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Chapter 1 

Introduction 

1.1 Introduction of inkjet technology 

Inkjet technology that can precisely control specific velocity and volume at 

defined microarray spots. It is also a power tool has the ability of generating pico-liter 

levels of liquid on the surface of a wide variety of substrates. 

Inkjet printing technology is one of the most important forms of information 

transfer and expression method since it has many advantages such as environmentally 

friendly process and low-cost manufacturing [1-2]. Inkjet printing technology has 

been widely utilized in word processing as in personal computers in the workplace 

home or office printing operations. In the age of information, information is mainly 

presented and passed through the graphics and characters. The development of inkjet 

technology started off in the late 1950s. Since then, many inkjet devices have seen the 

light of today and the technology has been implemented in many different designs and 

the technology has been widely used of potential applications [3-19]. Nowadays, the 

commercial inkjet printer has been widely used and played an essential role especially 

in the printing manufacture areas. At the same time, as the development of 

micro-fabrication technology, scientists noticed that inkjet technology was an ideal 

method for micro-scale machining. When we used inkjet technology to fabricate 

devices, the design was very simple and visual, and the method has the advantages of 

easy operation and high resolution.  

 

1.2 Inkjet Printing Process 

1.2.1 Continuous inkjet technology and drop-on-demand inkjet printing 

Fundamentally, there are two different mechanisms by which inkjet printers 

generate droplets, namely continuous inkjet (CIJ) and the drop-on-demand (DOD) 

inkjet methods [20-21]. The main development towards modern inkjet printing 

technology concepts is shown in Figure 1.  
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Figure 1. Classification of the inkjet printing technologies [20]. 

 

Both methods of droplet generation can produce fluid droplets with diameters in 

the range of 10 to 150 μm. CIJ printing is used mostly for coding and marking 

applications with a droplet diameter of approximately 100 μm; DOD printing is 

dominant in graphics and text printing with a smaller drop diameter, typically 20–50 

μm. The DOD inkjet method included two types: bubble-jet technology and 

piezoelectric inkjet technology were shown in Figure 2 [22].  

 

 

Figure 2. bubble-jet technology and piezoelectric inkjet technology [22]. 
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Continuous inkjet printing technology emerged in the 1960s [23]. In CIJ printing, 

a small droplet jet from a small nozzle through pressure wave. The droplet jet could 

be break-off into uniform size and spacing were described mathematically by 

vibrating the ink within the nozzle cavity at a fixed ultrasonic frequency through Lord 

Rayleigh for inviscous jets [24], and Weber for viscous and surface tension jets of 

diameter perturbations [25]. The droplet formation can be controlled by the droplet 

deflection methodology. The continuous inkjet can be designed as a binary or 

multiple deflection system.  

In a binary deflection system, conductive ink forms a small droplet jet from a 

small nozzle through pressure wave. A droplet breaks off from the jet in the presence 

of a varying electric field [26]. And thus the droplets could be charged selectively and 

are either charged or unchanged as they emerged out of the continuous jet. The 

charged electrode droplets are allowed to deflect towards several positions when 

passing through an electric field applied onto the high voltage deflection plate, while 

the uncharged droplets were captured by the gutter and re-circulated in the system, 

continuous inkjet system is shown in Figure 3. 

 

 

Figure 3. Continuous ink-jet: A binary-deflection system 

 

In a multiple defelction system shown in Figure 4 [27], the stream of drops passes 

through an electrostatic field formed by a fixed high voltage across a pair of 

horizontal deflection plates. Because the charge on each drop is controlled 

individually, a droplet can be deflected vertically a desired amount. The droplets are 
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charged and deflected to the media at different levels, the uncharged droplets fly 

straight to a gutter to be recirculated.  

 

 

Figure 4. Continuous ink-jet: A multiple-deflection system. 

 

Instead of continuously inkjet printing， Drop-on-Demand inkjet technology 

produces droplets only when an actuation pulse is provided and a small liquid droplet 

is ejected from a nozzle and dispensed onto a substrate at desired locations by the 

additive process. Major advantages of DOD printers over continuously inkjet printers 

include the fact that there is no need for a charge electrodes, high voltage deflection 

plate, guttering, and recirculation systems. The majority of activity in inkjet printing 

today is in the DOD methods. Depending on the mechanism used in the droplet 

formation process, the technology can be categorized into four major methods: 

thermal, piezoelectric, electrostatic, and acoustic inkjet. Most, if not all, of the DOD 

inkjet printers on the market today are based on thermal inkjet printing (also known as 

bubble-jet technology) and based on piezoelectric inkjet printing according to the two 

different ways in which ink were forced from the printer nozzle used. 

The working principle of thermal inkjet technology is based on the generation of 

vapor bubbles by heating the liquid, as vapor bubbles expand, the liquid is pushed 

away and droplet was ejected in a perpendicular direction away from the evaporating 

bubble from the nozzle (shown in Figure 5). 
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Figure 5. The side-shooter of thermal inkjet printing 

 

Because of the heating required and the difficulty in aspiration, the thermal inkjet 

mode is not suitable in many applications such as high throughput biomedical 

screening. Piezoelectric inkjet technology is favored over thermal printing as it does 

not need the high temperatures required for thermal printing (200–300℃), which can 

potentially lead to thermal degradation of the ink, particularly when it contains 

materials such as organics or biological materials [28-31]. In piezoelectric inkjet 

printing, piezoceramic material changes its shapes under electronic pulses, which 

causes ink chamber volume change generating a pressure wave that propagates 

toward the nozzle. This pressure wave overcomes the viscous pressure loss in a small 

nozzle and the surface tension pressure rises from ink meniscus so that an ink droplet 

can begin to form at the nozzle [3, 32]. The basic pressure requirement is shown in 

Figure 6. According the piezoelectric deformation mode [33], the technology can be 

categorized into four main types: squeeze, bend, push, and shear. But the mostly 
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popular piezoelectric deformation technology is bend mode.   

 

 

Figure 6. The basic pressure requirement for ejecting an inkjet droplet [11]. 

 

In a typical bend-mode design (shown in Figure 7), the piezoelectric plate is 

bonded to the diaphragm (for example: ITO glass) electromechanical transducers, 

forming the ink chamber that is used to eject the ink droplets. Therefore, when a 

driving voltage is applied to the piezoelectric material, the ink chamber is deformed 

and a droplet is forced out of the nozzle. When a driving voltage is applied to the 

piezoelectric material, the piezoelectric ceramic changes its shapes due to 

piezoelectric effect. The deformation of piezoelectric ceramics presses the ink 

chamber and a droplet is forced out of the nozzle. 

 

         

Figure 7. DOD System: A bend-mode piezoelectric inkjet technology. 

  

1.2.2 Printable Fluids 

The generation of droplets in a DOD printer is a very complex process [34] and 

numerous reviews have discussed this issue in details [33-37]. Hence, I briefly 

describe some basic and important criteria for printable fluids. The behavior of 
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liquid droplets can be characterized by a number of dimensionless physical constants, 

including Reynolds (Re), Weber (We) and Ohnesorge (Oh) numbers: 
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Where ρ, η, γ are the density, dynamic viscosity and surface tension of the fluid 

respectively, v is the velocity of the droplet, and a is a characteristic length. 

Fromm firstly proposed that the Ohnesorge number (Oh), can be used to 

characterize droplet formation [38]. The parameter Z, which is defined as 1/Oh, is 

proposed that Z>2 are the preconditions for stable droplet generation. Reis and Derby 

further propose the following range, 10>Z>1, for stable droplet formation with 

numerical simulation of drop formation [39]. The fluid/air surface tension at the 

nozzle is also a limiting factor for droplet generation. A droplet must have sufficient 

energy to overcome this barrier for ejection. Duineveld et.al suggested that a 

minimum velocity for droplet ejection can be calculated as follows [40];  
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Where dn is the nozzle diameter. 

Finally, for the stable deposition of droplets onto the substrate, we should also 

consider the impact of the ejected droplets on a substrate. Basically, the droplet 

should not be splashed when the impact on the substrate. Stow & Hadfield firstly 

proposed that the threshold for the onset of splashing can be calculated by following 

equations [41]:  

 RRWe fe 4/12/1   

Where f(R) is a function of surface roughness and for a typical flat, smooth surface, 

f(R) ≈ 50 [42]. Through the above equations and the limiting values of Z, it is possible 

to construct a map in a parameter space, with coordinates Re and We, that can be used 
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to define fluid properties that are unable in DOD inkjet system, as shown in Figure 8 

[35]. The validity of this predicted regime of printability has been explored for a large 

range of fluid properties with particle-filled systems, and the map offers a useful 

guide for fluid properties selection [43]. 

In the above discussion, we have assumed that the fluid behaves in a linear 

Newtonian manner. However, in material science when polymer solutions are usually 

printed, the rheological properties of such fluids can be highly nonlinear. Therefore, 

we need to modify the printability characteristics of a fluid displayed in Figure 8. 

Haskal et al. reported that for solutions of poly (p-phenylene vinylene) (PPV), the 

characteristic fluid tail that forms during DOD printing becomes longer and more 

stable [44]. Other polymer solutions also have similar behaviors, with extended and 

stable ligaments found with increasing polymer molecular weight and concentration. 

Xu et al. explored the effect of concentration and molecular weight on printed drop 

behavior and concluded that the transition from a nearly Newtonian behavior to one 

dominated by fluid extensional elasticity can be explained in terms of conventional 

models of polymer solution behavior [45]. The action of small concentrations of 

polymers can stabilize the tail so that it retracts into the main drop during flight 

through surface tension, resulting in a single drop on impact. 
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Figure 8. The map defining printable fluid with Re and We as the coordinate system. 

1.3 Inkjet application 

In recent years there has been considerable interest in, and use of, inkjet printing 

as a fabrication tool in a number of areas of technology. Inkjet printing is viewed as a 

versatile manufacturing tool for applications in materials fabrication. The appeal of 

this technology lies in its being a non-contact, additive patterning and maskless 

approach. Direct write attribute of inkjet printing allows for deposition of versatile 

thin films, the designs of which can be changed with ease from batch to batch. Other 

attractive features of this technology include: reduced material wastage, low cost, and 

scalability to large manufacturing area.  

 

1.3.1 Applications in Material Science 

Because of its ability to deposit liquid phase materials in a precisely controllable 

manner, inkjet technology has been widely used in various organic electronics device 

fabrication, such as organic thin-film transistors, light-emitting devices (LEDs), solar 

cells.  

For material science application, a detailed study should be conducted about the 

droplet/substrate interaction. Kaneda et al. [46] investigated the evaporation rate of 

polymer solution and its effect on the thin-film shape. When the polystyrene/xylene 

droplets were ejected onto a lyophobic substrate, the droplets on the substrate resulted 

in an axisymmetric or nonaxisymmetric ring-like/dot-like film. The film configuration 

was dominated by the evaporation rate: the slow evaporation rate yielded a dot-like 

film rather than a ring-like one, and the film symmetry was governed by the local 

pinning time at the periphery. Lee et al. [47] investigated the characteristics of silver 

inkjet printing with control of surface energy and substrate temperature. In silver 

inkjet printing, the hydrophobic fluorocarbon film could reduce the diameter of the 

printed droplets. When the substrate was kept at room temperature, merging of 

deposited droplets was observed. Substrate heating was effective in preventing the 

merging phenomenon among the deposited droplets, and in reducing the width of 
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printed lines. The merging phenomenon of deposited droplets was also prevented by 

increasing the UV/O3 treatment time, accompanied by surface energy increase. 

Organic thin-film transistors (OTFTs) are widely used in low-end applications, 

such as RFID tags [48] and display backplanes [49]. An OTFT is a four-layer device 

with two layers of electrode materials (source, drain and the gate) and one layer each 

of dielectric and active organic material. Sirringhaus et al. successfully demonstrated 

the use of an inkjet approach to fabricate channel lengths at sub-100 nm range, which 

overcomes the switching speed limitation in traditional OTFTs [50-51]. Recently, a 

more cost-effective approach based upon self-aligning electrodes, resulting in 100 nm 

channel lengths, was developed [52]. It should be noticed that these examples all use 

organic-based dielectric materials. Recently, carbon nanotubes have been inkjet 

printed as the active material for OTFTs [53]. Other inorganic species such as 

polysilicon [54] and zinc oxide nanoparticles [55] have also been successfully 

inkjet-printed as active layers in a transistor.  

Inkjet printing does not require masks for manufacturing. This property makes 

inkjet printing a suitable technique for combinatorial studies of various devices, 

including organic light emitting diodes (OLEDs) [56-57]. Tekin et al. used inkjet 

printing to examine the influence on the emission properties of six different 

poly-(phenylene-ethynylene)/PPV based π-conjugated polymers with different side 

chains and film thicknesses in a parallel manner [58]. In addition, the same group also 

demonstrated the photoluminescence of inkjet printed inorganic semiconductor 

nanoparticles [59] (Figure 9). Singh et al. demonstrated bright inkjet printed OLEDs 

based on Ir-based phosphorescent macromolecules anchored on a polyhedral 

oligomeric silsesquioxane (POSS) molecular scaffolding [60]. Recently, Haverinen et 

al. demonstrated electroluminescence from inkjet printed inorganic semiconductor 

nanoparticles embedded between spin coated hole transport polymer and a thermally 

evaporated organic small molecule electron transport layer [61]. 
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Figure 9. Combinatorial study of printed red and green nanoparticles. 

 

Solar cells offer the promise of harnessing the solar energy. However, solar cells 

have not yet achieved widespread use owing to the unfavorable cost comparison 

against fossil fuel-based energy sources. Ever since the initial demonstration of screen 

printed organic solar cells, printing has been seen to offer the promise of developing 

industrially scalable cost effective processes [62]. Schubert and coworkers 

demonstrated the use of bulk heterojunction structures in inkjet printed solar cells 

[63-64]. Hoth et al. used a blend of P3HT and PCBM in o-dichlorobenzene and 

mesitylene to demonstrate inkjet printed organic solar cells with a Ca: Ag top cathode 

on PEDOT: PSS coated ITO [65]. 

