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Abstract

Abstract

This work explores the novel applications of 3D inkjet bioprinting technology in the areas
of biomedical sciences and environmental sciences. The versatility of inkjet bioprinting
was reviewed and explored by experimenting with silk fibroin as the biomaterial ink for
fabricating millimetre-sized 3D fibroin structures and investigating them through three
different projects.

In the first project, the feasibility of fibroin structures for use as 3D carriers for on-carrier
culture of neuronal cells was explored. 3D cell culture is a solution to the limitations, such
as flattening and loss of physiological relevance of cells, observed in the conventional
2D culture. The results in this study demonstrated proliferation of cells and the ability of
cells to differentiate under specific conditions while adhering to the fibroin structures.
This study, thus, promises a new and robust platform for 3D culture of neuronal and other
cells for applications in such techniques as guided neuronal growth, 3D cell-patterning
and in vitro cell proliferation for adoptive cell transfer.

In the second project, 3D fibroin structures were utilised as self-propelled motors (SPMs)
for their potential use in inducing fluid flow in microwells for the enhancement of diffusion-
rate limited biomedical assays by rapid agitation of the analytes. The SPMs were
fabricated in four different geometric shapes, propelled with two physical mechanisms
and their propulsion data were analyzed to deduce the most favourable geometric shape
and propulsion mechanism among the samples. It was concluded that among the four
designs and two propulsion mechanisms tested, the line-shaped 1-armed surface
tension driven SPMs showed the most reliable and predictable propulsion behaviour with
maximum rotations throughout the observation time period and, therefore, could be used
in the future for further investigations with different assays.

In the third project, 3D fibroin structures were utilised as surface tension driven self-
propelled sensors for the approximate determination of surface tension of an unknown

water sample and thereby indicate the level of dissolved contaminants in the sample.
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The results showed significant differences in the propulsion velocity decay over time or
deceleration, with sensors showing propulsion for much longer periods of time in water
samples containing low level of contaminants and having higher surface tension
compared to those propelling in relatively more contaminated water samples which had
lower surface tension. This study put forward a simple to use technique for on-the-site
detection of dissolved contaminant levels in a water sample.

Together, the experiments conducted and the results obtained across the three projects
in this work demonstrate the flexible and multi-faceted applicability of 3D inkjet bioprinting
technology in biomedical and environmental areas of research. This work will thus inspire
and lay the foundations of numerous future research and investigations involving inkjet

bioprinting.
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Chapter 1: Introduction

Chapter 1: INTRODUCTION

In this chapter, first, the 3D bioprinting technology is introduced. Afterwards, 3D inkjet
bioprinting and its multitudinous applications are discussed. Here, | also discuss 3D
reactive inkjet bioprinting as a feasible tool for fabricating various structures using inks
made from the desired biomaterials. Second, | give a brief description on biomaterials.
Later, | discuss the silk fibroin, its applications and its feasibility to be used as a
biocompatible and environmentally friendly biomaterial ink for fabricating 3D structures

through bioprinting.

1.1 3D Bioprinting

3D printing technology is an amalgamation of mechanical engineering, computer science
and materials science. 3D printing was first introduced by Hideo Kodama in the form of
laser assisted printing in 1981 [1] and by Charles Hull in 1983 in the form of
stereolithography [2]. Since then, it has been extensively explored to fabricate a variety
of structures for a variety of applications. With the assistance of digital computer aided
design (CAD), which are developed within sophisticated 3D modelling softwares, the
predesigned 3D structures can be precisely fabricated in a bottom-up and layer-by-layer
manner at the desired size scale. 3D printing relies on 3D CAD for creating and
controlling all the dimensions of the product. CAD is the virtual three-dimensional
representation of the product and it is tested using real world parameters for precise
refinement before product fabrication. As 3D printing offers high geometric accuracy up
to as small as a few hundred microns, it has found extensive applications in the
fabrication of 3D structures with complex internal architecture and equally complicated
external topography without employing excessive tooling or machining, such as turning,
milling, drilling, planing, broaching, and sawing, which can incur high manufacturing

costs, wastage of valuable time and inefficiency of human resources. The diverse



Chapter 1: Introduction

applications of 3D printing include a wide range of areas, such as aerospace engineering
[3, 4], automotive industries [5, 6], soft electronics [7-9], self-propelled micromotors [10-
12], tissue engineering [13-22], regenerative medicine [23-25], food industries [26-28],
drug delivery [29-32], cancer research [33-37], high-throughput screening tests and
assays [38-40], joint replacement implants [41-43], prosthetic implants [44, 45] and
biological robots or biobots [46].

When 3D printing technology is complemented with biology and medicine, it is called 3D
bioprinting. 3D bioprinting is the process of patterning, assembling, and building-up living
and non-living biomaterials or biological components, such as cells and biomolecules, in
accordance to a 3D structural organization based on the computer aided design and ink
deposition with the help of a 3D bioprinter [47-49]. Because of its higher precision and
faster production rates than conventional ‘top-down’ approaches of manufacturing, and
scope for easy design manipulation, 3D bioprinting has been explored for fabricating a
variety of structures, such as cell-free as well as cell-laden scaffolds for tissue
engineering and for achieving the ultimate goal of in vitro solid organ bioprinting for solid
organ transplantation [50-58].

Currently, 3D bioprinting has applications in diverse markets including medical and
pharmaceutical industries alongside more areas under investigation as broadly
exemplified in Figure 1.1. Integration of research, design and manufacturing is key to
realise the full advantages of 3D bioprinting in these sectors. The advantages of 3D
bioprinting for large-scale biomedical production depends on its significance in the
development or fabrication of the right products where it clearly gives the best solution
in comparison to other manufacturing practices. Specific advantages of 3D bioprinting
include, but are by no means limited to, reduction or even elimination of assembling
several hundreds of individual parts to build up a structure, promotion of tool-less
production, fabrication of structures with complex and anatomically accurate inner
geometry, easy product design diversification through CAD, reduction in wastage of raw
materials, time and labour costs, easy digitisation of the workflow and excellent

2



Chapter 1: Introduction

repeatability. 3D bioprinting integrates digital design, such as, CAD, in its core, which
allows accuracy in designs, shapes, and sizes of the parts with real-world practical
applications in consideration. 3D bioprinting enables the production of high performance
and specialised structures with a diverse variety of materials, from natural biomaterials,
such as extra-cellular matrices (ECMs) to synthetic biomaterials, such as polymers and
hydrogels. However, a deep understanding of the biomaterial properties, the final design

and different 3D bioprinting techniques is required for successful results.
Organ
printing
Joint Bionano
replacement devices

. D J—
Tissue in vivo
[engineering]@BiDprinting::> implants

3D co-culture [

of cells
Regenerative
medicine

Figure 1.1: Various current and potential future biomedical applications of 3D Bioprinting.

Prosthetics ]

1.2 3D Inkjet Bioprinting

While inkjet printers have been ubiquitously used in offices and homes to print texts and
images on paper in 2D, researchers are exploring further potential functionalities of inkjet
printing technology to fabricate 3D biological constructs which require a repeated and
precise deposition of biomaterials as droplets in high-resolution patterns on a specific

substrate. Inkjet printing is a type of printing technique that physically recreates a digital

3



Chapter 1: Introduction

image or a computer-aided design (CAD) by jetting a series of ink droplets on a flat
substrate, such as, paper, plastic, glass or silicon. Such a printer uses micro-dispensing
devices for jetting the ink droplets. Inkjet printing can work either using a single-ink
system or a multiple-ink system with both the approaches capable of precisely printing
single or multiple materials at micrometre resolution with essentially very minimal
restrictions in the achievable geometric complexity of the 2D or 3D spatial arrangement.
Therefore, this technique has the potential to create biologically relevant constructs, such
as cell scaffolds, with complex external and internal architecture.

The advantage of using inkjet printing for 3D bioprinting is that it is a non-contact process
of material deposition for fabricating 2D or 3D structures of any shape and size. This
allows as little as pico-litre volumes of a liquid ink to be deposited in each jetting. This
dramatically saves the costs of biomaterials and other ink components, such as growth
factors, hormones and enzymes, which are usually very expensive [52]. Additionally, the
non-contact deposition method of inkjet printing minimises the risk of contamination of
the final product with minimal wastage of ink materials. The non-contact method also
helps in achieving both precision and accuracy in localization and design by ensuring
precise control over deposition of droplets thereby allowing a high micrometre-scale
resolution [59]. The small volume per layer also allows faster drying of the deposited ink
which makes it easy to print the ink layer-by-layer repeatedly at the same location on the
substrate. Such layer-by-layer deposition of the ink, a process also known as additive
manufacturing, helps in obtaining three dimensional structures exactly as modelled in
computer aided design softwares. Through inkjet printing, it is easy to allow introduction
of gradients in concentration of biomaterials or number of cells by altering the droplet
deposition spacing and droplet size and frequency [60]. Inkjet printing offers flexibility in
substrate choices and is not limited to any specific substrate, for example, microtiter
plates and membranes, which various other techniques might be limited to. The micro-
dispensing or the jetting devices have an annular layer of a piezoelectric or heating
material that mechanically compresses the ink fluid in response to the CAD’s electric

4
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current pulses. The more viscous the ink material is, the higher the pulsating voltage
needs to be in order to ensure proper droplet formation and jetting from these devices
[61, 62]. Overall, inkjet bioprinting is suitable for use with a wide range of materials and
for an even wider range of applications.

Irrespective of its many advantages, inkjet printing also suffers from a few limitations
which are: (1) limit in the choices of printable materials, for example, due to the specific
ink’s viscosity and surface tension; (2) the mechanical stress and heat during the jetting
process may affect the activity of sensitive biomaterials and cells [52]; (3) the nozzle
geometry, such as its length and diameter, may affect printing patterns at very high
resolutions [59]; (4) clogging of the nozzle which leads to irregular droplet sizes and
directionality [52]; (5) difficulty in achieving large scale constructs due to the slow
fabrication speeds in a few cases; (6) cell aggregation and sedimentation in ink reservoir
during printing. Nonetheless, the advantages of inkjet printing overshadows its
drawbacks and offer the ability to fabricate multi-material and multi-scale constructs with
complex designs at a high printing resolution, as its building block, i.e., the jetted droplet,

has a very small volume in the picolitre range [63].

1.2.1 Thermal Actuation and Piezoelectric Actuation

On the basis of the actuation technique or the mode of jetting, inkjet bioprinting can be
classified into two main variants, namely, thermal and piezoelectric [52, 64, 65], as
illustrated in Figure 1.2. In thermal inkjet bioprinting, a heating device (thin film
heater/resistor) is placed inside the jetting device chamber which holds the fluid ink.
When the CAD signal is received from a computer, the heating device rapidly heats up
(~ 300 °C/us), causing a sudden vaparisation and expansion of fluid volume, which is in
immediate contact with the heater, and formation of a vapour bubble which in turn causes
fluid displacement and the jetting of ink droplets [52, 64, 65]. In piezoelectric inkjet

bioprinting, on the other hand, a piezoelectric material surrounds the fluid cavity of the
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jetting device containing the ink. Piezoelectricity is the electric charge that accumulates
in certain solid materials in response to applied mechanical stress. This occurs due to
the presence of electric dipole moments in such solids which re-orient of molecular dipole
moments under the influence of the external stress. Piezoelectric materials also show
the opposite effect, called the converse piezoelectric effect, where the application of an
electrical field creates mechanical deformation in the crystal. Thus, by definition,
piezoelectric materials are certain solid materials which undergo mechanical
deformations in response to an applied electric field and vice versa [52, 65]. As a result,
when the electrical CAD signal is received, the piezoelectric material contracts in a pre-
defined manner and causes ejection of the fluid out of the nozzle and the subsequent
formation of droplets [52, 65, 66]. Other actuation techniques are electrostatic,
electrohydrodynamic, solenoid-valve and acoustic inkjet printing [67]. These, however,
are much less commonly used owing to their major limitations, which are, the necessity
to have a conductive ink in the case of electrostatic and electrohydrodynamic inkjet
printing; large droplet sizes at 500 pym or more causing low resolution printing in the case
of solenoid-valve inkjet printing; and the necessity for upside down substrate placement

in case of acoustic printing [67-69].
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Figure 1.2: Schematic illustration of thermal and piezoelectric inkjet printing processes. [image
adapted from ref. [70] Copyright © 2016 IOP Publishing Ltd].

1.2.2 Continuous Inkjet (CIJ) and Drop-On-Demand (DOD)

On the basis of the mode of deposition of the ink, inkjet bioprinting can be classified as
either continuous or drop-on-demand [64, 71, 72]. In continuous inkjet (CIJ) bioprinting,
a conductive fluid ink is jetted very fast, almost in the form of a continuous stream. After
jetting, the ink is electrically charged and passed through an electrical field, which
deflects the ink droplets towards the substrate in accordance to the CAD signal received
from the computer. The non-deflected droplets are recycled and sent to the reservoir in
the printhead so that they can be used for printing again [64, 71, 72]. In drop-on-demand
(DOD) inkjet bioprinting, the jetting device actuates and jets out the ink droplets by
propagating a pressure pulse in the ink fluid filled chamber only when the electrical signal
is received on the basis of the CAD. For the correct placement of the deposited ink
material, either the printhead or the substrate moves in X-Y-Z Cartesian coordinates [64,
71, 72]. From the perspective of bioprinting, CIJ has a few disadvantages, such as the
risk of contamination in the biologically sensitive ink reservoir due to continuous ink
recycling, the obligation to use electrically conductive inks, and relatively lower printing
resolution. Therefore, DOD has become the most common inkjet bioprinting technique.
In DOD, as droplets are ejected only when required, the biomaterial wastage is minimal
compared to CIJ. There is also close to zero risk of contamination in the biologically
sensitive ink because a recycling system is not needed, which means that the ink used

is always fresh.

1.2.3 Non-Reactive and Reactive
On the basis of mode of formation of the final 3D structure, inkjet bioprinting can be
categorised as either non-reactive inkjet bioprinting, which is simply called inkjet

bioprinting, or reactive inkjet bioprinting as illustrated in Figure 1.3. In the non-reactive
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technique, a single ink is simply deposited on the substrate after which the 3D structure
forms either through physical changes, such as evaporation of water content, or through
chemical changes, such as time-dependent self-assembly of peptides or hydrogels. In
the reactive technique, two or more mutually reactive inks are used which react after
jetting to form the required ‘printed’ product. Apart from the main ink, a supplementary
biological / non-biological ink is dispensed layer-by-layer at the same location on the
substrate as the main ink or through mid-air collision with the droplets of the main ink
using tilted jetting devices, after which it reacts with the main ink and forms rigid 3D
structures through irreversible, or in some cases, reversible, chemical changes, such as
cross-linking and polymerization of the precursor fluid in the main ink. Thus, the
dispensing of the supplementary ink can be either alternating [10-12] or simultaneous
through mid-air collision [73, 74] with the dispensing of the main ink. The reactive
technique is particularly helpful in those situations where the end product is incompatible
with the jetting devices or for fabricating structures composed of those materials which
are not printable themselves, such as solid end-product materials and materials which
are insoluble or barely soluble to form printable liquid inks but can be formed through
reaction with different liquid reactant materials [61]. This approach opens a new window
for printing a much wider variety of materials and exploring different solidification

mechanisms.
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Figure 1.3: Schematic illustrations of (a) non-reactive and (b) reactive inkjet printing processes.
Different non-reacting inks form different consecutive layers on the substrate, whereas, different

reacting inks form a layer of product on the substrate.

1.3 Printability of Biomaterial Inks and Bioinks

Depending on the purpose, 3D inkjet bioprinting can be carried out using either cell-free
biological inks or cell-laden biological inks. According to the widely accepted definition
[48, 49, 75], a cell-free ink formulation containing only biomaterials and/or biologically
active molecules, such as growth factors, is called 'biomaterial ink'. On the other hand,
a 'bioink’ is a formulation of cells that may also contain biologically active molecules for
cell growth and biomaterials for mechanical support. The applications of 3D inkjet
bioprinting can, thus, be categorised as those utilising biomaterial inks and those utilising
bioinks.

The printability of an ink by inkjet technology depends on the surface tension, viscosity
and inertia of the fluid which forms the bulk of the ink. These physical characteristics are
determined by the Weber number (W) and Reynolds number (R), the two dimensionless
physical constants, and the Ohnesorge number (Oh = VW / R). If the Z number, which is
the inverse of Ohnesorge number (Z = R/\W) is too low (< 1), the viscous forces prevent
detachment of droplet at the nozzle, whereas if the Z number is too high (> 10), the
inertial forces, that is, the inertia imparted to the droplets from actuation, cause formation

of several small ‘satellite’ droplets after the main droplet has already detached [71].
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Copyright © 2010 Annual Reviews].

1.4 Applications of 3D Inkjet Bioprinting

Owing to its versatility, 3D inkjet bioprinting has been applied in wide variety of research
and in diverse disciplines. Some of the important applications in biomedical research
areas which have been discussed here are cell microarray and micropatterning, tissue
engineering, in vivo bioprinting, biomolecule printing and patterning, drug formulation

and fabrication of self-propelled biodevices.

1.4.1 Cell Microarrays & Cell Micropatterning

A cell microarray is an analytical tool having several different types of cells deposited in
well-organized rows on a substrate, often called as a chip or lab-on-a-chip, for performing

high-throughput and multiplexed biomedical assays or biosensing [76]. The advantage
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of cell microarrays is that several different analytes, such as therapeutics, antibodies,
lipids, peptides, enzymes, and other molecules, can be analysed on a wide phenotype
of cells at once [76, 77]. Another important significance of cell microarrays is the effective
miniaturisation of conventional assay methodologies for medical diagnostics of various
diseases [78]. This not only helps minimise sample size of scarce analytes and
expensive reagents but also makes the diagnosis process faster, efficient and portable
[77, 79]. Additionally, in cell biology, cell microarrays can be applied to study cell-cell
interactions, cell interactions with their microenvironment and cellular mechanics and
physiology under different conditions and stimuli [80]. As inkjet bioprinting is establishing
itself as a prominent tool for direct and non-contact cell printing and single cell sorting, it
helps in very fast and easy fabrication of cell microarray based lab-on-a-chip devices
and bioMEMS [78, 81, 82]. However, one important issue with cell microarray is the quick
drying up of the freshly printed culture medium dots, containing the cells, owing to their
picolitre volume [77, 83]. This necessitates the printed array to be used for analytical
studies within minutes or else risk obtaining either misleading data or no data at all.
Another challenge is the spreading out of the dots or cell migration from one location to
another leading, again, to false assay or biosensing results [77, 83]. In order to overcome
these challenges, Liberski et al. [83] adopted a new approach to fabricating cell
microarray with dual liquid phase system as shown in Figure 1.5. The authors first
printed dots of culture medium at specific locations on a substrate and simultaneously
spread a thin layer of an oxygen-permeable mineral oil, in their case paraffin, evenly all
over the substrate. Afterwards, mouse L929 immortalized fibroblast cells were printed on
top of the culture medium dots already submerged under a thin layer of the oil. The cells
traversed through the oil layer and sank at the bottom of the dots where they remained
alive for several hours, as indicated by the >90% cell viability 7 hours post-printing. The
non-volatile oil in this biphasic system prevented the culture medium from drying out.
This approach makes the cell microarray chips more practicable for such biosensing or
assay applications which require prolonged experimentation of up to a few hours before
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the required results can be obtained. Additionally, the hydrophobicity of oil assures that
the dots with cells in them do not spread out, thus maintaining the integrity of the

microarray design.

Figure 1.5: Stages of cell microarray fabrication. (a) glass slide substrate with sealing frame along
the edges to prevent oil spillage, (b — d) printing of culture medium, spreading of paraffin oil and
printing of L929 cells, (e) substrate with fully printed microarray, (f) a micrograph of microarray
units (scale bar: 1 mm), (g) a micrograph of a printed dot containing cells after 7 hours of
incubation (scale bar: 0.25 mm). [image taken from ref. [83] Copyright © 2010 American Chemical

Society].

With ongoing design and operational advancements, inkjet bioprinting is now capable of
printing not only one cell per droplet but also a fixed number of more than one cell per
droplet, as per the requirement. To demonstrate the feasibility of inkjet bioprinting in
building a live cell microarray with very high precision in cell number per printed dot,
Jonczyk et al. [79] used a commercial piezoelectric inkjet cell printer (Nano-Plotter
NP2.1) to fabricate a microarray of A-549 human lung cancer cells, suspended in DMEM
with 10% FCS before printing. Around 1200 cells per dot were printed in an array with a
very low average spot-to-spot variation of £8.6 in cell number. After printing and culturing
the cells for 3 days in a humidified environment, the authors observed a high cell viability
of up to 88%. Elsewhere, Park et al. [84] developed a cancer microtissue co-culture array

by piezoelectric inkjet printing cancer cells on nanofibrous membrane with embedded
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fibroblasts. Firstly, CCD-1112SK fibroblasts were grown on top of nanofiber membranes
which were fabricated by electrospinning polycaprolactone solution and placed in 96-
well plates to act as substrate for cancer cell printing. Then, HPV18-positive HelLa
cervical cancer cells, suspended in DMEM with 0.5% collagen, were printed in the wells,
with 150 droplets in each well, achieving an almost 100% cell viability as observed
immediately after printing. The deposited cancer cell aggregates increased in size due
to cell proliferation, while maintaining their shape, similar to in vivo tumours, for up to 7
days post-printing. Also, the matrix metalloproteinases MMP2 and MMP9, which are the
hallmarks of invasive cancers, were found to be upregulated in all the microtissues.
These results showed the robustness of the method in developing an inkjet bioprinted in
vitro cancer model.

An even more precise and smaller scale microarray was fabricated by Mi et al. [85] who
developed a novel piezoelectric cell printing system with a high printing position accuracy
of 10 ym which ensured printability in tiny microwells, and a low droplet volume of 0.1 nL
which ensured single cell dispensing ability. Single GFP-transfected MDA-MB-231
human breast cancer cells and single RFP-transfected human umbilical vein endothelial
cells (HUVECS), suspended in different culture media, were printed on a microfluidic chip
22 x 22 mm in size and consisting of an array of 400 microwells, each measuring 200
pm in depth and 300 um in diameter. Up to 70% of droplets contained single cells on
performing the printing at 90 V with 75 um diameter nozzle and 1 x 108 cells/mL bioink
concentration. The whole microfluidic chip platform was kept in an ice tank, without
submerging the top printing area, to prevent the droplets in the microwells from drying
out. The printed cells showed normal growth and migration such as surface adherence,
migration to the sides of the wells and spindle formation and more than 87% viability 7
days post-printing. Additionally, incubating the cancer cells with paclitaxel caused
inhibition of cell growth and migration and hindrance of normal cellular shape and
morphology. The authors, thus, developed a new inkjet bioprinting based platform for
multicellular printing and high throughput single cell analysis and drug screening.
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In these research studies, the accurate drug screening results with known drugs show
promise of mitigating the high failure rates of human clinical trials of those new under-
trial drugs which have successful preclinical testing results in conventional assays and
animal models but do not accurately represent human in vivo conditions.

Cell micropatterning is the deposition of cells in a pre-determined 2D or 3D pattern on a
substrate or scaffold to mimic the complex in vivo tissue architecture with micrometre
scale resolution for various purposes, such as drug screening and tissue engineering.
Alongside cell microarray models, micropatterned cells are applied to establish the
foundation of cell-based biomedical micro-electro-mechanical systems (bioMEMS),
organ-on-a-chip models and point-of-care (PoC) devices for personalized medicine [86].
Additionally, in cell biology, cell micropatterning is applied to investigate multi-cell
interactions, cytoskeleton mechanics, cell axis and symmetry during division and
differentiation, cell migration and the effects of environment and stimuli [87, 88]. Cell
micropatterning, thus, is the miniaturised deposition of more than one type of cells on a
substrate based on a pre-determined 2D or 3D geometry. The concept of utilizing inkjet
printing for cell micropatterning, albeit indirectly, was developed in the 1980s when cell
adhesion molecules and monoclonal antibodies were inkjet printed in pre-defined
patterns on a substrate, upon which, culturing of cells resulted in growth of specific cells
only on those specific patterned locations due to specific cell adhesion [89]. This method
was called as cytoscribing and the cellular patterns thus obtained as cytoscripts.
Cytoscribing was one of the most important steps towards the development of the first
direct inkjet printing of cells. Deposition of different cells in required configuration is a
step forward to generate organoids in vitro, called as organ-on-a-chip, for mimicking in
Vivo organs [86]. The resulting structures act as disease models for drug screening and
has the potential to lay the foundation for in vitro organ biofabrication for organ
transplantation [90]. In one of the first such studies, Xu et al. printed rat primary
embryonic motor neurons [56], hippocampal neurons [91] and cortical neurons [91], all
suspended in DPBS solution, with a modified commercial thermal inkjet printer. The cells
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were patterned as separate circles on the substrates, which were carefully incubated
with culture medium for cell proliferation and differentiation. The circular pattern
facilitated the motor neurons in forming a neural ring within 2 days of culture and forming
dendritic extensions by the 7th day. The hippocampal and cortical neurons also started
showing differentiation and neuronal ring formation within a day of seeding and
developed extensive processes by the 13th and the 9th day, respectively. Such printed
neuronal models have the potential to be used to study brain diseases, such as epilepsy
[92]. In another research, Park et al. [93] have demonstrated the printing and patterning
of mammalian cells onto a liquid-filled substrate, a culture dish filled with culture medium.
The researchers used a piezoelectric inkjet printer to print NIH3T3 mouse fibroblasts and
HEK293A human kidney cells, suspended in culture medium, first as dots to determine
positional accuracy in a liquid environment and then as different patterns for co-culturing
the printed cells, as shown in Figure 1.6 (a). As the droplet containing the cells plunges
into the culture medium in the dish as illustrated in Figure 1.6 (b), the impact force
causes the cells to deviate from their pre-defined positions as they sink in the medium
and adhere to the bottom of the dish. For solving this issue, the authors adjusted the
printing parameters and obtained a minimum best positional error of £66 um. For this,
the optimal printing parameters, as used by the authors, were the stage movement speed
of 5 mm/s, the nozzle-substrate distance of 1 mm and the culture medium volume of 3
mL in the dish. This bioprinting strategy is also one of the approaches to eliminating the
risk of quick drying up of the printed dots and can, thus, be beneficial not only for cell
micropatterning but also for cell sorting and cell microarray fabrication. Afterwards, the
cells were printed in various geometric shapes with fine edges for co-culturing. The
authors were also able to print the cells in complex patterns with cell concentration
gradients rather than hard boundaries as shown in Figure 1.6 (c), thus resulting in a 2D
architecture of co-cultured in vitro cells that mimics natural tissues even more closely.

