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Abstract

Fabricating nanoscale hybrid materials maintaining each of own 

unique functional advantages often makes it possible to address

problems that could not be solved utilizing only one type of 

materials. Therefore, developing hybrid ink provides an attractive 

route to fabricate high performance printed devices. A carbon 

nanotube is one of the promising materials for the use in the printed 

devices due to its excellent properties resulted from its unique 

structure. However, it is electrically neutral, and intact SWNTs are 

not readily accessible to the integration of biological compounds. In 

order to overcome this limitation, biological material was addressed. 

Generally biological materials are charged particle, and they can

provide precise control of interactions between peptides and other 

material, result in tunable property for fabricate nano-structured 

composite. In the point of view, functionalizing of SWNTs by 

addressing biological materials provides an attractive approach to 

create new printable hybrid material system. 

In this thesis work, new approaches to functionalize single-walled 

carbon nanotubes (SWNTs) with biological materials in printing 

process are presented. The printable windows are estimated 

through numerical simulation and dimensional analysis. And the 

SWNT/M13 hybrid ink was formulated to functionalize SWNTs in 
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aqueous solution. Using the printed electrode as a platform, three 

kind of biosensor were fabricated with layer by layer methods. 

Moreover, all-printed DET biosensor and dual monitoring biosensor 

are developed by utilizing the genetically engineered M13 virus. 

High sensitivity and selectivity from high efficiency of DET make it 

possible to detect glucose in sweat. The fundamental understanding 

and new approaches this work presents will provide new insight 

into fabricating devices in printing technology.

Keyword: Single-walled carbon nanotube, Biological materials, 

Molecular recognition, Inkjet printing, Direct electron transfer, 

Biosensor

Student Number: 2011-20618
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1. Introduction

1.1. Printing of hybrid materials in nanoscale

The field of functional nanoscale hybrid materials one of the most 

fascinating and promising research area in materials science and 

engineering. Nanoscale hybrid materials can be broadly defined as 

synthetic materials with organic and inorganic components that are 

linked together by noncovalent bonds (Class I, linked by hydrogen 

bond, electrostatic force, or van der Waals force) or covalent bonds 

(Class II) at nanometer scale [1]. Recently, many of the well-

established materials, such as metals, ceramics or plastics cannot 

fulfill technological desires for the various new applications. The 

mixtures of materials can show superior properties compared with 

their pure counterparts. One of the most successful examples is the 

group of composites which are formed by the incorporation of a 

basic structural material into a second substance, the matrix. Most 

of the resulting materials shows improved mechanical properties 

and a well-known example is inorganic fiber-reinforced polymers.
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Figure 1-1 The different types of hybrid materials. [2]

The structural building blocks in these materials which are 

incorporated into the matrix are predominantly inorganic in nature 

and shows a size range from the lower micrometer to the millimeter 

range and therefore their heterogeneous composition is quite often 

visible to the eye. Soon it became evident that decreasing the size 

of the inorganic units to the same level as the organic building 

blocks could lead to more homogeneous materials that allows a 

further fine tuning of material’s properties on the molecular and 
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nanoscale level, generating novel materials that either show 

characteristics in between the two original phases or even new 

properties.

Inkjet printing based fabrication has been a promising approach with 

the rapid development and deployment of new materials [3-5]. 

This technology has advantages including digitization, additive 

manufacturing, reduction of material waster and compatibility with a 

variety of substrate. Various technologically important active 

components have been inkjet-printed, including conducting 

electrodes, transistors, solar cells, light-emitting diodes, batteries, 

and sensors. However, the performance of printed materials is still 

modest and the printed materials are usually based on pure 

materials not in hybrid form. Only few hybrid materials are reported 

in inkjet printing technology and most of the studies were based on 

lamination method using adsorption with active materials or 

infiltration with polymer resin. By addressing well-structured and 

organized nanoscale hybrid materials in inkjet printing, it will be 

provided new way to improve printed devices.
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1.2. Literature review

1.2.1. Hybridization of materials

In this chapter the overview of material selection and strategy for 

nanoscale hybrid materials are introduced.

Hybridization of nanomaterials has been intensively studied and 

reported in transparent conductive film field. Hybrid nanomaterials 

can be produced using a number of strategies. First, metal 

nanowires can be mixed with graphene to from nanoscale hybrid 

materials. Considering the high conductivity ratio and ease of 

fabrication of metallic NW films, it is anticipated that such hybrids 

may create functional TCFs with tailored optoelectronic 

performance. However, metallic NW networks have certain 

disadvantages that limit their integration into commercial devices. 

They have high NW-NW junction resistance, high surface 

roughness, poor oxidation resistance and poor adhesion to plastic 

substrates. CVD graphene films are polycrystalline having many 

grain boundaries that reduce their electrical conductivity. Moreover, 

transferred graphene electrodes also have intrinsic line defects and 

disruptions, such as wrinkles, ripples or folding, leading to their 

conductivity smaller than for mechanically exfoliated graphene layer. 

Combining graphene and silver nanowires in a hybrid material 

overcomes the weakness of individual constituent.
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Figure 1-2 The schematic figures to interpret the resistance of 

polygraphene as a percolation problem defined by high and low 

resistance grain boundaries (GB) [6]. 

Therefore, the conductivity of transferred graphene electrode can 

be improved to large extent through the integration of 1D nano NWs 

with graphene[6]. In case of, metal NWs of large aspect ratios can 

bridge the high resistance grain boundaries by proving conduction 

channels through NWs. Based on this approach, hybrid AgNW-

graphene transparent electrode with a high performance can be 

produced by drop casting AgNw networks onto CVD-graphene/Cu.

One-dimension AgNws can also be mixed with 1D carbon 

nanotubes to fabricate AgNw/SWNT hybrid transparent conducting 

films with improved performance [7, 8]. Although transparent 
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conducting film of AgNws have excellent sheet resistance and 

transmittance, its optical haze still need to be improved. When 

hybrid AgNws with SWNTs, the electrical conduction in the hybrid 

films occurs mainly through the AgNw-AgNw contact. So the 

excellent electrical properties maintained. However, the haze effect 

considerably reduced because SWNTs absorb the scattered light 

from AgNws.

Graphene-SWNT hybrids also has been reported. Carbon 

nanotubes can be mixed with RGO to yield SWNT/RGO hybrid TFCs. 

The electrical conductivity of RGO is relatively lower than that of 

pristine graphene due to the defects. SWNTs of large aspect ratios 

can bridge individual RGO sheets, thus providing efficient 

conduction channels for RGOs. From the literature, solution-

processed SWNT-RGO hybrid films can be prepared by spray 

coating [9], electrostatic self-assembly [10] and Langmuir-

Blodgett process [11]. 

In inkjet technology, there has been several methods to address 

problems by mixing two or more materials. Research began to 

hybridize other materials by patterning the material through a 

printing process and adding processes such as drop casting, spin 

coating, and dip coating. To improve the electrical capacitance, 

supercapacitor was fabricated by printing conductive SWNT on a 

fabric, and adsorbing RuO2 nanoparticles[12]. Next, from the 
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characteristics of additive process, studies have been reported that 

new materials were printed on the pre-printed layer to infiltrate or 

build a laminate structure. Alumina is a ceramic material mainly 

used for IC packaging. However, due to the nature of ceramic 

material, a high sintering temperature is required. In order to 

overcome these characteristics, aluimia particles were printed, the 

resin was infiltrated by printing, and result in a composite material 

for low processing temperature [13]. This strategy could be applied 

in BaTiO3 material which is well-known for high permittivity[14]. 

Although ITO has high conductivity and good optical property, when 

fabricated by inkjet process, the sheet resistance was measured 

200 Ω/□ due to the inhomogeneous structure. In contrast, printed 

Ag nanoparticles shows highly conductive, but show relatively poor 

optical performance. Studies have been reported on achieving both 

high conductivity and excellent optical properties by printing Ag 

nanoparticles on a printed ITO in the form of a grid[15].

At the next step, studies for mixing materials to make hybrid inks 

have been reported. Polyacrylic materials have been known as a 

high hardness, weather ability, chemical resistance and gloss 

affinity to pigment in dyeing and pigment field. On the contrary, it 

has poor properties in toughness, mar-resistance, elongation, 

adhesion and softness, and polyurethane has opposite advantages 

and disadvantages.
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Figure 1-3 TEM images of printable PUA hybrid emulsion with 

polyacrylic/polyurethane [16].

When just mixed physically, they are separated due to the poor 

compatibility and shows lower properties than the rule-of-mixture.  

In order to solve this problem, a core-shell structure was proposed 

and then printed. After heat treatment, it shows homogeneous 

nanostructure, which enabled the advantages of both materials to be 

hybridized[16]. 

Hybrid of titania and amorphous silica has been reported. Titania is 

a material used in the photocatalytic process, and it is mainly 

manufactured by using a slurry form because the surface is main 

factor for its performance. However, for device stability, the 

surface area is reduced in the process of immobilization. 

Amorphous silica has high mechanical properties, adhesion and 
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hydrophilicity as well as adsorption of reactant. Successful 

immobilization without significant reduction in surface area was 

achieved by mixing the two material with a brick-and-mortar 

strategy. 

Combining CNT with graphene to improve conductivity was 

reported [17]. CNT and graphene were dispersed in DMF using 

polyacrylonitrile, respectively, and then mixed for homogeneous 

dispersion. In the case of graphene, the electron transfer in the 

grains is excellent, but the contact resistance is very high, so the 

conductivity could be improved by using the CNT as a bridge. 

By hybridizing the materials, nanocomposites could realize 

improving their properties that could not be shown in a single 

material. However, since it is difficult to prepare a printable solution 

in an inkjet technology, studies for hybridizing a material by 

separately preparing it or introducing another processes have been 

mainly proposed. Recently, processes for dispersing and printing 

two materials in one solution start to be reported. 
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1.2.2. Single-walled carbon nanotube and M13 phage

1.2.2.1. Single-walled carbon nanotubes

A single-walled carbon nanotube can be described as a rolled up 

graphene sheet to form a hollow cylinder. The diameters of most of 

the SWNTs are around 1 nm and length is several hundreds of nm. 

Figure 1-4 shows the schematic diagram of a graphene lattice. The 

basis vectors 1a and 2a generated the graphene lattice. The vector 

hC defines the size of a SWNT. The graphene sheet is rolled up 

along the direction of hC to form the SWNT. Therefore, the vector 

hC is called chiral vector of the SWNT. hC can be defined using 

the basis vectors 1a and 2a (see Eq. 1-1). 

