass slide. Results showed that the role of plasma was for PDMS bonding and for 
improving the plasmon resonance property of the embedded silver thin film. An SEM 
image in Fig. 1.1 shows that after oxygen plasma treatment, an ordinary silver thin film 
was turned into nanotips and nanodots. Therefore, sensitivity of SERS signal was 
improved. This system could detect dopamine down to the concentration of 100 µM.  
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Figure 1.1 Self-alignment of silver nanoparticles on the PDMS surface and the insert 
is an SEM image of the surface of silver nanoparticles, reproduced from 
[19]. 

 
Although plasma treatment could enhance sensitivity of SERS signal, nanotips 

and nanorods were randomly generated. The size and shape of the nanotips and 
nanorods were not uniform, which could lead to poor reproducibility of SERS signal. 
Accordingly, the quality of hotspots on SERS substrates would play an important role 
for SERS measurements.  

Generally, SERS substrates are usually made from noble metals, such as Ag and 
Au. The substrates could be categorized into two groups; the first group is nanocolloids 
and the other is mesoporous materials [20]. The hotspots of nanocolloids are 
generated at the interconnection between the two adjacent nanocolloidals particles. 
When electrons on the surface of nanocolloids are exposed to an incident light, the 
localized surface plasmon resonance (LSPR) occurs, causing constructive interference 
of the electric field at the interconnected particles [21, 22]. At this area, the intensity 
of an incident light is intensed, which is called hotspots. Examples of using microfluidic 
systems for the synthesis of nanocolloids to be used as on-chip SERS substrates are 
shown by the following works. 

Tong and coworkers [23] reported the use of a Y-shaped channel for an in-
channel microfluidic mixing. Results showed that complete mixing between analytes 
and Ag nanocolloids was obtained within 6 min. The device was applied for 
determination of thiophenol and 2-naphthalenethiol and demonstrated the ease of 
solution switching between different analytes for multipurpose assays. Moreover, 
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nanocolloids-based SERS detection coupled with segmented flow or droplet-based 
microfluidics, which provides the advantage of high-throughput analysis, was also 
reported [14, 24, 25]. 

Gao and coworker [14] proposed an in-situ system for synthesis of Ag 
nonocolloids as on-chip SERS substrates for on-chip determination of diaquat 
dibromide monohydrate in water. In this work, Ag nanocolloids were synthesized using 
a droplet-based microfluidic system. The device composed of two parts, the first part 
was for the synthesis of Ag nanoparticles. Reagents including AgNO3, hydroxylamine 
hydrochloride and sodium hydroxide were mixed in the droplets and moved along the 
micochannel Fig. 1.2(a). SEM images showed that Ag nanoparticles were grown along 
the channel Fig. 1.2(b). Averageded particle size of the obtained Ag nanoparticle was 
found to be 200 nm with a narrow size distribution. The second part of the device was 
for the detection of diaquat dibromide monohydrate. The droplets from the first part 
of the device containing Ag nanoparticles were merged with the analyte solution from 
the second part of the device, as shown in Fig. 1.2(c). SERS signals were collected 
after the Ag nanoparticles mixed with the analyte. Results showed high sensitivity with 
LOD below 5 µM and the droplet-based microfluidic system also provided a high-
through platform for highly reproducible synthesis of Ag nanoparticles. 
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Figure 1.2 (a) A microfluidic device for synthesis of Ag nanoparticles, (b) SEM images 
of Ag nanoparticles at different points from the inlet, (c) droplet merging 
between droplets containing Ag nanoparticles and the analyte solution 
and (d) the size of the device (28×24 mm), reproduced from [14]. 

 
Parisi and coworkers [21] reported in situ synthesis of silver nanoparticles 

(AgNPs) decorated vertical nanowalls as SERs substrates for in-channel sensing. In-
channel three pre-patterned electrodes; Co, Ti and Pt as working, counter and 
reference electrodes, respectively, were designed, as shown in Fig. 1.3.  
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Figure 1.3 In-channel three pre-patterned electrodes for synthesis of silver 
nanoparticles (AgNPs), reproduced from [21]. 

 
The AgNPs were synthesized using two steps. The first step was to deposit Cu 

on the electrode surface. A constant potential of 22.7 V was applied to the working 
electrode while the mixture of 0.015 M copper(II) acetate hydrate (Cu(OAc)2) and 0.009 
M cetyltrimethylammonium bromide (CTAB) was pumped through. Followed by 
galvanic replacement of Cu with Ag+ by flowing AgNO3 solution through the 
microchannel, AgNPs were generated and deposited on the surface of microelectrodes 
in the microchannel, as shown in Fig. 1.4. These synthesized AgNPs were used as SERS 
substrates for detection of crystal violet in the PDMS microfluidic device. The approach 
showed highly analytical performance with low detection limit of 50 pM. The 
enrichment factor was found to be 1.1×109. 

 

Figure 1.4 (a) Digital and (b) SEM images of nanowalls grown on the working 
electrode, reproduced from [21]. 
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However, a drawback of nanocolloids is that SRES signal from this type of 
hotspots is uncontrollable because nanocolloids are randomly aggregated [20], leading 
to the lack of reproducibility of SERS signal. The other type of SERS substrate is a 
plasmonic material or mesoporous material or porous like material. Noble metals, such 
as gold and silver are commonly used to synthesize mesoporous SERS substrates. This 
material is in a solid state with the size of micrometer. The surface of this material is 
covered with continuous pores in nanometer sizes, which is LSPR active. This material 
provides a constant distance of the interconnected particles which is also called 
interconnected grain sizes. Therefore, this type of materials provides static hotspots 
which could be more reproducible SERS signal compared to SERS signal from dynamic 
hotspots. As mentioned that the size of mesoporous materials is in micrometer, 
mesoporous materials are easily focused under an optical microscope, which is very 
compatible with microfluidics because, in microfluidic systems, experiments are mostly 
preformed under an inverted microscope. Mesoporous materials can be easily 
observable and traceable during the experiments occurring in a microfluidic device. 
Therefore, a mesoporous material is a good choice to be used as an on-chip SERS 
substrate compared to nanocolloids which cannot be focused under normal 
magnification of an optical microscope. However, from the literature reviews, synthesis 
of mesoporous SRES substrates in microfluidic systems has not yet been reported. The 
recent work of using mesoporous SERS substrates in a microfluidic system was reported 
as the following literature.  

Mettela and coworkers [26] reported the use of Ag microflowers as manipulable 
and reusable SERS substrates in a microfluidic device. Ag microflowers were 
synthesized off-chip (batch synthesis) using a two-step chemical process. The first step 
was to generate AgBr microflowers using thermolysis of silver tetraoctylammonium 
bromide (AgToABr) at 250 ºC. The obtained AgBr microflowers with 3 to 6 branches 
had the overall size of approximately 50-100 µm and the surface was smooth without 
pores. Followed by chemical reduction of AgBr using NaBH4 solution, Ag nanopaticles 
with interconnected pores of 25-40 nm were formed, as shown in Fig. 1.5. The  
synthesis of Ag nanoparticles required very small volume (nanoliters) of solutions. 
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Moreover, these particles were reused by wet chemical cleaning over multiple cycles. 
In this work, an Ag microflower was successfully used as a single particle SERS substrate 
for determination of thiophenol (a test analyte) in a microfluidic device (Fig.1.6). 
Results showed uniform SERS enhancement factors in the range of 106-108. In addition, 
the Ag microflowers were used for labeled and label-free detection of DNA.  

 

 

Figure 1.5 Ag microflowers (after NaBH4 reduction) with different magnifications, 
reproduced from [26]. 

 

 

Figure 1.6 (a) A schematic of a microfluidic device with an Ag microflower 
embedded in the microchannel (b) An optical image of the Ag 
microflower embedded in a microfluidic channel, reproduced from [26]. 

 

As seen from the previous examples, the use of nanoporous microstructures 
(np-MSs) embedded in a microfluidic channel could enhance analytical performance 
of SERS detection. Moreover, np-MSs provide identically controllable SERS-active sites, 
resulting in more reproducible SERS signal. Due to large particle size of np-MSs, it is 
easily to be manipulated and focused under a microscope. In addition, noble metal 
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np-MSs can be reused several times using chemical re-generation [27]. Although, from 
the literature review, thermolysis used in Mettela’s work [26] could manipulate the 
structure of AgBr templates, high temperature could lead to oxide formation on the 
particle surface [28]. Moreover, using high temperature is not compatible with PDMS 
microfluidic devices.   

Recently, a simple method for the synthesis of nanoporous Ag  microstructures 
(np-AgMSs) was reported [27]. The synthesis condition is mild and simple . Moreover, 
the method does not involve in temperature or surfactant. Therefore, the synthesized 
particles would have clean surface. Details of the synthesis is explained in details as 
the following literature. 

In 2015, Wongravee and coworkers [27] reported the use of nanoporous Ag 
microstructures (np-AgMSs) to be used as a single particle for SERS detection. The np-
AgMSs which were mesoporous materials were fabricated using Cl- induced 
precipitation of Ag(NH3)2+ followed by galvanic replacement of the fabricated AgCl to 
form Ag0 or np-AgMSs with a symmetric hexapod structure. Zn metal was used as the 
sacrificed metal. An chemical equation of the synthesis is shown in Equation 1.1. 

 

[Ag(NH3)]+(aq)  + Cl-(aq) + H2O (l)     Zn      AgCl(s) + NH4OH(aq) (1.1) 

 

The synthesized np-AgMSs characterized by SEM were found to be a hexapod 
structure with a uniform pore size of approximately 60 nm, as shown in Fig. 1.7. The 
SERS enhancement efficiency of np-AgMSs was investigated using p-aminothiophenol 
(PATP) as an analyte. Results showed reproducible SERS signal with linearity in the 
range of 10-8-10-3 M. Moreover, the np-AgMSs were reused by chemical regeneration 
for several cycles without significant decrease in SERS signal. 
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Figure 1.7 Low and high magnifications of SEM micrographs of (a) hexapod AgCl and 
(b) nanoporous Ag microstructures, reproduced from [27]. 

