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Overall Aim and Thesis Structure

Overall Aim

The aim of this thesis was to explore the concept of stimuli-responsive micro-vehicles by
developing stimuli-responsive ionic liquid droplets and polymeric materials based on
spiropyran. The movement mechanism and means for generating chemical gradient required
for droplet movement are presented in Chapter 4 and 5 of this thesis. Various roles and
applications for these droplets are discussed in Chapter 6 and finally the movement
mechanism and synthesis of the bipedal hydrogel walker, based on p(N-isopropylacrylamide-

co-acrylated spiropyran-co-acrylic acid), is presented in Chapter 7.

Selected Publications and Author Contribution

This thesis includes one literature survey chapter (Chapter 1), two published book chapters
(Chapter 2 and 3), three original papers published in peer reviewed journals (Chapter 4, 5 and
7), one submitted publication (Chapter 6) and one future work chapter (Chapter 8). The core
theme of the thesis is the development of stimuli-responsive droplets and soft robotics. The
ideas, development and writing up of all the papers in the thesis were the principal
responsibility of myself, the candidate, working within The Insight Centre for Data Analytics,
National Centre for Sensor Research, School of Chemical Sciences, Dublin City University
under the supervision of Professor Dermot Diamond and Dr. Larisa Florea.

The inclusion of co-authors reflects the fact that part of the work came from active
collaboration between researchers and acknowledges input into team-based research.

In the case of Chapters 2 to 7, my contribution to the work was as detailed in the next table.
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2 Stimuli-controlled fluid Published. Author, manuscript development
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movement in microfluidic | in Materials Science
channels and Materials
Engineering, 2017
3 Application of lonic Liquid Published Author and writing up.
Materials in Microfluidic | lonic liquid devices,
Devices 978-1-78801-181-5,
2017
4 Self-propelled chemotactic Published. Main-author, key ideas,
ionic liquid droplets Chemical experimental design, data collection
communications, 51, | and analysis, manuscript
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5 Electrotactic ionic liquid Published. Main-author, key ideas,
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Chapter Overview
A detailed overview of each chapter, together with particular contributions from research

collaborators (where applicable), are given below:

Chapter 1: Literature Survey

This introduction chapter gives a detailed overview of the themes common to all papers
included in the thesis and sets the following chapters in the context of existing literature.
Important topics including: micro-fluidics, droplet micro-fluidics, segmented flow micro-
fluidics, digital microfluidics, actuation of synthetic droplet through localised changes in
wettability, surfactants and surface tensions, actuation of synthetic droplets through
controlled release of surfactants, ionic liquids and adaptive polymeric materials, are
extensively discussed in order to inform the reader on the concepts that will be further used in
the experimental chapters (Chapter 4 to 7). Moreover, this chapter presents the context in
which the experimental chapters below contribute to the scientific advancement of the

research area.

Chapter 2: Stimuli-Controlled Fluid Control and Microvehicle Movement in
Microfluidic Channels

This published book chapter discusses the most recent examples of droplet movement using
various mechanisms for actuation, including segmented flow micro fluidics, digital micro
fluidics, movement through localised changes in wettability and movement via controlled
release of surfactant. This chapter’s role is to identify and compare the similarities and
underlying mechanisms employed in the current state of the art research in stimuli-controlled
micro-vehicle movement. It also endeavours to propose possible directions for the evolution

of this area of research.

Chapter 3: Application of lonic Liquid Materials in Microfluidic Devices

This published book chapter examines the various uses for ionic liquids within microfluidic
devices and discusses the benefits ionic liquids can provide to microfluidics field. lonic
liquids for actuation, sensing and reagent storage in microfluidics together with their usage in

segmented flow regimes will be addressed.
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Chapter 4: Self-Propelled Chemotactic lonic Liquid Droplets

This work, published as an original article, focuses on the spontaneous chemotactic
movement of ionic liquid droplets at the aqueous-air interface. These single component
droplets are self-propelling and can be guided to specific destinations in open fluidic channels
through the use of chemoattractants such as hydrochloric acid. The movement mechanism,
methods for creating the chemical gradients required for droplet movement and analysis of

droplets speeds are discussed.

Chapter 5: Electrotactic lonic liquid Droplets

This work, published as an original article, describes the development of electrotactic ionic
liquid droplets. These droplets function similar to the droplets described in Chapter 3;
however the gradients are developed electrochemically. This approach of generating
gradients allows for longer and reversible movements of the ionic liquid droplets. The design
and fabrication of 3D printed channels and electrodes, movement mechanism and
applications for such droplets is described. This work was completed in collaboration with

the Intelligent Polymer Research Institute, University of Wollongong.

Chapter 6: Multi-Functional Chemotactic lonic Liquid Droplets

In this work, submitted as an original article to Lab on a Chip journal, key applications for
chemotactic ionic liquid droplets are described. Six applications are established which
demonstrate the versatile nature of these ILs. These applications include reversible
chemotactic movement, two forms of decision making (finding the highest concentration of
the same chemoattractant and choosing between different halides of the same concentration),
signalling and seeking (droplets which can find and merge with a stationary droplet), sensing
and reporting (droplets which can sense the solution they are traversing across), and finally
finding of damage and repair (droplets which can sense and constrain a leak within a fluidic

system).

Chapter 7: Spiropyran Based Hydrogels Actuators - Walking in the Light

This work, published as an original article, describes synthesis of a bipedal hydrogel walker,
based on poly(N-isopropylacrylamide-co-acrylated spiropyran-co-acrylic acid), p(NIPAAm-
co-SP-co-AA). Due to the presence of the photochromic spiropyran molecule in the polymer
structure, these hydrogels reversibly shrink and swell in agqueous environments when exposed

to different light conditions. When placed onto a ratcheted surface, the actuation of the

Xii



bipedal gel produces a walking motion by taking a series of steps in a given direction, as
determined by the optimised design of the ratchet scaffold. This work was completed in
collaboration with Aishling Dunne, from the Insight Centre of Data Analytics, who was
responsible with the synthesis of the spiropyran monomer and the mechanical analysis of the

hydrogel walkers.

Chapter 8: Future Work and Perspectives
This chapter suggests possible following paths of the work presented in this thesis. Several
new strategies for the development of novel applications for chemotactic ionic liquid droplets

are suggested.
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Stimuli-Controlled Manipulation of
Synthetic Discrete Micrometre Sized
“Vehicles”

Wayne Francis

Thesis abstract:

Research in the microfluidic sector has seen serious growth since the 1980s and much
progress has been made towards the realisation of true lab on a chip (LOC) devices.
However, despite the amount of work put into the design and applications of these
chips, there has been a noticeable lack of innovation into the control of flow inside
these microfluidic platforms. Conventionally flow is controlled via external pumps
and solenoid valves which hinder the scalability of the system. Stimuli-controlled
manipulation of discrete micro-sized “vehicles” offers a novel method for controlling
flow inside fluidic platforms, while also offering many unique advantages. These
include external manipulation of individual or multiple droplets simultaneously while
also opening the possibility of using these droplets as micro-vessels for chemical
reactions, cargo transport to desired destinations, dynamic sensing, leak detection and
drug delivery. Two novel methods for stimuli-controlled movement of micro-sized
droplets are presented in the following chapters of this thesis that include chemotaxis
and electrotaxis. These single component droplets are self-propelling and are guided
to specific destinations through chemically generated Cl™ gradients. The droplets
consist solely of the ionic liquid (IL) Trihexyl(tetradecyl)phosphonium chloride
([Ps.6.6.14][CI]). The movement of the droplets is controlled by the triggered release of
the [Psss.14] , @ very efficient cationic surfactant, which is a constituent of the IL
droplet. Several applications are explored for these droplets. Additionally, polymeric
hydrogel walkers containing photochromic spiropyran molecules are studied for their

ability to achieve photo-controlled movement at the liquid-solid interface.
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1.1 Microfluidics

Microfluidics is the science and technology that deals with the manipulation of small
amounts of fluids, commonly in the range of microliters (uL) to picoliters (pL), which are
geometrically constrained within micro-fabricated integrated circuits of fluidic channels
(generally referred to as a “chip”) with dimensions in the order of micrometres (um).
Microfluidic devices offer many benefits, the most obvious being the reduction in size
allowing for reduced reagent and sample use (compared to conventional laboratory
techniques) which can result in shorter experimental times and ultimately can lead to
reduced cost of experiments and applications; additionally laminar flow and high surface
to volume ratio characteristic for microfluidic devices, can improve the precision of
experiments, increase resolution of separations and lower the limits of detection in
chem/bio analysis [1]. The design and development of microfluidic devices is generally
aimed for the realisation of a true “Lab on a Chip” device. Lab-on-a-chip (LAOC) is a
device meant to miniaturise and integrate one or several laboratory applications on a
single mm or cm sized platform. Initially microfluidic devices only found success in
chemical and biological analysis, owing to the high sensitivity and resolutions offered by
such devices [1]. More recently, due to advancements in the areas of micro-fabrication
and fluid handling, microfluidics have seen applications in a broad spectrum of fields
including cell sorting and separation [2,3], organs on a chip [4,5], drug discovery [6-8],
synthesis [9-11] and even 3D printing [12].