( )1 2 ,h n m n m= + ºC a a Eq. 1-1

The size and the direction of the chiral vector determines the 

electrical and optical properties of SWNTs [18]. For example, the 

bigger chiral vector, therefore the bigger diameter of SWNTs gives 

smaller bandgap energy of SWNTs. In addition, the difference in n 

and m, ( )n m- determines whether SWNTs are metallic or 

semiconducting. 
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Figure 1-4 The unrolled CNT lattice. 1a and 2a are the lattice 

vectors of graphene, with 1 2 3 C Ca a a a -= = = , where 

0.142C Ca - = nm is the carbon-carbon bond length. The chiral vector 

hC , defines the circumference of the CNT. The translation vector T 

is parallel to the CNT axis and is perpendicular to the chiral vector 

hC [18].
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Carbon nanotubes have been studied for specific electrical 

properties compared to the other carbon-related materials such as 

graphene having small band gap properties [19]. The individual 

carbon nanotube has two types of electrical properties determined 

by a chiral vector, and the carbon nanotubes having two different 

properties are coexist in the thin film according to the 

nanostructure [20, 21]. The defect or other doped materials on the 

tube can affect electrical properties of the carbon nanotube 

significantly [22, 23]. 

Carbon nanotubes have tubular structures with asymmetric ratio of 

width and diameter; the unusual electrical properties of carbon 

nanotube are strongly related with the structure of the carbon 

nanotube [24]. The electrical properties of the single-walled 

carbon nanotube are sensitive to their structural properties and 

easily tunable using geometrical or chemical doping that cause the 

change of electrical transport on the surface of tube controls of 

carbon nanotube[25]. In addition, the size of energy band gap of 

carbon nanotube is determined by the diameter of carbon nanotube. 

If the graphene sheet is not suppressed to external force and 

distorted, the diameter of carbon nanotube depends on the helicity 

of the tube. It is noted that the helicity specified by a pair of 

integers ( ),n m in last section.
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There is a carbon nanotube having ( ),n m tubes with  3n m j- =

where j is a nonzero integer; this is metallic carbon nanotube. In 

other cases, the carbon nanotube have large bandgap 

semiconducting [26]. When the radius of the tube increases, the 

band gap of the semiconductor decreases with a 1/ R dependence 

[27]. The various characteristics of carbon nanotube determined by 

the structure provide a fascinating theme to study the electrical 

properties of the carbon nanotubes and a high possibility for the use 

in electronic application. 

SWNTs have been successively applied in the detection of many 

analytically important chemicals or biochemical compounds, such as 

glucose [28], ammonia [29] and benzene [30]. The outstanding 

electrocatalytic ability of SWNTs are reflected by the enhanced 

electron transfer (decreased overpotential), the amplified current 

response (high sensitivity and low limit of detection) and the 

improved anti-fouling effect (stable response). The electron cloud 

of SWNT is distorted due to the curvature of the tubular structure. 

The s-p rehybridization in SWNTs result in more wave function 

localizing outside the tube [31], which makes SWNTs more 

electrochemically active [32]. Furthermore, in contrast to graphene, 

the carbon atoms in SWNTs are nonplanar (pyramidalized) and 

some p-orbitals are misaligned. The pyramidalization of carbon 
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atoms and the misalignment of p-orbitals induce local strain 

widespread on SWNTs [33]. The intrinsic high reactivity of SWNTs 

can also be attributed to the tendency of relive this strain [34]. In 

addition, since the curvature, the pyramidalization, and the 

misalignment inversely change with the scale of the tubes, an

increased reactivity is expected with decreasing the diameter of 

SWNTs [33]. 
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1.2.2.2. M13 bacteriophage

Bacteriophage M13 was first reported in 1963 [35]. It is a type of

filamentous bacteriophage, and the other are most commonly known 

as fd and f1. The genomic differences between three are very slight 

and apparently indistinguishable [36]. Each M13 particles is 

composed of a circular single-stranded DNA molecule containing 

nine genes which encode for eleven proteins. Five of them (pIII, pVI, 

pVII, pVIII, pIX) form a bacteriophage coat and the remaining six 

are required for DNA replication and bacteriophage assembly. (see 

Table 1-1). For a wild type M13 phage, the length is 900 nm and 

diameter is 6.5 nm [37, 38]. 

The diameters of most of the SWNTs are around 1 nm and length is 

several hundreds of nm. Figure 1-5 shows a schematic diagram of 

an M13 particle, where each of the five coat proteins is labelled. 

Figure 1-5 A schematic diagram of a single M13 bacteriophage. The 

labels indicate the location of each the five proteins that constitute 

the bacteriophage coat
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Table 1-1 The nine gene of FF filamentous bacteriophage encode 

for eleven proteins form the bacteriophage coat whilst six are 

required for DNA replication and bacteriophage assembly. The 

location of each protein in the E.coli host or on the bacteriophage 

particle are given. [36]

Gene Protein Function Location

gI pI Assembly Inner

membrane

pXI Assembly Inner 

membrane

gII pII Replication(nickase) Cytoplasm

pX Replication Cytoplasm

gIII pIII Coat component Proximal tip

gIV pIV Assembly (exit channel) Outer 

membrane

gV pV Replication (ssDNA bp) Cytoplasm

gVI pVI Coat component Proximal tip

gVII pVII Coat component Distal tip

gVIII pVIII Coat component Virion filament

gIX pIX Coat component Distal tip
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Study of the structure and lifecycle of bacteriophage was started in 

the middle of the 20th century [39-41], and has become the basis 

of the development of molecular biology. Bacteriophage has been 

used as a model system to aid understanding of the molecular 

mechanisms of DNA, gene cryptography and gene regulation [42]. 

Especially, advances in molecular biology have led to the 

development of bacteriophages as expression vectors for the 

display of foreign gene products on the bacteriophage surface. This 

is called phage display technique, and it was first demonstrated in 

1985 [43] on bacteriophage M13, but this technology has been 

successfully applied to bacteriophage l and others [44-46]. A 

phage display construct is generated by inserting DNA encoding a

heterologous protein into the bacteriophage genome. This DNA is 

added as a transcriptional fusion to one of the coat protein genes. In 

the case of bacteriophage M13, this technique enabled the display 

of heterologous proteins in all five envelope proteins, but the most 

commonly used envelope proteins are pVIII and pIII [36]. The 

phage display technique is closely related to the production of 

random peptide “libraries”, wherein the DNA of interest is 

fragmented and randomly cloned into phagemid vectors, again as 

transcriptional fusions to a bacteriophage coat protein [47]. 

Subsequent screening of the library allows for the selection of 

bacteriophages with fusions that shows specific binding to 
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antibodies, receptors, or even inorganic substances [48-50]. In 

addition, DNA sequencing of the inserts to the bacteriophage 

genome enables rapid identification of the amino acid sequence of 

the fusion of interest. As previously mentioned, phage display 

technology is not limited to filamentous bacteriophages such as M13. 

Other bacteriophage successfully displaying proteins on their 

surfaces include bacteriophage l [44], T7 [45] and MS2 [46].
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1.2.3. Theoretical study of printability

1.2.3.1. Numerical simulation

To model the details of the drop formation process we have to solve 

the Navier_Stokes equations. Many techniques are available, but the 

free surface demands special care [51]. There are in principle two 

options to model a free surface, e.g. a Lagrangian grid or an 

Eulerian grid. A Lagrangian grid is embedded in and moves with the 

fluid. An Eulerian grid of control volumes is fixed in space and a 

fluid moves through the grid. 

With Eulerian grids, there are several methods to describe free 

surfaces. The first method, which was developed in the 1960s, was 

the Marker-and-Cell (MAC) method [52]. This surface capturing 

method uses marker particles, which move with the fluid, i.e. a 

Lagrangian particle movement. The MAC method was developed 

first and applied in the 1980s for modeling inkjet drop formation 

[53] and also capable of modeling oscillations in small droplets, for 

example caused by the breakup process [54]. The second 

important method, the volume of fluid method, also named volume 

tracking, is developed in the 1970s and 1980s [55]. With this 

method, an extra variable is introduced, which specifies the fraction 

of fluids within the elements. This method has been successfully 

implemented in finite difference, finite element [56] discretization 
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methods. A third important method, developed in the 1990s, is the 

level-set method [57, 58], which is also used in combination with 

the volume of fluid method [59]. With this method, a distance to the 

interface function is used, which is positive in the liquid and 

negative in the gas. The location of the interface is therefore the 

zero level set of this function. A finite difference level-set 

projection method is for example developed by Seiko_Epson [60].

To model the details of the drop formation process, we used the 

level-set method as implemented in the commercial code Comsol. 

The incompressible Navier-Stokes equation, including surface 

tension, describe the transport of mass and momentum, and uses an 

extra variable, which specifies the fraction of fluid within the 

elements. The code uses a structured Eulerian grid and a finite 

element discretization method. 
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1.2.3.2. Dimensionless parameter

Dimensionless parameter has long been used for predicting fluid 

behavior owing to its simple, clear and intuitive properties [53, 61, 

62]. In the field of fluid mechanics, there has been numerous efforts 

to jetting behavior with physical properties such as surface tension, 

viscosity, and density so that estimate printability from fluidic 

properties [62, 63]. Due to its non-linearity, it is almost impossible 

to derive complete analytical solutions for the problem of jetting 

behavior. Instead, many studies proposed an approximate solution 

to the Navier-Stokes equations for the case of droplet ejection

[53] and related dimensionless parameter to jetting behaviors. In 

this context, the concept of a representative dimensionless 

parameter Z was introduced to be associated with a surface tension, 

viscosity and density. 

a
Z

rg

h
= Eq. 1-2

where a , r, g and h, respectively, diameter of the printing orifice, 

density, surface tension and viscosity. Fromm predicted that stable 

drop formation in DOD systems is permitted only when Z > 2.
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Figure 1-6 Representative photo sequence of drop formation[64]

Later, Reis and Derby [65] determined that a printable fluid should 

have a Z value between 1 and 10 for alumina suspension in 

hydrocarbon media, and Tai et al [66] observed drop ejection in the 

range of 0.67 < Z < 50 for aqueous mixtures of varying glycerol 

compositions. They found that the lower limit of Z is governed by 

the dissipation of the pressure pulse by fluid viscosity, and that the 

upper limit is determined by the point at which a satellite forms 

instead of single drop. Jang et al. [64] redefined the printability 

range as 4 < Z < 14 by considering characteristics of printing such 

as single drop formability, the minimum stand-off distance, 

positional accuracy, and maximum allowable jetting frequency(see 

Figure 1-6). Several studies [67, 68] had been conducted on the 

effect of Z on the mechanics of drop formation, e.g. capillary 

break-off length and time, droplet volume and satellite formation. 
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Figure 1-7 Various types of rheological properties. (a) shear stress 

as a function of shear rate; (b) Viscosity as a function of shear rate

Experiments and simulations of Cehn and Basaran [69] studied the 

effect of Z on the size of droplet produced. 

