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Abstract 

In the recent years, point-of-care (POC) devices are continuously being demanded in the 

healthcare field due to the advantages of low-cost, easy-to-use, rapid and on-site detection. 

Among all kinds of POC devices, electrochemical biosensors are superior candidates because 

of the miniaturization simplicity, fast analysis and high selectivity nature to the sensing 

analytes. Traditional fabrication method of electrochemical biosensors by drop-casting 

process suffers from uneven thickness of functionalization layer and low reproducibility. 

Nowadays, inkjet printing has been a promising technique for biosensor fabrication. The 

merits, such as precise position, micro-dispensing, minimum contamination, less waste and 

potentiality for mass production as valuable features of inkjet printing, have attracted 

significant attention by researchers. However, there are still some issues that need to be 

addressed to promote inkjet printing technique for the POC applications. The most important 

problems include: 1. deficient investigation towards the effect of inkjet printing on the 

sensing element of biosensor, which is critical for the improvement of the sensor 

performance; 2. inadequate printing strategy for multi-functional layers printing, which is 

essential for the development of a stable and sensitive biosensor ; 3. lack of demonstration 

for the construction of inkjet-printed biosensor system towards point-of-care testing, which 

will be significant for the development of POC devices.  

To bridge these gaps, I firstly studied the influence of mechanical stress on the biological 

materials of enzymes based on the pressure wave propagation mechanism. Then, based on 

the first enzyme printing study, a reagentless enzyme-based biosensor was fabricated through 

a novel multi-layer printing strategy. In the end, to demonstrate the inkjet-printed biosensor 



 

iii 

 

for point-of-care analyte detection, a smartphone-supported biosensor system was 

constructed, consisting of a smartphone, an Android APP, a portable potentiostat and a 

functionalized scree-printed electrode (SPE) via inkjet printing.  

In general, the investigation of inkjet printing technique towards fabrication of POC devices 

opens a door for further research and development of an increasing variety of inkjet-printed POC 

devices. Through the work presented in this dissertation, I thoroughly investigated the effect of 

printing on enzymes, and substantially build upon the multi-layer printing strategy and biosensor 

system for inkjet-printed POC devices. The work in this research paves a way toward creating 

high performance, low-cost, easy-to-use and rapid POC diagnostic devices. 

 

Keywords 

Inkjet printing, point-of-care, enzyme activity, pyruvate oxidase, drop-on-demand printer, 

mechanical stress, electrochemical sensor, reagentless, screen-printed electrode, saliva 

phosphate.   
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Summary for Lay Audience 

Inkjet printing has not only been widely used in our daily life, but also been applied or 

demonstrated for point-of-care applications. Although some studies have been done for 

inkjet-printed biosensors, including the development of printing biomaterials, the 

optimizations of printing formula and the symbolizations of the sensor configuration, etc., 

issues still exist. For example, the effect of inkjet printing on the biological materials from 

the aspect of printing mechanism, printing strategies for multi-functional layers printing or 

complex sensor structure, and realization of inkjet-printed point-of-care applications are still 

needed to be addressed.  

This thesis investigates the influence of printing parameters on the biological materials of 

enzymes. The results revealed that it is possible to modulate the enzyme activity through 

settings of printing parameters. Then, the thesis presents an inkjet-printed reagentless 

biosensor based on the printing strategy of multi-functional layers for analyte detection. 

Uniform deposition and enhanced electrochemical performance were achieved by the 

proposed multi-layer inkjet printing method compared to traditional drop-casting method. A 

linear response which covers the physiological range of serum phosphate was obtained. The 

proposed simple, affordable, labor-free and reagentless printing strategy can be easily applied 

to measure other analytes of interest by simply modulating the components of the ink. 

Additionally, a smartphone-supported inkjet-printed biosensor system was developed for 

point-of-care analyte detection. The biosensor system is extremely user-friendly that 

untrained individuals can easily operate. This developed prototype of biosensor system 

demonstrates a reliable and reproducible biosensor fabrication route for the reference of other 

POC applications.   
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Chapter 1  

1 Introduction  

Point-of-care (POC) testing provides the diagnostic or prognostic test on-site to offer 

immediate results without the requirement of expensive and complicated bench-top 

instrument, sample pre-treatment or skilled technician. POC biosensors as a kind of 

miniaturized and portable devices are designed to be used on-site by untrained 

individuals, providing real-time and remote health monitoring [1, 2]. Figure 1-1 shows an 

overview of the construction of the POC devices. Among all kinds of biosensors, 

enzyme-based electrochemical biosensors for POC applications have shown their great 

potential in the patient diagnosis and healthcare field. Significant progress has been made 

in POC devices during the past few years from the aspect of microfluidics integration, 

use of latest nanomaterials, advancement of data analysis and improved connectivity [3, 

4].  

However, the built-up of such POC biosensors are currently at an early stage just 

demonstrated in the laboratory. For instance, most of the biosensors are based on the 

drop-casting method to functionalize the transducer which limits the sensor 

reproducibility because of the inevitable coffee-ring effect. Moreover, the use of 

biomaterials and nanotechnology during the fabrication process of POC devices requires 

precise position and quantitively functionalization of the electrode. To meet the above 

requirements, the use of inkjet printing technique as a key manufacturing technology for 

the POC biosensor fabrication is suggested in this thesis. 
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Figure 1-1 The overview of the POC devices. Reprinted with permission from ref. 

[5] 

Inkjet printing as a powerful tool combines efficient and customizable manufacturing of 

biosensors with high resolution, miniaturization and low-cost. With the integration of 

microfluidic and electronics systems, inkjet-printed enzyme-based biosensors have 

attracted attention in the fields of POC testing [6, 7]. Till now, various kinds of inkjet-
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printed biosensors have been developed. Most of the studies mainly focus on improving 

the performance of glucose sensor. Research has also been conducted from the aspect of 

inclusion of novel nanomaterials, printing strategies on different kinds of substrate 

electrodes, discovery of novel non-enzymatic sensing materials. Printing strategies for the 

construction of the glucose sensor system is relatively settled. For example, Figure 1-2 

presents an all inkjet-printed glucose sensor on a paper substrate.  However, a more 

universal inkjet printing route for the fabrication of complex enzyme-based biosensors 

(for instance, enzyme with cofactors and coenzymes) is demanded to serve as an example 

for other inkjet-printed biosensors. 

 

Figure 1-2 (a) Photograph of glucose biosensors inkjet-printed on paper with a loop 

on the device geometry/configuration. The device is comprised of 2 printed layers of 

PEDOT: PSS used as reference, working and counter electrode. (b) Photograph of 

the fully printed biosensor. (c) 3D exploded schematic of the working electrode with 

all the separately printed layers, namely the electrode (PEDOT: PSS), the dielectric 
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(SunTronic EMD6415), the biological coating containing the enzyme and the 

mediator (glucose oxidase and ferrocene), and the encapsulation layer (nafion). (d) 

Cross sectional SEM image of the working electrode taken using a focused ion beam 

(FIB). PEDOT: PSS (1), the biological coating (2), and the encapsulation layer (3) 

are assembled vertically on paper. The scale bar in a and d are 1 cm and 1 μm, 

respectively Reprinted with permission from ref. [8] 

Moreover, studies are highly demanded for coupling of biosensors and APPs for the 

built-up of smartphone-based POC biosensor system in pursuit of high reproducibility, 

user-friendliness, and wide applicability. General inkjet printing route for construction of 

biosensor system and widely applicable apps for different occasions of electrochemical 

analysis are of great importance and highly desirable for the development of POC 

devices. The implementation of such inkjet-printed biosensor system would have great 

references for constructions of the POC devices.   

1.1 Objectives 

Paving the way towards practical performance of the inkjet-printed biosensor system is 

necessary in real applications. Therefore, the ultimate goal of this research is to develop 

an inkjet-printed biosensor system for point-of-care applications. There are specifically 

three progressive sets of objectives in this thesis. 

(1) To investigate the influence of inkjet printing on the biological materials of enzymes 

from the aspect of the printing mechanism. 

o To formulate a biologically stable and reliably printable enzyme-containing bio-

ink. 
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o To investigate the effect of mechanical stress on enzyme activity based on the 

pressure wave propagation in the printhead chamber. 

o To study the optimal printing parameter which less affect the enzyme activity 

during printing. 

o To evaluate the impact of the printing process on the secondary structure of the 

enzymes. 

o To analyze the mechanism that caused potential enzyme activity change. 

(2) To develop novel printing strategy and facile functionalization method for inkjet-

printed biosensor fabrication. 

o To formulate functional and jettable inks which enable the enzyme 

immobilization, substrate preloading and evenly dispersed nanomaterials.  

o To optimize the ink component for all three layers in pursuit of highest analytical 

response. 

o To optimize the operation printing parameters for different layer printing, 

specifically, printing voltage, printing frequency, drop spacing, substrate 

temperature, etc.  

o To investigate the morphology and analytical performance of the functionalized 

inkjet-printed electrode and drop-casted electrode. 

o To evaluate the electrochemical performance of the functionalized inkjet-printed 

electrode based on the reversible cyclic voltammetry using K3Fe(CN)6 solution. 

o To demonstrate the proposed printing strategy by prototyping an inkjet-printed 

biosensor. 

o To evaluate the performance of the proposed biosensor by linear calibration, 
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selectivity test and stability test.  

(3) to build up an inkjet-printed smartphone-supported biosensor platform for point-of-

care analyte detection. 

o To design a user-friendly POC biosensor system that can smoothly incorporates 

functionalized inkjet-printed electrode, smartphone APP and portable potentiostat.  

o To develop an APP that researchers can easily adjust the codes or parameters for 

different occasions and untrained personnels can easily operate and read the 

results. 

o To build up a prototype POC sensor system according to the proposed plan using 

artificial body fluid. 

o To evaluate the analytical performance of the POC biosensor system through 

linear calibration, selectivity test, stability test and recovery test. 

1.2 Outline 

In what follows, the dissertation will be organized in an outline as six chapters. 

In chapter 1, I briefly introduced the background of the study, identified the research 

opportunities and the motivation of the project. The objectives of the thesis are identified. 

In chapter 2, the background information which are necessary for understanding point-of-

care biosensing is reviewed, including the basics of biosensors and biomarkers, 

fundamental information about point-of-care testing.  

Chapter 3 presents the change pattern of enzyme activity based on printing mechanism in 

the bioprinting process. This study investigated the effects of pressure wave propagation 
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on enzyme activity from the aspects of wave superposition, wave amplitude, resulting 

mechanical stress, and protein conformation change using pyruvate oxidase as the model 

enzyme. Mechanical stress increased the activity of pyruvate oxidase during the inkjet 

printing process. A shear rate of 3 × 105 s−1 enhanced the activity by around 14%. The 

enhancement mechanism was proposed that the mechanical activation or mild proteolysis 

was the major cause to change the enzyme conformation and enzyme activity. The 

obtained results have also been compared with previously reported bioprinting practices. 

A comparison of circular dichroism spectra results on different enzymes revealed that the 

protein structural change varied due to the structure or component of specific protein.  

Chapter 4 describes a reagentless biosensor fabricated through inkjet printing 

functionalization strategy on a screen-printed electrode for biosensing. Three functional 

layers, consisting of enzyme layer, crosslinking layer and protective layer were 

subsequently printed on the working electrode after careful optimization of the ink 

formula and printing parameters to pursue the best optimal sensor performance. A 

comparison of morphology and analytical performance between traditional drop-casted 

electrode and our inkjet-printed electrode was presented, more uniform deposition and 

enhanced electrochemical performance were achieved by inkjet printing method. The 

analytical results of the proposed sensor have been compared with various biosensors that 

reported previously. This sensor is applied to demonstrate the detection of inorganic 

phosphate in the artificial serum. 

Chapter 5 demonstrates an inkjet-printed electrochemical enzyme-based biosensor system 

which can work with the smartphone for the point-of-care analyte detection. Four 

components of a smartphone, an Android APP, a portable potentiostat and a 
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functionalized screen-printed electrode form the proposed biosensing system. A 

prototyping biosensor system for detection of phosphate in artificial saliva is presented.  

The proposed biosensor system demonstrates a reliable and reproducible biosensor 

fabrication route that has meaningful reference for similar biosensor systems.  

Chapter 6 provides conclusions and a summary of all the results reported in the thesis, as 

well as directions of future research.  
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Chapter 2  

2 Literature review 

In this chapter, the background information of the point-of-care biosensors is introduced, 

including basics of the biosensors, the use of biomarkers, the fabrication methods of 

biosensors and latest technical support for point-of-care applications. The purpose of this 

literature review is to provide sufficient information for the analysis and discussions in 

the following chapters. 

2.1 Biosensor 

2.1.1 History 

Biosensors are the devices that detect the biological or chemical signals and convert them 

into the measurable electrical signals [1]. It is commonly acknowledged that Leland C. 

Clark, Jr developed the first biosensor in 1956 for the detection of oxygen [2]. It is until 

1975 that the first commercial biosensor was developed by a company named Yellow 

Spring Instrument (YSI). Various kinds of biosensors were invented during the period of 

1970 and 1992 (see in Table 2-1), and they are the foundation for the biosensors 

nowdays. Remarkable achievements have been made in the field of biosensor since the 

creation of the i-STAT sensor [3]. Now the field of biosensor is an interdisciplinary 

research area that covers the subjects of physics, chemistry, materials, biology and 

engineering [4]. It also involves the fundamentals of nanotechnology, electronics and 

applicatory medicine [5]. For the past 10 years (2010-2020), there are over 47 000 reports 

on the topics of biosensors in the database of Web of Science. 
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Table 2-1: Important cornerstones in the development of biosensors during the 

period 1970–1992. Reprinted with permission from ref. [5] 

Year Development of biosensors 

1970 Discovery of ion-sensitive field-effect transistor (ISFET) by Bergveld [6] 

1975 Fibre-optic biosensor for carbon dioxide and oxygen detection by Lubbers and Opitz [7] 

1975 First commercial biosensor for glucose detection by YSI [8] 

1975 First microbe-based immunosensor by Suzuki et al. [9] 

1982 Fibre-optic biosensor for glucose detection by Schultz [10] 

1983 Surface plasmon resonance (SPR) immunosensor by Liedberg et al. [11] 

1984 
First mediated amperometric biosensor: ferrocene used with glucose oxidase for glucose 

detection [12] 

1990 SPR-based biosensor by Pharmacia Biacore [7] 

1992 Handheld blood biosensor by i-STAT [7] 

2.1.2 Classification of biosensors 

The two most fundamental and widely used categorizations of sensors are physical 

sensors and chemical sensors. To be more specific, based on the mode of reception, the 

area of application and the analyte that is measured, biosensors can be classified in 

magnetic sensors, thermometric sensors, optical sensors, radiation detecting sensors, 

electrical sensors and electrochemical sensors, etc. They have been extensively studied 

by researchers [1]. The figure 2-1 demonstrates different types of biosensors that are 

applied in various engineering fields.  
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Figure 2-1: Types of biosensors that are applied in various fields of engineering 

Reprinted with permission from ref. [13] 

2.1.3 Structure 

The figure 2-2 shows the schematic representation of a biosensor structure. It mainly 

includes four parts, namely bioreceptor, transducer, electronics and display. The 

bioreceptor (enzymes, cells, aptamers, deoxyribonucleic acid, antibodies, etc.) responds 

to the analyte and generates a signal (light, heat, pH, mass change, etc.) upon their 

interaction. The transducer connects with the bioreceptor and converts the generated 

signal into a measurable form. The electronics usually consist of complex electronic 

circuitry which amplify and convert the transduced signal from analogue into digital 

form. The output signals will then be presented on the display in the form of numbers, 

curves, images, etc. 
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Figure 2-2: Schematic representation of a biosensor. Reprinted with permission 

from ref. [5] 

2.2 Enzyme-based electrochemical biosensor 

Electrochemical biosensors are the sensing devices that transduce the biochemical events 

to electrical signals through electron movement on an electrode with immobilized 

biomolecules [14]. Enzyme-based electrochemical biosensors are the sensors that employ 

enzymes as the bioreceptors. Enzymes are highly specific toward particular molecules 

which decide the selectivity of the biosensor. Enzyme-based electrochemical biosensors 

with the advantages of high selectivity, fast response, easy-to-use and possibility of 

miniaturization have been widely used in various fields such as health care, clinical 

diagnosis, environmental assessment, etc [15, 16]. 
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2.2.1 Enzymes 

Enzymes mainly consist of proteins which are folded into complicated three-dimensional 

shapes. Enzymes are biological catalysts which can convert specific substances into 

products. For some enzymes, additional components of cofactors (inorganic or organic 

compounds) and coenzymes (organic molecules) are required to realized full enzyme 

activity. Various kinds of enzyme [17] have been used in the enzyme-based biosensors, 

including the following: 

• Oxidoreductases: catalysing oxidation or reduction reactions which can be 

detected electrochemically 

• Transferases: transferring a functional group from one molecule to another 

• Hydrolases: catalysing the hydrolysis of various bonds 

• Lyases: cleaving various bonds (C-C, C-O or C-N bonds) by means other than 

hydrolysis and oxidation 

• Isomerases: catalysing the addition of a functional group to a molecule to form an 

isomeric form  

• Ligases: catalysing the coupling of two molecules 

The model enzyme that I used in the thesis is pyruvate oxidase (PyOD), which belongs to 

the family of oxidoreductases. PyOD as a multi-substrate, multi-cofactor enzyme 

catalyzes the following chemical reaction: 

pyruvate + phosphate + O2 ↔ acetyl phosphate + CO2 + H2O2 

PyOD is a tetrameric flavoprotein consisting of thiamine pyrophosphate (TPP), flavin 

adenine dinucleotide (FAD), a divalent metal ion. The two active sites of the enzymes 
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located in the interfaces of TPP domain and CORE domain. PyOD-based biosensors have 

been widely employed in detecting the analyte of inorganic phosphate in the environment 

and human body fluid [18, 19]. 

