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ABSTRACT

Bacterial attachment and subsequent biofilm formation are the cause for most
healthcare-associated infections, leading to both morbidity and mortality. As the post-
antibiotic era dawns on us, there is an urgent need to fully understand material-
performance relationships for specific biological applications. This facilitates to move
towards rational design of improved biomaterials.

In this thesis, a step change in formation and screening from planar 2D to particulate
3D surfaces was achieved. A library of microparticles composed of (meth)acrylates
was generated using photopolymerisation with either piezoelectric inkjet printing or
microfluidics. The surface chemistry and topography of the generated particles was
fully characterised prior to bacterial biofilm formation testing with Pseudomonas
aeruginosa. Microfluidics has been shown to be the superior particle fabrication
methodology, yielding significantly more microparticles with enhanced properties and
uniformity. Microparticles formed using microfluidics were perfectly spherical in shape,
exhibited narrow size distributions and low average surface roughness alongside a
mostly defect-free surface. By comparing inkjet printing with microfluidics in terms of
particle properties and yields, the differences in performance were related to the
disruptions caused by crossing a phase boundary in the inkjet printing system; from
gaseous to liquid. For both techniques, adding a surfactant was necessary to obtain
stable droplet formation. Assessing the effect of particle surface chemistry,
architecture and size on P. aeruginosa attachment was complicated by the presence
of surfactant on both microfluidic and inkjet printed particles. Poly(vinyl alcohol-co-vinyl
acetate) (PVA) demonstrated biofilm resistant properties both as bulk and surfactant

but with varied efficacy depending on the PVA content.

The novel contribution of this work is the generation of a microparticle library of 20
(meth)acrylates made from photocrosslinkable monomers with inkjet printing and
microfluidics. For the first time, this study presents a comparison between the two
particle fabrication methodologies with respect to microparticle production and
characteristics. The work presented in this thesis has provided insights towards the
identification of material-property relationships for P. aeruginosa attachment to
particles. In prospect for the future, the vision is to progress this effort for applications
that require particle delivery into the body such as medical devices with low-fouling

coatings, drug delivery and cell carriers in regenerative medicine strategies.
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Chapter 1 - Introduction

1. INTRODUCTION

1.1. BACKGROUND

Micro- and nanoparticles are of great interest because of their potential for trafficking
into the body for applications such as low-fouling coatings on medical devices, drug
delivery in pharmaceutics [1] and cell carriers in regenerative medicine strategies [2,3].
In the past, polymeric microparticles have been fabricated by a number of techniques
including emulsion polymerisation [4], phase separation [5] and spray drying [6]. In
order to allow for industrial uptake in a high throughput manner, the current low
production rates, lack of control over particle characteristics and the inability to readily
access a library of available materials with tailored and designed properties need to

be overcome.

A recent versatile manufacturing technigue called inkjet printing has attracted attention
in the research community due to its capability to precisely deposit picolitre volumes
of fluid in well-defined patterns without the need for masks [7,8]. In this thesis, inkjet
printing, specifically piezoelectric drop-on-demand inkjet printing, is compared against
microfluidics, an alternative, well-established particle fabrication methodology. Both
techniques show potential to overcome the low production rates whilst increasing the

control over particle characteristics.

This research is focused on the extension of materials discovery through the use of
novel fabrication technigues, particularly from planar 2D sample formats (e.g.
microarrays) to 3D microparticles, for specific biological applications. To fully exploit
the benefits of materials discovery, a combinatorial particle library was generated.
Photopolymerisation, which allows in-situ polymerisation while ensuring a close
spatiotemporal control, is employed as a method for crosslinking microparticles with a
wide range of chemistries. In order to identify new and to optimise existing materials,
a full understanding of material-performance relationships is required for a desired
application. In this work, microparticles formed using piezoelectric inkjet printing and
microfluidics were comprehensively analysed with regards to their surface chemical
and structural properties before being tested for their bacterial attachment using
Pseudomonas aeruginosa. P. aeruginosa is a pathogen that is frequently found in
medical device-associated infections [9] and, hence, steps to reduce its biofilm

formation have been investigated.
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1.2. SCOPE OF THESIS

The aims of this thesis are to enable the formation and screening from 2D to 3D
surfaces. This demonstrates the potential to identify material-performance
relationships for a desired biological response, such as bacterial biofilm formation in
this case. This knowledge enables the move towards a rational design of biomaterials
which is required to identify materials for specific applications involving interfacial
contact between the material and its surrounding environment. To achieve these aims,

the following objectives will be explored within this project:

1. Generate a combinatorial library of microparticles based on (meth)acrylates
using photopolymerisation in combination with either piezoelectric inkjet
printing or microfluidics; both methods show potential for high throughput
fabrication.

2. Compare piezoelectric inkjet printing and microfluidics in terms of microparticle
production and characteristics including size, size distribution, shape and
surface properties.

3. Examine the effect of particle surface chemistry, architecture and size on

bacterial attachment of P. aeruginosa PAO1-N mCherry.
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2. LITERATURE REVIEW

This chapter provides a brief overview of the most common methodologies to fabricate
micro- and nanoparticles with a special focus on inkjet printing and microfluidics.
Previous studies of forming particles using these two techniques are presented. An
introduction to the free radical based UV curing reaction is then given including a
description of the two types of photoinitiators, oxygen inhibition and practical measures
to circumvent the oxygen inhibition. Furthermore, (meth)acrylates are introduced and
presented as a class of materials promising for biomedical applications. Problems and
preventive strategies are elucidated, thereafter, in terms of biofilm-associated bacteria.
Eventually, a summary of the identified research gaps is given as support for this body

of work.

2.1. POLYMERIC MICRO- AND NANOPARTICLES

In the past decades, polymer micro- and nanoparticles have aroused great interest
because of their wide range of applications in industry and modern technology [10].
For example, monodisperse micro- and nanoparticles have been used as cell carriers
for cardiac regeneration [11] and for oral delivery of insulin to treat diabetes [12,13].
Moreover, particles have also attracted attention in optical, opto-electrical and
electrical applications, for use as light diffuser/scatterer, micro-lenses but also for use
in handwriting-enabled displays [10,14-16]. Due to their unique properties, such as
being able to alter the elasticity and viscosity, polymeric particles are also useful in

suspension rheology [17,18].

2.1.1. PARTICLE FABRICATION METHODOLOGIES

Conventionally, polymeric particles have been produced by a number of techniques
including emulsion polymerisation [19-21], phase separation [5,22,23], spraying
[6,24—-26], microfluidics [27—30] and inkjet printing [31-34]. These methodologies are
described and an overview of the state of the art will be given in the following sections

with focus on particle fabrication in the micrometre range.

EMULSION POLYMERISATION
Emulsion polymerisation followed by solvent evaporation is the most commonly used
approach for fabricating particles [2,3,35]. This technique has been employed both on

bench and industrial scale [36,37]. The basic principle involves the dissolution of a
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monomer in a water immiscible, volatile organic solvent. For this manufacturing
technique, dichloromethane (DCM) is the most commonly used solvent [2,23]. The
resulting organic phase is then emulsified in a large volume of water in presence of an
initiator and emulsifier to form an oil-in-water (O/W) emulsion. Emulsifiers
(surfactants), such as poly(vinyl alcohol), are required to prevent particle coalescence.
After homogenisation of the O/W emulsion, the organic solvent is evaporated and the
particles are isolated from the aqueous phase by filtration, sieving or centrifugation
followed by lyophilisation [3,35]. This single emulsion process is predominantly applied
for preparing pure polymeric microparticles [38] and for encapsulating hydrophobic
drugs and biomolecules [4,35,39]. The O/W emulsification process is not suitable,
however, for the encapsulation of water-soluble drugs due to their poor encapsulation
efficiency [40,41].

Water-in-oil-in-water (W/O/W) double (or multiple) emulsions provide the possibility to
encapsulate hydrophilic compounds. A schematic representation of this method is
illustrated in Figure 2.1.

mixture

e
® e«
Water + Monomer il ~
initiator + organic Homogenisation W/O/W double
stabiliser +  solution (W/O primary emulsion
drug emulsion)

Figure 2.1: Schematic of polymeric particle preparation using double emulsion polymerisation (W/O/W).
Image adapted from Fonseca et al. [35].

Initially, the hydrophilic drug is solubilised in water and additives such as an initiator
and stabiliser are combined with the aqueous phase (W). This solution is then added
to the organic phase (O) containing the monomer and the organic solvent to yield the
primary emulsion (W/O). By adding the primary emulsion to another aqueous phase
containing a stabiliser, the double emulsion (W/O/W) is prepared. The microparticles

are collected in the same way as described using a single emulsification [35].

The lack of controlling the size, size distribution and shape limit the further application
of micropatrticles produced by emulsion polymerisation [42]. In addition, the complete

removal of surfactants has been shown as a problem [37].

PHASE SEPARATION
Phase separation is a process that is based on decreasing the solubility of the
polymeric solution by adding a contrasting component [40]. At some point, this process

yields two distinct liquid phases: a polymer containing phase and a supernatant phase
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depleted in polymer [2]. When applying this method in the context of drug delivery
applications, both hydrophilic and hydrophobic drugs can be encapsulated [23]. In this
case, the polymer is initially dissolved in an organic solvent followed by dispersion of
drug compounds in the polymeric solution. Subsequently, the contrasting component
is added to the polymer-drug-solvent system under stirring, which interacts with the
organic solvent resulting in its extraction [43]. As a consequence, phase separation
occurs which leads to the formation of colloidal polymer droplets aggregating around
the drug particles. To harden the microspheres, the system is transferred to a large
guantity of a solvent in which it is not soluble [44—46]. This simple and fast process,
which is depicted in Figure 2.2, can be summarised into four steps: a) dispersion of
active agents such as drug particles in a polymer solution, b) phase separation leading
to initial colloidal polymer droplets after adding a contrasting component, c¢) surface
adsorption of the colloidal polymer aggregates and d) solidification of the

microspheres.

Figure 2.2: Schematic illustration of forming drug-encapsulated particles using phase separation: a)
dispersion of drug compounds in a polymer solution, b) formation of colloidal polymer droplets as a
result of adding a contrasting agent, c) adsorption of the colloidal polymer aggregates around the drug
particles, d) solidification of the microspheres. Image adapted from Augustin et al. [47].

This technique, however, reveals several limitations including the use of strong
solvents, batch to batch variability and the tendency of particles to agglomerate
[23,48,49]. Moreover, the stirring speed and pH value of the system affect the particle

size, whereas the particle shape is influenced by the polymer concentration [3,50].

SPRAY DRYING
Spraying processes have been commonly employed both at the bench and on
industrial scales [26]. This technique has found widespread use due to its ease in

operation, high efficiency and possibility to generate microparticles in a sterile
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environment [24,51-53]. This particle fabrication approach involves spraying a
polymer based solution through an atomisation nozzle into compressed air, carbon
dioxide or nitrogen. A drug-carrier solution is injected through a heated nozzle followed
by its evaporation via a hot stream of flowing gas [54,55]. In this process, the particle
size is affected by several parameters such as the spraying rate, polymer-drug solution
loading rate and drying temperature [56]. The high temperatures reached in the system
can induce denaturation of thermally labile drugs and hence, limit the application for
drug encapsulation. The main drawback of spray drying involves the adhesion of
microparticles to the inner walls of the nozzle [57]. Furthermore, polymer solutions with
high viscosities will result in fibres instead of microspheres due to the inability to break

the polymeric stream into small droplets.

Electrospraying is a similar method to spray drying. In this modified technique,
however, a polymeric solution is extruded from a syringe by applying an electric field
between the collection beaker and the needle [24,53]. A schematic of electrospraying
a sodium alginate solution into a calcium chloride gelling bath is depicted in Figure 2.3.

Syringe

Alginate solution

Syringe pump

Syringe needle
+ High voltage generator

Gelling bath with
CaCl, solution

, l

Figure 2.3: Schematic representation of an electrostatic spraying system used for producing alginate
microparticles. Image adapted from Zhang et al. [24].

Electrospraying can only be applied to polymer solutions that have a low viscosity and
are sufficiently conductive. Moreover, degradation of macromolecules may be induced

by stress arising in the drying process or in the nozzle [58].

SUMMARY OF CONVENTIONAL FABRICATION TECHNIQUES
Most of these conventional particle fabrication methodologies have mainly been used
for materials approved by the Food and Drug Administration (FDA). For example,
particles consisting of alginates and polyesters, including poly(lactide) (PLA),
poly(glycolide) (PGA) and poly(lactide-co-glycolide) (PLGA), have been fabricated in
a variety of sizes ranging from micro-to nanometre. Although each of these techniques

revealed its own advantages, disadvantages are predominantly caused by the
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imprecise control of the process conditions which results in polydispersed and irregular
particle sizes and shapes [59-62]. The particle size, size distribution and shape,
however, determine the bulk properties, performance and stability of the free-flowing
particulate powder [63]. Therefore, they can critically impact, for instance, the drug-
release rates, passive targeting to specific cellular types and available routes of
administration in case of drug delivery [64—67]. In addition, the ability to control the
shape enables to understand and identify the role of geometric parameters for particles
functioning in a wide field of applications [68]. Consequently, because of the
importance to control these parameters, researchers have introduced filters/sieves,

among others, to narrow the particle size distribution.

Several reports have recently been published that allowed the production of
monodisperse microparticles in a reproducible manner [1,59,69—71]. The proposed
methodologies are inkjet printing and microfluidic based techniques. These techniques
appear to be promising in overcoming the issues related to the particle size and shape
in controlled drug delivery applications. Additionally, inkjet printing and microfluidics
show potential to readily access a library of materials and to fabricate particles in a
high throughput manner. This is required for practical and large-scale application in
industry. Both particle fabrication methodologies are described in more detail in

Sections 2.2 and 2.3, respectively.

2.2. INKJET PRINTING

2.2.1. INKJET PRINTING - AN OVERVIEW

A versatile manufacturing technique called inkjet printing has recently gained attention
because of its novel and unique manufacturing capabilities. This technique has been
widely accepted in the graphical industries for converting digitized information into
printed copies; it has lately become an important non-contact patterning technology
suitable for a wide range of applications [7,72—75]. For example, inkjet printing has
been employed for fabricating multicolour polymer light-emitting diodes (LED) [75,76],
polymer electronics [72,73,77] but also devices for inductor and antenna applications
[78-80]. In addition, it has also shown potential for biomedical applications including
drug delivery [33,81,82] and tissue engineering [83—85]. The features that distinguish
inkjet printing from conventional particle fabrication techniques, are the ability to
precisely deposit picolitre droplets of solutions or suspensions in well-defined patterns

onto substrates with high speed [8,86,87]. Moreover, inkjet printing is capable of
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forming structures without the need for masks which in turn has beneficial effects on

the number of processing steps, time, space and waste consumption [7,75].

There are two main technologies in use by which contemporary inkjet printers form
droplets, namely continuous inkjet (CIJ) printing and drop-on-demand (DOD) inkjet
printing [77,86]. Schematic illustrations that present the functionality of a CIJ (a) and
DOD (b) printing device are shown in Figure 2.4. The DOD printing mechanism is
categorised into thermal DOD (i) and piezoelectric DOD (i) inkjet printing.

a) b)
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Figure 2.4: Schematic representation portraying the functionality of a continuous inkjet (CIJ) printer (a)
and drop-on-demand (DOD) inkjet printing devices (b). DOD inkjet printers are classified into thermal (i)
and piezoelectric (i) DOD inkjet printers. Images adapted from B. Derby [86].

In CIJ printing, a fluid is ejected through a small orifice under pressure which results in
a stream of small droplets. These droplets are formed by the Rayleigh instability
causing the fluid stream to break up [34,86]. A small charge is imparted to the droplets
upon formation due to the nozzle being kept at a potential relative to ground. By
applying an electrostatic or magnetic field, the individual drops can, thus, be steered
in flight. CIJ printing, as its name implies, produces a continuous stream of drops. The

unwanted droplets are deflected to a gutter accordingly and recycled [88,89].

The second mode of generating droplets is DOD inkjet printing which is shown in
Figure 2.4 b). In contrast to CIJ printing, droplets are only formed when required and
therefore, this way of delivering an ink is more economical. Drops are ejected if the
pressure pulse, which propagates through a fluid filled chamber towards the nozzle,
exceeds a certain threshold. Otherwise, the liquid is retained in the nozzle due to
surface tension acting at the orifice [8]. Within this mechanism two principal methods,
thermal and piezoelectric DOD inkjet printing, exist [90,91]. In thermal DOD jetting, a
small vapour bubble is produced by applying a current to a thin-film heater which is
placed in direct vicinity of the fluid as depicted in Figure 2.4 b) i). After removal of the

current, the bubble collapses. This rapid forming and collapsing of the vapour bubble
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generates pressure waves which are required to eject droplets [86,88]. In piezoelectric
DOD printing, however, the pulse arises from a sudden volumetric change caused by
direct mechanical actuation of a piezoelectric transducer (shown in Figure 2.4 b) ii))
[90,92]. By comparing the two mentioned DOD printing systems, piezoelectric DOD
printing is the method of choice because it offers more benefits over thermal DOD
printing. Piezoelectric inkjet printers allow to deposit a wider variety of materials
including a broader spectrum of applicable viscosities. This is due to thermal printers
mostly being confined to water-based inks exhibiting a high vapour pressure under
ambient conditions [91,93,94]. Moreover, the ease of adjusting the actuation pulse in

piezoelectric devices allows for greater control of the droplet dimensions [86].

With regard to commercial applications, CIJ printers are restricted to marking
applications and low resolution printing whereas DOD printing systems are prevalent
in materials science applications [86,88]. Although CIJ printers operate at much higher
droplet generation rates, DOD printing devices are preferred due to their higher spatial
resolution, greater placement accuracy and wider range of fluids available for
deposition [34,86,92]. Consequently, DOD printing, specifically piezoelectric DOD

inkjet printing, is the method of choice for further discussion in this thesis.

2.2.2. PIEZOELECTRIC INKJET PRINTING

In this subchapter, three different ways to produce particles are described using
piezoelectric inkjet printing: i) co-flow and submerged printing, ii) inkjet printing coupled

with a drying process and iii) inkjet printing onto hydrophobic substrates.

CO-FLOW VERSUS SUBMERGED PRINTING
Within piezoelectric inkjet printing, two different nozzle arrangements were used to
fabricate uniform poly(D,L-lactide-co-glycolide) (PLGA) microspheres [32,67,95].
These thermoplastic aliphatic polyesters have been extensively used in veterinary and
medical applications, for instance as suture materials, due to their mechanical
strength, biocompatibility and biodegradability into non-toxic lactic and glycolic acids
[20,40,96,97]. Fletcher et al. examined three different jetting configurations as a way
to minimise the particle size distribution [95]. Microspheres were prepared from PLGA
(85:15 PLA to PGA) containing either explosives or explosive simulant by applying the
following three jetting configurations: nozzle directly submerged in a rotating beaker of
water, straight and curved co-flow nozzle arrangements. The straight and curved co-

flow nozzle configuration are schematically depicted in Figure 2.5.
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Figure 2.5: Schematic representation of two out of three jetting arrangements: a) straight co-flow
nozzle, b) curved co-flow nozzle. The generated particles are carried by a stream of deionised water into
a rotating beaker filled with water. The third configuration, which involves a print head directly
submerged in a collection beaker, is not shown. Images adapted from Fletcher et al. [95].

In the work by Fletcher et al., it was shown that the size distribution analysis revealed
particle coalescence in case of utilising the co-flow nozzle arrangements. The flow rate
of the co-flow fluid, which transported the polymer droplets through the tube, was not
sufficiently high to allow particle separation. Therefore, fractions of droplets could
coalesce prior to solidification of the particles. This issue was prevented by printing
submerged [95].

Bdhmer et al. have demonstrated the formation of well-defined polymer particles with
narrow size distribution using submerged piezoelectric inkjet printing [32]. Droplets
composed of a solution of PLGA in dichloroethane were immediately sheared from the
nozzle by the rotating 0.3 wt% aqueous PVA solution. As illustrated in Figure 2.6, the
experimental print setup consisted of two compartments and a collection reservoir. The
nozzle was submerged in the adjustment compartment until a stable jetting behaviour
was obtained by adjusting the frequency and pressure accordingly. Afterwards, the
nozzle was switched to the other compartment to start the production. The droplets
were collected and converted into particles by removing the solvent with stirring [32].

Inkjet nozzle

Production
compartment

Adjustment
compartment

Collection reservoir

Figure 2.6: Schematic depiction of the experimental setup to print submerged into an aqueous PVA

solution. The nozzle is kept in the adjustment compartment for frequency and pressure adjustments.

After reaching a stable printing behaviour, the nozzle is moved to the production compartment to start
the production. Image adapted from Bohmer et al. [32].
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INKJET PRINTING COUPLED WITH A DRYING PROCESS
Another method that has enabled the fabrication of uniform microparticles consists of
piezoelectric inkjet printing combined with a drying process. lwanaga et al. have
presented this rapid and facile method for producing sodium alginate microparticles in
a variety of sizes by simply altering the concentration of the alginate solution [98]. The
concept of generating monodisperse microparticles by using an inkjet printing system
via a drying process prior to gelification is shown in Figure 2.7.

a) b)
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Figure 2.7: Schematic illustration of fabricating uniform microparticles using a piezoelectric inkjet printer
coupled with a drying process: a) monodisperse particles were obtained by evaporating moisture during
their fall within an air-drying device prior to gelification, b) various sizes of dried microparticles could be
easily manufactured by changing the materials concentration. Images adapted from Iwanaga et al. [98].

A linear relationship was found between the initial concentration of the alginate solution
and the volume of dried microparticles. The size of the microparticles remained almost
unchanged after soaking them into a calcium chloride gelling solution. Loading alginate
solutions with nanoparticle-supported drugs enables tandem drug delivery systems,
which releases the drug molecules from both the nano- and microparticles with

different release rates [98].

INKJET PRINTING ONTO HYDROPHOBIC SUBSTRATES
Gillen et al. have introduced another method based on piezoelectric DOD inkjet printing
that allows the fabrication of patterned arrays of monodisperse solid spherical cap-
shaped microparticles [71]. Microdroplets of concentrated agueous ammonium nitrate
solutions were dispensed onto a silicon wafer, which has been previously rendered
hydrophobic by treating it with perfluorodecyltrichlorosilane (FDTS). By depositing
hydrophilic fluid droplets onto hydrophobic substrates, the liquid drops tend to minimise
its contact with the surface forming spherical shaped caps as shown in Figure 2.8. The
deposited liquid droplets maintain this geometry even during solvent evaporation

resulting in micrometre-sized inorganic salt particles (depicted in Figure 2.8 b)).

11
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a)

I
Print head — ¥
-

Figure 2.8: Particle fabrication using piezoelectric inkjet printing onto hydrophobic surfaces: a) optical
microscope image shows a droplet, prepared from several thousand individual drops, on a treated
silicon substrate after ejection from the print head, b) high tilt SEM image exhibits several inorganic

spherical cap-shaped salt particles from a printed array. Images adapted from Gillen et al. [71].

This recently developed procedure ensures precise control of particle concentration,
size and shape within particle arrays. Furthermore, the number of particles and their
spatial distribution on the substrate can easily be modified by employing piezoelectric
inkjet printing. Printing discrete particle arrays contributes to the development of trace
detection test materials which can be used to screen for particle residues of contraband

materials, such as explosives or narcotics [71].

All techniques, which have been reviewed thus far, utilise solvent-based methods. This
limits the range of polymers that can be printed since they must be either polymerised
in advance or gelled afterwards. In addition, solvent removal is required to obtain
hardened patrticles. This processing step, however, is time-consuming and excessive
guantities of volatile chemicals are consumed which might adversely impact the
environment. The use of monomers and hence, the adoption of photoinitiated

polymerisation technology is extremely desirable to protect the environment [99,100].

2.3. MICROFLUIDICS

2.3.1. MICROFLUIDICS - AN OVERVIEW

Factors such as the drive to fabricate structures and patterns in micro- and nanometre
length scales and downscaling efforts in laboratory-based analysis systems has
increased the research drive of microfluidic based technologies over the last decades
[101,102]. Microfluidics is referred to as the science and technology that uses channels
with dimensions of tens to several hundreds of micrometres to process and manipulate
small quantities of fluids (10°-10?® litres) [103,104]. Benefiting from the new

capabilities to precisely control molecules in space and time, this technology offers

12
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advantages including reduced sample and reagent volumes, improved portability and
relatively fast sample processing. In addition, microfluidic-based analysis platforms
allow separations and detections with high resolution and sensitivity at reduced costs
and shorter times [102,105,106]. The potential to integrate and automate microfluidic
systems and thereby, simultaneously reduce human intervention, has been shown to
be beneficial for a variety of application fields [107]. For example, microfluidics has
been utilised in diagnostics for point-of-care analysis, in pharmaceutical industries for
drug design, testing and delivery and in biotechnology for DNA and cell chips
[101,104,108]. Moreover, its applications also include environmental quality
measurements, consumer electronics and automotive [101,103,104]. The ease to
synthesise monodisperse micro-and nanoparticles with controlled morphologies has
particularly increased interest in this technology [27,29,109,110]. However, forming
particles on a drop-by-drop basis generally limits high throughput production
[59,111,112]. This shortcoming can be overcome by parallelisation of the microfluidic

synthesis, as for instance shown by Lim et al. [30].

2.3.2. MICROCHIPS

A microchip is the device used in microfluidics in which a set of microchannels has
been etched or moulded [113]. These microchannels form a network that is connected
to the outside by input and output ports pierced through the chip. These holes allow
fluids to be injected and removed from the microfluidic chip by using, for instance,
tubing, syringes and pressure controllers. In this way, fluids can be directed, mixed or
separated. The microchannel network is specifically designed for a desired application
such as particle fabrication, cell sorting or DNA analysis [114]. The microchip material
is selected based on a compromise of ease of prototyping, performance of the device,
cost of production and reliability in use [113]. Initially, microfluidic devices consisted of
silicon and glass and later on, as the field advanced more, other materials were
introduced [115,116]. These materials can be divided into three broad classes
[115,116]:

i) inorganic materials with silicon, glass and ceramics,
1)) polymers with elastomers, thermosets and thermoplastics,
iii) paper, biodegradable and hydrogel materials.

Figure 2.9 outlines the materials used to fabricate microchips in association with their
fabrication costs and usage at bench or commercial scales. Recently, trends have

emerged, which reveal the common use of glass, silicon and poly(dimethyl siloxane)
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(PDMS) (example for thermosets) in research laboratories while paper and plastics
appear more promising for commercial fabrication [113].

Fabrication cost

Figure 2.9: Summary of the materials used to fabricate microfluidic devices. The materials are
presented in dependence of their fabrication costs and usage in research or industry. Image adapted
from Ren et al. [113].

For the fabrication of microfluidic chips, several techniques are employed, such as
photolithography, soft lithography, hot embossing, laser photoablation and etching
techniques [117-119]. The fabrication method should be selected with respect of the
substrate material, the cost and time of manufacturing but also regarding the desired

functions required for a specific application [114].

2.3.3. DROPLET-BASED MICROFLUIDICS
Single and multiple structured polymeric particles have been produced through
droplet-based microfluidic approaches using a combination of cross-flow, co-flow and

flow-focusing configurations [18]. These microfluidic device configurations are
illustrated in Table 2.1.
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Table 2.1: Cross-flow, co-flow and flow-focusing geometries for single and multiple structured polymeric
particles. Images adapted from Gokmen et al. [120].

Geometry Microfluidic device
Dispersed phase
Cross-flow Continuous
phase
Continuous phase
Co-flow Dispersed
phase

Continuous phase

Continuous phase

Dispersed

Flow-focusing ohase

—_—

Continuous phase

In cross-flowing geometries, which includes X-, Y- and T-junctions, droplets of the
dispersed phase are generated by a combination of shear forces and squeezing
caused by the continuous phase [121]. In co-flowing microfluidic configurations, the
dispersed phase enters through a capillary and is segmented into droplets by the shear
force of the surrounding continuous phase acting on the dispersed phase. Very similar
to the co-flowing geometry, the dispersed phase is squeezed by the coaxially flowing
continuous phase streams in the flow-focusing configuration. All the fluids are extruded
through a narrow orifice, where high local shear stresses are created, causing the

dispersed phase to break up into droplets [122].

Kim et al. demonstrated the fabrication of functional microparticles by applying droplet-
based microfluidics [27]. The particles can be functionalised through shaping,
compartmentalising and microstructuring. In the following paragraphs, cross-flowing
microfluidic devices, especially T-junctions and Y-shaped channels leading to T-

junctions, are looked at in more details.

T-JUNCTION
Nurumbetov et al. have reported the fabrication of a simplified microfluidic device by
gluing a syringe needle, plastic tubes and two glass capillaries together [123]. The
experimental setup, which consist of a serial combination of a co-flow configuration

and a T-junction, is illustrated in Figure 2.10 a).
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a)

The middle phase, ~ PVC tubing

—

The inner phase

Needle |
Step I: Single emulsion '
droplets generation

Capillary

Glass tube
The outer phase

—

1 Step Il: Double emulsion
droplets generation

Figure 2.10: Droplet-based particle synthesis: a) schematic illustration of the experimental setup, b)
optical micrograph showing monodisperse multi-compartment capsules with cores, containing a water-
based ferrofluid, surrounded by poly(isobornyl acrylate) shells. Images adapted from Nurumbetov et al.

[123].

By using this simplified microfluidic device, a range of droplets-in-droplets, in this case
polymeric microcapsules, were produced as shown in Figure 2.10 b). The generated
capsules were comprised of photopolymerised poly(isobornyl acrylate) shells which
entrapped compartments containing waterborne ferrofluid or dispersion of heat-
sensitive colour changing pigments. Such functionalised microcapsules are potentially
applicable as sensors and mobile magnetically attractive capsules by exerting an
external field [123].

Y-SHAPED CHANNEL LEADING TO A T-JUNCTION
Nisisako et al. have demonstrated the production of Janus droplets and shape-
controlled polymer microparticles using two immiscible fluids and a microfluidic device
consisting of Y-shaped channel leading to a T-junction [124]. The asymmetric cross-

flowing microfluidic system is depicted in Figure 2.11 a).

a)
Exchangeable
/ \
Photocurable Non-curable
stream stream
Biphasic droplets
Off-chip UV (Ja?us’ cor?'s‘he") Cross-flowing
polymerisation ’ aqueous stream

<«-- «--

Figure 2.11: Droplet-based microfluidic particle synthesis: a) schematic representation of a microfluidic
cross-flowing system for fabricating biphasic droplets, b) optical micrograph showing Janus droplets
made from silicone oil (white) and polymerisable hexanediol diacrylate phase (blue). Images adapted

from Nisisako et al. [124].

Depending on the combination of the non-curable fluid with the photocurable
hexanediol diacrylate phase, monodisperse biphasic droplets formed either a Janus or
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a core-shell configuration. Janus droplets, as presented in Figure 2.11 b), were
reproducibly generated in a one-step process when using silicone oil as the non-
curable phase. The use of perfluorocarbon led to uniform core-shell droplets which
were formed in a two-step regime. By modifying the ratio of the two dispersed phases,
particles with controlled convex and concave surfaces were engineered. This
microfluidic method enables the synthesis of Janus particles by employing two
photocrosslinkable immiscible fluids. Janus particles are potentially applicable for
handwriting-enabled electronic papers [16] or for directional self-propulsion in targeted
cancer therapy [125]. Moreover, extending and optimising the method can result in the
fabrication of more functional microparticles, such as multi-faceted or multi-pore
particles [124].

2.4. FREE RADICAL BASED UV CURING REACTION

Two types of polymerisation reactions, free radical and ionic, can be induced by the
excitation of a photoinitiating system under lights. Photoinitiated ionic polymerisation
is divided into anionic and cationic reactions due to their ability to generate electron-
donating (cationic) or electron-withdrawing (anionic) compounds [126]. Free radical
photopolymerisation is by far the most popular reaction system for applications, where
(meth)acrylate based monomers are involved [127]. Consequently, this type of photo-

induced reaction was selected for this work and is described in more detail.

Photo-induced polymerisation requires photons to initiate free radical polymerisation
reactions. Free radical polymerisation offers several advantages compared to thermal
and redox polymerisations including spatiotemporal control across the sample, high
rates of polymerisation, environmental benefits and reduced material costs due to
solvent-free systems [128]. Due to the spatial and temporal control afforded during
photoinitiated polymerisation, photocrosslinkable materials have widely emerged in the
general field of biomaterials [126,129]. The controlled nature of this type of reaction
has allowed for a variety of applications, for example, as injectable biomaterials for
critical bone defects and cartilage repair [130,131]. Additionally, crosslinked
photopolymers are also used in dentistry [132,133] as well as for the encapsulation

and controlled delivery of bioactive molecules [134-136].

In this section, the basic concept of free radical photopolymerisation is presented. The
mechanism of generating free radicals upon UV light absorption is described for
photoinitiator Type | and Il. Furthermore, the problem of oxygen inhibition is illustrated,

and practical measures that can be used to overcome the issue, are outlined.
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2.4.1. BAsic CONCEPT

Free radical based UV curing reactions can be divided into four stages: initiation,
propagation, chain transfer and termination. The basic principles of the polymerisation
process are presented in Figure 2.12 and are described using acrylates as the

monomer containing functional groups.

h
Initiation: Pl =5 pr*
PI* + M — PIM"

Propagation: PIM* + M — PIMM®

Chain transfer: PIM* + DH — PIMH + D°
D*+ M — DM*

Termination: PIMM*® + PIMM®* — PIMM — MMPI]
PI*+ PI* — Pl —PI]

Figure 2.12: Basic concept of the UV curing free radical polymerisation process. Adapted from W. A.
Green [127].

The initiation of the curing reaction is the only step which is photosensitive, all other
stages are thermally driven [127]. The photochemical process starts with activation of
the photoinitiator (PI) by absorbing photons from the UV source. This leads to the
generation of reactive initiating species (PI?) which attack unsaturated C=C double
bonds of an acrylate monomer (M). A reactive alkyl monomer radical (PIM°) is formed.
The initiating compound formed by the photoinitiator molecule is locked into the
propagating polymer chain [127]. Propagation occurs when the reactive monomer
radical (PIM") reacts with additional acrylate monomers within the formulation inducing
a chain reaction (PIMM®). Consequently, the molecular weight of a polymer is built in
this stage and networks can be formed through crosslinkage of multifunctional
monomers [99,137]. As the polymerisation continues, the amount of acrylate functional
groups decreases and also the mobility of the growing polymer chain is confined
because of the viscosity built up in the system. This restriction in chain mobility makes
it more difficult to find unsaturated double bonds, therefore stopping the propagation.
Chain transfer reactions can occur which involve abstraction of hydrogen radicals from
hydrogen donors (DH). This hydrogen transfer stops the growth of the polymer chain
and the remaining donor radical (D) can start a new polymer chain by reacting with
more monomers. Hydrogen donors, which are included as essential compounds in the
photoinitiation Type Il mechanism, can be applied to modify the molecular weight of

polymers [127]. Termination of the curing reaction can occur by interaction of two
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growing polymer chains. However, recombination of photoinitiating species can also

result in termination.

TYPICAL COMPOSITION OF AN UV CURABLE FORMULATION

A typical formulation of an UV ink is listed in Table 2.2. Monomers and oligomers,
which contain unsaturated chemical bonds, make up the largest part of an ink
composition (25-90 wt%) [99]. Therefore, they are the key determinants responsible
for film formation and define the properties of the final product. Reactive diluents are
preferred to solvents for adjusting the ink viscosity in order to comply with the
requirements of selected application equipment. Low molecular weight compounds,
for example acrylate monomers or acrylate oligomers, are incorporated into the
polymer network affecting the material performance [137]. Another component, the
photoinitiator, is essential for UV curable inks to initiate the crosslinking reaction.
Photoinitiators are chemicals that can generate free radicals from the absorption of UV
light. There are mainly two types of free radical photoinitiators, Type | and Type II,
which are discussed in Section 2.4.2. The required concentration of a photoinitiator
varies between 1-8 wt% depending on factors such as initiation mechanism, UV light
source or specific performance requirements [99,137]. According to the manufacturing
process or product requirements, some additives such as surfactants, pigments,
accelerators are also required. These additives tailor the processability of the ink and
also the properties of the final product [99].

Table 2.2: Typical formulation and function of an UV curable ink. Adjusted from R. Schwalm [99].

Component Concentration [wt%] Function

Main part of ink responsible for film

Monomer or oligomer 25-90 formation and, thus, defines basic
properties
] . Adjust viscosity and crosslink
Reactive diluents 15-60 )
density
o Absorbs UV light and initiate
Photoinitiator 1-8 o
photopolymerisation
Additives such as surfactants,
Additives 1-50 pigments, fillers modify ink

properties

2.4.2. PHOTOINITIATOR - TYPE | AND TYPE II

A photoinitiator is specifically added to an UV curable ink formulation due to its ability

to convert absorbed UV light energy into chemical energy by forming free radicals
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[138,139]. Most photoinitiators, which are available commercially, absorb UV light in
the wavelength range of 250 to 550 nm [140]. Aryl ketone groups, shown in Figure
2.13, are chromophores that absorb light most efficiently [127].
i
R, C+R;

Figure 2.13: Chemical structure of the aryl ketone group.

Photoinitiators are designated into two distinct classes, Type | and Type II, based on
their mechanism of free initiating radical formation [141,142]. Substitutions on the
ketone at R; influence the radical forming mechanism, whereas substitutions at R»
affect the wavelength at which photons are absorbed by the photoinitiator. Substituting
R with an alkyl group leads to a Type | scission process (mostly alpha-scission, also
called Norrish Type | reaction), where a direct photofragmentation occurs upon
absorption of UV light [127]. In this case, the absorbed UV energy (~70-80 kcal/mol)
overcomes the CO-alkyl bond energy (~65-70 kcal/mol) resulting in homolytic bond
cleavage generating two free radicals [140,143]. These formed radicals are capable of
inducing polymerisation. An example of a Type | photoinitiator is the substituted
acetophenone photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA), whose
cleavage process is illustrated in Figure 2.14.

o
0 + .CH3 + -b

OCH;

Alkyl

Methyl benzoate radical

Benzoyl radical

Figure 2.14: Type | alpha-scission process showing the formation of free radicals from the photoinitiator
2,2-dimethoxy-2-phenylacetophenone (DMPA).