 

However, the work of Wongravee and coworkers [27] only illustrated the SERS 
ability of np-AgMSs using PATP which is a common Raman active compound. In the 
present work, we were interested in using np-AgMSs as SERS substrates for  
determination of glutathione (GSH) which is an organic compound. A microfluidic 
device was chosen as a platform for the analysis. Using a microfluidic device, np-AgMSs 
were embedded onto the microchannel surface, which made the particle to be easily 
manipulated. Therefore, in the first part of our work, we were focused on the use of 
np-AgMSs, which were off-chip synthesized, as on-chip SERS substrates for 
determination of GSH using SERS measurements. GSH is an important antioxidant which 
can prevent damage to important cellular components, which is caused by reactive 
oxygen species, such as free radicals, peroxides, lipid peroxides and heavy metals [29]. 
Due to low SERS signal of GSH, there was a previous publication reporting the use of 
rhodamine 6G (R6G) as a reversed reporting agent for SERS measurements of GSH [30]. 
As an organic dye, R6G capped on the np-AgMSs surface provided high SERS signal. 
However, the SERS signal of R6G was decreased in the presence of GSH having a thiol 
group which strongly bound to the surface of the np-AgMSs. The decrease of the SERS 
signal was monitored with respect to the amount of GSH. In the present work, we 
introduced the SERS technique for detection of GSH using a microfluidic system, which 
could provide high sensitivity, online detection and easy manipulation. In addition, 
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analysis using a microfluidic system combined with SERS detection could be possibly 
performed in a high-throughput manner.                                                                                                                                                                           

As mentioned earlier, on-chip synthesis of np-MSs has not yet been reported. 
Most of the works on on-chip nanosynthesis were related to nanocolloids with simple 
structures. However, a synthesis method for fabrication of np-AgMSs, which was 
recently reported by Wongravee and coworkers [27], was a very simple approach. This 
system could be compatible with microfluidic synthesis. On-chip synthesis provides 
advantages over batch synthesis in terms of batch-to-batch reproducibility. In batch 
synthesis, many factors are needed to be precisely controlled, such as; mixing rate, 
order of mixing of reactants, temperature, reagent concentration and reaction time. 
Otherwise, the results could end up with large batch-to-batch variation of 
nanoparticles properties. Moreover, in a batch synthesis system, the reagents have to 
be freshly prepared or diluted form stock solutions and the synthesis is repeated all 
over again to optimize the condition for a desired product. However, in microfluidic 
systems, reactant concentration can be easily changed by changing input flow rates. 
By taking this advantage, microfluidic systems can be used to preform screening 
experiments in order to study the effect of reactant concentration on the structure of 
nanoparticles. 

Therefore, in the second part, we focused on the synthesis of np-AgMSs using 
a microfluidic system. The synthesis method followed the approach previously 
proposed by Wongravee and coworkers [27]. Effects of reactant concentration were 
studied by systematically adjusting the reactant flow rates. The synthesized np-AgMSs 
were used as on-chip SERS substrates for determination of thiocyanate (SCN-) in saliva.   

1.3 Objectives of This Work 

1. To use np-AgMSs synthesized off-chip to be as on-chip SERS substrates for 
determination of GSH.   

2. To develop a microfluidic system as an on-chip microreactor for synthesis of 
np-AgMSs to be used as SERS substrates for on-chip determination of SCN- in saliva.   
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1.4 Scope of This Work 

Scope of this work is to develop microfluidic-SERS integrated systems for on-
chip detection of GSH and SCN-.  

For determination of GSH, indirect detection or a reversed reporting method 
was applied using R6G as a Raman reporter. np-AgMSs were synthesized off-chip to be 
used as SERS substrates. The np-AgMSs were embedded onto the microchannel 
surface. R6G solution was pumped into the microchannel to bond with the embedded 
np-AgMSs. Then SERS signal of R6G-np-AgMSs was collected. After that, GSH solution 
was pumped into the same microfluidic device. R6G was replaced by GSH molecules 
causing the decrease in the number of R6G-np-AgMSs. Therefore the obtained SERS 
signal was decreased which corresponded to the GSH concentration. Normalized 
intensity of the decreased SERS signal were calculated and used for constructed the 
calibration curve. The analytical performance of this method for determination of GSH, 
including linearity, limit of detection (LOD) and limit of quantitation (LOQ), was studied.  

Furthermore, another microfluidic system was developed for on-chip synthesis 
of np-AgMSs. Then, the synthesized np-AgMSs were characterized using SEM/EDS and 
used as on-chip SERS substrates for determination of SCN- in saliva. For the synthesis 
part, Cl- induced precipitation of Ag(NH3)2+ coupled with chemical reduction was used. 
Effect of concentration on the synthesized particle was studied by changing the input 
flow rates of reactants. The ability of np-AgMSs as SERS substrates was tested using 10-

5 M PATP as a model analyte. Then, the developed system was used for determination 
of SCN- in saliva. The analytical performance of the system was studied, including 
linearity, LOD,  LOQ, interday and intraday precisions, and accuracy.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 
THEORY  

2.1 Surface Enhance Raman Scattering (SERS)  

Raman is a spectroscopy technique to observe the change in polarization of 
electron cloud around an analyte molecule, which is caused by vibrational, rotational, 
and other low-frequency modes [31, 32]. Raman spectroscopy is an alternative 
technique for detection of organic molecules. The Raman technique has advantages, 
such as low operation cost, fast detection, labeled-free detection and non-invasive 
technique [33]. Raman also offer very high specificity because inelastic vibration, 
including stoke and anti-stoke (Fig. 2.1) proving a specifically spectral shift for individual 
molecule [33]. Therefore, sample preparation is rarely required or no sample 
preparation is needed because this technique provides fingerprints for specific 
molecules [21, 22]. The major advantage of Raman spectroscopy over IR spectroscopy 
is that a water molecule is not Raman active [18] because water is a highly asymmetric 
molecule and its vibrational mode does not change the polarizability of the molecule. 
Therefore, Raman signal of samples can be measured in aqueous media [33]. However, 
sensitivity of Raman spectroscopy is quite poor because Raman scattering light emitting 
from analyte molecules after being excited by the incident light is quite low. To 
improve the sensitivity of Raman spectroscopy, surface enhance Raman scattering 
(SERS) has been used to compensate the problem by enhancing the incident light 
intensity using noble metal nanoparticles as SERS substrates [34]. The sensitivity of 
SERS can be improved up to 1014 orders of magnitude compared to those of 
conventional Raman spectroscopy [16]. Surface to volume ratios of noble metals, such 
as Ag, Au and Pt are increased significantly when the particle size is down to 1-100 nm. 
When nanoparticles are being exposed to an incident light, electrons on the particle 
surface are oscillated with the electromagnetic light (Fig. 2.2(a)), causing constructive 
interference at the interconnected particles via localized surface Plasmon resonance 
(LSPR) phenomena [20, 35]. At the interconnected area, highly intensed 
electromagnetic field is observed. This area is also called a hotspot. An analyte 
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molecule which is located at the hotspot area is exposed to the highly intensed 
electric field. Consequently, there are a lot of electrons at the excited state. Therefore, 
signal form Raman scattering is massively improved. 

  

Figure 2.1  Schematic representation of energy transitions in IR and Raman 
spectroscopy, reproduced from [33]. 

   
2.2 SERS Substrate 

Although SERS can enhance sensitivity of conventional Raman spectroscopy, 
the sensitivity and reproducibility of SERS signal are strongly related to the quality of 
hotspots on a SERS substrate [36]. Nanocolloids are common SERS substrates which  
can be synthesized by both top-down and bottom-up approaches [37]. Hotspots of 
nanocolloids are generated at the distance between the two adjacent particles of 
nanocolloids (Fig. 2.2(b)), which is stabilized under electromagnetic interaction of ionic 
stabilizer [35, 38, 39]. An analyte molecule which is located at the hotspot area is 
exposed to highly intensed electric field, causing enhancement of Raman scattering 
light, as shown in Fig. 2.3. The distance between nanoparticles directly affects SERS 
enhancement. The shorter distance provides the grater enhancement factor of SERS 
signal, as shown in Fig. 2.2(c). The disadvantage of nanocolloids is an uncontrollable 
hotspot size due to random aggregation of nanoparticles, [20]. Therefore, the size of 
dynamic hotspots is changed along with the particle movement, which could lead to 
poor reproducibility of SERS signal [20].  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

23 

 

Figure 2.2 (a) Oscillation of electron cloud on the nanoparticle surface under LSPR 
during being exposed to an incident light, (b) constructive interference of 
electrons between two nanoparticles and (c) the correlation between 
distance between the two nanoparticles and enhancement factor of SERS 
signal, reproduced from [40]. 

 

Figure 2.3 An analyte molecule on a hotspot area of nanocolloids is exposed to 
highly intense electric field [41].  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

24 

The other type of hotspots besides nanocolloids is static hotspots generated 
from mesoporous, porous-like materials or plasmonic materials [42]. These materials 
are in solid form which has the size in a micrometer scale. In addition, there are 
nanopores covering all over the material surface, which act as hotspots (Fig. 2.4). The 
size of hotspots is constant and corresponds to the interconnected grain particle size 
[43]. This type of hotspots provides more reproducible SERS signal compared to the 
aggregated nanocolloids [44]. Moreover, the particle size in micrometer make the 
particles to be easily focused under a normal microscope. SERS sensitivity strongly 
depends on the optical properties of metal nanoparticles which are size, shape, 
arrangement and dielectric environment [45]. Au (gold), Ag (silver) and Cu (cupper) are 
noble metals which can be used as SERS substrates [46]. However, Au and Ag are the 
common metals because they are air stable, while Cu is more reactive [46]. To 
maximize the sensitivity of SERS signal, excitation wavelength which is matched with 
the adsorption range of the noble metals is chosen.  For Ag nanoparticles, an excitation 
wavelength to provide maximum enhancement is between 500 nm to 600 nm [45]. 
For Au and Cu, excitation wavelength in the range of 550-1250 nm can be used, as 
shown in Fig. 2.5 [46]. In this work, Ag noble metal was chosen because it is compatible 
with a 532 nm excitation laser which offers  higher excitation energy compared to the 
other excitation wavelength which could lead to higher sensitivity of SERS signal.  
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Figure 2.4 A mesoporous material with nanopores covering all over the particle 
surface, reproduced from [47]. 

 

 

Figure 2.5 Excitation wavelengths that could be used as incident light sources for 
each noble metal used as a SERS substrate, including Ag, Au and Cu, 
Reproduce from [46]. 

 
2.3 Synthesis of Nanoporous Ag Microstructures (np-AgMSs) 

A template method is commonly used to synthesize np-AgMSs [42]. The 
synthesis starts with fabrication of a silver salt template, such as AgCl or AgBr. The 
synthesis uses AgNO3 to react with a simple salt, such as NaCl or NaBr to form AgCl or 
AgBr, respectively. Generally, AgCl and AgBr arrange itself into a cubic structure ((110) 
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facet) which is the lowest energy surface [48, 49]. This growth mechanism is a 
thermodynamic control to preserve the lowest total energy of the system [50]. 

To manipulate the structure of a silver salt, several methods have been used. 

For example, AgBr particles were thermalized at 250 ◦C for 1 h in air. The structure of 
AgBr changed from cubic to microflower [51], as shown in Fig. 2.6.  

 

Figure 2.6 Microscope images (a-e) and SEM images (f-g) of the synthesized AgBr 
microparticles. (a-e) and (f-g) showed structure development of AgBr from 
cubic to microflower, reproduced from [51].  

