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Abstract

Abstract

Biological Micro-motors are one of the most remarkable products of evolution;
they can perform biological tasks with surprisingly high efficiency. A novel form
of miniaturized man-made self-propelled micro-motors based on silk have
been designed and fabricated in this thesis. These ‘swimmers’ were made
from regenerated Bombyx mori silk fibroin via 3D reactive inkjet printing under
ambient processing conditions. While Bombyx mori silk exhibits impressive
mechanical properties, remarkable biocompatibility, controlled biodegradability,
environmental stability, and morphologic flexibility, silk swimmers have
expanded the range of potential applications even to biomedical platform and

sensitive protein therapeutics.

Micro-motors are able to convert chemical or external energy into mechanical
motion. Two different types of propulsion mechanisms were studied for silk
swimmers: catalytically powered bubble propulsion and surface tension
gradient powered. For bubble propelled swimmers the trust is created by
oxygen bubbles, generated by the decomposition of hydrogen peroxide, and
being released off the surface of the swimmers. Trajectory analysis of catalytic
powered swimmers placed in hydrogen peroxide fuel solutions revealed long-
lasting and site-specific controlled motion. In contrast, surface tension gradient
(Marangoni flows) driven swimmers, via the dissolution of PEGaq, resulted in
faster smoother motions which however was short lasting and less

controllable.

Utilising 3D reactive inkjet printing as a fabrication technology to generate
swimmers, allows to readily varying the structure of the swimmers by changing
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the inks, printing scripts and parameter settings. In this thesis, this process is
used to customize swimmers and incorporate other functional moieties for
applications including drug delivery, bio-mixing and cancer cell detection and

capture.
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Introduction and Literature Review

1.1 Introduction

This chapter firstly introduces the Bombyx mori Silk, an animal silk, including
its typical mechanical and physical properties, different physical structures,
and advanced and multifunctional applications. Secondly, self-propelled
motors are introduced as silk is a desired material to make those motors. This
second part introduces the classification of the self-propelled motors based on
the different energy input. The catalytic bubble propulsion and concentration
gradient propulsion will be highlighted. This chapter thirdly introduces the inkjet
printing technology, including the classification of inkjet printing, what kinds of
basic inks and additives have been used, and applications to data. | will
highlight the section about critical parameters for ink printability and explain
how to use silk bio-inks for an inkjet printer. Finally, a schematic overview of
the self-propelled motors, made from regenerated silk fibroin (RSF) based inks

by inkjet printing, will be summarized.

1.2 Silk (Bombyx Mori)

1.2.1 An overview of Bombyx Mori silk

Silk, derived from Bombyx mori (B. mori) silkworm (shown in Figure 1-1A), has
been used in the textile industry and as biomedical suture material for
centuries. Native B. mori silk fibres are approximately 10-25 ym in diameter
and are composed of the core fibroin protein coated with sericin protein
(shown in Figure 1-1B and C) [1-5]. Sericin is a family of hydrophilic proteins

that count for 25%-30% of the total silkworm cocoon by weight [1, 6, 7].
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Figure 1-2 shows the schematic image of the core fibroin which consists of a
light chain (~26kDa) and a heavy chain (~ 390kDa); a single disulfide bond at
the C-terminus links the two chains [3, 8]. The amino acid composition of silk
fibroin from B.mori consists mainly of 43% glycine, 30% alanine and 12%
serine. The heavy chain consists of crystalline regions (B-sheet structures),

less crystalline regions ( B-turn structure) and N,C-terminus.

(A) Sitkworm (B)

(Bombxy mori)

Figure 1-1 A) An image of a Bombyx mori silkworm [5]. B) The schematic
illustration of the composite structure of a cocoon fiber [4]. C) Scanning
electron microscope image of a single B. mori silkworm cocoon fiber [9].

Heavy Chain
V@
/ WANPN

M-terminus

p-sheet /

(GAGAGSMGY-GY)

C-terminus

i

F+— Disulfide bond

Turn

(GT-GTY

Light Chain

Figure 1-2 The schematic image of portable 2D structure of silk core fibroin,
illustrating the heavy chain (N,C-terminus, beta-sheet and Turn secondary
structure ) and light chain. The two chains are linked with disulfide bond.
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Silk polymorphs

Three silk polymorphs have been observed to date, they are silkk I, silk II and

silk 111 [3].

In nature, silk I is a kind of water-soluble protein found in the gland of
silkworms. When silk I is exposed to physical spinning or heat, it transforms to
a stable crystalline structure called silk II. Natural silk fibores are semi
crystalline and consist of crystalline silk II beta-sheet and highly aligned
amorphous regions [3, 10]. This property not only exists in natural silk, it also
has been observed in regenerated silk fibroin (RSF). Silkk [ can also be
induced to silk Ilunder the addition of organic solvents (e.g. methanol,

ethanol, and acetone), salts (such as potassium chloride, calcium chloride, and

so on) or physical treatment (like shear force and heat) [3, 11, 12].
Both silk I and silk II can be found in nature while silk III is an assembled
interfacial polymorph. Silk III was observed in ultrathin film (Langmuir-Blodgett

silk film or cast silk film) and assembled on an air/water or oil/water interface.

Silk III has a helical structure and the needle-shaped silk III was observed in a
helical conformation which pushes the alanine (hydrophobic) and serine
(hydrophilic) residues to opposite sides of the interface. Thus, silk III fibroin
has potential to be used as surfactant [13]. However, Silk III will not be

described and used in this thesis due to it is an unstable structure and only can

be find at the water/air interface.
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1.2.2 The properties of silk fibroin as biomaterial

B. mori silks (as illustrated in Figure 1-3) have impressive mechanical
properties, remarkable  biocompatibility, = controlled biodegradability,
environmental stability, morphologic flexibility and the ability for amino acid

side change modification to immobilize growth factors [1, 3, 6, 14-18].

Biocompatibility

. Mild productive process

Mechanical properties

Figure 1-3 The image lists the characteristic of B.mori silk.
Mechanical Properties
The silk fibroin, core protein mainly with B-sheet structure, has high toughness
and mechanical strength [6]. The mechanical strength is about 0.6 GPa which
is better than other commonly used biomaterials, including tendon collagen
(0.15 GPa), wool (0.2 GPa), and resilin (0.003 GPa) [19]. In terms of
toughness, silk fibers (70 MJ m™) are greater than most synthetic materials
such as Kevlar 49 fibre (50 MJ m™), carbon fibre (25 MJ m™) and high-tensile
steel (6 MJ m™) [19]. The ultimate tensile strength of B.mori silk fibers is 740
MPa while PLA is 28-50 MPa and collagen is in the range of 0.9-7.4 MPa.

Thus, silk is an excellent candidate biomaterial for biomedical applications.
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Biocompatibility and immunological response
Biocompatibility is an important property of biomaterials. The international
standardization organization (ISO) has the biocompatibility requirements: ISO
10993 to determine whether a new material can be transplanted in vivo [20].
Generally, the histocompatibility and hem-compatibility of the biomaterials are
checked by immunological responses, cytotoxicity test, skin irritation test and
sensitization test. Silk has been known as a biocompatible materials for a long
time [6]. The applications of using silk as suture [3, 21, 22] or wound dressing
[23-29] are the best examples to prove the remarkable biocompatibility of silk.
Many different types of silk based suture such as virgin and black braided [6,

22, 30] have been analysed and showed low immune response.

Nowadays, the silk based biomaterials are not only used as suture also used
in tissue engineering and life science. In 1999, Santin et al. reported that
compared with polystyrene and poly(2-hydroxyethyl methacrylate), silk fibroin
showed less adhesion of immune-competent cells [31]. In 2005, Meinel et al.
showed that silk fibroin film induced a lower immunological response than
polylactic acid films and collagen films [32]. In 2014, Shen et al. reported silk
fibroin (SF) scaffolds have milder immunological response than acellular

collagen 1/II (AC), paper and gel-foam scaffolds when they used as

substitution of subcutaneous tissue of middle ear cavity in rat models [33]. In
my study, based on the biocompatibility of silk fibroin, the self-propulsion motor
which is fabricated by regenerated silk fibroin has the change to be used for

cell culture and other medical applications.

Biodegradability
Biodegradability is the capability of the materials to be degraded by biological

6



Introduction and Literature Review

reactions. The process of the enzymatic degradation is termed as
biodegradation [34]. Biodegradability of silk materials has been extensively
studied both in vitro and in vivo. For in vitro, the degradation process has been
determined by checking the weight loss, the change in morphology and the
amount of intermediate degradation products. Interestingly, Wang et al. found
that pre-irradiating silk based material under 30-500 kGy dose of gamma-ray
promotes the rate of collagenase biodegradation [35]. For in vivo, the
biodegradation has been tested by the integrity, morphology changing and
mechanical strength of the transplants. Wang et al. studied the degradation of
RSF scaffolds in rats. The results demonstrated that the scaffolds were
tolerated by the host rats and the rate of degradation has a correlation with the
morphology and mechanical properties of the scaffolds [36]. It is desirable that
the rate of degradation of the designed structure can match the rate of new
tissue growth. Li et al. showed that the higher the content of silk Il structure in
RSF scaffold, the lower the degradation rate observed. This observation
indicates that the degradation rate can be tailored by controlling the

percentage of beta-sheet structure [37, 38].

Specific enzymes have been used to analyse the biodegradation of the silk
based materials (Table 1-1). For example, Numata et al. established the
biodegradation model of anti-parallel beta sheet silk crystals. The
biodegradation rate of using protease XIV was faster than that of alpha-
chymotrypsin. The slow degradation process mimicked the natural degradation
process in the human body and showed no cytotoxic products from the
degradation [39]. Pritchard et al. also used protease XIV to analyse the rate of

drug release on silk based devices [40]. Therefore, the enzyme protease XIV



Introduction and Literature Review

can be used to control the biomaterial degradation rates as well. Compared to
other kinds of biomaterials such as collagen, the degradation of regenerated
silk is longer but tailorable. Therefore, in the future, degradation rate of silk

materials can be tailored to fit broad applications in various fields.

Table 1-1 Biodegradation (enzyme based) for differernt silk forms.

Enzyme types Function Silk Forms Ref.

Fast biodegradation anti-parallet beta sheet

Protease XIV g P . [39, 40]
process silk crystals
Mimi tural .

Alpha- .|m|c na u_ra anti-parallet beta sheet

chymotrypsin environment in the silk crystals [39]
y yp human body y

Collagenase -- Silk filaments [35]
Collagenase IA Bone tissue repair Silk scaffolds [41]

Flexibility of surface modification
Surface modification is an action of decorating the materials in order to add
some extra properties to their surfaces. In 1984, Pierschbacher et al. had
found that the integrin recognition sequence RGDS promote cell adhesion [42].
After many years of research, Galeotti et al. demonstrated the possibility of
chemical modification on silk films. The azido rich surface of the silk films
reacted with alkyne terminated of polyethylene glycol by click reaction. Then
they used fluorescent technique to prove the success of the click reaction [43].
Dhyani and Singh could control the cell attachment characteristic of
regenerated silk fibroin films by graft polymerization. They developed a
technique which used plasma etching to graft pAAc, pHEMA and PEG on the
silk fiims (Table 1-2). These chemicals modified the surface hydrophobic

properties and changed the cell adhesion in the later cell culture [44].
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Chemical reaction is the main ways using for surface modification. However,
the limitation on chemical reaction conditions (i.e. the shortage of functional
groups and using toxic reagents) requires some other convenient ways to

modify the surfaces.

Table 1-2 Lists of the ways of the surface modification on silk

foSrI:rI?s Additive Linking ways Results Ref.
olvethviene The azido rich surface of the silk films reacted with
Films poly | c)cl>l alkyne terminated of polyethylene glycol by click [43]
gy reaction
Films pAQr?a FI):;'EEGMA Plasma etching [44]

controlling the silk surface

Oxygen and Ar roughness
SilicFiber B . promoting the adsorption [45]

plasma-treated capacity of the silk fibres

plasma pretreatment mesenchymal stem cells

. PET-SF ) -~ .
Films PET-PAA-SE followed b_y SF dip (MSCs) exhlblt_ed optimum [46]
coating density
Scaffolds wheat germ adlpose—de_rlved stromal [47]
agglutimin cells adhesion enhanced
Nano- romoting the wound
fibrous dextran P 9t [23]
healing
mats

Some researchers have used plasma treatment for the modification of silk
based biomaterials. For example, Boonla et al. demonstrated oxygen and
argon plasma treatments are able to control the silk surface roughness. They
also analysed the thermodynamics and desorption kinetics of lac dyeing (Lac
dye is one of the well-known natural reddish dyestuffs) on silk and concluded
plasma treatments were able to promote the adsorption capacity of the silk
fibres [45]. Later, Liang et al. made poly (ethylene terephthalate)-silk fibroin

films by plasma pre-treatment of PET followed by silk fibroin dip coating. They
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controlled the biocompatibility of the films and found the films promote the
proliferation and attachment of mesenchymal stem cells (MSCs). The simple

method provided the possibility of batch production of PET-SF films [46].

Meanwhile, the plant lectin has been used to modify silk based biomaterials.
Teuschl et al. compared adipose-derived stromal cells adhesion between pure
native silk fibroin scaffold and wheat germ agglutinins modified silk fibroin
scaffold. They demonstrated that the plant lectin modified scaffold promoted
cell seeding step and did not cause in vitro immune response in peripheral
blood mononuclear cells or adverse influence on proliferation and

differentiation of adipose-derived stromal cells [47].

Surface modification has not only been used on silk films and scaffolds, but
also used on other silk fibroin forms. Kim et al. examined a dextran-modified

silk mat and proved the modification promoted wound healing [23].

In conclusion, surface modification helps to improve the properties of silk
biomaterials. This modifiable character of silk-based biomaterials increases
their value in tissue engineering applications, and also extends to various

application fields such as in vivo drug delivery and disease diagnosis.

Sterilizability
Sterilization refers to any process that kills or devitalizes the microorganisms;
this treatment is a vital pre-process for cell culture and in vivo implantation [3,
15, 28, 48]. Most medical applications require sterilization to retain the
remarkable properties of the regenerated silk biomaterials and the regenerated
silk fibroin should have diverse options for sterilization in order to satisfy the

practical requirements. Compared with other fibrous proteins, such as

10
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collagen, silk based materials have an important feature which is the versatility

of options for sterilization [29].

Hofmann et al. verified that using an autoclave in a dry state is the optimal
sterilization technique for regenerated silk fibroin (RSF) scaffolds [49], since
this method does not change the morphology [49]. Silk fibroin scaffolds can
also be sterilized using ethylene oxide [6], 70% ethanol [49, 50],or radiation [3,

51, 52].

Mild productive process of RSF solution
Adequate extraction and preparation of the core protein, i.e. fibroin, is required
for medical applications [53]. Firstly, the adhesive protein, sericin which covers
the surface of fibroin needs to be removed. Normally, sericin is removed by
boiling in 0.02 M NayCOs. Then, the extracted silk fibroin is dissolved into
inorganic solvents (e.g. 9.3 M LiBr, CaCl;) or an organic solvent (e.g.
1,1,1,3,3,3-hexafluoro-2-propanol, HFIP) and further generated to different
material formats according to the applications [53]. The water based
processing without using harmful chemicals helps the post treatment to load
some sensitive drugs on RSF biomaterials. Furthermore, the mild process
contributes to allow the integrating of electronic or photonic biosensors into

RSF materials [20].

1.2.3 Different material formats of RSF

A variety of aqueous or organic solvent-processing methods can be used to
generate different silk material formats in order to fit the various aims of
applications [37, 53] The materials formats include hydrogels, spheres, films,
fibres, tubes, sponges and scaffolds (shown in Figure 1-4) [53]. In this thesis,

a new method will be explored to make a special type of silk scaffolds.
11
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Figure 1-4 Schematic of material morphologies fabricated from
regenerated silk fibroin [53].

Hydrogels
The transition from RSF solution to hydrogels is affected by pH, temperature,
electric current, vortex, ion concentration such as Ca’ and K" and the
concentration of RSF solution [20, 54]. By varying to these parameters,
researchers designed different ways to make silk hydrogels. This thesis
introduces some methods which use RSF solution to produce silk hydrogels

because they are well documented and widely used [53].

Sonication Method: Wang et al. reported a novel treatment-sonication method-
to produce silk hydrogels. RSF solution is put into an Eppendorf tube and
sonicated with a Sonifier, then incubated at 37 °C. The ultrasonic wave
promoted the formation of beta-sheet in RSF solution and the sol-gel transition

process was visible with the sonication treatment [55].

Vortex Method: Yucel et al. demonstrated the vortex-induced hydrogelation.
According to the typical circular dichroism spectroscopy, RSF solution
equilibrated at 25°C in a water bath and then mixed at 3200 rpm by a vortexer
to induce protein self-assembly and silk hydrogels. The results showed that the
vortex duration, the vortex temperature and the concentration of RSF solution
affected the hydro gelation kinetics. This vortex technique was simple and

rough, but convenient and versatile [56].

12
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Electro-gelation Method: Leisk et al. discovered that electricity promoted the
formation of adhesive gel and this process is termed as electro-gelation. The
hydrogels appeared on the positive electrode under certain direct current
electric fields. However, the electro gelation was a reversible process. The
newly formed hydrogel dissolved when the polarity of the voltage was
reversed. This process was novel, with the flexible operation promoting the
electro-hydrogels to some special applications. For example, using the

reversible hydrogels allowed a trigger inductor to be made [57].

The structure and properties of silk hydrogels influence their broad
applications. To date, they have been used for cell encapsulation [55], cell
culture matrix [58], therapeutic delivery devices [59] and tissue repair

substitutes [60].

Films
In general, silk films are fabricated from casting the aqueous or organic silk
solution onto substrates [3, 53, 61]. According to the substrates used, the films
could be classified as patterned films [62] or non-patterned films [53]. So the
cast substrates have important effects on RSF films. At present, RSF films are

also produced by Langmuir-Bologett [63] and spin coating [20].

The films are usually produced by two steps. Firstly, using the RSF solutions
cast or spins coating the initial films. Secondly, immersing the initial films into
the methanol makes final stable films. Drying, water annealing and stretching

techniques also are used to get the stable silk films [3].

The silk flms not only have a convenient productive process, but also have

tuneable properties. The thickness of silk is controlled by a layer-by-layer

13
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technique. The roughness can be adjusted by the percentage of PEO in RSF
solution. RSF films contain plenty of chemical and physical binding sites on the
surface which promotes surface modification on the silk films such as loaded

drugs on wound dressing [29] and added nutrition to promote cell culture [44].

Fine fibres
Electro-spinning technique is famous for producing ultrafine polymer fibres [26,
64-67]. To date, over 50 kinds of polymers successfully fabricate nano-fibres
through this technique. Thus, electro-spinning technique is selected to make
artificial silk fibres by using RSF solution. A typical electro-spinning setup
contains a high voltage supplier, a capillary needle and a grounded collector
[64]. Badami et al. research produced desired silk fibres by controlling
substrate, solution, process and environment parameters [68]. At the same
time, the electro-spinning process well mimics the productive process of
natural silk fibores. Nowadays, the electro-spinning silk fibres are made for
nano-fibres mats or membranes in order to satisfy the requirements of cell

culture or tissue engineering [6, 64].

Besides the electro-spinning technique, Kinahan et al. invented microfluidic
approach to fabricate silk fibres [69]. The main part of the microfluidic device
was a cross-shaped channel which contains one outlet and three inlets. The
channel completely imitated the secreting gland of the silkworm and the
researchers control the productive silk fibres through adjusting the processing

parameters [69].

Furthermore, Ha et al. fabricated silk fibres through wet fibre spinning [70]. The
wet spinning setup consists of a mechanical pump, a syringe, a coagulation

bath, a wash bath, draw rolls and a take-up roll. The post-treatments (the

14
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coagulation bath and the wash bath) improved the mechanical properties and
toughness of RSF. This innovation promoted the industrial production of silk

filaments [70].

Besides the mentioned methods, thin fibres are able to fibrate by phase

separation, template synthesis, drawing and self-assembly methods [71].

RSF tubes
RSF tubes are widely used in blood vessel engineering [6, 64, 71, 72]. At
present, the macro vascular tubes, with diameters bigger than 6 mm are
synthesized easily. However, the researchers created a new technique to
synthesize nanotubes. This report introduces two kinds of RSF tubes synthetic
approaches [53]. One is dipping methods; the other one is using regenerated

silk spinning fibres to make tubes.
Dip Method

Lovett et al. prepared micro-tubes through dipping stainless steel wire into
RSF solution [73]. First, they prepared 20-30% silk fibroin solution and dipped
0.64mm diameter stainless steel into RSF solution. Then, they immersed the
coated RSF stainless steel into methanol. This step helped transform the
amorphous liquid to crystalline beta-sheet conformation. They repeated the
dipping and immersing step 2-4 times. Next, they left the samples to dry
overnight. At last, Lovett et al. got the silk tubes by placing the samples into a

surfactant solution with the dip method [73].
Spinning Method

In addition, silk tubes are made by rotating silk fibres on an axially

reciprocating mandrel. The quality of fibres has significant influence on the

15
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prepared tubes. Nowadays, the spinning fibres are prepared by electro-
spinning, wet spinning or gel spinning [53, 64, 70, 72, 74]. Michael L. Lovett et
al. elaborated the gel spinning fibres were most suitable for making silk tubes.
The winding of silk fibres improved the mechanical strength and toughness of
RSF tubes[74]. At the same time, the spinning-gel tubes were customized. The
inner diameters of tubes were adjusted by the diameter of the used mandrels.
The porousness of silk tubes was controlled by the percentage of PEO in RSF
solution. It was convenient for the engineers to fabricate the required micro-

tubes [72, 74].

Micro/nano spheres
Many methods have been used in producing micro/nano-spheres (particles).
To date, it has been known that spray drying [75], emulsification-solvent
evaporation [76], stir freeze-thawing [77], encapsulation [78, 79], attritor and jet
milling [80, 81], phase separation [82, 83], ultra-fine particle processing system

[84] and desolvation [85] methods could make micro/nanoparticles (Table 1-3).

In general, the micro/nanoparticles are used as drug or enzyme encapsulation
devices [20, 85, 86]. In order to use the particles in vivo, nano-/micro-particles
are required. The handy procedure for production of nanoparticles (rapidly
adding RSF solution into excess acetone to produce transparent silk fibroin
nanoparticles [83]) also shows their commercial value. Zhu et al. loaded
Neutral Protease on SFNs by bio-conjugation; optimized the conditions on
SFN-NP bio-conjugation. Finally, the designed nanoparticles also showed their
possibilities for industrial scale production [83]. Thus, to make silk particles or
RSF particles shows their various fabrication benefits and commercial values.

This study is based on the idea of making the small scale particles.
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Table 1-3 The methods of generating functional RSF particles

Year Particles Methods Ref.

2003 Micro- Spray-drying [75]

2005 Micro- EmuIS|f|cat|on'-soIvent [76]

evaporation

2007 Micro- Stir freeze-thawing [77]

2008 Micro- Encapsulation [78, 79]

2009 Ultrafine Attritor and jet milling [80, 81]

powder

2010 Micro- Phase separation [82]

2011 Nano- Phase separation [83]

2011 Micro- Ultra-fine particle processing [84]

system

2013 SI;'\I—aIbum De-solvation [85]
ano-

2013 _ - [87]

Submicron Milling

2014 [88]

2017 Magﬂetlc —silk Freeze [89]
ano-

Scaffolds

To date, scaffolds are produced by gas foaming method [90], salt leaching
method [90], lyophilisation [90, 91], aqueous-induced method [53, 92], whisker-
reinforced method [93], and 3D-printing method. The produced regenerated
silk-based scaffolds have tuneable porosity, remarkable mechanical properties
and tailorable biodegradation [36]. These characteristics of silk-based scaffolds
are good for cell culture and drug release [64]. In tissue engineering, many
researchers used silk-based scaffolds to repair articular cartilage [94] and

bone tissue [95].
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1.24 Applications

In this section of the review | will highlight some applications of man-made
composite materials based on regenerated silk fibroin protein. These
applications include four categories: textile industry, sutures and dressing for
wounds, tissue engineering, and drug delivery. In this study, the applications in

textile industry is not introduced due to it is not related.

Native silkworm silk has been used as biomedical sutures for decades, and in
textile production for centuries [49]. Despite decades of use as medical
sutures, RSF is now being rediscovered and considered as a new-type of
natural biomaterial for a range of biomedical applications [3, 16, 19, 20, 96-98].
Comparing to composite biopolymers (e.g. nucleic acids and protein
polysaccharides) and protein such as collagens, silk fibroin protein provides
interesting mechanical properties and the low toxicity which meet almost all
desirable characteristics for biomedical applications [3, 97, 99]. Among
biomedical applications, the tissue engineering applications which are based

on the cell culture on scaffolds has a good development in recent years.

The patients who suffered terrible traffic accidents, vicious assaults and some
other kind of serious disaster require the repair of tissue or organs in a hurry.
The shortage of organs and tissues from donors is a severe problem in clinical
or emergency surgery. Under the circumstances, some artificial scaffolds are
fabricated by using RSF biomaterials to repair the injured tissues such as bone
and cartilage [45, 70, 73-79], ligament or tendon [80, 81], skin and mucosal

[28, 82, 83], hepatic [84-86] and other tissues (listed in Table 1-4).
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Table 1-4 Other application of silk based biomaterials in tissue
engineering

Forms Application Field Ref.

Silk fibroin nanofibrous scaffolds Vascular tissue regeneration [87]
Silk conduits Neural tissue regeneration [88]

Porous silk scaffolds Cardiac tissue regeneration [89]
Wedge shaped silk scaffolds Meniscus tissue regeneration [90]
Gel spinning silk tubes Bladder tissue regeneration [91]

Silk fibroin membranes Eardrum tissue regeneration [92]

Besides the previous biomedical applications, silk fibroin based particles or
scaffolds are widely analysed and used as the drug and gene delivery vectors
[93-98]. So far, RSF drug delivery has been mainly used for wound dressings
as they are continuous transferring drugs to cure and protect the wound [28,
99-101]. Other research focused on using SF coated drug delivery systems
(e.g. liposomes) in cancer therapy [102-104]. Moreover, use of SF for oral drug
delivery leads to some interesting applications. For example, the slow
protease digestion of SF tablets avoids damaging the shape during
mechanical stimulation in the gastrointestinal tract [105] which showed SF
tablets as potential long lasting oral drug delivery systems. Overall, RSF drug
delivery system will lead to extension application by intensified explorations in

the future.
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1.3 Self-propelled motors

Artificial self-propelling objects which are designed to perform selected
mechanical movements (such as rotation, shutting, delivery and collective
behaviour) in response to external stimuli have attracted lots of attention in the
past few years. Those motors are small autonomous devices capable of
achieving complex tasks while being self-propelled in fluids [100, 101]. In this
study, a novel kind of self-propelled motor, called silk ‘swimmers’, was
fabricated based on RSF (introduced in section 1.2). In this section, a review
will briefly summarize the design, fabrication and applications of those self-

motion devices.
1.3.1 Sources of energy for self-propelled motors

When analysing the movement of small scale particles in a solution under a
microscope, normally they are seen to move around randomly. This
phenomenon is called Brownian motion which is caused by the thermal energy
of the surrounding fluid. In order to avoid the random movement of the self-
propelled motors and achieving a directed motion, external stimuli should be
provided. These stimuli are loaded into certain place of the self-motion devices
and operate using some type of energy input. A number of energy inputs have
been used (e.g. electric and /or magnetic fields, photonic or acoustic waves,
thermal or concentration gradients, and chemical or enzymatic reactions) on

the self-propelled motors.

