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Chapter 1

General introduction

1.1 Bacterial culture system

Bacteria are present everywhere such as in natural soils, deep in rocks, in all water bodies,
in the atmosphere, and also inside other living organisms. On the one hand bacteria can be
harmful causing diseases in living organisms, while others are useful and commercially
important in industries such as pharmaceutical and food industries [1,2]. Both make the research
on bacteria one of the most active areas in biology and biotechnology, to extensively study and
analyze bacteria species, it is indispensable to isolate pure bacteria cultures. In this work, we are
am going to introduce a novel methodology for culturing bacteria.

1.1.1 Bacteria

Bacteria are single celled microbes which are found everywhere in nature. Bacteria can
directly affect our health being the cause of many diseases (bacteria inflection) such as cholera,
pneumonia, tetanus, leptospirosis, typhoid, appendicitis, gonorrhea, and etc. To effectively treat
patients with bacterial infections, scientists have to classify the type and characteristic of the
bacteria. The also play an important role in food and food production because bacteria are the
main cause of rotten food (microbial spoilage) and food poisoning. Therefore, food preservation
techniques are used to sterilize or control environmental condition to inhibit the growth of
bacteria. On the other hand useful bacteria such as lactic acid bacteria are utilized for

fermentation and waste water treatment.

Bacteria with 0.5-10 micron have different shapes as shown in Fig. 1.1. Bacteria are
classified into 5 groups according to their basic shapes: spherical (cocci), rod (bacilli), spiral
(spirilla), comma (vibrios) or corkscrew (spirochaetes). They can exist as single cells, in pairs,

chains or clusters [3].
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Fig. 1.1 Difference of bacteria shape [4].

Likewise, in case of bacterial growth on solid media as colonies, a colony is defined as a
visible mass of microorganisms originating from a (single) mother cell, therefore a colony
constitutes a clone of genetically identical bacteria. The number of cells within a colony can
reach up to several billions. On a solid medium, shape, color, surface appearance, and size of
colonies are often characteristic, and these visible features are used in the identification of

particular bacterial strains as shown in Fig. 1.2 [5].
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Fig. 1.2 Colony morphology of bacteria [6].



Bacteria reproduce by binary fission which is a division of one cell into two. The duration
of cell division is called generation time. The generation time depends on the type of bacteria

and the environment.

Bacteria are prokaryotes, lacking well-defined nuclei and membrane-bound organelles,
and have chromosomes composed of a single closed DNA circle. Basically, all kinds of bacteria
have the same general structure that consist of a cell wall, cell membrane, cytoplasm, single
chromosome, and ribosomes. Some of them consist of capsules, glycocalyx, pili or fimbriae,
mesosome, flagella, inclusion granule, and bacterial spore (Fig. 1.3).

Cell Structure
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\ - ' ;
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Fig. 1.3 Structure of bacteria [7].

There are a lot of factors that affect to the growth of bacteria such as nutrition:
1) carbon source such as carbohydrate,

2) electron source,



3) nitrogen source such as amino acids, peptides, proteins,
4) oxygen, sulfur and phosphorus source such as water, nucleic acid, nucleotide,
phospholipids,
5) vitamin, and etc.,
oxygen: aerobic and anaerobic bacteria can be identified by growing them in test tubes of
thioglycollate broth [8],
1) obligate aerobes need oxygen because they cannot ferment or respire anaerobically,
2) facultative anaerobes can grow with or without oxygen because they can metabolise
energy aerobically or anaerobically,
3) aerotolerant organisms do not require oxygen as they metabolise energy anaerobically,
4) strict anaerobe or obligate anaerobes are poisoned by oxygen,
5) microaerophiles need oxygen because they cannot ferment or respire anaerobically (Fig.
1.4),

Otligate Facultative Aerotolerant Strict Microaerophile
aerobe anagrche anagrobe anaerobe

Fig. 1.4 Oxygen conditions of bacteria [9].

temperature: temperature control for bacteria growth also depend on their type,
1) thermophilic bacteria grow under high temperature,
2) mesophilic bacteria grow under medium high temperature,
3) psychrophilic bacteria grow under low temperature,

moisture content, and water activity.



1.1.2 Culture media

To culture bacteria, a nutrient media are required in a container, such as a Petri dish or
test tube. There are several type of media such as solid or gel type, liquid or broth type. In this
research, we applied the paper as the container and use gel type to culture the bacteria. There are
three kinds of hydrogel that were used in the experiments: agarose gel, poly(vinyl alcohol)
(PVA) hydrogel, and calcium alginate (CA) hydrogel.