 
However, the use of high temperature can lead to impure materials caused by 

the formation of oxide layer on the particle surface [28]. For milder conditions to 
control the structure of silver salt particles, shape controlling agents or chemical 
reagents, such as NH4OH [47], poly(vinyl pyrrolidone) [52], surfactant [52] and H2O2 [53], 
are used. NH4OH was chosen as a shape controlling agent for the synthesis of AgCl 
microstructures because it provided clean surface of materials [47]. NH4OH causes a 
selective dissolution of <111> which is the corners of the cubic seed. Therefore, a 
cubic seed is turned into an octahedral seed. Then, the corner of the octahedral seed 
is grown faster compared to edge and facet. Consequently, an octahedral seed is grown 
into a hexapod AgCl structure.  

Two different methods can be used to transform silver salt templates into 
zerovalent silver mesoporous materials. The first method is galvanization using a metal 
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plate, such as Zn, Cu or Al, as a sacrificial metal. Due to high reduction potential of 

Ag+ (E0 of Ag+ → Ag0 in water = +0.79 V) [54]), several metals can be chosen as a 
sacrificial metal to provide an electron to a silver ion [55]. Galvanization time is 
depended on the type of the sacrificial metal. However, this method is time 
consuming. The other method is a chemical reduction, NaBH4 is a strong reducing agent 
used to reduce Ag+ to form Ag0. The reaction occurs instantly and the particles can 
retain the same silver salt structure [28, 51]. Besides NaBH4, another reducing agent 
could be used, such as L-ascorbic acid [55]. 

Although batch synthesis provides a simple setup for synthesis of mesoporous 
materials, poor mass and heat transfer could lead to variation of the obtain product 
in terms of size, shape and SERS property. Microfluidic systems have been wildly used 
as microreactors for synthesis due to great mass and heat transfer of reactants in 
microchannels. Using microfluidic systems could provide high reproducibility of the 
synthesized materials.  

2.4 Synthesis in Microfluidic Systems 

Lab on a chip or microfluidics is the system which manipulates liquid in a small 
channel having dimensions in micrometers [56]. A microfluidic device is generally made 
from polydimethyl siloxane (PDMS), but occasionally made from glass for specific 
applications. Lab on a chip can be categorized as a miniaturized system which 
combines the laboratory processes, including sample preparation, pre-concentration, 
chemical reaction and detection into a single device [56]. Microfluidic systems are 
commonly used as analytical devices for a variety of applications, such as chemistry, 
biology, environment and point-of care (POC) diagnostics [1-4]. Apart from analytical 
applications, microfluidic systems are used as microreactors for the synthesis purpose.  

Microfluidic systems handle small fluid volumes down to nano or picoliters [17, 
57]. Therefore, mass and heat transfer are improved which could improve the rate of 
reaction and more reproducible result could be obtained compared to batch systems 
[17, 57]. Moreover, microfluidic systems provide several advantages for the synthesis, 
such as small reactant volume, continuous system and possibly automated systems 
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[8]. Moreover, the reactants concentration in microchannel can be adjusted easily by 
changing the input flow rates [8]. By taking the advantage of good mass and heat 
transfer, microfluidic systems can be used as microreactors for synthesis applications, 
especially the synthesis of nanoparticles which is required narrow size distribution and 
high reproducibility of the particles [11-13]. To increase mixing rate of reactants in 
microchannels, several configurations of microchannal are applied for the synthesis, 
such as T-shape, Zigzag-shaped, 3-D-L-shaped, 3-D connected out-of-plane, and 
Staggered-herringbone grooves [58], as shown in Fig. 2.7. 

  

 Figure 2.7 Different configurations of microfluidic channels for the synthesis of SERS 
substrates (a) T-shape, (b) Zigzag-shaped, (c) 3-D-L-shaped, (d) 3-D 
connected out-of-plane and (e) Staggered-herringbone grooves. 
Reproduced from [58]. 

 
 A flow-focusing microchannel (Fig. 2.8) is one of the powerful 

configurations which provide fast mixing because this configuration could reduce the 
diffusion distance between two reactants [9]. This configuration provides faster mixing 
rate compared to a normal T-junction configuration. Consequently, the obtained 
products would be more reproducible.  
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Figure 2.8 The use of flow-focusing microfluidics for nanoparticle synthesis. 
Reproduced from [9]. 

 
Several procedures have synthesized SERS substrates using microfluidic 

systems [14, 21-24, 35, 59, 60], such as, deposition of silver metal thin film onto a 
microfluidic channel followed with surface modification to generate rough surface 
using oxygen plasma treatment [19], electrochemical reduction of silver ion to create 
nanoparticle of Ag0 [21] and the simple method of chemical reduction of silver ion to 
form Ag0 nanocolloids [16].  

2.5 Microfluidics Coupled with SERS Detection 

According to small volumes in microfluidic systems, a highly sensitive detection 
system is required. Fluorescence is the most common detector used in microfluidic 
systems. However, for detection of non-fluorescence analytes, a fluorescence dye for 
molecule tagging is required [11]. Moreover, fluorescence lacks structural information 
of analytes [11]. Besides fluorescence, SERS is one of the highly sensitive spectroscopic 
techniques which provides specifically a spectral shift for an individual molecule 
without special treatment of analytes. SERS detection is also compatible with 
microfluidic systems because PDMS which is a material for microfluidic device is Raman 
inactive. Therefore, spectral shift of PDMS is not shown in SERS spectra. However, to 
increase Raman sensitivity, high quality SERS substrates are required. The role of SERS 
substrates is to enhance intensity of an incident light. To synthesize SERS substrates, a 
microfluidic system can be used as an on-chip microreactor. Reactant concentrations 
in microlfluidic systems can be manipulated by changing the input flow rates. Several 
publications have been reported on the use of microfluidics for the synthesis of SERS 
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substrates and continuous use for on-chip  determination of Raman active analytes 
[11, 14, 21, 23, 24] as shown in Fig. 2.10. SERS substrates can be synthesized by several 
approaches, such as sol-gel [61], electrochemistry [21, 62] and growth in porous 
membranes [63]. The synthesized SERS substrates were used for on-chip detection of 
SERS active compounds, such as rhodamine 6G [22], malachite green isothiocyanate 
[15], ochratoxin A [64], carbendazim [22, 35], thiocyanate [65],  adenosine [66], crystal 
violet [61] and dopamine [19]. Combination of microfluidic-SERS detection provides 
advantages of high-throughput analysis, reproducibility and easy manipulateion of 
nanoparticles. 

 

Figure 2.9 On-chip synthesis of SERS substrates which were continuously used as on-
chip SERS substrates for the determination of analyte, reproduced from 
[67]. 
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CHAPTER III 
EXPERIMENTAL 

3.1 Instruments and Equipment 

Table 3.1 List of instruments and equipments. 
Instruments and equipment Companies 

1. Micropipette (10, 100 and 1,000 µL) 

2. Safe-lock tubes (1.5 mL) 

3. Analytical balance (5 digit) 

4. Volumetric flask 

5. Puncher (8 mm diameter) 

6. Syringe pump 

7. Syringe needle 

8. UV curing chamber 

9. Spin-coater 

10. Oven 

11. CO2 laser cutter 

12. DXR Raman spectroscopy   

13. Scanning electron microscope coupled  
     with energy dispersive X-ray    

     spectroscopy  

     (SEM/EDS), JEOL JSM-6510A 

14. Optical inverted microscope 

Eppendorf (Thailand) 

Eppendorf (Thailand) 

Mettler (Canada) 

PVG International (India) 

Robbins Instruments, Inc. (USA) 

Harvard apparatus (Thailand) 

NIPRO (Thailand) 

Uvitron international (USA) 

Specialty coating system (USA) 

Memmert (Germany) 

DHM laser & cutting (China) 

Thermo scientific (Thailand) 

Thermo scientific (Thailand) 

 

 

 

Vision DX 16, Bara vision engineering 
(Thailand) 
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3.2 Chemicals 

Table 3.2 List of chemicals. 

Chemicals Companies 

1. Rhodamine 6G (R6G) 

2. Glutathione (GSH) 

3. Silver nitrate (AgNO3) 

4. Sodium borohydride (NaBH4) 

5. Sodium chloride (NaCl) 

6. Ammonium hydroxide 25% w/w (NH4OH) 

7. Deionized water (Milli-Q Gradient) 

8. SU-8 3025 

9. SU-8 developer  

10. SYLGARD® 184 silicone elastomer kit based 

11. SYLGARD® 184 silicone curing agent  

12. Hydrazine (N2H2) 

13. Ascorbic acid (C6H8O6) 

14. Absolute ethanol  

15. Potassium thiocyanate (KSCN) 

16. p-aminothiophenol (PATP) 

17. Artificial saliva matrix 

Sigma Aldrich (Singapore) 

Sigma Aldrich (Singapore) 

Merck (Germany) 

Merck (Germany) 

Merck (Germany) 

Merck (Germany) 

Millipore (Thailand) 

MicroChem (USA) 

MicroChem (USA)  

Dow corning (Thailand) 

Dow corning (Thailand) 

Merck (Germany) 

Merck (Germany) 

Merck (Germany) 

Sigma Aldrich (Singapore) 

Sigma Aldrich (Singapore) 

King Chulalongkorn Memorial 
Hospital (Thailand)  
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The experimental section was divided into two parts, the first part was SERS 
detection of GSH and the second part was on-chip synthesis of np-AgMSs for 
quantitative determination of SCN-. However, both parts were shared the same 
concept of microfluidic systems coupled with Raman detection for 
chemical/biomedical applications.  

3.3 Part I Detection of GSH 

3.3.1 Preparation of Nanoporous Silver Microstructures (np-AgMSs) 

The approach for synthesis of np-AgMSs followed the method proposed by 
Gatemala and coworkers. [47, 68] Multipod AgCl templates were off-chip synthesized 
by mixing 5 mL of 0.1 M AgNO3 with 4.7 mL of 5.31 M NH4OH. The mixture was poured 
into 90 mL of 1 M NaCl under vigorously stirring and white precipitation of AgCl was 
immediately observed. The reaction was stopped after 5 min of the reaction time. The 
AgCl precipitate was filtrated onto filter paper, then washed using deionized water and 
then air dried. To create a porous structure, AgCl templates were poured onto 1×1 cm 
zinc plates in a petri dish. Galvanic reaction between Ag+ (Ag+/Ag0, E° = -1.8 V) [69] and 
Zn0 (Zn/Zn2+, E0 = −0.76 V) [70] occurred on the metal surface. Ag+ became Ag0 by 
accepting one electron from Zn and then Cl- was released into the solution. The final 
product was a porous Ag0 structure or np-AgMSs. The obtained np-AgMSs were washed 
using absolute ethanol to remove Cl- followed with deionized water and air dried. The 
synthesized np-AgMSs were characterized using SEM. Schematic of the overall 
synthesis is shown in Fig. 3.1. 
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Figure 3.1 Schematic of the synthesis of np-AgMSs, adapted from [27]. 
 