Table 1-5 lists the self-propelled motors which are principally characterized
based on the type of energy input that they use. It also lists the number, size

and scale, and the advantages in specific applications for each type of motors.

20



Introduction and Literature Review

Table 1-5 The classification of micro- and nano-motors based on the

type of energy input

Nano-

Type name Propulsion Advantages/Applications Ref.
Mechanism
o Living organisms The flagellar 1.Demonstrated the separation of [102]
% driven motors propulsion of the cell a selected sper-driven micro-
%- Microtubes (~ 50 um motor
L long) 2.Selected sperm cells can be
= remotely guided to the egg cell
o
o 3.Easy to control
@
DNA- or RNA- Enzymes invest 1. Nature [103]
processing enzymes chemical energy
motors direct the DNA or
RNA movement
(72 i 3 i -
§ Catalytic motors Self-electrophoresis 1. Mimic nature and transfer to [110074
2 artificial ]
o . ) ) 2. Direction control
s From Nano-/micro to Interfacial tension 3. Shape designable
= | Small scale induced motion 4. Multifunctional fabrication
o methods
o 5. Widely investigated
o Bubble propulsion
Diffusiophoresis
Thermal motors Temperature 1. Fuel-free locomotion [108]
Micro-particles (~ 3 gradient 2. A biocompatible tool to perform
um in diameter) bioanalytical tests
Concentration Concentration 1. Simple procedure [109]
gradient motors gradient
Micro-
Magnetically driven Magnetic field 1. Fine control the direction of the [99,
motors motors (Initial way) 110-
11
Mircro- 2. Commercial applications 3
3. Contact free with the motors
Electrically driven Electric field 1. Enable wireless control [114,
motors 2. obviate chemical fuel 119]
Micro-
Photodriven motors Light 1. Renewable energy source [116-
11
Nano-/ micro- 2. Easy to control 8
3. Contact free with the motors
4. No waste products
Ultrasound driven Ultrasound waves Contact free with the motors [119-
motors 121]
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Because my thesis carried out studies on catalytic powered devices, | will
highlight the review on the synthetic motors, which include catalytic motors
based on various chemical or biochemical fuels, and discuss respective

limitations of these devices.

Catalytic motors (Bubble propulsion)

Catalase is a bio-enzyme found in cells that is able to efficiently degrade
hydrogen peroxide (H,O,) to water (H,O) and oxygen (Oz), and thus to
translate chemical energy into mechanical energy. Catalase from bovine liver
contains four porphyrin heme (iron) groups which allow the enzyme to react
with the H,O,. While the complete molecular mechanism of catalase is not
known, the reaction is found based on two stages (shown in Eq. {1.1}) [122,
123].

H,O,+ Fe(Il1)—E — H,0 + O=Fe(IV)-E(.+)

1.1
H,0,+O=Fe(IV)-E(.+) — H,0 + Fe(lll)-E + O, a1

In the last two decades, bubble propelled catalytic and bio-catalytic small
engines have been analysed for various applications. In 2008, Pantarotto et al.
made a multi-catalytic powered nanotube from multi-walled carbon nanotubes
(MWCNTs). Figure 1-5 shows the schematic images of the bio-hybrid
propulsion system. The conversion of glucose by glucose oxidase (GOx)
produces di-hydrogen peroxide, which is degraded by catalase to form oxygen
gas bubbles which propel the MWCNTs [124]. This autonomously moving
carbon nano-tubes offer an opportunity in analysing the behaviour of complex

multienzyme ensembles [124].
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Figure 1-5 Schematic images of a biohybrid propulsion system based on
the enzymes glucose oxidase and catalase, immobilized covalently to
water-soluble MWCNTSs bearing carboxyl functionalities [124].

Then, in 2010, Sanchez et al. rolled up thin Ti / Au films into micro-tubes and
the Ti / Au micro-tube where the inner Au layer was functionalized with self-
assembled monolayers of 3-mercaptopropionic acid. They reported this micro-
engine was the first one which effective uses enzymes as catalysts (shown in

Figure 1-6) [125].

Figure 1-6 Schematic images of the over view hybrid bio-catalytic micro-
engine (A); Surface modification of inner Au layer (B) [125].

In 2013, Wang et al. reported a novel micro-motor which was used for water
quality testing based on the changing of the propulsion behaviour of it in the
presence of pollutants [126]. Poly (3,4-ethylenedioxythiophene) / Au-catalase

micro-tubes was used the scheme illustrating in Figure 1-7.
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Figure 1-7 The schematic demonstrats the effect of pollutants on the
micro-motor moving speed through inhibition of the catalase catalytic layer
(bottom) along with the process used for fixing the enzyme at the inner gold
surface of the tubular microengine via a mixed 1l-mercaptoundecanoic
acid / 6-mercaptohexanol self-assembled monolayer (top) [126].

In this thesis, a catalase bio-catalytic micro-engine was fabricated by inkjet
printing methods by mixing the catalase into RSF based biomaterial solution.
This is also a report on the effective use of enzymes as catalysts in self-

propelled micro-engines.

Diffusiophoresis motors (concentration gradient)
For small scale, fluid flow appears in the presence of various externally applied
gradients, such as electric, magnetic, and pressure. Each of these gradients
generates a direct force on a fluid or particles and drives movement [109].
Diffusiophoresis describes a particle which is driven by gradient without the
application of any outside force [127] or transfers the free energy of chemical
reaction, dissolution, or precipitation into a directed motion of fluid and
particles [128]. The mechanism has been observed since 1947 by Derjaguin et
al. [129] and the physics of diffusiophoresis motion has been established in
both theories and experiments. However, for several decades, diffusiophoresis

has often been ignored or considered as an esoteric lab phenomenon [109].
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Velegol et al. did a survey on various motion system where gradients may be
generated spontaneously [109]. There are two general types of
diffusiophoresis, non-electrolyte [130] and electrolyte [131]. The system can
have diffusiophoretic transport when a system has the following situation: a)
ions with different co-efficient; b) a concentration gradient resulting from any
number of physical process such as dissolution, evaporation, reactions,
precipitation, or condensation; c) particles or surfaces with finite zeta potentials
[109]. The different salt types or surface charge are useful clues in determining

whether an observed phenomenon is caused due to diffusiophoresis.

Surface Tension controlled motors (Marangoni Effect)
Marangoni effect happens when there is a gradient of surface tension at the
interface between two phases, mostly appearing on liquid/gas interface [132,
133]. The surface tension gradient is typically caused by variations in the
solute concentration, surfactant concentration, and temperature variations
along the interface. In some multicomponent liquids or eutectics, the direction
of the gradient of surface tension tangential to the interface can be changed by
altering the concentration of the solutes at the surface or by adding
surfactants. Depending on the fluid, a rather strong convective motion is

produced [134].

In this thesis, PEG400 was mixed in swimmers and when put the swimmers on
water solution; PEG4o0 works as surfactant and changes the surface tension at
the air/water interface. This caused the Marangoni effect and resulted in strong
motion of swimmers on the air/water interface. In case where the concentration
drives the variation of the surface tension, the Marangoni effect is referred to

as the solutocapillary effect.
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1.3.2 Different methods and forms for self-propelled motors

Nowadays, a lot of fabrication methodologies are employed to fabricate
multifunctional self-propelled objects. The methods include angled electron
beam evaporation, sputter coating, template-assisted deposition,
photolithography, and 3D printing [135]. The forms for the self-propelled
motors: particle, rods, tubes and other specific designed structure showed in
Figure 1-8. For the beam evaporation, sputter coating, and template-assisted
deposition methods, all of them have a limitation on convenient adjusting the
size, scale and material of the motors during the fabrication process. So these
methods result in higher fabricating cost and inconvenient when a new type of

self-propelled motors is required.

Figure 1-8 Schematic images show the different forms of self-propelled
motors [135].

Thus, above all the mentioned fabrication methodologies, | am interested in
using 3D printing technology to generate some functional self-propelled motors
due to its a more customer friendly technique. It is convenient to custom-made
particles by only changing the setting of the printing parameters on the linked
computer system and changing the inks. There are a few different types of 3D

printers have been used to fabricated self-propelled motors. In 2015, Chen et
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al. fabricated an artificial ‘micro-fish’ by microscale continuous optical printing
(MCOP) which was the first report in the presentation of 3D technology to

produce self-propelled motors (showed in Figure 1-9) [136].

Based on the self-propelled motor examples in this section, | plan to use inkjet
printing technique to fabricate RSF ‘swimmers’ (micro-rockets, stirrers and
swimming letters which are described in Chapter 4, 5 and 6 in this thesis,
respectively). RSF was selected due to its remarkable characterises,
especially on its biocompatibility and formation transitions. Inkjet printing
technique shows up because it incorporates a simple and convenient way to
fabricate various kinds of self-propelled motors (e.g. the changing of the size
and patterns of the particles by quickly adjusting the printing scrips) and use
aqueous based solution as the printing inks (the RSF material are easy to

dissolve in solutions).

\ 4 =
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Figure 1-9 a) Schematic demonstration of the uCOP method to fabricate
micro-fish. UV light illuminates the DMD mirrors, generating an optical
pattern specifi ed by the control computer. The pattern is projected through
optics onto the photosensitive monomer solution to fabricate the fish layer-
by-layer. b) 3D microscopy image of an array of printed micro-fish. Scale
bar, 100 um. c) Schematic illustration of the procedure of functionalizing a
microfish for guided catalytic propulsion. Platinum nanoparticles are first
loaded into the tail of the fish for propulsion through catalytic decomposition
of H,O,. Second, Fe;O, nanopatrticles are loaded into the head of the fish
for magnetic control. [136].
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1.4 Inkjet Printing Technique

As mentioned in section 1.3, 3D printing technology shows up among various
fabrication methods of self-propelled motors. Among the 3D printing
technology, Inkjet printing technology is most fit my requirements of
fabricating silk ‘swimmers’. In the past decades, inkjet printing has become a
highly capable tool for manufacturing, especially for micro-manufacturing.
Before, it is widely known by its applications in photos and graphics.
Nowadays, the use of inkjet printers to print functional materials attracts more
and more attention and extends its applications into the other areas such as
biomedical application [137], biosensors [138], tissue engineering [139, 140]

and so on.

Inkjet printing is a computer-aided technique that deposits inks (such as
solutions or suspensions) in pre-determined places on the substrate with
computer control [141]. This section comprehensively describes the major
types of inkjet printers, the critical parameters of ink printability, the basic inks

and the functional molecules which can be loaded into the basic inks.

141 Inkjet Printer

According to the formation mechanisms of ink droplets, the inkjet printers are
classified into two main modes which are continuous inkjet (CIJ) printer and
drop-on-demand (DOD) inkjet printer. Figure 1-10 lists the classification of

the inkjet printer based on the two main modes and their subdivisions.
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 inetprinter —<=

==

Figure 1-10 The classification of Inkjet printers based on the formation
mechanisms of ink droplet [138, 141].

Continuous inkjet printer
Figure 1-11 shows the process of how CIJ printers generate droplets on the
matrix [138, 140]. The continuous inkjet printer is named because its creation
of ink droplets is constant. A high-pressure pump vibrating piezoelectric
crystal nozzles is required to form ink droplets. Then the formed droplets are
selectively charged through signals by the linked electrode. The images are
formed by the uncharged droplets which are ejected onto the matrix; the
gutter will collect the charged droplets for recirculation. The benefit of the CIJ
printer is its high speed of printing. However, the disadvantage is the printing
nozzles are easily blocked if the inks dry quickly. Hence, the inks must not dry

too quickly and be chargeable.
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Figure 1-11 schematic images shows the typical structure of continuous
inkjet printing [140].

Drop-on-demand (DOD) printer
In a DOD printer, the droplets eject only when they are required, and this is
controlled by propagating a pressure pulse in an ink filled chamber. In
contrast to CIJ printer, the DOD printer allows smaller droplets to be
generated and higher position accuracy [142, 143]. As the formation of
droplets by DOD printers relies on a pressure pulse, the subclasses of DOD
printer are based on the methods about how they generate the pressure
pulse (shown in Figure 1-10) [138, 141]. The thermal and piezoelectric
methods are dominant in modern inkjet printing, electro hydrodynamic (EHD)

is prominent, and the acoustic and valve are still in the development stage.
Thermal inkjet printer

The thermal inkjet printer which is also called bubble jet inkjet printer
generates bubbles by heating up (high temperature 350 to 400 °C) the inks
rapidly in the ink chamber to cause a pressure pulse. This pressure pulse

pushes the ink droplets out through the nozzle (shown in Figure 1-12 (a)).
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When the ink droplets are ejected, the force which comes from the vapour

bubble collapsing refills the ink chamber [138, 141].

(a)

: Piezoelectric
Thin film actuator

heater

Drops positioned on substrate
by moving printhead

Figure 1-12 Schematic images illustrate a typical a) thermal and b)
piezoelectric DOD inkjet printer [144].

Piezoelectric inkjet printer
The basic components of piezoelectric inkjet printer contain a piezo-ceramic
plate, and an electric device. The DOD printers rely on the piezo-ceramic
plate to create ink droplets. Normally, in order to protect the piezo-ceramic
plate without being damaged by unintended reaction with inks, a thin
diaphragm is bonded on it. The printing process is briefly described with the
following steps: the electric device generates a pressure wave on the piezo-
ceramic plate which causes the ink to be ejected from the nozzle. Then, as
the droplets are ejected, the electric pulse is removed, which allows the
piezo-ceramic plate to return to its normal shape and the ink is refilled
(Shown in Figure 1-12 (b)). Finally, the printing goes on by repeating the
previous two steps. Based on the distortion of the piezo-ceramic plate, there
are four main types of the DOD inkjet printers: squeeze, bend, push, and
shear mode (Figure 1-13). Figure 1-13A shows the squeeze mode which

comprises a radially polarized piezo-ceramic tube around the nozzle [138,
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141]. In my research, the Jetlab IV printer was used and it belonged to the

squeeze mode DOD inkjet printers.

Piezo-ceramic
A l'latc B
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== Diaphragm ——>
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Ink

Figure 1-13 Schematic images show different types of DOD inkjet printers,
A) squeeze mode, B) bend mode, C) push mode, and D) shear mode [138].
The squeeze mode contain the piezo-ceramic plate which is a tube shape.
In the bend and push mode, the piezo-ceramic plate deformation and the
direction of the electric field are in parallel. However, in the shear mode
they are perpendicular to each other [138, 145].

1.4.2 Inkjet printing inks

The properties of Inkjet printing inks determine not only the printing quality but
also what type of printing system is suitable for this ink. Normally, the inks
contain two parts: base materials and additives [138, 146]. The base materials
are the main components of the inks which control the characteristics of the
formation of ink droplets. Normally, the base materials need to be dissolved in
some solution including aqueous solutions, and non-aqueous solutions [138].
Many materials have been used in inkjet printing including synthetic materials
(polymer [137, 147, 148], ceramics [144, 149, 150]), metal nanoparticle, and

biomaterials (proteins, polysaccharide and algae).
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The additives focus on stabilizing or adjusting the functional properties of the
ink according to the requirements of different applications [151]. There are
many different types of additives, such as colorants, viscosity modifiers,
surfactants, humectants, chelating agents, biocides and so on. In this
research, | used some surfactants (e.g. PEGaq0), functional proteins (e.g.

biotin, enzyme), and dye (e.g. ink blue).
1.4.3 Critical parameters for ink printability

In order to determine the printability of an ink, there are two main parts that
should be considered: one is the rheological properties of the ink which shows
the theoretical printability [151-157], another one is the type of printing system
which determines the operative printability of the inks in the end. Generally, the
most important physical properties to take into account are density (p), surface
tension (y), viscosity (n) and nozzle diameter (d) [152, 154, 155, 158].
According to the Navier-Stokes equation, these physical properties can be
used to evaluate the inertial force, capillary force and viscous force for forming
stable droplet by a number of dimensionless groupings of physical constants
[151, 152]. The most useful constants are the Reynolds (Re), the Weber (We)

and the inverse (Z) of the Ohnesorge (Oh) numbers (listed in Table 1-6).

Theoretical printability
The theoretical printability can be calculated from Reynolds number, Weber
number, and Ohnesorge number (Table 1-6) [151-157]. Finally, the inverse of
the Ohnesorge number called Z parameter is used to indicate printability. The
earliest important work trying to understand the mechanisms of drop
generation was reported by Fromm who identified the Oh and proposed that Z

> 2 for stable drop generation [158]. Then, Reis and Derby refined Z of the
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printable solution to be in the range of 1 to 10 [152]. When Z is too low, viscous
forces are dominant, which requires large pressure for ejection; contrary, if Z is
too high a continuous column is ejected that can result in satellite droplets
forming alongside the main drop. Later, Jang et al. [154] redefined the

printable range as 14 = Z = 4 by considering characteristics such as position

accuracy, maximum allowable jetting frequency, and single-drop formability.
Jang et al. recognized that the lower limitation of Z is controlled by the
dissipation of the pressure pulse by fluid viscosity, and the upper limit of Z is

governed by the point at where a satellite forms instead of a single droplet.

However, several groups reported stable inkjet printing even for 4 > Z > 1
and Z < 14. Liu et al. illustrated that by adding extra negative pressure to Z >
14 inks, a single droplet with a double waveform can be produced and satellite

droplets avoided [155].

Table 1-6 Typical fluidic parameters for ink drop ejection form piezoelectric
inkjet print heads [159].

Dimensionless groupings of
physical constants Equations Ref.
Reynolds number Re = pvL [158]
1 [152]
vZpL [154]
Weber number We = S [155]
[151]
Ohnesorge number Oh = vWe _ n [160]
Re pr
z =L
2=

p= density of the fluid (kg/m-3); v = velocity (m s-1); y = surface tension (N m-1);
L = characteristic linear dimension (travelled length of the fluid) (m);
n= dynamic viscosity of the fluid (Pa s or N s m-2 or kg (m s)-1)
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The printing system
In this research, a piezoelectric-based DOD inkjet printing process was utilized
as the enabling method for building objects from ink droplets. The applications
of these printed objects concentrated on drug delivery, tissue engineering and
related biomedical area. So the ink materials should have good
biocompatibility, good biodegradability, balanced remarkable mechanism
properties, flexibility of modification, easy to sterilize, and mild productive
process. However, most polymer materials only have some of these required
properties. Thus, it is important to find a material which can meet most of the
required properties. In this study, the regenerated B. mori fibroin solution is
selected and used as the bio-ink for inkjet printer since it meets most of the

requirements.
1.4.4 Applications of 3D printing RSF biomaterials

In 2014, Suntivich et al. demonstrated the use of inkjet printing method to
fabricate silk ‘nests’ which hosted cells for prospective bio-sensing application
[161]. Figure 1-14 shows the schematic images of how they constructed silk
multilayers nests by layer-by-layers inkjet printing and adjusting the pH of the
silk-polylysine to pH 5.5 to form a stable structure. They printed a layer of silk-
polylysine dots and then printed another layer of silk-polyglutamic acid dots on
top of silk-polylysine dots at the same position to form the silk bilayer stabilized
structure unit by ionic interactions. Then, they imprinted E.coli cells in the cell
nests and cell cultured the silk nests which showed the cells were strictly
confined by silk nests and successful encapsulation of E. coli cells without

compromising cell shape or function.
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Figure 1-14 Schmeitic images of fabrication process of inkjet-assisted silk
array for cell encapsulation [161].

In 2015, Tao et al. reported how to use inkjet printing technique printed
regenerated silk fibroin, including printable forms and printable functions. A
commercial inkjet printer (Dimatix DMP 2800, Santa Clara, CA, USA) was
used in their research and focused on bio-printing functional silk inks
(regenerated silk solutions by adding nanoparticles, enzymes, growth factors,
antibiotics, and antibodies) to illustrate the versatility of Dimatix inkjet printing

[153].

In 2016, my group published two papers, one demonstrated the preparation of
regenerated silk fibroin scaffolds by reactive inkjet printing (JetLab 1V) and
analysed the biocompatibility of regenerated silk fibroin scaffolds by growth of
fibroblast cells on their surface [38]. The other demonstrated inkjet printing

micro-rockets which is described in my thesis Chapter 4 [162].

In 2017, Shi et al. demonstrated the fabrication of silk fibroin-gelatin scaffolds
by using extrusion 3D printer (Einstart-S, Shining3D, China) to repair injured

cartilage tissue (shown in Figure 1-15) [163].
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fibroin-gelatin scaffolds and the growth of bone marrow mesenchymal stem
cells (BMSCs) in virto and repair of injured cartilage tissue of rabaits in vivo
[163].
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1.5 Scope and objectives of thesis

The following schematic, Figure 1-16, give an overview of the swimmers that
were made from the regenerated silk fibroin (RSF) material by inkjet printing

via this thesis.

For the experiment chapters, Chapter 3 demonstrates the printability of RSF
solution (inks) and how to design, fabricate and control the quality of the
printed patterns. In Chapter 4, it firstly introduces how to generated self-
propelled motors with RSF inks by inkjet printing. Secondly, this chapter
discusses the characterization of RSF micro-rockets (shown in Figure 1-16A)
and analyse their trajectory in fluids. Furthermore, it mentions about the
optimization process of the printing process and guilds to fabricate other types

of silk swimmers.

Chapter 5 mainly demonstrates how to control the trajectories of silk swimmers
by controlling the movement mechanisms, the printing layers, and fuel

concentration if fuels are required. ‘ L’ shape stirrers (shown in Figure

1-16B) were designed due to their central symmetry structure and they results
in circular trajectory (the changing of the trajectory is convenient to be
observed by analyse their rotation speed). One possible application of using

the silk swimmers for bio-mixing is analysed in chapter as well.

The last experiment chapter, Chapter 6, demonstrates how to further control
the trajectories by printing different structures of the silk 'wimmers’. The letters
contains most of the different structure (axial symmetry, central symmetry and
various irregular structures), so RSF letter swimmers are designed and printed

in this chapter. Figure 1-15C shows the representative RSF Letters swimmers:
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‘NATURE’ swimmers. The beads capture experiment in this chapter not only
shows one possible application for silk ‘swimmers’, also demonstrates how to

making functional swimmers by loading extra functional ingredients on them.

Figure 1-16 Self-propelled motors schematic overview: A) RSF micro-
rockets, B) RSF stirrers, and C) RSF letters. Green represents RSF /
PEG4qo / Catalase inks and yellow reprsents RSF / PEG400 inks.
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Chapter 2 Materials and Methods

40



Materials and Methods

2.1 Preparation Procedures of silk ink solution

Nature silk fibres are possible to be re-dissolved in some alkaline and acidic
solutions. This property helps to reform the nature proteins according to
different applications. The following procedures were used to make silk ink

solutions (Figure 2-1)

Silk Degumming Dissolution of silk fibroin fibre

_ _ _

' - i 1
~ fir:
\ "y -y —y -y
F P = v Dialysis

Degummed Regenerated silk
silk fibroin solution

¥

Centrifugation

Raw silk

Figure 2-1 Preparation of RSF solution contains three main steps which
are degumming, dissolving and dialysis.

2.1.1 Materials

Raw silk of B. mori was purchased from a silk reeling manufacturer in Suzhou,
Jiangsu Province in China. All the experiment used the same single batch of
the purchased silk. All other chemicals were obtained commercially at
analytical grade. Ultrahigh quality water (Purelab UHQ, Vivendi Water System

Ltd.) was used to prepare solutions.
2.1.2 Silk Degumming

Silk from bave of B. mori was degummed in order to remove sericin. Briefly,
raw silk was added in boiling 0.02 M sodium carbonate (Na,CO3) solution for
30 minutes (10 mins, 60 mins, 90 mins or 120mins was selected depending on

the experiment requirements). Then, the resulting silk materials were rinsed
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with UHQ water until the solution was looked clear and dried in drying cabinet

at 30 °C overnight.
2.1.3 Dissolution of silk fibroin fibre

The silk fibroin fibres are able to be dissolved in a few of alkaline/acid
inorganic solutions such as lithium bromide (LiBr) solution, acid/CaCl, or
CaCly/Ethanol/Water and organic solvent such as 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) [14, 53, 164-166]. In this thesis, Ajisawa’s reagent and LiBr

solution were selected due to their long lasting and green chemical process.

Dissolution of silk fibroin fibre with Ajisawa’s reagent
The Ajisawa’s method (this method used Ajisawa’s reagent to dissolve silk
fibroin (Figure 2-2). A reagent mixed of CaCl,/ Ethanol / Water = 1:2:8 molar
ratios ) was used to dissolve silk fibroin [167]. 1 g of the degummed fibroin was
dissolved in 10 ml of the Ajisawa’s reagent at 75 °C for 3 hours under mild
stirring. The resulting SF solution was allowed to cool down and dialysed in
UHQ water for approximately 5 days in 2 kDa molecular weight cutoff dialysis
tubing at room temperature (22 °C) to remove the salts. Dialysis water was
changed until the electric conductivity of the dialysis solution was in close
proximity to the electric conductivity of UHQ water. Next, the dialysed SF
solution was centrifuged at 10000 rpm for 15 mins. The clear solution was

prepared for printing as bio-ink.

Dissolution of silk fibroin fibre with LiBr reagent
This method used 9.3 M lithium bromide (LiBr) instead of Ajisawa’s reagent. 1

g of the degummed fibroin fibre was dissolved in 10 ml of 9.3 M LiBr reagent at
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75°C for 3 hours under mild stirring (Figure 2-2). The following steps were as

the same as Ajisawa’s method.

Digital LCD Display

Holder

Outer Thermocouple

‘—— Thermometer

Round Bottom Flask

% RSF solution

Water Bath

Hot Plate

Stiring Speed
Adjustable Knob

Heating Rate
Adjustable Knob

Figure 2-2 The setup of the system for silk fibroin dissolving process. The
system consists of a hotplate (including temperature control system) and a
water bath system.
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2.2 Physical properties of ink analytical techniques

2.2.1 Viscosity

Overview
The viscosity of RSF solution was measured by Vibro Viscometer (SV-1A Vibro
Viscometer, A&D Company, Limited, Japan). It adopts the sine-wave vibration
technique (SV type) which provides high measurement accuracy. SV-1A was
selected as it can measure a small amount of sample (2 ml), temperature and
viscosity of fluid simultaneously, and very low to very high viscosity (from 0.3

mPa-s to 1000 mPa-s).

Viscosity
Viscosity, which is also called a viscosity coefficient, reflects the resistance to
flow of a fluid and the resistance to the movement of an object through a fluid.
It can be affected by temperature. The symbol n was used to represent
viscosity. The Systeme International (Sl) unit of viscosity is the Pascal-second

(Pa-s).

The derivational process of the viscosity of fluid at a physics point is shown in
Figure 2-3. Plate T is parallel to the fixed plate B and the distance between
them is xo. Plate T is moved parallel to plate B at a constant speed V,, if the
fluid between plate T and plate B is also moved parallel to plate B and has

produced a steady flow, this is defined as Couette Flow.

As shown in Figure 2-3 the velocity at a known distance x between plate B
and plate T is V, they are in proportion. D is the slope of the straight line AB. It
also equals to the increased quantity of the velocity per unit distance, so D is

called a shear rate Eq. {2.1}.
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D=

VvV _dv
X dx {2.1}
The fluid layers at distance x and at distance x+dx move parallel to each other
at speed V and V+ dV respectively. An internal frictional force develops
between them because the velocities are different. The frictional force relied on

the unit area of the plane parallel to the flow direction between plate T and

plate B is termed as shear stress ( t). It is proportionate to shear stress D,

where n stands for the constant,
t=7D 2.2
Eq. {2.2} represents Newton’s law of viscosity. Proportional constant n is

defined as viscosity.

n=—-
D 2.3}

The viscosity of the fluid at specific temperature is constant in proportion of
shear stress. The fluid is called a Newtonian fluid. Otherwise, it is called non-

Newtonian fluid.