Hydrogels are hydrophilic polymer networks that absorb from 10% to 20% up to
thousands times of their dry weight in water [10] as shown in Fig 1.6. There are mainly two
components that are interaction with water, namely ‘hydrophilic group’ such as -OH, -COOH, -
CONHqy, -CONH-, and -SOsH and hydrophobic group such as -CH»-, and -CHs [11]. Hydrogels

are formed by crosslinking polymer chains through physical, ionic, or covalent interactions [12].

Gelation refers to the linking of macromolecular chains together which initially leads to
progressively larger branched yet soluble polymers depending on the structure and conformation
of the starting material [13]. Continuation of the linking process results in increasing the size of
the branched polymer with decreasing solubility. This is called the ‘gel’ or ‘network’. The
mechanical properties and viscoelasticity of hydrogels can be conveniently customized, making
them highly suitable for a variety of biotechnological applications [14]. Because of the high
water content of hydrogels [15], they are widely used for various pharmaceutical and biomedical
applications. These include immunological assays [16], healing agents [17], and three-
dimensional cell and tissue culture environments, in which hydrogels act as excellent mimics of
the vivo state [13,18].

In this study, we used hydrogel which is formed by using crosslinking agent: physical
crosslinking and chemical crosslinking. We expected that hydrogel can be a new choice for a

culture media suitable for inkjet printer.



Fig. 1.6 Transition of polymer chains after molecules of water diffusion.

1.1.2.1 Heating/cooling a polymer solution

Gelation of agarose is a heating/cooling physically crosslinked gel type. Gels are
formed when cooling hot solutions of gelatine or carrageenan [14]. Therefore, gelation of
agarose depends on the temperature and there are 3 states of gelation as shown in Fig. 1.5. An
agarose is a polysaccharide polymer material, generally extracted from seaweed. Agarose is a
linear polymer made up of the repeating unit of agarobiose, which is a disaccharide made up of

D-galactose and 3,6-anhydro-L-galactopyranose [19].

L/—z ~45°C gelling

~100°C

~100°C

Solution state Initial gel Final gel structure

Fig. 1.5 State of the gelation of agarose.



1.1.2.2 H-bonding

Physical gels can be sub categorized as strong physical gels and weak gels. A
strong physical gel has strong physical bonds between polymer chains and is effectively
permanent at a given set of experimental conditions. Weak physical gels have reversible links
formed from temporary associations between chains. These associations have finite lifetimes,
breaking and reforming continuously. Figure 1.7 shows the physical bonds by hydrogen bonding
(H-bonding) [14].
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Fig. 1.7 Hydrogel network formation due to intermolecular H-bonding [14].

1.1.2.3 Chemical crosslinking

Chemical gelation is formed by covalent bonds and always results in a strong gel.

Figure 1.8 shows the chemical crosslinking structure.
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Fig. 1.8 Hllustration of chemical cross-linked hydrogel network [14].

1.1.3 Cultivation method

To culture bacteria, a nutrient medium is required as well as a Petri dish or test tube as a
container. In preparation for nutrient media, an autoclave is always required for sterilization at
high temperature and pressure. Then, bacterial cells are transferred to a medium plate on a clean

bench. In the same way, an autoclave was used for disposing bacteria.

We used broth media to prepare the suspension for bacterial cells printing and gel media
to culture printed bacterial cells on paper. In order to obtain purified bacterial cells, isolation is
required. To isolate bacteria there are several methods such as streak plate technique, serial
dilution technique, heat shock technique, differential plating technique, and selective plating
technique [20]. In this experiment, the streak plate technique was used to isolate bacteria and the

serial dilute technique was used to prepare the suspension.



1.1.3.1 Streak plate technique

Streak plate technique is used to grow bacteria on a growth media surface such
that individual bacterial colonies are isolated and sampled. Isolated colonies indicate a clone of
cells, being derived from a single precursor cell. When the selected culture media is inoculated
using a single isolated colony, the resulting culture grows from that selected single clone. To
perform this procedure, the four ways or quadrant streak is mostly used [3,4] (Fig 1.9).

Fig. 1.9 Quadrant Streak Method [6].

The commonly used petri dishes are of hundred millimeter diameter. The gel
surface of the plate should be dry without any moisture such as condensation drops. The source
of inoculums can be clinical specimen, environmental swab, sedimented urine, broth or solid

culture.