 

Figure 2-3: The monomeric unit of pyruvate oxidase showing the CORE (red), FAD 

(violet) and TPP (blue) domains. Reprinted with permission from ref. [19] 

2.2.2 Enzyme immobilization 

The enzymes used in the biosensor should be in close association to the transducer. 

Different enzyme immobilization approaches have been developed to improve the 

performance of the biosensors [20-22]. The figure 2-4 presents common immobilization 

strategies, including adsorption, covalent bonding, entrapment/encapsulation, and cross-

linking. 

• Adsorption 
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Adsorption bonds the enzymes to the surface of the support/electrode through weak 

interaction such as van der Waals forces, electrostatic force or hydrophobic forces.  

• Covalent bonding 

Covalent bonding immobilizes the enzymes onto the support via covalent bonds with 

functional groups such as amino groups, carboxyl groups, sulfhydryl groups, hydroxyl 

groups, phenolic groups, and thiol groups.  

• Entrapment/encapsulation 

Entrapment is usually achieved by physical entrapment of enzymes in the three-

dimensional structure of polymeric gel. 

• Cross-linking 

Cross-linking is realized via strong chemical binding between enzymes with crosslinking 

agents like glutaraldehyde. Sometimes additional proteins like bovine serum albumin are 

utilized as mediators.  

 

Figure 2-4: Common types of enzyme immobilization on electrode surface. 

Reprinted with permission from ref. [17] 
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2.3 Biomarkers 

2.3.1 Definition, classification, and application of biomarkers 

A biomarker is defined as a specific characteristic that is measured as an indicator of 

normal biologic processes, pathogenic processes, or responses to an exposure or 

intervention [23]. Biomarkers are classified into different categories according to their 

respective applications in patient care, clinical study, and therapeutic development [24].  

• Diagnostic biomarkers 

A diagnostic biomarker detects or identifies the presence of a disease or condition, or 

redefine the subtype of the disease [23]. 

• Monitoring biomarkers 

A monitoring biomarker can be measured serially to detect the condition of a disease or 

evidence of exposure to a medical product or environmental element, or assess the effect 

of a medical product or biological agent. 

• Pharmacodynamic/response biomarkers 

The level of pharmacodynamic/response biomarkers changes with the exposure to a 

medical product or environmental element.  

• Predictive biomarkers 

The presence or change in the predictive biomarkers predicts and individual or group of 

individuals more likely to experience a favorable or unfavorable effect from the exposure 

to a medical product or environmental element [23]. 

• Prognostic biomarkers 
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Prognostic biomarkers are used to assess the probability of a clinical event, disease 

recurrence, or disease progression in patients with a disease or medical condition [24]. 

• Safety biomarkers 

A safety biomarker is measured before or after an exposure to a medical product or 

environmental element to indicate probability, presence, or extent of a toxicity as an 

adverse event [24]. 

Rapid evaluation of biomarkers by point-of-care testing is critical for disease diagnosis or 

monitoring of the progression of the diseases.  

2.3.2 Phosphate as the biomarker 

The biomarker used in this thesis is inorganic phosphate. Measurement of phosphate 

concentration in the body fluid is clinically significant to human body. Inorganic 

phosphate in the serum is usually used to quantify the phosphate level in the body with a 

reference range of 25 to 45 mg/l (0.81-1.45 mM) for adults [17]. The deficiency of serum 

phosphate (less don 25 mg/l) indicates the condition of malnutrition, while the excess of 

phosphate (more than 45 mg/l) is considered as a disease indicator for 

hyperphosphatemia, cardiovascular and chronic kidney disease [15].  

As one of the constituents of saliva, inorganic phosphate has become a vital analyte in 

various dental and oral studies along with other scientific fields. Research has been 

conducted on the concentration of saliva phosphate at the conditions of stimulation [25], 

different salivary flow rate [26], pH [27] and buffering capacity [28], and the 

relationships between the phosphate contents and oral health [29]. The fluctuations of 

saliva phosphate have been investigated as indicators of hyperphosphatemia [30, 31], 
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ovulation [32], uremic state [33] and risk of developing dental caries and forming of 

dental calculus [29]. 

2.3.3 Detection methods of inorganic phosphate 

Current standard method to measure inorganic phosphate is the colorimetric method [34]. 

However, the disadvantages of complicity, inclusion of carcinogenic reagent, use of the 

expensive instruments and weak anti-interference performance limited its usage for on-

site measurement. Till now, various biosensors including optical sensors, chemical 

sensors and electrochemical sensors have been developed for phosphate measurement in 

the body fluid. 

Various mono-enzymatic biosensors, bi-enzymatic biosensors and multi-enzymatic 

biosensors for phosphate measurement have also been developed [35-40]. Among them, 

mono-enzymatic is superior to other kinds because of cost-effectiveness, simple enzyme 

immobilization procedure and high sensor stability. Kwan et.al [36] immobilized 

pyruvate oxidase through gel-entrapment on the screen-printed electrode (SPE) and a 

linear range of 7.5-625 µM was achieved. Gilbert et.al [41] crosslinked pyruvate oxidase 

through glutaraldehyde on a cobalt phthalocyanine screen-printed electrode, which 

achieved a linear range of 2.5-130 µM. Through the incorporation of nanomaterials, 

substantial increase of linear range has been achieved by Orgabiela et.al [42] and Cui 

et.al [43] using AuNWs (12.5-1000 µM) and Pt/Au alloy nanowire arrays (0.248-1.456 

mM).  

Gunin Saikia and Parameswar K. Iyer made an optical sensor to detect Fe3+ and inorganic 

phosphate simultaneously [44]. It is a highly sensitive and highly selective approach, 
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while the time for measurements are 30 mins, and a pre-treatment procedure is required. 

Suzanne L. Tobey and Eric V. Anslyn developed a chemical sensor to determine the 

phosphate concentrations in both horse serum and human saliva at biological pH [45]. 

2.4 Inkjet printing as the biosensor manufacturing 
technique 

Various techniques have been adopted to fabricate electrochemical biosensors, including 

subtractive manufacturing, thin film, lithography, electrospray/electrospinning and 

printing technology. Their advantages and challenges have been listed in the table 2-3. 

Compared to the other techniques, printing technologies provide potentialities for device 

miniaturization, compatibility in complex systems and ease of customization [46].  

Two types of printing technologies have been employed in the biosensor manufacturing, 

namely, contact printing and non-contact printing. Though contact printing (gravure, 

flexographic, offset, micro-contact dispensing and screen printing) is a high throughput 

and low-cost method, the problems of low resolution and high material waste cannot be 

ignored. In the other hand, non-contact printing technique, especially inkjet printing 

technique has attracted the attention in the biosensor manufacturing field due to its 

advantages of minimum material waste, high resolution and more complex patterns [46]. 
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Table 2-2: Main fabrication techniques for electrochemical biosensors: advantages 

and challenges. Reprinted with permission from ref. [46] 

Techniques Advantages Challenges 

Bulk Electrodes 
Higher stability, 

larger surface 

No possibility of 

miniaturization,  

large volumes of sample 

needed,  

low customization 

possibility 

Printing technologies 

Miniaturization, 

low cost, 

wide range of inks and substrates 

available, 

integrability,  

complex geometries,  

possible combination with 

nanostructures,  

with bio-receptors 

Stability, 

repeatability, 

compatibility among 

materials 

Thin Film 

(Vacuum-Based, Spin Coating) 

Fine control of the thickness,  

low costs,  

high repeatability 

High temperatures, 

vacuum needed, 

non-compatible with low-

melting point substrates, 

no complex geometries 

Lithography 

High resolution, 

high accuracy, 

high repeatability 

Long process 

needed particular 

materials 

mask based 

high costs 

limited available 

substrates 

Electrospray 

Electrospinning 

Good control of fibers, 

control of porosity possibility to 

combine multiple materials 

Low lateral resolution, no 

complex geometries 

2.4.1 Introduction to inkjet printing 

Inkjet printing is a prevailing tool for its accurate positioning and elaborate manufacture, 

taking advantages over other techniques, and performs as a promising tool of handling 

biological fluid. According to the mechanisms of droplet generation, inkjet printing can 

be classified into continuous inkjet (CIJ) printing and drop-on-demand (DOD) inkjet 

printing [47]. 
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CIJ printing produces a continuous stream of liquid drops. The drops not required for 

printing are deflected into a gutter and recycled. The schematic diagram of working 

mechanism for the CIJ printing is shown in Figure 2-5. The recycling process also 

increases the possibility of ink contamination because the ink is exposed to the 

environment. 

 

Figure 2-5: Schematic diagram showing the principles of operation of a continuous 

inkjet (CIJ) printer. Reprinted with permission from ref. [47] 

DOD printing, in the other hand, only deposit droplets when it is required. There are 

mainly two subtypes of DOD printing, thermal DOD printing and piezoelectric printing. 

The schematic diagram for the working mechanism of them is presented in Figure 2-6. 
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Compared to thermal DOD printing, piezoelectric printing is more frequently used in the 

research and industry due to the convivence to monitor the drop size and velocity of fluid. 

 

Figure 2-6: Schematic diagram showing the principles of operation of a drop-on-

demand (DOD) inkjet printing system. Drops are ejected by a pressure pulse 

generated in a fluid-filled cavity behind the printing orifice. This pressure pulse can 

be generated by (a) a vapor pocket or bubble generated by a thin-film heater 

(thermal inkjet) or (b) a mechanical actuation, e.g., from a piezoelectric transducer 

(piezoelectric inkjet). Reprinted with permission from ref. [47] 

2.4.2 Ink formula 

For the ink that contains biomaterials (here as enzymes), the ink should satisfy the 

requirement of good rheological property and ability to stabilize the biomaterial. 
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For the rheological property, the enzyme ink is carefully adjusted to guarantee of the 

dimensionless number Z of the ink is between 1 to 10 according to the equation [48]: 

                                                                                        

where Oh, Re, and We are the Ohnesorge, Reynolds, and Weber numbers, respectively, γ, 

ρ, and η are the surface tension, density, and dynamic viscosity of the fluid, respectively, 

and a is the characteristic length, here taken as the diameter of the printer orifice.  

According to the Fujji Dimatix Material Printer User Manual, the viscosity and surface 

tension should be adjusted within the range of 2-30 cp and 32-42 dynes/cm for the printer 

to form stable drops. Glycerol and Triton x100 are commonly selected to adjust the 

viscosity and surface tension of the ink separately.  

For the enzyme ink stability, stabilizing reagent is suggested to be included in the ink. 

For example, BSA is added as an enzyme stabilizer and sacrificial agent in the ink for 

glucose sensor printing [49].  

2.4.3 Printing parameter 

According to the Fujji Dimatix Material Printer User Manual, waveform should be finely 

regulated with the duration time, slew rate and level parameter for each segment until 

stable and round drop is seen at the 1000-micron mark on the drop watcher window. 

Printing voltage and printing frequency of the waveform should also be optimized to 

achieve fast and stable droplet ejection, as shown in Figure 2-7 and Figure 2-8. 
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Figure 2-7: Optimized jetting waveform obatined from this work in the Waveform 

Editor window. 

 

Figure 2-8: Stable droplets in the Drop Watcher window obtained from this work. 
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2.4.4 Inkjet printing enzymes 

The most frequently studied enzymes for printing are HRP [50-53] and GOD [51, 53-61], 

either from mechanism or application. Some other kinds of enzyme that have been 

printed are xanthine oxidase [62], acetylcholinesterase [63], lactic oxidase [63], lipase  

[63], glycerol kinase [63], L-α-glycerophosphate oxidase [63] and β-galactosidase [64], 

etc.  

For the investigation of ink formula, Sabina Di Risio et al. investigated the effect of ink 

viscosity modifiers on the HRP activity during the printing process [52]. They found that 

the percentage change of the HRP activity before and after the printing was less than 2%. 

Different viscosity modifiers were tested during the experiment regarding to the dosing 

and effect in the ink formula.  

In respect to the influence of different printing parameters on enzymes, Nishioka et al. 

worked on the effect of varying the compression rate of the nozzle (by modifying the 

waveform by applying a fixed voltage over different time ranges) on the HRP activity 

using drop-on-demand printing [50]. They found that HRP activity was compromised by 

increasing the compression rate up to 5.48 µm3/µs, but by adding sugar to the enzyme 

solution, the damage could be mitigated. However, this is hard to be achieved in the 

practical applications. The droplet speed is quite slow at 0.3-0.4 m/s, while the velocity of 

commercial inkjet printers is usually higher, ranging from 1-10 m/s. In this study, no 

other additives (viscosity modifiers or surfactants) are included in the HRP solution 

except for the fluorescein sodium-salt and sugar.  
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To investigate whether change of protein conformation occurred during printing, C. Cook 

et al. evaluated the changes of the GOD structure under different printing conditions. 

Light scattering, analytical ultra-centrifugation and circular dichroism are used to 

characterize the protein. They found no significant difference in the molecular weight and 

secondary structure of enzyme, suggesting no protein conformation occurred during the 

printing process. They also investigated GOD printed at 5 kHz with different printing 

voltages (40 V, 60 V, 80 V), and found that with the increasing of printer actuation 

voltage, the enzyme activity decreased. It indicated that more subtle alteration of the 

protein structure might occur during printing [65]. One year earlier, Tianming Wang et al. 

compared the retained activity of GOD printed at 1 kHz with the same voltage group of 

40 V, 60 V, 80 V by the change of fluorescence intensity before and after printing and 

found no loss of activity and little change in the protein tertiary structure after printing 

[56]. This observation suggests that the printing frequency is the cause for the subtle 

protein structures that influence enzyme activity. 

When applying the enzyme printing technique into the biosensor fabrication, L. Setti et 

al. found no enzyme activity loss for the GOD during the thermal inkjet printing process 

for fabricating glucose sensor [57]. The GOD activity was evaluated after printing, and 

the results show that there was no activity reduction during the printing. The enzyme 

activity values before and after the printing were 210.3 and 238.0 U/mL, respectively. 

This may be due to the decreasing gradient of temperature from the heater surface to the 

bulk ink solution, which allows the enzyme to feel temperatures lower than the nozzle 

heater surface. In their study, viscosity regulators and surfactant agents are added in the 
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biological ink to acquire better printing performance. The glycerol used in the ink 

formula may act as a stabilizing agent protecting the enzyme against the thermal shock.  

