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ABSTRACT (ENGLISH) 
# # 5887782620 : MAJOR NANOSCIENCE AND TECHNOLOGY 
KEYWORD: Graphene oxide, Electrochemical sensor, Colorimetric sensor, Non-invasive, Sweat 

sensor 
 Nadtinan Promphet : Preparation of graphene nanocomposites for anticorrosion and 

sensors. Advisor: Dr. NADNUDDA RODTHONGKUM, Ph.D. Co-advisor: Prof. Dr. ORAWON 
CHAILAPAKUL, Ph.D. 

  
This dissertation focused on the development of graphene (GO) nanocomposite coating to 

improve various substrate properties for the sensor application, which is divided into 2 main parts. The 
first part is the development of GO incorporated into electroless nickel phosphorus (NiP) coating to 
improve the properties of metal for electrochemical sensor application. Nickel phosphorus – titanium 
dioxide sol  – reduced graphene oxide (NiP-TiO2 sol -RGO) coated surface was successfully prepared 
by one-pot electroless deposition on the steel substrate. The results show that the homogeneously 
formation of water-repellent RGO film covering on the coated surface leading to improve the 
corrosion resistance and high electrical conductivity of NiP-TiO2-RGO coated steel. The second part is 
the development of GO nanocomposite coated textile substrates to enhance the analytical 
performances of non-invasive colorimetric sensor. GO nanocomposite was incorporated on textile 
substrates including fabric and thread by coating and padding.  The cotton fabric based sensor was 
successfully fabricated for sweat pH and lactate detection and it can directly apply onto the human 
skin for the simultaneous detection of pH and lactate during the physical exercise. The pH indicator 
gradually changed from red to blue as the pH increased, whereas the intensity of the purple color 
increased with the concentration of lactate in the sweat which can indicate the sweat pH in a range of 
1-14 and the lactate level of 0-25 mM. As for the textiles, thread has been developed for non-invasive 
glucose and urea sensor. Thread is a promising microfluidic device for biosensor due to low volume of 
reagent and sample, fast reaction time and high sensitivity. This sensor can be used to identify the 
cut-off level of glucose (0.3 mM) and urea (65 mM) in human sweat. This sensor might be 
incorporated into clothes and accessories for the real-time and continuous monitoring of sweat 
biomarkers. This platform opens a new approach for non-invasive diagnosis in healthcare and it will be 
integrated with clothes and apparels for the users in the near future. 

 Field of Study: Nanoscience and Technology Student's Signature ............................... 
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CHAPTER I 
INTRODUCTION 

1.1 Introduction  
Recently, graphene (G) and its derivatives, such as graphene oxide (GO) or 

reduced graphene oxide (RGO) have become the materials of interest to improve the 
analytical performances of bio/chemical sensors due to their unique properties, such 
as high electrical conductivity, high mechanical strength and large specific surface 
area [1, 2]. This dissertation focuses on the use of G and its nanocomposite for the 
development of bio/ chemical sensor (i.e. electrochemical and colorimetric sensor).  

Electrochemical sensor is a versatile analytical device used for the detection 
of chemical and biological targets in a wide range of applications, such as food 
inspection, environmental monitoring and clinical diagnosis owing to its simplicity, 
rapid response, portability and inexpensiveness [3, 4]. The most important part of 
electrochemical sensor is a working electrode (sensing electrode), which reacts with 
the target analytes and then transfers the current and generates the detectable 
electrical signal. The working electrode is required to be high electrical conductivity, 
high stability and high corrosion resistance. Thus, design and selection of the suitable 
working electrode material is crucial since it mainly controls the overall performance 
of the electrochemical sensor.  

Electroless nickel–phosphorus (NiP) coating is a well-known surface coating 
technique that has been used in various applications due to the high corrosion 
resistance of the coating. To further improve NiP coating properties, the incorporation 
of nanomaterials within NiP coating becomes an attractive approach [5, 6]. Recently, 
G has become the material of interest to integrate with NiP coating Nonetheless, the 
direct dispersion of pure G into electroless NiP solution is still an important 
challenge, TiO2 sol is selected to use for improvement of the homogeneity of the 
solution.  

Therefore, the first part of this dissertation presents the development of GO 
incorporated into electroless NiP coating to improve the properties of metal 
substrate for electrochemical sensor application.  
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Recently, the non-invasive diagnosis has received a great attention for health 
monitoring application, because it can reduce the painful and risk factors from 
invasive diagnosis. In addition, non-invasive can be designed in the miniaturization for 
the comfortable wearable real-time and continuous monitoring. Textile based non-
invasive chemical sensor has gained much attention due to the low-cost, lightweight 
and flexibility. Moreover, textile based sensor can be easily incorporated with clothes 
and accessories which can be used to develop wearable sensors. Cotton is 
outstanding textile substrate due to its natural fiber, high breathability, comfortability, 
and high absorbency. Two types of textiles including fabric and thread are interesting 
as a textile based sensor substrates. Thread can be fabricated the microfluidic device 
by the gap between fibers that generate thread capillary channel to make fluids flow 
through the thread. 

Colorimetric sensor is an interesting analytical technique for self-monitoring 
because it is easy, inexpensive and the color change can read the signal by the 
naked eyes; however, the colorimetric sensors are less sensitivity and not easy to 
distinguish with the naked eyes. Therefore, nanomaterials have been used to 
improve qualitative measurement by eye. The second part of this research presents 
the development of GO nanocomposite on textile substrates to enhance the sensor 
performance for non-invasive colorimetric sensor. 

Finally, this sensor is applied to detect the target analytes (i.e. pH, lactate, 
glucose and urea) in sweat sample. Sweat is known to be one type of biofluids 
comprising not only water but also electrolytes, metabolites, small molecules and 
proteins. These molecules in sweat contain valuable biological information about 
human health and they can be easily collected for the analyses by using non-
invasive technique. Therefore, sweat is an attractive biofluids used for monitoring of 
personal’s health.   
1.2 Objectives  

1) To prepare G and its derivatives nanocomposite coated metal and textile 
substrates for improvement of their physical and chemical properties.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 
 

 
 

2) To apply these coated steel and textile substrates as the working 
electrodes in electrochemical sensors and non-invasive colorimetric sensor for 
targeted analyte detection. 
1.3 Scope of research 

This study will focus on the development of GO nanocomposites coated 
steel and textile substrates to improve their physical and chemical properties. Then, 
these GO nanocomposites coated steels and textile substrates will be used as the 
working electrodes in electrochemical sensors and non-invasive colorimetric sensor, 
respectively. 

 

Figure 1.1 Schematic overview of this dissertation.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 
THEORY AND LITERATURE SURVEY 

2.1 Graphene and its derivatives 
Graphene (G) is a two-dimensional single atom thick of sp2-hybridized carbon 

material configured in a hexagonal (honeycomb-like) structure. G has become an 
interesting material for various applications such biomedical, environmental and food 
control applications [7]. 

G and its derivatives (e.g. graphene oxide (GO), reduce graphene oxide (RGO), 
nitrogen dope graphene) are the promising materials used in analytical chemistry, 
especially for the sensor applications due to its unique properties such as high 
surface area, excellent electrical conductivity, optical, thermal, catalytic properties 
[3]. These outstanding properties of G and its derivatives significantly improve the 
chemical sensor performances. Among all G derivatives, GO and RGO are the most 

interesting material due to the presence of aromatic ring, free − electron, and 
reactive functional group in their structure [7]. Therefore, the used of RGO and GO for 
sensor development including electrochemical and colorimetric sensors are focused 
in this dissertation. 

2.1.1 Graphene oxide  
Graphene oxide (GO) is an oxidizing form of graphene which is an abundance 

oxygen functional groups (i.e. hydroxyl (OH), epoxy (C-O-C), carbonyl (C=O) and 
carboxyl (COOH) species) in its structure [8]. Therefore, GO is a water soluble with 
hydrophilic surface functionalities.   

2.1.2  Reduce graphene oxide  
Reduce graphene oxide (RGO) is a G derivative which is transformation of GO 

to G by reduction process. The main reduction process that used to convert GO to G 
are the thermal, chemical and electrochemical processes [9]. In the reduction 
process, the oxygen function in GO are eliminated to from RGO. 
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Figure 2.1 Schematic of GO and RGO formation from G (or graphite) [9].  

2.2 Bio/Chemical sensors 
The definition of bio/chemical sensors is given by The International Union of 

Pure and Applied Chemistry as “a device that transforms chemical information, 
ranging from the concentration of a specific sample component to total composition 
analysis, into an analytically useful signal” [10]. Generally, the chemical sensor 
consists of two basic functional units: a recognition receptor and a transducer part. 
The receptor transforms the chemical information into a form of energy which 
measures by the transducer, and then it was transformed into a useful analytical 
signal. If the receptor part of chemical sensors attaches with biological component 
(e.g. enzyme, antibody, DNA etc.), it is known as a biosensor. The important 
component of bio/chemical sensor is showed in Figure 2.2. Chemical sensor may be 
classified according to their transducer including optical device, electrochemical 
device, mass sensitive device, magnetic device, and thermometric device [11, 12]. 
Many types of chemical sensor are available, nonetheless, only electrochemical and 
colorimetric sensor are focused in this dissertation. 

 

Figure 2.2 Schematic representation of the important component of the chemical 
sensor. 
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2.3 Electrochemical sensor 
Electrochemical detection is a sensitive analytical technique providing both 

qualitative and quantitative information. The electrochemical sensor offers wide 
applications in the detection of chemical and biological targets at the electrode-
electrolyte interfaces. This technique is based on oxidation and reduction process of 
the electroactive species.  In general, an electrochemical sensor consists of three-
electrode system including working electrode (WE), counter electrode (CE), and 
reference electrode (RE) immersing in an electrolyte solution as shown in Figure 2.3. 
This sensor measures the produced electrical signal that is proportional to the 
analyte concentration. In the detection, working electrode is the most important part 
because the reaction of interest takes place at this electrode surface. Thus, the 
electrode should possess high electrical conductivity since the high conductivity of 
electrode allows for the high electron transfer and thus high sensor sensitivity. Also, 
the high corrosion resistance of the electrode offers a high stability during storage 
and allows for severe working conditions. Hence, design of the suitable electrode 
material is very important for enhancing of the sensor performances.  

 

Figure 2.3 Schematic diagram of the electrochemical cell. 

2.3.1 Electrode surface modification 
Electroless plating is a well-known surface coating technique which is a 

chemical deposition of metal that has been used for various applications. Electroless 
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nickel-phosphorus (NiP) coating is an autocatalytic deposition of NiP alloy onto the 
substrate by controlled chemical reduction without applying of the electric current 
[6, 13]. Electroless NiP coating has been widely used to improve the surface 
properties of materials, such as corrosion resistance mechanical property and wear 
resistance of metallic substrates [13-15]. The incorporation of nanomaterials into 
conventional NiP coating has been developed as the functional surfaces.  

