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ABSTRACT 

 A promising acetylcholine biosensor based on graphene-PEDOT:PSS (GR-

PEDOT:PSS) bienzyme, choline oxidase (ChOx) and acetylcholine esterase (AChE), a 

modified electrode was successfully fabricated. GR-PEDOT:PSS and MWCNT were 

selected for electrode modification. The sensitivity of H2O2 detection at 0.7V vs 

Ag/AgCl, based on bare SPE, MWCNT/SPE and GR-PEDOT:PSS/SPE was 6.2 

nA/mM, 2.038 µA/mM, and 13.29 µA/mM, respectively. GR-PEDOT:PSS/SPE 

exhibited the highest sensitivity. ChOx and AChE in the optimized loading ratio were 

immobilized on GR-PEDOT:PSS/SPE by the 10% glutaraldehyde (GA) vapor cross-

linked for 8 minutes. 1% Nafion was coated on the outermost layer of AChE-

ChOx/GR-PEDOT:PSS/SPE as a protective film. A new design of electrode, 22 mm in 

length and 12 mm in width, consisted of a working electrode (WE), a counter electrode 

(CE) and Ag/AgCl reference electrode (RE) on single piece. It was offered to integrate 

with the microchannel which was made of transparent polypropylene (PP) plastic 

sheet. In order to fabricate microfluidic chip, the PP channel was adjoined on the 

electrode surface by adhesive tape. These microfluidic biosensor chip was cost-

effective and easy to use. Moreover, the fabrication procedure was easy and simple. 

The acetylcholine biosensor modified microfluidic chip platform showed the limit of 

detection, linearity and sensitivity as 10 µM, 10 µM to 750 µM (R
2
 = 0.989), and 

430.76 nA/mM, respectively. 

 

KEY WORDS: ACETYLCHOLINE/ MICROFLUIDIC CHIP/ BIOSENSOR/     

        GRAPHENE/ AMPEROMETRY 
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การปรับปรุงพื้นผวิอิเล็กโทรดดว้ยกราฟีนและเอนไซมส์ าหรับตรวจวดัสารอะเซทิลโคลีนในชิ
ประบบของไหลจุลภาค 
GRAPHENE AND ENZYME MODIFIED ELECTRODE FOR ULTRASENSITIVE 
ACETYLCHOLINE DETECTION IN A MICROFLUIDIC DEVICE 
 

ปิยะวฒัน์ ปิติกุลธรรม 5537714 EGBE/M 
 
วศ.ม. (วศิวกรรมชีวการแพทย)์ 
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บทคดัยอ่ 
 Acetylcholine เซ็นเซอร์ชนิดดดัแปลงหน้าผิวอีเล็กโทรดดว้ย graphene-PEDOT:PSS 
กบัเอ็นไซม์ Choline oxidase และ Acetylcholine esterase ได้ถูกสร้างข้ึนวสัดุนาโน GR-
PEDOT:PSS และ Multi walled carbon nanotube ถูกเลือกมาใชใ้นการปรับปรุงผิวหนา้อิเล็กโทรด
เพื่อเพิ่มการน าไฟฟ้า จากการทดลองการวดัเปรียบเทียบ Hydrogen peroxide ท่ีศกัยไ์ฟฟ้า 0.7 โวลต ์
เทียบกบัขั้วอา้งอิง Ag/AgCl ดว้ยอิเล็กโทรดพิมพ์สกีนทั้ง 3 ชนิด ได้แก่ อิเล็กโทรด อิเล็กโทรดท่ี
ปรับปรุงพื้นผิวดว้ย Multi walled carbon nanotube และ อิเล็กโทรดท่ีปรับปรุงพื้นผิวดว้ย GR-
PEDOT:PSS ให้ค่า Sensitivity ในการตรวจวดัเท่ากบั 6.2 nA/mM, 2.038 µA/mM และ 13.29 
µA/mM ตามล าดบั สรุปได้ว่า GR-PEDOT:PSS ให้ค่าท่ีดีท่ีสุด จึงถูกใช้ในกระบวนการทดลอง
ถดัไป เอ็นไซม์ถูกตรึงบนพื้นผิวอิเล็กโทรดในปริมาณและกระบวนการท่ีเหมาะสม โดยการใช้ไอ
ระเหยจาก 8% Glutaraldehyde บริเวณพื้นผิวอิเล็กโทรดเป็นเวลา 8 นาที พร้อมทั้งเคลือบผิวดา้น
นอกสุดดว้ย Nafion อิเล็กโทรดพิมพส์กีนชนิดใหม่ไดถู้กออกแบบให้มีขนาด ยาว 22 มิลลิเมตร 
กวา้ง 12 มิลลิเมตร อิเล็กโทรดถูกน าไปประยุกตร่์วมกบั Microchannel ท่ีท ามาจากแผน่พลาสติกใส 
Polypropylene ในการสร้าง Microfluidic chip สามารถท าไดโ้ดยน า Microchannel มาติดบน 
อิเล็กโทรดพิมพส์กีนดว้ยกาวสองหนา้ชนิดบาง Microfluidic chip ท่ีพฒันาข้ึนสามารถตรวจวดัสาร 
Acetylcholine ความเขม้ขน้ต ่าสุดท่ี 10 µM และสามารถตรวจวดัไดใ้นช่วงความเขม้ขน้ตั้งแต่ 10 µM 
ถึง 750 µM โดยมีความสัมพนัธ์เชิงเส้นกบัความเขม้ขน้ของ Acetylcholine ดว้ยค่าสหสัมพนัธ์ทาง
สถิติ 0.989 และมีค่า Sensitivity อยูท่ี่ 430.76 nA/mM 
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CHAPTER I 

INTRODUCTION 

 

 

1.1 Background and significance of study  

 Alzheimer’s disease (AD) is one of the neurodegenerative diseases which 

mostly occur in aging people 
(1)

. According to previous research studies, Hebert et al. 

estimated the prevalence of AD which largely increases in people age 65-year-old, and 

it exponentially increases in every five years of age 
(2)

.  According to Alzheimer’s 

Association, Washington, DC, 13% of 65 years or older American population are 

diagnosed with AD 
(3)

. Dr. Alois Alzheimer, a psychiatrist in Germany, is the first one 

who identified the Alzheimer’s disease in 1906 
(4)

. He found a pathological brain 

tissue which is called amyloid plaques (APS) and neurofibrillary tangles (NFT) by 

biopsy disoriented patient brain tissues after death 
(5)

. APS and NFT is an abnormal 

aggregation of proteins inside the brain tissues 
(1, 6, 7)

. Causes of protein aggregation 

still not clear, but it affects to neuronal cell function. Cholinergic receptors of brain 

tissue decrease in AD patients, consequently lead to the deficit of   acetylcholine 

(ACh)
 (8)

. Meanwhile, ACh is a principle neurotransmitter for signal transmission in 

the nervous system, so it induces the cognitive impairment or dementia 
(9, 10)

. The 

previous research showed the lower ACh concentration in the cerebrospinal fluid 

(CSF) in AD patients compared with healthy people
 (11)

. The current treatment options 

for AD patients use acetylcholinesterase inhibitors (AChEIs) drugs, such as Tacrine, 

Galantine, Donepezil, and Rivastigmine. All of these drugs are already approved by 

food and drug administration (FDA) which has the mechanism to cease the cleavages 

of ACh between the neuron synapses. Results showed an increase in ACh 

concentration in CSF 
(12)

. Therefore, ACh can be used as a biomarker to consider for 

risk diagnosis of AD. 

 Conventionally, physician defines dementia by using Diagnostic and 

Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) 
(13)

. The initial 

symptoms are memory decline, loss of the language coherence in speaking and 
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writing, and malfunction of sensory or motor 
(14)

. Pre-dementia stage is an 

asymptomatic stage, so it is hard to diagnose from behavior. The using of biomarker is 

considered for helping an early diagnosis. Many biomarkers of AD were reported, 

such as, high total tau protein, high phosphor-Tau level, low amyloid beta-42(Aβ42), 

and low ACh  concentration in CSF
 (15-17)

. 

 Indeed, the significant changes in ACh concentration can indicate the risk 

of AD. According to, Jia et al. (2004), the ACh concentration in the CSF is 34.5±9.0 

and 10.7±5.1 nmol/L in healthy people and AD patients, respectively 
(11)

. Therefore, 

ACh biosensor is considered to use as the primary tool for screening the risk of AD. 

The necessary is the sensitivity of the biosensor. The requirement is a biosensor which 

can measure ACh concentration at the nanomolar scale. The consequence is the using 

of the nanomaterial, and modification with microfluidic chip or lab-on-a-chips (LOCs) 

technology to amplify the sensitivity of the biosensor. 

 The first biosensor was fabricated by Clark and Lyons. The glucose 

biosensor was fabricated based on glucose oxidase (GOx) 
(18, 19)

. GOx can induce the 

hydrolysis of glucose into hydrogen peroxide (H2O2). The current was measured by an 

electrochemical oxidation of H2O2, after applied constant potential, which proportional 

to the glucose concentration. Many electrochemical biosensors have been reported for 

sensing biological substances, for example, cholesterol, uric acid, and glutamate. 
(20-22)

. 

Therefore, ACh biosensor is based on the enzymatic reaction by using AChE and 

ChOx, respectively. The achieving of ACh reaction is also hydrogen peroxide, which 

is an electroactive substance 
(23)

. 

 The principle factors that effect to the efficiency of the enzymatic 

biosensor are the enzyme immobilization methods, such as entrapment, adsorption, 

covalent bonding, cross-linking, and affinity 
(24, 25)

. Each method has the different 

advantages and drawbacks which require judiciously in choosing. Therefore, the 

appropriate method of enzyme immobilization can facilitate the performance of the 

biosensor. Many research used glutaraldehyde (GA) as a crosslinking agents because it 

is an easy method and uncomplicated. GA can induce the covalent bonding between 

the electrode surface and the amine groups of the enzymes. The strengthened adhesion 

of the enzymes on the electrode surface can prevent the elution of the enzymes while 

biosensor is functioning, especially in the flowing system 
(26)

. In the other hand, the 
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using of GA also has the drawbacks, which can distort the active side of the enzyme, 

and consequently lost enzymatic activity 
(24, 27)

.  

 Graphene (GR), a carbon nanomaterials with a 2-dimensions structure, is 

considered to facilitate biosensor capability 
(28)

. It was discovered in 2004 by K.S. 

Novoselov, et al.
 (29)

. Because GR carry the outstanding characteristics, such as high 

electric conductivity, high thermal conductivity, high surface to volume ratio, and 

robust structure
 (30)

. Varied application of GR is used in the biomedical field, for 

example, the nanocarrier for drug delivery system, the intrinsic fluorescence for 

bioimaging, the enhancement conductivity of electrochemical biosensors 
(31, 32)

. The 

high surface area of graphene (2630 m
2
g

-1
) lead to the increasing of surface for 

immobilizing biorecognition elements 
(33)

. Therefore, the using of GR will be 

enhanced the sensitivity of the electrochemical biosensors. 

 Microfluidic chip or Lab-on-a-chips (LOCs) technology is another 

application to synergist biosensor properties. The phenomena changing of the 

microchannel systems are unique and promise, such as, the rapid heat exchange, mass 

transfer, and diffusion. The miniaturized platforms can decrease analysis time and 

reagent consumption, and including of the sample volume. These leads to the low-cost 

manufacturing of the chips but perform a high sensitivity. Because of a small size, so 

LOCs can perform the fast screening for the simple diagnosis at the point-of-care
 (37)

.  

Hence, the LOCs are an attractive platform to promote a capability of chemical 

analysis. 