In the streaking procedure, a sterile loop or swab is used to obtain an
uncontaminated microbial culture. The process is called "picking colonies” when it is done from
an agar plate with isolated colonies and is transferred to a new agar or gelatin plate using a sterile
loop or needle. The inoculating loop or needle is then streaked over an agar surface. On the
initial region of the streak, many microorganisms are deposited resulting in confluent growth or
the growth of culture over the entire surface of the streaked area. The loop is sterilized by heating
the loop in the blue flame of the Bunsen burner, between streaking different sections, or zones
and thus lesser microorganisms are deposited as the streaking progresses. The streaking process
will dilute out the sample that was placed in the initial region of the agar surface [5]. Figure 1.10

shows the example of single colonies prepared by the streak plate technique.
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Fig. 1.10 The appearance of single colonies on agar plate by meaning of streak plate
technique.

1.1.3.2 Serial dilution method

Serial dilution is a common technique used in many immunologic procedures. A
small amount of serum or solute can be serially diluted by transferring aliquots to diluent. One of
the most common series doubles the dilution factor with each transfer (1:2, 1:4, 1:8 ...). These
dilutions can be done in microliter plates or test tubes depending on the volumes of sample and
diluent used [24]. The dilution is given by

CFU/g = [(number of colonies/quantity plated) x dilution factor]/gram of sample.

Figure 1.11 shows protocol of serial dilution technique. The original inoculum
was transferred in 9 ml of saline. Then 1 ml of diluted inoculum was transferred into new 9 ml of
saline. The number of dilution will be continued depending on how much dilution factor require.
The 0.1 ml of each diluted inoculum from each test tube was poured in agarose plate and
incubate. After the colonies appeared on agarose plate, the number of colonies were counted to
calculate dilution factor (CFU/qg).

10
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Fig. 1.11 Serial dilution method.

1.2 Inkjet technology

Inkjet printing is a type of computer printing that recreates a digital image by propelling
droplets of ink onto paper, plastic, or other substrates. The rapid development of inkjet
technology started in the late 1950s. Since then, many inkjet devices have been developed [25].

In this research, we used 2 types of inkjet printer: thermal inkjet, and piezoelectric.

1.2.1 Thermal inkjet

In a thermal inkjet printer ink droplets are ejected from an orifice by the explosive
formation of a vapor bubble within the ink supply due to the application of a two part electrical
pulse to a resistor within the ink supply [26]. The electrical pulse comprises a precursor pulse

and a nucleation pulse; the precursor pulse preheats the ink in the vicinity of the resistor to a

11



temperature below the boiling temperature of the ink to preheat the ink while avoiding vapor
bubble nucleation within the ink supply and the subsequently occurring nucleation pulse very

quickly heats the resistor to near the superheat limit of the ink (Fig. 1.12).

Ink droplet Vapor buble

__ Orifice plate

Photoimageable polymer

Thin film conductor

Thin film resistor

Silicon substrate

Ink

Fig. 1.12 Thermal inkjet system.

1.2.2 Piezoelectric

The driving force to eject a droplet with a piezo inkjet print head is generated by the
actuator, which deforms the structure through the inverse piezo-electric effect (Fig 1.13).

The piezoelectric effect (electricity from an applied mechanical stress) was first
discovered by Pierre and Jacques Curie in 1880. Their experimental demonstration consisted of a
conclusive measurement of surface charges appearing on specially prepared crystals, which were
subjected to mechanical stress. In 1881, Lippmann deduced mathematically the inverse

piezoelectric effect (stress in response to an applied electric field) [27].

The piezoelectric actuator driven by the signal, optimized for the particular print head

model, can precisely control the unrestrained ink meniscus vibration at the nozzle openings to

12



achieve multi-sized droplets ejection in a sequent manner as well as stabilized droplet ejection up

to the extremely high ejection repetition frequency [28].

Piezo Disk
1 (Piezo Electric)

Charge
Droplet

|
e

Cavity

Fig. 1.13 Piezoelectric system.

1.2.3 Ink cartridge

Ink cartridge or inkjet cartridge is a component of an inkjet printer that contains the ink or
fluid. Each ink cartridge contains one or more ink reservoirs. Also the number of head nozzle is
different. Some of the inkjet printers are single cartridge system while others are multi-cartridge
system.

1.2.3.1 Single cartridge system (SCS)

The single cartridge system printers were developed for highly accurate
printing in specialize application such as printed electronics and bio-printing. Several kinds of
fluid can be loaded in the cartridge and ejected by controllable head nozzles. The high accuracy
of overprinting position was controlled by means of a CCD camera. In addition, the volume and
direction of each droplet was controlled by jet waveform which can be designed by the user.