 

1.3.2 Sensors and Detectors 

Sensors play important roles in many applications. Currently, many different 

types of sensors have been reported to be fabricated using inkjet printing. Crowley 

and co-workers introduced an ammonia sensor based on amperometric detection by 

using inkjet printed dodecylbenzene sulfonate (DBSA) - doped PANI nanoparticles 

on screen printed carbon electrode [66]. Sensor response as a function of film 

thickness was investigated by printing one to four PANI layers. The sensitivity limit 
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of this sensor was studied with a variety of different concentrations of ammonium 

chloride (0-80 μM), resulting in a calculated detection limit of 2.58 μM. Panhuis et al. 

used coiled conformation biopolymers to distribute SWCNTs and printed transparent 

composite films on a PET substrate [67]. They found very low conductivity when 

measured under a nitrogen atmosphere. Surprisingly, they found that the resistance of 

the composite fell to ~12 MΩ when the film was exposed to ambient conditions. The 

change in conductivity is attributed to a change in the pathways in the 

nanotube-biopolymer junctions in presence of water vapor due to the mechanical 

swelling of the biopolymer matrix. Biesch et al. employed the MEMS 

(micro-electromechanical system) technology, which involve the deposition of 

functional layers, to fabricate nanoscale cantilever-based sensors [68]. SAM layers of 

alkanethiols were deposited on gold-coated cantilever structures, There SAM layers 

enhance the sensitivity of the cantilevers to ionic concentrations and pH in liquids. 

 

1.3.3 Applications to Bioprinting-Biological  

In biology, there is numerous interest in how to precisely position very small 

droplets of liquid, as such technology is very important for many biological 

applications, e.g. microdosing, biochemical surface patterning, tissue engineering, and 

the direct placement of living cells [69]. Inkjet printing is very promising for such 

applications because of its ability to accurately deposit volumes of solutions in the pL 

range [70-71]. Bioprinting is defined as the use of printing technology for biological 

applications, which includes cell based biosensors, tissue engineering, implanted 

cell-factory devices or external assist devices for organs [72].   

Hasenbank et al. demonstrate multi-analyte patterning using a piezoelectric inkjet 

printing of multiple layers [73]. Newman and co-workers firstly deposited GOD using 

a piezoelectric printer [74]. Roda et al. [75] showed that enzymes could be deposited 

by a thermal printer with no significant differences in the enzyme activity. A small 

amount of sodium dodecyl sulfate (SDS) was added to the enzymatic ink in order to 

obtain a suitable surface tension. The diameter of the printed spots was 0.2 mm and 
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the amount of enzyme in each spot was evaluated by means of chemiluminescent 

detection. Until now, most printed enzymes have been deposited using piezoelectric 

inkjet printers as it was thought to affect the activity of the enzyme to a less extent 

[76]. Ilkhanizadeh et al. [77] reported the use of inkjet printing to study the effect of 

growth factor patterning and gradients on stem cell differentiation. They investigated 

the influence of three biological molecules, fibroblast growth factor-2 (FGF2), ciliary 

neurotrophic factor (CNTF) and feotal bovine serum (FBS) differentiation, on the 

differentiation of rat embryo neural stem cells. Phillippi et al. studied the 

differentiation of mouse muscle derived stem cells (MDSC) in the presence of printed 

patterns and concentration gradients of bone morphogenic progein-2 (BMP2). They 

used fibrin films to immobilize proteins after printing with a piezoelectric DOD 

system. Studies have demonstrated both the stability of fibrin immobilization and the 

use of protein patterns and gradients to control and direct populations of cells [78]. 

Inkjet technology has been widely used in biology, bio-chemistry and other areas, 

such as biochip [3-7], biosensor [8] and directly deposit living cells, as an important 

branch of modern tissue engineering [9-10]. Goldmann et al. [11] utilized a standard 

inkjet printer for the transfer of nucleic acids to solid supports. The author improved 

the traditional printer, and realized the DNA print when used DNA as the ink. 

Newman et al. [12] firstly reported a method for HRP printing used piezoelectric 

inkjet technology. Roda et al. [13] printed HRP onto filter paper used inkjet 

technology. Besides, inkjet technology has been used for drug screening [14-15]. 

Boland’s group originally reported the use of thermal DOD inkjet for cell deposition 

[79]. More recent work by this group has printed primary rat embryonic hippocampal 

and cortical cells [80]. Nakamura and coworkers succeeded in printing bovine 

vascular endothelial cells using a DOD printer with an electrostatic actuation 

mechanism [81]. Recently, a thorough investigation of the influence of piezoelectric 

DOD printing on the survival and viability of a human fibroblast cell line has been 

reported by Saunders et al. [82] they found that although some cell death may occur 

as a result of inkjet printing, surviving cells recover rapidly and appear to behave 
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normally post-printing. In order to produce fully biomimetic structures containing 

cells, one must be able to fabricate scaffold structures in 3 dimensions on or in which 

the cells can attach. Boland’s group has taken the approach of printing the less 

viscous CaCl2 solution into a tank of Na alginate solution [83] (Figure 10). The Na 

alginate will gelled in the presence of Ca
2+

. In order to generate 3D structure, the tank 

containing the Na alginate contains a moving table that is initially positioned so that a 

thin film of <100 μm thickness of the liquid is exposed to the printer. By selectively 

patterning this film with Cacl2 solution, a defined region of the liquid film is gelled. 

After this, the platform is lowered a defined distance and a second sequence of 

printing is used to gel a second layer. This process is repeated untial the final desired 

structure is achieved (Figure 10). Besides this innovative work, several similar 

strategies have also been employed to construct 3-D cell-containing structures 

[84-85].  

Inkjet is also a power tool for single cell analysis. Inkjet device has the ability of 

generating pL level droplets which can be used to package single cells, the 

compounds in cell just be conserved in a droplet avoiding be diluted by large volume 

of solution. Thus, the compounds can be more easily detected by MS, CE and other 

methods. Nakamura et al. [16] realized single cell printing by developing commercial 

printer, and got single cell array. Schubert and Koltay groups also developed some 

method for single cells array used inkjet technology [17-18]. Recently, Ellis et al. [19] 

used inkjet technology to fabricate single cell array and realized single cell MS 

analysis. 
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Figure 10: a) the schematic illustration of the printing system for 3-demensional scaffold 

structures using gelled Na alginate. b) the printed 3D cell-containing structures. 

 

In pharmaceutics, the drug discovery usually involves large scale screen predrugs 

[86]. Inkjet technology is especially promising in this area since it can easily fabricate 

high throughput microarray with minimum sample consumption. Arrabito et al. [87] 

showed that the contactless, low-cost, and rapid drug screening methodology by 

employing inkjet printing for molecular dispensing in a microarray format. In Figure 

11 part A, inkjet printing picoliter volume droplets containing tens of picograms of 
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molecules (either D-glucose or a mixture of D-glucose/D-glucal) were deposited on a 

silicon oxide surface where glucose oxidase monolayer were previously immobilized. 

Upon hitting the solid surface, the dispensed drops form regular rounded spots (Figure 

11B). Accordingly, whenever the enzymatic reaction occurs, a red dye complex forms. 

The more the spot is colored, the higher becomes the grayscale optical contrast of the 

spot with respect to the background. It is verified that the solid-supported enzymatic 

surface can be reused for this screening purposes several times by simply rinsing with 

water.  

 

Figure 11. Pictorial sketch of the screening methodology: (A) substrate and inhibitor containing 

drops dispensed by inkjet printing on the solid-supported enzymatic surface and (B) colorimetric 

detection for the enzymatic activity. No signal is obtained for a complete inhibition.  

 

Fujita et al. [88] develop super-dense transfected cell microarrays created by a 

piezoelectric inkjet printer on a glass substrate that had been grafted with 

poly(ethylene glycol). The field of combinatorial chemistry is starting to utilize 

drop-on-demand inkjet ejectors to automate the mixing of reagents in different 

proportions. Through inkjet deposition, each spot has a base nucleotide added and 
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reacted, then it is washed away prior to the reagent for the next base in the chain being 

jetted onto the spot. Moreover, drug discovery experiments typically require 

thousands to hundreds of tests involving novel biologically active agents. Inkjet 

dispensers that reduce the quantity of fluids use and the time it takes can greatly speed 

the testing and reduce the cost of the raw materials [89-90]. 

Inkjet printing is currently at the threshold of becoming a standard fabrication tool, 

with a wide range of materials science applications [91-92]. The use of inkjet 

dispensing technology generally provides several advantages over 

syringe-pump-based liquid handling: accurate and precise aspiration and delivery of 

nanoliter volumes of reagents; rapid delivery of reagents resulting from non-contact 

dispensing and rapid valve actuation; and reduced requirements for alignment due to 

non-contact delivery.  

 

1.4 Outline of this study 

 The whole thesis flow chart is summarized in Figure 12. In this thesis, I 

development a multi-channel inkjet sample introduction system and investigate its 

application to analytical chemistry.  

This work mainly consists of two parts of discussion. The part one (chapter 2) 

is based on the piezoelectric ceramics energy conversion. According to its 

electromechanical coupling coefficient, we designed a new self-sensing driving circuit 

for piezoelectric actuator, which combined with abilities of home-made software to 

change its output frequency, driving voltage and pulse width. A drop-on-demand 

(DOD) picoliter droplets were easily generated with controllable precision based on 

the piezoelectric ceramic actuator equipment. In the second part (chapter 3, 4, 5), the 

DOD-based piezoelectric inkjet is applied to capillary electrophoresis (chapter 3) and 

chemiluminescence (chapter 4) and immunoassay (chapter 5). 
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Figure 12. The whole structure of this thesis. 

 

In chapter 3, the picoliter droplets generated by piezoelectric inkjet was 

applied to capillary electrophoresis (CE) analysis. The DOD picoliter droplets were 

directly employed for sampling in CE analysis. Finally, Theobromine, Caffeine and 

Theophiline were then separated by Micellar electrokinetic chromatography using 

sodium dodecyl sulphate as the micellar phase. Compared to previous methods, the 

combination of picoliter droplet with CE showed reproducible and reliable analytica 

results. 

In chapter 4, an automatic multi-channel ink-jet chemiluminescence (CL) 

analysis system has been developed. The four-channel ink-jet device was controlled 

by a home-made circuit. The whole procedure for CL analysis was automatically 

completed on a hydrophobic glass side. Horseradish peroxidase (HRP) was selected 
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as an analyte, and determined by the automatic CL analysis platform. Reaction 

solutions delivered by different channels were precisely ejected to the same position 

of the glass slide for the CL analysis. The consumption of reaction solution was 

reduced to nanoliter level. The whole CL analysis could be completed in less than 4 

min, which was benefited from the prompt solution mixing in small size of droplet. 

Finally, the automatic CL system could also be used for the detection of HRP in 

HRP-protein conjugates, which showed its practical application in immunoassay. 

In chapter 5, a novel chemiluminescence diagnosis system for 

high-throughput human IgA detection was developed by inkjet nano-injection on a 

multicapillary glass plate. To proof-of-concept, microhole-based 

Polydimethylsiloxane sheets were aligned on a multicapillary glass plate to form a 

microwell array as microreactors for enzyme-linked immunosorbent assay (ELISA). 

The multicapillary glass plate was utilized as a switch that controlled the 

holding/passing of the solution. Further, anti-IgA-labeled polystyrene (PS) 

microbeads was assembled into the microwell array, and an inkjet nano-injection was 

specially used to distribute the sample and reagent solution for chemiluminescence 

ELISA, enabling to high-throughput detection of human IgA. Thus, we believe that 

the inkjet nano-injection for high-throughput chemiluminescence immunoassay on 

multicapillary glass plate will be promising in disease diagnosis.  

Throughout this thesis, I have successfully developed a precise 

drop-on-demand inkjet sample dispensing system and its applications to analytical 

chemistry. 
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Chapter 2 

 

Development of multi-channel inkjet piezoelectric actuator 

for drop-on-demand droplet generation 

 

1. Introduction 

Inkjet has been an attractive technology to deposit various kinds of liquids for 

many purposes at the past decades [1-4]. The operating principle of inkjet is 

electromechanical pumping fluids via various actuator. Recently, printing of 

conductive materials for the fabrication of electronic components and devices 

becomes an attractive technology in the electronics packaging. Piezoelectric ceramics 

have been applied universally as energy converting element due to their high 

piezoelectric coefficient and electromechanical coupling coefficient [5]. A 

piezoelectrical induced pressure wave can propagate against the surface tension of the 

fluid, forming a small droplet which is ejected from the nozzle. Under suitable 

electrical conditions, the ejected fluid develops into a single droplet for quality 

ink-jetting.  

Although piezoelectric inkjet is expensive because of the need to implement 

micromachining processes and a high voltage driving circuit, piezo-actuated print 

heads are much more reliable and adaptable in various applications of liquid 

dispensing systems [6-7]. However, there are some important issues in using 

piezoelectric actuators for active control both the high electrical voltage and 

significant power required for these devices and the complexities involved with active 

control (added hardware, control law design, and implementation). 

Herein, a drop-on-demand (DOD) picoliter droplets were easily precise and 

controllable generated based on the piezoelectric ceramic actuator equipment. 

Actually, accurate, controllable, and highly repeatable picoliter droplets were 

successfully produced by the developed system and applied into capillary 
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electrophoresis (CE), mass spectrum (MS) and chemiluminescence (CL) [8-11].  

The mechanism of the process in inkjet was widely studied, including the 

generation of the pulse, the continuous supplementary of the liquid in the reservoir 

and the ejection from the nozzle [12]. Piezoelectric ceramics have been used in 

squeezing the channel in inkjet besides thermal transduction. The ejected nozzle was 

usually designed between 20-50 μm. However, some solvents were only ejected with 

proper viscosity, density and surface tension. The Reynolds number (NRe) and the 

Weber number (NWe) were reported to donate at the ejection [13]. The inverse of the 

Ohnesorge number (Z) was the direct parameter to distinguish whether the droplets 

could be formed. Fromm reported that stable droplets could be ejected only at Z> 2 

[14], and transient satellite was observed at Z>6 [15].  Afterwards, Jang et al. 

redefined the range of Z required for stable droplet generation is 4 <Z< 14 [12]. 

Actually, waveform could also influence the droplet ejection besides the structure of 

the inkjet head and the properties of the solvent. It was reported that double 

waveforms in one circle will result in the formation of stable droplets and 

disappearance of satellites [16-17]. Although the mechanism of the effection of pulse 

on droplet formation was clear [18], the study on the relationship between the width 

and voltage of a single pulse on droplets was in great demand. 