Type |l photoinitiator reactions occur when aryl groups are substituted at R;. In this
case, the absorbed UV energy is insufficient to break the CO-aryl bond (~80-90
kcal/mol) [127]. Therefore, a co-initiator (synergist, also called accelerator) is required
which is usually a tertiary amine that can readily have hydrogens abstracted [138,144].
Upon irradiating with UV light, the photoinitiator remains in an excited state until
reacting with the donor molecule [137,145]. By abstracting a hydrogen atom, two
radicals are produced: a ketyl radical with low reactivity and a donor radical which is
highly reactive [127]. A Type Il hydrogen abstraction process is presented for the

photoinitiator benzophenone and co-initiator hydrogen donor in Figure 2.15.
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O *

g ge
_—

Benzophenone Excited state

CH3CH,D
Hydrogen donor

OH

O O +  CHsCHD

Ketyl radical Donor radical

Figure 2.15: Type Il bimolecular hydrogen abstraction process showing the formation of free radicals
from the photoinitiator benzophenone and the synergist hydrogen donor.

Tertiary amines are usually employed as hydrogen donors for enhanced efficiency in
combination with photoinitiators containing aromatic ketones [141]. In addition, the use
of tertiary amines retards the inhibition of polymerisation by oxygen. This is explained

by the ability of alkylamino radicals to scavenge peroxy radicals [138,141].

2.4.3. OXYGEN INHIBITION

Oxygen is known to be an effective inhibitor of free radical polymerisation. It is present
in ambient air as molecular oxygen but can also be in raw materials as dissolved
oxygen. Oxygen, especially molecular oxygen, can react with free radicals generated
in all stages of polymerisation. The curing reaction is effectively impaired in two ways
which is outlined in Figure 2.16. First, oxygen can quench the excited state of a
photoinitiator, transforming back to its non-reactive state [141,146]. As a result, fewer
radicals are generated by the photoinitiator, which leads to fewer initiated polymer
chains and, hence, less polymer formation. This is more likely to affect Type Il
photoinitiators due to their relatively long triplet lifetimes [127]. Second, oxygen can
also react with radicals and, thus, scavenge free propagating radicals. In this way, the
carbon-based growing polymer chain is converted to an oxygen-based polymer chain
(peroxy radicals), which is less reactive, reducing the rate of polymerisation. Lower
molecular weight chains are obtained because of scavenging radicals [127]. Oxygen
inhibition, which impairs crosslinking, manifests itself mostly as tackiness at

photopolymer surfaces or air interfaces [100,147,148].
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Monomer
Polymer

Monomer >_‘
>—> PIM®
>—> PIMO,*
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Photoinitiator — PI* DH
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0, >—> PIOH + D*

DH

>—> PIMO,H + D*

DO,
0,

Figure 2.16: Oxygen inhibition at different stages of a radical-induced photopolymerisation. Adapted
from Studer et al. [149].

Several methods have been developed over the last decades which help to mitigate
oxygen inhibition and improve surface cure, respectively. Physical and chemical
measures, some of which are listed in Table 2.3, can be applied to circumvent this
oxygen problem [99,127,137,148,150].

Table 2.3: Physical and chemical methods to mitigate oxygen inhibition.

Physical Methods Chemical Methods
Curing in an inert atmosphere Increase photoinitiator concentration
Use of high intensity light source Use of Type Il photoinitiators
Use shorter wavelengths Addition of excess tertiary amines

Use of physical barriers like -
S Addition of oxygen scavengers
wax, shielding films

The most common methods are curing in an inert atmosphere, use of Type Il
photoinitiators and increase of the free radical concentration. These methods are

described in more detail in the following paragraphs.

USE OF INERT GAS
The most efficient way to exclude oxygen is by using an inert gas atmosphere [149].
This is done by blanketing with nitrogen, carbon dioxide and argon. It has been shown
that carbon dioxide (CO-) exhibits some advantages over nitrogen. It is easily available
and cheaper than nitrogen [99]. Moreover, CO; is heavier than air and can therefore
be kept in a container without much loss [149]. This technique enables faster and more
complete curing which results in improved surface properties. However, applying inert
gas reveals some drawbacks that include higher process costs and increased

complexity in the system design.

USE OF TYPE Il PHOTOINITIATORS
Type Il photoinitiators, which require a co-initiator to generate initiating radicals
(described in Section 2.4.2), have frequently been reported as a measure for impaired

oxygen inhibition [150]. This is attributed to the presence of tertiary amines (hydrogen
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donors) [151,152]. As shown in Figure 2.17, the carbon-based radical, which is formed
by hydrogen abstraction, can scavenge molecular oxygen to produce an inactive
peroxy radical. The peroxy radical can further abstract a hydrogen atom from another
tertiary amine producing an active alkylamino radical and a neutral hydroperoxide. The
reactive alkylamino radical can reinitiate polymerisation [99,153-155]. The overall
effect is explained by scavenging oxygen from the system by transforming them into
an unreactive peroxide form. In this way, the free radical polymerisation reaction can

proceed more efficiently.

pr+ O, —» PO,y + CH;NQR), —*» °CH,N(R), + ROOH

Active Inactive Tertiary Active Neutral
radical peroxy amine alkylamino hydroperoxide
radical radical

Figure 2.17: Reactions showing the oxygen scavenging by tertiary amines. Adapted from W. A. Green
[127].

Despite the great ability to mitigate oxygen inhibition, amines present in an ink
formulation have some adverse effects such as yellowing of the film, odour, plasticising
effect and deteriorated weathering resistance [99,149].

INCREASING THE FREE RADICAL CONCENTRATION
Increased concentration of free radicals reduces the oxygen inhibition by quenching
more oxygen in the system due to their ease to react [149]. Thereby, diffusion of
oxygen into deeper layers is prevented. Moreover, increasing the amount of free
radicals results in higher formulation reactivity which positively influences the curing
speed [99,149]. Consequently, the reaction time, during which atmospheric oxygen
diffuses into the specimen, is shortened. High concentrations of free radicals are
achieved by increasing the photoinitiator concentration or by irradiating with a high
intensity UV source. However, a high photoinitiator concentration may result in
reduction of the final product molecular weight which in turn could affect the
photopolymer properties. Furthermore, increased amounts of undesired by-products

could arise from increased photoinitiator concentrations [146].

An optimum manufacturing environment can be ensured given all the interconnected
parameters. Organic polymers enable readily the formation of a large numbers of

diverse chemistries and physical properties by applying synthesis approaches.
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2.5. (METH)ACRYLATES

To accelerate materials discovery, combinatorial material libraries, which can rapidly
be evaluated for their performance in the desired application, have shown to be
promising [156—158]. Such libraries should contain materials with diverse chemistries
and physical properties to explore the most combinatorial space. Broadening of the
combinatorial chemical space can be achieved through synthesis approaches that are
readily performed using organic polymers. (Meth)acrylates have been identified as a
relevant class of biomaterials applied in surgical glues, drug delivery, tissue
engineering and health care products such as intraocular lenses [126,159,160].
Moreover, a large diversity of (meth)acrylates are commercially available and can
readily be polymerised in conjunction with a photoinitiator by exposure to UV light. UV
initiation ensures spatiotemporal control during polymerisation since the generated
radicals are uniformly released with time and across the specimen upon demand
[161,162]. The basic chemical structures of an acrylate and methacrylate are

presented in Figure 2.18.

Figure 2.18: Basic chemical structures of an acrylate (a) and a methacrylate (b).

Hook et al. applied high throughput technigues to discover polymers based on
(meth)acrylates by screening their performance in biofilm resistance [156]. To conduct
screening assays, 22 commercially available (meth)acrylates, providing chemical
diversity, were selected to form a library. To broaden the combinatorial space,
monomers defined as major components (1-16) were blended with minor monomers
(A-F) at various ratios to create 496 unique monomer mixtures. The chemical

structures of the 22 selected monomers are depicted in Figure 2.19.
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Figure 2.19: The chemical structures of the 22 selected monomers, which were classified into major (1-
16) and minor (A-F) components, are presented. Image adapted from Hook et al. [163].

These monomer solutions were printed in a microarray format onto poly(hydroxyl
ethylmethacrylate) (pHEMA)-coated glass slides where they were crosslinked by a
photoinitiated free radical polymerisation (Figure 2.20). Afterwards, the microarrays
were incubated with fluorescent bacteria for 72 hours and assessed for their resistance
to bacteria by quantifying the fluorescence intensity on each polymer spot. By applying
high throughput techniques, a new class of polymers resistant to bacterial attachment

was discovered.

Figure 2.20: Schematic of the microarray printing using a pin. Initially, the pin is loaded with a monomer
solution in a substrate well (left) followed by depositing the monomer solution onto a pHEMA-coated
glass slide (middle). The inset (right) shows a microarray after incubation with fluorescent bacteria.
Image adapted from Hook et al. [164].

(Meth)acrylates have been shown to be promising for biomedical applications.
Acrylates enable to be turned into degradable polymers when synthesised with amines
via the Michael addition to form hydrolysable amino ester groups. The first
combinatorial library of degradable and photocrosslinkable materials, which was
composed of 120 macromers, has been reported by Anderson et al. [161]. Macromers

were synthesised through the conjugate addition of primary or secondary amines with

25



Chapter 2 - Literature Review

diacrylates. These diacrylated macromers were then polymerised by a step-growth
mechanism to form functionalised poly(B-amino ester)s. The general polymerisation
reaction (a) and the chemical structures of the monomers (b), including 12 amines and

10 diacrylates, are outlined in Figure 2.21.
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Figure 2.21: General polymerisation reaction and chemical structures of the monomers are shown: a)
diacrylated macromers were synthesised by the condensation reaction of an amine with a diacrylate, b)
a library of 120 photocrosslinkable macromers was produced using 12 amines (1-12) and 10 diacrylates

(A-J). Figure adapted from Anderson et al. [161].

Functionalised poly(B-amino ester)s, which vary in their hydrolytic degradation
behaviour and hardness, demonstrate potential for a wide range of biomedical
applications. For example, hard polymers can be applied in hard tissue regeneration
(e.g. orthopaedics, dentistry) whereas soft materials are preferred in soft tissue
regeneration, for instance, as scaffolds for skin or vascular tissue reconstruction.
Besides this, these macromers can be useful for applications where slow degradation

is desired over an extended time of period to applications where fast degradation is

required [161].
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2.6. PROBLEMS ASSOCIATED WITH BACTERIA

Biofouling, which refers to the undesirable adhesion and colonisation of proteins, cells
and other biological materials, pose severe challenges in numerous applications.
Applications include but are not limited to biomedical implants and devices [165,166],
biosensors [167], food packaging [168] and marine equipment [169,170]. In this
subchapter, the focus is on healthcare-associated infections which are acknowledged
to be the cause of severe complications leading to increased morbidity and mortality
[171,172]. It has been reported that approximately 65% of all microbial infections and
80% of all chronic infections are associated with microbial biofilms [173]. These are
bacterial communities that accumulate on surfaces and are entrapped within a self-
produced matrix of extracellular polymeric substances [174]. Cells embedded in
biofilms acquire 10 to 1000 times higher resistance to antibiotics and human immune
system than their planktonic counterparts [175,176]. This phenomenon is also called
recalcitrance of biofilm bacteria [177]. Therefore, treating infectious diseases, where
biofilms are commonly involved in, has proven to be particularly challenging [178]. In
addition, established biofilm matrices act like diffusion barriers capable of limiting the
penetration of antimicrobials. This, as well as the repeated and prolonged use of
antibiotics, resulted in increased antimicrobial resistance. This is now a major global
threat [179].

Attachment of bacterial cells to solid surfaces is a complex process that is affected by
several factors [180]. The main factors involved are the physiochemical properties of
the bacteria, surface properties of the substrate and the properties of the suspending
liquid medium [181]. Some properties of the bacterial cell are discussed in the following

sections.

2.6.1. BACTERIAL CELL WALL AND SURFACE STRUCTURES

In order to understand the interactions between the bacteria and substrate surfaces, it
is necessary to know the chemical functionalities present at the surface of bacterial

cells.

Historically, bacteria have been classified into two groups based upon their ability to
retain the colour of the stains, crystal violet and iodine, used during the Gram staining
[182]. The bacteria which remained purple after staining were denoted as Gram-
positive whereas those bacteria which decolourised by alcohol, hence losing the colour
of the primary stain were classed as Gram-negative. Gram-negative bacteria received

a pink colour from the counterstain applied. The differences in staining correlate to
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structural differences in the bacterial cell wall, specifically to differences in the

peptidoglycan layer present in the cell wall [183].

GRAM-POSITIVE BACTERIA
Gram-positive bacteria such as Staphylococcus aureus posse a thick, multilayered cell
wall which is predominantly composed of peptidoglycan (Figure 2.22). Peptidoglycan
is a polysaccharide made of two alternating glucose derivatives, N-acetylglucosamine
and N-acetylmuramic acid, which can account for 30-70% of the total cell wall [184].
As adjacent layers of peptidoglycan are formed, they are crosslinked by short peptide
units creating a strong and rigid cell wall. The composition and structure of the
peptidoglycan varies greatly between species of Gram-positive bacteria whereas it

remains rather constant for Gram-negatives [184].

Another major constituent of the cell wall of Gram-positive bacteria is teichoic acid, a
glycopolymer, that is embedded within the peptidoglycan layers. Teichoic acids is
believed to play numerous, fundamental roles in the bacterial physiology [185].
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Figure 2.22: Representation of the cell wall structure of Gram-positive bacteria. Image adapted from
Brown et al. [186].

GRAM-NEGATIVE BACTERIA
The cell wall of Gram-negative bacteria such as Pseudomonas aeruginosa are more
complex than that of Gram-positive bacteria. Moreover, the composition of the cell wall
is quite different in these two groups of bacteria [184]. One of the most notable
differences is the presence of a plasma membrane in Gram-negative bacteria that is
located outside of the thin peptidoglycan layers [185], as depicted in Figure 2.23. This
plasma membrane, also known as outer membrane, consists of a lipid bilayer of
lipopolysaccharides (LPS) and lipoprotein. LPS is composed of three constituents: 1)
the O-antigen (or O-polysaccharide) representing the outermost part of the structure,
2) the core polysaccharide and 3) the lipid A (or endotoxin) which anchors the LPS into

the outer membrane [187]. LPS is known to play a crucial role in many different
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functions for the cell for example it is responsible for the activation of the innate
immunity cascade [188].
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Figure 2.23: lllustration of the cell wall of Gram-negative bacteria. The zoomed-in image shows a
lipopolysaccharide with its three components. Image adapted from Brown et al. [186].

BACTERIAL SURFACE CHARGE
It is well known that most of the microorganism possess an overall electronegative
charge whose magnitude varies from strain to strain [189]. Furthermore, it is very likely
that distinct regional charge disparities exist due to different chemical components at
the surface [183]. As discussed, the cell wall of Gram-positive bacteria consists mainly
of teichoic acid, whereas the Gram-negative bacteria contain lipopolysaccharides.
Both constituents have been reported to impart a negative charge at the bacterial
surfaces [187]. Bacterial cells also exhibit phospholipid stabilised membranes which
induce a net negative charge at the surface due to the negatively charged phosphate

groups [190].

BACTERIAL MOTILITY
It has been shown that Pseudomonas aeruginosa, selected as the bacterial strain
within this thesis, are capable of swimming in liquids by means of flagella [191]. Once
the initial surface contact occurs and bacterial cells form a monolayer, bacteria
continue to move on the surface via a twitching motility [192]. P. aeruginosa can move
across surfaces by actively extending and retracting the type IV pili [193] which is
approximately 100-fold slower than the flagellar-dependent swimming [192]. A
generally accepted model proposes that the flagella mediate transport of the bacteria
to the surface by overcoming repulsive forces at the surface-water interface. Moreover,
microcolonies and subsequent biofilm formation are formed by the type IV pili-driven
cell aggregation [175,192]. Klausen et al. reported, however, that the cellular

attachment on surfaces occurs independently of flagella and type IV pili.
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Due to the fact that protein adsorption is a prerequisite for the control of biological cells,
a brief insight into protein adsorption is provided here. Protein adsorption to solid
surfaces is typically divided into two kinetic phases, an initial rapid phase and a slower
phase upon approaching a steady-state value. In the initial phase, proteins adsorb
immediately as they come into contact with a largely empty surface. In the later phase,
the adsorption slows down due to the limited adsorption sites making it more difficult
for the arriving proteins to find and fit into an empty spot on the already partially coated
surface [194]. The initial phase is a diffusion-controlled process, hence, the surface
concentration of proteins is proportional to the diffusion coefficient which in turn is

inversely proportional to the molecular size [195].

2.6.2. BIOFILM FORMATION

Biofilm formation and development is a highly complex process in which bacterial cells
convert from a planktonic (suspended) to a sessile state [173]. The process of forming
a differentiated and mature bacterial biofilm is commonly described via five

developmental stages, which are visualised in Figure 2.24:

i) initial attachment,
1)) irreversible attachment,
iii) growth and division of bacteria (maturation I),
iv) mature biofilm formation (maturation Il),
V) partial dispersion of bacterial cells from the biofilm.
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Figure 2.24: The five stages of biofilm development: 1) initial attachment, 2) irreversible attachment, 3)
growth and division of bacteria, 4) mature biofilm formation, 5) partial dispersion of bacterial cells from
the biofilm. Image adapted from Van Houdt et al. [196].

Initially, planktonic cells are transported from the bulk liquid to a generally pre-
conditioned surface. A pre-conditioned surface is a surface which is coated with a
conditioning film through adsorption of biological macromolecules, consequently,

altering the surface properties [196]. This conditioning layer provides anchorage and
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nutrients for bacterial cells. Bacterial cells are able to initially attach (reversible) to the
surface when the attractive van der Waals forces are greater than the repulsive
electrostatic (double layer) interactions [197]. These interaction energies are generally
described in the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [180]. After initial
adhesion of bacteria, the surface binding becomes more stable promoting adhesion
sites to other planktonic cells. As the matrix builds up and bacteria undergo cell
divisions, exopolysaccharides (EPS) are secreted after reaching a certain threshold
size [175]. Bacterial proliferation within the EPS matrix results eventually in
microcolony formation [198]. As the bacterial colonisation progresses, an initial biofilm
architecture is formed [196]. The three-dimensional biofilm grows and matures further.
In this stage, extracellular polymeric substances, capable of trapping nutrients from
the surroundings, continue to be produced. In addition, water channels and pores are
generated which serve to transport nutrients within the multi-layered clusters
[173,196]. Once a critical biomass is reached, biofilm cells are dispersed into the
surrounding environment to prevent density-mediated starvation and hence, to
enhance microbial survival. The detached cells return quickly to their planktonic state

and are ready to colonise other surfaces [199].

CLASSICAL DLVO THEORY TO DESCRIBE REVERSIBLE ATTACHMENT

Bacterial adsorption has been described by the DLVO theory which originally outlines
the interaction of a colloidal particle with a surface. Due to the bacterial size being
nearly in the range of colloidal particles, this theory has been shown remarkably useful
in understanding the correlation between material properties and cell adhesion [200].
According to this theory, the net interaction between a cell and a flat surface is the
summation of their van der Waals and Coulomb (electrostatic) interactions [201].
Attractive van der Waals forces are dominant in the vicinity of a surface whereas
repulsive electrostatic interactions become more dominant away from the surface
since the van der Waals forces strongly decrease with distance [202]. When a bacterial
cell approaches a surface, in most cases it cannot irreversibly adhere directly on the
surface as there is an energy barrier which needs to be overcome first [203]. However,
there is a secondary energy minimum several nanometres outside of the energy barrier
where reversible attachment of the bacterial cells to the surface takes place (Figure
2.25 a)).
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Figure 2.25: Schematic of the bacterial adhesion process according to the DLVO theory: a), reversible
adhesion at the secondary energy minimum b) irreversible adhesion at the primary energy minimum by
protruding, for example, pili and flagella through the energy barrier. Images adapted from Hori et al.
[202].

In the course of time, bacteria, which are weakly bound at the position of the secondary
minimum, may reach the primary minimum by piercing, for instance, flagella and pili
through the energy barrier. In this way, a bridge between the surface and the bacterial
cell will be formed resulting in an irreversible attachment, as shown in Figure 2.25 b)
[202,203].

2.6.3. PREVENTION OF BACTERIAL ATTACHMENT

Due to the known biofilm recalcitrance, most strategies designed to reduce biofilm-
associated infections aim to prevent bacterial attachment at the earliest possible stage.
Two distinct approaches have been employed to resist biofilm formation: i) modification
of existing materials used to manufacture indwelling medical devices which kill bacteria
upon contact [204,205], ii) development of new materials which are inherently resistant
to bacterial attachment and subsequent biofilm formation. It is believed that greater
efficacy in preventing biofilm formation is achieved by applying anti-adhesive materials
which do not induce an increase of bacterial resistance. Polymeric materials have
shown to be well suited for biofilm prevention due to their ease of tailoring the
properties by simply altering their chemistry [206]. Three types of synthetic polymers,
able to resist bacterial attachment, have been reported on: poly(ethylene glycol)
(PEG)-based polymers [207], zwitterionic polymers [208] and weakly amphiphilic
poly(meth)acrylates [172].

Besides material-based approaches, surface topographical approaches have recently
been demonstrated as a measure to control biofilm formation of diverse biofilm-
associated bacteria. Hochbaum et al. have reported controlled bacterial patterning on
single-cell level induced by periodic arrays of high-aspect ratio polymeric

nanostructures [209]. Depending on the periodicity of the features, different patterns
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were spontaneously observed for several bacterial strains, both gram positive and
negative. This bacterial ordering presents a way to control natural biofilm organisation
on a cellular level. Furthermore, other studies have revealed that periodically
structured surface features govern the initial bacterial cell attachment during biofilm
formation [210]. Chung et al. have demonstrated an effective solution for disrupting
biofilm formation of statically cultured Staphylococcus aureus by engineering PDMS
elastomer surfaces with a shark skin inspired micropattern, Sharklet AF™ [211]. By
comparing S. aureus colonisation and biofilm formation on smooth and Sharklet AF™
PDMS elastomer surfaces, engineered topographical surfaces were promising in

blocking biofilm development until day 21, as depicted in Figure 2.26.

5 AV A o Y 7

Figure 2.26: SEM images of statically cultured S. aureus on smooth (left) and Sharklet AF™ (right)

PDMS elastomer surfaces were taken on day 0 (a), day 7 (b) and day 21 (c). Areas of bacteria were
highlighted with colour to enhance contrast. Figures adapted from Chung et al. [211].

2.6.4. MECHANISM OF ACTION OF NON-FOULING MATERIALS

There are two major classes of non-fouling materials that have been widely studied,
namely polyhydrophilic materials and zwitterionic polymers [206,212]. Among the
hydrophilic polymers, poly(ethylene glycol) (PEG), has been recognised for its
antifouling properties for decades and has been used in biomedical applications [213].
Other hydrophilic low-fouling materials that have been reported include
polysaccharides [214], poly(2-hydroxyethyl methacrylate) (pHEMA) [215,216] and
poly(vinyl alcohol) (PVA) [217]. Many of these non-fouling polymers share some
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common characteristics such as their hydrophilic nature, electrical neutrality,

hydrogen-bond acceptors or lone-pair donors [218,219].

Zwitterionic polymers can be differentiated into polybetaines and polyampholytes.
Polybetaines, such as 2-methacryloyloxylethyl phosphoryl-choline (MPC),
sulfobetaine methacrylate (SBMA), carry a positive and a hegative charge on the same
monomer unit whereas polyampholytes carry a 1:1 positive and negative charge on

two different monomer units [206].

The mechanism of resistance of both polymer classes to protein and cell adsorption is
not yet fully understood and continues to be under debate [219,220]. Several different
models of repelling proteins have been reported in the literature and some popular
modes of action have been discussed by Worz et al. [221].

SURFACE HYDRATION AND CHAIN FLEXIBILITY

Recently, it has been increasingly hypothesised that the non-fouling ability of both
hydrophilic and zwitterionic polymers result from a hydration layer near the surface
[222,223]. Water molecules residing on the surface can form a tightly surface-bound
water layer through hydrogen-bonding and ionic solvation in the case of hydrophilic
and zwitterionic materials, respectively [206]. This hydration layer is thought to act as
a physical and energetic barrier preventing stable adsorption of proteins and cells
[212]. The strength of this formed barrier is mainly dependent on the physiochemical
properties of the materials and their surface packing [206]. Moreover, chain flexibility
also plays a significant role in the reduction of protein and cell adsorption due to steric
repulsion caused by the compression of polymer chains [224,225]. Consequently, the
best anti-fouling activity can only be achieved by materials that function via a
combination of surface hydration and steric repulsion [206]. A schematic
representation of surface hydration and chain flexibility is shown for hydrophilic (a) and
zwitterionic (b) polymers in Figure 2.27.
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Figure 2.27: Schematic representation of surface hydration and chain flexibility of hydrophilic polymers
(a) and zwitterionic polymers carrying positive (red dots) and negative (purple dots) charges (b) to resist
protein adsorption. Images adapted from Chen et al. [206].

ENTROPIC SHIELDING
Another highly discussed protein adsorption model is called the entropy model. This
model considers only the interaction of the proteins with the polymer network unless
the protein is able to penetrate deep down to the substrate material. In this case, the
free energy of the adsorption process (AG) comprises both an enthalpic component
(AH), describing the strength of interaction between the protein and the polymer, and

an entropic component (AS) (Eg. 2.1):
AG = AH —TAS Eqg. 2.1

where T is the temperature [221]. In cases where the interactions between the protein
and the polymer network is strong, protein adsorption occurs due to the strong
enthalpic contribution. However, if the interaction between the protein and polymer is
weak, the contribution of the adsorption enthalpy is negligible, hence the entropic term
will determine whether proteins adsorb or not provided that the size of the protein is
smaller than the mesh size of the polymer network. The entropic component of the
Gibbs free energy consists of the entropy of mixing (AS,.) and the entropy of

conformation of the surface-attached polymer chains (AS;,r) (EQ. 2.2):
AS = AScons — ASpix Eqg. 2.2

The entropy of mixing favours an even distribution of molecules in its surrounding
whereas the entropy of conformation of the surface-bound polymer chains can result
in extended polymer molecule stretching due to enhanced segment-segment
interactions and osmotic pressure caused by the addition of more material to the
polymer layers. This extended stretching away from the surface leads to a strong
reduction of the entropy of conformation. If the loss of the entropy due to
conformational changes is larger than the gain of entropy of mixing, the diffusion of the

protein molecules into the layer is energetically unfavourable and hence, no protein
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adsorption occurs. A schematic depiction of protein adsorption on non-swellable
polymer networks (a) and prevention of protein adsorption on swellable polymer chains
due to entropic shielding is shown in Figure 2.28.
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Figure 2.28: Schematic representation of the entropic protein adsorption model: a) proteins adsorb
easily on non-swellable polymer networks, b) protein adsorption on highly swellable polymer networks
prevented due to entropic shielding. Images adapted from Woérz et al. [221].

2.7. SUMMARY OF RESEARCH GAPS

This chapter has introduced the most common methodologies to fabricate micro- and
nanoparticles with a specific focus on inkjet printing and microfluidics. The
fundamentals, materials, application areas and previous studies relating to these two
techniques have been explored. Photo-induced polymerisation is presented as a type
of polymerisation that offers several advantages compared to thermal and redox
polymerisations, including spatiotemporal control, high rates of polymerisation,
environmental benefits and reduced material costs due to solvent-free systems [128].
(Meth)acrylate based monomers, which are polymerised by exposure to UV light, have
been shown to be a promising class of materials for biomedical applications such as
low-fouling coatings. Finally, the current state-of-the-art in preventive strategies are

outlined in terms of biofilm-associated bacteria.

This overview allows for the identification of knowledge gaps and opportunities of
original research. In order to address the gaps in the literature, the following research

problems have been identified and summarised into three main areas, as listed below:

e Previous research has reported on the synthesis of a combinatorial library of
photocrosslinkable and degradable materials [161]. Furthermore, microparticle
formation using piezoelectric inkjet printing [98] and microfluidics [124] have
been researched. However, the combination of producing microparticles from

a combinatorial library of UV curable monomers using piezoelectric inkjet
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printing has not been investigated. In terms of microfluidics, microparticles
were fabricated using photocurable monomers but a diverse particulate library
has never been generated.

1. Chapter 4 focuses on the generation of a combinatorial library of
microparticles based on (meth)acrylates using photopolymerisation in
combination with either piezoelectric inkjet printing or microfluidics.

¢ A number of particle fabrication technologies have been developed, reported
and compared amongst each other [3,23]. A direct comparison between
piezoelectric inkjet printing and microfluidics has not yet been made so far.

2. For the first time, presented in Chapter 5, a comparison between
piezoelectric inkjet printing and microfluidics is conducted in terms of
microparticle production and characteristics including size, size
distribution, shape and surface properties.

e The majority of research has focused on microparticle fabrication for drug
delivery applications. Recently, polymeric microparticles have also been
generated and optimised for use in tissue engineering and regenerative
medicine. However, screening from 2D to 3D surfaces has not been conducted
for a desired biological response.

3. Chapter 6 assesses the effect of particle surface chemistry, architecture

and size on bacterial attachment of P. aeruginosa PAO1-N mCherry.
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3. MATERIALS AND METHODS

3.1. INTRODUCTION

In this chapter, the methods for microsphere production that have been employed
throughout this thesis are described. A complete list of materials used in this thesis is
presented. In order to understand how these materials will behave in microsphere
production, material characterisation methods are presented; these provide means to
understand the fluid behaviour within the particle forming processes. Following,
information is given for different particle characterisation techniques for the purpose of
optimising the particle fabrication. There is a need for deepening the understanding of
both the material and microparticle properties for interpreting biological responses. For

this, methods for bacterial attachment testing are presented.

3.2. MICROSPHERE FORMATION

3.2.1. PIEZOELECTRIC INKJET PRINTING

A piezoelectric drop-on-demand (DOD) printhead is illustrated schematically in Figure
3.1. This printhead consists of a pumping chamber including a fluid inlet which
terminates in an orifice. A piezoelectric diaphragm is attached to one side of the

chamber.

Pumping PZT Diaphragm

chamber_\

|_|

Orifice: 21 ym

Fluid flow

Figure 3.1: Schematic diagram of a piezoelectric inkjet printhead with an orifice of 21 pm.

Applying a voltage to the piezoelectric actuator causes the diaphragm to bend inwards
to the pumping chamber [226]. This motion generates pressure waves, which push the
fluid to the outlet. A droplet is expelled from the orifice when the kinetic energy
transferred outwards exceeds the surface tension of the fluid [8]. The size of the
droplets is controlled by the voltage applied, the pulse duration and the orifice diameter
[227].
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PREPARATION OF PRINTED POLYMERIC MICROSPHERES
Polymeric microspheres were prepared by using a piezoelectric inkjet printer (Dimatix
DMP-2800, Fujiflm Dimatix Inc.) employing a disposable cartridge (Model DMC-
11610), as shown in Figure 3.2. This cartridge is composed of two parts that clip
together. The top part of the cartridge contains a fluid bag and a fill port whereas the
bottom part includes connectors, heater and a nozzle plate with 16 nozzles. The

nozzles exhibit typical drop sizes of 10 picoliters (resulting in diameters of 26.7 um).

Figure 3.2: The Dimatix DMP-2800 printer with its user-refillable cartridge which is able to print 10 pl
drops with a 10-um drop-placement accuracy.

For printing, the photocrosslinkable monomer solution was loaded into the cartridge.
The ink was repeatedly printed in patterns of 30 x 30 drops into a 24-well plate filled
with aqueous collecting fluids. The droplets were polymerised simultaneously by
exposure to UV light (wavelength of 365 nm, PEL UV Control Unit 365) in a reduced
oxygen atmosphere (nitrogen, O, concentration: <1%). The experimental printing
setup is schematically illustrated in Figure 3.3. The droplets were ejected at printing
velocity and frequency of 6 m/s and 3 kHz, respectively. The actual jetting behaviour
of the fluid was viewed by using the Dimatix Drop Watcher camera. At the end, the
inkjet printed particles were washed five times with deionised water to remove any

unpolymerised monomers.

< Printheaq

0
0 <« Dispensed
picolitre droplets

Collecting fluids
in the well plate

Figure 3.3: Schematic of the experimental setup which was used for ejecting ink droplets into collecting
fluids while polymerising them simultaneously by exposure to UV light.
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The Dimatix Drop Manager (DMP 2800, version 2.0.0.1) was used to control the
printing setup which includes the print pattern, substrate and cartridge settings. In the
cartridge settings, the stability of ejecting an ink was fine-tuned by modifying the
waveform, printing frequency, cartridge temperature and voltage. The voltage can be

adjusted individually for each nozzle.

3.2.2. MICROFLUIDICS

Microfluidics is the technology of systems that uses channels with dimensions of tens
to hundreds of micrometres in order to process or manipulate small (10° to 1018 litres)
amounts of fluids normally under laminar flow conditions [103]. Fluids are usually
characterised by the three important parameters; density (p), viscosity (n) and surface
tension (o). In microsystems, the flow characteristics can be described as the ratio of
inertial forces to viscous forces [104]. This expression, given in Eq. 3.1, is called the

dimensionless Reynolds number (Re):

Re = Finertial _ & Eqg. 3.1

)
Fyiscous n

where p is the fluid density, L is the typical length scale (e.g. diameter or channel
length), v is the average velocity of the moving liquid and 7 is the viscosity. Due to the
small dimensions of microchannels, it is obvious that that a low Reynolds number is
attained that is usually much less than 100, often even less than 1. Reynolds number
lower than about 2000 is referred to as the laminar flow regime [102]. In this region,
flow is completely laminar and no onset of turbulences occurs which results in a
predictable manner of fluid transport through microchannels. However, in the region in
which Reynolds number are larger than about 2300, inertial forces are dominant
leading to a turbulent flow [102].

PREPARATION OF MICROFLUIDIC PRODUCED MICROSPHERES
The microparticles were produced using a planar microfluidic geometry, comprising of
only a T-junction (Figure 3.4 a)) for the homopolymeric and pre-blended copolymerised
particles and a Y-shaped channel leading to a T-junction (Figure 3.4 b)) in case of the
on-chip copolymerised particles. Both devices have a uniform channel width and depth
of 100 pm. The particles were continuously exposed to UV light (wavelength of 365
nm, HAYASHI LA-410UV) at the end of the outlet tube from the microfluidic device.
After collection in a beaker containing 2 wt% aqueous PVA solution, the output was

then filtered through a nylon mesh (grid size 20 x 20 um) to remove satellite droplets.
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Any particles smaller than 20 um fitted through the mesh, whereas larger particles
remained on the mesh. Subsequently, the larger particles were rinsed with ethanol and
distilled water to remove PVA residues from the continuous phase. The particles were
air-dried and collected afterwards. To remove any unreacted monomers,
microparticles were kept in a vacuum oven at RT for 7 days.

a) b)

Dispersed phase

Dispersed phase \/

A

Figure 3.4: Schematic of the planar microfluidic geometries: a) simple T-junction applied for
homopolymeric and pre-blended copolymerised particles, b) Y-shaped channel leading to a T-junction
used for the production of copolymerised on-chip particles.

Outlet Continuous phase Outlet Continuous phase

GENERAL EQUIPMENT AND PROCEDURE
The experimental setup consisted of a custom-made glass chip (15 x 15 x 3.5 mm)
which was assembled in a stainless steel holder. This microfluidic device was
connected to syringes via polytetrafluoroethylene (PTFE) tubes (0.8 mm internal
diameter, 1.59 mm external diameter) as shown in Figure 3.5. The syringes, made out
of glass (Hamilton Company, USA), were filled with the monomer solution and
continuous phase and then, placed on syringe pumps (KD Scientific, KDS LEGATO
200). A high-speed video camera (Fastcam-1024PCI, Photron Limited), which was
mounted on an upright microscope (Olympus, BX-51), was applied to observe the
droplet formation. The microchannels were cleaned in between employing different

monomers by introducing and flushing with acetone, ethanol and distilled water.

Microchip in stainless steel holder

High-speed video
| camera
'S

s G0

PC

/ PTFE tube

Glass syringes ——— f\ / UV light

Syringe pumps 4
| 7B

Upright microscope |

Collection beaker with
PVA aqueous solution

Figure 3.5: Schematic of the experimental microfluidic setup.
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3.3. MATERIALS

The photocurable polymerisation solutions used in this work are based on
(meth)acrylates, most of which have been shown to be biocompatible [161]. In Figure
3.6, the basic chemical structures of an acrylate (a) and methacrylate (b) are depicted.
Additionally, Figure 3.6 c) shows the initiation of a photopolymerisation reaction in
which photoinitiator (PI) radicals are formed by absorbing UV energy. These radicals
react with acrylate species to create reactive alkyl monomer radicals. An example of a
common photoinitiator is 2,2-dimethoxy-2-phenylacetophenone (DMPA) whose
chemical structure is presented in Figure 3.6 d). DMPA is a Type | photoinitiator and
employed in most of the studies performed within this thesis.

a) % b) o
\)’LO/RW %O/RW
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Figure 3.6: Basics of a photopolymerisation reaction are shown: a) chemical structure of an acrylate, b)
chemical structure of a methacrylate, c) initiation of the reaction by absorbing UV energy by the
photoinitiator (Pl), forming radicals and attacking monomers (M) to generate reactive monomer radicals
(PIM"), d) chemical structure of the photoinitiator DMPA.

In Table 3.1, all tested monomers with their abbreviations are provided. The molecular
structure of each monomer with its corresponding abbreviation are outlined in Figure
3.7.
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Table 3.1: All monomers with their corresponding abbreviations tested using the inkjet printer.