13



1.2.3.2 Multi-cartridges system (MCS)

The first commercial devices were introduced in 1951 by Siemens [29].
The MCS is well known as the third-party ink cartridges which can produce many color shades
by mixing of the main colors (CMYK) depending on the percentage of each. Presently, more
than 4 main colors were successfully installed in the inkjet printer to produce more color shades,
to save ink and reduce the printing time. However, overprinting position control, small ink

volumes, and individually head nozzle control are limited for the MCS printer used here.

In this research, the piezoelectric type SCS printer was used to dispense the
suspension of bacteria while the thermal inkjet type MCS printer was used to dispense culture

media.

1.3 Paper

Paper is a highly-engineered product that is part of almost every aspect of our daily life:
books, magazines, catalogs, newspapers, notebooks, food packaging, and cleaning products.
Paper is a material produced by pressing together moist fibers, cellulose pulp derived from wood,
rags or grasses, and drying them into flexible sheets [30]. There are a lot of different types of
paper developed for many different kinds of products and applications. The type of paper is
classified by both its physical and chemical properties such as thickness, weight, surface,

roughness, and wettability.

Although being already highly sophisticate for its classical fields of application, novel
technologies are presently developed including new nanocellulose and hemicellulose based
materials, improved manufacturing processes, and harness the possibilities inherent in the

chemistry of cellulose [31].
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In this research, we introduce paper as effective media for culturing bacteria. We
modified the filter paper with hydrophobic/hydrophilic techniques to become the container of
bacteria culture media.

Fig. 1.14 Samples of paper surface: filter paper (left), pigment coated paper (right).

1.4 Application of paper and inkjet technology to bacterial culture
system

Recently, various novel paper-based devices have been introduced. Paper is abundant
available, inexpensive, and recyclable; it is easy to store, transport, manipulate, and dispose.
Attempts have been made to fabricate paper-based medical sensors to analyze clinical body
fluids and metabolic substances, such as blood [32], urea [33], and glucose [34]. A multiplex
detection system for Escherichia coli was developed using an enzyme-based lab-on-paper test
strip [32]. Furthermore, fabrication methods and design techniques of paper-based microfluidic

channels using wax for portable bioassay were discussed [35].

Paper can be divided into multi-channels for liquid-transporting sensor tests by using a
patterning technique to separate hydrophobic/hydrophilic areas. We would apply this useful
technique to bacterial cultures under various conditions. Hydrophilic areas were built on a small

15



sheet of hydrophobized filter paper in order to accommodate dispensed media and bacteria. In
addition, paper is a combustible substrate; therefore grown bacteria could be simply disposed by

combustion. Thus, no autoclave is required in the disposal process.

There is another factor of inconvenience caused by manual operation. Bacterial cells are
commonly transferred by manually in culture tests. The transferred volume cannot be constant or
controllable. To solve the instability problem due to manual procedure, we proposed an inkjet as
a dispensing method. To observed under the microscope, the growth of a rod-shaped cell like E.
coli appears quite simple [36]. A freshly divided cell elongates with little or no increase in girth.
Eventually a transverse wall is laid down near the center of the cell; when the cell reaches
approximately twice its original size; it separates into two cells nearly equal in size. Therefore, E.
coli cells transfer was tested as a model of bacterial cells by using inkjet technology. In particular,
inkjet printing is often used as one of the measures for manufacturing electronics because of its
advantages such as resource savings and non-contact processes attained by the drop on demand
(DOD) system [37]. That is why inkjet technology is no longer only an office printing
technology [38]; it has gradually become a versatile tool in various fields for accurately
dispensing very small quantities of fluids on substrates, such as human organs or cells [39-43].

Therefore, inkjet technology is a promising technique for transferring bacterial
cells in a small with stable and controlled volumes. In addition, ink-jet ejection is
easily controlled using standard software that can print any designed patterns.
Moreover a charge-coupled device camera, which is wusually equipped with high-
performance inkjet printers, can be used to examine the pattern dispensed on a
substrate. Processing, such as hydrophilic/hydrophobic patterning, with an ink-jet
printer is a time-saving, low-cost, and controllable technique providing a powerful

alternative to manual operation.

Through this technology, one can minimize the hazard of accidental exposure
to harmful or pathogenic bacteria while handling them. As shown in Fig 1.15 we

proposed in reference [44] to create a bioassay system by applying an inkjet printer and

paper.