Recently, NiP incorporated with titanium dioxide (TiO2) coated steel surfaces 
as working electrodes in electrochemical sensors have been reported. 

 TiO2 is a promising nanomaterial for incorporation with NiP due to its own 
outstanding properties including hardness, corrosion resistance [16-18], wear 
resistance [18, 19], antimicrobial activity [20], photocatalytic property [21]. However, 
the self-agglomeration is a crucial problem of nanomaterial fabrication including TiO2, 
leading to poor dispersion and low homogeneity of the coating. To solve this 
problem, preparation of TiO2 by using sol-gel method can enhance the dispersion of 
TiO2 nanoparticles within NiP composite coating [22].  

Shibli, S. et al. [23] developed NiP incorperated with TiO2-supported nano 
ruthenium dioxide (RuO2) composite coating on mide steel by using electroless 
plating process. This coating was used as a working electrode in an electrochemical 
sensor of ethanol. This system exhibited a rapid response time and high sensitivity 
towards ethanol detection. 

Rattanawaleedirojn, P. et al. [5] prepared NiP incorperated with nano-TiO2 sol 
by electroless deposition. This NiP-TiO2 coated surface was applied for 
electrochemical sensor of sorbitol.  The incorporation of TiO2 into composite 
improved the electrocatalytic activity of NiP. To further improve the electrocatalytic 
oxidation of sorbitol, 2 layers of NiP/NiP-TiO2 coating was applied as a working 
electrode. Figure 2.4 showed SEM images of this coating electrode including 1 layer 
of NiP-TiO2 (Figure 2.4a) and 2 layers of NiP/NiP-TiO2 (Figure 2b). The result of sorbitol 
detection showed that the 2 layers of composite coating improved electrochemical 
sensitivity compared with 1 layer of NiP-TiO2 sol coating (Figure 2.4c).  
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Figure 2.4  The cross-section SEM images of 1 layer of NiP coating (a) and 2 layers 
of NiP/NiP-TiO2 coating (b) and linear sweep voltammograms of 1 layer NiP-TiO2 
electrode (gray line) and 2 layers NiP/NiP-TiO2 electrode (black line) (c) [5]. 

Considering about the material properties, high corrosion resistance and high 
electrical conductivity are the two important factors required for various applications, 
especially for a working electrode for an electrochemical sensor. Thus, development 
of composite coating material providing such properties will be focused in this work. 
G has become a promising material for coating applications owing to its outstanding 
properties, such as high mechanical property, good barrier property and high 
electrical conductivity [1]. Several G based composite coatings that used to improve 
electrical conductivity and corrosion resistance have been previously reported.  

Chang, K.-C., et al. [24] developed epoxy/G composite coating by using 
nanocasting technique. The dispersion of G layers in the composite acts as the barrier 
to protect gas permeation leading to improved corrosion resistance of this coating.  

Liu, X.-W. et al. [25] synthesized metal-G hybrid materials via electroless 
deposition. The metal nanoparticle such as Ag, Au, Pd, Pt and Cu have been 
synthesized on the G surface with the homogeneous size distribution. Among all, Pt-
G hybrid showed good electrocatalytic activity towards methanol oxidation. 

Nonetheless, G is not easily dispersed in the NiP electroless bath. Therefore, 
GO an is attractive material to use for coating application. Owing to the hydrophilic 
group in their structure that make GO easily dispersed in the NiP electroless solution. 
However, the presence of hydroxyl and carboxylic group in GO structure leads to 
reduce catalytic activity and electron transfer process [26, 27]. Therefore, this study 
focusses on reducing GO to RGO by chemical reduction using one-step NiP 
electroless plating.    
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In the application, this coated surface is might be used for the various 
applications which are required the good corrosion resistance and high electrical 
conductivity, especially for the electrochemical sensor application. 

In this dissertation, two electrochemical methods which are potentiodynamic 
polarization and cyclic voltammetry are used to study the electrochemical electrode 
properties. 

2.3.2 Potentiodynamic polarization  
Potentiodynamic polarization is electrochemical technique that used to study 

corrosion resistance behavior [28]. In the potentiodynamic measurement, the applied 
potential is increased with time while the current is constantly monitored. The 
information obtained from the plots of applied potential (Eappl) versus log current (log 
I) that are called Tafel plots (Figure 2.5) [29]. Generally, the highest corrosion 
resistance of coated steel surface was demonstrated with the highest value of 
corrosion potential (Ecorr) and the lowest value of corrosion current (Icorr), respectively. 

 

Figure 2.5 Schematic experimental potentiodynamic polarization curve  (solid 
curve) and Tafel plot for anodic and cathodic branches (dash curve) [30]. 
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2.3.3 Cyclic voltammetry  
Cyclic voltammetry (CV) is one of the most widely use electrochemical 

technique for electroanalytical study. This technique provides a useful information 
that are thermodynamic of redox process, the kinetic of heterogeneous electron 
transfer reaction and couple chemical reactions or adsorption process. This 
technique, the potential (V) is applied to the working electrode with the triangular 
potential waveform (Figure 2.6a). The result obtained from the plots of applied 
potential versus the current called cyclic voltammogram (Figure 2.6b) [31]. 

 

Figure 2.6 Triangular potential waveform (a) and cyclic voltammogram of a 
reversible redox process (b) [32]. 

2.4 Colorimetric sensor 
Colorimetric sensor is a subset of optical sensor that device based on change 

color when the device detected the target analyte of interest. The colorimetric 
sensor undergoes a color change that is detectable by a “naked eye” and, more 
precisely, by the spectrophotometer or colorimetric measurement. This sensor is 
widely used for medical diagnostic because of typically inexpensive and easy to 
assess. In the colorimetric detection, two general signal motifs are considered as (1) a 
change in intensity at a certain wavelength, thus watching a color appear or fade and 
(2) monitoring a change in the maximum absorption wavelength thus, watching a 
color change into a new color [33].   
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2.4.1 Enzyme based colorimetic sensor 
The enzymatic reaction based colorimetric sensor is used. The reaction 

occurs when the analyte react with the specific enzyme that produces hydrogen 
peroxide (H2O2). Then, the chromogenic agent are oxidized with H2O2 and peroxidase 
that result in the chromogenic agent change color (Figure 2.7). 

 

Figure 2.7 Schematic of the enzymatic reaction based colorimetric sensor.  

2.4.2 Non-invasive textile based colorimetric sensor  
Non-invasive analysis has received a great attention for health monitoring, 

because of the key advantages of non-invasive analysis that can reduced a painful 
and risk factors from invasive diagnostic process. In addition, non-invasive can be 
designed in the miniaturization for the comfortable wearable real-time and 
continuous monitoring. Several groups have developed wearable sensors devices 
based on non-invasive analysis with different design such as eyeglass [34], contact 
lenses [35, 36], wristband [37], mouthguard [1], glove [38], tattoo [39-41]. Those of 
non-invasive wearable sensors were directly contacted with human body, therefore 
the wearable sensor substrates shall be light weight, flexible, stretchable, 
comfortable and biocompatible. Various substrates including paper [42], textile [43-
45], synthetic polymer [40, 46, 47] have been used for non-invasive sensor 
fabrication. Among all, textile has gained much attention for colorimetric sensor due 
to its low-cost, light-weight, flexibility, and biocompatibility [48]. Moreover, the textile 
based electrode can be easily incorporated with cloth and accessories which can be 
used to develop wearable sensor. For wearable sensor in healthcare application, 
colorimetric sensors have advantages over other techniques (i.e. electrochemical 
sensor) as easy to used and inexpensive because the colorimetric sensor can read 
the signal by using a naked eye.  
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2.4.3 Sensor surface modification 
To improved sensitivity of textile based colorimetric sensor, GO 

nanocomposite is used.  For example, Figueredo et al. [49] prepared GO modified 
microfluidic paper based analytical device (µPADs) sensors for glucose colorimetric 
detection. This modified µPADs enhance the analytical performance of glucose 
determination. These colorimetric sensors are might be integrated with flexible/ 
stretchable substrates or clothes for wearable sensor application. 

2.4.3.1 Chitosan 
Recently, the incorporation of chitosan on the sensor surface as enzyme 

immobilization supporter in colorimetric sensors have been reported. 

Chitosan is poly [-(1-4)-2-amino-2-deoxy--D-glucopyranose] which is a 
cationic biopolymer obtained from deacetylation process of chitin. The presence of 
amine and hydroxyl functional groups in their structure that created the 
functionalization active site [50]. Moreover, chitosan exhibits biocompatible, 
biodegradable, non-toxic and low cost material [51].  

 

Figure 2.8 Chemical structure of chitin and chitosan [52].  

Gabriel et al. [53] fabricated the µPAD with chitosan for the determination of 
glucose and uric acid. The modification of chitosan on the paper surface improved 
the direct electron transfer between an enzyme and a reactive surface leading to 
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improve the color uniformity and intensity in the glucose and uric acid detection 
areas. Then, this research group continuously developed this chitosan modified 
paper based device platform for non-invasive tear glucose monitoring. This device 
showed high sensitivity and detectability with real sample [54].  

Ragavan et al. [50] developed the paper based colorimetric sensor by using 
chitosan modified paper surface for H2O2 detection. This work, chitosan mimicked 
peroxidase enzyme property to react the chromogenic agent and H2O2. The chitosan 
based colorimetric sensor showed a high sensitivity for H2O2 detection. 

Ezati et al. [55] prepared cellulose paper coated chitosan and incorporated 
alizarin pH indicator for minced beef spoilage monitoring. This cellulose-chitosan-pH 
indicator based sensor was attached on food packaging. This sensor can distinguish 
the quality of minced beef during storage.    

Xu et al. [56] fabricated a chitosan based pH and O2 dual sensor. This work, 
chitosan was used as a matrix for sensitive dye immobilization. This sensor showed 
good sensitivity for both pH and O2 detection. 

2.4.3.2 Hydrogels  
Hydrogel is the hydrophilic polymer with a three dimensional network 

structure that can absorb a large amount of water or biological fluids [51]. Hydrogel 
can be divided into chemical and physical gels based on the crosslinking method. 
Physical gels are formed by molecular self-assembly via ionic or hydrogen bonds 
while chemical gels are bond by covalent bonds [57]. In bio/chemical sensor 
application, hydrogels are a protection and coating function of sensor. For example, 
the hydrogel can be used as sensing element immobilization matrix that is a 
protection function of hydrogels. Moreover, hydrogel provide good environment to 
preserve an active and functional structure of enzyme and biomolecule [58]. The 
used of hydrogels in bio/ chemical sensing application have been reported. 