Research has also furthered into 3D cell micropatterning, which either requires separate
layers of a gel-like support material to be printed alternately with the directly printed cells
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[91, 94], or requires printing of cells suspended in a liquid cross-linker onto a
crosslinkable scaffold precursor [95, 96]. One early example [91] of alternate printing of
cells and scaffold is for the fabrication of multi-layered neural sheets by thermal inkjet
printing. NT2 neuronal precursor cells suspended in DPBS were printed layer-by-layer
alternating with a layer of fibrinogen and thrombin which yielded a fibrin gel layer. The
sandwiched cells showed even distribution, anchorage to scaffold fibres with filopodia,
and development of neurites within 12 days of in vitro culture, thus, forming neural sheets
which measured 25 x 5 x 1 mm in dimensions. Such neural constructs provide a vital tool
for the clinical study of treatment of neural injuries and degenerative diseases. Similarly,
an early example [95] of co-printing of cells with a scaffold precursor is for the fabrication
blood vessel like tubular structures using a modified commercial thermal inkjet printer.
Human microvascular endothelial cells (HMVEC) suspended in thrombin and DPBS
were printed on a fibrinogen containing substrate to form a rectangular grid of fibrin tubes
around 100 pm in diameter with embedded cells. The cells showed alignment,
proliferation and confluence on the inner lining of the micron-sized 3D fibrin channels,
thus, mimicking angiogenesis and forming blood capillaries during the 21 days of in vitro

culture.
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Figure 1.6: Schematic illustrations of (a) cell printing in a liquid substrate to create cellular
micropatterns, and (b) the cellular voyage from the inkjet nozzle to the bottom of the culture dish
after traversing through the liquid culture media. (c) Cell density controlled printing, based on an
Eiffel Tower painting as design source, to create micropatterns with cellular gradient, as imaged
with the help of three different fluorophores (scale bar: 1 mm). [image taken from ref. [93]
Copyright © 2017 Springer Nature]. (d) Schematic illustration of step-wise construction of a liver-
on-a-chip model by 3D cell micropatterning and subsequent testing of effect of different drugs,
cosmetics and chemicals. Cell 1: Endothelial cells (HUVEC); FN: Fibronectin; G: Gelatin; Cell 2:
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Hepatocytes (HepG2). [image taken from ref. [94] Copyright © 2013 WILEY -VCH Verlag GmbH
& Co. KGaA, Weinheim].

More recent examples of 3D cell micropatterning involve co-printing and subsequent co-
culture of multiple cell types, thus forming more complex constructs. Matsusaki et al. [94]
developed a 3D liver-on-a-chip with different layers of hepatocytes and endothelial cells,
the two most abundant cells in liver, as a model for drug and cosmetics screening and
evaluation assays and an alternative to the use of animal models. Human hepatocellular
carcinoma cells (HepG2) and human umbilical vein endothelial cells (HUVEC) were
printed as single (HepG2), double (HUVEC/HepG2), and triple (HUVEC/HepG2/HUVEC)
layers in 440-microwell plates, as shown in Figure 1.6 (d), by a commercial piezoelectric
inkjet printer (DeskViewer) for high throughput evaluations and to investigate the effect
of cell-cell interactions. Fibronectin and gelatin layers were printed in between the cell
layers to mimic the extra cellular matrix. The liver microtissues, thus formed, were
incubated for 2 days and evaluated by liver function tests which revealed CYP3A4 and
albumin secretions as confirmed by fluorescently labelled antibodies. Normal liver
function was also confirmed by degradation of Vivid red enzyme to resorufin by CYP3A4
enzyme. For hepatotoxicity assay, the microtissue was incubated with troglitazone for 2
days, after which, the 3-layered microtissues showed higher cytotoxicity than single and
double layered ones. Overall, with increasing the number of layers, the fluorescence
intensities indicating albumin secretion, CYP3A4 secretion and CYP3A4 activity also
increased successively. As liver plays a central role in metabolism, liver-on-a-chip based
devices are going to become essential clinical and industrial tools and in such a scenario,
inkjet bioprinting offers a very easy and fast route to construction of such devices.

A more complex, hybrid and multi-layered patterning of different mammalian cells was
shown by Xu et al. [96] who fabricated a three cell composite hydrogel structure using a
modified thermal inkjet printer. Human amniotic fluid-derived stem cells (hAFSCs),

canine smooth muscle cells (dSMCs), and bovine aortic endothelial cells (bECs) were
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suspended in calcium chloride in three separate cartridges and printed simultaneously
on separate pre-determined locations on a sodium alginate and collagen composite
solution. Several layers of printing and alginate cross-linking resulted in formation of
hybrid 3D hydrogel with three cell types, thus, resembling a cross-species or chimeric
tissue model. The circular hydrogel measured just under 1 cm in diameter with a half of
the area covered by bECs, a quarter of the area covered by dSMCs and the remaining
quarter of the area covered by hAFSCs. On 7-day in vitro culture, the cells showed
anchorage to the scaffold, high viability of >90%, normal proliferation, and normal
physiology and phenotypic expression. After 3-day in vitro culture, the construct was
implanted subcutaneously in athymic mice for 2 weeks, after which the cells showed high
viability and remained at their original locations within the hydrogel. Also, owing to their
different functions, the hAFSCs, dSMCs and bECs were tested for differentiation,
electrophysiology, and vascularization, respectively, immediately after printing, after 7
days of in vitro culture and after 4 weeks of in vivo implantation. The hAFSC implants
were incubated in osteogenic culture medium in vitro for 1 week and then implanted for
18 weeks, after which, bone tissue formation was observed. All the dSMCs showed
similar mean potassium current and voltage values as non-printed control cell sample.
After 8 weeks of implantation, the scaffolds with bECs showed abundantly and
significantly more vascularization than scaffold-only implants. Thus, the authors showed
the feasibility of inkjet bioprinting for in vitro fabrication of 3D heterogeneous tissues.

Apart from developing lab-on-a-chip devices, a big proportion of the 2D and 3D cell
micropatterning research is focussed on tissue engineering and, therefore, some of its

examples have been discussed in the next section.

1.4.2 Tissue Engineering
Tissue engineering is one of the most important areas of application of 3D inkjet

bioprinting. The multi-nozzle and layer-by-layer fabrication approach of inkjet bioprinting
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helps converge and assimilate multiple steps of tissue engineering into a single broad
step. As inkjet bioprinting is a drop-by-drop dispensing method, its application in tissue
engineering has largely been limited to smaller scale tissue fabrication in comparison to
other methods, such as extrusion bioprinting. However, it gains advantage in achieving
a relatively higher, micron-scale printing resolution on tissue engineering substrates and
scaffolds. For relatively simpler fabrication of small-sized structures resembling cartilage,
bones, and straight tubular blood vessels, the use of conventional inkjet bioprinting with
cell laden bioink is optimal, as has been shown in a number of previous research. For
example, Gao et al. [51] printed a bioink consisting of acrylated peptides, acrylated
polyethylene glycol (PEGDMA), 1-2959 photoinitiator, and bone marrow derived human
mesenchymal stem cells (hMSCs) with simultaneous photopolymerization to form cell-
laden hydrogel structures measuring 4 mm in diameter and 4 mm in height using a
thermal inkjet printer. The cells showed even distribution throughout the hydrogel, 80—
90% viability 24 hours post-printing and, upon culture in chondrogenesis-specific and
osteogenesis-specific media, proliferated and differentiated into cartilage-like and bone-
like tissues through chondrogenesis and osteogenesis, respectively, as indicated by the
increase in hydrogel compressive modulus, and secretion and deposition throughout the
hydrogel of proteoglycans in chondrogenic differentiation and calcium in osteogenic
differentiation. To fabricate blood vessel like tubular structures, Hewes et al. [97] used a
piezoelectric inkjet printer with a single jetting device of 80 um nozzle diameter. Human
umbilical vein endothelial cells, HUVEC-turboGFP, were suspended in a mixture of
alginate and fibrinogen and printed in a bath of calcium chloride and thrombin in the
shape of a hollow cylinder. Free-standing tubular cell-laden hydrogel structures
corresponding to blood microvessels and measuring 300 um in diameter and 1-2 mm in
height were, thus, obtained after just 2 minutes of printing for each structure. After 14
days of incubation in culture medium, majority of the cells were noted to have migrated
towards the inner side of the scaffold and form a confluent monolayer similar to blood
vessels, a process which shows similarities with angiogenesis.
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While early research in tissue engineering remained limited to proof-of-concept studies
and improving inkjet bioprinting technology by fabricating basic and small-scale cell-
laden hydrogel structures, more sophisticated and tissue-specific inkjet bioprinting is
being carried out in current research by adopting novel and more robust printing
approach and developing hybrid inkjet bioprinting platforms. A novel approach of
harnessing in vivo like cell-ECM interaction for cellular self-organization based tissue
fabrication was shown by Park et al. [98] who patterned Detroit 551 and Hs68 human
dermal fibroblasts with precisely controlled cell density on collagen hydrogel substrate
through a piezoelectric inkjet printer. Post-printing cell-ECM interaction caused self-
organization in the printed cells leading to formation of 3D cell-collagen microtissues.
Also, precise and custom control over cell reorganization and 3D microtissue formation
was achieved by controlled bioprinting with different cell densities, pattern size, and
pattern shape, as confirmed by different sizes and shapes of the growing microtissues.
The cells in the growing 3D microtissues showed elongated and stretched morphology
with an even cell surface distribution of integrin a531, which is a marker for cell adhesion
to ECM, and fibronectin, which is a marker for cell-cell and cell-ECM focal adhesions.
Thus, the inkjet bioprinted microtissue was shown to be an accurate mimicry of in vivo
tissues. Afterwards, a human skin model was constructed by inkjet bioprinting human
epidermal keratinocytes on the patterned microtissue grown from Detroit 551 fibroblasts
after 7-day culture. The bilayered skin model, thus produced, consisted of the upper
epidermis and the lower papillary dermis microstructures at the dermo-epidermal
junction. This research shows the potential of inkjet bioprinting to fabricate more complex
and dynamic microenvironments of the human body. In an attempt to significantly
increase the size of inkjet bioprinted tissue engineering scaffolds without increasing their
fabrication time, Yoon et al. [99] developed an inkjet-spray printing method in which cell-
laden bioink layers were printed with alternating fine spray of a cross-linking agent
deposited by spray-coating technique as shown in Figure 1.7 (a). To test their printing
platform, NIH3T3 mouse fibroblasts and 293A human embryonic kidney cells were
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separately suspended in sodium alginate and printed with alternating spraying of calcium
chloride to form hydrogels, as shown in Figure 1.7 (b — c), with excellent post-printing
viability of the embedded cells. This method allowed free-form, high-resolution and multi-
layered printing of cell laden hydrogel structures, ranging at a large scale from <1 mm to
>10 cm in size for the first time, and at relatively faster printing speeds of up to 75 mm/s
which is much faster than in most previous studies. Afterwards, Hs68 human dermal
fibroblasts, suspended in alginate-GelMA blend bioink, were printed to form hydrogel
and cultured for 2 weeks during which the hydrogels maintained their shape and the cells
showed normal cell spreading morphology and physiological functioning as confirmed
by staining nuclei, f-actin, and collagen type | secreted by the fibroblasts. This novel
technique holds the potential to be extended to multi-nozzle inkjet printers to build even
larger scale hydrogel structures.

In another novel approach, Kim et al. [100] combined inkjet bioprinting with extrusion
bioprinting to build a novel Integrated Composite tissue/organ Building System (ICBS).
The ICBS possessed the capacity to separately and simultaneously dispense four and
five biomaterials from its inkjet and extrusion modules, respectively, and consisted of a
printing platform with high positional accuracy of 2.5 ym, 1 ym and 10 ymin x, y and z
coordinates, respectively. To test its utility and efficacy, the authors built a human skin
model with a functional transwell system in a broad single step as illustrated in Figure
1.7 (d). The transwell system, which helps in culture, growth and maturation of the cells,
is fabricated with a sacrificial gelatin bottom layer and polycaprolactone (PCL) as the
supportive mesh for dermis using the extrusion module. Human primary dermal
fibroblasts (HDFs) were suspended in collagen hydrogel and printed with the pneumatic
extrusion printing module to form the dermis. Human primary epidermal keratinocytes
(HEKs) were suspended in keratinocyte growth medium and printed with the
piezoelectric inkjet printing module to form the epidermis. After 14 days of culture, a
mature in vitro skin model with stretched dermis and stratified epidermis and a very high
spatial resolution and uniform cell distribution is obtained alongside high cell viability and
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proliferation rates. Additionally, the keratinocytes showed a more widespread distribution
of E-cadherin cell junction markers compared to the manually seeded control,
representing that the printed cells in the skin model show tighter cell junctions and an
enhanced and more functional cell to cell interaction. It can, therefore, be said that the
recent trend in the application of inkjet bioprinting in tissue engineering is to actualize the
in vitro inkjet bioprinting based fabrication of truly implantable tissues, such as skin,
skeletal muscles, cardiac muscles, blood vessels, cartilage and bones, with favourable

in vivo results.
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Figure 1.7: (a) Schematic illustration of the inkjet printing — spray coating method for rapid
fabrication of large cell-laden hydrogel scaffolds for applications in tissue engineering; (b) images
of hydrogel letter-shape structures built at different printing speeds, showing minimal effect of
speed and possibility of a rapid fabrication through inkjet bioprinting (scale bar: 5 mm); (c) images
and light micrographs showing the range of scalability and high cell viability of the described
method (scale bar: 1 cm in black, 1 mm in white unless otherwise mentioned). [image taken from
ref. [99] Copyright © 2018 WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim]. (d) Schematic

illustration of the step-wise fabrication of human skin model with functional transwell system using
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a novel Integrated Composite tissue/organ Building System. Nozzle A: Sacrificial gelatin
(extrusion); Nozzle B: supportive PCL (extrusion); Nozzle C: HDFs in collagen (extrusion);
Nozzle D: HEKs in culture medium (inkjet). [image taken from ref. [100] Copyright © 2017 IOP
Publishing Ltd].

As larger and larger 3D tissues are fabricated, diffusion limitations begin to pose an
increasingly bigger challenge in successful exchange of gases, uptake of nutrients,
removal of wastes, and thus, the long-term survival of cells. In an attempt to solve the
perfusion limitation problem in 3D tissue models, Negro et al. [101] printed a mixture of
sodium alginate and PEG with crosslinkable active transglutaminase factor Xlll to
resemble the extracellular matrix (ECM), and simultaneously printed C2C12 muscle
progenitor cells, suspended in sacrificial sodium alginate, inside the ECM layers using a
piezoelectric inkjet printing based commercial Microdrop Autodrop system. On selective
digestion of alginate with alginate lyase enzyme in pre-determined 3D pattern,
microfluidic or perfusion networks resembling simple in vivo vascular networks were
formed. The cells left in the space after the removal of sacrificial alginate showed normal
proliferation while leaving enough space for easy perfusion of culture medium and gases.
Afterwards, the authors also printed NIH 3T3 fibroblasts suspended in sodium alginate
to show formation of hydrogel structures in various shapes, with high precision of 100
pum, with large size range of up to several centimetres, and with high cell viability of >90%
at 4 hours post-printing. This work, thus, shows a high potential of inkjet bioprinting to
solve one of the key challenges of in vitro tissue engineering and organ fabrication which
is the inability of the current bioprinting techniques to integrate an intricate network of

vasculature throughout the volume of the in vitro fabricated 3D tissues [102].

1.4.3 in vivo Bioprinting
When inkjet bioprinting is used to deposit cells directly at a desired site, such as a wound,
in a living organism, the procedure is called in vivo cell printing and it holds substantial

potential for improving the treatment of large burns, chronic wounds, and even deep
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tissue injuries. Fast and aseptic healing of acute or chronic skin wounds is essential to
prevent further infections or hypertrophic scarring. It is especially important if the wound
has a large surface area and/or is deep such as those in the case of ulcers, burns and
diabetic wounds. In such wounds, the conventional treatment strategies using bandages
and ointments often fail or result in delayed healing. The application of natural or artificial
skin grafts provide relatively better results, but such a clinical practice is often limited by
the unavailability of such grafts or allergy and graft rejection [103]. For sorting out such
limitations, Albanna et al. [104] applied the inkjet bioprinting technique to directly print
living skin cells on skin wounds, as illustrated in Figure 1.8 (a—d), and assess the wound
healing capability. Skin wounds were created by surgical excision and removal of a small
part of dorsal skin in murine and porcine models. A handheld laser scanner was then
used to scan the wounds for creating their 3D maps to be converted to CAD for cell
printing. For printing on the murine model, human cells were used as a proof-of-concept
study to show the capability of inkjet bioprinting of constructing a human skin mimic and
the printability of human skin cells and their post-printing potency of forming a functional
skin. Human dermal fibroblasts and epidermal keratinocytes, both suspended in a
mixture of fibrinogen and collagen, were filled in two separate cartridges and a third
cartridge was filled with thrombin. First, the fibroblasts were printed on the wound,
followed by printing of thrombin to cross-link the fibrinogen and form a stable matrix. After
allowing cross-linking for 15 minutes, the keratinocytes were printed, again followed by
printing of thrombin. The wounds showed epithelium formation by week 1 and complete
wound closure by week 3. In comparison, the untreated wounds and wounds printed with
cell-less fibrinogen-collagen-thrombin matrix showed open wound areas up to week 4
due to slow and poor epithelialization. Immunohistochemistry assay with anti-human
nuclear antigen showed the post-printing presence of human fibroblasts and
keratinocytes in the healing wounds up to week 3 and week 6, respectively. For the
porcine models, allogeneic and autologous cells were used, with the same printing
procedure, as autologous and allogeneic testing done on porcine models better mimic
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the human skin healing in comparison to the murine model which has different skin
healing rates and mechanisms. The wounds printed with autologous fibroblasts and
keratinocytes showed faster closure, lesser contraction at the edges, higher re-
epithelialization, and much intense network of blood vessels throughout epidermis and
dermis by week 4 to week 8, thus, resulting in least scarring in comparison to the wounds
printed with allogeneic cells, cell-less matrix and untreated wounds. On comparing the
results to the manual cell spraying technique which is applied in current clinical practice,
this bioprinting technique provided similar results. On the other hand, one advantage of
this techniqgue was that the cells could be deposited separately in an accurate and
custom layer-by-layer pattern rather than depositing an unorganized mixture of both cell
types which leads to failures or sub-optimal results as in the manual method.

All the previously mentioned inkjet printing technologies possess two (X, Y) or three (X,
Y, Z) degrees of freedom while printing. In addition to forward-backward (X), left-right (Y)
and up-down (Z) movements, a conventional robotic arm with remote centre of motion
(RCM), as illustrated in Figure 1.8 (e), can perform roll, pitch and yaw forms of
movement. Printing with an inkjet bioink dispenser attached at the end of a robotic arm,
however, can provide six degrees of freedom instead of the conventional maximum of
the three Cartesian directions of movement [105]. Such a technique can enable cell
printing in 3D space for fabricating complex in vivo mimics with precise cell/tissue
localization, and in those medical cases which require direct cell application therapies,
such as printing in vivo directly at the site of injury for faster healing of musculoskeletal
injuries, chronic wounds and burnt skin. Robotic arm based 3D bioprinting, thus, has a
high potential of solving the current challenges of healing critical tissue defects and
developing minimally invasive surgery procedures as illustrated in Figure 1.8 (f). Inkjet
bioprinting can, thus, not only print the 2D patterns of cells in several layers to form a 3D
tissue in vivo, but it will also have the capability to move around in 3D space with no
restriction in the choice of printing location. Furthermore, with all the bioprinting
technologies, in vitro biofabrication of vascularized soft organs, purposed for organ
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transplantation, remains a challenge [90]. As described earlier, inkjet bioprinting can print
one cell at time in any desired pattern. Combining it with the robotic six degrees of
freedom of movement and the inherent capacity of cells to differentiate, organize and

exhibit controlled growth, as seen during developmental morphogenesis [106], holds the

potential, at least in theory, to revolutionize in vitro tissue and organ fabrication.
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Figure 1.8 Schematic illustration of in vivo inkjet printing of skin cells on an open wound for faster
and scar-free healing. (a) A laser scans the contour of the wound in 3D; (b) the computer makes
a 3D map of the volume to be printed and calculates the specific amount and type of the cells to
be printed on the different sites of the wound; (c) the inner dermal cells are printed first; (d) the
outer epidermal cells are printed on top of the dermal layer. [images a — d taken from ref. [104]
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Copyright © 2019 Springer Nature]. (e) Schematic illustration of the design of a robotic arm with
remote centre of motion (RCM) which confers six degrees of freedom (X, y, z, yaw, pitch and roll).
The end of the arm can be fitted with an inkjet printing device as per the need. (f) Schematic
illustration of a proposed set-up in which surgery and cell printing is being conducted in vivo on a
diseased or wounded knee joint. [images e — f taken from ref. [105] Copyright © 2019 Springer
Nature].

An advanced application of in vivo cell printing, by combining it with gene transfection of
the printing cells, was investigated by Xu et al. [107] by direct inkjet co-printing of porcine
aortic endothelial (PAE) cells mixed with pmaxGFP plasmids into the subcutaneous
tissues of athymic or nude mice. Before printing cells, fibrinogen and thrombin were
printed in alternate layers in vivo into the subcutaneous tissue in order to form an
implanted cuboid fibrin structure or scaffold, that could allow easy retrieval of cells later
for analysis. After cell printing on it, the structure was left implanted for 7 days after which
it was surgically removed, washed and analysed. The structure was found to retain its
initial cuboid shape and the printed cells embedded in the fibrin structure showed high
viability along with GFP expression, indicating successful gene transfection. Conducting
such simultaneous procedures may help in the future in medical cases requiring cell
transplantation, where any genetic or metabolic defect in the cells is corrected through
appropriate gene transfection and the transfected cells are printed at the required

location in vivo.

1.4.4 Biomolecule Printing & Patterning

Similar to cells and biomaterials, biomolecules, such as DNA and proteins, can be
deposited and patterned using inkjet bioprinting either as 2D arrays and patterns or in
multiple layers / droplets.

The use of inkjet printing to develop DNA microarray was first tried more than two
decades ago. Goldmann and Gonzalez [108] used a commercial thermal inkjet paper

printer to transfer DNA molecules on a solid support with very high resolution of 300 dpi
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and high throughput, which turned out to be much superior to then existing robotic
pipetting or blotting techniques of creating gene arrays. Specifically, the authors printed
three different DNAs, which were plasmid Bluescript Il KS*, a 600 bp fragment of mouse
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and 200 bp fragment of the
catalytic domain of the human epidermal growth factor-receptor (EGFR). All the DNA
solutions were diluted to 1 pg/pL and mixed with Pelikan 4001 blue ink for visual analysis
of print output quality. The printing was done on nitro-cellulose membranes and nylon
membranes. The printed samples on the membranes were baked and stored according
to the established DNA hybridization protocol and then hybridized with radiolabelled
probes. The authors were able to detect probe signals from the inkjet-printed DNA
hybridized with cDNA probes with high sensitivity and after short exposure times of
around 12 minutes. This research was a successful attempt for increasing the resolution
and speed of DNA hybridization based gene analysis and also establishing inkjet printing
as a promising method for DNA and other biomolecule deposition.

For an interesting non-biological application of developing transistors for bioelectronic
devices, salmon DNA complexed with cetyltrimethyl ammonium chloride (DNA-CTMA)
was inkjet printed to produce an electron blocking layer which could act as
semiconducting layer and help develop bio-based organic light emitting diodes (OLEDS)
and field effect transistors (FETs) [109]. Spatially controlled, high throughput, high
resolution and picolitre scale deposition capabilities of inkjet printing allowed the
development of such a bioelectronic device based on films DNA-complexes. In this
research, the authors also used different organic solvents and deposition substrates to
ascertain the best combination to make sure minimal or no coffee ring effect, which was
made possible due to the versatility of inkjet printing technology in the choice of solvents
to act as the base of the ink.