In the case of shear thinning fluids (see Figure 1-7), viscosity is a 

function of shear rate, and hence the operating window cannot be 

predicted directly based on the theory for Newtonian fluid. Hoath et 

al. [70] presented a quantitative model which predicted three 

different regimes of behavior depending upon the jet Weissenber 

number (Wi) and extensibility of polymer molecule in polymeric 

system. Recently, Yoo et al. [71] suggested the drop generation 

process consists of two independent process of ejection and 

detachment. The ejection process is found to be controlled 

primarily by high or infinite shear viscosity and the detachment 

process is controlled by the extensional viscosity due to the strain 

hardening in polymeric fluid.
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1.2.3.3. Flow-induced aggregation

Apart from the fluidic properties, heterocoagulation of nanoparticles 

with micrometer-sized particles can also lead to flow-induced 

aggregation and clogging in the microchannel. This phenomenon 

may occur even if the fraction of large particles is on the order of 

10-100 ppm and even if theses impurities are significantly smaller 

than the channel dimensions. The larger particles act as nuclei for 

aggregation and they are surrounded mostly by small particles, 

forming large agglomerates clogging the microchannel (see Figure 

1-8) [72]. This phenomenon has been observed even for 

commercial suspensions with extended shelf life, and it has been 

identified to cause trouble in filtration, dispersing, or coating 

operations. To prevent flow-induced aggregation, some process 

has been suggested such as filtration with fine filter (<1 mm) [72]

and adjustment of the amount of surfactant [73]. 

Figure 1-8 Electron micrographs of the coagulum [72]
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1.3. Motivation and research objectives

Clearly, one of the main issue in printed device field is developing 

new material systems and fabricating high performance devices. 

People have been trying to develop new methods to control 

nanostructure for achieving high carrier mobility [74], utilize self-

aligned process for enhancing resolution under sub-micrometer 

scale [75], treat additional process for sintering [76] and make 

layered structure for additional functionalities [77]. However, the 

printed devices still show modest performance than devices 

fabricated in other well-established processes.

In the view of material science, making nanoscale hybrid materials 

can provide an insight for new methods to fabricate high 

performance devices. In various field, extensive studies have 

reported that nanoscale hybrid materials possess the synergistic 

effects between individual component by combining and inheriting

unique properties of their parental constituents at the nanoscale 

level [78-80]. The weakness of each component is offset by the 

strength of the other components and additional functionalities could 

be employed without disturbing their own unique advantages. 

However, fabrication of hybrid materials at nanoscale range is 

difficult to be implemented. Printed materials could be separated 

from each other due to poor affinity, or they may block the nozzles 
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by making aggregates in solution. The interaction between 

individual materials and the homogeneity of mixed phase are one of 

the key issues for fabricating well-structured hybrid materials.

Biological systems can provide precise control over materials 

interaction between peptides and other no-biological materials 

through biological molecular recognition and the surface charge 

when dissolved in solvent can be used as a platform material for 

electrostatic interaction based process. Recently, a filamentous 

(~6.5nm in diameters and ~880 nm in length) M13 bacteriophage-

based biological toolkit has been reported for material synthesis and 

assembly in a multiple length-scale [28, 30, 81-83]. Capsid 

proteins of M13 virus can be genetically engineered for controlled 

material interaction to as a binding various materials. The capability 

of modifying and controlling materials interaction through genetic 

engineering make M13 virus an attractive toolkit toward creating 

new nano-structured hybrid materials system [48, 84].

A carbon nanotube is one of the promising materials for the use in 

the printed devices due to its excellent properties resulted from 

unique structure. However, electrostatic charge interaction based 

processes couldn’t be applied to pristine carbon nanotubes due to 

the neutral charge in surface. As an alternative, covalent 

functionalization of the surface of SWNTs are suggested, but it 

perturbs the electronic property of SWNTs, degrading overall 



27

performance of the device.

The objective of this thesis is first to provide fundamental insight 

into printable windows of SWNT/M13 hybrid ink in the context of 

fluid mechanics; secondly to develop SWNT/M13 hybrid electrode 

using inkjet printing process; and finally to fabricate a high 

performance enzymatic devices with printed SWNT/M13 hybrid 

electrode.
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2. Theoretical study for printable windows

2.1. Design of dimensionless groups and 

numerical model

The first bit of ink that flows out of the nozzle is soon joined by

faster moving ink that left the nozzle a little bit later. This results in 

a droplet of ink that moves away from the nozzle. As long as the ink 

that leaves the nozzle moves faster than the droplet, that ink joins 

the droplet, thereby enlarging and accelerating the droplet. 

Eventually, the velocity of the ink in the nozzle decreases below the 

velocity of the droplet, and the droplet no longer grows. The ink 

that is jetted from the nozzle, but is too slow to overtake the droplet, 

forms a ligament, which we call the tail. For a while, this tail 

connects the droplet with the nozzle until the radius of the tail 

decreases to zero somewhere. If the tail radius tends to zero at 

several locations along the tail almost simultaneously, we call it tail 

breakup. If the radius tends to zero near the nozzle, we call it 

pinch-off. During the drop formation process, the inertia, viscous 

forces and surface tension have a significant influence on the 

morphology of droplet (see Figure 2-1) [53, 61].

Here, the supplied ink velocity v, and the jetting time t are the 

variables influencing the drop morphology. Here, six variables are 
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listed below that determine the fluid dynamics in inkjet printing, 

, , , , ,d v tr g h Eq. 2-1

where r is the density, g is the surface tension, h is the viscosity, d

is the nozzle diameter, v is the drop velocity, t is the jetting time. 

Figure 2-1 Balancing advection, Laplace pressure, and surface 

tension in a reference frame that moves with the droplet during 

jetting process [85].

We designed dimensionless numbers to systemize the variables 

affecting the printing system. The aforementioned six variables 

(m=6) contain four fundamental dimensions (n=3) – [M], [L] and 

[T]. Using the Buckingham pi theorem, the number of 
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dimensionless groups equals the number of variables minus the 

number of fundamental dimensions; m-n=3. The three 

dimensionless numbers (p1, p2, p3) were derived as following,

1 3 3
~ , ,

d
v t

dd

h r g
p p

g rgr

æ ö
= ç ÷ç ÷

è ø
Eq. 2-2

and the designed dimensionless numbers are summarized in with 

additional information.

Table 2-1 Design of dimensionless numbers governing the system

Dimensionless 

groups
p1 p2 p3

Expression
dgr

h

d
v

r

g

31 d

t

r

g

In present notation Z a b

Representation Material property Processing( We ) Processing

Now let us briefly examine the physical meanings of (p1, p2, p3).

1

d
Z

gr
p

h
= = is a dimensionless number that related the viscous 

forces to inertial and surface tension force. For inkjet printing, Z is 
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used to define the printable inks. If Z is too low, no droplet can be 

formed, and if Z is too high, the formation of satellite droplets 

results in poor printing quality. Tai et al. [66] observed drop 

ejection in the range of 0.67 < Z < 50 for aqueous mixture of 

varying glycerol compositions (0-80%) with nozzle diameter 

50d mm= .

p2, p3 are the dimensionless numbers linked with processing 

conditions. 2 / cv vp a= = is dimensionless velocity defined as the 

ratio of supplied velocity v and critical velocity vc. As suggested in 

Eq. 2-3, vc is the value determined by the properties of the fluid

cv
d

g

r
= Eq. 2-3

3 /t tgp = is dimensionless time defined as the ratio of jetting time t 

and capillary time scale tg. Based on the three dimensionless 

numbers, we will explore the processing map in inkjet printing.

After design the dimensionless groups, numerical model for 

calculation is established. For shear thinning fluids, viscosity is a 

function of shear rate. Therefore, it is necessary to define the 

characteristic viscosity in order to calculate the Z value that 



32

represents the printability. During jetting process, the range of 

shear rate has been reported from 104 /s to 106 /s [86], but is has 

not been reported which shear rate is dominant for jetting process. 

To confirm this, a parametric study was conducted using numerical 

simulation. 

Because Z value is defined using the balance of surface tension, 

viscosity and density, we ignored the viscoelastic properties. The 

characteristic viscosity was defined by comparing the jetting 

behaviors of shear thinning fluid to Newtonian fluids with specific 

viscosity by finding the closest equivalent. Figure 2-2 shows 

geometry used in numerical simulation. For the inlet boundary 

condition, Eq. 2-4 was used as inlet velocity. 

( ) ( )( ) ( )( )( )sin 2 / 2 1 / 2t
n n n nv ae ft r r r r r rb p-= ´ ´ + ´ - + Eq. 2-4

where a is a velocity amplitude, b is a damping constant, f is a 

jetting frequency and rn is nozzle diameter. 
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Figure 2-2 Geometries for numerical simulation
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To verify the validity of the simulation, simulations and experiments 

were compared in two solutions of SWNT 1000 μg/ml (SC 2%) and 

SWNT 500 μg/ml (SC 1%) (see Figure 2-3). In the SWNT 1000 

μg/ml (SC 2%) solution, the solution starts jetting at 10 us and 

pinch-off occurs at 20 ~ 30 us. It is also observed that the droplets 

are separated into two droplets when jetted after 40 us, and the 

shape is maintained until 50 us. In case of SWNT 500 μg/ml, it was 

observed that the solution started to jet at 10 us and two satellites 

were formed at 30 us, resulting in formation of 3 drops. In addition, 

when the viscosity of the solution is relatively low, the kinetic 

energy dissipation is small and the velocity of drop head is faster

than that of higher viscosity solution. Although the detail shape was 

slightly different, it was validated that the characteristics such as 

the number of drop formation and the velocity of the drop head can 

be successfully simulated through the suggested model, and the 

following simulation is performed using this model.
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Figure 2-3 Comparison of jetting behavior between measurement 

and simulation. (a) SWNT 1000 μg/mL (sodium cholate 2 w/v%), (b) 

SWNT 500 μg/mL (sodium cholate 1 w/v%)
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2.2. Estimation of printable windows

2.2.1. Determination of characteristic viscosity

Figure 2-4 shows the simulated trajectory over time, and Figure 

2-5 shows the representative photo at 10 μs intervals. The larger 

the viscosity, the closer the distance between the head and the tail 

of drops. It is well matched with the relation between formation of 

satellite and Z. The most similar behavior to shear thinning fluid 

was shown when the viscosity is infinite viscosity fitted with 

Carreau model. This is because, as reported, shear rate from 104 /s 

to 106 /s is applied at jetting of drop, and when 106 is applied, shear 

rate is most same as infinite viscosity. We then used the infinite 

shear viscosity obtained from the Carreau model to calculate Z.
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Figure 2-4 Trajectories of the simulated droplets as a function of 

elapsed time. Solid lines are trajectory of head, and dashed lines are 

trajectories of tail
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Figure 2-5 Representative photo sequence of drop formation for 

fluids with various viscosity (a) shear thinning; (b) h0; (c) h10000; and 

(d) hInf
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2.2.2. Creation of jetting map

The jetting system is determined by the magnitude of Z which is 

the ratio of the viscous forces to inertial and surface tension force. 