2.5 Biosensor system for point-of-care testing 

Point-of-care testing (POCT) is one of the most important application of biosensors and 

most of POC devices are based on the electrochemical detection [66]. POCT performs the 

diagnostic or prognostic test near the patient to offer immediate results without the 

requirement of expensive and complicated bench-top instrument, sample pre-treatment, 

skilled technician, etc. [67] 

Conventional benchtop devices are designed for research that can perform a wide variety 

of electrochemical analysis and are only available in the research lab, healthcare facilities 

or hospitals. However, it is expensive, complex and bulky for point-of-care testing. 

Figure 2-9 is a photo of typical benchtop biosensor system including the electrochemical 

cell, potentiostat and a laptop.  

 

Figure 2-9 A photo of typical benchtop instruments for electrochemical analysis. 
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Currently there is an increasing demand for inexpensive, handheld, user-friendly and 

customizable biosensors, which can obtain the results onsite. This pursuit of a portable 

efficient, affordable POC biosensor system now can be realized based on the progress of 

nanotechnology, additive manufacturing, miniaturization technologies, internet 

technology, smartphones, APP development, etc. [68] 

2.5.1 Screen-printed electrodes 

Screen-printed electrodes are widely used in the electrochemical biosensor system due to 

its low-cost and reproducibility for mass production. Electroanalysis combined with 

screen-printed electrodes can offer inexpensive, accurate, sensitive, fast, quantitative 

information and laboratory equivalent results [69]. With the help of screen-printed 

electrodes, the requirement of sample transportation and preparation to the laboratory is 

greatly reduced. Through modifying the materials on the working electrode, the biosensor 

can be easily customized and suit for different measurement requirement. Figure 2-10 is a 

typical screen-printed electrode fabricated by DropSenses. 
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Figure 2-10: Schematic of a Dropsens screen printed electrode. Reprinted with 

permission from ref. [70]  

2.5.2 Portable potentiostat 

The use of potentiostat is essential to control and measure the parameters (time, current 

and voltage) of the electrochemical experiments. With the development of electronics, 

bulky, heavy and expensive benchtop potentiostats have evolved to inexpensive and 

portable potentiostats that are suitable for point-of-care testing [71]. 

Till now, various portable potentiostats have been developed [71-74]. Coupling with the 

screen-printed electrodes, smartphones and wireless transmission technique, rapid 

diagnosis results can be easily obtained. Figure 2-11 demonstrates an open-source 

portable potentiostat which can be easily adjusted to tailor the experimental needs.  
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Figure 2-11: The CheapStat, an inexpensive, ‘‘do-it-yourself’’ potentiostat. 

Reprinted with permission from ref.[70]  

2.5.3 APP development 

In recent years, smartphones with software applications (APP) have been integrated into 

POC biosensor systems for imaging and signal analysis. Customized and easy-to-use 

APP enables any user to perform rapid and easy analysis anywhere and anytime. Till 

now, many biosensor systems have been equipped with customized APP for specific 

electrochemical analysis [75-78]. The real-time control, monitoring and signal imaging 

on the APP efficiently improve the user experience and greatly help the researchers to 

perform the analysis. 
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Chapter 3  

3 Study of the enzyme activity change due to inkjet 
printing for biosensor fabrication 

Enzymes, the most commonly used biosensing element, have a great influence on the 

performance of biosensors. Recently, drop-on-demand (DOD) printing technique has 

been widely employed for the fabrication of biosensors due to its merits of noncontact, 

less waste, and rapid deposition. However, enzyme printing studies were rarely 

conducted on the effect of printing parameters from the aspect of the pressure wave 

propagation mechanism. This study investigated the effects of pressure wave propagation 

on enzyme activity from the aspects of wave superposition, wave amplitude, resulting 

mechanical stress, and protein conformation change using pyruvate oxidase as the model 

enzyme. We found that the mechanical stress increased the activity of pyruvate oxidase 

during the inkjet printing process. A shear rate of 3 × 105 s−1 enhanced the activity by 

around 14%. The enhancement mechanism was investigated, and the mechanical 

activation or mild proteolysis was found to change the conformation of pyruvate oxidase 

and improve its activity. This study is fundamental to understand the effect of both 

printing mechanism and induced mechanical stress on the properties of biomolecules and 

plays an important role in modulating the activity of other enzyme-based inks, which is 

crucial for the development of biosensors. 

3.1 Introduction 

Nowadays biosensors are widely used in a broad range of areas such as biomedical 

diagnosis, point-of-care monitoring, environmental monitoring, food quality control, 

biomedical research, etc. [1]. Enzymes as the bioreceptor are extensively used to 
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fabricate biosensors [2]. Currently developed manufacturing practice, especially inkjet 

printing technology, provides flexible fabrication methods for biosensors by precisely 

positioning a small amount of materials, and takes advantages of controlling unnecessary 

wastage of enzymes and potential contamination [2]. Inkjet printing has attracted a high 

attention in the research community, and is becoming the most feasible technique to 

deposit enzymes [3]. In recent years, a number of enzyme-based glucose sensors have 

been developed for diabetes diagnosis [4-7]. It is believed inkjet printing technique will 

be routinely used for the development of other enzyme-based biosensors.  

When printing the enzyme-contained ink, the enzymes will be affected during the drop 

formation process, especially by the variable pressure wave in the printhead (see Figure 

3-1). Herein, pressure wave is the direct acoustic response induced by the displacement 

of piezoelectric crystal, it drives the fluid flow in the printhead chamber and drops eject 

from the nozzle. Pressure waves are indirectly driven by the printing parameter settings, 

as the displacement of piezoelectric crystal is controlled by printing frequency, voltage 

and slew rate of an electrical waveform, which decides the magnitude and rate of the 

volume change [8]. Drop ejection occurs through generating sufficient magnitude 

pressure pulses by superposition of two or more consecutive pressure wave [9, 10]. 

Superposition of pressure waves can be complicated under different printing parameter 

settings. Basically, higher printing frequency means decreased distance of adjacent 

waveform, more complicated wave superposition. Higher voltage results in larger wave 

amplitude and correspondingly higher drop velocity at the printhead nozzle. Muhammad 

et. al [11] studied the change profile of pressure in the printhead chamber and the 

velocity response at the printhead nozzle exit for a single pulse printing. It was found that 
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both chamber pressure and orifice velocity varied extensively. At the time of drop 

ejection, the chamber pressure reached as high as 280 kPa and the velocity at nozzle inlet 

reached about 4 m/s. It indicated that nonnegligible mechanical stress (compression stress 

in the printhead chamber and shear stress at the nozzle) are induced by the alteration of 

printing parameters.  

 

Figure 3-1: A photo of the drop-on-demand printer from FUJIFILM Dimatix, Inc.  

When involving multi-pulses printing process, pressure and velocity change will be more 

complicated. Several studies investigated the dependency of the drop velocity on the 

printing frequency, and wave-like velocity fluctuation was observed [9, 12]. It was found 

both wave amplitude and compression/shear stress (reflected by shear rate and drop 

velocity) also increased with the applied voltage. Thus, it is fundamental to study the 

alteration of the above-mentioned printing parameters and then investigate the effect of 

mechanical stress on the enzyme ink. 
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Figure 3-2: Schematic of the drop ejection mechanism. Piezoelectric crystal 

movement driven by the printing waveform and corresponding wave propagation in 

the printhead chamber. The direction of pressure wave was drawn with red arrow. 

Segment 1 is the ink fill period: ink is drawn from the reservoir to the printhead 

chamber; Segment 2 is the ink print period: ejection occurs upon the formation of 

enhanced pressure wave (pressure wave reflected from the reservoir combines with 

the positive pressure wave); Segment 3 is the recovery period, backward going 

pressure wave is reflected from the nozzle.  

Several experimental studies investigated the effect of printing parameters on enzymes’ 

activity. Nishioka et al. [13] studied the effect of displacement rate of piezoelectric 

crystal (by applying a fixed voltage on piezo-element over different time range) on 

peroxidase using DOD printing. A printing frequency of 100 Hz was used to avoid 

adjacent pressure wave superposition. Also drop velocity was restricted below 0.3 m/s to 

avoid shear stress at the nozzle. Enzyme activity loss was found with higher compression 

rate. In another study, Tianming et al. [6] studied the effect of printing voltage on the 
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glucose oxidase. In their study, a printing frequency of 1 kHz was applied and printing 

voltage of 40 V, 60 V and 80 V were used. They suggested that protein tertiary structure 

and glucose oxidase activity were not affected by shear stress at the nozzle. From the 

same research group, Christopher et al. [14] investigated the effect of waveform slew rate 

on the glucose oxidase. Glucose oxidase activity was found to be slightly decreased with 

increased slew rate. They also repeated the experiment of varied voltage amplitude using 

a higher printing frequency of 5 kHz. Different from the study of Christopher, they found 

glucose oxidase activity decreased as the printer actuation voltage increases. As printing 

frequency is the major variable between the above studies, it is suspected that protein 

damage may occur at higher printing frequency due to increased wave superposition.  

 

Figure 3-3: Structure of the printhead chamber showing the piezoelectric crystal, 

nozzle and ink reservoir. In the green dashed box is the shear stress at the nozzle, In 

the blue dashed box is the compression stress in the printhead chamber, in the 
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yellow circle is the three-dimensional conformation of pyruvate oxidase.  Reprinted 

with permission from ref. [15]. 

To our best knowledge, the effect of wave superposition on enzyme activity was rarely 

involved. Additionally, commercial printers usually work under resonance conditions, 

where pressure waves are timed to reinforce each other, resulting in even higher 

compression on the ink solution [13]. Current studies [6, 13, 14] about printing enzyme 

mainly focus on low frequency printing which cannot be transformed to the industrial 

fabrication practice of biosensors. Thus, it is necessary to systematically investigate the 

probable effect of specific mechanical stress on enzymes from the aspect of wave 

propagation to understand the mechanism of enzyme activity change, and it is also 

practical to study the change pattern of enzyme activity under different printing 

frequency to facilitate the fabrication process for future biosensor. 

So far, there are contradictory findings about the effect of compression stress and shear 

stress on the activity of different enzyme or on the three-dimensional conformation of 

enzyme protein [16]: on the one hand, higher compression rate has negative effect on 

enzyme activity due to the damaged peroxidase structure by compression stress [13]; on 

the other hand, increased compression had minimal effect on the glucose oxidase activity 

and corresponding protein structure [6]. In addition, the threshold of shear rate to 

denature the protein remains controversial [17-20]. Further investigation is imperative to 

understand the effect of mechanical stress on the enzyme activity and protein structure of 

different enzymes.  

In this study, in order to compare with parallel printing studies of enzymes with different 

size and structure [4-6, 21-25], pyruvate oxidase was employed [26-29]. A piezo-driven 
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DOD printer (seen in Figure 3-1) was used to investigate the effect of wave superposition 

on the activity change of pyruvate oxidase under different printing frequencies and 

voltages. Drop velocity was measured for each printing group. Shear rate was calculated 

based on the observed mean drop velocity to reflect corresponding shear stress status at 

the nozzle. A full statistical study of enzyme activity change was presented. Protein 

structure changes of three different kinds of enzymes (pyruvate oxidase, glucose oxidase 

and peroxidase) were examined before and after printing.  

3.2 Methods and experiments 

3.2.1 Materials 

Pyruvate oxidase from microorganism (PyOD, E.C.1.2.3.3) was purchased from Toyobo 

(New York, USA). Peroxidase from horseradish (E.C. 1.11.1.7), Glucose Oxidase from 

Aspergillus niger (GOx, E.C.1.1.3.4), bovine serum albumin (BSA), Triton X-100 and 

glycerol were obtained from Sigma-Aldrich. 4-Aminoantipyrine, n-ethyl-n-(2-hydroxy-3-

sulfopropyl)-m-toluidine (EHSPT), thiamine pyrophosphate (TPP), flavin adenine 

dinucleotide (FAD), tetrasodium salt hydrate (EDTA) and MgSO4 were purchased from 

TCI. All other reagents used were of analytical grade and used as received. All solutions 

were prepared in double distilled water. Citrate buffer (ionic strength 0.02 M, pH 5.7) and 

phosphate buffer (ionic strength 0.04 M, pH 5.9) were prepared according to normal lab 

procedures. 
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3.2.2 Methods 

Bio-ink preparation 

Pyruvate oxidase was prepared in citrate buffer. Ink formula was developed to satisfy the 

rheological requirement and to stabilize the enzyme. According to manufacturer’s data 

supplied with the printhead, the suitable viscosity and surface tension range for 

dispensing fluids are 2-30 centipoises (cps) and 28-42 dynes/cm separately. Additives 

were used to modify the physical property of the ink. Specifically, 20% w/v glycerol was 

added to adjust the viscosity. To modify the ink surface tension, 0.075% Triton×-100 was 

included. 0.05% w/v bovine serum albumin (BSA) has been added as an enzyme 

stabilizer and sacrificial agent to minimize protein absorption on the polypropylene bag 

of the ink cartridge [30]. Density of the ink was calculated by weighing the mass divided 

by its volume. Physical properties of the ink are shown in Table 3-1. 

Table 3-1: Physical properties of the ink at room temperature. 

Viscosity/(cp) Surface tension/(dynes/cm) Density/(g/cm3) 

3.26 32.6 1.02 

 

Printing experiments 

The level, slew rate and duration of the waveform that defines the displacement of 

piezoelectric actuator will highly influence the droplet formation process and the fluid 

mechanical stress (figure 3-2 and figure 3-3). A printing waveform was optimized based 

on drop formation requirements of stable round droplet and no satellite drop (see 
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supporting video: stable drop). Same waveform settings were employed in all 

experiments. 

Table 3-2: Printing parameters used in the experiments. 

Name Number 
Printing 

frequency/kHz 

Printing 

voltage/V 

Control 0 none none 

 

First 

series 

1 4 23.6 

2 6 23.6 

3 8 23.6 

4 10 23.6 

 

Second 

series 

5 6 24 

6 6 28 

7 6 32 

8 6 36 

Velocity of droplet in flight was determined by stroboscopic images captured by CCD 

camera. Average drop velocity was calculated by measuring the spacing between droplets 

and the printing frequency. Shear rate ε during drop generation, as a reflect of shear stress 

at the nozzle, is given by the equation 

ε= v/r     (1) 

where v and r are drop velocity and radius respectively [31]. Shear rates of printing 

voltage of 24 V to 36 V at a 2 V interval with printing frequency of 5, 6, 7 and 8 kHz 

were calculated and plotted in Appendix 3-1. 
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Ink was directly printed from a 21.5 µm diameter printhead onto a clean storage pan to 

get approximately 120 µl printed sample. Pipetted ink was used as unprinted control 

group against the printed sample, to ensure that any observed effects can be solely 

attributed to the printing process. All printed ink groups were gathered and stored in a 

refrigerator immediately after printing. All printing groups were repeated in triplicates the 

same as other enzyme printing experiments [25].  

To acquire satisfied printing performance for precise positioning of the ink and avoid the 

occurrence of jetting issue (see Appendix 3-2), only printing setting that drives the 

droplet as a round drop at the 1000 µm mark at the drop watcher window will be retained 

to analyze the enzyme activity. After screening the printing performance, performed 

experiments with different printing parameters were finalized and listed in Table 3-2. 

Specifically, printing frequency of 4 to 10 kHz with an interval of 2 kHz (Group 1 to 4, 

first series) at a constant voltage of 23.6 V (most stable droplet ejecting performance was 

observed at 23.6 V) were chosen to investigate the wave superposition effect in the 

printhead cartridge. Printing voltage of 24 V to 36 V with an interval of 4 V (Group 5 to 

8, second series) at a frequency of 6 kHz (based on timed meniscus oscillation) were used 

to investigate the effect of wave amplitude on the enzyme activity.  

The selection of printing voltage for three kinds of enzymes was based on overall drop 

formation performance (see example supporting video: stable drop and unstable drop). 