The flow within these devices is characterised by low Reynolds numbers. The
Reynolds number is a unitless measure used to predict when a fluid flow will transition
from a laminar flow to a turbulent flow. Below a Reynolds number of 2000, the fluid will
have a laminar regime, where viscous forces dominate and the fluid flows in parallel
layers. At these Reynolds numbers there is no lateral mixing between the layers, no
eddies, swirls or cross currents (Figure 1.1). Above a Reynolds number of 2000 the flow
starts to become turbulent, where inertial forces dominate and whirlpools, eddies and
various flow instabilities begin to form. Due to the small dimensions of the channels and
low flow rates, typically microfluidic devices have very small Reynolds numbers, usually
less than 1[13]. As such, a defining characteristic of microfluidics is the laminar flow
[14].
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Laminar Flow

Turbulent Flow
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Figure 1.1 Cartoon displaying the difference between the fluid layers of a laminar flow (top_ and

a turbulent flow (bottom).

The fluids within microfluidics devices are typically pumped through the chip as
either a continuous flow or a segmented flow, both of which retain a laminar regime. A
microfluidic device which uses a continuous flow regime involves the uninterrupted flow
of one or more streams through a microfluidic device. The flow is generally controlled
through external or integrated mechanical pumps or via capillary [15], centrifugal [16] or
electrokinetic forces [17]. In general continuous flows are easier to implement and are
very useful for tasks such as chemical/biological separation or analysis [18,19]. In a
typical microfluidic device, two or more fluids are introduced into the device via separate
channels. At a desired location these channels will converge, and since the flows are
laminar, mixing will only occur via diffusion. Therefore, exchange of materials between
the two flows is a relatively slow process; because of this the rate of mixing (if at all) can
be controlled via the design of the channels within the device. For example, channels with
a serpentine shape can increase the rate of diffusion thus increasing the rate of mixing. A
microfluidic device which has a segmented flow uses two immiscible fluids; at a
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convergent point, one fluid disperses within the other to form two separate phases, the
dispersed phase (droplet phase) and the continuous phase (fluid which contains the
dispersed phase). Segmented flows are better suited for applications that require a higher
degree of fluid manipulation or flexibility. Scaling up the number of reactions on a
microfluidic chip which use continuous flows can be difficult, as the size of the device
must also increase with the number of experiments being carried out (in order to
accommodate the additional channels required). However, because segmented flow
microfluidics involves the manipulation of discrete individual droplets, these devices do
not need to increase in size in order to run additional experiments, as essentially each
droplet becomes a micro-reactor. As such, these devices are typically more suited than
continuous flow based microfliudics for applications which require high throughput
analysis [20].

1.2 Droplet Microfluidics

A sub category within the microfluidics sector is segmented flow microfluidics, also
known as droplet microfluidics. Unlike continuous flow systems, which focus on a
continuous stream of a single volume of fluid, droplet microfluidics generates individual
discrete volumes of liquids. This field is further specialised by the manner in which these
droplets are generated or transported through the chip. The main approach to this is
termed continuous flow droplet microfluidics or more commonly referred to as segmented
flow microfluidics. In these types of devices, two flows of immiscible fluids are merged
together to form two phases, where one phase becomes a droplet phase and the second a
continuous phase, which contains the droplets. Typically this is achieved by merging an
aqueous based stream and an oil based stream. These droplets are then transported
through the device by the continuous phase which is controlled by various means
(mechanical pumps, capillary, centrifugal or electrokinetic forces). Another form of
manipulation of droplets in microfluidics is known as digital microfluidics (DMF). In
DMF discrete droplets are generated from a bulk source and individually transported
across an array of electrodes via manipulation of interfacial tension by applying a
potential across neighbouring electrodes [21]. Finally a new and exciting method for
droplet control involves the transportation of UL sized droplets across the liquid/air

interface through the generation of surface tensions gradients [22].
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1.2.1 Segmented Flow Microfluidics

As the microfluidics sector grows so does the complexity of the applications that these
devices are being used for. As such new and innovative methods for controlling fluid
flow are needed if the full potential of microfluidics is to be harnessed. Microfluidic
devices which use a simple continuous flow regime suffer from the need for relatively
long channel lengths, interactions of fluids with surfaces, cross contamination of flows,
dispersion and dilution of reagents [23]. These issues can potentially be addressed via
compartmentalisation of reagents into discrete monodispersed droplets. These droplets
essentially become individual micro-reactors and through careful design of the device
high throughput assays can be achieved.

The formation of droplets within these devices has been an area of extensive
research [24,25]. However, the main method for generating droplets is by using two main
channel types, either T-Junctions [26-28] or flow focusing [29-31]. In a T-junction
configuration the channel containing the dispersive fluid, which is to become the droplets,
perpendicularly intersects the channel that contains the continuous flow (or carrier fluid).
This results in the formation of an interface forming at the junction between the two
phases. When the dispersive phase enters into the main channel, the shear forces
generated by the continuous flow and the resulting pressure gradient causes the tip of the

disperse fluid to elongate and eventually break into individual droplets [32] (Figure 1.2).
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Figure 1.2 Typical schematic of a T-junction channel with given dimensions (top) and snapshot of
the formation of monodispersed droplets using a T-junction channel (bottom). Reprinted with

permission from [32].

In a flow focusing geometry three channels are used to generate droplets; a centre
channel, which contains the fluid that will become dispersed, and two flanking channels
that contain the continuous phase. All three channels converge at an orifice (Figure 1.3
D). As the fluid from the central channel enters the orifice, pressure is exerted on it from
the flanking channels (continuous phase). This pressure elongates the fluid (from the
central channel) and eventually splits it to form droplets [33]. Both of these
configurations routinely use surfactants to control the interface tension between the
immiscible liquids which is an important parameter of droplet formation as it controls

how much elongation the solution can withstand before it breaks to form a droplet.
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Figure 1.3 Example of a flow focuser used to create monodisperse droplets in a microfluidic

device. Reprinted with permission from [33].

These methods can produce droplets in the range of nanoliter to microliter and at
rates of thousands per second [34], Therefore, these types of devices have found great
success in biological based applications due to high throughput of droplets and the ability
to perform multiple experiments simultaneously [35]. Each monodisperse droplet can be
analysed separately, which allows for the collection of data on a large-scale population.
Individual cells can be captured in droplets and each droplet (out of thousands) can be
analysed. Since the droplets generated can have extremely small volumes (nL), it is
possible to screen thousands at a time, which allows for large screening of biological
samples and collection/trapping of rare cells (such as circulating tumour cells (CTCs)
[35]). Examples of applications include single-cell analysis [36-38], polymerase chain
reactions (PCR) [27,39,40], proteomics [38,41,42] and biological assays [43-45].