If Z is too low, no droplet can be formed, and if Z is too high, the 

formation of satellite droplets results in poor printing quality. Thus, 

stable single drop mode can be generated when physical conditions 

are optimized. This is categorized as classical drop-on-demands 

jetting system. It has been reported that proper single formed when 

the condition for inkjet is satisfied as Z>2 [53], 1<Z<10 [65], 

0.67<Z<50 [66] or 4<Z<14 [64].

First of all, to set the various range of Z, some of material 

properties are fixed. Surface tension was fixed as 50 mN/m, density 

was fixed as 1000 kg/m3 and nozzle diameter was fixed as 20 μm.

And then, the viscosity varied from 0.001 mPa∙s to 0.1 mPa∙s. As a 

results, calculated Z values are shown as 0.316, 3.16 and 31.6. In 

the Z, which judges the jetting system, when geometrical 

configuration is fixed (see Figure 2-2), and the supplied velocity v

and the supplied time t are the crucial factors for determination of 

jetting phenomenon. Thus the relation of a, b and Z is key factor to 

proper jetting. 

The jetting behaviors in various a, b and Z were shown in Figure 

2-6. In case of Z=0.316, the kinetic energy was dissipated too 
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much, and the jetting did not occur in most areas. So the single drop 

formation was observed in vary narrow region. In case of Z=3.16, 

the single drop formation appeared at 0.474<a<0.949 when b is 

2.53. Compared to the other fluids, printable window is broadest, 

and it is most well-designed fluid for printing. In case of Z=31.6, 

the single drop formation appeared at 0.474<a<0.632 when b is 

4.21. Due to high surface tension relative to viscosity, many 

satellite drops are formed and the pinch-off at the head droplet 

observed.
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Figure 2-6 Jetting maps in terms of the dimensionless numbers a, b. 

Z = 0.316, Z=3.16, and Z =31.6
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2.3. Application of model

The boundary conditions in the numerical simulation are applied 

with a time-dependent velocity profile, whereas the actual process 

conditions in the inkjet process are the voltage profiles over time 

(see Figure 2-7). Therefore, we need a new relationship that 

connect these two. In this model, the assumption is applied that the 

movement of the ink in the actual chamber occurs during the time of 

the process variable t1 and is equal to fluid injection time in 

boundary condition in numerical simulation.

For using the printable window, a hybrid ink having SWNT : M13 = 

10 : 1 ratio was prepared by mixing 1 ml of SWNT (concentration: 

3 × 1014 # ml-1) solution and 0.5 ml of M13 (concentration: 6 × 1013

# ml-1). 

Figure 2-7 Comparison between boundary condition in simulation 

and processing condition in experiments
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The infinite viscosity is measured 1.24 mPa∙s and dimensionless 

parameter Z is calculated 25.5 (experimental description will be 

presented in Ch3). 

Figure 2-8 shows the proper jetting region at Z = 26. To verify the 

actual jetting behavior, we performed experiments on four points on 

a line with b fixed at 8 and analyzed the corresponding jetting 

behavior. According to the jetting map by numerical calculation, 

proper jetting occurs in the range of 0.55 < a <0.87, the kinetic 

energy is not enough for jetting at a < 0.55, and satellite is formed 

due to the kinetic energy too high at a > 0.87. As shown in Figure 

2-8, the experiment is performed at four points within the range, 

and it is observed that the correct single drop is formed only at two 

points in the proper jetting region. Therefore, it was confirmed that 

the jetting map was successfully estabilished and the processsing 

conditions for properjetting could be estimated using physical 

properties of formulated hybrid inks.
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Figure 2-8 Proper jetting region when Z=31.6 and representative

image of jetting behavior at four points.
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3. Experiment for printed hybrid film

3.1. Characterization of physical properties

The aim of this study is to tailor printable SWNT hybrid inks for 

drop-on-demand inkjet printing. From a fluid mechanics point of 

view, viscosity h and surface tension s of the dispersions should be 

controlled. Viscosity contributes to drop formation by induced 

pressure wave propagation inside the nozzle, and the surface 

tension contributes to the pinch-off of drops at the nozzle exit. To 

project droplet at the nozzle orifice, the action of the pressure wave 

should be break the barrier of surface tension.

The single-walled carbon nanotube (SWNT) based aqueous 

solution with sodium cholate known as biocompatible surfactant was 

selected as a model solution for analyzing the jetting phenomenon. 

The critical micelle concentration (CMC) of sodium cholate was 

known as 12 mM (about 0.5 w/v%). For the stability of the solution, 

we used the solution with over 0.75 w/v% of sodium cholate. 

Surface tension, an important rheological characteristic related to 

printing, was measured at the concentration of sodium cholate, and 

it was found to be constant at 50 mN / m above 0.5 w/v% (see

Figure 3-1).
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Figure 3-1 Surface tension of sodium cholate aqueous solution as a 

function of concentration

Surface tension was also measured for the SWNT solution, 

SWNT/M13 hybrid solution and the results showed that the carbon 

and bio nanomaterials did not affect the surface tension (see Figure 

3-2). This is probably because the relatively small number of 

particles are dispersed in the solution compare to sodium cholate 

(the weight ratio of the SWNT to SC is under 0.05).
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Figure 3-2 Surface tension of SWNT and SWNT/M13 hybrid inks as 

a function of concentration
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Next, the viscosity of inks were measured and shown in Figure 3-3. 

In SWNT and SWNT/M13 hybrid solutions, shear thinning effect 

was observed. The viscosity was measured using a rotational 

rheometer in the range from 1 to 200 s-1 and a v-mRoc 

(Rheosense) in the range over 200 s-1. Excellent self-consistency 

between the two rheometers was shown in data. The graph was fit 

using the Carreau fluid equation (Eq. 3-1), and the results are 

shown in Table 3-1.

( ) ( ) ( )( )
1

2 2
0 1

n

effm g m m m lg
-

¥ ¥= + - +& & Eq. 3-1

For calculating Z value, we used the m¥ as a characteristic 

viscosity of fluid. And the viscosity of hybrid ink was fitted by 

empirical equation (Eq. 3-2 and Table 3-2) and the RMSD 

between measured value and fitted value was only 0.004.

( ) 2 2
13 1 2 1 13 2 13,SWNT M SWNT SWNT M MC C a bC b C c C c Ch = + + + + Eq. 3-2

The Z value could be estimated from the fitted equation in various 

composition of SWNT and M13 solution.



48

Figure 3-3 Viscosities of the SWNT, M13 and SWNT/M13 hybrid 

inks as a function of shear rate
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Table 3-1 Characteristics of the SWNT solutions

Particle Stabilizer Material property

SWNT

(μg/mL)

SC

(w/v%)

h0

(mPa∙s)

h¥

(mPa∙s)
t n

s

(mN/m)

500 1 3.17 0.90 0.21 0.67 49.5

1000 1 9.17 0.94 0.42 0.60 49.6

200 2 1.95 0.79 0.28 0.78 49.1

500 2 5.13 0.89 0.36 0.66 49.6

1000 2 22.73 1.00 1.97 0.59 49.7

Particle Stabilizer Calculated & measured properties

SWNT

(mg/mL)

SC

(w/v%)

v

(m/s)

d

(μm)

Z

(=Oh-1)

Printing 

performance

500 1 2.38-4.33 25.3-29.2 29.1 Jetting

1000 1 2.23-5.92 23.7-28.5 25.0 Jetting

200 2 x x 31.6 Misfiring

500 2 1.73-7.13 24.0-30.1 27.2 Jetting

1000 2 1.52-6.81 23.1-29.0 23.0 Jetting

SC : Sodium cholate, h0 : Viscosity at zero shear rate, h¥ : Viscosity 

at infinite shear rate, t : time constant, n : power index, v : printable 

velocity, d : printable drop diameter.
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Table 3-2 Comparison of calculated infinite viscosity and fitted 

viscosity

SWNT

(# of particles / 

mL)

M13 concentration

(# of particles / 

mL)

h¥

(mPa∙s)

fittedh

(mPa∙s)

hD

0 0 0.88 0.87 0.01

5 0 0.93 0.94 -0.01

8 0 0.95 0.98 -0.03

10 0 1.00 1.00 0

20 0 1.15 1.14 0.01

30 0 1.25 1.26 -0.01

0 0.3 0.90 0.89 0.01

0 0.6 0.92 0.90 0.02

0 2 1.00 0.99 0.01

0 4 1.11 1.11 0

0 8 1.28 1.31 -0.03

20 2 1.24 1.26 -0.02

20 4 1.41 1.37 0.04

20 8 1.58 1.58 0

( )1 2 5 2 4
1 2 1 28.69 10 , 1.38 10 , 2.2 10 , 6.28 10 , 8.90 10a b b c c- - - - -= ´ = ´ = - ´ = ´ = ´
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3.2. Analysis of jetting behavior

Jetting experiments were carried out using solutions composed of

different particles and concentrations. The waveforms for jetting 

are composed of 5 elements as shown in Figure 3-4. In this session, 

jetting was investigated under the condition of V = V1 = V2 = 30 V, 

t1 = 3 ms, t2 = 5 ms, t3 = 1 ms.