The printing parameter of the stable drop and unstable drop video is 6 kHz 24 V and 6 

kHz 32 V separately using peroxidase ink. From the stable drop video, it is clear to see 

that round and stable droplets ejecting from 0 µm to 1200 µm mark for all the nozzle. 

This ensures the precise and stable deposition of the ink. For unstable drop video, 
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droplets from all nozzles were found broken to pieces since 100 µm mark. Due to the 

requirement of printing performance, we only choose 24 V and 28 V at 6 kHz for all 

three kinds of the enzyme ink after careful screening the droplet quality. 

Enzyme activity determination 

Pyruvate oxidase activity was determined using a modified method reported by B. 

Sedewitz [32]. The principle of this assay relies on the oxidative coupling among H2O2, 

4-Aminoantipyrine and EHSPT. 0.2 mL 4-Aminoantipyrine solution (0.15%, w/v), 0.2 ml 

EHSPT solution (0.3%, w/v), 0.2 ml TPP solution (3 mM), 0.2 ml FAD solution (0.15 

mM), 0.2ml EDTA solution (15 mM), 0.2ml MgSO4 solution (0.15 mM) and 0.3 ml 

Peroxidase (50 U/ml) were added into 1 ml of phosphate buffer (0.15 M). The obtained 

buffer was mixed with 0.5 ml pyruvate solution (0.3 M) and equilibrated at 37℃ for 5 

min, resulting in the working solution. Then 0.1 ml of diluted pyruvate oxidase ink 

solution (0.1-0.5 U/ml) was added in the aforementioned working solution and mixed by 

gentle inversion. The absorbance of the resultant quinoneimine dye at 550 nm was 

immediately recorded for 4 min. Measurements were carried out against the reagent 

blank, containing all the component of the ink but the enzyme. The extinction coefficient 

of quinoneimine dye under the assay condition was 36.88 cm3/µmol [33]. Enzyme 

activity experiments were conducted on all the printed samples and unprinted control 

group. 

Characterization and apparatus 

SNB-1 Viscosimeter (Karoth Shanghai, China) was used to measure the viscosity at room 

temperature under steady shear at 12 rpm. BZY101 Automatic Surface Tensiometer 

(Vetus Anhui, China) was used to characterize the surface tension. Printing experiments 
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were carried out using Fujifilm DIMATIX Materials Printer Dmp-2831 (FUJIFILM 

Dimatix, Inc., USA) with the customized ink cartridge DMC-11610. Driving waveform 

of printhead piezo-element was controlled through Graphical User Interface application 

software (DMP-2800). Cary 100 UV-visible spectrophotometer (Agilent, USA) was used 

to conduct enzyme activity experiments. Circular dichroism assays were carried out using 

a Jasco J-810 spectrometer (Jasco, USA). 

Data analysis 

All statistical analyses were conducted in GraphPad Prism 8.0. The Shapiro-Wilk test 

was used to investigate the normal distribution status of all data set. Repeated measures 

one-way ANOVA was used for multiple comparisons. Tukey’s post hoc comparisons 

were performed to determine whether there are significant differences between groups. 

Regression analysis were performed for different data groups. All results are expressed as 

average and standard error of the mean for three replicates (if not mentioned otherwise). 

A p < 0.05 was considered statistically significant. 

3.3 Results and discussion 

3.3.1 Effects of wave superposition under different printing 
frequencies 

Four printing frequency (first series) were used to investigate the effect of pressure wave 

superposition on enzyme. The increase of enzyme activity and shear rate response were 

depicted in Figure 3-4. Evident improvement was observed after printing compared with 

the unprinted control group (p﹤0.05). The quantified enhancement of pyruvate oxidase 

activity ranged from 10.84% to 14.10%. It is deduced the protein conformation was 

changed during the printing process. Thus, inside regions of enzyme protein was exposed 
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and the accessibility of substrate was enhanced resulting in an improvement of the 

enzyme activity. The enhancement phenomenon of enzyme activity was also reported by 

other researchers through ultrasound treatment [34, 35] or single-molecule fluorescence-

magnetic tweezers microscopy [36]. To further verify the assumption of potential protein 

structure change, characterization of protein secondary structure after printing was 

performed and presented in section 3.3.  

 

Figure 3-4: Increase percentage of the enzyme activity and the shear rate after 

printing under 4, 6, 8, and 10 kHz at 23.6 V (first series). The unprinted enzyme ink 

was the control group. Enzyme activity was calculated based on the pyruvate 

oxidase activity assay. Increase percentage of enzyme activity was calculated 

compared to the unprinted control group. Shear rate was deducted from the droplet 

velocity. Results represent mean ± SEM, n = 3. 

Although significant improvement was observed between printing groups and control 

groups, less effect was found between the different printing frequencies (p﹥0.05). This 

suggests that pressure wave superposition through variance of printing frequency has less 
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effect on the pyruvate oxidase activity. An explanation is that low wave amplitude will 

constrain the compression wave due to the pursuit of a stable ejection performance in the 

first series; thus, superposition of multiple compression waves hardly produce sufficient 

mechanical stress on pyruvate oxidase [13]. To further verify this hypothesis and 

investigate the role of increased wave amplitude, second series of printing voltage were 

executed in the later section (section 3.2).  

The correlation between shear rate and printing frequencies was plotted to establish the 

relationship between shear rate and enzyme activity. Although the activity varied from 

10.84% to 14.10% with the shear rate from 2.05 × 105 s-1 to 3 × 105 s-1, no correlation 

was identified (p = 0.3894) between shear rate and enzyme activity for the first series. It 

is deduced, in our case, that wave superposition was not significant enough to intensify 

the shear force on enzyme ink.  

3.3.2 Effects of wave amplitude under different printing voltages 

As wave amplitude is proportional to the printing voltage, different printing voltages 

were used to investigate the effects of wave amplitude on pyruvate oxidase activity 

(second series). Statistical differences (p﹤0.05) were observed for the enzyme activity 

increase among printing groups in the second series in Figure 3-5. It is verified wave 

amplitude had significant effects on the catalytic activity of pyruvate oxidase. Less 

improvement was obtained when further increasing the voltage to 32 V or even 36 V 

group, because large wave amplitude was induced by high fluid shear, resulting in partial 

enzyme denaturation [17]. Under this circumstance, activity enhancement brought by the 

printing process was mitigated by the enzyme structure deformation. Normally, higher 

printing voltage is suggested in inkjet printing process since higher voltage will 
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prominently increase the efficiency. However, excessive mechanical force induced by 

high wave amplitude can be detrimental to the enzymes.  

 A negative correlation was found between shear rate and enzyme activity (second series, 

r= -0.59, p﹤0.05): lowest shear rate of 2.52 × 106 s-1 increased the activity by 13.55% (p

﹤0.05) whereas highest shear rate of 5.11 × 106 s-1 can only enhance the activity by no 

more than 5%. That is because, mechanical activation dominated the change at the 

situation of lower shear force. However, denaturation occurred when higher shear rate 

was reached [2]. The effects of enzyme denaturation were also found by other researchers 

through fluid shear on bovine insulin [20] and lysozyme [37]. Further verification for the 

assumption of enzyme structure change was performed by circular dichroism and 

presented in section 3.3. 

 

Figure 3-5: Increase percentage of the enzyme activity and the shear rate after 

printing under 24, 28, 32 and 36 V at 6 kHz (second series). The unprinted enzyme 

ink was the control group. Enzyme activity was calculated based on the pyruvate 

oxidase activity assay. Increase percentage of the enzyme activity was calculated 
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compared to the unprinted control group. Shear rate was deducted from the droplet 

velocity. Results represent mean ± SEM, n = 3. 

3.3.3 Secondary Structure of Protein after Printing 

To verify the hypothesis that mechanical stress will induce a change of protein’s 

secondary structure, circular dichroism was performed to characterize enzyme’s 

secondary structure before and after printing. Glucose oxidase and peroxidase were also 

printed using the same ink formula as a comparison. Figure 3-6, figure 3-7 and figure 3-8 

show the CD spectra of different enzyme ink exposed to shear rates driven by different 

printing voltage. Percentages of different secondary structures were calculated and listed 

in the supporting information (see Table S1). 

 

Figure 3-6: Circular dichroism spectra of unprinted pyruvate oxidase ink, sample 

printed at 24 V and 28 V (n = 10). Printing frequency of 6 kHz was used.  
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Table 3-3: Relative secondary structure percentage change compared to unprinted 

enzyme ink. 

Enzyme  6 kHz 24 V  6 kHz 28 V 

 α-helix β-sheet  α-helix β-sheet 

Pyruvate oxidase  72.3% 100.5%  68.1% 110.5% 

Glucose oxidase  111.8% 95.8%  89.8% 102.3% 

Peroxidase  101.6% 103.2%  103.5% 100.5% 

 

Negative bands at 208 nm, 216 nm and 222 nm presented in all the spectrums indicated 

α-helixes and β-sheets existed in all the enzyme structure. For pyruvate oxidase, α-helix 

content decreased prominently with the increasing of the printing voltage/shear rate. 

Especially for the group printed at 6 kHz 28 V, a decrease percentage of 31.9% was 

identified compared to the unprinted group. However, β-sheet content of pyruvate 

oxidase barely changed in the 6 kHz 24 V group and increased 10.5% compared to the 

control group. This showed that β-sheet structure was more stable than α-helix for 

pyruvate oxidase. In pyruvate oxidase, six parallel β-sheets were surrounded by α-helixes 

and the active sites were buried in the region interface and uncovered by the C-terminal 

domain [28, 29]. It can be interpreted by the decrease of α-helix content at the region 

interface in the printing process facilitate the entrance of substrate, which improved the 

catalytic activity of pyruvate oxidase. When considering further the proteolysis occurred 

during printing process, higher improvement was obtained [38, 39]. Thus, according to 
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the results shown in Figure 3-6, the change of protein secondary structure and potential 

proteolysis under pressure wave has positive effect on the activity of pyruvate oxidase.  

 

Figure 3-7: Circular dichroism spectra of unprinted glucose oxidase ink, sample 

printed at 24 V and 28 V (n = 10). Printing frequency of 6 kHz was used.  

The secondary structures of both glucose oxidase and peroxidase had smaller change of 

overall percentage (≤ 12%) after printing compared to that of pyruvate oxidase (~ 31%), 

as shown in Table 3-3. For glucose oxidase, content of β-sheet was less than 5% for both 

printing group, indicating glucose oxidase secondary structure was stable under pressure 

wave, which maintained its activity after printing. Similar conclusions were obtained by 

other researchers about the glucose printing and sensor fabrication process [7, 40].  

For peroxidase, minimal protein unfolding phenomenon was observed from the increased 

percentage (≤ 5%) of α-helixes and β-sheets for both printing condition. The stable 
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performance of peroxidase’s secondary structure suggests its potential application of 

inkjet printing peroxidase sensor.  

 

Figure 3-8: Circular dichroism spectra of unprinted peroxidase ink, sample printed 

at 24 V and 28 V (n = 10). Printing frequency of 6 kHz was used.  

It is suggested that the change difference of secondary structure between pyruvate 

oxidase and other enzymes result from the shape, size, structure stability of the enzyme. 

Glucose oxidase is composed of two identical subunits. Each subunit includes 587 amino 

acids and has a molecular weight of 66.7 kDa [41]. Peroxidase has 309 amino acids with 

a molecular weight of 44 kDa [42]. Pyruvate oxidase consists of four identical subunits 

(603 amino acids) with a molecular weight of 265 kDa [27, 28]. According to the circular 

dichroism result, we deduced that secondary structure of the enzyme with larger size, 

more amino acids and more subunits was more instable during the printing procedure. As 
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pyruvate oxidase activity increased due to the instability nature against printing 

procedure, the activity-stability trade-off phenomenon on pyruvate oxidase is surprisingly 

favorable in the inkjet printing process [43].The change difference of secondary structure 

between different enzymes suggests that printing parameters should be properly regulated 

accordingly to modulate the pressure wave and obtain optimum enzyme activity 

performance for specific enzyme printing.  

3.4 Conclusions 

In this study, we investigated the effect of wave propagation on the activity of pyruvate 

oxidase. This is the first study to investigate the change of enzyme activity based on the 

printing mechanism in the bioprinting process. Pyruvate oxidase activity was positively 

influenced due to the pressure wave induced mechanical forces, and the change of protein 

conformation induced by mechanical activation or mild proteolysis. It is found, printing 

frequency had less effect on the variation of pyruvate oxidase catalytic ability, since a 

limited change of wave superposition was induced; the mechanical stress induced by 

printing voltage had significant effect on the catalytic efficiency of pyruvate oxidase, and 

low shear stress tended to create higher enhancement for the activity. That is because 

partial denaturation and mechanical activation of the enzymes occurred simultaneously 

when elevated mechanical stress was induced. Comparison of CD spectra results on 

different enzymes revealed that protein structure change varied due to the property of 

specific protein.   

The results of this paper are favorable for the fabrication of future biosensors to increase 

their sensitivity and stability. Ink formula and printing parameters need to be adjusted 

based on not only the requirement of drop formation, but also the performance of the 
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enzyme ink. The practice of correlating the pressure wave propagation and corresponding 

mechanical stress with the enzyme activity alteration is meaningful for other researches 

of enzyme printing.  
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 Appendices 

Appendix 3-1: Shear rate at different printing parameter. Results represent mean ± 

SEM, n = Jetting issues during printing 
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Appendix 3-2: Photo taken by the CCD camera. Blocked nozzle: nozzle 1 was 

blocked with no droplet jetting; satellite drop/fracted drops: droplet from nozzle 2 

was fracted to several pieces immediately after jetting; droplet off the track: droplet 

from nozzle 3 was stable and round around 900 µm but drift off the center line. 
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Appendix 3-3: Secondary structure percentage of pyruvate oxidase, glucose oxidase 

and peroxidase. 

Enzyme 

Unprinted ink  6 kHz 24 V  6 kHz 28 V 

α-

helix 

β-

sheet 

random 

coil 
 

α-

helix 

β-

sheet 

random 

coil 
 

α-

helix 

β-

sheet 

random 

coil 

Pyruvate 

oxidase 
14.1% 37.2% 49.7%  10.2% 37.4% 49.6%  9.6% 41.1% 49.9% 

Glucose 

oxidase 
5.9% 40.0% 53.5%  6.6% 38.3% 58.2%  5.3% 40.9% 50.4% 

Peroxidase 31.2% 18.8% 49.5%  31.7% 19.4% 48%  32.3% 18.9% 48.5% 
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Chapter 4  

4 An inkjet printing assisted surface functionalization 
method for enzyme immobilization to develop a 
reagentless enzyme-based biosensor 

Most enzyme-based biosensors are constructed by a drop-casting method due to its 

simplicity for surface modification. However, the reproducibility of the drop-casted 

surface and coffee ring effect have confined the development of drop-casted biosensors. 

Here, a simple and universal surface functionalization strategy for reagentless enzyme-

based biosensor was developed through a novel inkjet printing assisted enzyme 

crosslinking method. Nanomaterials and a substrate preloading strategy were 

incorporated during the inkjet printing procedure. Three functional layers, namely 

enzyme layer, crosslinking layer and protective layer, were printed on the screen-printed 

electrode to fabricate the biosensor. The biosensor exhibits high sensitivity and a wide 

linear response which covers the physiological serum phosphate level. Compared with 

the traditional drop-casted electrodes, the inkjet-printed electrodes in this study present 

more uniform deposition of functional layers, allowing high reproducibility and enhanced 

electrochemical performance. The applicability of this surface functionalized method for 

sensor fabrication was demonstrated through measuring the phosphate concentration 

using artificial serum samples. The experimental conditions such as printing parameters, 

concentrations of ink components and buffers, pH of the buffer and test solutions were 

investigated for optimal sensor performance. This study demonstrates a simple, 

affordable, labour-free and reagentless manufacturing approach of biosensor. 