In this chapter, we reported an integrated inkjet printing technology by 

employing a home-made circuit and software for driving piezoelectric actuator. An 

accurate, controllable, and highly reproducible picoliter droplet generator was built up 

for for liquid introduction. Here, a four-channel inkjet microchip based on 

piezoelectric actuator system supplied by Fuji Electric Co., Ltd. (Tokyo, Japan) was 

used. The control system can be divided into hardware fabrication and software 

design and integrated for the droplet generation. The hardware was consisted of two 

integrated circuit chip board. The mainly parameter of software partition was included 

output frequency, driving voltage and pulse width.  

The effect of single pulse width and voltage on the formation of droplets was 

studied. Several solvents could be ejected by adjusting the width of the pulse, 
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including water and acetonitrile. Moreover, the relationship between the voltage and 

the volume was demonstrated to influence the droplet size. Based on this approach, 

the volume/mass of droplet can be easily and accurately tuned, which will further 

facilitate inkjet printing of droplet generation for practical application. We propose 

that the inkjet printing platform developed can be applied for a variety of practical 

purposes.  

 

2. Experimental  

2.1 Apparatus 

The four-channel ink-jet microchip was provided by Fuji Electric Co., Ltd. 

(Tokyo, Japan). AMS-05K10P/100 DC power was supplied by Max-Electronics Co., 

Ltd. (Tokyo, Japan). Oscilloscope DSO1002A was purchased from Agilent 

technologies. VW-9000 ： High-speed microscope (camera units: high-speed 

monochrome VW-600M, macro zoom units: long-distance macro zoom unit VW-Z2 

with 4x optical zoom) was purchased from Kyence corporation (Tokyo, Osaka). 

 

2.2 Experimental setup 

2.2.1 piezoelectrical characteristic  

The structure of the piezoelectric inkjet device which was fabricated for this 

study is shown in Fig. 1. A piece of piezoelectric ceramic was fixed above the top of 

the chamber. When a pulse was applied, the piezoelectric ceramic will change the 

shape in response (inverse piezoelectric effect). The press on the solution chamber, 

which is generated from the change in shape of piezoelectric ceramic, ejects the 

solution droplet through the nozzle. The piezoelectric ceramic equivalent circuit is 

shown in Fig. 2. 

      
t

ε33A
C   

Where,  C is the static equivalent capacitor (2.5 nF); A is the piezoelectric 
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ceramic area (2.3 mm x 2.3 mm); t is the piezoelectric ceramic thickness (0.15 mm); 

ε33: dielectric constant. 

 Piezoelectric ceramics is not only a simple capacitance but also a micro 

electromechanical conversion device. Adopting piezoelectric ceramics, mechanical 

energy can be conversed to electic energy, and power energy also can be conversed to 

mechanical energy.  

 Piezoelectric actuator is not only a simple electronic device equivalent to 

capacitance but also a device realizing the conversion between the electrical energy 

and mechanical energy. It can be regarded as a plate capacitor C0 (or called a static 

capacitance) when the piezoelectric quartz crystal is at the static statement. The value 

of C0 is depending on the geometry size of the wafer and the area of electrode, which 

usually is about a few or tens of pF. On the other hand, it could be assumed to a 

inductance L when the quartz crystal is at the vibration statement, whose value of is 

about several mH or tens of H. The elastic of wafer equivalent to a capacitance C, its 

value is only 0.01 or 0.2 pF. Moreover, the friction loss of the wafer is equivalent to 

the resistor R, and its value is about 100 Ω (Usually, R is equal to 0 Ω at ideal 

situation.). 

 

  

Fig. 1. The structure of the piezoelectrical inkjet device. 
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Fig. 2. The equivalent circuit of piezoelectric ceramic.  

 

2.2.2 Piezoelectric actuator hardware design 

The structure of the inkjet device used in our experiments is shown in Fig. 3a. 

A piece of piezoelectric ceramic was fixed on the top of solution chamber. When an 

electric pulse was applied, the piezoelectric ceramic will change the shape in response 

(inverse piezoelectric effect). The press on the solution chamber, which is generated 

from the change in shape of piezoelectric ceramic, ejects the solution through the 

nozzle, forming a droplet. For inkjet printing of droplet formation, piezoelectric 

ceramic actuator (driving voltage, driving pulse width and frequency) is crucial for 

generating uniform and stable droplets. In our experiment, a home-made piezoelectric 

actuator circuit and related software were used to drive the piezoelectric ceramic (Fig. 

3b). Basically, the waveform can be designed on the computer and the signal is passed 

to the circuit via a USB port. Then the signal is handled on the circuit (RAM chip, 

FPGA chip) and then amplified through amplification circuit (Q1, Q2 for voltage 

amplification; Q3, Q4 for current amplification) as shown in Fig. 3c. The amplified 

signal is then applied and actuated the piezoelectric ceramic. The two resistors R1, R4 

form a voltage divider that provides the proper potential (bias) to the base. The circuit 

is designed so that any change in current flow through the transistor alters the 

potential drop at R6 and consequently changes the potential. That is an applied voltage 

to the base to partially restore the original current through the device. The real PCB 

circuit board picture was shown in Fig. 4. The four channel arbitrary wave generator 

based on the laboratory-made hardware and software 
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Fig. 3. The picture of four-channel inkjet chip containing piezoelectric ceramic, solution chamber, 

and nozzle. b) the sketch of the circuit of piezoelectric actuator and related software design, c) 

Typical driving waveform (square shape) characterizing by driving voltage, pulse width and, d) 

the picture of piezoelectric actuator module. 
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2.2.3 Piezoelectric actuator software design 

The controller for the piezoelectric ceramic adoptes the TTL .Typically, the 

driving waveform (square shape) (Fig. 3c) driving the controller is capable of 

adjusting parameters such as driving voltage, pulse width and frequency through the 

USB interface. The software interface was compiled by Visual C++ programming 

language editor.  Subsequently, the signal was dealed with by FPGA chip controlling 

as Fig. 4. shown.  

 

Fig. 4. The flow chart of software program for inkjet droplet generator. 

 

2.2.4 The observation of inkjet ejector droplet formation  

The schematic of the experimental setup is depicted in Fig. 5. High-speed 

microscope VW-9000 machine is employed to observe the droplet formation of inkjet 

device. The microscope was placed on the holder, whose position and direction can be 

regulated. The piezoelectric ceramic of inkjet is fabricated based on the bending mode, 

the nozzle of inkjet was set as the focus of the microscope to monitor the process of 

droplet formation. The frame rate of the camera was 35000fps and the resolution was 

640 × 480 pixels. 
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Fig. 5 Experimental setup for the inkjet ejector droplet system driven by a piezoelectric actuator. 

 

3. Results and discussion 

3.1 hardware and software design 

In the normalization scheme, an electrical model of the load must be 

developed in order to design an efficient drive circuit. The electrical response of a 

piezoelectric actuator varies both with the voltage amplifier and with the current 

amplifier of the output high voltage. It is important to understand variation along both 

of these parameters, and ensure the driving circuits providing sufficient power to the 

actuator across the intended operating range. Adopting the setup, the parameters such 

as driving voltage, driving pulse width, frequency can be easily manipulated and 

tuned the generated random waves via the laboratory-made software interface shown 

in Fig. 6a. While, the oscilloscope could monitor the output of the real driving 

waveform.  
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Fig. 6. The interface of the software setup for driving waveform a) and the output waveforms of 

the home-made circuit was in situ monitored by the oscilloscope b). 

 

3.2 Observation of droplet formation and the output of piezoelectric 

actuator  

In our experiments, a home-made driving circuit combined with the software 

controlling the piezoelectric actuator was employed to control the ejection of droplets. 

The parameters of piezoelectric ceramic actuator can be easily manipulated and tuned 

via ceramic the setup, which will facilitate the control of droplet formation. Here, 

three conditions related to droplet generation by inkjet printing were observed (in Fig. 

7). As shown in Fig. 7a, the droplet generation is not stable (the droplets can’t fall in a 
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straight line) when the driving voltage was set as 44v, and the pulse width was set as 

25 μs. With the increase of pulse width to 28 μs, the stable droplet generation can be 

developed, and the single droplet-on-demand droplet can be obtained (Fig. 7b). With 

the further increase of pulse width to36 μs, the ejected droplets will split, and the 

satellite droplets will be formed (Fig. 7c). If the pulse width was kept unchangeable 

and the driving voltage was tuned, the similar results were also observed (Fig. 7d-e). 

Therefore, we can conclude that the droplets can neither be formed nor be stably 

formed when the driving voltage or the pulse width is too low, The reason is probably 

due to inadequate energy provided by the piezoelectric actuator to overcome the 

surface tension to form droplets. When these two parameters were in proper ranges, 

drop-on-demand droplet generation can be obtained. When the driving voltage and the 

pulse width were too large, the droplet will split up because of the high energy. Thus, 

the droplet formation could be well-controlled by adjusting the driving voltage and 

pulse width. 

 

 

Fig. 7. The droplet generation under different driving waveforms of inkjet (Solution: water, 

frequency: 1KHz). a)-c) the driving voltage is kept constant and the pulse width is changed. a) 

droplet generated can’t fall in straight line. b) stable drop-on-demand droplet is generated. c) 

satellite droplets are observed. d)-f) the driving pulse width is unchanged and the voltage is 
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increased. similar pattern with a)-c) are observed. 

 

3.3 The dynamics of liquid droplet formation  

The droplet formation process was monitored through the High-speed microscope 

VW-9000 machine system as the waveform for the dispensing device was adjusted. We used a 

single waveform defined by three parameters: baseline voltage, driving voltage, and pulse 

width. Baseline voltage was set to 0 V is employed to observe the droplet formation of inkjet 

chip. As shown in Fig. 5, the microscope was placed on the holder, whose position and 

direction can be regulated. The nozzle part of the ink-jet was set as the focus of the 

microscope to monitor the process of droplet formation. The frame rate of the camera was 

35000fps and the resolution was 256×128 pixels. An idealized depiction of acoustic wave 

propagation in a DOD dispensing device containing an open-ended microchannel and the 

PZT positioned near the middle of the chamber. The pressure wave traveling inside the 

dispenser due to expansion or contraction when the piezoelectric is assumed to be Pressure 

wave located at the center of the dispenser. The compression pulse from the initial PZT 

expansion or the contraction waveform meet at the center is in the primary resonance position, 

and a PZT compression at this time would amplify the pulse resulting in a droplet with 

maximal velocity. Then, after the maximum pressure wave amplitude at nozzle results in 

droplet will be ejected.  

In piezoelectric inkjet, the piezoelectric ceramic bends in response to the pulse. 

The deformed ceramic pushes the sample chamber then ejects liquid from the orifice 

to form droplet. The important physical parameters of printing liquids are viscosity, 

density, and surface tension. It was reported that the inverse of Ohnesorge number (Z) 

of the Ohnesorge number (Oh), which is defined as the ration between the reynolds 

number and a square root of the weber number, is utilized to consider whether a 

solution can be ejected or not. ( Eqn (1) ). 
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Where ρ is the density of the fluid, γ is the surface tension factor, d is the diameter of 

the nozzle (equals to 56.6 µm for current inkjet device) and η represents the viscosity.  

The above results also indicated that it is possible to generate the stable and 

drop-on-demand droplets through manipulating the driving voltage and pulse width in 

appropriate scopes when solutions of different composition has different physical 

properties. Stable, single, drop-on-demand droplet generation is desirable in a variety 

of applications for its advantages of uniformity, ease of operation and definite mass 

and volume. In the experiments, we examined four different solutions (The related Z 

values were shown in Table 1) adopting our piezoelectric ceramic actuator to perform 

proper range of driving voltage and pulse width in Fig. 8. With the increase of Z value, 

the generation of DOD droplet needed big pulse width and high driving voltage. The 

color areas indicate the ranges that stable, drop-on-demand droplet can be generated. 

Using our home-made circuit and software, the driving voltage and pulse width can be 

easily tuned, so that the proper conditions of inkjet printing can be identified for 

generating stable droplets based on different solutions. Compared to conventional 

methodology, my ways have made it possible to generate for stable, single, 

drop-on-demand droplet whatever solution was used. As a result, these techniques 

would be utilized to wide scopes of solutions to enlarge its applications. 

 

Table 1. physical properties of different solvents under 20℃ 

solvents ρ/(Kg/m
3
) η/(mPa·s) γ/(mN/m) Z 

water 998.23 1.0050 72.88 63.85 

20% methanol (v/v) 966.6 1.58 50.4 33.35 

ethanol 789.34 1.20 24.11 26.81 

50% glycerin(w/w) 1.1263 6.05 69.2 11.02 
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Fig. 8. Stable, uniform, drop-on-demand droplet can be generated for various kinds of solutions. 

The color areas in the figure represented the proper ranges of driving voltage and pulse width for 

different solutions. 

 

We have investigated the inter-relationship between inkjet printability and the print 

fluid’s physical properties. By in situ monitoring by high speed camera of jetting 

dynamics using an imaging system with an interframe time of 36μ s (shown Fig. 10), 

the droplet formation behavior was characterized in terms of the inverse of the 

Ohnesorge number which is related to the viscosity, surface tension, and density of 

the fluid. The piezoelectric actuator inappropriate for inkjet printing driving 

waveform, the fluids with Z values were also because of their inability to form a 

single droplet. These low viscosity fluids had easy droplet ejection without significant 

viscous dissipation. Large oscillatory kinetic energy and high surface tension 

detached the retreating filament from the rapidly falling primary droplet, forming 

undesired satellites. A suitable inkjet printing driving waveform range will indicate 

whether or not a fluid can be stably and accurately printed by inkjet printing, and that 
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the lower limit is determined by the point at which a satellite forms instead of single 

droplet. In this study, we redefine the printable range of Z by in situ monitoring of 

droplet formation dynamics for various fluids having different driving waveform, I 

found that the lower Z value which is more a range of the pulse width. We can 

determine the printable driving voltage and pulse width range by considering 

characteristics of printability such as single droplet formability, the minimum 

stand-off distance (i.e., the distance from the nozzle tip to the substrate), positional 

accuracy, and maximum allowable jetting frequency. These can be used to reduce the 

number of experiments needed to determine the optimal inkjet printing conditions for 

each fluid. 