Abbr. Monomer name Abbr. Monomer name

BACOEA  2-[[(Butylamino)carbonyl]oxy]ethyl acrylate MBAmM N,N'-Methylenebisacrylamide

BDDA 1,3-Butanediol diacrylate MBMAmM N,N'-Methylenebismethacrylamide

BMA Butyl methacrylate MHMB Methyl 3-hydroxy-2-methylene-butyrate

CMAOE Caprolactone 2-(methacryloyloxy) ethyl ester MMA Methyl methacrylate

DEGDA Di(ethylene glycol) diacrylate MOPAmM N-(3-Methoxypropyl) acrylamide

DEGDMA  Di(ethylene glycol) dimethacrylate MTEMA 2-(Methylthio)ethyl methacrylate

DEGMA Di(ethylene glycol) methyl ether methacrylate | PEGDA250 Poly(ethylene glycol) diacrylate (Mn-250)

DFHA 2,2,3,3,4,4,5,5,6,6,7,7-Dodecafluoroheptyl PEGDA575  Poly(ethylene glycol) diacrylate (Mn-575)

acrylate

DMAPA 3-(Dimethylamino)propyl acrylate pEGMA Poly(ethylene glycol) methacrylate

DMPAmM N-[3-(Dimethylamino)propyl] acrylamide pEGMEMA  Poly(ethylene glycol) methyl ether
methacrylate

EG3DMA  Tri(ethylene glycol) dimethacrylate pEGPhEA Poly(ethylene glycol) phenyl ether acrylate

EGADMA  Tetra(ethylene glycol) dimethacrylate PFPA 2,2,3,3,3-Pentafluoropropyl acrylate

EGDA Ethylene glycol diacrylate PhMA Phenyl methacrylate

EGdPEA Ethylene glycol dicyclopentenyl ether acrylate | pPGA Poly(propylene glycol) acrylate

EGMEA Ethylene glycol methyl ether acrylate pPGDA Poly(propylene glycol) diacrylate

EGMMA Ethylene glycol methyl ether methacrylate pPGMEA Poly(propylene glycol)methyl ether
acrylate

EGPEA Ethylene glycol phenyl ether acrylate SMA Stearyl methacrylate

EGPhMA  Ethylene glycol phenyl ether methacrylate tBCHA 4-tert-Butylcyclohexyl acrylate

F6BMA 2,2,3,4,4,4-Hexafluorobutyl methacrylate TCDMDA Tricyclo[5.2.1.0%%]decanedimethanol
diacrylate

FuMA Furfuryl methacrylate TEGDA Tetra(ethylene glycol) diacrylate

HA Hexyl acrylate TMCHMA 3,3,5-Trimethylcyclohexyl methacrylate

HDMPDA  3-Hydroxy-2,2-dimethylpropyl 3-hydroxy-2,2- TMPETA Trimethylolpropane ethoxylate triacrylate

dimethylpropionate diacrylate

HFIPA 1,1,1,3,3,3-Hexafluoroisopropyl acrylate TMPOTA Trimethylolpropane propoxylate triacrylate

HMDA 1,6-Hexanediol diacrylate TMPTA Trimethylolpropane triacrylate

HPhOPA  2-Hydroxy-3-phenoxypropyl acrylate TMSA Trimethylsilyl acrylate

iBMA Isobornyl methacrylate TPGDA Tri(propylene glycol) diacrylate

iBUMA Isobutyl methacrylate A4 11A4, 1,3-BDDA 35%, DMPA 2%

iOA Isooctyl acrylate CA-2 llpC4-2, TPGDA 20%, DMPA 2%
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Figure 3.7: Chemical structures of all monomers tested with the inkjet printer.
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3.4. MATERIAL CHARACTERISATION TECHNIQUES

3.4.1. VISCOSITY MEASUREMENT

Viscosity and surface tension are two of the fluid physical characteristics which are
significant for achieving optimum printing performance. For the purpose of this work, a
rotational viscometer was used to measure the flow parameters of different fluids
(Kinenux Pro rheometer, Malvern, USA). This method deduces viscosity from the force
required to turn an object in a fluid [228]. For most of the measurements performed,
the cone and plate measuring system was employed. In this system, a cone of very
shallow angle in the range of 0.5-4° is contacting a flat plate where the fluid to be
measured fills the gap between the upper and lower parts. This system is preferred as
it requires small sample volumes (<1 ml) and can be used on materials having a
viscosity of about 10 cP and higher. A schematic of the cone system can be seen in
Figure 3.8 a). A photo of the system is shown in Figure 3.8 b). The viscosity values
were directly exported from the software which graphically displayed shear stress

against shear rate.

a)

Figure 3.8: Cone and plate measuring system used for rheological measurements on materials with
small sample volumes (<1 ml) and/or viscosities of 10 cP and higher: a) schematically drawn, b)
photograph.

Some low viscosity fluids, which caused difficulties when applying the cone and plate
system, were analysed using a DIN standard coaxial cylinder in the cup and bob
measuring system. A schematic and a photograph of this measuring system are shown
in Figure 3.9. A relatively large amount of material (~3 ml) is required for this
measurement process, hence it was only used when absolutely essential. In this
system, the torque needed to achieve a certain rotational speed is measured under

the assumption of knowing the exact fluid volume to be sheared [228].
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Figure 3.9: Coaxial cylinder in the cup and bob measuring system used to study the rheological
behaviour of low viscosity fluids: a) schematically sketched, b) photograph.

Independent of the measuring system, viscosity versus shear rate were studied with
shear rates from 10 to 1000 s at 25°C to a temperature corresponding to a viscosity

value in the range of 8-15 cP or maximal 70°C.

3.4.2. SURFACE TENSION MEASUREMENT

In order to predict the printability of a selected monomer solution, viscosity and surface
tension need to be known so that adjustments can be performed to achieve ranges of
10-12 cP and 28-33 mN/m, respectively. These values are stated for optimal
performance in the jettable fluid formulation guidelines [229]. A Kriiss Drop Shape
Analyzer DSA100 was used to determine the surface properties of the monomer
solutions and collection fluids. The pendant drop method was applied, in which a
droplet is suspended from a needle in air as shown in Figure 3.10. The shape of the
drop is governed by the surface tension and gravity. According to the Young-Laplace
equation (Eqg. 3.2), the Laplace pressure difference (Ap) is caused by the surface

tension (o) of the interface between a gas and liquid region:

1 1
Ap = 0*(_+_> Eg. 3.2
n o

where r; and r, are the radii of curvature. Consequently, the surface tension of a liquid
is determined by applying a Young-Laplace fit to the contour of a shadow image of the
pendant drop at its equilibrium state with known image scale using drop shape analysis
[230]. The magnification of the image is previously calibrated by the first two blue lines,
as illustrated in Figure 3.10, which are placed close to the needle end. The third blue
line, which is placed below the needle tip, defines the border below which the shape

of the drop will be determined.
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Figure 3.10: Measuring surface tension on a pendant drop. Red region defines the analysis zone,
whereas the first two blue lines are used for the magnification calibration. The third blue line, which is
below the needle tip, defines the border below which the shape of the drop will be determined. The
green line represents the Young-Laplace fit.

3.4.3. PHOTO-DIFFERENTIAL  SCANNING  CALORIMETRY
(PHOTO-DSC)

A photo-DSC is a differential scanning calorimetry (DSC) with some changes in the
design which enables the irradiation of samples with light. The basic principle of this
technique comprises monitoring heat effects associated with chemical reactions and
phase transitions as a function of temperature [231,232]. The heat flow is recorded as

the difference of heat measured in a sample compared to a reference cell.

In this thesis, the UV curing of monomer solutions was monitored using a Perkin-Elmer
DSC8500 accessory with nitrogen as the purge gas. The UV source was equipped
with a 200 W mercury lamp (OminCure 200 curing system with fiber-optic light guide).
Two quartz windows were directly positioned over the sample and reference cells. The
intensity at the distance of sample and reference cells was 10 mW/cm? in the
wavelength range of 250 to 450 nm. Each sample was placed in an open aluminium
pan. The experiments were performed for 360 s under isothermal conditions at 25°C
of which 180 s (2 x 90 s) were baseline measurements. The baseline measurements
were performed without light input before and after the exposure time. The UV light
was applied continuously for 180 s in-between the baseline measurements. In order to
eliminate possible baseline displacements, a second measurement was subtracted
from the first. The data reported for each ink is an average of two separate
photopolymerisation reactions. The analysis was performed in both Pyris Manager
(PerkinElmer, version 11.1.0.0488) and MATLAB (R2016b, version 9.1.0.441655).
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PREPARATION OF MONOMER SOLUTIONS FOR PHOTO-DSC
Monomer solutions were prepared by dissolving 1 wt% DMPA in (meth)acrylates. All
tested monomers with their abbreviations and chemical structures are shown in Figure
3.11.
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Figure 3.11: (Meth)acrylates analysed for their curing kinetics using Photo-DSC.

3.4.4. FOURIER TRANSFORM INFRARED SPECTROSCOPY

Fourier transform infrared spectroscopy (FTIR) is one of the preferred methods to
determine various specific compositions and molecular structures. FTIR has been
reported to be a powerful analytical technique that allows to study UV-initiated curing
processes [233]. In other words, the kinetics of photopolymerisation reactions
occurring within a fraction of a second but also the actual degree of conversion of
specific reactive functional groups can be monitored [234]. Attenuated total reflectance
(ATR) is a standard accessory that makes it possible to measure solid and liquid
samples without any preparation and hence, it was exclusively used for all sample
measurements within this work. A beam of infrared (IR) light is directed onto an
optically dense crystal with a high refractive index in such a way that the beam reflects
internally at the interface between the crystal and the sample as shown in Figure 3.12
[235]. The fraction of light extending into the sample forms an evanescent wave. This

wave is attenuated or altered in spectral regions where energy is absorbed by the
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sample. After hitting the IR detector, these changes are measured and converted to
an infrared spectrum [236].

Sample in contact with
evanescent wave

g

to detector
™~ Infrared ™~ ATR >

beam crystal

Figure 3.12: Multiple internal reflection of a beam of infrared light at the interface between the ATR
crystal and sample.

FTIR-ATR was conducted on a Perkin Elmer Frontier instrument in order to
characterise and identify chemical bonds present in a specimen. Scans were
conducted from 4000 to 650 cm™?, at a resolution of 4 cm™. The analysis was conducted

in the ‘PerkinElmer Spectrum’ software (PerkinElmer, version 10.4.4.449).

3.5. PARTICLE CHARACTERISATION TECHNIQUES

3.5.1. OPTICAL MICROSCOPY

The size and size uniformity of inkjet printed microparticles were analysed by acquiring
brightfield images using an Olympus IX51 microscope with a 40x objective lens
together with a Smart Imaging System (IMSTAR S.A.). Brightfield images of the
microfluidic produced particles were acquired on an Olympus BX-51 upright
microscope (Olympus, Japan) with a 50x objective lens. The printed samples were
imaged in a 24-well plate and the mean diameter of representative particles was
measured applying the software IMSTAR array. A small aliquot of the dried microfluidic
particles was re-suspended in 2 wt% aqueous PVA solution for imaging. The
dimensions of the microparticles were examined off the fluidic module by using

ImageJ, an image analysis software package.

3.5.2. SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy (SEM) is an imaging technique that produces images
by rastering a focused beam of electrons across the sample. When electrons hit the
specimen, various electron-sample interactions may occur like elastic scattering of
electrons, secondary electron emission, ionisation of inner shell electrons and

excitation of photons [237]. The most common type of SEM imaging is the secondary
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electron imaging (SE) which involves the collection of displaced secondary electrons
using a secondary electron detector. This type of detection is heavily dependent on
specimen topography as the emitted electrons emerge from near the surface areas.
Therefore, by collecting the secondary electrons an image representative of the

surface topography is created.

SEM imaging was performed using a JEOL JSM-6060LV in order to obtain information
about the shape and surface morphology of the polymeric microspheres. The inkjet
printed particles were placed onto aluminium sample holders by pipetting 100 pul of
particle suspension whereas the dried microfluidic produced particles were sprinkled,
using a spatula, onto a double-sided adhesive carbon tape. Prior to SEM analysis, the
samples were sputter-coated for 4-5 minutes at 25 mA with a thin gold layer in an
argon atmosphere utilising a Leica EM SCDO005 sputter coater (Leica Microsystems

GmbH, Wetzlar, Germany) to give approximately a 25 nm thick coating.

3.5.3. PARTICLE SIZING

3.5.3.1. MEASURING THE SizE DISTRIBUTION OF

MICROFLUIDIC PARTICLES

For quantifying the particle size distribution of the microfluidic produced particles, a
Coulter LS230 (Beckman Coulter, UK) equipped with a laser light of 750 nm was
applied. This instrument utilises light diffraction to measure particles from 0.04 to 2000
pum. After passing through a spatial filter and projection lens, the laser radiation forms
a beam of light. The beam passes through a sample cell in which a representative
number of particles was moderately stirred in deionised water applying a pre-set speed
level of 5. In order to be able to start a size distribution measurement, the particle
suspension had to reach an obscuration of 8 to 12% while maintaining a total chamber
volume of 18 ml. These particles scatter the incident light onto a Fourier lens, as
schematically displayed in Figure 3.13. This lens focuses the diffracted light onto a
single annular area on its plane of focus, the Fourier plane. An image from the collected
scattered light data, also called diffraction pattern, is formed and can be accurately

sensed by a detector array.
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Figure 3.13: Schematic of the laser diffraction: laser beam passes through a sample cell where particles
scatter the light onto Fourier lenses. The Fourier lenses focus the diffracted light and the scattered light
is accurately recorded by detectors.

Particle size distributions were determined by measuring the composite, time-
averaged diffraction patterns which are the sum of individual diffraction patterns from
particles. The sizes were computed based on the Fraunhofer model of light scattering,
where the relative amplitude of each pattern was used to determine the relative volume
of particles in each size classification. More background information about dynamic

light scattering is provided in Appendix A.

3.5.3.2. MEASURING THE Size DISTRIBUTION OF

PRINTED PARTICLES

Although the inkjet printed particles (d ~ 20 um) were within the measuring range of
the Coulter LS230 (0.04-2000 um), a complementary technique had to be used for size
distribution evaluation due to limitations in sample quantity. A centrifugation-based

method required smaller amounts of sample than the Coulter LS230 (~20 mg).

The particle size distribution of inkjet printed particles was measured on a CPS disc
centrifuge (Model DC24000, CPS Instruments Inc.) equipped with a 405 nm light
source. This instrument measures particles between 0.02 and 30 microns, however
the system has its maximum capability in the range of 0.01 to 40 microns. The size
distributions were measured using centrifugal sedimentation within an optically clear
spinning disc. This spinning disc was filled with a sucrose density gradient, formed by
adding varying density solutions in steps, to stabilise the sedimentation of particles.
0.5 ml dodecane (anhydrous, = 99%) was added as a final step to prevent gradient
evaporation. All fluids were injected into the spinning disc through an injection point,
as shown in Figure 3.14 a), using syringes. The sucrose density gradients were

prepared in distilled water based on the density of the particle material:

e Gradient 1 for densities between 1.0 and 1.1 g/ml: 2-8 wt% sucrose

e Gradient 2 for densities between 1.1 and 1.3 g/ml: 4-12 wt% sucrose
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Aqueous suspensions containing the microspheres (0.1 ml each) were sized after
calibrating the instrument prior to each test. The instrument was calibrated with 1.27
pm polyvinyl chloride (PVC) particles dispersed in deionised water. The concentration
of particles at each size was quantified by measuring the turbidity of the fluid near the
outside of the rotating disc. Schematics of the disc are presented in Figure 3.14. As
the particles reach the outer edge of the disc, they pass through the detector light beam
and scatter a portion of light. The change in the light intensity is continuously recorded
and converted by the operating software into a particle size distribution. In this
conversion, the Stokes law is applied with the assumption that the particles are
spherical [238].
a) b)

Reinforcing ring

Gradient liquid Light source [l |>‘ [ Detector

. || Light beam
- Light beam E Axis of rotation
Gradient liquid
Disc closure
Injection point

Figure 3.14: Schematic of the spinning disc: a) front view, b) cross section view. Images adapted from
CPS Instruments Europe [239].

The simplified Stokes equation, which is presented in Eq. 3.3, reveals that the particle
diameter (D) is proportional to the inverse of the square root of time (t) required for the

particle to move a defined distance:

Eqg. 3.3

Sl =

where K is a combination of constants.

3.54. TIME-OF-FLIGHT SECONDARY ION MASS

SPECTROMETRY

Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) is an ideal technique for
detailed surface chemical analysis due to its ability to provide specific chemical
information with good depth resolution (~1-2 nm). The working principle is described
in full detail in Appendix B. ToF-SIMS measurements were conducted utilising an
IONTOF IV instrument (ION-TOF GmbH, Munster, Germany) using a Bis* primary ion
source operated at 25 kV in ‘high current bunched’ mode. The primary ions exhibited

a pulsed target current of ~1 pA. Sample areas of 500 x 500 um were acquired at a
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resolution of 256 x 256 pixels by rastering the primary ion beam over the substrate
surface in a ‘random raster’ path sequence. An ion dose of 2.45 x 10 ions per cm?
was applied to each sample area in order to ensure that the static conditions were
maintained throughout. Both positive and negative secondary ion spectra were
collected (mass resolution of >7000) over an acquisition period of 20 scans (the data
from which was summed). In order to compensate for charge build-up due to the non-
conductive nature of the polymeric samples, low energy electrons (20 eV) were
delivered via a flood gun. Data analysis was carried out using the IONTOF SurfacelLab

6’ software.

3.5.5. ATOMIC FORCE MICROSCOPY

Atomic force microscopy (AFM) is a surface characterisation technique which is
outlined in Appendix C. For topographical characterisation of inkjet printed and
microfluidic produced microparticles, a Dimension FastScan with ScanAsist AFM
scanning probe microscope (Bruker, UK) was used. The particles, attached to a
double-sided carbon tape on a silicon wafer, were studied in air using PeakForce QNM
mode. Within a sample aliquot 3 x 3 um areas of 5 randomly chosen particles were
analysed for their roughness while high resolution images were acquired. Bruker
RTESPA-150 0.01-0.025 Q cm antimony doped silicon (Bruker, UK) were the
cantilevers selected. The analysis was conducted with the ‘NanoScope Analysis’

software (Bruker, version 1.50).

3.6. BACTERIAL ATTACHMENT ASSAYS

3.6.1. BACTERIA AND GROWTH CONDITIONS

P. aeruginosa PAO1-N mCherry (Nottingham strain) was obtained from stocks held
within the university from the group of Professor Paul Williams. PAO1-N is a specific
lab strain representative of P. aeruginosa (PA) that was genetically modified to express
the red fluorescent protein mCherry. Small amounts of P. aeruginosa were routinely
plated out on LB (Luria-Bertani, Oxoid, UK) agar plates and incubated overnight at
37°C. Following, a single colony was selected, transferred into 10 ml of LB medium
and incubated at 37°C with 200 rpm. The bacterial suspension was centrifuged for 5
min at 9500 rpm the next day. After replacing the LB medium by RPMI-1640 medium

(R0883, Sigma, UK), the bacterial suspension was vortexed and centrifuged again for

53



Chapter 3 — Materials and Methods

5 min at 9500 rpm. The RPMI-1640 medium, which contained some residues of the
LB medium, was replaced by fresh RPMI-1640 prior to optical density measurements.
The optical density (OD) of PAO1-N mCherry was measured at a wavelength of 600
nm using an Evolution 60S UV-Visible spectrophotometer (Thermo Fisher, UK). The
bacterial suspension was diluted with fresh RPMI-1640 until an ODegg of 0.01 was
achieved. Prior to the incubation with the bacteria, all samples were washed with
phosphate buffer saline (PBS) solution, air-dried and UV sterilised for 30 min. Empty
wells in Falcon® non-tissue culture 48-well plates (polystyrene) and pieces of a
silicone catheter served as references which attracted high levels of bacterial
attachment. Each sample was incubated in 1000 ul bacterial suspension which was
taken from the prepared diluted stock (ODego = 0.01). The incubation was performed
at 37°C with 60 rpm for 24 h. After incubating the well plate for 24 hours, the samples
were washed three times with 600 pl of sterile PBS prior to analysis. The washing
steps were conducted as carefully as possible using a pipette to remove non-adhesive

bacteria but not to damage the biofilm.

QUANTIFYING COLONY FORMING UNITS

The number of colony forming units (CFU) was determined with serial dilutions after
24 h. This was done by diluting the bacterial suspension from overnight cultures to an
optical density of ODego = 0.01 in RPMI-1640. This bacterial suspension corresponded
to the starting concentration from which further dilutions were conducted in PBS.
Afterwards, 100 pl of the diluted bacterial suspensions were plated onto LB agar plates
and grown for 24h at 37°C. The next day, the colonies were counted and the colony
forming units per millilitre (CFU/ml) were calculated using the following formula (Eq.
3.4):

CFU _ Number of colonies X dilution factor Eqg. 3.4

ml plated volume

An average of 1.5 x 10’ CFU/ml were counted after 24h using a starting bacterial

suspension of ODegge = 0.01.

3.6.2. CONFOCAL MICROSCOPE IMAGE ACQUISITION
The biofilm coverage on microparticles, pipetted thin films and control samples were
observed using a ZEISS LSM 700 laser confocal microscope. Fluorescence images
were acquired representing an area of 639 x 639 um with a resolution of 512 x 512

pixels at 8-bit colour depth. Image acquisition was conducted with 2 light channels,
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mCherry and T-PMT, and consisted of optical cross-sections which were evenly
spaced by vertical steps of 4.0, 1.5 and 1.0 um for films, microfluidic produced and
inkjet printed particles, respectively. The microscope was operated as follows:
excitation at a wavelength of 555 nm with a power of 10%, 10x/0.30 M27 EC Plan-
Neofluar objective at an Airy disc setting of 1 Airy unit (AU) which corresponds to 34

gm.

3.6.3. BIOFILM QUANTIFICATION

Confocal laser scanning microscopy (CLSM) is able to reconstruct high-resolution 3D
images of biofilm grown on any surfaces; more information is available in Appendix D.
However, the quantification of bacterial attachment is currently limited to microbes
grown on flat surfaces [240]. Recently developed, more sophisticated image
processing algorithms, such as COMSTAT [241] and PHLIP [242], facilitate the
guantification of three-dimensional biofilm structures. Moreover, the quantitative output
from CLSM images has been enhanced by introducing methods, like objective
threshold selection (OTS), which allow for automated determination of threshold levels
[243]. Despite recent advances, there are no reports about quantification of biofilm-

associated bacteria on 3D surfaces (here, particles) in the literature.

As a consequence, a new algorithm was developed to determine bacterial attachment
on microparticles using an in-built MATLAB shape recognising function combined with
adapted scripts from the COMSTAT program [244]. A schematic description of the

biofilm gquantification method using inkjet printed particles is provided in Figure 3.15.
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Figure 3.15: Schematic description of the developed algorithm to quantify biofilm on 3D surfaces.

In more detail, the observed biomass on the pipetted films, microparticles and control
samples was calculated using MATLAB (R2016b, version 9.1.0.441655). The
volumetric fluorescence images were directly imported into MATLAB and the in-built 3D
median filter (medfilt3) was applied to filter noise present in the confocal data.
Automatic thresholding and segmentation of volumes were statistically determined for
the confocal microscopy images using the OTS procedure proposed by Xavier et al.
[243]. This provides a consistent method selecting the threshold value without
requiring manual intervention. In Figure 3.16, a cross-section through the confocal
volumes of inkjet printed particles is presented before applying a volumetric filter (a)
and after applying the 3D median filter (b). These two cross-sections were further
modified by applying a threshold, illustrating the thresholded cross-sections before
applying a filter (c) and after applying the 3D median filter (d). The substrate is
highlighted as a dashed line in Figure 3.16 c) and d).
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Figure 3.16: Images highlighting the effect of applying both a volumetric filter and a threshold on
confocal data. A cross-section through confocal volumes of inkjet printed particles is shown for: a)

before applying a filter, b) after applying the MATLAB in-built 3D median filter, c) after applying a
threshold on unfiltered data, d) after applying a threshold on noise-filtered data.

In order to quantify the biofilm on the surface of microparticles, the particle centres and
radii were automatically determined by detecting circular shapes in the optical image.
Circle detection was performed with the in-built MATLAB function (imfindcircles), as
shown in Figure 3.17 a). Using these geometries, a cylindrical mask was projected
vertically and applied to the volumetric fluorescence images. This enables the
guantification of the biomass only present on the selection of detected particles, shown
in Figure 3.17 b).

Figure 3.17: Biomass quantification on microparticles: a) successful circle detection (red) of
microparticles present in the optical brightfield image, b) biomass captured on particles after applying
the cylindrical mask to the volumetric images.

The new algorithm was validated against the COMSTAT program using pipetted thin
films. In general, the biomass was calculated analogously to COMSTAT [241]. The
overall biofilm on microspheres was quantified by summing the thresholded
fluorescence pixels in all images of a stack multiplied by the voxel size

[pixel size, X pixel size, X pixel size,] and dividing by the total spherical surface area
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of the particles detected. Similarly, the biomass of the films and control samples was
calculated by summing the thresholded volumes and dividing by the planar area of the
image. This calculation was automatically repeated throughout all samples relevant for

this work, with the particle detection validated visually.

3.7. SUMMARY

In this chapter, an overview of methodologies used throughout the thesis was given.
Firstly, the microparticle fabrication techniques including piezoelectric inkjet printing
and microfluidics were described. Furthermore, the materials, which were used for
producing particles, were outlined. Material characterisation methods were presented
which were used to predict the printability but also to provide insight as to the reasons
for a successful particle formation in certain monomers. Additionally, analysis
techniques, which were employed to characterise microspheres in this work, were
outlined. Finally, details about the confocal laser scanning microscopy and biofilm
guantification were provided with the intention to gain further understanding of the

material-performance relationships, as discussed in Chapter 6.
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4. RESULTS - GENERATION OF A PARTICLE LIBRARY

4.1. INTRODUCTION

Successful particle fabrication is a complex process, which depends on multiple
parameters such as solubility, viscosity, surface tension; each playing a crucial role. A
need has been identified for new and optimised fabrication technigues that circumvent
the issues related to the lack of control over shape, size and size distribution. This lack
of control has been commonly associated with conventional production techniques.
Furthermore, optimised fabrication techniques offer access to material combinations

in a controlled fashion, an important development for particle generation.

Inkjet printing has become attractive because it is capable of precisely depositing
picolitre volumes of fluid in well-defined patterns without the need for masks [7,8]. In
contrast, microfluidics is already a well-established methodology for producing
particles of complex design and composition [27,30]. Both manufacturing

methodologies show potential for commercialisation and production on a big scale.

This chapter presents the development of a combinatorial microparticle library of
(meth)acrylate based monomers using two methodologies, inkjet printing and
microfluidics. Firstly, macroscopic pipetting experiments were performed in order to
gain understanding of the droplet formation process and to find suitable monomer-
collecting fluid combinations in a high throughput manner. Monitoring the UV curing of
the selected monomers assisted in determining the reason for successful particle
formation in certain monomers. The macroscopic particle formation was transferred
into microscopic dimensions using inkjet printing and microfluidics, which is outlined in
Section 4.3.3 and 4.3.4, respectively. Finally, both techniques were compared and
evaluated in terms of microparticle production and production rate which is described
in Section 4.3.5.
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4.2. EXPERIMENTAL

4.2.1. PRELIMINARY EXPERIMENTS

4.2.1.1. OPTIMAL SOLUTION RATIO OF ISOPROPANOL IN

DEIONISED WATER

The effect of changing the polarity and density of the collecting fluid on droplet
formation was studied using a manual pipetting setup. Solutions were prepared using
isopropanol (IPA) and deionised water (DIW) with the following chosen weight
percentages: 0, 1, 3, 7, 10, 13, 15, 17, 20, 23, 25, 30, 40, 50, 100 wt% IPA/DIW. 5 ul
of two different inks were pipetted from 10 mm above into a glass beaker filled with the
prepared collecting fluids. The generated droplets were visualised and captured using
a USB2-Micro-200x USB microscope (optical zoom up to 50x, digital zoom up to 200x)
and the software MicroCapture as shown in Figure 4.1. The inks applied in this work
were a commercially available ink, Solsys EMD6415 (Sun Chemical Ltd, UK), and
poly(ethylene glycol) diacrylate (PEGDA250) with 1 wt% DMPA. Both inks were tested
with and without adding rhodamine B, a fluorescent dye, for improving the visualisation
of the droplets.

W <« | Pipetted drop

USB2-Micro-200x
USB microscope

Beaker glass filled
with collecting fluid

Figure 4.1: Schematic drawing of the experimental setup to visualise the ink droplet (5 pl) behaviour in
the collecting fluid after being pipetted from 10 mm above the collecting fluid.

4.2.1.2. MANUEL PIPETTING EXPERIMENTS

In order to find suitable monomers for generating a combinatorial library of
microparticles, pipetting of monomers into collecting fluids was combined with

stimulated polymerisation as illustrated in Figure 4.2.
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Figure 4.2: Schematic representation of the macroscopic pipetting experiment.

Four aqueous solutions with different polarity indices were selected as collecting fluids:
deionised water (DIW), 17 wt% isopropanol in deionised water (IPA/DIW), dimethyl
sulfoxide (DMSQ) and hexane. The physiochemical properties of the collecting fluids

are listed in Table 4.1.

Table 4.1: Collecting fluids with their physiochemical properties.

Collecting Density Viscosity Surface tension Hildebrand Relative
fluid [g/cm?3] [cP] [MN/m] solubility [MPa'?]  polarity [245]
DIwW 1.00 1.00 72.80 48.00 1.00

17 wt% IPA: 23.80 IPA: 0.55
0.96 1.14 37.07

IPA/DIW DIW: 48.00 DIW: 1.00

DMSO 1.10 1.99 42.90 26.40 0.44

Hexane 0.66 0.31 18.40 14.90 0.01

The ability to form droplets was investigated by pipetting 15 ul of monomer solution
into each collecting fluid with subsequent exposure to UV light (Blak-Ray® XX-15L UV
Bench Lamp, 365 nm) for 1 min. The experiment was performed at room temperature
in air and under argon atmosphere both with pipetting from above the collecting fluids
and with the tip submerged in the collecting fluids. These two configurations were
chosen to analyse the impact of the liquid-gas interface on the drop shape
preservation. Depending on the environment, the monomer solutions consisted of
(meth)acrylate based monomers, listed in Figure 3.7 in Section 3.3, with either a

photoinitiator or a photoinitiator combined with an accelerator, as outlined in Table 4.2.
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Table 4.2: Additives dissolved in monomers depending on the test environment.

Environment Photoinitiator Accelerator
2,4-diethyl-9H-thioxanthen-9-one Ethyl 4-(dimethylamino)benzoate
(DETX, 3 wt%) (EDB, 3 wt%)
Air Q 0

48 °
S SN

2,2-dimethoxy-2-phenylacetophenone
(DMPA, 1 wt%)

(]
—0
O

24-well plates were used as substrates because they allow for efficient testing of

Reduced oxygen

(argon, nitrogen)

several monomers and collecting fluids at the same time. Each collecting fluid was
placed into a different row, whereas the monomer solutions were tested along columns

as is shown in the schematic in Figure 4.3.

Monomers
M1 M2 M3 M4 M5 M6

000006
IPA/DIW OC/\(/\/\/ >
00

OO0
000000

Figure 4.3: Schematic of the testing array in a 24-well plate.

]
=
w
o]

Collecting fluids

4.2.1.3. HIGH SPEED IMAGING OF PIPETTING

In order to determine the factors influencing the droplet formation, high speed videos
of pipetting 5 pl of a monomer solution into collecting fluids were recorded utilising a
Photron FASTCAM APX RS High-speed camera (frame rate: 3000 fps; shutter speed:
1/104000 s). The monomer solution consisted of PEGDA250 with 3 wt% of both
photoinitiator DETX and accelerator EDB. The selected collecting fluids were
deionised water, 17 wt% IPA/DIW and 1-octanol. Pipetting in air served as a reference.
Two different jetting arrangements, pipetting from above the collecting fluid and
submerged, were employed as schematically shown in Figure 4.4. A comparison of
the two configurations was conducted to investigate the impact of the liquid-gas

interface on the drop shape preservation.
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Figure 4.4: Schematic representation of the two different jetting arrangements: a) pipetting from above
the collecting fluid, b) pipetting with the tip submerged in the fluid.

4.2.2. INTERFACIAL TENSION MEASUREMENT
The interfacial tension between the monomers and the PVA aqueous phase were
measured at room temperature (RT) by using a tensiometer (CBVP-Z, Kyowa Interface
Science) according to the Wilhelmy plate method. Prior to each measurement, the
Wilhelmy plate was rinsed several times in acetone followed by flaming the plate over

a Bunsen burner until it glowed red.

In this method, an extremely thin plate is partially immersed vertically below the
interface of the two test fluids [246]. When the plate touches the liquid interface, a force
F, which relates the interfacial tension y to the contact angle 6, acts on the plate
according to the following equation (Eq. 4.1):

_ F Eqg. 4.1
V= L * cos@

where L is the wetted length of the plate. The force F is measured by attaching the
plate to a force sensor of a tensiometer. A schematic representation of the

measurement setup is provided in Figure 4.5.
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Figure 4.5: Schematic of the Wilhelmy plate method for measuring the interfacial tension at the
monomer-PVA solution interface.

4.2.3. PREPARATION OF FLUIDS FOR PARTICLE FORMATION

4.2.3.1. PREPARATION OF FLUIDS FOR INKJET PRINTING

The monomers prepared for inkjet printing are mainly based on the monomers which
successfully formed particles in the manual pipetting experiments under reduced
oxygen atmosphere. Additionally, the monomer 2,2,3,4,4,4-hexafluorobutyl
methacrylate (F6BMA) was selected, which did not result in particulate formation
during manual testing. This selection was made to investigate how transferable the
results are from the manual pipetting study. Besides these monomers, the monomers
di(ethylene glycol) dimethacrylate (DEGDMA) and methyl methacrylate (MMA) were
also added to the testing material due to similarities in chemical structures to some
monomers able to produce particles. All monomers with their abbreviations and
chemical structures, used in this study, are presented in Figure 4.6. For crosslinking,
1 wt% DMPA was dissolved in the monomers. Stirring at elevated temperatures up to
50°C was applied for dissolving the photoinitiator in case it was needed. Afterwards,
the inks were purged with nitrogen for 15 minutes and left overnight in the fridge for

oxygen removal.
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Figure 4.6: Abbreviation and chemical structure of each monomer tested using the Dimatix printer.

Deionised water, 17 wt% IPA/DIW and hexane were selected as collecting fluids in
order to find a universal collecting fluid for optimised particle formation. The
physiochemical properties of the fluids are outlined in Table 4.1. Prior to usage, the

collecting fluids were degassed for 15 minutes using an ultrasonic bath.

4.2.3.2. FREEZE-PUMP-THAW CYCLING

Degassing liquids by freeze-pump-thaw cycling is one of the most effective method for
solvent degassing. The monomer solution was placed in a Schlenk flask and frozen by
immersion in liquid nitrogen (N2 (1)). When the fluid was completely frozen, the stopcock
to the vacuum line was opened on the Schlenk flask. The flask atmosphere was
pumped off for three minutes while the flask was still immersed in N> (). Afterwards,
the flask was sealed and warmed up until the monomer solution was completely melted
using a warm water bath. This process was repeated three times. At the end of the last

cycle, the flask was backfilled with nitrogen gas.
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4.2.3.3. PREPARATION OF FLUIDS FOR MICROFLUIDICS

A small selection from the library generated for inkjet printing was chosen for particle

fabrication using microfluidics. The monomers, including their abbreviations, chemical

structures and comments found in the literature, are listed in Table 4.3. For crosslinking

of each monomer, 1 wt% of the photoinitiator DMPA was dissolved in the monomer.

The monomer solutions were degassed for 15 min using an ultrasonic bath to remove

any air bubbles. For the continuous aqueous phase, distilled water was heated up to

75 + 5°C before poly(vinyl alcohol-co-vinyl acetate) (PVA, 88% hydrolysed, Mw 300)

was added in order to generate a 2 wt% solution. The PVA solution was cooled down

to room temperature prior to use. When filling the glass syringes (Hamilton Company,

USA) with monomer solution and aqueous PVA phase, it had to be assured that no air

bubbles were present in the syringes since they cause instabilities in the system.

Table 4.3: Monomers employed for microparticle production using microfluidics.

Abbr. Monomer Structure Comments
N-[3- Q Supports Calu3 and MRC5 cell
DMPAmM .[ ) . \)kN/\/\N/ PP
(dimethylamino)propyl]acrylamide H | attachment [157]
Ethylene glycol dicyclopentenyl ether ? Resistant to bacterial
EGAPEA o OYeO Cleyelopemieny sAo~0
acrylate \m attachment [163,172]
(0]
EGPEA Ethylene glycol phenyl ether acrylate vko/\/o\© Low bacterial attachment [172]
o Low bacteria attachment [172],
FuMA Furfuryl methacrylate Y%/\@ supports OCT4 cell [247] and
o]
hESC-CM [248] attachment
1,1,1,3,3,3-Hexafluoroisopropyl rEF Resistant to bacterial
HFiPA propy Q’%IKF
acrylate EF attachment [172]
Low bacterial attachment [172],
HMDA 1,6-hexanediol diacrylate /WO\/\/\AOJV supports OCT4 cell attachment
o)
[247]
o @
HPhOPA  2-Hydroxy-3-phenoxypropyl acrylate vko/\ﬁo High bacterial attachment [163]
OH
Tricyclo[5.2.1.0>8]decanedimethanol Medium bacterial attachment
TCDMDA yelol ] Afomo{
diacrylate o) [172]
\ P Resistant to bacterial
o
TMPTA Trimethylolpropane triacrylate P S o~ attachment [163], supports

OCT4 cell attachment [247]

4.2.4. PRINTING IN AIR

Dispensing inks in air was performed on a custom-built printer developed by Craig

Sturgess (PhD student, Centre for Additive Manufacturing). This printing setup was
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built similar to the Dimatix DMP-2800 printer employing the same printer cartridges.
The main components include a waveform generator, printhead controller, Dimatix
cartridge and an air-cooled FireFly UV light with a wavelength of A = 365 nm. The
printed monomer solution was comprised of the monomer PEGDA250, the
photonitiator DETX (3 wt%) and of the accelerator EDB (3 wt%), as listed in Table 4.2.
A simple waveform with a period of 15 ps and a trigger interval of 1 ms were used for
printing the PEGDA250 ink into an empty petri dish. The waveform applied for printing

in air is presented in Figure 4.7.

100%

20% 20%

ov

‘ Eeriod ‘
Figure 4.7: Simple waveform with a period of 15 ps was applied for printing in air.