In case of proteins, such as enzymes, inkjet printing can help develop microarrays for
applications such as enzyme based biomedical assays. However, inkjet printing has
been found to affect the normal protein function, such as enzymatic activity, in some
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research. Nishioka et al. [110] printed the enzyme horseradish peroxidase using a
piezoelectric inkjet printer and observed decrease in enzymatic activity with increasing
actuation voltage which in turn increased compression rates inside the jetting device.
The authors thus concluded their results to be a caveat in the wider acceptance of inkjet
printing technology as a tool to fabricate microarrays of biomolecules. In another
research, however, Setti et al. [111] found no effect of a modified thermal inkjet printer
on the activity of the enzyme glucose oxidase. Such differences in results among
different research can be safely attributed to the fact that proteins and other biomolecules
are highly diverse and heterogeneous and their stabilities are affected by a variety of
factors. One method of eliminating protein damage or damage to any biomolecule in the
ink from the jetting process is to modify the physical properties of the ink fluid, such as
its surface tension, viscosity and rheological properties, so that it becomes easily
printable at low actuation energies and thus suffering lower mechanical and thermal
stresses. Di Risio and Yan [112] used a commercial piezoelectric laboratory inkjet printer
and explored a range of different physical properties of the fluid ink containing the
enzyme horseradish peroxidase by adding surfactants, such as Triton X-100, and
viscosity modifiers, such as ethylene glycol, poly ethylene glycol and glycerol. The
authors were able to show that once the ink was optimized for printing, the enzyme didn’t
get denatured significantly. To summarise, addition of appropriate entities, such as
chaperones and small sugar molecules, to protect proteins from shear damage, and the
modification of physical properties of carrier fluid and inkjet actuation to minimise
mechanical and thermal damage would help in safely carrying out inkjet printing of any
protein [113].

A rather unique application of inkjet printing of polypeptides and DNA was reported by Li
et al. [114] who fabricated 3D polypeptide-DNA hydrogel structures for use as tissue
engineering scaffolds. The authors prepared polypeptide-DNA conjugate for inkjet
bioprinting of structures in various three-dimensional shapes. A polypeptide-DNA
conjugate, containing several single-stranded DNAs (ssDNAs) grafted onto a
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polypeptide backbone, was deposited layer-by-layer alternating with a DNA linker,
containing double stranded DNAs (dsDNAs) with sticky ends complimentary to the
ssDNA. The mixing of the two inks led to the in situ formation of an interlinked network
of hydrogel by the hybridization between ssDNA and dsDNA sticky ends. Such a DNA-
based hydrogel has several advantages, such as permeability to nutrients,
biodegradability, and controllable responsiveness to pH, temperature, enzymes and
light, when used as 3D cell-culture scaffolds for tissue engineering

Apart from DNA and protein, biomolecules, such as growth factors, have also been
micropatterned using inkjet printing to open up newer possibilities, such as directed cell
growth and differentiation for applications in understanding cell behaviour and in
regenerative medicine. llkhanizadeh et al. [115] printed fibroblast growth factor-2
(FGF2), ciliary neurotrophic factor (CNTF) and foetal bovine serum (FBS) using a
modified commercial thermal inkjet paper printer for the controlled or patterned steering
of differentiation of rat embryo neural stem cells (NSC) on poly acrylamide based
hydrogels. The authors were able to obtain expected and accurate results, part of which
is shown in Figure 1.9, with the cells remaining undifferentiated in the areas printed with
FGF2, cells showing markers for astrocytic differentiation (glial fibrillary acidic protein,
GFAP) in areas printed with CNTF, and cells showing markers for smooth muscle
differentiation (smooth muscle actin, SMA) in areas printed with FBS. The results further
showed an increase or decrease in the number of differentiating cells upon increasing or
decreasing the growth factor concentration, thereby showing the ability to control
functional gradient of biomolecules by inkjet printing based deposition. In another similar
research, Phillippi et al. [60] used piezoelectric inkjet printing to pattern and immobilize
the growth factor bone morphogenetic protein 2 (BMP2) on fibrin films and showed
controlled differentiation of mouse primary muscle-derived stem cells (MDSCSs) cultured
on the films. On culturing the cells under myogenic conditions, the authors observed
development of osteogenic lineage in cells growing on the BMP2 printed areas and
development of myogenic lineage in cells growing on the non-treated areas. The authors
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thus were able to grow different subpopulations of cells on the same substrate or chip in
a controlled pattern. Both of the above mentioned and other similar research have
opened up exciting new opportunities for experimental studies on stem cells.

The research thus far has therefore shown that inkjet printing technology can be widely
adopted to develop microarrays and micropatterns of genes, proteins, growth factors and
other biomolecules wherever suitable and beneficial to do so for applications in a wide

variety of areas of research.

| GFAP

Figure 1.9: Fluorescence images of rat embryo neural stem cells (NSCs) cultured on poly
acrylamide hydrogel coated slides printed with growth factors CNTF and FGF2 on different areas
of the slide using a modified commercial thermal inkjet paper printer. (a) Cells undergo astrocytic
differentiation, characterised by their expression of glial fibrillary acidic protein (GFAP), only on
CNTF printed areas and take up the red colour after immunocytochemistry. (b) On the contrary,
cells not undergoing any differentiation remain as NSCs, characterised by their expression of
nestin, and take up the green colour after immunocytochemistry. Such cells are found on both
CNTF and FGF2 printed areas, but are the only cells found on the FGF2 printed areas. [image
taken from ref. [115] Copyright © 2007 Elsevier].

1.4.5 Drug Loading

Several drugs, therapeutics and biopharmaceuticals which require a special or more
efficient mode or route of administration can benefit from inkjet printing technology as
has been shown in numerous research. Loading precisely controlled amount of drugs

into polymeric matrix, such as polycaprolactone and polyethylene oxide, through inkjet
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printing has been shown to allow better control over the drug release profile [116].
Another interesting application was shown by Rowe et al. [117] who inkjet-printed tablets
with four different kinds of complex oral drug delivery profiles. First, the immediate-
extended-release tablets consisting of the drug chlorpheniramine maleate in two
sections, a fast release section eroding within 10 minutes and an extended-release
section eroding over 7 hours. Second, the breakaway tablets consisting of a middle fast
eroding section which separated two drug releasing and slow eroding outer sections.
Third, the enteric dual pulsatory tablets in which the drug diclofenac was printed with a
separation in two areas within one continuous excipient phase causing the drug to
release in pulses with lag time of 4 hours. Fourth, the dual pulsatory tablets which
consisted of two diclofenac containing different excipient sections which dissolved in
opposite pH, firstimmediately in low pH environments, and then after 5 hours in high pH
environments. This research thus showcased inkjet printing as an all-in-one tool for
formulating drugs with a variety of release profiles.

The capability of inkjet printing to load very tiny volumes of drugs on suitable carriers is
particularly beneficial if the drugs have very low solubility in aqueous phase which in turn
greatly diminishes their bioavailability. An early example [118] in this regard is the use of
piezoelectric inkjet printing for the fabrication of tiny 60 ym diameter microspheres of the
biocompatible copolymer poly (lactic-co-glycolic) acid loaded with the anti-cancer drug
paclitaxel, which is poorly soluble in water. Such small volume packaging of drug
molecules greatly enhances their bulk surface area to volume ratio and hence their
bioavailability. Similarly, Boehm et al. [119] used a piezoelectric inkjet printer to load the
anti-fungal miconazole on polymeric microneedles as shown in Figure 1.10 a and which
can be used as topical patches for treating skin infections. Miconazole, which is an
imidazole class of anti-fungal drugs, is poorly soluble in polar solvents, such as water,
and therefore loading them directly on microneedles is an optimum mode of topical
administration. The antifungal potency of the microneedle-loaded miconazole was tested
against Candida albicans, which is associated with skin fungal infections. Swabs of C.
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albicans were applied on Sabouraud dextrose agar plate, followed by the placement of
miconazole loaded microneedle patch on the agar in direct contact with the fungus.
Following an incubation of 24 hours, zones of fungal growth inhibition were clearly
observed indicating high efficacy of the microneedle loaded drug and of the inkjet printing
based drug formulation technique.

Apart from making drug formulations for better control over drug release or for better
bioavailability of drugs, inkjet printing has also been used for loading medical devices
with drugs or pharmacological agents. A prominent example of this application are drug
eluting stents, which keep the blocked blood vessels open as intended and also release
necessary drugs locally and slowly over extended periods of time for preventing blood
clots and cell proliferation which could lead to fibrosis around the stent. In this regard,
Tarcha et al. [120] inkjet-printed fenofibrate and a rapamycin derivative called ABT-578
on stainless steel stents coated with phoshorylcholine-linked methacrylate tetra-
copolymer as shown in Figure 1.10 b. These stents possessed complex geometry in 3D
space and inkjet printing proved to be a very suitable methodology for functionalizing
them with the required therapeutic agents with 100% loading efficiency and 0% loss of
drug functionality compared to the non-printed control. Additionally, an artificial in vitro
drug elution test to observe drug release profile over a period of 24 hours showed no
significant difference between the drug loaded by inkjet printing and the drug loaded by
the conventional method of spray atomization. In a similar research, Wu et al. [121]
fabricated a bone implant loaded with multiple drugs using a commercial laboratory inkjet
printer for management and treatment of bone tuberculosis. The authors used poly (DL-
lactic acid) or PDLLA as the base material of the implant as well as the excipient for the
anti-TB drugs. The PDLLA implants were fabricated as circular discs of approximately 8
mm in diameter with four concentric layers consisting of two anti-TB drugs in the
sequence of isoniazid—rifampicin—isoniazid—rifampicin. The drug release assays,
conducted both in vitro and in vivo in the rabbit model, showed expected sequential
release of isoniazid and rifampicin from outside to inside with the peak drug
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concentrations detected from days 8 to 12, showing the capability of inkjet-printed

implant to undergo controlled erosion for extended slow drug release.

Figure 1.10: Examples of drug loading using inkjet printing technology. (a) SEM image of an array

of five polymeric microneedles (left) and a magnified SEM image of one microneedle (right)
loaded with the drug miconazole on its top. [image taken from ref. [119] Copyright © 2014
Elsevier, Creative Commons License]. (b) Close up lighted image (left) and strobed image with
visible jetting droplet (right) of the nozzle of a jetting device depositing the rapamycin derivative
drug ABT-578 on the stent. [image taken from ref. [120] Copyright © 2007 Springer Nature].

The interestingly wide and innovative variety of utilization of inkjet printing for drug
loading to achieve different pharmacological objectives has shown the versatility and

adaptability of inkjet printing technology in this area and shows strong promise for inkjet
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printing to become a mainstream tool for drug formulation and loading in the

pharmaceutical industry.

1.4.6 Fabrication of Self-Propelled Biodevices

A relatively less common utilization of 3D inkjet printing technology is to fabricate self-
propelling particles using any compatible material of choice. Self-propelled particles
(SPPs) are entities which can utilize a variety of propulsion mechanisms by interacting
with their surrounding environment, drawing energy from it and converting this energy
from one form into another to initialize and maintain constant motion and propel in space
and time. The concept of such self-driven particles is an area of active research in order
to engineer and produce artificial SPPs with desired qualities and controllability. When
their intended application is for biomedical and environmental research, the SPPs can
be referred to as self-propelled biodevices (SPBs). Depending on the intended
application, the SPB size can lie in the nanometre-scale [122, 123], or the micrometre-
scale [124, 125], or the millimetre-scale [11, 12]. Inkjet bioprinting is suitable for
fabricating SPBs in the size range of hundreds of micrometres to a few millimetres.
Previous studies have investigated the applications of several SPBs, such as, silk fibroin
Janus micro-rockets with catalase embedded within the SPB matrices for controlled
propulsion in biological and non-biological liquid media [10]. These silk SPBs utilised
chemical and physical mechanisms to propel in the liquid medium, such as human serum
solution containing hydrogen peroxide. For chemical propulsion, for example, the
catalytic reaction between catalase and hydrogen peroxide has been utilised, whereas,
for physical propulsion, for example, poly (ethylene glycol) (PEG) has been used to
create surface tension gradient to propel the SPBs at the air-liquid interface, a
phenomenon which is also called Marangoni effect [10-12]. The effect of different
parameters, i.e., hydrogen peroxide concentration, distribution of catalase enzyme within

an individual silk fibroin SPB and number of layers deposited in 3D to create SPBs, on
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the propulsion speed and orientation were also investigated [10, 11]. Promising results
were observed when the SPBs displayed very rapid mixing of millilitre-scale volume of
ink in water in a proof-of-concept experimentation as shown in Figure 1.11 [12]. These

SPBs thus have the potential to be used as micro-mixing devices in small fluid volumes

for enhancing biomedical assays.

Stage 3 \\ Stage 4 Completed Stirrers
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Figure 1.11: (a) Schematic illustration of inkjet printing of self-propelled silk microstirrers. (b and

¢) The millimetre scale 3D silk fibroin microstirrers shows stirring capability with ink as sample
and demonstrates a potential for use in biological assays. [image taken from ref. [12] Copyright
© 2019 Wiley-VCH GmbH, Weinheim]

1.5 Biomaterials

Biomaterials are biologically compatible (and environmentally friendly) materials which
can be used for various purposes in biomedical science, for example, to build scaffolds

for 3D cell and tissue culture and to build artificial skin grafts for burn victims. They are
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the main ingredient used in bioprinting. The ideal biomaterials used for formulating
bioinks or biomaterial inks should be capable of forming self-supporting 3D structures
with high resolution and appropriate mechanical robustness. They should also possess
good biocompatibility, biodegradability, and low cytotoxicity to facilitate cell growth either
in vitro or in vivo. Based on the source of origin, biomaterials can be categorised as
natural and synthetic. While natural biomaterials are sourced from living organisms, the
synthetic ones are manufactured artificially. The natural and synthetic biomaterials are
also combined to form composite biomaterials in an attempt to create biomaterials
possessing only the advantageous features of its constituents, but none of their

disadvantages or limitations.

1.5.1 Natural

Natural polymers such as fibroin, fibrin, collagen, cellulose, gelatin and alginate possess
such characteristics which allow them to be commonly formulated with or without cells
to form inks for 3D bioprinting. Besides, they are also capable of mimicking the
extracellular matrix (ECM), which helps achieve optimum cellular growth and function
and hence resulting in effective tissue regeneration. As the name suggests, natural
biomaterials are obtained or derived from natural sources, such as natural proteins and
extra-cellular matrices (ECMs). The micron scale architectural resolution of natural
biomaterials makes them useful for a wide array of biomedical applications including in
3D bioprinting. An example of natural biomaterial is collagen which is derived from animal
skin, tendon and placenta and has advantages such as the ability to be printed into
membranes [126]. Another common natural biomaterial is gelatin which is derived from
animal bones and can be printed as well [127]. Being of animal origin, natural
biomaterials suffer from a few disadvantages, such as batch to batch variation in the
precise molecular composition. This causes variability in results such as rheological

parameters, which affects printability during bioprinting.
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1.5.2 Synthetic

Synthetic biomaterials are artificially manufactured and are biologically compatible
materials used in biomedical and environmental applications among others. Alongside
natural polymers, synthetic polymers have been increasingly used to fabricate 3D
structures. Common FDA approved examples include poly (ethylene glycol) (PEG), poly
(lactic-co-glycolic acid) (PLGA), poly (lactic acid) (PLA), poly (caprolactone) (PCL), and
poly (2 hydroxy ethyl meth-acrylate) ()0HEMA). The advantage of synthetic biomaterials
is that they are easy to mass produce without any batch-to-batch variation. As the
synthetic biomaterials are biologically inert, they can easily be modified or functionalized
with bioactive molecules for desired purposes, such as surface functionalization with cell
adherence molecules for support in 3D cell culture. Moreover, synthetic polymers have
tailorable processability, that is, viscoelastic flexibility by virtue of which the stress to
strain ratio can be adjusted for different printing requirements and which is beneficial for

high resolution of 3D bioprinting [128].

1.6 Silk Fibroin

Silk is a generic term used for several naturally occurring fibrous proteins, of which, the
most commonly known is the one made by the larvae of silk moth Bombyx mori before
its pupation. These cocoons are made of fibroin, a fibrous protein, stuck together with
another protein called sericin as illustrated in Figure 1.12 (a). Silk fibroin (SF) has been
found to have excellent mechanical properties, biocompatibility and biodegradability
[129], which makes it an ideal choice for fabricating 3D structures for biomedical and
environmental applications. SF exists in three polymorphic forms, namely, silk I, Il and
[1l. Silk I is a water-soluble metastable form containing mainly helixes and random coils;
silk Il is a water-insoluble form containing mainly antiparallel B sheets of crystallized silk;
and silk 11l is a threefold or triple helix polyglycine 1l helical structure that is very rare and

exists at the water-air interface of silk solution. Similar to other fibrous proteins, SF has
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repeating units of amino acid sequences as illustrated in Figure 1.12 (b — c¢). The
naturally occurring SF on a cocoon consists of three main hexapeptide domains of such
repeating units, a crystalline domain (GAGAGS), an amorphous domain (GAGAGY) and
a GAGAGA domain [130, 131]. Through hydrogen binding, the (GA)n motifs from
antiparallel B sheet structures further stack through van der Waals forces and form
hydrophobic nano crystallizations [130, 132]. In this study, the water-soluble silk | is used
as the ink for 3D reactive inkjet printing alongside methanol, which turns it into the water-
insoluble silk 1l structure. Fibroin can be extracted from cocoons by a process known as
degumming in which it is boiled in sodium carbonate solution to dissolve and remove
sericin, leaving behind the insoluble fibroin. Fibroin is dissolved by boiling it in calcium
chloride or lithium bromide solution after which the solution is purified by dialysis in pure
water. This fibroin solution is also referred to as regenerated fibroin because it is brought
back to its natural liquid state as it exists inside the larvae. The fibroin in the solution is
in the amorphous state, called as Silk I, which consists of water-soluble random peptide
coils. Under different types of treatment, such as heating, mechanical shear, exposure
to methanol, etc., the silk | converts to Silk I, which consists of water-insoluble and
crystalline beta-sheets. This ability of chemical and structural transition has been utilised
for controlled fabrication of 3D structures for applications ranging from scaffolds for tissue

culture to vectors for drug payload delivery.
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Figure 1.12: (a) Schematic illustration of transverse section of raw silk fibre as found on the
cocoon to show its internal structure. It consists of two fibroin fibres held together by sericin and
covered with a protein coat. (b) lllustration of the fibroin b-sheets embedded across the
amorphous fibroin matrix. (c) lllustration of the molecular structure of fibroin heavy chain (H chain)
peptide consisting of repetitive hydrophilic and hydrophobic domains. The hydrophobic sub-
domain is made up of different repeating units of hexapeptides. Here, the different amino acids
mentioned are glycine (G), alanine (A), serine (S), and tyrosine (). [image taken from ref. [133]
Copyright © 2016 MDPI].
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1.7 Applications of Silk Fibroin as Biomaterial

The Bombyx mori silk fibroin is a well-researched biomaterial with a variety of current
and promising applications. Apart from conventional usage for manufacturing textiles,
fibroin has been finding extensive applications in a wide variety of areas. It has been
utilised extensively both in research, such as in cell culture scaffolds as well as in
industry, such as in cosmetic products. For use as a biomaterial, fibroin from Bombyx
mori silkworm features excellent mechanical properties [134], biocompatibility [135],
biodegradability [136], ease of processing [137], and long term in vivo stability [138]. It
has already been in use for a variety of biomedical applications, such as sutures for
closing wounds, wound dressing, vascular prosthesis and structural implant, tissue
engineering scaffolds, drug immobilisation matrix and drug delivery [137, 139-141]. This
diversity in applications is possible because silk fibroin can be processed into different
physical forms, such as gel, film or membrane, beads, needles and porous sponges.
Fibroin and its modified derivatives are used as substrate coatings or films for 2D cell
culture to study the effect on cell attachment, growth and differentiation. For example,
substrate-coating with fibroin conjugated to poly (D, L-lactic acid) results in increased
osteoblast attachment and proliferation [142]. On the other hand, substrate-coating with
fibroin mixed with poly (ethylene glycol) causes decrease in L929 fibroblast cell
attachment [143]. Tissue engineering is a major application area for silk fibroin and its
modified forms. Fibroin based 3D scaffolds have demonstrated good cell attachment and
proliferation of cartilage [144], ligament [145], bone [146] and vascular cells [147] in
different studies. For better results, the 3D fibroin scaffolds also need to be functionalized
with cell adhesion molecules, such as, BMP-2 (bone morphogenic protein) [148], and
RGD peptide (Arginylglycylaspartic acid) [149], which is found in the extracellular
matrices of most animal species. The relatively slower rate of biodegradation in vivo
makes fibroin desirable for several drug delivery studies, which require slow and constant

rates of therapeutic release. Small molecular drugs can be encapsulated non-specifically
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in fibroin microspheres [150] or films [151] for release by passive diffusion. It has also
been tested in several research for in vivo bone and soft tissue engineering in which it
has shown little to no inflammatory or immune response in animals [138, 152, 153]. The
drugs are usually loaded into porous fibrous biomaterials by adsorption, and as several
drugs have good affinity for silk fibroin, the drug delivery systems based on silk fibroin
have been extensively explored, such as porous silk fibroin hydrogels made by
lyophilization which provide a sustained release delivery system for antibodies [138,
154]. Particles of silk fibroin containing different protein payloads have also been
fabricated to release bone morphogenetic proteins with very favourable drug release
profile [155]. Forms like needles made by silk fibroin conjugated with drugs or peptides
are also have the potential use in the drug delivery system [156]. Silk fibroin is often
mixed with other polymers such as chitosan [157], collagen [158] and gelatin [159] to
form porous three-dimensional structures like matrix, gel and sponges to seed cells for
the engineering in different types of tissues, such as bone, cartilage, skin and vascular
tissue. Because the silk fibroin has the ability to retain moisture, it is widely used as

wound dressing for burn victims.

Figure 1.13: Various forms of biomaterials fabricated from silk fibroin using different processing

approaches. [image taken from ref. [137] Copyright © 2011 Nature America Inc.]
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1.8 Objectives and Scope of Thesis

In this thesis, | have explored the width and depth of novel applications of 3D inkjet
bioprinting and put forward my own innovative applications based on my experiments
and resultant findings. Consequently, | have shown the versatility of 3D inkjet bioprinting
by utilising 3D bioprinted fibroin structures for three different applications. The first
objective of this study is to use 3D fibroin structures as cell carriers for culturing nerve
PC12 and SH-SY5Y cells. Afterwards, the live/dead assay and alamar blue cell
proliferation assay are conducted to determine cell health and growth. Such 3D cell
culture models provide a physiologically more relevant platform for in vitro cell culture.
With respect to neuronal cells, the 3D fibroin structures also provide a platform as an in
vitro as well as an in vivo nerve guidance conduit for treatment of nerve damage through
degeneration or injuries. The second objective is to use 3D fibroin structures as self-
propelled motors which are catalytically driven and surface tension driven in a liquid
environment. One type of particles self-propels in aqueous hydrogen peroxide solution
through the catalytic decomposition of the hydrogen peroxide fuel by catalase enzyme,
which is contained in the catalytic regions of the particles. The other type of particles self-
propels in pure water through surface tension gradient generated by a surfactant
contained in and leaching from the particles themselves. Afterwards, the SPM
propulsions are recorded through video capture, tracked for determining propulsion
trajectory, and analysed. The data on propulsion behaviour and trajectory patterns of the
different SPMs are compared to determine the best SPM geometry and propulsion
mechanism for their future applications as micro-mixing devices for biological assays,
such as ELISA, which could lead to significant enhancement in assay sensitivities. The
third objective is to apply 3D fibroin structures as self-propelling sensors for generic
detection of soluble contaminants in wastewater samples by exploiting the surface
tension driven propulsion mechanism of the SPMs as the marker for estimating the

surface tension values and their corresponding expected soluble contaminant levels.
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This study can help in development of easy to use and fast acting sensors for on-site or
in-the-field detection of contaminant levels in the absence of sophisticated laboratory
equipment.

The scope of this thesis is in widening the applicability of 3D printing in biomedical and
environmental research and to help the scientific community in acknowledging its
versatility, ease of use and advantage over conventional fabrication approaches. The
novelty of this thesis is in the demonstration of usability of 3D inkjet printing technology
for minute adjustments and refinement in the parameters of printing of fibroin structures
depending on their intended application. Examples of such adjustability include easy
manoeuvrability for printing any desired geometric shape, precise deposition of enzyme
or surfactant at designated locations, and very high accuracy in the volume of material
deposited for fabricating the 3D structures which in turn guarantees reproducibility or
minimal variations across different batches of fabricated samples. Another equally
important novelty of this thesis is the demonstration of the already versatile silk fibroin
as a biomaterial with even further multifaceted potential in future applications. While the
rigid and insoluble silk 1l structure of fibroin makes it a suitable self-propelling particle
and a compatible cell carrier, its porosity helps carry payload, such as an enzyme or a
surfactant, as required. Additionally, its rough surface also assists cells in anchoring and
adhering strongly, thereby making it optimum for use as a cell carrying scaffold. Thus,
the overall scope of this thesis is to find newer biomedical and allied applications of 3D

inkjet bioprinting using silk fibroin as the printed biomaterial structure at millimetre scale.
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Chapter 2: EXPERIMENTAL METHODS

2.1 Materials

Bombyx mori silkworm cocoons were obtained from State Key Laboratory of Silkworm
Genome Biology and Biological Science Research Centre, Southwest University, China.
Silicon wafer substrates for printing 3D structures were purchased from Compact
Technology Ltd, UK. Ultrapure high quality deionized water (DI water), filtered with a 0.2
pm filter, was used in all experiments. All other chemicals were commercially obtained
and were of analytical grade. Sodium carbonate (Na,CO3) was purchased from Alfa
Aesar. Calcium chloride (CaClz) was purchased from Fluka Analytical. Ethanol (C2HsOH)
was purchased from Fisher Scientific. Cellulose derived dialysis tubes with molecular
weight cut-off of 12,000-14,000 Daltons were purchased from Sigma Aldrich. PEGago
was purchased from Sigma Chemistry. Methanol (CH3;OH) was purchased from Acros
Organics. The equipment used were hotplates, thermometers, beakers, Petri dishes,

Eppendorf tubes, etc. as available in the laboratory.