Reis et al. found that the velocity and volume of a droplet are 

linearly related to the driving voltage, but show more complicated 

and periodic behavior as the frequency and pulse width change [53]. 

This periodic dependence is determined by the acoustic properties 

of the fluid-filled chamber in the piezoelectric droplet generator, 

which is a function of the fluid properties, the print head design, and 

the constituent materials. Thus, individual fluids having different 

physical properties can have specific optimum printing conditions at 

which the desired superposition of acoustic pressure waves is 

achieved.
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Figure 3-4 Parameterization of wave form

By lowing the printing frequency to 1 kHz, we were able to focus on 

the inter-relationship between ink-jet printability and physical 

fluid properties by monitoring the droplet formation dynamics 

without the consideration of acoustic effects because the acoustic 

wave generally damped out in 100 ms [61].

The dynamics of fluid droplet formation as a function of the Z 

values are apparently different as physical properties of fluids. For 

SWNT 200 mg/mL and sodium cholate 2 w/v% with Z = 31.6 lots of 

directional misfiring spray, and very different drop velocities among 

the 16 nozzles operating simultaneously were observed.
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Figure 3-5 Representative photo sequence of drop formation for 

fluids with values of Z at V = 30 V and t1 = 3 ms : (a) Z = 23; (b) Z 

= 25; and (c) Z = 29

However, upon lowering Z by increasing of the particle 

concentration, stable drops were ejected. The inverse of the 

Ohnesorge numbers for the fluids shown in Figure 3-5 a, b, c are 

23.0, 25.0, and 29.1, respectively. The pressure pulse pushed the 

fluid out of the nozzle tip and the meniscus bulged quickly until a 
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filament with a round head formed at an elapsed time of 10~25 ms. 

The traveling velocity difference between the droplet head and the 

filament stretched the droplet filament until an elapsed time of 

25~35 ms. 

During the stretching of the fluid filament, the tail of the filament 

near the nozzle tip was continuously necking, forming a long fluid 

filament. The tail of the filament finally ruptured from the nozzle tip 

and recoiled back to the drop head to minimize surface area in the 

fluids with Z = 23.0. The filament length shrank further and a single

droplet eventually formed at an elapsed time of 50~60 ms (see 

Figure 3-5 (a)). On the other hand, for fluids with Z = 25.0 (Figure 

3-5 (b)), the recoiling filament detached from the falling droplet, 

generating a primary droplet and a transient satellite, both of which 

merged together into a single droplet at an elapsed time of 70 ms. In 

contrast, for the fluid with a value of Z = 29.1, the satellite was 

unable to merge with the primary droplet even after 100 ms (Figure 

3-5 (c)).

As seen in the in situ monitoring, the droplet formation process 

involved the successive events of ejection and stretching of the 

fluid, necking, rupture, and recoil of the fluid, and formation and 

recombination of a single droplet and a satellite. For a quantitative 

analysis of droplet formation behavior, the positions of several 

representative points on the ejected fluid were plotted versus the 
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elapsed time (see Figure 3-6). In the earliest stage, the black 

colored dots represent the head trajectory of the fluid ejected from 

the nozzle, which became the tip of the primary droplet at a later 

stage. The red colored dots indicate the point at which the fluid 

ruptured from the nozzle, which represents the later tail trajectory 

of the fluid filament. The time at which the filament ruptured from 

the nozzle is defined as the rupture time. The moment at which the 

head and tail trajectories merged corresponds to the formation of a 

single droplet. This graphical description divides the jetting process 

into three distinct stages: filament elongation, filament recoiling, and 

single droplet formation. Figure 3-6, Figure 3-7 and Figure 3-8

enables us to investigate jetting behavior as a function of Z. The 

slope of the head trajectory represents the travel velocity of the 

falling droplet. Within a short travel distance of 450 mm, we can 

ignore effect of gravity and assume the falling droplets travel at a 

constant velocity. The travel velocity of the droplet increased with 

increasing Z values: 5.72 m/s when Z = 23.0, 5.92 m/s when Z = 

25.0, and 8.11 m/s when Z = 29.1. In contrast, the retreating 

velocity of the tail decreased with increasing Z value: 7.14 m/s 

when Z = 23.0, 6.80 m/s when Z = 25.0, and 5.24 m/s when Z = 

29.0. 
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Figure 3-6 Representative trajectories of the ejected droplets as a 

function of the elapsed time for fluids with Z=23.0 at V = 30 V, t1 = 

3 ms

Jetting behavior dependence upon the Z values results from the 

influence of fluid properties on the ejection process, and the 

resulting travel velocity difference between the head and tail at the 

moment of filament rupture. After the ejected fluid ruptured from 

the nozzle, it became a free-flying filament.
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Figure 3-7 Representative trajectories of the ejected droplets as a 

function of the elapsed time for fluids with Z=25.0 at V = 30 V, t1 = 

3 ms 

The travel velocity of the filament depends on the fluid viscosity 

and volume near the nozzle tip under a given pressure stimulus. The 

driving pressure applied to the fluid near the nozzle tip is viscously 

dissipated and consumed to form a new surface, while the remaining 

energy transforms into the kinetic energy of the ejected fluid. A 

higher fluid viscosity lead to more energy dissipated, resulting in a 

smaller available kinetic energy.
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Figure 3-8 Representative trajectories of the ejected droplets as a 

function of the elapsed time for fluids with Z=29.1 at V = 30 V, t1 = 

3 ms

Therefore, as the value of Z decreased, the travel velocity of the 

droplet head decreased due to the increased viscosity. The fluid 

volume near the nozzle tip, which determines the amount of viscous 

dissipation, also influences the travel velocity of the fluid. A viscous 

fluid forms a longer filament during printing, which narrows the 

filament neck at the nozzle tip. This reduces the fluid volume prior 

to rupture. The travel velocity of the tail increases with increased 

fluid viscosity. For fluids with Z = 23.0, the relative tail velocity 
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was fast enough to catch up to the droplet head, even a large 

separation distances. The tail merged with the head without a 

secondary rupture of the filament from the droplet. In the case of 

fluids with Z = 25.0, a secondary rupture of the elongated filament 

from the falling droplet head occurred because of surface tension 

driven minimization of the surface area, but the tail velocity 

remained sufficiently fast to recombine with the primary droplet 

during the filament recoil stage. In contrast, fluids with Z = 29.1, 

were easily ejected by the applied pressure without significant 

viscous dissipation. Large oscillatory kinetic energy and high 

surface tension tended to induce a secondary rupture of the 

filament with formed transient satellites. The resulting droplet fell 

with a relatively high travel velocity, so that the separated tail could 

not catch up with droplet head. This generated a primary droplet 

and permanent satellites.
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3.3. Optimization of printing parameters

We optimized the conditions for printable resolution and forming 

proper line in the hybrid ink system. All experiments were 

performed with a hybrid ink having SWNT : M13 = 10 : 1 ratio

under V = 30 V, t1 = 5 ms unless otherwise noted. In order to 

fabricate well-shaped pattern using inkjet printer, some parameters 

should be optimized. Surface energy, drop size and drop spacing are 

important parameters, and they affect the shape of the printed 

pattern. When we used materials with different surface energy, the 

surface energy is critical issue for inkjet printing system, and the 

contact angle between the solution and substrate is the crucial 

property. 

Inkjet printing process is a kind of an additive method, which has 

the advantage of being able to stack additional layers and make 

gradation for tunable properties. Therefore, we measure the contact 

angle according to the printed layers and the result is shown in 

Figure 3-9. The contact angle started at 54.2°on the glossy paper 

substrate and decreased to 21.9°in the 10th layer. This is because 

the hydrophilicity of the substrate increases as the M13 phage is 

printed. 
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Figure 3-9 Contact angle of droplet as a function of # of printed 

layers

Assuming that the contact line of an individual droplet is pinned and 

cannot retract, the model of drop-bead coalescence[87] could be 

utilized. Using the diameter of the drop D0, equilibrium contact angle 

eqmq and drop spacing p, the line width and the maximum drop 

spacing forming the stable line could be estimated (see Eq. 3-3

and Eq. 3-4).
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In this solution, pmax and w (at p= 20 mm) are calculated as 26.7 mm 

and 50.7 mm respectively and they were well matched with 

experiments (seeFigure 3-10). We can calculate the pmax and 

minimum line width in each jetting waveform. In case of this hybrid 

ink, the minimum linewidth can be estimated as 37.4 mm. Because 

the productivity and resolution are in trade off relation, we could 

tune the printing condition according to the purpose of use. 

Figure 3-10 Printed tack morphologies after drying of the carbon 

nanotube M13 hybrid ink on a glossy paper with a various drop 

center spacings : (a) 5 mm; (b) 10 mm; (c) 20 mm; (d) 30 mm; (e) 40 

mm; and (f) 100 mm (scale bar : 200 mm)
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Flow-induced aggregation has been known to be one of the crucial

factors impeding stability in microchannel system[72, 88]. In 

particular, it has been reported to inhibit this stability in colloid 

systems[73]. To prevent flow-induced aggregation, some process 

has been suggested such as filtration with fine filter (<1 mm) [72]

and adjustment of the amount of surfactant [73]. Filtration is not 

suitable for materials with highly anisotropic geometries such as 

SWNTs (L/d » 1000), which also inhibits the reliability of the 

composition of the solution after process. Therefore, the amount of 

surfactant was adjusted for stability in this study. In the previous 

experiments, it was confirmed that the jetting was stably maintained 

over 30 minutes at SC 1 % and 2 % solutions. Figure 3-11 shows a 

photograph of a jetting image at SC 0.75 %. As the time elapsed, it 

was confirmed that the velocity of the jetting was decreased. The 

jetting was interrupted due to the aggregation inside, and after the 

nozzle cleaning through the purging, the jetting similar to the first 

jetting was observed. As a result, it was confirmed that the stability 

in jetting has a problem in SC of 0.75 w/v% or less. 
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Figure 3-11 Clogging of nozzle in SWNT 500 mg/mL suspension (SC 

0.75%); (a) jetting started; (b) elapsed 15 min; (c) elapased 30 min; 

and (d) after purging
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3.4. Characterization of printed hybrid film

3.4.1. Microstructure

Figure 3-13 (a) shows a high-magnification transmission electron 

microscopy (TEM) image of SWNT-p8GB#1 hybrid at a molar 

ratio of 10:1. The image shows nanomesh-like[83] fine features, 

with an SWNT bundle width range of 3~10 nm. The distinction of 

SWNT bundle and p8GB#1 was ambiguous because the diameter of 

SWNT bundles is similar to that of p8GB#1. Therefore, we 

analyzed the morphology of SWNT and p8GB#1 hybrid by mapping 

nitrogen and carbon atom through EF-TEM methods. Nitrogen 

atoms (green) are present only in the p8GB#1 phage, whereas 

carbon atoms (red) are present in both the SWNTs and p8GB#1. 