 According to the previous study, many applications were developed for 

lower LOD. S. Sen and his team achieved in fabrication ACh biosensor which had 

LOD 1.0 µM by using Pt electrode modified surface with polyvinyl ferocenium 

perchlorate
 (38)

. The development of the thin-film transistor which was made from the 

self-assemble single-walled carbon nanotube (SWNT) and was deposited the co-

enzyme, ACh and ChOx, on the surface, and reported a measured detection limit was 

10 nM 
(39)

. Robert J. et al., reported the high sensitivity detection of the biological 

toxin was 10 pM by using the immunoassay based on the microfluidic chip 
(40)

. The 

surface plasmon in the microfluidic chip for the detection of the antibody in the saliva 

was fabricated and can detect in the picomolar scale
 (41)

.  
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 In conclusion, this work focuses on the development of the amperometric 

ACh biosensor by study an enzyme immobilization method, the use of graphene 

nanomaterials and applied to low-cost microfluidic chip system which is made from 

the plastic. 

 

 

1.2 Problem statement 

 The incidence values of the AD patient tend to increase with the age. The 

efficient treatment responses better in a pre-symptomatic stage, but does not express in 

behavior, which is difficult to diagnosis. ACh can serve as a primary AD biomarker 

for screening. Meanwhile, the ACh concentration of normal people and AD patients 

were presented around 10.7 ± 5.1 to 34.5 ± 9.0 nmol/L 
(11)

. Because of the ACh 

concentration is in a nanomolar scale, so this work particularly focuses on the 

sensitivity improvement, and the addition is the low-cost fabrication, easily used and 

disposable microfluidic chip biosensor. 

 

 

1.3 Objective 

 1. To fabricate a high sensitivity ACh biosensor for ACh determination 

 2. To study the enzyme immolibization method for both ChOx and AChE. 

 3. To enhance biosensor efficacy by using nanomaterials 

 4. To fabricate the disposable and low-cost microfluidic chip. 

 . 

 

 

 

 

 

 

 



Fac. of Grad. Studies, Mahidol Univ.                                             M.Eng. (Biomedical Engineering) / 5 

 

 

 

CHAPTER II 

LITERATURE REVIEWS 

 

 

2.1 Alzheimer’s disease 

 Alzheimer’s disease (AD), a neurodegenerative disease, is the one of 

dementia symptoms which commonly finds in an elderly people. The prevalence tends 

to increase with age, especially in more than 65-year-old is exponentially increased. 

There is 13% of 65-year-old people have an Alzheimer’s disease and 45% of 85-year-

old. Meanwhile, the incidences of AD patients were calculated that it will dramatically 

elevate in the future by Hebert et al 
(2)

. The prediction is about 5.1, 5.7 and 7.7 million 

people in 2010, 2020 and 2030, respectively 
(13)

. Statistical Manual of Mental 

Disorders, Fourth Edition (DSM-IV) is the questionnaires for AD diagnosis. The 

patient who is suspected the dementia must do these questionnaires, but it takes a very 

long period of time or more than a year to confirm the progress of dementia. The 

informant questionnaire point will pinpoint a dementia progress 
(14)

. Hence, the 

biosensor device which has a capability to detect the biomarker of AD is necessary for 

early diagnosis.  

Figure 2.1 The estimation of Alzheimer’s disease risks by age and gender 
(13)
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 2.1.1 Symptoms of Alzheimer’s disease 

 Because of AD is a neurodegenerative disease. AD patient’s symptom will 

gradually develop. Generally, the initial symptom relates to memory abnormality or 

defection. For example, hard to remember a new thing and progressively to forget the 

past experiences. Over the time, the symptoms will more severe, and it is usually 

irreversible. The disruption of the memory will affect the patient daily life, such as the 

solving of problems, the disorientation, unable to speak properly, and forget their 

family members. Meanwhile, the worst cases, advanced Alzheimer’s patients, are 

evitable a caregiver because they are unable to maintain a living basic activity
 (3, 4, 13)

.  

 

 2.1.2 The causes of Alzheimer’s disease 

 Since 1906, Dr. Alois Alzheimer is a psychiatrist in Germany. He is the 

first scientist who identified a pathological brain tissue of Alzheimer’s disease 
(42)

. 

One of his patients is 51-year-old women who suffered from memory impairment. Her 

symptoms are gradually more severe and died after 4 years. He found the unique 

plaques of protein accumulation in the brain which is called amyloid plagues (APS) 

and neurofibrillary tangles (NFT). The causes of protein aggregation are still unknown 

(8)
, the aggregation of this protein defects to the brain function. The advancing age is 

exhibited the main factor which is correlated to the accumulation of protein outside the 

neurons 
(13)

. Well-known neurochemical biomarkers of AD are amyloid beta (Aβ) 

peptide, total tau protein and acetylcholine 
(7, 11, 16)

.  Hence, much research is focused 

on finding a biomarker, which can be indicated the progressive of AD, especially 

biological substance which present in CSF. 

 Much research focuses on finding a biomarker, which can be indicated the 

progressive of AD. Aβ, a senile plagues component, can be found in extracellular fluid 

of brain or CSF. The significantly changing of Aβ42, a 42 amino acid in length, was 

observed. Tremendous research showed the lower concentration of Aβ42 in AD’s 

patients. Aβ42 decreases about 50% when was compared with a healthy people. The 

cause of Aβ42 reduction remains unknown while the hypothesis is the deposition of 

Aβ42 in senile plagues. Moreover, the autopsy study illustrated that Aβ42 reduction 

correlated to the increasing of neocortex and hippocampus plaques. Nevertheless, the 

Aβ42 reduction is also founded in another neurodegenerative as well.  



Fac. of Grad. Studies, Mahidol Univ.                                             M.Eng. (Biomedical Engineering) / 7 

 

 

 Tau protein present in the neuronal cell which helps in stabilized the 

network of neuronal microtubules. The previous study was confirmed the increasing of 

total tau protein in AD patients. In AD, t-tau concentration increases approximately 

300% compared with a control subjects. In the other hand, some report was found 

increase of t-tau also occurred in another type neurodegenerative diseases 
(15, 43, 44)

.  

 

 2.1.3 Deficit of acetylcholine in Alzheimer’s disease 

 Acetylcholine is a majority neurotransmitter in central nervous system. 

ACh significantly decreases in the AD patients. The hypothesis is the accumulation of 

Aβ42 that lead to the blocking of neuronal cell connection. Generally, ACh is secreted 

at the terminal of axon for the transmission of the signal to the neighboring neuron. 

Because of Aβ42 accumulates outside the neuronal cells, consequently the signal 

transmission is blocked 
(1, 13)

. Jia Jian Ping et al., studied about the differentiation of 

vascular dementia and Alzheimer’s disease by using high-performance liquid 

chromatography with electrochemical detector (HPLC-ECD) for measurement the 

ACh and choline concentration in CSF. The result showed that the decrease ACh 

concentration in CSF remarkable correlates with AD and vascular dementia (VD) 

patients. The value of ACh concentration is 34.5±9.0, 16.8±7.4, and 10.7±5.1 in 

normal people, VD, and AD, respectively, which is shown in Table 1. They compared 

the result with Mini-Mental State Examination (MMSE) score which can indicate the 

memory impairment. The increasing of MMSE score significantly coincides with the 

ACh concentration decreasing in CSF. Therefore, ACh concentration decreasing 

relates with memory impairment
 (11)

. In addition, H. Tohgi et al., also studied in the 

Group Number of 

sample 

ACh (nmol/L) Ch (nmol/L) MMSE 

Scores 

AD 22 10.7 ± 5.1 627.6 ± 145.1 15.6 ± 2.9 

Controls 20 34.5 ± 9.0 716.0 ± 159.4 28.5 ± 1.2 

Table 2.1 The comparison of MMSE scores with ACh and Choline (Ch) 

concentration in AD patients and controls or healthy people
 (11)

. 



Piyawat Pitikultham                                                                                                  Literature Review / 8 

 

 

comparison of MMSE score between AD patients and healthy people, and the results 

showed in the same way
 (45)

. 

 

 

2.2 Biosensor in medical application 

 The biosensor technology is developed widely in the recent decades, 

which a capability to convert a different input, heat, chemical and so on into a 

measurable signal.  Since 1962, the first glucose biosensor was fabricated by Clark 

and Lyons 
(18, 19)

. Glucose oxidase (GOx) was immobilized on the electrode surface 

with an oxygen semipermeable membrane, allowing directly measured concentration 

of the glucose in sample. Normally, biosensor is classified into two main categories: 

bioreceptor and transducer. Bioreceptor can provide a specific response to each 

analyze by the recognition element, such as enzyme, DNA probe, and antibody. 

Meanwhile, the signal generates from the interaction of the bioreceptor and the 

analyze sample, the transducer performs as a signal conduction part to the signal 

processing part. Therefore, the judicious development of the transducer will amplify 

the signal collection of biosensor 
(46, 47)

. Much research focuses on using biosensor for 

the chemical analysis in diverse fields, such as, clinical diagnosis, environment, and 

food. The evaluation of the biosensor performance is commonly determined by 

sensitivity, specificity, reproducibility, stability and response time. 

  

  Figure 2.2 The principle components of biosensor 
(34)

. 
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The development of the diagnostic biosensor certainly prospers the medical field, 

particularly in order to help the early diagnosis of diseases. The various types of the 

biosensor were reported for the cancer biomarker detection, the DNA analysis, 

autoimmune diseases, infection diseases, cardiac biomarkers, and saliva diagnosis 
(48)

. 

Moreover, the usefulness of biosensor is the avoiding of sample preparations and 

complicated techniques, which require specialist to operate. 

 

 2.2.1 Electrochemical biosensor 

 In this project, the electrochemical biosensor is fabricated for ACh 

detection by using the amperometric detection technique. Commonly, the 

electrochemical cell consists of working electrode, reference electrode, and auxiliary 

or counter electrode. The working electrode serves as a platform for electrochemical 

system. Following the biocatalytic reaction between the substrate and biological 

receptor, the electroactive species is produced. By using the amperometric detection, 

the constant potential is applied to the working electrode versus a reference electrode 

(Ag/AgCl), subsequently, the redox reaction that generates the measurable current. 

The auxiliary electrode always uses the inert material: gold, platinum or carbon. It can 

alter as a cathode or anode which depends on the operation of working electrode, and 

it helps for the reaction balancing. When the oxidation occurs at the working 

electrode, current is transported passing in the transducer. The response of detection 

can measure as a peak of the current which relates to the electroactive species 

concentration in the system.  

. Acetylcholine, a principle neurotransmitter in CNS, is not the electroactive 

substance. The enzymatic reaction is shown in fig.3. AChE performs as a biological 

recognition element for providing ACh binding site. Because of the enzymatic 

reaction, ACh is hydrolyzed into a choline and acetate. Because of the presence of 

ChOx, the hydrolysis of choline is followed, and H2O2 is formed as the product.  

Figure 2.3 Enzymatic reaction of AChE and ChOx 
(23) 
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 Constant applied potential will induce the redox reaction which generates 

the measurable current 
(23)

.  

 

 2.2.2 Biosensor applications for acetylcholine detection 

 Many applications were developed for ACh detection. Because of the 

correlation between ACh concentration and the neurodegenerative disease, such as 

Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease, were reported 
(1)

.  

Much research focuses on the application to measure in vitro and in vivo ACh 

concentration 
(49)

. There are many methods for ACh measurement such as, the 

electrochemical measurement, the microdialysis technique 
(50)

, and the high-

performance liquid chromatography (HPLC) 
(51)

. Each measurement method has the 

different advantages and drawbacks, such as microdialysis and HPLC can perform a 

high accuracy and very low LOD. On the contrary, it requires the complication 

methods that must operate by specialist and specific device in the laboratory 
(52)

. 