Nam et al. [59] developed colorimetric sensor by using Griess assay 
immobilized on a hydrogel modified glass fiber strips superimposed the for nitrite 
ions detection. This colorimetric hydrogel sensor showed a good sensitivity with the 
detection limit of 10 µM and rapid analysis within a few seconds. 
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Li et al. [60] prepared a label-free urease coupled colloidal crystal hydrogel 
biosensor by using a monolayer polystyrene array embedded into the urease-
modified hydrogel for the urea and urease inhibitor phenyl phosphorodiamidate 
(PPD) detection. The detection of urea and PPD can observed by naked eyes. The 
incorporation of hydrogel enhanced the reproducibility and selectivity of the system. 

Lim et al. [61] fabricated hydrogel based on poly(acrylic acid) (PAAc) polymer 
for hepatitis B core antigen (HBcAg) detection. This hydrogel sensor exhibited 
specificity of bio-interface towards HBcAg, low cost of operation, rapid and label-free 
detection.    

Zhang et al. [62] prepared GO/ chitosan nanocomposite hydrogel by water 
evaporation induced self-assembly and subsequent physical crosslink in alkaline 
solution. This GO/ chitosan hydrogel exhibited strong mechanical properties that act 
as the promising material for biomedical applications such as artificial muscle, tissue 
engineering, biosensor and wound dressing.  

2.4.3.3 pH indicator  
Methyl orange (MO) is an orange powder azo dye which contains azo group 

(two phenyl rings linked by a N=N double bond) in the structure. The color change at 
pH 3.1 (red) to pH 4.4 (yellow). Thus, at pH of 3.1 or lower the MO molecule is 
protonated and at pH higher than 4.4 the MO molecule is deprotonated as the 
sulfonate anion (Figure 2.9) [63, 64].  

 

Figure 2.9  Chemical structure of methyl orange [63].  
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Bromocresol green (BCG) is a sulfonephthalein dye with a green powder in 
acidic form. The color change at pH 3.8 (yellow) to pH 5.4 (blue-green). Therefore, at 
pH below 3.8, the BCG is protonated form which is yellow color while at pH above 
5.6 the BCG is deprotonated form which is blue-green color (Figure 2.10) [63, 64].  

 

Figure 2.10 Chemical structure of bromocresol green [63]. 

Phenol red is a red crystals sulfonephthalein dye. The color changing from 
yellow to red at pH range 6.8 to 8.2. And above pH 8.2, the color change into bright 
pink. The phenol red structure shows in Figure 2.11 [64].  

 

Figure 2.11 Chemical structure of phenol red [65]. 

Curto et al. [66] fabricated microfluidic based on ionic liquid polymer gels 
(ionogel) for sweat pH monitoring. The pH indicators including bromophenol blue, 
bromocresol green, bromocresol purple and bromothymol blue incorporated 
retained the pH indicator on the ionogels. This sweat pH colorimetric sensor can 
detect sweat pH by naked eyes. 

Soni et al. [67] developed non-invasive glucose sensor by using co-
immobilization of glucose oxidase and pH indictor on filter paper. This glucose 
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colorimetric sensor can detect the glucose in saliva sample by using smartphone. 
This glucose colorimetric sensor showed the good sensitivity. 
2.3 Non-invasive sweat biomarkers for bio/chemical sensor   

The body fluids such as tear, saliva, sweat, and skin interstitial fluid contain 
abundant health information because it is composed of small amounts of 
substances, such as electrolytes, metabolites, small molecule and protein which are 
the crucial biomarkers in human body fluids [11, 68]. Sweat is a transparent biological 
fluid with slightly acidic (pH range 4.0 – 6.8) produced by sweat gland (i.e. eccrine 
and apocrine) [69]. It is composed of water as the main content and  small amounts 
of substances, such as electrolytes (e.g. sodium, chloride, potassium, calcium), 
metabolites (e.g. lactate, creatinine, glucose, uric acid), small molecule (e.g. amino 
acid, cortisol), and protein (e.g. interleukins, tumor necrosis factor, neuropeptide) 
which are the crucial biomarkers in human sweat [11, 68]. The human sweat contain 
abundant health  information since the sweat biomarkers can reveal the health 
status, such as sodium, potassium, lactate, and calcium level in sweat , which are the 
important indicators of hydration status [70], cystic fibrosis (CF) [71, 72], physical 
stress and bone mineral loss [73], respectively. Therefore, human sweat is a suitable 
alternative biological fluid used for monitoring of person’s health status. In this 
dissertation, we focus on four analyte including pH, lactate, glucose and urea.  

2.3.1 Sweat pH  
Sweat pH is an important parameter to evaluate body condition as the 

increase of sweat pH can indicate the enhancement of human sweat rate. 
Furthermore, it has been reported that human sweat pH is directly related to an 
increase of sodium concentration and hence it can indicate dehydration status [74, 
75].  

2.3.2 Lactate 
Lactate is a biomarker used to evaluate performance as lactate is a direct 

product of anaerobic metabolism [76]. In the anaerobic process, stored glycogen in 
the muscles is consumed to produce energy and lactate via cellular metabolism [41, 
77]. The accumulation of lactate in the muscles causes soreness, pain and muscle 
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fatigue [77, 78]. Sweat lactate can also serve as a sensitive marker of tissue viability 
and may provide warning for pressure ischemia, reflecting the insufficient oxidative 
metabolism [79].  

2.3.3 Glucose  
Glucose is an important biomarker because it can reveal diabetes disease. 

Diabetes is one of the most non-communication chronic diseases in Thailand’s 
healthcare system [80]. In 2017, The international Diabetes Federation projects that 
the number of Thai people with diabetes in 2040 will increase to 8.2 million [80, 81]. 
Moreover, People with diabetes for a long term cause a risk of complications such as 
cardiovascular disease, blindness, kidney failure and lower limb amputation. Diabetes 
complications, especially kidney failure is responsible for huge dialysis cost [82, 83]. 
Therefore, urea monitoring that indicated the kidney disease is also important.  

2.3.4 Urea….….…. 
Urea is the product of nitrogen metabolism in human. Urea can provide the 

information of renal function and diagnosis of various kidney and liver disorder. The 
high concentration of urea can cause kidney failure [84, 85]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 
EXPERIMENTAL 

3.1 Chemicals and reagents 
3.1.1 Highly concentrated graphene oxide solution (Graphene Supermarket 

(New York, USA)) 
3.1.2 Titanium diisopropoxide bis(acetylacetonate) (TIAA; 75 wt% in 

isopropanol) (Sigma-Aldrich (Missouri, USA)) 
3.1.3 1, 3-propanediol (98 wt %) (ACROS organic (New Jersey, USA)) 
3.1.4 Lactic Acid (88 wt %) (Lobachemie (Mumbai, india)) 
3.1.5 Tri-sodium citrate dehydrate (Carlo Erba reagent (Milano, Italy)) 
3.1.6 Ammonium sulphate, nickel (II) sulphate (Carlo Erba reagent (Milano, 

Italy)) 
3.1.7 Sodium hypophosphite, absolute ethanol (Carlo Erba reagent (Milano, 

Italy)) 
3.1.8 Hydrochloric acid (Carlo Erba reagent (Milano, Italy)) 
3.1.9 Sodium hydroxide pellets, isopropanol (Ajax Finechem (New South 

Wales, Australia)) 
3.1.10 Thiourea (Ajax Finechem (New South Wales, Australia)) 
3.1.11 Scoured and bleached knitted cotton fabric (163 g/m2) (Sinsaenee 

Co.,Ltd (Bangkok, Thailand)) 
3.1.12 Screen-printed ink (expantex ink) (Chiyaboon brother group Co., Ltd 

(Bangkok, Thailand)) 
3.1.13 Candle wax (Somjai Co., Ltd (Bangkok, Thailand)) 
3.1.14 Chitosan from squid pen (DD = 85%, Mw 800,000) (Biolifeland 

(Bangkok, Thailand)) 
3.1.15 Sodium carboxymethylcellolose (NaCMC) (Mw 250,000) (Sigma-Aldrich 

(St. Louis, MO, USA)) 
3.1.16 Phosphate buffer saline (PBS) (Sigma-Aldrich (St. Louis, MO, USA))  
3.1.17 Bromocresol green (Sigma-Aldrich (St. Louis, MO, USA)) 
3.1.18 Methyl orange (Sigma-Aldrich (St. Louis, MO, USA)) 
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3.1.19 Cetyltrimethylammonium bromide (CTAB) (Sigma-Aldrich (St. Louis, 
MO, USA))  

3.1.20 Lactate oxidase (LOx) (from Aerococcus) (Sigma-Aldrich (St. Louis, MO, 
USA)) 

3.1.21 Horseradish peroxidase (HRP) (Sigma-Aldrich (St. Louis, MO, USA)) 
3.1.22 4-aminoantipyrin (4-AAP) (Sigma-Aldrich (St. Louis, MO, USA)) 
3.1.23 N-Ethyl-N-(2-hydroxy-3-sulfopropyl)-3-methylaniline, sodium salt, 

dihydrate (TOOS) (Sigma-Aldrich (St. Louis, MO, USA)).  
3.1.24 Aluminium chloride (AlCl3) was obtained from Ajax Finechem (New 

South Wales, Australia).  
3.1.25 Acetic acid (Carlo Erba reagent (Milano, Italy)) 
3.1.26 Citric acid (Carlo Erba reagent (Milano, Italy))  
Part II: GO nanocomposite coated textile substrate for colorimetric sensor 
3.1.27 Cotton thread (D·M·C®/BLANC) (Bangkok, Thailand) 
3.1.28 candle wax (Bangkok, Thailand)  
3.1.29 Glucose Oxidase from Aspergillus niger, Type II, ≥15,000 units/g solid 

(GOx) (Sigma-Aldrich (St. Louis, MO, USA)) 
3.1.30 Peroxidase from horseradish (HRP) (Sigma-Aldrich (St. Louis, MO, USA)) 
3.1.31 Phosphate buffered saline tablet (PBS) (Sigma-Aldrich (St. Louis, MO, 

USA)) 
3.1.32 D-(+)-Trehalose dihydrate (Sigma-Aldrich (St. Louis, MO, USA)) 
3.1.33 Potassium iodide (KI) (Sigma-Aldrich (St. Louis, MO, USA)) 
3.1.34 Urea (Sigma-Aldrich (St. Louis, MO, USA)) 
3.1.35 Urease from Canavalia ensiformis (Jack bean) (Sigma-Aldrich (St. Louis, 

MO, USA)) 
3.1.36 Phenol red (Sigma-Aldrich (St. Louis, MO, USA)) 
3.1.37 D-(+)-Glucose (99.5%) (Sigma-Aldrich (St. Louis, MO, USA)) 
3.1.38 Chitosan (medium molecular weight) (Sigma-Aldrich (St. Louis, MO, 

USA)) 
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3.2 Instrument and equipment  
3.2.1 JEM-2100 transmission electron microscope (TEM) (Japan Electron 

Optics Laboratory Co., Ltd, Japan) 
3.2.2 JSM-6400 field emission scanning electron microscope (Japan Electron 

Optics Laboratory Co., Ltd, Japan) 
3.2.3 200-k1 goniometer (Rame-hart Instrument, USA) using a static sessile 

drop method. 
3.2.4 The 4-point probe (2400-C Keithley Instruments, Inc. USA)  
3.2.5 µAUTOLAB Type III potentiostat (Metrohm Siam Company Ltd.)  
3.2.6 JSM-7610F field emission scanning electron microscope (FESEM) with 

energy dispersive spectroscopy capabilities (Japan Electron Optics 
Laboratory Co., Ltd, Japan) 

3.2.7 Fourier transform infrared spectroscopy (PerkinElmer Spectrum One 
LabX, USA)  

3.2.8 Portable spectrophotometer (Datacolor CHECK3, Datacolor, USA) 
3.2.9 Scanning electron microscope and energy dispersive X-ray 

spectrometer (SEM-EDS (JSM-IT500HR, Japan Electron Optics 
Laboratory Co., Ltd, Japan)).  