16
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Fig. 1.15 Bioassay system using inkjet printing and paper substrate [44].
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1.4 Objective of this study

In this research, | attempt to present a new method to create a well-ordered and reproducible
system for dispensing bacteria on a microscopic scale by using advantages of paper and inkjet

technology. Also, to find the easy-to-use medium which can be printed by using inkjet printer.

18
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Chapter 2

Development of a bacterial culture system using a
paper platform to accommodate media and an

Inkjet printer to dispense bacteria

2.1 Abstract Generally, bacterial culture is performed manually and is subject to error. Here,

we created a novel, well-ordered, and reliable system for dispensing bacteria microscopically by
using paper and an inkjet printer for controlled patterning. For paper to accommodate a culture
medium, hydrophobic/hydrophilic patterns were incorporated onto the paper by immersing paper
in a toluene solution of polystyrene and drying for complete hydrophobization, followed by
etching discrete, small areas of hydrophilicity by inkjet printing with toluene. Agar was
hydrolyzed with sulfuric acid for appropriate viscosity and dispensed with an inkjet printer. In a
separate experiment, bacterial cells were sequentially printed on a medium, and colonies were
observed microscopically. The results of this experiment ensured the successful dispensing of
bacteria using inkjet printing. An almost constant number of particles per droplet were ejected
using polystyrene latex as a model of bacterial dispersion. Consequently, we expect this
technology to be adapted for the development of a paper-based bioassay system.

2.2 Introduction

Bacteria are present everywhere: in soils, deep in rocks, in all water bodies, and in the
atmosphere, including on and inside other living organisms [1]. Several kinds of bacteria are
commercially important in industries such as pharmaceutical and food industries [2]. However,
some bacteria are harmful. To extensively research bacteria species, microbiologists isolate pure

cultures and further analyze them. To culture bacteria, a nutrient medium is required in a



container, such as a Petri dish or test tube. If growth under different conditions is needed, several
sets of containers are required. To culture bacteria, a nutrient medium is required as well as a
Petri dish or test tube as a container. In preparation for nutrient media, an autoclave is always
required for sterilization at so high a temperature and pressure that high electric power is
consumed. Then, bacterial cells are transferred to a medium plate in a clean bench. In the same
way, an autoclave was used again for disposing bacteria. In case of observation under different
conditions, several sets of containers are additionally required. Therefore, we came with an idea
to use paper that is easy to handle as a container instead of a Petri dish. The paper container

would use ethylene oxide gas for sterilization and combustion for disposal.

Recently, various novel paper-based devices have been presented. Paper is ubiquitous,
inexpensive, and recyclable; it is easy to store, transport, manipulate, and dispose. Attempts have
been made to fabricate paper-based medical sensors to analyze clinical body fluids and metabolic
substances, such as blood, urea [3, 4], and glucose [5]. A multiplex detection system of
Escherichia coli was developed using an enzyme-based lab-on-paper test strip [3]. Furthermore,
fabrication methods and design techniques of paper-based microfluidic channels using wax for
portable bioassay were discussed [6]. Paper can be divided into multi-channels for liquid-
transporting sensor tests by using a patterning technique to separate hydrophobic/hydrophilic
areas. We considered that we would apply this useful technique to bacterial cultures under
various conditions. Hydrophilic areas were tried to be built on a small sheet of hydrophobized
filter paper in order to accommodate dispensed agar and then bacteria. In addition, paper is a
combustible substrate, therefore grown bacteria could be simply disposed with the paper

substrate after combustion. Thus, no autoclave is required in the disposal process.

There is another factor for inconvenience caused by manual operation. Bacterial cells are
commonly transferred by manually in culture tests. The transferred volume cannot be constant or
controllable. To solve the instability problem due to manual procedure, we proposed an inkjet
dispensing method. However, [7] observed under the microscope, the growth of a rod-shaped
cell like E. coli appears quite simple. A freshly divided cell elongates with little or no increase in
girth. Eventually a transverse wall is laid down near the center of the cell; when the cell reaches
approximately twice its original size; it separates into two cells nearly equal in size. Therefore, E.
coli cells transfer was tested as a model of bacterial cells by using inkjet technology. Because
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inkjet technology is no longer only an office printing technology [4]; it has gradually become a
versatile tool in various fields for accurately dispensing very small quantities of fluids on
substrates, such as human organs or cells [8-11]. Therefore, inkjet technology is a promising
technique for transferring bacterial cells in a small, stable and controlled volume. In addition,
inkjet ejection is controlled using software that can print any designed patterns, and a charge-
coupled device camera, which is usually equipped with high-performance inkjet printers to
examine the pattern dispensed on a substrate. Processing, such as hydrophilic/hydrophobic
patterning, with an inkjet printer is a time-saving, low-cost, and controllable technique that is an
alternative to manual operation. Through this technology, researchers can avoid harmful or

pathogenic bacteria from directly touching them as a concomitant effect.