Therefore, the fabrication of acetylcholine biosensor is necessary because tremendous 

advantages of the amperometric biosensor, such as the low-cost fabrication, easy to 

use, and rapid response.  Meanwhile,  principle of amperometric measurement 

technique is the current detection, so the working electrodes were modified with 

conductive polymer or conductive material to increase biosensor sensitivity and 

decrease the detection time 
(53, 54)

. 

 Fulya E.K. et al. fabricated the ACh amperometric biosensor by coating a 

conducting polymer 4-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-yl)benzenamine (SNS-NH2) 

on a graphite electrode. SNS-NH2 can promote the electron transfers, and the amine 

functional group of polymer can induce the covalent bond with the enzymes 
(55)

. The 

sponge-liked structure which was made from poly(ethylene glycol) (PEG) and 

poly(vinyl alcohol) (PVA) by Lucio D. el at. As the result, the polymeric matrix can 

act as the enzyme containers 
(56)

. Another strategy for increasing the biosensor 

sensitivity is the using of nanomaterials. Shihuo H. and teams modified working 

electrode (platinum electrode) with gold-nanoparticles and multi-wall carbon 

nanotube, which is high conductivity and large surface to volume ratio. All of the 

modified materials are immobilized on the silica sol, support binding or carrier, to 

prevent the elution of the nanomaterials in the sample solution 
(23)

. The using zinc 



Piyawat Pitikultham                                                                                                  Literature Review / 12 

 

 

oxide (ZnO) as a support binding was also reported by Minghui Y. et at. Moreover, 

they used N-acetylaniline (nAN) as a permselective membrane to prevent the 

interference from another the electroactive substances. This membrane permeates only 

H2O2, so it can completely prevent the unwanted electroactive oxidation, such as 

ascorbic acid and uric acid 
 (57)

. Zhenzhen C. et al., developed the optical acetylcholine 

biosensor by using Cd-Te quantum dots (QDs). QDs quenching changed because of 

the presence of H2O2. Moreover, the quenching degree relates with ACh, AChE and 

ChOx concentration
 (58)

. 

 

 

2.3 Amperometric Biosensor based on nanomaterial modification 

 The principle of the amperometry is the current detection which generate 

from the redox reaction 
(54)

. Therefore, much research has a trending to modify the 

working electrode surface in many different ways. The using of the nanomaterials, 

such as graphene, carbon nanotubes, and gold nanoparticles, can increase surface to 

volume ratio which is essential for enzyme immobilization 
(63, 64)

. 

  

 

  

Figure 2.4 Different types of carbon allotropes 
(65)
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 2.3.1 Graphene 

 Graphene, a monolayer of carbon atom consisting of sp
2
-bonded carbon, is 

contained the unique properties 
(28, 66)

, which can improve the performance of the 

electronic devices, such as high electric conductivity, high thermal conductivity, high 

surface to volume ratio, and robust structure 
(30)

. The combination of graphene with 

another material: polymer, metal, and oxide, were used to enhance the thermal 

conductivity, electrical conductivity and flexibility
 (65)

. Graphene exhibits the very 

high surface area of 2630 m
2
 g

-1
, compared with graphite and single-walled carbon 

nanotubes (SWCNT) is only 10 m
2
 g

-1
 and 1315 m

2
 g

-1
, respectively

 (30, 33)
. S. 

Alwarappan et al. reported the conductivity of graphene (64 mS cm
-1

) is 60-fold higher 

than SWCNT 
(67)

. The graphene modified glassy carbon electrode for detection 

paracetamol was fabricated by X. Kang et al. The experiment showed the increasing of 

oxidation and reduction peak of cyclic voltammetry when compared with bare glassy 

carbon electrode 
 (68)

. Ming Z. et al., modified electrodes with chemically reduced 

graphene oxides (CR-GO). The results showed that CR-GO definitely increase 

catalytic activity of H2O2 in the electrochemical measurement 
(69)

. Changsheng S et al., 

used polyvinylpyrrolidone-protected graphene modified glassy carbon electrode and 

polyethylenimine-functionalized ionic liquid for fabrication of glucose biosensor. The 

linearity is 2 to 14 mM, which is adequate for determination of blood glucose in 

practical application
 (70)

. 

 Graphene-PEDOT:PSS (GR-PEDOT:PSS) is the nanocomposites which 

enhance the performance of electroanalytical chemistry, such as reduces the detection 

potential, improves the amperometric current response, and offers good stability. the 

acetylcholine biosensor based on GR-PEDOT:PSS modified electrode exhibits the 

good sensitivity and high current response. Furthermore, it provides the high surface 

area which is effective enzyme loading. 

 

 2.3.2 Carbon nanotubes (CNTs) 

 CNTs is another type of a carbon allotrope, which have a special exclusive 

structure, a cylindrical shaped. There are two types of CNTs (1) Multi-walled carbon 

nanotubes (MWCNTs) and (2) Single-walled carbon nanotubes (SWCNTs). The 

numerous porous of CNTs structure is very appropriate to anchor the biological 
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molecule, such as enzyme, DNA, and antibody. Furthermore, CNTs also have a 

notable electrical conductivity and biocompatible 
(71)

. 

 Since 1996, the first CNTs modified biosensor for the dopamine detection 

was fabricated by Britto et al 
(72)

. Much research attempts to use CNTs with another 

electrochemical biosensor. For comparison between CNTs electrodes and the 

conventional carbon electrodes, CNTs definitely surpasses the conventional carbon 

electrodes, such as increase sensitivity, less time response, and decrease LOD. M. 

Musameh et al., reported a glassy carbon electrode modified with CNTs provided a 

lower constant potential in NADH detection 
(73)

. However, the restriction of CNTs is 

the hydrophobic properties, which cannot dissolve in the aqueous solution, unless in 

non-polar organic solution or oxidative acid process. For example, sonicated CNTs 

with nitric acid which defects CNTs surface for producing carboxylated sites, 

consequently the dissolution of CNTs 
(62)

. 

 

  

2.4 Enzyme-based electrochemical biosensor 

 The enzyme-based electrode, a coating of the enzymes on an electrode 

surface, is extensively popular fabrication for the electrochemical biosensor. Enzyme 

is the protein biological substance, which carry a characteristic binding site 
(53)

. The 

property of the binding site handles a high specificity to catalyze a specific substance, 

and produces a detectable electroactive product such as hydrogen peroxide (H2O2) 
(53)

. 

The benefits of the enzymes are the rapid catalysis the substance into the product, 

consequently is the fast response which can show the results immediately. This is 

suitable for the point-of-care. The monitoring to prevent loss activity of the enzymes 

must be considered prudently because enzyme is the protein which is sensitive to 

denature by the inappropriate environment. Therefore, the enzyme immobilization 

method must be friendly for maintenance enzyme activity and the stability of the 

enzyme which relates to the lifespan of biosensor 
(24, 74)

. Generally, the enzyme 

immobilization method can be classified into three methods:  adsorption on a 

supporter, cross-linking, and encapsulation with carrier. 
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 2.4.1 Adsorption 

 The adsorption is the simplest way for the enzyme immobilization. 

Enzyme is deposited by dropping onto the working electrode surface, and it is bound 

by van der Waals force, electrostatic or hydrophobic interaction. Nevertheless, the 

physical adsorption is fragile, very easy to elute out. Consequence is the using of the 

carriers or binding supporters for strengthening the enzyme immobilization. The 

emphasis of the enzymes ability is the conformation of the protein folding, so the 

Figure 2.5 Typical methods for enzyme immobilization 
(25, 75)
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carrier biocompatible is essential. Normally, the carriers are usually made from a 

natural, organic or inorganic polymer, such as a polysaccharide such as chitosan and 

agarose, a synthetic organic polymer such as mesoporous silicas, and the 

biocompatible polymer such as, PEG, PVA, and poly-N-isopropyl acrylamide 

(polyNIPAM). Occasionally, the carrier is called as the prefabricated supports, there is 

no presence of the enzymes while the carrier process, the immobilized enzyme will be 

attached on the outermost of the carrier platform 
(25)

. 

 

 2.4.2 Crosslinking 

 Cross-linking is the method to induce the covalent bonds between each 

amino group of enzyme molecules by using the bi-functional compound or cross-

linking agent, such as GA. The covalent bond performs more robust than the 

adsorption method. On the contrary, the covalent bonds can alter the conformation of 

the enzyme which lead to the changing of enzyme binding side. Y-G. Li et al., studied 

the AChE immobilization on the SPE by glutaraldehyde vapor. The results showed 

that the covalent bonds successfully prevent an enzyme dissolving in the flow system, 

but vapor prolongation significantly influences the loss of enzyme activity 
(26)

. 

 

 2.4.3 Entrapment 

 The entrapment is the fabrication of platforms which entraps the enzyme 

inside. The enzyme is presence while the platform fabrication process. The lattice 

structures are prohibited the leaking of the enzyme, but allows the small substance to 

diffuse through. Sol-gel is widely used for amperometric biosensor. For example, the 

silica sol-gel for AChE and horseradish peroxidase (HRP) immobilization 
(76, 77)

, the 

carbon nanotube aqueous sol-gel which is enzyme-friendly environment 
(78)

. The 

importance is a sol-gel formation process, which must be judiciously controlled, such 

as, thermal, chemical and pH, for preventing enzyme denature. Moreover, the porosity 

of the sol-gel matrix is another factor. If, the pore is too large, the enzyme can leak out 

easily 
(75, 79)

. 
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2.5 Microfluidic chip technology 

 Microfluidic chips or Lab-On-a-Chip technology (LOC) is a small size 

chip which containing a laboratory process inside. Normally, LOC technology usually 

integrates with the micro total analysis systems (μTAS) and the biomedical 

microelectromechanical systems (BioMEMs). Most of LOC were developed for the 

medical diagnosis, especially in the molecular analysis, the biodefense, the molecular 

biology, and the microelectronics
 (81)

. The principle of LOC is a miniaturizing into a 

micro size or lower, consequently the special phenomena changing which cannot 

achieve at a normal scale, such as, the laminar flow or continuous flow in the 

microfluidic channel. The microchannel inside the LOC system exhibits the high 

diffusion rate, mass transfer, and high surface to volume ratio. Herein, it can carry the 

high efficiency of chemical reaction and sensitivity increase in the electrochemical 

field, especially simultaneous diagnosis at the point-of-care (POC). Moreover, the 

small size of LOC can decrease the fabrication cost, so it is the disposable platform 

immediately after use 
(82, 83)

.  

 

 2.5.1 Microfluidic chip in biosensor applications 

 The outstanding characteristic of the microfluidic chip is the new aspect. 

In recent decade, the study of the microfluidic chip increases exponentially because it 

has a potential to improve more complicated in experiment. Jinseok H. and Richard 

M.C. were fabricated the optical biosensor which bases on the array microfluidic chip 

Figure 2.6 (a) A small size glucose biosensor, (b) a paper-based microfluidic chip 
(80)

. 

http://en.wikipedia.org/wiki/Total_analysis_system
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for glucose, galactose and paraoxon detection. The enzymes were immobilized in the 

hydrogel micro patch, and placed the hydrogel patch inside the microchannel. H202, 

the product from enzymatic catalysis, can react with a presence of non-fluorescent 

Amplex Red, so it generates the different fluorescence intensity in the different 

concentration of glucose. They suggested that this technique certainly can use in the 

electrochemical biosensor as well
 (84)

. Microfluidic biosensor based on optical 

fluorescence for DNA detection was also reported by Jun W. et al. 
(85)

. The 

microfluidic chips which have a capability to quantify Escherichia coli bacteria were 

reported by M. Safavieh et al. The microchannel is made of poly-dimethyl siloxane 

(PDMS) by soft-lithography. There are two parallels of the microchannel which is 

positive and negative control sample. Meanwhile, each microchannel consists of loop-

mediated isothermal amplification and detection chamber, for amplification DNA 

target and electrochemical measurement, respectively. The DNA existences will 

attract with the redox molecule, subsequently the decrease of the anodic oxidation 

peak 
(86)

.   