Figure 3-12 Scanning electron images of the SWNT/M13 electrode. 

(a) As printed, (b) After DI water rinsing (scale bar : 200 nm)
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Figure 3-13 Microstructure of printed films. (a) High-resolution 

TEM image of the SWNT/M13 hybrid at a SWNT : p8GB#1 molar 

ratio of 10 : 1. (b) The green lines suggest the location of the 

p8GB#1 phage particles and coincide well with the images of the 

SWNTs shown in (a).

An overlaid image, therefore, indicates the position s of the 

p8GB#1 particles. The overlaid images shown in Figure 3-13 (b), 

coincides well with the image of the SWNTs shown in Figure 3-13

(a), obtained from the same sample area. These results suggest 

that the p8GB#1 phages bound to the SWNTs along the length of 

the phage body surfaces. And evenly distributed M13 phages in 

SWNTs form nanocomposites with well-organized structure. 
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When measuring the glucose concentration in solution, the 

electrochemical electrode must be immersed in solution, so the 

stability of the electrode to water is a very essential factor. The 

p8GB#1 phage was reported as a biological template material which 

have ability to control and stabilize the nanostructure of the 

nanomesh in a nondestructive manner [30, 83] in hydrodynamic 

method. In the inkjet printing system, a control experiment was 

conducted to confirm the presence of the gluing effect (see Figure 

3-14). First, it can be seen that the pattern is well printed on the 

transparent PET film regardless of the existence of the p8GB#1 

phage. The printing conditions of the solution were discussed in 

chapter 2. The image on the left was just after printed, and the 

image on the right was some minute after putting in deionized water 

at the same time. When only SWNT solution was printed, SWNT is 

dissolved in water and the original pattern was erased. On the other 

hand, when M13 was present, it bound the SWNT and prevent it 

from dissolving and keep the original pattern.
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Figure 3-14 Demonstration of gluing effect of p8GB#1 phage. (a) 

SWNT on PET. (b) SWNT-p8GB#1 on PET.
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3.4.2. Electrical property

After hybridization of SWNT and M13 solution in a certain ratio, the 

ink was printed and characterized. The printed lines draw a certain 

shape using a printing pattern. Although the 1-layer printed thin 

film had conductivity, it is hard to use the thin film for 

electrochemical electrode due to low conductivity and durability of 

the thin film under aqueous situation. To obtain high properties for 

the use in the electrochemical electrodes, several layers of 

SWNT/M13 hybrid film were deposited. When printing times 

increased, the sheet resistance of the printed thin films was also 

increased after a certain time. It is the effect of the surfactant and 

the salts in buffers. After rinsing with water the sheet resistance 

decreased dramatically. A concentration of the single-walled 

carbon nanotube in the fabricated solution was 0.67 mg/ml. When 

we considered a weight fraction between carbon nanotube and 

water in the solution, the portion of carbon nanotube in the ink was 

low. So, the printed ink drop, line and film had poor conductivity. 

The overlapped layer had higher density of carbon nanotube per 

unit area than 1-layer printed thin film; this cause the improve 

sheet resistance. After rinsing process, thickness of the 1-, 3-, 5-

and 10-layer printed films were 277, 815, 1089, and 2040 μm, 

respectively (see Figure 3-15).
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Figure 3-15 Layer thickness as a function of # of printed layers

The sheet resistance reduced from 1304 Ω/□ to 144 Ω/□ upon 

printing layers (see Figure 3-16). And the surface morphology of 

printed thin film as printed and after rinsing were shown in Figure 

3-12. The surfactant was reduced, but still exist on the surface. 

From the sheet resistance and thickness, we calculated the 

conductivity of film. The conductivity was about 30 S/cm and it still 

had low conductivity compared to the previous reports [89, 90]. 

This is thought to be due to residual surfactant.
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Figure 3-16 Sheet resistance as a function of # of printed layers

Gluing effect of M13 could be observed in electrical properties. The 

sheet resistance of SWNT printed films were shown in Figure 3-17. 

The sheet resistance of films is sharply increased. The printed 

SWNTs are be enclosed in sodium cholate. So when dipped into the 

water, the SWNTs are dissolved in the water again. Upon the time 

increases, the more SWNTs are dissolved, and result in sharp 

increase in sheet resistance.
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Figure 3-17 Sheet resistance of SWNT printed film as a function of 

time of dipping in water

On the other hands, the sheet resistance of SWNT/M13 hybrid films 

are not changed significantly. SWNTs are also enclosed by sodium 

cholate before washing, but the M13 phages also attached to the 

side-wall of SWNTs. Unlike the sodium cholate, M13 phages have 

repeating functional groups in sidewall. So it could be bind SWNTs 

around itself. As a results, more stable films in water condition was 

fabricated.
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Figure 3-18 Sheet resistance of SWNT/M13 hybrid printed film as a 

function of time of dipping in water
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4. Application for biosensors

4.1. Fabrication of printed model biosensors

Glucose oxidase (GOx) was selected as the model enzyme to 

analyze the enzymatic electrochemical sensor platform. Figure 4-1

illustrated the fabrication of enzymatic biosensor and the image of 

sample..

To fabricate third-generation enzymatic biosensors, SWNT/M13 

hybrid ink is prepared, the printing condition were optimized and 

then printed on the glossy paper. In order to nondestructively and 

intimately couple negatively charged enzymes (pI < 7.2), a 

monolayer of positively charged polyelectrolyte interlayer is formed 

on the negatively charged printed SWNT/M13 hybrid, after which 

enzymes are immobilized.

Figure 4-1 A schematic diagram for the process of enzymatic 

biosensor fabrication
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4.2. Characterization of printed model 

biosensors

4.2.1. Analysis of direct electron transfer

The analysis of the characteristics and dependence of DET peak 

intensity on scanning rate is shown in Figure 4-2. 

First, the cyclic voltammograms (CVs) of the GOx layer on the 

printed CNT-M13 hybrid. The CNT-M13-GOx layer produced a 

strong DET redox peak at -400mV versus Ag/AgCl.

Figure 4-2 Characteristics and dependence of the DET of the 

printed electrode on scan rate
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Figure 4-3 Peak currents against the scan rate

These strong faradic peaks arise from the FAD/FADH2 redox 

couples, a redox cofactor of GOx. The electrocatalytic reaction of 

FAD/FADH2 is shown in Eq. 4-1.

2GOx(FAD) + 2H  + 2e   GOx(FADH )+ - « Eq. 4-1

The voltage separation of cathodic and anodic peaks, pED is 40»

mV (at scan rate 100 mV/s), indicating that the reactions of 

FAD/FADH2 redox pair of GOx are reversible and GOx were 

electrically well-addressed.
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Figure 4-4 Peak potentials against the scan rate

It’s a slightly higher value than the ideal value (29.5 mV), but is 

probably due to the absence of a current collector. Also the 

dependence of DET peak on scanning rate revealed that the DET of 

GOx in the printed electrode proceeded as a surface-controlled 

process rather than a diffusion-controlled process(see Figure 4-3)

[91]. 

According to Laviron’s equations (Eq. 4-2), the heterogeneous 

electron transfer rate constant (ks) was calculated. 
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On the equation, a is the charge transfer coefficient, n is the 

number of electron transfer and v is the scan rate. The charge 

transfer coefficient (a), the number of electron transfer (n) and 

electron transfer rate constant (ks) were estimated as 0.482, 0.717, 

1.71 s-1, respectively. This ks value is higher than that obtained 

with GOx electrodes made of other nanomaterials such as ZnO-

nanorod [92], boron-doped CNTs [93], graphene quantum dots

[94], etc. It has been reported that the DET rate of FAD decreased 

to 0.1 s-1 if the distance between the electrode and FAD was more 

than 13 Å [95]. Therefore, our high value of ks confirms that the 

electrostatic coupling of the enzyme on the SWNT/M13 hybrid 

electrode provide the redox enzymes with an intimate electrical 

contacts that promote electron transfer. These results suggest the 

importance of close coupling of enzymatic with nanostructured 

platforms using polyelectrolyte interlayers for highly efficient DET 

of enzymes.

To investigate the conformation change of GOx on printed 

electrode, the UV-vis absorption spectra was measured. The 

spectrum of the native GOx exhibits three well-defined absorption 

bands approximately at 278, 383, and 453 nm [96].
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Figure 4-5 UV-vis absorption spectra of GOx, SWNT/M13/PEI/GOx 

on quartz substrate

The band at 278 nm is the characteristic peak of polypeptide chains 

of the enzyme, the bands at 383 and 453 nm are the characteristic 

peaks of the FAD moiety. In Figure 4-5, the absorption spectrum of 

the SWNT/M13/PEI/GOx shows two significant absorption band for 

FAD moiety of GOx at 380 and 450 nm. The slight peak shift (~ 

3nm) implies that the conformation change of GOx on the printed 

electrode is relatively small [96, 97]. As a result, The GOx 

enzymes immobilized on the printed electrode retained high 

catalytic activities as demonstrated below. 
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4.2.2. Detection of glucose

The glucose detection properties of SWNT/M13/GOx were also 

investigated. Figure 4-6 shows the CV of the SWNT/M13/GOx 

upon the addition of glucose. The detection mechanism of the 

glucose sensor based on this DET can be explained by the following 

Eq. 4-3

( ) 2GOx FAD Glucose GOx(FADH ) Gluconolactone+ ® + Eq. 4-3

When glucose was added to the electrolyte solution, enzyme-

catalyzed reaction between GOx (FAD) and glucose was promoted, 

and the concentration of the reduced form of GOx(FADH2)

increased. As a result, the reduction peaks current of DET 

decreased due to the decrease in concentration of oxidized form of 

GOx (FAD). The sensitivity of a SWNT/M13/GOx layer was 

calculated as 62.1 mA mM-1 cm-2, and the limit of detection (LOD) 

( S / N = 3 ) was estimated as »20 mM.
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Figure 4-6 Dependence of DET of GOx on glucose concentration and 

dependence of the reduction current on the glucose concentration
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Figure 4-7 CV s on the SWNT/M13/GOx in various types of 

solutions

In addition, the DET peak current measured in human serum and 

artificial tear fluid differed by about 2 % from the peaks in PBS 

buffer solution (see Figure 4-7). These results confirm the 

importance and advantages of DETs operating in the negative 

potential range of biosensor applications.
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Figure 4-8 Lineweaver-Burk plot for catalyzed glucose 

electrooxidation on the SWNT/M13/GOx sensor

In order to understand the enzyme-substrate kinetics of this 

system, the apparent Michaelis-Menten constant ( app
mK ) of the 

SWNT/M13/GOx electrode was investigated. It was estimated 758 

× 10-6 M using Lineweaver-Burk equation (see Eq. 4-4 and 

Figure 4-8) [98]. This estimated app
mK value is lower than 

previously reported values obtained using nanomaterials such as 

CNTs, NP, and graphene [99-101]. The lower app
mK value 

indicates higher enzymatic activity of GOx enzymes in SWNT/M13 

platform.
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Eq. 4-4

The surface concentration of GOx was estimated according to 

/Q nFAG = , where Q is the charge, n is the number of transferred 

electrons, F is the Faraday constant and A is the geometric surface 

area of the working electrode [91].