Plate T =

Plate B A

Figure 2-3 Deduce the viscosity of Newtonian Fluid (Couette flow) at a
physics point.
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Operating principle of viscometer
In Figure 2-4, two thin sensor plates in a tuning fork arrangement are driven
with electromagnetic force to vibrate at their natural (resonant) frequency of 30
Hz within the sample fluid. Viscosity is then calculated based on the
proportional relationship between the amount of electric current required to

drive and maintain the sensor plates at constant vibration amplitude.

Spring plate
Displacement
:,IZI/ sensor
Electromagnetic
P e drive
Temperature
| | — sensor
| Sample
- 1 [ -
/ )
Vibrator
| (Sensor Plate)
irection of
<— vibration —>

Figure 2-4 The structure of viscometer used in Vibro Viscometer (SV-1A).
The method is recognized as a Japan industrial standard for viscosity
measurement of liquids (JIS Z8803). The tuning fork Vibro Viscometer is
also accredited as a standard device for the Japan Calibration Services
System (JCSS) along with capillary and rotational viscometer.
Experimental procedures for Vibro Viscometer
The experiment procedures followed the general instruction. All the samples
should be tested as same as the printing temperature, here it tested under

room temperature (~20°C). 5 ml were prepared for each sample.
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2.2.2 Surface tension

Surface tension
The elastic tendency of a fluid surface which is satisfied with the least and
smoothest surface area is defined as surface tension. It is denoted by the
symbol y. It can be defined as Eq. {2.4}, where F; is stretching force (N) and |

is unit length (m). The Sl unit is N/m.

| {2.4)

Surface tension is an advantage to organisms and nature. However, according
to different applications, there exists a need to change the surface tension of
fluid. For example, to remove dirt off from clothes, washing powder was used
as surfactants to reduce the surface tension of water. Normally, changing

temperature or adding impurities alters fluid’s surface tension.

a) Temperature
The surface tension is affected by the temperature. As the temperature

decreases, the surface tension increases. Water is an ideal fluid to show the

relationship between surface tension and temperature (Figure 2-5).

Surface Tension (N/m)

0 20 40 60 80 100
Temperature (°C)

Figure 2-5 The diagram depicts the relationship between surface tension
and temperature of water [168].
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b) Impurities
The surface tension can be either increased or decreased by adding

impurities. The higher solubility of a substance, for example, sodium chloride,
will increase the surface tension, whereas a substance with low solubility, such

as phenol, will decrease the surface tension [169].

Principles of surface tensiometer
The surface tension of different concentrations of RSF solution was measured
by a Tensiometer (Tensiometer K11 Mk4 with Display Panel KB0803, KRUSS
GmbH, Hamburg) which shows in Figure 2-6 Tensiometer consists of a high
speed mobile sample stage and electronic balance and connected with display

panel which shows the results of surface tension.

Figure 2-6 The setup of the KRUSS Force Tensiometer K11. This surface
tensiometer consists of a high speed mobile sample stage and electronic
balance and connected with display panel which shows the results of
surface tension.
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Wilhelmy plate method is used to test the surface tension of RSF solutions

because no correction was required for the surface tension values. In this

method, when a vertically suspended Wilhelmy platinum plate (Table 2-1)

touches a liquid surface, then a force F (N) acts on this plate. Surface tension

can be described using the following equation:

_ F
4 | e cOs@

Where y = Surface tension (mN/m)

F = Force, which is measured by a force sensor of the tensiometer (N)

| = Wetted length of the plate, which is equal to its perimeter (mm)

Table 2-1 Wilhelmy platinum plate (Kruss)

{2.5)

Probe name Kriss Standard Plate
Width 19.9 mm
Height 10 mm
Depth 0.2 mm

Force Senser

Plate made of roughened Pt 1 F = Force, N

L=Wetted Length, mm

Figure 2-7 Schematic diagram of the Wilhelmy plate method.
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Experimental procedures of surface tensiometer
The experiment followed the general instruction. Before the measurement,
glass dish should be washed with 5% Decon90 detergent, then flushing with
tap water, finally rinsing with DI water several times. The surface tension of the
UHQ water was tested before testing each concentration to ensure no
contamination would occur. The Wilhelmy plate should be washed and then
dried using flame torch. When the sample solution was changed, the clean
procedure should be repeated. 6-8 ml sample were prepared for each sample.
The setting parameters of the tensiometer listed in Table 2-2 and kept constant

throughout the experiment.

Table 2-2 Setting parameters for the tensiometer.

Maximum measuring time 7200 seconds
Number of Values 720
Data Acquisition mode Linear
Values for mean 20

Standard Deviation 0.1 mN/m
Immersion Depth 2mm
Surface Detection Speed 10 mm/min
Surface Detection Sensitivity 0.01g
lonization Time Os

2.2.3 Contact Angle

Principles

The angle which a liquid-vapor interface meets a solid surface is called
contact angel (8;). The contact angle is calculated through Young-Laplace

Equation as it plays the role of a boundary condition via the equation.
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Ys¢ — Vs. — Yig €os O, =0 (Young’s Equation)
Where yg; = The solid-vapor interfacial energy

¥s. = The solid-liquid interfacial energy

Y. = The liquid-vapor interfacial energy

Figure 2-8 Schematic of a liquid drop showing the quantities in Young’s
equation.

In the case of using water as the liquid phase, measuring contact angle helps
to determine the hydrophobicity / hydrophilicity of different material surfaces.
The hydrophilic surfaces are those whose contact angles are below 90° and
surfaces whose contact angles are above 90° are considered as hydrophobic
[170]. If the contact angle is above 150° , the surface is determined as super-

hydrophobic surface [171].

A Hydrophilic drop B  Hydrophobic drop C Superhydrophobic drop

Figure 2-9 Schematic of the hydrophobicity / hydrophilicity of different solid
surfaces. A) 6 < 90°, hydrophilic surface; B) 6 = 90°, hydrophobic
surfaces; C)0 > 150°, super-hydrophobic surface.
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Experimental procedures
The static sessile drop method is used for the characterization of solid surface
energies. The sessile drop contact angle is measured by a contact angle
goniometer using an optical subsystem to capture the profile of a pure liquid on
a solid substrate. The angle formed between the liquid-solid interface and the
liquid-vapor interface is the contact angel. Currently, the sessile drop technique
system employs high resolution cameras and software to capture and analyse

the contact angle.

A B c
5 ] E ~ /J hEd J
|| =

Figure 2-10 Experimental setup used for contact angle goniometry in this
work [172]. Images are recorded through a high resolution telecentric
objective (1.7x, adjustable aperture) fitted with a 5 MP monochrome CCD
camera (A). The sample stage moves in xyz (B). The drop is suspended
above the sample stage at an adjustable height. lllumination by the
telecentric backlight illuminator (C) provides parallel illumination and
improves image contrast and definition of object edges as compared to
standard illumination.
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2.3 Sample preparation techniques

2.3.1 Spin coating

Overview
Spin coating is a procedure used to deposit even, thin films or distribute
substance on flat substrates. The machine which is used for spin coating is
called a spin coater (or spin processor). In this experiment a spin coater

(Laurell WS-400BZ-6NPP/LITE) was used.

General Theory
Spin coating involves the application of a film evenly across the surface of a
substrate by coating a solution of the desired material (e.g. RSF or enzymes)
in a solvent while it is rotating. When the spin coater was spinning (shown in
Figure 2-11), the centrifugal force helped to spread the sample solution. The

thickness of deposited films ranges from a few nm to a few pm.

'm — Sample Solution
l\,
/__> Centrigugal force

s

Substrates

e Spin Coater
e.g. silicon wafer,

glass slide
or cover glass

Figure 2-11 Schematic of the spin coating theory.

Figure 2-12 illustrates the general process of a spin coating. Firstly, using
pipette adds a small amount of sample solutions onto the centre of the
substrate at low speed or no spinning (Figure 2-12A). Then substrate is rotated

at high speed and most of solution is flung off the side (Figure 2-12B). That
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means the centrifugal force together with the surface tension of the solution
pulls the solution coating into an even covering. The higher the speed of
rotating, the thinner the film is. Figure 2-12C shows the solvent is evaporated
and the desired material is left. Finally, the solvent of the solution fully dries
and the thin film is formed by the leaving desired molecules on the surface

(Figure 2-12D).

T

Figure 2-12 Schematic of the spin coating process. A) Add sample solution,
B) rotation, c) evaporation and d) fully dry.

2.3.2 Inkjet printing
Overview

The Jetlab IV print station (Figure 2-13) manufactured by MicroFab
Technologies, Inc. which used for drop-on-demand (DOD) laboratory
application. It relies on piezoelectric method to generate pressure pulse to
form ink droplets. The Jetlab Il printer station is digitally controlled by the
software MicroFab (TECHNOLOGIES INC. Plano, Texas, USA). The software
digitally controls ejection of droplets on predetermined position when it is

required [142].
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z stage =
inspection | /) '
camera ., reservoir
waste
jatting bucket
device ' - .
A 1 ,, X stage
drop — <
observation \% _ ) ,. \
i —— g ==—— .y stage

: A\ N\
:q‘_.-‘ e == .

Figure 2-13 Overview of a jetlab Il print station, including the x, y, and z
stages, inspection and observation camera, jetting device, ink reservoirs
and waste bucket.
Principles of inkjet printer
DOD piezoelectric inkjet printer provides the ability to produced three
dimensional (3D) scaffolds because those scaffolds are formed by printing a
liquid precursor (ink) drop on substrates layer by layer. The print station

(Figure 2-13) mainly consists of MicroJet™

jetting devices, two or more
motion stages and cameras. MicroFab (TECHNOLOGIES INC. Plano, Texas,
USA) was used as JetLab control program. This software digitally controls the
JetLab print station especially jetting device through selecting suitable electric

pulse.

Ink-jet microdispenser
The piezoelectric inkjet printer relies on piezoelectric material deforming to
create droplets. The deformation is based on electric pulse which is controlled

by MicroFab program. The electric pulse generates a pressure wave that
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results in the ink being ejected out of the printer head. When the electric
pulse is removed, the ink will be filled into the glass tube. Then, the
piezoelectric material plate returns to its original shape (shown in Figure

2-14) [138].
Orifice Glass tube Flud fittng

\ \

e

Piezoelectric  Inner electrode
material with wrap around

Quter electrode

Figure 2-14 The structure of ink-jet micro-dispenser. The printer-head
consists of piezoelectric devices, glass tube (orifice) and electrodes.

Effect of pressure wave on the formation of printed RSF droplets
As described in chapter 1, functional printed patterns are formed by the
deposition of stable and single droplets. Apart from the physical properties of

RSF inks, the formation of droplets are also affected by the mechanical

actuation of the ink chamber. In a piezoelectric DOD print head, the droplets
are controlled by a pressure wave to form a pulse which is used to fire jetting
devices. There are five times for “Rise”, “Dwell”, “Fall’, “Echo”, and “Final
rise”, and three voltage levels “Idle”, "Dwell” and “Echo” in adjusting the pulse
shape as illustrated in Figure 2-15. Adjusting these parameters ultimately
decides the shape of the inkjet printing droplets, and then the quality of the

droplets demonstrates whether the used solution is printable inks for inkjet

printer.
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e
Time / us

Voltage / V

Figure 2-15 A typical pressure wave pulse generated in piezoelectric DOD
print head and the droplet formation process.

Experimental procedures for inkjet printer
The experiment process followed general instruction. The printing parameters

were adjusted based on the used inks. The printing patterns controlled by the

scripts.
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2.4 Characterizations of printed samples

2.4.1 Microscopy

Most of my experimental samples cannot be seen with naked eyes, so
microscopy plays an important role in my studies. Microscopy is the
technique which magnifies images of small samples. In this research, it
helped to observe the morphology of inkjet printing micro-samples and record
the micro-rockets routes by linking the microscopes with Charged Coupled

Device (CCD) cameras.

2.4.2 Optical microscopy
Overview
The optical microscope is also called light microscope. It uses visible light and
a system of lenses to magnify images of tiny substance on a stage.
Microscope (Nikon ECLIPSE LV150, Japan) was used in my studies, shown in

Figure 2-16.

Vertical tube

Binocular part

llluminator

Nosepiece

~——| A Polarizer slider
Objective X L
O
“\ k Analyzer slider
ot

R DIC slider

Power indicator

Main body of /

the microscope _— l\

Figure 2-16 Schematic of Nikon ECLIPSE LV150A microscope with Digital
Eclipse Camera system (online open right images).

58



Materials and Methods

Principles
There are two basic types of light microscopes which are simple microscopes
and compound microscopes. The used Nikon microscope (Figure 2-17) is a
compound microscope which consists of an objective lens, a focus lens, an
ocular lens, visible lights and linked with CCD camera for capturing images.
The magnified images of objects are created by an objective lens, and those
images are further magnified by an ocular lens (the eyepiece) for viewing. The
final magnification is calculated as the product of the magnifying power of the

objective lens times the magnifying power of the eyepiece.

, Cir CCO camera

f:l" I:—" —— QOcular lens
|

Adjustable  @® —— Focuslens
aperture '..I
P \
-:G; == N Mirror
41 —— Objective lens
lamps - -

A7 SpECImen
jEE —— Condenser
— Polansation filter

., é.-'
&

Figure 2-17 Schematic of an optical mircroscope with 2 lamps, above one
for reflective lighting and below one for transmitted illumination ( the image
was drawn by Yu Zhang, based on the principle of optical microscope ).
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2.4.3 Fluorescence Microscopy
Overview
Fluorescence is a physical phenomenon which organic and inorganic
specimens can absorb and subsequent re-radiate light. A fluorescence
microscope is an optical microscope that uses fluorescence and
phosphorescence instead of visible light to analyse the properties of

fluorescence marked specimens.

Principles
The specimen is illuminated with light of a specific wavelength which is
absorbed by the fluorophores, causing them to emit light of longer
wavelengths. The illumination light is separated from the much weaker emitted
fluorescence through the use of a spectral emission filter. Typical components
of a fluorescence microscope are a light source, and the emission filter. The
fiters and the dichroic beam-splitter are chosen to match the spectral
excitation and emission characteristics of the fluorophore used to mark the
sample. In this manner, the distribution of a single fluorophore is imaged at a
time. Multi-color images of several types of fluorophores must be composed by

combining several single-color images.

The majority of fluorescence microscopes, especially those used in the life
sciences is of the epifluorescence design shown in the  Figure 2-18. Light of
the excitation wavelength is focused on the specimen through
the objective lens. The fluorescence emitted by the specimen is focused to the
detector by the same objective that is used for the excitation which for greater
resolution will need objective lens with higher numerical aperture. Since most
of the excitation light is transmitted through the specimen, only reflected
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excitatory light reaches the objective together with the emitted light and the
epifluorescence method therefore gives a high signal-to-noise ratio. The
dichroic beam-splitter acts as a wavelength specific filter, transmitting
fluoresced light through to the eyepiece or detector, but reflecting any

remaining excitation light back towards the source.

,J.k Or CCD camera

J L[.‘retEEtnr
a| [/ —— OQcular lens

— Emussion filter

Excitation filter .'

\\ Adjustable
I aperture
Wl § — '
Q-Z EI Mirror
—— Ohjective lens
Mercury P _,—,»"'Fr_ Specimen
light soufce

Figure 2-18 Schematic of fluorescence microscope (drawn by Yu Zhang,
based on the principle of fluorescence microscope).

Experimental procedures
In my research, the fluorescence microscope was used for showing the
enzyme distribution in micro-rockets. Fluorescein isothiocyanate (FITC) was
used to label catalase. The excitation wavelength of FITC is range from 467-
498 nm while the emission wavelength of FITC is from 513 nm to 556 nm. The
related emission filter set was selected and used in Nikon ECLIPSE LA150A

microscope.
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2.4.4 Atomic Force Microscopy
Overview

Atomic force microscopy (AFM) is one kind of scanning probe microscopes
(SPMs) which are designed to measure local properties (height, friction or
magnetism) with a probe [173, 174]. AFM provides a 3D profile of the surface
with a very high resolution on the order of fractions of a nanometre, more
than 1000 times better than the optical diffraction limit. Thus, the AFM has the
advantage of imaging almost any type of surfaces, including polymers,

ceramics, composites, glass and biological samples.

Principles
The AFM relies on the forces between a sharp probe (<10 nm) and surface at
very short distance (0.2~10 nm probe-sample separation)[173]. The force is
not measured directly, but calculated by the stiffness of the cantilever. This

force can be described using Hooke’s Law:

F=-kz (2.6}

where F = The force,
k = the stiffness of the cantilever (spring constant of cantilever)
z = the distance the cantilever is bent

If the spring constant of cantilever (typically 0.1~1 N/m) is less than surface,

the cantilever bends and the deflection is monitored.

AFM has a feedback loop using the laser deflection to control the force and
probe position. Figure 2-19 presents the typical configuration of AFM. A

semiconductor diode laser is reflected off the back of a cantilever with a sharp
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tip and detected by a photodiode detector. This detector measures and
calculates the bending of cantilever when the probe is scanned over the

sample surface and export a map of the surface topography.

Detector and
Feedback

lectronics

Photodiode
Laser
Cantiliver
4::3:::_;:\_ .
Sample Surface \‘“’1’-‘:=:=_—\/:/_..-T|p

PZT

Figure 2-19 Typical configuration of an atomic force microscope (drawn by
yu zhang, based on the principle of AFM).

The AFM can be operated in three modes, depending on the force-distance

curve of AFM (Figure 2-20) and the related application.

a) Contact mode: when the stiffness of cantilever is less than surface, the
cantilever bends. Tip is hard contact with the surface. The red curve in
Figure 2-20 shows the repulsive regime. By maintaining a constant
cantilever deflection, the force between the probe and the sample
remains constant and an image of the surface is obtained. It is fast and
can be used in friction analysis. The disadvantage is that it may
damage/deform soft samples. However, imaging in liquids often resolves

this issue.

b) Tapping mode: The imaging is similar to contact mode. However, in this
mode the cantilever is oscillated at its resonant frequency. The blue

curve (Figure 2-20) shows the force range of this mode which is called
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attractive regime. In this range the tip lightly ‘taps’ on the sample surface
during scanning, contacting the surface at the bottom of its swing. By
maintaining constant oscillation amplitude, a constant tip-sample
interaction is maintained and an image of the surface is obtained. This
mode allows high resolution of samples that are easily damaged (e.g.
biological samples). The disadvantage is that it is slower and more

challenging to image in liquids compared with contact mode.

Non-contact Mode: The probe is far from the sample surface and there is
no deflection. The black curve (Figure 2-20) shows the force range of
this mode. The probe does not contact the sample surface, but oscillate
above the adsorbed fluid layer on the surface during scanning. The
surface topography can be measured due to attractive Van Der Waals
forces. The advantage is that it exerts very low force on the sample.
However, it has lower resolution and pollutant on the surface can
interfere with oscillation. Normally this mode needs an ultra-high vacuum

environment to have best imaging

repulsive regime

no deflection

/

Force
o)
1
T

attractive regime

Probe Distance from Sample (z distance)

Figure 2-20 Force-distance curve for AFM. Red curve shows tip is in hard
contact with the furfae; repulsive regime. Blue curve shows tip is pulled

toward the surface;attractive regime. Black curve shows tip is far from the

surface;no deflection.
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Experiment procedures
Surface analysis of spin coating RSF films was performed in tapping mode
using a Nanoscope llla (Digital Instruments, USA) with a oxide-sharpened
Si3N4 tip mounted on a triangular cantilever with spring constant of 0.58 N/m
(specified by the manufacturer). Images were taken in air and flattened and
plane fitted as required. Roughness and section data were analysed using the

software Nanoscope.

2.4.5 Interferometry (optical profiler)

Overview
Optical profiler is also known as a white light interferometer. It can measure
surface texture and shape from nanometer-scale roughness to millimetre-scale
step heights. In this project, 3D optical microscope (ContourGT-K, Brucker,
USA) was used to measure the morphology and the height of inkjet printing
samples. It exhibits the high speed, good accuracy, high precision and low
4™

noise. Contour GT-K installed NanoLens™ module and specific Vision6

productivity software.

Principles of optical profiler
Optical interference profiling uses the wave properties of light to compare the

optical path difference between a test surface and a reference surface.

A white light beam is split into two half, one half of the beam is reflected from a
test material and the other half of the split beam is reflected from the reference
mirror. When the distance from the beam splitter to the reference mirror is the
same as the beam splitter is from the test surface and the two half beams are
recombined, destructive and constructive interference occurs in the combined

beam wherever the length of the light beams vary. The light and dark bands
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occur on the images (Figure 2-21). This phenomenon is known as interference
fringes. As the reference mirror is close to perfect flatness, the optical path
differences are due to height variances in the test surface. Then, the
interference beam is focused into a digital camera. The installed software can

calculate height difference across a surface when the wavelength is known.

Optical Profiler o ﬂ_—_:;:
‘ nterference
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Figure 2-21 Schematic diagram of optical profiler (online open right image).
Experimental procedures for optical profiler
Experiment process followed the general instruction. In order to avoid the
inverted images which were produced by protuberant printed patterns on the
smooth glass slides and silicon wafers, all the printed samples were coated

with gold by sputter coater.

2.4.6 Fourier transform infrared spectroscopy (FTIR)
Overview
Fourier transform infrared spectroscopy (FTIR) is a sensitive technique used to
identify organic (and in some cases inorganic) chemicals. FTIR spectrometers
are widely used in organic synthesis, polymer science, petrochemical
engineering, pharmaceutical industry and food analysis. It also can be used to
investigate the mechanism of chemical reaction and detect unstable

substances due to FTIR spectrometers can be hyphenated to chromatography.

66



Materials and Methods

In this research, IRPrestige-21 Shimadzu FTIR Spectrophotometer was used
to identify some chemical functional groups such as amide | and amide Il

which prove the existence of silk | and silk Il structure [2].

Principle
The basic components of an FTIR spectrometer include a light source,
interferometer, sample compartment, amplifier, detector, analog-to-digital (A/D)
convertor, and a computer. The source radiation passes the sample by the
interferometer and reaches the detector. Then the amplifier amplifies the signal
(which is produced by the detector) and A/D convertor converts that signal to
digital signal. Finally, the digital signal is transferred to a computer in which

Fourier transform is calculated. The process shows in Figure 2-22.
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Figure 2-22 Schematic diagram of I[RPrestige-21 Shimadzu FTIR
Spectrophotometer
Experimental procedures

I
posRan

==

Detector

RSF solutions were used to form films by spin coater on silicon wafer. Some of
the samples were immersed into ethanol for seconds. All of samples were
dried in oven at 30 °C overnight. Then these samples were measured by FTIR
Spectrophotometer (IRPrestige-21, Shimadzu, Japan). Absorption spectra in
the range 1750-1400 cm™ were acquired on amide | and amide Il structure by

an accumulation of 64 scans with a resolution of 2 cm™ [175].
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2.5 Mathematical techniques used to characterise

propulsion systems

This thesis investigates two different types of propulsion mechanisms, namely
catalytically powered bubble propulsion and surface tension gradient powered.
It is important to characterize their motion using various mathematical
approaches. In this section, the concepts of the mathematical methods which
have been used throughout this work are explained and will be referenced

accordingly.
2.5.1 Self-propelled swimmers

It is important to understand the type of motion for a particle. If the particles are
moving on their own (e.g. via chemical reaction, surface tension gradient)
rather than simply undergoing Brownian motion, diffusion or other flow
phenomena, it is called self-propelled particles. The diffusion coefficient (Do)
of spherical particles in a liquid is given by Eq. {2.7}:

k. T
D,=—2—M?
° (6mR)

{2.7}

Where, kg = the Boltzmann constant; T = the absolute temperature ; R = the
radius of the particle; n = the viscosity of solution; M° = a unit tensor of 3 x 3
elements; this is also known as the Stokes-Einstein diffusion coefficient for the

particular particle [176].
Particles rotate randomly, where the amount of rotation relies on the size of the

-1
particle. This random rotation is named as the rotational diffusion (fR ), Which

is shown in Eq. {2.8}) for spherical particles.
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G kT 2.8)
| R..i8p/7R32 o

For these equations to deem it is‘necessary that the diffusion is not inhibited
by forces closing to a solid interface, even though it is for particles that are in a
bulk solution. In the case of particles that are near a wall, a corrected diffusion
equation Dy has to be used [177], which is given by Eq. {2.9}, where M is
replaced by M” which is the hindered diffusion tensor and is given by Eq.
{2.10}, where A described by Eq. {2.11} and h means the distance of the

particle from the wall [178].
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2.5.2 Trajectory analysis of swimmers

In this thesis, printed RSF swimmers resembled a rod-like structure (chapter 4)
and special structure (‘ '5°’ shape in chapter 5, or different letters shape in

Chapter 6), were tracked on both their extreme points (called dual point

tracking) in ImagedJ by using a manual tracking plugin [179].

The dual point tracking allowed determination of the direction and orientational
changes of the self-propelled swimmers during their motion. The angle of
travelling and the angle of orientation were calculated for every frame of the
videos. A custom built LabVIEW program (written by Dr David Gregory) was

used to calculate the changing of the angles. This tracking software was
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initially designed and programmed by Dr J.R. Howse and Dr S. Ebbens [180].
In Chapter 4, the rockets swimmers were manually tracked and the analysing
of the changing angles shown in Figure 2-23. For swimmers in Chapter 5 and
Chapter 6, the special shaped RSF-swimmers were manually selected in a
rectangular frame and two tracked points were at the middle point of the

shorter side (dual point tracking) show in Figure 2-24.

Tracking ' | [
Points ' !

Figure 2-23 Schematic showing the angles to calculate the orientation
dependence of the swimmers, manually selected the extreme two point.

Tracking !
Points

Figure 2-24 Schematic showing the angles to calculated the orientiation
dependence of the swimmers, mamually selected a rectangular frame for
special shape swimmers.

2.5.3 Persistence length

Persistence length is one method that used to quantitatively characterize

trajectories of the bubble-propelled swimmers[181]. Basically, persistence
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length is used as a measure of the stiffness or bending properties of a polymer
chain. The persistence length L, illustrated the distance along a set of chain
segments where the correlation of the angle 6 between segment vectors is
lost, for example, a linear set of chain segments results in a larger L, than a
set of chain segments showing loops or curves [182, 183]. Furthermore,
without normalisation persistence length will reflect both directionality and

velocity.

The trajectories of bubble-propelled swimmers are able to be considered a
chain of vectors. Persistence length for each trajectory (between every frame)
was calculated by first computing the average cosine angle (cos6) between

vectors at all segment distances L along the chain.

Figure 2-25 shows that by superimposing vectors at position j on the vector at
starting position i and calculating cos6 (j =i and i represents all starting
positions along the chain). Eq. {2.12} shows the 2D trajectories a plot of (cos6)

against separation distance L = AL(j — i) [181].

(cos@) =e (-2 {2.12}

Figure 2-25 Schametic demonsting LP calculating for assuming the bubble
propelled swimmer trajectories as a chain of vectors. LP is found by
calculating the average cos 8 between the starting vector at position i and
the superimposed vectors at position j, for all separation distances
L = AL(j — i) along the chain and all starting positions i. [181]

The chain conformation is related on the relationship between L (L¢) and L,

(shown in Figure 2-26). When L, >> L, it means a linear set of chain. When L,
71



Materials and Methods

~ L¢, the chain shows a curve or loop track. When L, << L., it means the chain

is flexible [184].

Semiflexible filament
ris.t)

Rigid rod Ly/L. > 1

Figure 2-26 Chain conformation depends on persistence length L, and
contour length L. [184].