Clausell-Tormos et al. [46] reported droplet-based microfluidic devices which can
be used to capture and analyse mammalian cells. In this study the group designed a
microfluidic device that could be used to encapsulate cells within a droplet which was
surrounded by perfluorocarbon oils. Perfluorocarbon oils were suitable for cell
encapsulation as they facilitated gas delivery into the encapsulated cells, and allowed for
optical analysis since they are transparent. The microfluidic device itself used a flow
focuser to capture the cells; three inlets were used (Figure 1.4). In the main middle
channel one inlet fed in cells and the second inlet provided the cell media. A second inlet
provided the oil to the outer channels. To regulate the number of cells per droplet, on-chip
dilution was performed to control the cell density at the inlet nozzle. High cell densities
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meant that the probability of encapsulation of multiple cells was probable, while low cells

densities meant that capture of more than one cell per droplet was unlikely.

oil

s |

media

iiter

outlet

Figure 1.4 Microfluidic device used for cells encapsulation. Image on the right shows droplets
containing single cells, which have been fluorescently marked. Reprinted with permission from
[46].

After the cells were encapsulated into the droplets, they were collected as an
emulsion and incubated. After incubation the droplets were reintroduced to the chip
where analysis of individual droplets was performed. During preparation, the cells were
tagged with fluorescent markers so that fluorometric analysis could be performed. It was
determined that the number of cells per droplet could be controlled and that the cells
trapped inside the droplets could grow and survive for several days in these conditions.
By simply changing channel dimensions and flow rates, the droplet volumes can be
controlled and thus the micro-reactors can be adjusted to host required cells.

Xu et al [30] have developed a microfluidic device which uses a flow focuser to
create monodispersed biodegradable polymers for drug delivery. Figure 1.5 shows the
microfluidic platform used in the synthesis of the drug-loaded poly (lactic-co-glycolic
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acid) (PLGA). The polymer was loaded with bupivacaine, a local anaesthetic and the

solvent was removed via evaporation.

& continuous phase

€ dispersed phase

Microfluidic
flow-focusing generator
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bottomed
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twbing suspended in solution
during collection of samples

Figure 1.5 Microfluidic device used to generate drug loaded biodegradable polymers.

Reproduced with permission from [30].

The continuous phase used was 1% poly(vinyl alchol)poly (PVA) aqueous
solution and was flowed through the outer channels. The inner channel contained the
disperse phase, a solution PLGA/bupivacaine dissolved in dichloromethane (DCM). The
stream of PLGA/DCM split into uniform droplets as it existed the convergent point
between the three channels. The PVA acted as a surfactant which prevented the droplets
from coalescing once in the collection point (round bottomed flask). The round-bottomed
flask contained buffer solution, which diluted the droplets of PLGA/DCM. The buffer
helped to minimise aggregation and the high pH prevented leaching of the drug. Once
collected, the DCM was removed via rotary evaporation. The Kinetic studies performed
showed that drug was released from the polymer slower compared to when they were
prepared via conventional methods. The polymers prepared using this device also allowed
for the release of the drug more uniformly when compared to biodegradable polymers of
similar sizes synthesised by conventional methods. The improved kinetics was attributed
to the uniform distribution of the drug inside of the polymers, which was controlled by

finely controlling flow rates in the microfluidic device.
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Nie et al [47] also developed a microfluidic device which used a flow focuser to
continuously produce Janus and ternary polymer particles, with sizes which ranged from
40 to 100 um. Two monomer solutions were used to produce the particles, namely
methacryloxypropyl dimethylsiloxane (M1) and a mixture of pentaerythritol triacrylate,
poly(ethylene glycol) diacrylate and acrylic acid (M2). These two solutions acted as the
disperse phase, which flowed through the central channel. An aqueous solution of sodium
dodecylsulfate (W) was employed as the continuous phase and flowed through the two
flanking channels (Figure 1.6). A photoinitiator was also included in both solutions of M1
and M2,

UV Source

Figure 1.6 (a) Cartoon representation of the microfluidic device used to generate Janus and
ternary polymer particles; Reprinted with permission from [47]. Copyright (2006) American
Chemical Society.

As the mixture of M1 and M2 passed through the orifice, the pressure applied by
the continuous phase split the solution into monodispersed droplets. As the droplets
travelled down the adjoining channel they pass under a UV light source upon which they
are polymerised. The properties of the produced particles could be fine-tuned by varying
the ratio of the M1 and M2 solutions and by controlling the flow rates. Introduction of an
additional central channel between M1 and M2 channels allowed for the production of

ternary particles (comprised of either 2 parts M1 or 1 part M2 and vice versa).

The versatile nature and fine control over droplet sizes has allowed segmented

flow microfluidic devices to be used for a broad range of applications including drug
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discovery [6], material synthesis [48,49], parallel chemical reactions [50] and

electrochemical analysis [51].

1.2.2 Digital Microfluidics

A sub sector of droplet microfluidics is a field known as digital microfluidics (DMF). In
DMF individual discrete droplets are transported across an array of electrodes by
generating a wettability gradient by applying electrical potentials between neighbouring
electrodes. In this manner droplets can be moved from electrode to electrode in the
direction determined by the user. In most cases the movement is completely reversible
and it is possible to move multiple droplets at a time. Droplets are created from reservoirs
which are most often included on the device, thus allowing for droplets with multiple
different compositions to be present on the chip. This type of movement allows for
merging, mixing and splitting of droplets, which in turn allows for complex and multi-
step reactions. DMF allows for fine control over the movement of the droplet, unlike in
segmented flow microfluidics, where droplets must follow a path predefined by the
design of the device. Since the droplets move across a solid substrate, there is no cross
contamination between phases, which can occur in segmented flow microfluidic devices.
An in-depth discussion on DMF can be found in Chapter 2 of this thesis, with a detailed
description of the various mechanisms for droplet movement, device design and some
brief examples of applications that utilize these devices. Understanding the movement of
droplets through changes of interfacial tension is pivotal for the development of droplets
which can move across the liquid/air interface, which is the basis of the movement
mechanism for droplets described in Chapter 4, 5 and 6.

1.2.3 Droplet Actuation through Localised Changes in Wettability

Control over the interfacial energy of a substrate is not solely achieved by applying
voltages across an array of electrodes. Many research groups have looked to harness other
forms of stimulation to control the wettability of substrates. These include droplet

movement through photo-, thermo-, or magnetic-induced actuation and surface acoustic
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waves (SAWS). A brief discussion on the mechanism for each of these methods is

described in Chapter 2, along with examples and applications.

1.2.4 Droplet Actuation through Localised Changes in Surface Tension

This section describes droplets which are moved across the liquid/air interface through
the generation of surface tension gradients. This is a relatively new concept for droplet
movement used in microfluidics and it is still in its infancy compared to segmented flow
microfluidics or DMF.

The cohesive forces between liquid molecules are responsible for the phenomenon
known as surface tension (y). The contractile layer formed at the liquid/air interface is due
to the fact that the molecules at the surface experience a greater attraction to their
neighbouring molecules compared to molecules in the bulk of the solution. This is
because in the bulk of a liquid, the attractive forces between molecules are shared by all
neighbouring molecules, and no net force is felt as the forces cancel each other out.
However, molecules at the interface (liquid/gas, liquid/liquid) have no attractive forces
being exerted from above, therefore, they exhibit stronger forces between the nearest
neighbouring molecules at the surface. This causes the molecules at the liquid/air
interface to contract forming an elastic layer. When the surface tension of a liquid is
interrupted, for example by the addition of a surfactant, it causes the molecules to pull
away from the source of the interruption. In this fashion a flow is created, that goes from
areas of low surface tension to areas of high surface tension. This phenomenon is known
as the Marangoni effect [52]. The Marangoni effect describes the mass transfer along an
interface between two fluids due to a surface tension gradient [53]. This creates
convective flows in the bulk of a solution as well as inside of an immiscible liquid resting
on the surface of the solution. Any object resting on the solution surface when the flow is
created will also be carried towards the areas of greatest surface tension. Surfactant
molecules have special properties whereby they can imbed themselves at the liquid/ air
interface and interrupt the elastic layer reducing the local surface tension. The term
surfactant comes from surface-active agents. Surfactants are molecules which are
generally long chained amphiphiles which have a hydrophilic “head” and a hydrophobic
tail. In an aqueous solution (below a certain concentration known as the critical micelle
concentration (CMC)) the surfactant’s polar head will interact with the polar molecules at

the surface and the tails will stick out of the solution. This interaction will interrupt
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neighbouring attractive forces and lower the surface tension of the solution, thus creating
the Marangoni like flows.