 

3.4 Manipulation of droplet volume 

The volume of droplet can be easily controlled by manipulating the wave 

forms of driving voltage. As the droplets were generated by inkjet printing, the 

volume/mass of the droplets were measured when it was driven by different driving 

voltage and pulse width (Fig. 9). It should be noted that for the measurement of 

small-volume droplet, special consideration of evaporation should be taken into to 

obtain accurate mass/volume. As shown in Fig. 9, the volume of droplet has a good 

linear increase in response to the rise of driving voltage, which gives a linear fit of 

y=6.83x-166.07, (y is the volume of one droplet, x represents the driving voltage) 

with R
2
=0.997. If the driving voltage is unchanged, the volume of droplet will be 

increased with the increased pulse width. Therefore, by manipulating the wave form 

of inkjet piezoelectric actuator and changing the driving voltage and pulse width 

through our home-made circuit and software, we can easily, accurately control the 

volume/mass of droplet, which will further facilitate inkjet printing of droplet 

generation for practical application. 
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Fig. 9. Droplet volume increases linearly with the addition of driving voltage. (solution: 10% 

methanol (v/v), pulse width:18µs, frequency: 1 KHz, each data point in the graph was measured 

for 10 repeated times). 

 

3.5 Measurement of droplet velocity 

To visualize the droplet formation, the high-speed microscope VW-9000 

machine was employed to obtain a sequence of image during droplet formation (Fig. 

10). Based on the information indicated in Fig. 10, we can calculate the velocity of 

DOD droplet ejection through the nozzle. 

 

Fig. 10. Measurement of ejection droplet velocity, solution: water. Driving waveform 

frequency:1 KHz. 
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Conclusions 

In summary, a control system was designed and established for the four 

channel inkjet piezoelectric actuator. The high accuracy and reproducible picoliter 

droplet was produced by the proposed system. The proposed four channel inkjet 

piezoelectric actuator system was desired to the application to the follow-up research 

work, including capillary electrophoresis (chapter 3) and chemiluminescence (chapter 

4 and chapter 5). 
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Chapter 3 

 

A piezoelectric drop-on-demand generator for accurate 

samples in capillary electrophoresis 

 

1. Introduction 

In the past decade, microdroplet techniques are of great interest in research due to 

its rapid mass/heat transfer, reduced sample consumption and ultra-high throughputs 

[1-4]. Microdroplets have been widely applied in various areas, such as synthesis 

microreactors [5], sample injection in analytical methods [6,7], and microarray-based 

dispensing technique [8]. Moreover, precision-controllable nanoliter-droplets are 

recognized as an excellent pathway for biological studies [9,10], especially in 

single-cell analysis and drug screening [11,12]. For these reasons, numerous strategies 

have been developed for droplet formation and manipulation. Microfluidic-created 

shear field on integrated microchip is extensively utilized for high-throughput droplet 

formation [13-18]. Alternatively, electrowetting-based digital microfluidics allows the 

formation of sub-microliter droplets and controllable manipulation [19-21]. Other 

mechanisms including electrospray [22], surface tension [23] are also used for droplet 

generation, all of which provide new possibility for the wide application of 

droplet-based systems. 

Ink-jet printing is a novel and powerful technology that can produce precisely 

controllable droplet with specified volume and velocity, potentially expanding in drug 

screening [24], tissue engineering [25] and electronics manufacturing [26]. Compared 

to other methods, the ink-jet-based droplet generation is especailly attractive because 

the droplet contents can be easily analyzed by various methods since it can be 

compatibly connected with analytical techniques, such as nanoliter microarray based 

chemiluminescent detection [27], capillary electrophoresis (CE) [28], and mass 

spectrometry (MS) [29]. The mechanism of the ink-jet process has been well studied 
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[30]. Factors such as the properties of the solution (viscosity, density and surface 

tension), the characteristic of driving waveform and the ink-jet head structure has 

been found to affect the ink-jet process seriously [31-34]. 

Capillary electrophoresis is a powerful method for both qualitatively and 

quantitatively analyzing sample rapidly and precisely. Coupling the ink-jet droplet 

generation with capillary electrophoresis, not only provides an approach to chemically 

analyze the contents of droplet; but also can provide a novel method for the sampling.  

The ink-jet printing droplet has been previously coupled with capillary elecphoresis 

[35], where an acoustic levitator is used to achieve analyte enrichment. This work is 

pioneering, however, a detailed study about the control of droplet volume for 

sampling in electrophoresis; the separation performance of droplet contents and the 

quantitative relationship is still in great demand. Our group previously reported the 

application of ink-jet-printing as an accurate sampling method for capillary 

electrophoresis [28]. 

In this work, a systematic characterization of this system, especially the droplet 

generation control and the quantitative relationship of ink-jet-based sampling was 

performed. A home-made circuit and software for driving the piezoelectric actuator 

were described. The waveform (the driving voltage and the pulse width) was precisely 

controlled for stable, drop-on-demand droplet formation. Various solutions 

(methanol/water, caffeine/water and protein/water and etc.) were dispensed as single 

on-demand droplet by adjusting the driving waveform within appropriate ranges. The 

relationship between the voltage, width of pulse and the volume of droplets was also 

investigated. Droplets containing theobromine, caffeine and theophiline were 

separated by capillary electrophoresis using sodium dodecyl sulphate (SDS) as the 

micellar phase. Quantitative relationship between the injection volumes and signal 

responses were obtained for these three substances, respectively. 

 

2. Materials and methods 
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2.1 Apparatus 

The ink-jet microchip was provided by Fuji Electric Co., Ltd. (Tokyo, Japan). 

VW-9000 High-speed microscope (camera units: high-speed monochrome VW-600M, 

macro zoom units: long-distance macro zoom unit VW-Z2 with 4x optical zoom) was 

from Kyence Corporation (Tokyo, Osaka). The balance BP2111D was provided by 

Sartorius (Goettingen, Germany). The UV detector (Model: CE-971UV) for capillary 

electrophoresis was from JASCO (Tokyo, Japan). All aqueous solutions were 

prepared by ultrapure water which was purified by Millipore-Q device (Millipore 

Japan Co., Tokyo, Japan).  

2.2 Reagents 

Ethanol, glycerol, methanol, theobromine, caffeine, theophiline were purchased 

from Wako Pure Chemical Industries Ltd. (Tokyo, Japan). Extran MA01 was 

purchased from Merck (Darmstadt, Germany). NaOH and HCl from Kanto Kagaku 

(Tokyo, Japan). All aqueous solutions were prepared by ultrapure water which was 

purified by Millipore-Q device (Millipore Japan Co., Tokyo, Japan). The polystyrene 

microspheres of carboxylate-modified (i.d.: 40 nm, 4%) was purchased from Duke 

Scientific coorporation (Pala Alto, CA, USA). All buffers were filtered through a 0.45 

μm membrane filter before using. 

2.3 Pretreatment and assembly of ink-jet chip 

The pretreatment of ink-jet chip was performed according to the instructions 

provided by the supplier, and was described previously [27]. Basically, the ink-jet 

microchip (See Fig. 1) microchannel was filled with a 20% (w/w) Extran MA 01 

solution for 30 min to clean the channel and make the channel hydrophilic. Then the 

channels were washed with ultrapure water. After that, sample solutions were 

introduced into the channels of the ink-jet microchip through capillary tubes 

(Drummond, 75 mm hematocrit tube, 0.1 mL). The piezoelectric ceramics on the 
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ink-jet was connected with the control circuit. 

2.4 Image Capturing 

The high-speed microscope VW-9000 machine is employed to observe the 

droplet formation of ink-jet chip. As shown in Fig. 1, the microscope was placed on 

the holder, whose position and direction can be regulated. The nozzle part of the 

ink-jet was set as the focus of the microscope to monitor the process of droplet 

formation. The frame rate of the camera was 35000fps and the resolution was 

256×128 pixels. 

2.5 Measurement of volume/mass of droplet 

It should be noted that for measurement of small-volume droplet, special 

consideration of evaporation should be taken into to obtain accurate mass/volume data. 

In the experiment, the measurement of volume/mass of droplet was performed 

according to a method reported previously [36]. Basically, the mass of 10 000 droplets 

were monitored on an accurate balance automatically at a time interval of 10s. Then 

another 10 000 droplets were ejected and the mass was recorded. The accurate mass 

of the droplet was calculated from the mass increase which incorporated the 

consideration of the loss caused by evaporation. 

2.6 Ink-jet-based droplet formation for sample injection in capillary electrophoresis 

The ink-jet printing of droplet formation is used for sample injection of capillary 

electrophoresis. The capillary inlet was placed in the upward, the nozzle of ink-jet is 

aligned with the inlet of capillary tube under the monitor of microscope as shown in 

Fig. 1. The ink-jet is fixed on a XY-stage with frames. The position precision of 

XY-stage used in our experiment is less than 0.5µm. Therefore by adjusting the 

XY-stage handfully, the nozzle of ink-jet is moved just on top of the capillary tube 

that the droplet generated can fall directly into the capillary tube. Fig. 1 shows the 
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whole experimental setup which includes the ink-jet printing system, the observation 

system and the capillary electrophoresis system. For each electrophoresis sample 

injection, the inlet of capillary was moved up out of the buffer reservoir, with 2 cm 

higher than the outlet of capillary. The ink-jet nozzle is just on top of the inlet of 

capillary with a distance of 0.1 cm. The droplets generated directly fall into the 

capillary inlet. When all the droplets were entering the capillary, the capillary was 

moved down about 2 cm into the buffer reservoir. Then high voltage is applied for 

capillary separation.  

Capillary separation was performed at the room temperature 20±0.5℃ and 

relative humidity 39±1% RH. The buffer solution: 50mM glycine-NaOH buffer, pH 

9.5, sample: caffeine, theobromine, theophilline dissolved by the buffer solution; high 

voltage: 10kV, capillary: ID: 50μm, length：effective Length:43cm. Absorbance wave 

length: 254nm, driving waveform: pulse width: 27µs, driving voltage: 44V, 

frequency: 1KHz.  

 

Fig. 1. Schmatic illustration of whole experimental setup. Ink-jet printing of droplet generation, 

high-speed micro observation system, capillary electrophoresis system are presented in the figure. 



50 

 

3. Results and discussion 

3.1 Ink-jet printing of droplet formation 

Ink-jet-based droplet formation has been widely used for a variety of applications. 

In conventional, commercialized ink-jet printing instruments, and actuator parameter 

is always fixed because only some certain solutions can be ejected. Under this 

condition, the inverse (Z) of the Ohnesorge number (Oh), which is defined as the ratio 

between the reynolds number and a square root of the weber number, is utilized to 

consider whether a solution can be ejected or not. However, this limitation constrains 

the applicability of ink-jet printing for various purposes. In our experiments, a 

home-made driving circuit combined with a software to control the piezoelectric 

actuator was employed to control the ejection of droplets. With this experimental 

setup, the parameters of actuator can be easily manipulated and tuned, which will 

facilitate the control of droplet formation. 

The above results also indicated that it is possible to generate the stable and 

drop-on-demand droplets via manipulating the driving voltage and pulse width into 

appropriate scopes from solutions of different composition that have different 

physical properties. Stable, single, drop-on-demand droplet generation is desirable in 

a variety of applications for its advantages of uniformity, ease of operation and 

definite mass and volume. In the experiments, we examined nine different solutions 

with our method and a proper range of driving voltage and pulse width was identified 

for respective solution (see Fig. 3). As shown in Fig. 3, the color areas indicate the 

ranges that stable, drop-on-demand droplet can be generated. By using our 

home-made circuit and software, the driving voltage and pulse width can be easily 

tuned that proper conditions of ink-jet printing can be identified for generating stable 

droplets from different solutions. Compared to conventional methodology, which can 

only use certain solutions, our approach has made it possible to use various solutions 

for stable, single, drop-on-demand ink-jet droplet formation. These results indicate 

that our technique is very promising because the wide scopes of solutions used for 
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ink-jet printing can enlarge the its application for various purposes. 

 

 

Fig. 3. Generation of the stable, uniform and drop-on-demand droplet for different kinds of 

solutions under different driving voltage and pulse width. The color area in each figure represents 

the proper ranges of driving voltage and pulse width for respective solutions. 

 

3.2 Manipulation of droplet volume 

With our designed system, the volume of droplet can also be easily controlled by 

manipulating the waveforms of driving actuator. As shown in Fig. 4a, the 

volume/mass of the droplets were of good linear relationship with different driving 

voltage when the droplets were generated by ink-jet printing. The linear relationship 

between the volume of droplet and the rise of driving voltage is as following, 

     y=6.83x-166.07                                     (1) 

where y is the volume of one droplet, x represents the driving voltage, with R
2
=0.9971. 
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On the other hand, when the driving voltage is fixed, the volume of droplet will be 

increasing with the addition of pulse width (Fig. 4b) with the linear relationship: 

y=7.58x-1.11                                     (2) 

with R
2
=0.9989.Therefore, by manipulating the wave form of ink-jet piezoelectric 

actuator, changing the driving voltage and pulse width through our home-made circuit 

and software, we can easily, accurately control the volume/mass of droplet, which will 

further facilitate ink-jet printing of droplet generation for practical application. 

 

Fig. 4 The linear relationship between droplet volume and driving waveform. a) the droplet 

volume versus the driving voltage. b) the droplet versus the pulse width. For both conditions, very 

good linear relationship were obtained. Solution: 10% methanol (v/v), Pulse width: 18µs, 

Frequency: 1 KHz. Each data point in the graph was measured for 10 repeated times). 
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3.3 Application as sample injector for capillary electrophoresis 

Traditional capillary electrophoresis injection modes such as siphon injection, 

pressure injection, vacuum injection and electrokinetic injection suffered from the 

injection discrimination effect and the deviation of sample volume between each 

injection. Besides, these methods can’t give out the absolute, accurate injection 

volume [37-39]. Our laboratory previously developed a capillary electrophoresis 

system using ink-jet-printing as sampling method. Ink-jet printing can generate highly 

stable and controllable nanoliter drop-on-demand droplet, thus is ideal for precise and 

accurate sample injection in electrophoresis. In a previous study, the injection process 

was thoroughly investigated and the analytical performance of this new 

electrophoresis system was compared with traditional systems. The whole 

experimental setup was shown in Fig. 1. The inlet of capillary tube was aligned with 

the nozzle of inkjet under microscope through adjusting xy-stage. The droplets 

generated by inkjet printing were then directly infused into the capillary tube and 

finished the process of sample injection. As stated before, the volume of droplets can 

be adjusted through changing the driving voltage and pulse width in proper scopes. 