Furthermore, the developed strategy can be easily leveraged to fabricate other enzyme-

based biosensors by simply modulating the components of the functional layers. 
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4.1 Introduction 

Electrochemical biosensors have becoming a trending topic in the current research of 

point-of-care testing [1]. Compared with other kinds of electrochemical biosensors, 

enzyme-based biosensors based on screen-printed electrode have attracted more attention 

by the researchers due to the merits of high specificity, portability, low cost and 

possibilities of miniaturization for mass production [2]. As the sensing unit in the 

enzyme-based biosensors, enzymes are required to be sensitive to the analyte of interest 

as well as stable and strongly bided to the receptor/working electrode [3]. Thus, to 

improve the performance of enzyme-based biosensors, enzyme immobilization strategies 

are essential during the sensor fabrication process [4]. Commonly used immobilization 

methods are gel entrapment, physical adsorption and cross-linking [5]. The first two 

approaches are more frequently used in the studies due to the simplicity in the 

immobilization process. However, drawbacks such as significant diffusion barrier, 

possible enzyme leakage and weak bond to the electrode surface have confined the 

stability and reproducibility of the biosensors. To overcome the aforementioned 

problems, crosslinking method was developed to immobilize the enzyme aiming to create 

strong binding; this method is usually realized by applying glutaraldehyde or other 

bifunctional agents with or without the presence of a functionally inert protein such as 

bovine serum albumin [6]. Currently, the crosslinking process is usually enabled through 

drop casting technique because of its operation simplicity and rapid reaction. However, 

the reproducibility of the drop casted surface, coffee ring effect and possibility of mass 

production have confined the development of drop-casted biosensors [7].   
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Inkjet printing technique is emerging as a prevailing fabrication approach of biosensors in 

recent years due to the merits of contactless, efficient use of materials and ease of 

customization. Various biosensors, such as glucose sensors [8], hydrogen peroxide 

sensors [9], ascorbic acid sensors [8], lysozyme sensors [10] and cholesterol sensors [11] 

have been fabricated using inkjet printing technique. Compared with drop casting 

technique, inkjet printing as a drop-on-demand manufacturing technology can achieve 

more uniform deposition and higher producibility. To overcome the problem of clogged 

printhead due to high viscosity of the crosslinked glutaraldehyde and enzymes gel 

solution, approaches have been taken to incorporate with inkjet printing process, for 

instance, immobilizing enzymes through the approach of exposure to the vapor of 

glutaraldehyde [12-14]. The immobilized enzymes retained their activity after printing 

and crosslinking procedure. However, managed to bypass the viscosity problem, the 

fabrication this hybrid method is naturally complexed. A more straightforward way for 

enzyme immobilization during the printing process is demanded and the one-step inkjet 

printing surface functionalization strategy for enzyme crosslinking will be demonstrated 

in this work. In addition, the dependence of electrochemical cell is another concern which 

still limits the further on-site use of the sensor. Enlightened by a preloading strategy [15], 

the required substrates for enzyme catalyzed reaction can be preloaded via inkjet printing 

on the screen-printed electrodes, resulting in a reagentless biosensor.  

In this study, a surface functionalization method for crosslinking the enzymes through 

inkjet printing technique was developed to fabricate reagentless enzyme-based biosensor, 

which preload the reagents on the sensing area to eliminate the requirement of 

electrochemical cell. Herein, the enzymes can be immobilized through inkjet printing 
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enzyme layer and crosslinking layer, which simplifies the two-step crosslinking 

procedure of printing enzymes and exposure to the glutaraldehyde vapor. To be specific, 

the enzyme layer consists of pyruvate oxidase and cofactors as the reaction catalyst, 

while the subsequent printing layer of glutaraldehyde helps to crosslink the enzyme layer 

on the sensing electrode. Crosslinking agent bovine serum albumin and conducting 

nanomaterials (carboxylic multi-walled carbon nanotubes) are introduced to strengthen 

the enzyme immobilization and sensing property. A final layer serves as a protective and 

ion-selective membrane is also printed to cover the enzyme layer and crosslinking layer. 

Herein, pyruvate oxidase has been chosen as the model enzyme because pyruvate oxidase 

is the sensing element for the mono-enzyme phosphate sensor, and the level of phosphate 

in the biofluids of serum is important for the clinical diagnosis of hyperphosphatemia, 

cardiovascular and chronic kidney disease [16, 17]. The proposed ink printing surface 

functionalization strategy offers a new alternative for efficient fabrication of the highly 

reproducible enzyme-based biosensors.  

4.2 Materials and methods 

4.2.1 Chemicals and instruments 

Pyruvate oxidase from microorganism (PyOD, E.C.1.2.3.3, 10 U/mg) was purchased 

from Toyobo (New York, USA). Multiwall carbon nanotubes (5-15 µm) were purchased 

from Shenzhen Nanotech Port Co., Ltd (Shenzhen, China) and functionalized before use. 

Bovine serum albumin (BSA), Triton X-100, hydrochloric acid, nitric acid, sulfuric acid, 

potassium ferricyanide (III) (K3Fe(CN)6), glutaraldehyde (GLA), Nafion® (5 wt.%), 

magnesium sulfate, sodium bicarbonate, citric acid and sodium citrate dihydrate were 

obtained from Sigma-Aldrich. Thiamine pyrophosphate (TPP), flavin adenine 
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dinucleotide (FAD), magnesium chloride (MgCl2) and pyruvic acid were purchased from 

TCI. All reagents were used as received unless otherwise stated.  

All solutions were prepared in the deionized water (18.2 MΩ·cm−1). 50 mM phosphate 

stock solution (pH 6.0) and 25 mM citrate buffer (CB, pH 5.6) were prepared according 

to normal lab procedures and stored at 4℃. Basic artificial serum solution for sensor 

validity study was made by mixing 0.68 g sodium chloride, 0.02 g calcium chloride, 0.04 

g potassium chloride, 0.01 g magnesium sulfate, and 0.22 g sodium bicarbonate together 

in 0.1 liter DI water and stored in 4°C [18]. Then, different concentration of phosphate 

solution was dissolved in the basic artificial serum solution.  

Screen printed electrode (C10) were purchased from Mxense Bio-Tech Co., Ltd. 

(Shanghai, China) with a three electrode system: a working electrode (material: carbon, 

geometry area: 0.053 cm2), a counter electrode (material: carbon), and a reference 

electrode (material: Ag/AgCl). SNB-1 Viscosimeter (Karoth Shanghai, China) was used 

to measure the viscosity at room temperature. BZY101 Automatic Surface Tensiometer 

(Vetus Anhui, China) was used to characterize the surface tension. A Fujifilm DIMATIX 

Materials Printer DMP-2831 (FUJIFILM Dimatix, Inc., USA) was used to carry out 

printing experiments. UV-vis absorption spectra were recorded with Cary 100 UV-visible 

spectrophotometer (Agilent, USA). A Nicolet 6700 spectrophotometer (Thermo Nicolet) 

was used to record the Fourier transform infrared (FTIR) spectra under transmittance 

mode. Scanning electron microscopy (SEM, Hitachi S-4500) was used to observe the 

morphology at a 10 kV accelerating voltage. Atomic force microscope (AFM, Dimension 

V AFM) was performed to examine the surface roughness of the working electrode. 
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Cyclic voltammetry (CV) measurements were conducted with CHI potentiostat (1200C, 

Shanghai Chen Hua Instrument Co., Ltd., Shanghai, China). 

4.2.2 Functionalization of the MWCNTs 

To improve the solubility of MWCNTs in the water-based ink and enhance their affinity 

with enzymes, MWCNTs were functionalized with -COOH group by modifying the 

oxidation method reported by Yu-Chun Chiang et.al. [19, 20]. First, MWCNTs were 

soaked in the hydrochloric acid for 24 h. Then precipitating the MWCNTs from solution 

by centrifuging for 15 mins and rinsing with deionized water three times. After that, 

MWCNTs were dried in the air and 100 mg of MWCNTs were added in 40 ml nitric acid 

and sulfuric acid solution with a weight ratio of 1: 3. The obtained mixture was heated 

and stirred at 50°C for 24 h. After that, 100 mL of distilled water was added into the 

mixture. Next, the mixture was centrifuged, washed with distilled water until the 

dispersion turned neutral. Then the dispersion was dried in vacuum at 50 °C over night. 

Finally, the obtained functionalized MWCNTs were stored dry at room temperature. 

4.2.3 Ink formulation 

To prepare the printing ink of enzyme layer (enzyme ink), we prepared a solution 

containing 16 U/ml pyruvate oxidase, 25 µM TPP, 6 µM FAD, 2 mM MgCl2, 2 mM 

pyruvic acid, 0.5 mg/ml functionalized MWCNTs (filtered by 0.2 µm filter before use), 

2.4% w/v BSA and 0.0075% v/v Triton X-100 using the prepared stock solutions. The 

enzyme ink was gently mixed and left for 30 minutes before use. For the ink of 

crosslinking layer (GLA ink), 2.5 % w/v GLA and 0.006% v/v Triton X-100 was 

prepared in deionized water. The ink for top protective layer (Nafion ink) consisted of 

1.5% w/v Nafion and 0.005 % v/v Triton X-100. 
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Different concentration of Triton×-100 were used to modulate ink surface tension 

according to the printing performance and droplet surface wetting. Viscosities were also 

optimized within the range of ink printability suggested by the printer manufacturer. 

4.2.4 Functionalization of the working electrode by inkjet printing 

The printing waveforms (see Appendix 4-1) and printing parameters were optimized 

based on our previous studies to ensure stable printing while maintaining high enzyme 

activity [21]. Fiducial camera was used to ensures the uniform deposition of the pattern 

by observing the relative position of adjacent drops during the printing process [22]. The 

drop spacing was set as 20 µm. The screen-printed electrode was heated to 30 °C while 

printing for quick evaporation of the printed ink. Droplet counts of different layers were 

programmed through Pattern Editor Module to ensure defined amount of material 

deposition. The schematic diagram for the cross section of the functionalized working 

electrode is shown in Figure 4-1. Specifically, 20 layers of enzyme ink (459,330 counts) 

were firstly printed in the working electrode, followed by 10 layers of GLA ink (229,665 

counts). The first two layers reacted to form a crosslinking composite. In the end, 10 

layers of Nafion ink (229,665 counts) were printed on top of it to form a protective and 

selective membrane.  



74 

 

 

Figure 4-1: Schematic diagram for the cross section of the functionalized working 

electrode. 

 

Figure 4-2: Schematic of the working electrode functionalization process and the 

sensor sensing mechanism. 

Figure 4-2 shows the functionalization process of the working electrode and the working 

mechanism of the proposed phosphate sensor. The bottom layer (blue layer) represents 

the MWCNTs-COOH/enzyme/cofactor/substrate/BSA composite. The bottom layer 
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includes the necessary cofactors and substrates for the analyte reaction aiming to 

eliminate the process of reagent addition which is usually adopted in common 

electrochemical measurements. MWCNTs with carboxyl group were chosen because of 

their high affinity to the enzyme protein, high surface area for more enzyme loading and 

superior electrochemical property [20, 23]. BSA as the stabilizing and sacrificial agent in 

the printing and crosslinking process was included in the enzyme layer [6, 24, 25]. The 

screen-printed electrode was heated throughout the whole printing process to facilitate 

the droplet evaporation and decrease the tendency of liquid extension for higher 

deposition precision and uniformity on the working electrode. GLA (orange layer) was 

printed subsequently to form a crosslinking composite (red layer) together with the 

bottom layer by using the reaction between the amino groups of lysine residues on the 

external surface of BSA/enzyme with the GLA [24]. The printing of the semipermeable 

nafion layer (yellow layer) serves as a protective and ion selective membrane. The 

biosensor can detect the oxidation current of reaction product H2O2 when the sample with 

phosphate ion is dropped onto the sensing area, because of the following reactions: 

pyruvate + phosphate + O2→ acetyl phosphate + H2O2 + CO2   (1) 

H2O2→ 2H+ +2e− +O2        (2)  

At that time, anodic peak (oxidation of the hydrogen peroxide) can be observed upon 

sweeping of the potential on the working electrode.   



76 

 

4.2.5 Voltammetric experiments using the proposed biosensor  

30 µl of prepared phosphate solution or artificial serum solution was dropped onto the 

sensing area of the biosensor. Potential range was set between 0 and 0.6 V at a scan rate 

of 50 mV/s. All electrochemical responses were measured three times to obtain the 

average. All experiments were performed based on the above settings unless otherwise 

stated.  
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4.3 Results and discussion 

4.3.1 Characterization of the functionalized MWCNTs 
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Figure 4-3: (a) SEM images of the aggregated MWCNTs. (b) SEM images of the 

MWCNTs-COOH. (c) UV-vis absorption spectra of the MWCNTs solution and the 

MWCNTs-COOH solution. (d) FTIR of the MWCNTs and the MWCNTs-COOH. 
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Compared with the non-modified MWCNTs, which aggerated easily on the substrate due 

to its hydrophobic property (Figure 4-3(a)), the functionalized MWCNTs have a better 

distribution (Figure 4-3(b)). UV-vis absorption spectrums were further utilized to 

compare the improvement, as shown in Figure 4-3(c). Both CNT solutions (5 mg/ml) 

were filtered by 0.2 µm filter due to the requirement of ink printability. The absorbance 

of filtered non-modified MWCNT solution was almost same with the buffer solution (~ 

0) meaning that most of the MWCNTs were filtered away due to severe aggregation. The 

absorbance of the filtered modified MWCNT solution showed a regular increasing 

tendency towards lower wavelength demonstrating the high dispersion property after 

functionalization [26]. The characteristic peaks at 3438 and 1610 cm-1 in the FTIR 

transmission spectrum of MWCNTs-COOH indicated that the stretching vibrations of O-

H and C=O of carboxyl groups (Figure 4-3(d)) [27]. Occurrence of these peaks in the 

FTIR spectrum suggested the successful inclusion of -COOH groups on the external 

surface of MWCNTs [28]. 
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4.3.2 Comparison of functionalization performance between of drop-
casting and inkjet-printing methods 

 

Figure 4-4: Schematic of the drying process of the droplet on the electrode, side view 

and top view of the particle distribution status by (a) drop casting method and (b) 

inkjet printing method. 
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Figure 4-5: (a) AFM image of the “coffee ring” effect by drop casting method. (b) 

AFM image of an area between the center and the “coffee ring” on the working 

electrode by drop casting method. (c) AFM image of the same area with (b) by 
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inkjet printing method. (d) CV curves of the functionalized electrode fabricated by 

drop casting method and inkjet printing method in the presence 2 mM phosphate. 

Scan rate: 50 mV/s. 

Inkjet printing method can effectively eliminate the “coffee ring” effect that is always 

occurred during traditional drop casting method. [29]. AFM was used to demonstrate the 

improvement by comparing the surface roughness. A schematic illustration of the drying 

process and characterization results were shown in Figure 4-4, and Figure 4-5 separately. 

When the ink was drop-casted on the working electrode, the ingredients of the ink would 

be pushed to the edge of the drop due to capillary flow during evaporation, causing a 

“coffee ring” on the edge (Figure 4-5(a)). Figure 4-5(a) proved the formation of the 

“coffee ring” showing the height different at the outer side of the electrode. The middle 

part of the drop-casted electrode showed a bumpy morphology that indicated less particle 

distribution (Figure 4-5(b)). Compared to drop casting method, inkjet printing deposited 

micro-droplets and the droplets evaporated separately on the electrode which largely 

decrease the particle aggregation phenomenon (Figure 4-4(a)). It is also proved by the 

AFM that the coffee ring effect was largely mitigated by our inkjet printing method 

(Figure 4-5(c)). The mitigation effect can be interpreted by the smaller droplet size 

(decrease the coffee ring size [30]), substrate heating procedure (accelerate evaporation 

time [22]) and the inclusion of surfactant (increase Magaroni flow [31]).  