This phenomenon constitutes the basis for droplet movement discussed in Chapter
4, 5 and 6. A detailed discussion on the mechanism, various methods of generating
surface gradients and several examples where on-demand surface tension changes have
been used to move droplets to pre-determined locations can be found in Chapter 2 -

“Droplet actuation through localized changes in surface tension”.

1.3 lonic Liquids

1.3.1 Overview

lonic liquids (IL) describe salts that are comprised solely of ions which, by definition,
have a melting point below the boiling point of water (100°C) [54]. Some of the most
common ILs contain ammonium, phosphonium, pyridinium or imidazolium cations.
Variation of the anions within organic salts can reduce cation-anion Coulombic
interactions which disrupts the ion-ion packing. This ultimately affects the melting point
and lattice energies [55] which allows for salts to be molten at relatively low temperatures
(below 100°C) when compared to the relatively high melting point of common salts such
as sodium chloride (NaCl) which has a melting point of 801°C. To this end it is theorized
that nearly all organic salts could potentially become ILs via substitution and variation of
the cation-anion pairs. Seddon [56] estimates that over 10'® salts could have their melting
point reduced below 100°C and thus could become ILs and this statement refers only to
salts which contain imidazolium and pyridinium cations.

The melting point of a compound describes the temperature at which the ions
within the molecular structure receive enough energy to fall out of their crystal lattice and
become disordered liquids. For ILs, this phase transition is governed by intermolecular
forces (Van der Walls forces) and electrostatic interactions between the ion pairs [57].
Although these intermolecular forces have a large effect on the melting point of ILs, i.e
they can determine if an IL is a room temperature liquid or a high temperature IL, the
main reason ILs have melting points below 100°C is due to the large unsymmetrical ions
which have a high degree of conformational flexibility. The steric hindrance caused by
these bulky ions reduces the Coulombic interactions between the ion pairs and ultimately
affects the ion-ion packing enough that the ions can flow freely. The average Coulombic
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bond energy between the ions in an IL is in the region of 300 — 400 kj/mol [58],
significantly higher compared to that of water (~ 20 kj [59]) but significantly lower than
that of a typical salt (NaCl 545 kj mol™). This reduction in Coulombic bond energy
allows for ILs to be molten salts but the intermolecular attractions are still strong enough
that ILs have negligible vapour pressures and a high decomposition temperature [60]. In
general, the melting point of ILs decreases with an increase of the alkyl chain length in
the cation and increases with increasing degrees of symmetry in the cation.

Van der Walls forces also play a role in the viscosity of ILs - as a rule of thumb,
ILs are more viscous than aqueous or organic based solvents, due to the Coulombic
interactions within the cation-anion pair [61]. ILs have negligible vapour pressure, high
thermal stability and have been shown to make excellent solvents [62], making them
suitable for replacing conventional organic solvents in many areas [63]. Through
variation of the anion-cation pair, the properties of the IL can be significantly altered such
as viscosity, polarity and ionic conductivity. Dramatic variation in IL properties can be
achieved even by changing only one of the ions; for example,
tetradecyl(tributyl)phosphonium chloride is solid at room temperature and hydrophilic,
while tetradecyl(tributyl)phosphonium dodecylsulfonate is liquid at room temperature
and hydrophobic [62]. The differences in properties and the vast range of possible ion
pairs, has led to ILs being referred to as “designer solvents” [64]. Many ILs have long
chain hydrophobic “tails” and charged hydrophilic heads, which makes them surfactants

of interest.

1.3.2 Synthesis

Generally the synthesis of ILs involves two main steps. The first step is the formation of
the desired cation, typically through the quaternization of amines or phosphines (list of
typical cations can be seen in Figure 1.7), followed by (in cases where the desired product
is not formed through the quaternization reaction) anion exchange reactions in order to

produce the desired IL product [65].
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Figure 1.7 Example of typical IL cations. Reproduced from [66].

A typical scheme for the preparation of ILs can be seen in Figure 1.8. In this
scheme, an amine (NR3) undergoes a quaternization reaction to form the desired cation
([R’R3N]"). From there the cation can undergo two different anion exchange steps to
produce different ILs. In step 2a the cation is treated with a Lewis acid [MX,] to produce
an IL in the form [R’R3N]'[MXy.1]™ and in the alternative step (2b) it undergoes anion
metathesis, which itself has three steps. First step involves treatment with a metal salt
(M'[AY), which is then removed through precipitation (-MX). The second step involves
the addition of a Bronsted acid (H'[A]") followed by removal of the by-product (-HX).
Finally ion exchange resins are used to produce an IL in the form [R’R3N]'[A] [66].

NR,

Step 1

+R’X

[RRSNT*X-
Step 2a Step 2b

1. + Metal salt M*[A] - MX
+ Lewis acid MX, (precipitation)
2. +Bronsted acid H*[A] - HX
(evaporation)
3. lon exchange resin

[RR3NJ* [MX,,] [RR3NJ*A]

Figure 1.8 Typical reaction scheme for the preparation of ILs. Reproduced from [66].

25



Quaternization is a relatively simple method as it involves mixing of an amine or
phosphine with the desired haloalkane, which is then stirred and heated. The
quaternization of 1-alkylimidazoles produces the most common starting materials. In
these reactions the temperature and reaction time are dependent on the haloalkane used.
For example, reacting chloroalkanes with 1-methylimidazole requires temperatures of
80°C and mixing for three days in order to achieve high yields while reactions with
bromoalkanes usually take 24 hours and temperatures of 50°C [65].

Treatment of a halide salt with a Lewis acid involves the mixture of the acid with
halide salt. These reactions are generally exothermic. Without care the build-up of heat
can result in the decomposition or decolouration of the IL. This type of reactions can
generally result in the formation of more than one anion species. For example, in the
reaction of 1-ethyl-3-methylimidazolium chloride ([EMIM][CI]) with aluminium chloride
(AICI3) a series of equilibrium reactions 1.1 — 1.3 can occur. When [EMIM][CI] is in
molar excess over the AICI3 equation 1.1 is dominant with the formation of a basic IL
([EMIM]'TAICL4]). In contrary, if [EMIM][CI] is in excess over AICI3 equation 1.2 and
1.3 dominate the equilibrium, resulting in the formation of acidic ILs. Lewis acid based

ILs generally tend to be prepared in this manner [65].

[EMIM]*CI" + AICI; = [EMIM][AICL] (Eq 1.1)
[EMIM]'[AICL] + AICI; = [EMIM] [ALCI] (Eq 1.2)
[EMIM][ALCI]+ AICI; = [EMIM][AIsClyo] (Eq 1.3)

Anion Metathesis is another approach that can be used to produce the desired IL.
The first anion metathesis which produced stable ILs was based on 1,3-dialkyl-
methylimidazolium cation [67]. This reaction involved the mixture of [EMIM]I with
silver salts in methanol solutions. The low solubility of silver iodide allowed relatively
simple separation through filtration. Finally, through the removal of the solvent this
procedure resulted in high purity ILs. This technique remains the most popular synthesis

for ILs of this type, however, it is limited due to the expensive nature of silver salts [65] .

1.3.3 lonic Liquids Surfactants
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As mentioned previously, ILs are composed of anion-cation pairs. In most cases, the
cation is a large bulky ion while the anion is considerably smaller. Many of these bulky
cations have surfactant properties. They often have multiple branching long chained alkyl
tails (which are hydrophobic) and a localised positive charge, which is due to the
inclusion of particularly electronegative atom (which acts as hydrophilic “head” section).
For example trihexyl tetradecyl phosphonium chloride ([Psg6.14][Cl]) is an efficient
cationic surfactant, due to the four long chained alkyl chains and a localised positive
charge on the phosphonium atom [68]. By varying the alkyl chain substituents on the
cation or by changing the counter anion, the surface activity of the IL can be controlled.
This allows for a high degree of flexibility when designing ILs with surfactant-like
properties [69].