2.2 Extraction of Fibroin

For the extraction of fibroin, which is also called degumming of silk, 5 g of silk cocoons
were cut into ~0.25 cm? small pieces and rinsed and cleaned in de-ionized water. 2 litres
of de-ionized water was taken in a large beaker and heated on a stirring hotplate to bring
it to boil. 4.24 g of sodium carbonate was then added carefully to the boiling water to
make a 0.02 M solution and allowed to dissolve with the help of a continuously rotating
magnetic stir bar placed in the beaker. The thoroughly rinsed pieces of silk cocoon were
then added into the solution and kept under constant boiling and stirring at 100-110 °C
for 90 minutes, during which the sericin gradually got dissolved in water and fibroin fibre
was left behind floating in water in the beaker. During boiling, the beaker was covered

partially with an aluminium foil to prevent excessive loss of water as water vapour. Care
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was also taken to keep the water level at 2 litres by occasionally adding pre-heated water

into the beaker to compensate for the loss of water due to constant boiling.

Thermometer

Aluminium foil

/ Di-water with sodium carbonate

Degumming silk cocoon

Ll

e Magnetic stir bar

a ¢

Figure 2.1: Schematic illustration of extraction of fibroin by the removal of sericin or “degumming’

Magnetic hot plate

]

of silk cocoon.

2.3 Drying of Fibroin

The extracted fibroin was removed from the hot sodium carbonate solution carefully with
the help of a glass rod or spatula. If the fibres were not tangled together then a Buchner
funnel with filter paper was used to recover small fibroin pieces by pouring out the
solution. Fibroin fibres were then washed thoroughly 3—4 times with de-ionized water to
ensure total removal of sericin, spread out on a crystallization dish and kept in a drying

oven at 60 °C and left overnight for drying.
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Figure 2.2: (a) Bombyx mori silk cocoons; (b) Cocoon cut into small pieces; (c) Fibroin extraction

or degumming of silk; (d) Extracted and dried fibroin.

2.4 Dissolution of Fibroin

For dissolving silk fibroin, a ternary solvent system containing 3.1 g of calcium chloride,
3.7 g of filtered ethanol and 4.8 g of filtered de-ionized water was prepared. This solution
is also called Ajisawa’s Reagent and has the molar ratio of CaCl,:ethanol:water = 1:2:8
[160]. A small glass bottle was taken and a small magnetic stir bar was put inside it.
Water and calcium chloride were then mixed in the bottle and the lid was closed to avoid
loss of water from the exothermic reaction that ensued. The mixture was then stirred on
a magnetic plate until all of the calcium chloride granules were dissolved. A few seconds

of ultra-sonication treatment helped in faster dissolution. The solution, thus obtained,
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was filtered into a small beaker with the help of a 0.7 um filter and a 10 mL syringe.
Ethanol was then poured into the calcium chloride solution and the beaker was moved
gently to mix the contents well. The Ajisawa solution thus prepared was then poured into
the two-neck round-bottom-flask and heated to 80 °C. A thermometer was placed in one
of the necks, making sure that its bulb remained dipped inside the solution, to measure
the solution temperature accurately. The other neck was blocked with a stopper to
prevent evaporation. 1 g of extracted and dried silk fibroin was added to this solution as
soon as the temperature reached and stabilised precisely at 80 °C. A small magnetic stir
bar kept the solution mixed during dissolution. The fibroin was then left for dissolution for

90 minutes.

Thermometer

/ Stoppers

. Two-neck round-bottom flask
/Water bath

Silk fibroin dissolving in Ajisawa solution

Magnetic stir bar

Magnetic hot plate

Figure 2.3: Schematic illustration of dissolution of silk fibroin using Ajisawa solution.

2.5 Dialysis of Fibroin Solution

After 90 minutes of dissolution, the round-bottom-flask was taken out of the hot water

bath and the viscous solution of dissolved fibroin inside it was left to cool down to 40 °C.
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The cooled fibroin solution was dialysed to make it free from ethanol and calcium
chloride. For this, the fibroin solution was poured into a dialysis tube with one ligated end
(molecular weight cut-off = 12,000-14,000). The open end of the tube was then carefully
tied as well. The tube with fibroin solution inside was now kept in deionized water in a 2-
litre beaker for the removal of calcium chloride and ethanol through osmosis. The water
was changed at 1 hour, 2 hours, 3 hours since initiation and then left in fresh water
overnight. The dialysing fluid or deionized water was changed again and kept for 1 hour
the next morning. Conductivity measurement was taken at the beginning and before
changing water each time. Water was changed further until its conductivity had got below
< 3 uS). The whole process took around 12—-15 hours. After dialysis, the fibroin solution
inside the dialysis tube is less viscous with all the calcium chloride and ethanol removed
and is slightly cream in colour. After dialysis, the dialysis tube was carefully cut and the
fibroin solution was poured out into a beaker. The solution was then poured into
Eppendorf tubes and centrifuged twice at 10,000 rpm for 5 minutes to remove
undissolved fibroin and other particulate matter. The supernatant fibroin solution, called
regenerated silk fibroin (RSF), was then poured into a 30 mL tube and stored in
refrigerator at 4 °C. In RSF, the word ‘regenerated’ means that the fibroin fibres from silk

cocoons are dissolved and regenerated into liquid state as found inside the silkworms.

Glass lid

Floating plastic bottle

Dialysis tube filled with
silk fibroin solution

Di-water

Beaker

Figure 2.4: Schematic illustration of dialysis of silk fibroin solution.
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Figure 2.5: (a) Fibroin dissolution setup; (b) Fibroin solution after dissolution; (c) Fibroin solution

during dialysis; (d) Fibroin solution after dialysis and centrifugation.

2.6 Fibroin Concentration Measurement & Storage

The fibroin solution concentration was determined by weighing small samples of known
volume of solution before and after drying on microscope slides. Three clean glass slides
were taken, numbered and their weights measured. 200 L of dialysed fibroin solution
was pipetted out on each one of these slides. Care was taken not to spill the solution off
of the glass slide edge. The slides were then kept in a drying oven at 60 °C to let the
water in the solution evaporate away. The slides were taken out after 1 hour and allowed

to cool down for around 20—-30 seconds. Their weights were measured again. The initial
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weights of glass slides were subtracted from the final weights of glass slides having the
dried fibroin solution on them. The difference in weight was the weight of silk fibroin per
200 pL of solution. Multiplying this value with 5 gave the concentration of silk fibroin in
terms of mg/mL. Stock fibroin solutions of 40 mg/mL were made by adding DI-water to
the original solution and stored at 4 °C prior to use. Following is the equation to calculate

fibroin concentration:

w2 -wi
Vi

Silk Fibroin (w / v) =
Weight of clean glass slide = W2
Weight of slide with fibroin = W1
200 pL of fibroin solution = V1

Concentration of fibroin = w/v

Degumming of silk cocoons consistently revealed that they are composed of around 67

% fibroin by mass.

Figure 2.6: Fibroin solution remains in liquid for almost a month before undergoing gelation.

Camera pictures of fibroin solution (a) on day 0, and (b) after more than 1 month.
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2.7 Preparation of Fibroin Biomaterial Ink

The fibroin solution is mixed with PEGaqo to prepare the primary biomaterial ink with their
concentrations maintained at 40 mg/mL and 14 mg/mL, respectively, in the ink for
printing the 3D fibroin structures. The addition of PEGaqo to fibroin has been found to aid
in better and firmer droplet formation and deposition during inkjet printing [10]. For the
curing ink, 0.05 mg/mL of Coomassie brilliant blue is added to 100% methanol to impart
a contrasting light blue colour. Methanol converts the fibroin random coils to rigid beta
sheets and Coomassie brilliant blue helps in making the 3D structures better visible
during various applications. The volumes of fibroin solution, PEGa40 and DI water are
taken proportionately as per the concentrations mentioned above to make a final volume

of 1.5 mL ink per batch to store in the reservoir vials for printing.

2.8 Characterization of Fibroin Biomaterial Ink

2.8.1 Surface Tension Measurement

Surface tension is the elastic tendency of a fluid surface to attain minimum surface area
at an interface. It is denoted by the Greek letter y (gamma). Surface tension originates
from the cohesive force between the molecules of the liquid. It is measured as the elastic

stretching force (F) per unit length (1), as depicted in the following equation:

~1m

Similar to several other physical characteristics of a material, the surface tension of a
liquid is affected by temperature and presence of impurities. In case of water, for
example, surface tension decreases with increasing temperature and on increasing the

amount of dissolved solutes in most cases.

54



Chapter 2: Experimental Methods

The surface tension of the fibroin ink was measured by a tensiometer (model number
K11 MK4 manufactured by KRUSS GmbH, Germany) using a standard Wilhelmy
platinum plate probe measuring 19.9 x 10 x 0.2 mm in dimensions and having an
immersion depth of 2 mm in the sample as shown in Figure 2.7. The tensiometer
consists of a mobile stage with vertical freedom of movement to provide ample space for
placing the probe and the sample and to allow precision in the immersion of probe in the
sample. In the Wilhelmy plate method, the plate is vertically suspended from an
electronic balance with the help of a thin metal rod. The plate is then slowly immersed
just below the liquid surface while being kept perpendicular to the interface to form the
meniscus. The force exerted on the plate by the liquid at the interface is measured as
the surface tension of the liquid. As shown in Figure 2.8, a complete wetting or 0° contact
angle prevents the need to include any correction factors, unlike the du Noly ring
method, in the calculation of surface tension. The surface tension is calculated by the

following equation:

B F
vy = lecosO

Here, y denotes surface tension, F denotes force applied on liquid surface, | denotes
length over which force is measured, and 8 denotes angle of contact between the liquid
surface and plate.

The tensiometer is connected to a touchscreen display panel running on Microsoft
Windows platform for controlling the tensiometer, running the measurements and
observing the results. For the measurement, 10 mL of fibroin ink was taken for each
measurement conducted at an ambient temperature of around 20 °C. Each
measurement was run for 50 minutes generating 3000 readings, of which, the last 10
readings were averaged automatically by the tensiometer to give the final reading of the
surface tension of the sample. Five measurements were taken from different fibroin
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samples to obtain the mean value. The measurements were taken on days 0, 7, 14, 21
and 28 since the preparation of fibroin ink and its storage at 4 °C. All the data were noted
down and plotted in Origin™ to generate graphs to analyze the relationship between time
and any potential changes in surface tension in the fibroin ink. The fibroin solution did
not show any significant changes in its surface tension over the 28-day observation time
period as shown in Figure 2.9. After more than a month, however, the fibroin ink
converted from the usual liquid state into gel at random as shown in Figure 2.6 with the

total conversion taking 3 — 4 days.

Figure 2.7: (a) Tensiometer. (b) Close up image of stage showing the sample container and the

Wilhelmy plate hanging from the micro-balance.
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F = Force (mN/m)

Plate made of roughened Pt

L=Wetted Length (mm)

Figure 2.8: Wilhelmy plate method showing an immersed plate with 0° contact angle owing to
complete wettability of the plate. [image taken from ref. [161] Copyright © 2013 KRUSS GmbH,

Germany].
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Figure 2.9: Tensiometry data of fibroin solution taken once a week for 4 weeks. Surface tension
were measured on days 0, 7, 14, 21 and 28 from the day of sample preparation. No significant
difference was observed over the measurement time period, which indicates that no gelation or
conformational changes of the molecular bonds had occurred at least within a month.
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2.8.2 Viscosity Measurement

Viscosity is the resistance of a fluid against deformation or flow caused by an external
applied force. It is denoted by the Greek letter u (mu). Like surface tension, viscosity
originates from the cohesive force between the molecules of the liquid.

The viscosity of fibroin ink was measured once a week for 1 month to determine the
effect of time on the chemistry or physical characteristics of the ink, which could be
observed as changes in its viscosity. For this, a vibrating viscometer (SV-1A vibro-
viscometer manufactured by A&D, Japan) was used as shown in Figure 2.10. The
concept behind vibrating viscometer is that viscosity is calculated from the energy lost to
the shear force applied by the vibration of the sensor plates. The more viscous the liquid,
the more will be the energy lost for same amount of vibration. First, both the
polycarbonate sample holding cup and the viscometer probe were rinsed with deionized
water and dried with a clean tissue paper. Viscometer was then calibrated with deionized
water, which has a known viscosity of 8.9 x 10 Pa.S or 0.89 mPa.S at 25 °C. For this,
2 mL of de-ionized water was pipetted into the sample holding cup and then the probe
was carefully lowered just enough to submerge it into the water sample. The viscometer
probe was then switched on to take the reading. After calibration, the viscosities of fibroin
ink samples were measured following a similar procedure. Between each measurement,
both, the probe and the sample cup, were rinsed and dried properly to remove the
residue of the previous sample. The measurements were taken on days 0, 7, 14, 21 and
28 since the preparation of fibroin ink and its storage at 4 °C. As the viscometer
calculates sample viscosity by comparing the sample data with the actual viscosity of
water, care is taken to calibrate the viscometer on each day before taking the
measurements. All the data were written down and plotted in Origin™ to generate graphs
to analyze the relationship between time and any potential changes in viscosity in the
fibroin ink. The fibroin solution did not show any significant changes in its viscosity over

the 28-day observation time period as shown in Figure 2.11. After more than a month,
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however, the fibroin ink converted from the usual liquid state into gel at random as shown

in Figure 2.6 with the total conversion taking 3 — 4 days.

5 T T T T T T T ¥
4 o
@ |
& 3 —
g
5
3
02_ -
0
>
A ® . ] .
14 -
0 1 2 | L T Y T : I
0 & 14 21 28
Day

Figure 2.11: Viscometry data of fibroin solution taken once a week for 4 weeks. Viscosity was
measured on days 0, 7, 14, 21 and 28 from the day of sample preparation. No significant
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difference was observed over the measurement time period, which indicates that no gelation or

conformational changes of the molecular bonds had occurred at least within a month.

2.8.3 UV-Visible Absorbance Spectrophotometry

Spectrophotometry is a branch of spectroscopy which quantitatively measures the
absorbance or reflection or transmission of electromagnetic waves by a material as a
function of wavelength. This technique is useful in the identification of unknown materials
in a given sample.

The absorbance spectra of fibroin ink were measured once a week for 1 month to
determine the effect of time on the chemistry of the inks, which could be observed as
changes in its absorbance spectra. For this, a UV/Vis spectrophotometer (model number
6715 manufactured by JENWAY, UK) was used as shown in Figure 2.12.
Spectrophotometry is a laboratory technique utilized for the quantitative analyses of
different compounds present in a sample. Its working principle is based on the fact that
different compounds absorb incident energy or electromagnetic radiation at different
wavelengths. This absorption of specific wavelengths is determined by the natural
vibrational energy of the chemical bonds of different compounds present in the sample.
During the measurement, a beam of light with the wavelength range of 200 nm to 600
nm passes through a cuvette which has a path length of 10 mm and is holding 500 pL of
the sample. The intensity of the transmitted light is measured to generate the absorbance
spectra graph depicting absorbance intensity (in arbitrary units) against wavelength (in

nm).

Intensity of Transmitted Light

Absorbance (A) =-1lo
*) gro Intensity of Incident Ligtht

I(A)
Io (A)

or, A= - logio
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First, the quartz cuvette was rinsed with de-ionized water and dried with a clean tissue
paper and dry air. A baseline was then generated in the spectrophotometer with
deionized water because all the samples to be tested contained water as solvent. For
this, the cuvette was filled with 500 pL of deionized water and placed into the cuvette
holding chamber in the spectrophotometer. The spectrophotometer was then made to
take the baseline reading. After this, the samples’ absorbance readings were taken
following a similar procedure. Before each measurement, the cuvette was rinsed and
dried properly to remove the residue of the previous sample. The measurements were
taken on days 0, 7, 14, 21 and 28. As the spectrophotometer generates sample
absorbance spectra by comparing the sample data with the baseline data, care was
taken to generate water baseline on each day before starting measurements. All the data
stored in the spectrophotometer were transferred to the computer using the JENWAY
67-series software and copied into the Microsoft Excel sheet. The data were then
imported and plotted in Origin™ to generate graphs to analyze the relationship between
time and any potential changes in chemical bonds in the fibroin ink. The fibroin solution
did not show any significant changes in its UV-visible absorbance spectra over the 28-

day observation time period as shown in Figure 2.13.
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Figure 2.12: UV/Vis Spectrophotometer.
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Figure 2.13: UV-Visible spectrometry data of fibroin solution taken once a week for 4 weeks. No

significant difference is found across the observation period. UV-Vis absorbance spectra of fibroin

solution measured on days 0, 7, 14, 21 and 28 from the day of ink sample preparation. No
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significant difference is observed over the measurement time period, which indicates that no

gelation or conformational changes of the molecular bonds have occurred at least within a month.

2.9 3D Inkjet Printer

A custom-built 3D inkjet printer was used for drop-on-demand (DoD) printing of fibroin
biomaterial ink to fabricate millimetre-scale fibroin structures in different geometrical
shapes. The jetting devices used in the printer were manufactured by and purchased
from MicroFab Technologies Inc. These devices have piezoelectric material inside them
which generates pressure pulses in response to controlled electrical signals received by
the software programme. They have a glass nozzle with 60 um inner diameter for jetting
out the ink. The programme used for digitally controlling and manoeuvring the printer
was built with on the LabVIEW platform (National Instruments Corporation, USA).
Besides controlling the printer, the programme also controlled the amount and spatial
position for the ejection of droplets. The spatial position was pre-determined by designing
the geometrical shapes of the SPPs in Microsoft Excel, in which, the droplets are
recognised as coordinates in X-Y plane when read by the programme. Silicon wafer,
which is relatively more hydrophobic than a glass slide, is used as the substrate on which
the fibroin structures were printed. Hydrophobicity helps in giving the structures accurate

3D shape by reducing the spreading of droplets after they have fallen on the substrate.
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Figure 2.14: The custom-built 3D inkjet printer.

Figure 2.15: (a) A jetting device used in the printer; (b) The printer stage with the inks and their
respective jetting devices plugged in their separate channels and a silicon wafer substrate which
is carefully stuck in place with adhesive tapes.
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Figure 2.16: Schematic illustration of the longitudinal section of a jetting device. [image taken
from ref. [162] Copyright © 2012 MicroFab Technologies, Inc., USA].

2.10 LabVIEW Programme to Run the Printer

A custom programme built on the LabVIEW platform was used to control and run the
printer as shown in Figure 2.17. The programme also allowed dynamic manipulation of
voltage parameters for precise control over the jetting behaviour of the jetting devices
throughout the printing runtime as illustrated in Figure 2.18. The number of droplets per
jetting could be controlled by changing the frequency of the voltage pulses, a technique
characteristic of the drop-on-demand printers. In this study, 2 drops of each ink were
jetted together per jetting for each dot in the design, as it gave optimum thickness to the
3D structures. As each droplet was kept a fixed distance away from another droplet, the
voltage impulse frequency was adjusted depending on the speed at which the printer
stage moved step-wise during printing. The voltage parameters were continuously

monitored and modified if required to affect ink droplets.
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Figure 2.17: A screen capture of the Front Panel of the LabVIEW programme which is the GUI

used to control and run the in-house built printer.
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Figure 2.18: A model illustration of the voltage pulse parameters utilised to control the printing.

Here, t-fall represents the voltage which compresses the piezoelectric material inside the jetting
device, resulting in the fall of droplet. Negative voltage means excess of electrons. [image taken
from ref. [163] Copyright © 2012 MicroFab Technologies, Inc., USA].
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2.11 Computer Aided Designs of Fibroin Structures

The geometric shapes of the 3D structures were designed in the form of groups of points
in the 2-dimensional X-Y coordinates in a Microsoft Excel file as shown in Figure 2.19.
Several X and Y coordinate points were defined in serial order in an Excel sheet in such
a systematic manner that plotting and visualising these coordinates on a graph gave the
desired shape of the structure in 2D. The LabVIEW programme read the coordinates
serially and ran the printer accordingly. Each coordinate point made the printer jet once
through the jetting device. The calibration value was kept such that 500 points in Excel
sheet meant 1 mm length during real printing. For printing, the distance between two
successive coordinate dots was kept at 70 points or 0.14 mm as this gave optimum
printing results, owing to the resolution limit of the particular printer used in this study.
Separate columns in Excel sheets were created for fibroin solution (main ink) and
methanol (curing ink) for getting alternate prints. Below given are the Excel sheet designs

of the main body of the 3-armed structure as an example.

''''' glem -

Figure 2.19: An example of the 2D Computer Aided Design (CAD) of the fibroin structures in
Microsoft Excel. Printing several layers on top of each other in accordance to the 2D CAD gives

the final 3D structures.
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2.12 3D Reactive Inkjet Bioprinting Process

Printing was done on clean polished silicon wafer substrates placed on printer stage and
stuck securely with sticky tapes. The inks were loaded into separate reservoirs and then
the backpressure was adjusted to ensure the inks were not dropping passively from the
jetting devices. Before printing, all the channels were calibrated for accurate positioning
on the substrate. For this, a dot array was printed at the same coordinate location with
all the printing channels. Any deviations in the droplet positioning were then corrected
by shifting the channel position. Printing was done through the alternate layer-by-layer
deposition of the primary ink and the curing ink. The inks were printed one layer at a time
and each successive layer alternated with a layer of curing / crosslinking ink or methanol.
Methanol converts the silk | in the preceding primary ink layer into silk Il [164]. This was
done to obtain the non-soluble and stable beta-sheets to form the 3D structures.
Methanol was preferred over ethanol as cross-linking agent as it is more volatile than
ethanol. The 70-point dot distance value for droplet jetting was kept constant across all
the shapes. The arms of the structures were approximately 1.25 mm long. A total of 100
layers per structure were printed and 6 structures were printed per batch on one silicon
wafer. The consequential total printing runtime turned out to be around 5-7 hours for
different shapes. During the printing process, the room temperature remained in the
range of 20—24 °C and the relative humidity level in the room remained in the range of
60—70 %. During printing of fibroin 3D structures, the ink 1 and ink 3 were printed layer
by layer alternately for consecutive depositing of fibroin and its curing on the substrate.
This also helped in keeping the fibroin deposition accurate by preventing excessive
spreading on the substrate until the solvent water in fibroin fully dried up. After printing,
the printed 3D fibroin structures were removed from the substrate by either soaking in DI
water and gently agitating or in a dry state very carefully with a fine needle, depending

on the intended application.
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An in-house built drop-on-demand (DOD) inkjet printer, equipped with commercial
piezoelectric jetting devices (80 um nozzle diameter, MicroFab Technologies Inc., USA),
was used to print the scaffolds on a silicon wafer substrate. The silicon wafer was
cleaned with 5% Decon-90 solution followed by 70% ethanol and DI water, after which it
was carefully wiped dry and placed firmly on the printing stage. The jetting device
actuation voltage (70-90 V), actuation frequency (~300 Hz) and bioink channel pressure
(-10 to -15) were adjusted for optimum droplet formation and dispensing. The distance
between the jetting device nozzle and substrate was kept at approximately 10 mm. The
fibroin solution (40 mg/mL) was mixed with PEGago (14 mg/mL) to help generate stable
droplets. Each layer of fibroin-PEGuaoo bioink was deposited alternating with a layer of
methanol, which is dispensed from a second jetting device (40 um nozzle). Methanol
converts the soluble a-helix chains of fibroin into the insoluble B-sheets, thus giving the
deposited ink a rigid structure and shape as per the required design. This process of
printing is called 3D reactive inkjet printing. A total of 150 layers each of fibroin and
methanol were printed for each batch of scaffolds. After printing is over, the scaffolds,
measuring ~2.5 mm in length, were dipped in DI water and gently removed from the

silicon wafer surface and stored in DI water at room temperature prior to use.

0 100 150 200 250 300 400 500 600 700 800

Figure 2.20: The time lapse images of the 80 um diameter nozzle of a jetting device captured
during printing using a macro-lens camera. The ejecting ink droplet is clearly visible. The numbers
below the images represent the time elapsed, in microseconds (uS), since the initiation of jetting
of the fibroin ink droplet. For capturing the frame at a particular elapsed-time, the strobe light is

adjusted using the LabView programme to light up only at that elapsed-time.
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Figure 2.21: Freshly printed sample of a 3-arm star shaped 3D fibroin structure. Each arm of the

structure is approximately 1.5 mm long.