The estimated surface concentration of GOx was 4.65 × 10-10 mol 

cm-2. This value is higher than the theoretical value (2.7 × 10-10

mol cm-2) of monolayer GOx (Stokes radius 4.3 nm) on bare gold 

electrode [102], and the literature values ( »10-10 mol cm-2) of the 

electrodes employing nanomaterials [99, 100].
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4.2.3. Detection of lactate and hydrogen peroxide

In addition to the advantages of DET such as non-fouling and non-

toxic, realizing DET with several types of enzymes may be 

beneficial for monitoring various disease-related biomarkers. We 

further investigated the possibility of efficient detection and

catalytic activity with two more enzymes, that is, lactate oxidase

(LOx) and catalase. The GOx and LOx contain FAD redox center, 

and the catalase contain heme. The characteristics of 

SWNT/M13/enzyme electrodes were shown in Figure 4-9, Figure 

4-10 and summarized in Table 4-1. The reversible DET peaks 

were successfully observed from LOx and catalase. Since LOx has 

FAD as a redox center same as GOx, the amount of reduction 

current becomes smaller as the amount of lactate increases in 

electrolyte. However, the reduction peaks current from heme-

based biosensor (catalase) increased with increasing concentration 

of its H2O2 substrate. This observation is because Fe(II) is oxidized 

to Fe(III) by H2O2 and the concentration of Fe(III) is increased. 

Therefore, more Fe(III) can be reduced at the electrode, resulting in 

an increase of the reduction peak [103].
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Figure 4-9 Dependence of DET of Lox on lactate concentration and 

dependence of the reduction current on the lactate concentration
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Figure 4-10 Dependence of DET of catalase on H2O2 concentration

and dependence of the reduction current on the glucose 

concentration
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Table 4-1 List of tested enzymes and associated features including 

measures of the DET of theses enzymes in the SWNT/M13/enzyme 

platform

Redox 

center
Enzyme Substrate

Clinical 

diagnosis

Normal substrate 

concentration

Sensitivity

(DET potential 

vs Ag/AgCl)

Linear 

range

FAD Glucose 

oxidase

(GOx)

Glucose Diabetes 5 mM in blood

100 mM in tears

100 mM in sweat

63 μA mM-1

cm-2

~1 mM

FAD Lactate 

oxidase

(LOx)

Lactate Lactic 

acidosis

Heart failure

Hypoxia

0.3-1.3 mM in 

venous blood

0.3-0.8 mM in 

arterial blood

116 μA mM-1

cm-2

~750

mM

Heme Catalase H2O2 Oxidative 

stress

Less than 0.05 

mM

255 mA mM-1

cm-2

~ 5 mM
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4.3. Fabrication of all-printed biosensors

The printing process has been attracting attention as a next-

generation manufacturing process due to the following advantages.

It enables printing on flexible substrates such as paper, PDMS, PET, 

patterning without special masks, also it has the ability to print 

variety of materials and create gradations by controlling the 

deposited layers. Figure 4-11 shows the advantages of printing 

process. Based on the discussion of the excellent electrode 

characteristics and glucose detection characteristics of the 

SWNT/M13/enzyme platform, in this section, various biosensors 

were fabricated using the versatility of the printing process and 

their characteristics were analyzed.

The all-printed DET biosensor was first demonstrated by non-

destructive functionalizing of SWNT with biological materials (i.e., 

M13 phage). The fabrication process is schematically illustrated in 

Figure 4-12. SWNT/M13 hybrid ink is prepared, the printing 

condition were optimized and then printed on the glossy paper.
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Figure 4-11 Versatility of printing process. Various types and layers 

of electrode were fabricated on glossy paper.
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Figure 4-12 A schematic diagram for the process of all-printed 

enzymatic biosensor fabrication
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Figure 4-13 Representative photo sequence of drop formation for 

fluids with PEI 5 w/v% and GOx 100 mg/ml aqueous solution

In order to nondestructively and intimately couple negatively 

charged enzymes (pI < 7.2), a monolayer of positively charged 

polyelectrolyte interlayer is printed on the negatively charged 

printed SWNT/M13 hybrid, after which enzymes are also printed on 

the positively charged layer.

The representative jetting image of PEI and GOx aqueous solution 

were shown in Figure 4-13. The printing voltage was 40 V and t1

were 3 ms and 2 ms, respectively to applying higher kinetic energy 

for jetting because the solution shows much higher viscosity then 

the SWNT/M13 inks. The jetting images of both solutions shows 

the formation of satellite drops. 

However, since the samples were made on mm-scale in this 

section, the resolution and jetting were not optimized for PEI and 
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GOx solutions. According to Wang et al. [86], the shear rate in the 

nozzle is on the order of 105 s-1 for the first few microseconds but 

then quickly drops to 104 s-1 after about 15 ms.

The high shear rate can change the conformation of the enzyme, 

which is a critical factor in electrochemical activity, so we 

investigated the conformation change of the printed GOx by UV-vis 

absorption spectra. 

Figure 4-14 shows the peaks shift slightly (~ 2nm), and it implies 

that the conformation change of GOx on the printed electrode is 

relatively small [96, 97]. As a result, the printed GOx retained high 

catalytic activities as demonstrated below. Because inkjet printing 

is one of the additive manufacturing process, it is possible to print 

more layers of GOx and it can further tune the DET and sensitivity 

of the electrode. As shown in Figure 4-15, the redox peak of 

SWNT/M13/GOx layer becomes higher when the number of printed 

layers increases. Estimating the concentration of loaded enzyme 

does not increase linearly with the number of layers. Since the 

electrostatic incubation is needed for the enzyme to bind well to the 

SWNT/M13 electrode through charge interaction, it requires a 

certain time. However, when the printing layer is few, the solution 

is dried too fast, so that it does not have enough time for incubation. 

Therefore, it is not enough to bind and it is washed out during the 

cleaning time.



94

Figure 4-14 Absorbance spectra of GOx and printed GOx on quartz

Figure 4-15 Effect of multiple printing of the GOx layers on the peak 

of direct electron transfer
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4.4. Characterization of all-printed biosensors

4.4.1. Detection of glucose in model solution

The characteristic of all-printed biosensors are shown in Figure 

4-16~Figure 4-20. The average sensitivity of five biosensors is 

56.07 ± 4.5 mA mM-1 cm-2 at the glucose concentrations ranging 

from 0 to 250 mM. The sensitivity retained ~ 85 % of the initial 

sensitivity after twelve days. And the LOD was 20 mM. This result 

is almost similar to that of a biosensor fabricated by inkjet printing 

and a layer-by-layer method. So it suggests that the DET of the 

all-printed biosensor also occurs on a very large surface area with 

excellent transfer kinetics and stability. The performance of the 

biosensors under folding conditions was tested. The peak currents 

and potential ranges of the DET did not significantly change upon 

folding the biosensor by 60 °, implying that the efficiency of the 

DET processes of GOx on the all-printed electrode was preserved. 

This work demonstrates a foldable DET-based glucose biosensor 

for the first time, to the best of our knowledge. 
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Figure 4-16 Dependence of DET of GOx on glucose concentration. 

Inset: a photograph of a representative all-printed glucose biosensor.
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concentration in all printed biosensor
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Figure 4-18 Reproducibility of the all-printed biosensor.

Figure 4-19 The long-term stability of the all-printed biosensor.
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Figure 4-20 Effect of bending of the all-printed biosensor on the 

DET of GOx.
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4.4.2. Detection of glucose in sweat

Diabetes is one of the most worldwide modern diseases affecting 

hundreds of millions of people [104, 105]. If it turns out to be a risk 

group of diabetes, periodic monitoring of glucose is essential for 

management of disease and prevention of related problems [106]. 

Extensive studies have been reported for such self-monitoring and 

various products have been commercialized [107]. However, most 

of the self-testing tools depend on inconvenient and painful blood 

sampling from the fingertip, which compromises patient compliance. 

In this section, we discuss non-invasive methods for measuring 

glucose from biological fluid such as sweat and saliva. The 

correlation between glucose concentration in blood and other 

biological fluids such as sweat [108, 109] and saliva[110] has been 

reported. So precise measurements of glucose concentration in 

biological fluids enables to estimate the levels of glucose in the 

blood. 

Two healthy volunteers (both men in twenties) with no medical 

history of heart problems or diabetes are participated in the study. 

All subjects were informed of risks and benefits and provided 

informed consent. Biological fluids were collected 5 times at 

intervals of 1 hour and 30 minutes.

The sweat collection was performed using cotton (Salivett, Sarstedt, 
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Numbrecht, Germany). The cotton was attached on volunteers’

body and the volunteers performed simple exercises. After 

sweating enough, sweat was collected from the cotton using 

centrifugation.

The saliva collection was performed using saliva collection kit 

(Salivett, Sarstedt, Numbrecht, Germany). Ingestion of food and 

smoking except water was prohibited for 1 hour before saliva 

collection. For saliva collection, volunteers gently chewed the 

biologically acceptable cotton in the saliva collection kit for 1 minute, 

then collect the saliva from the cotton using centrifugation. The 

saliva sampling cotton was small in size and is biocompatible.