Merrigan et al. [70] reported the synthesis of new perfluorinated (fluorous) ILs
which can function as surfactants when added to other room-temperature ionic liquids.
These ILs were formulated from imidazole cations which have appended fluoride

substituted tails, allowing the molecule to act as a surfactant (Fig 1.9).
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Figure 1.9 General structure of the imidazole based ionic liquids with appended fluorous tails.
Reproduced from [70].

These novel ILs promoted the formation and stabilization of dispersions of
perfluorocarbons in conventional ILs. The authors showed that the surface tension of 1-
hexyl-3-methylimidazolium hexafluorophosphate ([HMIM][PF¢]) was 10-15 % lower
when saturated with the perfluorocarbons compared to [HMIM][PFs] without the
perfluorocarbons.

Yan et al. [71] have also reported synthesis of surfactants which are based on
imidazolium ILs. These ILs had an imidazolium cation polar group, with long chain

hydrophobic tails. Some of the novel ILs included polymerizable and reactive surfactants.

27



Polymerization of these ILs in microemulsions, stabilized the system and allowed for the
production of polymers particles, gels and open-cell microporous materials.

Flieger et al. [72] demonstrated the use of ILs surfactants in micellar liquid
chromatography (MLC). The IL surfactants used were 1-dodecyl-3-methyl-imidazolium
chloride [DMIM][CI] and dodecyltrimethylammonium chloride [DTMA][CI]. By using
[DTMA][CI] successful separation of polar organic compounds was achieved. These ILs
were the first to be used in HPLC.

Trivedi et al. [73] reported biodegradable ionic liquid surfactants based on amino
acids. The ILs were based on the natural amino acids L-glycine, L-alanine, L-valine, L-
glutamic acid and L-proline, respectively. The amino acids allowed for variations in their
side chains. Through esterification of the amino group the IL melting point was decreased
and biodegradability of the IL was greatly increased. These novel amino acid based ILs
have shown to have better surface activity than several conventional surfactants including
1-dodecy-3-methylimidazoliun chloride, sodium dodecyl sulfate and dodecyl trimethyl
ammonium chloride while also being highly biodegradable. Moreover, amino acid based
IL surfactants could have potential applications in the mitigation of harmful algal blooms
for sea water and could be used for nanomaterial synthesis.

Although there are a vast number of papers presenting the possible application
and synthesis of IL surfactants, no other research groups have explored the use of IL
surfactants as “fuel” for micro-vehicle movement. However, previous research on IL
surfactants clearly shows that there is a vast number of ILs that are surface active.
Coupled with their “designer solvent” properties, surfactant ILs offer an exciting

opportunity for the development of new methods for micro-vehicle movement.

1.3.4 lonic Liquids as Electrolytes

Due to their high thermal and electrochemical stability, ILs are useful for many
electrochemical processes [74-78], such as electrolytes for carbon nanotube electrodes
[79], batteries [80] capillary electrophoresis [81] and electromechanical actuator systems
[82]. One of the most important parameters when choosing an electrolyte is the
electrochemical window. Electrochemical windows are defined as the potential interval
between the cathodic and anodic potential limits at which reduction and oxidation
reactions of electrolytes occur at the electrodes. lonic liquids have been known to exhibit
large electrochemical windows [57,83-85]. For ionic liquids, the reduction potential of
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cation and the oxidation of anion depend on their respective counter-ions. The most
common stability range for ILs is -4.5 to 4.5 V [74] Buzzeo et al. [85] studied the
electrochemical window of several ILs, namely (1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([Comim][NTHT,]), n-hexyltriethylammonium
bis(trifluoromethylsulfonyl)-imide  ([Ne222][NTF2]),  1-hexyl-3-methylimidazolium
trifluorotris-(pentafluoroethyl)phosphate ([Csmim][FAP]) and tris(n-
hexylOtetradecylphosphonium trifluorotris-(pentafluoroethyl)phosphate ([Pss6.14][FAP]))
(Figure 1.10) using cyclic voltammetry at gold and platinum electrodes. The results
showed that for [Psg614][FAP] no redox activity occurred between -5V to 5 V at the
gold electrode, and no redox activity in the range of -4 to 4 V at the platinum electrode.
This window could potentially be extended as this represents the maximum window

achieved in these experimental conditions.
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Figure 1.10 Anions and cations of the ILs used in the electrochemical window study, reproduced
from [85].

For [Ns222][NTf,] no redox activity was observed between -4 V and 4 V for both
electrodes and no activity was shown for both [Comim][NTf;] and [Cemim][FAP]
between -2 V and 2V (at both electrodes). This is one of many studies showing that ILs

have extended electrochemical windows, when compared to typical electrolytes such as
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water and lithium nitrate, which have oxidation potentials of 1.23 V and 2.3 V,
respectively [86], and are suitable for use in many electrochemical process.

The conductivity of a material is the degree to which it conducts electricity, and is
calculated as a ratio of the current density of the material vs the applied electric field. In
liquids conductivity is linked to the mobility of the ions within the solution. Thus
conductivity is related to viscosity. A liquid with a low viscosity will have ions of higher
mobility compared to a liquid with a high viscosity. Therefore, ILs with a lower viscosity
will have higher conductivities. Other parameters which determine the ionic conductivity
of ILs include the ion pairs weights, densities and atomic radii [57]. Temperature affects
the intermolecular forces within a molecule. For room temperature ILs a higher
temperature reduces these forces resulting in a less viscous liquid. Therefore, temperature
directly affects the viscosity of ILs, which means it indirectly influences the conductivity.
Due to the customizable nature of ILs and the very large (and ever growing) library
available there is a broad scope of conductivities. The average range for ILs is between
0.1-18 mS/cm. Imidazolium based ILs usually have conductivities in the order of 10
mS/cm and pyridinium and ammonium based ILs have much lower conductivities in the
range of 0.1-5 mS/cm [74]. When compared with typical electrolytes such as acidic
solutions used in batteries (i.e Sulfuric acid ca. 730 mS/cm [74]) they are considerably
lower, however, these solutions often react with the electrodes after a period of time and
therefore, limit the lifetime of the batteries, while ILs are electrochemically stable and
have negligible vapour pressure. The conductivity of ILs can be improved by mixing the
neat IL with organic solvents. This improves the conductivity by separating the ion pairs
by non-charged molecules. For example, neat 1-butyl-3-methylimidazolium
tetrafluoroborate ([EtMelm][BF4]) has a conductivity of 14 mS/cm, while a 2M solution
of [EtMelm][BF4] in acetonitrile increases the conductivity to 47 mS/cm [74]. Due to
these properties, many groups have looked at replacing acidic and organic electrolytes
with ILs for batteries [87-89]. For example, Kuboki et al [80] developed a lithium-air
battery  which  uses the  hydrophobic IL  1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide ([EMIM][NTf;]). [EMIM][NTTf,] is highly conductive
and immiscible with water, which is important in lithium-air batteries as moisture
contains oxidative agents (such as carbon dioxide) which degrade the lithium anodes and
decrease performance. A non-aqueous based electrolyte results in a battery with
discharge capacity of 1600 mAhg™. However, lithium oxide and lithium dioxide (side
products of cathodic discharge) can build up on the cathode, which reduces performance
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of the battery by interrupting catalytic oxygen reduction. Inclusion of conductive carbon
into these batteries has improved the discharge capacity up to 2120 mAhg™. However,
when left in air these capacity values drop to 944 mAhg™ due to solvent evaporation and
anodic hydrolysis. Inclusion of the IL [EMIM][N(TT),] greatly improved the capacity to
5360 mAhg™ and the battery lifetime (56 days).