 Furthermore, the varieties of the microfluidic chips were reported for the 

biomarkers of the medical diagnosis, such as, cholesterol, creatinine, glucose, and L-

glutamate 
(87-90)

. Chu-Ya Y. et al., discovered the notable interleukin-8 biosensor 

which using the surface plasmon technique integrated microfluidic channel. The 

exclusivity is a small amount of sample, 100 microliter , and the remarkable LOD, 186 

pM, within 13 mins
 (41).

 

 The principle of electrochemical biosensor is biological analysis, which 

usually involves in chemical reaction. While the features of microfluidic chips are the 

phenomenon changing in microchannel, which is able to stimulate the chemical 

reaction, such as, a fast diffusion, rapid mass transfer, high surface to volume ratio, 

and etc. Moreover, the using of the nanomaterials to modify the working electrode is 

considered. It certainly increases conductivity, and surface area for the biorecognition 

element immobilizatiton. The enzyme immobilization strategy is also judiciously 

considered, which must have the robustness and maintaining enzyme activity. 

Therefore, the heart of development is not to find a new mechanism for ACh 

detection, but for developing the better system which is easy to use, higher efficient, 

more convenience, and low-cost fabrication. 
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CHAPTER III 

MATERIALS AND METHODS 

 

 

 This chapter introduces and explains the materials and methods that were 

used in the experiment. First topic describes about the chemical reagents and the 

instrument. Second topic describes about the experiment plans and processes. 

 

 

3.1  Materials 

 

3.1.1 Chemical reagents  

Table 3.1 List of chemical reagents and the source company 

Chemical Name Company 

Acetylcholinesterase from Electrophorus  

electricus (electric eel) 

 

Choline Oxidase from Arthrobacter  

globiformis 

 

25% Glutaraldehyde solution 

 

75-85% deacetylated chitosan 

 

Acetic acid (CH3COOH) 

 

 

Functionalized - multi-walled carbon 

nanotubes (MWCNT) 

 

Functionalized - multi-walled carbon  

nanotubes (MWCNT) 

 

Graphene-PEDOT:PSS conductive ink 

 

 

 

Sigma 

 

 

Sigma 

 

 

Sigma 

 

Sigma 

 

Sigma 

 

 

Sigma                             

 

 

Sigma 

              

 Innophene 
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       Table 3.1 List of chemical reagents and the source company (cont.) 

Chemical name Company 

Sodium phosphate monobasic 

(NaH2PO4) 

 

Sigma 

Sodium phosphate dibasic (Na2HPO4) 

 

Sigma 

Sodium chloride (NaCl) 

 

Sigma 

Choline chloride 

 

Sigma 

HEPES buffer solution 

 

Sigma 

Potassium chloride (KCl) Sigma 

  

 

3.1.2 Instruments 

- Mini Potentiostat (910 PSTAT mini, Metrohm) 

- Analytical Balance (OHAUS, Pioneer) 

 - Centrifuge Mixer (CM-50, Fugamix) 

 - Ultrasonic cleaner GT-1730QTS, Comcube company) 

 - Automatic pipette (Gilson, Inc.) 

 - Digital hotplate magnetic stirrer (AMTAST-PRO) 

 - Oven (Fuzzy control system, Wiseven) 

 - Dimatrix material printer (Fujifilm) 

 - Craft Robo-Pros (CE-5000-40-CRP) 

 - SEM LV Mode (Low vacuum) 

 

3.1.3 Reagent preparation 

 

 -  0.01 M HEPES buffer solution 

 100 µl of 1 M HEPES buffer was added into 9.9 ml deionized 

water for achieving 0.01 M HEPES buffer solution. 
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 -  0.1 M phosphate buffer solution, pH 7.4 

 Firstly, 6 g sodium phosphate monobasic (NaH2PO4, MW = 

119.98) was dissolved in 500 ml deionized water to achieve 0.1 M NaH2PO4 solution. 

Next, 7.15 g sodium phosphate dibasic (NA2HPO4, MW = 141.96) was dissolved in 

500 ml deionized water to achieve 0.1 M NA2HPO4 solution. 0.1 M NA2HPO4 

solution is the alkaline solution. pH was measured by the sensitive pH meter. pH will 

gradually decrease because of the addition of 0.1 M NaH2PO4 solution. We added 0.1 

M NaH2PO4 solution until pH 7.4 

 

 - Enzyme solution 

 Choline oxidase solution 

 Choline oxidase dry powder (500U/bottle) was 

purchased from Sigma Aldrich, Singapore. ChOx powder, containing 500U, was 

added in 1.5 ml of 0.01 M HEPES buffer. 3 µl/U of ChOx enzyme solution was 

achieved. The enzyme solution was stored in - 4 C°. 

   Acetylcholine esterase solution 

 Acetylcholine esterase dry powder (2000 U/bottle) 

was purchased from Sigma Aldrich, Singapore. AChE powder, containing 2000 U, 

was added in 10 ml of 0.01 HEPES buffer. 5 µl/U of AChE enzyme solution was 

achieved. The enzyme solution was stored in - 4 C° 

 

 - MWCNT dispersion in chitosan 

 1 mg/ml MWCNT-CS was prepared by the following step. 

Firstly, chitosan 5 mg was dissolved in 1 ml of 1% acetic acid. This mixture was 

stirred by magnetic stirrer for 15 minutes. The homogeneous 0.5% chitosan solution is 

achieved. Then added 1 mg MWCNT powder in 1 ml of 0.5% chitosan solution, and 

sonicated for 2 hours. The homogeneous colloid suspension of MWCNT-CS was 

achieved. 

 

 - 1% nafion solution 

 In order to prepare 1% nafion solution, 200 µl of 5% nafion 

solution was diluted 800 µl of ethanol.  



Piyawat Pitikultham                                                                                          Materials and Methods / 22 

 

 - Acetylcholine chloride solution 

 Acetylcholine chloride (MW = 181.66) solution was prepared 

by dissolved in pH 7.4 phosphate buffer solution. 0.018 g AChCl was added into 10 

ml of pH 7.4 PBS, consequently achieving 1 mM AChCl solution. For another lower 

concentration of AChCl solution, they were gotten from series dilution of this solution. 

 

 - Choline chloride solution 

 Choline chloride (MW = 139.62) solution was prepared by 

dissolved in pH 7.4 PBS. 0.014 g ChCl was added into 10 ml of pH 7.4 PBS, 

consequently achieving 1 mM ChCl solution. For another lower concentration of 

ChCl, they were gotten from series dilution of this solution 

 

 - Glutaraldehyde solution 

 2 ml of 50% glutaraldehyde solution was mixed with 8 ml of 

deionized water to achieve 10 ml of 10% glutaraldehyde. 

 

 

3.2 Methods 

 

3.2.1 Electrochemical measurements 

 All of the electrochemical measurements were operated by using Mini 

Potentiostat (910 PSTAT mini, Metrohm, Thailand). The amperometric detections 

were performed in the suitable constant potential. Electrochemical system consists of 3 

types of electrodes, the working electrode (screen-printed electrode, Quasense, 

Thailand), the Ag/AgCl reference electrode, and the platinum counter electrode. The 

buffer solution that was used in all experiments is the 0.1 M phosphate buffer solution, 

pH 7.4 
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  In this study, there are 2 types of electrodes 

 - The screen-printed electrode that contains only the working 

electrode (Figure 3.1 A), and was used in the conventional electrochemical system. In 

this system, it has conventional platinum rod performing as the counter electrode, and 

conventional Ag/AgCl performing as the reference electrode. 

 - This is the new designed screen printed electrode (Figure 3.1 

B) for the microfluidic chip platform. Three types of electrodes, working, reference, 

and counter electrode, were printed on the single substrate. This newly designed 

electrode is easy to use, because we can directly drop the sample on the electrode for 

evaluation. 

 

3.2.2 Preparation of nanomaterials modified electrode 

 The nanomaterials that was used to modify the electrodes were consisted 

of two kind nanomaterials, GR-PEDOT:PSS and MWCNT-CS. 2 µl of GR-

PEDOT:PSS was directly deposited onto working electrode surface of SPE and 

allowed to dry for 1 hour at 37 °C. GR-PEDOT:PSS modified screen-printed electrode 

(GR-PEDOT:PSS/SPE) was achieved. MWNCT-CS modified screen-printed electrode 

(MWCNT-CS/SPE) was prepared by the same process, but used the 2 µl MWCNT-CS 

instead of GR-PEDOT:PSS solution. 

 

3.2.3 Assessment of nanomaterial modified electrode 

In order to assess the enhancement of electrode conductivity by 

nanomaterial, three types of electrodes, SPE, MWCNT-CS/SPE, and GR-

PEDOT:PSS/SPE were used in this experiment. All of them were used to detect the 

hydrogen peroxide (H2O2) by amperometric technique. This technique controls the 

constant applied potential of system. Constant applied potential induces the redox 

reaction of H2O2. H2O2 was varied into several concentrations, 1, 5, 2.5, 1.25, and 

0.625 mM. 
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Figure 3.1 A: Carbon based screen printed electrode, B: Carbon based 

screen printed electrode for microfluidic chip platform 

Figure 3.2 Conventional electrochemical system of the amperometric detection 

Magnetic bar 
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3.2.3 Assessment of nanomaterial modified electrode 

In order to assess the enhancement of electrode conductivity by 

nanomaterial, three types of electrodes, SPE, MWCNT-CS/SPE, and GR-

PEDOT:PSS/SPE were used in this experiment. All of them were used to detect the 

hydrogen peroxide (H2O2) by amperometric technique. This technique controls the 

constant applied potential of system. Constant applied potential induces the redox 

reaction of H2O2. H2O2 was varied into several concentrations, 1, 5, 2.5, 1.25, and 

0.625 mM. 

Working electrode surface was immersed into the solution and the 

measurement was started. The electrochemical system containing 4.95 ml of pH 7.4 

PBS with constant applied potential, 700 mV versus Ag/AgCl reference electrode 

(Figure 3.2). After the signal reaches to the stable baseline, 50 µl of H2O2 was added 

into the system.  

 

Figure 3.3 Illustration of experimental step for evaluation of the current  

               response by amperometry 
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After substrate was added, the peak of current response that proportionally 

relates with the substrate concentration will occur (Figure 3.2). Current response is 

calculated from the magnitude of current response. 

The assessment comes from the sensitivity comparison between 3 types of 

electrode, SPE, MWCNT-CS/SPE, and GR-PEDOT:PSS/SPE. The sensitivity is 

calculated from the slope of standard curve that acquires from the determination of 

various H2O2 concentrations, 1, 5, 2.5, 1.25, and 0.625 mM. 

 

3.2.4 Optimization of constant applied potential 

 Amperometry was selected in this experiment. In order to choose the 

appropriate constant applied potential, we varied the constant applied potential in the 

range of 0.0 to -0.4 volt. ChOx was immobilized by the physical adsorption on the 

working area of screen-printed electrode which is called ChOx/GR-PEDOT:PSS/SPE. 

Enzyme modified electrodes were compared with non-enzyme modified electrodes. 

This is to confirm that the current response arise from the enzymatic reaction. 

 

 3.2.5 Morphology study 

The morphology of electrode surface was observed by using the scanning 

electron microscope (SEM LV Mode, low vacuum). Bare SPE surface was compared 

with GR-PEDOT:PSS/SPE. 

 

 3.2.6 Enzyme immobilization 

 In this study, ChOx was immobilized on the working electrode surface. 