CV responses of the functionalized electrode by drop casting and inkjet printing were 

included in Figure 4-5(d) to compare their effects on the analytical performance. Higher 



84 

 

and more evident oxidation peak was shown by inkjet printing method. The effective 

surface area of electrode can be obtained by Randles-Servick equation [32, 33]:   

Ip = 268600n3/2AD1/2Cν1/2                         (1) 

Where Ip is the peak current, n is the electron transfer number, A is the electroactive 

surface area, D is the diffusion coefficient of the electrolyte, C is the electrolyte 

concentration and ν is the scan rate. With other parameters being constant in the equation, 

Ip is proportional to the effective surface area A. The effective surface area of inkjet 

printing modified electrode was calculated to be around 1.5 times than the drop casted 

electrode, which suggested the superiority of inkjet printing technique for 

electrochemical measurement. Since the formation of uniformly functionalized working 

electrode was also required based on the fabrication reproducibility [7], the machine-

controlled inkjet printing method was undoubtably superior than the traditional drop-

casted for the electrode modification.   
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4.3.3 Optimization of the sensor 
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Figure 4-6: Effects of the concentration of (a) MWCNTs-COOH, (b) PyOD, (c) 

FAD, (d) TPP, (e) MgCl2, (f) pyruvate, (g) BSA, (h) GLA, (i) Nafion on the oxidation 

peak current of the cyclic voltammogram obtained from the modified electrode. 

Phosphate concentration measured was 2 mM. 

The effect of functionalized MWCNTs-COOH on the electrochemical performance of the 

biosensor is shown in Figure 4-6(a). The concentration of functionalized MWCNTs was 

varied from 0.2 mg/ml to 0.8 mg/ml. The highest peak current was observed at 0.5 

mg/ml. The functionalized MWCNTs as an electron transfer shuttle have great influence 

on the electrochemical reaction. At lower concentration of MWCNTs, the current 

response increased positively due higher MWCNTs-enzyme bounding. When MWCNTs 

concentration was too high, it caused the background interference and saturation of the 
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ink composite which impeded the reaction [34, 35]. 0.5 mg/ml functionalized MWCNTs 

was chosen to be used for all subsequent experiment. 

The effect of pyruvate oxidase on the oxidation current is shown in Figure 4-6(b). The 

concentration of enzymes varied from 8 U/ml to 24 U/ml. The peak current increased 

with the enzyme concentration until reaching to the highest value at 16 U/ml. This is 

because low enzyme loading results in lower rate of enzyme catalysis and corresponding 

low current, while higher enzyme concentration created higher diffusion barrier that 

confined the current response [36].  

Optimization for the concentration of cofactors (FAD, TPP, Mg2+) are shown in Figure 4-

6 (c-e). These cofactors shared the same increasing and decreasing tendency upon the 

variations of peak current. The optimal concentrations of the cofactors are decided by the 

enzyme loading. Since cofactors bind with the enzyme around the active cites, the current 

will decrease since the concentrations of cofactors are too high to hinder the enzyme 

catalytic reaction. The maximum peak currents for FAD, TPP and Mg2+ were found at the 

concentration of 6 µM, 25 µM and 2 mM separately. All subsequent experiments were 

based on these values. 

The effect of the concentration of the substrate (pyruvate) was investigated and the 

results are shown in Figure 4-6(f). The peak current reached the highest value at 2 mM 

and then begin to drop due to saturation. Thus, 2 mM pyruvate was selected for all 

subsequent experiments.  

The concentration of crosslinking agents (BSA and GLA) was optimized as shown in 

Figure 4-3(g) and 4-3(h). As an inert lysine rich auxiliary protein and protective spacer, 
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the concentration of BSA is important for the effective enzyme crosslinking process [36, 

37]. The concentration of BSA defines the spacing of enzyme molecules in the 

crosslinking composite. If the concentration of BSA is excessive, the response current 

decreases due to high protein content [38]. GLA plays an important role of crosslinking 

the bottom layer components to form a gel composite. Thus, deficient GLA resulted in 

peak current reduction due to insufficient crosslinking, while excessive GLA occupies the 

active cites of enzyme which hinders the reaction [39]. The optimized concentrations of 

BSA and GLA were 2.4%w/v and 2.5%w/v separately and were used in all subsequent 

experiments.  

We also investigated the optimal concentration of Nafion (Figure 4-6(i)). The peak 

current for nafion presented a minimal change at low concentration range of 1.0%w/v to 

2.5%w/v and begin to drop after 3% w/v because of increased diffusion barrier. 1.5 %w/v 

was chosen and used in all subsequent experiments due to a relative higher current 

response.    
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Figure 4-7: Effects of the (a) the concentration of the citrate buffer, (b) the pH of the 

citrate buffer, (c) the pH of the test solution on the oxidation peak current of the 

cyclic voltammogram obtained from the modified electrode. Phosphate 

concentration measured was 2 mM. 

The concentration and pH of the citrate buffer for the enzyme ink were evaluated, as 

shown in Figure 4-7(a) and 4-7(b). The concentration of the buffer varied from 15 mM to 

100 mM. Higher buffer concentration had higher buffering capacity but hindered the 

movement of H2O2 and electron transfer to the electrode [36, 40]. The pH of the citrate 

buffer was investigated from 5.2 to 6.8. Highest peak current was obtained at pH 5.6. 

Decrease of the current at lower or higher pH resulted from the decrease of enzyme 

activity and potential enzyme denaturation [36, 41]. The concentration and pH of the 

citrate buffer were set to be 25 mM and 5.6 for all the subsequent experiments. 
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To optimize the pH of the test solution on the peak current, pH of the test solution was 

varied from 5.5 to 8. As shown in Figure 4-6(c), variation of the peak current within the 

pH range of 6 to 7 was relatively small (< 6.7%), indicating its potential use for the body 

fluid phosphate detection. 

4.3.4 Evaluation of the modified working electrode 
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Figure 4-8: CV curves of bare electrode (solid line), MWCNTs-

COOH/substrate/cofactor electrode (dash line), MWCNTs-

COOH/enzyme/substrate/cofactor electrode (dot line) in 0.1 M KCl which contained 

10 mM K3Fe(CN)6. Scan rate: 50 mV/s.  

CV responses of different electrodes to the K3Fe(CN)6 solution (Figure 4-8(a)) showed 

that the addition of MWCNTs facilitated the electron transfer process. The presence of 

MWCNTs-COOH (dash line) decreased the peak-peak separation and increased the peak 

current (about three times than the bare electrode) which suggested the evident 

improvement for the electron transfer kinetic [42]. The combination of MWCNTs-COOH 

and enzyme electrode (dot line) showed even higher peak current than MWCNTs-COOH 

electrode, which is resulted from the syngeneic effect of MWCNTs-COOH and enzyme 

for electron transfer. As seen in Figure 4-8(b), both anodic/cathodic peak current and 
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peak-peak separation increased with the scan rate from 20 to 100 mV/s. This suggested 

that the electrode reaction was a surface-confined and diffusional-controlled process [36]. 

A linear relationship of the peak current and the square root of the scan rate was acquired 

(see inset of Figure 4-8(b)), which indicates that the electron transfer process was quasi-

reversible.  
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4.3.5 Phosphate detection by cyclic voltammetry 
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Figure 4-9: Potentiometric responses of the sensor to different concentration of 

phosphate. (a) Concentration increased with the direction of the orange arrow (0.2 

to 2.0 mM). (b) Calibration curve for different concentration of phosphate. (c) 

Interference test. (d) Sensor stability test. 
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Figure 4-9(a) showed the peak current increased proportionally with the phosphate 

concentration. The anodic peak current of modified electrode appeared at around the 

potential of 0.4 V, in agreement with the literature [43]. A wide linear range of 0.2 mM to 

2.0 mM (R2 = 0.997) with 0.13 mM detection limit was obtained by the proposed 

biosensor (see Figure 4-9(b)). The comparison with different electrochemical sensors 

from the aspects of electrode composition, sensor linear range, use of reagents and 

manufacturing method are listed in Table 4-1. As for the cost effective manufacturing, 

inkjet printing is superior to the photolithography method [44]. For the realization of 

reagentless measurement using SPE sensor, substrate preloading was achieved in this 

work, which excels other biosensors that required additional reagents [39, 45, 46]. 

Compared with the drop casting electrode modification [47] for phosphate detection, our 

inkjet printing method demonstrates highly probability for future mass production. From 

the aspect of POC testing, the use of SPE in our sensor is evidently superior than the 

traditional electrochemical cell sensing platform [48-50]. For the same enzyme 

crosslinking method, our proposed biosensor has a wider linear range compared to 12.5-

1000 µM achieved by AuNWs [36] and 0.248-1.456 mM achieved by Pt/Au alloy [37]. 

The improvement is attributed to the uniform modification of the electrode surface 

achieved by the utilization of inkjet printing method. In addition, the inclusion of 

functionalized MWCNTs also facilitate the rapid electron transfer during reaction. 
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Table 4-1: Comparison of electrochemical sensors reported in literature for 

phosphate detection. 

Electrode Composition Linear range 
Reagents 
addition 

Manufacturing 
method 

Ref 

Co 
microelectrodes 

e-beam 
evaporator of 
Au and Cobalt 

0.01-10 mM 
Potassium 
hydrogen 
phthalate 

Photolithography [44] 

GLA/PyOD/Co
PC/SPE 

PyOD cross-
linked with 

GLA 
2.5-130 µM 

MOPS, pyruvic 
acid, MgSO4, 

NaCl 
Drop cast [39] 

CB/SPE CB 0.5-100 µM 
Molybdate, 

H2SO4, KCL 
Drop cast [45] 

CB/SPE 
CB and reaction 

substrate 
10-300 µM None Drop cast [47] 

PyOD/SPE 
Gel-entrapment 

of PyOD 
7.5-625 µM 

Pyruvic acid, 
FAD, TPP, 

MgCl2, citrate 
buffer 

Drop cast [46] 

PyOD/MWCNT
/GCE 

Gel-entrapment 
of PyOD and 

MWCNT 
1-100 µM 

Sodium 
pyruvate, TPP, 

FAD, Mg2+ 
Drop cast [48] 

Polyelectrolyte/ 

PyOD/CE 

Physical 
adsorption of 

polyelectrolyte 
and PyOD on 

the carbon 
electrode 

0.05-1.25 mM 
Pyruvate and 

HEPES buffer 
Drop cast [49] 

Multienzyme/ 

carbon paste 

Three kinds of 
enzymes and 
carbon paste 

electrode 

2-250 mM 

NAD+, MgCl2, 
Os(l,10-

phenanthroline-
5,6-dione)2Cl2), 

Tris buffer 

Drop cast [50] 

AuNWs/cofacto
r/BSA/PyOD/G

LA 

Crosslinking of 
cofactors and 

PyOD by BSA 
and GLA 

12.5-1000 µM 
Pyruvic acid, 
MgCl2, citrate 

buffer 
Drop cast [36] 

Pt/Au/cofactor/
BSA/PyOD/GL

A 

Crosslinking of 
cofactors and 

PyOD by BSA 
and GLA 

0.248-1.456 mM 

Sodium 
pyruvate, 

MgCl2, NaOH, 
citrate buffer 

Electrodeposition 

Drop cast 

[37] 

MWCNT-
COOH/ 

cofactor/substrat
e/BSA/PyOD/G

LA/SPE 

Crosslinking of 
MWCNTs, 
cofactors, 

substrate and 
PyOD by BSA 

and GLA 

0.2-2 mM None Inkjet printing This work 
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Sensor selectivity test was investigated and was shown in Figure 4-9(c). Interference 

species (NO3
-, Cl-, SO4

2- and the mixture of them) was included respectively to the 

phosphate solution. It was observed that the inclusion of interferents rarely affect the 

response caused by phosphate, suggesting a negligible effect (< 2%) of the interferents on 

the sensor. These results indicated the proposed sensor had satisfactory selectivity. 

Stability test was explored and shown in Figure 4-9(d). A batch of optimized sensors 

were vacuum sealed and stored at 4℃ before use. The result showed that the sensor 

retained 89% of the initial response after three weeks, indicating a good stability of the 

prepared biosensor. The reproducibility of the proposed biosensor was also evaluated, 

and five biosensors were prepared under the optimized condition. The peak current 

responses to 2 mM phosphate showing a relative standard deviation of less than 4%, 

which indicates the reproducibility of the fabrication. 

Three artificial serum samples of different concentration were prepared and measured to 

validate the applicability of the proposed sensor (see Table 4-2). The recovery of 

biosensor ranged from 98.9% to 103% suggesting the proposed biosensor had great 

potential for the serum phosphate detection. In addition, the cost for the proposed 

electrochemical biosensor is less than 1.34 USD (see Appendix 4-2) indicating the 

feasibility of mass fabrication. 
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Table 4-2: Detection of phosphate in the artificial serum (n=3). 

Phosphate concentration in 

sample/ mM 

Founded 

phosphate / mM 

Recovery/% RSD/% 

1.50 1.49 99.1 1.7 

1.25 1.24 98.9 3.3 

1.00 1.03 103 6.4 

4.4 Conclusions 

In this study, a simple and effective surface functionalization strategy was developed to 

achieve enzyme crosslinking through inkjet printing technique for the construction of a 

reagentless enzyme-based biosensor. This method avoids any other post-treatment but 

only involves printing procedures, allowing more uniform deposition and enhanced 

analytical performance than those produced by drop casting method. Ink formula and 

printing route of multiple functionalization layers for sensor fabrication were presented; 

the results give references to other inkjet-printed biosensors. In addition, the applicability 

of the developed strategy was proven by successfully detecting the phosphate in the 

artificial serum. Together with the substrate preloading strategy, the constructed 

biosensor has potential to be industrialized for on-site analyte detection with minimum 

samples (30 µl). More importantly, as a simple, affordable, labour-free and reagentless 

approach, this sensor fabrication practice can be easily applied to fabricate other enzyme-

base biosensors by simply modifying the enzyme in the ink components. 
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Appendices 

Appendix 4-1: Printing waveforms for enzyme layer (blue line), crosslinking layer 

(yellow line), and protective layer (red line). 
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Appendix 4-2: Cost breakdown of the serum phosphate sensor (materials and 

reagents) 

Material 
Stock 

volume/Amount 
Price 

($) 

Estimated 
volume/Amount 
for each sensor 

Estimated price for 
each sensor ($) 

Screen printed sensor Pack of 25 30.58 1 1.22 

Triton X-100 500 ml 44.69 0.02 µl ＜0.01 

GLA 500 ml 31.20 0.72 µl ＜0.01 

Pyruvate oxidase 1 KU 300 0.10 U ＜0.01 

Puruvid acid 500 ml 100.25 ＜0.01 µl ＜0.01 

MgCl2 1 kg 40.87 ＜0.01 mg ＜0.01 

FAD 25 mg 50.78 ＜0.001 mg ＜0.01 

TPP 5 g 54.83 ＜0.001 mg ＜0.01 

BSA 10 g 59.51 0.19 mg  ＜0.01 

MWCNT 100 g 27.52 0.004 mg ＜0.01 

Citric acid 500 g 44.85 0.04 mg ＜0.01 

Sodium Citrate dihydrate 1000 g 54.60 ＜0.01 mg ＜0.01 

Nafion 25 ml 106.08 0.01 µl  ＜0.01 

    Total＜1.34 
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Chapter 5  

5 An inkjet-printed smartphone-based electrochemical 
biosensor system for reagentless point-of-care analyte 
detection 

In this work, we developed an inkjet-printed electrochemical enzyme-based biosensor 

system which can work with the smartphone for the point-of-care analyte detection. 