A schematic representation of the experimental printing setup is given in Figure 4.8.
The printhead controller with integrated display enabled to set temperatures for heating

the nozzles and to individually switch the 16 nozzles on and off, respectively.

Printheg d

UV light

_Emply pefridish

Figure 4.8: Schematic illustration of the experimental setup employed for ejecting a monomer solution
into an empty petri dish in air while being exposed simultaneously to UV light.

4.2.5. FocuseD IoN BEaAM MEASUREMENT

In order to analyse the interior of microparticles, focused ion beam measurements
(FIB) were performed using a Zeiss NVision 40 CrossBeam machine equipped with a
Ga source. Sectioning of the particles was conducted at 30 kV with a probe current of
1.5 nA. Prior to FIB measurements, the microparticles were placed onto sample
holders and sputter-coated for 4-5 minutes at 25 mA with a thin gold layer in an argon

atmosphere.
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4.3. RESULTS AND DISCUSSION

4.3.1. PRELIMINARY EXPERIMENTS

In order to optimise the discovery of suitable monomer-collecting fluid combinations,
the droplet formation process with all its interdependent parameters should be
investigated. Herein, macroscopic pipetting experiments were performed in order to
discover materials, which are able to form particles upon dropping 5 ul of monomer
solution into a liquid, in a quick and efficient way. Additionally, forming particles
macroscopically might illustrate the principle applied in droplet formation more clearly,
resulting in better understanding of the process. This knowledge can assist in

predicting and discovering new fluid combinations.

Poly(ethylene glycol) diacrylate (PEGDA) was chosen as the first monomer for the
pipetting experiment due to its appropriate viscosity and surface tension for printing.
Furthermore, this monomer had been extensively investigated in previous work where
it had been shown that UV crosslinked PEGDA is an applicable material for biomedical
applications [27,249]. Therefore, PEGDA was used as a model ink to illustrate the
droplet formation process and served as an initial proof of concept to prepare UV cured

microspheres using piezoelectric inkjet printing.

4.3.1.1. OPTIMAL SOLUTION RATIO OF ISOPROPANOL IN

DEIONISED WATER

In order to test the usability of deionised water, isopropanol and a mixture of both
solvents as a collecting fluid, two different inks (Solsys EMD6415, PEGDA250-DMPA)
were pipetted from above into a glass beaker filled with isopropanol in deionised water
(IPA/DIW) with varied weight percentages. Both inks shared spreading of the ink at
low IPA concentrations whereas sinking followed by immediate dissolution of the
pipetted drop was observed at high IPA concentrations. Droplets were only formed in
the transition range of 13-23 wt% and 15-20 wt% IPA/DIW in case of Solsys EMD6415
and PEGDA250-DMPA, respectively. These results, which are described in more
detail in Appendix E.1, led to the usage of 17 wt% IPA/DIW as a test collecting fluid in

the manual pipetting experiments.
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4.3.1.2.

Manual pipetting experiments were performed in order to test for suitable monomers

MANUAL PIPETTING EXPERIMENTS

that can be employed in a high throughput printing scheme. Due to similarities between
pipetting and printing, it can be assumed that these monomers can be directly

transferred to piezoelectric inkjet printing to generate a combinatorial particle library.

Manual pipetting of monomer solutions into collecting fluids was transferred into a
glovebox with reduced oxygen atmosphere (argon, O, concentration: <500 ppm) after
observing 69.2% of the inks incapable of generating particles in air. 55.4% of
monomers, however, were able to form particles under argon atmosphere. These
succeeding monomers with their abbreviations and chemical structures are listed in
Figure 4.9. The full list of the 56 tested monomers with their performance in air and

under argon atmosphere is outlined in Appendix F.
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Figure 4.9: (Meth)acrylates capable of forming particles when pipetting a small volume (5 pl) into 17
wt% IPA/DIW under argon atmosphere.

The reason for obtaining more particles under reduced oxygen atmosphere is that
oxygen acts as an inhibitor for the polymerisation by quenching free radicals. However,
despite changing to a reduced oxygen atmosphere, some monomer solutions still did
not lead to particles independent of the degree of hydrophilicity of the collecting fluid.

The inability of some monomers to form particles is explained by an insufficiently high
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polymerisation rate which will be discussed in Section 4.3.2. Furthermore, forming
particles in a fluid requires also an appropriate combination of density, surface tension,

viscosity and solubility.

Spherical particles are presented in Figure 4.10, which were the results of pipetting
1,6-hexanediol diacrylate (HMDA)-DMPA and tri(ethylene glycol) dimethacrylate
(EG3DMA)-DMPA from above and below 17 wt% IPA/DIW under argon atmosphere.

HMDA EG3DMA

above subm. above subm.

Figure 4.10: Image showing spherical particles on a glass slide. These particles were obtained by
manually pipetting 5 pl of the monomer solutions, HMDA and EG3DMA with 1 wt% DMPA each, from
above and below 17 wt% IPA/DIW under argon atmosphere.

The results showed that there is no significant difference between pipetting above and
below the collecting fluid. High speed footage of pipetting an ink, in this case
PEGDA250-DETX-EDB, into deionised water, 17 wt% IPA/DIW and 1-octanol
confirmed the same outcome (Appendix E.2). However, the monomer EG3DMA
dispensed from above the collecting fluid resulted in two particles. This might have

happened due to separation at the interface.

4.3.2. CHARACTERISATION OF PHOTOPOLYMERISATION

KINETICS

The curing kinetics of monomer solutions play a significant role for successful particle
formation, as already mentioned in Section 4.3.1.2. Free radical polymerisation rates
of (meth)acrylates need to be sufficiently high. Otherwise, the monomer solution drop
loses its spherical shape or dissolves in the collecting fluid in the case of sufficient
miscibility. Furthermore, not fully crosslinked particles can affect the biological
response because radicals trapped inside the particles leak out, destabilising bacterial
membranes [250]. In this subchapter, the photopolymerisation reactivity of various
commercially available (meth)acrylates is discussed based on data gathered by Photo-
DSC.
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43.2.1. MONITORING OF RADIATION CURING BY PHOTO-
DSC

In this study, the free radical polymerisation rates were investigated for 23 different
monomer solutions in order to probe the significance of curing kinetics on successful
microparticle formation. The results obtained by applying photo-DSC, however, cannot
be directly correlated to the actual inkjet printing because the UV intensity (10 mW/cm?)
and the wavelengths (250-450 nm) of the DSC do not fully match the UV intensity
(~6000 mW/cm?) and wavelength (365 nm) of the Dimatix printer, respectively. Despite
these limitations, this study provides a comparison of the reactivity between the
monomers and, hence, explains why some monomers are incapable of producing

particles.

EXOTHERMIC HEAT FLOW VERSUS TIME
Free radical photopolymerisation reactions are exothermic which means that heat is
generated during the experiment. The entire heat released is attributed to the monomer
acrylate, methacrylate or acrylamide C=C bond opening [251,252]. Therefore, by
measuring the exothermic heat flow, information relating to polymerisation kinetics can
be determined. Herein, the heat flow of 23 monomer solutions was measured. Data,
displaying the heat flow normalised to sample weight versus time, is shown for a small
selection of seven chemically similar monomers in Figure 4.11. These monomers differ
in the composition of repeat unit, chain length, number of double bonds and
acrylate/methacrylate functional groups. Therefore, the effect of these alterations on
the exothermic heat generated during polymerisation is pointed at. Although each
experiment was conducted for 360 s, data is only shown up to 180 s because the

amount of heat released after that point was below 1% and not critical for this analysis.
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Figure 4.11: Normalised heat flow is plotted against time for seven chemically similar monomers
(chemical structures shown right). The samples were exposed to UV light for 180 s starting at 90 s
(dash-dot line).

The majority of the monomer solutions, which are displayed in Figure 4.11, except
di(ethylene glycol) dimethacrylate (DEGDMA)-DMPA, succeeded in particulate
formation. Comparing the heat flow curves, it can be discerned that the monomer
DEGDMA released less heat during photopolymerisation coupled with a shift in time
for the peak maximum. This is shown in Table 4.4, which tabulates the heat released

and time of maximum heat flow.

Table 4.4: Amount of heat released during photopolymerisation and time at which the peak maximum
occurred are listed for seven chemically similar monomers.

Monomer Heat released [mJ] Peak [s] Particle formation
DEGDMA -123.2 114 unsuccessful
EGDA -519.6 96 successful
PEGDA250 -462.7 95 successful
PEGDA575 -328.9 96 successful
pPGA -114.7 97 successful
pPGDA -163.6 95 successful
TPGDA -428.7 95 successful

This delayed polymerisation is explained by the greater steric hindrance to
polymerisation in the case of methacrylates. Methacrylates form tertiary radicals
whereas acrylates generate secondary radicals in a free radical polymerisation.

Tertiary radicals are more stable resulting in lower reactivity.

POLYMERISATION RATE VERSUS TIME
Due to the fact that polymerisation rate is one of the parameters affecting the feasibility

to produce particles, the curing rates of 23 monomers are calculated and compared
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with each other. The photopolymerisation rate (Rp) is determined from the measured
heat flow by the following equation (Eq. 4.2):

dH 1 Eq. 4.2

Rp= —%————
d dt*n*AHP*m

where dH/dt is the heat flow measured by the DSC, n is the number of C=C bonds
per monomer, AH, is the standard enthalpy of reaction for the C=C double bond
(acrylate: 86.2 kJ/mol [253], methacrylate: 54.81 kJ/mol [254,255], acrylamide: 81.6
kJ/mol [256]) and m is the moles of the monomer in the sample. Figure 4.12 shows the
curing rates as a function of time for the 7 chemically similar compounds. The rise and
fall in the polymerisation rates, which is seen in all monomers, outline the auto-
acceleration and auto-deceleration phases of the reaction, respectively. The time at
which the highest polymerisation rate was observed is referred as the ‘gel-point’ [233].
At this point, a loose network of polymers is formed and, hence, a significant change
in the viscosity can be observed. As seen from Figure 4.12, the monomer solution
DEGDMA-DMPA exhibited its gel-point approximately 19 s later compared to the other
inks. In addition, the polymerisation rate of DEGDMA-DMPA was significant lower
(93.0%) compared to PEGDA575-DMPA which exhibited the highest curing rate

among the seven chemically similar compounds.
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Figure 4.12: Photopolymerisation rates are displayed against time for seven chemically similar inks.
The exposure to UV light occurred for 180 s starting at 90 s (dash-dot line).

The effect of chain length and number of acrylate C=C double bonds on the
photopolymerisation rates is presented in Figure 4.13 a). For the monomers with
varying chain lengths, the chain length does not affect the curing rates as seen from
comparing the peaks of tri(propylene glycol) diacrylate (TPGDA) and poly(propylene
glycol) diacrylate (pPGDA). However, the number of C=C double bonds influences the
curing kinetics significantly. Poly(propylene glycol) acrylate (pPGA), which exhibit only
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one acrylate, polymerised 49.7% slower than pPGDA having a diacrylate. The reason
for this is that the overall effectiveness of UV initiated polymerisation can be assessed
by the number of C=C double bonds polymerised per photon absorbed also known as
quantum vyield [257]. Therefore, the more acrylate double bonds available in a
compound, the higher is the chance for a free radical to attack which results in a faster
propagation of the polymer chain.
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Figure 4.13: The effect of chain length and number of C=C double bonds on polymerisation rates are
shown. The chemical structures of the monomers are shown at the bottom. The dash-dot line at 90 s
represents the starting point of UV exposure.

Figure 4.13 b) shows the polymerisation rates of three monomer solutions that differ
in chain length and functional group (acrylate, methacrylate). Comparing the results of
ethylene glycol phenyl ether acrylate (EGPEA) and poly(ethylene glycol) phenyl ether
acrylate (b EGPhEA), pEGPhEA revealed a 10.6% lower polymerisation rate. This is
explained by deceleration of polymerisation due to steric hindrance. Exchanging the
acrylate C=C double bond by a methacrylate, the monomer solution ethylene glycol
phenyl ether methacrylate (EGPhMA) showed a significant decrease in polymerisation
rate of 95.9% and 95.4% compared to EGPEA and pEGPhEA, respectively. These
results confirm the findings outlined in Figure 4.12, that more stable radicals result in

lower curing rates.

MONOMER CONVERSION
The extent of polymerisation of a monomer solution can be calculated since the

acrylate/methacrylate/acrylamide C=C bond breakages are the only source releasing
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heat during the reaction process. Therefore, the monomer conversion in percentage
(a.) was calculated by summing up the exothermic heat flow up to a time t and dividing

by the expected heat of polymerisation (Eq. 4.3):

M* 100 Eq. 4.3

ac(t): AH. *m
P

The conversion was calculated for all 23 monomers both at the ‘gel-point’ and at 360
s, the end of the experiment. Comparisons of monomer conversions coupled with the
times between onset and peak can be used to determine differences in speed of
polymerisation. Consequently, it was assumed that a low conversion at the gel-point
and a large time difference between onset and peak would not succeed in particle
formation. The reason for this is that the printed ink drops dissolve or lose their shape
in the collecting fluid in the meantime. Inks, that are capable of forming microspheres,
are depicted in Figure 4.14 and Figure 4.15 as solid symbols (e.g. m) whereas inks,
which did not lead to particles, are displayed as hollow symbols (e.g. o). The majority
of the inks (93.8%), which resulted in uniform particles, exhibited the maximal curing
rate between 0 to 7.2 s after exposure to UV light and revealed a monomer conversion
at the gel-point of 15.5-37.1% (Figure 4.14). In contrast, HDMPDA and BACOEA,
which are positioned in this specified region, were not able to fabricate particles.
Surprisingly though, the ink EGPhMA, which was polymerised to 16.8% at 72.8 s after

turning on the UV light, generated microspheres.
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Figure 4.14: Conversion of monomer (%) was calculated for 23 monomers at the gel-point as a function
of time between onset and peak of maximal curing rate. The inks capable of forming particles are
illustrated with solid symbols (e.g. m) and the ones that did not succeed with hollow symbols (e.g. o).
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Comparing the conversion for each monomer from the gel-point (Figure 4.14) to the
end of the experiment (Figure 4.15), it can be seen that all monomers exhibited an
increase in conversion. Most notably, the monomers highlighted in the red boxes in
both figures showed the biggest change in conversion from the gel-point (6.8-37.1%)
to the end of experiment (45.3-97.6%). A conversion of 100% can hardly be reached
by any monomer due to the formation of the crosslink network and subsequent
gelification. This leads to an increase in viscosity and hence, reduces the segmental
mobility of both the growing polymer chain and unreacted functional double bonds
[258]. Consequently, this restriction in mobility makes it harder for the propagating
polymer chains and unreacted monomers to react with each other terminating the

reaction.
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Figure 4.15: Total conversion in percentage was computed for 23 monomers as a function of time to
reach maximal curing rate. The inks succeeding in particulate formulation are displayed with solid
symbols (e.g. m) and the ones that did not form spheres with hollow symbols (e.g. o).

The ink EGPhMA extended its degree of polymerisation from the gel-point (163 s) with
16.8% to the end of the measurement (360 s) with 23.5%. Both the small increase and
the eventually low conversion indicate that EGPhMA did not fully cure. This finding was

confirmed by the particles being in a soft and sticky state.

From the data presented, it can be seen that the rate of polymerisation affects the
particulate formation process. Despite that, the interplay of parameters such as
viscosity, surface tension and solubility are more significant for producing particles

successfully than the individual parameters themselves.
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4.3.3. GENERATION OF PARTICLES USING INKJET PRINTING

In this subchapter, photopolymerisation is combined with piezoelectric inkjet printing
with the intention of forming (meth)acrylate based microspheres with precisely
controllable size distribution. Initially, the promising monomer solutions received from
the manual pipetting experiments were transferred to the Dimatix printer and tested for
their ability to produce microspheres. Afterwards, diverse parameters such as
additives, printing velocity, photoinitiator concentration were varied and examined with
focus on improvement on particulate formation. Finally, printing in air is presented as
an alternative route to produce microparticles without using any solvents and

surfactants. A detailed characterisation of these particles is provided in Chapter 5.

4.3.3.1. COMPARISON WITH THE MANUAL PIPETTING

EXPERIMENT

Promising photocrosslinkable inks obtained from manual pipetting under reduced
oxygen atmosphere were inkjet printed into three collecting fluids. As seen from Figure
4.16, microspheres with a diameter in the range of 8.5-23.5 microns were only obtained
when printing PEGDA250-DMPA into 17 wt% IPA/DIW. In case of deionised water and
hexane as collecting fluids, polymer agglomerations were found at the bottom of the
well. Moreover, hexane was an impractical collecting fluid due its rapid evaporation.
Therefore, high consumption of hexane would be required in case of high throughput
particle fabrication.
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Figure 4.16: Brightfield micrographs acquired after printing PEGDA250-DMPA into a) 17 wt% IPA/DIW,
b) deionised water and c) hexane. Scale bars are 20 um.

The inkjet printed polyPEGDA250 particles were uniform and exhibited a smooth
surface containing some pores (Figure 4.17 a)). However, particles trapped in a
polymeric network were also found as depicted in Figure 4.17 b). A few smaller
microspheres were also present, which were likely formed by breaking up of the

droplets while touching the liquid-gas interface. Satellites, which are usually
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significantly smaller than the particles, were also observed in the printing experiment
(Figure 4.16 b)).

b)

18kV XZ, 588 18 1dm

Figure 4.17: SEM pictures taken after jetting PEGDA250-DMPA into 17 wt% IPA/DIW under reduced
oxygen atmosphere: a) particles exhibiting few surface pores, b) polymeric network entrapping
microspheres.

Spheres trapped in a polymeric network and pores might have resulted from partially
cured particles. Incomplete curing could have happened if the remaining oxygen in the
nitrogen atmosphere or in the collecting fluid was sufficient to inhibit the polymerisation.
Consequently, it was postulated that the interior of the particles cured fully whereas a
liquid layer remained on the particle surfaces. These liquid layers caused polymeric
networks by coalescence of uncured monomers. A visualisation of this supposition is
given in Figure 4.18.

Microsphere @
. -

Figure 4.18: Schematic representing the proposed process of multiple particle coalescence due to
incomplete cured outer layers of particles.

The interior of the polyPEGDA250 particles was analysed by slicing the microspheres
in half using FIB. The inkjet printed particles were solid throughout as seen in Figure

4.19. Therefore, the results suggest that neither air nor collecting fluid was trapped
inside the particles.
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a) ) b)

Figure 4.19: FIB images showing an inkjet printed polyPEGDA250 particle: a) before sectioning, b) after
sectioning top view, c) after sectioning side view. Scale bars are 2 um.

After repeatedly obtaining spherical microparticles with the monomer PEGDAZ250, all
monomers, presented in Figure 4.6, were tested for their ability to form particles using
the Dimatix printer. 24 out of 34 monomers (71%) formed particles in 17 wt% IPA/DIW.
Few particles were observed in deionised water whereas none of the monomers
succeeded in producing particles in hexane. The monomers capable of generating
particles using the Dimatix printer are shown in Figure 4.20. Besides free-flowing
particles, however, these monomers also resulted in polymer agglomerations which
reduced their usability. Furthermore, four out of these monomers, namely
tetra(ethylene glycol) dimethacrylate (EG4DMA), tri(ethylene glycol) dimethacrylate
(EG3DMA), di(ethylene glycol) dimethacrylate (DEGDMA) and furfuryl methacrylate
(FuMA), yielded only some patrticles with high amounts of agglomerations. Attempts to
improve their performance by changing parameters like adding a surfactant and

modifying the monomer solution preparation will be discussed in Section 4.3.3.3.
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Figure 4.20: Monomers capable of forming microspheres, independent on the actual yield, using the

Dimatix printer.
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Jetting monomer solutions into collecting fluids using a piezoelectric inkjet printer
reflected the observations made in the manual pipetting experiment to a large extent.
Reducing the volume from pipetting (pl) to printing (pl), made it harder to fully
understand the parameters affecting the particle formation. The reason is that factors
related to the surface such as surface energy and surface charge become more
important the smaller the volume and consequently the smaller the particles.

4.3.3.2. INTERDEPENDENCY ANALYSIS OF MONOMERS

AND COLLECTING FLUIDS

Droplet formation into collecting fluids was affected by a number of parameters which
are individually described below. First of all, the density of the monomer solution should
ideally be in the same order as the collecting fluid (as mentioned in Section 4.3.1.1). If
the monomer solution has a lower density, the droplet will ‘swim’ at the surface of the
collecting fluid, resulting in elliptic shapes due to unbalanced intermolecular forces.
However, in the case of a higher density, the monomer drop will sink and eventually
form a hemisphere at the bottom of the substrate, assuming that the droplet has not
cured beforehand. Viscosity and surface tension determine the performance of printing
and hence, play an important role for successful droplet formation. In the case of the
Dimatix printer, optimal performances are achieved with inks exhibiting viscosities and
surface tensions in the range of 10-12 cP and 28-33 mN/m, respectively, at jetting
temperatures. Viscosity of the printable fluid, which is a function of the molar mass,
can be adjusted by heating the printhead up to 70°C. As a result of heating the
monomer solution, a decreased surface tension is normally obtained. Additionally,

adding surfactants also modifies the surface tension.

Besides density, surface tension and viscosity, solubility of the monomer solution in
the collecting fluid also affects the particle formation outcome. Solubility can be
expressed as partition coefficient which defines the ratio of the concentrations of a
compound in two immiscible solvents, normally 1-octanol and water, at equilibrium.
This coefficient is useful to predict the ability of the printed drop to dissolve in the
collecting fluid since the droplets hit the collecting fluid in a negligibly partially cured
state. Therefore, the photopolymerisation kinetics of the inks, including the curing rate
and the corresponding monomer conversion, are the main crucial factors influencing
the particle fabrication. As described in Section 4.3.2, the polymerisation rate is

affected by the number of functional C=C double bonds, functional groups
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(methacrylate / acrylate / acrylamide), chain length and also bulkiness of the monomer

(steric hindrance).

Last but not least, the printing height, which defines the distance between the nozzle
plate and the well plate, particularly the collecting fluid, also determines the success of
particle formation. An enlarged distance promotes curing to a larger extent before
hitting the collecting fluid. As a consequence, less deformation and reduced numbers
of smaller particles and polymeric agglomerations are expected in case the droplets
are almost completely polymerised. On the contrary, if the droplets are not sufficiently
cured, the particle shapes will be distorted on a bigger scale as a result of the more
severe impact at the gas-liquid interface. Furthermore, ejected droplets spread more

with distance which increases the likelihood of not collecting them.

4.3.3.3. EFFECT OF DIFFERENT PARAMETERS ON

PARTICLE FORMATION

In order to improve the output of the microspheres, different parameter scenarios were

tested in order to compare relative improvements to microsphere formation.

ADDITION OF A FLUORESCENT DYE TO THE MONOMER SOLUTION
Rhodamine B (0.1 wt%) was co-dissolved into the PEGDA250-DMPA solution in order
to investigate the effect of a fluorescent dye on particle formation as well as to improve
the droplet visualisation. Optical microscopy revealed that rhodamine B did not
influence the size or the shape of the microspheres. However, an improved
visualisation was achieved since the contrast between the particles and collecting fluid
was enhanced. By analysing the particles under SEM (Figure 4.21), both polymeric
agglomerations enclosing particles and free-flowing particles were visualised as
already observed with the undyed particles. However, the amount of surface pores
increased vastly on the rhodamine B containing spheres as illustrated in Figure 4.21
b). Moreover, some particles showed evidence of being hollow inside whereas the

polyPEGDA250 particles without additives proved to be homogeneous throughout.
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Figure 4.21: SEM images of polyPEGDA250 particles containing rhodamine B: a) polymer network

capturing particles, b) free-flowing particle showing increased surface porosity, c) fractured particle
revealing a hollow structure.

Adding a fluorescent dye only improved the visualisation to a small extent in the optical
brightfield microscopy while simultaneously resulting in increased surface porosity and
hollow particles. Consequently, rhodamine B was not incorporated into the standard

conditions for printing from here onwards.

MODIFICATION OF THE COLLECTING FLUID USING DIFFERENT SURFACTANTS
Different surfactants were examined for improvement in droplet formation by dissolving
them into the collecting fluid, 17 wt% IPA/DIW. Surfactants are well known for
stabilising droplets and hence, preventing them from coagulation. Four different
surfactants with hydrophile-lipophile balance (HLB) values larger than 10 were chosen.
These surfactants, which reveal affinity for water, are outlined with their chemical

structure and HLB value in Table 4.5.
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Table 4.5: Summary of the four different surfactants, which were dissolved into the collecting fluid (17
wit% IPA/DIW), with their chemical structure and HLB value.

Surfactant Structure HLB
16 H
o)
Triton X-100 W ILA JJ 13.5 [259]
Tween 20 16.7 [259]
PVA 18 [260]
O\\ ONa

SDS O/S\\/ 40 [261]

Printing the monomers 1,3-butanediol diacrylate (BDDA) and poly(ethylene glycol)
phenyl ether acrylate (pEGPhEA) into collecting fluids supplemented with PVA and
also Tween 20 showed no successful particle formation. In both cases, polymer
agglomerations were observed as illustrated in Table 4.6. Particles were obtained
when ejecting BDDA- and pEGPhEA-DMPA into the collecting fluid containing Triton
X-100 and sodium dodecyl sulfate (SDS), respectively. However, as seen from Table
4.6, the particle yield, shape and topography of the particles were not optimal;
polyBDDA particles were aspherical in shape whereas polypEGPhEA microspheres
presented dimples on the surface.

Table 4.6: Brightfield images showing the results of printing BDDA- and pEGPhEA-DMPA into 17 wt%
IPA/DIW supplemented with 0.1 wt% surfactant (PVA, SDS, Triton X-100 and Tween 20). Scale bars
are 20 ym.

Monomer PVA SDS Triton X-100 Tween 20

PEGPhEA

The dimples in the microspheres, presented in Figure 4.22, might arise from dissolving

the particle material when it is not fully cured.
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0.1 wt% SDS dissolved in 17 wt% IPA/DIW.

By testing all monomers capable of forming particles using the Dimatix printer, as
outlined in Figure 4.20, the majority of the monomer solutions (17 out of 24) performed
better when dissolving 0.1 wt% Triton X-100 into 17 wt% IPA/DIW. One monomer,
pEGPhEA, showed improved results when applying SDS as a surfactant. Moreover,
the microspheres generated using the monomers PEGDA250 and PEGDA575 showed
quality reduction when adding surfactants. The performance of the monomers
EG4ADMA, EG3DMA, DEGDMA and FuMA, which was mentioned in Section 4.3.3.1 to
yield few particles with mostly polymer agglomerations, did not improve independent

of the surfactant added.

Adding the surfactant Triton X-100 to the collecting fluid showed improved patrticle
formation with the majority of inks. Therefore, Triton X-100 was implemented into the
standard printing conditions. A surface chemistry analysis of the inkjet printed particles
was performed at a later point indicating residual surfactant at the surface (Appendix
G).

FREEZE-PUMP-THAW VERSUS PURGING AN INK
A possible reason for weak performance in droplet generation is that the monomer
solutions still contain oxygen either from ambient air or oxygen dissolved in raw
materials. Oxygen is able to inhibit the polymerisation reaction through all
polymerisation stages. In this way, even small amounts of oxygen can have a
considerable effect on curing. Herein, the monomers EG4DMA, EG3DMA and
DEGDMA were examined for improved performance in droplet fabrication by
comparing two different oxygen removal methods; substitution by an inert gas

(standard) and freeze-pump-thaw cycling.

The monomer solutions, of which the reactive oxygen gas was removed by two
different ways, were printed into three collecting fluids: 17wt% IPA/DIW, 17wt%
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IPA/DIW with 0.1 wt% SDS and 17wt% IPA/DIW with 0.1 wt% Triton X-100. In Table
4.7, the results of dispensing ink droplets into 17 wt% IPA/DIW supplemented with
Triton X-100 are presented, using either purging with nitrogen gas or freeze-pump-
thaw cycling. It can be seen that only a few particles with mostly polymer
agglomerations were obtained independent on the degassing procedure. However,
fewer agglomerations were found when the monomer solutions were degassed using
the freeze-pump-thaw cycles. Furthermore, the observed particles were 4-7 um in
diameter which is more than three times smaller than normally produced (~20-23 um).
This finding indicates that the curing rates of the monomer solutions are most likely not
sufficiently high as already shown for DEGDMA in Section 4.3.2. Consequently, most
of the printed droplets dissolve in the collecting fluid prior to complete polymerisation.
This also explains the small number of free-flowing particles found in the wells. Also,
the length of time to reach a loose network of polymer (gel-point) is extended enabling

the drops to move around and coalescence resulting in polymeric agglomerations.

Table 4.7: Brightfield images were taken after printing three different inks (EG4DMA-, EG3DMA- and
DEGDMA-DMPA) into 0.1 wt% Triton X-100 dissolved in 17 wt% IPA/DIW. Prior to printing, the
monomer solutions were degassed by either bubbling with nitrogen gas or by freeze-pump-thaw cycling.

Methods EG4ADMA-DMPA EG3DMA-DMPA DEGDMA-DMPA
@ %c& . 3
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The tested monomers were excluded from the actual library of (meth)acrylates since
the efficiency could not be enhanced despite efficient removal of the reactive oxygen
gas from the monomer solutions. In addition, furfuryl methacrylate (FUMA) was also
excluded due to insufficient photopolymerisation rate as already observed during
photo-DSC measurements (Section 4.3.2). By doing this, the updated library

consisting of 20 particle forming monomers is shown in Figure 4.23.
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Figure 4.23: The updated library of (meth)acrylates capable of producing microparticles using the
Dimatix printer.

VARYING THE PRINTING VELOCITY

The effect of changing the printing velocity on particle formation was studied by printing
the monomer solution tricyclo[5.2.1.0>%]decanedimethanol diacrylate (TCDMDA)
containing 1 wt% DMPA into the collecting fluid 17 wt% IPA/DIW concentrated with
Triton X-100 (0.1 wt%). The printing velocity was adjusted by changing the voltage
applied to a nozzle whilst checking the distance travelled at a strobe delay of 100 um
using the Drop Watcher camera. By increasing the voltage to obtain greater printing
speed, the ejected drop volume decreases and hence, also the final particle diameter.
SEM images of particles printed at 2, 4, 6, 8 and 10 m/s were taken and depicted in
Table 4.8.
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Table 4.8: SEM images showing polyTCDMDA particles ejected at a velocity of 2, 4, 6, 8 and 10 m/s.
The images were taken at a magnification of 500x (left, scale bar: 50 um) and 1500x (right, scale bar: 10
pm), respectively.

Printing velocity [m/s] Image (500x) Image (1500x)

10

Analysing the particles dispensed at different speeds revealed that monodisperse
particles with a spherical shape were only obtained up to a printing velocity of 6 m/s.
Ejecting droplets at speeds exceeding 6 m/s resulted in higher asphericity with satellite
drops. At a rate of 10 m/s, three separate particle shapes were observed: spheres,
flattened shapes up to hemispheres and disc-like shapes. Flattened particles,

hemispheres and disc-like shapes are depicted in Figure 4.24.

Figure 4.24: SEM images of particle shapes observed at a printing velocity of 10 m/s: a) flattened
particles, b) hemispheres, c) disc-like shapes.
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An explanation for obtaining flattened shapes varying towards hemispheres at high
velocity is that they become deformed due to the strong impact occurring when
entering the collecting fluid. Additionally, it is speculated that the microparticles only
fully cured at the bottom of the substrate, thus, resulting in hemispheres. Due to the
higher dispensing rates, the droplets in flight were exposed to UV light for a shorter
amount of time until reaching both the collecting fluid and the bottom of the substrate.
Consequently, the droplets can easily be deformed because they are still in a partially
cured state as already ascertained by the curing kinetic studies (Section 4.3.2). Disc-
like shapes may occur when droplets float at the interface due to unbalanced
intermolecular forces while being polymerised. After performing this experiment, a
velocity of 6 m/s was employed for standardised printing of (meth)acrylate based
monomer solutions. This printing velocity was selected to achieve the optimum relation

between sphericity in shape and production rate.

INCREASED PHOTOINITIATOR CONCENTRATION
Standard (1 wt%) and increased photoinitiator concentrations (3-5 wt%) were
dissolved into three different monomers, tricyclo[5.2.1.0%5]decanedimethanol
diacrylate (TCDMDA), ethylene glycol dicyclopentenyl ether acrylate (EGAPEA) and
trimethylolpropane triacrylate (TMPTA). These prepared monomer solutions were
printed into 17 wt% IPA/DIW containing 0.1 wt% Triton X-100 and compared with
respect to particle shape, size and yield. Brightfield images of the particles produced

are presented in Table 4.9.
Table 4.9: Comparison of microparticles printed with three different inks (TCDMDA, EGdPEA and

TMPTA) containing standard (1 wt%) and increased DMPA concentration (3-5 wt%), respectively, into
Triton X-100 (0.1 wt%) dissolved in 17 wt% IPA/DIW. Scale bars are 20 um.
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The results revealed that raising the amount of photoinitiator helped to improve the
sphericity in case of the monomer TCDMDA due to faster curing. Additionally, the sizes
of the microparticles became more monodisperse. However, no significant changes
were observed for the monomers EGdPEA and TMPTA. Smaller particles, which are
best seen in the image taken for TMPTA-DMPA (3 wt%), occurred independent of the
photoinitiator concentration. Such smaller particles are formed by break-up of a
ligament formed from the mass of two interacting drops pinching off the remaining
portions of the drops [262] or by detachment of liquid when impacting on the surface
of the collecting fluid. Therefore, both the stability of jetting and polymerisation kinetics
are the critical factors for emerging these secondary drops. Furthermore, it was
assumed that a higher concentration of photoinitiator results in faster curing, thus
forming less polymeric agglomerations. No significant reduction in polymeric
agglomerations, however, was observed in this study. Increasing the photoinitiator
concentration can also lead to generation of more free photoinitiating radicals.
Consequently, as the polymerisation reaction continues, the free photoinitiating radical
concentration keeps increasing while the concentration of the unreacted monomer
decreases resulting in augmented termination. This effect can cause a higher number
of particles but at smaller sizes. Due to the combination of the vicinity of the particles

and high surface contact areas, particles can agglomerate with ease.

Based on the fact that no remarkable improvements were achieved by increasing the
amount of photoinitiator, the standard concentration of 1 wt% DMPA was retained for

subsequent testing.

4.3.3.4. PRINTING IN AIR

The idea of dispensing a monomer solution into an empty collection substrate in air
was tested to explore a route of producing microparticles without using any solvents
or surfactants. In this way, the particles could be collected and hence, analysed quickly
without the need of washing, filtration and/or centrifugation in advance. Solvent-free
production under ambient air would contribute to scale-up of the microparticle
fabrication due to reduced costs and production time. Moreover, the particle
chemistries would be as prepared without exhibiting contamination induced by

surfactants and solvent residues.

The monomer solution containing PEGDA250, photoinitiator DETX and accelerator

EDB were printed with a frequency of 1 kHz into an empty petri dish. The ejected
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droplets were simultaneously polymerised by exposure to a UV source. The particles
collected in the petri dish were analysed using SEM (Figure 4.25).

N D47 x12k  50pm

N D47 x300 300 um

Figure 4.25: SEM images presenting particles obtained from printing PEGDA250-DETX-EDB into an
empty petri dish under ambient air. Zoomed image reveals the impacted spherical shape of particles.

SEM analysis revealed that particles with an impacted spherical shape were formed
by printing in ambient air. The particles were approximately 25 pm in height and 20 pm
in width. The shape is explained by deformation that occurred due to the strong impact
of the partially cured drop upon the petri dish. However, there seems to be notably
more material in the base than deformation alone would produce. This suggests some
particle settling on the surface before complete solidification - possibly aided by
favourable surface-monomer wetting. The UV light not only cured the droplets but also
blocked the nozzle plate. By inserting a collimated lens as shown in Figure 4.26, the
issue of blocking the nozzles was solved but microparticles were no longer obtained.
The polymerisation only took place when the droplets fell through the collimated light,
which happened in a relatively short time. By employing a fixed working distance
between the UV source and the lens to successfully collimate the light, the UV source
had to be adjusted further back resulting in a reduced intensity. The UV light intensity
is inversely proportional to the square of the distance from the source. Both factors,
reduced light intensity and the resulting shorter exposure time, led to incomplete

curing.

a)

Collimated
lens

Collimated lens UV light Dimatix cartridge

Figure 4.26: Collimating the UV light by inserting a specific lens: a) sketch illustrating how the light will
propagate after passing the collimated lens, b) front view showing the collimated lens incorporated into
the printing setup, c) side view of the experimental setup.

90



Chapter 4 - Generation of a Particle Library

Obtaining spherical particles in air could be possible by increasing the distance
between the Dimatix cartridge and collection substrate combined with exposing the

droplets to UV light during the entire flight in consideration of shielding the nozzle plate.

4.3.4. GENERATION OF PARTICLES USING MICROFLUIDICS

An alternative manufacturing process to inkjet printing, microfluidic particle synthesis,
is introduced in this subchapter. First, some results are presented showing the
production of homopolymeric microparticles. Following, copolymerised particles were
fabricated by applying two different co-polymerisation routes, blending-before and on-
chip copolymerisation. These copolymerisation methods were compared by
considering pros and cons in Section 4.3.5. In terms of microparticle characteristics,
the physical and chemical properties of the microfluidic produced particles are

compared with the properties of the inkjet printed particles in Chapter 5.

4.3.4.1. FORMATION OF HOMOPOLYMERIC DROPLETS IN

A T-JUNCTION

Monodisperse microparticles were successfully formed from 6 out of 9 tested
monomers in a reproducible manner in a simple glass T-junction by adjusting the flow
rates of the dispersed (Qq4, monomer solution) and continuous (Q., aqueous 2 wt%
PVA solution) phase. One of these monomers, HPhOPA, required the addition of a
solvent to reduce the viscosity in order to allow for particle formation. Ethyl acetate was
added in the concentration of 10, 33.5 and 50 wt% to the monomer solution in order to
probe their particle performance. Adding 33.5 and 50 wt% ethyl acetate resulted in
monodisperse microspheres whereas polydisperse particles were obtained with 10
wt% ethyl acetate. By diluting HPhOPA with 50 wt% ethyl acetate, however, uniform
particles with sizes up to 52 um were fabricated only. Therefore, a concentration of
33.5 wt% ethyl acetate was employed for further polyHPhOPA particle production.
Furthermore, the surfactant was seen to be crucial for the droplet formation because
a minimum of 2 wt% PVA resulted in stable droplet generation, as displayed in Figure
4.27 a). A PVA concentration lower than 2 wt% led to no or instable droplet formation
(Figure 4.27 b)).
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Figure 4.27: Images taken at a glass T-junction: a) stable monomer droplets observed using 2 wt%
PVA, b) constant monomer stream seen in the microfluidic chip without adding PVA as a surfactant.