For electrophoresis injection, the sample volume was also controlled by the number of 

droplets for each injection. Fig. 5a shows the electrophoresis graph of samples 

composed of different number of droplets, which is determined by the number of 

pulses applied on the piezoelectric actuator of the inkjet. In Fig.6a, different number 

of droplets (1, 5, 10, 50, 100) were injected into the capillary for electrophoresis. The 

the signal intensity was increasing with the increased injection volume. Fig. 5b shows 

the linear fitting of the peak area of each injection corresponding to the number of 

droplets injected, with the fitting line of y=2.11x+3.98, where y is the signal intensity, 

and x is the number of droplet. This result was reasonable because the droplet 

generated by inkjet printing under our experimental condition was uniform and stable. 

All the contents in the droplet were accurately loaded into the capillary tube, thus the 

signal response should be consist with the quantity of injection volumes.  

These results indicated that the inkjet-based droplet generation can be used to 
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sample injection for practical electrophoresis application. Besides, the volume of the 

droplet used in this experiment is calculated to be 194 pL (RSD=1.3%, n=10) with 

methods described before. Considering the concentration of the solution is known (2 

mM caffeine), the absolute quantity of sample can be obtained. Based on these results, 

we propose that with the inkjet printing of droplet generation for electrophoresis 

injection, a lot of parameters, including droplet volume, the concentration of the 

solution, the instrumental responding factor for certain substance can be determined. 

  

 

Fig. 5 a) The electrophoresis graph of samples composed of different number of droplets(1, 5, 10, 

50, 100 repsectively). b) The linear fitting of peak area versus the number of droplets. (For each 

data point, 10 times of repeated experiments were measured) 

 

In the work, a systematic characterization of quantitative relationship of 

ink-jet-based sampling for electrophoresis was performed. With our designed ink-jet 

system, the microdroplet can be easily, precisely generated and controlled from 
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various solutions. This serves as an essential quality control for ink-jet sampling 

method. As shown in Fig. 1. The inlet of capillary tube was aligned with the nozzle of 

ink-jet under microscope through adjusting XY-stage. The droplets generated by 

ink-jet printing was then directly infused into the capillary tube and finished the 

process of sample injection. As a model scheme, solutions composing of theobromine, 

caffeine, theophiline are used for droplet generation and separated by micellary 

capillary using sodium dodecyl sulphate (SDS) as the micellar phase.  

With the utilization of ink-jet for sampling in electrophoresis, the injection 

volume can also be manipulated by changing the driving waveform or the number of 

pulses. In the experiments, we investigated the electrophoresis performance of the 

different injection volume by controlling the number of droplets for each injection. 

Fig. 6a shows the electrophoresis graphs of samples composed of different number of 

droplets (2, 5, 10, 20, 40) injected into the capillary for electrophoresis. Fig. 6b shows 

the linear fitting of peak area of different substances corresponding to the number of 

droplets injected. As shown in Figs. 6a and 6b, these three substances were 

successfully separated under our condition. And the intensity of respective substance 

increases linearly with the addition of injection volume. In the experiment, we also 

control the injection volume constant with fixed number of droplets (40) and with the 

increased concentration of analytes, the respective signals also increase linearly as 

shown in Table 1. These results indicate the high reliability and accuracy of the ink-jet 

based electrophoresis method. 

Such high accuracy and reliability were reasonable because the droplet generated 

by ink-jet printing under our experimental condition was uniform and stable. All the 

contents in the droplet were accurately loaded into the capillary tube, thus the signal 

response should be consist with the quantity of injection volumes. These results 

indicated that the ink-jet-based droplet generation can be used to sample injection for 

practical electrophoresis application. Besides, the volume of the droplet used in this 

experiment can be calculated to be 179 pL (RSD=1.2%, n=10) with methods 

described before, Considering the concentration of the solution is known (4 mM 
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caffeine, 2 mM theobromine, 4 mM theophiline ), absolute quantity of sample can be 

obtained. Based on these results, we propose that with the ink-jet printing of droplet 

generation for electrophoresis injection, a lot of parameters, including droplet volume, 

the concentration of the solution, the instrumental responding factor for certain 

substance can be determined. The separation and analysis of some biological and 

environmental samples are continuously studying in our two collaboratories. 

 

 

Fig. 6. The correspondence of droplets number to the signal intensity of capillary electrophoresis. 

a) The electrophoresis graph of samples composed of different number of droplets (2, 5, 10, 20, 40 

repsectively). b) The linear fitting of peak area versus the number of droplets. (For each data point, 

10 times of repeated experiments were measured). 

 

Table 1. The performace of capillary electrophoresis for different concentration of 
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solutions injected by ink-jet printing. Samples composed of different concentration of 

solutions with fixed volume (40 droplets). 

 

Analyte t r/ min 

RSD of t r 

/ % (n=10) 

RSD of peak 

area / %(n=10) 

Linearity-dose curve 

Detection limit 

/ (mM/L) 

Theobromine 6.55 0.2 0.83 

y=3.93 x – 0.11 

R
2
=0.9983 

0.08 

Caffeine 7.55 1.2 1.22 

y=17.12 x – 2.88 

R
2
=0.9993 

0.02 

Theophilline 8.38 2.1 0.78 

y=33.91 x – 2.81 

R
2
=0.9985 

0.06 

 

4. Conclusion 

In this work, ink-jet printing for uniform, stable, drop-on-demand droplet 

formation was developed and investigated. The utility of home-made circuit board 

and software, which enables us to tune the driving waveform of ink-jet chip 

conveniently. The solutions that can be ejected are enlarged extensively and the 

formed droplets can be manipulated easily and precisely. Finally, this highly precise 

picoliter droplet generator is employed for sampling of capillary electrophoresis 

which is advantageous over conventional injection methods in that the actual volume 

of sampling can be obtained. We propose that the combination of picoliter droplet 

generator with capillary electrophoresis will be applicable for real sample separation 

and analysis. Besides, the ink-jet printing platform developed can be applied for a 

variety of other practical purposes.  
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Chapter 4 

 

Development of an automatic multi-channel ink-jet ejection 

chemiluminescence system and its application to the 

determination of horseradish peroxidase 

 

1. Introduction 

Chemiluminescence (CL) is an excellent analytical method, and has been 

extensively developed in bio-analytical assay because of its high sensitivity, wide 

linear range, and low scattering light interference [1]. Besides this, it was easily 

operated and automated when combined with flow-injection analysis (FIA) [2]. In the 

past decade, Flow injection analysis with chemiluminescence detection (FIA-CL) has 

been widely used in clinical medicine, food analysis and environmental testing [3-5]. 

However, the FIA-CL technologies suffered some disadvantages: large 

sample-consumption and manually sampling [6]. With the development of automatic 

and miniaturized analysis systems, micro total analysis systems (μ-TAS) have 

attracted great interest due to advantages in portability and speed of analysis [7, 8]. 

There is high demand in developing automatic controllable devices that could eject a 

very small amount of liquid with contactless, low-cost, and high reproducibility. 

The ink-jet device was recognized as a very important industrial technology that 

can precisely control the velocity and volume at defined microarray spots [9]. It has 

attracted great interest in various fields for dispensing nano- and pico-liter levels of 

liquid on the surface of a wide variety of substrates [10-12]. These ultra-small 

droplets could be automatically dispensed by ink-jet and reached the reaction location 

precisely through the nozzle [13]. Currently, ink-jet printing technologies have been 

demonstrated to be suitable for simultaneous multiple analytes sensing with thousands 

of detection zones using microliter volumes of samples [14, 15]. Ink-jet was also 
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successfully used in analytical chemistry, such as an ultra small sample injection 

instrument for capillary electrophoresis [16], gas chromatography [17], mass 

spectrometers [18, 19] and immunochemical sensor [20, 21]. The application of 

ink-jet printing in micro-scale analysis could not only satisfy ultra-rapid and low 

reagent consumption for the high-throughput analysis, but also typically facilitate 

more precise sample injection and automatically control instrumental tools. Based on 

these features, the inkjet technology could be comparable with flow-injection analysis 

with unique advantages, such as easy operation and automatic control. Therefore, the 

ink-jet printing technology showed great potential in CL analysis, and could be of 

great significance in automatically sampling with low sample consumption. 

Horseradish peroxidase (HRP) is a very important enzyme reagent that has highly 

efficient catalysis ability on the decomposition of peroxide [22]. It has been widely 

used as a probe in immunoassay for the quantification of antigen or antibody [23]. 

Many analytical strategies have been developed to detect HRP, such as colorimetric 

solution assay, electrical method, fluorescence spectrum, as well as CL analysis [24, 

25]. For example, orthophenylene diamine, 2, 2′-azinobis 

3-ethylbenzothiazoline-6-sulfonic acid or tetramethylbenzidine could react with HRP 

to produce substance with ultraviolet-visible absorption or electrical signal [26, 27]. 

The absorption analysis for HRP was extremely limited by its low sensitivity. The 

fluorescent analysis for HRP with greatly improved sensitivity was suffered from high 

background interruption [28]. Therefore, CL can be an excellent method for HRP 

detection due to its high sensitivity. Here, luminol became an effective CL substrate 

for HRP because of its high CL signal intensity [29].  

In this work, an automatic multi-channel ink-jet ejection CL system has been 

successfully developed and used to detect HRP with high sensitivity and 

reproducibility. Different from flow injection method and manual pipette CL method, 

the ink-jet device was used as the sample ejection device for the determination of 

trace amount of HRP, which facilitated rapid and automated analysis. Furthermore, 

the ink-jet could precisely control the sample injection in small volume and the CL 
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reaction could be completed in short time. Hence, the automatic multi-channel ink-jet 

ejection CL system has great potential in automatic on-site CL dynamic investigation 

and bio-analysis. 

 

2. Materials and methods 

2.1 Apparatus 

The four-channel ink-jet microchip was provided by Fuji Electric Co., Ltd. 

(Tokyo, Japan). AMS-05K10P/100 DC power was supplied by Max-Electronics Co., 

Ltd. (Tokyo, Japan). The electromotive x-y stage MMU-60X was purchased from 

Chuo Precision Industrial Co., Ltd. (Tokyo, Japan). 75MM hematocrit tube was 

purchased from funakoshi, Ltd (Tokyo, Japan). The CL signal was recorded by a 

BPCL ultra-weak CL analyzer (Institute of Biophysics, Chinese Academy of Science, 

Beijing, China). BHP9504 micro-plate luminescence analyzer was from Beijing 

Hamamatsu Technology Co., Ltd. (Beijing, China). All aqueous solutions were 

prepared by ultrapure water which was purified by Millipore-Q device (Millipore 

Japan Co., Tokyo, Japan). 

2.2 Reagents 

3-Aminophthalhydrazide (luminol) was purchased from Acros 

Organics (Pittsburgh, U.S.A.). Dimethyl sulfoxide (DMSO) and Extran MA01 used 

for the cleaning of the ink-jet microchip were from Merck (Darmstadt, Germany). 

4-Iodophenol (PIP) was obtained from Alfa Aesar Co., Ltd. (Tianjin, China). H2O2, 

NaH2PO4·2H2O, Na2HPO4·12H2O, hydrochloric acid were purchased from Beijing 

Chemical Reagent Co., Ltd. (Beijing, China). Tris (hydroxymethyl) aminomethane 

was from Roche. Diagnostics (Schweiz). Tridecafluoro-1, 1, 2, 2-tetrahydrooctyl 

trichlorosilane was from Sigma (St. Louis, MO). Bovine serum albumin (BSA), HRP 

conjugated and HRP were both from Bioss. Co., Ltd. (Beijing, China). All buffers 
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were filtered through a 0.45 μm membrane filter before using. 

2.3 The pretreatment of substrate and ink-jet microchip  

The glass slides (30 mm × 30 mm, Matsunami Glass Ind., Ltd., Osaka, Japan）for 

automatic CL analysis were cleaned by piranha solution (H2SO4 : 30% H2O2=3:1, v/v) 

and pure water respectively. Then, the pre-cleaned glass slides were silanized by 

exposure into tridecafluoro-1, 1, 2, 2-tetrahydrooctyl trichlorosilane vapor for 2 h. 

The 4-channel ink-jet microchip with 995 μm of interval between channels was 

used in our experiment. Firstly, the ink-jet microchip microchannel was filled with a 

20% (w/w) Extran MA 01 alkaline solution for 30 min to avoid bubble formation, 

Then the channels were washed by Milli-Q water, and filled with sample solutions for 

use, after that, sample solutions were introduced into the channels of the ink-jet 

microchip with capillary tubes (Drummond, 75MM Hematocrit Tube, 1mL). 

2.4 Ejection CL detection system for multi-channel ink-jet microchip  

To realize automatic CL microarray analysis, the ink-jet injection technique was 

used to eject the sample solutions automatically (Fig. 1) and the photograph of the 

instrument(Fig. S1).  

 

Fig. 1. Schematic diagram of the automatic ink-jet CL detection system and the principle of the 

ink-jet microchip. 
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Based on the bend mode of the piezoelectric ceramic that was tightly stuck on 

the loading chamber of ink-jet microchip, the ejection of droplets from multi-channel 

ink-jet was controlled by software. The pulsed power voltage was utilized to press the 

extrusion chamber via the piezoelectric device. Solutions were firstly loaded in the 

individual channels by the corresponding capillary tubes, then were dispensed by 

different nozzles onto the same position on the microarray glass slides.  

 

 

Fig. S1. The photograph of a) the instrument containing the inkjet, x-y stage for the glass slide 

moving, and PMT; b) the exact position of inkjet; and c) the amplified inkjet; d) the nozzle of the 

inkjet. 

 

Here, the exactly ejecting positions on the glass slide were automatically 

controlled by an electromotive x-y stage via the laboratory-made software systems. 
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The precision of electromotive x-y stage was ± 0.5 μm/step. The multichannel ink-jet 

ejection process was shown in Fig. 2. When the droplet was ejected on the glass slides, 

the photomultiplier (PMT) was used as detector to detection the CL signal at the same 

time. By adjusting the ejecting position of the reaction solution droplets, the CL signal 

of parallel microarray of CL reaction dots can be effectively recorded one by one. 