1.3.5 lonic Liquids as Solvents

One of the primary driving forces behind the research into ILs is in the desire to replace
traditionally used organic solvents with ionic non-volatile alternatives. Typically volatile
organic compounds (VOCs) are used as solvents in industrial processes; however, VOCs
are a major source of environmental pollution. ILs offer a promising alternative to VOCs;
although not all ILs can be termed as green solvents, they can be designed to be
environmentally friendly while maintaining the properties which make them excellent
solvents [64,90,91]. One of the biggest advantages they have over traditional solvents is
that they possess negligible vapour pressure, therefore, cannot contribute to gaseous
environmental pollution, and can be used in high vacuum processes. Another advantage is
the staggering breath of potential ILs; for example approx. a million binary ionic liquids,
and 1018 ternary ionic liquids, are theoretically possible [56], while only 600 solvents are
typically used in industry today [63]. By substituting either the anion or cation control
over many of the IL properties can be achieved including their polarity, thermal
properties, biocompatibility, toxicological properties, hydrophobicity profile and their
solution behaviours [92-94]. More specially, ILs can be designed to interact or to solvate
nearly any analyte [95]. This customizable nature has led to ILs being referred to as
“designer solvents” and as a result they have seen heavy use in extractions and separation
experiments [96,97]. As mentioned IL liquids are also generally electrochemically stable
and can be used as solvents in electrochemical applications. The most common property
used to classify solvents is solvent polarity, typically measured using Reichardt’s dye
[98]. Measuring the absorption band of this dye when dissolved can give information on
the solvents polarity, hydrogen bonding, and Lewis acidity and can be used to determine
the solvent’s relative polarity (Et30). For example, the relative polarity of
alkylammonium nitrate, are between ca. 0.95- 1.01 which is similar to that of water
(1.00), while ammonium sulfonates have lower values, 0.45-0.65, which are typical of
polar organic solvents [99,100]. In general ionic liquids are classified as polar solvents,
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with their solvation properties being directly related to the IL’s ability to act as hydrogen
bond donors and/or acceptors and the degree of charge localisation on the anions.
Increasing the chain of alkyl groups leads to an increase in hydrophobicity, while
inclusion of fluoride groups interrupts the salts ability to hydrogen bond [101]. Due to the
large unsymmetrical nature of the cation within most ILs, they have the potential to be
highly polar solvents while being non-coordinating. Finally ILs can form a two phase
system with both organic and polar solvents; therefore, they can be used as a non-aqueous
polar phase with organic solvents and hydrophobic ILs can be used as an immiscible
polar phase with water based systems [102]. Examples of some common reactions in
which ILs have successfully replaced organic solvents include Diels-Alder reactions
[103] and Heck reactions [104].

Due to the importance and relevance of this topic in regards to Chapters 4 — 6 of
this thesis, this subject has been additionally discussed in Chapter 3 of this thesis where

ILs are explored for their use as solvents in microfluidics.

1.4 Soft Actuators and Soft Robotics

1.4.1 Overview

Soft robotics is a new and emerging field of robotics which looks to nature for
inspiration. The field looks at the development of non-rigid robots which are synthesised
with soft and deformable materials. To date the hard robotics field has failed to reproduce
functionalities offered by biology, such as flexibility, adaptability and self-repair, which
can be performed by the simplest living organisms (e.g. cells, bacteria, jellyfish and
worms). To solve these issues scientists have begun to look to nature for inspiration and
begun to developed synthetic analogues of some simple organisms. For example the
earthworm is one of the most widely imitated forms of locomotion [105-107]. Whitesides
was one of the first research groups to use soft material to fabricate bio-inspired soft
robotics, mainly using elastomers. Robots designed using elastomeric polymers work via
anisotropic contraction and expansion. This is achieved through pressure from a network
of pneumatic chambers which are connected via channels within the polymers structure
[108]. This type of movement has a number of advantages over hard robotics. Firstly it
allows for more complex movements than a conventional hard robots, which have

restricted movement due to the rigid nature of the material used in their construction
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[109,110]. Secondly owning to the soft nature of the material used to fabricate these new
types of robots, they can interact with more delicate objects [111,112], such as fruits and
vegetables, which can often be damage by hard robotics. Finally robots designed using
elastomeric polymers can withstand severe bending or blunt force impacts better than
robots fabricated using rigid material [108]. For example, Martinez et al. [113] developed
a robot which was capable of taking multiple gaits by either crawling or through
undulation. The robot was fabricated from two layers, where the top layer was an
elastomer (Ecoflex) and the bottom was a layer of PDMS (Figure 1.11). The extensible
elastomeric polymer contained a network of embedded pneumatic chambers connected
via channels. The elastomer layer was then bonded to an inextensible layer of PDMS. The
overall device was termed a pneu-net (PN). The pneumatic chambers act like balloons
and inflate during actuation, creating a strain within the elastomer layer (Figure 1.11).
The pressure difference between the two layers would cause the PN bending. The force
and direction of bending could be tuned by adjusting the material of layers and the
number, size and orientation of the pneumatic chambers. For example if the chambers
were aligned orthogonally to a single axis, during actuation, the PN would curl along this
axis. The soft robot developed in this study had four legs, where each leg could be
individually controlled and lifted while the other three remained stationary. Each limb
and the spine of the robot contained independent PN networks. Each PN network could
be pressurized via external compressed air source. The compressed air source was
connected to robot through a central hub which was attached to one end of the robot and
each PN could be supplied with air via a network of solenoid valves. To achieve robot
movement, each PN was actuated in sequence, with an applied pressure of 7 psi, which
took only one second to complete. To achieve actuation through undulation the hind legs
were first actuated, followed by actuation of the spine. This anchored the robot and
stopped the hind legs from slipping. Pressurizing the forelegs, followed by depressurising
the back legs and spine caused the robot to be pulled forward. Since there was an
anisotropy frictional difference between the front and back of the robot (due to only one
half of the robot being in contact with the surface), depressurisation of the front legs

resulted in another forward movement of the robot (Figure 1.11(1)).
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Figure 1.11 Snapshots showing movement of soft robot. 1 shows movement via undulation; (A)
shows the start of the experiment when no PNs are pressurised. (B) shows the hind legs being
pressurised. (C) shows the spine being pressurised which lifts the robot and anchors it. (D) shows
the front legs receiving pressure followed by depressurisation of the hind legs (E). (F) shows the
forward motion of the robot. (G) shows further forward motion by depressurization of front legs.
2 shows movement via crawling motion. (A) shows pressurisation of the spine PN. (B) shows
actuation of the right hind leg. (C) shows actuation of the front left leg and depressurisation of
the right hind leg resulting in forward movement. (D) shows actuation of left hind leg. (E) shows
actuation of the front right leg and depressurisation of the left hind leg resulting in forward

movement. (F) shows process beginning again. Reproduced with permission from [113].
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To achieve a crawling motion five steps were performed. Initially the spine was
pressurised, which lifted the body of the robot off the surface. Pressurising the right hind-
leg pulled it (the leg) forward. Pressurising the left front-leg and simultaneously
depressurising the right hind-leg resulted in a forward motion of the whole robot.
Pressurizing the left hind-leg, while depressurising the left front-leg, pulled the left rear-
leg forward. Actuating the right-front leg, while removing the pressure from the left hind-
leg resulted in another forward motion of the whole robot (Figure 1.9(2)). The same
group later developed robotic tentacles which had three dimensional mobility [114].
These tentacles worked via three PN networks which work similarly to previous example.
However, in the later case each PN controlled a section of the tentacle and could be
individually actuated. This allowed the tentacle to interact with and manipulate objects
(Figure 1.12). Introduction of functional components to the tentacle allowed for it to

perform advanced tasks, such as a needle for delivering fluids, a camera for recording and

a suction cup for lifting object.

Figure 1.12 Snapshots showing soft robotic tentacle arm picking up a spanner. Reproduced with

permission from [114].