The monomers 1,1,1,3,3,3-hexafluoroisopropyl acrylate (HFiPA) and furfuryl
methacrylate (FUMA), presented in Table 4.3, formed droplets in the microchannel but
did not fully cure even after purging with nitrogen gas. The monomer N-[3-
(dimethylamino)propyl]acrylamide (DMPAmM) did not succeed in droplet formation most
likely due to a surface and/or interfacial tension problem between the monomer and
the continuous PVA phase. By changing the glass chip to a hydrophobically coated
cross-junction glass chip, the monomer stream still did not break up into droplets at
any tested flow rates (Figure 4.28 a)). Furthermore, no droplet formation was observed
when exchanging PVA in the continuous phase with more hydrophobic surfactants like
SDS, Triton X-100 and Tween 80, as displayed in Figure 4.28 b).

a)

Figure 4.28: Images showing the inability of the monomer DMPAm to form droplets: a) in a
hydrophobically coated cross-junction glass chip, b) in a glass T-junction using SDS as the surfactant in
the continuous phase.

Consequently, the monomer DMPAmM was excluded from fabricating homopolymeric
microparticles due to its inability to generate droplets. Additionally, the relatively high
monomer viscosity of 65 cP did not simplify manufacture. Besides DMPAm, the
monomers HFiPA and FUMA, which were unable to form particles using piezoelectric
inkjet printing, were also not included in the library to form homopolymeric particles
using microfluidics. However, these three monomers were retained for trying to
fabricate co-polymerised spheres as outlined in Sections 4.3.4.2 and 4.3.4.3. A
comparison of success of the monomers used in both particle fabrication techniques
is listed in Table 4.10.
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Table 4.10: Comparison of the monomers employed in microfluidics and piezoelectric inkjet printing with
respect to microparticle fabrication. Successful particle formation is highlighted in green whereas the
inability to form particles is highlighted in red. Monomers, which failed to produce homopolymeric
particles but were retained for trying to fabricate co-polymerised particles, are highlighted in purple.

Monomers Structure Microfluidics Inkjet printing
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Figure 4.29 illustrates flow pattern diagrams of three monomers with different viscosity
values: a) HMDA with 6 cP, b) EGAPEA with 20 cP and c) TCDMDA with 140 cP. A
flow diagram shows the flow conditions under which monodisperse droplets can be
generated in a T-junction. When the flow rate of the continuous phase (Qc) is too low,
droplets cannot be formed since the viscous shearing force is too weak resulting in
continuous laminar streams of the dispersed and continuous phase. In contrast, when
Qc is too high, polydisperse droplets are irregularly formed in the jetting regime [263].
Uniform microparticles were only generated with flow conditions complying to be below
the ‘mountain-shaped’ area. As reported by Nisisako et al. [124], the capillary number
Ca should be low and in the range from 10 to 102, The capillary number, representing
the relative effect of viscous forces versus surface tension acting across an interface,
is defined in EqQ. 4.4:

_mw Eq. 4.4
1

Ca

where 7 is the viscosity of the continuous phase, v is the velocity and y is the interfacial
tension between the dispersed and continuous phase. In addition, it can be seen that
the higher the viscosity of the monomer, the flatter the ‘mountain-shaped’ curve and

consequently, the smaller the range to produce droplets.
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Figure 4.29: Flow pattern diagrams of three monomers with different viscosities indicating the regions
where monodisperse patrticles were formed: a) HMDA with 6 cP, b) EGAPEA with 20 cP, c) TCDMDA
with 140 cP. Qd is the flow rate of the dispersed phase whereas Qc is the flow rate of the continuous
phase. The upper horizontal axis represents the capillary number Ca. The crosses (x) indicate the
conditions under which monodisperse droplets were not formed reproducibly. All other symbols (e, A, o)
represent the conditions under which monodisperse particles were reproducibly generated. The hollow
circles (o, Qd = 0.1 ml/h) and the hollow triangles (A, Qd = 0.3 ml/h) show the conditions where the
particle size was measured. The boundary between the two regimes, represented as a line, was
estimated empirically.

A relation between the particle diameter and the continuous phase flow rate is depicted
for the same three monomers, as in Figure 4.29, at a fixed dispersed phase flow rate
(Qq) of 0.1 and 0.3 ml/h, respectively. Figure 4.30 shows that a higher continuous flow
rate results in smaller particles. The reason for this trend is that the shear stresses
become greater, the higher the flow rate. Therefore, the droplets break up faster
resulting in a smaller volume. Furthermore, a higher dispersed phase flow rate pushes

more liquid through the microchannel to the T-junction generating bigger droplets.
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Figure 4.30: Effect of the continuous phase (Qc) and monomer stream (Qd) flow rate on particle size is
presented for three monomers with different viscosities: a) HMDA with 6 cP, b) EGAPEA with 20 cP, c)
TCDMDA with 140 cP. The particle diameters were measured at two fixed Qd. The hollow circles (o)
and the hollow triangles (A) indicate the dispersed flow rate of 0.1 and 0.3 ml/h, respectively. The error
bars represent the standard deviation of the measured patrticle sizes.

All homopolymeric particles generated from the small library of 6 functioning acrylates
were formed to have an average diameter of 80 um by adjusting the flow rates

accordingly.

4.3.4.2.

POLYMERISED PARTICLES IN A T-JUNCTION

FORMATION OF PRE-BLENDED Co-

Monodisperse particles consisting of two different monomers, which were pre-blended
to a ratio of 70 to 30 wt%, were obtained in a simple glass T-junction. Figure 4.31
shows images of microparticles made from the pre-blended monomer solution
consisting of 70 wt% EGdPEA and 30 wt% HMDA with 1 wt% DMPA.
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a)

N D46 300 300
Figure 4.31: Uniform microparticles were generated from the monomer combination 70 wt% EGdPEA -
30 wt% HMDA: a) brightfield image with a scale bar of 100 um, b) SEM image with a scale bar of 300

pm.

The droplets were formed in a one-step process, which is illustrated with the monomer
combination 70 wt% EGdPEA — 30 wt% HMDA in Figure 4.32. The monomer mixture
was injected at 0.1 ml/h into the stream of PVA solution at 5.0 ml/h. The process
consists of growth of a forefront of the monomer stream, formation of a pinched neck,
detachment of the droplet and formation of a satellite drop. The satellite droplet is
generated from a thin filament because of interfacial instability and could be eliminated

by applying a branching structure at the downstream of the droplet generator [264].

a) b)

i+ )

Blended
monomers

3183

«- -~ Continuous phase

§

1
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Figure 4.32: Formation of droplets from pre-blended photocurable monomers: a) schematic of a simple
T-junction, b) five sequential images illustrating the one-step process of generating droplets at a T-
junction. The flow rates of the dispersed and continuous phase are 0.1 and 5.0 ml/h, respectively.

By testing different monomer combinations, it was observed that even when the
summed viscosity value of the two monomers was lower than the viscosity value of the
more viscous monomer (0.7 x n; + 0.3 x n, < n; with n; > n,), the range of flow rates
to produce particles was smaller. A plausible explanation is that besides viscosity,

surface and interfacial tension play a crucial role in the droplet formation process.
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Co-polymerised particles made from pre-blended monomers were fabricated to obtain
an average particle diameter of 80 um by controlling the flow rates of the dispersed
and continuous phase. Combinations of monomers were selected in consideration of
not exceeding values of 100 cP for the summed viscosity of the pre-blended solutions.
In Table 4.11, a summary of the fabricated pre-blended co-polymerised particles with
the applied flow rates and the obtained particle sizes are provided. Each monomer
combination was produced in two batches because the agueous PVA solution needed
to be refilled after a certain time in order to obtain a yield large enough to perform

biological testing afterwards.

Table 4.11: Summary of the produced pre-blended co-polymerised microspheres with the applied flow
rates and the measured particle sizes.

Pre-blended monomers Monomer / PVA phase ) )

(70 — 30 wt%) flow rate [ml/h] Particle size [um]
EGdPEA - HMDA 0.1/5.0 78.3+1.0,76.6 £25
EGPEA - EGdPEA 0.1/5.0 76.9+6.3,75.6£25
EGPEA - TMPTA 0.1/5.0 63.8+3.1,72.1+14

EGdPEA - HPhOPA 0.09/5.5 70.0+6.5,67.3+0.9
TCDMDA - EGPEA 0.1/5.0 77.0+£15,720+1.1
HMDA - FUMA 0.3/4.0 87.7+2.6,88.3+3.3
FuMA - TMPTA 0.1/5.0 74.1+5.6,74.3+£8.6
TMPTA - HMDA 0.09/5.0 76.2+1.1,76.6+0.8
TMPTA - EGdPEA 0.1/4.0 749+19,782+1.1

The following pre-blended co-monomer solutions (70-30 wt%) containing the monomer
HFiPA and DMPAmM were tried out and did not result in particle formation: TMPTA-
HFiPA, HMDA-DMPAmM and EGPEA-DMPAmM. The co-monomer combination TMPTA-
HFiPA was not able to generate droplets, not even at flow rates of 0.07 and 10.0 ml/h
for the monomer and aqueous PVA phase, respectively (Figure 4.33 a)). The co-
monomer solution behaved as a highly viscous fluid even though the summed viscosity
should be lower than the viscosity of TMPTA alone. The monomer TMPTA was
capable of producing homopolymeric microspheres. Figure 4.33 b) shows the instable
flow of HMDA-DMPAmM at flow rates of Q4= 0.1 ml/h and Q.= 5.0 ml/h which resulted
in polydisperse droplets. In addition, it was observed that DMPAm leaked out from the

co-monomer solution.
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Figure 4.33: Examples of unsuccessful droplet formation: a) break-up into droplets did not occur within
the channel length when using TMPTA-HFIPA at Qq= 0.07 ml/h and Qc= 10.0 ml/h, b) instable flow
happened when testing HMDA-DMPAm at Qq= 0.1 ml/h and Qc= 5.0 ml/h.

4.3.4.3. FORMATION OF ON-CHIP CO-POLYMERISED
PARTICLES IN A Y-SHAPED CHANNEL LEADING TO A T-

JUNCTION

By mixing the two monomers directly on the glass chip (on-chip), displayed in Figure
4.34, monodisperse microparticles were obtained with average sizes of 80 pm. A
summary of the on-chip co-polymerised particles including the applied flow rates and
measured particle diameters are outlined in Appendix H. The particle diameters were
controlled by adjusting the appropriate flow rates of the two organic phases (Qq =
Qwmonomer1 + Qmonomer) and the continuous stream (Qc). The droplets were also

generated in a one-step process as explained in Section 4.3.4.2.

Monomer 1 Monomer 2

«-- - Continuous phase

Figure 4.34: Schematic of the on-chip copolymerisation method.
In contrast to the pre-blended co-polymerised particles, the ratio to which the
monomers were effectively blended together during the on-chip copolymerisation is
not fully under control and can only be analysed by surface chemistry techniques.
Given that pre-blending can also result in phase separation, the surface composition
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of such co-polymerised particles should also be verified. By modifying the flow rates of
the monomers independently, particles with different monomer ratios can be produced
using on-chip copolymerisation. Nevertheless, the degree of homogeneity throughout
the particle or whether phase separation occurred within the particle, basically
depends on the extent of miscibility between the monomers. It is known, however, that
mixing is enhanced by steady flow recirculation within droplets [265], by introducing
wavy microchannels as outlet channels and by lengthening the outlet tube to extend

the time for diffusion.

The droplet formation process is shown for two different monomer combinations,
EGAPEA-EGPEA (a) and EGPEA-TMPTA (b), in Figure 4.35. In both cases, the
monomer solutions were injected at the same flow rate (Qui = Qmz = 0.05 ml/h) into
the stream of PVA aqueous solution at 3.0 ml/h. The monomers in Figure 4.35 a) are
both ethylene glycol acrylates and hence, exhibit similar properties that lead to good
miscibility. However, Figure 4.35 b) shows two monomers, an ethylene glycol acrylate
and a triacrylate, with dissimilar properties. The blending does not occur readily
amongst the monomers which is best seen in b) ii). The image sequences b) ii) — iv)
suggest phase separation which occurred most likely due to the large difference in
viscosity. No conclusions can be reached, however, from the image b) v) because the

droplet is out of focus.
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Figure 4.35: Formation of on-chip co-polymerised droplets from two different photocurable monomers.
All the monomers were injected at the same flow rate of 0.05 ml/h into the stream of aqueous PVA
solution at 3.0 ml/h: a) sequence of images showing the generation of droplets from two similar
monomers (EGdPEA-EGPEA) - good miscibility, b) five sequential images illustrating the one-step
process of two dissimilar monomers (EGPEA-TMPTA) - to a lesser extent miscible.

The same monomer combinations were tested on-chip as already studied as pre-

blended co-monomer solutions. Particles were successfully formed with the same 9
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out of 12 co-monomers as already described for blended-before copolymerisation. A

summary of the co-monomers tested for their ability to generate particles using the two

copolymerisation approaches is provided in Table 4.12.

Table 4.12: Summary of the monomer combinations tested for their ability to fabricate microparticles
using blended-before and on-chip copolymerisation: successful particle formation (green) and inability to

generate particles (red).

Monomer combination

EGdPEA - HMDA

EGdPEA - HPhOPA

EGPEA - DMPAmM

EGPEA - EGAPEA

EGPEA - TMPTA

FuMA - TMPTA

HMDA - DMPAmM

HMDA - FUMA

TCDMDA - EGPEA

TMPTA - EGdPEA

TMPTA - HFiPA

TMPTA - HMDA

On-chip
copolymerisation

Instable flow followed by blocked
microchannel; DMPAmM phase-
separated and leaked out from co-

monomer solution

Instable flow resulted in
polydisperse droplets; DMPAmM
phase-separated and leaked out

from co-monomer solution

No droplet formation, behaved like
high viscous fluid

Blended-before

copolymerisation

No droplet formation, behaved like
high viscous fluid; DMPAm leaked

out from co-monomer solution

Instable flow resulted in
polydisperse droplets; DMPAmM
leaked out from co-monomer

solution

No droplet formation, behaved like

high viscous fluid

The co-monomer HMDA-DMPAmM did repeatedly reveal instabilities in the flow as

already determined with the pre-blended co-monomer solution. However, using the on-

chip blending setup, it can be seen in Figure 4.36 that the monomers did not fully mix,

resulting in phase separation.
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Figure 4.36: Instability of HMDA-DMPAm flow resulting in polydisperse droplets using on-chip
copolymerisation. Zoomed image shows the phase separation of the monomers.

The polydisperse particles, obtained from blending the two monomers, HMDA and
DMPAm, on-chip in the vicinity of a 2 wt% aqueous PVA solution, are depicted in
Figure 4.37. The microspheres exhibited some circular features, which emerged from
the immiscibility of the two monomers. The circular features observed are thought to
be on top of the particles due to the differences in densities of both monomers
(microspheres: HDMA, p: 1.01 g/ml; circular features: DMPAm, p: 0.95 g/ml), resulting
in the features to float. The yield of these particles was very low as the PTFE tube,
transporting the DMPAmM solution from the glass syringe to the microfluidic chip, was
blocked repeatedly.

Figure 4.37: Polydisperse microparticles were generated by blending the monomers HMDA and
DMPAm in the glass chip. Phase-separation of the monomers resulted in circular features on the
particles.

By comparing on-chip blending with blending-before, both methods showed that not
only viscosity but also surface and interfacial tension are crucial for successful droplet
generation. Furthermore, single monomers that did not form particles, should not be
discarded immediately from the library because they can still be used in
copolymerisation. In case of on-chip copolymerisation less preparation was needed.
In addition, the on-chip copolymerisation exhibits a larger range to modify the flow rates
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since the monomer flow rates can be adjusted independently. This is advantageous
for fabricating particles with different monomer ratios, such as phase separation into
small domains or complete separation as seen in Janus particles, in limited production
runs. However, the specific properties of the monomers affect the results in the on-
chip copolymerisation more compared to the mixed properties in blended-before
copolymerisation (Figure 4.38). In order to obtain particles with a well-defined
monomer ratio, blending-before copolymerisation is the technique to choose in
manufacture. Although better control of droplet formation is achieved with blending-

before, phase separation might occur with some monomer combinations in the syringe.

Figure 4.38: Formation of co-polymerised droplets from the monomer combination EGPEA-TMPTA
using two different copolymerisation approaches: a) blended-before copolymerisation, b) on-chip
copolymerisation. The specific properties of the monomers affect the results in on-chip copolymerisation
more compared to the mixed properties in blended-before copolymerisation — phase separation might
have occurred in on-chip copolymerisation.

4.3.5. COMPARISON BETWEEN INKJET PRINTING AND

MICROFLUIDICS

Comparing inkjet printing and microfluidics in terms of microparticle production and
production rate, microfluidics was less sensitive to input parameters and resulted in
higher yields in this study. The process of forming microspheres using microfluidics is
better developed since it is mainly controlled by the ratio of flow rates, capillary and
Reynolds number. In contrast, parameters inter-dependently affect the formation of
droplets in inkjet printing where a partially cured liquid droplet must pass a gas-liquid
interface into the collecting fluid. Moreover, comparing the particle formation success
rate for both fabrication techniques based on the small selection of the library
generated for inkjet printing, it was shown that 6 out of 9 monomers worked for both
production methods. However, reasons why the monomers 1,1,1,3,3,3-hexafluoro-
isopropyl acrylate (HFiPA), furfuryl methacrylate (FuMA) and N-[3-
(dimethylamino)propyl] acrylamide (DMPAm) failed using the Dimatix printer is partially
known. Employing microfluidics though, it was demonstrated that both HFiPA and
FuMA formed droplets in the channel but particles were not obtained due to insufficient
curing. The inability to form particles in a microfluidic device using the monomer
DMPAmM could not be explained even after conducting further tests. Nevertheless,

microfluidics is a well-established technigque that has been applied for producing
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various particle shapes [27,124]. Less literature has been found on diversity of shapes

fabricated using piezoelectric inkjet printing.

Both manufacturing techniques are summarised in Table 4.13 by comparing materials,

production rate, sizes, shapes, costs and scalability.

Table 4.13: Summary showing a comparison between inkjet printing and microfluidics with respect to

materials, production rates, sizes, shapes, costs and scalability.

A & '§ ;EE 3 %) E
S| T El g & g g
& g S 5w © S
o
Polymer Calculated for Sizes: nano- to Low material Ease to scale-up
[33,77,95]; printing micrometre (50-200 | wastage, [75,270]; unable
composites frequency of 3 nm [268], 2-500 um | reduction in to readily access
[8,94,266]; kHz and [33,95,98]) manufacturing library of
ceramics diameter of 20 Shapes: simple costs [8,75,94]; in | materials in case
[76,108]; pum: spheres [31,32,95]; | case of Dimatix of Dimatix but
.§ metals Continuous core-shell particles | expenses due to | possible e.g. for
'§ [94,267] printing: [269]; circles, grids, | disposable sciFlexarrayer
-f% 86’400°000 honey combs, rings | cartridges
= drops per 8h [33]
(= 45.2 mg/h);
DOD printing:
230’400 drops
per 8h (= 0.1
mg/h)
Polymers Calculated for Sizes: nano- to Low cost Possible to
[124,271,272]; | flow rates of Qa | micrometer (0.005 - | experimental scale-up using
composites =0.1 ml/h, Qc = | 500 pm setup, low different
[27,273] 5.0 ml/h and [15,30,110,274]) material wastage | approaches:
é diameter of 80 Shapes: spheres parallelisation,
= pm: [109,273]; flattened membrane
é Microfluidics: spheres [29]; disc, emulsification
2’985'100 drops | rods [27,275]; [112,276-278];
per 8h (= 100.0 | Janus particles difficult to readily
mg/h) [273]; various access library of
shapes [69] materials

As seen from Table 4.13, inkjet printing offers the flexibility of dispensing a wider

palette of functional materials than microfluidics. However, in microfluidic-based

techniques the spectrum of possible sizes is larger since the size can simply be
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controlled by adjusting the ratio of flow rates, channel widths and depths. Unlike
microfluidics, the drop sizes of printed particles are adjusted by controlling the
dispense voltage and time. Additionally, the sizes are limited by the nozzle orifice.
Furthermore, microfluidics facilitates the fabrication of various shapes ranging from
hemispheres via spheres to discs and rods. Recently, an advanced technique called
optofluidics has been reported on, which allows for creation of an infinite set of 3D-
shaped particles by combining geometry-induced flow deformation and orthogonal
masked UV polymerisation [69]. The variety of particle shapes, reported for inkjet
printing, is smaller because modifying the shape poses difficulties. In terms of costs,
both techniques have initial expenses for the experimental setup, but apart from that
exhibit low material wastage and small manufacturing expenses in general. The
Dimatix printer is an exception, though, because the cartridges are disposable and
require replacement for testing different materials, increasing the cost for
consumables. In respect to the number of droplets formed within 8 hours, a continuous
printer would produce ~86'400°000 drops (= 45.2 mg/h at 20 um) when applying a
printing frequency of 3 kHz assuming a steady state condition. A drop-on-demand
printer, like the Dimatix printer, could theoretically fabricate ~468’700 drops in 8 hours
(= 0.2 mg/h at 20 um), assuming that a print pattern of 30 x 30 drops is repeatedly
printed into a well plate using a frequency of 3 kHz. However, in practice, time is
required for setting the print starting point and adjusting the nozzles which results in a
feasible yield of ~230°400 drops (= 0.1 mg/h). Eventually, fewer droplets were obtained
as some will not have reached the well due to the movement of the printhead. In
addition, the impact of incompletly cured droplets on the liquid-gas interface led to
shape deformation and polymeric agglomerations instead of free-flowing particles.
Alternative to printing, microfluidics is able to generate 2°985'100 particles in 8 hours
(= 100.0 mg/h at 80 um) when applying flow rates of 0.1 and 5.0 ml/h for the dispersed
and continuous phase, respectively. Consequently, submerged continuous printing
would be the most suitable technique due to the highest yield in microparticles without
the issue of shape deformation occurring at a liquid-gas interface. This technique is
followed by microfluidics, which is only able to fabricate 3.45% (number of particles) of
the continuous printing outcome. Scaling-up the particle fabrication for large-scale
industrial production seems feasible for both techniques. However, the ability to readily
access a library of materials is lacking for both microfluidics and pre-loaded inkjet
printing such as the Dimatix printer. Printers that come with nozzles capable of
aspirating and dispensing fluids, for instance the sciFLEXARRAYER developed by
Scienion AG, enable production of particles with different chemistries. A schematic of
a scCiFLEXARRAYER printer is presented in Figure 4.39.
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Figure 4.39: Schematic representation of the workflow, aspiring and dispensing material, enabled by
the sciFLEXARRAYER printer.

4.4, SUMMARY

The aim of this chapter was to generate a combinatorial library of microparticles
composed of (meth)acrylates using photopolymerisation in combination with either
piezoelectric inkjet printing or microfluidics. In search of a universal collecting fluid, 17
wit% IPA/DIW gave the most promising results in respect to particle formation. Pipetting
different monomer solutions into different collecting fluids in air revealed that oxygen
caused polymerisation inhibition by quenching free radicals. Overcoming the oxygen
inhibition problem by changing to reduced oxygen atmosphere improved the monomer

success rate upon 13.1%.

Polymerisation kinetic studies performed on 23 different monomer solutions
demonstrated that the number of functional C=C double bonds affects the curing rate.
Moreover, methacrylates cure slower than acrylates because the generated tertiary
radical is more stable than a secondary radical resulting in lower photopolymerisation
rates. Curing rates are also influenced by steric hindrance that can arise from
increased chain lengths or from the physical size of the monomers. Due to increased
monomer bulkiness, hence decreased flexibility, approaching a free radical becomes

more difficult.

Transferring the macro-pipetting experiment into micro scale using the Dimatix printer,
a piezoelectric inkjet printer, presented great similarities. However, reducing the
volume by a million-fold challenged the understanding of parameters affecting the
particle formation. Factors related to the surface such as surface energy and surface
charge become more dominant with a larger surface-to-volume ratio. Printing
monomer solutions into the collecting fluid resulted in monodisperse free-flowing

particles with 20 um in size, particle and polymeric agglomerations. It was postulated
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that particle agglomerations emerged due to coalescence of incompletely cured
particles. The microspheres did not trap any gas or collecting fluid, which was
confirmed by FIB measurements, presenting solid particles throughout the bulk. By
modifying the inks, collecting fluids and process conditions, it was found that adding
0.1 wt% Triton X-100 as a surfactant helped to improve the particle outcome.
Moreover, uniform microspheres were obtained up to a printing velocity of 6 m/s,
whereas higher rates led to increased aspherical shapes with satellite droplets. After
gaining control over the printing process, a library of 20 (meth)acrylates capable of

producing particles was generated using the Dimatix printer.

A representative range of the library created for inkjet printing was tested using
microfluidics. A surfactant concentration of 2 wt% PVA in the continuous phase was
perceived to be crucial for droplet formation. By exploring the flow conditions, under
which monodisperse droplets can be produced in a simple glass T-junction, it was
observed that uniform microspheres were only generated with flow conditions in a
‘mountain-shaped’ area. This mountain-like curve encloses a maximal dispersed
phase flow rate range (Qq on y-axis) at an intermediate continuous phase flow rate (Qc
on x-axis) under low capillary number (Ca) ranging from 10 to 102 In this area, a
laminar flow is prevalent enabling to predict the manner of fluid transport and the
shearing force is strong enough to form droplets. In addition, a higher viscosity of the
dispersed phase (monomer) resulted in a smaller range to form droplets recognisable
by a flattened ‘mountain-shaped’ curve. The droplets were formed in a one-step
process independent of the microfluidic chip geometry. Besides homopolymeric
spheres, co-polymerised particles were fabricated in two different ways: by blending
the monomer solutions either beforehand (blended-before) or directly on the
microfluidic chip (on-chip). The on-chip copolymerisation method exhibited advantages
regarding the range of flow rates to be tested since the monomer flow rates can be
adjusted independently. This can be deployed for fabricating particles with different
monomer ratios allowing for phase separation into small partitions or complete
separation such as seen in Janus particles. However, blending-before
copolymerisation is the technique to choose in order to obtain particles with a well-
defined monomer ratio for the purpose of greater process stability. Furthermore, both
methods revealed that besides viscosity, surface and interfacial tension play a key role

for successful droplet generation.

Comparing both fabrication methodologies, piezoelectric inkjet printing and
microfluidics, microfluidics was shown to be eminently suitable for producing particles.

Microfluidics was easier to control due to the technique already having been well

106



Chapter 4 - Generation of a Particle Library

established for particle fabrication. Consequently, a larger yield was acquired. In
theory, continuous printing would achieve an even higher yield compared to both drop-
on-demand printing and microfluidics. If the printing process could be optimised to
allow for submerged continuous printing, this technique might be the better choice for
producing large-scale simple particles. However, in consideration that inkjet printing is
far from reaching a stable, steady state printing condition, microfluidics offers a greater
potential for various applications due to its feasibility in scaling-up particles in all sizes,

shapes and compositions.
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5. RESULTS - MICROPARTICLE CHARACTERISATION

5.1. INTRODUCTION

The performance of particles for drug delivery, for instance, is determined by its
physiochemical properties amongst others [64]. It has been reported that particle size,
size distribution and carrier geometry affect the encapsulation efficiency, route of
administration and release kinetics for drug delivery [33,67,279]. Moreover, it has been
demonstrated that both the surface chemistry and topography are of great importance
for bacterial interactions because biomolecules of biological systems interact with only
the surfaces of materials [163,280,281]. Recently, R. Helbig et al. [210] have shown
that dimensions of periodically structured polymeric substrates have profound effects
on initial bacterial cell attachment during biofilm formation. Therefore, it is important to
perform comprehensive surface chemical and structural characterisation of the
microparticles produced in this thesis in order to elucidate relationships between
surface properties and a specific biological phenomenon of interest. These structure-
performance relationships facilitate a move towards the rational design of biomaterials.
Within this rational design, new or optimised materials can be identified for specific
applications involving interfacial contact between the material and its surrounding

environment.

This chapter focuses on a thorough physical and chemical characterisation of inkjet
printed and microfluidic produced microparticles. Imaging approaches, such as optical
and scanning electron microscopy, were employed as an initial, rapid assessment of
particle size, shape and surface morphology. Complementary ensemble analysis
techniques, dynamic light scattering and centrifugation, were used to examine the
particle size distribution along with optical and electron microscopy. For detailed
chemical analysis of the uppermost 1-2 nm of the surface, time-of-flight secondary ion
mass spectrometry (ToF-SIMS) was employed. Atomic force microscopy (AFM) was
utilised allowing for comprehensive topographical analysis of the polymeric
microparticles. The surfaces of inkjet printed and microfluidic produced particles were
assessed extensively due to its key role in controlling the bacterial attachment and
biofilm formation, which will be discussed using the bacterial strain Pseudomonas

aeruginosa (P. aeruginosa) in Chapter 6.
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5.2. EXPERIMENTAL

This subsection discusses the experimental methods employed in this chapter. The
fundamentals of the majority of the techniques with their operating parameters used
are presented in Chapter 3. Particle defect assessment methods can be found in
Section 5.2.1, which describes a quantitative method to compare defects on SEM
images. Furthermore, post-treatment methods of microparticles are presented in
Section 5.2.2.

5.2.1. PARTICLE DEFECT ASSESSMENT METHOD

In order to be able to compare defects on the obtained microfluidic produced
microparticles, SEM micrographs were analysed quantitatively. Ten micrographs of
particles of each monomer (homopolymer) or monomer combination (co-polymer)
were investigated for defects: surface porosity, surface cracking, detachment marks,
polymer residues, asphericity, waviness and particle agglomeration. The full defect list

including defect name, defect cause and example is discussed in Section 5.3.1.2.

The amount of the different types of defects was noted, and a performance score was
associated for each. The scaling ranges from 0 to 1; 0 indicating no defect present and

1 indicating poor performance with a defect present on every particle.

5.2.2. POST-TREATMENT OF MICROPARTICLES

5.2.2.1. WASHING OF PARTICLES FOR REMOVAL OF

SILICON-BASED CONTAMINATION

With the aim of removing any silicon (Si) based contaminations, on-chip co-
polymerised EGPEA-TMPTA microparticles were washed extensively with the
following four different solvents: hexane, methylated industrial spirits, Dow Corning®
DS-2025 Silicone Cleaning Solvent (‘Dow Corning’) and Techsil® Silstrip Liquid
(‘Silstrip Liquid’). The chemical components of the trade products, Dow Corning and

Silstrip Liquid, including their concentration are listed in Table 5.1.
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Table 5.1: Trade products, Dow Corning and Silstrip Liquid, are listed with their chemical components
and their appropriate concentrations.

Trade name Chemical components Concentration [wt%]
Dow Corning® DS-2025  distillates (petroleum), hydrotreated light 70-90
Silicone Cleaning Solvent dodecylbenzene sulfonic acid 25-30
distillates (petroleum), hydrotreated light >90

Techsil® Silstrip Liquid

dodecylbenzene sulfonic acid 1-10

Small aliquots of particles were washed by performing three wash cycles. A wash cycle
consisted of sonicating the microspheres in one of the mentioned Si-removal solvents
for 10 min, followed by another sonication in isopropanol for 10 min. At the end of the
third wash, the particles were sonicated two more times in isopropanol for 10 min in
order to remove any residues of the Si-removal solvents. Afterwards, the on-chip co-
polymerised EGPEA-TMPTA particles were dried in an oven at 37°C for 48 h.

5.2.2.2. WASHING OF PARTICLES FOR PVA COVERAGE

REMOVAL
In order to assess whether the PVA surfactant was physically adsorbed or crosslinked
into the microfluidic produced polymer particles, aliquots of particles were washed
varying the number of wash cycles. The number of wash cycles ranged from O, 1, 3,
5, 7 to 10. A wash cycle involved sonicating the microspheres in isopropanol for 5 min,
followed by another sonication in distilled water for 5 min. Prior to ToF-SIMS analysis,

the microparticles were dried in a vacuum oven at RT for 48 h.

5.3. RESULTS AND DISCUSSION

5.3.1. CHARACTERISATION OF INKJET PRINTED AND

MICROFLUIDIC PRODUCED PARTICLES

5.3.1.1. PARTICLE SIZE AND SIZE DISTRIBUTION

The average particle size and size distribution of inkjet printed and microfluidic
produced particles were measured using disc centrifuge and laser light diffraction,
respectively. These two techniques were selected according to their size measuring

range and required sample quantity.
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INKJET PRINTED HOMOPOLYMERIC PARTICLES
The inkjet printed particles were approximately 20 um in size due to limitations of the
Dimatix cartridge used for printing, which has nozzle orifices of 21 um. The particle
diameter plotted against the normalised relative weight are shown for the inkjet printed
polyTCDMDA (a) and polyTMPTA (b) microparticles in Figure 5.1.
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Figure 5.1: Particle size distribution of inkjet printed microparticles measured using centrifugal

sedimentation stabilised by a sucrose density gradient. Particle diameter plotted against normalised
relative weight are shown for inkjet printed polyTCDMDA (a) and polyTMPTA (b) microparticles.
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Both monomer solutions showed narrow size distribution with an average particle
diameter of 21.4 + 4.2 ym and 17.2 £ 4.9 um for polyTCDMDA and polyTMPTA,
respectively. However, particles produced from TMPTA-DMPA also revealed smaller
particles with sizes ranging from 7.5-12.5 um, as seen in Figure 5.1 b). These smaller
particles are either satellite droplets or appear to arise from impacting onto the gas-
liquid interface of the collecting fluid splitting incomplete polymerised drops into smaller
droplets. Monomer solutions consisting of a triacrylate like TMPTA with a photoinitiator
showed a low conversion at the gel-point (outlined in Section 4.3.2) due to low degree
of flexibility of the bulky monomer resulting in steric hindrance. This affirms that TMPTA
droplets were polymerised only to a small extent when hitting the collecting fluid and
hence, deformation and separation of droplets were likely to occur. Any particle
agglomerates that formed were excluded from the measurements since size

distribution evaluations were only conducted up to 30 pm.

MICROFLUIDIC PRODUCED HOMOPOLYMERIC PARTICLES
The microparticles produced in a microfluidic glass T-junction were approximately 80
pum in size. It was tuned to give this particle size range by adjusting the flow rates of
the dispersed and continuous phase determined in the flow pattern experiments,
presented in Section 4.3.4.1. Average particle diameters of 81.5 + 5.1 ym and 68.6 *
7.3 pm were measured for polyTCDMDA and polyTMPTA patrticles, respectively, with

a narrow size distribution as illustrated in Figure 5.2. Any particles including satellites,
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smaller than 20 pm were removed during particle collection by filtering the yield through
a nylon mesh as described in Section 3.2.2.
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Figure 5.2: Particle size distribution shown for microfluidic produced particles measured utilising the
Coulter LS230. The particle diameter versus normalised differential volume is plotted for microfluidic
produced polyTCDMDA (a) and polyTMPTA (b) particles.

0.0

A low number of particles with sizes ~30 pum were detected when measuring
polyTMPTA microparticles. This might be explained by an instability of the flow
conditions which resulted in less fluid being temporarily pushed through the channels.
A probable source for this lies in the channel of the dispersed phase, where smaller
amounts of a monomer solution at the T-junction result in smaller particles. However,
in case of instabilities in the channel of the continuous phase, larger particles are
expected due to reduced shear forces acting on the stream of monomer solution.
Instabilities can originate from air bubbles, dust or any other contaminations in the
microfluidic setup. Blockages, which most likely occurred at the T-junction itself and at
the outlet tube, also resulted in instabilities of the microfluidic system. Particle
agglomerations were not detected in polyHMDA, polyTCDMDA and polyTMPTA
particle manufacture. In contrast, microparticles made from HPhOPA-, EGdPEA- and
EGPEA-DMPA could not be measured due to the inability to re-suspend large particle
agglomerations in water, which were visible by eye. These agglomerations emerged
only after drying the particles. Consequently, since these monomers share a low glass
transition temperature (shown in Appendix I), it was assumed that a glass transition

temperature below RT promoted agglomerations between the particles.

COMPARISON OF HOMOPOLYMERIC PARTICLES
A summary of the data obtained from the particle sizing measurements are listed for
inkjet printed and microfluidic produced polyTCDMDA and polyTMPTA particles in
Table 5.2. As seen from Table 5.2, the particles exhibited a standard deviation of
approximately 5 um irrespective of the fabrication methodology. Comparing the

coefficients of variation, it can be observed that the inkjet printed particles were
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dispersed almost twice as much as the microfluidic particles. The relative span, which
is defined as follows (Eqg. 5.1):

dv0.9 - dvo.l

Span = Eqg. 5.1

de.S

is an additional parameter to show the breadth of the size distribution by indication how
far the 10" (d,o,) and 90" (d,,,) percentile are apart, normalised with the 50%
percentile of particles (d,q5) [282]. The span confirms that the microfluidic produced
particles exhibited an up to three times narrower size distribution compared to the inkjet

printed particles.

Table 5.2: Summary of the particle sizing data obtained for polyTCDMDA and polyTMPTA
microparticles produced by piezoelectric inkjet printing (inkjet) and microfluidics (mf). Disc centrifuge and
laser light diffraction were used to measure the particle size distribution of inkjet printed and microfluidic

produced particles, respectively.