2.5.4 Mean squared radius of Gyration

Mean squared radius of gyration, Rg2 calculates the average mean squared
distance of each point on a trajectory from a defined central fixed point. It
reflects how compact, or spread out in space a given trajectory segmentis. In
this thesis, Rgz was calculated by using Eq. {2.13} which is similar to the

definition used for polymer chain analysis.

1
- N z mean

i=1 {2.13}
2.5.5 Trimmed mean (Data analysis)

A trimmed mean is a calculation of averaging that removes a small designated
percentage of the largest and smallest values before calculating the mean (a
standard arithmetic averaging formula). It helps remove the influence of data
point on the tails that may unfairly affect the traditional mean. The average
data from the trajectories of swimmers analysed in this thesis, using trimmed
mean (removing 0.05% of both largest and smallest values) to calculate the

mean value.
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Chapter 3 Optimizing Printing

Parameters for Silk Fibroin Inks
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3.1 Introduction

The increasing morbidity and the limited supply of donors require tissue
engineering (TE) as a treatment of organ failures [20, 185]. The TE method
involves regenerating tissues within suitable scaffolds with the aim of
transplanting the artificial structured tissues to the target site. These
constructed scaffolds require high biocompatibility, tailorable biodegradability
and good mechanical properties. Materials like metals, polymers, and
ceramics, are widely used to fabricate these scaffolds [186]. Among these
materials, a natural biomaterial, regenerated silk fibroin (RSF), is of interest
because of its water-based preparation process and remarkable properties
such as good biocompatibility, tailorable biodegradability and good mechanical

properties [2, 3, 20, 38, 82, 159, 187-189].

With the development of novel approaches for biomaterial fabrication, TE
scaffolds are more convenient to be built up than before. In the past three
decades, electrospinning was used to fabricate fibrous TE scaffolds.[64]
However, electrospinning has a number of fundamental problems remaining
unsolved, such as the suitable viscosity of the solution for spinning process still
cannot be controlled.[64] Nowadays, inkjet printing has emerged as the most
attractive direct patterning technique for versatile designs. It is convenient to

fabricate tissue scaffolds as it is fully digitally driven with a computer.[138]

Using Bombyx mori (B. mori) silk as the base biomaterials, an RSF aqueous
solution was developed and used as an ink for inkjet printing (mentioned in
section 1.4). Here, reactive inkjet printing (RIJ) was employed for the first time,

which included a chemical treatment using methanol, in order to ensure a rigid
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detachable silk scaffold was formed. RIJ is a method of allowing two different
ink solutions to react together to generate a new compound, or alternatively to
produce a change in the silk fibroin polymorphic form. The key property of the
ink is its ability to form single droplets. Thus, this chapter explores the physical
characterisation of a regenerated silk fibroin (RSF) solution with the purpose of
controlling solution quality and investigates of the use of the RSF solutions as
new bio-inks. The quality of RSF solutions was controlled by adjusting its
preparation process such as controlling degummed time and dissolve time,
and selecting the suitable solvent (Ajisawa’s reagent or 0.02M LiBr solution),
by the physical properties of the inks themselves and by adjusting the printing

parameters.

Furthermore, this chapter demonstrates the printability of the RSF inks and
optimizing printing conditions of RSF bio-ink through establishing the
relationships between RSF peptide concentrations, number of printing layers
and the total thickness of the printed patterns. Various patterns such as dot
arrays, lines, films, particles and complex logos, for example ‘SHEFFIELD
ENGINEERING’, have been fabricated. Last but not least, the printability of

RSF inks is the fundamental for this thesis.
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3.2 Experimental Methods

3.2.1 Materials

The details of the used materials were described in Chapter 2 Section 2.1.1.

3.2.2 Silk Degumming

The silk degumming process was described in Chapter 2 Section 2.1.2.

3.2.3 Preparation of Regenerated Silk Fibroin Solution
The preparation of RSF solution was described in Chapter 2 Section 2.1.3.

The RSF solutions prepared from silk fibres exposed to 5, 10, 30, 60, 90, and
120 min degumming times were dissolved in Ajisawa’s reagent (A reagent
mixture of CaCl, / Ethanol / Water = 1:2:8 molar ratios) and 9.3 M aqueous
LiBr separately. The temperature was 75 °C for 3 hours. The stock RSF
solution was diluted to the following concentration: 0.1 mg/ml, 1 mg/ml, 10
mg/ml, 30 mg/ml, and 50 mg/ml. For following measurements, the pH of the
solution was controlled at 7.0 £ 0.5 after each dilution by using a small amount

of NaOH or HCI.

3.2.4 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

(SDS-PAGE)

Samples of silk prepared using varied degumming times (5, 10, 30, 60, 90 or

120 min) were analysed by SDS-PAGE using 6% Tris-acetate precast gels and
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Tris-acetate running buffer. 20 micrograms of protein per well were run as
denaturing, reduced samples according to the manufacturer’s instructions (200
V constant for 3 h). Separated proteins were detected with Colloidal Blue
staining according to the manufacturer’s instructions. The molecular weight
was estimated from unstained protein standard. All SDS-PAGE gel materials

were prepared.

3.2.5 Surface Tension Measurements

Surface tension (mN/m) of RSF solutions were measured at 20 °C using
surface tensiometer (Tensiometer K11 Mk4 with Display Panel KB0803,
KRUSS GmbH, Hamburg) according to the manufacturer’s instructions. Each
solution was measured triplicate (n=3). Details were described in Chapter 2

Section 2.2.2.

3.2.6 Viscosity Measurements

Dynamic viscosity (mPa-s) of RSF solutions were measured at 20 °C using
Vibro Viscometer (SV-1A Vibro Viscometer, A&D Company, Limited, Japan)
according to the manufacturer’s instructions. For each solution, three samples

were made (N=3). Details steps were described in Chapter 2 Section 2.2.1.

3.2.7 Contact Angle Measurement

The extracted form of a sessile drop was measured by a contact angle

measuring system which is described in Chapter 2 Section 2.2.3.
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3.2.8 Inkjet Printing process

A drop-on-demand (DOD) Inkjet printer (MicroFab IV, MicroFab Inc., USA) as

shown in Chapter 2 Section 2.2.5 was used to conduct the printing work. A
piezoelectric print-head with a 60 ym diameter orifice (MicroFab Inc., USA)
was used for printing the RSF solutions. All methanol and RSF/deionised water
(Di-water) solutions were printed using a low temperature jet and print-head.

The Inkjet printing process was described in Chapter 2 Section 2.3.2.

3.2.9 FTIR analysis

Beta-sheet crystal content was measured according to FTIR ((IRPrestige-21,
Shimadzu, Japan)), which is described in Chapter 2 Section 2.4.6.. Briefly,
10mg/ml RSF solutions were spin coated on silicon wafers and air dried for 18
hours. To induce beta-sheet crystallization, the RSF films were treated by spin

coating a layer of methanol on top and then air dried.

3.2.10 Optical Profiler (Contour GT)

The details of the used materials were described in Chapter 2 Section 2.4.5.
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3.3 Results and Discussion

3.3.1 Physical characterisation of Regenerated Silk Fibroin Solution

Normally, the printability of a ink depends on their physical characterisation
(including molecular weight, viscosity, surface tension and concentration) and
the setting of printing parameters. This section mainly analyse the physical
characterisation of RSF solution and build up the RSF solution data base

which supports the choice of the printing RSF inks for the further work.

3.3.1.1 Effect of Degumming Time on Silk Fibroin yield
As described in Chapter 1 Section 1.2.1, silk fibres are composed of the core
fibroin fibres coated with a kind of glue-like protein called sericin. The core
fibroin fibres contain a light chain (about 26 kDa) and heavy chain (about 390
kDa) which are present in a 1:1 ratio and linked by a single disulphide bond [2,
3, 15]. The coated sericin is a family of hydrophilic proteins which was
removed by degumming in this study. Figure 3-1 shows the effect of various
degumming time (5, 10, 30, 60, 90 and 120 minutes) on the weight yield of silk
fibroin by using 0.02 M Na,CO3; degumming solution. It is known that sericin is
account for twenty-five to thirty percent of the total mass of silk fibers [3, 6]. Eq.
{3-1} shows how to calculate weight yield of silk fibroin, where P, is the mass
percentage of degummed silk to raw silk; Wp is the weight of degummed silk

(9); Wr is the weight of the raw silk fibers (g).

Pyicia = 3’/—? x 100%. {(3-1}

Figure 3-1 shows that most of the sericin (~ 25 % of the mass of raw silk
fibres) was removed within 5 minutes. Then, the results indicate that

increasing degumming time from 5 to 120 minutes resulted in a decrease of
79



Optimizing Printing Parameters for Silk Fibroin Inks

the yield weight percentage of silk fibroin. Furthermore, the decrease was not
sharp and the yield percentage of fibroin was within 70% to 75%. It also means
that boiled 0.02 M Na,CO; solutions mainly removes sericin. This result is
consistent with the results which were published by Kaplan et al. [3, 6]. The
influences of different degumming time on printing experiments still need

further tests to justify (See section 3.3.2).
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Figure 3-1 Effect of degummed time on weight change of silk fibre. The
weight change showed by the ratio of the weight of degummed silk fibre to
the weight of raw silk fibre. N > 10, error bars represent standard deviation.

3.3.1.2 Effect of Degumming and dissolution Methods RSF Molecular
Weight (MW)

In Figure 3-2, the images show the regenerated silk fibroin (RSF) solutions
which were made from different degummed time silk fibres by Ajisawa’s
method (Figure 3-2A) and 9.3 M aqueous LiBr (Figure 3-2B). All RSF solution
samples were centrifuged under the speed of 12,000 rpm by a centrifuge
(Biofuge fresco, Germany) before poured in to 5ml transparent vials. From left
to right, the vials were filled with 2 ml RSF solutions with degumming time from
10, 30, 60, 90, and 120 minutes, respectively. The macroscopic difference of

the effect of various degumming time and dissolved methods on RSF solutions
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were the transparency. For Ajisawa’s’ method, Figure 3-2-A shows that the
longer degumming time is, the clearer the RSF solution would be. For LiBr
solution, it also shows the difference of transparency of RSF solutions on
different degummed time but not as clear as those solutions which are
dissolved by Ajisawa’s solution. Furthermore, by comparing the same
degummed time RSF solutions with different dissolved methods, RSF
solutions which were dissolved in 9.3 M aqueous LiBr are more transparent
than the solutions which were dissolved in Ajisawa’s reagent. In general, the
results indicate that both degumming time and dissolving methods influence
the gelation time of RSF solutions. The gelation time directly demonstrated
how long the RSF inks can be store in the fridge. However, the printing tests
are required to justify which RSF solution is suitable for printing. By comparing
the same printed pattern samples can guide which RSF solution is good for

printing.

A 10 30 60 90 120

Figure 3-2 Image of regenerated silk fibroin solutions which were made
from different degummed time silk fibroin fibres by A) Ajisawa’s method; B)
9.3 M LiBr reagent. From left to right tubes were RSF solutions made from
10, 30, 60, 90 and 120 min degumming silk fibres.
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3.3.1.3 Effect of degumming time on molecular weight of RSF

solutions
This section explores how the degumming time and different dissolving
reagents influence on the molecular weight of the RSF solutions. In order to
determine the molecular weight (MW) of RSF, SDS-PAGE analysis was used.
Figure 3-3 show the SDS-PAGE analysis of various degumming time
(5,10,30,60,and 90 minutes) of RSF solution with Ajisawa’s dissolved solution
(A reagent mixed of CaCl,/ Ethanol / Water = 1:2:8 molar ratios); Figure 3-4
show the SDS-PAGE analysis of various degumming time (10,30,60, 90 and
120 minutes) of RSF solution with 9.3 M LiBr solution. In general, differences
in degumming time in 0.02 M Na,CO; resulted in the changes in
electrophoretic mobility. SDS-PAGE results showed that each protein samples
existed as a smear and that as degumming time increased, the smear moved

down the gel.

For Ajisawa’s dissolved solution (shown in Figure 3-3), silk degummed for 5
and 10 min had a molecular weight distribution from 100 kDa up to over 250
kDa, 30 min degumming produced silk with a broad molecular weight
distribution from about 75 kDa to 260 kDa. The majority of the silk protein
produced by the 60 min degumming time was less than 250kDa and the 90
min degumming time produced silk proteins that were predominantly 37 kDa to
150 kDa range. For LiBr dissolving solution, Figure 3-4 shows that silk
degummed for 10 min had a molecular weight distribution predominantly in
over 150 kDa range, 30 min degumming produced silk with a distribution over
100 kDa. The maijority of the silk proteins produced by the 60 degumming time

was over 75 kDa. Silk degummed for 90 min had a molecular weight
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distribution in the 250 kDA to 50 kDa, 120 min degumming produced silk with a

broad molecular weight distribution ranging all the standards. Here, no 5 min

degummed results as sample solution changed to gel during the running
process. Compared to the MW which has been determined by Wray et al.
[190], the results shown in Figure 3-4 are close to their data. The difference
may be caused by the different SDS-PEGA system and source of silk
(provided by different company). Both works confirmed that treating silk fibroin
under the heated alkaline aqueous conditions encountered during degumming
impacts the molecular weight [164, 190, 191]. The arrow line in Figure 3-4 help

to demonstrate the trend of the changing of MW with different degumming

times.
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Figure 3-3 SDS-PAGE analysis of silk subjected to various degumming
times and stained with colloidal blue. Each solution repeat 9 times (N=9),
the representative image shows Lane 1: Mark; Lane 2: silk degummed for
90 min; Lane 3: silk degummed for 60 min; Lane 4: silk degummed for 30
min; Lane 5: degummed for 10 min; Lane 6: degummed for 5 min.
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Figure 3-4 SDS-PAGE analysis of silk subjected to various degumming
times and stained with colloidal blue. Each solution repeat 9 times (N=9),
the representative image shows Lane 1: Mark; Lane 2: silk degummed for
10 min; Lane 3: silk degummed for 30 min; Lane 4: silk degummed for 60
min; Lane 5: degummed for 90 min; Lane 6: degummed for 120 min.

3.3.1.4 Effect of Degumming Time on the Regenerated Silk Solution

Surface Tension

Surface tension for aqueous silk solution prepared from silk fibres exposed to
variedly degumming times are shown in Figure 3-5 and Figure 3-6. The
degumming times are 10, 30, 60, 90, and 120min and the concentration of

RSF solutions are controlled as follows: 0.1, 1, 10, 30, and 50 mg/ml.

Figure 3-5 shows surface tension of RSF solutions which were dissolved in
Ajisawa’s reagent (CaCl,-RSF solutions). With increased protein
concentration, decreased surface tension appears. There was a significantly
decrease in surface tension of CaCl,-RSF solutions at concentration between
0.1 and 1 mg/ml. The surface tensions of CaCl,-RSF solutions indistinctively

decreased with increased concentration from 10 mg/ml to 50 mg/ml. However,
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the relationship between surface tension of CaCl,-RSF solutions and
degumming times is not clear, suggesting the different degumming durations
have a little influence on surface tension of RSF solution while the

concentration is the main parameter affecting the surface tension.

Figure 3-6 shows surface tension of RSF solutions which were dissolved in
LiBr reagent (LiBr-RSF solutions). The surface tension decreased with
increased concentration. There was a dramatic decrease in surface tension of
LiBr-RSF solutions at concentration between 0.1 and 1 mg/ml as well.
However, for 10 min degumming time, the surface tension at 10 mg/ml is
considerably higher than would be expected, the large error bar suggest it is

an operation mistake.

Overall, surface tension of aqueous RSF solutions was mainly affected by
concentration. For both types of dissolution methods, the surface tension
decreased with increased concentration. According to the trend line, the
surface tension value will remain in the range from 43 mN/m to 45 mN/m
rather than slight decrease when continuously increase concentration over 20
mg/ml. The relationship between surface tension and degumming durations
are not clear which means degumming time are not mainly affect parameter for
surface tension of RSF solutions. Comparing surface tension values in Figure
3-5 and Figure 3-6, RSF solutions which were made from two different
dissolutions (Ajisawa’s reagent or 9.3 M aqueous LiBr) had similar values. It
means that those two dissolutions do not effect on surface tension value of

RSF solutions.
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Figure 3-5 Surface tension (mN/m) vs concentration of 0.1, 1, 10, 30, and
50 mg/ml for a series of degumming times (10, 30, 60, 90, and 120 mins).
RSF solutions was dissolved by Ajisawa’s reagent. Each solution repeat 3
times (N=3), error bars represent standard deviation.
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Figure 3-6 Surface tension (mN/m) vs concentration of 0.1, 1, 10, 30, and
50 mg/ml for a series of degumming times (10, 30, 60, 90, and 120 mins).
RSF solutions was prepared by 9.3 M LiBr reagent. Each solution repeat 3
times (N=3), error bars represent standard deviation.
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3.3.1.5 Effect of Degumming Time on the Regenerated Silk Solution

Dynamic Viscosity
Viscosity values for RSF solutions prepared from Ajisawa’s reagent (CaCls,-
RSF solutions) and 9.3 M LiBr reagent (LiBr-RSF solutions) related to varied
degumming times and concentrations are shown in Figure 3-7 and Figure 3-8,

respectively.

Figure 3-7 shows that the viscosity of the CaCl,-RSF solutions increased with
increased concentration (0.1, 1, 10, 30, and 50 mg/ml). For degumming times
from 10 to 120 mins, the viscosity increased with decreased degumming time
except 30 min degumming time. However, the large error bar (represents
stand deviation) in 30 min degumming time suggests that the difference may
come from the accuracy of the Vibro viscometer or operation mistakes.
Overall, the viscosity of CaCl,-RSF solutions with low concentrations (0.1, 1,

and 10 mg/ml) are similar to the viscosity of purified water.

Viscosity of the LiBr-RSF solutions increased with increased concentration as
shown Figure 3-8, for degumming times for 10 to 120 mins, the viscosities of
LiBr-RSF solutions decrease with increasing degumming time. The LiBr-RSF
solutions viscosity of the 10 min degumming time is higher than the CaCl,-RSF
solution viscosity of the 10 min degumming time, suggesting that the LiBr-RSF
solution transitions from solution state to a partially crosslinked state quicker
than CaCl,-RSF solutions. Pritchard et al. determined the kinematic viscosities
of silk solution exposed to 10, 30, 60 and 90 min degumming times by using a
cSt range viscometer [164]. 10 min degummed silk solution also showed the
higher viscosity than 30, 60 and 90 min degummed time silk solution which

was consisted to the results in this thesis.
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Figure 3-7 Dynamic viscosity (mPa-s) vs concentration of 0.1, 1, 10, 30,
and 50 mg/ml for a series of degumming times (10, 30, 60, 90, and 120
mins). RSF solutions was prepared by Ajisawa’s reagent. Each solution
repeat twice and was measured in 3 times (N=6), error bars represent
standard deviation.
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Figure 3-8 Dynamic viscosity (mPa-s) vs concentration of 0.1, 1, 10, 30,
and 50 mg/ml for a series of degumming times (10, 30, 60, 90, and 120
mins). RSF solutions was prepared by 9.3 M LiBr reagent. Each solution
repeat twice and was measured in 3 times (N=6), error bars represent
standard deviation.
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In both type of solutions, the viscosity increases with increasing protein
concentration and decreased degumming times. Comparing the proportional
relationship observed between concentration and viscosity for degumming

times from 60 to 120 min in Figure 3-7 and

Figure 3-8, the viscosity of RSF solutions are quite similar, suggesting these
two types of dissolutions do not affect the viscosity of RSF solution under long
degumming time (60, 90, and 120 minutes). For 10 and 30 min degumming
times, the viscosity values are different suggesting that the 9.3 M LiBr
dissolution affect the viscosity more than Ajisawa’s reagent on short

degumming duration.

3.3.1.6 Effect of Z Value on the formation of RSF droplets
As mentioned in Section 1.4.3, the printability of a new ink was determined by
the Z value, theoretically. Table 1-6 listed and show how to calculate the useful
constants: the Reynolds (Re), Weber (We) and inverse (Z) Ohnesorge (Oh)
numbers. For RSF solutions, section 3.3.1.4 and 3.3.1.5 have showed the
surface tensions and viscosities of all possible RSF solutions which can be
used for printing. In theory, the Z values of all possible RSF solutions can be
calculated. For example, Table 3-1 lists the physical properties of a series of
different concentration of 30 min degummed RSF solutions (dissolved in
Ajisawa’s reagent at 75 °C for 3 hours). The reason for using the Ajisawa’s
reagent to dissolve fibroin was the CaCl,-RSF solutions having longer store
time than LiBr-RSF solutions without changing to gel. The Z values of the 10,
20, 30 and 40 mg/ml SRSF solutions are 40.9, 32.1, 25.3 and 20.3
respectively. It is worth noting that the Z values of all the inks are above 14,

which mean that they require extra pressure to form stable single droplets
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[155]. These inks were then loaded into the printer vessel. Figure 3-9 shows
charge-coupled device (CCD) camera caught droplets ejection images which
experimental observation of droplet formation for (a) 10 mg/ml, (b) 20 mg/ml,
(c) 30 mg/ml and (d) 40 mg/ml of RSF inks. It can be seen from the images
that single droplets were formed, with the higher concentration ink forming

better droplets due to the lower Z value.

Table 3-1 Physical properties of RSF inks

RSF inks 0 H,0O 10 20 30 40
(mg/ml)

o (Kg/m®) 1000 1010 1020 1030 1040
n (mPa-s) 1.08 1.29 1.63 2.08 26

y (mN/m) 72.9 45.96 44.76 44.65 44.73
Inverse (Z) of 61.2 40.9 32.1 253 20.3
Oh

p - density; n — viscosity; y- Surface tension;droplet diameter is 60 pm.

100 ps 200 ps 300 ps 100 ps 200 ps 300 ps
a’xYll Bl BV bL¥l e B

10 mg/iml  Z=40.9 20 mgiml  Z=32.1
C.TYI INE VR H -

30 mg/m Z=253 40 mg/ml Z=20.3

Figure 3-9 These CCD camera microscope images, depicting silk droplets
ejected from 60 um nozzles, shows the formation of a single droplets from
different concentration of RSF solutions, (a), 10 mg/ml (Z = 40.9), (b), 20
mg/ml (Z = 32.1), (c), 30 mg/ml (Z = 25.3) and (d), 40 mg/ml (Z = 20.3)
respectively.
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Overall, this section mainly demonstrated the printability of the RSF solution by
analyzing their physical properties, theoretically. In fact, a printable ink is
judged by weather the ink can form an individual droplet. However, the
formation of an individual droplet not only depends on the inks but also relies
on the printing settings. The basic printing settings will be introduced in next

section.

3.3.2 Analysis of Printed Patterns

Silk swimmers are formed by printing the basic pattern layer-by-layers. The
quality of the primary layer is significant and it determines whether the final
swimmers can accumulate to the required structures. This section shows how
to control the shape of the primary printing pattern by adjusting different
substrates, the distances between two adjacent dots and different scripts

(including txt scripts and bitmap scripts).

3.3.2.1 Effect of contact angles of substrate on printing patterns
In case of using water as the liquid phase, measuring contact angle helps to
determine the hydrophilicity/hydrophobicity of different surfaces. It is
considered that the hydrophilicity/hydrophobicity will influence the printed
patterns on the surface. Figure 3-10 shows the charge-coupled-device (CCD)
camera images of the moment when the Di-water droplet landed on the
surfaces and the static contact angles were measured. Here, there are 4 types
of substrates were measured: the glass slide, silicon wafer, gold (Au) coated
silicon wafer, and C8 modified silicon wafer. The contact angle for them are 4.3
+0.5° 34.9+0.3°,71.8 £ 1°, and 74.9 £ 0.6°, respectively. The representative

images were showed in Figure 3-10. The glass slide has the most hydrophilic
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surface, then silicon wafer, Au-silicon wafer and C8-slicon wafer. Then, one
droplet of RSF ink (40 mg/ml, 30 min degummed duration, Ajisawa’s reagent)
was printed on those substrates and the representative printed patterns were
showed in Figure 3-11. Due to the Coffee-Ring Effect [192, 193], a ring pattern
was remained after the ink droplet dry up. Figure 3-11 shows that different
hydrophilicity-hydrophobicity of the surfaces results in the difference of the size
and edge of the ring structure. The ring structure on the glass slide has the
lumpy edge while the ring structure on the other 3 substrates (silicon wafer,
Au-coated silicon wafer, and C8-silicon wafer) have smooth edge. Overall, the
diameter of the ring structure for glass silde, silicon wafer, Au-silicon wafer and
C8-silicon wafer were 200 £ 20, 150 = 15, 140 = 15 and 135 + 20 pm,
respectively. The results also show that the higher hydrophilicity of the surface

is, the wider the diameter of the ring pattern will be.

The data presented here suggest that substrate surfaces must be taken into
account during printing process for different applications. For silk swimmers,
the C8-silicon wafers were selected due to its high hydrophobic surface
convenient to take the printed swimmers off the substrate and the cost is less

than the Au coated wafer.

Glass slide Silicon Wafer Au-silicon Wafer C8-Silicon Wafer
FCA Left= 4.663 | RALeft=34802 | CALeft=70.990 FCALeft=74.373 1
CARight=4.127 CARight=35.041 CARight=72.624 CARight=75.451

Ky = ﬁ e —
Figure 3-10 These CCD camera images show the contact angles of

various substrate (glass slide, silicon wafer, Au-silicon wafer and C8-silicon
wafer).
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Glass Slide Silicon Wafer Au- SiliconWafer C8-Silicon Wafer

Figure 3-11 These microsocpe images show respective samples of the

ring pattern printed on various substrates (glass slide, silicon wafer, Au-

silicon wafer and C8-silicon wafer).

3.3.2.2 Effect of humidity on printing patterns

Humidity show the percentage of water vapour present in the air and it is
considered as one of the most important printing parameters for drop-on-
demand printing. Figure 3-12 shows the printing RSF patterns on 80%, 65%
and 50% humidity environment. It demonstrated that the 80% humidity

resulted in the droplets coalescing and a ‘pond’ pattern instead of the
designed ‘ L5 ’pattern. On 65% humidity, part of the printed ‘ L5 ’pattern can
be observed. When the humidity adjusted to 50%, a clear ‘ L5 ’pattern was

showed in the image. When the humidity is under 50%, no pattern can be seen
on the substrate due to the quick evaporation of the small droplet before it
landed on the surface (no data can be shown in image). The estimated range

of the suitable printing humidity range is between 50% and 65%.

80% Humidity

) e AL % GO
Figure 3-12 These microscope images show respective samples of the
printed RSF patterns under different humidity. RSF inks : 40 mg/ml, 30 min
degummed duration, Ajisawa’s reagent. The tested humidity are 80%. 65%
and 50%, respectively.
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3.3.2.3 Analysis of Different Printing RSF Patterns
Regenerated silk fibroin (RSF) protein is an FDA approved biomaterial and has
been used as a bio-ink to fabricate structures using inkjet printing [33, 38, 91,
161, 190]. The characteristic of RSF, which is the change for water soluble
amorphous (Silk 1) to water insoluble crystalline conformations (Silk Il) made
up of beta-sheet structures by addition of an organic solvent (such as
methanol, ethanol, and acetone), gives the chance to use the inkjet printer to
generate RSF scaffolds in two ways. The two ways are: 1) printed droplets
accumulated in vertical direction and the height of the patterns depend on the
thickness of each droplets; 2) printed droplets accumulated in horizontal
direction and the height of the patterns depend on the distance between the
droplets and the amount of the droplets. In this section, RSF inks were used to
print various patterns from simple (single dots, line, and film) to complex
(bitmap images).
Dots

Images of optical profiler microscope (Contour GT-K, USA) in Figure 3-13
show the morphology of 10, 20, 30 and 40 mg/ml of RSF solution printed dots.
The ring structures come from the coffee-ring effect which is a result of a
complex balance between outward micro-flow distribution, solution impact and
different evaporation rates between the center and the edge of the deposited
materials [192, 193]. The ring structures have been observed in Figure 3-13A.