3.3.2 Fabrication of Microfluidic Analytical Devices  

The layout of a microfluidic device was designed using AutoCAD 2015 program. 
The design was a cross-channel microfluidic device with 2 inlets for sample and 
washing solutions and 2 outlets, as shown in Fig. 3.2(a). The center of the cross 
channel was a detection zone. The channel dimensions were 300 µm wide and 100 
µm deep. Polydimethyl siloxane (PDMS) was chosen as a material for device 
fabrication. The fabrication of PDMS device started with fabricating an SU-8 photoresist 
mold using soft lithography [71]. The mold was used for PDMS replica. PDMS 
prepolymer and curing agent were mixed at a ratio of 10:1 w/w and degassed using a 
vacuum chamber. The mixed solution was poured onto the SU-8 mold and put into 

an oven at 65 ◦C for 4 h. The cured PDMS was cut into desired pieces, then peeled 
from the mold and then punched to make inlet and outlet holes for fluidic access. 
Subsequently, 100 µl of 0.03 g mL-1 of np-AgMSs were drop casted onto the detection 
area (the center of the cross channel), as shown in Fig. 3.2(b). Finally, the PDMS was 
enclosed with a glass slide using plasma bonding. Schematic of the device fabrication 
is shown in Fig. 3.3. 
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Figure 3.2 (a) Design of microchannels, (b) an microscope image of detection zone 

with embedded np-AgMs and (c) an SEM image of embedded np-AgMSs 
(reproduced from [27]). 

 

 

Figure 3.3 Schematic of microfluidic device fabrication using soft lithography.  
 
3.3.3 Effect of Flow Rate on the Embedded np-AgMSs.  

The np-AgMSs used as SERS substrates were drop casted onto the center of 
microchannel. The particles were stuck onto the PDMS surface. However, the particles 
could be lost under high flow rate conditions. To test the stability of np-AgMSs under 
flow conditions, Milli Q water was pumped through the microchannel. Different flow 
rates varied from 0 to 30 µL min-1 (flow velocities of 0-16.68 cm3 s-1) were studied. 
Subsequently, images of np-AgMSs embedded in the microchannel were taken using 
an inverted optical microscope with a 10x objective lens. 
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3.3.4 On-Chip Raman Detection 

The first step for detection of GSH was to attach R6G onto the np-AgMSs 
surface. 10 µM of R6G was loaded into a 1 mL tuberculin syringe with a 0.5×25 mm 
hypodermic needle and fine bore polythene tubing with an internal diameter of 0.38 
mm and external diameter of 1.09 mm. The tubing was connected to standard-
pressure infuse/withdraw PHD 2000 syringe pumps. The R6G solution was pumped via 
inlet no. 1 (Fig. 3.2) using a flow rate of 10 µL min-1 for 1 min into the device containing 
np-AgMSs at the center of the cross channel. The reaction time between R6G and np-
AgMSs was studied at 15, 30, 45, 60, 75 and 90 min. SERS spectra of R6G-capped np-
AgMSs (R6G-np-AgMSs) were recorded. All SERS measurements were performed using 
a DXR Raman microscope. SERS spectra were collected using 32 s irradiation using 1 
mW of a 532 nm incident laser under a 10x objective lens coupled with a 25 µm 
pinhole. The laser beam was focused onto each np-AgMs particle in the microchannel. 
For each SERS measurement, 20 replicated spectra were acquired from 20 different 
np-AgMSs particles.  The next step was to replace R6G with GSH, which was the analyte. 
10-5 M of GSH solution was loaded into a 1 mL syringe using the same connection as 
mentioned above. Then, the GSH solution was pumped into the same inlet using a 
flow rate of 10 µL min-1 for 1 min. The flow was stopped to allow the replacement 
between GSH and R6G on the np-AgMSs. The incubation time between GSH and R6G-
np-AgMSs was studied at 1, 5, 10, 15 and 20 min. The GSH molecules replaced R6G to 
form a GSH-np-AgMSs complex which was not a Raman active compound. After the 
incubation, SERS spectra of the remaining R6G-np-AgMSs were collected. Schematic of 
overall experimental procedure of the reversed reporting technique are shown in Fig. 
3.4. 
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3.3.5 Quantitative Analysis  

Normalized intensity (IN) of SERS signal was calculated using Equation 3.1; 

IN = (I0-I1)/I0 (3.1) 

where I0 and I1 are SERS intensities of the peak at a incubat of R6G-np-AgMSs 
before and after the addition of GSH, respectively.  

To construct a calibration curve, standard solutions of GSH were prepared in 
the concentration range from 10-8 to 10-3 M. The calibration curve was plotted between 
logarithm of GSH concentration and normalized intensity of SERS signal. Lowest of 
calibration (LOC) was reported.  

 

Figure 3.4 Schematic of experimental procedure for determination of GSH using a 
reversed reporting technique. 

 

3.3.6 Reusability of np-AgMSs SERS Substrate 

To test the reusability of np-AgMSs SERS substrates after 1 cycle of SERS 
detection, chemical regeneration of np-AgMSs using NaBH4 was studied. After SERS 
spectra were collected, the np-AgMSs were washed using 1 mL of 1 M NaBH4 which is 
a strong reducing agent. The NaBH4 solution was pumped into the microchannel via 
inlet no.2 (Fig. 3.2) at a flow rate of 10 µL min-1 in order to get rid of all organic 
compounds adsorbed on the np-AgMSs surface. After the np-AgMSs were cleaned, 
SERS spectra of the cleaned np-AgMSs were re-collected using the same procedure as 
mentioned in section 3.3.4.  
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3.4. Part II On-chip Synthesis of np-AgMSs as SERS Substrates 

3.4.1 Fabrication of Microfluidic Analytical Devices  

A flow-focusing microfluidic device was used in this part. The design was drawn 
using AutoCAD2015 program. Polyvinyl chloride (PVC) sticker was used as a molding 
material for PDMS replica. PVC sticker was cut into the designed pattern using a CO2 
laser cutter. The design composed of 3 inlets and 1 outlet, as shown in Fig 3.5 (a). All 
Channel dimensions were 300 µm wide and 100 µm deep. The mixing part which was 
after the inlets was a 1 cm straight channel, making the overall length of approximately 
2 cm. For PDMS replica, the PDMS monomer and curing agent were mixed at a weight 

ratio of 10:1, degassed and poured into a PVC mold. PDMS was cured at 65 ◦C in an 
oven for 3 h, as shown in Fig. 3.6(a). After that, PDMS replica was peeled from the 
mold and punched holds for fluidic access. Finally, the punched PDMS plate was 
reversibly bonded with a glass slide using ethanol bonding, as shown in Fig. 3.6(b). 

Finally, the complete microfluidic device was placed in an oven at 55◦C for 2 h.  

 

Figure 3.5 Overall experimental setup and procedure; (a) synthesis of AgCl 
templates, (b) chemical reduction of AgCl to np-AgMSs, (c) SERS detection 
of PATP using np-AgMSs as SERS substrates and (d) the obtained SERS 
spectra.  
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Figure 3.6 (a) PVC sticker was cut as molds for PDMS device fabrication and (b) 
complete microfluidic devices.  

 

3.4.2 On-chip Synthesis of np-AgMSs 

The synthesis of np-AgMSs was divided into two parts; the first part was to 
synthesize AgCl which was used as a template for fabrication of np-AgMSs. The second 
part was to chemically reduce the AgCl template to form zerovalent Ag or np-AgMSs. 
An overall experimental procedure is shown in Fig. 3.5. 

3.4.2.1 Preparation of AgCl Templates 

To synthesize AgCl microstructures as templates for fabrication of np-
AgMSs, Cl- induced precipitation of Ag(NH4)2+ was used. The Ag(NH4)2+

 was prepared off-
chip by mixing 1 mL of 0.05 M AgNO3 and 1 mL of 0.15 M NH4OH. A complex of 
Ag(NH4)2+ occurred with excess NH4OH leftover in the mixed solution. The solution of 
Ag(NH4)2+ in excess NH4OH was then loaded into a 1 mL syringe which was connected 
to the device via the middle inlet. Then, 0.2 M NaCl solution was prepared and loaded 
into two 1-mL syringes which were connected to the side inlets of the device, as shown 
in Fig. 3.5.(a). 

Effects of reactant concentration on the structure of AgCl templates 
were studied by manipulating the input flow rates without preparing new reactant 
solutions. It should be noted that the flow rates of side flows were always identical. 
Therefore, the side flow rate reported in this work represented each side flow. To 
study the effect of Cl- concentration, the flow rate of Ag(NH4)2+ or the central flow was 
fixed at 1 µL min-1 and the flow rate of Cl- or side flow was varied from 1 to 2, 4 and 
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6 µL min-1
, corresponding to Exp. (1-4) in Table 3.1, respectively. On the other hand, 

the effect of NH4OH concentration was studied by fixing the side flow and increasing 
the central flow rate from 1 to 2 and 3 µL min-1

, corresponding to Exp. (1, 5-6) in Table 
3.1, respectively. 

Effect of flow velocity or total flow rate on the structure of AgCl 
templates was also studied. The experiment was performed in two conditions, 
including high Cl- and high NH4OH conditions. For high Cl- environment, the initial Cl- 
concentration of 0.3 M was used instead of 0.2 M. For high NH4OH environment, the 
initial NH4OH concentration of 0.18 M was used instead of 0.15 M. To maintain the 
reactants concentration, the ratio of the side flow rate to central flow rate was fixed 
at 2:1 and the total flow rate was increased from 3, 6 and 9 µL min-1, corresponding 
to flow velocities of 0.17, 0.33 and 0.50 cm min-1, respectively. Details of flow 
conditions for each experiment are shown in Table 3.1 (Exp. (7-9) for high Cl- 
environment and Exp. (10-12) for high NH4OH environment. 

3.4.2.2 Reduction of AgCl Templates 

The next step of preparing np-AgMSs was to transform AgCl into 
zerovalent Ag0 or np-AgMSs using chemical reduction. Three reducing agents, including 
concentrated hydrazine, 0.2 M ascorbic acid (pH 8) and 0.2 M sodium borohydride 
(NaBH4) were prepared. For hydrazine as a reducing agent, 5 µL of concentrated 
hydrazine was dropped onto a glass slide placed nearby the device in a close plastic 
box and the reaction was left for 1 night. For ascorbic acid and NaBH4, 5 µL of each 
solution was directly pipetted into the device containing AgCl templates. After the 
reduction, 1 mL of NH4OH was pipetted into the device to clean up all unreduced AgCl 
and followed by 1 mL of milli Q water twice. Finally, the microfluidic device containing 

np-AgMSs was placed into an oven at 55 ◦C for 1 h.  