2.13 Characterization of Printed Fibroin Structures

2.13.1 Microscopy

Microscopy is a laboratory technique of using microscopes to virtually magnify and view
objects or features of an object which are too small to be within the resolution range and
thus not visible to the human eyes. In my study, | have used optical fluorescence and
scanning electron microscopy to observe the detailed features of the 3D printed fibroin

structures and its samples during and after the different experiments.

2.13.2 Optical Microscopy

An optical or light microscope uses the visible spectrum of the electromagnetic radiation
or light and a system of optically transparent lenses to produce magnified images of
minute objects of a large size range. The Nikon ECLIPSE LV150 (Nikon Corporation,
Japan) compound optical microscope, as illustrated in Figure 2.22, was used during my
research.

There are two types of optical or light microscopes, namely, simple and compound. A

simple light microscope consists of a single double convex lens, e.g., a hand-held
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magnifying lens. On the other hand, a compound light microscope consists of at least
two double convex lenses, namely, an objective and an ocular or eyepiece. As the name
suggests, the objective lens is the one aimed at the sample, whereas the ocular lens is
the one through which the eye observes the sample’s image. The total final magnification
of produced by a microscope is calculated by multiplying the magnifying powers of the
objective and ocular lenses. Current advanced compound microscopes, such as the
Nikon ECLIPSE LV150, consist of several lenses as both objective and ocular lenses
are themselves made up of a system of lenses, thus, allowing much higher magnitudes
of magnification. These microscopes are also equipped with a CCD camera sensor,

which is connected to a computer, for capturing and saving digital images.
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Figure 2.22: Schematic illustration of Nikon ECLIPSE LV150 microscope with the digital eclipse

camera system. [image courtesy: Nikon Corporation, Japan].
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2.13.3 Fluorescence Microscopy

Fluorescence microscopy is a technique in which fluorescence is used as the source of
illumination for producing the magnified image of the specimen. Fluorescence is a form
of luminescence in which a substance absorbs electromagnetic radiation at a particular
wavelength and concurrently emits it at another wavelength. The emitted radiation is
usually lower in energy, and therefore, has lower wavelength. If the emitted wavelength
of a fluorescent substance is within the visible spectrum, then it can be used as a
fluorophore for staining non-fluorescent specimen that need to be observed under a
fluorescence microscope.

For imaging, the specimen is stained with fluorophores specifically and at desired
locations and then illuminated / excited with laser at that specific wavelength which is
absorbed by the fluorophore and, which in turn, emits light at longer wavelengths. An
emission filter separates the incident excitation laser from the emitted weaker light. This
filter is a wavelength-specific dichroic beam splitter and it lets the emitted light pass
through it and reach the objective, but stops and reflects back any excitation laser light.
A type of fluorescence microscopy, which is widely used in biomedical sciences, is
epifluorescence microscopy in which an illumination light is passed through the specimen
and focussed at the objective and camera sensor alongside the emitted fluorescent light.
This gives a much higher signal-to-noise ratio and thus more detailed visibility of the

specimen.
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Figure 2.23: Schematic illustration of working principle of a wide-field fluorescence microscope.

[image taken from ref. [165] Creative Commons License].

2.13.4 Scanning Electron Microscopy

Scanning electron microscopy is the technique of using a focussed beam of electrons to
scan the surface of a specimen and produce topographical images with magnification at
several orders of magnitude. The electrons are produced in electron gun, which consists
of a heating cathode filament, and passed through a series of hollow cylindrical ‘lenses’
to focus the beam at the specimen. The electron beam is first passed through an anode,
which accelerates the electrons, and then through an aperture which blocks the off-axis

electrons from proceeding further. A system of condenser lenses then applies magnetic
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field to the beam for focussing it into a narrow beam. Afterwards, the beam passes
through an electromagnetic objective lens, which focuses the beam on the sample, and
deflection coils, which move the narrow beam over the sample to create the raster image
of the sample. On hitting the specimen, the electrons interact with the specimen matter
by getting absorbed or scattered and produce secondary electrons alongside
backscattered electrons, transmitted electrons, Auger electrons, cathodoluminescence
and X-rays. The low energy secondary electrons are collected at two detectors which
consequently produce greyscale images of the specimen. As the wavelengths of
electrons at various energy levels are much shorter than that of the visible light spectrum,
electron microscopy can produce ultra-high resolution images at a very high

magnification (> 100,000x) in comparison to other microscopy techniques.
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Figure 2.24: Schematic illustration of working principle of a scanning electron microscope. [image
taken from ref. [165] Creative Commons License].

2.14 Statistics

Origin™ 2020 was used to generate all the graphs. Specific statistical analyses

methodologies used for different experiments are mentioned in their respective chapters.
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3.1 Abstract

3D cell culture represents a relatively more accurate picture of in vivo environment in
comparison to the conventional plate based 2D culture. However, emulating a cell’s
physiologically relevant natural habitat in vitro has been challenging. Numerous models
have been developed for cultivating cells in 3D so that they do not lose their native
spherical shape. In this work, cross- or plus-shaped 3D silk fibroin structures fabricated
using 3D inkjet bioprinting were used as cell carriers or scaffolds to culture and proliferate
neuronal PC12 and SH-SY5Y cells. Fibroin is an excellent biomaterial for cell and tissue
engineering. To aid cellular adherence on the fibroin carrier, the cell adherence molecule
poly-I-lysine (PLL) was used to functionalize the fibroin carrier surface by simply
incubating the fibroin carriers in PLL for 12 hours. The live / dead assay after 24 hours
of culture confirmed that fibroin and the cell adherence molecules have no cytotoxic
effects on the cells. Scanning electron imaging after 72 hours of culture showed that the
PC12 cells were able to retain their shape and position on the fibroin carrier for prolonged
periods of time, measured up to 7 days of culture, and also differentiate under nerve
growth factor, both of which were excellent results. As it is important to fabricate the cell
carriers in any shape and size depending on the required growth pattern, 3D inkjet
bioprinting was used to print plus shape as a model at millimetre-scale for cultivating the
cells and analyse cell growth rates and patterns. The results demonstrated inkjet
bioprinted scaffolds, functionalized with cell adherence molecules can very effectively

work as cell carriers to provide native ecosystem for 3D cell culture.
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3.2 Introduction

Cell culture is the removal of living cells from their natural environment and their
subsequent growth under controlled laboratory conditions. It has been a fundamentally
important tool in biological research for more than a hundred years and is conducted in
two conventional ways, namely, as a cell suspension and on a flat surface of an agar
plate or a culture flask. Cell suspension and agar plates are mostly used for culturing
eukaryotes, such as algae, and prokaryotes, such as bacteria. For culturing the cells and
tissues of higher organisms, such as mammals, cell-culture flasks are used because the
mammalian cells, such as mouse fibroblast cells and human mesenchymal stem cells,
are adherent cells, that is, they require a substrate to attach to for growth and replication.
This is because of the complex in vivo environment of higher organisms within which all
the cells reside naturally.

However, even though it has become a standard in cell research, the flat two-
dimensional surface of a culture flask only provides a substratum for cell adherence and
does not replicate the real in vivo conditions. Multicellular living organisms are composed
of a variety of cells residing in a three-dimensional (3D) and physiologically active
environment which also consists of the extracellular matrices (ECMs). The ECMs provide
surface to the cells for attachment, migration and maintenance of natural polarity. The in
vivo environment consists of extra cellular matrices (ECM) and different categories of
neighbouring or niche cells with which the cells constantly interact physiologically
through a variety of cell signalling molecules, other chemical cues, and mechanical cues
[166]. When the cells of multicellular organisms, such as mammals, are cultivated in
vitro, they lose their native environment as the culture plates cannot provide
multidirectional cell adhesion platforms. As a result, the cells become flattened, thus
losing their native spherical shape, on the surface of the culture flasks. This leads to
physiological anomalies in cellular functions and any intricate research conducted on

such cells possesses the risk of yielding inaccurate results. This has far-fetched negative
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implications because cell culture is a basic laboratory tool, which is applied in numerous
fields beyond cell biology research, such as drug discovery, cancer research, cosmetic
industry, stem cell therapy and gene editing. Limitations of conventional 2D cultures
occasionally lead to inaccurate results in drug testing research, cell-based assays and
other cell biology research. This in turn leads to over-dependence on animal trials for
accuracy and may cause unexpected results in human trials. As a result, the past two
decades has seen and emergence in a variety of 3D cell culture models.

Therefore, for an accurate and effective emulation of the in vivo environment, ideally, the
cells need to be cultured on extra cellular matrix alongside neighbouring or niche cells
and in the presence of all the necessary chemical cues, such as cell signalling molecules,
and hormones. The first step towards achieving such an ideal in vitro cell culture model
is three dimensional or 3D cell culture in which the cells do not get flattened, do not
proliferate irregularly and do not lose their natural phenotypic characteristics [167, 168].
Another vital attribute is cell polarity, which is easier to be maintained in a 3D cell culture
where cells are relatively relaxed, not bound by gravity, and free to move or migrate and
explore their microenvironment. For such cells as epithelial glandular cells and neuronal
cells for example, maintenance of cell polarization is essential for directional secretion of
biologically active molecules, as has been shown, as an example, in the 3D in vitro
organoid model of endometrial glands [169]. In addition, gene expression and mRNA
splicing patterns can vary considerably between 2D and 3D cultures of the same cells
[170, 171], as shown, for example, in the melanoma cell lines cultured as 3D spheroids
[172]. In 2D culture, the cell to cell interaction is also restricted to communication with
adjacent cells in single plane only, whereas in 3D, the cells can interact with adjacent
cells from other planes [173].

On a flat 2D surface, cell attachment and spread occurs within minutes, which, in
contrast, may take a few to several hours to occur on a 3D scaffold or cell carrier as the
cells explore the adherence surfaces around them [174]. The morphological differences
between the cells growing in 2D and in 3D is illustrated alongside real cell fluorescence
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images in Figure 3.1. Cells lose their spherical shape in the vertical Z axis under the
influence of gravity and become flattened. Therefore, while there is no difference in the

X and Y axes between 2D and 3D cultures, the cells in 2D lose physiological relevance

in the Z axis.
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Figure 3.1: Visualization of the impact of physical culture environment on cell structure. (A)
Schematic and (B) Live cell comparison between the morphology of cells grown on a 2D surface
and in a 3D environment (scale bar: 70 um). The cells lose thickness in the z-axis or height under
the influence of gravity in 2D culture. In comparison, 3D culture allows versatility in the cell shape
and size in all the three dimensions. [image taken from ref. [173] Copyright © 2015 Creative
Commons CC BY].
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In order to address the issue of physiological irrelevance, several 3D culture models
have been put forward in the past two decades. These models can be categorised as
scaffold-free models and scaffold-based models. Scaffold-free 3D cell culture is
conducted by developing a ball of cells through hanging drop model or through magnetic
levitation in suspension using magnetic nanoparticles. Such models are suitable for short
term research only, as the cell mass has a small critical upper limit of diameter ranging
from a few hundred microns to a few millimetres depending on the cell type, after which
the core cells begin to undergo necrosis due to the lack of nutrients and oxygen arising
from diffusion limitation. Major focus is, therefore, on the scaffold-based 3D cell culture
models which can be grown to much larger scales and house millions of cells at once.
Among these, there are two major types, in-scaffold 3D cell culture and on-scaffold 3D
cell culture. While in-scaffold culture is good for growing multiple cell types for tissue
engineering and organoid culture, the on-scaffold culture is excellent for growing a single
cell type for drug discovery and for cultivating cells at fast pace for obtaining

biomolecules, or for stem cell therapy and gene editing.

3.2.1 Scaffold-Free Models

Scaffold-free 3D cell cultures are essentially a mass of cells clumped together with the
number of cells proliferating up to a few hundred micrometres. Such models can be
developed through hanging drop cell culture and in suspension cultures. In hanging drop,
a small number of cells are seeded in the wells of a hanging drop culture plate, such as
a Terasaki plate, and kept inverted during incubation. Inverting the plate causes the cells
to clump together due to gravity within the culture medium drop which doesn’t fall due to
the adhesive capillary force between the water in culture medium and plastic of the
culture plate. The buoyancy of cells in the medium cancels the gravitational force causing
weightlessness in the cell mass and optimum freedom of growth in any direction. In

suspension cultures, the method usually adopted is to get magnetic nanoparticles
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internalized inside the cells which are then kept afloat against gravity using a strong
neodymium magnet placed above the suspension. In either method, the cell spheroids
grow up to several hundred micrometres after which the diffusion limit causes the cells
in the spheroid core to undergo necrosis, thereby limiting the maximum achievable size
of the 3D cell culture model [175]. Nonetheless, scaffold-free spheroids are better than
2D cultures in emulating avascular or minimally vascular 3D masses of cells in vivo, such
as, tumours, which have a heterogeneous population of oxygen and nutrient rich surface
cells and the deep-seated hypoxic and nutrient deficient core cells [176]. Another
example is 3D spheroids of pluripotent stem cells which can be differentiated to form
spherical embryoid bodies. Scaffold-free in vitro 3D spheroids are, thus, excellent
representatives of in vivo tumourigenesis and stem cell differentiation for applications in

cell biology and drug discovery research.

3.2.2 Scaffold-Based Models

Scaffold-based 3D cell cultures comprise of cells adhering to and growing on a cell
carrying scaffold made of either natural, synthetic or hybrid biomaterials. The cell carrier
or scaffold provide a platform in vitro for cells to maintain their three-dimensional
physiologically relevant shape and polarities. High water content scaffolds or hydrogels
are highly diffusible to nutrients and gases and thus help grow cells inside them and such
cultures are called in-scaffold models. In comparison, the hard scaffolds, such as silk
and various synthetic polymers, allow the cells to attach and grow on their surface,
usually with the help of cell attachment molecules, such as fibronectin, vitronectin and
laminin, adsorbed on the scaffold surface. These cell carrying scaffolds or ‘cell carriers’
can be fabricated in any geometric shape and in a wide range of size using a variety of
sophisticated equipment such as, 3D bioprinters and electrospinners. When compared
to the scaffold-free models, the scaffold-based models can support a large number of

cells and cultured for several days. In addition, multiple different cell types can be
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supported in the same culture which helps develop more complex in vitro 3D tissue and

organoid models.

3.2.3 Applications of 3D Cell Cultures

Virtually any field of research that requires cell-based experiments benefits from 3D cell
cultures owing to their superior and more accurate replication of in vivo physiology. One
major area is drug discovery in which new chemical candidates are studied for potential
use as drugs or therapeutics for the treatment of diseases. Studying the effect of novel
drug-candidate chemicals on the physiologically accurate cell populations can provide
data almost similar to animal or human trial results, thus, saving crucial resources and
time and easily maintaining research ethics. Cancer and tumour modelling is another
major area of research which can benefit from 3D cell cultures, such as for analysing the
effects of amount of nutrient and oxygen supply and wastage and carbon dioxide removal
on the core cells and surface cells of an in vitro grown cancer cell spheroid in comparison
to normal and healthy cells. It can also help in accurately testing and evaluating new anti-
cancer drugs before conducting any human trials. One relatively rarer but very important
area of application is the ability of rapid in vitro multiplication of pluripotent stem cells for
stem cell transplantation in terminally ill patients suffering from genetic diseases. In this
practice, the bone marrow stem cells are extracted, their genetic defect corrected and
the corrected cells are then proliferated in vitro for transplantation back into the patient.
But a conventional 2D culture causes a slower than required rate of cell growth and also
holds a potential risk of the cells losing their potency and normal phenotypic expression.
In this case, therefore, 3D cultures offer much better promise of improving and fastening
the process of stem cell transplantation. Important applications include, but are not
limited to: (1) To grow cells in physiologically more relevant conditions; (2) drug
discovery, gene editing, stem cell therapy; (3) potential to develop printed grafts for

regenerative medicine; (4) patterned differentiation of nerve cells.
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3.2.4 Current Study

In this study, | have cultured neuronal mouse PC12 cells and neuronal human SH-SY5Y
cells on the millimetre scale 3D fibroin structures fabricated by 3D reactive inkjet printing
and acting as cell carriers for 3D culture and potentially for nerve guidance. The cell
carriers are biocompatible, stable, homogeneous in size and take a few minutes to a few
hours to be fabricated depending on their quantity per batch. The flexibility in shape and
size and the rigidity of the cell carriers make them a good choice for nerve guidance and
patterning in 3D space. Such patterning help facilitate growth of nerve cells for treatment
of nerve injuries or nerve degeneration. For convenience, only the cross or plus shaped
3D structure was imaged for all the results. Growing neuronal cells with 3D support
enables to generate a large population of cells in vitro. This can be used as a model for
cultivation and differentiation of brain tissue or ganglions for the study of neuronal
diseases, drug discovery and for potential adoptive cell transfer for the treatment of

nervous degenerative diseases.

3.3 Experimental Methods

3.3.1 Materials

The materials required for fibroin scaffold fabrication are described in Chapter 2, section
2.1. Poly-l-lysine was purchased from Thermo Fisher Scientific, UK. The neuron-like rat
tumour PC12 cell line was obtained from American Type Culture Collection (ATCC). The
neuroblast-like human SH-SY5Y cell line was obtained from ATCC. Unless otherwise

stated, chemicals and reagents were purchased from Sigma Aldrich, UK.

3.3.2 Fibroin Scaffold Design and Fabrication by Printing
The fibroin biomaterial ink was prepared using the method described in Chapter 2,
Sections 2.2 to 2.7. Afterwards, a ‘plus’ shaped was designed in CAD for fabricating

scaffolds. The size of the scaffolds was ~2.5 mm in length in both X and Y dimensions
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and ~0.5 mm in breadth. The 3D printing was carried out as explained in Chapter 2,

Section 2.12.

3.3.3 Scaffold Surface Functionalization

The scaffolds were gently taken out of storage and submerged in 70% ethanol for
sterilization. Meanwhile, poly-I-lysine (PLL) (MW = 70k — 150k) was diluted to 0.01%
(w/v), as recommended in the product manual, prior to use. The scaffolds were carefully
taken out of the ethanol, air-dried under sterile environment, submerged in the cell
adhesion molecule PLL and left for 12 hours or overnight to allow the molecules coat the
entire surface of the scaffolds before cell seeding to help in cell adherence. The scaffolds

were thus ready for cell seeding.

3.3.4 Culture of PC12 and SH-SY5Y Cells

The PC12 and SH-SY5Y cells were cultured in medium-sized culture flasks (75 cm?) in
Dulbecco’s Modified Eagle Medium (DMEM) with high glucose supplemented with 10%
foetal calf serum (FCS), 1% penicillin-streptomycin, 1% glutamine, and 0.5%
Amphotericin B (Fungizone™) in an incubator maintained at 37 °C and 5% CO,. The
cells were found to be confluent in 3 days. On confluence, the cells were detached with
0.25% (wi/v) trypsin—EDTA (Ethylenediaminetetraacetic acid) and resuspended in culture
medium. For cell seeding, the cells were counted manually using a haemocytometer

slide and diluted to 1 x 10* cells/mL as a standard or to the required concentration.

3.3.5 Cell Seeding on Fibroin Cell Carriers

One piece of scaffold is placed in one well of the V-bottom 96-well plates and added with
~1000 cells from the cell suspension (= 100 pL of cell suspension). The remainder of
well is filled with culture medium. Other wells are similarly filled with scaffold and cells as

replicates.
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3.3.6 Imaging of Cell-Scaffold Constructs

The scaffolds with adherent cells were imaged after 24, 48 and 72 hours of incubation
under a fluorescence microscope. Following incubation for the different time periods, the
medium was carefully removed and the cell-scaffold constructs in the well plates were
gently washed twice with PBS. The cells on the scaffolds were then fixed in 3.7%
paraformaldehyde, which cross-links and ‘glues’ the cellular components irreversibly, for
20 minutes at room temperature, followed by washing twice with PBS solution and then
incubated for a further 10 minutes in 0.1% Triton X-100, which is a detergent and it
increases the membrane permeability for enhancing fluorophore uptake. Afterwards, the
cells on scaffolds were washed twice with PBS solution and stained for 60 minutes with
phalloidin-TRITC to visualise the cytoplasm and with DAPI to visualise nucleus. The
fluorophores were removed, the stained cells on scaffolds were washed twice with PBS
and finally fresh PBS was added before imaging. Several micrographs were taken by
focussing different parts of the 3D construct lying at different focal planes in the Z axis,
and stacked together to form a single Z-stacked image using the Zerene Stacker
software (Zerene Systems LLC, USA). For the SEM images, the cell on scaffolds were
fixed as described, carefully retrieved from the well plates, placed on the carbon tabs

and then air dried before imaging.

3.3.7 Live/ Dead Cytotoxicity Assay

For qualitative live / dead assay, the culture medium in the wells was removed and a
serum-free medium containing 0.001% (v/v) SYTO 9™ (Invitrogen) and 0.0015% (v/v)
propidium iodide (PI) were added into the wells. The well plates are then incubated for
30 min at 37 °C and 5% CO,. Afterwards, the medium was removed and the wells were
washed twice and filled up with PBS solution. The cell-scaffold constructs in the wells
were then imaged using a fluorescence microscope with a UV illumination source and

appropriate filters for different fluorophores.
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3.3.8 Resazurin—Resorufin Cell Proliferation Assay

Qualitative cell proliferation or metabolic activity assay was assessed at 0 hours and
after 24, 48 and 72 hours in culture. Culture medium was removed from the wells
containing the cell-scaffold constructs and 100 uM resazurin dissolved in PBS was added
along with assay-dependent culture medium. The cells were then incubated for 4 hours
at 37 °C and 5% CO.. The reduced resorufin from the wells were then transferred into
black 96-well plates and the fluorescence intensity was measured in a FLx800
fluorescence plate reader (Biotek Instruments Inc.) at 540/635 nm. Background
fluorescence was measured and subtracted from the results. In case of cells on
scaffolds, the fluorescence values of the cells growing in V-bottom wells without scaffolds
as a control were averaged and subtracted from the fluorescence data of the sample
wells to obtain the approximate values of metabolic activities of cells growing only on the

scaffolds.

3.3.9 Statistical Analysis
The resazurin-resorufin assay fluorescence data were plotted in Origin™ 2020. P values

of < 0.05 were taken as significant.

3.4 Results

3.4.1 Cell Seeding Density

Using ImageJ, the dimensions of a plus-shaped scaffold were measured to be
approximately 0.25 cm in length, 0.05 cm in breadth and ~100 microns in thickness (as
measured from SEM images) for each of the two perpendicular lines of the plus-shape.
This gave a total surface area available for culture to be 0.05 cm? (length x breadth x 2
X two sides). Placing one scaffold in one well of a V-bottom well plate, 10,000 cells were

seeded per well.

87



Chapter 3: 3D Neuronal Cell Culture on Fibroin Cell Carriers Fabricated by 3D Inkjet
Bioprinting

3.4.2 Characterization of Cells on 3D Fibroin Carriers

The cells were seeded and incubated with fibroin cell carriers and imaged at 24h, 48h
and 72h post seeding with fluorophores phalloidin-TRITC (red) and DAPI (blue). While
phalloidin binds to the F-actin molecules, TRITC fluoresces as red and DAPI binds to the
genetic material and fluoresces as blue. The fibroin cell carriers inadvertently showed
absorption of the fluorophores resulting in significant background noise. Z-stacked light
micrographs of cell-scaffold constructs are shown in Figure 3.2 for PC12 cells and in
Figure 3.3 for SH-SY5Y cells. The PC12 cells showed prominent adherence and visually
evident proliferation in number. The SH-SY5Y cells, on the other hand, showed weak

adherence and fell off the scaffolds in significant quantities during the staining process.
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Figure 3.2: Z-stacked fluorescence micrographs of PC12 cells growing on 3D fibroin carriers and

imaged at two magnification levels after 24 hours (a, d, g, j), 48 hours (b, e, h, k) and 72 hours (c,
f, i, 1). The cells were stained with phalloidin-TRITC (red) and DAPI (blue) and imaged separately
for the two fluorophores to avoid colour noise. The fibroin absorbed significant amounts of
fluorophores and caused background noise in fluorescence. The cells can be seen as small
spherical dots adhering and growing on the carriers. The images were taken with a wide-field

fluorescence microscope using UV lamp and filters for different wavelengths of incident light.
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Figure 3.3: Z-stacked fluorescence micrographs of SH-SY5Y cells growing on 3D fibroin carriers

and imaged at two magnification levels after 24 hours (a, d, g, j), 48 hours (b, e, h, k) and 72 hours
(c, f, i, I). The cells were stained with phalloidin-TRITC (red) and DAPI (blue) and imaged
separately for the two fluorophores to avoid colour noise. The fibroin absorbed significant amounts
of fluorophores and caused background noise in fluorescence. The cells can be seen as small
spherical dots. The images were taken with a wide-field fluorescence microscope using UV lamp

and filters for different wavelengths of incident light.
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3.4.3 Live/Dead Assay

For the live/dead assay to assess the potential toxicity of fibroin scaffolds, the cells were
seeded and incubated with fibroin scaffolds and imaged at 72h post seeding with
fluorophores SYTO 9 (live- green) and propidium iodide (dead- red). The fibroin cell
carriers inadvertently showed absorption of the fluorophores resulting in significant
background noise. Z-stacked light micrographs of cell-scaffold constructs are shown in
Figure 3.4 a— b for PC12 cells and in Figure 3.4 ¢ — d for SH-SY5Y cells. Both PC12
and SH-SY5Y cells took up the membrane permeable SYTO 9 and showed its green
fluorescence while the red fluorescence of impermeable was not observable inside the
cells, suggesting that very few or no cells became non-viable while adhering to the
scaffolds. Similar to the previous staining procedure, the PC12 cells showed prominent
adherence while the SH-SY5Y cells showed weak adherence and fell off the scaffolds in

significant quantities during the live/dead assay staining process.
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Figure 3.4: Live/Dead assay of PC12 and SH-SY5Y cells after 72 hours of incubation. Very few
cells are seen as the majority of the cells have been inadvertently sloughed off and washed away
during the staining process. The cells also seemed to fall off easily during the staining procedure
as they were not fixed in this live cell assay. The fibroin also inadvertently absorbed the
fluorophores, causing background noise. The images were taken with a wide-field fluorescence

microscope using UV lamp and filters for different wavelengths of incident light.