The thickness (400 =65 nm) of the edge of coffee-ring structure is higher than
the thickness (100 30 nm) of the center area (Figure 3-13). Also, Figure 3-13

shows that the higher concentration of RSF inks form smaller rings than the

lower concentration of RSF inks. Therefore, the diameter of the ring pattern
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can be controlled by adjusting the concentration of the RSF inks (Figure

3-13e); as concentration increase diameter decrease.
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Figure 3-13 Optical profiler microscope images show different
concentrations of RSF solution printed dots. The concentrations are (a), 10
mg/ml, (b), 20 mg/ml, (c), 30 mg/ml and (d), 40 mg/ml respectively. e)
Graph shows the diameter of the different concentrations of RSF solution
printed dots (N = 3), error bars represent standard deviation.

It is possible to generate silk scaffolds by inkjet printing of water soluble RSF
inks and then convert it into insoluble beta-sheet (Silk 1) structure via a second
ink containing methanol. Changes in the structure of printed RSF films were

determined by Fourier Transform Infrared (FTIR) Spectrophotometer
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(IRPrestige-21, Shimadzu, Japan). The infrared (IR) spectral region between
1750 cm” and 1450 cm” was classified to absorption by the peptide
backbones of amide | (1700-1600 cm™) and amide Il (1600-1500 cm™), which
were mostly used for the analysis of different secondary structures of RSF
[194, 195]. As shown in Figure 3-14a, the peaks at 1661-1663 cm™, 1575-
1777 cm™, and 1525-1522 cm” were characteristic of silk Il secondary
structure, whereas the absorptions at 1672-1669 cm”and 1531- 1529 cm’
were indicative of silk | conformation. After the printing of methanol, the peaks
at 1670 cm™ and 1530 cm™ (silk 1) decreased, whereas the peaks at 1662 cm™
and 1524 cm’ (silk 11) increased. The results indicated that silk films with
different amount of crystal structures were achieved by printing layers of

methanol.

Height of printed RSF pillar prepared from 10mg/ml RSF solution is illustrated
in Figure 3-14b (1-10 layers), Figure 3-14c (20-100 layers), and Figure 3-14d
(200-1000 layers). Samples were prepared by printing one layer of RSF
solution and followed by another layer of methanol. Evaporation of methanol
leaves the silk pillars with beta-sheet conformation. The average thickness of

each layer within 10 layers was 350 50 nm, whereas that within 1000layers
was 210 =60 nm. The difference of each layer height may be cause by the

coffee ring effect which results in the height different between the edge and the
center of the printed dots pattern. Above all, the more layers are printed, the
higher pillars are built up. Methanol helps to form stable RSF structure which

allows us to fabricate 3D scaffolds.
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Figure 3-14 (a) FTIR spectra shows silk | converting to silk 1l of printed
RSF films after printing methanol. Thickness at edge of silk column with
10mg/ml RSF solution with different numbers of layers: (b) 1-10 layers, (c)
20-100 layers, (c) 200-1000 layers.

Lines
Figure 3-15 shows a liquid droplet can form a line by controlling the printing

distance of two adjacent dots. A few principal behaviors appear when testing
printed droplets patterns across a variety of drop spacing, hydrophobicity-
hydrophobicity of substrate and temperature. They are labeled as individual

dots, a scalloped line, a uniform line and a bulging line [193].

If printed droplets that are too far apart to interact, more than the diameter of
the droplet, then individual dots land and dry. Large printing distance (0.2 mm)
between each dot makes it hard for droplets to coalesce in this experiment.
Then, droplets start to connect with each other by decreasing the distance
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(less than dots’ diameter). Initial coalescence of liquid droplets forms line with
periodic irregularity edge. The distance is between the radius and the diameter
of the droplet pattern on the substrate. Further decreasing the drop spacing
will eliminate the periodic edge and lead to a smooth, straight line called
parallel-side line. Sufficient overlap distance equals to the radius of the droplet

pattern on the substrate.

However, if the adjacent droplets are too close to each other, a bulging forms.
The distance is less than the radius of the droplet pattern on the substrate.
These findings are consistent with poly (3,4-ethylenedioxythiophene) poly

(styrene sulfonate) inks reported by Soltman et al [193].

Comparing the lines printed by using various different degumming time RSF
solutions in Figure 3-15 has shown that degumming time has no effect on the
quality of printed lines. A potential explanation for this observation is that the Z
value of tested varied degumming RSF solutions are similar (see work in

section 3.3.1, based on the data shown in Figure 3-5 and Figure 3-7, the

surface tension and viscosity of the RSF are similar and the concentration of
the RSF solutions are same 10 mg/ml.). Thus, when selected the most suitable
printing RSF solution, the degumming time is not considered for its effect on
the final printed pattern but considered for its effect on the transformation time
from protein solution to gel (gelation time, see data shown in section 3.3.1.2).
In conclude, by carefully optimizing the droplets pressure wave, spacing,
frequency, humidity, temperature and pressure; it is possible to print a smooth
line with an even edge (for example, the line in Figure 3-15 120 degummed

time e).
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Figure 3-15 Microscope images show inkjet printing lines by adjusting the
distance of two adjacent droplets. The distances are a) 0.2 mm, b) 0.15
mm, ¢) 0.125 mm, d) 0.1 mm, €) 0.075 mm, f) 0.05 mm, and g) 0.025 mm
seperately. RSF inks useed the dissolvation of Ajisawa’s reagent and the
silk fibres were exposed to 5, 10, 30, 60, 90 and 120 minutes degumming
time. The concentration of all RSF solutions were 10 mg/ml. 60 pm
printhead were used.

Films
Figure 3-16 shows RSF films were produced by printing layers of overlapping

droplets on top of substrates (such as cover glass slips or silicon wafer). Some
typical patterns emerge when examining printed RSF films across of droplet
spacing from x and y direction (setting x = y). | labelled these as individual

dots, partial linked dots, a uniform film and a pond film.
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If printing spacing is more than a drop’s diameter, individual dots appear on the
substrates (in Figure 3-16a). As droplets spacing decreases, the dots start to
merge but incompletely which is called partial linked dots (Figure 3-16b) and
e)). Further decreasing the dots spacing will eliminate the incomplete linked
dots and lead to a smooth, uniform top films. This distance is the optimal
distance for the formation of films. However printing drops even closer together
than the optimal distance leads to retain RSF inks as a pond, then the
superabundant solution dry and form a film. This kind of film is called a pond
film which has irregular surface (Figure 3-16¢) and f)). In conclusion, ideal

films occur by adjusting the droplets spacing to optimal distance.
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Figure 3-16 Microscope images (a-c) and optical profiler images (d-f) of
RSF dot arrays printed on silicon wafer. The concentration of RSF was 10
mg/ml RSF. The distances between two adjacent dots were 0.3 mm (a and
d), 0.2 mm (b and e), 0.1 mm (c and f). 60 um printhead were used.
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Cylinders
3D scaffolds are formed by the accumulation of droplet layer-by-layer.

Increasing the number of layers and deposited droplets steadily raised the
height of the printed pattern. With the help of methanol transferrings the
unstable silk | to stable crystalline silk Il, a crystal RSF cylinder was formed

(Figure 3-17).

Figure 3-17 Fluoresce microscope image show the printed pillar — “little
light ball” shape. Inkjet printing of 3D patterns using functional FITC-RSF
inks which RSF crosslinked with FITC. The concentration of RSF is 30
mg/ml. Reactive inkjet printing with 60 um printhead.

Complex Patterns
Figure 3-18 shows the images of inkjet printing bitmap patterns, a) and c)

complex bitmap images printed on paper with blended RSF inks (coomassie
blue mix with RSF solutions). b) ‘SHEFFIELD ENGINEERING’ letters printed

on silicon wafer using 40 mg/ml RSF solution.
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Figure 3-18 Pattern directly printed using RSF solution, a) and c¢) complex
bitmap images printed on paper with blended RSF inks (coomassie blue
mix with RSF solutions); b) ‘SHEFFIELD ENGINEERING’ letters printed on
silicon wafer using 40 mg/ml RSF solution.
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3.4 Conclusions

The successfully formation of a single, individual droplet (shown in Figure 3-9)
proved that RSF solutions are printable by inkjet printer. Both the physical
properties of the RSF solution (Z value) and the settings of the printing
parameters (pressure wave) affect the formation of an individual droplet.
Different conditions (degumming times and dissolutions) of the preparation
process for the RSF solutions result in the difference on their physical
properties. The adjusting of the printing parameters focuses on controlling the

pressure wave.

The quality of the printing droplets, the type of the printed substrates, the post-
treatment of the methanol, and the setting of the printing process affected the
quality of the printed features. In order to get the desired printed scaffolds, the
relationships between the number of layers and the total thickness of the
printed scaffolds were established. Then, various patterns from simple (such
as dot arrays, lines, films, particles) to complex (logos and scaffolds) structures
have been printed. To find the optimal distance between the adjacent droplets

helped to get best printed features in the end.

Overall, this chapter illustrated that silk fibroin could play an important role as
an ink material for inkjet printing technique. RSF based ink can be formulated
by adding other components such as growth factors, enzymes, particles, and
other functional materials to fabricate various scaffolds that can meet different
requirements of the end uses. In this thesis, various self-propelled RSF-
swimmers that could be used as drug delivery, bio-mixing and cancer detecting

will be introduced in next few chapters.
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Chapter 4 Reactive Inkjet Printing of

Catalytic Micro-rockets
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4.1 Introduction

The production of small-scale devices that can generate autonomous motion
through catalytic reactions within fluidic environments has become an
increasingly active field of research [196-201]. These devices have led to
some potential applications such as environmental monitoring and remediation
[202, 203], lab on a chip diagnostics [204], and in vivo drug delivery and repair
[17, 85, 86, 205]. However, the current production materials and methods have
many limitations. On the one hand, a large proportion of the small devices are
based on lithographic approaches in order to control the shape and catalytic
distribution. However, these methods have limitations on designing the shape
of the devices particularly in respect to further scalability. On the other hand,
most of these small-scaled devices are made from platinum and gold which
are expensive, require complex chemical processes and are not biocompatible
[203, 206, 207]. Thus, it is desirable to find simple production processes and

materials which are cheap to make biocompatible small-scale devices.

As described in Chapter 3, it has been demonstrated RSF solutions can be
printed via inkjet printing to generate scaffolds. The printed scaffolds have the
chance of high designable structural precision and are on the micron scale,
which is a potential candidate of small-scale devices. Furthermore, silk fibroin
could play an important role as the devices’ material because of its own
properties including the structure transition flexibility [81, 96], biocompatibility
[15, 33, 38] and the simple and water-based reassemble process [53, 208].
RSF based inks can be formulated by adding other components such as

growth factors [33], enzymes [189], particles [85], and other functional
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materials (e.g. PEG and collagen) [208-210]. It has been shown by Zhang Y.Q.
[211] that natural silk fibroin can be used as a support for enzyme
immobilization and increased stability. It is an alternative material for expensive

metal and avoids complex chemical reaction to combine catalase.

In this chapter, the experiment explored how to make RSF micro-rockets by a
RIJ printing approach. RIJ printing is a method where two or more inks are
used in order to produce a chemical reaction or cause the morphology of
protein to undergo a conformational change. Here, the devices were made of
RSF solutions which are mixed with catalase. We show the generation of RSF
devices by LBL inkjet printing of water soluble RSF mixture inks and then
converting them into insoluble beta-sheet (Silk Il) structure via a second ink
containing methanol. Furthermore, this Chapter discusses the characterization
of RSF micro-rockets, and trajectory analysis of RSF devices in H,O; solutions
is discussed. Finally, the optimization of the silk swimmer printing process is
mentioned and guilds to fabricate more complex and functional swimmers for

further analysis.
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4.2 Experimental Methods

42.1 Materials

The details of the used materials are described in Chapter 2 Section 2.1.1.

4.2.2 Silk Degumming

The silk degumming process is described in Chapter 2 Section 2.1.2.

4.2.3 Preparation of Regenerated Silk Fibroin Solution

The preparation of RSF solution is described in Chapter 2 Section 2.1.3.

4.2.4 Preparation of mix Ink Solution

Two types of ink solutions were prepared in this experiment. Ink-A was
Catalase/PEG400/RSF, and Ink-B was PEG400/RSF. Amorphous bovine liver
catalase powder (purity 60% Sigma-Aldrich) was dissolved in deionised water
at a concentration of 20 mg/ml. The catalase solution samples were inverted
several times until fully dissolved and then were filtered with a 0.7 ym glass
filter. In order to avoid weighting the highly viscous PEGgqo liquid, PEG4o0
(Aldrich) was diluted in deionised water at a concentration of 500 mg/ml.
Finally, Ink-A was prepared with Catalase and diluted PEG4 together with
RSF to final concentrations of 30 mg/ml RSF, 10 mg/ml PEG400 and 4 mg/ml
catalase, and Ink-B to final concentrations of 30 mg/ml RSF and 12 mg/ml

PEG400.
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4.2.5 Inkjet Printing Process

The basic concept of printing RSF scaffolds has been described in Chapter 2
and Chapter 3. In this Chapter, a drop-on-demand (DOD) inkjet printer

(MicroFab IV, MicroFab Inc., USA) was used to fabricate catalytic self-motile

particles by using functional inks such as Catalase/RSF/PEG4q inks and
RSF/PEGa4qo inks. The details of this inkjet printer were described in Chapter 2
Section 2.2.5. An explanatory schematic of the whole process is showed in

Figure 4-1.

Two different structures of catalytic RSF micro-rockets were generated by LBL
reactive inkjet printing. Fully active micro-rockets and the Janus micro-rockets
were printed. Janus means the swimmers being made up of two different half.
For example, in this experiment, one half of the swimmers have been
encapsulated catalase and the other half has not. For each layer, a 5 x 10 dot
arrays script was written and programmed into JetLab (Version 6.3, MicroFab
Inc., USA). A total height of 500 layers of RSF columns were printed LBL.
Thus, the fully active micro-rockets required two print-heads: one for methanol
and the other one for Catalase/RSF/PEGaqo ink. The Janus micro-rockets are
assembled by using four inks, thus four print-heads required: first print-head
for methanol ink, second print-head for Catalase/RSF/PEG4q ink, third print-
head for RSF/PEG4q0 ink and fourth print-head for 1% w/w PMMA/DMF ink.
The process is shown in Figure 4-1, where Ink-A (Catalase/RSF/PEG4qo ink)
was printed for 250 layers and Ink-B (RSF/PEGa4q ink) was printed the other
250 layers of pillar. Each RSF ink layer required one layer of methanol for
transforming the RSF silk solution from Silk | to Silk Il. An extra 10 layers of

PMMA were required as a barrier layer in the case of the Janus micro-rockets.
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Figure 4-2 shows the two designed silk micro-rockets: fully active rocket and
Janus rocket. Furthermore, the schematic image illustrates the thrust of
swimmers created by oxygen bubbles which were generated during peroxide
decomposition by the encapsulated catalase. The fast and high-frequency

bubble ejection leads to continuous motion of the swimmer.
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Figure 4-1 Schematic represents the LBL printing process of RSF micro-
rockets. Green represents Catalase/RSF/PEGaq inks; Yellow represents
RSF/PEG,qo inks; blue represents PMMA barrier when generated Janus
RSF micros-rockets.
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PMMA Barrier Layer

Oxygen Bubbles

Figure 4-2 The Schematic shows the two designed RSF micro-rockets, left
one is the fully active rockets while right one is Janus active rockets.
Hydrogen peroxide is decomposided

4.2.6 Particle Preparation of Silk Micro-rockets

RSF micro-rockets were printed on silicon wafers which were plasma cleaned
before use. In order to avoid damaging the micro-rockets samples, silicon
wafers (with printed rockets on the surface) were immersed in filtered (0.2 um)
deionized water (DIl-water) for a while. Then, rockets were removed by using
Pasteur pipette with plenty DI-water to wash the surface of silicon wafer. If the
rockets remained on the silicon wafer after the previous treatment, the use of a
sonicator was needed to help remove the rockets. Silicon wafers were placed
into a small beaker and deionised water was poured over the sample just
enough to cover it. Then, the small beaker was held in a low power sonicator
(37 kHz Ultrasonic Laboratory Cleaner) for few seconds (less than 30) and

most of the rockets would become detached from the silicon wafer.
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4.2.7 Analysis of Movies

The rockets were transferred into petri dish (8 cm in diameter) containing 6%
w/v hydrogen peroxide (H2O,). Images were taken under microscope with a
connected PixelLink camera, or with extra camera lens for help. Movies were
taken at frame rate of 25 frames per second (fps) for 500 to 1000 frames. The

analysis of the tracked movies is described in Chapter 2 Section 2.5.

4.3 Results and Discussion

431 Characterization of silk micro-rockets

This section firstly demonstrates whether Ink-A and Ink-B are printable by
inkjet printer, including the analysis of their physical properties and the
formation of the single, individual droplets. Secondly, printing process of
swimmers will be analysed such as the structure of each printed single droplet
and the evaluation of the thickness of the printed samples. Thirdly, all printed
micro-rockets were checked under SEM to ensure the structure were

reassembled as required.

4.3.1.1 The Formation of Functional RSF droplets
Table 4-1 lists the physical properties of functional RSF ink-A (RSF 30mg/ml,
PEG400 10 mg/ml and Catalase 4mg/ml) and Ink-B (RSF 30mg/ml and PEG400

12 mg/ml). Z value (calculation equation is described in Chapter 1,

Section1.4.3) of Ink-A is 21.49 and Ink-B is 24.70. The results are reasonable
by comparing to previous value that Z value of 30 mg/ml was 25.3 (in Table 3-2
Chapter 3). The difference of Z values was caused by the addition of PEG4no

and Catalase to RSF solutions and resulted in the increase of surface tension
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and viscosity. Figure 4-3 shows CCD camera caught droplets ejection images
of Ink-A and Ink-B. Both Ink- A and Ink-B formed single, individual droplets and

further proved they are printable by inkjet printer.

Table 4-1 Physical properties of Functional RSF Inks

Surface Tension Densit Viscosity Z
(mN/m) (kg m™) (mPa s)
Ink-A 46.12 1044 2.50 21.49
Ink-B 44.69 1042 214 24.70

Ink-A — RSF 30 mg/ml, PEG40 10 mg/ml and Catalase 4 mg/ml;
Ink-B — RSF 30 mg/ml, PEG40 12 mg/ml.

L — Characteristic linear dimension (60 um)

100 um 200 um 300 um

Ink-A

100 um 200 um 300 um

Ink-B

Figure 4-3 These CCD camera microscope images, depicting silk droplets
ejected from 60 pm nozzles, shows the formation of a single droplets from
(@) Ink-A and (b) Ink-B respectively.
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4.3.1.2 Printing Process
The RSF scaffolds were accumulated by printing a drop of mixture RSF inks
following a second drop of methanol. This print process was defined as one
printing layer. In order to calculate the height of the final micro-rocket and
compare how different mixtures of RSF inks affects the printing process,
contour GT microscope images were taken of varying printing layers of
RSF/PEG400 with and without catalase separately. Figure 4-4 shows printed
RSF scaffolds by using 30 mg/ml RSF inks with blended-in 12 mg/ml PEG4go.
Figure 4-5 shows printed RSF scaffolds by using 30 mg/ml inks mixed with

10mg/ml PEG400 and 4 mg/ml catalase.

Both Figure 4-4 and Figure 4-5 show clearly that for the first few printed layers
there was a strong “Coffee Ring” effect present. This effect results in the height
of the outer circle higher than the height of centre and forming a “nest’
structure. In 2008, Soltman and Subramanian also demonstrated that inkjet
printing of a conductive polymer showed this kind of structure [193]. The final
structure of multi-layers pillar structure is influenced by how the “nest” structure
will be reduced. One possibility is that the following droplets will be filled in the
‘nest” and “Coffee Ring” effect will diminish after printing enough layers.
Another assumption is that the “Coffee Ring” effect results in the inner side of
printed columns contain hollow channels which allow O, gas to pass through
when catalase reacts with H,O.. In this situation, when we prepare Janus RSF
columns, a barrier layer is required to block the inner channel. The final

structure will be characterised in the next section (Section 4.3.1.3).
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Figure 4-4 Contour GT microscope images of different amounts of Ink-B
(30 mg/ml RSF and 12 mg/ml PEGg4q) printed on Si-wafer substrates
showing how the height is affected by the amount of layers printed on top
of each other.

H

1 layer I " | 5layers

10 layers i~ 15 layers

Figure 4-5 Optical profiler microscope (Contour GT) images of different
amounts of Ink-A (30 mg/ml RSF, 10 mg/ml PEG400 and 4 mg/ml catalase)
printed on Si-wafer substrates showing how the height is affected by the
amount of layers printed on top of each other.

Figure 4-6 shows the average height of Ink-A printed columns is lower than the

average height of Ink-B printed columns. The thicknesses of each Ink-A and
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Ink-B printed layer are about 0.22 ym and 0.20 um, respectively. Figure 4-5
shows Ink-A printed columns are less defined structures than the column
which is printed by Ink-B (in Figure 4-4) which results in the difference in the
thickness of each printed layer. There was a clear relationship between height
and amount of layers printed in Figure 4-6. The more layers printed, the higher
the columns will be. The RSF ink without enzymes seemed to gain height
slightly more rapidly than the one containing enzyme. This result is consistent
with the observation of the two previous figures and the results published by
Suntivich et al. [161]. The differences resulted from the different concentration
of the used silk inks. One possible way to avoid the “messy” printing results of

Ink-A could be extending drying time before printing next layer.
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Figure 4-6 Column diagram shows comparison of average height measures
of Ink-A (30 mg/ml RSF, 10 mg/ml PEG400 and 4 mg/ml catalase enzyme)
and Ink-B (30 mg/ml RSF and 12 mg/ml PEGuq0) , Which are as same as
the inks used for printing the micro-rockets.

4.3.1.3 Final Structures
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The SEM images show the final printed columns structure for both fully active
(Figure 4-7a) and Janus active (Figure 4-7b). According to the impact results
(Section 4.3.1.2), this structure is characterized by a growth rate at around
0.22 pym/layer and by a diameter of the bottom of each pillar equal to 100 pm.
In Figure 4-7, closer comparison of fully active particles and Janus particles
shows that the overall size and shape of those particles are similar and the
bottom is wider than the top which looks like ‘rocket’. The reason for this
‘rocket’ structure is because during the printing process a little RSF inks flowed
over the sides down the column. Furthermore, the overflowing inks smooth the
edge surface of the rockets and avoid the rockets disintegrate between each
layer when swim in solution. It also can be seen that the top of both fully active
and Janus rockets is rounded, which verifies the ‘Coffee Ring’ structure
diminished over printing multiple layers, as was suggested in Section 4.3.1.2.
This also clarifies why the Janus rockets require printing first the half
containing the enzyme catalyst rather than the half without, as the opposite
way the catalase ink would have flow over inactive half and ruin the Janus

samples.

In order to show the location of catalase in RSF rockets, catalase was labelled
with FITC. In Figure 4-8, fluorescent microscope images verify the fully active
rocket contains catalase all over (Figure 4-8A) and the Janus rocket only

contain catalase on the bottom half of the particle (Figure 4-8B).
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Finure 4-7 Two secondary electron images (at 12 KeV) of fully active silk
swimmer particles containing CAT (4 ing/ml), Silk (30 mg/ml) and PEG00
(10 mg/ml) and Janus silk swimmer particles containing CAT (4 mg/ml),
Silk (30 mg/ml) and PEG400 (10 mg/ml) with 10 layers of PMMA barrier and
an inactive part containing silk (30 mg/ml) and PEGsy (12 mg/ml).

100pum 100pm

Figure 4-8 Fluorescent microscopy images of FITC labelled catalase in silk
rockets, (left) fully active, (right) Janus.

432 Influence of PEGy4go

Initial experimental data showed that when printed RSF-rockets, with enzyme
but without PEG4q0, were put into 5% hydrogen peroxide (H20-) solution; even
though bubbles were readily released form the silk particles, there was a high
tendency for one bubbles to build up at the liquid / air interface sticking to the
particles but not bursting regularly. An example swimmer is shown in Figure

4-9A that a fully active rocket with no PEG4o mixed-in generates a bubble
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which can be clearly seen growing over time (10 seconds) but not detaching.
The big bubble also locked the swimmer inside it, instead of letting the
swimmer move freely on the interface. Compared to CAT-RSF-rockets with
PEGuaoo in Figure 4-9B, the “locking” bubble did not appear and rocket moved
around freely on the surface interface. In the case of Janus rockets it was
observed that if the inactive half mixed no PEGso or contained a lower
concentration of PEG4oo than the catalytic half there was a high probability of
“locking” bubbles occurring and hindering the free motion of the rockets. Thus,
when Janus rockets were printed with the concentration of PEGaqo in inactive

half was higher than the active half.

Figure 4-9 Video snapshot images of fully active CAT-RSF rockets (B) with
and (A) without PEG4gp swimming in 5% W/V H,0,. Videos are taken from
top-view as rockets swimming on the surface of the fuel solution.

Further analysis of how PEGaq influenced the movement of RSF-rockets, the
hydrophobicity of the mixture-RSF inks was tested by contact angle

measurement. 5 layers of RSF solution with increasing concentration of
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PEGa400 were spun cast onto plasma cleaned silicon wafer substrates. By
imitating inkjet printing process of RSF scaffolds, every layer of RSF was
followed by spin coating a layer of methanol which helped to generate beta-
sheet fibroin structure. The samples were then left to dry over night at room
temperature. 2 yl Di-water drops loaded on the substrate, vertically. Each
sample was measured 5 different locations and repeated at least 3 times. The
contact angle was calculated by the mean value of each sample. Figure 4-10
indicates that the contact angle increased with decreasing the concentration of
PEGua00. This means that the higher concentration of PEG4oo blended in RSF

ink the more hydrophobic the mixture solution will be.
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Figure 4-10 Plot showing different contact angle measurements of 5 layers
of spin coated RSF (30 mg/ml) films with different concentarions of PEG4q0
mixed-in.
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4.3.3 Trajectory Analysis

In this section, the trajectory of fully active rockets and Janus active rockets
were analysed. Representative fully active and Janus rockets are showed in

Figure 4-11 and Figure 4-12, respectively.

Silk printed swimmers resembled a rocket-like structure, which is
characterized in detail through SEM in section 4.3.1.3. Thus, the swimmers
were manually tracked on both their extreme points, which is dual point
tracking. The dual point tracking allowed determination of the orientation
changes and the direction of the self-propelled swimmers during their
motion. The schematic image is showed in Chapter 2. Furthermore, it was
ensured air moment was minimal during the experiments in order to mitigate

any air induced surface flow effects.

500um

Figure 4-11 Example video snapshot images of a fully active silk rocket
swimming in 5% H,0O, solution — blue line indicates top and green bottom of
the rockets.
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Figure 4-12 Example video snapshot images of a Janus silk rocket
swimming in 5% H,0O, solution — blue line indicates top and green bottom of

the rockets.
4.3.3.1 Directionality Analysis

In Figure 4-13, of the raw trajectories for the fully catalytic active micro-rockets
and Janus catalytic active micro-rockets are summarized. Figure 4-13A shows
these trajectories had a lot of turns and twists, whereas Figure 4-13B shows

those trajectories that are directional resembling straighter lines.