In this chapter, we present a new method to create a well-ordered and reproducible
system for dispensing bacteria on a microscopic scale by using advantages of paper and inkjet
technology. As shown in Fig. 2.1, we used paper as a media platform for bacterial culture and
inkjet printing technology to dispense small amounts and for manageable patterning of bacterial
suspension. Bacterial growth on a nutrient medium contained in a Petri dish is sometimes
evaluated visually by positive/negative judgment followed by a statistical analysis [12], counting
the number of colonies [13], color of colonies [14], and more semi-quantitatively, scores based
on the number of quadrants in which growth was observed [15]. The system we are creating aims
to quantify bacterial growth with a microscope and image analysis as the future work, which will

be useful to routine laboratories using agar plates.
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Fig. 2.1 Image of bacterial culture system using a paper platform.

2.3 Materials and methods

2.3.1 Preparation of the Hydrophilic/Hydrophobic Pattern

We selected paper as a potential new substrate to facilitate efficient observation of
bacterial growth under various conditions. Previous research [4] presented a method to modify
paper to form hydrophobic and hydrophilic areas in the same substrate by using polystyrene (PS)
and toluene. In the present study, we used PS to serve as a hydrophobic barrier to block
spreading of the aqueous medium that was printed on hydrophilic areas. In addition, filter paper
was chosen as a substrate to settle the medium because of its high absorbency. First, the filter
paper was soaked in a 3.0 wt% toluene solution of PS for 1 h (Fig 2.2) and then allowed to dry at
room temperature for 15 min, to allow the entire filter paper to become hydrophobic. Squares (10

mm x 10 mm) were etched to make hydrophilic areas by printing toluene with Solvent Blue 35 at

0.015 wt% (blue toluene) for visualization. All patterns were listed in table 2.1.
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We found that with 3 head nozzles and overprinting the area twice for the best organized
patterns with distinctive borders. Finally, hydrophilicity was tested by dropping 2 uL of water on

the etched areas, and the degree of penetration was observed and compared (Fig 2.3).

Table 2.1 Print conditions of hydrophilic area

Pattern Numll)lirz;liHead Drop spacing (um) OVE(;?r;iQ)ting
1 3 70,50,20,10,5 12
2 5 70,50,20,10,5 1,2
3 9 70,50,20,10,5 12
4 10 70,50,20,10,5 1,2
5 16 70,50,20,10,5 1,2

Fig. 2.2 Filter paper soaked in toluene solution of PS.
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Fig. 2.3 Hydrophilicity test by dropping 2 pL of water on etched areas.

2.3.2 Modification of Agar

A common culture medium for bacteria is an agar medium that contains necessary
nutrients. We attempted to print a nutrient agar medium by using the inkjet printer for dispensing
small quantities of the medium on hydrophilic areas of the filter paper. However, the medium
quickly solidified at room temperature, which is not conducive to printing. Therefore, we
modified the molecular structure of agar by hydrolysis. Agar contains agarose as a major
component, which is a linear polymer made up of the repeating unit of agarobiose—
a disaccharide made up of D-galactose and 3, 6-anhydro-L-galactopyranose. Glycosidic bonds
between each agarobiose are easily hydrolyzed by acids, such as sulfuric acid (H2SOa), that
shorten polysaccharide chains. The optimum hydrolysis of agar was sought to generate agar
polymers conducive to printing. First, 0.5 g of agar powder was dissolved in 20 mL of 0.05%,
0.1%, and 0.02% H>SO4 aqueous solutions, and then the solutions were heated at 100°C for 10,
15, 20, 25, 30, 40, 45, and 50 min. To stop the acid hydrolysis, the agar solutions were cooled on
ice water for 5 min. Sodium hydroxide (NaOH) was added to neutralize the solutions for
bacterial culture. Sodium sulfate (Na.SO4) produced during neutralization was removed by
electrodialysis (Microacilyzer S1 with a membrane cartridge AC110-10, ASTOM, Japan).
Viscosity of each hydrolyzed agar solution was measured by using a Cannon-Fenske Routine

Viscometer. Finally, the hydrolyzed agar was mixed with yeast extract, Bacto tryptone, and

29



sodium chloride (NaCl). The agar mixture was loaded into an ink cartridge wrapped with a film-
type heater (Fig. 2.4) and was printed on rectangular hydrophilic areas (5 mm x 5 mm). The

drying speed of printed hydrolyzed agar was recorded to evaluate water retention.