3.2.10 X-ray photoelectron spectroscopy (XPS (Axis ultra DLD, Kratos)).  
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Part I: GO nanocomposite coated metal substrate for electrochemical sensor 
3.3 Preparation of TiO2 sol and NiP-TiO2 sol-RGO coated steel surfaces 

 

Figure 3.1 Schematic illustration of the overall of TiO2 sol and NiP-TiO2 sol-RGO 
coated steel surfaces 

3.3.1 Synthesis of TiO2 sol 
The method used for preparation of TiO2 sol was previously described [86, 

87]. Initially, 0.025 mol of TIAA and 0.025 mol of 1,3 propanediol were mixed 

together and refluxed at 85 C for 60 min with continuous magnetic stirring. Then, 
the obtained solution was adjusted to a final volume of 25 mL by isopropanol. 
Finally, the obtained 1 M of TiO2 sol was kept as a stock solution.  

3.3.2 Preparation of electroless NiP-TiO2 sol-RGO plating bath 
Initially, TiO2 sol was added into deionized water and then sonicated at a 

room temperature of 30±2 C for 10 min. Then, TiO2 sol and GO solution were 
mixed together by an ultrasonicator for 30 min. The TiO2 sol-GO solution was used to 
prepare an electroless NiP solution. The preparation details of electroless Ni-P 
solution has been described in the previous report [87]. The electroless bath 
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composition is shown in Table 3.1. The complexing agent (lactic acid), ammonium 
sulphate, nickel sulphate, thiourea and sodium hypophosphite were sequentially 
added into TiO2 sol-GO solution. Then, pH of the NiP -TiO2 sol-GO solution was adjust 
to 6.5 using 10% sodium hydroxide solution and sonicated for 2 h prior to use. 

Table 3.1 Bath composition and electroless plating condition. 

Bath composition Electroless plating condition 
TiO2 sol 0, 1, 2, 4 g L-1 * 
GO  0, 0.1, 0.5, 1 g L-1 
Lactic acid 40.5 g L-1 
Ammonium sulphate (NH4)2SO4 30 g L-1 
Nickel (II) sulphate (NiSO4.6H2O) 39.5 g L-1 
Thiourea 0.8 ppm 
Sodium hypophosphite (NaH2PO2·H2O) 20 g L-1 
Plating time 15, 30, 45 min 
pH 6.5 

Bath temperature 80±2 C 
* The concentration of TiO2 sol in g L-1 calculated from a molecular weight of TiO2.  

3.3.3 Preparation of NiP-TiO2 sol-RGO coated steel by electroless plating  
The steel substrate (20 x 20 x 2 mm3) was mechanically polished by 1200-grit 

abrasive SiC paper, degreased with 10% NaOH solution at 60±2 C for 10 min and 
pickled in 14% HCl solution at a room temperature for 10 min and rinsed with 
deionized water. The as prepared steel substrate was immersed into electroless NiP-

TiO2 sol-RGO solution bath at a temperature of 80±2 C with continuous magnetic 
stirring. After the electroless deposition process, the NiP-TiO2 sol-RGO coated steel 
was thoroughly rinsed with deionized water and air dried. The obtained coated steel 
surfaces were kept in the desiccator at a room temperature prior to use. 

3.3.4 Electrochemical measurement 
All the electrochemical measurements were performed on a µAUTOLAB Type 

III potentiostat (Metrohm Siam Company Ltd.) controlled with General Purpose 
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Electrochemical System (GPES) software. A three electrode system consists of Pt wire 
as a counter electrode, Ag/AgCl as a reference electrode and a coated surface steels 
as a working electrode. The corrosion resistance of the coated steel was studied by 
potentiodynamic polarization (Tafel plot) measurement using 3.5 wt% NaCl solution 
with the scanning potential in a range of - 0.8 to + 0.5 V at a scan rate of 100 mV s-1.   
 
Part II: GO nanocomposite coated textile substrate for colorimetric sensor 
3.4 Preparation of textile colorimetric sensor  

As for this section, the colorimetric sensor was prepared with two types of 
textiles including fabric and thread.  

3.4.1 Fabrication of cotton fabric based colorimetric sensor for 
simultaneous sweat pH and lactate  
Figure 3.2 shows the design (Figure 3.2a) and the fabrication process (Figure 

3.2b) of sweat pH and lactate colorimetric sensor. 
3.4.1.1 Preparation of the chemical solution for each layer coating 
step 

Chitosan solution  
2% w/v chitosan was dissolved in 1% v/v acetic acid under the continuous 

magnetic stirring for overnight. Then, 5%w/w citric acid was added into the chitosan 
solution. 

Mixed indicator dye 
1%w/v Bromocresol green (BCG) and 1%w/v methyl orange (MO) were 

dissolved in 5%w/v ethanol and deionized water, respectively. Then, BCG and MO 
were mixed at 1:1 ratio under continuous stirring for 15 minutes and then 0.5% CTAB 
was added into the mixed indicator under continuous stirring for 15 minutes. The as-
prepared indicator-CTAB solution was used to dissolve 2.5%w/v NaCMC for overnight.  
Next, 5%w/w citric acid was added to NaCMC-CTAB-indicator solution. 

CMC solution  
2.5%w/v Sodium carboxymethyl cellulose (NaCMC) was dissolved in 

deionized water under continuous magnetic stirring for overnight. 
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Lactate colorimetric assay 
This lactate assay solution contains 1 mg mL-1 HRP, 50 mM 4-AAP, 10 mM 

TOOS and 50 unit mL-1 LOx. 
3.4.1.2 Fabrication process of cotton fabric based colorimetric sensor 

The chitosan solution was used to coat on the cotton substrate and padding 
by padding machine. The wet cotton fabric was dried at 100 ˚C for 180 sec and then 
was cured at 180 ˚C for 30 sec. The second layer, the detection area of the sweat pH 
sensor was fabricated via screen-printing. The mixture of two indicator dyes was 
screen-printed on the cotton substrate which was previously coated with chitosan. 
The substrate was cured at 170 ˚C for 150 sec. For the third layer, NaCMC was 
coated onto the NaCMC-CTAB-indicator/ chitosan coated cotton substrate. The 
substrate was immersed into AlCl3 to create a NaCMC hydrogel structure via chemical 
crosslinking.  After assembly of the three layers, the detection area for pH was 
soaked in deionized water 3 times to eliminate the excess of indicator dyes and 
dried at 100 ˚C for 300 sec.  A hydrophobic material was screen-printed onto the 
coated textile to separate channel between the pH and the lactate detection zones. 
To fabricate lactate detection area, 50 µL of lactate assay was spotted onto the 
coated cotton substrate 

  

Figure 3.2  Schematic illustration of a colorimetric sensor pattern design (a) and 
fabrication process of textile based colorimetric sensor for the simultaneous 
detection of sweat pH and lactate (b). 
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3.4.1.3 Standard color chart of sweat pH and lactate sensor 
To prepare standard calibration charts of pH and lactate, phosphate buffer 

saline (PBS) with varying pH values (pH 1 to pH 14) and lactate concentrations were 
prepared.  The standard solutions were dropped in the pH and the lactate detection 
areas and the color changes were captured using a camera. The color was quantified 
using a portable spectrophotometer and ImageJ software.  

The ImageJ software was used to make the standard calibration curve of 
lactate sensor. For this software, the image of color change was transfers into grey 
color (32-bit). Then, the 32-bit grey scale of the image was inverted. Since, the dark 
spot in grayscale give the lower value than bright spot. The calibration of these 
values will be a negative slope. Therefore, this image was inverted to get a positive 
slope. Then, the invert image was measured and obtained the mean color intensity 
value. Finally, the lactate calibration curve was obtained from the linear plot of 
concentration versus mean color intensity value.  

3.4.1.4 Simultaneous detection of sweat pH and lactate on 
volunteers 

Textile based sweat pH and lactate sensor was combined with plaster and 
directly patch onto the human skin before exercise. After that, the portable 
spectrometer was used to analyte the pH and lactate values of this textile sensor. 
Moreover, this sensor can be readily read by the naked eyes by comparing with the 
standard color chart.  

3.4.1.5  Testing of the color fade of cotton fabric based senor  
The color fade of textile based sensor was studied by soaking the as prepared 

sensor in PBS (pH 7.4) solution for 0, 30, and 60 minutes. The color fade of textile 
based sensor was observed and captured.  
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3.4.2 Fabrication of cotton thread based colorimetric sensor for sweat 
glucose and urea 

3.4.2.1 Preparation of cotton thread based colorimetric sensor for 
glucose and urea  

Figure 3.3 shows the sensor fabrication process. Firstly, GO was dispersed in 
1% w/v acetic acid by using an ultrasonicator for 30 min. The chitosan was dissolved 
in GO solution under continuous magnetic stirring. This solution was used to 
coatthread by soaking for 1 hr and air dried for 1 hr. Then, the coated thread was 
soaked in 1% NaOH for 1 hr and thoroughly rinsed with the deionized water and air 
dried [62].  