A B

1000pum 1000pm

Figure 4-13 Comparison of raw trajectories, A) fully active rockets over a
time period about 10 seconds; B) Janus rockets over a time period about 5-

10 seconds.
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As described in Section 2.5, directionality analysis of micro-rockets
investigated the directional angle 6 and orientation angle ¢ of the moving
track; fully active and Janus active micro-rockets give strongly different
results. As shown in Figure 4-14 and Figure 4-15, there was no noticeable
correlation between 6 and ¢ for fully active particles while there was a strong
correlation between 8 and ¢ for Janus active particles. The correlation
coefficients over the sample set for fully and Janus active micro-rockets

were r ==0.053 £ 0.130 and r = 0.806 + 0.146, respectively.
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Figure 4-14 Angle Correlation (6 - direction and ¢ - orientation) of fully
active RSF micro-rockets overall correlation for all samples was r = 0.053 +
0.130.
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Figure 4-15 Angle Correlation (6 - direction and ¢ - orientation) of Janus
active RSF micro-rockets overall correlation for all samples was r = 0.806 *

0.146.

Furthermore, it was found that the high correlation of the two angles got

disturbed by releasing a large bubble, as the bubbles which were over average

size would cause the rockets to move a large distance to opposite direction

when those bubbles busted.

It is important to notice that the angles for this analysis were calculated using

the tangent function and therefore jumps in the data appeared when the angle

changed from 0 ° to 360 °.
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4.3.3.2 Velocity and Persistence length
As described in the trajectories analysis (section 4.2.7), each micro-rocket was
calculated their man instantaneous velocities and their persistence lengths by
analysing the centre of mass trajectory from the dual tracked swimmers. The

results are shown in Table 4-2.

Instantaneous velocities were calculated for each frame and averaged over the
whole trajectory. It has been showed that the fully active micro-rockets moving
less directional than Janus active micro-rockets (in Figure 4-14 and Figure
4-15). However, the average velocity of the Janus micro-rockets was about 1.4
times faster than fully ones. Also, during the experiment, a decrease in velocity
of 1/3 over the course of 1 hour was observed which was explained as the

catalase denature.

Based on the calculated middle point of mass trajectory from the dual tracked
micro-rockets, tracks were analysed for their persistence length. The results
also are shown in Table 4-2; the mean persistence length of Janus active RSF
rockets was approximated 16 times higher than that of fully active RSF
rockets. This result was also consistence with the orientation correlation

analysis in section 4.3.2.

Table 4-2 Velocity and persistence length for RSF micro-rockets

Type of Average Persistence Le/Lc
Micro-motor velocity length [um] i
[um/s] [arb. units]
Fully Active 370 + 30 26+ 6 0.014 + 0.002
rocket
Janus 510 + 90 420 + 180 0.190 + 0.060
rocket
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4.3.4 Optimisation of RSF Swimmer Printing Process

As shown in Figure 4-16, the schematic printing process provides another
possibility to fabricate RSF swimmers which we defined as horizontal printing.
Take generating Janus active RSF micro-rockets as an example, the vertical
printing (method used in this chapter) print 250 layers of PEGa4o / RSF ink
droplets on the top of 250 layers of Catalase / PEG400 /RSF ink droplets; the
horizontal printing print 250layers of PEG40 / RSF ink droplets beside 250
layers of Catalase / PEG4p /RSF ink droplets. As we described in section
4.3.2.1, the height of the RSF swimmers which were produced in vertical
direction related of the total thickness of printed layers. However, the height of
the swimmers which were produced in horizontal direction depended on the
final length of the printed line on each layer. The width of the swimmers related

to the diameter of the droplet in both vertical printing and horizontal printing.

Silk with Catalase

i — MeOH
()
[}
: pgu EEERERE
T s ——— T — T — T S S O
Print direction Silk solution

IR

Figure 4-16 Schematic represents the LBL printing proceduce of silk
scaffold in horizatial direction (image was designed by David Gregory).
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Fluorescence microscope images (in Figure 4-17) show Janus active micro-
rockets which are printed in both horizontal and vertical direction. Those
images help to prove both ways can produce Janus swimmers. Special shape

catalytic active swimmers like ‘ L5’ and letters are generated and analysed in

next two chapters.

Figure 4-17 Fluorescence Microscope images of comparing printing RSF
scaffolds in horizatal direction and vertical direaction.

4.4 Conclusions

In this chapter, it has become clear that the functional RSF inks (Ink-A:
catalase/PEG400/RSF; Ink-B: PEG400/RSF) are printable by RIJ printer. The
printed scaffolds which were formed by using the functional inks were well
immobilized catalase and keep most of the enzyme activity. These scaffolds
were driven by continuous bubbles generated during hydrogen peroxide
decomposition at the catalase encapsulated part of scaffolds, demonstrated as
new and novel self-propelled particles (swimmers). Furthermore, with the
addition of mixed in PEGaqo in the inks, the bubbles would release more
efficiency and the print-heads were not blocked that frequently during the

printing time.
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In this experiment, there were two types of swimmers: one is fully active micro-
rockets, the other one is Janus micro-rockets. Based on comparing their
trajectory analysis (including persistence length, oriental changes and direction
of the motion), the printed structure and the position of the catalase motor
altered the swimmers moving behaviour. For fully active micro-rockets, the
trajectories show random diffusive behaviour. For Janus active micro-rockets,

the trajectories mainly follow straight lines.

The printed RSF micro-rockets showed excellent swimming capabilities in fuel
solutions. Inkjet printing appears to offer a chance to quickly design and
fabricate a wide range of swimmers with varying shapes and sizes as well as
easily altering the position of the propulsion location; therefore the following

Chapters investigate a wide variety of swimmer designs.

126



Reactive Inkjet Printing of Silk Stirrers

Chapter 5 Reactive Inkjet Printing of Silk

Stirrers
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5.1 Introduction

Micro-mixing is a process in which ingredients rearrange to form a blend in a
small volume. In recent years, the technology of micro-mixing has attracted
increasing attention due to its applications in analytical chemistry [115, 202,
212], tissue engineering [213-215], and life sciences [216]. A possible way of
achieving micro-mixing is by utilizing small self-motile catalytic motors. These
motors, in general, are based on catalytic propulsion using hydrogen peroxide
or hydrazine as a fuel source, which are not compatible in biological systems
[100, 217-219]. Thus, biocompatible micro-motor devices that can stir in a

small volume are particularly desired.

Initially, research on the small scale motors used for mimic experiments to
proof of some concepts [135]. As more research helps to reveal the motion
mechanisms, discovery of new energy input, and the development of
procedures for modifying (e.g. chemical reaction and spin coating ) these
devices, the nano-/micro-motors become more functional and able to use into
specific applications (i.e. water pollution detection) [100, 101, 112, 135, 220].
Especially, after the first catalytic centimeter-sized motors (called ‘fish’ by
them) [221], the interest in artificial small-scale motors has had a boost.
Nowadays, these small devices have been designed to perform selected
mechanical movements (such as delivery, rotation, contraction, and collective
behavior) in response to specific stimuli [135]. Stimuli include enzymatic [202,
214, 222, 223] or chemical reactions [100, 217], thermal [108] or concentration
gradients [109], electric [114, 115] and/or magnetic fields [110, 113], ultrasonic

acoustic waves [119] as well as light [116]. So far, a host of fabrication
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methodologies were employed to fabricate multifunctional self-propelling
devices, such as sputter coating [108, 116], angled electron beam evaporation
[119], templated-assisted deposition [219], photolithography [224] and 3D

printing [162, 225].

As described in Chapter 4, regenerated silk fibroin (RSF) micro-rockets were
fabricated by inkjet printing of the enzyme-blended RSF based inks and were
found to be able to self-propel in aqueous peroxide fuel solution, while
catalase differentially decomposed hydrogen peroxide around the swimmers to
engender the chemically powered locomotion [162]. These RSF swimmers
showed excellent biocompatibility ‘swam’ well in biological solutions (human
serum) without the addition of surfactants. It was also shown, by designing and
printing the catalase in different locations, resulting trajectories of fully active
micro-rockets and Janus micro-rockets are different. This gives rise to the
assumption that it is possible to print differently shaped RSF swimmers that

can be used as bio-stirrers for micro-mixing challenges.

In this Chapter, ‘ -5’ shaped swimmers were fabricated and used as bio-

stirrers. Reactive inkjet printing allows the fabrication of RSF swimmers with
digitally-defined compositions, shapes, and structures. The procedure is
convenient without the need for multiple steps to generate complex scaffolds.

The ¢ '’ shape RSF-swimmers were designed by using two types of motion

mechanisms: one mechanism is based on the catalytic reaction to decompose
hydrogen peroxide to generate continuous bubble [2H,0, (I) = 2 H,0 (1) +
0, (g)] to power the swimmers; the other one is based on a surface tension
gradient to power the swimmers. For catalytically powered RSF-swimmers, the

location of engine is able to be controlled by printing catalase mixed RSF inks
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to pre-set locations. Thus, single-engine (asymmetrical) and dual-engine
(symmetrical) swimmers were fabricated for analyzing the effect of difference
locations of engine enzymes on the locomotion of swimmers. Furthermore,
different thicknesses (50 layers, 100 layers and 150 layers) were printed to
investigate their power and trajectories in various concentrations (1 mg/ml, 10
mg/ml, 20 mg/ml, 30 mg/ml, 60 mg/ml, and 100 mg/ml) of H,O, fuel solutions.
For the surface tension gradient powered RSF-swimmers, the spin speed was
analysed by comparing the trajectories of various thicknesses (50 printed

layers, 100 layers and 150 layers) of the stirrers.
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5.2 Experimental Methods

521 Materials

The details of the used materials were described in Chapter 2 Section 2.1.1.

5.2.2 Silk Degumming Process

The silk degumming process was described in Chapter 2 Section 2.1.2.

5.2.3 Preparation of RSF Solution

The preparation of RSF solution was described in Chapter 2 Section 2.1.3.

5.2.4 Preparation of Mix-RSF Solution

Two types of RSF-based ink solutions were prepared in this experiment. Ink-A

consisted of Catalase/PEG400/RSF, Ink-B made up of PEG400/RSF. In order to

avoid the inconvenience of weighing a high viscosity liquid, PEG4q0 (Aldrich)

was diluted in deionised water at a concentration of 500 mg/ml. Amorphous

bovine liver catalase powder (10,000 U/mg purity 60% Sigma-Aldrich) was pre-

weighed in the vial. Finally, Ink-A was prepared by mixing diluted PEGyqo

solution with prepared RSF solution in the pre-weighed catalase vial giving

final concentrations of 40 mg/ml RSF, 16 mg/ml PEG400 and 8 mg/ml catalase.

Ink-B was prepared by mixing diluted PEG400 with RSF solution giving final

concentrations of 40 mg/ml RSF and 20 mg/ml PEGgoo.
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5.2.5 Inkjet printing Process

The basic concept and operation of the DOD inkjet printer has been described
in Chapter 2 Section 2.3.3. In this chapter, various ink solutions containing
RSF as the scaffold material were used to print RSF stirrers. As described
previously, the RSF scaffolds were formed by printing a drop of RSF-based ink
followed by a drop of methanol through a second print head and switching
between these two inks for every layer, this process is called reactive inkjet
printing (RIJ). Methanol triggers the transformation of the conformational
structure of the protein (described in Chapter 1 Section 1.3.1. As the
conformation change of the SF from silk | to silk Il is instant [6], the rapid
evaporation time of a printed methanol droplet is enough for the formation of
silk 1l without denaturing the catalase protein any significant amount during the

printing process.

Three inks were used during the printing process: ink-A: RSF / Catalase /
PEGu400 mixture, ink-B: RSF / PEG400 mixture and ink-C: blue methanol. Ink-A
and Ink-B were prepared as described in section 5.2.4. Ink-C was prepared by
mixing brilliant blue, Cs7H34N2Na;O9S3 (FCF), into methanol (98.99%, sigma)

to get a final concentration of 1 mg/ml.

The ‘ L5’ shaped stirrers were designed using Paint (version 1607, Microsoft

Windows) and saved as a bitmap image. Then the bitmap image was
programmed into JetLab (version 6.3, MicroFab Technologies). A schematic of
the layer-by-layer (LBL) inkjet printing procedure of RSF stirrers with
symmetric swimmers (both ends, Figure 5-1) and asymmetrical swimmers

(one end, Figure 5-2), containing the catalase enzyme molecules, is shown.
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The green colour represents the RSF / Catalase / PEG400 mixture (ink-A);
yellow represents the RSF / PEG4o0 mixture (ink-B) and blue the methanol ink
(ink-C). The printing temperature was controlled between 18 — 20 °C and a
relative humidity range between 50 - 65 %. If the humidity was lower than
50%, the print head would easily block and needed frequent cleaning during
the printing procedure. However, for humidity greater than 65 %, the printed
droplets need a longer time to dry and the formation of RSF scaffolds is more

difficult.

Double

Stage 1 ,_f RSF/PEGuv Stage2 N  RSF/Catalase/PEGw

m m"

Staged | I" MeOH Stage 4 Swimmers

Ll - kdedel

Figure 5-1 Schematic representing the LBL inkjet printing procedure of
RSF stirrers with catalase enzyme molecules located at the two ends of the
structure, green colour represents the RSF / Catalase / PEG400 mixture
(ink-A), yellow colour represents the RSF / PEG400 mixture (ink-B) and sky
blue represents methanol ink.

In this chapter, experiments were carried out to establish the relationships
between the trajectory/rotation speed and the number of layers and the
structure of stirrers. The concentration of H,O, fuel and the location of catalase

were investigated to understand the spinning speed and patterns.

133



Reactive Inkjet Printing of Silk Stirrers

Single
[
Stage ! .. ,_fRSF/PEGm- Stage 2 l RSF/Catalase/PEGuo
m = m ~
Stage3 | I" MeOH Stage 4 Swimmers

-/ =~~~

Figure 5-2 A schematic representing the LBL inkjet printing procedure of
RSF stirrers with one side with catalase molecules, green colour represents
the RSF / Catalase / PEG400 mixture ink, yellow represents the RSF /
PEG400 mixture ink and sky blue represents methanol ink.

5.2.6 SEM

The surface and cross section morphologies of the scaffolds and pore
distributions, sizes, and interconnectivity were observed with an InspectT'\’I F50
SEM. The specimens were sputter coated with gold and analysed at 5 kV

(voltage).

5.2.7 Video analysis

Trajectory videos were taken in an enclosed cabinet in order to avoid external
air flow effects influencing the motion of the ‘stirrers’. Figure 5-3 shows the
setup of the video recording system. An LED light pad was used as an
ilumination source to avoid side shadows from side-ways illumination. The

petri dish (9 cm diameter) was placed on the Light pad surface.
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Figure 5-3 The setup of the video system. A custom built LabVIEW
program was used to control the PixeLink camera and track the swimmers.

In this chapter, the ‘ -’ shaped swimmers were driven by two types of

propulsion mechanism: one was based on surface tension gradients, which
are known as the Marangoni effect and described here as Marangoni (surface
tension driven) locomotion, the other mechanism is caused by bubbles being
release from the catalytic reaction therefore and is known as bubble
propulsion, here referred to as catalytic reaction driven locomotion. For

analyzing the catalytic reaction powered mechanism, the ‘L’ shape
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swimmers needed some pretreatment steps: (1) washing in water to release
the “unlocked” PEGuaq0, (2) incubating them in Di-water until they did not show
any self-spinning (Marangoni) motion (3) drying for 5-10 minutes. By doing this
it was possible to remove any surface tension driven locomotion to influence

the bubble propulsion results.

The RSF-stirrers were tracked by a custom-built LabVIEW program (written by

Dr David Gregory). The ‘ L5 ’ shaped RSF-swimmers were manually selected

in a rectangular frame and the middle point of the shorter side was the tracking
points (dual point tracking). The dual point tracking allowed determination of
the direction of motion and orientation changes of the self-propelled RSF-
swimmers during their motion and the schematic is shown in Figure 5-4. The
angle of travelling () and the angle of orientation (6) were calculated for every
frame of the videos. It was important to smooth the tracking point data through
a Savitzky-Golay filter using k = 10 side point because of the start-stop type

motion observed for bubble propulsion mechanisms (described in Chapter 2).

Also, in order to calculate instantaneous velocity and persistence length, the
centre of mass trajectory point was calculated from the dual tracking and fed
into the custom made LabVIEW analysis program. The analysis methods are

described in Chapter 2 Section 2.5.
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* Tracking I
Points

Figure 5-4 A schematic demonstrates the angle of travelling (®) and the
angle of orientation (0) of the stirrers.

5.3 Results and Discussion

531 Selection of silk swimmers

All printed swimmers were checked under an optical microscope in order to
select equivalent stirrers. The following SEM images were taken from the
printed RSF scaffolds prepared in the same way as those used for the
swimming experiments described in Sections 5.3.2-5.3.5.
5.3.1.1 Characterisation of swimmers printed using different ink
mixtures
To reveal the surface and inside structures of the swimmers, simple rod-
shaped scaffolds were printed for SEM investigations. The SEM images
(Figure 5-5) below show the different RSF scaffolds prepared by using
different RSF-based ink mixtures. Four different mixed inks were used: A) 40
mg/ml RSF, B) 40 mg/ml RSF with 16 mg/ml PEG4q0, C) 40 mg/ml RSF with 20
mg/ml PEGu4g0, and D) 40 mg/ml RSF, 8 mg/ml catalase and 16 mg/ml PEG4go.

For each scaffold printed by different inks, the SEM images were taken at 3
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different stages: the originally printed scaffolds, the DI-water washed scaffolds

and after reacting with H,O», respectively.

Figure 5-5A shows the SEM images of the scaffolds printed using RSF ink.
The surface morphology of the original (just after printing) was smooth with no
visible pores and was. The smoothest in contrast to scafforlds exposed to
H202 which showed many pores. The roughness of scaffolds incubated in
water was in between, rougher than the original scaffolds while smoother than

the scaffolds reacted in H2O».

Three of the four used inks contained PEG4qo and the printed scaffolds using
these inks are shown in Figure 5-5B, C and D, respectively. Interestingly, the
scaffolds with PEG4o0 show the “skirt” shape structure at the bottom which did
not show in the RSF only scaffold (Figure 5-5A).The Red rectangle frame
marked the “skirt” shape structure in Figure 5-5. The “skirt” structure may be
caused by the addition of the PEG4qoin the inks as only scaffolds with PEG4q
showed these “skirt” shape structure. Comparing Figure 5-5B and Figure
5-5C, the original scaffolds and the scaffolds in water are similar in both
roughness of the surface and shape of the structure. However, the scaffolds
reacted in H,O, in Figure 5-5C were observed more layered structure than
those were showed in Figure 5-5B, demonstrating the different concentration
of PEG4go effect the structure of the scaffolds. Comparing all the images in
Figure 5-5, the surface morphology of the printed scaffolds changed after they
swam in the H;O, fuel. In generally, the original scaffolds had the smoothest
surfaces and the surface become rougher after water washing. The scaffolds,
which reacted with H,O2, have the roughest surface, especially, the scaffolds
that contain catalase. The catalase reacted with H,O, and generated oxygen
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bubbles which resulted in the porous structure on the printed scaffolds (shown
in Figure 5-5D). The black spots in some of the images caused by sputter

coating the samples before they dried totally.

A 40 mg/mIRSF
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Figure 5-5 Scanning electron microscopy (SEM) images of different
scaffolds printed using umerent ink mixtures. A) 40 mg/mi >+, B) 40
mg/ml RSF and 16 mg/ml PEG4q0, C) 40 mg/ml RSF and 20 mg/ml PEGqo,
and D) 40 mg/ml RSF, 8 mg/ml catlase and 16 mg/ml PEG4q0 . For each
ink, SEM images showed the origin printied scaffolds, DI-water washed
scaffolds and the scaffolds after reacted with H,O».
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Apart from investigating the external structure of the RSF scaffolds, it is
important to analyse the internal structure of the RSF swimmers. For surface
tension driven locomotion, the internal structure affects how the PEG4qo will be
released into the water. For the bubble propelled swimmers, the internal
structure reveals how the bubbles migrate through the swimmers’ scaffolds

and where the bubbles to leave the swimmers.

Figure 5-6 shows the cross-section view of various RSF based scaffolds (RSF,
RSF with PEG400 and RSF/PEGgyqo/catalase). All these scaffolds were original
scaffolds without any treatment such as washing in water or reacting in H,O,
fuel solution. There was no clear difference of the cross-section area between
those scaffolds. All these scaffolds showed rough surfaces on the cross-
section areas. The magnification of the top row of the SEM images was 150
times with 500 pm scale bar. The SEM images in the middle row of Figure 5-6
showed the hierarchical structure of the scaffolds under 1000 times
magnification with 100 um scale bar. At high magnification (5000 times), the
SEM images (the bottom row in Figure 5-6 ) show a porous structure for all

four types of scaffolds with 20 um scale bar.
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Figure 5-6 Scanning electron microscopy (SEM) images of cross-section
view of different scaffolds printed using different RSF ink mixtures, A) 40
mg/ml RSF, B) 40 mg/ml RSF and 16 mg/ml PEG4q0, C) 40 mg/ml RSF and
20 mg/ml PEG4g0, and D) 40 mg/ml RSF, 8 mg/ml catlase and 16 mg/ml
PEGa400. The SEM images were taken at 5 kV and different magnifications:
150 X magnification for top row, 1000 X magnification for middle row and
5000 X magnification for the bottom row, with 500 um,100 pm and 20 pm
scale bar, repectively.
5.3.1.2 Structures of the swimmers
Figure 5-7 shows scanning electron micrograph (SEM) images of several
typical printed RSF stirrer samples in different views. As described in Section
5.2.5, the main body was printed by using RSF/PEG4y ink while the
RSF/Catalase/PEG4q0 ink was used for the printing of the two “engines” parts.
The stirrers which were analysed by SEM were dried and exposed to

with/without fuel solutions (60 mg/ml H20O5).

From the top-view (shown in Figure 5-7A-C), the length of the stirrer was about
1800 um and the width of the main body was approximately 250 um. In Figure
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5-7A1-C1, the stirrers which were not exposed to fuel solution have smooth
surface morphology. Figure 5-7A2-C2 shows stirrers which were exposed to
H2O, solution for 2 hours. The surface morphology, which was mainly formed
by the RSF/Catalase/PEG4qo ink, is rough and porous, whiles the surface of
the main body of stirrers (resembled with RSF/PEG4q ink), was flat and
smooth. The bulge shapes were caused during the initial formations of bubbles
below the silk layers before pored opened up to release the bubbles. The
bubble migration within the swimmers then is most likely the result of the
porous inner structures as seen previously in Figure 5-6. Figure 5-7D-F show
the lateral view of the RSF stirrers, a stratified structure can be observed by
magnifying the images. A probable explanation of this stratified structure is that
it is caused by the LBL printing of alternating mixture RSF and methanol Inks

forming accumulating silk Il scaffold films.

In order to analyse the interior structure of the stirrers, the stirrers were cut in
the middle of the main body and the cross-section was placed facing upwards
and attached with Kapton tape. Figure 5-7G shows the sectional view of the
stirrers, demonstrating the interior structure of RSF / PEG4p mixture ink
formed scaffolds. By magnifying the SEM images, the cross section (Figure
5-71) showed pores with diameters ranging from 0.2 — 1 ym. This means that

the interior structure of these stirrers was porous.
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Figure 5-7 Scanning electron microscopy (SEM) images of RSF stirrers,
showing the top-view (A-C), the lateral view (D-F) and the sectional view
(G-I) of them.

53.2 Self-motived RSF-Stirrers: surface tension driven locomotion

As described in Chapter 4 Section 4.3.2, adding PEG4q in RSF solutions
helped bubbles release from the printed RSF-scaffolds surface and also

helped to prevent the accumulation of RSF drying at the edge of printer
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nozzles. Initially swimmers containing PEGa4oo were prepared. However, during
the course of the initial experiments, it was found that PEG4oo was also able to
generate an unexpected rotational propulsion effect. PEGa4o0 is known to be
able to modify surface tension. In 2004, Nakata et al. reported an asymmetry
disk undergoing motion due to surface tension gradients [226]. In addition to
this in a recent data, a self-propelling rotator driven by soluto-capillary
Marangoni flows [134] has been described. Thus, the most probably cause of
motion for RSF swimmers in water containing PEG400 would suggest being

surface tension driven.

To determine whether the unexpected rotational propulsion effect is caused by
PEGuaqo dissolving into water, the swimmers were removed off the silicon wafer
by means of a sharp needle ensuring they did not get into contact with water
before the experiment. Figure 5-8 shows representative trajectories of RSF
stirrers in water in for the first 10 seconds of the first, fifth and tenth minutes,
respectively. It was clear that the RSF swimmer rotated quickly at the
beginning and decreased with time. Table 5-1 lists the velocity and rotation
speeds of RSF stirrers (n>3 stirrers were tracked) in water during different
times. The results showed that the average velocity of the first minute (60000 +
20000 um/s) was approximate 15 times that the average velocity of the fifth
minute (4000 £ 1000 ym/s) and about 120 times than the average velocity of
the tenth minute (500 £ 100 um/s). As previously described in section 2.5
directionality and orientation of the swimmers can be calculated. From the
orientation angle it is possible to count the amount of times the swimmers

undergo a full rotation. By counting the time the angle changes form 360 to O it
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is therefore simple to count the amount of rotation over a given timeframe and

calculate the rpm, as shown in

Figure 5-9. Table 5-1 shows that the rotation speeds of the first minute (96 + 3
rom) were approximate 5 times than the rotation speeds of the fifth minute (20
* 1 rpm) and about 32 times than the rotation speeds of the tenth minute (3
0.5 rpm). The total spinning process lasted approximately 10 to 15 minutes for
each swimmer in a volume of 20 ml Di-water and a surface area of about 50

cm?.

0S 18 5S 10S

Figure 5-8 Example video snapshot images of RSF stirrer in water from
starting spinning to the end. A) initial 10 second of the first minute, B) initial
10 seconds of the fifth minute, and C) initial 10 seconds of the tenth minute.
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Figure 5-9 Representative samples of angle correlation (6 - Orientation
and y - direction) of RSF stirrers in water for A) initial 10 second of the first
minute, B) initial 10 seconds of the fifth minute, and C) initial 10 seconds of
the tenth minute.

Table 5-1 Velocity and Rotation Speed of RSF stirrers in water during
different times.

Time Average Velocity Vel A/ Vel B Rotation Speed
(um/s) (um/s) (rpm)
1 minute 60000 + 20000 24000 + 10000 / 50000 + 20000 96 +3
5" minute 4000 + 1000 2800 + 400 / 4500 + 2000 201
10™ minute 500 + 100 250 +100/440 + 100 3£05

The mechanism is able to be explained as the movement of the swimmers was
from the released PEGa4o releasing in the water and resulting in the
concentration gradients around the swimmers. The concentration gradients of
PEG4o0 around the swimmers further result in the surface tension gradients
around the swimmers. This therefore causes the swimmers to undergo self-
propulsion at the air liquid interface. Figure 5-8 shows the swimmers to spin at
the surface of water, if pushed into the bulk solution, no motion is observed.
This indicates that the stimuli of the movement come from the changing of

surface tensions. In order to prove this mechanism, the surface tensions of
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different concentration of PEG4o were measured and are shown in Figure

5-10.