Fig. 2.4 Ink cartridge wrapped with film-type heater.

2.3.3 Bacterial Culture on Paper

Bacterial growth was examined by transferring a suspension of bacteria and comparing
the growth on a normal agar plate and on hydrolyzed agar medium on paper. First, bacteria
floating in the air were taken randomly (Fig 2.5) from stationary phase and isolated for pure
culture by the streak technique. At least 3 repetitions of this technique were performed to
confirm the purity of the bacteria and classify the morphology of the bacterial colonies. Serial
dilution [18] was applied to reduce the concentration of the bacterial suspension (Fig 2.6).
Finally, a bacterial suspension of 2.7 x 10’ CFU/mL was transferred onto hydrolyzed agar to

observe the bacterial growth.
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Fig. 2.6 Serial dilution method (left) and diluted colonies on agarose plate (right).

2.3.4 Ejection of Escherichia coli on Medium

E. coli cells were printed with a testing inkjet printer (Dimatix DMP-2831, Fujifilm,
Japan) as shown in Fig. 2.7, with a piezoelectric actuator, on a standard culture medium to

confirm bacterial cell applicability and viability. First, a 5-mm-thick square sheet of culture
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medium was prepared and placed on the stage of the inkjet printer. Next, E. coli cells were
loaded into a cartridge and printed following patterns designed using a specialized application.
The pattern was considered to be a rectangle of 5 x 10 dots arranged on a sheet at intervals of 5
mm. The printed E. coli cells were incubated at 37°C for 24 h, and the resultant colonies were

examined.

Fig. 2.7 Dimatix DMP-2831.

2.3.5 Preparation of Emulsified Particulates

Polystyrene acrylate hollow latex particles with a diameter of about 1 um (latex particles;
PAT8125; ZEON Corporation, Japan) were selected as a bacterial cell model to ensure the
ability to print a constant number of particles. The stock latex emulsion, consisting of 26.5%
solids, was diluted to 0.001% and then mixed with a small amount of glycerol to obtain an
appropriate viscosity for inkjet printing (Fig. 2.8). Latex particles were subsequently printed on a
sheet of photo-grade inkjet printing paper (Super photo grade; Kassai, Fujifilm, Japan) using an
application to manage printing conditions such as printing frequency and number of droplets in 1
dot on the paper. A square pattern of 11 x 11 dots was printed only once or overprinted 3 or 5
times on the paper (Fig. 2.9), and photographs of the printed dots were taken by a scanning
electron microscope (S-4200, Hitachi, Japan) to count the number of latex particles.
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Fig. 2.8 Latex emulsions mixed with glycerol.

Fig. 2.9 One square pattern of 11 x 11 dots.

2.3.6 Confocal Laser Scanning Microscopy

Automatic and selective monitoring of bacterial growth by a confocal laser scanning
microscope (CLSM 700; AxioObserver, Carl Zeiss Microscopy) was performed to develop this
bioassay system. A dried piece of filter paper with a bacterial colony on the agar medium was
subjected to fluorescence microscopic observation with an excitation wavelength (ex) of 555 nm
(green) and an emission wavelength (em) ranging from 500-630 nm (blue to red) for the agar
and ex of 639 nm (red) and em > 640 nm (red) for the hydrophilic area. CLSM was used to
obtain a regular light transmission image showing the fiber network, and the composite image

was created from the 3 images.
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2.4 Results and discussion

2.4.1 Hydrophilic/Hydrophobic Patterning

After the filter paper was soaked in a toluene solution of PS and dried, hydrophobicity of
the filter paper surface was tested by dropping 2 uL of water on the whole surface, as shown in
Fig. 2.10.

Hydrophobicity of areas etched by printing blue toluene on the hydrophobic filter paper
was checked by dropping water again. Darker blue regions, with overprinting of blue toluene,
demonstrated a higher hydrophilic property of faster water penetration. For optimum
hydrophobic/hydrophilic patterning, a 40 min printing method including 3 head nozzles and

overprinting twice was chosen (Fig. 2.11).