) Average diameter  Standard deviation Coefficient of
Particle o Span
[um] [um] variation [%0]

TCDMDA inkjet 214 4.2 19.9 0.4
TMPTA inkjet 17.2 4.9 28.7 0.8
TCDMDA mf 81.5 51 6.2 0.2

TMPTA mf 68.6 7.3 10.7 0.2

MICROFLUIDIC PRODUCED CO-POLYMERIC PARTICLES
In order to compare the two copolymerisation routes applied in microfluidics, blended-
before and on-chip copolymerisation, particle size distributions were measured using
the Coulter LS230 size analyser. In Figure 5.3, the particle diameter is plotted against
the normalised differential volume for EGPEA-TMPTA blended-before (a) and on-chip
(b) co-polymerised particles. These samples were a good representation of all co-
polymerised samples measured.
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Figure 5.3: The size distribution of co-polymerised microparticles was determined using the Coulter
LS230. The particle diameter is plotted against the normalised differential volume for the microfluidic
produced blended-before (a) and on-chip (b) co-polymerised EGPEA-TMPTA particles.

113



Chapter 5 - Microparticle Characterisation

Both samples showed an average particle diameter of 70 + 5 um, as listed in Table
5.3. Any particles smaller than 20 um were removed during particle collection by
filtering through a nylon mesh. Furthermore, the blended-before co-polymerised
samples (span ~ 0.2) revealed overall a smaller polydispersity than the on-chip co-
polymerised particles (span ~ 0.3). A potential reason is that the on-chip
copolymerisation was more susceptible to the specific physiochemical properties of
the monomers themselves rather than the mixed properties in the blending-before
copolymerisation. Therefore, the on-chip route resulted in flow instabilities more often,
arising from insufficient miscibility of monomers with dissimilar properties such as
viscosity values. Moreover, having three inlet channels, instead of two as in the case
of blended-before copolymerisation, predispose the process to more failures resulting

in larger particle size variations.

Table 5.3: Summary of the particle sizing data obtained for blended-before (bb) and on-chip (on) co-
polymerised EGPEA-TMPTA micropatrticles.

Particle Average diameter [um]  Coefficient of variation [%] Span
EGPEA - TMPTA bb 73.7 6.4 0.20
EGPEA - TMPTA on 70.9 7.7 0.24

5.3.1.2. PARTICLE SHAPE

After applying particle sizing techniques to study the average particle diameter and
size uniformity within a sample chemistry, SEM imaging was employed to analyse the
shape and surface morphology of the inkjet printed and microfluidic produced

microparticles.

INKJET PRINTING PARTICLES
The inkjet printed particles were mostly spherical and revealed smooth surfaces as
shown in Figure 5.4. Some small line-like surface features were observed on inkjet
printed polyHMDA particles (Figure 5.4 a)), which might be caused by a gold coating
that was too thick and began to crack. Analysing microparticles with diameters around
20 um and smaller presented difficulties to strike the right balance between sufficient

resolution and not overcharging the samples as highlighted in Figure 5.4 b).
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8 g
Figure 5.4: SEM images of inkjet printed microparticles revealing smooth surfaces with mostly spherical
shapes: a) printed polyHMDA patrticles exhibited some line-like features on the surface, b) sample
charge build-up caused some difficulties during SEM analysis. Microparticles were gold sputter-coated
prior to the analysis.

Rather than free-flowing microparticles with smooth surfaces, inkjet printing also
resulted in polymeric agglomerations, particle agglomerations and smaller particles as
depicted in Figure 5.5. An overall surface roughness was observed on printed
polyEGdPEA particles (Figure 5.5 a)) which can be caused by an inhomogeneous gold
sputter-coating. Below the particle, polymeric agglomerations were observed, which
were cured monomer residues originating from either partially dissolved monomer
drops or droplet break-up pieces. In Figure 5.5 b) particle coalescence is shown. The
printed polyEGPEA particles coalesced prior to complete curing and obtained their
wrinkled surface as a result of shrinkage. Agglomeration of particles, as illustrated in
Figure 5.5 c), was observed frequently when inkjet printing a monomer solution into 17
wt% IPA/DIW with 0.1wt% Triton X-100. This is explained in the majority of cases by
attachment of partially polymerised microparticles. However, agglomeration of
particles can also emerge from sticky or rubbery surfaces of monomers with a glass
transition temperature (Ty) below 25°C. Above their T4, polymer molecules start to
move around and finally change from an amorphous rigid to a flexible structure when
enough heat is absorbed. Smaller microparticles were also commonly observed using
piezoelectric inkjet printing, as outlined in Figure 5.5 d). These smaller particles
originated either from break-up of the fluid jet into secondary droplets (satellites) or

from droplet split-up when hitting the collecting fluid.
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Figure 5.5: SEM micrographs of observations frequently made using inkjet printing: a) polymeric
agglomerations with microparticles exhibiting rough features on the surface, b) particles coalesced prior
to curing and shrinkage caused a wrinkled appearance, c) particle agglomeration of partially cured
microparticles, d) presence of smaller particles emerged from break-up of droplets at the gas-liquid
interface.

MICROFLUIDIC PRODUCED PARTICLES
Pushing monomer solutions, prepared from a single monomer, through a microfluidic
glass T-junction led to mostly smooth surfaces on perfectly spherical particles. In
Figure 5.6, SEM images of microspheres made from the monomers EGdPEA (a) and
TMPTA (b) are presented.

Figure 5.6: SEM images of microfluidic produced particles. The majority of the homopolymeric particles
were perfectly spherical in shape and exhibited smooth surfaces as shown for polyEGdPEA (a) and
polyTMPTA (b) microspheres.

When analysing the co-polymerised particles for their shape and surface morphology,
more imperfections were observed compared to the homopolymeric particles formed
by microfluidics. Most of the defects identified are outlined in Figure 5.7 and listed in
more detail in Table 5.4. A certain degree of particle asphericity with some surface
cracking are presented in Figure 5.7 a). These defects are explained by variation in
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curing rates and shrinkage during photopolymerisation. Particle agglomerations
(Figure 5.7 b)) and detachment marks (Figure 5.7 c)) were results of coalesced,
partially cured particles, which remained either attached or detached leaving an imprint
behind. Another common imperfection observed using the microfluidic system were
deviation in sizes, leading to smaller (b) or larger particles (c), arisen by flow
instabilities. Particle breakages, as illustrated in Figure 5.7 d), only occurred with the
monomer combination HMDA-FUMA when co-polymerised directly in the microfluidic

chip (on-chip).

N D44 x300 300 um N D45 x300 300 um

Figure 5.7: SEM micrographs of different defects observed mostly on co-polymerised particles
fabricated utilising glass microfluidic chips: a) some degree of asphericity and surface cracking, b)
particle agglomeration with few smaller particles revealing surface holes, c) polydispersity and some
detachment marks visible on particle surfaces, d) broken microspheres and particles with polymeric
residues attached.

All defects observed on microfluidic produced particles are summarised with a defect

description, cause and an image by way of illustration in Table 5.4.
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Table 5.4: Summary of possible defects observed on microfluidic produced microparticles and their origin.

Defect

Defect Cause

Surface porosity

Caused by air bubbles in monomer solution

Surface cracking

Caused by solvent evaporation or shrinkage

Detachment marks

Caused by detachment of partially cured particles or monomers with T4 below 25°

Polymer residues

Curing issue: agglomerated particles break apart and leave behind a larger

amount of material

Asphericity

Caused by inhomogeneous curing or anisotropic solvent evaporation

Waviness

Caused by a volume shrinkage due to solvent evaporation or curing

Particle agglomeration

Caused by attachment of incomplete polymerised samples or monomers with Tq
below 25°C

Example
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In order to find correlations between defects and monomer solutions, the incidence of
defects were plotted using radar graphs as shown in Figure 5.8. The number of defects
present is represented on the normalised scale as discussed in Section 5.2.1.
Microspheres made from the monomer HPhOPA revealed throughout the most
defects. As seen from Figure 5.8, detachment marks and surface pores were detected
most, followed by asphericity. Furthermore, imperfections such as detachment marks,
pores and particle agglomerations were also detected frequently on microfluidic
produced polyEGAPEA and polyEGPEA particles. Due to the fact that most defects
were observed on polyHPhOPA patrticles, which required 33.5 wt% ethyl aceteate for
successful particle fabrication, uncontrollable solvent evaporation was thought to be
the main cause for defect development. Moreover, the monomers HPhOPA, EGdPEA
and EGPEA are all monoacrylates, presenting only one functional acrylate C=C bond,
and they also exhibit a T4 below 25°C. The number of functional acrylate C=C bonds
affected the curing kinetics as discussed in Section 4.3.2. Having only one functional
acrylate C=C group resulted in lower polymerisation rates compared to similar
compounds with two C=C groups. In addition, presenting a low T4 does not have a
favourable effect on particle formation since polymers become rubbery at elevated
temperatures (>25°C) promoting particle agglomeration even after manufacture.

Surface pores

Agglomerations Surface cracking

HMDA
—TCDMDA
—HPhOPA

—EGdPEA

Waviness Detachment marks __EGpPEA

—TMPTA

Asphericity Polymer residues

Figure 5.8: The relation between incidence of defects and monomer identity is plotted for
homopolymeric microparticles fabricated using microfluidics. The scale is based on 0 indicating no
defects and 1 containing a defect on every particle.

In order to check whether the monomers HPhOPA, EGdAPEA and EGPEA also
promoted defects when being co-polymerised, radar graphs were also generated for
the two different copolymerisation routes. From Figure 5.9, it can be seen that 50%
and 33.3% of all co-polymerised particles containing HPhOPA, EGdPEA and EGPEA
revealed defects in case of blended-before and on-chip copolymerisation, respectively.
A monomer solution was only included into the percentage calculation if defects were

present (>0.25) in the sample range of ten micrographs. Furthermore, accumulations

119



Chapter 5 - Microparticle Characterisation

of imperfections were detected on co-polymerised blended-before FUMA-TMPTA and
on-chip HMDA-FuUMA microparticles. These generated particles share an amount of
50% or more FUMA that presented curing issues as already outlined in Section 4.3.4.1.
In contrast, on-chip co-polymerised FUMA-TMPTA microspheres, which were formed
applying a flow rate of 0.05 ml/h for both monomers (Appendix H), exhibited only a few
detachment marks. Consequently, the triacrylate monomer (TMPTA) was able to
increase the overall crosslinking density of the co-monomer compound due to several
unsaturated double bonds leading to faster curing. It was concluded that a higher

tendency to crosslink resulted in fewer defects.

a_) Surface pores
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Agglomerations . > Surface cracking
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—EGdPEA-HPhOPA_bb
—TCDMDA-EGPEA_bb
—HMDA-FuMA_bb

Detachment marks —FuMA-TMPTA bb
—TMPTA-HMDA_bb
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Figure 5.9: The relations between incidence of defects and monomer identity are plotted for blended-
before (a) and on-chip (b) co-polymerised microparticles fabricated using microfluidic glass chips. The
scale is based on 0 indicating no defects and 1 containing a defect on every particle.

5.3.1.3. SURFACE ROUGHNESS

HOMOPOLYMERIC MICROPARTICLES
AFM analysis was employed to characterise differences in topography between inkjet

printed and microfluidic produced microparticles but also between the various particle
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chemistries. In Figure 5.10, the average roughness is shown for six different particle
chemistries fabricated using piezoelectric inkjet printing and microfluidics.
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Figure 5.10: Arithmetic average roughness derived from AFM measurements is presented for inkjet
printed (black) and microfluidic produced (red) microparticles. Roughness values were calculated from 5
randomly selected particles within a sample aliquot, whereas areas of 3 x 3 pm were analysed on top of

the particles. 3D topographical images (z-axis range: 160 nm) are shown for the highlighted letters.

The microfluidic produced particles exhibited fewer topographical features throughout
all chemistries compared to the printed particles. This finding was expected since
microfluidic droplets, unlike inkjet printed droplets, did not cross any phase boundaries
causing severe disruptions. In microfluidics, particles were formed at the T-junction by
shear forces followed by transporting them through the channel by means of
continuous flow. Inkjet printed droplets, on the contrary, were formed by breaking up
of a stream of fluid due to instabilities in surface tension. The ejected droplets travelled
through a gaseous environment until hitting the collecting fluid at which point impact
forces acted upon microspheres inducing viscoelastic deformation. The extent of
deformation depends on the dimension of acting forces and curing state at the time of
impact. Both parameters were variable which might explain the broad roughness
distribution within most samples as illustrated by the printed polyHMDA particles in
Figure 5.10 a-b). The images, a) and b), clarify that the broad roughness deviation
within a sample chemistry emerged from single features on the surface rather than
from the overall surface roughness. This is reinforced by the relatively low averaged

roughness values but broad deviations. In addition, particles consisting of
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polyHPhOPA, polyEGAPEA or polyEGPEA, on which most imperfections were
detected (described in Section 5.3.1.2), did not reveal significantly higher roughness
values compared to particles with less defects. Therefore, it was concluded that the
arithmetic average roughness is mainly affected by the predominant surface
roughness. Single features on particles did not significantly influence the average but
affected the width of the standard deviation in this work. The reason is that the area of
analysis and sample quantities were small and predefined by the AFM tip geometry.
Therefore, in order to get a complete overview of the surface topographies on particles,
SEM imaging should be used as a complementary technique as it allows for a relatively
fast and large-scale characterisation of microparticles exhibiting micrometre-sized
imperfections. AFM analysis should be selected as the primary technique since SEM
imaging exhibits limitations for detecting subtle topographies. The limitations arise from

the gold coating and the analysis depth of the electron beam (~3 pm).

CO-POLYMERISED MICROPARTICLES
Comparing the surface topographies of blended-before and on-chip co-polymerised
microfluidic particles, graphically shown in Figure 5.11, the blended-before co-
polymerised particles had lower surface roughness throughout all six studied
chemistries. This observation is explained by better mixing of the monomer solutions
when pre-blended compared to blended directly in the microfluidic glass chip. Blending
in the chip was limited to some extent because it occurred by diffusion and flow
recirculation. Recirculation of the flow was caused by shearing interactions of the
dispersed phase with the stationary channel wall [265]. Moreover, it needs to be
considered that the monomer ratios in microparticles produced on-chip did not always
match the 70-30 wt% ratio maintained in blended-before particles due to differently
adjusted flow rates (Appendix H). However, as seen from Figure 5.10, the arithmetic
average roughness of the six homopolymers did not differ significantly. Consequently,
it was assumed that deviations in monomer ratio did not cause the obtained differences

in roughness.

122



Chapter 5 - Microparticle Characterisation

= Ra - Blended-before
e Ra- On-chip

w
[$)]
]

25
20

15-: %) { {

101

[}
1
—a— Q
~
——i
.
-
o

Arithmetic average roughness [nm]

Y‘&Y‘«Y‘QY‘QY‘Q/V‘Q/?‘@?‘@V‘@?‘ QVX\YX\V“@Y“@Y‘
‘§®®®~o <<°<<°bb®\\§$<z
‘\ SO RN “/ <<, @%« <<, <&

EGdPEA-HMDA EGdPEA-HMDA TMPTA-HMDA TMPTA-HMDA
blended-before on-chip blended-before on-chip

S é')"':"'"

Figure 5.11: AFM derived arithmetic average roughness is illustrated for blended-before (black) and on-
chip (red) co-polymerised microfluidic microparticles. Roughness values were calculated from 5
randomly selected particles within a sample aliquot, whereas areas of 3 x 3 pm were analysed on top of
the particles. 3D topographical images (z-axis range: 220 nm) are shown for the highlighted letters.

Heterogeneous surfaces were only observed on blended-before TMPTA-HMDA,
TMPTA-EGdPEA and FUMA-TMPTA co-polymerised particles which indicated phase
separated morphologies. By studying the relation between occurrence of phase
separation and co-monomer properties, a trend was found which indicates that co-
monomers with large differences in the molecular descriptor parameter «a resulted in
continuous and discontinuous phase separated morphologies (Figure 5.12). The

parameter « is defined as follows (Eq. 5.2):
a = 0.44 X nRoTB — clog P Eqg. 5.2

where nRoTB is the number of rotatable bonds and clog P is the calculated log
octanol/water partition coefficient (measure of hydrophilicity) [283]. The molecular

physiochemical properties of the monomers are listed in Appendix J.
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Figure 5.12: Graph revealing a trend that pre-blended co-monomers with large differences in the
molecular descriptor parameter a exhibited continuous and discontinuous phase separated
morphologies.

Blended-before co-polymerised EGPEA-TMPTA microparticles constituted an
exception to this trend; the co-monomer exhibited a large difference in the molecular
descriptor parameter a but did not result in phase separation. Therefore, it was
hypothesised that phase separated morphologies are associated to pre-blended co-
monomers containing TMPTA due to its large a value but only when TMPTA
predominantly determined the curing Kinetics. Variations in the dimensions of the

bump-like features are the reason for the broader roughness distribution.

Employing the on-chip copolymerisation route, 88.9% of the produced particles
revealed continuous and discontinuous phase separated morphologies. However,
particles made from HMDA-FuMA and EGdPEA-HPhOPA exhibited partially smooth
and partially heterogeneous surfaces. The only on-chip co-polymerised particles,
which did not show any surface heterogeneities, were fabricated from the two
monomers with similar properties, EGPEA-EGdPEA. A list of the monomer
combinations used in both copolymerisation approaches is given in Table 5.5, where

the occurrence of phase separation is highlighted as red.
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Table 5.5: List of the monomer combinations and their occurrence of continuous and discontinuous
phase separated morphologies using blended-before and on-chip copolymerisation: no phase
separation (green), phase separation (red) and partial phase separation (purple).

o Blended-before On-chip
Monomer combination

copolymerisation copolymerisation

EGdPEA - HMDA
EGPEA - EGdPEA
EGPEA - TMPTA
EGdPEA - HPhOPA
TCDMDA - EGPEA
HMDA - FUMA
FuMA - TMPTA
TMPTA - HMDA
TMPTA - EGdPEA

It was concluded that the phase separated morphologies most likely originated from
partial miscibility of the monomers applied. The images provide an exaggerated view
of the surfaces for improved visibility in representation. Generally, the circular features

were relatively flat with a maximum height of ~120 nm.

5.3.2. ASSESSMENT OF MICROPARTICLE SURFACE

CHEMISTRIES

5.3.2.1. REMOVAL OF SILICON-BASED CONTAMINATION

The surface chemistry of inkjet printed and microfluidic produced microparticles was
assessed using ToF-SIMS. Overall the ToF-SIMS spectra revealed a significant peak
at m/z = 73 in the positive ion spectra which is representative of [Si(CHs)s]* [284]. This
peak arises from any kind of PDMS contamination when seen with m/z = 147 in the
positive polarity which is characteristic for [Si(CH3)sOSi(CHs)2]*. These findings are
illustrated for on-chip co-polymerised EGPEA-TMPTA microparticles in Figure 5.13.
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Figure 5.13: Positive ToF-SIMS spectra of the surface of on-chip co-polymerised EGPEA-TMPTA
microparticles from a mass of: a) 0-100 u, b) 101-200 u. Peaks used in the subsequent analysis are

labelled.

CAUSE OF SILICONE CONTAMINATION

By searching for the underlying cause of the silicone contamination within both

fabrication methodologies, it was determined that plastic syringes were used for

filtration of monomer solutions and for transporting inks to the cartridges in case of

inkjet printing. FTIR-ATR studies were performed on a cross-linked PDMS sample

(reference), evaporated acetone after being shaken in a plastic syringe and unwashed

on-chip co-polymerised EGPEA-TMPTA microparticles in order to evaluate and

compare chemical groups present. The spectra obtained are illustrated in Figure 5.14.

126



Chapter 5 - Microparticle Characterisation

110 110+
100 -W 100 Py
Ty o
S 90 > 904
c e c
S g k)
@ 804 8 804
= £
(2} (2}
c 704 { o=t 704
@© @
= (= ‘
—— PDMS — PDMS 8
604 ¢ 604 ) S5 ©
—— Syringe —— Syringe s 2
—— Particles —— Particles =
50 T . , : : T ) 50 T T T T T .
4000 3500 3000 2500 2000 1 1000 500 2000 1750 1500 1250 1000 750 500
Wavenumber [cm™] Wavenumber [cm™]

Figure 5.14: FTIR-ATR spectra of crosslinked PDMS (reference, black), evaporated acetone after being
shaken in plastic syringe (red) and unwashed on-chip co-polymerised EGPEA-TMPTA patrticles (blue)
are shown for wavenumbers ranging from 4000-500 cm™. Zoomed-in image displays a section of the

spectra ranging from 2000-500 cm™.

PDMS sample displayed characteristic infrared bands at 2960 cm™ (asymmetric CHs
stretch), 1257 cm™ (CHz symmetric bending), 1060 cm™* and 1010 cm™ doublet (Si-O-
Si stretching vibrations) and 788 cm™ (Si-C stretching, CHs rocking). Substances
measured from the plastic syringe interior were characterised by the same major peaks
as detected for PDMS. In case of the unwashed on-chip co-polymerised EGPEA-
TMPTA particles, characteristic major peaks were identified at 1726 cm™ (ester C=0
bond stretching), 1150 cm™ (ester C-O stretching) and 750 cm™? (monosubstituted
benzene C-H bending). Minor characteristic infrared bands, though, were seen at 2960
cm?, 1240 cm?, 1052 cm™® and 690 cm™ (monosubstituted benzene C-H bending). The
minor peaks at 2960 cm™, 1240 cm™ and 1052 cm™ were most likely derived from the
silicone contamination. These observations provided further evidence that plastic

syringes were the origin of contamination due to their lubricant coating in the interior.

EXTENSIVE WASHING OF MICROFLUIDIC PRODUCED PARTICLES
Microfluidic particles generated on-chip from EGPEA-TMPTA were extensively
washed and assessed for a reduction in the peak intensity of the fragments obtained
from the PDMS fingerprint. The chemical compounds and their fragmentation into the
diagnostic ions of PVA, the monomers and silicone contamination are presented in
Table 5.6. The phenylium ion [CsHs]* fragmented from both the monomer EGPEA and
photoinitiator DMPA, hence, characteristic for the monomer solution. In case of
monomer TMPTA, it was difficult to find a unique ion because the SIMS spectra were
characterised by ions derived from the acrylate group and short hydrocarbon
fragments. These fragments could likely also be assigned to the PVA compound. The
tropylium ion [C7H7]", prominent at m/z=91 in Figure 5.13, fragmented also from the

photoinitiator.
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Table 5.6: Structure of the monomers (EGPEA, TMPTA), stabiliser PVA, silicone contamination and
their representative ions emerged during ToF-SIMS analysis.

PVA

Silicone contamination

Monomer EGPEA

Monomer TMPTA

/{/\AMOO-n

(0]

\_(O

N} { | )y Ao o
Si Si O e}
<o |6 o
OH o] F 0] O
Y A l /I
& m = OJ' +
CeHs*
% g w ()
C,H;0* /\O Si(CHz)s* |

m=0, 1, 2, 3
m/z: 73, 147, 221, 295

n = % hydrolysis from

poly(vinyl acetate)

In Figure 5.15, the proportion of total counts (%) of three representative ions is
illustrated for the washing solvents utilised. It can be seen that the peak intensity of the
contamination fragment trimethylsilyl ion ([Si(CHs)s]") was larger compared to the
intensity obtained for the PVA and monomer fragment. However, the appearance of
the phenylium, which is characteristic for the monomer EGPEA and photoinitiator
DMPA, indicated that the silicone contamination did not completely cover the co-
polymer itself. Washing the microparticles led to a decrease in the intensity of the
acetyl cation ([C2HsO]") up to 12.8% when applying the solvent Silstrip Liquid, as
shown in Figure 5.15 a). This observation indicated a partial removal of the PVA
surfactant layer. In contrast, the trimethylsilyl ion intensity increased up to 9.5% when
sonicating in solvents, as depicted in Figure 5.15 b). Due to the inability to remove the
contamination from the particle surfaces, regardless of the solvent used, it was
concluded that the contamination was entangled into the co-polymer structure. The
increase of the trimethylsilyl ion total counts is explained by the well-known silicone
contamination problem [285]. Oligomeric components of crosslinked PDMS are able
to spread, hence increase the amount of contamination by migration from the bulk to

surrounding surfaces because of the high mobility of PDMS oligomers.
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Figure 5.15: Microfluidic on-chip co-polymerised EGPEA-TMPTA particles were washed with four
different solvents (hexane, methylated spirit, Dow Corning, Silstrip Liquid) and assessed for their surface
chemistry in the positive polarity: a) proportion of total counts [%] with its standard deviation and b)
proportion of total counts in relation to the unwashed sample (control) are shown for three
representative ions: C2HzO* (PVA), Si(CHz)s* (contamination), CeéHs™ (monomer).

Utilising the representative ions mentioned above, the ToF-SIMS spectra were
reconstructed as images to analyse the distribution of PVA, silicone contamination and
co-polymer at the surface of microfluidic produced particles. Figure 5.16 exhibits ToF-
SIMS overlay images of PVA (red), silicone contamination (green) and co-polymer
(blue) for unwashed (a) and washed by sonicating in Silstrip Liquid (b) on-chip co-
polymerised EGPEA-TMPTA microparticles. Focusing on the unwashed particles
(Figure 5.16 a)), a small spot of red is visible which indicates that PVA coverage was
most likely inhomogeneous. In contrast, the washed microparticles did not reveal any
accumulation of PVA on the surface, as illustrated in Figure 5.16 b). A possible reason
is the partial removal of PVA through washing. Both images shared an almost complete
coverage of silicone contamination at the surface. Both facts, the entanglement of the
silicone contamination into the co-polymer structure and being present as an almost
complete layer, indicated that the contamination must have occurred before droplet

generation.
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Figure 5.16: ToF-SIMS images displaying an overlay of the characteristic cations (C2HsO* (red, PVA),
Si(CHs)s* (green, contamination), CeHs* (blue, monomer)) identified within the ToF-SIMS spectra for: a)
unwashed on-chip co-polymerised EGPEA-TMPTA particles, b) on-chip co-polymerised EGPEA-TMPTA

microparticles washed with Silstrip Liquid.

SEM images were taken of each sample after extensive washing. The particles
appeared unchanged when washing with hexane, methylated spirits and Dow Corning.
However, sonicating in Silstrip Liquid resulted in dimpling of particles as depicted in
Figure 5.17 b). A SEM image of the unwashed on-chip co-polymerised EGPEA-
TMPTA microparticles is provided for comparison in Figure 5.17 a). These dimples in
the particle surfaces may arise by dissolution of the co-polymer caused by the
hydrotreated light distillate. This substance constituted more than 90% in Silstrip Liquid
whereas Dow Corning, which did not cause any patrticle alterations, composed of 70-
90% of hydrotreated light distillate.

N SD42 x400 200 um

N SD4.2 x400 200um

Figure 5.17: SEM micrographs presenting on-chip co-copolymerised EGPEA-TMPTA particles: a)
unwashed as a control, b) after extensive washing applying Silstrip Liquid.

5.3.2.2. PVA COVERAGE ON PARTICLES

ToF-SIMS analysis was used to characterise microfluidic produced EGdPEA particles
for presence of PVA surfactant on their surfaces. In order to assess whether PVA was
physically adsorbed or crosslinked into the polymer particles, aliquots of particles were
washed varying the number of wash cycles. Initially, SIMS spectra of PVA powder and
pipetted thin film made of polyEGdPEA were acquired which served as a reference for
PVA and a control for the polymer itself, without containing PVA, respectively. The
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secondary ions which were most dominant for tracking PVA arose from the
unhydrolysed vinyl acetate component within the 88% hydrolysed PVA (Mw 25,000)
used as control and particle surfactant in this work. In the negative ion spectrum, the
peak found at m/z = 59 corresponded to the acetate anion [CH3COO]~ whose
fragmentation is illustrated in Figure 5.18 a). The base peak in the positive ion
spectrum was observed at m/z = 43 representing the acetyl cation [CH3COJ" which had
previously been reported as a diagnostic peak for PVA [286]. Both peaks, however,
can not only be attributed to the acetate anion and acetyl cation from the PVA
surfactant, respectively, but also to secondary ions derived from the polymer itself. This
was confirmed by the polyEGAPEA film which exhibited peaks at the same m/z
positions, as shown to be representative for the PVA surfactant, in both secondary ion
polarities. In Figure 5.18 b), the proportion of total counts of the acetate anion are
plotted against the polyEGdPEA patrticles varying in wash cycles and its corresponding

pipetted thin film.
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Figure 5.18: ToF-SIMS data acquired in the negative ion polarity are showing: a) the fragmentation of
the poly(vinyl alcohol-co-vinyl acetate) (PVA) compound into the acetate anion (CHsCOO™, m/z = 59), b)
the proportion of total counts [%] of the acetate anion with its standard deviation for the polyEGdPEA
particles varying in wash cycles and its corresponding pipetted thin film. PVA (Mw 25,000) with a
hydrolysis degree of 88% was used as control and particle surfactant.

The graph revealed a reduction in intensity of the acetate anion with increased
washing. A gradual decrease of 45.7% was noticed from particles as produced
(Particles Ox wash) to the third wash cycle. From the 3rd to the 10th wash cycle, the
normalised counts (%) of the PVA characteristic secondary ion remained reasonably
constant without any significant changes. Slightly increased values, however, were
found on microparticles after the 7th wash. One of the reasons maybe is that patrticles,
which were agglomerated during washing, became separated in the sample
preparation for the ToF-SIMS study. Consequently, not all particles were washed with

the same efficiency leaving a higher amount of surfactant behind. The same
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observations were made when considering the acetyl cation in the positive ion SIMS

spectra.

A secondary ion specific to the EGdPEA polymer, CsHs™, was selected and its
fragmentation is depicted in Figure 5.19 a). By showing the percentage of total counts
of the cyclopentadienyl anion (CsHs") in ratio to the percentage of total counts for the
acetate anion (m/z = 59), an increase of 264.2% was observed for the cyclopentadienyl
anion when washing the micropatrticles three times (Figure 5.19 b)). The increase of
the anion characteristic for the EGdPEA fragment was inversely proportional to the
decrease found in the PVA compound, confirming that the PVA surfactant was
removed from the particle surfaces. However, since the intensity of the EGdPEA
polymer specific fragment after extensive washing did not match the intensity obtained
for the polyEGAPEA film (control), only a partial reduction was observed.
Consequently, it was postulated that most of the PVA surfactant was embedded into
the polymeric particle surface preventing its complete removal.

044

I Reference
I EGAPEA particles
I EGAPEA film (control)

C}
\:/ |
CSH5' in ratio to m/z 59

Figure 5.19: ToF-SIMS data acquired in the negative ion polarity are showing: a) the fragmentation of
the monomer EGdPEA into the cyclopentadienyl anion (CsHs"), b) the ratio of the cyclopentadienyl anion
to the acetate anion (m/z = 59) for the polyEGdPEA particles varying in wash cycles and its
corresponding pipetted thin film.

Applying the characteristic ions, C,HsO," and CsHs™, the ToF-SIMS spectra were
reconstructed as images to analyse the distribution of PVA and EGdPEA on the
surfaces. Figure 5.20 shows the overlay of PVA (red) and EGdPEA (blue) for the
pipetted thin film (a), particles as produced (b) and after 10 washes (c). The pipetted
thin film revealed a homogeneous distribution of the two diagnostic ions across the
surface. In contrast, the untreated EGAPEA particle surfaces (no washing) were almost
fully covered by the PVA surfactant such that the CsHs™ characteristic ion ratio to the
PVA was only 0.05. There were only a few spots were EGdPEA appeared in the image

indicating that the PVA was a discontinuous layer (Figure 5.20 b)). Comparing the ToF-
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SIMS image of the microparticles as produced (b) with the image of the extensively
washed particles (c), a significant reduction in PVA was observed which resulted in
increased detection of the cyclopentadienyl anion derived from the EGdPEA polymer.

———{100.00 prn |—|1nn 00 i }———{100.00 pm

Figure 5.20: Negative ToF-SIMS imaging showing the overlay of CH3COO™ (red, PVA) and CsHs™ (blue,
EGdPEA) for: a) pipetted thin film, b) untreated microspheres, c) particles after performing 10 wash
cycles.

The distribution of PVA was further examined on microparticles after the first wash
because microfluidic produced particles were normally washed once with PBS before
being tested for bacterial attachment. As illustrated in Figure 5.21, the concentration
of PVA surfactant varied within a sample aliquot.

————{100.00 pm

Figure 5.21: Negative ToF-SIMS imaging revealing the inhomogeneous distribution of PVA surfactant
on microparticles after the first wash. An overlay of CH3COO™ (red, PVA) and CsHs™ (blue, EGAPEA) is
shown.

5.3.3. COMPARISON BETWEEN INKJET PRINTING AND

MICROFLUIDICS
The two particle fabrication techniques, piezoelectric inkjet printing and microfluidics,
are mainly compared in terms of their particle characteristics. A few pros and cons of
the methods themselves are also listed in Table 5.7 for gaining a better understanding

of the results obtained.
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Table 5.7: Comparison between piezoelectric inkjet printing and microfluidics in terms of the methods
and particle characteristics (particle size, size distribution, shape, surface topography and chemistry).
Advantages and disadvantages are highlighted in green and red, respectively.

Characteristics Piezoelectric inkjet printing Microfluidics

o o larger particle yield; greater
limited to printing from above ) ] )
] chemical diversity due to
Method which leads to phase boundary o )
. feasibility of on-chip
crossing by droplets o
copolymerisation

wider range of sizes possible by

o adjusting phase flow rates or
] ] limited to ~20 um due to nozzle ] ) o
Particle size . employing chips with different
orifice i ) )

channel dimensions; particles

with ~80 um in size produced

up to three times broader size ) o
o ) narrow size distribution;
) o distributions due to print ) o -
Size distribution i o . instabilities in flow conditions may
instabilities (satellites) and ] i

} } ] result in smaller or larger particles
collecting fluid perturbations

microparticles mostly spherical o ] i
o majority of particles spherical,
but some degree of asphericity i ]
defects including pores, surface

detected; besides free-flowing )
Shapes cracking, detachment marks,

particles, particle agglomerations ) )
particle agglomerations mostly

and polymeric agglomerations ) )
found on co-polymerised particles

observed

smoother surfaces with narrower

o roughness distribution;
broader roughness distribution

Surface S ) continuous and discontinuous
due to variability in viscoelastic .
topography ; phase separated morphologies
deformation _
revealed on some co-polymerised
particles
silicone contamination from silicone contamination from
Surface chemistry  plastic syringe; residues of Triton plastic syringe; discontinuous
X-100 (surfactant) detected PVA surfactant layer detected

By comparing the two techniques, microfluidics proved to be the superior method for
fabricating particles. Microparticles produced by microfluidics revealed better particle
properties than the inkjet printed particles. Moreover, greater process stability was
achieved, resulting in larger particle yield. Another merit of microfluidics is that a
greater chemical diversity can be achieved by blending monomer solutions not only
beforehand (blending-before) but also at the actual state of droplet generation (on-
chip). Inkjet printing allows only blending-before copolymerisation, which has not been

conducted due to its instability of particle manufacture.
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54. SUMMARY

The focus of this chapter was an in-depth physical and chemical characterisation of
the generated inkjet printed and microfluidic produced microparticles. Specifically, the
surface chemistry and topography were of great interest due to the key role of the
outermost layers of the surface in biological-material interactions. Particle sizing data
showed average diameters of 20 £ 5 um and 75 £ 5 pm for printed and microfluidic
particles, respectively. Microparticles produced with the Dimatix printer exhibited up to
three times broader size distributions compared to microfluidics, which was calculated
by using the relative span. Surface morphology studies performed utilising SEM
imaging revealed mostly spherical particles for both fabrication methodologies.
However, printed particles presented some degree of asphericity whereas particles
formed in the microfluidic glass chip were perfectly spherical. Furthermore,
piezoelectric inkjet printing often also resulted in polymer and particle agglomerations
including both smaller and larger microparticles. Some defects, such as surface
porosity, cracking, detachment marks and particle agglomerations, were also detected
on microfluidic produced particles, especially on co-polymerised microparticles. By
assessing the relations between the incidence of defects and monomer identity using
radar graphs, mono-functional monomers with a Ty below RT were found to be
susceptible to imperfections. This observation was explained by insufficient
photopolymerisation rate due to low numbers of functional C=C double bonds and also
by unfavourable rubbery properties at elevated temperatures (T > T,). Therefore, it
was concluded that materials with a higher tendency to crosslink showed fewer
defects. Surface topography characterisation (AFM analysis) of microparticles
revealed less topographical features on microfluidic produced particles compared to
inkjet printed particles. It was shown that the arithmetic average roughness was mainly
affected by the predominant surface roughness rather than by single surface features.
However, surface imperfections contributed to broaden the width of the standard
deviation. Comparing the blended-before with the on-chip co-polymerised microfluidic
particles, lower surface roughness was observed on blended-before co-polymerised
particles. Surface features, which look like continuous and discontinuous phase
separated morphologies, were detected on 33.3% of the blended-before and 88.9% of
the on-chip co-polymerised particles which most likely arose from partial miscibility of
the monomers applied. In the case of the pre-blended co-polymerised microparticles,
a trend was discovered which suggests that co-monomers with large differences in the
molecular descriptor parameter a resulted in heterogeneous surfaces (phase

separation). For gaining a complete overview of the surface topographies, SEM
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imaging should be used as a complementary technique allowing for a fast and meso-

scale characterisation of micropatrticles.

ToF-SIMS analysis was performed in order to assess the surface chemistry of the
particles. SIMS spectra revealed the presence of silicone contaminant peaks. It was
demonstrated that the contamination was caused from a lubricant coating lining the
interior of plastic syringes. Therefore, it is advisable to utilise only glass syringes to
avoid such contaminations. Moreover, this contamination did not fully cover the
underneath polymer but is thought to be homogeneously entangled into the polymer
structure. Besides detecting silicone, a discontinuous layer of PVA surfactant was also
found on the surfaces of microfluidic produced particles. The surfactant residues were
only partially removed by extensive washing which implies that most of the PVA
surfactant was embedded into the polymeric particle surface preventing its complete
removal. Furthermore, the concentration of PVA surfactant varied within a sample

aliquot.