Enzyme immobilization was performed by four different methods, (1) ChOx/GR-

PEDOT:PSS/SPE, (2) ChOx/GR-PEDOT:PSS/SPE with GA vaporization, (3) 

Nafion/ChOx/GR-PEDOT:PSS/SPE, and (4) Nafion/ChOx/GR-PEDOT:PSS/SPE 

with GA vaporization. All of the immobilization methods used the same amount of 

enzyme concentration which is 1 U ChOx. 
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 The first enzyme immobilization method is the physical absorption. The 3 

µl ChOx solution (1 unit ChOx) was deposited on the GR-PEDOT:PSS/SPE working 

surface, and allowed to dry at room temperature (25 °C) for 1 hour. ChOx/GR-

PEDOT:PSS/SPE was acquired. In order to remove the free enzyme, the electrode was 

washed by using automatic pipette injection of 1 ml PBS for 3 times.  

 The second method is the immobilization of enzyme by chemical cross-

linked. Glutaraldehyde, a bi-functional group, was selected as a cross-linked agent. 

ChOx solution was deposited on the GR-PEDOT:PSS/SPE working surface, and 

allowed to dry at room temperature (25 °C) for 1 hour. Enzyme modified electrode 

was brought to place in the beaker volume 250 ml which contains 5 ml of 10% 

glutaraldehyde for 8 mins. The beaker was closed by the parafilm. The vaporization of 

glutaraldehyde inside the close system will induce the cross-linked of enzyme. In 

order to remove the free enzyme, the electrode was washed by using automatic pipette 

injection of 1 ml PBS for 3 times. Finally, ChOx/GR-PEDOT:PSS/SPE with GA 

vaporization was complete. 

 The third method is the immobilization of enzyme by using the thin film 

covering. Nafion, a conducting polymer, was used in this procedure. ChOx/GR-

PEDOT:PSS/SPE was prepared as the previous method. After washing for removing 

the free enzyme, then 3 microliter of 1% nafion solution was deposited on the enzyme 

layer, and allowed to dry at room temperature (25 °C) for 1 hour. Finally, 

Nafion/ChOx/GR-PEDOT:PSS/SPE was complete. 

 The last method is the immobilization of enzyme by using both chemical 

cross-linked and the thin film covering. For the cross-linked procedure, the electrode 

was processed as same as the second method, ChOx/GR-PEDOT:PSS/SPE with GA 

vaporization. After washing for removing the free enzyme, then 3 microliter of 1% 

nafion solution was deposited on the enzyme layer, and allowed to dry at room 

temperature (25 °C) for 1 hour. Finally, Nafion/ChOx/GR-PEDOT:PSS/SPE with GA 

vaporization was complete. 
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 3.2.7 Assessment of enzyme immobilization 

 The assessment of enzyme immobilization was performed by using the 

amperometry. All of the enzyme immobilization methods were evaluated in the same 

condition for determination of 1 mM choline chloride, -0.2 volt versus Ag/AgCl. The 

current response was compared and evaluated. 

 

 3.2.8 Optimization of enzyme concentration 

 This study has 2 steps: Optimization of ChOx concentration, and 

Optimization of AChE concentration. In order to evaluate the optimal concentration, 

enzyme was immobilized on the working electrode surface in the different 

concentrations, 0.5 unit to 3.0 unit. All of them were used for the determination of 

substrate in the same condition by amperometry. The current response was recorded 

and observed to optimize the suitable concentration. 

 

  

 3.2.9 Assessment of calibration curve 

This step of experiment is the procedure for indicating the range of 

acetylcholine chloride measurement. In order to generate the calibration curve, the 

known acetylcholine concentration, 0.01 mM to 2.0 mM, was detected by 

acetylcholine sensor with the amperometric method. The current response were 

recorded and plotted to find the linearity range and sensitivity of our acetylcholine 

sensor. 

  

  

Figure 3.4 Hydrolysis of enzymatic reaction for acetylcholine detection 
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 3.2.10 Design and fabrication of microfluidic chip 

The microfluidic chip is contained three layers, screen printed carbon 

electrode (SPE), adhesive layer, and microfluidic channel. They were designed by 

Adobe illustrator CS6 software. The electrode design was manufactured by the 

Quasense Company, SPCE manufacturer in Thailand. SPEs consist of a working 

electrode (WE), a counter electrode (CE), and Ag/AgCl reference electrode (RE) 

(Figure 3.5). SPCE size is 22 mm in length and 12 mm in width. The inkjet printer 

(Fujifilm Dimatix Materials Printer) (Figure 3.7 (a)) was employed for printing of GR-

PEDOT:PSS layers on the working electrode of SPEs. Adhesive layer is made of 

double side ethylene vinyl acetate (EVA) or a commercial adhesive tape 0.1 mm in 

thickness. The microfluidic channel is made of transparent polypropylene (PP) sheet 

0.1 mm in thickness. Both of adhesive layer and microfluidic channel was cut into the 

same pattern by Craft ROBO-Pros (CE5000-40-CRP) (Figure 3.6 (b)). The 

microfluidic channel is 11 mm in length and 1 mm in width. At the both sides of 

terminal channel have the inlet and outlet which has a diameter 2 mm and 3 mm, 

respectively. The PP channel was adjoined with the adhesive layer meanwhile the 

other side of adhesive layer was adjoined to SPCE. The microfluidic chip fabrication 

was completed.  

Figure 3.5 Schematic of microfluidic chip assembly including of (a) SPE and (b) 

 microchannel with adhesive layer. These components will be connected 

 together in the final step of microfluidic chip fabrication. 
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 3.2.11 Assessment of the laminar flow in microfluidic chip 

 A laminar flow or the streamline flow is the phenomena that occur inside 

the small microfluidic channel. The fluid can flow with parallel line behavior. The 

fluid will flow consecutively without mixing. Actually, the factor that relates with the 

laminar flow is the Reynold’s number (RE). It can calculate by the following equation 

(Figure 3.7). If RE is less than 2000, the fluid inside will have the laminar flow 

behavior. The laminar flow can be tested by using two solutions which has different 

color, green and red. Firstly, the red solution was added into the microfluidic chip via 

inlet channel. Then, the green solution was added subsequently. If our microfluidic 

chip has a laminar flow behavior, the green solution will push the red solution to the 

outlet without mixing.  

 

3.2.12 Electrochemical measurements in microfluidic chip platform 

 The electrochemical sensing in the microfluidic chip platform was also 

performed by the amperometry at the appropriate constant potential. The microfluidic 

channel modified electrode was connected with the connector and Potentiostat (910 

PSTAT mini). The calculation of the volume inside the chip channel is approximately 

11 µl. Therefore, 6 µl PBS was firstly added into the inlet channel. PBS gradually 

flows to the working area and outlet. Subsequently, we started the amperometric 

measurement. After the signal reached to the stable baseline, 5 µl of substrate solution  

Figure 3.6 Microfluidic chip fabrication equipment: (a) Fujifilm Dimatix   

 Materials Printer and (b) Craft ROBO-Pros (CE5000-40-CRP) 
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was added into the inlet channel. Because of the laminar flow, the substrate will push 

PBS to the outlet without mixing. The current response which comes from enzymatic 

reaction was observed and evaluated 

. 

Figure 3.8 Microfluidic chip (A) connects with the Potentiostat for the 

electrochemical measurement (B) 

Figure 3.7 The formula for the calculation of the Reynold’s number 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

 

 This chapter is to demonstrate the results of study. The study is classified 

into two major parts. 1) The optimization of nanomaterial modified SPE, enzyme 

immobilization method, and the acetylcholine measurement by the screen-printed 

modified enzyme and nanomaterials, 2) the enzyme modified new design screen-

printed electrode for the microfluidic chip platform, acetylcholine measurement by 

microfluidic chip platform 

 

 

4.1 Acetylcholine biosensor based on screen-printed electrode 

 

 4.1.1 The nanomaterial modified electrode 

 In this part, we demonstrate the method for assessment of the experiments. 

In order to select the nanomaterial for modified electrode surface, we ought to 

compare the efficacy of each nanomaterial by measurement of H2O2. Then the 

sensitivity of each nanomaterial modified electrode was compared.  

In this study, we used the nanomaterials to modify the electrodes. The 

nanomaterial modified electrodes consisted of two different nanomaterials, GR-

PEDOT: PSS and MWCNT-CS, therefore, there are 3 types of the electrodes, bare 

SPE, MWCNT-CS/SPE, and GR-PEDOT:PSS/SPE. In order to compare the efficacy 

of all electrodes, we used them to measure the amperometry of H2O2. The 

electrochemical system containing 4.95 ml of pH 7.4 PBS with constant applied 

potential, 700 mV versus Ag/AgCl reference electrode. Working electrode surface was 

immersed into the solution and the measurement was started. After acquired the 

stabilized baseline, 50 µl of H2O2 substrate was added to achieve the final 

concentration concentrations, 1, 5, 2.5, 1.25, and 0.625 mM H2O2. Three different 
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types of electrode modification were performed by these procedures in the different 

H2O2. 

Firstly, the current response of bare SPE is shown in figure 4.1 which 

shows that the current response, 0.6 nA to 58.42 nA, proportionally increasing with 

H2O2 concentration. However, we cannot measure any signal at 0.0625 mM H2O2. The 

sensitivity of bare SPE was calculated from the slope (y = 6.1961x - 0.261, R
2
 = 

0.996) which is 6.2 nA/mM 

Secondly, the current response of MWCNT-CS/SPE is shown in figure 4.2 

which shows the current response, 0.1764 µA to 2.139 µA, proportionally increasing 

with H2O2 concentration. The sensitivity of MWCNT-CS/SPE was calculated from the 

slope (y = 2.038x – 0.221, R
2
 = 0.959) which is 2.038 µA/mM. 

Thirdly, the current response of GR-PEDOT:PSS/SPE is shown in figure 

4.3 which shows the current response, 0.4036 µA to 6.291 µA, proportionally 

increasing with H2O2 concentration. The sensitivity of GR-PEDOT:PSS/SPE was 

calculated from the slope (y = 13.286x – 0.447, R
2
 = 0.994) which is 13.29 µA/mM. 
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Figure 4.1 Current response of bare SPE with presence of H2O2 in the 

different concentrations at 700 mV vs Ag/AgCl reference 

electrode 
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Figure 4.3 Current response of GR-PEDOT:PSS/SPE with presence of H2O2 in 

different concentration at 700 mV vs Ag/AgCl reference electrode 
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Figure 4.2 Current response of MWCNT/SPE with presence of H2O2 in the different 

concentrations at 700 mV vs Ag/AgCl reference electrode 
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 From all the above, the comparison of the current response values is 

shown in table 4.1. The sensitivity of H2O2 detection, at 0.7V vs Ag/AgCl, based on 

bare SPE, MWCNT/SPE, and GR-PEDOT:PSS/SPE was 6.2 nA/mM, 2.038 µA/mM, 

and 13.29 µA/mM, respectively (Figure 4.4). For the comparison of the sensitivity 

between bare/SPE and GR-PEDOT:PSS/SPE, the sensitivity increases approximately 

1875 folds. GR-PEDOT:PSS/SPE can definitely amplify the signal response. The 

increasing of the sensitivity is useful for lowering the limit of the detection in the next 

step of the experiments. Therefore, GR-PEDOT:PSS was selected for the next step of 

the experiments.  