Fig. 2.10 Hydrophobicity test of filter paper surface by dropping 2 uL of water.

Fig. 2.11 Blue toluene patterns overprinted twice with 3 head nozzles.
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2.4.2 Optimized Modification of Agar for Inkjet Printing

As shown in Fig. 2.12, hydrolyzed agars were classified into 3 groups, depending on the
state of the material: gel, paste, and aqueous states. Agar powder dissolved in 0.05% H2SO4
aqueous solution and heated for 30 min attained an optimum hydrolysis level, which was a
viscosity conducive to inkjet printing (Fig. 2.13). Additionally, a film-type wrapping heater was
used to change the hydrolyzed agar from the paste to aqueous state. As a result, heating
guaranteed smooth ejection of the hydrolyzed agar medium by maintaining the aqueous state and
avoided clogging the nozzle heads. However, 50 uL aliquots of the hydrolyzed agar medium

dried so quickly that the moisture content of the agar was maintained only for 16 h.

(b) (©)
Fig. 2.12 Three phases of modified agar; (a) solid (gel), (b) paste, and (c) liquid.

To confirm the survival of bacterial cells on paper, the isolate originally from air-floating
bacteria were transferred on the hydrolyzed agar medium manually. Bacterial colonies were
observed after 10 h on a normal agar medium. However, colonies were not observed clearly on
the hydrolyzed agar medium on plates or paper. Colonies that grew on the wet hydrolyzed agar
medium on the plate were observed after 3 days, although colonies on paper had dried
completely. Because we developed a culture system for bioassays that will be processed within a
few hours, the drying time of 16 h is sufficient to maintain a suitably moist environment.
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Fig. 2.13 Viscosity of agar hydrolyzed at three different concentrations of H.SOj.

To compare bacterial growth on normal and hydrolyzed agar media, we observed that
each colony on normal agar medium grew separately and laterally, allowing clear observation
(Fig. 2.14). However, on hydrolyzed agar medium, many overlapping colonies grew, and it was
difficult to discern individual colonies. Overlapping likely occurred, because droplets of the
hydrolyzed agar were printed on top of others, during overprinting, and in the paste state over
and over again and the surface tends to be rough. Even if bacteria can grow and are observable
on the hydrolyzed agar, quantitative evaluation cannot be expected.
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Fig. 2.14 Colonies of bacteria growing on modified agar medium.

2.4.3 Ejection of E. coli on agar Medium

After a suspension of E. coli cells was printed, the normal agar medium sheet was
immediately observed microscopically. Individual E. coli cells were not visible; however, mature
E. coli colonies appeared as white spots after culture for approximately 30 h and were
photographed (Fig. 2.15) and microscopic colony of E. coli (Fig. 2.16).

Fig. 2.15 Arrangement of cultured E. coli colonies after printing on a sheet of agar medium.
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Fig. 2.16 The colony of E. coli was observed by microscope.

These results suggest that E. coli cells that were ejected through narrow nozzles were still
viable, although they were subject to high shear stress in the nozzles. Previous reports discuss
problems of low survival rates in such kinds of inkjet bio-dispensing systems [2,16]. However,
the survival rate obtained using this system was satisfactory, considering that bacterial growth
was observed for all printed dots. These results also suggest that this inkjet printing method is
capable of dispensing fairly regular arrangements of E. coli cells, although some satellite
colonies are visible next to the primary colonies in the photograph (Fig. 2.15). This deviation in
the regular arrangement was due to droplet split, which occurred immediately as the droplets
were released from the nozzle; deviation was solved by increasing viscosity and decrease surface

tension by adding a small amount of glycerol to the bacterial solution.

2.4.4 Stability in Number of Ejected Particles

After we confirmed the ability to dispense viable bacterial cells by inkjet, we verified that
the inkjet printer could dispense regular arrangements of non-ink liquid dots and eject consistent
numbers per droplet of latex particles, a model for bacterial cells. The inkjet printer is designed
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to eject droplets with volumes of 1-10 pL. Although, the average diameter of the latex particles is
approximately 1 um, and latex particles were expected to print smoothly, we sought to avoid
clogging of the head nozzles or aggregation between particles. A small amount of glycerol was
added to latex particles to increase the viscosity and decrease the surface tension [17]. Figure 2.9
shows printed dots of latex particles at certain intervals on photo-grade inkjet paper, which
resulted in the formation of well-dispersed particles for easy counting and a potent