Inkjet printing technique was applied to functionalize electrodes. Multi-walled carbon 

nanotubes were used as the enzyme carrier to enhance the enzyme loading. Enzyme 

immobilization was realized through layer-by-layer printing strategy by crosslinking ink 

components (BSA and glutaraldehyde) between printing layers. Reagents for the enzyme 

catalyzed reaction were preloaded onto the working electrode to eliminate the use of 

traditional electrochemical cell. In addition, a versatile smartphone Android application 

was developed for real-time data processing on multiple occasions. Phosphate in the 

artificial saliva was measured to demonstrate the feasibility of the proposed biosensor 

system. The miniaturized biosensor system presents a wide linear range with rapid 

response time (less than 10 s). High selectivity and stability of the sensor demonstrate its 

practical use for saliva test. The proposed biosensor system can be applicable for various 

analyte detection by exchanging the sensing elements and reagents. And the biosensor 

system can be easily operated by users without specific training. In all, this novel 

integrated biosensor system has great potentiality for point-of-care applications. Our 

proposed sensor system demonstrates a reliable and reproducible biosensor fabrication 

route that has meaningful reference for similar point-of-care biosensor systems. 
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5.1 Introduction 

Recently, point-of-care (POC) diagnostic devices are continuously being demanded in the 

healthcare field due to the advantages of low-cost, easy-to-use, rapid and on-site 

detection. With the convenience of smartphones, optical sensors based on colorimetric or 

fluorescent measurement, surface plasmon resonance biosensors and electrochemical 

sensors evolve to an instrument-independent, use-friendly and inexpensive point-of-care 

devices [1]. Among various kinds of smartphone-supported biosensors, electrochemical 

biosensors are superior to the others due to the merits of miniaturization simplicity, fast 

analysis and high selectivity nature to the sensing analytes [2, 3]. Most electrochemical 

sensors employ the three-electrode configuration consisting of a working electrode (WE), 

counter electrode (CE) and reference electrode (RE). Upon the potential applied between 

the working electrode and counter electrode, the electrochemical biosensors convert the 

biological response occurring on the transducer electrodes into a quantifiable electric 

signal [4]. The miniaturization of electrochemical transducers and readout instruments 

are the major subjects in the development of POC electrochemical devices.  

In recent years, a few point-of-care smartphone-supported electrochemical biosensors 

have been developed by researchers [5-8]. As the sensing and transducing unit, screen 

printed electrodes (SPEs) have been involved to take their full advantage of small size, 

lightness, ease of modification [9-11]. Various diagnostic biomarkers can be detected 

through modifying the working SPEs using certain biological entities. For most studies, 

drop casting is widely used as a simple, easy and rapid method for surface modification 

of the SPE. However, drop casting method is not applicable for mass production of the 

proposed POC biosensors. Also, the inevitable coffee ring occurring on the drop-casted 
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SPEs greatly limits the reproducibility and electrochemical performance of the biosensors 

[12, 13]. 

To overcome the problems of drop casting method, inkjet printing as a prevailing tool for 

its capability of customization, accurate deposition and pico-liter volumes delivery is 

facile to achieve high reproducibility with low cost [14]. Moreover, researchers have 

confirmed that through modulating the printing parameters, uniform modification of the 

electrode can be achieved to highly mitigate the coffee ring effect during the drying 

process [15, 16]. Utilization of the inkjet printing technique is highly recommended for 

the batch manufacturing of high performance POC electrochemical biosensors. 

Though the miniaturized structure of the screen-printed electrochemical biosensors 

boosts the POC application, the limited sensing area confines the loading of biological 

recognition elements. To solve this problem, nanomaterials have attracted great interests 

from researchers due to the high specific surface area, nano-scaled size, varied internal 

structure and superior electrical properties in the analytical chemistry. Various 

nanomaterials (nanoparticles, nanowires and nanotubes; metal nanomaterials, carbon 

nanomaterials and polymer nanomaterials) have been employed to functionalize enzyme 

electrodes with ability to achieve satisfactory electrical signal between the active site of 

the enzyme and the electrode [17-19]. 

Herein, a smartphone-supported inkjet-printed nanomaterial-modified biosensor for 

point-of-care analyte detection is developed. A commercialized three-electrode 

configuration was functionalized by layer-by-layer inkjet printing strategy for enzyme 

immobilization. Functionalized multi-walled carbon nanotubes were introduced in the 
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printing ink to increase the surface area and maximize the loading of enzyme. A portable 

wireless potentiostat was connected with the smartphone to execute signal processing, 

transducing and exporting. An Android application (App) was developed to interpret the 

electrochemical signal through real-time analyte measurement. To assess the sensitivity 

and specificity of the proposed biosensor system as a point-of-care device, a clinically 

informative biomarker in an easily obtained biofluid is recommended to use. Saliva as a 

clinically important, non-invasive and readily available biofluid are perfectly suitable in 

the development of point-of-care biosensors. Saliva phosphate (SP), as an commonly 

used standard indicator of many physiological conditions such as hyperphosphatemia in 

chronic kidney disease, hyperphosphatemia in hemodialysis patients, ovulation condition 

for female infertility, uremia status, occurrence of dental caries, is highly recommended 

in the clinical applications for disease diagnosis and monitoring [20-25]. To demonstrate 

the validity of our biosensor system, artificial saliva with different concentration of 

phosphate was used in our research. Our fabrication route of the point-of-care biosensor 

system advances other sensor systems in terms of high feasibility of customization, great 

reproducibility and potential of mass production. The exclusion of traditional 

electrochemical cell and the application of the user-friendly App have demonstrated the 

practical use for future point-of-care analyte detection. 

5.2 Materials and methods 

5.2.1 Chemicals and reagents 

Pyruvate oxidase from microorganism (PyOD, E.C.1.2.3.3) was purchased from Toyobo 

(New York, USA). Multi-walled carbon nanotubes (MWCNTs, L-MWNT-1020) were 

purchased from Shenzhen Nanotech Port Co., Ltd (Shenzhen, China). Bovine serum 



114 

 

albumin (BSA), Triton X-100, hydrochloric acid (1 mol/l), nitric acid, sulfuric acid, 

potassium ferricyanide (III) (K3Fe(CN)6), glutaraldehyde (GLA), Nafion® (5 wt. %), 

citric acid and sodium citrate dihydrate were obtained from Sigma-Aldrich. Thiamine 

pyrophosphate (TPP), flavin adenine dinucleotide (FAD), magnesium chloride (MgCl2), 

pyruvate acid, sodium chloride, calcium chloride, potassium chloride, potassium nitrate, 

potassium phosphate monobasic, potassium phosphate dibasic and urea were purchased 

from TCI. All other reagents were of analytical grade and used as received. All solutions 

were prepared in the deionized water (18.2MΩ·cm−1). The disposable screen-printed 

electrode (SPE, C10) as a novel electro-analytical electrode were purchased from Mxense 

Bio-Tech Co., Ltd. (Shanghai, China). The substrate of the SPE is polyethylene 

terephthalate (PET) with three-dimensions of 5×15×0.8 mm (L×W×H). It has a three 

electrode configuration: a carbon working electrode (diameter d = 2.50 mm) and a 

counter electrode using carbon electrodes and a Ag/AgCl electrode used as a reference 

electrode [26]. 

Phosphate stock solution (50 mM, pH 6.0) and Citrate buffer (25 mM, pH 5.6) were 

prepared according to normal lab procedures. MWCNTs were functionalized for the 

attachment of -COOH group on the surface based on the method reported by Yu-Chun 

Chiang et.al. [27]. The functionalized MWCNTs were kept dry and stored at room 

temperature. Basic artificial saliva solution for sensor validity study was made by mixing 

13.2 mg sodium chloride, 96.4 mg potassium chloride, 17.2 mg calcium chloride, 20.4 

mg urea, and 17.4 mg lactic acid together in 100 ml DI water and stored in 4°C [28, 29]. 

Then, different concentration of phosphate solution was prepared with the basic artificial 

solution.  
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5.2.2 Functionalization of the screen-printed electrode  

Experiments for electrode functionalization were carried out using Fujifilm DIMATIX 

Materials Printer Dmp-2831 (FUJIFILM Dimatix, Inc., USA) with the customized ink 

cartridge DMC-11610. Driving waveforms of printhead piezo-element were controlled 

through Graphical User Interface (GUI) application software. Prior to working electrode 

functionalization, bare SPE were ultrasonically cleaned in ethanol and water (1:1) for 30 

min and dried under a stream of nitrogen. Three kinds of ink including enzyme layer (Ink 

1), GLA layer (Ink 2) and nafion layer (Ink 3) were prepared (See Table S1 for detailed 

ink formula), and then layer-by-layer printed to functionalize the working electrode as the 

crosslinking layer, and protective ion selective layer. Optimized printing waveforms were 

applied in each printing layer. The optimized voltage and frequency settings for enzyme 

layer, GLA layer, and nafion layer were 6 kHz 28V, 8kHz 30V and 8kHz 32V separately. 

The drop number for each layer was programmed through Pattern Editor Module. The 

enzyme layer GLA layer and nafion layer were designed with 459,330 counts (~ 3.0622 

µl), 229,665 counts, (~1.5311 µl) and 229,665 counts (~1.5311 µl) respectively. The 

substrate was heated to 30°C to enhance the ink evaporation during the printing process. 

The drop spacing was set for 20 µm for uniform drop deposition. 

5.2.3 APP development  

Android App based on Android Studio 4.1.1. was developed for processing the 

experiment results and outputting the measured sample information. Logical design and 

page design were realized by using Java language. A user-friendly graphic user interface 

(GUI) was developed for parameter settings and results presentation. Code for the APP 

can be found in the Appendix B&C. 
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5.2.4 Testing of the proposed biosensor system.  

Electrochemical experiments on sensor performance and sensor prototyping were 

conducted at room temperature using CHI potentiostat (Shanghai Chen Hua Instrument 

Co., Ltd., Shanghai, China) and Xenstat potentiostat (Mxense Bio-Tech Co., Ltd., 

Shanghai, China) separately. For CHI potentiostat, all the experiment parameters were set 

on computer trough USB-connection. For experiments performed on the Xenstat 

potentiostat, parameter settings were input and wirelessly transmitted from the 

smartphone App. For both cyclic voltammetry (CV) or chronoamperometry experiments, 

30 µl of sample solution were dropped on to the working electrode of the biosensor. For 

CV experiments, potential range comprised between 0 and 0.6V at scan rate of 50 mV/s 

were used. For chronoamperometry experiments, potential was set at 0.4V vs Ag/AgCl 

with time range of 10 seconds for CHI and 60 seconds for Xenstat potentiostat. All 

experiments were performed based on the above settings unless otherwise stated. 

5.3 Results and discussion 

5.3.1 Design of the biosensor system 

The proposed biosensor system consisted of a functionalized SPE, a portable potentiostat 

and an Android App. Figure 5-1 shows the user interaction with the biosensor system 

where the users can use the smartphone to set the experiment parameters on the App. The 

instructions are transmitted through Bluetooth to the portable potentiostat where a 

functionalized SPE with detection sample is loaded. Herein, the potentiostat executes the 

electrochemical experiments, and transmits the results back to the smartphone App which 

conducts the data processing according to the user settings. The result will be displayed 
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on the smartphone in a straightforward way to the users, seen in Figure 5-2(d) for the 

screenshot of the result page. 

The SPE was functionalized aiming to detect the analyte. Three kinds of layer were 

inkjet-printed on the working electrode in a sequence. The first layer is deposited with 

biological entities, BSA and reagents for enzyme catalyzed reaction. Then, GLA was 

printed to form a crosslinking layer, on which a protective layer was deposited on to 

encapsulate the sensor. It is noted that the proposed functionalization procedures can be 

applied to other screen-printed biosensors through simply modifying the components of 

the ink and settings of the printing parameters. 

The portable potentiostat was connected with an Android smartphone and controlled on a 

lab-made App. (Figure 5-2(a)). The proposed biosensor system was designed with two 

operating modes which consist of two kinds of commonly used electrochemical 

experiments - differential pulse voltammetry (DPV) and chronoamperometry 

experiments. After selecting the experiment mode and setting the operating parameters 

(e.g. scan rate, voltage, time, etc.) on the smartphone App, the instructions can be 

wirelessly transmitted by Bluetooth to the potentiostat. The experiment results will be 

displayed as a dynamic curve on the smartphone. 

The App on the smartphones was developed to analyze the electrochemical curves 

obtained from the connected potentiostat in real time. The parameters can be directly set 

through the user-friendly graphic user interface (GUI). The App of current version can 

process the results using differential pulse voltammetry (DVP) method and 

Chronoamperometry method. The obtained results can be fitted linearly or 
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logarithmically according to the experiment conditions (Figure 5-2(b)). For 

chronoamperometry results, specific time is set as a constant of steady state value for the 

data processing (Figure 5-2(c)). Once the parameters were set, the next experiment will 

automatically load the previous settings. With the help of our App, users even without 

professional training can easily obtained the analyte information of interest from the 

measurement. The users can simply touch the “start” button on the smartphone, and the 

results will be processed and displayed on the screen instantly. In addition, the obtained 

results can also be saved and uploaded in the cloud server. 

 

Figure 5-1: User interaction with the proposed biosensor system 
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Figure 5-2: (a) Electrochemical measurement using wireless portable potentiostat. 

The biosensor system includes a smartphone displaying a dynamic curve for the 

real-time data received through Bluetooth, a portable potentiostat and a modified 
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SPE for analyte detection. (b) Parameter settings for the calibration curve. (c) 

Settings of the data processing method for the obtained data. (d) The App displays 

the real-time saliva phosphate concentration on the smartphone. 

5.3.2 Design and evaluation of the functionalized working electrode 

Figure 5-3 shows the functionalization process of the SPE. Three steps are involved as 

determination of the printing strategy, ink formula and finalization of the printing 

parameters. For our SPE functionalization practice, we chose layer-by-layer printing 

strategy and different functional layers were printed on the working electrode in 

sequence. Ink formula for each layer was developed based on four consideration, namely 

the rheological requirement (viscosity and surface tension) for printing, the components 

of electrochemical reactions, the sufficient loading and stability maintenance of the 

sensing materials and the analytical performance of the sensor. To print the bottom 

enzyme layer, the functionalized multi-walled carbon nanotubes were introduced in the 

printing ink as enzyme carrier to enhance the enzyme loading [30, 31]. Triton×-100 as a 

non-ionic surfactant were used to adjust the surface tension of the ink, and can also 

preserve the functional state of proteins and accelerate the electron transfer process [32]. 

Cofactors were added in the ink to support the enzyme reaction. The reaction substrates 

were also included to exclude the needs of traditional electrochemical cell [33]. BSA was 

added in the ink as a spacer agent in the next crosslinking procedure, in which GLA was 

the major component of the crosslinking layer. Together with the pre-deposited layer, a 

BSA-glutaraldehyde-enzyme crosslinking gel mixture was formed to obtain high stability 

and strong connection between the enzyme and the electrode [34, 35]. The top protective 

layer was formed by the nafion to encapsulate the sensor. 
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The printing parameters were set and optimized after finalizing the ink formula. The 

printing waveforms for each layer were optimized based on drop formation requirements 

of stable and round droplets in the Drop Watcher window for each printing layer (see 

Appendix 5-1 stable droplet array). Printing parameters (voltage & frequency) for 

enzyme layer were optimized according to previous studies to ensure highest enzyme 

activity [36]. The number of drops to be delivered on the working electrode for each layer 

were programmed through Pattern Editor Module to ensure the defined amount of 

material based on the requirements of the electrochemical experiments. Fiducial Camera 

was used to check out the relative position of adjacent printed drops and the drop spacing 

was set 20 µm for all three layers. 

After the completion of the SPE modification, electrochemical experiments were 

conducted to evaluate the performance of the functionalized electrode (see Appendix 5-

2). Appendix 5-2(a) shows the CV responses of different electrodes in the K3Fe(CN)6 

solution. Without the help of MWCNTs, the enzyme/substrate/cofactor electrode (red 

line) had the lowest the peak current which suggested the unfavorable environment for 

electron transfer reactions. After the addition of the MWCNTs, the peak-peak separation 

decreased, and the significantly increased peak current suggested the evident 

improvement for the electron transfer kinetic [37]. In Appendix 5-2(b), both the cathodic 

and anodic peaks increased proportionally with the scan rate from 40 to 100 mV/s, 

indicating a surface confined electrode process [38, 39]. The peak-peak separation also 

increased linearly with the scan rate and the peak current was linear to the square root of 

the scan rate (see inset of Appendix 5-2(b)), suggesting that the electrode process was a 

diffusion control and quasi-reversible electron transfer process [33, 38, 40]. 



122 

 

  

Figure 5-3: Schematic of the functionalized process of the screen-printed electrodes.     