Electrode 

modification 

Current response ± STDEV (µA) 

H2O2 concentration 

0.0625 mM 0.125 mM 0.25 mM 0.5 mM 1 mM 

Bare SPE                        

 

N/A              

 

0.0006 ± 

0.0000 

0.0012 ± 

0.0003 

0.0031 ± 

0.0002 

0.0058 ± 

0.0007 

MWCNT-CS/SPE 

 

0.1764 ± 

0.0097 

0.4618 ± 

0.1125 

0.8122 ± 

0.0994 

1.4673 ± 

0.2137 

2.1390 ± 

0.1057 

GR-PEDOT:PSS/SPE 

 

0.4036 ± 

0.0429 

1.3723 ± 

0.0769 

2.5937 ± 

0.1610 

6.2910 ± 

0.5851 

10.913 ± 

0.7842 

 

  

 4.1.2 The optimization of the constant potential 

 In order to optimize the constant potential for the amperometric detection, 

the measurement was performed in the electrochemical system containing 1 mM 

choline chloride. We consider to use the negative potential for acetylcholine detection 

because we want to prevent the interference signal from the other electroactive 

species. Therefore, the constant potential was varied in the range of 0.0 to -0.4 volt 

versus Ag/AgCl. 0.5 unit of choline oxidase was immobilized by physical absorption 

called ChOx/GR-PEDOT:PSS/SPE. Presence and absence enzyme electrode was 

compared. 

 

Table 4.1  Values of the current response by the different electrode modification for 

determination of 0.0625 to 1 mM H2O2 at 700 mV versus Ag/AgCl. 
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 At 0.0 volt and -0.1 volt, there are no current response from ChOx/GR-

PEDOT:PSS/SPE and GR-PEDOT:PSS/SPE because too low potential cannot induce 

the redox reaction. Meanwhile, at -0.2 volt, -0.3 volt, and -0.4 volt, showed the current 

response between 107.97 ± 24.764 nA, 768.64 ± 115.65 nA, and 1811.3 ± 40.614 nA, 

respectively. After 1 mM choline chloride adding (at 100 seconds), the current starts to 

react within 10 seconds, and it reaches to the stable baseline within 50 seconds (Figure 

4.5). We selected -0.2 volt versus Ag/AgCl as the optimal constant potential because it 

shows clearly signal response compared with the higher constant potentials, -0.3 and -

0.4 volt. GR-PEDOT:PSS/SPE is don’t have enzyme for choline hydrolysis, therefore, 

it didn’t have any current response after adding 1 mM choline chloride. 
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Figure 4.4 Comparison of amperometric detection of different type electrode 

 modification for determination of 0.0625 to 1 mM H2O2 at 700 mV  

 versus Ag/AgCl reference electrode 
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Constant Potential 

(volt) versus 

Ag/AgCl 

Current Response ± STDEV  (nA) 

ChOx/GR-PEDOT:PSS/SPE GR-PEDOT:PSS/SPE 

0 N/A N/A 

-0.1 N/A N/A 

-0.2 107.97 ± 24.764 N/A 

-0.3 768.64 ± 115.65 N/A 

-0.4 1811.3 ± 40.614 N/A 

 

 

Figure 4.5 Current response of amperometric detection for 1 mM choline chloride 

 determination by ChOx/GR-PEDOT:PSS/SPE (Blue) and  GR-

 PEDOT:PSS/SPE  (Red), -0.2 volt versus Ag/AgCl 

 

 

  

  

 

Table 4.2  Current response of amperometric detection in the various applied 

 constant potential for 1 mM choline chloride 
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 4.1.3 Characterization of GR-PEDOT:PSS/SPE 

 In order to observe the surface modification screen-printed electrode by 

GR-PEDOT:PSS. The morphology study was performed by SEM (JEOL, JSM-

5410LV). The surface morphology of bare screen-printed electrode is shown in figure 

4.6. The comparison between bare SPE and GR-PEDOT:PSS/SPE is definitely 

different in the structure of surface. Bare SPE shows the plane surface, while the GR-

PEDOT:PSS/SPE definitely increases in 3-dimensional structure. The surface 

roughness and the different of surface height confirms that GR-PEDOT:PSS/SPE 

aggregate on the surface, and it increases the surface to volume ratio of working 

electrode. 

 

Figure 4.6 SEM image (5000x) of SPE (A), and GR-PEDOT:PSS/SPE (B) 

 

 4.1.4 Study of enzyme immobilization 

 In this study section, we immobilized the ChOx enzyme on the electrode 

surface by the several different ways. 1 mM choline chloride was measured indirectly 

via redox reaction of H2O2 which hydrolyzes from choline chloride. 

 Enzyme immobilization was performed by four different methods 

1. ChOx/GR-PEDOT:PSS/SPE 

2. ChOx/GR-PEDOT:PSS/SPE with GA vapor 

3. Nafion/ChOx/GR-PEDOT:PSS/SPE 

4. Nafion/ChOx/GR-PEDOT:PSS/SPE with GA vapor 

 Four types of enzyme modified electrodes were used in this experiment. 

All of electrode modification contains 1 unit ChOx. The efficacy of enzyme 

immobilization was analyzed in the electrochemical system containing 1 mM choline 
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chloride by the amperometry at -200 versus Ag/AgCl reference electrode. Current 

detection was measured from H2O2 hydrolysis of choline chloride by ChOx.  

 The results were shown in figure 4.7 ChOx/GR-PEDOT:PSS/SPE showed 

the highest current detection 207.8 ± 45.9 nA, but the highest fluctuation. Due to 

ChOx was immobilized by the physical absorption. It is very fragile and easy to elute 

from the working electrode surface which was immersed in electrochemical cell. 

Actually, we required the sensor that can measure in high accuracy. Therefore, we 

chose some materials for enhancement the enzyme immobilization. 

 Next, we used nafion coating on the electrode surface after the enzyme 

immobilization. It forms as a thin protective film layer, and we called 

Nafion/ChOx/GR-PEDOT:PSS/SPE. It showed the current response 161.9 ± 18.62 

nA. The reduction of standard deviation proved that nafion protective layer is useful 

for prevention of the enzyme elution. Moreover, we used glutaraldehyde (GA) to 

enhance the enzyme immobilization efficacy in both with and without nafion coating. 

We called ChOx/GR-PEDOT:PSS/SPE with GA vapor and Nafion/ChOx/GR-

PEDOT:PSS/SPE with GA vapor, and it had the current response, 189.05 ± 11.62and 

169.63 ± 11.23, respectively. GA is a bi-functional group or crosslinking agent. GA 

enhances the enzyme immobilization efficacy by acting as a bridge between amino 

groups of enzyme and carboxylic groups of GR-PEDOT:PSS, at the same time, it may 

bind between 2 amine group and forms the matrix structure.  Consequently, the 

enzyme was immobilized inside the matrix formation structure.  

 From all above, the mean of current response of all methods is not 

significantly different. The slightly decrease of current response of Nafion/ChOx/GR-

PEDOT:PSS/SPE may come from protective film that decreases the diffusion rate of 

substrate through the working surface. Meanwhile, the using of GA definitely 

strengthens the enzyme immobilization, but it also defects the enzyme binding site 

which leads to the decrease of enzyme activity. Furthermore, Nafion is an ionic 

polymer which owns the property as a cations selective membrane. Therefore, it can 

prevent the interference from other electroactive species that have a positive charge.  
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 In conclusion, we want to fabricate the high accuracy and steady sensor. 

Therefore, we selected Nafion/ChOx/GR-PEDOT:PSS/SPE with GA vaporiztion for 

the further study.  

 

 4.1.5 The optimization of choline oxidase concentration  

 Due to ACh detection was achieved by the consecutive reaction of bi-

enzyme, AChE and ChOx, respectively. The enzyme concentration ratio must be 

chosen judiciously. This study has 2 steps: Optimization of ChOx concentration, and 

Optimization of AChE concentration. 

 From the previous experiment, the chosen enzyme immobilization method 

is Nafion/ChOx/GR-PEDOT:PSS/SPE with GA vapor. Therefore, we used this 

technique to immobilize ChOx in the different concentration between 0.5 unit and 3.0 

unit. All modified electrodes were used for 1 mM choline chloride determination by 

amperometric detection at -0.2 volt versus reference electrode.  

  

Figure 4.7 Current response of amperometric detection for 1 mM choline chloride 

 determination by different enzyme immobilization methods, -0.2 volt  

 versus Ag/AgCl 
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 The result shows in figure 4.8. In the range of 0.5 to 2.5 unit ChOx, the 

current response increases proportionally with enzyme concentration. The highest 

current response, 347.35 ± 4.2658 nA, is at 2.5 unit ChOx. The current response 

decrease at 3.0 unit ChOx. Because of the cost-effectiveness, we decided to use 1.5 

unit ChOx as the optimal concentration for the further experiment. 

 

  

      4.1.6 The optimization of acetylcholine esterase in concentration 

In order to determine acetylcholine chloride, we must immobilize both 

enzymes ChOx and AChE. 1.5 unit ChOx was selected from the previous experiment 

as the optimized concentration. Therefore, we varied AChE concentration in the range 

of 0.5 to 3.0 unit, but fixed the ChOx concentration at 1.5 unit. We called 

Nafion/AChE-ChOx/GR-PEDOT:PSS/SPE with GA vapor.   
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Figure 4.8 Current response of amperometric detection for 1 mM choline chloride 

 determination in various choline oxidase concentrations 
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Figure 4.9 Amperometric current response of 1 mM choline chloride determination 

(a) 1.0 unit ChOx, (b) 1.5 unit ChOx, and (c) 2.5 unit ChOx 

 

The result shows in figure 4.9. In the range of 0.5 to 2.5 unit AChE, the 

current response increases proportionally with enzyme concentration. The highest 

current response, 211.59 ± 26.724 nA, is at 2.5 unit AChE. The current values are 

shown in table 4.4. However, the current response decrease at 3.0 unit AChE. 

   

 

Figure 4.10 Current response of amperometric detection for 1 mM acetylcholine 

chloride determination in the different acetylcholine esterase concentrations 

0

50

100

150

200

250

300

0 0.5 1 1.5 2 2.5 3 3.5

C
u

rr
en

t 
re

sp
o
n

se
 (

n
A

) 

Acetylcholine esterase (unit) 

(a) 

(b)

©



Fac. of Grad. Studies, Mahidol Univ.                                             M.Eng. (Biomedical Engineering) / 43 

 In conclusion, the Increasing enzyme concentration facilitates the chances 

of enzyme and substrate binding, consequently the increasing reaction rate and current 

response. We expect that the graph will show a plateau curve, if we continually 

increase enzyme concentration. Nevertheless, it decreases at high enzyme 

concentration. We suppose that the excess enzyme immobilization acts as a barrier 

which blocks or decrease the diffusion rate and electron transfer rate on an electrode 

surface, thus lessened in current response. In this experiment, the optimized enzyme 

concentration ratio is AChE:ChOx is 2.5:1.5 unit  

  

 4.1.7 Calibration curve of acetylcholine chloride determination 

 Nafion/AChE-ChOx/GR-PEDOT:PSS/SPE with GA vapor with the 

optimized enzyme ratio 2.5U:1.5U (AChE:ChOx) was used to measure acetylcholine 

chloride concentration. The concentration variation is in the range of 0.50 µM to 1 

mM AChCl. The calibration curve was shown in figure 4.9. The range of the current 

response is 31.347 ± 4.5280 nA to 210.70 ± 26.747 nA with the increase of 

acetylcholine chloride concentration. The linearity relation of current detection locates 

in the range of 50 µM to 250 µM (R
2
= 0.945). For the concentration higher than 250 

µM AChCl, the curve trend is an approximate plateau. This sensor shows the LOD at 

0.50 µM, and sensitivity at 486.1 nA/mM. 