Recently there has been great interest in developing soft robotics based on
hydrogels [115]. This is because stimuli-responsive hydrogels can undergo large
deformations when actuated. In this manner the robot can be made to interact with its
environment via external control. Of particular interest is the development of hydrogels

with biomimetic properties [116,117] such as the ability to walk [118].
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1.4.2 Hydrogels

Hydrogels are comprised of a broad range of polymeric materials which due to their
hydrophilic nature are capable of storing vast quantities of water. Hydrogels can be
actuated via the expulsion and absorption water. In this manner they can undergo radical
volume changes, up to 90% in some cases [119]. A method of controlling the gels
hydrophilic profile is via the integration of stimuli-responsive compounds into the gels
structure. In this fashion the gel’s volume and shape can be externally controlled by
applying the correct stimulus. Upon actuation the gel will either expel or absorb water
from its surrounding environment. A large number of stimuli-responsive gels have been
reported, including thermal [120,121], pH [122], magnetic [123], glucose [124], antigen
[125], electro- [126], photo- [127], and even multi-responsive hydrogels [128,129].

1.4.3 Thermo-Responsive Hydrogels

poly(N-isopropylacrylamide) (pNIPAAmM) is one of the best known thermo-responsive
polymers. When the pNIPAAm chains are crosslinked they form a hydrogel that
undergoes a low critical solution temperature (LCST) (32 - 34°C) [130]. The LCST of a
material is the critical temperature, at which point the components of the material
undergo a drastic physical and chemical change, usually resulting in a solubility
alteration in a given solvent. For pNIPAAm hydrogels, the LCST temperature
determines the hydrophobicity of the gel. Below the LCST the gel can be described as
hydrophilic. Absorption of water at low temperatures is thermodynamically favored due
to the formation of hydrogen bonds between water molecules and the amide groups on
the polymer chains. This leads to a negative enthalpy and the absorption of water into
the gel matrix leads to a large increase in compositional entropy. However, water
molecules which are hydrogen bonded to the polymer acquire low orientational entropy.
In this phase the gel will actively absorb water molecules and will be swollen.
Increasing the temperature destabilizes the hydrogen bonding between water molecules
and polymer chains, induced by the presence of hydrophobic isopropyl group of
pNIPAAmM. Above the LCST temperature phase separation occurs as the energy of free
water molecules is greater than the low orientational entropy gained from hydrogen
bonding [130]. Therefore, when a pNIPAAmM gel is heated above its LCST, there is a
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collapse of the polymer network, causing an expulsion of water from the gel into the
external environment and resulting in the gel shrinking.

The LCST of pNIPAAmM can be manipulated by copolymerization of NIPAAmM
with other hydrophilic or hydrophobic monomers. For example, Wang et al. [119] co-
polymerized NIPAAm with acrylamide in order to study the temperature-sensitive
properties, phase transition and drug release profiles of solutions of aqueous poly(N-
isopropylacrylamide-co-acrylamide) and interpenetrating polymer network nanoparticles
consisting of poly(NIPAAm) and polyacrylic acid. These systems had a thermo-reversible
response and were flow-able suspensions at room temperature which underwent gelation
above the LCST. Six different hydrogels were prepared using different crosslinking
densities. Gels which consisted of lower than 5 mol% crosslinker had abrupt volume
change in the range of 35 — 40 °C, while gels which had a greater concentration (above 5
mol% crosslinker) did not. For example, a gel which had less than 5 mol% crosslinker
underwent 4 phase transitions. A suspension (9% wt) of this micro gel was prepared in a
phosphate buffered solution (Figure 1.13). At stage one (< 22 °C) the gels were semi
translucent, swollen, and had maximum volume of water stored. When the temperature
was increased from 22 °C to 36 °C the gel became a clear flow-able suspension (stage
two). At this stage the hydrogen bonds between the amide groups and water molecules
had become destabilized and water was being expelled from the gel. This is known as the
gelling temperature (GT). With a further increase of temperature (> 36 °C < 40 °C) the gel
suspension entered stage 3 and became cloudy, due to the further break down of the
polymer-water hydrogen bonds and the formation of interpolymer and hydrophobic
interactions between side-chains in poly(NIPAAm). This increased the hydrophobicity of
the gel resulting in further collapse of the gel structure and more expulsion of water. This
temperature is known as the cloud point temperature (CPT). Finally when heated to a
temperature higher than what is known as the gel shrinkage temperature (ST, ca 40 °C),
the gel entered its final stage and became a semi solid shrunken gel. This was due to the
strong hydrophobic interactions between the gel particles. This resulted in the expulsion

of the majority of water from the gel and further collapse of the gels structure.
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Figure 1.13 series of snapshots which show the 4 stages of transition of poly(N-
isopropylacrylamide-co-acrylamide) micro-gels. A (< 22 °C) — gels are in a swollen semi
translucent state; B (36 °C ) — gels form a flow-able clear solution; C (> 36 °C < 40 °C) —
suspensions becomes cloudy. D (40 °C) — formation of semi solid shrunken gels. Reproduced with
permission from [119].

Breger et al [131] have reported on self-folding thermo responsive soft micro-
grippers. These micro-grippers were fabricated using soft lithography and were based on
a cross-linked poly(N-isopropylacrylamide-co-acrylamide) soft-hydrogel attached to a
nonswellable, stiff polypropylene fumarate (PPF) polymer. The polymeric grippers
shown in Figure 1.14 were thermo-responsive and were able to self-fold in opposite
directions. The center of the gripper comprised of the stiff PFF polymer and the gripers
were made of the thermo-responsive pNIPAAM gel.
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Figure 1.14 shows Experimental snapshots of the micro grippers while being subjected to

different temperatures and B is a cartoon showing this response.
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The LCST value for the structure produced in this study was 36 °C. When heated
above this temperature, the pNIPAAmM based grippers underwent a phase transition to a
more hydrophobic state. In this state water was expelled from the gels and they began to
fold with the PPF segments visible on the outside of the structure. When the polymer
chains of pNIPAM-AAc gels began to collapse they became opaque, therefore, this
transition was monitored by microscopy. When the temperature was cooled below 36 °C,
the gels became more hydrophilic, thus absorbing water, swelling and opening. Raising
the temperature again resulted in the grippers folding in the opposite direction with the
PFF segments on the inside (Figure 1.13). This cycle could be repeated up to 50 times
without any observable degradation of the gel. Introduction of iron nanoparticles into the
porous structure of the pNIPAM-AAc gels also allowed for the structure to be
manipulated through externally applied magnetic fields.

1.4.4 pH Responsive Hydrogels

pH is a biologically relevant signal, and plays a particularly important role in drug
delivery [132]. Incorporation of pH-responsive materials allows for the development of
pH-responsive hydrogels. Polymers which undergo ionisation within the pKa range of 3—
10 are favourable contenders for a pH-responsive hydrogel. Typically weak acids and
bases show this ionisation state when introduced to different pH solutions. If such groups
undergo ionisation while bonded to the polymer structure of a hydrogel, this results in a
change in the hydrophobic/hydrophilic character of the gel. This means that the shape
and volume can be controlled via altering the pH of solution that they are submerged in.
Examples of commonly used pH responsive materials include polymers of and co-
polymers of acrylic acid, methacrylic acid, maleic anhydride, N,N-dimethylaminoethyl
methacrylate and phosphoric acid derivates [133].

Li et al. [134] have reported on the synthesis of a thermo- and pH responsive
hydrogel. The semi-interpenetrating (semi-IPN) hydrogel was based on a bilayer of
pPNIPAAM which had a positively charged polyelectrolyte
poly(diallyldimethylammonium chloride ()DADMAC) trapped within the gels network,
and a layer of gold-coated PDMS (non-swellable rigid layer). A gripper structure was
developed (similar to the example described previously, Figure 1.12). The thermo-
response of these bilayers was due to the pNIPAAmM/pDADMAC hydrogel layer. At low
temperatures (25 °C) the hydrogel was fully swollen, resulting in the bilayer structure
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bending towards the PDMS layer. This caused the gripper to close with the PDMS layer
on the inside. When the temperature was raised to 40°C (LCST) the pNIPAAmM layer
shrank (due to water expulsion); this resulted in the bilayer structure bending towards the
hydrogel layer causing the gripper to close in the opposite direction, with the PDMS layer
on the outside (Figure 1.15).
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Figure 1.15 Thermo-response of the bilayer semi-IPN hydrogel structure. Below 25°C, the
structure is closed with the PDMS layer on the inside. When the temperature was raised above
the LCST (40°C) the structure bends in the opposite direction with the PDMS layer on the outside.
Reproduced with permission from [134].