5.3.3 Sensing principle and electrochemical performance of the SPE 
sensor 

To demonstrate the feasibility of the proposed biosensor system, phosphate in the 

artificial saliva was selected as the biomarker of interest. Figure 5-4 illustrates the sensing 

principle of the saliva phosphate sensor. When the sensing area of the SPE is exposed to 

the sample solution which contains the phosphate ion, a chemical reaction between the 

working electrode surface and the phosphate will happen upon the application of the 

voltage potential. Then the sensor will transfer the signal of the chemical reaction into a 

readable electrochemical current curve that reflects the phosphate concentration. 
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Figure 5-4: Illustration of the detection mechanism of the proposed biosensor 

system for saliva phosphate detection. 

To evaluate the analytical performance of the inkjet-printed SPE sensor, a series of 

chronoamperometry experiments with different concentrations of the phosphate were 

performed to obtain the linear range of the sensor. The amperometric responses increased 

with the increasing of the phosphate concentration， and the evident exponential decay 

curves were plotted. The phenomenon can be fitted by Cottrell equation (Figure 5-5(a)) 

[41]. Once the double layer between the electrode and the solution was charged, the 

current decayed exponentially until it arrived a steady state, which we could use as the 

Faradaic current/reaction current. To obtain the steady state value of the response current 

rather than the end-point measurement, we fitted individual amperometric response 

empirically with an exponential decay equation: 

I= I0 exp(−t/t0) + I∞      (1) 

Here I is response current, t is the time, I0 is the double layer charging current when t = 0, 

t0 is a characteristic time scale representing the decay time, I∞ the reaction current which 
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can be measured at steady state. After the curve fit, we extracted I∞ and plotted the 

concentration-current relationship in the inset of Figure 5-5(a). Th current and phosphate 

concentration displayed a good linear correlation from 0.16 to 2.0 mM (y=-2.3357x-

0.5414, R2=0.9879) with 38 µM detection limit. Selectivity of the proposed biosensor 

was evaluated by the addition of different interferences in the saliva (Figure 5-5(b)). All 

interference had little effect for the phosphate amperometric measurement which 

demonstrated the feasibility of the actual saliva test.  

Storage condition of the biosensor was evaluated by different temperate and seal 

condition (Figure 5-6(c)). The sensor reserved highest response current (91.41%) when 

sealed under vacuum and stored at 4 ℃. The room temperature of 25 ℃ is detrimental 

for sensor storage which may result from the increased enzyme denaturization rate under 

higher temperature. The packing method had little effect (~2% difference) for the sensor 

which attribute to the storage time of 14 days (short to identify the difference). The 

stability of the sensor was evaluated and shown in Figure 5-6(d). The current response 

remained 84.88% of its initial response after storing for three weeks. The results 

suggested the good stability of the sensor. The reproducibility of the sensor was also 

evaluated by using five sensors measuring 2 mM phosphate (pH = 6). A standard 

deviation of 3.5% was obtained, which implied excellent reproducibility of the proposed 

sensor. Comparison between the proposed sensor with other works for saliva phosphate 

detection was listed in Table 5-1. The inkjet-printed SPE sensor has gained sufficient 

improvement from the aspect of measuring time, ease of measurement, linear range 

extension than the existing electrochemical sensor [42] for saliva phosphate detection.  
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Figure 5-5: (a) Amperometric responses of the sensor to different concentration of 

phosphate. Concentration increased with the direction of the orange arrow (from 0 
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mM to 2 mM). Inset is the calibration curve for different concentration of 

phosphate. (b) Anti-interference of the biosensor with the existence of NO3
-, Urea, 

lactic acid and the mixture in the phosphate solution. (c) Different storage condition 

after 14 days (control group is the current response on the first day). (d) Stability 

study of the sensor. 

Table 5-1：Comparison of sensors reported in literature for saliva phosphate 

detection. 

Type 

Testing 

platform 

Methods 

Testing 

platform 

Display 

unit 

Linear 

range/µM 

Measurin

g time 

Ref 

Chemical 

sensor 

UV/vis 

spectrometer 

Colorimetric 

assay 

UV/vis 

spectrometer 

Computer 24-480 - [43] 

Electrochemi

cal Sensor 

Desktop 

potentiostat 

Chronoamper

ometry 

Desktop 

potentiostat 

Computer 7.5-625 4 min [42] 

Optical 

sensor 

Photolumines

cence 

spectrometer 

Fluorometric 

titration 

Photolumines

cence 

spectrometer 

Computer 1440-8640 30 min [44] 

Electrochemi

cal Sensor 

Desktop/port

able 

potentiostat 

Chronoamper

ometry 

Desktop/port

able 

potentiostat 

Computer/ 

Smartphone 

160-2000 10/60 s This work 

5.3.4 Demonstration of the proposed biosensor system 

To demonstrate the point-of-care use of the proposed biosensor, we integrated the 

functionalized screen-printed electrode into our proposed biosensor system. During the 

demonstration test of saliva phosphate measurement, chronoamperometric method was 

used. Calibration curve of linear fit was selected and the fitting equation obtained from 
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the last section was set in the APP. 60 seconds was set for Xenstat potentiostat 

measurement and end-point value of the chronoamperometric result was selected as the 

steady state and data processing value. Three concentrations of artificial saliva were 

tested by using the Xenstat potentiostat (see Table 4-2). The recovery of the biosensor 

ranged from 89.7% to 94.0% suggesting the potential use of proposed biosensor system 

for the practical saliva test. The proposed biosensor system is versatile for the detection 

of other analytes by simply exchanging the sensing elements and adjusting the calibration 

curve in the settings of the App. The nature of easy operation and miniature size of the 

sensor system have demonstrated its feasibility of point-of-care analyte detection. Our 

study will be meaningful for the development of other POC sensor systems. 

Table 5-2： Detection of phosphate using Xenstat portable potentiostat (n=3). 

Sample 

Phosphate concentration in 

sample/mM 

Founded phosphate /mM Recovery/% 

Artificial 

saliva 

2.0 1.82 91.0% 

1.75 1.57 89.7% 

1.5 1.41 94.0% 

5.4 Conclusions 

An inkjet-printed and reagentless electrochemical biosensor system was developed for 

point-of-care application. The proposed system has four components: a smartphone, an 

Android App, a portable potentiostat and a functionalized screen-printed electrode. 

Compared with the conventional electrochemical biosensors, the reaction substrate was 
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preloaded into this system to eliminate the use of electrochemical cell, which is the key 

strategy to achieve a reagentless and portable system. The layer-by-layer printing strategy 

offers a novel method for enzyme crosslinking through inkjet printing. The combination 

of the inkjet printing technique and screen-printed electrode gives the feasibility of 

customization, high reproducibility and mass production. Through the APP offered by the 

system, the whole data processing function was automated for the experiment results that 

an untrained people can easily operate and read the results. Researchers can easily adjust 

the codes that we provided based on their experiment requirements or simply change the 

input parameters on the APP. The prototyping biosensor showed a wide linear range 

(three times than other electrochemical sensors [42]) with quick response time. Good 

anti-interference property and high stability were achieved. In addition, the recovery rate 

of as high as 94.0% was achieved through artificial saliva test, suggesting the feasibility 

of the practical use for the proposed biosensor system.  

Our developed biosensor system demonstrated a reliable and reproducible biosensor 

fabrication route for the reference of POC applications. For future directions to improve 

this study, real-life application of the proposed biosensor system using natural saliva will 

be further explored. The functions of the proposed biosensor system can be further 

extended by exchanging the sensing elements for detection of different analytes and 

adjusting the calibration curve in the App. Especially, the application of carbon 

nanotubes has greatly enhanced the performance, thus, utilizing the latest nanomaterials 

can potentially deliver better analytical performance. The present biosensor framework 

could result in a lighter and smaller system for a more convenient and practical POC 

application after further integration. 
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Appendices 

Appendix 5-1: Ink formula and composition for each printing layer. 

Ink Formula Concentration Solvent 

1 

Pyruvate 

oxidase 
16 U/ml 

CB 

TPP 25 µM 

FAD 6 µM 

MgCl2 2.0 mM 

Pyruvate acid 2.0 mM 

MWCNT 0.5 mg/ml 

BSA 2.5 % w/v 

Triton X-100 0.0075 % v/v 

2 
GLA 2.5 % w/v 

DI 
Triton X-100 0.006 % v/v 

3 
Nafion 1.7 % w/v 

DI 
Triton X-100 0.005 % v/v 
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Appendix 5-2: Stable droplet array (Nozzles are positioned at the 0-micron mark, 

perfect round droplets are shown at the 200-micron mark). 
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Appendix 5-3: (a) CV curves of bare electrode (black line), 

enzyme/substrate/cofactor electrode (red line) and MWCNT-

COOH/enzyme/substrate/cofactor electrode (blue line) in 0.1 M KCl which 

contained 10 mM K3Fe(CN)6. Scan rate: 50 mV/s. (b) Cyclic voltammograms of 

modified electrode in 0.1M KCL which contained 10 mM K3Fe(CN)6 at scan rate of 

40, 60, 80 100, 120 mV/s (inset: the plot of peak current vs. square root of scan 

rates). 
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Appendix 5-4: Code of the parameter page for settings of the calibration curve 
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Appendix 5-5: Code for the Calculation page 

 



143 

 



144 

 



145 

 

 

 



146 

 



147 

 



148 

 



149 

 



150 

 



151 

 



152 

 



153 

 



154 

 



155 

 

Chapter 6  

6 Thesis summary and further direction 

This thesis focuses on inkjet printing biosensors for point-of-care applications in the 

following three important aspects:  

(1) the effect of mechanical stress on enzymes during inkjet printing process;  

(2) multi-functional layer printing strategy for sensor fabrication; 

(3) the built-up of the inkjet-printed smartphone-supported biosensor platform for point-

of-care analyte detection.  

They are summarized according to the thesis structures as follows. Subsequently, 

contributions of this thesis and the future directions are discussed. 

6.1 Thesis summary 

The effect of wave propagation induced mechanical stress on the activity of pyruvate 

oxidase is studied in Chapter 3. It is found that pyruvate oxidase activity was positively 

influenced by the mechanical stress. The change in protein conformation was caused by 

mechanical activation or mild proteolysis. It is also found that the printing frequency had 

less effect on the catalytic ability of pyruvate oxidase since a limited change of wave 

superposition was induced. The mechanical stress induced by printing voltage had a 

significant effect on the catalytic efficiency of pyruvate oxidase, and low shear stress 

tended to create higher enhancement for the activity. Partial denaturation and mechanical 



156 

 

activation of the enzymes occurred simultaneously when higher mechanical stress was 

induced. Protein structural change varied due to the property of the different protein.  

Chapter 4 presents a simple and effective surface functionalization strategy to achieve 

enzyme crosslinking through inkjet printing technique for the construction of a 

reagentless enzyme-based biosensor. This study combined the drop-on-demand inkjet 

printing technique with easily mass-produced screen-printed electrode. The proposed 

sensor system can be industrialized for on-site phosphate detection with minimum sample 

required (30 µl) when coupled with substrate preloading strategy. Ink formula and 

printing strategy of multiple functionalization layers for sensor fabrication were 

demonstrated. It is found that electrode functionalized method by inkjet printing achieved 

more uniform deposition and enhanced analytical performance than that of drop casting 

method. The applicability of the developed printing strategy for sensor fabrication was 

proven by successfully detecting the phosphate in the artificial serum. A wide linear 

range was achieved that covered the physiological range of serum phosphate (0.2–2.0 

mM). Excellent anti-interference performance towards common anions, satisfactory 

reproducibility and stability indicated the practical use of the proposed sensor. The 

validity test achieved an excellent recovery of 98.9-103% with a cost of less than 1.34 

USD. Our proposed novel surface functionalization method avoids any other post-

treatment and only involves printing procedures. More importantly, as a simple, 

affordable, labour-free and reagentless approach, this sensor fabrication practice can be 

easily applied to fabricate other enzyme-base biosensors by simply modifying the 

enzyme in the ink components. 
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In Chapter 5, an inkjet-printed reagentless electrochemical biosensor system was 

developed for point-of-care application. The proposed system consists of a smartphone, 

an Android APP, a portable potentiostat and a functionalized screen-printed electrode. 

The reaction substrate was preloaded into this system to eliminate the use of 

electrochemical cell. The combination of the inkjet printing technique and screen-printed 

electrode gives the feasibility of customization, high reproducibility and mass production. 

Through the APP offered by the system, the whole data processing function was 

automated for the experiment results, so that an untrained people can easily operate and 

read the results. The prototyping biosensor showed a wide linear range (three times than 

other electrochemical sensors) with quick response time. High selectivity and stability of 

the sensor demonstrate its practical use for saliva test. In addition, the recovery of as high 

as 94.0% can be achieve, suggesting the potentiality of the proposed biosensor system in 

real life application. The proposed biosensor system can be applicable for various analyte 

detection by exchanging the sensing elements and reagents. This novel integrated 

biosensor system has great potentiality for point-of-care applications. Our proposed 

sensor system demonstrates a reliable and reproducible biosensor fabrication route that 

has meaningful reference for similar point-of-care biosensor systems. 

6.2 Thesis contribution 

Three major contributions of this thesis are summarized as: 

1. The influence of printing parameters from the aspect of the pressure wave propagation 

mechanism on the biological materials of enzymes were studied to meet the gap in the 

bioprinting area. The results of this paper are favorable for the fabrication of future 

biosensors to increase their sensitivity and stability. This study points out that ink formula 
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and printing parameters for enzyme ink need to be adjusted based on not only the 

requirement of drop formation but also the stability of the enzyme in the ink. The practice 

of correlating the pressure wave propagation and the corresponding mechanical stress 

with the change in the enzyme activity is meaningful for other studies about enzyme 

printing. 

2. A simple and universal surface functionalization strategy for reagentless enzyme-based 

biosensor was developed through a novel inkjet printing assisted enzyme crosslinking 

method. The proposed ink formula and printing strategy of multiple functionalization 

layers for sensor fabrication would be useful for other inkjet printing biosensor 

manufacturing in pursuit of high reproducibility and high stability. As a simple, 

affordable, labor-free and reagentless approach, this sensor fabrication practice can be 

easily applied to measure other analytes of interest by simply modifying the ink 

components. 

3. An inkjet-printed electrochemical enzyme-based biosensor system was developed to 

work with the smartphone for the point-of-care analyte detection. The proposed biosensor 

system can be applicable for various analyte detection by exchanging the sensing 

elements and reagents. And the biosensor system can be easily operated by users without 

specific training. In all, this novel integrated biosensor system has great potentiality for 

point-of-care applications.  

6.3 Future direction 

The studies about effect of ink printing on the enzymes have been reviewed and further 

studied in chapter 3. Current studies mainly based on correlations between enzyme 
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activity and printing parameters (for previous studies) or applied stress/forces (in this 

thesis). Further investigation can be achieved by studies the change of enzyme structure 

after printing at the molecular level using cryoelelctron microscopy (Cryo-ET).  A more 

universal model for enzyme activity change after printing is expected to adapt to various 

kinds of enzymes for a broad future application of bioprinting. 

 Also, the multi-functional layer printing strategy for biosensor construction as mentioned 

in chapter 4 can inspire and promote research in the fabrication of many other inkjet-

printed biosensors. Further improvement of this printing strategy is achievable. For 

example, the application of carbon nanotubes in the enzyme layer can be exchanged by 

the latest nanomaterials in pursuit of enhanced analytical performance of the biosensor.  

The proposed biosensor system demonstrated in chapter 5 can be widely applicable for 

detection of various analytes, especially in detection and monitoring disease-related 

biomarkers in the body fluid. The functions of the proposed biosensor system can be 

further extended by exchanging the sensing elements for detection of different analytes 

and adjusting the calibration curve in the APP. In addition, real-life application for point-

of-care testing using natural saliva or body fluid is expected for further improvement of 

the proposed biosensor system, since only artificial saliva was used in the thesis to verify 

the sensor. At last, with the development of compact and integrated potentiostat or 

analyzing chip, the present biosensor framework could result in a lighter and smaller 

system for a more convenient and practical POC application.  
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