By comparing the two manufacturing techniques, it can be stated that inkjet printed
particles showed inferior properties to microfluidic produced particles. The reason is
that inkjet printed droplets crossed a gas-liquid interface which resulted in collecting
fluid perturbations. These perturbations caused droplet deformation and even damage
as the droplets cured. As a result of the smaller particle yield and unfavourable
properties of inkjet printed particles, microfluidics is proposed as the main

manufacturing technique and focus of this work will take this into account.
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6. RESULTS - BACTERIA BIOFILM ASSAYS ON INKJET

PRINTED AND MICROFLUIDIC PRODUCED PARTICLES

6.1. INTRODUCTION

Novel materials that can control bacterial attachment and subsequent biofilm formation
are in high demand to reduce device-centred infections in the fight against
antimicrobial resistance [287]. Furthermore, bio-fouling also poses a global problem in
the marine industry [288,289]. To tackle the problem at the earliest possible stage,
surfaces need to be adapted to prevent bacterial adhesion. This can be done by
applying materials known to resist bacterial attachment [163,207,208] or by modifying
the surface topography. Helbig et al. [210] have recently reported that substrates with
periodical structures of sub-cell sized dimensions restricted attachment whereas cell-
sized dimensions increased initial bacterial attachment independent of the contact time
and the surface hydrophobicity. Despite these advances, there is still a lack of
information on parameters governing the cell response to surfaces and hence,

hindering rational materials design.

The goal of this chapter is to study the effect of particle chemistry, architecture and
size on bacterial biofilm formation. P. aeruginosa was selected as a representative of
Gram-negative pathogens that is frequently found in medical device-associated
infections [9]. Initially, the effect of PVA surfactant on bacterial activity was tested on
microfluidic produced polyEGdPEA microparticles and on pipetted thin films prepared
from four different acrylates. Inkjet printed and microfluidic produced microparticles
made from six different chemistries were studied for their bacterial attachment and
compared to their 2D equivalent pipetted thin films. The quantification of biofilm-
associated bacteria on particles involved developing a new algorithm for enabling
guantification of the biomass exclusively on the particles. The algorithm was designed
to determine the bacterial biofilm on microparticles using a MATLAB shape recognising

function combined with adapted scripts from the COMSTAT program [241].
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6.2. EXPERIMENTAL

This section presents the preparation of pipetted thin films (2D surfaces) intended to
be used as references for the chemically identical microparticles (3D surfaces) in
bacterial biofilm studies. Moreover, the preparation of PVA embedded films, which
were utilised for investigating the effect of PVA surfactant on bacterial attachment, is
outlined in Section 6.2.1. The microbial cell viability assay is discussed in Section 6.2.2.
A detailed description of the bacterial attachment assays, which includes bacterial
growth conditions, confocal microscope image acquisition and biofilm quantification, is

provided in Section 3.6.

6.2.1. PREPARATION OF PIPETTED THIN FILMS

To remove unreacted monomers, all pipetted films were exposed to UV light for 30 min
under an argon atmosphere followed by sample washing. The sample washing was

performed with PBS for 20 min prior to bacterial testing.

6.2.1.1. PREPARATION OF CONTROL FILMS

Control films were produced by pipetting 40 pl of a monomer solution onto the bottom
of awell in a Falcon® non-tissue culture 48-well plate (Corning Inc.). Non-tissue culture
well plates made from polystyrene do not undergo a surface treatment to render
hydrophilic surfaces and, hence, the substrates remain hydrophobic. The well plate
was subsequently exposed to UV light (Blak-Ray® XX-15L UV Bench Lamp, 365 nm)
for 30 min under argon atmosphere. Monomer solutions were composed of acrylate

based monomers, listed in Figure 6.1, with 1 wt% DMPA as the photoinitiator.
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Figure 6.1: Monomers, used to prepare the pipetted control films, are shown with their abbreviations
and chemical structures.
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6.2.1.2. PREPARATION OF PVA ‘EMBEDDED’ FILMS

Polymeric films with PVA molecules physically entangled into the surface, referred to
as ‘PVA embedded films’, were fabricated identically to the control films up until the

UV exposure phase. The monomers applied are presented in Figure 6.2.
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Figure 6.2: Monomers, used to prepare the PVA embedded films, are shown with their abbreviations
and chemical structures.

Prior to photopolymerisation, 1000 pl of a 2 wt% aqueous PVA solution was placed on
top of the pipetted monomer solutions. Immediately afterwards, the well plate was
irradiated with a UV source for 30 min under argon atmosphere. Following the
exposure to UV light, residues of the PVA solution were removed from the wells using
a pipette. A schematic drawing of the preparation of pipetted control and PVA
embedded films is depicted in Figure 6.3.

UV light /

Removing PVA
aqueous solution

— (=15 —7,
| (Tt
48-well plate B -
Monomer solution PVA aqueous solution on Control film M < PVAembedded

) into the surface
top of monomer solution

Figure 6.3: Schematic illustration of the preparation of pipetted control and PVA embedded films.

6.2.1.3. PREPARATION OF PHEMA FILMS

Falcon® non-tissue culture 48-well plates (polystyrene) were oxygen plasma etched
for 5 min at an O»-pressure of 1.0 x 102 mbar and with an input power of 50 W.
Immediately after oxygen plasma activation, the well bottoms of the 48-well plates were
coated with 30 pl of a previously prepared poly(2-hydroxyethyl methacrylate) (bHEMA)
ethanolic solution to generate homogeneous pHEMA films completely covering the
well bottoms. The pHEMA coating acted both as a low-fouling background and as an
adhesive layer for the physical entrapment of pipetted monomer solutions [159]. The
pHEMA solution was composed of 4% (w/v) pHEMA solution in 95% ethanol solution.
The oxygen plasma-treated well plates coated with pHEMA solution were dried at RT
for 48 h followed by 48 h in a vacuum oven kept at 50°C. The chemical structure of

pHEMA is presented in Figure 6.4.
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Figure 6.4: Chemical structure of poly(2-hydroxyethyl methacrylate) (pHEMA).

Monomer solutions were pipetted on top of the dried pHEMA films to create polymer
films on pHEMA coated backgrounds. Wells, which were completely covered with
pHEMA films but not further modified, were referred to ‘pHEMA on polystyrene’ in
Section 6.3.2.3.

6.2.1.4. PREPARATION OF PIPETTED FILMS WITH

DIFFERENT THICKNESSES

Pipetted films composed of EGAPEA were prepared as the control films, described in
Section 6.2.1.1, except different quantities of monomer solution were pipetted onto the
well bottoms in Falcon® non-tissue culture 48-well plates (Corning Inc.). The pipetted
volumes of the EGAPEA-DMPA solution and their resultant computed film thicknesses
are listed in Table 6.1.

Table 6.1: Different volumes of the EGdPEA-DMPA solution, which were pipetted into 48-well plates,
and their resultant computed polymer thicknesses.

Pipetted volume [pl] Film thickness [pm]
25 263
40 421
55 579
100 1053

6.2.2. MiICROBIAL CELL VIABILITY ASSAYS

To quantify bacterial attachment on microparticles, BacTiter-Glo™ assays (Promega,
Madison, WI, USA) were carried out following manufacturer’s instructions: 5 mg of
microfluidic produced microparticles were loaded in triplicate in an opaque-walled 96-
well plate and UV sterilised for 10 min. 100 pl of a suspension (ODeoo = 0.01) of P.
aeruginosa PAO1-N pME6032::mCherry in FAB medium [241] supplemented with 20
mM glucose were inoculated in each of the wells and incubated at 37°C with 60 rpm.
After 24 hours, planktonic cells were removed from the wells and particles were
washed with 100 pl of PBS. Finally, microspheres were re-suspended with 50 pl of
PBS and 50 pl of BacTiter-Glo™ reagent. Contents were mixed briefly on an orbital

shaker and incubated for five minutes before the luminescence was recorded in a
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TECAN Genios Pro spectrophotometer (Tecan, UK). Control wells containing medium

without cells were also prepared to obtain a value for background luminescence.

6.3. RESULTS AND DISCUSSION

6.3.1. BACTERIAL ATTACHMENT ASSAYS - EFFECT OF PVA

SURFACTANT

Studying the role of PVA surfactant on bacterial attachment was essential since
residues of PVA were detected at the surface of microfluidic produced particles even
after extensive washing (Chapter 5). Therefore, bacterial biofilm studies were
performed on microfluidic produced polyEGdPEA particles and on pipetted thin films
prepared from four different acrylates: EGAPEA, EGPEA, HMDA and HPhOPA. The
results, which show the level of biofilm-associated bacteria on the tested specimens,

are presented in the following pages.

6.3.1.1. BACTERIAL ATTACHMENT ON  WASHED

MICROPARTICLES

BIOFILM QUANTIFICATION USING CUSTOM MATLAB ALGORITHM
In order to assess the relationship between residual PVA surfactant on particles and
bacterial resistance, 5 mg each of microparticle varying in the number of wash cycles
were tested with P. aeruginosa PAO1-N mCherry for 24 hours under agitation (shaking
at 60 rpm) and analysed using confocal microscopy. The biofilm quantification was
performed exclusively on the surfaces of microparticles and pipetted thin films by using
the custom MATLAB algorithm, shown in Figure 6.5 a). The overall biomass was plotted
versus the identity of tested samples, whereas non-tissue culture polystyrene (bottom
of well) and pieces of silicone catheter were selected as references of high bacterial
attachment surfaces. A significantly lower bacterial attachment (90.7%) was observed
on PVA compared to polystyrene. The PVA sample consisted of 5 mg of loose PVA
powder in a well that dissolved during sample washing and testing (Figure 6.5 a)). This
observation revealed the low-fouling properties at well surfaces when being covered
with dissolved bulk PVA as recently reported by Salman et al. on PVA (5 wt%) films
cast on glass and plastic plates [290]. Focusing on the microfluidic produced

polyEGAPEA microparticles, a gradual increase of biofilm was determined from zero
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up to three wash cycles. However, after performing five wash cycles, the level of
bacterial attachment remained unaltered. These results were inversely proportional to
the amount of PVA detected on the particle surfaces using ToF-SIMS as shown in
Figure 5.18 b), discussed in Section 5.3.2.2, indicating an anti-adhesive effect of the
surfactant. Moreover, these findings were reinforced when considering the reduction
of 44.6% in biofilm-associated bacteria on the PVA embedded polyEGdPEA films

compared to the control films with no PVA.
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Figure 6.5: Quantification of biomass on polyEGdPEA microparticles varying in repeats of wash cycles
and pipetted polyEGdPEA films: a) biomass volume divided by surface area (um3/um?) and its standard
deviation is plotted against the tested samples, whereas non-tissue culture polystyrene and pieces of
silicone catheter served as references of high bacterial attachment surfaces, b) correlation between the
biomass captured on surfaces and the percentage of total counts of the acetate anion [CH3COO]”
detected by ToF-SIMS.

The relationship between bacterial attachment and PVA is shown by plotting the
biomass captured on PVA, polyEGdPEA patrticles and films against the proportion of
total counts of the ToF-SIMS acetate ion representative for PVA (Figure 6.5 b)). From
the graph, it can be seen that having more PVA on the surface resulted in less biofilm
formation. The amount of biofilm determined on microparticles and films was higher
than the amount observed on bulk PVA. This could be explained by two possible
reasons: first, differences in the low-attachment mechanism for PVA bulk samples and
PVA surfactant physically entrapped at polymerised surfaces; second, differences in
the surface area of PVA exposed to bacterial cells. It was hypothesised that PVA in
the bulk works by dissolution of the PVA followed by sloughing off the bacterial biofilm
from the weak interfacial layer. However, in the case of the PVA surfactant, which
cannot be fully removed from the particle surfaces, the suggested mechanism for the
bulk PVA would not be applicable. PVA crosslinked into the surface (surfactant) is
considered as a water-soluble polymer that can induce surface hydration via hydrogen
bonding. A tightly bound layer of water molecules near the surface is known to
generate a physical and energetic barrier able to prevent stable bacterial attachment
[206].
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The biofilm quantification method allowed assessment of the variance of biomass
within a sample. The successful particle detection on optical brightfield images and the
captured biomass resulting from applying the mask throughout the volumetric images
is depicted in Figure 6.6 for microfluidic produced polyEGdPEA particles as produced
(a) and after 10 wash cycles (b); wash cycles were conducted before incubation in
medium inoculated with PAO1-N mCherry.
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Figure 6.6: Biofilm assessment on polyEGdPEA microparticles showing the successful circle detection
on acquired brightfield images (left) and the determined biomass (right) for: a) particles as produced (no
washing), b) particles washed 10 times prior to bacterial incubation.

The biomass volume detected across the particle surfaces varied which is best seen
in Figure 6.6 a). The particle humbered 2 had considerably more bacterial cells
attached compared to the particle numbered 1. These differences in biofilm thickness
may have emerged due to variations in PVA surface coverage (an observation made
in Section 5.3.2.2) or due to heterogeneity of colonisation across microparticles within
a test aliquot. Moreover, alterations in surface topography lead to different levels of
bacterial attachment as reported by Feng et al. [291]. Their study demonstrated that
the bacterial attachment was reduced on anodic alumina surfaces with pore sizes of
15 and 25 nm as compared to surfaces with larger pores. The bacteria-repelling effect
was observed across several bacteria strains and attributed to densely distributed
pores exerting increased repulsive forces on the bacteria found in the proximity of the
surfaces [291]. In contrast to Feng et al., the microfluidic produced polyEGAPEA
particles exhibited mostly detachment marks and only few surface pores on some

particles, as presented in Figure 6.7.
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b)

s D49 x12k
Figure 6.7: SEM micrographs showing two different defects detected on the surfaces of microfluidic
produced polyEGdPEA microparticles: a) detachment marks, b) surface porosity.

MICROBIAL CELL VIABILITY ASSAYS
The low-attachment activity of PVA was retested when studying the microbial cell
viability using the BacTiter-Glo™ assay. This assay allowed determination of the
number of viable planktonic cells by quantifying the amount of adenosine triphosphate
(ATP). The amount of ATP was directly proportional to a luminescence signal
generated from lysing the microbes. The number of viable planktonic cells is plotted

against the test samples in Figure 6.8.
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Figure 6.8: Microbial cell viability assays performed on microfluidic produced polyEGdPEA particles,
PVA and polystyrene (reference). The average number of viable P. aeruginosa cells with its standard
deviation, which was determined based on quantification of the ATP present, is shown.

A reduction in bacterial attachment from polystyrene (bottom of the well) to PVA was
reconfirmed as illustrated in Figure 6.8. As opposed to the trend seen for the biofilm
microscopy quantification studies in Figure 6.5 a), less biofilm on particles was
observed with increased washing in this assay. An average of 2.5 to 3.0 x 10° viable
planktonic cells was quantified for all tested microparticles made from EGdPEA. A
paired sample t-test indicated a statistically significant difference (p < 0.5) between as-
produced and 10 wash cycles. No significant difference was seen between the
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individual wash cycles. A possible explanation for the deviation in the level of bacterial
attachment between the viability assays and the biofilm microscopy quantification
studies, is that the luminescence signal was detected from the entire well due to the
implementation of the BacTiter-Glo™ assay. As a result, the number of viable
planktonic cells determined cannot be solely attributed to the microparticles but also to
the well acting as a background. This indicated that the BacTiter-Glo™ assay was
prone to distortion of results when deviations in sample quantity occurred, so it was

not used subsequently.

6.3.1.2. BACTERIAL ATTACHMENT ON PIPETTED FILMS

Pipetted thin films composed of four different acrylate monomers were photo-
polymerised in the presence of a 2 wt% aqueous PVA solution. This was done in order
to mimic the microfluidic process of crosslinking PVA surfactant into particle surfaces
as confirmed by ToF-SIMS analysis (Section 5.3.2.2). These pipetted films were then
incubated with P. aeruginosa PAO1-N mCherry to study the relationship between PVA
covered acrylates and bacterial attachment. For comparative purposes, polystyrene
and pieces of a silicone catheter were included in this study as references of high
bacterial attachment surfaces. Figure 6.9 presents a decrease of biomass throughout
all films with PVA crosslinked into their surfaces irrespective of the film chemistry.
However, the pipetted films prepared from HPhOPA, which strongly promoted bacterial
attachment, did not differ significantly. The possible reasons are twofold: first, the
antibacterial effect of PVA was not significant in the presence of a strongly microbial
promoting material; second, the physiochemical properties of HPhOPA, such as the
relatively high viscosity, prevented PVA permeating into the monomer structure prior

to polymerisation.
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Figure 6.9: The biofilm of PAO1-N mCherry was quantified on pipetted thin films from the volumetric
images acquired using confocal microscopy. The effect of PVA surfactant on bacterial attachment was
assessed by comparing polymer films with PVA embedded films applying four different acrylates.
Polystyrene and pieces of a silicone catheter were included as references of high bacterial attachment
surfaces.

By searching for correlations between surface chemistry of the PVA-free pipetted thin
films and bacterial attachment, similar trends were found as previously reported by
Sanni et al. [283] and Hook et al. [172]. Their research demonstrated that
poly(meth)acrylates, which contain both hydrophilic ester groups and rigid hydrophobic
chemical moieties, had been correlated to decreased bacterial attachment. The
monomer EGAPEA, which was discovered as a ‘hit’ material able to resist high levels
of bacteria [163,172], did not perform best in the presented work within this thesis. The
anti-attachment mechanism involved is still not fully understood for this class of
materials. However, it is thought that EGAPEA surfaces are able to prevent bacterial
cell attachment due to entropic shielding which is outlined in Section 2.6.4. Using PVA
as a stabiliser revealed that the polymer surfaces are almost completely covered by
the surfactant. Consequently, the contaminated surfaces exhibited the same interfacial
chemistry as pure PVA which is significant in controlling cell-material association.
Therefore, it is assumed that PVA-contaminated surfaces also prevent bacteria

attachment via surface hydration as reported for hydrophilic surfaces.

The level of PAO1-N mCherry quantified on all tested pipetted films, with and without
PVA embedded, was significantly higher in ratio to the control samples than previously
published by Hook et al. [163,172] and Sanni et al. [283]. As a consequence, it was
speculated that changes in the testing procedure have caused these differences in
bacterial response. Possible factors causing the differences in the bacterial attachment

are discussed in Section 6.3.2.3.
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6.3.2. BACTERIAL ATTACHMENT ASSAYS - COMPARISON

FRoM 2D 10 3D

In this section, bacterial biofilm studies were conducted with the intention of comparing
2D to 3D surfaces, whereas pipetted thin films served as 2D equivalents to the
microparticles (3D) produced from the same monomer. By doing this, the relationship
between bacterial response and particle properties, such as chemistry, architecture
and size, was explored. As a preliminary remark, the intended direct comparison
between chemically identical 2D and 3D surfaces was rendered impossible due to the
presence of PVA surfactant at the surface of all particles (outlined in Section 5.3.2.2).
Additionally, to correct for mass transport effects [292,293], the pipetted thin films
should have only been compared to the upper hemispheres of microparticles.
However, the biofilm quantification method could not be adjusted accordingly due to
difficulties in determining the centres of particles in the confocal data. Consequently,
the biofilm quantified on microparticles included the entire surface of the spheres. The
bacterial results obtained from the pipetted thin films are compared to the results
published on polymer spots in microarrays, made from the same material, by Hook et
al. and Sanni et al. [163,172,283].

6.3.2.1. BACTERIAL ATTACHMENT ON MICROPARTICLES

AND PIPETTED THIN FILMS

Pipetted thin films, inkjet printed (~20 um) and microfluidic produced (~80 pm)
microparticles were tested for their prevention of P. aeruginosa PAO1-N mCherry
attachment in order to study the effect of particle chemistry, shape and size on bacterial
behaviour. Polystyrene and pieces of silicone catheter were used as comparators
exhibiting high bacterial attachment and represent the performance of a commonly
used medical device material. The captured biomass on pipetted films and
microparticles prepared from six different acrylate chemistries is presented in Figure
6.10.

147



Chapter 6 - Bacteria Biofilm Assays on Inkjet Printed and Microfluidic Produced Particles

BN Polystyrene
I Silicone catheter
[ JEGdPEA

I EGPEA

I HMDA

I HPhOPA

N TCDMDA

B TMPTA

100+

Biomass [pm’/pm®]
P [=2] [
T T T

[~
(=)
I

@ o o
" O @
¥ & o
& & QP
N ¢

Figure 6.10: The biomass of PAO1-N mCherry was quantified on pipetted thin films, inkjet printed and
microfluidic produced particles prepared from six different acrylates. By comparing 2D to 3D surfaces,
the effect of surface chemistry, shape and size on bacterial attachment was assessed. Polystyrene and
pieces of a silicone catheter were included as references of high bacterial attachment surfaces.

Figure 6.10 shows that the monomer HPhOPA, which has been shown to promote
bacterial attachment in microarray and scale-up experiments under agitated culture
[163], also exhibited the greatest amount of biomass on the surfaces of pipetted films
and microfluidic produced particles under negligibly weak flows. However, in the case
of printed particles, no significant difference in bacterial attachment was observed
between the different acrylate chemistries. Irrespective of the particle chemistries,
some inkjet printed particles were embedded in the biofilm grown on polystyrene well
bottoms (substrate) whereas some other particles exhibited only the biofilm grown on
the particles themselves. This, however, led to distortion of the results since the biofilm
captured in the cylindrical mask could not be differentiated accordingly. An example
for clarifying this issue best is given with inkjet printed polyHMDA particles which
exhibited the highest level of P. aeruginosa at the surfaces, as shown in Figure 6.10.
However, by comparing the fluorescence images of polyHMDA (Figure 6.11 a)) to the
images obtained for printed polyHPhOPA particles (Figure 6.11 b)), PAO1-N mCherry
preferred the polyHPhOPA particles to the polystyrene background, whereas the
printed polyHDMA particles and polystyrene background were both similarly inhabited

by bacteria.
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Figure 6.11: Biofilm quantified on inkjet printed patrticles after 24 h incubation in polystyrene wells of 48-
well plates. Brightfield (top row) and fluorescence images are shown in orthogonal (middle row) and 3D
(bottom row) view for: a) polyHMDA particles, b) polyHPhOPA microparticles.

A plausible explanation for these findings is that differences detected in the bacterial
behaviour were affected by both mass transport effects and particle surface chemistry.
The printed particles, hence, had to be excluded from the bacterial attachment assays.
Consequently, it was not possible to study the effect of particle size on bacterial

response.

By focusing on pipetted thin films and microfluidic produced particles to evaluate the
effect of surface chemistry and particle shape on bacterial attachment, it became
apparent that a direct comparison between chemically identical 2D and 3D surfaces
was rendered impossible due to the presence of PVA surfactant at the particle

surfaces.

6.3.2.2. EFFECT OF SHAPE ON BACTERIAL ATTACHMENT

By preparing PVA embedded films containing the same amount of PVA as detected

on microparticles, the effect of particle shape on bacterial attachment could be
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explored assuming that the surface chemistry was alike. In Figure 6.12, the biomass
captured on pipetted films and microfluidic produced micropatrticles is depicted for four
different acrylate chemistries: EGAPEA, EGPEA, HDMA and HPhOPA.
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Figure 6.12: The biomass of PAO1-N mCherry was captured on PVA embedded thin films and
microfluidic particles. The biofilm quantification involved the custom MATLAB algorithm. The effect of
particle shape on bacterial attachment was assessed by comparing PVA embedded films with
microfluidic particles applying four different acrylates.

No significant difference in bacterial attachment was observed for the monomers
EGdPEA and HMDA when comparing 2D to 3D surfaces. In case of the monomer
EGPEA, the microfluidic produced particles revealed 55.0% more biofilm-associated
bacteria on the surfaces. A possible reason for this difference is that particle
agglomerations, which were detected using SEM imaging (discussed in Section
5.3.1.2), promoted bacterial attachment. In this case, spaces between agglomerated
particles potentially act as shelters preventing shear forces, which emerged by fluid
agitation, acting on the bacteria. In contrast to polyEGPEA, PVA embedded films
prepared from the monomer HPhOPA showed a notably higher level of bacterial
attachment (76.3%) compared to the corresponding microparticles. The higher P.
aeruginosa level can be explained by differences in the concentration of PVA
surfactant at the surface of the films and particles repelling bacteria to a variable extent.
Furthermore, another possible explanation is that the surface properties of the
microfluidic polyHPhOPA particles changed to be less favourable to bacterial cells.
The change in the surface properties could have been induced by the required addition
of the solvent ethyl acetate to the monomer solution resulting in rearrangements of

surface molecules.

Within the particle radii studied, no significant difference in bacteria behaviour was
observed, suggesting that at diameters >75 pm the bacterial response is independent

of the radius of curvature. Due to the very large difference in length scale between the
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microfluidic produced microparticles (~80 pum) and the Pseudomonas bacteria (~1-5
pm), it is speculated that the bacteria do not easily sense the shape at all — they may
perceive that the surface on which they reside is flat. Moreover, surface topographical
features such as defects and periodical structures (as discussed in Section 2.6.3),

need to be considered as a parameter influencing the bacterial response.

6.3.2.3. OTHER PARAMETERS AFFECTING THE BACTERIA

ATTACHMENT

Besides PVA surfactant, particle shape and surface topography, there are a few other
parameters that were considered to have an effect on bacterial attachment. By
comparing the results of the pipetted thin films with the results of their analogue
polymer spots in microarrays reported in the literature [163,172], higher levels of
biofilm-associated bacteria were quantified on all pipetted thin films. As a result, the
bacterial attachment studies were compared and investigated thoroughly for

differences in the materials and test conditions applied.

EFFECT OF PHEMA

In combinatorial polymer microarrays, glass slides were coated with pHEMA because
of its low-fouling properties and ability to act as an adhesion layer for the printed
polymer spots [159]. It has been reported that pHEMA was detected on some surfaces
of polymer islands which indicated that pHEMA diffused through the above polymer
layer during or before curing the monomer [248]. As a result, the effect of pHEMA on
bacterial attachment was assessed. The biofilm, which was quantified on pipetted thin
films with and without having a pHEMA coated background, is shown for six different
chemistries in Figure 6.13: EGdPEA, EGPEA, HDMA, HPhOPA, TCDMPA and
TMPTA.
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Figure 6.13: The biomass of PAO1-N mCherry was quantified on pipetted thin films from the volumetric
images acquired using confocal microscopy. The effect of pHEMA on bacterial attachment was
assessed by comparing polymer films prepared from six different acrylates with and without having a
thin, homogeneous pHEMA film underneath. Polystyrene was included as a reference of a high bacterial
attachment surface.

By comparing the bacterial attachment data captured on pipetted thin films with and
without having a pHEMA coated background, a trend was observed which revealed
less bacterial attachment on 85.7% of all tested films with pHEMA coated wells
underneath. A reduction of up to 39% in biomass was observed. The pHEMA
background layer did not affect films made from the monomer HPhOPA. This finding
showed remarkable similarities to the results presented with the PVA surfactant in
Section 6.3.1.2. Consequently, it is assumed that the bacterial behaviour is explained
by the same reasons as already outlined previously. This involved the outperformance
of the antibacterial activity of pHEMA by the strongly microbial promoting monomer
and also the inability of pHEMA to diffuse through the HPhOPA layer because of its
physiochemical properties.

The mechanism for the low-fouling properties of PVA and pHEMA is thought to be
correlated since both materials are of hydrophilic nature. It has been reported that the
non-fouling ability is associated to a hydration layer near the surface which excludes
biomolecules from the surfaces [283]. This exclusion of biomolecules is caused by a
physical and energetic barrier which is formed by a surface-bound water layer [206].

More information about this proposed mechanism of action is provided in Section 2.6.4.

By testing the microfluidic produced particles in well plates as received and previously
oxygen plasma-treated directly followed by pHEMA coating, the effect of a low-fouling
background on bacterial attachment was assessed at the particle surfaces using the
biofilm quantification algorithm. The biovolume quantified at the particle surfaces of

three different particle chemistries is presented in Figure 6.14.
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Figure 6.14: The biovolume of PAO1-N mCherry was assessed at the particle surfaces of three different
particle chemistries. The effect of pHEMA on bacterial attachment at particle surfaces was studied by
comparing microfluidic polymer particles in untreated and oxygen plasma-activated pHEMA coated wells
in 48-well plates.

Figure 6.14 shows lower levels of biofilm-associated bacteria on microparticles tested
on pHEMA coated substrates. The largest decrease in biomass of 23.5% was
observed on polyEGdPEA microparticles, whereas a reduction of 17.1% and 14.9%
was quantified on microfluidic polyTMPTA and polyHMDA patrticles, respectively. The
difference in the level of PAO1-N mCherry on polyEGdPEA and polyTMPTA
microparticles was statistically significant (p < 0.05) between the substrates as
received and pHEMA-coated wells. No statistically significant difference, however, was
found for microfluidic produced polyHMDA particles. These variations in bacterial
attachment received throughout the majority of tested particle chemistries indicate that
the bacterial behaviour at the contact sites between particles and substrate influences
the actual results. This is the case because the biofilm quantification algorithm
employed in this work involved particle shape recognition combined with vertical
projection of cylindrical masks through the volumetric fluorescence images.
Consequently, the biofilm grown between the substrate and particles is included in the
calculation that could lead to distortion of bacterial attachment results. To circumvent
these issues, the test substrates can be treated with non-fouling materials. Another
option includes the alteration of the biofilm quantification algorithm in such a way that
the biovolume is quantified only at the upper hemisphere of the particle surfaces. The
latter proposed improvement is more favourable since less time and material is

required for preparing the test substrates.

EFFECT OF FLOW CONDITIONS
Differences in the flow conditions, which could occur during sample washing after
samples being removed from the bacteria-inoculated media and prior to analysis, may

affect the extent of the bacterial cells captured at the surfaces. No specific information
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was provided in the papers published by Hook et al. [163,172] and Sanni et al. [283]
regarding the washing procedures applied. However, it was ascertained at a later stage
that Hook et al. and Sanni et al. performed their sample washing in petri dishes using
a rotating platform at 60 rpm three times for five minutes. This leads to significant flow,
whereas in this thesis, samples were carefully washed in wells (48-well plates) by
pipetting, inducing weak flow only.

In order to study the impact of variations in flow conditions during post-incubation
sample washing on bacterial attachment, the following two washing procedures were
selected: manual pipetting (‘Pipetting’, standard procedure mentioned in Section 3.6.1)
was compared to applying linear shake movements for five minutes at an amplitude of
3 mm (corresponds to a frequency of 218 rpm) using a TECAN Genios Pro
spectrophotometer followed by removal of the fluids using a pipette (‘Shaking’). These
two methods, which were applied three times, differed in the magnitude of shear forces
acting during washing. Therefore, the effect of flow conditions on the PAO1-N mCherry
attachment was studied for pipetted thin films and microfluidic produced particles
composed of polyEGdPEA. The data from these tests is shown graphically in Figure
6.15. EGdPEA was selected as the monomer to investigate thoroughly since it had
been reported as a hit homopolymer exhibiting the lowest surface coverage for P.

aeruginosa [163,172].
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Figure 6.15: The biofilm was quantified on pipetted thin films and microfluidic produced particles
composed of polyEGdPEA after 24 h incubation in PAO1-N mCherry suspension under agitation
(shaking at 60 rpm). The influence of flow conditions on biofilm-associated bacteria was analysed by
washing the samples three times in two different ways, manual pipetting (‘Pipetting’) and applying linear
shake movements for five minutes prior to removal of the fluids using a pipette (‘Shaking’).

A decrease of 20.0% in bacterial attachment was observed at the surfaces of pipetted
polyEGdPEA films when stronger shear forces acted upon the surface during post-
incubation washing. In contrast, the biofilm quantified on the polyEGdPEA

microparticles remained unchanged irrespective of the washing procedure applied.
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These differences in their biological performance are explained by the relative
movement of the specimens to the washing fluid in the test system. In the case of the
pipetted thin films, they remain static in respect to the well plate leading to greater
impact of shear forces at the surfaces through the washing fluid moving over the
surfaces. As a result, it is assumed that biofilm-associated bacteria are carried away
to some extent. However, loose microparticles act as dynamic systems moving with
the flow. In this way, assuming contact and abrasion are insignificant for the suspended
particles, microparticles are likely to be exposed to less shear forces overall, hence,

minimal removal of biomass is expected.

Considering that biofilms are formed by bacterial communities embedded within a
matrix of self-secreted extracellular polymeric substances, much stronger forces are
required to remove these bacteria from the surface compared to planktonic bacterial
cells [294]. Suspended bacteria, which are close enough to allow initial contact with
the surface, are weakly bound to the surface and, thus, can be easily removed by fluid
shear forces [295]. As a consequence, it is hypothesised that variations in the flow
conditions during sample incubation result in greater differences in the level of bacterial
attachment compared to variations in the flow condition occurring during post-

incubation sample washing.

The flow conditions, which are affected by the level of agitation but also by the choice
of substrate type and size, directly impact on the number of bacterial cells attaching to
the surface, hence, resulting in changes in biofilm quantity. An in-depth study on the
effects of flow conditions during the incubation stage on biofilm growth is beyond the
scope of this thesis. However, this is recommended to be investigated in the near

future, and is discussed in the future work section.

EFFECT OF FILM THICKNESS

The polymer films tested in this work differ in dimensions compared to the polymer
spots reported in literature [163,172,283]. Hook et al. reported that homopolymeric
EGdPEA spots with an average height of 20 um revealed a surface coverage for P.
aeruginosa of 11.6 + 1.5% [163]. As a result, film thickness was identified as another
parameter which could determine the antibacterial efficacy. In this study, pipetted
polyEGAPEA films varying in film thickness were analysed for their bacterial
performance after being incubated for 24 hours under agitation (shaking at 60 rpm).
The biomass, which was quantified on surfaces of polyEGdPEA films prepared with
25, 40, 55 and 100 pl of EGAPEA-DMPA solution, is illustrated in Figure 6.16.
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Figure 6.16: The biovolume per surface area was quantified on pipetted polyEGdPEA films which were
prepared by pipetting different quantities of monomer solution (25, 40, 55 and 100 pl) onto the well
bottoms of 48-well plates. The effect of film thickness on anti-adhesive efficacy was analysed by testing
the polyEGAPEA films varying in thickness with PAO1-N mCherry for 24 h under agitation (shaking at 60

rpm).
Figure 6.16 shows a decrease in the biovolume captured per surface area on pipetted
polyEGdPEA films fabricated with increasing volumes of monomer solution,
consequently, increasing resultant film thicknesses. The films with the overall lowest
bacterial attachment were prepared with 55 pul of EGAPEA-DMPA solution, resulting in
an average reduction in biomass of 53.9% compared to the polyEGdPEA films with
the highest degree of biofouling (25 pl). This bacterial attachment data indicates that
the likelihood of incomplete curing rises with increasing film thickness. A possible
explanation for lower levels of bacterial attachment involves fragments such as
cyclopentadienyl which could diffuse to the film surface where they remain due to their
hydrophobic nature. In this way, hydrophobic interactions can result in destabilisation
of bacterial membranes. Moreover, it is also possible that unreacted monomers could
reduce the bacterial doubling rates. Therefore, polymer constituents and unreacted

monomers affect the mechanism for reduction in bacterial attachment to some extent.

6.4. SUMMARY

To tackle the problem of biofilm formation at surfaces, bacterial attachment and biofilm
formation needs to be prevented through material design and manufacture
optimisation. This, however, requires a full understanding of material-function
relationships in order to design surfaces accordingly. Herein, the focus of this chapter
was to enable screening from 2D to 3D surfaces by studying the effect of particle
chemistry, architecture and size on bacterial attachment of P. aeruginosa PAO1-N

mCherry.
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Assessing the effect of PVA surfactant on bacterial attachment, a strong anti-adhesive
activity was demonstrated for bulk PVA. Micropatrticles, which were tested with PAO1-
N mCherry, as-produced and after a varying number of wash cycles to remove PVA,
did not show significant changes in bacterial attachment. However, a trend was
observed which revealed greater prevention of bacterial attachment for particles with
increased amount of PVA surfactant at particle surfaces. The difference in the low-
fouling efficacy between bulk PVA and PVA surfactant could be explained by two
possible reasons: first, differences in the mechanism of preventing Pseudomonas
attachment for PVA bulk samples and PVA surfactant physically entrapped at
polymerised surfaces; second, differences in the surface area of PVA exposed to

bacterial cells.

The low-fouling properties of PVA were confirmed by testing pipetted thin films, which
were prepared from four different acrylates and crosslinked in the presence of a 2 wt%
PVA solution. A decrease in biomass throughout all films with PVA entangled into their
surfaces was detected irrespective of the film chemistry. Correlating the surface
chemistry of the PVA-free pipetted thin films to the bacterial attachment, it was found
that polyacrylates containing both hydrophilic ester groups and rigid hydrophobic
chemical moieties showed lower levels of P. aeruginosa attachment. Similar
observations were previously reported by Sanni et al. [283] and Hook et al. [172]. The
underlying mechanism that reduces bacterial attachment is believed to be different for
amphiphilic polyacrylates and PVA-contaminated surfaces; polyacrylates probably
involve entropic shielding whereas PVA-contaminated surfaces prevent attachment via

surface hydration.

The effect of particle chemistry, shape and size on bacterial behaviour was
investigated by conducting bacterial biofilm studies on pipetted thin films, inkjet printed
(=20 pm) and microfluidic produced (~80 pum) microparticles. Due to the small size of
the inkjet printed particles, mass transport effects and surface chemistries led to
differences in the level of P. aeruginosa attachment within sample aliquots but also
within different materials, distorting the results. Therefore, the inkjet printed particles
were excluded from the bacterial biofilm studies. With respect to particle shape, no
significant difference in bacteria behaviour was observed, suggesting that at diameters

>75 um the bacterial response is independent of the radius of curvature.

By conducting a comparison of the bacterial results received from testing pipetted thin
films with results published by Hook et al. [163,172], higher levels of biofilm-associated

bacteria were observed on all pipetted thin films in this work. Searching for differences
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in the bacterial testing procedures including microarray and scale-up polymer coupon
assays, three main parameters (pHEMA, flow conditions, film thickness) were
identified and tested for their bacterial outcome. Films on top of pHEMA coated wells
exhibited less bacterial attachment compared to control films (without pHEMA).
However, polyHPhOPA films were not affected by the pHEMA background layer.
These observations bore resemblance to the PVA study. Consequently, the
mechanism for preventing bacterial attachment of PVA and pHEMA contaminated
surfaces is thought to be tightly correlated and associated to a hydration layer near the
surface. This surface hydration leads to exclusion of biomolecules such as proteins
which would normally adsorb [206,283,296]. By evaluating the biomass on patrticles
using the custom biofilm gquantification algorithm, less biofouling of PAO1-N mCherry
was observed on microparticles tested on pHEMA coated substrates. This indicated
that the contact sites between particles and substrate had a determining influence on

the bacterial performance.