All the electrochemical measurements were performed using a 

PARSTATTM MC potentiostat (Princeton Applied Research). CV 

was performed at a scan rate of 200 mVs−1 unless otherwise 

indicated. A Pt wire and Ag/AgCl (saturated KCl) electrodes were 

used as a CE and RE, respectively.

Glucose assay kit was purchased from Sigma-Aldrich (Product 

Number: GAGO-20). Glucose oxidase/peroxidase regent, o-

Dianisidine reagent, assay reagent, and glucose standard solution 

were prepared according to the protocol specified. At zero time, 2.0 

ml of the assay reagent was added to sample and mixed. The 

sample was put into the 37 ℃ oven for 30 minutes. After that, 2.0 

ml of 12 N H2SO4 was added to the sample to terminate reaction. 
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The absorbance was measured against the reagent blank at 540 nm.

Blood glucose was measured using a commercial blood glucose 

meter and blood sampling device (CareSens N Premier, Inc, Korea). 

In the case of CareSens products, blood glucose measurement is 

possible with only 0.5 ml of blood. In this study, approximately 1 ml 

of blood at the tip of the finger was collected at a time. The 

collected sweat was characterized in optical and electrochemical 

methods. 

Daytime glucose monitoring data are presented in Figure 4-21. 

Sweat glucose concentrations measured by the all-printed glucose 

sensor and a commercial glucose assay kit (Aldrich) are well 

matched. In addition, changes in sweat and saliva glucose 

concentration are well correlated with those of the blood glucose 

concentration. (correlation factor: 0.0067 ± 0.0013 in sweat, 0.0075 

± 0.0006 in saliva ; the ratio of the glucose concentration in 

biological fluid to blood). Blood glucose concentrations are 

measured by a commercial glucose meter (CareSens N Premier, Inc, 

Korea). From the above results, our work could provide a promising 

biosensing platform for noninvasive monitoring of blood glucose 

level via biological fluid.
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Figure 4-21 Monitoring of glucose concentrations in the biological 

fluids and blood in human
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4.4.3. Dual detection of glucose and lactate

In various clinical situations it is necessary to simultaneously 

monitor glucose and other clinically significant analytes such as 

lactate or insulin. The coupling of such two detector elements 

requires that both analytes be independently monitored at different 

levels and without crosstalk. For example, simultaneous monitoring 

of lactate and glucose is a considerable concern for intensive care 

and patient monitoring during surgery. 

Figure 4-22 Amperometric curves of the electrodes upon adding 

glucose and lactate (initial potential: -0.4 V vs. Ag/AgCl reference 

electrode). Inset: a photograph of a representative dual monitoring 

biosensor.
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Figure 4-23 The dependence of the current change on the glucose 

and lactate concentration in dual-head biosensor

The groups of Wilkins and Wang describe an integrated needle-

type biosensor for intravascular glucose and lactate monitoring

[111, 112]. We successively fabricated dual sensing DET based 

glucose and lactate sensor by inkjet printing process. The 

amperometric curve and the dependence of the current change on 

the substrate concentration were shown in Figure 4-23. The dual 

monitoring sensor has two head for sensing glucose and lactate, 

respectively. And it shares the reference electrode (Ag/AgCl) and 

counter electrode (printed SWNT/M13 electrode). The size of 

counter electrode was designed to be larger than the sum of two 
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working electrode areas. In the continuous monitoring, glucose and 

lactate added to the electrolyte and the current was measured. The 

crosstalk was not shown in the amperometric curve and the 

sensitivity of glucose and lactate were 26 mA mM-1 and 21 mA mM-

1, respectively. These results suggest that our approach holds great 

promise for the development of biosensors with high selectivity, 

sensitivity, safety, and versatility.
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5. Concluding remarks

This thesis investigates the non-destructive functionalization of 

SWNTs via hybridizing biological materials for printable material 

platform. The key conclusions of this thesis are summarized in this 

chapter.

The material system was selected to functionalize SWNTs. As a 

counterpart, we defined two prerequisites: high affinity to graphitic 

surface and charged object. We found that genetically engineered 

M13 with a specific sequence satisfied the two prerequisite 

properties as a counterpart material due to its specific affinity to 

graphitic surface and negatively charged property in aqueous 

solution with pH 7 (pI »4).

We investigated the printable windows of SWNT/M13 hybrid ink. 

The characteristic viscosity for calculating Z was defined with 

numerical simulation. Then we design dimensionless groups for 

analyzing jetting phenomenon. The variables were compressed to 

three (Z: material property; a, b: processing property). 3 

dimensional printable window was established through numerical 

simulation and the conditions of the printing process could be 

predicted using the printable window. Similar to the previous 

studies, it was confirmed that the ink having an excessively high or 

low Z value can be jetted in a very narrow process variable range. 
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Also the lower limit of surfactant concentration for inkjet printing is 

founded using parametric study. 

The printable hybrid ink was formulated using predetermined 

printable windows and printed on glossy paper. High hydrophilicity 

makes the fixation of printed droplet, and thus drop-bead 

coalescence model could be used to estimate resolution and 

optimize drop spacing.

Employing hybrid material system, we could fabricate functionalized 

SWNTs electrode with combining and inherit unique properties of 

individual constituent at the nanoscale level. The sheet resistance 

of printed electrode measured 144 Ω/□ without chemical treatment 

and it is one of the most excellent value as reported. Also, the high 

binding affinity stabilize the SWNTs in substrate, and constitute 

more stable structure in aqueous system. In the microstructure of 

printed films, M13 phages are bound to the side wall of SWNTs and 

distributed uniformly and it means that the functionalization of 

SWNTs with M13 phage is well composed in applying charge to the 

SWNT surfaces. 

The enzymatic DET based biosensor was successively 

demonstrated by inkjet printing technology. First, we successively 

fabricated functionalized SWNT/M13 films, and it shows excellent 

electrical properties and has negative charge on surface in aqueous 

system. The enzymatic materials are loaded on the SWNT/M13 
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hybrid electrode in additive manner using the charged 

characteristics. Compared to the electrode without M13, 

immobilization of enzymes are more effective, result in the increase 

of sensitivity about 70%. With the versatility of inkjet technology, 

all-printed enzymatic DET sensor and dual-monitoring biosensor 

also demonstrated based on SWNT/M13 hybrid electrode platform. 

The high sensitivity and selectivity from high efficiency of direct 

electron transfer enables to detect concentration of glucose in 

sweat using all-printed glucose sensor. As a result, it is possible to 

show the correlation between glucose concentration in blood and 

sweat.
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Korean Abstract

나노복합소재를 제조하는 것은 하나의 물질을 이용했을 때는 해결할 수

없었던 다양한 문제들을 해결할 수 있게 해준다. 따라서 인쇄 가능한 나

노복합소재용 잉크를 만드는 것은 센서, 박막 트랜지스터, 유기 발광 소

자, 에너지 소자 등 다양한 분야에서 지금까지 제작되었던 다양한 소자

들의 성능을 획기적으로 개선할 수 있는 방안이 될 수 있다. 현재 인쇄

전자용 소재로 가장 각광받고 있는 탄소나노튜브는 그 고유한 구조적 특

징으로 인해 전기전도성, 기계적특성, 전기화학적특성, 전기촉매적 활성

화도가 매우 우수하다. 따라서 이를 이용하여 소자를 제조하고 그 특성

을 분석하는 연구들이 계속 진행되고 있다. 하지만 탄소나노튜브는 기본

적으로 전기적으로 중성을 띄고 있기 때문에 최근 고성능 소자 제조에

이용되는 층상자기조립법과 같이 정전기적 상호작용을 이용하는 제조공

정을 이용할 수 없다는 단점이 있었다. 이를 해결하기 위해 탄소나노튜

브에 생물학적 분자 인식을 통해 잘 붙을 수 있는 바이오 물질을 복합화

하여 인쇄가 가능한 하이브리드 재료 시스템을 구성하였다. 복합화한 바

이오 물질은 구조를 변형하거나 파괴하지 않음으로써 그 고유의 우수한

특성들을 유지하였고, 탄소나노튜브의 벽면에 붙음으로써 전기적으로 음

전하를 띄는 기능성을 부여하였다. 이러한 접근법은 기존에 적용할 수

없었던 제조공정을 재료의 복합화를 통해 적용할 수 있게 함으로써 인쇄

전자 분야에서 새로운 고성능 소자의 구현가능성을 제시하였다.

본 연구에서는, 인쇄제조공정에서 단일벽탄소나노튜브를 바이오 물질을
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이용하여 기능화하는 새로운 접근법을 제시하였다. 우선 전산 모사와 차

원해석이론을 통하여 인쇄 가능한 잉크의 조성을 예측하고, 이에 따라

단일벽탄소나노튜브/M13 박테리오파지 하이브리드 잉크를 제조하였다.

제조된 잉크를 이용하여 전극을 인쇄하고, 해당 전극을 효소 기반 바이

오센서의 제작을 위한 플랫폼으로 이용함으로써 글루코스, 락테이트, 과

산화수소를 측정할 수 있는 세 종류의 센서를 제조하였다. 전극은 바이

오물질의 전기적특성을 이용하여 층상 자기조립법을 통해 제조하였고 해

당 방식으로 제조된 전극에서는 직접전자전달이 효과적으로 구현되는 것

을 확인하였다. 추가적으로 센서 제조공정에 사용되는 모든 용액을 인쇄

가능하게 만듦으로써 올프린트 바이오 센서를 제조하였고, 해당 센서에

서도 직접전자전달이 효과적으로 나타남을 확인함으로써, 인쇄 공정을

통해 고감도, 고선택성의 직접전자전달기반 바이오센서를 제조할 수 있

음을 검증하였다. 이러한 고감도, 고선택성의 바이오센서를 이용하여 실

제 땀에서 당을 성공적으로 측정하였고, 피에서의 당 수치와의 연관성을

확인함으로써 땀을 이용한 당센서의 구현가능성을 제시하였다. 본 연구

에서 제시하는 인쇄 가능한 잉크의 물성에 대한 근본적인 이해와 바이오

물질을 이용한 비파괴적 기능화라는 새로운 접근 방식은 인쇄 전자 기술

에서 새로운 소자의 제조를 가능하게 해줄 것으로 기대된다.

핵심어: 단일벽탄소나노튜브, 바이오물질, 분자인식 상호작용, 잉크젯 프

린팅, 직접전자전달, 바이오 센서

학번: 2011-20618
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