Finally, the data can be easily read by the laboratory-made software. 

 

Fig. 2. Logic controlling block of the automatic ink-jet CL detection system. 

2.5 Automatic CL analysis  
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 In order to perform the CL analysis via the droplet microarray experiments, 

different solutions was loaded into channels by the corresponding capillary tubes. 

Then, H2O2, luminol, HRP and PIP solutions were ejected onto the glass for CL 

reaction. The sample droplets were accurately ejected on the same point to complete 

the mixing and detecting. This process was automatically controlled by the 

electromotive x-y stage. The CL signal was collected and amplified by PMT. The 

collected analog signal was performed by ultra-low input bias current operational 

amplifier and converted into digital signal by high precise A/D conversion chip. 

Finally, the digital signal was collected by a micro-processor and transferred through 

the USB interface to the software interface.  

2.6 Detection of BSA-HRP 

BSA-HRP was used as the target analyst to perform the practical test. In our 

experiments, 1.0 mg/mL of BSA-HRP was diluted with the Tris-HCl buffer (pH=8.5) 

to different concentions. Then, the BSA-HRP solutions was detected by the automatic 

ink-jet CL analysis. For comparison, the diluted BSA-HRP solutions introduced by 

pipetting were also determined by BHP9504 micro-plate luminescence analyser. In 

brief, BSA-HRP solutions with different concentration were pipetted into the 

microplate. Then the mixture of relative luminol solution and H2O2 solution was 

added into the microplate. The CL from each well on the microplate was recorded by 

BHP9504 micro-plate luminescence analyser. All the operation conditions of control 

test of BSA-HRP were the same as the above method for automatic ink-jet CL 

analysis shown in 2.5. Experiments were repeated more than three times. 

3. Results and discussion 

3.1 The volume of ejected droplet  

To automatically control the ejection of the droplets, we designed a driving 

circuit combined with a home-made software to automatically control the 
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piezoelectric ceramic, which was settled on the ITO glass to press the micro-channels 

and perform the droplets ejection. The driving circuit included four independent 

driven modules, which can be separated and arbitrarily controlled via editing the 

driving frequency, driving voltage, and the drive waveform through the software. By 

changing and modulating the time (t) and voltage (V) of the supplied driving 

waveform (Fig. 3a), the volume and number of ejected droplets can be controlled. 

Based on the expansion principle of piezoelectric ceramic, the driving waveform was 

consisted with three periods of voltage, the relative driving time could be called as t1, 

t2 and t3. To achieve the optimal driving waveform for the stable and uniform droplets, 

t2 and t3 were set at 80 μs and 20 μs respectively. Glycerin aqueous solution was 

selected as the test solution to investigate the ejection of droplets. 2×10
6
 droplets of 

glycerin solution were ejected and weighted. The humidity should be kept greater 

than 40% to reduce the evaporation of droplets at the room temperature. We found 

that the volume of every droplet increased with the drive voltage (Fig. 3b). At the 

same time, with the increasing of concentration of glycerin solutions, the ejected 

volume of every droplet was decreased. When the concentration of glycerin solution 

reached 30% (w/w), and the driving voltage was less than 50 V, the inkjet chip 

couldn’t eject any droplets. This was attributed to the increased viscosity of the high 

concentration of the glycerin solution. The RSDs in the whole ejection experiment 

were less than 3.5% (Table 1).  
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Fig. 3. Driving waveform of ink-jet microchip (a) and the volume of one droplet of glycerin 

solution in different concentrations driven by different voltages (b). 

 

Regarding the ejection of the reaction solutions in automatic CL analysis, we 

ejected 2×10
6
 droplets of reaction solutions with certain concentrations by ink-jet and 

weighted them. The RSDs of each solution with different concentrations were within 

2.1% (n=8). The reason is that all the reaction solutions were diluted by the tris-HCl 

buffer, so the viscosity of the reaction solutions was controllable. Therefore, we 

assumed the deviation induced by viscosity in the volume of droplets of reaction 

solutions could not influence the precision of the automatic CL detection. 
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Table 1. the volume and RSD of each droplet of glycerin solution at different 

concentrations 

Driving voltage V1:75 V，V2: 87V V1:100 V，V2: 114 V 

Glycerin 

conc.[wt%] 

Volume of one 

droplet [pL] 

RSD [%] 

n=10 

Volume of one 

droplet [pL] 

RSD [%]  

n=10 

0 856 1.8 1170 2.1 

10 780 2.7 1016 1.8 

20 585 2.9 890 0.9 

30 489 2.1 763 1.7 

40 324 3.5 550 1.4 

50 194 0.8 234 2.2 

 

3.2 Ejection order of reaction solutions 

Automatic luminol-H2O2-HRP CL analysis system platform was utilized and 

optimized in the present work. The solutions of luminol, H2O2 and HRP were ejected 

through three different channels located in one ink-jet microchip. The droplets ejected 

by the ink-jet device were mixed and reacted on the glass slide. Since the emission of 

CL was affected by the mixing state of the reaction solutions, different ejection order 

of solutions were investigated. The experimental results showed the strongest 

intensity and highest signal to noise ratio was monitored by injecting HRP solution 

into the mixture of H2O2 solution and luminol solution (Fig. 4). Hence, this ejection 

mode was utilized in the following experiments.  
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Fig. 4. Injection order of reaction reaction solutions: Each channel respectively ejcted 

50droplet, [1]: Inject H2O2 to the mixture of luminol-HRP; [2]: luminol- H2O2- HRP; [3]: 

HRP - H2O2- luminol; [4]: HRP -luminol- H2O2; [5]: H2O2-HRP- luminol; [6]: H2O2- luminol 

- HRP .   

 

3.3 Effect of the number of droplets on the CL intensity 

The number of ejected droplets through each channel played an important role for 

the CL intensity. We have investigated the CL intensity by changing the number of 

ejected droplets from each channel (Fig. 5), with three reaction solutions keeping at 

the same number of droplets. When the number of droplets of three solutions were 

smaller than 50, the CL intensity was weak. With the increasing of the number of the 

droplet, CL lasted for longer time and much more reaction solutions were required. 

Therefore, 50 droplets of the each reaction solutions were adopted for the automatic 

CL determination.  
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Fig. 5. Influence of the number of droplets on the CL intensity. The ordinal number of 1 to 4 in the 

figure stands for the number of droplets of 10, 20, 50 and 100, respectively. All reagents were 

dissolved in Tris-HCl buffer (0.1 M, pH 8.5), in presence of 10 μg/mL HRP, 0.4 mM PIP, 1mM 

H2O2 and 0.05 mM luminol. The voltage for the PMT was set at 1.1 kV; the signal-collecting 

interval was set as 0.1 s. 

 

Table 2. Compare to the theoretical value of diffusion time and actual value. 

 

Average Actual value Theoretical value 

T1 =90s 
67.1

1

2 
T

T
 59.1

1

2 
d

d

T

T
 

T2 =150s 
88.2

1

3 
T

T
 92.2

1

2 
d

d

T

T
 

T3 =259s 34.4
1

4 
T

T  64.4
1

4 
d

d

T

T
 

T4=391s   

 

3.4 Kinetic curve of the luminol-H2O2-HRP CL system  

During the automatic CL analysis, 50 droplets of three reaction solutions were 
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ejected from each channel. The total volume of 50 droplets of solution was calculated 

as 49 nL. The CL reaction could be completed within 225 s in the automatic CL 

analysis platform (Fig. 6a). For comparison, 50 μL of luminol, H2O2 and HRP 

solutions were injected into a glass cuvette by pipette. It was found that 10,000 s of 

reaction time was needed for the CL reaction (Fig. 6b). It was obvious that the ink-jet 

automatic CL analysis platform was not only beneficial in the rapid determination but 

also for its low reagent consumption.  

 

Fig. 6. The CL kinetic curves for the luminol-H2O2-HRP system with ink-jet injection (a) and 

conventional pipette injection (b). 

 

3.5 Optimization of reaction conditions 

The CL intensity of the luminol-H2O2-HRP system on glass slide microarray was 

increased with the concentration of HRP solution when the concentration of luminol 

and H2O2 solution were in certain range. Hence, the CL system could be developed 

for the determination of HRP. In order to get the best detection conditions for HRP, 

the effects of pH value, concentration of luminol solution, H2O2 and PIP solution have 

been investigated in details. 

Tris-HCl buffer solution with pH value in the range of 7.0-9.5 was used as the 

reaction buffer for the CL analysis. When pH value was lower than 9.0, the CL 

intensity increased with pH (Fig. 7a). The CL intensity went down with the increasing 
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of pH value above 9.0. Although the strongest intensity was obtained at pH 9.0, the 

RSD value was arised under the pH value and the whole detection system was less 

stable. Hence, the Tris-HCl solution at pH 8.5 was selected as the buffer solution in 

the following experiments.  

In the absence of HRP, H2O2 could also intrigue the CL emission from the luminol 

in alkaline media. Hence, the CL emission from the luminol- H2O2 system in presence 

and absence of HRP should be both investigated to obtain the optimal signal to noise 

ratio. As shown in Fig. 7b, we could see that the CL intensity (with or without HRP) 

increased with the concentration of luminol solution in the range of 5-25 μM and 

exhibited a little change with the concentration of luminol solution higher than 25 μM. 

If the concentration of luminol solution increased up to 50 μM, the CL intensity 

became stable, and good signal to noisel rate could be obtained. Therefore, luminol 

with concentration of 50 μM was selected in the subsequent investigation.  

The CL intensity increased with the concentration of H2O2 solution in the range of 

0 -1.0 mM (Fig. 7c). When the concentration of H2O2 solution was higher than 1.0 

mM the CL intensity almost had no change. 

PIP was added into the luminol- H2O2-HRP CL system as the signal enhancer to get 

the lower detection limit. From the Fig. 7d, PIP solution with a concentration of 0.4 

mM provided the highest CL intensity. Hence, it was selected as the optimal 

concentration. 
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Fig. 7. Effects of concentration of luminol (a), pH value (b), concentration of H2O2(c), 

concentration of PIP(d) on the CL intensity. The voltage for PMT was set at 1.1 kV; the 

signal-collecting interval was set as 0.1 s. 

 

3.6 Methodology evaluation  

Under the optimized conditions, the CL signals of serial concentrations of HRP 

solution was shown in Fig. 8. We got a good linear relationship between CL intensity 

and HRP concentration in the range of 0.01 - 0.05 μg/mL with a correlation 

coefficient of 0.9954. And the relative standard deviation (RSD) values (n=10) of the 

CL analysis were 4.0%, 3.2% and 3.8%, when the concentration of HRP solutions 

were 0.049, 0.19 and 0.42 μg/mL, resepectively. The limit of detection (LOD) for 

HRP was 0.005 μg/mL (S/N=3) . 
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Fig. 8. Dynamic curve of HRP in the range from 0.01-1.0 μg/mL. 

 

The proposed method could also be applied to the determination of BSA-HRP 

conjugate. The BSA-HRP conjugate was diluted by the Tris-HCl buffer (pH=8.5 ) in 

different ratio (1:10000 and 1:20000). Then the concentration of BSA-HRP in 

solution was detected by the automatic ink-jet CL analysis platform. The detected 

concentration of the two diluted solution was 0.17 and 0.38 μg/mL. For comparison, 

the concentration of the BSA-HRP in the diluted BSA-HRP was also determined by 

BHP9504 micro-plate luminescence analyzer using pipetting introduction. The 

detected concentration for diluted solution is 0.20 and 0.36 μg/mL, respectively. The 

two results were matched with each other very well. Therefore, the automatic CL 

analysis platform could be an alternative of the traditional pipetting method.  

The proposed method could detect HRP in its protein conjugate, which indicates 

that it could also be developed as a CL platform for HRP based immunoassay. The 

multi-channel ink-jet ejection CL system could automatically control the solution 

volume as well as the solution injecting time, which has great potentials in automatic 

on-site CL dynamic investigation and provides new tools for the CL mechanism 
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research. Sample in nanoliter was enough for one-round determination, which is 

beneficial for toxic sample or trace bio-sample analysis.  

5. Conclusion 

We integrated the ink-jet microchip with a home-designed drive circuit and 

computer controlled system to set up a simple, automatical CL analysis platform for 

bioanalysis. The consumption of CL reaction solutions was in nanoliter level, which 

exhibited great potential in green chemistry. Finally, the automatic CL analysis 

platform has been succesfully used for the CL detection of HRP and its protein 

conjugate. Compared with the conventional pipetting CL detection, the automatic 

inkjet microchip CL analysis technique has many advantages, such as low 

sample-consumption, short reaction-time and high reproducibility, which could be the 

alternative of the conventional CL analytical technology.  
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Chapter 5 

 

Inkjet Nano-injection for high-thoughput Chemiluminescence 

Immunoassay on Multicapillary Glass Plate 

 

INTRODUCTION 

Recently, immunoassays are increasingly emerged as one of the most important 

bioanalytical techniques in clinical diagnosis and environmental testing [1-2]. 

Typically, immunoassays are particularly efficient diagnostic methods for infectious 

diseases. For example, to prevent the pandemic spread of infectious diseases, compact 

and touch less diagnosis or screening methods are greatly desired for on-site 

investigation in the field. Immunoassay methods, including chemiluminescence 

immunoassays (CLIA) [3-5], enzyme-linked immunosorbent assays (ELISA) [6-10], 

fluoroimmunoassays (FIA) [11-14], and radioimmunoassays (RIA) [15-16], have 

been widely used in the clinical diagnosis.  