To prepare the detection area, two pieces of the coated threads were used 
and then the hydrophobic area was created at the end of the coated thread by wax 
dipping. The glucose and lactate detection zones were prepared individually on each 
piece of the coated thread. For glucose detection, 4 µL of mixed enzymatic solution 
(GOx: HRP; 120 : 30 unit mL-1 in 0.1 M PBS, pH 6) was spotted on the glucose 
detection zone of the coated thread and dried at the room temperature for 15 min. 
Then, the 4 µL of chromogenic substrate (0.6 M KI and 0.3 M trehalose in DI water) 
was spotted on the glucose detection zone and dried at the room temperature for 
15 min [88]. For urea detection, 4 µL of urease (33.75 mg mL-1 in 0.1 M PBS, pH 7.4) 
was spotted on the urea detection zone and dried at the room temperature for 15 
min. Then, 4 µL of phenol red (2 mg mL-1 in DI water) was spotted on the urea 
detection zone and dried at room temperature for 15 min [85]. Then, the glucose 
and urea were combined together to use for the simultaneous detection. 
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Figure 3.3 Schematic illustration of fabrication process of cotton thread based 
colorimetric sensor for the simultaneous detection of glucose and urea. 

3.4.2.2 Characterization of cotton thread based colorimetric sensor 
The surface morphology of thread based sensor was characterized by a 

scanning electron microscope and energy dispersive X-ray spectrometer (SEM-EDS 
(JSM-IT500HR, Japan Electron Optics Laboratory Co., Ltd, Japan)). The chemical 
modification of thread sensors was investigated by fourier transform infrared 
spectroscopy (FTIR (PerkinElmer Spectrum One LabX, USA)) was carried out in a range 
of 400-4000 cm-1 and X-ray photoelectron spectroscopy (XPS (Axis ultra DLD, Kratos)).  

3.4.3 Preparation of standard calibration of glucose and urea  
To prepare the standard calibration chart of glucose and urea, various 

concentration of glucose and urea were prepared in 0.1 M PBS. The standard 
solution was dropped in glucose and urea detection areas. The color change was 
captured by using a mobile phone camera with the macro lens. The standard 
calibration curve for semi-quantitative, the photo of color change was analyzed by 
an ImageJ software (National Institute of Health, USA) to measure mean grey color 
intensity. Then, the grey color intensity was plotted versus the analyte standard 
concentration. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 
RESULTS AND DISCUSSION 

Part I: GO nanocomposite coated metal substrate for electrochemical sensor 
4.1 Characterization of TiO2 nanoparticles synthesized by sol-gel method 

In this study, TiO2 nanoparticles were synthesized by sol-gel method as same 
as the previous study [87]. The morphology of TiO2 sol characterized by TEM is 
shown in Figure 4.1a. A TEM image demonstrates the uniform spherical shape of TiO2 

nanoparticle with the size distribution in a range of 70-180 nm and TiO2 nanoparticles 
show homogeneous dispersion without aggregation. An electron diffraction pattern of 
TiO2 nanoparticle is illustrated an amorphous diffraction pattern (Figure 4.1b) due to 
the organic branch in TiO2 sol structure. The characteristic peaks of TiO2 from TEM-
EDX analysis (Figure 4.1c) indicated the TiO2 nanoparticles was successfully prepared.  

 

Figure 4.1 TEM image (a), an electron diffraction pattern (b) and TEM-EDX spectra 
and of TiO2 sol solution.   

TiO2 sol was used incorporation with GO in nickel plating solution in a one-
pot electroless process. The NiP-TiO2 sol-GO solution shows the more homogenous 
dispersion compared with the NiP-GO solution. A TEM image of TiO2 sol-GO solution 
showed the intercalation of TiO2 sol in the GO layers (Figure 4.2a). This suggested 
that the TiO2 sol acts like a stabilizing agent to improve GO dispersion in NiP solution, 
leading to increase preparation reproducibility of surface coating. An electron 
diffraction pattern of TiO2 sol-GO solution (Figure 4.2b) showed a hexagonal pattern, 
a crystalline ordered characteristic of GO sheet [89]. The TEM-EDX analysis of TiO2 
sol-GO solution (Figure 4.2c) showed the characteristic peaks similar to the TiO2 sol.  
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Figure 4.2 TEM image (a), an electron diffraction pattern (b) and TEM-EDX spectra 
and of TiO2 sol-GO solution. 

In the electroless plating process, GO can be reduced by both chemical 
reduction and thermal reduction. It has been previously reported that sodium 
hypophosphite (NaH2PO2) is capable of reducing both Ni2+ and GO [6]. Furthermore, 
GO can be reduced by thermal reduction at the electroless plating bath temperature 
[90]. To confirm that GO is completely reduced to RGO, we can obviously notice the 
immiscible RGO sheets floated onto the surfaced of electroless plating solution after 
electroless process about 3 minutes (Figure 4.3) due to the hydrophilic property of 
GO turn to hydrophobic property of RGO.  

 

Figure 4.3 Photographs of NiP-TiO2 sol-GO solution before electroless plating (a) 
and NiP-TiO2 sol-RGO solution after finishing electroless plating process. 
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4.2 Optimization of NiP-TiO2 sol-RGO coated surface  
The NiP, NiP-TiO2 sol, NiP-TiO2 sol-GO solutions were used for electroless 

plating onto the steel surface. The important parameters controlling the coated 
surface properties including the amount of TiO2 sol, electroless plating time, amount 
of GO were investigated and optimized. In the preliminary study, the electrochemical 
measurement was used to evaluate the corrosion resistant and SEM was used to 
investigate the surface morphology of the nanocomposite coated surfaces. The 
photographs of coated surfaces obtained from electroless plating of NiP, NiP-TiO2 sol 
and NiP-TiO2 sol-GO solution were shown in Figure 4.4a-c. The results showed that 
both surfaces of NiP (Figure 4.4a) and NiP-TiO2 sol (Figure 4.4b) were bright and shiny, 
whereas the NiP-TiO2 sol-RGO coating (Figure 4.4c) showed black with non-shiny 
surface due to G coverage on the surface. However, in the experiment, the 
electroless plating of TiO2 sol-GO solution cannot be coated on the steel. This result 
revealed that NiP electroless plating play an important role in the TiO2 sol-GO co-
deposition onto steel surface.  

 

Figure 4.4 Photographs of NiP (a), NiP-TiO2 sol (b) and NiP-TiO2 sol-RGO (c) coated 
steel surfaces.  

4.2.1 Effect of TiO2
 sol concentration 

From the previous mention, TiO2 sol play an importance role on the GO 
dispersion. Therefore, an optimal proportion of TiO2 sol was studied as the first 
parameter. Amount of TiO2 sol was optimized from 0-4.0 g L-1 with GO 0.5 g L-1 and 
45 minutes of coating time. The result showed that the concentration of TiO2 sol at 
1.0 g L-1 was an optimal condition for electroless NiP plating. Due to the high 
uniformity and high homogeneity of the surface compared to the other 
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concentration of TiO2 sol (Figure 4.5). It has been previously reported that the 
interaction between TiO2 nanoparticles and GO sheet prevents the reaggregation of 
GO sheets [91]. Therefore, these results suggested that the intercalation of TiO2 sol in 
GO layers lead to enhance GO dispersion and prevent self-agglomeration of GO 
sheets.  

 

Figure 4.5 SEM images of NiP-TiO2 sol-RGO composite coated steel surfaces with 
different amount of loaded TiO2 sol ranging from 0 g L-1 (a), 1.0 g L-1 (b), 2.0 g L-1 (c) 
and 4.0 g L-1 (d).  

Moreover, the results obtained from potentiodynamic polarization 
measurements show that the concentration of TiO2 sol 1.0 g L-1 provide the passive 
layers to protect the surfaces from corrosion (Figure 4.6). The Ecorr and Icorr values 
from polarization curves are shown in Table 4.1. Therefore, 1.0 g L-1 of TiO2 sol 
loading was selected for the further experiments. 
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Figure 4.6 Potentiodynamic polarization curves of NiP-TiO2 sol-RGO coated steel 
surfaces with the different amount of TiO2 sol loaded in 3.5 wt% NaCl aqueous 
solution. 

Table 4.1 Corrosion characteristic of different surfaces obtained from 
potentiodynamic polarization curves of Figure 4.6.  

 
  

Surface Ecorr vs Ag/AgCl (V) icorr (µA cm -2) 

NiP-RGO -0.30 63.1 

NiP-RGO -TiO2 sol 1 g L-1 -0.26 16.5 

NiP-RGO -TiO2 sol 2 g L-1 -0.34 12.5 

NiP-RGO -TiO2 sol 4 g L-1 -0.4 26.3 
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4.2.2 Effect of electroless deposition time 
The electroless deposition time was investigated and optimized with GO 0.5 g 

L-1 and TiO2 sol 1.0 g L-1. The deposition time was varied from 15 to 45 minutes 
(Figure 4.7). NiP-TiO2 sol-RGO with plating duration for 15 minutes shows uniformity of 
RGO films with the intercalation of Ni nanoparticles onto RGO layer. When the 
deposition time was increased to 30 minutes, RGO films on the coated surface was 
increased and Ni was not observed in RGO layers. For 45 minutes of coating process, 
the NiP-TiO2 sol-RGO surface shows the large clusters of Ni without RGO films 
covering the surfaces.  

 

Figure 4.7 SEM images of NiP-TiO2 sol-RGO coated steel surfaces with different 
plating times: 15 min (a), 30 min (b) and 45 min (c). 

For the corrosion resistant testing by electrochemical measurements, the 
results show that 15 minutes of deposition time exhibits the highest corrosion 
resistance (Figure 4.8). The Ecorr and Icorr values from polarization curves are presented 
in Table 4.2. This suggested that the restacking of RGO at a too long time possibly 
interfere the NiP deposition process leading to a loose structure of NiP with larger 
nodules, resulting in the low corrosion resistance of coated surfaces. Thus, 15 
minutes of plating was chosen for the next experiments.  
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Figure 4.8 Potentiodynamic polarization curves of NiP-TiO2 sol-RGO composite 
coating with different plating time in 3.5 wt% NaCl aqueous solution. 

Table 4.2 Corrosion characteristics of different surfaces obtained from 
potentiodynamic polarization curves of Figure 4.8.  

 

  

Surface  Ecorr vs Ag/AgCl (V) icorr (µA cm -2) 

NiP-TiO2 sol RGO: 15 min -0.20 31.6 

NiP-TiO2 sol RGO: 30 min -0.34 63.0 

NiP-TiO2 sol RGO: 45 min -0.34 66.0 
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4.2.3 Effect of GO loading 
The NiP-TiO2 sol-RGO composite with different amount of GO loading in a 

range of 0-1.0 g L-1 was investigated and optimized as demonstrated in Figure 4.9a-c. 
The results show that RGO films increased when the amount of GO increases and 
fully covered with a uniformity on the surfaces at the concentration of GO 0.5 g L-1 
(Figure 4.9b.). Moreover, we observed that the Ni particle size was decreased into 
nanoscale when the GO concentration increased from 0.1 to 0.5 g L-1 due to the 
increasing of number of GO sheet nucleation sites and this phenomenon has been 
reported in the previous study [92]. As shown in Figure 4.9c, NiP-TiO2 sol-RGO 
composite using 1.0 g L-1 GO loading reveals the thick RGO films with random pores 
on the coated surface. Moreover, RGO sheets might slipped at too high GO 
concentration, leading to the less coating reproducibility.  