3.4.3 Characterization of AgCl and np-AgMSs 

The structure of AgCl templates and np-AgMSs were characterized using an 
optical inverted microscope with a 40x objective lens coupled with 10x eyes lens. All 
images from the microscope were processed using the MShort Image analysis system. 
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To get more structural detail, a scanning electron microscope (SEM) was used. SEM 
was operated at 20 kV under high vacuum with a secondary electron image (SEI) to 
obtain high magnification images. Moreover, SEM coupled with energy dispersive X-ray 
spectroscopy (SEM/EDS) was used to identify the elemental mapping composition for 
both AgCl templates and np-AgMSs. It should be noted that to calculate the 
percentage of elements, only Ag and Cl element were taken into consideration.  
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Table 3.3 Experimental conditions for in situ synthesis of AgCl microstructures.  

 
 

 

  

Exp. 

Flow rate  
(µL min-1)   

Final concentration 
(M)   Ratio 

[Ag(NH3)2]+ 

central 
flow  

Cl- 
side 
flow  

  Ag+ NH4OH Cl-   [Cl-]/[Ag+] [NH4OH]/[Ag+] 

1 1 1   0.008 0.025 0.13   16 3 

2 1 2   0.005 0.015 0.16   32 3 

3 1 4   0.003 0.008 0.18   60 3 

4 1 6   0.002 0.006 0.19   95 3 

5 2 1   0.013 0.038 0.10   8 3 

6 3 1   0.015 0.045 0.08   5 3 

7 1 1   0.008 0.025 0.20   25 3 

8 2 2   0.008 0.025 0.20   25 3 

9 3 3   0.008 0.025 0.20   25 3 

10 1 1   0.008 0.060 0.13   17 8 

11 2 2   0.008 0.060 0.13   17 8 

12 3 3   0.008 0.060 0.13   17 8 
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3.4.4 SERS Efficiency of np-AgMSs 

To use np-AgMSs as SERS substrates, the SERS property of the obtained np-
AgMSs was investigated using p-aminothiophenol (PATP) as a Raman probe. Solution 
of 5 µL, 10-6 M PATP was pipetted into the microfluidic device containing np-AgMSs. 
The incubation time between PATP and np-AgMSs was studied in the range of 0-30 
min. Then, the np-AgMSs were washed using 1 mL of absolute ethanol by pipetting 
the solution into the microchannel. Then, the device containing np-AgMSs was dried 

in an oven at 55 ◦C for 1 h. SERS spectra were collected using a DXR Raman 
microscope. Laser power of 1 mW of a 532 nm excitation wavelength with 3.1 µm in 
diameter laser spot size was used as an incident light. All experiments were performed 
using a 50x objective lens. The laser beam was focused onto the center of a np-AgMS 
particle, as shown in Fig 3.6 (c). SERS spectra were collected using an exposure time 
of 2 s with 16 accumulations. All SERS spectra were used without any spectral 
correction and each SERS spectrum represented each SERS substrate particle. All SERS 
spectra presented herein were averaged from 30 SERS spectra of 30 np-AgMSs particles. 

3.4.5 Determination of SCN-  in Saliva 

The np-AgMSs obtained from on-chip synthesis were used as SERS substrates 
for determination of SCN-  in saliva. Artificial saliva was used as a matrix blank for 
validation of the method. SCN-  solution was prepared in the concentration range of 1-
50 µM in Milli Q water. A calibration curve was plotted between concentration of SCN-  
and SERS intensity at a wavenumber of 2,117 cm-1. To construct a calibration curve, 5 
µL of each SCN-  solution was pipetted into the microfluidic device containing tetrapod 
np-AgMSs. In order to maximize the sensitivity, incubation time between SCN-  and np-
AgMSs was studied in the range of 1-40 min. After the incubation step, 1 mL of air was 
pipetted into the microchannel to remove all solutions. Then, Raman spectra were 
collected and the intensity at a wavenumber of 2,117 cm-1 was used for data 
processing. To increase the sensitivity of the detection, the power of laser was 
increased from 1 to 10 mW. Limit of detection (LOD) and limit of quantitation (LOQ) 
were calculated using 3 and 10 signal to noise ratios, respectively. Intraday and interday 
precisions were also studied by spiking 3 concentrations of SCN-, including 4, 8 and 12 
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mM, into artificial saliva. The spiked solutions were diluted 1,000 times before being 
used to perform the quantitative detection of SCN-. For intraday precision, the 
experiment from the spiking step to the detection was repeated for 10 times in the 
same day. For interday precision, the same experiment was repeated for 3 times for 
each 3 consecutive days. Then, percent relative standard deviation (%RSD) of SERS 
signals obtained from each experiment was calculated using Equation 3.2 to determine 
the precisions; 

 %RSD = 
SD

x ̅
 x100 (3.2) 

where SD is standard deviation and x ̅is averaged SERS intensity at a wavenumber of 
2,117 cm-1. 

Accuracy of the method for determination of SCN-  in saliva was also 
investigated using the spiking technique. SCN-  standard solutions at 4, 8 and 12 mM 
were spiked into artificial saliva. Then, the solutions were diluted 1,000 folds to have 
the concentrations in the linear rage of the calibration curve. Recovery percentage of 
the spiked SCN-  was calculated using the Equation 3.3; 

 

%Recovery = 
SERS signal Spiked sample - SERS signalSample 

SERS signalSCN-  standard
 x100          (3.3) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 
RESULTS AND DISSCUSION 

4.1 Part I Determination of GSH in Pharmaceutical Product  

The determination of GSH using the reversed reporting technique which was 
purpose by Ozaki and co-workers [30]. The idea of the technique was to detect the 
decreasing of SERS signal after the replacement of a reporting agent with GSH. GSH is 
a large organic molecule comprising of three amino acids, including glutamic acid, L-
cysteine and L-glycine [29]. GSH is a polar molecule without c-c stretching and also 
classified as a non-polarized or Raman inactive molecule. The overall procedure of 
the reversed reporting technique is shown in Fig. 4.1. 

 

Figure 4.1 An indirect detection mechanism of GSH using a reversed reporting 
technique. R6G was attached to np-AgMSs via electrostatic interaction. 
The SERS signal of R6G-np-AgMSs was collected. Then, R6G molecules on 
np-AgMSs were replaced with GSH to form np-AgMSs-GSH. SERS signal of 
the remaining R6G-np-AgMSs was collected 

 
4.1.1 Characterization of np-AgMSs  

The np-AgMSs were obtained from Cl- induced precipitation of Ag(NH3)2+ 

followed by galvanic replacement of AgCl using an Zn plate as a sacrificed metal. The 
np-AgMSs were characterized using SEM. Results from SEM/EDS showed that the 
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particles were 100% Ag0 without Cl-. The structure of np-AgMSs was porous hexapod  
with the pore size in the range of 60-65 nm which was in the range of surface plasmon 
resonance (SPR) active [20]. Since the pores covered all over the particle surface, the 
particles were called porous like or mesoporous materials [68]. The particle size was 
approximately 20 µm which was easily observed under a Raman microscope [68]. An 
SEM image of np-AgMSs is shown in Fig. 3.1(c). 

4.1.2 Effect of Flow Rate on the Embedded np-AgMSs 

The np-AgMSs which were embedded in the microchannel were only drop-
casted using a micropipette. The embedded np-AgMs interacted with the silanol group 
of the PDMS channel via electrostatic interaction [72]. To obtain reproducible results, 
it was necessary to test the sticking ability of the particles on the surface of PDMS. To 
do that, Milli Q water was pumped through the microchannel. To find the maximum 
flow rate that could be used in the experiment without losing significant amount of 
np-AgMSs particles, different flow rates varied from 0 to 30 µL min-1 (flow velocities of 
0-16.68 cm3 s-1) were studied. Subsequently, images of np-AgMSs in the microchannel 
were taken using an inverted optical microscope with a 10x objective lens. Results 
showed in Fig. 4.2. The flow rate that can be used to retain the embedded np-AgMSs 
was 15 µL min-1. However, using the flow rate at 15 µL min-1 could cause the leakage 
of solution in the long run due to too high pressure. To ensure that there was no 
particle loss and no leakage, a flow rate of 10 µL min-1 was chosen as a suitable flow 
rate for all experiments.  

 

Figure 4.2 Images of the embedded np-AgMs after pumping milli Q water 
through the microchannel using different flow rates of (a) 0, (b) 15 

and (c) 30 µL min-1. 
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4.1.3 On-Chip SERS Detection 

In general, SERS substrates should not provide SERS signal. To confirm that, an 
SERS spectrum of pure np-AgMSs was measured. Results showed a flat base line 
without any peak, as shown in Fig 4.3(a), which indicated that the surface of SERS 
substrate was clean without any SERS active molecule. The next step was to measure 
SERS signal from R6G which was a Raman reporter in the reversed reporting technique. 
R6G is well known as a strong fluorescence dye [73] which also provided high 
polarization from the conjugated double bonds in its structure [31]. Although R6G 
bonded with np-AgMSs caused fluorescence quenching, high concentrations of R6G 
could cause fluorescence signal. Sensitivity of the technique would be decreased due 
to the broad fluorescence peak of R6G at 542 nm [74]. 

To avoid the fluorescence problem, a suitable concentration of R6G was 
studied. Results showed that 10-5 M R6G was the maximum concentration that could 
be used to provide the highest SERS signal without the interference from fluorescence. 
An SERS spectrum of R6G is shown in Fig. 4.3(d). So, R6G at a concentration of 10-5 M 
was chosen as a Raman reporter. Electrostatic interaction between R6G and np-AgMSs 
could form between the positive charge of R6G and the negative charge of np-AgMSs 
[34, 75]. The reaction time between R6G and np-AgMSs was studied to maximize the 
SERS signal. The experiment was performed by pumping 10-5 M R6G into the 
microchannel at a flow rate of 10 µL min-1 for 1 min. The reaction time between 15-
90 min was studied. SERS spectra of R6G-np-AgMs were collected using a 532 nm laser 
as an incident light. The obtained SERS spectra are shown in  Fig. 4.3(d). Peaks at 
wavenumbers of 1,311, 1,365, 1,512, 1,575 and 1,653 cm-1 are assigned to an aromatic 
c-c stretching vibration. Another band at 1,182 cm-1 corresponded to aromatic C-H 
bending of R6G [36, 62]. In order to obtain the highest sensitivity, the peak at a 
wavenumber of 1,365 cm-1, which was the highest SERS signal without the fluorescent 

effect, was chosen as a representative SERS signal for further investigation. Results 
from the incubation time (between R6G and np-AgMSs) study showed that SERS signal 
increased when increasing the incubation time from 45 to 60 min. However. SERS 
signals were constant after 60 min, as shown in Fig. 4.4. Therefore, the optimized 
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incubation time between R6G and np-AgMSs to obtain the highest SERS signal was 
found to be 1 h. 