3.4.4 Cell Metabolic Activity Assay
Resazurin-resorufin (Alamar Blue) assay showed significant growth of PC12 cells in 3D
environment. The SH-SY5Y cells failed to adhere, as seen in images previously, and

grow significantly on 3D scaffolds.

92



Chapter 3: 3D Neuronal Cell Culture on Fibroin Cell Carriers Fabricated by 3D Inkjet
Bioprinting

B2 n B 48 h 72 h|

400 -

3504 ™ m T
3004
250 -
200 -
150 -
100 -

Fluorescence Intensity (a.u.)

8))
o O
| I

Figure 3.5: Metabolic Activities of PC12 and SH-SY5Y cells obtained by the resazurin-resorufin
or alamar blue assay. The SH-SY5Y cells are known to form clumps especially in the absence of
growth factor, such as retinoic acid, and consequently showed lack of adherence and significant
growth on 3D carriers. (*** p <= 0.05).
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Figure 3.6: Metabolic Activities of PC12 and SH-SY5Y cells obtained by the resazurin-resorufin
or alamar blue assay after subtracting the | fluorescence intensities of metabolic activities of cells
growing in V-bottom plates in absence of any cell carrier from the 3D culture fluorescence intensity
data. Thus, this graph shows the absolute fluorescence intensities of cells growing only on the

carriers. (*** p <= 0.05).

3.4.5 Culture with Nerve Growth Factor

Culturing the PC12 cells with nerve growth factor (NGF) mixed in the medium showed a
higher proliferation rate and onset of differentiation as shown in the fluorescence images
taken 72h post seeding in Figure 3.7. The scanning electron images of cells on scaffold
is shown in Figure 3.8. Some of the cells clearly show onset of differentiation marked by
the distinctive growth of dendrites. A differentiation experiment with SH-SY5Y cells could

not be conducted due to their failure in adhering to the 3D scaffolds.
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Figure 3.7: Z-stacked fluorescence images of PC12 cells obtained after 72 hours of culture in
medium containing nerve growth factor (NGF). The cells showed greater adherence and
spreading as the NGF aids in growth of protoplasmic extension marking the onset of dendritic
growth. The images were taken with a wide-field fluorescence microscope using UV lamp and
filters for different wavelengths of incident light.

3.4.6 Characterization with SEM

Differentiating PC12 cells on fibroin scaffolds were imaged with scanning electron
microscope (FEI Inspect F). Some of the cells showed cytoplasmic extensions indicated
by red arrows while a few showed dendritic growths indicated by blue arrows in the

Figure 3.8.
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Figure 3.8: SEM images of the PC12 cells grown on silk fibroin cell carrier in media containing
NGF and imaged after 72 hours of culture. The red arrows indicate undifferentiated cells, while
the blue arrows indicate differentiating cells along with cytoplasmic extensions and dendrite

growth. The sample preparation for SEM caused a significant number of cells to slough off.

3.5 Discussion

3D culture of cells is an advancement over the conventional plate-based culture of
adherent cells. Among the innumerable areas of cell-based research, in vitro brain tissue
and ganglion models are an important area for understanding neurodegenerative
diseases. In that regard, a 3D neuronal cell culture platform using fibroin scaffolds or cell
carriers was developed in this study. Rat pheochromocytoma PC12 cells and human
neuroblastoma SH-SY5Y cells were used in the study and cultured on fibroin scaffolds

fabricated using 3D reactive inkjet printing. The PC12 cells adhered on the scaffolds as
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observed in the fluorescence images and showed significant proliferation as observed in
the resazurin-resorufin assay for assessing cellular metabolic activity. The SH-SY5Y
cells, in contrast, failed to adhere strongly and did not show significant proliferation. The
undifferentiated SH-SY5Y cells are known to form mounds or clumps of cells and
appeared similarly clumped in the images obtained in this study. This caused poor
adhesion of SH-SY5Y cells on the scaffolds resulting in their frequent sloughing off the
scaffold surface. The nerve growth factor (NGF) helped initiate differentiation in PC12
cells as evident by the cytoplasmic extensions and growing dendrites at different stages
in the SEM images. Additionally, the NGF also helped the cells adhere more strongly to
the scaffold surface as observed in the fluorescence images.

The work in this chapter is expected to inspire further research in the area of cell
patterning in 3D and achieving guided and directional neuronal growth in 3D. An example
of expected pattern of growth of neuronal cells in 3D, while maintaining their native shape
without getting affected by gravity, is illustrated in Figure 3.9. This model gives flexibility
in the development of both 3D culture carrier or scaffold as well as 3D nerve guidance

carriers to facilitate axon and dendrite growth in the required pattern in 3D.

Figure 3.9: Simplified schematic and exemplary illustration of nerve cells after differentiation while

adhering to 3D cell carriers of desired shape which is determined by the desired growth pattern.
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3.6 Conclusion and Future Prospects

This study shows the applicability of developing 3D cell cultures by using an inkjet
bioprinter to fabricate 3D cell carriers in any desired geometric shape. In this study, PC12
and SH-SY5Y cells were grown on millimetre-sized 3D fibroin cell carriers. Neuronal cell
PC12 growing on differently-shaped fibroin cell carriers, which are fabricated by 3D inkjet
bioprinting, can be shown to divide and proliferate. The PC12 cells adhered to the cell
carriers, maintained their native spherical shape and showed increase in cell number
over the 72 hours of observation period. Additionally, the PC12 cells also showed
differentiation in the form of dendrite growth on culturing them in nerve growth factor. In
the future, this technique is supposed to be applied for 3D cell micropatterning of the
nerve cells. It differently shaped fibroin scaffolds can also be used as in vitro or in vivo
nerve guidance conduits for treating nerve degeneration and repairing nerve damage.
Additionally, this 3D culture can be used as a model and a template for growing and
differentiating stem cells in 3D culture for applications in adoptive cell transfer based

therapies.
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4.1 Abstract

In this study, the application of 3D reactive inkjet printing technology to precisely fabricate
millimetre-sized self-propelled motors (SPMs) from regenerated silk fibroin and with well-
defined shapes is reported. The resulting 3D structures are an example of self-propelled
particles (SPPs) capable of generating motion without external actuation and have
potential applications in medicine and environmental sciences for a variety of purposes
ranging from micro-stirring biological assays and sensing water quality. 3D inkjet printing
generated well-defined solid silk structures at millimetre-scale by converting water
soluble regenerated silk fibroin (silk 1) to insoluble silk fibroin (silk II). SPMs in four
different geometric shapes, each utilising two different propulsion mechanisms, were
analysed and compared in terms of their propulsion behaviour, such as instantaneous
velocity decay, RPM fluctuations over time and overall propulsion trajectory. The two
propulsion mechanisms were bubble propulsion through catalysis and surface tension
gradient through surfactant leaching. For catalytic propulsion, the structures were
selectively doped in specific regions with the enzyme catalase in order to produce motion
via bubble generation and bursting in hydrogen peroxide solution. For surface tension
propulsion, non-doped structures were propelled through surface tension gradient
caused by leaching of PEGaoo surfactant in DI water. The results demonstrated the ability
to tune the motion by varying the dimensions or geometric shapes of the printed
structures and by varying the propulsion mechanism. It was observed and concluded
that the simple 1-arm geometric shape propelling with surface tension gradient caused
by the leaching of surfactant leads to faster propulsion velocities with smooth
deceleration. In comparison, bubble propulsion was observed to be slower and jerky and

uneven in deceleration.
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4.2 Introduction

Self-propulsion is the ability of an object or particle to generate its own movement in a
fluid medium. Such self-propelled objects or particles can employ a variety of propulsion
mechanisms which could be categorised as physical, chemical and biological
propulsions. Taking inspiration from natural self-propelling systems, a wide variety of
artificial self-propelled motors (SPMs) have been developed for applications in an equally
diverse variety of fields. Such artificial SPMs employ a variety of propulsion mechanisms
to produce motion, which can be categorized as either physical propulsion or chemical

propulsion [10, 124, 125, 177-179].

4.2.1 Physical Self-Propelled Systems

Physical propulsion mechanisms include various physical forces that can induce self-
propulsion are surface tension gradient, temperature gradient, light energy [180],
acoustic energy [181], magnetic field [122, 123], and electric field. Surface tension driven
camphor boats, exemplifying self-propelled particles (SPPs), are an old historical
example [182, 183]. First scientifically documented in the 17th century, it took nearly two
centuries to fully understand that the phenomenon of self-propulsion of camphor particles
on water surface occurs due to surface tension gradient, a phenomenon which is also
called Marangoni effect. Surface tension is a physical property of fluid surfaces to acquire
the least possible surface area. It resists distortion and thus can also be defined as
energy required to increase surface area of a liquid by a given amount [184]. Marangoni
effect occurs due to non-equilibrium in surface tension, that is, different parts of the fluid
surface momentarily have different tensions thus resulting in a gradient in the stress force
[185]. Within such a gradient, heat and matter on a fluid surface always show the
tendency to travel to regions of higher surface tension [186]. In optical or light-dependent
systems, near infra-red illumination is used to cause a temperature gradient which

propels the particles, a phenomenon called as thermophoresis [180, 187]. Sound waves
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in the ultrasonic range have enough sound pressure gradient to drive nano- to micro-
meter sized particles [181]. In magnetism-dependent systems, particles made of
magnetic materials, such as ferromagnetic and superparamagnetic materials, can be
oriented and set into motion under an external magnetic field [188]. Electrical
mechanisms cause propulsion in two ways, namely, electrophoresis which drives
charged particles under a direct current (DC) electric field gradient, and dielectrophoresis
which drives neutral particles under an alternating current (AC) electric field gradient
[189]. Catalysis induced bubble production and burst leading to thrust is another category
of physical propulsion mechanism. A common technique of bubble propulsion in
research is catalase induced decomposition of hydrogen peroxide into water and oxygen.
Another example is a dual-catalyst system embedded on carbon nanotubes in which
glucose oxidase decomposes glucose into hydrogen peroxide, which is then quickly
decomposed by catalase, producing oxygen bubbles, which cause propulsion of the
nanotubes. It is a system that does not require hydrogen peroxide as fuel in the

surrounding media and can, thus, be applied in a wider variety of liquid media [190].

4.2.2 Chemical Self-Propelled Systems

A common chemical propulsion mechanism is to use catalytic or enzymatic activity to
either generate motion producing gradients or generate bubbles that impart momentum
to the object when they detach. Chemical reactions can lead to a variety of changes in a
particle or in the surrounding environment in a fluid or at an interface that set the particles
in motion. Catalysis is a common form of chemical mechanism causing self-propulsion.
Several catalysis-induced reactions form such products which occupy much larger
volume than the reactants. For utilizing this mechanism, in a study, the enzyme urease
was trapped inside carbon nanotubes, which is then propelled in a liquid medium
containing urea as fuel. Urease decomposes urea into ammonia and dissolved carbon

dioxide, which expands in volume and is released out as liquid nanojet, providing
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propulsion to the nanotubes [191]. Previous studies have investigated several catalytic
and chemical SPMs, including polystyrene beads with platinum nanoparticles and
chromium adsorbed on the surface [177], gold-platinum bimetallic Janus nano-rods
[178], magnesium Janus micro-stirrers or motors [124], micro-stirrers or motors made of
a magnesium core and titanium dioxide shell with embedded gold nanoparticles [125],
and silk fibroin Janus micro-rockets with catalase embedded within the scaffold [10].
Enzymes, however, are not the only source of catalytic reactions. Platinum, deposited
on micron-sized polystyrene beads, acts as a catalyst inducing the breakdown of
hydrogen peroxide into water and oxygen. The second mechanism which provides
propulsion to the beads is self-diffusiophoresis, in which, a sudden increase in local
dissolved oxygen concentration drives the beads into motion [177, 192]. The third
mechanism of chemical propulsion is catalysis-induced self-electrophoresis in
asymmetrically designed particles. In a study, electron movement within the gold-
platinum Janus particles caused self-propulsion in the particles. Electrons move from
platinum to gold because both catalyse hydrogen peroxide decomposition, but in
different ways [193]. A non-catalytic chemical reaction can also provide gradients strong
enough for propelling colloidal particles. In a study, magnesium-core titanium-dioxide-
shell particles propel in water as magnesium reacts vigorously with water, producing
hydrogen bubbles. The propulsion lasted for as long as 18 minutes until the whole
magnesium core dissolves away leaving behind hollow shell [125]. In light-dependent
systems, photocatalytic reactions from high energy UV-light lead to chemical changes,
such as, ion concentration gradient, which propel the particles. One example is

aggregation and dissociation of AgsPO4 microparticles in response to UV light [194].

4.2.3 Biological Self-Propelled Systems
In theory, individual living organisms are considered as self-propelled systems with

several magnitudes of size range. These biological ‘SPSs’ utilize the same physical and
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chemical propulsion mechanisms, as described above, but in a more complicated and
ordered manner. They obtain energy from their surroundings through biological
processes, such as, nutrition, photosynthesis and respiration, and utilize it for movement
(phototaxis, chemotaxis, etc.) and locomotion (flight or fight behaviour, flying, running,
etc.) in response to a variety of stimuli, such as, light, temperature, pH, sight, sound,
smell, etc. Micro-organisms, such as, bacteria and protozoans, display more observable
similarities to self-propelled particle systems. Colony forming micro-organisms, such as,
Staphylococcus and Volvox, and swarming organisms, such as, ants, honey bees, fishes
and birds, display ordered collective motion similar to active matter systems. At the
fundamental level, the living organisms ‘propel’ with the help of biological molecular
motors, which exhibit well-orchestrated self-propulsion behaviours. The FoF:1 ATP
synthase molecules are rotating machines that drive ATP synthesis by creating an
electrochemical gradient of protons across the inner membrane of mitochondria. Other
molecular motors include cilia and flagella, which are locomotory cellular organelles. The
natural occurrence of SPP systems inspire the design and fabrication of artificial SPP

systems.

4.2.4 Applications and Current Study

Self-propulsion is an area of active research in order to engineer and produce SPMs with
desired qualities and controllability for a variety of applications. Depending on the
intended application, SPM size can range from a few nanometres to a few centimetres.
Such custom-made SPMs have multitudinous potential applications in biomedical
sciences, biomedical research and environmental science research. Examples include
medical diagnosis of diseases with lab-on-a-chip devices [188], loading and in vivo
targeted delivery of therapeutics [195], environmental remediation, e.g., cleaning of olil
spills [124], and photocatalytic degradation of chemical and biological warfare agents,

such as Bacillus anthracis and nerve agents [125]. In hydrodynamics, different
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propulsions of SPMs in different fluids help in determining unknown parameters, such as
surface tension, viscosity and Marangoni force. [196].

It is therefore desirable to be able to produce SPMs that undergo specific trajectories,
such as long linear trajectories for transport or rotational trajectories for micro-mixing
applications. The focus in this study is on rotational motion for micro-mixing or stirring of
biomedical assays and finding out which geometric shape and propulsion mechanism
offers the best results out of the alternatives tested in this study. Owing to its diverse
applications, there is no single established method to fabricate SPMs, but for biomedical
and environmental applications, it is essential to use a material which is biocompatible,
biodegradable, eco-friendly, readily available, cheap and allows easy fabrication of
complex SPMs. Regenerated silk fibroin (RSF) is one such biomaterial that fulfils all
these parameters along with being also approved by the Food and Drug Administration
(FDA).

In this study, millimetre-size self-propelled motors made of regenerated silk fibroin using
3D reactive inkjet printing were made to propel in liquid medium through catalysis and
surface tension gradient. Catalyst-substrate reaction and surface-tension gradient were
utilised as energy sources for demonstrating two different SPM propulsion mechanisms.
The enzyme catalase and its substrate hydrogen peroxide were used for driving SPMs
through catalytic reaction (herein called “catalytic SPMs”). The surfactant poly (ethylene
glycol) or PEG (MW = 400) was used for driving SPMs through surface tension gradient,
a phenomenon which is also known as the Marangoni effect (herein called “Marangoni
SPMs”). Within both propulsion mechanisms, the SPMs were printed in four different
geometric shapes, as shown in Figure 4.2, in order to analyse the effect of geometry on
the propulsion behaviour and trajectories.

In catalytic SPMs, the enzyme catalase was used as the "engine” to generate propulsion
with hydrogen peroxide solution being used as the aqueous fuel medium. Catalase is an
enzyme found in the peroxisome organelles of almost all the cells of most living
organisms, from bacteria to humans. It catalyses the conversion of hydrogen peroxide
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(H20,), a source of reactive oxygen species (ROS) into the harmless products, namely,
water and oxygen [197]. It thus protects the cells from oxidative damage caused by ROS.
In cells, the product oxygen readily dissolves into the surrounding aqueous medium. At
a larger scale, however, a larger quantity of oxygen is produced, assembling together in
the form of bubbles and providing propulsion to the particles. Catalase is one of the
fastest known enzymes clocking at 800,000 catalytic events per second and is limited
only by diffusion rate [197]. It can thus generate enough amount of oxygen bubbles and
resulting force in order to propel millimetre-sized particles. The release of oxygen
bubbles from the enzyme sites of the SPMs generates a force onto the particle causing
it to undergo propulsion in the opposite direction of the bubble release [10] as shown in
Figure 4.7 a. The H>.0, decomposition reaction is a first order reaction with respect to
both catalase and H>O» and therefore, it is a second order reaction overall. It means that
the rate of reaction increases linearly with an increase in the concentration of either of
the two reactants. The catalase found in humans has a tetrameric structure, consisting
of four subunits as shown in the ribbon diagram in Figure 4.1. Each subunit is made up
of a polypeptide chain (=500 amino acids), a haeme group and an NADPH molecule
[198]. Catalase breaks down two molecules of hydrogen peroxide at a time into two
molecules of water and one molecule of oxygen. This break down is a two-step process.
In the first step, the haeme (Fe®*) reduces an H,O, molecule to water and generates a
covalent oxyferryl species (Fe**=0). In the second step, oxyferryl oxidizes a second H,0,
molecule to molecular oxygen (O-) and releases the ferryl oxygen species as water [198].
The pH of a 5% solution of commercially available H»O» usually varies between 5 and 7
[199]. Catalase has been found to be stable at this pH range without any significant loss
in its enzymatic activity [200]. Encapsulation of catalase inside the porous fibroin scaffold
ensures further enzyme stability for extended periods of time as has been shown
previously [10, 201]. On the body of a catalytically driven SPMs, different positioning of
the catalytic engine sites as shown in Figure 4.2 a—d resulted in different propulsion
behaviour and trajectories [177].
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Figure 4.1: Ribbon diagram of the structure of bovine liver catalase (image obtained from Protein
Data Bank. PDB ID: 1tgu).

Marangoni effect is the name given to the tendency of matter and energy to flow from a
region of low surface tension towards a region of high surface tension along the interface
of two fluids, such as the air and water interface [186, 202, 203]. Marangoni effect can
be visualised if an object floating on water surface gets propelled owing to a sudden
change in the surface tension in the object’s vicinity. Substances capable of causing
such sudden changes in surface tension are called as surface-active agents or
surfactants. Poly (ethylene glycol) or PEG is one such substance. As a solute-solvent
mixture has a lower surface tension than the pure solvent, any substance, which is
soluble in water can act as an agent to cause Marangoni effect on water surface. In
Marangoni SPMs, the design is kept consistent and similar to the catalytic SPMs by
keeping the engine-equivalent regions devoid of any catalase as shown in Figure 4.2 e—
h. The continuous leaching of PEGa.y from the SPMs with asymmetry in weight
distribution causes the rotational propulsion as shown in Figure 4.7 b.

In pursuit of generating efficient micro-stirring motors, it is necessary to fabricate SPMs
with well-defined geometric shapes and engine positions and compare the different

geometric shapes and powers of the engine. SPMs printed with engine or engine-
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equivalent sites off centre gave the SPMs an asymmetry that resulted in rotational motion
rather than random or predominantly linear motion. This approach also made it simple
to manufacture SPMs in a variety of shapes and design configurations defined by
computer-aided design (CAD), thus allowing easier and more accurate controllability on
the desired movement during practical applications. This study provides a blueprint for
the manufacturing SPMs with RSF at millimetre scale. The use of inkjet printing for
manufacturing RSF micro-stirring motors opens the door for the highly versatile
production of SPMs from materials, such as fibroin, which are not otherwise able to be
deposited or fabricated through other means, such as evaporation. The motivation for
this study is also to evaluate a possible application for these microstirring devices to

overcome current diffusive transport limitations observed in biological assays [204].

4.3 Experimental Methods

4.3.1 Materials
The list of materials is described in Chapter 2, Section 2.1. Additionally, catalase
enzyme derived from bovine liver (>20,000 units/mg) was purchased from Sigma Life

Science and hydrogen peroxide was purchased from Sigma Aldrich.

4.3.2 Preparation of Fibroin Ink for Printing

The process of preparation of fibroin ink for 3D reactive inkjet printing is described in

Chapter 2, Section 2.2 - 2.7.

4.3.3 3D Inkjet Printing Process

The process of 3D reactive inkjet printing is described in Chapter 2, Section 2.11 - 2.12.
Additionally, for printing the catalytic engine sites of the catalytic SPMs, fibroin solution
at 40 mg/mL was mixed with PEGao0 at 14 mg/mL and catalase at 5 mg/mL (with catalytic

activity of >20,000 units/mg) to formulate a second primary ink (ink 2). As mentioned
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previously, the contrasting blue colour of the SPMs imparted by Coomassie brilliant blue
mixed in the curing methanol (ink 3) helped in their easy recognition and automated
tracking after propulsion. Additionally, in this study, the three inks and their separate
channels required the use of three jetting devices during printing. Each channel needed
to have its unique jetting parameters adjusted to ensure that each ink gave a good and
stable droplet formation as shown in Figure 2.19. These parameters are dependent on
specific jetting device and ink and, therefore, need to be adjusted accordingly. Following
is the serial order of stage-wise printing of the different inks:

Stage 1. printing of Ink 1 (main body)

Stage 2: printing of Ink 3 (curing ink)

Stage 3. printing of Ink 2 (catalytic ink for engine sites) or Ink 1 (Marangoni SPMs)
Stage 4: printing of Ink 3 (curing ink)

Stage 5: repeat Stages 1-4 as required for the desired number of layers (e.g., 100).

Four simple geometric shapes of SPMs were designed for comparing the effect of
geometry on propulsion behaviour as shown in Figure 4.2. The 1-engine and 2-engine
SPMs were straight lines. In 1-engine catalytic SPM, the enzyme is positioned on the
side of one end. In 2-engine catalytic SPM, the enzyme is located on the alternate sides
of the two ends. In 3-engine and 4-engine catalytic SPMs, the enzyme was positioned
on the same side of the ends of all the arms in order to give directionality during
propulsion. The length and width of the printed SPMs were approximately 1.25 x 0.3 mm
for each arm as measured from the light micrographs using ImageJ.

For Marangoni SPMs, same geometry was used except that the composition at the
bulging tip of the arms or the engine-equivalent regions was kept the same as the rest

of the body.
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Figure 4.2: Computer generated illustration of the four geometrical designs of the catalytically
driven and surface tension driven SPMs as observed through the Microsoft Excel spreadsheet
graph plots. The blue and red colours represent the main body and the catalase positions of the
SPMs named as (a) 1-engine, (b) 2-engine, (c) 3-engine, and (d) 4-engine. In the Marangoni
SPMs, the whole body of SPMs is uniform in composition and named as (e) 1-engine equivalent,
(f) 2-engine equivalent, (g) 3-engine equivalent, and (h) 4-engine equivalent. The bulging design
of the engine and engine-equivalent parts at the tip of the SPM arm also provides asymmetry to
the mass distribution and thus favouring rotational motion by imparting differential drag when

propulsion force is generated.

4.3.4 Characterization of SPMs

The SPMs were characterized using light microscopy and scanning electron microscopy,
whose working principles are described in detail in Chapter 2, Section 2.13. For
acquiring light micrographs, freshly fabricated SPMs were imaged as shown in Figures
4.2 and 4.3. For SEM, images were taken separately with both unused (pre-propulsion)
and used (post-propulsion) SPM samples. Unused and used SPMs were removed from
the silicon wafer and bulk solution, respectively, and transferred onto 10 mm wide carbon
sticky pads mounted on aluminium scanning electron microscopy (SEM) stubs. The
samples were dried in a drying oven for 10 min at 60 °C. The sample stubs were then
loaded onto the sputter coater stage and 50-100 nm of gold is sputter coated (argon
plasma at 0.05 Torrs) onto the samples, ensuring a homogeneous gold surface coverage
of the sample. Afterwards, the sample stubs were removed from the sputter coater,

loaded onto the SEM stage and imaged under vacuum at 5.0 kV. Care was taken not to
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use very high acceleration voltages, which can burn the silk and give rise to false features

in the images.