Moreover, variations in flow conditions, which result in different shear forces acting on
surfaces during post-incubation sample washing, affected the biological performance.
In static test systems (pipetted films) the performance was affected greatly but barely
in dynamic systems (microparticles). The reason is that loose microparticles overall
were exposed to less shear forces since they were set into motion by the washing fluid
movements. Furthermore, it is hypothesised that variations in the flow conditions
during sample incubation result in greater differences in the level of bacterial
attachment compared to variations in the flow conditions occurring during sample

washing prior to analysis.

With respect to the film thickness, lower bacterial attachment was detected on pipetted
films prepared with increasing volumes of monomer solution, hence, increasing
resultant film thickness. These results pointed towards incomplete curing with
increased film thickness. The reduction in PAO1-N mCherry attachment was believed
to be caused by polymer constituents diffusing to the surface, destabilising bacterial

membranes, and by unreacted monomers reducing the bacterial doubling rates.
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/. CONCLUSIONS

7.1. GENERAL CONCLUSIONS

Over the last decades, research has focused on discovery of new materials for
biomedical applications. Recently, exciting advances have been made, mostly in two-
dimensional materials development, through both hypotheses relating material
properties to cell response, and discovery of new materials via high throughput
screening. This research field, however, is still hindered by the lack of knowledge on
the physicochemical parameters controlling the range of cellular responses — the
material-function relationships. As it is well recognised that 3D structures can behave
differently compared to 2D materials, the overall aim of this thesis is to perform a step

change from formation and screening of 2D to 3D surfaces.

The first objective was to generate a combinatorial library of microparticles using
photo-induced polymerisation in combination with either piezoelectric inkjet printing or
microfluidics. In Chapter 4, 31 (out of 56 tested) (meth)acrylates capable of forming
spheres and a universal collecting fluid, 17 wt% IPA/DIW, were discovered by
performing preliminary experiments. Both particle agglomerations and free-flowing
microparticles were obtained by inkjet printing these monomers, blended with 1 wt%
DMPA (photoinitiator), into 17 wt% IPA/DIW under nitrogen atmospheres. The inkjet
printing process and, hence, the microparticle output were optimised by adding 0.1
wit% surfactant (Triton X-100) to the collecting fluid and printing at a velocity of 6 m/s.
In this way, a library of 20 (meth)acrylates, able to fabricate particles using the Dimatix
printer, was successfully generated. Polymer kinetic studies assisted in the
explanation of the inability of certain monomers to form particles by demonstrating that
smaller numbers of functional C=C double bonds, increased steric hindrance
(increased chain length, monomer bulkiness) and more stable radicals resulted in
decreased curing rates. By employing microfluidics as an alternative particle
fabrication technique, a PVA surfactant concentration of 2 wt% in the collecting fluid
was found to be crucial for a reproducibly stable droplet formation. Monodisperse
microparticles were only generated within a limited combination of dispersed and
continuous flow rates under low capillary numbers ranging from 10“ to 102 To
fabricate co-polymerised particles with a well-defined monomer ratio, blending-before
co-polymerisation was found to be the superior technique due to greater process

stability.
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The second objective was to conduct an in-depth chemical and physical
characterisation on microparticles generated using inkjet printing and microfluidics. In
Chapter 5, particle sizing measurements demonstrated average diameters of 20 £ 5
pm and 75 £ 5 pm for printed and microfluidic produced particles, respectively.
However, microparticles produced with the Dimatix printer exhibited up to three times
broader size distributions compared to microfluidics. Surface morphology studies
revealed that microfluidic produced particles were perfectly spherical whereas inkjet
printed particles exhibited asphericity. In microfluidics, defects such as surface
porosity, surface cracking, detachment marks and particle agglomerations, were
mainly detected on particles made from mono-functional monomers with a T4 below
RT. Consequently, it was concluded that materials with a higher tendency to crosslink
showed fewer defects. AFM analysis showed that microfluidic produced particles
exhibited overall lower average roughness values combined with less topographical
features than inkjet printed particles. Results showed that 33.3% of blended-before
and 88.9% of on-chip co-polymerised particles exhibited heterogeneous surfaces in
the form of phase separation. These phase separations most likely occurred from
partial miscibility of the monomers applied. In the case of the pre-blended co-
polymerised microparticles, a trend was discovered which indicated that co-monomers
with large differences in the molecular descriptor parameter a resulted in continuous
and discontinuous phase separated morphologies. ToF-SIMS spectra indicated the
presence of silicone contaminant peaks on all measured particle aliquots. This silicone
contamination was caused by a lubricant coating lining the interior of plastic syringes.
This contamination was homogeneously entangled into the polymer structures, hence,
rendered the removal impossible. Furthermore, a discontinuous layer of PVA
surfactant was detected at the surfaces of microfluidic produced particles which was
partially removed by extensive washing. Comparing both particle fabrication
methodologies, microfluidics was shown to be the superior technique for fabricating
particles. Inkjet printed particles exhibited unfavourable properties due to collecting
fluid perturbations, which emerged from droplets crossing a phase boundary from gas
to liquid. In consideration that inkjet printing is far from reaching a stable, steady state
printing condition, microfluidics offers a greater potential for various applications since

scaling-up of particles in all sizes, shapes and compositions is feasible.

The final objective was to achieve a change in screening from 2D to 3D surfaces by
examining the effect of particle chemistry, architecture and size on bacterial
attachment using P. aeruginosa PAO1-N mCherry. In Chapter 6, a strong anti-

adhesive activity was observed in case of bulk PVA. A similar but smaller effect was
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observed for microparticles with increased amount of PVA surfactant at the surfaces.
The difference in low-fouling efficacy between PVA bulk and PVA surfactant could be
explained by either differences in the mechanism of preventing Pseudomonas
attachment for PVA bulk samples and PVA surfactant physically entrapped at
polymerised surfaces or by differences in the surface area of PVA exposed to bacterial
cells. Polyacrylates containing both hydrophilic ester groups and rigid hydrophobic
chemical moieties exhibited lower levels of P. aeruginosa attachment which was
previously reported by Sanni et al. [283] and Hook et al. [172]. The low-fouling
interactions of bacteria with material surfaces were most likely governed by two
different mechanisms, entropic shielding and surface hydration in case of polyacrylates
and PVA-contaminated surfaces, respectively. The study of evaluating the effect of
particle size on bacterial attachment could not be performed since biomass results
guantified on inkjet printed particles were distorted. In respect of particle shape, no
significant difference in bacteria behaviour was observed, suggesting that at diameters
>75 um the bacterial response is independent of the radius of curvature due to the
very large difference in length scale between microparticles and bacteria. Moreover,
by examining other parameters, including pHEMA, flow conditions and film
thicknesses, on bacterial response, it was found that pipetted films on pHEMA coated
substrates presented less biofilm compared to control films without pHEMA. Similar
results were obtained with PVA contaminated surfaces and, therefore, the mechanism
for the low-fouling activity is thought to be tightly correlated and associated to surface
hydration preventing attachment of biomolecules [206,283,296]. Less biofilm-
associated bacteria were captured on microparticles tested on pHEMA coated
substrates which clarified the determining influence of the contact sites, between
particles and substrate, on the bacterial performance. Differences in fluid flows during
post-incubation sample washing affected the biological performance greatly in case of
static test systems (pipetted films) but barely in case of dynamic systems

(micropatrticles).

The differences in the attachment of biofilm-associated bacteria between the pipetted
thin films tested within this work and their analogue polymer spots in microarrays
reported in literature are thought to be induced by the low-fouling pHEMA and
variations in flow conditions occurring both during incubation stage and sample

washing prior to analysis.
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7.2. RECOMMENDATIONS FOR FUTURE WORK

Several areas of future work have been identified through the work conducted in this

thesis.

Whilst ToF-SIMS analysis was successfully employed to probe the surface chemistry
of inkjet printed and microfluidic produced microparticles, its capabilities were not fully
exploited. Surface spectrometry could be conducted on PVA embedded films to
guantify the PVA surfactant content at the surfaces. This would clarify whether the
same amount of PVA was achieved on both pipetted films and microfluidic produced
particles. Based on the results, the effect of particle shape on P. aeruginosa biofilm
formation can either be directly examined or after adjusting the PVA concentration in
order to neglect the surface chemistry. In addition, by quantifying the PVA content, it
can be ascertained that less PVA surfactant permeated into the HPhOPA structure
prior to curing due to its physiochemical properties. For the same reason, pipetted films
on pHEMA coated substrates could be chemically analysed in order to confirm the
smaller amount of pHEMA on polyHPhOPA films due to the limited diffusion of pHEMA
oligomers. The bacterial attachment results, which were obtained for both
polyHPhOPA films with and without a pHEMA background layer, showing little to no
difference, could thereby be explained with a higher degree of confidence. Moreover,
ToF-SIMS depth profiling or X-ray photoelectron spectroscopy (XPS) could be utilised
for two reasons: firstly, to confirm that PVA surfactant is only present as an overlayer
at the surfaces and not throughout the microfluidic produced particles; secondly, to
analyse the thickness of the PVA layer.

In this work, a biofilm quantification method was applied which captured the biofilm at
the entire surfaces of particles. Bacterial biofilm results revealed, however, that the
contact sites between particles and substrate affected the bacterial performance.
Therefore, to correct for mass transport effects, the biofilm should only be quantified
on the upper hemisphere of particles allowing for a direct comparison between
chemically identical 2D and 3D surfaces. This can generally be done by adjusting the
algorithm accordingly through further development. Confocal volumetric data,
however, need to be acquired in such a way that the centre of particles can easily be
determined afterwards. If this suggestion is not feasible, well plates (substrates) could

be coated with pHEMA to reduce the bacterial attachment at the contact sites.

Polyacrylates, which contained both hydrophilic ester groups and rigid hydrophobic
chemical moieties, have been discovered as a new class of polymers resistant to P.

aeruginosa attachment [172,283]. These observations were also made within the
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bacterial biofilm assays performed in this thesis. Based on the fact that PVA
demonstrated low-fouling properties, copolymerisation of (meth)acrylates with PVA
should be considered and tested for improved prevention of bacterial cells. This
copolymerisation might have synergistic effects in case of 2D surfaces since the
underlying mechanisms of action of the different materials may complement each other
resulting in greater reduction of bacterial attachment. However, in case of forming
particles in an aqueous continuous phase, micelles are likely formed due to self-
assembly of the macromolecules consisting of PVA and (meth)acrylates. PVA, which
is more hydrophilic than (meth)acrylates, would spontaneously form the outer shell,
hence, controlling solely the attachment of bacterial cells. Moreover, the OH groups of
the PVA surfactant (residues) at the surface of microparticles could be used as initiator

for attaching compounds of interest to the microparticles.

Despite these recent advances, the involved anti-attachment mechanism is not yet
fully understood. Consequently, to fully understand the biological performance,
extended combinatorial particle libraries should be tested for their bacterial
attachment. Material-function relationships could be induced as a result of testing
different substrates by varying the shape, size, composition and morphology for their
resistance to bacteria with different physiochemical properties. Moreover, the
suspending liguid medium, including for instance its surface tension, pH and ionic
strength, should be considered as another crucial factor mediating the bacterial
attachment. In terms of particle sizes, the same particle fabrication technique should
be used to produce particles with different sizes in order to exclude any other
parameters affecting the bacterial attachment. Moreover, to directly compare the level
of bacteria on complex 3D surfaces with 2D surfaces (microarrays), previously
published by Hook et al. [163,172] and Sanni et al. [283], research should strive for
particle formation without employing surfactants. In consequence of changing the
substrate type and size to adapt to the implementation of the biofilm assays, an in-
depth study should be conducted on the effects of variations in flow conditions present

during the incubation stage on biofilm growth.

In the future, biological testing could also be transferred from bacterial to human cell
interactions to discover materials suitable for specific biomedical applications. The
vision is to mature this effort for applications that require acceptance into body such
as low-fouling coatings, drug delivery and cell carriers in regenerative medicine

strategies.
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APPENDIX A - DYNAMIC LIGHT SCATTERING

Dynamic light scattering (DLS), also known as photon correlation spectroscopy or
guasi-elastic light scattering, is an established technique for determining average size
and size distribution of particles typically in the submicron range [297,298]. In this
technique, the Brownian motion, which is size dependent, is measured by focusing a
laser onto a small volume containing particles. These particles scatter the light to the
detector. The hydrodynamic particle diameter (d), which corresponds to a particle
diffusivity within a fluid, is calculated by applying the Stokes-Einstein equation (Eq.
A.1) [299]:

J= kT Eq. Al
~ 3mnD

where k is the Boltzmann’s constant, T the temperature, n the viscosity and D the

translational diffusion constant.

Light scattered by particles is usually categorised by two theories: Rayleigh scattering
and Mie scattering [300]. Rayleigh scattering is applicable to particles that are much
smaller than the wavelength of light used, typically d < M10 [297]. In this case, the light
scattering is isotropic and the following approximation is valid (Eq. A.2) [300,301]:

I « db Eq. A2

where [ is the intensity of scattered light and d the particle diameter. In contrast to
Rayleigh scattering, the Mie theory describes most spherical particle scattering
systems without a particular restriction on particle size and optical properties [300].
Particles with sizes in the same order as the wavelength of the illuminating light are
effective Mie scatterers revealing complex functions of maxima and minima with

respect to angles [301,302]. Larger particles scatter mainly in the forward direction.
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APPENDIX B - TIME-OF-FLIGHT SECONDARY I[ON

MASS SPECTROMERTY

Time-of-flight secondary ion mass spectrometry is a surface analysis technique which
is capable of detecting elements in concentrations in the ppm to ppb range [303].
Therefore, ToF-SIMS must be performed under ultra high vacuum (UHV) for several

reasons.

In this technique, ions from a pulsed primary ion beam impinge upon a target sample
with high energy. This energy is transferred to target atoms which in turn generate
collision cascades [304]. In these collision cascades, extensive fragmentation and
bond breaking occur producing mostly neutral particles and a small proportion of
positively and negatively charged ions [303]. Species fragmented in the uppermost
one or two monolayers of the target sample have enough energy to overcome the
surface binding energy and are ejected from the specimen. A collision cascade is

represented in Figure B.1.
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Figure B.1: A schematic drawing of a collision cascade initiated by the impact of primary ions (red).

The emitted secondary ions are extracted and accelerated in an extraction field to a
common energy E by applying a potential between the sample surface and the time-
of-fight (ToF) mass analyser [303,305]. By measuring the times, t, of the secondary
ions to travel through the length L of the field-free flight tube until hitting the detector,

the mass-to-charge ratio (im/z) is obtained from the formula Eq. B.1:

1/2 Eq.B.1
1) q

For instance, heavier ions will travel longer than lighter ions at the same kinetic energy,

consequently a longer time will be measured. In other words, the mass-to-charge ratio

(m/z) is analysed and presented in positive and negative secondary ion mass spectra
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[303]. The ToF-SIMS analysis provides detailed information about the chemical

structure, composition and orientation of species at the surface [306—308].

Modern SIMS instruments comprise the following major components: air lock, main
analysis chamber, primary ion gun, mass spectrometer and the so-called transport
optics as shown in Figure B.2. The air lock system facilitates to maintain the main
chamber at a low pressure while loading the sample stage into the instrument. The
transport optics extract ions of a given range of masses for transportation through the

mass spectrometer to the detector where the mass-to-charge ratios are analysed.
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Figure B.2: Schematic illustration of the operating principle of a ToF-SIMS instrument with its main
components. Image adapted from Hofmann et al. [309].

MODES OF OPERATION
The ToF-SIMS technique can be applied in three different ways; surface spectrometry,
surface imaging and depth profiling. For depth profiling, two ion beams are required
which operate in a dual beam mode. In contrast to depth profiling, only one primary ion
gun is applied in surface imaging and surface spectrometry. This primary ion gun can
be operated in different modes that mainly differ in their mass resolution, primary ion
intensity and achievable lateral resolution [310]. For surface spectrometry, a ‘high
current bunched’ mode with a very intensive primary ion beam is applied. This mode
allows for increased mass resolution (m/Am > 11000) at the expense of lateral
resolution (2-10 pm). Additionally, this mode provides detailed elemental and
molecular information from the outer monolayers [311,312]. A ‘burst alignment’ mode,
however, is used for fast imaging with a high spatial resolution (250-300 nm) but a
moderate mass resolution (m/Am > 200) [310,311]. A direct comparison of both modes

is depicted in Figure B.3 showing the mass and spatial resolution obtained.
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a)
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Figure B.3: Comparison of the CN™ peak derived from the negative ion spectrum and the corresponding
total ion image. ToF-SIMS data was obtained from a microsphere system: a) in ‘high current bunched’
mode, b) in ‘burst alignment’ mode of operation. Images adapted from A. Rafati [313].

CHARGE COMPENSATION
Charge compensation is a fundamental aspect of ToF-SIMS devices that needs to be
considered when measuring electrically insulating materials. While measuring a
substrate surface, primary ions are bombarded onto the surface resulting in emission
of secondary ions and electrons [310]. The emission of electrons leads to a localised
positive charge at the surface in the case of non-conductive samples [303]. As a result
of this surface charge build-up, the secondary ion energy will change and therefore,
the respective travel time until hitting the detector. In the worst case though, the

trajectories of the secondary ions can be diverted, resulting in a loss of spectral data.

In order to compensate for this surface charging, pulses of low energy (20 eV) electrons
are directed onto the surface between the pulses of the primary ion. The electron
fluency must be kept low, otherwise delicate materials including some polymers
degrade [314].

TOPOGRAPHY EFFECTS
Sample topography represents an issue when performing surface chemical analysis
[315,316]. The interpretation of ToF-SIMS images obtained from samples such as
particles, fibres and biological specimens can be difficult. The reason is that the
variations in peak intensity are not only obtained from sample chemistry but also from
topographical effects. Topographic effects consist of the influence of the height of
topographic features, the inclination of the incident beam and variations in the electric
field [317]. Topographical features can give rise to unwanted artefacts in ToF-SIMS

images including distortion, shadowing and variations in ion yield [317,318]. Vickerman
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et al. showed that the size and shape of a measured object is distorted in the direction
in which the primary ion beam rasters across the surface [318]. Figure B.4 illustrates
that the angle p between the surface normal and the incident beam changes across
the substrate in case of a featured substrate. Moreover, some regions on the sphere,

marked as ‘a’, cannot be analysed since the primary beam never impacts these areas.

Direction of beam raster
-

ToF-SIMS
image

Figure B.4: lllustration of a microsphere that becomes distorted in the SIMS imaging process caused by
the angle of incidence of the primary ion beam to the particle surface. The secondary ions are extracted
in the z-direction. Image adapted from Rangarajan et al. [317].

Another artefact observed in ToF-SIMS images is a ‘shadowed’ region at the leading
edge of particles. Such ‘shadowed’ regions, as depicted in Figure B.5, can occur
around particles and fibres as a consequence of a lack in detecting of secondary ions
below the equator [317,319].

Figure B.5: Shadowed region formed around a pluronic-coated latex particle (25 um in diameter) on a
glass substrate. The direction of the primary ion beam is shown by an arrow in the top right corner.
Image adapted from Vickerman et al. [318].

Probably the most confounding effect found is that both the absolute intensity of ion
peaks and the peak ratios can be altered drastically as a result of topographical
features [317].
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The findings mentioned above indicate that the ion intensities obtained on complex
topographies cannot be purely interpreted as a result of solely the chemical
composition. Therefore, care was taken in the analysis step of preparing the ToF-SIMS

data of microparticles in this thesis.
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APPENDIX C - ATOMIC FORCE MICROSCOPY

Atomic force microscopy is a scanning probe technique that is capable of measuring
surface topographies and intermolecular forces down to 2-3 A [320,321]. A schematic

&aser

Spring cantilever
with tip

of a typical AFM is presented in Figure C.1.

Four-sectional
photodiode

Piezoelectric scanner

Figure C.1: Schematic representation of the main components of a typical AFM setup.

AFM operates by scanning a tip, which is mounted to a cantilever spring, over a sample
surface with a feedback mechanism. This feedback mechanism allows the
piezoelectric scanner to maintain the probe in proximity to the sample surface
[321,322]. The force between the probe and the sample is measured by monitoring the
deflection of the laser beam which is focused above the cantilever tip [323]. Therefore,
any deflections of the cantilever result in alterations of the laser beam spot on the
photo-detector. By measuring the changes in the movement of the laser spot, angular
deflections of the cantilever are calculated. Consequently, accurate high resolution
topographical images can be obtained through conversion of the signals recorded by

the position-sensitive photo-detector [324].

Typically, AFM can be operated in three modes: non-contact, contact and tapping
mode. Tapping mode combines the high resolution capability of the contact mode with
the non-destructive nature of the non-contact mode by overcoming problems like
friction and adhesion [321,322]. Therefore, tapping mode was the basic principle used
for all AFM analysis in this thesis. In tapping mode, the cantilever is modulated at
resonant frequency with a constant amplitude while the impact of the AFM tip on the

sample is kept minimal.

For all surface topographical characterisation in this work, a mode called quantitative
nanoscale mechanical (QNM) or PeakForce QNM mode was applied which operates

in tapping mode [325]. This mode is able to directly acquire force-distance curves,
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providing data of multiple mechanical properties such as adhesion, modulus,
deformation while imaging the sample topography at high resolution [322,325].
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APPENDIX D - CONFOCAL LASER SCANNING

MICROSCOPY

Confocal laser scanning microscopy is an optical imaging technique that can be
applied to obtain high-resolution images. CLSM has become widely used to study
biofilm on various samples due to its non-destructive and non-invasive operation
[242,243]. In addition, time-resolved 3D images can be reconstructed by stacking
several 2D images acquired at different depths within a sample [240]. Unlike any
conventional optical microscope, CLSM illuminates and images an object one point at
the time through a pinhole [326]. Since the objective lens is used twice, for illuminating
and imaging, the microscope is named ‘confocal’. In this technique, a collimated beam
from a laser is directly focused onto a pinhole as illustrated in Figure D.1. After passing
through the pinhole, a diffraction-limited point is formed on the specimen that is raster
scanned across the sample. In this way, the image is built up pixel by pixel [327]. The
reflected light from the sample is deflected by a beam splitter to another pinhole, the
detector pinhole. When the sample is moved away from the focal plane of the lens, the
reflected light is defocused and cannot entirely pass through the pinhole anymore
[326]. Consequently, the light intensity detected by the photomultiplier (PMT) gradually

decreases until it eventually leads to a complete loss of the signal.

Beamsplitter lllumination pinhole

}I \ [ I Laser

G N I
Sample Objective

= ) mmmmm  Detector pinhole

Detector

Figure D.1: Schematic representation of a confocal laser scanning microscopy.
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APPENDIX E - PRELIMINARY EXPERIMENTS

E.1. OPTIMAL SOLUTION RATIO OF ISOPROPANOL IN DEIONISED

WATER

Breaking up a stream of fluid into spherical droplets is a phenomenon that behaves
differently when surrounded by a gas or a liquid due to different driving forces present.
In case of pipetting a monomer solution into a fluid, it can be assumed that a spherical
drop is solely formed when floating in the surrounding fluid. If the drop has a higher
density, it would sink. In contrast, if its density is less than the surrounding fluid, the
drop would remain at the gas-liquid interface resulting in deformation of the drop shape
assuming that the two fluids are not miscible. Therefore, it is crucial to understand the
effect of changing the density and polarity of the collecting fluid on the droplet

behaviour.

Two different inks, modified with and without rhodamine B, were pipetted into
isopropanol in deionised water (IPA/DIW) with varied weight percentages. As shown
in Table E.1, the MicroCapture images reveal differences in the transition range, where
drops emerged between the two inks; droplets were generated in the range of 13-23
wt% and 15-20 wt% IPA/DIW in case of Solsys EMD6415 and PEGDA250-DMPA,
respectively. Adding a dye to the inks resulted in minute changes compared to the
undyed inks. This can be explained by the overall increase in drop density and the
leakage of rhodamine B out of the droplet. Both inks share spreading of the ink at low
IPA concentrations. Also, sinking followed immediately by dissolving of the drop,
outlined in Table E.1 as empty boxes, has been observed at high IPA concentrations
for both inks. The reason behind these observations is that increasing the IPA amount
lowers the total density of the collecting fluid. Therefore, the ink drop becomes denser
in comparison to the collecting fluid and sinks to the bottom. In addition, spreading of
the ink droplet across the collecting fluid at low IPA concentrations indicates that both
fluids have similar polarity and density. Finally, the drop-like shape of an ink depends

on the surface tension and solubility of the ink in the collecting fluid.
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Appendix E — Preliminary Experiments

Table E.1: Effect of changing the ratio of isopropanol in deionised water on droplet formation was
analysed by pipetting two different inks (Solsys EMD6415, PEGDA250-DMPA) from 10 mm above the
collecting fluid into a glass beaker. The inks were tested with and without rhodamine B (rho B). The
images were acquired utilising an USB2-Micro-200x USB microscope.

Ratio of IPA Solsys EMD6415 + PEGDA250
. Solsys EMD6415 PEGDA250
in DIW [wt%] rho B +rho B

13 Spreading of ink droplet

15

17

20

23

Sinking of the ink droplet followed by
dissolution
Sinking followed b
25 9 y

dissolution
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Appendix E — Preliminary Experiments

E.2. HIGH SPEED IMAGING OF PIPETTING

In order to determine which parameters affect the droplet generation and to analyse
the behaviour of the droplet at the liquid-gas interphase, high speed footage of
pipetting PEGDA250-DETX-EDB was recorded. Pipetting was performed from above
and below deionised water, 17 wt% IPA/DIW, 1-octanol and air (reference) which is
presented in Figure E.1. The images shown for pipetting in air are sharper and darker

compared to the remainder due to differences in refractive indices.

TTTTTT™
o

b)

c)"#———?—_—_—_

o & -
el wonmoilll el wessandll el wessoall

d)mm

ﬂﬂﬂﬂﬂﬂ

H“Hn——u

EEEREREEES

Figure E.1: Sequences of images are shown after pipetting 5 pl of PEGDA250-DETX-EDB: a) into air
(reference), b) from above 17 wt% IPA/DIW, c¢) below 17 wt% IPA/DIW, d) from above 1-octanol, e) from
above deionised water.

e)

Droplets formed readily by dispensing into air (a) and into 17 wt% IPA/DIW both from
above (b) and below the liquid-gas interface (c). In case of pipetting from above 17
wt% IPA/DIW, a stream of liquid was ‘injected’ into the bulk liquid, narrowed its cross-
section and formed a drop below the surface, as shown in Figure E.1 b). In contrast, a
drop ejected submerged sank without larger shape modifications (Figure E.1 c)). By
employing deionised water and 1-octanol, spherical drops could not be produced
irrespective of pipetting from above or below the collecting fluid. Sinking of the ink
without retaining the shape was observed in 1l-octanol. The data of pipetting from

above into 1-octanol is shown in Figure E.1 d). In case of deionised water, spreading
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of the ink occurred at the surface, presented for the above pipetting configuration in
Figure E.1 e).
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Appendix F - Results of Monomers Performed in Manual Pipetting Experiments

APPENDIX F - RESULTS OF MONOMERS PERFORMED

IN MANUAL PIPETTING EXPERIMENTS

Abbr. old

Abbr. new

Monomer

ADO1 BDDA 1,3-Butanediol diacrylate

ADO0O4 HMDA 1,6-Hexanediol diacrylate

AD10 TCDMDA 'gir;c(;:)l/’;:gi.2.1.02'5]decaned|methanol

AD15 DEGDA Di(ethylene glycol) diacrylate

AD16 EGDA Ethylene glycol diacrylate

AD18 TEGDA Tetra(ethylene glycol) diacrylate

AD22 TPGDA Tri(propylene glycol) diacrylate, mixture of
isomers

AD24 pPGDA Poly(propylene glycol) diacrylate

AD25  HDMPDA e ropionate diacnite.

AMO06 HA Hexyl acrylate

AMO8 iOA Isooctyl acrylate

AM17 TMSA Trimethylsilyl acrylate

AM19 tBCHA 4-tert-Butylcyclohexyl acrylate

AM31 HPhOPA 2-Hydroxy-3-phenoxypropyl acrylate

AM38 DMAPA 3-(Dimethylamino)propyl acrylate

AM47 EGMEA Ethylene glycol methyl ether acrylate

AM48 EGAPEA Eér:))l/lléatr;e glycol dicyclopentenyl ether

AM51 EGPEA Ethylene glycol phenyl ether acrylate

AM53 BACOEA 2-[[(Butylamino)carbonyl]oxy]ethyl acrylate

AM54 pPGA Poly(propylene glycol) acrylate

AM55 pPGMEA Poly(propylene glycol)methyl ether acrylate

AMS7 DFHA 22:2&?514,4,5,5,6,6,7,7-Dodecaf|uorohepty|

AM68 PFPA 2,2,3,3,3-Pentafluoropropyl acrylate

AM70 HFIPA 1,1,1,3,3,3-Hexafluoroisopropyl acrylate

AM75 pEGPhEA Poly(ethylene glycol) phenyl ether acrylate

ATO02 TMPOTA Trimethylolpropane propoxylate triacrylate

ATO03 TMPTA Trimethylolpropane triacrylate

ATO7 TMPETA Trimethylolpropane ethoxylate triacrylate

BDO05 EG4DMA Tetra(ethylene glycol) dimethacrylate

BDO06 EG3DMA Tri(ethylene glycol) dimethacrylate

BMO06 MHMB Methyl 3-hydroxy-2-methylene-butyrate

BMO08 BMA Butyl methacrylate

BMO9 CMAOE eC;;;:olactone 2-(methacryloyloxy) ethyl

BM15 iBUMA Isobutyl methacrylate

BM20 MMA Methyl methacrylate

BM22 SMA Stearyl methacrylate

BM25 MTEMA 2-(Methylthio)ethyl methacrylate

BM31 TMCHMA 3,3,5-Trimethylcyclohexyl methacrylate,

mixture of isomers

Pipetting Pipetting Printing

Air Argon Dimatix Library

BDDA
HMDA

TCDMDA

DEGDA
EGDA
TEGDA

TPGDA
pPGDA

HPhOPA

EGdPEA
EGPEA

pPGA

PEGPhEA
TMPOTA
TMPTA
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Appendix F - Results of Monomers Performed in Manual Pipetting Experiments

Abbr. old Abbr.new  Monomer

BM34 FuMA Furfuryl methacrylate

BM36 iBMA Isobornyl methacrylate

BM40 PhMA Phenyl methacrylate

BM53 DEGMA zi((e;tli;)élgr;; eglycol) methyl ether

BM55 EGMMA Ethylene glycol methyl ether methacrylate

BM57 EGPhMA Ethylene glycol phenyl ether methacrylate

BM68 F6BMA 2,2,3,4,4,4-Hexafluorobutyl methacrylate

BM81 pEGMA Poly(ethylene glycol) methacrylate

BM82 PEGMEMA Etzeltyh(:gzllgpee glycol) methyl ether

CD04 MBAmM N,N'-Methylenebisacrylamide, 96%

CMO7 MOPAmM N-(3-Methoxypropyl) acrylamide

CM13 DMPAM N-[3-(Dimethylamino)propyl] acrylamide

DDO01 MBMAmM N,N'-Methylenebismethacrylamide

DEGDMA DEGDMA Di(ethylene glycol) dimethacrylate

PEGDA250 PEGDA250 Poly(ethylene glycol) diacrylate (Mn-250)

PEGDA575 PEGDA575 Poly(ethylene glycol) diacrylate (Mn-575)

A4 A4 Ink2 - 1IA4, 1,3-BDDA 35%, DMPA 2%

C4-2 C4-2 Ink1 - lIpC4-2, TPGDA 20%, DMPA 2%
Legend:

Particle obtained

Particle-like shape but not fully cured
Particle but really sticky and rubbery
Particle but only a few obtained

No particles obtained

Not tested

Pipetting

Pipetting
Air Argon

Printing

Dimatix Library

EGPhMA

PEGDA250
PEGDA575
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Appendix G - Surface Chemical Analysis of Inkjet Printed Particles

APPENDIX G - SURFACE CHEMICAL ANALYSIS OF

INKJET PRINTED PARTICLES

Monomer HPhOPA Photoinitiator DMPA Surfactant Triton X-100

o O\%/\OkH
_ QCBHSO- N _ ] /@

CgHsO™

CyHs~

|———180.00 um p———100.00 prn

C7Hs™ normalised to total CesHsO™ normalised to total Overlay of C7Hs™ (red) and
CeHsO" (blue)
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Appendix H - On-chip Co-polymerised Microspheres with Applied Flow Rates and Measured

Particle Sizes

APPENDIX H

- ON-CHIP

CO-POLYMERISED

MICROSPHERES WITH APPLIED FLOW RATES AND

MEASURED PARTICLE SIZES

On-chip monomers

Monomer 1 - Monomer 2/ PVA
phase flow rate [ml/h]

Particle size [um]

EGdPEA - HMDA 0.05-0.05/5.0 73.0+£2.9;73.8+0.8
EGPEA — EGdPEA 0.06-0.04/4.0 773x1.4;741+22
EGPEA - TMPTA 0.05-0.03/4.0 725+35;77.9+7.3
EGdPEA — HPhOPA 0.05-0.02/3.0 71.7+4.2;64.8+2.2
TCDMDA — EGPEA 0.03-0.06/4.0 772+£1.2;77.7+x1.1
HMDA — FUMA 0.10-0.10/4.0 75.7+12.0; 734 9.7
FUMA - TMPTA 0.05-0.05/4.0 70.3+£2.5;69.7+1.6
TMPTA — HMDA 0.03-0.07/4.5 67.1+2.9;58.7+4.0
TMPTA — EGdPEA 0.05-0.05/4.0 83.9+10;73.1+51
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Appendix | - Physiochemical Properties of the Monomers in the Generated Library

APPENDIX | - PHYSIOCHEMICAL PROPERTIES OF THE MONOMERS IN THE GENERATED

LIBRARY
Density*  Molecular  Viscosity* Surface tension* Glass Partition coeff.
Abbr. old Abbr.new  Monomer . .
[g/ml] weight [cP] [mN/m] transition [°C] (clog P)
ADO1 BDDA 1,4-Butanediol diacrylate 1.05 198.2 4.5 35.2 45 2.20
ADO04 HMDA 1,6-Hexandiol diacrylate 1.01 226.3 55 34.7 43 2.96
Tricyclo[5.2.1.0%6]decanedimethanol 138.6 38.4
AD10 TCDMDA . 1.10 304.4 4.36
diacrylate 129 at70°C 31.0at 70°C
AD15 DEGDA Di(ethylene glycol) diacrylate 1.12 214.2 9.6 38.1 1.06
AD16 EGDA Ethylene glycol diacrylate 1.09 170.2 2.8 34.6 1.68
AD18 TEGDA Tetra(ethylene glycol) diacrylate 1.11 302.3 19.4 39.9 0.35
AD22 TPGDA Tri(propylene glycol) diacrylate 1.03 300.4 12.1 32.4 2.35
AD24 pPGDA Poly(propylene glycol) diacrylate 1.01 ~800 67.9 32.1 4.39
161.4 41.2
AM31 HPhOPA 2-Hydroxy-3-phenoxypropyl acrylate 1.16 222.2 17 1.98
13.9 at 60°C  38.0 at 60°C
Ethylene glycol dicyclopentenyl ether 17.5 33.2
AM48 EGdPEA 1.09 248.3 19 2.96
acrylate 9.4 at 40°C 35.0 at 40°C
AM51 EGPEA Ethylene glycol phenyl ether acrylate 1.10 192.2 8.7 38.0 5 271
AMb54 pPGA Poly(propylene glycol) acrylate 1.02 ~475 132.3 33.0 0.46
Poly(ethylene glycol) phenyl ether 323
AM75 pEGPhEA y(ethy glycol) pheny 1.13 324.0 42.2 1.65
acrylate
Trimethylolpropane propoxylate
ATO2 TMPOTA . yielprop propoxy 1.05 ~644 108.5 32.8 4.38
triacrylate
. ) 35.0
ATO3 TMPTA Trimethylolpropane triacrylate 1.10 296.3 95.3 1.50
49.9 at 22°C
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Appendix | - Physiochemical Properties of the Monomers in the Generated Library

Density*  Molecular  Viscosity* Surface tension* Glass Partition coeff.
Abbr. old Abbr.new  Monomer ) o
[g/ml] weight [cP] [mMN/m] transition [°C] (clog P)
Ethylene glycol phenyl ether 6.7 37.8
BM57 EGPhMA 1.08 206.2 3.26
methacrylate
PEGDA PEGDA Poly(ethyl lycol) di lat 1.11 250.0 12.0 38.4
oly(ethylene glycol) diacrylate . . . .
(Mn-250) 250 yiemy 9y i
PEGDA PEGDA ) 59.5
Poly(ethylene glycol) diacrylate 1.12 575.0 42.0
(Mn-575) 575 15.0 at 60°C
Ad Ad 1IA4, 1,3-BDDA 35%, DMPA 2% 15.5 at 70°C
n=1-7
C4-2 C4-2 lIpC4-2, TPGDA 20%, DMPA 2% (=2) 12.8 at 65°C
n=

*: measured at 25°C, otherwise mentioned
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Appendix J - Molecular Physiochemical Properties of Selected Monomers

APPENDIX J - MOLECULAR PHYSIOCHEMICAL PROPERTIES OF SELECTED MONOMERS

Viscosity* Partition coeff. Number of rotatable Molecular descriptor
Abbr. old Abbr.new  Monomer

[cP] (clog P)** bonds (nRoTB) parameter a
ADO04 HMDA 1,6-Hexandiol diacrylate 5.5 2.96 7 0.12
AD10 TCDMDA Tricyclo[5.2.1.02%]decanedimethanol diacrylate 138.6 4.36 4 -2.60
AM31 HPhOPA 2-Hydroxy-3-phenoxypropyl acrylate 161.4 1.98 6 0.66
AM48 EGdPEA Ethylene glycol dicyclopentenyl ether acrylate 17.5 2.96 4 -1.20
AM51 EGPEA Ethylene glycol phenyl ether acrylate 8.7 2.71 4 -0.95
ATO3 TMPTA Trimethylolpropane triacrylate 95.3 1.50 22 8.18
BM34 FuMA Furfuryl methacrylate 25 1.98 2 -1.10

* measured at 25°C, **: clog P was calculated using ACD/ChemSketch V14.01 Software (ACD/Labs)
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