4.1.3.1 SERS Detection of GSH 

GSH exhibits relatively low Raman signal even in a solid state, as shown 
in Fig. 4.3(b). Moreover, using np-AgMSs as SERS substrates could not enhance Raman 
signal of GSH, as shown in Fig. 4.3(c). By using reversed reporting  technique which 
used R6G as a Raman reporter, R6G capped onto the surface of np-AgMSs with 
electrostatic interaction provided high SERS signal. However, SERS signal was decreased 
in the presence of GSH molecules. GSH having thiol group interacted with np-AgMSs 
with a stronger interaction than the interaction between R6G and np-AgMSs. Therefore, 
R6G was replaced with a GSH molecule to form a GSH-np-AgMs complex which was 
Raman inactive. Consequently, SERS signal was decreased relatively to the increase in 
GSH concentration. The decrease in SERS signal after the replacement of R6G by GSH 
is shown in Fig. 4.3(e). To obtain the highest sensitivity for the detection of GSH, the 
incubation time between GSH and R6g-np-AgMS was studied in the range of 1-20 min. 
Results showed that SERS signal was decreased when increasing the reaction time from 
1-10 min. After 10 min, SERS signal was constant, as shown in Fig. 4.4. Therefore, 10 
min reaction time between GSH and R6G-np-AgMs was chosen.  
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Figure 4.3 Raman spectra of (a) np-AgMSs, (b) solid GSH, (c) np-AgMSs with GSH, (d) 

np-AgMSs with R6G and (e) np-AgMSs with R6G in the presence of 10-3 M 
GSH. 
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Figure 4.4 Optimization of incubation times for (a) 10-5 M R6G with np-AgMSs and (b) 
10-5 M GSH with R6G-np-AgMSs.  

 
4.1.3.2 Quantitative Detection of GSH 

The decrease in SERS signal was strongly related to the amount of GSH 
in the solution. A calibration curve was plotted between the logarithm of GSH 
concentration and the normalized SERS signal.  

To construct a calibration curve, various concentrations of GSH in the 
range of 10-8-10-3 M were prepared and measured for SERS signal. Results showed that 
the replacement of R6G with GSH causing the decrease in SERS signal which was easily 
observed at the wavenumber of 1,365 cm-1, as shown in Fig. 4.5. Moreover, the 
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decrease in SERS signal corresponded to the amount of GSH in the sample. The 
calibration curve is shown in Fig. 4.6. A linear range was found to be in the range of 
10-8-10-3 M with a correlation coefficient (R2) of 0.9760. The lowest concentration of 
the calibration curve was found to be 10-8 M. 

 

 

Figure 4.5 SERS spectra of 10-6 M R6G (a) with the presence of GSH in the 
concentration range of 10-8-10-3 M (b-g). An SERS marker band for further 
quantitative analysis of GSH was at 1,365 cm-1.  
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Figure 4.6 A calibration curve of glutathione in the concentration range of 10-3-10-8 
M with R2 = 0.9760. 

 
4.1.4 Reusability of np-AgMSs 

The microfluidic device with embedded np-AgMSs allowed the solution flow 
through several times without damaging the particles. To reuse the np-AgMSs, the 
surface of the particles was clean up using a strong reducing agent. The process was 
also called chemical regeneration. In this work, NaBH4 was chosen as a reducing agent 
to clean the particle surface. After the measurement of GSH, 1 mL of 1 M NaBH4 was 
pumped into the microchannel at a flow rate of 10 µL min-1, followed with Milli Q 
water to clean NaBH4 and organic residues from the particle surface. After the cleansing 
step, SERS signal of the re-used np-AgMSs was recorded. Results showed a flat baseline 
with no SERS signal, which indicated that the surface of np-AgMSs was clean, as shown 
in Fig. 4.7 (cycle 1), and was be able to reuse. Then the cleaned np-AgMSs were re-
used to perform the experiment all over again for two more cycles. Results showed 
good reproducibility of SERS signal after the particles being reused for 3 times. The 
results indicated that the np-AgMSs could be regenerated up to 3 cycles of experiment 
without significant change of SERS signal. According to the reusability of the np-AgMSs, 
the same microfluidic device could be used several times without preparing new 
devices which provided advantages of cost-saving and reduction in waste and time.  
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Figure 4.7 Raman spectra of R6G-np-AgMs, R6G-np-AgMs in the presence of 10-5 M 
GSH and NaBH4 before (cycle 1) and after the regeneration process (cycles 
2 and 3) using NaBH4. 

 
4.2 Part II Synthesis of np-AgMSs using microfluidic system 

4.2.1 On-chip Synthesis of AgCl Sacrificial Templates 

The synthesis of np-AgMSs in this work used Cl- induced precipitation of 
Ag(NH3)2+ to create AgCl templates [55]. Then, the AgCl precipitates were chemically 
reduced using a reducing agent to form np-AgMSs. This method is considered as a 
template method. The synthesis of AgCl templates started with the formation of a 
Ag(NH3)2+ complex. The solution of 1 mL, 0.05 M AgNO3 and 1 ml, 0.15 M NH4OH were 
pre-mixed off-chip. NH4OH was used as a shape controlling agent. The concentration 
of NH4OH was used in excess compared to the concentration of AgNO3 in order to 
make sure that there was excess NH4OH left in the solution. Regarding to high complex 
formation constant (Kf) of Ag+ and NH3, complexation between Ag+ and NH3 could 
occur easily, as shown in Equation 4.1 [55]. 
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Ag+ (aq) + 2NH3 (aq)  [Ag(NH3)2]+ 
(aq); Kf = 1.6 × 107  (4.1) 

AgCl (s)  Ag+ (aq) +Cl- (aq);Ksp = 1.77 × 10-10        (4.2) 

AgCl (s)  + 2NH3 (aq)  [Ag(NH3)2]+ 
(aq) +Cl- (aq) ;K = Kf × Ksp= 2.83×10-3  (4.3) 

 

A flow-focusing microfluidic device composed of 3 inlets for fluidic access and 
1 outlet was chosen for the synthesis of np-AgMSs. Flow-focusing configuration 
composed of two side flows and one central flow. This design could reduce the 
diffusion distance between two reactants from the side flows and central flow, causing 
rapid mixing within a microfluidic channel [76].   

The Ag(NH3)2+ complex solution was loaded into 1 ml syringe and pumped into 
the middle inlet of the flow-focusing microchannel. The other reactant which was 0.2 
M NaCl was loaded into 2 sets of 1 mL syringes and pumped into the side inlets of the 
microchannel. The Cl- and Ag(NH3)2+ solutions were rapidly mixed and AgCl was 
generated simultaneously in the middle of microchannel. The size of the precipitated 
AgCl was big enough to be easily observed under a normal microscope, as shown in 
Fig. 4.8(b). Although AgCl is sparingly soluble in water (Ksp = 1.77 × 10-10), as shown in 
Equation 4.2, in NH4OH solution it can form water soluble [Ag(NH3)2]+ Cl-(aq) complex 
[77], as shown in Equation 4.3. Therefore, to induce precipitation of AgCl, relatively 
high concentration of Cl- was required. 

 Due to hydrophobic property of unmodified PDMS surface, surface fouling of 
molecules could be observed on PDMS surface [78]. According to this phenomenon, 
AgCl seeds, which are hydrophobic, were found to adsorb on the PDMS surface. 
Consequently, the nucleations were developed into seeds and grew into larger AgCl 
particles. The seeds grew into bigger particles which were easily to be observed under 
a microscope. The growth mechanism followed the LaMer’s model [79]. SEM was used 
to get more details of the AgCl particles. Results showed the symmetrical growth of 
the particles, which  suggested that the particles grew via the atom mediated growth 
pathway in which free atoms in the solution diffused to accumulate onto the specific 
area of the seed surface [50, 79].  
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Figure 4.8 a) Experimental steps of the synthesis of np-AgMSs. On-chip synthesis was 
performed using a flow-focusing microfluidic device composing of 3 inlets 
and 1 outlet (the channel dimensions were 300 µm wide and 100 µm 
deep). Images of AgCl microstructures synthesized within a microchannel 
were taken using (b) a microscope (c) SEM. 

 
4.2.2 Effect of Reactant Concentration on the Morphology of AgCl 

Microstructures 

Effects of reactant concentration on the structure of AgCl templates were 
previously reported by Gatemala and coworkers [47]. In high Cl- conditions, an AgCl 
octapod family was observed. On the other hand, in high NH4OH conditions, an AgCl 
hexapod family was observed. To study the effect of concentration in batch systems, 
new solutions have to be prepared either by diluting from stock solutions or freshly 
preparing. However, microfluidic systems offer a better way of changing reactant 
concentration by adjusting the flow rate of reactant itself. For a flow-focusing design, 
if the central flow rate is fixed and the flow rates of side inlets are equally increased, 
it can be assumed that the final concentration of the side flow reactant is increased 
proportionally to the increased flow rate. To study effects of reactant concentration, 
the experiments were divided into two groups for Cl- rich and NH4OH rich 
environments. 
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 4.2.2.1 Cl- Rich Environment. 

The first group of experiment was to investigate the effect of Cl- 

concentration on the structure of AgCl templates. The ratios of [Cl-]/[Ag+] and 
[NH4OH]/[Ag+] represented the amounts of Cl- and NH4OH in the system, respectively. 
The concentration ratio was taken into account to study the effect of reactant 
concentration because in every experiment, the total flow rate was altered when fixing 
the flow rate of one reactant and changing the other. The flow rate of Ag(NH3)2+ was 
fixed constant and the flow rates of Cl- were changed from 1 to 6 µL min-1, as shown 
in Table 4.1(Exp. 1-4). This resulted in the ratio of [Cl-]/[Ag+] being increased from 16 
to 32, 60 and 95 and the ratio of [NH4OH]/[Ag+] was kept constant at 3. Results obtained 
from the study of effect of Cl- were shown in Fig 4.9. The structure of AgCl obtained 
from the low [Cl-]/[Ag+] ratio of 16 was found to be cubic. When increasing the [Cl-

]/[Ag+] ratio to 32, 60 and 95, respectively, it was found that the AgCl structure was 
developed from cubic structure into tetrapods at high [Cl-]/[Ag+] ratios or high Cl- 
environment.  

To preserve the lowest total energy of the system, AgCl generally 
crystallizes into a cubic structure under thermodynamic control [50]. The crystal is 
enveloped by the lowest surface energy of {100} facets [47, 49, 80]. The growth on the 
corners of cubic seeds {111} and tetrahedron seeds {100} are preferable compared to 
the edge and face [48, 49]. However, as mentioned above that the AgCl seeds were 
adsorbed onto the PDMS surface, leading to the structure growth into 2-dimensional 
structure instead of 3-dimentional structure which normally occurs in typical batch 
synthesis [47]. Therefore, in Cl- rich environment, the cubic seeds grew via {111} faster 
than {100} and {110} [47]. Consequently, the cubic seeds grew into tetrapods. The 
growth mechanisms are shown in Fig. 4.10(a).  