Nowadays, CLIA is recognized as a powerful tool for disease diagnosis owing to 

its several advantages, such as high sensitivity, rapid analysis, and easy 

automatization [17]. Recently, there is of great interest in developing high-throughput 

methods for analyzing a large number of samples. Thus, many efforts were devoted to 

improving the throughput of immunoassays. For example, Zhao et al. developed a 

novel method of micro-plate magnetic chemiluminescence enzyme immunoassay for 

rapid and high-throughput analysis of 17-estradiol in water samples [18]. Ge et al. 

established a 3D origami-based CL immune device that printed an immunoassay on a 

sheet of paper via wax printing. The printed immunoassay was used as a multiplexed 

CL immunoassay for point-of-care diagnostics by simple and procedural operations.
4
 

Wang et al. established a simple competitive ELISA for rapid measure of secretory 

immunoglobulin A (s-IgA) in saliva [19]. Liu et al. report a paper analytical device 

based on the SlipChip concept [20]. However, these methods still required many steps 



81 

 

and high reagent consumption. Thus, it is vital to develop new platform which 

perform not only the capability of high throughput but also the reagent consumption 

and easy operation. CLIA commonly utilizes microbeads, as well as micro channels 

containing magnetic beads [21], or specially designed micro channels containing 

other types of beads [22]. Immunoassay reagents are usually very expensive, and thus, 

it is vital to develop micro-volume reactions. However, with such small volumes, it is 

difficult to change the solution and wash to separate bonded and free antibody (or 

antigen) (B/F separation). Some researchers developed methods for B/F separation, 

but the reported platforms are difficult to establish or not easy to operate [23-24].
 
 

Inkjet technology can be easily used for liquid injection at the nanoliter to 

picoliter level. This technology will enable us to exactly control the speed and volume 

of ejected samples. Many researchers used the inkjet technology for common 

analytical technologies, such as paper-based fluidic device [25-26],
 

capillary 

electrophoresis (CE) [27-28], and mass spectrometry (MS) [29]. Chen et al. 

successfully applied a multi-channel inkjet for CL analysis. The consumption of CL 

solutions in this method was cut down at the nanoliter level, and the CL analysis has 

been successfully used for the CL detection of HRP and its protein conjugate [30].
 

Zeng et al. reported a highly accurate sample injection system for capillary 

electrophoresis (CE) based on an inkjet microchip capable of reproducing exact 

introduction volumes at the picoliter level [27]. Luo et al. presented the association of 

inkjet and electrospray ionization MS to detect picoliter droplets. The liquid volume 

and the position of the liquid on the tip was precisely controlled to form ultrafine 

droplets for successive ionization of the analyte [29].
 

Here, we describe the 

development of rapid and high-throughput disease diagnosis by combining CLIA and 

inkjet technology. 

In the present work, we developed a high-throughput CLIA method for IgA 

analysis by combining inkjet technology with multicapillary plate. Home-made inkjet 

waveform driving device was used to generate picoliter droplets for solution injection  

[28].
 
Besides, we used multicapillary glass plate as the container of the reaction, 
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which supply the advantages of high throughput and easy washing. We successfully 

detected different concentrations of IgA to get the standard curve, and the IgA 

concentration in saliva was quantitatively determined. The established platform has 

the advantages of high-throughput, high speed, high sensitivity and automation. 

 

EXPERIMENTAL SECTION 

Reagents and Materials 

Human IgA ELISA kit (Affinity purified goat anti-human IgA (1
st
 Ab), human 

reference serum with the IgA concentration at 1.2 mg/mL, and HRP-conjugated goat 

anti-human IgA (2
nd

 Ab-HRP)) was obtained from Bethyl Laboratories (Montgomery, 

TX, USA). SuperSignal ELISA Pico Chemiluminescent Substrate [Luminol/enhancer 

solution and peroxide (H2O2) solution] was purchased from Thermo Scientific 

(Rockford, USA). Bovine serum albumin (BSA) was obtained from Merck 

(Calbiochem, German). Phosphate buffer solution (PBS: 0.01 M, pH 7.4) was 

prepared from 0.01 M NaH2PO4 solution, and its pH value was adjusted to 7.4 using 

0.01 M Na2HPO4 solution. Sample/Conjugate diluent: Tris buffer (50 mM, pH 8.0) 

included 0.14 M NaCl and 0.05% Tween 20. Na2HPO4, NaH2PO4, and 

Tris(hydroxymethyl) amino methane were purchased from Wako Pure Chemical 

Industries Ltd. (Tokyo, Japan). Extran MA01 was purchased from Merck (Darmstadt, 

Germany). 2-(N-morpholino)ethanesulfonic acid (MES free acid) was purchased from 

US Biological (Swampscott, MA, USA). NaCl, NaHCO3, Na2CO3, H3BO3, 

2-amionethanol, acetone, NaOH, and HCl were from Kanto Chemical Co. Inc. (Tokyo, 

Japan). The Polybead® carboxylate 20.0-micron microbeads (2.5% solids-latex) were 

purchased from Polysciences, Inc. (Warrington, PA). 

N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and casein 

from bovine milk were purchased from Sigma-Aldrich. The neutral detergent used for 

cleaning of the multicapillary glass was obtained from Tomisc (Tokyo, Japan). 

Chloroform was purchased from NacalaiTesque, Inc. (Kyoto, Japan). Filter paper was 

obtained from Blaine test paper® (Advantec Co., Tokyo, Japan). 
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All buffers used in the experiment were filtered through a 0.45-μm membrane filter 

(4700, Nihon Millipore). The PDMS kit was obtained from Dow Corning Toray 

(Tokyo, Japan). The SU-8 3050 was obtained from Nippon Kayaku (Tokyo, Japan). 

All aqueous solutions were prepared by ultrapure water that had been purified using a 

Millipore-Q system (Millipore Japan Co., Tokyo, Japan). 

 

Apparatus 

The inkjet device was provided by Fuji Electric Co., Ltd. (Tokyo, Japan). A 

VW-9000 high-speed microscope was obtained from Kyence Corporation, (Osaka, 

Japan) and it was employed to observe the droplet ejected by the inkjet. A BP2111D 

micro-balance was obtained from Sartorius (Goettingen, Germany). Photomultiplier 

(PMT) H10722 and the multicapillary plate with arrayed micro through-holes (33 mm 

diameter for whole area, 27 mm for capillary area, 1 mm thickness, 10 µm capillary 

i.d.) were obtained from Hamamatsu Photonics (Hamamatsu, Japan). The 

electromotive x-y stage MMU-60X was purchased from Chuo Precision Industrial 

Co., Ltd. (Tokyo, Japan). The 75-mm hematocrit tube was purchased from Funakoshi, 

Co. (Tokyo, Japan). The 96-well plate reader was from Spectra Fluor Tecan 

(Kawasaki, Japan). Adobe Illustrator CS4 was used to generate the photo-mask 

pattern and was obtained from Adobe Systems Incorporated (San Jose, CA, USA). 

 

Design of the CLIA system  

The design of the platform is shown in Figure 1. The inkjet device was pretreated 

according to the method described elsewhere [28]. We used home-made hardware and 

software for the CLIA inkjet nano-injection system. Driving waveform applied to the 

piezoelectric device on inkjet was controlled by the home-made amplifier (voltage; 

0~100V, pulse width; 0~255 μs). The exact position of the inkjet on the microwell 

were automatically controlled by an electromotive x-y stage via the home-made 

software. Firstly, the 1
st
 Ab was chemically immobilized on the surface of 

carboxylated microbeads  [31],
 
 and then, the microbeads were blocked with 1% 
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BSA in 0.01 M PBS buffer (pH 7.4). Further, the microbeads were diluted 10-fold and 

resuspended in 0.01 M PBS buffer. For the sample assay, the 1
st
 Ab-PS microbeads 

suspension was dispensed to the microwells by a pipette. A filter paper was used to 

remove the solution in the microwell by touching the bottom of multicapillary plate 

for solution passing. The platform could complete the entire procedure of CLIA, 

including injection/dilution for human IgA, dilution buffer, 2
nd

 Ab-HRP, and CL 

substrate solution. Series of concentrations for standard human IgA was generated 

on-chip by controlling the ratio of droplet numbers from different inkjet channels 

(One channel loaded human IgA solution, and the other channel loaded dilutiing 

buffer). Similarly, the 2
nd

 Ab-HRP was also diluted on-chip as the same manner(See 

supporting information video 1 for droplets mixture). Free human IgA, 2
nd

 Ab-HRP 

and other proteins were washed away with washing buffer by touching the bottom of 

multicapillary glass using filter paper after incubation. Finally, CL substrate solutions 

were ejected to the microwells from the another channel for CL signal detection.  

 

 

Figure 1．Schematic illustration of the sandwich CLIA for human IgA detection in the microwells 

on the multicapillary glass plate. 

 

PDMS Fabrication and Multicapillary Glass Plate Treatment  
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Details of the fabrication procedure of PDMS sheet with microwells array was 

shown in Figure 2 in supporting information.  

 

 

Figure 2. Process of the PDMS microwell array fabrication. 

 

Briefly, the photomask for the PDMS microwell array (19 wells, i.d. 1.5 mm, Figure 

3a and 3b) was designed by Adobe Illustrator CS. Then, a piece of glass with 

spin-coated negative photoresist (SU-8) was covered by the photomask and exposed 

to UV light to translate the design onto the photoresist. Finally, the photoresist was 

developed using the SU-8 developer to generate an array of convex and cyclical 

pillars on the glass slide, which was the template for the PDMS sheet with microwells. 

PDMS prepolymer and curing agent were mixed at a mass ratio of 10: 0.5 and poured 

onto the template described above after vacuum degassing. The PDMS on the 

template was cured at 65℃ for 1.0 h. Then, the PDMS replica was peeled off from the 

template, which generated in a PDMS sheet with an array of microwells with a height 

of approximately 1.2 mm and a diameter of approximately 1.5 mm (Figure 3d). 
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Figure 3. Design of the array of microwells: （a) photomask template, （b) picture of completed 

PDMS sheet with microwells, （c) the SEM imaging of the PS microbeads on the multicapillary 

glass plate ,（d) size of each microwell. 

 

To the following immunoassays, the multicapillary glass plate was immersed into 

a neutral detergent under gentle shaking overnight to remove the absorbed impurities 

and then successively immersed into ultrapure water, acetone, chloroform, acetone, 

and ultrapure water for ultrasonic cleaning for 15 min, respectively. After the plate 

was immersed in to the freshly prepared H2SO4  (98%): H2O2 (30%) = 3:1(v/v) for 30 

min, and then it was sonicated in ultrapure water for 15 min. To make the capillary 

surface hydrophilic, it was incubated in 0.1 M NaOH for 15 min and then water for 15 

min under gentle shaking. Finally, the cleaned multicapillary plate was dried under 

nitrogen stream and then was baked in an oven at 65℃  for 20 min. The 

multicapillary plate was then incubated in 1% BSA in 50 mM Tris buffer (pH 8.0) at 

4℃ for overnight to block the surface. Before use, it was washed with 0.1% 

Tween-20 in 50 mM Tris-HCl buffer (pH 8.0) followed by drying with nitrogen 

stream. It was baked in the oven at 65℃ for 20 min, then assembled with the 

pre-cleaned PDMS sheet, and attached onto the top surface of the multicapillary glass 
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plate to form the microwell array. 

 

Preparation of goat 1
st
 Ab-PS microbeads conjugates  

Carboxy group modified PS microbeads were washed according to the standard 

method presented in the manufacturer’s guidance. Then, the microbeads were 

resuspended in 0.1 M MES buffer and then mixed with 2% EDC in equal volumes for 

3-4 hours at room temperature followed by centrifugation for 5-6 min. Then the 

supernatant was removed and discarded. This process was repeated several times. 

After the resultant microbeads were re-suspended in 0.2 M borate buffer, 5 

0 g IgA was added and then they were mixed gently overnight at room 

temperature on an end-to-end mixer. Followed by washing, the amount of 1
st
 Ab 

added in less than the amount in the supernatant represents the amount bound to the 

microbeads. The 1
st
 Ab-PS microbeads were blocked with 0.25 M ethanolamine for 

unreacted sites and 1% BSA solution in 0.2 M borate buffer for any remaining 

non-specific protein bonding sites. The 1
st
 Ab-PS microbeads (2.5%, w/v) suspension 

was finally resuspended in 0.01 M PBS (pH 7.4) storage buffer for later experiments. 

 

Optimization of the Platform and Real Sample Detection 

The procedures of the sandwich CLIA is shown in Figure 4. Based upon the 

platform, we optimized a serial of conditions including the accuracy of injection 

volumes of sample from each channel of the inkjet, multicapillary glass plate blocking 

solution, incubation time and RH box for the CLIA system, the amount of 1
st
 Ab-PS 

microbeads, the concentration of 2
nd

 Ab-HRP, CL substrate droplet number and 

determination of human IgA concentration in saliva was carried out under the 

optimized conditions.  
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Figure 4: Schematic illustration of the sandwich CLIA for human IgA detection process in a 

multicapillary glass plate containing a well array constructed using inkjet injection.  

 

Results and Discussion. 

Control holding/passing solution on multicapillary glass  

The inner diameter of the capillary on the multicapillary glass plate is 

approximately 10 m, which is smaller than the diameter of the microbeads; therefore, 

Incubation in RH: 97.5% box at RT for 25 min. 

Channel 2: ejection of N1 droplets of dilution buffer. 

Channel 3: ejection of (2000-N2) droplets for 2
nd

 Ab-HRP solution. 

solution. 

Channel 4: ejection of 1800 droplets of CL substrate solution / Collecting CL signal. 

Adding 1% BSA in Tris buffer (pH 8.0) to each well. 

Incubation in RH: 97.5% box at RT for 1 hour. 

Adding 1
st
 Ab-PS microbeads to each well. 

Washing each well with Tris-Tween20 (0.1%) buffer for 5 times. 

Channel 2: ejection of N1 droplets of dilution buffer. 

Channel 1: ejection of (2000-N1) droplets for human IgA solution. 

Incubation in RH: 97.5% box at RT for 25 min. 

Washing each well with Tris-Tween20 (0.1%) buffer for 5 times. 

Washing each well with Tris-Tween20 (0.1%) buffer for 5 times. 
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the microbeads cannot pass through the multicapillary glass plate. Initially, the 

solution will not flow out of the bottom of the capillaries in the multicapillary glass 

plate because of the Laplace pressure by a sufficiently small capillary radius (r). The 

interface between the solution and air forms a meniscus at the bottom of capillary. The 

meniscus holds the solution by the Laplace pressure, (

R

2
p   R：curvature radius 

of the meniscus), which is based upon the surface tension (γ) at the bottom of the 

capillaries. When the liquid meniscus reached to balance (as shown in Figure 5e 

dotted lines), the liquid gravity force (G) would be balanced by the Laplace pressure 

( pG  ) to hold the solution. Once the absorbent (filter paper) was placed at the 

bottom of the multicapillary glass plate, the solution would contact the absorbent 

fibers. Thus, the Laplace pressure disappeared. The solution would contact the 

absorbent fibers. Thus, the Laplace pressure disappeared. The solution in the capillary 

just be acted by the G and the absorbing force (Fa) shown in Figure 5d. Under this 

situation, the solution was absorbed and thus flushed out of the capillaries. Thus, it is 

convenient to use the multicapillary glass plate as a platform for the B/F separation.  