 

Figure 4.9 SEM images of NiP-TiO2 sol-RGO composite coating with different 
amount of GO loaded including GO 0 g L-1 (a), GO 0.5 g L-1 (b), GO 1.0 g L-1 (c). 

As for the corrosion behavior, the best corrosion protection of coated surface 
was demonstrated the highest and lowest value of corrosion potential (Ecorr) and 
corrosion current density (Icorr), respectively. The results show that Ecorr value of NiP-
TiO2 sol-RGO composite shifts to positive potential (Figure 4.10) and the Icorr value of 
NiP-TiO2 sol-RGO composites decreases when amount of GO increases from 0-0.5 g L-

1 (Table 4.3). From the results confirmed that the incorporation of RGO on surfaces 
can improve the corrosion resistance of coated surfaces. This suggested that, the 
RGO incorporated NiP-TiO2 sol matrices act as a barrier to protect the penetration of 
O2, H2O and harmful ions (i.e. H+, OH­, Cl-) [93-95]. However, the Icorr value of NiP-TiO2 
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sol-RGO composite increases and the Ecorr value of NiP-TiO2 sol-RGO composite 
slightly shifts to negative potential when the amount of GO more than 0.5 g L-1. This 
is probably caused by the pores of RGO films on the coated surface, leading to crack 
initiation and delamination of the deposited surface. Thus, NiP-TiO2 sol plating bath 
with 0.5 g L-1

 of GO was selected for the further studies. 

 

Figure 4.10  Potentiodynamic polarization curves of NiP-TiO2 sol-RGO composite 
coating with different amount GO of loaded in 3.5 wt% NaCl aqueous solution. 

Table 4.3 Corrosion characteristic of different surfaces obtained from 
potentiodynamic polarization curves of Figure 4.10.  

Surface  Ecorr vs Ag/AgCl (V) icorr (µA cm -2) 

NiP-TiO2 sol 1 g/L-GO 0.10 g L-1 -0.28 5.0 

NiP-TiO2 sol 1 g/L-GO 0.50 g L-1 -0.21 1.9 

NiP-TiO2 sol 1 g/L-GO 1.00 g L-1 -0.22 3.01 
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4.3 Characterization of NiP-TiO2 sol-RGO nanocomposite coated surface  
4.3.1 Surface morphology characterization  
After the all parameters of NiP-TiO2 sol-RGO coated surfaces were optimized. 

The optimal conditions including 1.0 g L-1 TiO2 sol, 0.5 g L-1 GO and 15 minutes of 
plating were used for electroless plating process. The morphology of NiP-TiO2 sol-
RGO nanocomposite coated surface was characterized by SEM. Figure 4.11 shows 
SEM images of NiP, NiP-TiO2 sol and NiP-TiO2 sol-RGO coated surfaces, respectively. 
The surface morphology of NiP exhibits a nodular structure with the small grain 
inside as shown in Figure 4.11a. From Figure 4.11b, the NiP-TiO2 sol surface 
morphology shows the smaller nodular and more homogeneous than NiP coated 
surface. The SEM image of NiP-TiO2 sol-RGO as Figure 4.11c reveals a uniformity and 
homogeneity of the coated surface. This is probably caused by the intercalation of 
TiO2 sol in GO layers acted like a stabilizing agent in the solution. Moreover, the Ni 
nanoparticles are well-dispersed and uniformly on RGO films and a typical wrinkle of 
RGO sheets on the coated surfaces can be clearly observed. From NiP-TiO2 sol-RGO 

surface morphology, the Ni nanoparticles could link RGO sheet via Ni-C σ bond, 
leading to multiple-layer structure (sandwich structure) formation [96]. In addition, 
Figure 4.11d showed a cross-sectional morphology of NiP-TiO2 sol-RGO coating, which 
showed the two step electroless deposition mechanism. Initially, NiP-TiO2 sol was 

deposited with high adhesion onto the steel surface as a bottom layer (2.8 µm), 

then NiP-TiO2 sol-RGO layer (21.3 µm) was deposited on top of NiP-TiO2 sol. In this 
layer, NiP-TiO2 sol was intercalated with RGO layers acting as an adhesive for RGO 
coating. Moreover, the existing of RGO on the coated surface is characterized by 
Raman spectrum. Figure 4.11e showed two characteristic peaks (G: 1580 cm-1 and D: 
1350 cm-1) The higher intensity ratio of D and G band (ID/IG) indicate the increased 
defects in GO structure caused by the elimination of oxygen functional group during 
the reduction process [97, 98]. 
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Figure 4.11 SEM images of NiP (a), NiP-TiO2 sol (b) and NiP-TiO2 sol-RGO (c) 
composite coated steel surfaces and a SEM image of  cross-section (d) and Raman 
spectrum of NiP-TiO2 sol-RGO coating (e). 

4.3.2 Surface wettability characterization  
Water contact angle (WCA) measurement is a well-known technique for 

surface characterization. Normally, the coated surfaces wettability considered by the 
contact angle between water and surface.  When water and surface interact with 

small contact angle (˂ 90˚), the surface is high wettability (hydrophilic). While large 

contact angle (˃ 90˚), indicating that the surface is low wettability (hydrophobic). In 
this work, the wettability of NiP-TiO2-RGO coated surface was evaluated and 
compared with NiP and NiP-TiO2 sol coated surface. The water drop images and 
contact angle results are illustrated in Figure 4.12. The NiP and NiP-TiO2 sol coated 
surfaces show a hydrophilic surface with a WCA value of 61.1±1.36˚ and 66.82±2.18˚, 
respectively. However, the NiP-TiO2 sol-RGO coating is a hydrophobic surface with a 
WCA value of 114.12±1.52˚ due to the incorporation and the fully covered of RGO 
on the coated surfaces. Since the water-repelling properties of NiP-TiO2 sol-RGO 
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hydrophobic surfaces lead to the protection of this coated surface from the water 
wettability and thus corrosion. 

 

Figure 4.12  The water drop images and contact angle results of the NiP, NiP-TiO2 sol 
and NiP-TiO2 sol-RGO coated surfaces, respectively. The error bars correspond to the 
standard deviation obtained from five measurements (n = 5).  

4.3.3 Corrosion resistance characterization  
To evaluate the corrosion resistance performance of NiP-TiO2 sol-RGO coated 

surfaces, the electrochemical measurement was used. The potentiodynamic 
polarization curves of NiP-TiO2 sol-RGO composite coating compared with steel, NiP 
and NiP-TiO2 sol are shown in Figure 4.13. The Ecorr and Icorr values from polarization 
curves are presented in Table 4.4. The results show that the Icorr of NiP-TiO2 sol-RGO 
(5.0 µA/cm2) coated surface is significantly lower than steel surface (39.8 µA/ cm2). 
However, the all coated surfaces; NiP, NiP-TiO2 sol, and NiP-TiO2 sol-RGO provide a 
comparable Icorr, indicating that the coated surfaces have a similar corrosion rate. As 
for the corrosion potential, Ecorr value of NiP-TiO2 sol-RGO coated surface shifts to a 
positive potential and exhibits the highest positive Ecorr compared to the NiP, NiP-TiO2 
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sol and steel surfaces. This suggested that the coverage of RGO films on surface act 
as a passive layer to decrease oxygen permeability and protect electron and ion 
transport between the surface and the electrolyte [99-101].  

 

Figure 4.13 Potentiodynamic polarization curves of NiP (a), NiP-TiO2 sol (b), and NiP-
TiO2 sol-RGO coated surfaces in 3.5 wt% NaCl aqueous solution. 

Table 4.4 Corrosion characteristic of coated surfaces obtained from potentiodynamic 
polarization curves of Figure 4.13. 

Surface  Ecorr vs Ag/AgCl (V) icorr (µA cm -2) 

Steel -0.54 39.8 

NiP -0.35 5.4 

NiP-TiO2 sol  -0.48 5.6 

NiP-TiO2 sol-RGO  -0.19 5.0 
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4.3.4 Electrical conductivity characterization   
For the electrical conductivity measurement, the coated surfaces were 

characterized by using a four point probe equipment. The relative electrical 
conductivity Cc/Cs was show the electrical conductivity enhancement, where Cc 
represents the measured electrical conductivity of the coated surface and Cs 
represents the measured electrical conductivity of steel [1]. Since the electrical 
resistivity of NiP increase when phosphorus contents increase [102], the relative 
conductivity of NiP is slightly lower than steel surface (Figure 4.14). The conductivity 
of NiP-TiO2 sol coated surface was significantly reduced compared to NiP. Because 
the semi-conductor property of TiO2 sol may hinder the electron mobility on the 
surface leading to low conductivity of NiP-TiO2 sol coated surfaces. On the other 
hand, the relative conductivity of NiP-TiO2 sol-RGO coated surface shows the highest 
electrical conductivity compared to NiP and NiP-TiO2 sol coated surfaces. This 
suggested that incorporation of RGO onto the coated surface leading to an 
improvement of the surface conductivity.  

 

Figure 4.14 Relative conductivity of the NiP, NiP-TiO2 sol and NiP-TiO2 sol-RGO 
coated surfaces, respectively. The error bars correspond to the standard deviation 
obtained from five measurements (n = 5).  
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4.3.5 Electrochemical sensor application  
This NiP-TiO2 sol-RGO coated steel surfaces was applied for non-enzymatic 

glucose detection by using cyclic voltammetry. Three difference electrodes are 
unmodified, NiP-TiO2 sol and NiP-TiO2 sol-RGO electrodes are shown in Figure 4.15. 
The current response of NiP-TiO2 sol-RGO electrode was higher than on an 
unmodified and NiP-TiO2 sol electrodes. This suggest that the NiP-TiO2 sol-RGO 
composite act as enzyme mimicking catalyst and facilitated electron transfer process 
in the system. 

 

Figure 4.15  Cyclic voltammograms of 1.5 mM glucose in 0.1 M NaOH using the 
unmodified, NiP-TiO2 sol and NiP-TiO2 sol-RGO electrodes. 
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Part II: GO nanocomposite coated textile substrate 
4.4 Cotton fabric based colorimetric sensor for simultaneous sweat pH and 
lactate…. 