4.2.2.2 NH4OH Rich Environment. 

The second group of experiments was to investigate the effect of 
Ag(NH3)2+ on the structure of AgCl templates, the side flow was fixed and the central 
flows were varied from 1 to 3 µL min-1, as shown in Table 4.1(Exp. 1, 5-6). In terms 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

57 

of concentration ratio, the ratio of [NH4OH]/[Ag+] was constant at 3 and the ratio of [Cl-

]/[Ag+] was decreased from 16 to 8 and 5, respectively. Results showed that when 
decreasing the [Cl-]/[Ag+] ratio, the AgCl structure was changed from cubic structure to 
tetrahedron, as shown in Fig. 4.9 (Exp. (1) to (5)) and was further developed into 
tripod, as shown in Fig. 4.9 (Exp. (5-6)).  

In NH4OH rich environment (Exp. (5-6)), it was previously reported that 
selective etching occurred on the {111} corners of cubic structure. Consequently, the 
corners of cubic seeds were dissolved at a higher rate compared to {110} and {100} 
[47]. This phenomena could lead to the structural change of AgCl templates from 
cubic in Cl- rich environment to tetrahedron in NH4OH rich environment. Moreover, the 
tetrahedral seeds were grown faster in {100} than {110} and {111} [47]. Consequently, 
the tetrahedral seeds were grown into tripods. The growth mechanisms are shown in 
Fig. 4.10(b).  

 

Figure 4.9 Microscope and SEM images of AgCl structures transforming from cubic 
(Exp. (1)) to tetrapod (Exp. (4)) when increasing the flow rate of Cl- and 
from tetrahedron (Exp. (5)) to tripod (Exp. (6)) when increasing the flow 
rate of Ag(NH3)2+. 
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Figure 4.10 The proposed AgCl growth mechanisms in (a) Cl- rich and (b) NH4OH rich 
environments, respectively. 

 

4.2.3 Effect of Flow Velocity on the Structure of AgCl 

To study the effect of flow velocity, the concentration of all reactants were 
kept constant. The experiments were divided into two parts in order to study effect of 
flow velocity under both high Cl- and high NH4OH environments. To ensure that the 
experiments were in Cl--rich and NH4OH-rich environments, the ininital concentrations 
of Cl- and NH4OH were increased to 0.2 M and 0.060 M, respectively. The flow ratio of 
the side flow and central flow was kept constant at 2:1 to maintain the concentration 
of both reactants. Total flow rate was increased from 3 to 6 and 9 µL min-1 which were 
equal to flow velocities of 0.17, 0.33 and 0.50 cm s-1, respectively. All experimental 
conditions are shown in Table 4.1 (Exp. (7-9) and Exp. (10-12) for high Cl- and high 
NH4OH environments, respectively. 

Results showed that for high Cl- environment, AgCl tetrapods were observed, 
as described above. On the other hand, for high NH4OH environment, AgCl tripods were 
observed. For high Cl- environment, when increasing the total flow velocity from 0.17 
to 0.33 and 0.50 cm s-1, the averaged AgCl particle size was decreased from 6 to 4 and 
2 µm respectively, as shown in Fig. 4.11 (Exp. (7-9)). Similar results of the relation 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

59 

between flow velocity and the obtained particle size could be observed for high 
NH4OH environment, as shown in Fig. 4.11 Exp. (10-12). 

As mentioned that the growth mechanism of AgCl in this work was the atom 
mediated growth [50, 79]. Free atoms in the solution diffused into specific location on 
the AgCl seeds and grew into bigger particles. Accordingly, at high flow velocities, the 
neucleation of AgCl occurred at a higher rate compared to low flow velocities [81]. 
Therefore, at high flow velocities, AgCl particles grew rapidly into smaller particles 
compared to the particles obtained at low flow velocities. The experimental results 
were in good agreement with the LaMer’s model [82]. Moreover, this phenomena 
could lead to an alternative approach to control particle size for the synthesis without 
preparing new reagents. By increasing the total flow velocity, a smaller particle size 
could be obtained. In vise versa, by decreasing the total flow velocity, a bigger particle 
size could be obtained. 

  

Figure 4.11 Microscopic images of AgCl microstructures synthesized under different 
total flow velocities. The size of particles was found to be decreased 
from 6 to 4 and 2 µm (for Exp. (7)-(9) and Exp. (10)-(12)) when increasing 
the total flow velocity from 0.17, 0.33 and 0.50 cm s-1, respectively. The 
AgCl microstructures were synthesized under Cl—-rich environment (Exp. 
(7)-(9)) and NH4OH-rich environment (Exp. (10)-(12)), respectively. 
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Table 4.1 Experimental conditions for the synthesis of AgCl microstructures. 

 
 

  

Exp. 

Flow rate (µL min-1)   

Final concentration 

(M)   Ratio 

central flow 

[Ag(NH3)2]+ 

side 

flow 

Cl-  

  Ag+ NH4OH Cl-   
[Cl-]

[Ag+]
 

[NH4OH]

[Ag+]
 

1 1 1   0.008 0.025 0.13   16 3 

2 1 2   0.005 0.015 0.16   32 3 

3 1 4   0.003 0.008 0.18   60 3 

4 1 6   0.002 0.006 0.19   95 3 

5 2 1   0.013 0.038 0.10   8 3 

6 3 1   0.015 0.045 0.08   5 3 

7 1 1   0.008 0.025 0.20   25 3 

8 2 2   0.008 0.025 0.20   25 3 

9 3 3   0.008 0.025 0.20   25 3 

10 1 1   0.008 0.060 0.13   17 8 

11 2 2   0.008 0.060 0.13   17 8 

12 3 3   0.008 0.060 0.13   17 8 
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4.2.4 On-chip Reduction of AgCl Templates. 

After the fabrication of AgCl templates using Cl- induced precipitation of 
Ag(NH3)2+. When changing reagent concentration, four different structures of AgCl, 
including cubic, tetrahedron, tripod and tetrapod, were observed. The next step of the 
synthesis was chemical reduction of AgCl templates into zero-valent Ag0. The key 
factor of this step was not only to create nanoporous of np-AgMSs but also to preserve 
the original AgCl structure. Although four different structures of AgCl templates were 
obtained, cubic was the simplest structure to observe the structural change in details. 
Therefore, cubic was chosen as a representative structure to observe the structural 
change which may have caused by the reducing agents. Three different reducing agents 
were chosen, including hydrazine (E0 = -0.230 V) [54], ascorbic acid (E0 = -0.066V)[83] 
and NaBH4. (E0 = -0.481 V) [54]. All three reducing agents have lower reduction potential 

(E0) compared to E0 of Ag+ → Ag0 in water (E0 = +0.79 V) [54]. Therefore, chemical 

reduction of Ag+ into Ag0 occurred simultaneously with ΔG0< 0 and ΔE0> 0 [84]. For 
hydrazine, which is in a gas phase, was considered as the slowest reducing agent 
compared to the other two reducing agents which are in solutions. Although hydrazine 
has the highest reduction potential, it took time to diffuse into the microchanel. On 
the other hand, ascorbic acid has a lower reduction potential compared to NaBH4. 
Therefore, ascorbic acid was considered as a moderate reducing agent and NaBH4 was 
considered as the fastest reducing agent among the three reducing agents.  

Results from microscope and SEM images showed that when using hydrazine 
as a reducing agent, the final structure of np-AgMSs after being reduced with hydrazine 
(Fig. 4.12(b)) could not retain the structure of AgCl templates (Fig. 4.12(a)). Only 
aggregated particles were observed. According to slow reduction rate, there was 
enough time for the crystals to re-crystallize in order to reduce the total energy of the 
system, which resulted in aggregated particles [43, 55]. From the result, it was 
concluded that hydrazine could not be used as a reducing agent because the structure 
of mother template could not be retained. On the other hand, from microscope and 
SEM images showed that the structure of final products retained the cubic structure 
after AgCl particles being reduced by ascorbic acid and NaBH4 as reducing agents (Fig. 
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4.12 (c-d)). When using ascorbic acid and NaBH4, the reduction was fast and the 
particles did not have time to recrystallize [43, 55]. Therefore, the structure of the AgCl 
templates was retained after the reduction. The transformation from AgCl to Ag0 was 
easily observed by the color change from white AgCl precipitate in Fig. 4.12(a) 
compared to the dark Ag0 (Fig. 4.12(c-d)) under a normal microscope. 

 

Figure 4.12 Microscope and SEM (the insets) images of AgCl microcrystals before 
reduction (a) and after reduction with (b) hydrazine, (c) ascorbic acid and 
(d) sodium borohydride, respectively. 

 
To confirm that the product after being reduced with ascorbic acid and NaBH4 

was Ag0, elemental analysis using SEM/EDS was performed. Results from SEM/EDS of 
AgCl templates before being reduced showed that the elemental composition of Ag:Cl 
was found to be 1:1 which confirmed that the component was 100% AgCl (Fig. 4.13(a)). 
After chemical reduction of AgCl templates, SEM/EDS showed that the percentage of 
Ag atoms was 99 % (Fig. 4.13(b)) which confirmed that the final products were np-
AgMSs. Similar results from SEM/EDS were observed when using NaBH4 as a reducing 
agent (Fig.4.13(c)). 
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Figure 4.13 Elemental mapping from SEM-EDS; (a) AgCl (b) AgCl reduced with NaBH4 

and (c) AgCl reduced with ascorbic acid. 

(a) 

(b) 
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The interconnected grain size of np-AgMSs obtained from ascorbic acid and 
NaBH4 was approximately 80 nm and 100 nm, respectively. From the literature review, 
the smaller the interconnected grain size should provide the better SERS signal [40]. 
According to the results, the obtained np-AgMSs which was reduced with NaBH4 should 
provide higher SERS signal due to smaller interconnected grain size compared to 
ascorbic acid. The distribution profiles of interconnected grain size of np-AgMSs are 
shown in Fig. 4.14 

 

Figure 4.14 Interconnected grain size distribution of np-AgMSs obtained from using 
different reducing agents including; ascorbic acid and sodium 
borohydride.  

  

4.2.5 SERS Property of np-AgMSs 

The fabricated np-AgMSs were tested for SERS properties using 10-6 M PATP. 
SERS spectra obtained from np-AgMSs with different reducing agents were shown in 
Fig. 4.15. Results showed that when using AgCl as a substrate, there was no SERS signal 
of PATP because AgCl does not have surface plasmon property Fig 4.12 (a). According 
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to aggregated Ag particles obtained from using hydrazine reducing agent, low SERS 
signal of PATP was observed (Fig. 4.15(b)). The interconnected grain size of np-AgMSs 
obtained from ascorbic acid and NaBH4 reducing agents were in the ranges of 47-143 
nm and 38-133 nm, respectively. According to the literature review, high sensitive SERS 
substrates should have the interconnected grain size in the range of 1-100 nm [20, 44]. 
The highest SERS signal was observed from np-AgMSs obtained from NaBH4. Chemical 
reduction between np-AgMSs and NaBH4 was occurred immediately, the np-AgMSs 
does not have enough time to rearrange or aggregate. Therefore, interconnected grain 
size obtained from using NaBH4 as a reducing agent was smaller and narrower 
distribution, as shown in Fig. 4.15. Therefore, NaBH4 was chosen as a reducing agent 
for further experiments.   