The results revealed that the surface tension of PEG4go solutions decreased
with the increasing concentration. Therefore, when a swimmer was placed on
the surface of Di-water, the PEG4o released around the swimmers and
resulted in the concentration of PEGaq in water around the swimmers sharply
increasing. Then, the surface tension of the area where the concentration of
PEGuaoo sharply increased was sharply decreased. This is also known as the
Marangoni effect. Finally, the changing of surface tension drove the motion of
the RSF swimmers with PEG4q0. The results are consistent with the suggested

mechanism (Marangoni locomotion).
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Figure 5-10 Surface tension (mN/m) vs concentration of 4, 8, 12, 16, and
20 mg/ml PEGgqo in Di-water.
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5.3.3 Catalytic powdered RSF-Stirrers — bubble propulsion

In this section, the swimmers were driven by bubble propulsion generated by

the decomposition of hydrogen peroxide fuel.

5.3.3.1 RSEF stirrers with different locations of catalytic power
Trajectory lines help to do direction analysis, the changing of angles, and

velocity of printed swimmers. Representative trajectories of the single-engine

and both sides of ‘ L4’ shape RSF-stirrers are shown in Figure 5-11 and

Figure 5-12, respectively. The results illustrate the thrust created by bubbles

generated during H,O, decomposition at the one end and two ends of the

swimmers in single-engine and dual-engine swimmers, respectively.

Figure 5-11 Example video snapshot images of single-engine RSF stirrer
in 60 mg/ml of H,O, fuel solution.
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Figure 5-12 Example video snapshot images of dual-engine RSF stirrer in
60 mg/ml of H,O, fuel solution.

Direction Analysis

It was found that the trajectories of the two types of RSF stirrers were circular.
The circular trajectories are shown in the trajectory snapshot images in Figure
5-11 and Figure 5-12. Directionality analysis is described in Section 2.5, where
the angle 6 (orientation) and y (direction) of the trajectory data of both single-
engine and dual-engine stirrers is investigated. For both types of the RSF-
stirrers, the orientation angle 8 was seen to be continuously changing in the
same direction within the range from either going forwards (0°- 360°) or going
backwards (360°- 0°). As shown in Figure 5-13A, for single-engine RSF
stirrers there was a strong correlation between oriental angle 8 and directional
angle g, where the calculated correlation coefficient over the sample set was
R "2= 240. Also, it can be observed that the direction angle gy was changing
along with the orientation angle 8 as shown in Figure 5-13A. On the other

hand, for dual-engine stirrers the angle gy did not change together with 6.
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There was no noticeable correlation, with the correlation coefficient calculated

to be R?= 180, as shown in Figure 5-13B.

It is important to note that jumps appeared when the angle 8 changed from 0 °

to 360 ° because the angles were calculated using the tangent function.

Figure 5-14 shows schematic images of the trajectories of single-engine
stirrers and dual-engine stirrers. The trajectories of the two types of RSF
stirrers were circular, but different centre points and radii were observed. The
differences can be explained due to the dual-engine stirrers having catalytic
power on both sides and therefore propulsion forces from both sides of the
stirrers at the same time, so the centre point of the circle trajectory was in the
middle of the main stirrer body and the radius of the circle route was half
distance of the main stirrer body. However, the single-engine stirrers only had
catalytic power in one side and propulsion was asymmetric on one side of the
stirrers in the fuel solution, so the centre point of the circle trajectory was at the
other side of the stirrer (inactive side) and the radius of the circle route was the

length of the main stirrer body (shown in Figure 5-14).

Table 5-2 lists the velocity and the rotation speeds of single and dual-engine
catalytic RSF stirrers. The average velocities of the middle of the RSF stirrers
(n>3 stirrers were tested and more than 25 videos were taken for each stirrers)
were 680 £ 240 ym/s and 680 + 180 um/s for single and dual-engine stirrers,
respectively. The velocities of the two ends for single and dual-engine stirrers
were 1300 £ 400 / 550 + 130 and 970 + 270 / 1020 £ 220 ym/s, respectively.
The difference of the velocities of the two ends for single-engine stirrers was
bigger than that for dual-engine stirrers. This result was consistent with the

assumption (mentioned in previous paragraph and the schematic (shown
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inFigure 5-14) that these two stirrers had different spinning trajectories. The
rotation speeds of single and both sides’ stirrers in 60 mg/ml H,O, were 6.6

and 6 rpm, respectively.
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Figure 5-13 Representative samples of angle correlation (8 - Orientation
and y - direction) of A) single-engine stirrers, and B) dual-engine stirrers in
60 mg/ml of H,O, fuel solutions.

152



Reactive Inkjet Printing of Silk Stirrers

Dual-engine

Radius

° =>

Single-engine

.o‘.'."o
K
-
»
o
23
2 3.
»
..

Figure 5-14 Schematic demonstration of the frajedtory of duail-engine and
single-engine RSF-stirrers.

Table 5-2 Velocity and Rotation Speed of single and both sides
catalytic RSF stirrers

Type Of Swimmers Average Velocity (um/s) Vel(ﬁ\é]ys?l B Rotate;);ms)peed
Single-engine 680 + 240 1300 + 400 /550 + 130 6.6
Dual-engine 680 + 180 970 + 270/ 1020 = 220 6

So far, two different stimuli driven swimmers have been discussed: one is
surface tension driven; the other one is bubble propulsion. Different driven
types of swimmers resulted in different speeds under identical fuel
concentrations, due to their different operating mechanisms. Here, comparing
the surface tension driven (SurfaceT D) swimmers to two different catalytic
powered (CAT) swimmers (single-engine and dual-engine CAT swimmers)
(shown in Figure 5-15), the initial velocity and the rotation speed of SurfaceT
D swimmers is about 10 times than those speed of CAT swimmers (60 mg/ml
H,O, fuel concentration and 8 mg/ml catalase), respectively. However, the total
swimming time of CAT swimmers lasts more than two hours, which is 10 times

longer than the swimming time of SurfaceT D swimmers (~10-15 mins). The
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above results are based on n = 3 samples for each condition. It is therefore
necessary to increase the dataset to gain more accurate results in future. In
general, results indicate that SurfaceT D swimmers have higher initial velocity
and rotation speed but are short lasting, whereas CAT swimmers achieve

prolonged swimming time but have lower initial velocities and rotational

speeds.
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Figure 5-15 Comparison of swimming velocity (A) and rotational speed (B)
of differently driven swimmers: surface tension driven, single and dual-
engine powered (catalase).
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It is possible to optimise CP swimmers by controlling fuel concentration and
the location as well as the amount of catalytically active enzyme by adjusting
the number of printed layers or enzyme concentration. STD swimmers on the
other hand can be optimised by controlling the amount of PEG4q0 by adjusting
the number of printed layers. These conditions will be analysed in the next few

sections.

5.3.3.2 Influence of H,0O, Concentration

Catalase encapsulation allows for efficient propulsion of the ‘ '’ swimmers

via Hydrogen peroxide (H202) decomposition. In this section, the experiments
focus on analysing the effect of varying concentrations of H,O, fuel solution on

the trajectory of RSF stirrers. ‘'’ shape RSF-stirrers were prepared as

described in section 5.2.5. These were made up of a total of 150 layers and
the dual-engine catalytic powered type stirrers were selected. Trajectory
videos were taken in an air controlled cabinet and a 12 cm diameter petri dish

as previously described in Section 5.2.7.

Trajectory Analysis of stirrers in different concentrations of H;0;
fuel

The track lines of the ‘ L5’ swimmers motion, shown in Figure 5-16 and

corresponding to Video-concentration in the supporting information, illustrate
the thrust created by bubbles generated during the H,O, decomposition at the
two ends of the swimmer. All RSF stirrers containing active catalase enzyme
underwent bubble propulsion at the liquid/air interface during the entire
experiment. Figure 5-16A-F shows representative trajectories of the RSF
stirrers swimming in 1 mg/ml, 10 mg/ml, 20 mg/ml, 30 mg/ml, 60 mg/ml and

100 mg/ml H20; fuel solutions, respectively.
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At 1 mg/ml and 10 mg/ml H,O, fuel concentrations, the RSF-stirrers remained
at the air/liquid interface but did not show any signs of motion, as shown in
Figure 5-16A and Figure 5-16B. This means that fuel concentrations below 10
mg/ml were not high enough for the catalytic RSF-stirrers to generate
adequate bubbles to propel them. Increasing the concentration of H,O, fuel
solution to 20 mg/ml, the RSF-stirrer started to move and showed a rotating
trajectory as represented in Figure 5-16C. Further increasing of the fuel
concentration from 30 mg/ml to 100 mg/ml resulted in the rotation speed of
RSF-stirrers increasing (shown in Figure 5-16D-F). The track lines of stirrer
motion, shown in Figure 5-16C-F, and corresponding to Video-concentrations
in the supporting information, illustrate the thrust created by bubbles generated
during H>O2 decomposition at the two ends of the stirrers, demonstrating the
efficacy of the site-specific catalase is incorporated loading. The catalytically
generated oxygen bubbles released from the two ends drive the stirrers while
fast and high frequency bubble ejection leads to continuous rotating of the
stirrers.  Fundamentally, the propulsion force increases with the rate of the
catalytic reaction that results in faster bubble generation [227]. Therefore,
increased H,O, concentration and amount of catalase both leads to quicker
bubble generation for more efficient propulsion, providing the rate of the
molecule diffusion is high enough and also it is below the maximum reaction
rate for catalase. In this section, all the stirrers loaded with the same amount of
catalase, the increased velocity and rotation speed mainly due to the

increased concentration of fuel solution.
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A 1 mg/miH20: B 10 mg/ml H20:

C 20mg/mIH20: D 30 mg/ml H20:

E 60 mg/miH:0: F 100 mg/miH:02

Figure 5-16 Example video shapshot images of catalytic powered RSF-
stirrers in A) 1 mg/ml, B) 10 mg/ml, C) 20 mg/ml, D) 30 mg/ml, E) 60 mg/ml|
and F) 100 mg/ml of H,O, fuel soltuion.

Direction Analysis
In order to get reliable results, more than 3 dual-engine stirrers were used in

each concentration of H,O» fuel solutions and more than 30 videos were taken

for each stirrer. According to the previous trajectories results (shown in Section
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5.3.2.1), the * L9 ’ shape RSF-swimmers preferred to rotate rather than

other motion. Therefore, this spinning behaviour is further investigated in the
following trajectory analysis. Figure 5-17A-F demonstrates the orientation
angle (0) and the direction angle (®) of RSF stirrers in 1 mg/ml, 10 mg/ml, 20
mg/ml, 30 mg/ml, 60 mg/ml and 100 mg/ml of H,O, solutions, respectively.
Figure 5-17A and Figure 5-17B show that the orientation angles (8) do not
change during the tracking time which is consistent with the previous results
(Figure 5-16A and Figure 5-16B) that RSF-stirrers floating on air/liquid surface
of 1 mg/ml and 10 mg/ml H2O; solutions without showing any visible trajectory.
Then, Figure 5-17C-F shows the regular changing of the orientation angle. If
the orientation angle changed from 0 ° to 360 °, it refers to a full rotation. The
order for the amount of full rotations among Figure 5-17C-F was: Figure
5-17C < D < E < F. It means that the same stirrer rotates more circles in higher

concentration of fuel solution than in low concentration.

Furthermore, some ‘stair’ shape curves were observed among the orientation
angle vs time diagrams (shown in Figure 5-17 C-F). As described in Section
5.3.2 and Section 5.3.3.1, the stirrers can be powered in two ways: one is
driven by surface tension gradient, the other one is bubble propelled. The
‘stair’ shape curve only appears on direction analysis diagrams of bubble
propelled stirrers. The appearance of the ‘stair’ shape is reasonable as it
reflects the formation of the main athletic bubbles (continuous ejected oxygen
bubbles joined together) and the burst of the main bubbles. Whereas, the
surface tension driven stirrers based on Marangoni effect rotated coherent.
Compared Figure 5-17 C-F, the ‘stair’-shape curves show the difference on

their width: Figure 5-17C have the widest stair shape, then Figure 5-17D,
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Figure 5-17E and Figure 5-17F. It means that the higher the concentration of

the fuel solution is, the shorter time for formation of the main athletic bubble is

required.
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Figure 5-17 Angle correlation (8 - Orientation and g - direction) of RSF
stirrers in A) 1 mg/ml, B) 10 mg/ml, C) 20 mg/ml, D) 30 mg/ml, E) 60 mg/ml|
and F) 100 mg/ml of H,O fuel solutions.
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Velocity and Rotation Speed
The trajectories of RSF-stirrers were analysed for their mean instantaneous

velocities and rotation speed. The mean instantaneous velocities were based
on the calculated centre and two ends of the mass trajectory from the dual
tracked RSF stirrers while the rotation speeds were calculated by how many
orientation angle jumps (caused by calculating the change form 0 ° to 360 °
using tangent function) occurred per minute. The results are listed in Table 5-3,
it can be seen that the mean velocity and rotation speed increased as the

concentration of the H,O» fuel solutions increased.

As mentioned before (Section 5.3.3.2 trajectory analysis), the propulsion force
increases with the rate of the catalytic reaction that results in faster bubble
generating [227]. Based on the experiment results in this section, when certain
amount of catalase was loaded in stirrers, the velocity and rotation speed
controlled mainly due to the concentration of fuel solution. The minimum
concentration of fuel solution which allow the stirrers (150 layers, 8 mg/ml
10,000 units/mg catalase) rotating was 20 mg/ml. The optimized concentration
of fuel solution is selected depending on the requirement of the further

applications.

Table 5-3 Velocity and Rotation Speed of RSF stirrers in various
concentration of H,O,

H,O Average Velocit Rotation Speed
Concezntrzation (ﬁm/s) / Vel A/ Vel B (um/s) (rpm)p

1 mg/ml 100+ 6 90+8/80+15 0

10 mg/ml 180 + 20 210+13/170 £ 44 0

20 mg/ml 430 £ 90 300+180/270+ 110 3.6

30 mg/ml 720 + 210 800 + 300/ 900 + 400 4.5

60 mg/ml 1500 + 400 2500 + 800 / 2500 + 500 6
100 mg/ml 2040 + 290 3200 + 400 / 3600 + 500 12
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5.34 Influence of Printing Layers — Trajectory analysis

In this section, | will analyse the effect of the amount of the printing layers on
the trajectories of stirrers in certain amount of fuel solution. The amount of the
printing layers of stirrers is mainly to control the loaded catalase for bubble
propulsion stirrers or the amount of PEG4g for surface tension driven stirrers.
When the condition of fuel solution is fixed, | can find the limitation of the

printing layers of the stirrers based on the experiment results in this section.

5.3.4.1 Catalytic powdered RSF-Stirrers — bubble propulsion

' L4’ shape RSF-stirrers were prepared as described in section 5.2.5. Dual-

engine catalytic powered RSF-stirrers were selected and all stirrers were
swum in 60 mg/ml of H,O, fuel solution. The following printing layers are
analysed: 50, 100 and 150 layers. The analysis starting from the 50 printing
layers is due to the stirrers need at least 50 printing layers to form the usable
scaffolds. If the printing layers are less than 50 layers, the printed scaffolds will

fall apart when taking them from the substrate.

Representative tracks of 50 layers, 100 layers and 150 layers of ‘L4’

shape RSF-stirrers swam in 60 mg/ml H,O, fuel solution are shown in Figure
5-18A-C and the direction analysis of them are shown in Figure 5-18D-F. The
results show that all three types of RSF-stirrers rotate in the fuel solution. The
‘stair’ shape curves are observed on the orientation angle vs times curves in
Figure 5-18D-F. Table 5-4 lists the velocity and rotational speed of 50, 100 and
150 layers of RSF-stirrers. These results showed that stirrers with 150 printing
layers have the highest rotation speed, almost 1.3 times higher than the

stirrers with 100 printing layers and 5.3 times than the stirrers with 50 printing
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layers. As mentioned at the beginning of this section, the stirrers with more
printing layers contain more amount of catalase enzyme. Thus, the results
showed that the more printing layers of the stirrers, the higher the rotation

speed it will be.
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Figure 5-18 Example video snapshot images and angle correlation (6 -
Orientation and y - direction) of RSF stirrers in 60 mg/ml H,O, A) and D)
50 layers, B) and E) 100 layers, and C) and F) 150 layers.
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Table 5-4 Velocity and Rotate Speed of RSF Stirrers with differernt printing
layers

Type Of Swimmers Average Velocity Vel A/ Vel B Rotate Speed
(Hm/s) (rpm)
50 layers 710+ 180 1000 + 400/ 1230 +£260 4.5
100 layers 1500 + 500 2000 + 600 /2100 + 700 18
150 layers 2000 + 700 2900 + 800/ 3200 £ 1000 24

5.3.4.2 Self-motived RSF-Stirrers: surface tension driven (Marangoni

effect) locomotion

In this section, the experiment analysis the effect of the printing layers of

stirrers on the trajectory of surface tension driven stirrer. ' '’ shape RSF-

stirrers were prepared as described in section 5.2.5. The RSF inks contained
16 mg/ml PEG400/40 mg/ml RSF. All the stirrers are analysed in Di-water (20 ml
and 50 cm? surface areas). The analysed printing layers of stirrers are as

same as the bubble propulsion stirrers which are 50, 100 and 150 layers.

Figure 5-19A-C show the representative trajectory of various printing layers
(50, 100 and 150 layers) of RSF stirrers and their direction analysis are
showed in Figure 5-19D-F, respectively. The track line of the stirrers showed
that these stirrers also rotated in H,O solution. In the direction analysis,
comparison of bubble prolusion tracks versus surface tension driven swimmers
reveal that trajectories are smooth for the latter, see Figure 5-18 and Figure
5-19. No ‘stair’ shape curves were observed on that of surface tension driven

stirrers.

Table 5-5 lists the mean velocity of 50, 100 and 150 printing layers of RSF-
stirrers with surface tension driven propulsion are 4000 £ 1000, 6100 = 2400,
and 20000 £ 7000 um/s, respectively. These results proved that the 150 layers’

RSF-stirrers spun quickest, almost 1.2 times than the 100 layers’ RSF stirrers
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and 5 times than the 50 layers’ RSF stirrers. The rotation speeds of
concentration gradient propulsion of RSF-stirrers for 50, 100 and 150 layers’
were 18, 75, and 90 rpm, respectively. Comparison of surface tension driven
rotors against bubble driven rotors reveals (shown in Table 5-4) an increase in

rotational speed of 3.75 (150 layers), 4.16 (100 layers) and 3.75 (50 layers).

A D . =
— A
— Mot
N+
= 40
1
g,:eo &
m /
0 .

Tme(s)
=
— Ty Mg
i
1 2 3 ‘ 58
Teme (s)
- S T
2 Time (s)

Figure 5-19 Example video snapshot images and angle correlation (6 -
Orientation and y - direction) of RSF stirrers in H,O_ A) and D) 50 layers, B)
and E) 100 layers, and C) and F) 150 layers
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Table 5-5 Velocity and rotation Speed of RSF stirrers with different layers

in water
Type Of Average Velocity Vel A/ Vel B gggﬁ
Swimmers (um/s) (um/s) (rom)
50 layers 4000 + 1000 7000 + 4000/ 11000 + 6000 18
100 layers 6100 + 2400 19000 + 8000 / 20000 + 8000 75
150 layers 20000 + 7000 30000 + 10000 / 35000 + 17000 90

5.3.5 Application of RSF-Stirrers

As described in Section 5.3.4, there two types of propulsion mechanisms have
been observed, catalytic bubble propulsion and surface tension driven
locomotion. Surface tension driven motion was shown to result in faster and
smoother rotations. Therefore RSF-stirrers were analysed for their mixing

quality.

The progress of mixing a solution is shown in Figure 5-20. A 90 mm diameter
petri-dish was used and analysed the mixing quality between 15 ml H,O and 1
ml glycerol/blue ink (ratio 1:1, acid ink blue) with and without placing stirrers.
The dye diffusion was quicker with the help of the RSF-stirrers, see Figure
5-20. Furthermore, Figure 5-21 shows the changing of diameter of the dye
circle during the time. It can be seen that the diameter of the dye circle with the
stirrers increases approximately 4.5 times faster than that without stirrers. The
bio-mixing quality with/without stirrers shows their difference at the first 10
seconds. However, the mechanism of how the stirrers help the mixing of the
solutions still need to be further analysed and more repeat experiments are

required in the future.
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Figure 5-20 Video snapshots images showed the dye diffusion A) with and
B) without ’ L'’ shape RSF-stirrers. Dye is glycerol/blue ink mixture with
the ratio of 1:1 and surface tension driven stirrers were used. Scale bar is
20 mm.
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Figure 5-21 The diagram demonstrates the changing of the diameter of the
dye circle Vs time, comparing of dye diffusion quality with and without RSF
stirrers. N=3, error bars represent standard deviation.

5.4 Conclusions

Two different types of propulsion mechanisms were studied in this chapter,
namely catalytically powered bubble propulsion and surface tension gradient

H

powered propulsion. It was shown that catalytic powered ' L4’ RSF-

swimmers demonstrated circular trajectories. Dependent on the location of

the catalytically active engines (single-engine and dual-engines) the
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rotational trajectories have different center points, namely central for the
dual motor spinners and on the inactive far end for the single-engine
spinners. Both swimmer thickness (50 layers, 100 layers, and 150 layers)
and fuel concentrations (1 mg/ml, 10 mg/ml, 20 mg/ml, 30 mg/ml, 60 mg/ml,
and 100 mg/ml) of H2O, solution influenced the velocity and the rotational
speeds of the designed stirrers. Increasing number of layers or fuel

concentration both resulted in faster propulsion.

For surface tension powered RSF-swimmers, the velocity and the rotation
speed were controlled by adjusting the number of layers (50 printed layers,
100 layers and 150 layers). Propulsion was caused by PEG4q leaching into
the bulk solution causing a concentration gradient and leading to a change

in surface tension.

It is therefore clear comparing similar systems the mechanisms of motion
rely not only on shape factors but also on the thickness of swimmers and
fuel concentrations present. The results reported in this Chapter indicate that
multiple propulsion mechanisms may contribute to the motion of swimmers
and therefore it is desirable to investigate how these mechanisms operate
side by side in order to gain better understanding for each mechanisms
contribution. Gaining better understanding for these mechanisms it should

be possible to be able to produce highly controlled propulsion systems.
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Chapter 6 Reactive Inkjet Printing of Silk

Letter Swimmers
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6.1 Introduction

A vast majority of deaths worldwide is caused by cancer, mainly due to the
inability to effectively diagnose metastatic diseases in the early stages and
successfully treat them [228-233]. Generally, cancer metastasis involves the
spread of cancer cells, whereby the tumour cells escape from the primary
tumour and are transported through the circulation system to healthy organs to
form secondary tumours [231, 234, 235]. These cells, which are shed into the
bloodstream or lymphatic system, are referred to as circulating tumour cells
(CTCs) [236]. The presence of CTCs provides an indicator for the clinical
diagnosis and prognosis of various types of cancers [236-239]. However, the
amount of CTCs in cancer patients’ blood is extremely low and one ml of blood
might contain 1-10 CTCs , which increases the difficulty to detect them under
the presence of a huge amount of blood cells in blood [236-238]. Specifically,
the mechanisms of how the cancer cells invade and transfer at the molecular
level is still unclear [237, 238, 240]. These are reasons why current cancer

detection methods are still not well established [235].

Current patient cancer diagnosis involve observations via radiological imaging
modalities such as computed tomography (CT), traditional radiography (X-ray),
positron emission tomography (PET), or magnetic resonance imaging (MRI).
These techniques require the visualization of tumour cell colonization, which in
turn limit the detection sensitivity and therefore a delay in diagnosis is
inevitable and treatments are delayed. In recent years, there has been a rapid
growth in the amount of cancer patients, which have generated challenges for

the traditional clinical detection approaches due to the vast number of patients
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needing screening and therefore new screening methods are needed which
can diagnose cancer with specificity, sensitivity, and in also advanced stages
of cancer. Husemann et al. highlights that CTCs are able to be detected even
before a primary tumour is formed [241]. It is possible to enumerate and
characterize CTCs by using approaches such as a polymerase chain reaction
(PCR) based approach [242-244], immunomagnetic separation with laser
scanning cytometry (LSC) [245], flow cytometry [246-248], microchip
technology [249, 250] and immunomagnetic techniques [251]. Each of these

approaches has advantages and disadvantages.

Recent progress in the field of artificial Nano-/micro- robots have opened the
door to new and important biomedical applications ranging from bio-sensing,
bio-detection to drug delivery [101, 252], assay enhancement, cargo transport
to drug delivery [82, 85, 253]. These man-made motors major advances in the
power, motion control and efficiency. In 2011, Balasubramanian et al. reported
the catalytic rolled up rockets which are particularly attractive for isolating and
transporting cancer cells. However, this approach required complex surface
modification and the material of the rockets was not biocompatible [254]. Here,
| demonstrate a small bio-swimmer which overcomes previous constraints as a
potential method to detect CTCs. These swimmers are made from
biocompatible material (natural protein: fibroin) via 3D reactive inkjet printing. It
is also easy to control their motion by changing the shape and the position of
the catalytic ‘engine’ of the swimmers during the inkjet printing fabrication
process via the printing scripts and layer settings. What's more, by using RIJ it
is possible to fabricated different functionalized surfaces of the swimmers

(using different inks) to allow for different functions.
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6.2 Experimental Methods

6.2.1 Materials

The details of the used materials were described in Chapter 2 Section 2.1.1.

6.2.2 Silk Degumming Process

The silk degumming process was described in Chapter 2 Section 2.1.2.

6.2.3 Preparation of RSF Solution

The preparation of RSF solution was described in Chapter 2 Section 2.1.3.

6.2.4 Preparation of Mix-RSF Solution

The preparation of mix-RSF solution was described in Chapter 5 Section 5.2.4.

6.2.5 Inkjet printing Process

The inkjet printing process was described in Chapter 5 Section 5.2.5. In this
Chapter, 26 alphabets (English letters) were drawn on pictures using Paint
(Version 1607, Microsoft Windows) and saved as bitmap images. All the letters
were drawn in uppercase and designed symmetrically. Then the bitmap
images were programmed into JetLab (version 6.3, MicroFab Technologies).
Figure 6-1 shows the schematic of the layer-by-layer (LBL) inkjet printing

procedure of RSF letter swimmers: N, A, T, U, R, and E. In the Figure 6-1,
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yellow represents the RSF / PEG400 mixture inks, green means the RSF /

Catalase / PEG400 mixture inks and blue is methanol inks.

All the other printing conditions (such as temperature, humidity) were as same

as the conditions which were used in Chapter 5.

Single-engine and Dual-engines 'S' Swimmers

Stage1 < RSF/PEGws Stage 2 3 RSF/Catalase/PEGio
-
MeOH
S d = e Swimmers
=)
Nature | |
Stage 1 o RSF/PEG 40 Stage 2 —.) RSF/Catalase/PE G
=)
MeOH Stage 4

Stage 3 Swimmers

Figure 6-1 Schematic repesenting the LBL inkjet printing procedure of
letter swimmers with catalase molecules, green represents the RSF /
Catalase / PEG400 mixture ink, yellow represents the RSF / PEG400
mixture ink and sky blue represents methanol ink.
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6.2.6 Scanning electron microscope (SEM)

The process was described in Chapter 5 section 5.2.6.

6.2.7 Analysis of movies

The trajectory analysis was described in Chapter 5 section 5.2.7.

6.3 Results and Discussion

In this chapter, ‘S’ and ‘NATURE’ swimmers were selected and the details of
their trajectories are described as these showed the good repeatability. The
remaining letters of the alphabet were also analysed but still need more

experiments to prove the repeatability of their trajectories.