4.4.1 Physical characterization of different layers of modified cotton  
The photographs showing the appearance of different layers of the modified 

cotton based sensors are shown in Figure 4.16, which include the unmodified cotton 
substrate (Figure 4.16a), chitosan/cotton substrate (Figure 4.16b), NaCMC-CTAB-
indicator dyes /chitosan /cotton substrate (Figure 4.16c), NaCMC hydrogel/CMC-CTAB-
indicator/chitosan/cotton substrate (Figure 4.16d) and NaCMC hydrogel/CMC-CTAB-
indicator/ chitosan/cotton substrate with the hydrophobic barrier (Figure 4.16e).  The 
cotton substrate shows the bright white color (Figure 4.16a) and when the chitosan is 
coated on the cotton, it became yellowish (Figure 4.16b). The chitosan film was 
coated as a first layer to serve as a the dye fixator due to the interaction between 
positively charged amino groups of chitosan and negatively charged groups of the 
indicator dyes [52, 103, 104]. The presence of CTAB as the cationic surfactant in the 
second layer showed the blue-green color (Figure 4.16c) and served the adsorption 
and indicator dye fixation on the textile substrate. NaCMC hydrogel was added to 
create a hydrogel network on the top of the sensor and it can be seen in yellow-
green color (Figure 4.16d). The hydrogel layer was used for enzyme entrapment and 
to provide long-term stability of the lactate oxidase and increased the amount of 
enzyme loading [105].  This hydrogel also used for the sweat absorption onto this 
sensor, and preconcentrated the analyte. The Figure 4.16e showed the hydrophobic 
barrier boundary between pH (yellow-green area) and lactate (white area) detection 
zone on the textile based colorimetric sensor.  
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Figure 4.16 Photographs of unmodified cotton substrate (a), chitosan/cotton 
substrate (b), NaCMC-CTAB-indicator dyes/chitosan/cotton substrate (c), NaCMC 
hydrogel/CMC-CTAB-indicator/chitosan/ cotton substrate (d) and NaCMC 
hydrogel/CMC-CTAB-indicator/ chitosan/cotton substrate with the hydrophobic 
barrier (e).  

The morphologies of cotton were characterized by FE-SEM. The surface 
morphology of cotton substrate showed a smooth fiber surface with an average 
diameter of 12.7±2.5 µm as shown in Figure 4.17a. For chitosan coated cotton 
substrate, Figure 4.17b shows the rougher surface and uniform thin film layer of 
chitosan on the substrate without aggregation on the fibers whereas the coated of 
NaCMC-CTAB-indicator dyes on the chitosan/cotton substrate observed the NaCMC-
CTAB-indicator dyes film with random aggregation on the cotton substrate as shown 
in Figure 4.17c, which is possibly caused by the negatively charged indicator dyes 
selectively bind to the oppositely charged group on the surface of the cotton fibers. 
The FE-SEM image of NaCMC hydrogel coated substrate (Figure 4.17d) reveals the 
thicker hydrogel films with the cracked surface on the coated substrate.  
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Figure 4.17 FE-SEM images of cotton (a), chitosan/cotton (b), NaCMC-CTAB-indicator 
dyes/ chitosan (c) and NaCMC hydrogel/ NaCMC-CTAB indicator dyes/ 
chitosan/cotton (d).  

4.4.2 Chemical characterization of the layers  
FT-IR spectroscopy was used to chemically characterize the different layers of 

modified cottons in a range of 400 – 4000 cm-1 as shown in Figure 4.18. The FT-IR 
spectrum of an unmodified cotton substrate shows  the characteristic peaks of 
cellulose, which is the main component of cotton at 3297, 2899 and 1640 cm-1 
corresponding to O-H bond, C-H bond and CH2 group [106]. The FT-IR spectrum of 
chitosan coated cotton  shows peaks at 3334 cm-1 related to N-H bond[104]. For the 
NaCMC-CTAB-indicator/ chitosan and NaCMC hydrogel/ NaCMC-CTAB-indicator/ 
chitosan coated textiles, the spectra were very similar to the chitosan coated cotton 
substrate. FT-IR spectra of all modified layers showed a similar peak to the cotton 
due to low quantity of each component presenting on the sensor surface.  
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Figure 4.18 FT-IR spectrum of the difference coated cotton layers. 

4.5 Sensor performance testing  
4.5.1 Standard color chart of textile based pH sensor 
As for the sweat pH detection, a mixed indicator dye containing methyl 

orange and bromocresol green was used to modify the detection zone which change 
in color over a pH range defined by their pKa values [66]. The response of color 
change of this cotton based sensor depends on the pH of the analyte solution 
shown in Figure 4.19a. The color change of pH based colorimetric sensor developed 
in this study can be clearly divided into 7 domains including pH 1, pH 2, pH 3-6, pH 
7, pH 8-10, pH 11-13 and pH 14 depending on the change of the slope of Figure 
4.19b. This textile based colorimetric sensor can distinguish the pH color change 
cover the typical pH range (4.0 – 7.0) of normal status of human sweat [69, 74, 75, 
107]. In term of application of this sweat pH sensor on human skin, the higher pH 
indicates the higher sweat rate and metabolism rate, which is the crucial information 
for evaluate the physiological conditions related to the performances of individual 
and more important for the athletes. 
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Figure 4.19 Standard color charts for textile based pH sensor (a) and L* a* b* color 
model of pH in 0.1 M PBS solution (b). * The value of L* represents brightness (+ = lighter, - 

= darker) while the a* and b* represent the distant along the red-green (+ = redder, - = greener) 

and blue-yellow (+ = yellower, - = bluer)  axis, respectively [108]. The error bars correspond 
to standard deviation obtained from five measurements (n=5). 

4.5.2 Standard colorimetric chart of textile based lactate sensor 
The intensity of color sensor visibly increases as a direct function of lactate 

concentration as shown in Figure 4.20. It should be noted that the lactate 
concentration in human sweat depends on the metabolism of the person and it 
varies to a maximal level at around 10 - 12 mM [45]. Thus, this sensor can potentially 
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be used to differentiate between the normal (< 12.5 mM) and the high (≥ 12.5 mM) 
lactate level in the human sweat, which is an important threshold value to indicate 
the cramp and muscle fatigue during the exercise.  

 

Figure 4.20 Standard color charts of textile based lactate sensor in the 
concentration range of 0, 0.5, 2.5, 12.5 and 25 mM (a) and the plot of lactate 
concentration versus the mean grey color intensity (b). The error bars correspond to 
standard deviation obtained from five measurements (n=5). 

4.5.3 On-body trial results from volunteers  
This textile based colorimetric sensor was applied for the simultaneous 

detection of sweat pH and lactate in human during exercise. This sensor was directly 
patched on the abdomen skin of the volunteers (n ≥ 3) before they went running. 
After 30 minutes, this textile sensor was collected, and the colors were compared 
with the standard color chart. The color of both detection areas including sweat pH 
and lactate obviously changed after the exercise (Figure 4.21). The color of sweat pH 
detection area of all volunteers was changed into green. The result indicating a 
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sweat pH value of all volunteers are approximately 8-10 compared with the standard 
pH chart (Figure 4.19a), it possibly caused by the higher sweat rate and metabolism 
rate. For lactate detection the intensity of color increased depending on the 
personal metabolism indicating the fitness of each individual person. The volunteer 1 
has a normal lactate level approximately 13 mM. While, the volunteer 2 and 3 has 
the highest lactate concentration approximately 60 and 64 mM, respectively (Figure 
4.21) compared with the standard chart of lactate (Figure 4.20a-b). These results 
suggest that after running for 30 minutes, the body status (i.e. metabolism, 
dehydration and sweat rate) of the volunteer 2 and 3 might has muscle fatigue due 
to the excess of lactate in the muscle. This textile based colorimetric sensor provide 
a real-time monitoring of sweat pH and lactate and it can be directly patched on the 
skin without irritation. Along with the unique properties of textile sensor, which is 
durable, breathable, comfortable and flexible, it might be a novel platform for 
evaluating the body performances of human during exercise, especially for the 
athletes.  

 

Figure 4.21 The textile based colorimetric of four volunteers after exercise for 30 
minutes.  
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4.5.4 Testing the color fade of textile based sensor  
This textile based sensor was fabricated for sweat pH and lactate detection in 

the sport applications. The color fade indicating the durability of sensor is the most 
important factor. For example, if the athlete has a high sweat rate, it will wash out 
the sensing element of this textile sensor during the exercise leading to the color 
fade and error in color readout signal. In this study, CTAB was added into the mixed 
indicator dyes as a sensing element of sweat pH. The results showed that the pH 
sensing element of the sensor without CTAB was washed out after 30 minutes 
whereas the pH sensing of the sensor with CTAB still exists onto the textile based 
colorimetric sensor after 60 minutes (Figure 4.22). This verifying that the adding of 
CTAB into the indicator dyes increased the dye adsorption on the textile substrate 
due to the interaction between cation of surfactant and anion of indicator dyes 
leading to the incorporation of indicator dye molecules into the micellar structures 
[109].  

 

Figure 4.22 Photographs of the textile based sensor with (B)/ without CTAB (A) that 
soaking in PBS (pH 7.4) solution for 0, 30, and 60 minutes. 

4.6 Thread based colorimetric sensor for simultaneous sweat glucose and 
urea 

In this work, we optimized this sensor system based on glucose detection 
because the cut-off level of glucose in sweat is lower than urea. Therefore, the key 
parameters including chitosan concentration, GO concentration, coating structure 
were optimized on glucose.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

51 
 

 
 

4.6.1 Optimization of thread based colorimetric sensor  
4.6.1.1 Effect of chitosan concentration 

Chitosan was chosen as an immobilized enzyme supporter in order to 
improve the color intensity for enzyme-based sensor. Figure 4.23 showed the 
photographs of thread based sensor at the glucose detection area with difference 
concentration of chitosan. The color intensity of glucose was increased when the 
chitosan concentration increases from 0 to 1 % w/v and the color intensity decrease 
afterwards. This is probably caused by the uniformity of chitosan film on the cotton 
thread surface. Thus, 1% w/v chitosan was chosen for all further experiments.  

 

Figure 4.23 Thread-based sensor with different chitosan concentration (0 – 2 % w/v) 
at the glucose detection zone of 3 mM glucose.  The error bars correspond to 
standard deviation obtained from five measurements (n=5). 

4.6.1.2 Effect of glucose oxidase volume 
The volume of glucose assay was optimized. The thread based colorimetric 

sensor was prepared by using the different volume of glucose assays in a range of 4 
to 16 µL. This modified thread based sensor was tested with 3 mM of glucose. The 
result showed that the color intensity of this sensor increases when the volume of 
chitosan increases from 4 to 12 µL (Figure 4.24). However, the color intensity of the 
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assay volume between 8 µL and 12 µL are not significantly different. To reduce cost 
of this sensor system, 8 µL of glucose assay was chosen for the further studies. 