 

 

Figure 5. Appearance (a) and structure (b) of the multicapillary glass plate, and capillaries in the 

multicapillary glass plate for holding (c) and passing (d) the solution and the capillary force 

controlled mechanism (e).  

 

http://en.wikipedia.org/wiki/Meniscus
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Optimization of blocking buffer for the multicapillary glass plate and driving 

waveform for inkjet 

In order to decrease background signal arising from nonspecific adsorption of the 

multicapillary glass plate, several kinds of blocking solutions were investigated. Four 

kinds of blocking solutions, including 1% BSA in PBS (pH 7.4), 1% BSA in Tris 

buffer (pH 8.0), 1% casein in PBS (pH 7.4) and 1% casein in Tris buffer (pH 8.0) 

were tested. First, blocking buffer solutions were added to the microwells on 

multicapillary plate. Then incubated for 1 h in RH: 97.3 % box at room temperature 

(RT). After washing with washing buffer, 2
nd 

Ab-HRP was added and incubated for 

20 min. After 5 times washing, CL substrate solutions were added and CL intensities 

were measured. From the results of the blocking investigation (Figure 6), the 

comparison among the blocking solutions showed different efficiency in decreasing 

the background. It was found that the smallest background signal was obtained by 

using 1% BSA in Tris buffer (pH 8.0). Thus, it was chosen for the following 

experiments.  

 

 

Figure 6. Optimization of the multicapillary glass plate blocking solution. 

 

Based upon the investigation of the driving waveform applied to the 
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piezo-electric ceramic on inkjetinkjet, the optimal conditions of the driving waveform 

and pulse width for inkjet were listed in Table 1. Under optimal condition, the volume 

of each droplet for human IgA, dilute solution, 2nd Ab-HRP and substrate solution 

was 396 pL, 397 pL, 393 pL and 686 pL, respectively.  

 

Table 1. Optimization of the inkjet driving waveform and volumes of droplets. 

 

 

Investigation of evaporation 

Evaporation of the sample and solution is a very important problem in 

low-volume CLIA methods, so it is vital to make this effect clear in our experiments. 

We investigated this issue by carrying out the incubation for IgA assays under 

different relative humilities (RH) box (for example: 6.4％, 43.2％，97.3％) at RT. The 

relationships between CLIA system incubation time and signal intensity under 

different RH condition are shown in Figure 7. The results show that under the low RH, 

the solution in the holes would dry off when the incubation time was longer than 10 

min. As a result, large RSDs (7.9% - 21.6%) were observed. Thus, it would be 

difficult to control the switching of passing/holding by filter paper under low RH 

conditions. However, when we placed the plate in a higher RH box (97.3％), the 

solution in the microwells would not obviously evaporate even after 2 h. Based on the 

results, the CL signal intensity increased in the range of 0-25 min, and then reached a 

plateau from 25 to 35 min when the incubation was carried out under the 97.3% RH. 

In other words, 25 min of incubation time was sufficient to reach to equilibrium 

between antibody and antigen reaction. Therefore, we selected optimal incubation 
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conditions for the CLIA system as: 25 min in higher RH box (97.3％). 

 

 

Figure 7. Relationship between CL intensity and incubation times at different RH box (the same 

incubation times for 2
nd

 Ab-HRP was set at each point). The volume of the 1
st
 Ab-PS microbeads 

(0.25%, w/v) suspension was 18 L, the concentration of 2
nd

 Ab-HRP was 0.1µg mL
-1

, human IgA 

was 125 ng mL
-1

,
 
the droplets number of the CL substrate was 1800.  

 

Optimization of the volume of 1
st
 Ab-PS microbeads  

In order to perform automatic, as well as a highly sensitive and rapid analysis, we 

optimized the volume of the 1
st
 Ab-PS microbeads suspension applied to each 

micorwell. Firstly, we diluted the original 1
st
 Ab-PS microbeads suspension (2.5%, 

w/v) 10-fold with 0.01M PBS buffer (pH 7.4). Then, a certain volume of the 1
st
 

Ab-PS microbeads suspension (3-33 L) was dispensed to each micorwell by pipette 

followed by the measurement of IgA by the procedure (shown in Figure 4). 

Concomitant increase of the CL signal intensity was observed with the increase of the 

volume of 1
st
 Ab-PS microbeads suspension in the range of 3 - 24L and it shows a 

plateau over 24L (shown in Figure 8). We selected optimal conditions of 24 L as 

the volume of the 1
st
 Ab-PS microbeads suspension (0.25%, w/v), which 

corresponded to microbeads number of 13,648±572 (n=10)/well.  
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Figure 8. Relationship between CL intensity and the volume of the 1
st
 Ab-PS microbeads 

suspension (0.25%). The concentration of 2
nd

 Ab-HRP was 0.1µg mL
-1

, human IgA was 125 ng 

mL
-1

, 2000 droplets as the number of droplets of the CL substrate. 

 

Effect of the concentration of 2
nd

Ab-HRP on the CL signal intensity 

Effect of the concentration of 2
nd

 Ab-HRP on the signal intensities was also 

examined. At first, control serum containing 1.0 g mL
-1

 of human IgA was loaded to 

the inkjet channel 1, then the 50 mM Tris-buffer (pH 8.0) (dilute solution) was loaded 

to the inkjet channel 2 for the dilution for series of IgA and 2
nd

 Ab-HRP concentration 

by controlling the droplet number ratio from different inkjet channels. And then 2
nd

 

Ab-HRP solution (1μg mL
-1

) and CL substrate solution were loaded into the inkjet 

channel 3 and channel 4, respectively. The CLIA on the system was carried out 

according to the procedure shown in Figure 4. Figure 9 shows the effects of the 2
nd

 

Ab-HRP concentration (0.1, 0.2, 0.5, 1.0 μg mL
-1

) on the IgA measurement. When the 

concentration of the 2
nd

 Ab-HRP increased, larger signal intensities of the background 

were also observed. Meanwhile, the lower concentration of the 2
nd

 Ab-HRP gave 

smaller background signal intensities. It should be taken into account that the distance 

between the neighboring micorwell would be considered because of the cross-talking 

in the chemiluminescence method, especially for the high-throughput detection. So 
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we selected 0.5 μg mL
-1

 of 2
nd

 Ab-HRP in terms of the signal intensity and throughput 

of measurement. Finally, the calibration curve (The blue one in Figure 9.)was 

obtained in Figure 9 using series of human IgA concentrations generated by inkjet 

under established conditions (The volume of 1
st
 Ab-PS microbeads solution was 24 

L, and the droplets number of CL substrate solution was 1800). The calibration 

curve was linear in the range of 1.0 - 31.25 ng mL
-1

, and the fitting formula was 

Y=67.96X+141.56 (R
2
=0.9912, where X; human IgA concentration, Y; singal 

intensity).  

 

Figure 9. Relationship between CL intensity and concentration of human IgA at 4 different 

concentrations of 2
nd 

Ab-HRP.  

 

Optimization of CL substrate volume 

Figure 10 shows the effects of CL substrate volume on the CLIA signal intensity. 

CL intensity increased with increasing CL substrate droplets number up to 1800. 

Based on the results, we selected optimal conditions as follows: 1800 droplets as the 

number of droplets of the CL substrate.   
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Figure 10. Relationship between CL intensity and droplet number of CL substrate  

(Luminol: H2O2 = 1:1)  

 

Under the optimized conditions, the CLIA for human IgA measurement was 

carried out according to the established method using inkjet device. As shown in the 

figure 9, a good relationship between the signal intensity and the IgA concentration 

was finally obtained. Limit of detection (blank ± 3 SD) as low as 0.1 ng mL
-1

 was 

achieved for human IgA. In a comparison with a traditional 96-well plate, we 

achieved a lower LOD, a 50% decrease in analysis time, and 126 times less reagent 

consumption, as shown in Table 1. The proposed method could be considered as more 

sensitive for the detection of IgA with the potential in automatic and minimized 

on-site detections [19, 22, 32]. 

Table 1. Comparison of the assay of human IgA in the multicapillary glass plate with 

the microwell array and in the 96-well plate. 

Methods 

Incubation time (min) 

 
Total assay 

time (min) 

Sample 

volume (L) 

LOD 

(ng mL
-1

) 
Human 

IgA 
2

nd
 Ab-HRP 

Multicapillary 

plate 
25 25 

 

 
<60 0.79 0.10 

96-well plate 60 60  >140 100 0.86 
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Real Sample Detection 

We determined the concentration of the human IgA in saliva that had been diluted 

1,0000-fold (sample from a volunteer) using the presented method. The concentration 

of human IgA in the diluted saliva samples were between 181.4 to 213.1 ng mL
-1 

with 

the RSD below 5.1% shown in Table 2, which were very similar to the analytical 

results obtained by using the 96-well plate. The established platform had the 

advantages of high speed and low reagent consumption. Because of the use of inkjet 

technology, the platform also had the advantage of potential automation and 

compaction. 

Table 2. Determination of human IgA in saliva by the multicapillary glass plate with 

the microwells array and by the 96-well plate. 

 

Sample Dilution ratio 

Multicapillary plate  96-well plate 

Calculated Conc. 

(ng mL
-1

) 

RSD % 

(n=5) 

 

 

Calculated Conc. 

(ng mL
-1

) 

RSD % 

(n=5) 

S1 1:10000 181.4 3.6  172.3 2.9 

S2 1:10000 189.3 5.1  176.6 4.2 

S3 1:10000 213.1 4.3  201.9 4.6 

CONCLUSIONS 

We determined the concentration of the human IgA in saliva that had been diluted 

1,0000-fold (sample from a volunteer) using the presented method. The concentration 

of human IgA in the diluted saliva samples were between 181.4 to 213.1 ng mL
-1 

with 

the RSD below 5.1% shown in Table 2, which were very similar to the analytical 
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results obtained by using the 96-well plate. The established platform had the 

advantages of high speed and low reagent consumption. Because of the use of inkjet 

technology, the platform also had the advantage of potential automation and 

compaction. 
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Chapter 6 

Conclusion 

In this thesis, we developed a new inkjet system and then applied it on 

immumoassay and capillary injetction. The main results were showed as follow: 

In chapter 1, I designed a new home-made driving circuit for piezoelectric 

actuator, which combined with home-made software to changes its output frequency, 

driving voltage and pulse width. A drop-on-demand (DOD) picoliter droplet was 

generated in precision-controllable manner by use of the driving system. 

In chapter 2, We propose a piezoelectric droplet generator for injection of 

well-defined amounts of sample in capillary electrophoresis. We demonstrate stable, 

precise and drop-on-demand droplet formation for various solutions, with precise 

control of waveform driving piezoelectric crystal inside the ink-jet head. By tuning 

the waveform, we can also manipulate the droplet size and delivery frequency. This 

injector was used in sampling for capillary electrophoresis. As a state-of-the-art 

application, the analysis of the obromine, caffeine and the ophiline using micellar 

electro kinetic Chromatography was developed. The volume of sample (single 

droplet) analyzed in this experiment was 179 pL (RSD%, n=10). The detection limits 

for caffeine, theobromine, and the ophiline are 0.02, 0.08 and 0.06mM/L, respectively. 

Compared with conventional methods, the combination of picoliter droplet dispenser 

with capillary electrophoresis allows precise and accurate sampling, as well as for 

reduced sample consumption, which will prove to be an efficient to oline quantitative 

separation and analysis. 

In chapter 3, An automatic multi-channel ink-jet for chemiluminescence (CL) 

analysis was developed. The four-channel ink-jet device was controlled by a 

home-made circuit. Differing from the classic flow injection CL, the whole procedure 

for CL analysis was automatically completed on a hydrophobic glass side. CL 

reaction of luminal and hydrogen peroxide for the determination of horseradish 

peroxidase (HRP) was selected as an application to automatic CL analysis platform. 

All solutions delivered by different channels were precisely ejected to the same 
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position of the glass slide for the CL analysis. The consumption of reaction solution 

was reduced to nanoliter level. The whole CL analysis could be completed in less than 

4 min, which was benefited from the prompt solution mixing in small size of droplet. 

The CL intensity increased linearly with HRP concentration in the range from 0.01 to 

0.5g/mL. The limit of detection (LOD) (S/N = 3) was 0.005 g mL−1. Finally, the 

automatic CL system could also be used for the detection of HRP in HRP–protein 

conjugates, which showed its practical application in immunoassay. 

In chapter 4, We report a novel chemiluminescence diagnosis system for 

high-throughput human IgA detection by inkjet nano-injection on a multicapillary 

glass plate. To proof-of-concept, microhole-based Polydimethylsiloxane (PDMS) 

sheets were aligned on a multicapillary glass plate to form a microwell array as 

microreactors for enzyme-linked immunosorbent assay (ELISA). The multicapillary 

glass plate was utilized as a switch that controlled the holding/passing of the solution. 

Further, anti-IgA-labeled polystyrene (PS) microbeads was assembled into the 

microwell array, and an inkjet nano-injection was specially used to distribute the 

sample and reagent solution for chemiluminescence ELISA, enabling to 

high-throughput detection of human IgA. As a result, the performance of human IgA 

tests revealed a wider range for the calibration curve and a lower limit of detection 

(LOD) of 0.1 ng mL
-1

 than the ELISA by a standard 96-well plate. The analysis time 

and reagent consumption were significantly decreased to a great extent. The IgA 

concentration in saliva samples were determined between 181.4 to 213.1 ng mL
-1

 

(after 1000-fold dilution) by the developed ELISA system. Thus, we believe that the 

inkjet nano-injection for high-throughput chemiluminescence immunoassay on 

multicapillary glass plate will be promising in disease diagnosis. 

Throughout this thesis, I have successfully developed a precise 

drop-on-demand inkjet sample dispensing system and its applications to analytical 

chemistry.  
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