The trajectories of the letter swimmers were mainly determined on two
conditions: the shapes of the letters and the mechanisms of locomotion. Two
mechanisms of locomotion (mentioned in Chapter 5) are analysed. One is the
catalytic powered locomotion (bubble propulsion), another one is the surface
tension driven locomotion. As previously reported in Chapter 5 it is possible to
control the trajectories of swimmers by altering the position of the enzyme
‘engine’. Finally, the letter swimmers were used to capture 7.2 um fluorescent
colloids as a preliminary experiment to simulate the capture of cancer cells in

blood.
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6.3.1 Characterization of Letter Swimmers

All RSF swimmers were pre-checked under an optical microscope to make
sure they were assembled as required. In this section, SEM was used to
characterise the morphology of RSF letter swimmers. The following SEM
images were taken from the printed swimmers and prepared in exactly the
same way as those used for the swimming experiments described in Section

2.5.

6.3.1.1 Final Structures of ‘S’ Letter Swimmers
Figure 6-2 shows the scanning electron micrograph (SEM) images of
representative samples of the ‘S’ letter swimmers. Three types of ‘S’ swimmers

were designed in this experiment, which were:

e single-side catalytic ‘S’ swimmers (Figure 6-2)
e Dboth-sides’ catalytic ‘'S’ letter swimmers (Figure 6-4)

e ‘S’ swimmers without catalase

The both-sides’ catalytic swimmers were selected because they contained all
the RSF inks (RSF / PEG400 inks and RSF / Catalase / PEG400 inks) which
were used for printing the RSF letter swimmers. RSF / PEG400 inks were
used for fabricating the main body of the ‘s’ swimmers without the two ends as

the two ends using RSF / Catalase / PEG400 inks.
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Overview Middle End

H:0:

Figure 6-2 Scanning electron microscopy (SEM) images of ‘S’ Letter
Swimmers, first row showing the origin printed swimmers, second row
showing the DI water washed swimmers (immersed in water for 30 minutes)
and the third row showing the swimmers after reacted with 60 mg/ml H202
soltuion (reaction time: 30 minutes). The SEM images at 5 kV of different
magnifications: 100 times magnification for first line (overview), 500 times
magnification for second line (middle of the letter) and 500 times
magnification for the third line (end of the letter), with 1 mm, 200 um and
200 pm bar for scale, repectively.

From the overview (first column in Figure 6-2) of the “s” letter swimmers, the
average size of the swimmers were approximately 1000 ym x 1300 ym (width
x length). The images in the first line of Figure 6-2 show the original RSF
swimmers prior to being put into water or fuel solutions. The enlarged images
show the middle part and the end part of the swimmers. Both parts of the
swimmers showed a smooth surface and smooth edges even though the two
parts were fabricated from two different inks (middle part without catalase and

the end part with catalase). The second line (H2O) of Figure 6-2 images show
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the ‘s’ letter swimmers, which were immersed in 20 ml of DI-water for 30 mins.
Magnification reveals (middle and last images) the surface of the swimmers is
still smooth compared to the overview image in the first line, but the edge of

the swimmers is rougher than the same parts of the images in the first line.

The images in the third line of Figure 6-2 show the ‘s’ letter swimmers which
were incubated in 20 ml of 60 mg/ml H,O, solution for 30 mins. The magnified
image of the middle part shows the roughest surface and edge among the 3
types of the ‘s’ swimmers. Furthermore, Figure 6-3 shows the SEM images of
the ‘s’ swimmers at the middle part with extra magnification. Figure 6-3B and C
show the edge of the swimmer appears to have some cracks. The surface of
the centre of the middle part kept their smooth morphology (shown in Figure
6-3 E and F). However, a lot of microscale ‘bumps’ were observed at the
surface of the two ends of the ‘s’ swimmers, which were quite different
compared to the other two types. An explanation of the special morphology
was that those bumps caused from oxygen gas trying to escape from the inner
scaffolds. The oxygen gas came from the catalase, one solute contained in the
ends parts of swimmers, reacted with H,O,. In order to better analyse the
morphology of the swimmers reacted with H,O,, larger magnification was used
to observe the samples (shown in Figure 6-4). Figure 6-4 B and C show that if
the oxygen successfully escaping from the swimmers, the surface of the
swimmers appears microscale pores. What's more interesting, the oxygen
bubble generated hierarchical structure at the edge of the end part of the
swimmers (shown in Figure 6-4 E and F) instead of bursting the swimmer
apart. Those results were consistent with the results | found in Chapter 5 which

analysed the scaffolds printed by different types of RSF mixture inks.
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Figure 6-3 Scanning electron microscopy (SEM) images of the middle part
of ‘S’ Letter Swimmers after reacting with 60 mg/ml H,O soltuions for 30
minutes. The SEM images at 5 kV of different magnifications: (A) 100 times,
(B) 2000 times, (C) and (F) 10000 times, (D) 500 times and (E) 5000 times,
with 1 mm, 50 um, 10 um, 200 pum, and 20 um bar for scale, repectively.

Figure 6-4 Scanning electron microscopy (SEM) images of the middle part
of ‘S’ Letter Swimmers after reacting with 60 mg/ml H,O, soltuions for 30
minutes. The SEM images at 5 kV of different magnifications: (A) 100 times,
(B) and (E) 2000 times, (C) and (F) 10000 times, and (D) 500 times with 1
mm, 50 um, 10 um, and 200 um bar for scale, repectively.
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6.3.1.2 Final Structures of 'NATURE’ Letter Swimmers
Figure 6-5 shows the overview of the RSF ‘NATURE’ swimmers, the average
size of the swimmers are approximate 1200 ym x 1400 uym (width x length).
Those swimmers showed the original morphology of the printed letter swimmer
samples without any after-treatment. The surfaces of the swimmers were
smooth which were consistent with the previous results. Furthermore, the
images proved that the swimmers were assembled well. All RSF letters
swimmers, shown in Figure 6-5, are exactly as same as those used for the

swimming experiments.

Figure 6-5 Images showing the overview of the RSF ‘NATURE’ swimmers.
(A) was taken by high quality photographic camera. The scale bar was 1
cm. (B) were SEM images taken at 5 kV with the magnificication of 150
times. The scale bar was 1 mm. Those swimmers were original ones
without any after-treatment.

6.3.2 Trajectories of ‘S’ letter swimmers

‘S’ letter swimmers underwent two types of motion: one was surface tension
driven, the other one was catalytic reaction bubble propelled. The mechanisms
had been described in Chapter 5 Section 5.3. In this section, Figure 6-6 shows
the trajectory analysis of ‘S’ letter swimmers which is driven by the surface
tension gradient. Figure 6-7 and Figure 6-8 show the trajectory analysis of ‘S’

swimmers undergoing the bubble propulsion.
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6.3.2.1 Trajectory of ‘S’ letter Swimmers in H,O
For surface tension driven locomotion, the swimmers were printed with 150
layers by using 40 mg/ml RSF / 20 mg/ml PEG4q inks. Figure 6-6 shows that
the trajectory of the ‘S’ swimmers in Di-water is circular. It meant that the ‘S’
letter swimmers were spinning in water. Furthermore, comparing the ‘S’ letters

swimmers with the ¢ L5 > swimmers which were described in Chapter 5, the

shape of them were similar. Both of them had the main body and had two extra
parts at the opposite end of the main body. It helped to explained that why the

trajectories of ‘S’ letter swimmers were spinning as the ¢ '’ swimmers. As

shown in Figure 6-6, the changing of the oriental angle 6 from 0° to 360° was
smooth and straight. It also can be observed that the direction angle was
changing along with the oriental angle. The jump vertical line showed in
oriental angle can be used to calculate its rotation speed. The results were

listed in Table 6-1.
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Figure 6-6 Example video snapshot images of surface tension driven ‘S’
swimmers in Di-water and angle correlation (8 - Orientation and g -
direction) analysis.
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6.3.2.2 Trajectory of catalytic powered ‘S’ letter Swimmers
For catalytic powered ‘S’ letter swimmers, the main body of the swimmers
were printed by using 40 mg/ml RSF / 20 mg/ml PEGa4qo inks (150 layers) and
the bubble ‘engine’ part of the swimmers were printed by using 40 mg/ml RSF /
20 mg/ml PEG400 / 8 mg/ml catalase inks (150 layers). There were two types of
catalytic powered ‘S’ swimmers were prepared. They were classified by the
position of their powered ‘engine’. One was the single powered ‘S’ swimmers
called single-engine swimmers, the other one was the both-sides powered ‘S’
swimmers called dual-engine swimmers. In order to make sure all the
trajectories ware analysed under the same conditions, 60 mg/ml of H»O,
solution was selected as the fuel solution and 20 ml of the fuel solution was
used for each swimmer without special mention. All the swimmers were
washed with Dl-water before they did trajectories analysis in HO, fuel
solution. This pre-treatment avoided disturbing from surface tension driven

locomotion.

Figure 6-7 and Figure 6-8 show the trajectory and direction analysis of single-
engine and dual-engine ‘S’ swimmers. It was found that the trajectories of both
types of ‘S’ swimmers were circular, but with different centre point and
radiuses. The difference can be explained as the dual-engine swimmers
having catalytic power in both side and pushing both sides of the swimmers at
the same time, so the centre point of the circle trajectory was in the middle of
the main swimmers’ body and the radius of the circle route was half distance of
the main ‘S’ swimmers body. However, the single-engine swimmers only had
catalytic power in one side and pushing one side of the swimmers in the fuel

solution, so the centre point of the circle trajectory was at the other side of the
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‘S’ swimmers (inactive side) and the radius of the circle route was the length of
the main ‘S’ swimmers’ body. These results were similar with single-side and
both-sides catalytic powered ‘ L4’ swimmers because the shape of the ‘S’
swimmers was similar with the ‘L5’ swimmers (previously described in
section 6.3.2.1). Those results showed that the trajectories of swimmers can
be controlled by the shape of the swimmers and position of the power ‘engine’.
In the next section, different letters with different position of power ‘engine’
were prepared and analysed in order to better understand how to control the

trajectories of the swimmers by their shapes.
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Figure 6-7 Example video snapshot images of the trajectory of single-side
powered ‘S’ swimmers in 60 mg/ml of H,O, fuel solution and angle
correlation (6 - Orientation and y - direction) analysis.
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Figure 6-8 Example video snapshot images of Both-sides powered ‘S’
swimmers in 60 mg/ml of H,O, fuel solution and angle correlation (8 -
Orientation and y - direction) analysis.
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6.3.2.3 Velocity and rotation speed of ‘S’ shape swimmers
Table 6-1 lists the velocity and rotation speed of the ‘S’ shaped swimmers with
bubble propelled and surface tension driven. The surface tension driven
swimmers showed the higher velocity and rotation speed than the bubble
propelled swimmers. As | mentioned at the beginning of this section, the

structure of ‘S’ shape swimmers were similar with ‘ -’ shape swimmers

(analysed in Chapter 5). Both of them were centre symmetric structure and
same size (about 1.5 mm X 1 mm, 150 printing layers). The trajectory and the

speeds of ‘S’ and ‘ L5 ’ swimmers also showed the consistent results.

Table 6-1 Velocity and rotation speed of ‘S’ letter swimmers

Rotate
Type Of Swimmers Av_erage Vel A/ Vel B Speed
Velocity (um/s) (um/s)
(rpm)
Catalytic Single-side 500 £ 280 890 £ 500/ 400 £ 160 5+£2
Catalytic Both-sides 1580 + 670 2200 £ 1500/ 2120 £ 850 61
Surface Tension driven | 11600 + 8400 | 13600 + 9500 / 18600 + 9500 805

6.3.3 Trajectory of 'NATURE’ Letter Swimmers

Optimizing the swimming performance of letter swimmers requires control over
their shape and the position of the ‘engine’. My inkjet printing method is
capable of building a wide array of complex shape swimmers, allowing for
iteration via various pattern designs. Here, | chose to print letter swimmers to
demonstrate the potential for using this approach to systematically refine the
letter swimmers design to optimize its swimming track. In order to characterize
the morphology of the printed letter swimmers, Figure 6-5A shows the printed
‘NATURE’ swimmers on silicon wafer substrate and subsequently construct a

SEM (Inspect F50) image is used to capture the images of ‘NATURE’ letter
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swimmers from top-view at 5 kV (Figure 6-5B). The length of each letter is
approximately 1400 um and the average width of the swimmers is approximate
1200 pm (described in section 6.3.1.2). These parameters can be readily
varied during the fabrication process by changing the modelling bitmap images

and script settings in MicroFab software.

Catalase encapsulation allows for efficient propulsion of the letter swimmers
and hydrogen peroxide (Sigma-Aldrich) was used as the fuel source. Before
analysing the catalytic powered swimmers, | washed all letter swimmers in Di-
water at room temperature for 20 min till no visible moving was observed
(surface tension driven locomotion). All swimmers were loaded with the same

concentration of catalase (8 mg/ml).

The representative track lines of ‘NATURE’ swimmers’ locomotion, shown in
Figure 6-9A, Figure 6-10A, Figure 6-11A, Figure 6-12A, Figure 6-13A and
Figure 6-14A and corresponding to Video V-NATURE in the supporting
information, respectively. Those snipping images illustrate the thrust created
by bubbles generated during peroxide decomposition at the two side ends of
the ‘N’ swimmer, at top point of the ‘A swimmer, at the top left part of ‘T’
swimmer, at the one ends of the ‘U’ swimmer, at the top centre point of R
swimmer and at the middle line of ‘E’ swimmer, demonstrating the efficacy of
the site-specific catalase loading, respectively. The trajectories are highly
related to the geometry of the structures. Different letter geometries and
position of power engine result in different tracks under identical fuel

concentrations (60 mg/ml hydrogen peroxide).

In Figure 6-9A, Figure 6-10A, and Figure 6-12A, ‘N’, ‘A, and ‘U’ swimmers all

rotate in fuel solution but with different rotating centre. For ‘N’ letter, the
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structure is similar to ‘ L5’ (shown in Chapter 5) and ‘S’ (shown in Section

6.3.2) swimmer, as they are all mirror symmetry. When catalase was loaded at
the two opposite ends of the ‘N’ swimmers, the catalytically generated oxygen
bubbles expelled from the two ends and the continuous bubbles actuate the
swimmer rotate on its mirror symmetry centre. For ‘A’ swimmer, the
catalytically generated bubbles expelled from the middle line of the ‘A
swimmer, and then the fast and high-frequency bubbles merge together and
generate a big bubble which locks the ‘A’ swimmer inside. Thus, the
continuous bubbles actuate the ‘A’ swimmer rotate on the centre of the big
bubble circle. However, the continuous merging of small bubbles results in the
bubble bursting finally and the burst force push the swimmers to move a big
distance in one direction. Then, another big bubble would be generated and
repeat the previous steps again and again to form the spiral trajectory finally.
The letter ‘U’ is a structure has reflectional symmetry. Figure 6-12A shows the
trajectory of the single-engine ‘U’ swimmer. ‘U’ swimmer not only rotates on the
cross point of the axial symmetry and the bottom line of ‘U’ but also slightly
moving straight forward every time when the merging bubble burst. Thus, a

spiral trajectory was observed from the single side powered ‘U’ swimmer.

In Figure 6-11A, the top side-way powered ‘T’ swimmer show a special
trajectory which looks like a flower. The catalytically generated small oxygen
bubbles expelled from the one top side of ‘T’ swimmer and the small bubbles
merged together to form a big bubble. During the formation of the big bubble,
the ‘T" swimmer was pulled by the big bubble to rotate following the direction
which as same as the expanding direction of the big bubble. Then, the

continuous expanded big bubble burst and the burst force suddenly pushed ‘T’
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swimmer straight back following the bubble burst direction. The expanding and

bursting steps repeat and form the ‘flower’ shape trajectory of “T" swimmer.

For top-engine ‘R’ swimmer, a cambered trajectory is observed in Figure
6-13A. The fast and high-frequency bubble ejection leads to continuous motion
of ‘R’ swimmer. Comparing ‘R’ swimmer to ‘A’ swimmer, both of them formed
big merging bubbles. However, the big bubble generated from ‘A" swimmer
locking itself inside the bubble while the big bubble generated from ‘R’
swimmer not locking the swimmer inside the bubble but pushing the swimmer.
This difference results in the different of the trajectories between ‘R’ swimmer

and ‘A’ swimmer.

In Figure 6-14, the middle-engine ‘E’ swimmer almost move straight forward.
The trajectory is reasonable because the ‘E’ letter is axial symmetry. So, when
engine loaded on the axis of symmetry of ‘E’ letter, the two sides beside the
axis of symmetry are balanced and the catalytically generated oxygen bubble
ejection leads to continuous motion of the ‘E’ swimmer moving straight

forwards.

In general, my results indicate that the shape of the letter and the position of
the ‘engine’ can be optimized to achieve different trajectory of the swimmers. It
can readily convert these letter swimmers into efficient and controllable

swimmers for diverse application.
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Figure 6-9 Representative track line of motion of of dual-engine ‘N’ swimmers

(A), over 20 s in the presence of 60 mg/ml H,O, fuel solution. B) angle

correlation (6 - Orientation and y - direction) analysis of ‘N’ swimmers.
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Figure 6-10 Representative track line of motion of middle-line powered ‘A’
swimmers (A), over 20 s in the presence of 60 mg/ml H,O; fuel solution. B)
angle correlation (6 - Orientation and g - direction) analysis of ‘A’ swimmer
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Figure 6-11 Representative track line of motion of a hand-engine ‘T
swimmers (A), over 20 s in the presence of 60 mg/ml H,O, fuel solution. B)
angle correlation (8 - Orientation and y - direction) analysis of ‘T’ swimmers.

186



Reactive Inkjet Printing of Silk Letter Swimmers

2 ; ; ; 0 12 1'41'0 ;0 20
Time (s}

Figure 6-12 Representative track line of motion of a single-engine ‘U’

swimmers (A), over 20 s in the presence of 60 mg/ml H,O, fuel solution. B)

angle correlation (8 - Orientation and y - direction) analysis of ‘U’ swimmers.
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Figure 6-13 Representative track line of motion of a top-engine ‘R’ swimmers

(A), over 20 s in the presence of 60 mg/ml H,O, fuel solution. B) angle

correlation (6 - Orientation and y - direction) analysis of ‘R’ swimmers.
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Figure 6-14 Representative track line of motion of a middle-engine ‘E’
swimmers (A), over 20 s in the presence of 60 mg/ml H,O, fuel solution. B)
angle correlation (8 - Orientation and y - direction) analysis of ‘E’ swimmers.
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6.3.4 Application - Chemical reaction grab of beads

To explore a potential application of the inkjet-printed letter swimmers, | further
incorporated functional NHs-biotin into the RSF inks which use to fabricate the
letter swimmers as a proof-of-concept demonstration of its further use in
capturing cancer cells. Specifically, | used EZ-link NHS-Biotin reagents
labelled Polyethylenimine (PEI, branched, sigma-aldrich) which is rich
contained primary amine macromolecules in solution. Then, the biotin labelled
PEI was mixed into RSF inks which were prepared to produce swimmers.
Finally, the rich biotin-containing swimmers were fabricated by using the biotin-
PEI-mixed RSF inks. It is known that biotin is a naturally occurring vitamin
which binds with high affinity to avidin and streptavidin proteins. The
fluorescent avidin-polystyrene beads were used to biomimetic cells in order to
test whether the letter can capture cells in solution in the early stage

experiment.

To evaluate whether the biotin-lined letter swimmers can catch the avidin
beads, | designed two test groups (Figure 6-15). In the control group, | use the
letter swimmers without adding biotins (Figure 6-15A). The RSF swimmers
were incubated in Di-water containing 0.01 %weight beads at 22 °C for 10
mins, and some visible beads were observed attached on the surface of the
swimmers (Figure 6-15B). After washing the incubated RSF swimmers, most
of the avidin beads detached (Figure 6-15C). In the second group, Figure
6-15D shows the biotin labelled RSF swimmers. The biotin-RSF swimmers
were also incubated in the Di-water containing fluorescent nile red particles
(0.1% wlv, 7.24pum, SpheroTech Inc.) at 22 °C for 10 mins. No catalase was
loaded into this group, so the swimmers were stationary during the incubation
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period. As shown in Figure 6-15E, a high intensity of fluorescence was
observed. After washing the incubated biotin-RSF swimmers, most of the
avidin beads stay on the swimmer (Figure 6-15E). Comparing these two
groups, | confirmed that the biotin was encapsulated in RSF swimmers’

scaffolds, and the interaction between biotin and avidin works.
. .

Figure 6-15 Fluorescence microscope images of RSF swimmers (A-C) and
biotin mixed RSF swimmers (D-F). A) and D) before putting into avidin-
beads, B) and E) reacting with avidin-beads, and C) and F) washing after
biotin-avidin linked swimmers.

6.4 Conclusions and future work

Two mechanisms of locomotion (mentioned in Chapter 5) for printed swimmers
were found: the first is the catalytic powered locomotion (bubble propulsion),
the second is surface tension driven locomotion. In this chapter, studies
showed that the trajectories of swimmers could be pre-designed by adjusting
swimmer shapes and positions of their ‘engine’, the latter which only was

tested for catalytically powered swimmers.
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For the bubble propelled swimmers: Based on analysing the ‘S’ and ‘NATURE’
shape swimmers and adjusting the position of catalase, four types of motion

have been found, namely: rotation, arc, delivery, and advance and return

movement. 1. Rotation: was observed for swimmers which had a central
symmetric shape (e.g. ‘'S’, ‘N’). IN addition to this ‘A’ shaped swimmers with the
middle-engine also underwent rotation. 2. Arc movement: ‘R’ shape swimmers
with top-engine. 3. Delivery: ‘E’ shape swimmers with middle-engine. 4.
Advance and return movement: ‘T’ shape swimmers with hand-engine.
Furthermore, other letter swimmers were analysed and show some special
movements, but still need some more experiments to prove the repeatability of
their trajectories. The surface tension driven swimmers were not systematically
analysed in regards to the relationship between their structure and trajectory
due to the limited time. However, it will be an interesting project to be

continued in the future.

The ‘S’ shape swimmers, which were modified with biotin, caught Nile Red
particles. The successfully functional modified swimmers together with the
trajectory pre-designed swimmers are potential cancer cell detection devices in

the future.
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Chapter 7 Conclusions and Future Work
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7.1 Conclusions

Different aspects of using inkjet printing to fabricate RSF scaffolds are
discussed in this thesis. In the first experimental chapter, chapter 3, | the
dissolution process of Bombyx mori silk fibroin in suitable solvents in order to
generate RSF solutions is described. The resulting RSF silk inks are shown to
be inkjet printable bio-inks. Different patterns and substrates were used to
confirm the feasibility of using inkjet printing to deposit designed patterns onto
target substrates with controllable pattern dimensions. Based on the optical
microscopy results, the optimized substrate for printing RSF inks was silicon
wafer. Pattern dimensions can be modified / optimized according to the
distance of adjacent printed droplets, the amount of layers printed and the
printing speed. These results have been published in Journal of Materials

Science [38] and Printing for Fabrication (conference paper) [185].

In the following Chapters 4 — 6, | investigated the feasibility of reactive inkjet
printing of self-propelled swimmers (micro-rockets, stirrers, and letter
swimmers) using RSF and analysed the trajectories of the printed RSF
swimmers. Chapter 4 focuses on enzyme- (catalase) powered bubble-
propelled micro-rockets, these were printed via a layer-by-layer, RIJ printing
process. Both fully active micro-rockets and Janus active micro-rockets were
printed, and their trajectories compared. This was the first time to use this
method and material to fabricate self-propelled micro-rockets and this work
has been published in Small [162] and Printing for Fabrication (conference

paper) [255].

192



Conclusions and Future Work

Then, | printed ‘ '’ RSF swimmers in Chapter 5 and letter swimmers in

Chapter 6. Two different types of propulsion mechanisms for swimmers were
studied in these chapters: Catalytically powered bubble propulsion and surface
tension gradient powered. The different propulsion mechanisms give rise to

different ways to control their trajectories. This is described as follows:

s In the case of bubble propelled swimmers the trajectories were
influenced by the position of the catalase ‘engine’, the shape of the
swimmers, and the rate of catalytic reaction. Higher concentrated fuel
solution as well as greater amount of immobilized catalase resulted in
quicker rotation speeds and average centre velocities.

 In order to influence the trajectories of surface tension driven swimmers
the shape of the swimmers and the amount of the encapsulated PEG4q
was altered. A higher concentration of PEGaq resulted in higher initial

speeds, both rotational speed and average centre velocities.

After having the ability to control trajectories of the previously described

swimmers they were used to investigate the use in different future applications:

In Chapter 5, the ‘ '’ shape swimmers were used as stirrers for bio-mixing

solutions. For this application, the surface tension driven swimmers were
selected due to their quicker rotational speeds and smoother trajectories,
compared to the bubble propelled swimmers, which have a start - stopping
motion due to bubble release. It was shown that the RSF-stirrer were able to
mix blue dye dropped into a water solution quicker than without.

In the last experimental Chapter 6, letter swimmers were used as targeted

capture devices via modified functional ingredient on the surface of the

193



Conclusions and Future Work

swimmers. In this study PEIl was functionalised with biotin and immobilised
onto the silk swimmers (‘S’) via entanglement and adsorption. These were
then able to capture fluorescent streptavidin functionalized polystyrene colloids
in an attempt to mimic the capture of cancer cells, which is the target of future
work.

This thesis introduced a novel method to fabricating self-propelled micro-
swimmers via RIJ and was able to swim via two different mechanisms: bubble

propulsion and surface tension driven.

Due to the nature of RIJ as a fabrication process it is possible to easily alter
the structures of printed swimmers along with their functional moieties such as
enzymes and antibodies. The inks used also give rise to their biocompatibility
which extends their capable application areas from previous polystyrene/
Platinum and similar based systems. Furthermore, the work described here
has resulted in a new type of swimmer which shows great potential for future

studies.
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7.2 Future Work

The work conducted in this thesis has identified that inkjet printing can be used
to print RSF scaffolds. It is important to establish a database of trajectories for
different types of swimmers. Future work includes a deeper analysis of
functional swimmers, which are able to be designed as different structures and

adding more functional ingredients e.g. peptide 13K , antibody.

There are some ideas that | would have liked to try during the fabrication of the
micro-rockets in chapter 4. Figure 7-1 shows the schematic images of how to
design the different micro-rockets with different percentages of ‘catalase motor’
parts (catalase gradient) and further to help better control the trajectories of

micro-rockets.

Silk/Catalase/PEGaoo

‘ | Stage 1 Stage 2
Print ! - \ MeOH - 9
Direction ' 5 =p .
r v maassssbBBBl
Silk/ | _ | Stage 3 Stage 4
PEG 40 g |

= —
s an b BBBL ——maaa s BBBBL
Figure 7-1 Schematic represents the LBL printing process of RSF micro-
rockets with differnet percentages of catalase part. Green represents
Catalase/RSF/PEG400 inks and yellow represents RSF/PEG400 inks when
generated Janus RSF micros-rockets.

Furthermore, in the case of surface tension driven swimmers, it would be
interesting to analyse how different structures (e.g. ‘L, ‘M’, etc.) will affect the

trajectories of these.

Finally To explore more applications the swimmers can be used in is the most
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important part of future work. Here, greater analysis into the beads capture
experiment described in Chapter 6 is a good starting point. The analysing of
how the reaction happened between the streptavidin loaded swimmers with
the biotin binding beads is a pre-experiment for future cancer cell capture
experiment. The PS-beads is used in the experiment are supposed to mimic
the capture of cancer cells, where streptavidin loaded swimmers can have
bio-ethylated antibodies easily attached to the surfaces of the swimmers which
could prove a simple method of creating cancer cells specific swimmers as a

method to detect certain types of cancer.
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