4.3.5 SPM Propulsion

The SPMs were propelled under room temperature (~ 20 °C) at a fluid interface, which
means the boundary between two fluid phases (liquid or gas). For catalytic SPM
propulsion, the silicon wafer slide with imprinted SPMs was dipped in water for a few
minutes to remove the SPMs off the wafer surface and to wash away PEGuaoo. A glass
Petri dish was cleaned with deionised water and wiped clean ensuring that the surface
remained dust free. 10 mL of 5 % w/v H>O, solution was then dispensed into the Petri
dish and left to equilibrate. A washed SPM was then transferred carefully on the tip of a
syringe needle and placed in the centre of the Petri dish on H>O; solution. At this stage,
the catalase in the SPM instantly started to catalyse the breakdown of hydrogen peroxide
into water and oxygen with bubble formation around the engine part of the SPM. The
oxygen bubbles provided force to the SPM which started propelling with circular or
rotating motion. The Marangoni SPMs, on the other hand, were taken off the silicon wafer
directly with the help of a sharp needle and placed on deionised water for carrying out
the surface tension driven propulsion. The 12-well plates, with 23 mm well diameter,
were selected for propelling Marangoni SPMs owing to their extremely fast initial
velocities which caused them to run out of the camera frame. In case of catalytic SPMs,
90 mm Petri dish was chosen to make sure that enough H,O» was present so that it didn't
become a reaction-rate limiting factor. Additionally, as catalytic SPM propulsion was
much slower than Marangoni SPM propulsion, no catalytic SPM propelled out of the

video frame.
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4.3.6 Propulsion Data Acquisition

The bottom of the Petri dish or 12-well plate was lit up with a cool-white LED light-source
(AGPtek Lightpad) and a high speed PixeLink™ CCD colour camera (model: PL-
D732CU-T), fitted with Navitar™ macro zoom lens (1-60135 zoom tube lens with 1-6010
camera coupler attachment), was used to capture and record the SPM propulsions,
which were saved as AVI files. A total of 12,000 frames were captured per video per
SPM at the rate of 100 frames per second, giving a total length of 120 seconds per video.
Each video was then analysed for tracking the trajectory of the moving SPM using a
custom-built developed programme built in the LabVIEW platform (National Instrument
Corporation, USA). After recording, ImageJ was used to generate image sequence from

the video frames for all the sensors.

4.3.7 Tracking & Trajectory Analysis

Automatic tracking was done by importing the video of a propelling SPM into the custom-
built LabVIEW tracking programme as shown in Figure 4.3. In this programme, the
coordinates of each SPM were tracked on its two ends frame by frame by calculating the
linear displacement of the tracking points between two consecutive frames as shown in
Figure 4.6. The LabVIEW algorithm then analysed the tracking data, reporting the mean
instantaneous velocities of both ends of the SPMs together with the calculated centre of
mass velocity. The tracking programme calculated instantaneous velocities in each
frame by locating an SPM’s spatial positions in two consecutive frames, calculating the
SPM'’s spatial displacement between the frames, and then dividing the displacement by
the time difference between the two frames (frame rate). Together with this, the trajectory
direction angle and orientation angles over time were calculated indicating the rotational
velocities of the SPMs. After tracking was finished, the data was automatically compiled

and exported in a Microsoft Excel file.
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The instantaneous velocity was calculated as SPM displacement divided by the time
taken for displacement between two consecutive video frames by the programme using

the following equation:

_ V (%—%1)*+(y2—y1)°
Vinst =
t,—t,

Here, x, and y. are the position coordinates in second frame, while x, and y: are the
position coordinates in the first frame. Likewise, t, — t; is the time between the two
consecutive frames (Atrame). The values obtained for each frame were then used for

determining the velocity decay of SPMs over time.
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Figure 4.3: Image of the Front Panel of the LabVIEW programme which is the GUI for conducting
tracking of SPM propulsion.

4.3.8 RPM Counter

In order to accurately count the number of rotations and calculating RPM, | wrote a

compact programme in the LabVIEW platform which imports and reads the excel file
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consisting of the instantaneous angles of orientation obtained from the tracking data and
then outputs the RPM. The GUI of the programme is shown in Figure 4.4 with the left
half showing the Front Panel and the right half showing the Block Diagram. The rate of
change of RPM was calculated by finding the times taken by angles of orientation to
complete the consecutive cycles of 360° and then plotting the obtained values over the

120 seconds of observation time period.
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Figure 4.4: Image of the Front Panel and Block Diagram of the LabVIEW programme which |
made for calculating the RPM by counting the repeats in the angle of orientation of the SPMs.
The programme simply counts the crests / troughs in a graphical data, which in this case, were
the angles of orientation observed over 120 seconds of propulsion of various SPMs.

4.3.9 Statistics

The instantaneous velocities and angular or rotational angles (®) of the propelling SPMs
were generated once every 0.01 seconds, which was the time gap between two
consecutive video frames. This gave a total of 12,000 data points for instantaneous
velocity and angular position for a 120 seconds long video. These instantaneous
velocities and angular positions or angles of orientation (®) were then plotted against

time (t) to generate the instantaneous velocity decay curve and angular velocity decay
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curve of each SPM. Next, the change in angular orientation (8®) between two
consecutive video frames was plotted against the change in time (&t) between two
consecutive video frames. This generated the graph showing rate of change of angular
velocity or RPM (deceleration or acceleration) of each SPM. All the graphs were plotted

in Origin™ 2020.

4.4 Results

The light micrographs of freshly printed catalytic and Marangoni SPMs are shown in
Figure 4.5 and 4.6, respectively. In the catalytic SPMs, the rectangular red regions show
the engine part where fibroin is doped with catalase. In the Marangoni SPMs, the
rectangular red region shows the engine-equivalent part which ensures that the design
of SPMs remains consistent across the catalytic and Marangoni propulsions. Several
satellite droplets are also seen deposited around the SPMs which get away once the

SPMs are removed from the silicon wafer substrate.

1000 pm

Figure 4.5: Light micrograph of freshly fabricated catalytic SPMs with catalytic (a) 1-engine, (b)

2-engine, (c) 3-engine, (d) 4-engine, shown in red box.
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1000 pm

Figure 4.6: Light micrograph of freshly fabricated Marangoni SPMs with (a) 1-engine equivalent,
(b) 2-engine equivalent, (c) 3-engine equivalent, (d) 4-engine equivalent regions shown in red

box.

The schematic illustration in Figure 4.7 shows the propulsion mechanism of catalytic
and Marangoni SPMs by taking a 1-engine SPM and a 1-engine equivalent SPM as
examples. In a catalytic SPM, the hydrogen peroxide present in the surrounding medium
gets decomposed into water and oxygen at the engine site. The oxygen molecules, thus
produced, assemble and form bubbles which eventually burst and produce the thrust
needed to propel the SPM in the opposite direction. In a Marangoni SPM, the leaching
of PEGaoo occurs throughout the SPM body with the main concentration at the engine-
equivalent bulging part. As mentioned previously, the bulging design of the engine and

engine-equivalent part also provides an asymmetry which causes rotational motion.
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Figure 4.7: lllustration of the two types of propulsion mechanisms analysed in this study. (a)
Catalytic propulsion, which is a physical mechanism caused by the thrust produced from the
bursting oxygen bubbles. It shows the catalytic breakdown of hydrogen peroxide into water and
oxygen by catalase embedded in the SPMS's scaffold at desired location (shown in red). (b)
Surface tension driven propulsion originating from concentration gradient caused by the

continuous leaching of a surface-active agent PEGaoo.

High magnification images of the SPMs were obtained using a scanning electron
microscope to analyse the topography of the catalytic and Marangoni SPMs both before
as well as after their propulsion. As evident in Figure 4.8 a — b, the engine part of the
catalytic SPM showed smooth texture before propulsion and a rough and punctured
texture after propulsion. The punctures indicate the site of catalytic reaction and oxygen
bubble formation. On the other hand, the engine-equivalent part of the Marangoni SPMs
showed visibly smooth textures both before as well as after propulsion as shown in
Figure 4.8 ¢ — d. This is because of the smooth and continuous leaching of PEGaoo
molecules which are significantly smaller than the oxygen bubble produced vigorously at
certain weak points on the catalytic SPM surface. The irregularly sized punctures at the
reaction sites on the catalytic SPMs also indicated the lack of regularity in bubble
production which in turn resulted in irregular or jerky motion as observed during the real

time propulsion.
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Figure 4.8: (a — b) SEM images of the main body and catalase engine part of a catalytic SPM.
(a) Catalytic SPM before exposure to 5% w/v H202 fuel solution. (b) Catalytic SPM after exposure
to 5% w/v H20:2 fuel solution. Pores can be clearly seen on the engine surface in the SEM images
of the SPMs originating from the oxygen bubble release. Images on the right are enlargements
of the red boxed regions. (c — d) SEM images of the main body and engine-equivalent part of a
Marangoni SPM. (c) Marangoni SPM before exposure to DI water (d) Marangoni SPM after
exposure to DI water. No significant differences are observed in the morphology or surface

features between the pre-propulsion and post-propulsion images.

For tracking the motion of the SPMs, two extreme points, as indicated by green X’
symbol in Figure 4.9, were manually selected on each SPM after importing their
propulsion videos in the LabVIEW tracking software. These points continuously tracked
the SPM displacement frame-by-frame and traced the overall path as red and green lines
as seen in the time-lapse images in Figure 4.10, 4.12 and 4.13. The linear displacement
shown in purple arrow helped in automated calculation of the instantaneous velocity by
dividing the displacement by time taken between two frames. The change in angle of

orientation ¢ over time was measured to obtain data on rotations per minute.

Motion
direction

Tracking points

Figure 4.9: Schematic representation of SPM tracking over two consecutive frames. ‘A’ and ‘B’
indicate tracking points and C indicates the centre of mass. The symbol ¢ indicates the angle of

orientation. SPM trajectory direction is indicated by the curved black arrow.
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Before comparing the effects of geometry and propulsion mechanism on SPM motion,
two different layers of thickness in SPM fabrication were compared for catalytic SPMs
as a trial model. To analyse this effect of mass difference on SPM propulsion, 100 layers
thick catalytic 1-engine SPM was compared against the 200 layers thick one. Figure
4.10 shows the selected frames from the extracted image sequence of the propulsion
video of the two SPMs. Figure 4.11 shows the angle of orientation of the two SPMs over
a period of 30 seconds and showing clearly that the more catalase content in 200 layered

SPM allowed higher RPM.
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Figure 4.10: Select video frames of two 1-engine catalytic SPMs propelling in 5% H20. aqueous
solution showing the trajectory over time at select timestamps up to 30 seconds. (a) 100-layer
SPM; (b) 200-layer SPM. Here, the droplet ejection frequency was 4 droplets per jetting, thus
giving 4 times thicker layers compared to the later experiments where bubble and Marangoni
SPMs were printed at 1 droplet per jetting.
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Figure 4.11: Comparison of angle of orientation (¢) for 100-layer (60 + 6 rpm) and 200-layer (100
* 10 rpm) catalytic 1-engine SPM.

As mentioned previously, for the comparison between geometry and propulsion
mechanisms, all SPM samples were fabricated in 100 layers. The select video frames
from the propulsion of catalytic and Marangoni SPMs are shown in Figure 4.12 and 4.13.
As clearly visible from the edgy red and green tracking lines, all four geometric shapes
of the catalytic SPMs showed jerky motion in comparison to their Marangoni
counterparts, which showed smoother and circular tracking lines. Visual inspection of the
extent and density of the tracking lines in the frames also showed that the Marangoni
SPMs were able to propel over much larger areas in comparison to the catalytic SPMs.
Figure 4.14 compares the instantaneous velocity decays of one representative SPM
belonging to each of the four geometric shapes and each of the two propulsion
mechanisms. Here, it can be deduced that the 1-engine equivalent Marangoni SPM

showed the smoothest deceleration or change in instantaneous velocity.
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Figure 4.12: Select video frames of catalytic SPMs propelling in 5% H20:2 fuel solution showing
the trajectory over time at select timestamps up to 120 seconds. (a) 1-engine, (b) 2-engine, (c) 3-
engine, and (d) 4-engine. Here, the droplet ejection frequency was 1 droplet per jetting so that
the SPMs don’t become too thick and dampen propulsion too early due to the excessive quantity
of enzyme.
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Figure 4.13: Select video frames of Marangoni SPMs propelling in Dl-water showing the
trajectory over time at select timestamps up to 120 seconds. (a) 1-engine equivalent, (b) 2-engine
equivalent, (c) 3-engine equivalent, and (d) 4-engine equivalent. Here, the droplet ejection
frequency was 1 droplet per jetting so that the SPMs don’t become too thick and dampen
propulsion too early due to saturation of interface with surface active agent.
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Figure 4.14: Instantaneous velocity deceleration of a representative SPM for the four catalytic
SPMs and the four Marangoni SPMs.

The total number of RPMs of one representative SPM from each of the four geometric
shapes and each of the two propulsion mechanisms are shown in Figure 4.15 and 4.16.
The RPMs are shown as the number of changes in the angle of orientation over the 120
second period. It is clearly evident that the Marangoni SPMs undergo a rapid change in
angle of orientation which is several times higher than that of the catalytic SPMs. Within
catalytic propulsion, the 3- and 4- engine SPMs showed relatively smoother propulsion
in comparison to the 1- and 2- engine SPMs. This might have happened as the higher
number of catalase-doped sites in 3- and 4- engine SPMs would assure that more
bubbles were formed and available for propelling the SPM and thus leading to lesser
periods of rest when no bubble burst. Within Marangoni propulsion, the 1- and 2- engine
equivalent SPMs showed relatively smoother and longer sustained propulsion in
comparison to the 3- and 4- engine equivalent SPMs. This could be attributed to the
simpler geometry and relatively slower and consistent rates of surfactant leaching from

the 1- and 2- engine equivalent SPMs.
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Figure 4.15: Angle of orientation of representative catalytic SPMs of the four geometric shapes

over the propulsion period of 120 seconds.
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Figure 4.16: Angle of orientation of representative Marangoni SPMs of the four geometric shapes

over the propulsion period of 120 seconds.

The mean RPM of each type of SPM within both propulsion mechanisms were calculated

from the data on angle of orientation using the LabVIEW RPM counter programme and

are presented in Figure 4.17. Overall, the RPMs of Marangoni SPMs were found to be

around ten times more than the catalytic SPMs. Within Marangoni propulsion, the 1- and

2- engine equivalent SPMs showed much higher RPM averaged throughout the 120

seconds of observation time.
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Figure 4.17: Mean RPM with standard deviations of mean of catalytic and Marangoni SPMs.

From the data on angle of orientation and mean RPM, it is difficult to decipher whether
the RPM of the SPMs decelerated evenly or showed high degree of fluctuations
throughout the observation period of 120 seconds. Accordingly, the rate of change of
RPM of representative SPMs were plotted against time as shown in Figure 4.18. Similar
to the data in angle of orientation and mean RPM, the Marangoni SPMs showed around
ten times higher degree of fluctuation in the rate of change or deceleration of RPM.

However, the 1-engine equivalent Marangoni SPM showed the least fluctuation.
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Figure 4.18: Fluctuation in RPM of catalytic SPMs (left) and Marangoni SPMs (right) over 120

seconds of observation time period. One representative sample from each of the four geometries

is shown here.
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45 Discussion

At a fluid interface, any particle moves if it has forces, such as thrust and concentration
gradient, acting on it. On the other hand, forces, such as the viscous force, oppose
particle propulsion by imparting drag. Additionally, the opposing forces of buoyancy and
gravity also affect propulsion. In this study, in catalytic SPMs, the bulging regions contain
the enzyme catalase causing the catalysis of hydrogen peroxide and oxygen bubble
production in these regions. The bubbles, on bursting, create a thrust and push the SPMs
in the opposite direction leading to propulsion. Additionally, the core PEG is supposed to
make the SPP structure more porous after getting washed out, allowing easier interaction
of catalase and H>O; and bubble burst [10]. In Marangoni SPMs, change in concentration
gradient causes change in surface tension and subsequent propulsion. During
propulsion, the SPM position remains parallel to the fluid surface and as the SPMs are
much larger than 100 microns, their propulsion is not affected by Brownian motion.
Owing to the design of the SPMs, there is an uneven mass distribution, with more mass
on the bulging end. The bulging end of arms of SPMs was designed to keep the geometry
same for both the propulsion mechanisms and to provide an asymmetry in mass
distribution with an intent to cause an uneven drag on the SPMs which manifested as
rotation as the primary form of propulsion as the SPMs were pushed by bubbles or

surface tension gradient.

4.5.1 Effect of Geometry

In the catalytic SPMs, no distinguishing difference was observed among the four shapes
in their mean instantaneous velocity decay, mean RPM and rate of change of RPM. In
the total RPM, however, different SPMs showed different results. In the Marangoni
SPMs, 1-engine and 2-engine equivalent SPMs showed motion throughout the 120
seconds period whereas the 3-engine and 4-engine equivalent SPMs showed drastic

reduction in motion after 40-50 seconds. This could be attributed to the increasing
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complexity of geometry which interfered with the free and smooth rotational motion and
also to the relatively larger amounts of leaching surfactant causing the quicker
dampening of surface tension gradient. However, the mean RPMs of both 1-engine and
2-engine equivalent SPMs have higher standard deviation than those of the 3-engine
and 4-engine equivalent SPMs. Even though both 1-engine and 2-engine equivalent
Marangoni SPMs showed a higher mean RPM and a larger total number of RPMs, the
1-engine equivalent SPM showed considerably less jerk and a smooth deceleration or
decay of instantaneous velocity over time than the 2-engine equivalent SPM. Short
propulsion life and relatively uneven propulsion of complex geometries favour a simpler

design, such as a straight line of the 1-engine equivalent Marangoni SPMs.

4.5.2 Effect of Propulsion Mechanism

In catalytic SPMs, bubbling is not smooth and causes uneven periods of rest and motion
throughout the propulsion. The irregular pattern of bursting of bubbles also poses a
problem in providing accuracy in predicting the motion. In Marangoni SPMs, fibroin
scaffold causes PEG to release slowly, continuously and consistently over long periods
of time, rather than leaching out all at once, resulting in smoother motion and
deceleration. Though around 10 times slower in the instantaneous velocities measured
at same time intervals, the propulsions of catalytic SPMs last as long as those of the
Marangoni SPMs and also surpass in case of 3-engine and 4-engine SPMs after 40-50
second mark. This is because the decomposition of hydrogen peroxide by catalase is a
first-order reaction with respect to either reactant and is affected only by the
concentration of hydrogen peroxide which is available in plenty. From the image
sequence of the video frames, it is clear that the spatial extents over time are much larger
in all Marangoni SPMs in comparison to their catalytic counterparts. Due to their faster
propulsion velocities, smoother velocity decay, and usability in virtually any neutral fluid

medium, the Marangoni SPMs are preferred over the catalytic ones for microstirring
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applications. Unpredictable and slower motion and the limitation in fluid choice in
catalytic propulsion favours the surface tension driven propulsion, such as the PEGuaoo

powered Marangoni SPMs.

4.6 Conclusion

Even though nano and micro scale self-propelled motors or particles have been
extensively studied, very little research has been conducted on macroscopic millimetre-
sized SPMs [205]. In this study, two propulsion mechanisms were compared in four
geometric shapes of millimetre-scale self-propelled motors fabricated from silk fibroin
using 3D inkjet printing technology. Up to 120 seconds of propulsion and tracking data
were obtained for each sample. The data were obtained from the mean of values of 5
samples for each type of SPM, whereas, instantaneous velocity decay over time and
angular velocity or RPM fluctuation and deceleration over time were shown for one
representative SPM from each sample type. The results obtained in this study reveals
that the surface tension driven propulsion of SPMs with simple geometry shows smooth
deceleration and sustains propulsion for extended periods of time, observed and
measured up to 120 seconds, and is, therefore, most suitable for micro-stirring
applications in biomedical assays, such as for inducing fluid flow in diffusion rate limited
assays [204]. Additionally, surface tension driven particles can be applied in almost any
fluid media as long as the leaching surface active agent is chemically neutral with the
fluid. The study in this chapter helped establish the ground for the study conducted in
Chapters 5 in which a surface tension driven SPM, with an even weight distribution in
design, has been used as a sensor to indicate minute changes in surface tension and

act as a generic marker for dissolved contaminant level in wastewater samples.
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5.1 Abstract

In this chapter, | report the potential of using printable propelling sensors as quantitative
indicators of soluble organic pollutant concentration in water samples containing different
dilutions of sewage wastewater. I, for the first time in my knowledge, utilized 3D reactive
inkjet printing technology for fabricating self-propelling sensors which can quickly
determine the contaminant level by indicating the probable surface tension value of a
water sample. The sensors were fabricated from regenerated silk fibroin which is an
environmentally neutral and biodegradable material. Inkjet printing has the advantage of
high resolution and precise deposition of materials and it thus helps in the fabrication of
small millimetre-sized sensors doped with PEGao0, Which acts as the ‘fuel’ to drive the
sensors on the water surface through the surface tension gradient, a phenomenon which
is called the Marangoni effect. The results showed that the sensor’s propulsion velocity
decay rate is an excellent metric to determine the surface tension which in turn indicates
the water quality. Precise quantification of this data by a hand-held image analysis
system in the future will provide an excellent method to quickly assess, in less than a

minute, the water quality in the field.
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5.2 Introduction

This study concerns with the use of propelling sensors to determine water quality through
surface tension detection. Water pollution has been a major challenge to the global
sustainable development as it adversely impacts the environment and poses a threat to
the survival of various species including humans in the long term. World over, the
sources of fresh or potable water, such as groundwater, are becoming scarce due to
much higher rates of anthropogenic depletion than the rate of natural recharge [206-
209]. The human population living under water scarcity has increased from around 14%
of global population to around 58% of global population in the 2000s [210]. Moreover,
many fresh water sources are becoming increasingly polluted and require increasing
treatment to be suitable for drinking and cooking [211-215]. In many areas simple field
tests could be valuable to determine the quality of a water resource for potable use, for
example with respect to ground water resources. This is even more important if the
reclaimed water is targeted for recharging tanks, wells and groundwater in arid
geographical areas and remote human settlements where water scarcity and/or lack of
water treatment plants forces the local population to depend on any available water
source [216]. In remote areas, access to simple pollution indicator test could be a
valuable tool to improve water safety. Such tests could also be used to check efficiency
of water treatment systems that are in place. Simple field friendly water quality tests to
determine inflow of wastewater discharge into rivers in the field could also be useful to
determine if combined sewer overflows near urban areas are spilling at a higher
frequency than permitted [217]. Likewise simple water quality indicator tests could be
useful for emergency responses in natural disaster areas where there can be an acute
need to indicate cross contamination between wastewater and potable water resources
[218].

Current available field methods for assessment of water quality often relies on chemical

sensors which requires a source of power and are relatively costly in procurement.
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Alternatively, samples are collected for detection of markers of pollution. Moreover, there
are a number of factors or incidents which can cause an unintended ingress of municipal
wastewater into a natural water body, including sanitary sewer overflows, and
misconnections in separate sewer systems where home appliances are mistakenly
connected to the storm sewer rather than to the sanitary sewer [219, 220]. The
misconnections put a significant pollutant load onto natural water bodies [220]. These
are usually infrequent and localised events and the in situ pollutant detection is therefore
difficult to conduct. The detection methods rely on a number of marker compounds that
would only be present in household discharge. These markers can be either chemical or
biological and vary in difficulty of detection, with only a few being detectable rapidly and
in situ [219, 221-223].

Different regulations in different countries require the detection of different biological and
physicochemical pollutants as indicators of water quality [224]. In the past, several
studies have been conducted to detect different pollutants in fresh water. For example,
using spectroscopic techniques and LIDAR (light detection and ranging), it is possible to
remotely detect minute quantities of oil pollutants at levels substantially below that in oil
slick [225]. Another study found that the presence and density of coliphage viruses can
be used as an indicator of the faecal pollution level in contaminated natural waters, such
as rivers. This is because coliphages are consistently detected in all contaminated water
samples in comparison to other viruses [226]. Another study was conducted to detect
the hydrogen sulphide levels in drinking water as an indicator of levels of the hydrogen
sulphide producing coliform bacteria [227]. UV-Vis spectrometry is also a simple yet
accurate analytical method to quantify various pollutant indicators, such as turbidity,
chemical oxygen demand and biological oxygen demand [224]. Even though these
studies provide new techniques with significant results, none of them seems plausible to
be deployed on the field for a quick and generic quantification of water quality to detect
whether a seemingly clean water sample is actually pollutant free or not owing to the
requirement of sophisticated equipment and chemical tests.
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Many kinds of soluble pollutants are present in effluents coming out from domestic and
industrial sewage [228]. Such impurities have a potential to act as indicators of the
presence and level of contamination or pollution. Direct detection of soluble pollutants
requires sophisticated laboratory equipment [228], however one of the effects of soluble
contaminants, in most cases, is lowering of the surface tension of water. In such a
situation, it would be beneficial if a cheap, simple and fast field-test exists that could
detect water purity level on a preliminary basis. A rapid in situ detection of surface tension
could therefore be an important first indicator of wastewater ingress in a water system.
Such a test will be specifically useful for screening drinking water supplies in rural,
remote and arid areas and in those urban areas where there is a limit of resources, such
as, laboratory facilities, skilled manpower and ample amount of time [227].