 

 

4.2 Acetylcholine biosensor based in the microfluidic chip platform 

 

 4.2.1 Testing of the laminar flow behavior in the microchannel 

 After the microfluidic chip fabrication, we must test to confirm the 

properties of our microfluidic chip. Microfluidic chip must show the laminar flow and 

passive flow without pumping. In order to test this property, we can test by using the 

solutions which have the different colors, green and red solution.  Firstly, 5 µl of green 

solution was dropped into the microchannel (Figure 4.11 b). The whole part of 

microchannel was filled with the green solution. Subsequently, 5 µl of red solution 

was dropped into the same inlet. Because of the laminar flow behavior (Reynold 
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number < 2300), the fluid flows in the parallel line. Therefore, red solution 

automatically pushed green solution to the outlet without mixing (Figure 4.11 c).  
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Figure 4.11 A: Amperometric calibration curve of Nafion/AChE-ChOx/GR-  

 PEDOT:PSS/SPE with GA vapor cross-linked, B: Linearity of   

  acetylcholine chloride detection 
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 4.2.2 The optimization of the constant potential 

 In order to optimize the constant potential for the amperometric detection, 

the measurement was performed in the microfluidic chip platform for determination of 

1 mM choline chloride. All of the electrodes that were modified with the microchannel 

contained 1 unit ChOx. The constant potential was varied in the range of 0.0 to -0.4 

volt versus Ag/AgCl. 

 Between 0.0 volt to -0.2 volt, there are no current response from 

ChOx/GR-PEDOT:PSS/SPE, because too low potential cannot induce the redox 

reaction. At -0.3 volt and -0.4 volt, showed the current response 55.67 ± 9.545 nA and 

249.86 ± 30.363 nA, respectively. Meanwhile, GR-PEDOT:PSS/SPE, non-enzyme 

electrode, didn’t show any current response. 

 

 

Constant Potential 

(volt) versus 

Ag/AgCl 

Current Response ± STDEV  (nA) 

ChOx/GR-PEDOT:PSS/SPE GR-PEDOT:PSS/SPE 

0 N/A N/A 

-0.1 N/A N/A 

-0.2 N/A N/A 

-0.3 55.67 ± 9.545 N/A 

-0.4 249.86 ± 30.363 N/A 

 

Table 4.3  Current response of amperometric detection in the various applied 

 constant potential for 1 mM choline chloride determination 
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 4.2.3 The optimization of choline oxidase concentration 

 Because we already get the optimization of the enzyme immobilization 

method from the previous experiment, we continually use glutaraldehyde for 

generating chemically cross-linked network, and coating with Nafion thin film. It is 

completely different from the previous screen-printed electrode, such as, containing     

3 kinds of electrode: 1.working, 2.reference, and 3.counter electrode on itself, and the 

changing of working electrode surface area. Therefore, we must optimize the enzyme 

concentration for using with this microfluidic chip platform. 

Choline oxidase was immobilized on the electrode surface by 

glutaraldehyde vapor and coating with nafion, protective film layer. The amount of 

choline oxidase was varied between 0.5 to 2.5 unit. We used the amperometric 

technique, constant applied potential at -0.4 volt, to define the current response. The 

current response is shown in figure 4.13. 0.5 unit ChOx exhibits the lowest current 

response. The graph curve shows a plateau curve at 1.0 to 2.5 unit ChOx. The mean of 

current response is not significantly different, but have a high fluctuation at 2.0 and 

2.5 unit ChOx. Because of the cost-effectiveness, we selected 1 unit ChOx as the 

optimal concentration for enzyme immobilization on the microfluidic chip platform. 

Figure 4.13 Current response of amperometric detection for 1 mM choline   

chloride determination in microfluidic chip by ChOx/GR-

PEDOT:PSS/SPE (Blue) and  GR-PEDOT:PSS/SPE (Red), -0.4 volt 

versus Ag/AgCl 
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4.2.4 Optimization of acetylcholine esterase concentration 

The different concentrations of acetylcholine esterase were mixed with 1 

unit ChOx. AChE was varied into 0.5, 1.0, 1.5, 2.0, and 2.5 unit, and was immobilized 

on the electrode of microfluidic chip platform by the previously same method. We 

used them to measure 1 mM acetylcholine chloride in the microfluidic platform. We 

used the amperometric technique, constant applied potential at -0.4 volt, to define the 

current response. The current response is shown in figure 4.14. 0.5 unit AChE exhibits 

the lowest current response. In the range of 0.5 to 1.5 unit, the current response tends 

to increase with the enzyme concentration. From the current response, we selected the 

1.5 unit AChE as the optimal concentration for the further study. 
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Figure 4.14 Current response of amperometric detection for 1 mM choline 
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Figure 4.15 Current response of amperometric detection for 1 mM 

acetylcholine chloride determination in the different 

acetylcholine esterase concentration in the microfluidic chip 

 

 

 

 

 

  

 

4.2.5 Calibration curve of acetylcholine determination 

 The optimized enzyme ratio 1.5U:1.0U (AChE:ChOx) was immobilized, 

chemically cross-linked and thin film coating, on the electrode which is integrated 

with the microfluidic chip platform. In order to generate the calibration curve, this 

acetylcholine sensor in the microfluidic chip platform was used to measure current 

response of the acetylcholine chloride in the different concentrations, 0.01 mM to 2 

mM. The result is shown in figure 4.15-A. By the amperometric analysis, the current 

response is in the range of 116.67 ± 21.548 nA to 467.33 ± 34.819 nA. It increases 

proportionally with the acetylcholine chloride concentration. The linearity relation of 

current detection locates in the range of 10 µM to 750 µM (R
2
= 0.989, figure 4.15-B). 

In the range of 750 µM to 2.0 mM, the current response seems to be a plateau curve. 

The LOD and sensitivity is 10 µM and 430.76 nA/mM, respectively. 
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Figure 4.16 A: Calibration curve of amperometric acetylcholine biosensor in the 

microfluidic chip platform, B: Linearity of acetylcholine chloride 

detection 
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CHAPTER V 

CONCLUSION 

 

 

 In this study, we aim to fabricate the acetylcholine biosensor which is 

based on the enzymatic reaction. We focus on using the screen-printed electrode that 

has a low-cost fabrication. 

 In the first part, GR-PEDOT:PSS and MWCNT was selected for electrode 

modification. The sensitivity of H2O2 detection, at 0.7V vs Ag/AgCl, based on bare 

SPE, MWCNT/SPE, and GR-PEDOT:PSS/SPE was 6.196 nA/mM, 2.038 µA/mM, 

and 13.29 µA/mM, respectively. GR-PEDOT:PSS/SPE exhibited the highest 

sensitivity, and was selected for the further study. ChOx was immobilized on GR-

PEDOT:PSS/SPE by 10% GA vapor cross-linked for 8 minutes and 1% Nafion 

solution coating (NAFION/ChOx/GR-PEDOT:PSS/SPE). It showed an extremely low 

fluctuation of current detection when compared with physical absorption. Thus it 

confirmed that this method can prevent the elution of enzyme from SPE surface. For 

the amount of enzyme optimization, 0.5 unit to 4.0 unit of ChOx was varied for 

amperometric detection in pH 7.4 PBS containing 1 mM ChCl at -200 mV versus 

Ag/AgCl. 2.5 unit of ChOx showed the highest current response. However, we opted 

to use 1.5 unit of ChOx for the low-cost fabrication. The variation of AChE, 0.5 unit to 

3.0 unit, was mixed with 1.5 unit of ChOx. The results showed that 2.5 unit of AChE 

exhibited the highest current detection of PBS containing 1 mM AChCl. Therefore, the 

optimization of enzyme ratio is 1.5:2.5 (ChOx:AChE). The calibration curve shows 

the limit of detection, linearity and sensitivity, 50 µM, 50 to 250 µM and 486.1 

nA/mM, respectively.  

 The second part, we applied acetylcholine biosensor with the microfluidic 

chip platform. Our microfluidic chip is cost-effectiveness and easy to use. Moreover, 

the fabrication procedure is easy and simple. Our acetylcholine biosensor modified 

microfluidic chip platform shows the limit of detection, linearity, and sensitivity, 10 

µM, 10 µM to 750 µM, and 430.76 nA/mM, respectively. 
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 However, the limit of detection of this sensor is not enough to use for the 

Alzheimer’s disease screening platform. Acetylcholine in the cerebrospinal fluid of 

human is in the nanomolar scale. The limit of detection would be improve in the future 

study. 
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Abstract—A promising acetylcholine biosensor based on graphene-PEDOT:PSS (GR-

PEDOT:PSS) and bienzyme, choline oxidase (ChOx) and acetylcholine esterase (AChE), modified 

electrode was successfully fabricated. GR-PEDOT:PSS ink was directly dropped on the screen 

printed carbon electrode (SPE), and then ChOx and AChE in the optimized loading ratio were 

immobilized on GR-PEDOT:PSS/SPE by the 10% glutar-aldehyde (GA) vapor cross-linked for 8 

minutes. 1% Nafion was coated on the outermost layer of AChE-ChOx/GR-PEDOT:PSS/SPE for 

performing as a protective film. For amperometric responding, our acetylcholine biosensor 

showed a low limit detection, high linearity and sensitivity, which were 50 µM, 50 to 250 µM and 

486.1 nA/mM, respectively, at -200 mV versus Ag/AgCl reference electrode. Moreover, this 

biosensor has a simple preparation, low-cost fabrication, and stable detection, thus it is a novel 

tool for acetylcholine determination. 

Keywords—biosensor; acetylcholine; graphene-PEDOT/PSS; enzyme immobilization  

I. INTRODUCTION  

Alzheimer’s disease (AD) is one of neurodegenerative diseases which mostly occur in elderly 

people [1]. From the previous research, Hebert et al. estimated the prevalence of AD increases largely in 

people age 65 above, and it exponentially increases every five years of age [2].  The previous research 

showed that AD patients have decreased ACh concentration in cerebrospinal fluid (CSF) [3]. Currently, 

treatment options for AD patients are using cholinesterase inhibitors drugs, such as galantamine, 

donepezil, and rivas-tigmine to increase ACh concentration level. Jia Jian Ping et al., studied about the 

differentiation of vascular dementia (VD) and AD by using high-performance liquid chromato-graphy 

with electrochemical detector (HPLC-ECD) for measurement the ACh and choline concentration in 

CSF. The results showed that decrease of ACh concentration in CSF significantly correlates with AD 

and VD patients [4].  

 

Many applications for ACh detection were developed. The correlation between ACh concentration 

and neurodegenerative diseases, such as AD, Parkinson’s disease, and Huntington’s disease, were 

reported. Much research focused on the application to measure in vitro and in vivo ACh concentration 

[5]. There are several methods for ACh measurement, such as, electrochemical measurement [6], 

microdialysis technique, and high-performance liquid chromatography (HPLC) [7, 8]. Each 

measurement method has different advantages and drawbacks, such as, micro-dialysis and HPLC which 

have high accuracy and very low LOD. On the contrary, they require complicated methods that must be 

operated by specialist and specific device in the laboratory [8].  

Amperometric biosensors carry on many advantages. For example, the low-cost fabrication, easy to 

use and rapid response. The principle of amperometry is the current detection, which is generated from 

redox reaction [9]. The conductivity of working electrodes is an importance factor, in order to increase 

the sensitivity and facilitate an electron transfer [10]. Therefore, most research tend to modify working 

electrode surface with nanomaterials, such as, graphene, carbon nanotubes, and gold nanoparticles, for 

increasing surface to volume ratio and conductivity [11].  

Graphene (GR), a monolayer of carbon atom consisting of sp
2
-bonded carbon, contains unique 

properties, which can improve the performance of electronic devices, such as, high electric 

conductivity, high thermal conductivity, high surface to volume ratio, and robust structure [12, 13]. The 
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combination of GR with another materials: polymer, metal, and oxide, were used to enhance the thermal 

conductivity, electrical conductivity and flexibility. GR exhibits a very high surface area of 2630 m
2
 g

-1
, 

while graphite and single walled carbon nanotubes (SWCNT) is only 10 m
2
 g

-1
, and 1315 m

2
 g

-1
, 

respectively [14]. S. Alwarappan et al. reported the conductivity of GR (64 mS cm
-1

) is higher than 

SWCNT about 60-fold [15]. GR modified glassy carbon electrode for detection paracetamol was 

fabricated by X. Kang et al. The experiment showed the increase of oxidation and reduction peak of 

cyclic voltammetry when was compared with bare glassy carbon electrode [16]. From the previous 

study, Chakrit S. et al. used graphene-PEDOT:PSS (GR-PEDOT:PSS) modified electrode which 

showed a high efficiency in electrochemical sensing [17]. 