 

Figure 4.24  Thread-based colorimetric sensor with different volume of glucose assay 
(4 – 16 µL) at the glucose detection zone of 3 mM glucose. The error bars 
correspond to standard deviation obtained from five measurements (n=5). 

4.6.1.3 Effect of the hydrogel structure 
To improve the sensitivity of this sensor, GO was incorporated with the 

chitosan. The result showed that CS-GO modified thread can enhance the color 
intensity of this sensor (Figure 4.25). This is probably cause by the incorporated of GO 
on the thread leading to increased surface area of enzyme immobilization of this 
thread based colorimetric sensor. In addition, the chitosan and chitosan-GO was 
prepared as the hydrogel structure on the thread. The result showed that the CS-GO 
hydrogel exhibited the highest color intensity of glucose sensor. This probably cause 
by the water absorption property of the hydrogel.  
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Figure 4.25 Thread-based sensor modified with chitosan (CS), chitosan hydrogel (CS 
Hydrogel), chitosan-graphene oxide (CS-GO) and chitosan graphene oxide hydrogel 
(CS-GO hydrogel) at the glucose detection zone of 3 mM glucose. The error bars 
correspond to standard deviation obtained from five measurements (n=3) 

4.6.1.4 Effect of graphene oxide loading  
The previous experiments suggested that the chitosan-GO hydrogel modified 

thread showed the highest color intensity of glucose detection. Therefore, the 
concentration of graphene oxide was optimized and systematically investigated. 
Figure 4.26 showed the chitosan-GO hydrogel modified thread with different 
concentrations of graphene oxide in a range of 0- 0.5 mg mL-1. The color intensity of 
this system increases from 0 to 0.01 mg mL-1 of GO. This suggesting that GO was 
incorporated with thread leading to increase the surface functional active group for 
enzyme immobilization. When the concentration of GO is more than 0.01 mg mL-1, 
resulting in the decreasing of color intensity of this system. This is probably caused 
by the agglomeration of GO. Thus, 0.01 mg mL-1 of GO loading was chosen for the 
further experiments. 
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Figure 4.26 Chitosan-graphene oxide hydrogel modified thread with different 
concentration of graphene oxide (0 – 0.5 mg mL-1) at the glucose detection zone of 3 
mM glucose. The error bars correspond to standard deviation obtained from five 
measurements (n=5). 

4.6.1.5 Optimization of phenol red  
The concentration of phenol red was systematically optimized. This urea 

sensor aims to distinguish normal and abnormal level of urea. So, this sensor was 
used to test urea at 60 and 120 mM. The results showed that 2 mg mL-1 of phenol 
red can significantly differentiated urea between 60 and 120 mM (Figure 4.27). 
Therefore, 2 mg mL-1 of phenol red was chosen for the further experiments. 
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Figure 4.27 Thread-based sensor with different concentration of phenol red (1 – 5 
mg mL-1) at the urea detection area of 60 and 120 mM urea. The error bars 
correspond to standard deviation obtained from five measurements (n=5).  

4.6.1.6 Optimization of ureases enzyme 
The concentration of urease enzyme was optimized. The result showed that 

0.1012 mg µL-1 of urease enzyme was clearly differentiated urea between 60 and 120 
mM (Figure 4.28). Hence, 0.1012 mg µL-1 of urease enzyme was chosen for the 
further experiments. 
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Figure 4.28 Thread-based sensor with different concentration of urease enzyme 
(0.03 – 0.17 mg mL-1) at the urea detection zone of 60 and 120 mM urea. The error 
bars correspond to standard deviation obtained from five measurements (n=5). 

4.7 Physical characterization of different layers of modified cotton thread  
The morphologies of the thread surface were characterized by SEM. Figure 

4.29a, b showed the unmodified cotton thread, which is smooth fibers surface with 
loosely threaded. The chitosan-GO coated cotton thread observed thin coated film 
of chitosan-GO composite coated on the thread Figure 4.29c, d. The enzymatic assay 
coating (i.e. glucose and urea assay) on the thread surface showed a thicker coated 
film as shown in Figure 4.29f-h. 
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Figure 4.29 SEM images (low and high magnification) of cotton thread (a, b), 
chitosan-GO hydrogel coated thread (c, d), chitosan-GO hydrogel-glucose assay 
coated thread (e, f) and chitosan-GO hydrogel-urea assay coated thread (g, h).  
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4.8 Chemical characterization of the modified sensing layer 
4.8.1 FT-IR characterization 
Figure 4.30 shows the FITR spectra of the unmodified and the chitosan-GO 

hydrogel coated cotton thread. The peak at 3300 cm−1 which is related to the 
stretching vibration of the hydroxyl groups displays significantly broader characteristic 
when the thread was coated with chitosan-GO solution. This could be caused by 
electrostatic interaction between chitosan and GO [110, 111]. FT-IR spectra of coated 
layer showed a similar peak to the cotton thread because of small amount of 
coating layer on the thread surface. 

 

Figure 4.30 FTIR spectra of different sensor layers of thread based colorimetric 
sensor. 

4.8.2 XPS characterization 
Figure 4.31 shows the XPS spectra of the unmodified, chitosan coated, and 

chitosan-GO hydrogel coated cotton thread. The carbon and oxygen peaks of all 
thread samples (i.e. unmodified, chitosan and chitosan-GO hydrogel coated cotton 
thread) are observed as shown in Figure 4.31. For the chitosan and chitosan-GO 
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hydrogel coated cotton thread, the nitrogen peak was observed indicating that the 
chitosan film was form on the cotton thread (Figure 4.31e, h) [112].  The chitosan-GO 
hydrogel coated cotton thread showed a higher oxygen peak at 532.2±0.3 which is 
related to the oxygen-containing function groups on the GO structure (Figure 4.31g) 
[113]. 

 

Figure 4.31 The XPS spectra of unmodified, chitosan, chitosan-GO hydrogel coated 
cotton threads. 

4.9 Sensor performance testing 
4.9.1 Standard color chart of cotton thread-based glucose sensor 
The color intensity of glucose sensor is directly proportional to the glucose 

concentration as shown in Figure 4.32. The linear range was found to be 0 – 3 mM 
with a correlation coefficient (R2) of 0.9916. The result showed that this sensor can 
detect glucose in a range of 0 – 3 mM that is the glucose level in sweat (0.277 – 1.11 
mM) [114]. 
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Figure 4.32 Standard color chart of thread-based glucose sensor in the 
concentration range of 0 – 3 mM (left) and the plot of glucose concentration versus 
the mean color intensity (right). The error bars correspond to standard deviation 
obtained from five measurements (n=5) 

4.9.2 Standard color chart of cotton thread-based urea sensor 
This color intensity of urea sensor is linearly proportional with the urea 

concentration as shown in Figure 4.33. However, the correlation coefficient (R2) is 
smaller number that the relationship is not strong enough to use for the quantitative 
analysis. From the result, the thread-based urea sensor can be differentiated urea 
between 30 and 60 mM.  This suggesting that the sensor can distinguish between the 
normal (< 65 mM) and abnormal level of urea (>65 mM). Therefore, this urea sensor 
is suitable for the urea screening.    
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Figure 4.33 Standard color chart of thread-based urea sensor in the concentration 
range of 0 – 180 mM (left) and the plot of urea concentration versus the mean color 
intensity (right). The error bars correspond to standard deviation obtained from five 
measurements (n=5) 

4.9.3 Simultaneous detection of glucose and urea 
This thread based colorimetric sensor was applied for the simultaneous 

detection of glucose and urea in the artificial sweat pH 7.4 as shown Figure 4.34. The 
different concentration of mixed glucose and urea was added into the artificial sweat 
that cover low, medium and high concentration of analytes. This color change of 
thread sensor was compared with the standard color chart as shown in Table 4.5. 
This suggesting that this sensor can be used for the detection of both qualitative and 
quantitative of glucose while urea can detect only qualitative.  
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Figure 4.34 The thread based colorimetric sensor with simultaneous glucose and 
urea detection at low, medium and high concentration of analyte. 

Table 4.5 Simultaneous determination of glucose and urea at low, medium and 
high concentration in artificial sweat pH 7.4 

Mixed glucose and urea 

sample 

Glucose (mM) Urea (mM) 

Qualitative Quantitative Qualitative Quantitative 

0.3 mM glucose-30 mM urea ≈0.3 0.3048±7.57 <60 N/A 

1.5 mM glucose-60 mM urea ≈1.5 1.5053±26.58 >60 N/A 

3.0mM glucose-150 mM urea ≈3.0 2.8598±6.87 >60 N/A 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V 
CONCLUSIONS 

This study, G and GO nanocomposite was successfully prepared and applied 
for chemical sensor application to improve both electrochemical and colorimetric 
sensitivity that can be concluded into two parts as follows:  
Part I: GO nanocomposite coated metal substrate for electrochemical sensor 

The NiP-TiO2 sol-RGO was successfully prepared by one-step electroless 
deposition process. The incorporation of RGO with the well-dispersed and 
homogeneous covering on the substrate exhibited a high electrical conductivity and 
high corrosion resistance. Moreover, this coated surface showed a hydrophobic 
surface which enhance anti-corrosion property, which is potentially useful for various 
applications that requires anti-corrosion and high electrical conductivity such as 
energy storage device, electronic circuit and electrochemical sensor.  
Part II: GO nanocomposite coated textile substrate 

A novel platform of non-invasive textile based colorimetric sensor was 
developed for the simultaneous detection of marker in sweat (i.e. pH, lactate, 
glucose and urea) to obtain the individual health information. The cotton fabric 
sensor can qualitatively detect both sweat pH and lactate based on the color change 
by the naked eyes compared to the standard color chart. The incorporation of mixed 
MO and BCG indicator dyes and lactate enzymatic assay into cotton substrate can 
differentiate the sweat pH and lactate level change in human sweat. Also, the cotton 
thread sensor can detect both glucose and urea based on colorimetric analysis. The 
incorporation of chitosan-GO hydrogel on the cotton thread was used to enhance 
the enzyme immobilization on the surface leading to enhance the sensitivity of the 
sensor. Moreover, thread based colorimetric sensor can created the microfluidic 
device by itself and reduced the volume of reagent and sample. 

This textile based sensor will be further applied with sportswear such as shirt, 
wristband, which might be an alternative tool for screening step in sport and medical 
diagnosis leading to improvement of sport performance and decrease of medical 
diagnosis costs in the future.  
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