 

Figure 4.15 Raman spectra of PATP obtained when using the np-AgMSs as SERS 
substrates. The np-AgMSs were reduced by different reducing agents; (a) 
without a reducing agent, (b) hydrazine, (c) ascorbic acid and (d) sodium 
borohydride. 

 
To study effect of the structure of np-AgMSs on SERS property, four different 

AgCl structures, including cubic, tetrahedron, tripod and tetrapod were reduced using 
NaBH4. The obtained np-AgMSs with different structures (Fig. 4.16) were tested as SERS 
substrates for the determination of 10-6 M PATP. SERS spectra were collected and 
results showed that the multipod family (tripod and tetrapod) provided higher SERS 
signal than cubic and tetrahedron (Fig. 4.17). NaBH4 was reduced from edge to center 
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of AgCl particle. The distance travel from edge to center of AgCl multipod structure 
were shorter compare to the cubic and tetrahedron. Therefore, cubic and tetrahedron 
took longer reduction time causing an aggregated on the center of the particle during 
the reduction. On the other hand, multipod family took shorter time to finish the 
reduction processed. Consequently, multipod family provided smaller interconnected 
grain size (40-65 nm, Fig. 4.18(c-d)) and narrower distribution compared to the cubic 
and tetrahedron (35-130 nm, Fig. 4.18(a-b)). Moreover, the multipod family also 
provided interconnected microparticles which could help improving the sensitivity of 
Raman signal [44]. According to SERS performance, both tripod and tetrapod provided 
high sensitivity. However, the tetrapod structure was prepared in a milder synthesis 
condition (low NH4OH) compared to tripod which was synthesized in a high NH4OH 
condition. Therefore, the tetrapod np-AgMSs were chosen as high sensitivity SERS 
substrates to demonstrate on-chip determination of SCN-  in saliva using SERS.  
 

 

Figure 4.16 SEM images of np-AgMSs after being reduced by sodium borohydride; (a) 
cubic, (b) tetrahedron, (c) tetrapod and (d) tripod. 
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Figure 4.17 Raman spectra of PATP obtained from different structures of np-AgMSs; 
(a) cubic, (b) tetrahedron, (c) tripod and (d) tetrapod. 

 

 
Figure 4.18 Interconnected grain size distribution of different np-AgMSs structures, 

including (a) cubic, (b) tetrahedron, (c) tetrapod and (d) tetrapod which 
were obtained from sodium borohydride as a reducing agent.  
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4.2.6 Quantitative Determination of SCN-  in Human Saliva 

SCN- is a toxic compound which is commonly found in saliva of smokers [65].  
SCN-  is strongly bound to np-AgMSs surface through a sulfide bond (Ag-S) [85]. Raman 
technique not only provided high specificity through sulfide bond, but also provided 

fingerprinted spectra of -C≡N stretching mode of SCN-  at wavenumber 2,117 cm-1 [65]. 
Sample preparation process to separate analyte (SCN-) from matrix (saliva) was not 
necessary due to the specificity of the technique which is mentioned above. To 
develop an analytical method for on-chip SERS substrate for the determination of SCN-  
in saliva, the tetrapod np-AgMSs were chosen as SERS substrate. Tetrapod np-AgMSs 
were on-chip synthesized as described above. Reaction time between SCN-  and np-
AgMSs in the microchannel was studied in the range of 0 to 40 min using SCN-  
concentrations of 3, 10 and 18 µM. SERS signal at wavenumber of 2,117 cm-1 was 
collected. Results showed that SERS intensity was increased with the incubation time 
(Fig. 4.19) and the SERS intensity was constant after 30 min incubation time for all 
concentrations. Therefore, 30 min incubation was chosen.  

 

Figure 4.19 Effect of incubation time between SCN-  and np-AgMSs on SERS intensity 
at SCN-  concentrations of 3, 10 and 18 µM. 
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Analytical parameters, including a calibration curve, LOD and LOQ, were 
studied. A calibration curve was plotted to illustrate the relation between 
concentration of SCN-  and SERS intensity at the wavenumber of 2,117 cm-1. The plot 
(Fig. 4.20) showed a good linear relation between concentration of SCN-  and SERS 
signal. A Linear range was found to be 1 to 20 µM. LOD and LOQ were calculated from 
3 and 10 signal to noise ratios which were found to be 0.1 and 1.5 µM, respectively. 

 

Figure 4.20 Linearity (1 to 20µM) of the on-chip SERS method for quantitative 
determination of SCN-  and the SERS spectra obtained from 1 to 50 µM 
SCN-  are shown in the inset. 

 
Normally, the level of SCN-  in saliva found in non-smokers is in the range of 

0.5 to 2 mM. [86] For smokers, the SCN-  concentration level in saliva is higher and can 
be up to 6 mM. [86] According to the linear range, saliva samples can be diluted up to 
1,000 times. The dilution of sample not only reduced the viscosity of the sample but 
also minimized the interfering effect that could come up with sample matrix. Precision 
of the method in terms of reproducibility was also investigated. To study precision of 
the proposed method. The experiments were divided into two parts. For intraday 
precision, the experiments were performed using spiked technique. Standard SCN-  in 
the concentration of 4, 8 and 12 mM were added into artificial saliva. The detection of 
SCN-  were followed procedure in section 3.4.5. The experiments were duplicated 10 
times within the same day. Results showed that the calculated RSD percentage (%RSD) 
of the SERS signal was found to be less than 9% which was acceptable according to 
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the association of official agricultural chemists (AOAC) standard [87] (Fig. 4.21(a)). For 
interday precision, the experiments were conducted 3 days and 3 duplicates for each 
day. Results showed that %RSD of SERS signal was found to be less than 6 % which is 
also acceptable according to the AOAC standard [87] (Fig. 4.21(b)). 

 

Figure 4.21 (a) intraday precision and (b) interday precision of SERS signal for the 
determination of SCN-  in artificial saliva. 

 
In addition, accuracy of the proposed method was also investigated spiked 

matrix blank method was used. SCN-  at 3 different concentrations including 4, 8 and 
12 µM, representing low, medium and high concentration, were used to study the 
accuracy. Standard solution of SCN-  concentration of 4, 8 and 12 mM were prepared 
in artificial saliva. The spiked samples were 1,000-fold diluted before SERS 
measurements. SERS signals were obtained and converted into concentrations using 
the equation from the calibration plot. Results showed that recovery percentage 
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(%recovery) of all spiked SCN-  standards was found to be in the range of 90-110 %, as 
shown in Table 4.2. These indicated high accuracy and precision of the proposed 
method for the determination of SCN-  in saliva. 

Table 4.2 Quantitative determination of SCN-  in artificial saliva.  

Sample SCN-  (mM) 
%Recovery 

No. Added Founded ± SD 

1 

4 3.78 ± 0.32 94.50 

8 7.23 ± 1.03 90.38 

12 12.05 ±1.16 100.42 

2 

4 4.22 ± 0.39 105.50 

8 7.55 ± 0.33 94.38 

12 11.84 ± 0.63 98.67 

3 

4 4.41 ±  0.37 110.00 

8 7.57 ±  0.84 94.63 

12 11.46 ±  0.35 95.50 
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CHAPTER V 
CONCLUSIONS AND FUTURE WORK 

In this work, np-AgMSs were successfully used as on-chip SERS substrates. The 
np-AgMSs were both synthesized off-chip and on-chip. The synthesized particles were 
used as SERS substrates for the determination of SCN- in artificial saliva and GSH using 
Raman spectroscopy. 

For the determination of GSH, np-AgMSs were synthesized off-chip then 
embedded into the microfluidic channel. The reversed reporting method was used as 
an indirect approach for determination of GSH. R6G was used as a reversed reporting 
agent. SERS signal obtained from R6G-np-AgMs was proportionally decreased with the 
concentration of GSH. Analytical performance was studied and the results showed that 
Linear range was found to be 10-8-10-3 M with R2 = 0.9760. The lowest of calibration 
curve was found to be 10-8 M. Moreover, after the particles were washed with NaBH4, 
it was found that the particles were reused up to 3 cycles without significant change 
in SERS signal.   

For the determination of SCN-, np-AgMSs were synthesized on-chip using 
chloride induced precipitation of Ag(NH3)2+. A flow-focusing microfluidic device was 
used as a microreactor for the synthesis. The synthesis started with off-chip preparing 
a complex of Ag(NH3)2+. The solutions of Ag(NH3)2+ and NaCl were then pumped into 
the microfluidic device for the synthesis. By systematically adjusting the flow rates of 
Ag(NH3)2+ and NaCl, four different structures of AgCl were observed, including cubic, 
tetrahedron, tetrapod and tripod. After that, AgCl templates were reduced to form np-
AgMSs. Three reducing agents including hydrazine, sodium borohydride and NaBH4 

representing as a slow, moderate and fast reducing agent, respectively were used. 
Results showed that when using NaBH4 as a reducing agent, the narrowest distribution 
of interconnected particle grain size was obtained. Moreover, the structure of the 
mother AgCl template could be retained. The averaged particle size of the obtained 
np-AgMSs was in the range of 3-6 µM, which was easily focused under a microscope. 
Tetrapod np-AgMSs were chosen as SERS substrates for the determination of SCN- in 
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artificial saliva because the structure provideed the highest SERS signal. The incubation 
time between SCN- and the np-AgMSs in the microchannel was found to be 30 min. 
Linear range of the method for determination of SCN- was in the range of 1-20 µM with 
R2=0.9887. Calculated LOD and LOQ were found to be 0.1 and 1.5 µM, respectively. 
Accuracy in terms of %recovery of spiked SCN- standard was found to be in the range 
of 90-110%. Reproducibility of SERS signal for the determination of SCN- were achieved 
with %RSD less than 9% for both interday and intraday measurements.  

Compared with batch synthesis, on-chip synthesis using a microfluidic system 
was found to be easy manipulation of the particle structure and also concentration of 
reactant only by adjusting the input flow rates. The device was low cost production. 
In addition, the microfluidic approach allowed high-throughput synthesis and 
automation. The microfluidic systems coupled with np-AgMSs as SERS substrates were 
applied for analytical applications to detect GSH and SCN-. The developed system was 
found to be easy due to high specificity of Raman technique. A Raman spectrum 
provides a fingerprint that is unique to be specific for individual molecule. Therefore, 
sample preparation is not a requirement. Moreover, the results from analytical 
performance showed high accuracy and precision of the proposed method.  

The synthesized np-AgMSs not only can be used as on-chip SERS substrates, 
but also can be possibly used as on-chip catalysts. Embedded np-AgMSs in a 
microfluidic channel could be used as electrochemical sensors for analyte 
preconcentration or direct detection of an analyte of interest. Moreover, static np-
AgMSs could be applied for multi-step analysis because the particles are easily 
manipulated. Accordingly this research could be expanded into a board range of 
applications in future work.  
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