  

In conclusion, this work focused on the development of amperometric ACh biosensor by 

immobilization of bienzyme, acetylcholine esterase and choline oxidase based on GR-PEDOT:PSS 

modified electrode. 

 

II. METHODS 

A. Reagents and Materials 

The enzyme acetylcholine esterase (AChE), and choline oxidase (ChOx), the substrate acetylcholine 
chloride (AChCl) and choline chloride (ChCl), crosslinking agent glutaral-dehyde, and nanomaterial 
multi-walled carbon nanotubes (MWCNT) were obtained from Sigma. Graphene X4011 conductive 
inkjet ink (GR) was purchased from Innophene Co. (Thailand). Screen-printed electrodes were 
purchased from Quasense Co. (Thailand). All the other reagents were analytical grade. 

 

B. Apparatus 

The electrochemical detection was carried out with potentiostat (910PSTAT mini, Metrohm, 
Thailand). The amperometry was used for determination of H2O2 and substrate activity at 700 mV and -
200 mV, respectively, versus Ag/AgCl in pH 7.4 phosphate buffer solution (PBS) 

 

C. Preparation of MWCNT dissolved in chitosan 

1 mg/ml MWCNT-CS was prepared by dissolving 5 mg chitosan in 1 ml 1% acetic acid. This 
mixture was stirred by magnetic stirrer for 15 minutes. Then added 1 mg MWCNT powder in 1 ml 
solution, and sonicated for 2 hours. The homogeneous colloid suspension of MWCNT-CS was 
achieved. 

 

D. Preparation of nanomaterial modified electrode 

 The nanomaterial modified electrode was consisted of two different nanomaterials, GR-

PEDOT:PSS and MWCNT-CS. 2 µl of GR-PEDOT:PSS was directly deposited onto working electrode 

surface of SPE and allowed to dry 1 hour at 37 °C. GR-PEDOT:PSS modified screen-printed electrode 

(GR-PEDOT:PSS/SPE) was achieved. MWNCT-CS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Amperometric detection of different modified electrodes in 

H202 at 700 mV vs Ag/AgCl reference electrode 
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Fig. 2. Amperometric detection of different enzyme immobilization methods, A: ChOx/GR-

PEDOT:PSS/SPE, B: Nafion/ChOx/GR-PEDOT:PSS/SPE, C: ChOx/GR-PEDOT:PSS/SPE with GA 

vapor, and D: Nafion/ChOx/GR-PEDOT:PSS/SPE with GA vapor, in 1 mM choline chloride   at -200 

mV versus Ag/AgCl reference electrode 

 

 

modified screen-printed electrode (MWCNT-CS/SPE) was prepared by the same process, but used the 2 

µl MWCNT-CS instead of GR-PEDOT:PSS 

 

E. Preparation of enzyme immobilization 

Enzyme immobilization was performed by four different methods, ChOx/GR-PEDOT:PSS/SPE, 

ChOx/GR-PEDOT:PSS/SPE with GA vapor, Nafion/ChOx/GR-PEDOT:PSS/SPE and 

Nafion/ChOx/GR-PEDOT:PSS/SPE with GA vapor. The homogeneous solution of ChOx prepared in 

0.01 mM HEPES buffer containing 3 µl/U, was deposited on the GR-PEDOT:PSS/SPE and allowed to 

dry at room temperature. ChOx/GR-PEDOT:PSS/SPE was acquired. Dropped 3 µl Nafion on 

ChOx/GR-PEDOT:PSS/SPE and let it dried at room temperature to acquire Nafion/ChOx/GR-

PEDOT:PSS/SPE. To achieve ChOx/GR-PEDOT:PSS/SPE with GA vapor, ChOx/GR-

PEDOT:PSS/SPE was exposed with 5 ml 0f 10% GA solution in close system for 8 minutes. Excess 

free enzyme was washed by pH 7.4 PBS. Dropped 3 µl of 1% Nafion onto ChOx/GR-PEDOT:PSS/SPE 

with GA vapor and let it dried at room temperature to achieve Nafion/ChOx/GR-PEDOT:PSS/SPE with 

GA vapor. 

III. RESULT AND DISCUSSION 

A. Detection of hydrogen peroxide 

Hydrogen peroxide (H2O2) detection was performed by amperometry. The electrochemical system 

containing 4.95 ml of pH 7.4 PBS with constant applied potential, 700 mV versus Ag/AgCl reference 

electrode. Working electrode surface was immersed into the solution and the measurement was started. 

After acquired the stabilized baseline, H2O2 substrate was added to achieve the final concentration. 

Three different types of electrode modification were performed by these procedures in the different 

H2O2 final concentration: 0.063, 0.125, 0.250, 0.500 and 1.000 mM H2O2. The current detection is 

shown in Fig.1 which exhibits the linearity relation between current detection and H2O2 concentration. 

The sensitivity of bare/SPE, MWCNT-CS/SPE, and GR-PEDOT:PSS/SPE was 0.006 µA/mM, 2.038 

µA/mM, and 11.25 µA/mM, respectively. GR-PEDOT:PSS/SPE which showed the highest sensitivity 

was selected for the further study.  
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B. Enzyme immobilization 

Four types of enzyme modified electrode were used in this experiment. All contained 1U  ChOx. 

The efficacy of enzyme immobilization was analyzed by amperometry, -200 mV versus Ag/AgCl 

reference electrode. Current detection was measured from H2O2 which was hydrolyzed from 1 mM 

ChCl by ChOx. The results were shown in Fig.2. ChOx/GR- PEDOT:PSS/SPE showed the highest 

current detection 207.8 ±45.9 nA, but highest fluctuation. ChOx was immobilized by the physical 

absorption. It is very fragile and easy to elute from the working electrode surface which was immersed 

in electrochemical cell. The lowest fluctuation of current detection was received from 

Nafion/ChOx/GR-PEDOT:PSS/SPE with GA vapor, 169.63±11.23 nA. The use of Nafion as a thin 

protective film layer could prevent the enzyme from elution. Meanwhile, GA enhances the enzyme 

immobilization efficacy by acting as a bridge between amino groups of enzyme and carboxylic groups 

of GR-PEDOT:PSS, consequently the enzyme was immobilized inside the matrix formation. 

Nafion/ChOx/GR-PEDOT:PSS/SPE with GA vapor showed the lowest fluctuation, therefore it was 

considered for the next experiment. PEDOT:PSS/SPE showed the highest current detection 207.8 ±45.9 

nA, but highest fluctuation. ChOx was immobilized by the physical absorption. It is very fragile and 

easy to elute from the working electrode surface which was immersed in electrochemical cell. The 

lowest fluctuation of current detection was received from Nafion/ChOx/GR-PEDOT:PSS/SPE with GA 

vapor, 169.63±11.23 nA. The use of Nafion as a thin protective film layer could prevent the enzyme 

from elution. Meanwhile, GA enhances the enzyme immobilization efficacy by acting as a bridge 

between amino groups of enzyme and carboxylic groups of GR-PEDOT:PSS, consequently the enzyme 

Fig. 3. The optimization of ChOx unit for 1 mM choline chloride detection at 
-200 mV versus Ag/AgCl reference electrode 
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Fig. 4. The optimization of AChE unit for 1 mM acetylcholine chloride 

detection at -200 mV versus Ag/AgCl reference electrode 
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was immobilized inside the matrix formation. Nafion/ChOx/GR-PEDOT:PSS/SPE with GA vapor 

showed the lowest fluctuation, therefore it was considered for the next experiment. 

 

 

 

C. Optimization of enzyme ratio 

      Because of ACh detection was achieved by the consecutive reaction of bi-enzyme, AChE and 

ChOx, the enzyme ratio must be chosen judiciously. The concentration of ChOx was varied from 0.5U 

to 4.0U. Fig.3 showed the current detection in 1 mM ChCl by amperometry. In the range of 0.5U to 

2.5U ChOx, the current detection increased proportionally with enzyme concentration, but decreased at 

more than 3U ChOx. 2.5U ChOx performed the highest current detection which was 347.35 nA. Due to 

cost-effectiveness, our group decided to use 1.5U ChOx. AChE was varied in 0.5U to 3.0U for mixed 

with 1.5U ChOx, and used in 1 mM AChCl detection. At 2.5U:1.5U (AChE:ChOx) showed the highest 

current detection, 211.59 nA (Fig.4). Increasing enzyme concentration facilitated the chance of enzyme 

and substrate binding, consequently increasing reaction rate. Nevertheless, the excess enzyme 

immobilization could act as a barrier which prevented the diffusion and electron transfer rate on an 

electrode surface, thus lessened reaction rate. 

 

 

 

D. Calibration curve of acetylcholine detection 

Nafion/AChE-ChOx/GR-PEDOT:PSS/SPE with GA vapor with the optimized enzyme ratio 

2.5U:1.5U (AChE:ChOx) was used to measure ACh concentration. The range of concentration 

measurement is 0.50 µM to 1 mM AChCl. The calibration curve was shown in Fig.5. The current 

detection increased from 31.35 nA to 210.70 nA with the increase of AChCl concentration. The linear 

relation of current detection located in the range of 50 µM to 250 µM (R
2
= 0.945). For the concentration 

higher than 250 µM AChCl, the curve tend is an approximate plateau. This sensor showed the LOD at 

0.50 µM, and sensitivity at 486.1 nA/mM. 

 

IV. CONCLUSION 

GR-PEDOT:PSS and MWCNT was selected for electrode modification. The sensitivity of H2O2 

detection, at 0.7V vs Ag/AgCl, based on bare SPE, MWCNT/SPE, and GR-PEDOT:PSS/SPE was 

6.193 nA/mM, 2.038 µA/mM, and 11.25 µA/mM, respectively. GR-PEDOT:PSS/SPE exhibited the 

highest sensitivity, and was selected for the further study. ChOx was immobilized on GR-

Fig. 5. A: Amperometric calibration curve of Nafion/AChE-ChOx/GR-PEDOT:PSS/SPE with GA vapor cross-

linked, B: Linearity of acetylcholine chloride detection. 
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PEDOT:PSS/SPE by 10% GA vapor cross-linked for 8 minutes and 1% Nafion solution coating 

(NAFION/ChOx/GR-PEDOT:PSS/SPE). It showed an extremely low fluctuation of current detection 

when compared with physical absorption. Thus it confirmed that this method can prevent the elution of 

enzyme from SPE surface. For the amount of enzyme optimization, 0.5U to 4.0U of ChOx was varied 

for amperometric detection in pH 7.4 PBS containing 1 mM ChCl at -200 mV versus Ag/AgCl. 2.5U of 

ChOx showed the highest current response. However, we opted to use 1.5U of ChOx for the low-cost 

fabrication. The variation of AChE, 0.5U to 3.0U, was mixed with 1.5U of ChOx. The results showed 

that 2.5U of AChE exhibited the highest current detection of PBS containing 1 mM AChCl. The 

optimization of enzyme ratio is 1.5:2.5 (ChOx:AChE) and the calibration curve shows the limit of 

detection, linearity and sensitivity, 50 µM, 50 to 250 µM and 486.1nA/mM, respectively. Therefore, 

Nafion/AChE-ChOx/GR-PEDOT:PSS/SPE with GA vapor is promising candidate for determination of 

acetylcholine. 
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