Sewage wastewater is a complex mixture of water, dissolved and particulate matter,
micro-organisms and pollutants, such as heavy metals, micro-plastics and detergents
[229]. Any simple or complex mixture of soluble contaminants in a water sample acts as
a solute in a solvent. As stated previously, the presence of a solutes, surfactants and
other miscible compounds affects the surface tension of a liquid or solvent depending on
their surface excess or surface concentration [230-232]. Thus, several of the impurities
or contaminants present in wastewater also cause a decrease in its surface tension.
Here, we exploited this phenomenon to devise printable and surface tension gradient
driven self-propelling sensors with millimetre-scale dimensions whose motion properties
reflect surface tension values, and thus, can act as a generic indicator for the overall
impurity level in the water sample for simple detection of water quality in the field. The
silk fibroin sensors, that we investigate here for this application, continuously leach a
soluble surface-active compound, poly (ethylene glycol) (MW = 400) (PEGaoo), to create
a surface tension gradient. This causes motion at the air-water interface via the
Marangoni effect [12]. In previous studies by Zhang et al. [12] and Gregory et al. [11], it
has been demonstrated that it is possible to control the propulsion behaviour of these,
and other related devices, by varying their composition and structure during manufacture
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via reactive inkjet printing. It was also described that the propulsion behaviour of the
Marangoni effect driven stirrers propelling in varying concentrations of an aqueous
anionic surfactant, sodium dodecyl sulphate (SDS), correlated with the solutions’ surface
tension. Specifically, the stirrers’ number of revolutions per minute (RPM) during
rotational propulsion was found to decrease as the concentration of SDS increased from
0.3 mM to 1.0 mM [12]. The aim of the present work is to determine whether this
propulsion system can consequently be utilised to distinguish between wastewater
samples of different surface tensions, with sufficient resolution so that it can indicate their
quality differences by, ideally, only requiring observation of the sensors’ motion by eye

without any further complicated analysis of propulsion behaviour.

5.3 Experimental Methods

5.3.1 Materials

The materials required for the fabrication of fibroin self-propelled sensors are described

in Chapter 2, section 2.1.

5.3.2 Collection of Wastewater

Urban wastewater (WW) containing a mixture of domestic and industrial wastewater was
used in the experiments as it is a highly contaminated source of water and can be diluted
down to represent any natural and artificial water source, such as rivers, ponds and
urban supply water. The wastewater was collected from the inlet of a large wastewater
treatment works serving about 185000 PE. The wastewater was inlet wastewater
collected from a sewage treatment plant (Woodhouse Mills Wastewater Treatment Plant
in Sheffield, UK) after it had been passed through coarse and fine screening to remove
large debris and grit, but before any chemical or biological treatment had been done.
The sewage was collected in 500 mL bottles and stored at 2 °C for use in the

experiments.
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5.3.3 Wastewater Sample Preparation

The collected wastewater was diluted down to four different concentrations of 10%, 5%,
3% and 1% for the experiments by adding different amounts of deionised water. In
addition, 100% pure deionised water (henceforth called wastewater-0% or WW-0%) was
also used for comparison and to understand how soluble contaminants affect water’s

physical properties in terms of its chemical oxygen demand and surface tension.

5.3.4 Characterization of Wastewater: Chemical Oxygen Demand

The chemical oxygen demand of wastewater samples was measured by the COD
cuvette test (LCK 514, Hach Lange Ltd, UK) using a COD spectrophotometer (Hach
Lange Ltd, UK). For each reading, 2 mL of the wastewater samples were used in each
analysis following the manufacturer’s instructions. A reaction with 2 mL of deionized
water was used as blank. The cuvettes were then heated to 148 °C for 2 hours in a
thermostat. The spectrophotometer was calibrated using COD standards with

concentrations of 0, 100, 200, 300 and 400 mg/L COD.

5.3.5 Characterization of Wastewater: Surface Tension

The detailed process of surface tension measurement is described in Chapter 2,
Section 2.8, Sub-section 2.8.1. Briefly, the surface tensions of the different wastewater
samples were measured by a tensiometer (KRUSS GmbH) with a standard platinum
plate probe measuring 19.9 x 10 x 0.2 mm in dimensions and having an immersion depth
of 2 mm in the sample. Five measurements were taken for each WW sample to obtain
the mean values along with their standard deviation of mean. 10 mL of sample was taken
for each measurement conducted at an ambient temperature of around 20 °C. Each
measurement was run for 50 minutes generating 3000 readings, of which, the last 10
readings were averaged automatically by the tensiometer to give the final reading of the

surface tension of the sample.
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5.3.6 Sensor Fabrication by 3D Inkjet Printing

The process of 3D reactive inkjet printing is described in Chapter 2, Section 2.11 - 2.12.
The water quality detecting sensors were fabricated in a shape similar to the letter ‘Z’.
The propelling sensors were fabricated from regenerated silk fibroin (RSF) solution,
which was prepared using the process described in Chapter 2, Section 2.2 —2.7. In this
study, the concentrations of RSF and PEGuaq were kept at 40 mg/mL and 20 mg/mL,
respectively. The raw materials, RSF and PEGao used for fabrication, are easily
accessible and safe to use, thereby keeping the cost of fabrication minimal and having
no risk of environmental hazard. PEGaq acts as the fuel to propel the sensors as it
leaches out from them into the water, thus, causing a local decrease in the surface
tension which causes propulsion due to the Marangoni effect [11, 12]. During fabrication,
150 layers of primary ink was printed on a silicon wafer substrate to yield one batch of
Z-shaped sensors. Each layer of the primary ink was cured with a layer of methanol
mixed with Coomassie brilliant blue dye to provide contrasting blue colour to the sensors
for better visibility. The dimensions of the mid-section and the two arms of the Z-shaped
sensors were, respectively, set to be approximately 2.0 mm and 0.5 mm. Figure 5.1
schematically illustrates the process of RIJ printing alongside a representative light

micrograph of a freshly printed sensors.
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(a) Stage 1: RSF + PEG @ (b) Stage 2: Methanol
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Figure 5.1: Schematic illustration of the layer-by-layer process of reactive inkjet (RIJ) printing of

Z-shaped sensors from regenerated silk fibroin (RSF) / PEGaoo (primary ink) and methanol (curing
ink). (a) Stage 1 is the deposition of the primary ink to form the body of the indicators. (b) Stage
2 is the deposition of the curing ink to transform the soluble random coil proteins of silk fibroin into
the insoluble [(-sheet structure. Additionally, this stage provides visibility to the otherwise
transparent sensors due to the deposition of Coomassie brilliant blue dye mixed in the curing ink.
(c) Stage 3 is the final fabricated 3D structures formed after 150 consecutive repetitions of the
stages 1 and 2. (d) Image-adjusted light micrograph of a section of the silicon wafer with freshly

printed sensors.

5.3.7 Sensor Propulsion in Wastewater

After the printing was over, the individual sensors were taken off of the silicon wafer
substrate very carefully using a fine needle, making sure that no physical damage or
distortion occurs. The PEG4oo-doped sensors were then placed on the surface of pure or
deionized water having a conductivity of < 1 uS/cm (wastewater-0% or WW-0%) and the
four previously diluted concentrations of the sewage wastewater (WW-1%, WW-3%,
WW-5%, and WW-10 %) for the propulsion test. Each printed sensor was used for a
single propulsion test after which it was discarded. This was repeated 5 times for each
of the wastewater concentrations. For each experiment, 4 mL of the appropriate liquid
sample was placed in a 3 cm diameter well of a 12-well plate. The sensor propulsion was

video-recorded at 100 frames per second (fps) for 60 seconds, totalling to 6000 frames,
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using a PixeLink™ CCD colour camera [model: PL-D732CU-T] fitted with Navitar™
macro zoom lens [model: 1-60135 zoom tube lens with 1-6010 camera coupler
attachment]. After recording, ImageJ was used to generate image sequence from the

video frames for all the sensors.

5.3.8 Propulsion Trajectory Tracking and Analysis

The process of propulsion recording, tracking and data analysis was similar to the
process described in Chapter 4, Section 4.3, Sub-section 4.3.6 —4.3.7. The propulsion
trajectory was tracked using an in-house built tracking programme based on LabVIEW™
(National Instruments Corporation, USA). After importing the video in the tracking
software, the two edges of a sensor were pinpointed for tracking which were eventually
traced throughout the video frame-by-frame to generate the propulsion path of the
sensor. The software also calculated the instantaneous velocities (vinst) at the edges and
the centres of each of the sensors in each frame, which were analyzed for determining
the rate of decay of propulsion velocity of a sensor over the observation time of 60
seconds. The vinst Was obtained as micrometres per second for each of the frame, thus,
totalling to 6000 data points, which were then smoothed by adjacent averaging in
Origin™ and plotted as velocity—time graph to observe vins: decay over the 60 second

period.

5.3.9 Statistics

The process of statistical analyses was similar to the process described in Chapter 4,
Section 4.3, Sub-section 4.3.9. The data from measurements of chemical oxygen
demand and surface tension were plotted in Origin. The instantaneous velocities of the
propelling sensors were generated once every 0.01 seconds, which was the time gap
between two consecutive video frames. This gave a total of 6,000 data points for

instantaneous velocity for a 60 seconds long video. These instantaneous velocities were
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then plotted against time (t) to generate the instantaneous velocity decay curve of each
sensor. Next, the time taken by the sensors to reach half and quarter of their initial
instantaneous velocities was calculated and averaged for all the samples for plotting as
a bar chart along with respective standard deviation of mean. All the graphs were plotted

in Origin™ 2020.

5.4 Results

It is important to know the amounts of dissolved organic pollutants in the wastewater
used in this experiment and relate it to its surface tension. For this, the chemical oxygen
demand (COD), a measure of the organic matter content, of the collected wastewater
was used. Triplicate samples were analysed for COD and the average was 370 mg/L 6
mg/L. This COD is relatively low for this wastewater treatment works, where more typical
dry weather COD values would be between 600 and 700 mg/L, indicating a slight rain
impact on the samples, but still a significant content of domestic wastewater in the
samples. The wastewater samples used in the surface tension experiments was diluted
to contain, 0%, 1%, 3%, 5% and 10% of this wastewater meaning that the samples would
have had COD values of 0, 3.7, 11.1, 18.5 and 37 mg/L, respectively, as shown in Figure
5.2 (a).

Next, | considered crucially if the level of contaminants in the wastewater in different
samples corresponded to a change in surface tension, which is the key link required to
enable our proposed sensing method. Figure 5.2 (b) shows the surface tension (ST)
values of the 5 different water samples calculated using a tensiometer (KRUSS GmbH).
The ST values of the wastewater diluted to the concentrations of 0%, 1%, 3%, 5%, and
10%, respectively, are 72.4 +0.14, 71.3 +0.11, 69.2 +0.07, 64.4 £0.25, and 59.4 +0.24
mN/m (here, 0% means deionised or pure water). The surface tension changes from 0%
to 3% WW are slight, becoming become more significant above WW-3%. The

observation that the surface tension does not simply follow the dilution series suggests
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some complex phenomena are present in these solutions, which would require more
sophisticated chemical analysis to fully understand. Nevertheless, this data establishes
the required link between the amount of wastewater in the sample and its surface

tension.
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Figure 5.2: Correlation between the amount of contaminant, measured as Chemical Oxygen
Demand (COD), and surface tension of different dilutions of the wastewater. COD was estimated
from the absorbance values measured in absorbance units (au) in a spectrophotometer. The
oxygen concentrations of WW-0%, WW-1%, WW-3%, WW-5% and WW-10% were measured to
be 0, 3.7, 11.1, 18.5 and 37 mg/L, respectively, and their mean surface tension values were
measured to be 72.35, 71.34, 69.22, 64.38 and 59.42 mN/m, respectively. Standard deviation of

mean is shown as error bars in red.

Having established this link, we proceeded to investigate the motion of the propelling
sensors in each waste water dilution. Figure 5.3 (a — e) shows the selected time
sequence frames of propulsion trajectory of one representative sensor from each
wastewater concentration. After observing all the propulsion behaviours from all
wastewater samples, we have systematised and classified the propulsion behaviour of
the sensors into three main patterns, which are revolution, zig-zag and rotation as
illustrated in Figure 5.3 (f — h). We define these patterns as follows: (1) Revolution is the

smooth circular motion of a sensor along the periphery and around the centre of the well;
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(2) Zig-zag is the to-and-fro motion of a sensor between the central region and the
periphery with an overall circular motion around the centre of the well; (3) Rotation is the
circular motion of a sensor roughly around its own centre of axis. For the WW-0%
sample, the propulsion trajectory clearly followed one or more of the three main patterns
as shown in Figure 5.3 (a). In addition, the motion remained smoothly decelerating
throughout the 60 seconds of the observation period. On increasing wastewater
concentration, even though the three motion patterns were observed, the propulsion
deceleration became less and less smooth, such as in Figure 5.3 (c — d). As the
wastewater concentration is increased even further, the three patterns became less
evident, with the sensor propelling in WW-10% moving only with a momentary jerk and
coming to an almost halt in less than 5 seconds in all samples. These differences in the
observed sensor propulsion patterns suggest that the decreased surface tension
confirmed for higher concentration wastewater samples may be disrupting the
Marangoni effect driven motion, and decrease the time up to which the sensor can keep
propelling. This is in line with the previous reports of loss of rotation rate as surface
tension was reduced in simple water-surfactant solutions [11, 12]. However, without
further analysis, it is not possible to unambiguously link all of the observed motion
changes with surface tension, as other chemical compositional changes or changes in
the sample’s fluid properties may also interfere with propulsion, albeit to a lesser degree.
Figure 5.3 (i — n) shows the SEM images of a sensor before and after propulsion with
little morphological difference observed in the magnified images, similar to a previous
study [12]. This suggests that the rigid structure of the sensor is porous enough to allow
PEGa400 molecules to simply diffuse out without causing excessive micrometre-scale

structural changes or damages to the sensor morphology.
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Figure 5.3: Time sequence of sensors with PEG400 propelling in wastewater samples at
concentrations (v/v %) of (a) 0% (b) 1% (c) 3% (d) 5% (e) 10%. One small blue coloured sensor
can be seen propelling in each well, with the propulsion trajectory marked by red and green
coloured lines positioned at the two edges of each sensor. (f — h) lllustration of the three main
types of propulsion behaviour shown by the surface-tension-driven sensors. The red-black arrows
indicate supposed direction of leaching of PEG400. (f) Revolution along the periphery of the well;
(9) Zig-zag or see-saw motion between centre and periphery of the well; (h) Rotation along its
own centre of mass. (i — n) SEM images of the sensors (i) before propulsion, (j — k) with
maghnification; (1) after propulsion, (m — n) with magnification. The post-propulsion SEM images

show mild erosion of the surface topography.

The time of occurrence and duration of a specific pattern of motion could not be
successfully predicted. Thus, it can be said that the type of sensor propulsion pattern is
not indicative of the water quality or the contaminant concentration and the resultant ST.
This makes it difficult to estimate the surface tension or contaminant level of the given
water sample just by visually observing a sensor’s propulsion pattern. However, both
gquantitative and qualitative consistent changes in motion can still be distinguished,
regardless of the overall pattern of motion. In particular, the rate of decay of velocity of
the sensors was found to be a useful metric, as described below.

The frame-by-frame vinst data is used to determine how much time the sensors take to
reduce to half and quarter values of their initial propulsion velocities. Figure 5.4 (a — b)
shows the mean times taken by five sensors per wastewater concentration to reach the
half and quarter values of their initial velocities. The mean values are plotted as bar graph
with error bars representing the respective standard deviation of mean. The data in the
graphs show that there are significant differences between the vi,s: decay half-life and
quarter-life of the sensors propelling in WW-0%, WW-1% and WW-3%. The difference,
however, becomes insignificant between WW-5% and WW-10%, suggesting that the
technique employed in this study is readily applicable to detecting very low levels of
impurities, which cause very little difference in surface tension values. This reflects the
high sensitivity of the propulsion mechanism to surface tension. Figure 5.4 (c —d) shows

the actual instantaneous velocity (vinst) decay rates of one representative sensor
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propelling in each of the 5 wastewater concentration samples. The vinst values are plotted
as line graph against time, thereby showing their gradual deceleration or decay over
time. Similar with the half-life and quarter-life data, the representative vins: decay rates
also show significant differences among the vi.s: of sensors propelling in WW-0%, WW-
1% and WW-3% but not between WW-5% and WW-10%. One important feature to notice
is that the vinst decay rate is not dependant on the initial velocity of the sensors. For
instance, as observed in Figure 5.4 (c — d), the initial velocity of the sensors in WW-0%
is much less in comparison to those of the sensors in WW-1% and WW-3%. However,
the vinst decay rate is much lower for the sensors propelling in WW-0% than the sensors
propelling in all other samples. Selected videos frames of the representative sensors are

also depicted as image sequences in Figure 5.3 (a —e).
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Figure 5.4: (a — b) Mean instantaneous velocity (mean vinst) decay times of the PEGaoo containing
sensors propelling in different wastewater samples. The decay is assessed as the time taken for

the mean vinst to reach half and quarter of its initial value. (¢ — d) Instantaneous velocity (Vinst)
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decay rates of one representative sensor over a period of 60 seconds. Each line in the graphs is
taken from the one representative sensor which has its vinst half-life and quarter-life values closest

to the mean half-life and mean quarter-life values shown in the bar graphs in ‘a’and 'b’.

Note that also, during the sensor propulsion, the vins: decay rates show minor deviations
in the form of minute crests and troughs as can be seen in the line graphs in Figure 5.4
(c =d). In the primary ink, silk fibroin and PEGago are completely miscible with each other
which makes the primary ink a very homogeneous mixture. However, as the RIJ printing
technique has millimetre-scale resolution, the formation of the rigid and insoluble silk
fibroin B-sheets within the sensors remains uneven at molecular level. This causes an
uneven distribution of PEGaoo throughout the three-dimensional structure of the sensors
as they get fabricated layer-by-layer during RIJ printing, leading to an unpredictable rate
and direction of leaching of PEGaoo out of different regions of the sensor at the air-water
interface, that could account for these variations, and also explain the different motion
patterns described above. Similar observation have also been reported in other studies
using silk fibroin—PEGa0o sensors [12] and water soluble camphor [233] propelling at the

air-water interface through the Marangoni effect.

5.5 Discussion

Having concluded that the instantaneous velocity decay is the best way to tell the
difference between water samples irrespective of which of the 3 main propulsion patterns
occurs, | considered potential practical deployments of the sensors for testing. In this
regard, the best readout method was to use a timer and observe the total propulsion time
or the time the sensor takes to reach to a halt, which as explained earlier, was notably
different among the different concentrations of the wastewater sample. From there, the
surface tension of a wastewater sample could be roughly estimated. As the ultimate
objective of this study was to be able to visually distinguish the differences in propulsion

behaviour in order to readily diagnose a water sample, it was important to focus on those
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results which hugely differ from each other (WW-0% vs. all other, WW-1% vs. all other,
WW-3% vs. all other) instead of those which marginally or insignificantly differ from each
other (WW-5% vs. WW-10%). On visual inspection of the sensor propulsion, it could be
deduced that between the 0% and 5% samples or 1% and 10% samples the difference
in propulsion velocity and vins: decay times were significant enough to be detectable and
viably discernible by human eye. This difference was relatively too subtle between the
3% and 5% or 5% and 10% samples to be detectable by eye. For that, in the future, an
image analysis based detection system could be developed which could use a mobile
phone’s camera to continuously scan and capture the sensor propulsion on the field and
match it online against a video library of calibrated sensor propulsion data to roughly
estimate the surface tension and, thus, obtain the miscible waste or contaminant
concentration values in a water sample. Thus, a better resolution in this quantitative
analysis based approach could be envisaged. Afterwards, if a sample is found to contain
a large amount of contaminants, then it can be sent from the field to a laboratory for
further investigation so that the water sample source can be treated to prevent
widespread contamination.

The fact that this techniqgue was able to detect very low concentrations of pollutants
makes it a very attractive technique because it could be seen that sensor propulsion
behaviour shows marked difference between WW-0%, WW-1% and WW-3% whereas
the tensiometer data may not be precise enough at such small differences in the miscible
contaminant or impurity levels. The advantage of the technique used in this study is not
just the ease of reproducibility of the sensor’s precise geometry and composition, but
also the sensor’s ability to quantify the generic contaminant or impurity level at very low

concentrations in a water sample.
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5.6 Conclusion

In this study, | succeeded in propelling the millimetre-sized sensors through the dynamic
alteration in surface tension gradient at the air-water interface. | also showed that the
propulsion behaviour of the printable sensors was strongly dependent on miscible
pollutant (solute) concentration which in turn could act as a diagnostic tool for the
detection of pollutant level in a given water sample. The decay rate, half-life and quarter-
life of the sensors’ instantaneous velocities in different samples showed a strong
correlation between the wastewater dilution factor, its surface tension and the propulsion
pattern of the sensors, which could be recorded as well as visually inspected and

analyzed to form of a predictable trend.
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Chapter 6: CONCLUSION AND FUTURE PROSPECTS

3D inkjet bioprinting has become a common technology for use in both research and
industry. It is used for a variety of applications for fabricating structures with a bottom-up
approach, which is very cost-effective and consumes much less resources and raw
materials in comparison to the more common and conventional top-down material
fabrication technologies. In this thesis, we have seen the versatility of 3D inkjet
bioprinting and inkjet printed 3D fibroin structures in different areas of research. | have
presented and discussed the results which | obtained on applying 3D inkjet bioprinting
of silk fibroin to 3 different areas.

The first area is biomedical science where | use printed silk fibroin scaffolds for cultivating
neuronal PC12 and SH-SY5Y cells on them. The fibroin scaffolds were used as cell
carriers for 3D culture and proliferation to develop a 3D cell culture model and to present
this model as a potential 3D nerve guidance conduit. Such 3D culture environments help
cells maintain their native and physiologically relevant spherical shape. Different shapes
of the cell carriers also help differentiate nerve cells in desired patterns. In this study,
though the PC12 cells showed adherence, the SH-SY5Y cells failed to show significant
adherence on the scaffolds. This makes the study open ended with significant scope for
improvement and integration of material engineering to develop better methods of
formulating a more cell adhesive fibroin which is more supportive of cell growth for use
as cell carrier and nerve guidance conduit both in vitro and in vivo.

The second area is the exploration of physics of differently shaped and differently
propelled millimetre-scale self-propelled motors to compare their different propulsion
behaviour and determine the best motor to act as micro-mixing devices in biomedical
applications. The results showed significantly smoother and predictable motion in case
of the SPMs with simpler geometric design and surface tension driven propulsion

compared to relatively more complex designs and catalytic propulsion.

150



Chapter 6: Conclusion and Future Prospects

The third area is environmental science where | utilised the surface tension driven
millimetre-scale self-propelled sensors as a tool to decipher the approximate surface
tension of a given water sample, thereby acting as an indicator of the water quality.
Different dilutions of real-world wastewater sample were used in this study and the
results showed a significant correlation between the surface tension of water sample,
which was determined by its pollutant concentration, and the velocity deceleration of the
sensor propelling in the sample.

3D inkjet bioprinting is a fast-evolving tool with continuous additions of technological
advancements in it design and process. With respect of silk fibroin, there is a huge scope
for further improvements and efforts will be made to print fibroin along with a wider range
of other materials to print hybrid products. Multi-nozzle printhead systems of various
sizes, integrated into an inkjet bioprinter and their independent dispensing of multiple
biomaterials is also a hugely promising approach to print highly scalable multi-material
structures at high speeds.

In recent years, 4D inkjet bioprinting has attracted increasing attention, and is believed
to be the next generation of biofabrication technique. 4D inkjet bioprinting is capable of
fabricating dynamic 3D biological constructs that can be stimulated to change behaviours
by using stimuli-responsive materials [234]. The inks for use with 4D inkjet bioprinting,
or smart inks, containing biomaterials, cells, growth factors, and other physical and
chemical agents, can be dynamically controlled, for example, through targeted protein
folding, DNA origami, and anisotropic biomaterials, to carry out required activities with
the printed structures. Additionally, integration of different printing techniques can be a
promising avenue to overcome current technical bottlenecks of 3D inkjet bioprinting. For
instance, extrusion bioprinting, which suffers from low resolution while possessing high
printing speed, can be combined with high resolution inkjet printing to fabricate large
volumetric tissues. Several research groups and companies have, over the years,
developed different types of inkjet bioprinting tools and methodologies which would
require a convergent evolution in the future along with the establishment of broad
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universal principles which would dictate the application of 3D inkjet bioprinting in different
cases and with minimal drawbacks. The continuous optimization of printing parameters,
evolution of the printing equipment, and adjustment of ink formulations are attempts to
make inkjet bioprinting more accurate, advanced and relevant to the specific
requirements. Such ongoing studies will help eliminate the current disadvantages, such
as lack of commercial scalability which is posing as a roadblock to a much wider

acceptance of the inkjet bioprinting technology.
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