The pH response of the gel was obtained by copolymerising poly(acrylic acid)
(AA) into the hydrogel structure. This was done with and without pPDADMAC. At pH 6.5
the gels which included pDADMAC were in the hydrophobic state and water was
expelled from the gel. This results in the gripper folding towards the hydrogel layer with
the PDMS on the outside. At this pH AA (which is part of the hydrogel structure) was
deprotonated and negatively charged and had strong electrostatic interaction with the
positively charged pDADMAC (poly electrolyte which is physically trapped inside the
hydrogel network). This interaction restricted the pPDADMAC from absorbing water and
created small pores within the gel. When the pH was lowered to pH 3.0 AA was
neutralised, thus releasing the pPDADMAC and allowing it to readily absorb water, while
also increasing pore sizes within the gel. This resulted in the gel swelling, causing the
bilayer to bend towards the PDMS layer and causing the gripper to close with the PDMS
layer on the inside (Figure 1.16.) This process was repeatable and the gripper could be
made to close in opposite directions multiple times by simply switching the pH of the

solution from 3.0 to 6.5.
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Figure 1.16 pH response of the hydrogel gripper. A shows the hydrogels which had pDADMAC
trapped within the gel network. At pH 3 the hydrogels were swollen and the gripper was closed
with the PDMS layer on the inside. When the pH is raised to 6.5 the hydrogel layer shrinks and
the gripper closes with the PDMS layer on the outside. B shows the gels which excluded
pDADMAC. At pH 6.5 the gripper was closed with the PDMS layer on the inside. At pH 3 the gels
expelled water and the structure opened flat. Reproduced with permission from [134]

This effect was reversed for gels which did not have pPDADMAC trapped within
the hydrogel structure. At pH 6.5 the charged AAc made the hydrogel hydrophilic. This
resulted in large pore sizes and the high osomotic pressure (due to the gel swelling)
generated resulted in the gel bending towards the PDMS layer. When the pH was dropped
to 3, the AAc was neutralised and the gel became hydrophobic. This reduced the pore size
and caused the expulsion of water from the gel causing it to open flat (Figure 1.16 b. All
the pH experiments were performed at 25°C which indicated that bending was solely due
to the inclusion of AAc. Both the thermo- and pH response of these gels was repeatable
and the degree to which the bilayers would bend (and direction) could be modulated by
tuning the composition of the hydrogel layer. These grippers could also be used for
controlled delivery of molecular cargo, making them highly useful for biomedical

devices.

1.4.5 Electro-Actuated Hydrogels

Electro-actuated polyelectrolyte hydrogels are particularly interesting as they have the
ability to transform electrochemical energy into mechanical movement via application of

external electrical potentials. When a voltage is applied across an aqueous electrolyte
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solution, this results in migration and redistribution of the mobile ions within the system.
This process is highly controllable and repeatable. Morales et al. [118] have synthesised a
polyelectrolyte-doped bipedal hydrogel. The gels legs were comprised of different
material. One leg, termed ‘“cationic leg” was based on copolymer networks of
acrylamide/sodium acrylate; this polymer network had a negative charge and mobile
counter cations. The second leg, termed “anionic leg” was synthesised from acrylamide
quaternized dimethylaminoethyl methacrylate and had a positively charged backbone and
thus mobile counter anions. When submerged in an aqueous electrolyte solution (0.01 M
NaCl) and subjected to an applied potential (5 V) the mobile ions within the gel would
distribute asymmetrically. The cations within the cationic leg would migrate towards the
side of the gel facing the cathode and the anions within the anionic leg would migrate
towards the side of the gel facing the anode. This mass transfer of ions creates an osmotic
difference within the gel causing it deform and swell. By placing the gels onto a PDMS
surface and applying (and reversing) potentials the gels can be made to walk in a
direction dictated by the design of the walker. The sequence of applying the voltages is
important in controlling the motion of the hydrogel. Initially the potential is applied with
the cationic leg facing the cathode and the anionic leg facing the anode, this result in the
legs bending towards one another. Since the anionic leg (right leg, Figure 1.11) has a
greater surface area in contact with the PDMS, it pulls the gel to the right. Reversing the
applied electrical field causes the anionic leg to stretch towards the cathode. Since the
cation now had a greater surface area in contact with the PDMS it pushed the gel to the
right. Repeated cycles of this process enabled unidirectional movement of the gels on flat

surfaces (Figure 1.17).

42



1) No bias applied i) Pulling motion iil) Pushing motion

Figure 1.17 Actuation mechanism and snapshots of the of electro-actuated hydrogel walkers
while submerged in a solution of 0.1 M NaCl with an applied potential of 5 V. i) no potential is
applied; ii) 5 V is applied resulting in the anionic leg (right leg) bending toward the anode and
the cationic leg (left leg) bending towards the cathode; in this position the anodic leg has a
greater area in contact with the surface and thus pulls the cathodic leg to the right; iii) the
potential is reversed, resulting in both legs bending in the opposite direction; in this position the
cathodic leg now has a greater area in contact with the surface and pushes the anodic leg to the
right; iv — ix) shows that repeated cycling of the applied potential results in the forward motion of

the hydrogel walker. Reproduced with permission from [118].

Yang et al. [135] have also demonstrated the walking behaviour of an arc shaped
hydrogel based on poly(2-acrylamido-2-methylpropanesulfonic acid-co-acrylamide)
(poly(AMPS-co-AAm)). When placed onto a ratcheted surface under electro-stimulation
the resultant contraction and relaxation of the gel, resulted in gel locomotion in the
direction dictated by the design of the ratchet. The polymeric network of the gel contains
negatively charged sulfonic groups. When submerged in NaCl solution with an applied
voltage, the free ions of the NaCl electrolyte move towards their respective counter
electrodes. However, within the gel network only the counter ions of the bound sulfonic
group can move. The resulting influx of ions results in a bending motion of the gel. This
is a reversible process and can be controlled by turning on and off the voltage applied to
the aqueous solution. Due to the design of the ratchet, only one leg of the gel can move
upon stimulation. This results in the gel being pulled when bending (voltage on) and
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being pushed during relaxation (voltage off). Repeated cycles of contraction and
relaxation of the gel resulted in a walking motion, molecular cargo could be incorporated
on the walker which enabled them to be used as vehicles for molecular transport (Figure
1.18).
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Figure 1.18 Series of snapshots showing the locomotion of the hydrogels walkers carrying
varying weights of cargo (25 m,, 50 m,, 75 m,, 100 m, and 125m,, respectively, where m, =is the
weight of the walker in the dried state ) while submerged in a solution of 0.01M NaCl with an
applied voltage of 25V. At time 0 no voltage is applied, meaning that the gel is in a relaxed
expanded state. When the voltage is applied (time=10s) the gels bend towards the electrode
(above the ratchet). Due to the design of the ratchet, only one leg of the gel can move upon
stimulation. This results in the gel being pulled when bending (voltage on) and being pushed
during relaxation (voltage off). Repeated cycles of contraction and relaxation of the gel resulted
in a walking motion. Reproduced with permission from [135].

1.4.6 Photo-Responsive Hydrogels

Light as a stimulus is one of the easiest to control and can be applied externally in a non-

evasive manner. Photochromism is the reversible confirmation change of a compound
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through the absorption of electromagnetic radiation. Each confirmation has a different
absorbance spectrum. The isomers of certain photochromic compounds can have different
chemical properties, such as polarity or hydrophobicity. If these photochromic groups are
integrated into the backbone of a hydrogel, the gel’s volume and shape can be modulated
by irradiation with specific wavelengths of light [136]. Some of the most common and
notable photochromic families include diarylethenes [137], azobenzenes [138],
spirooxazines [139] naphtopyran [140] and spiro-benzopyrans [127]. When these
compounds absorb electromagnetic radiation, they undergo a reversible conformational
change. These properties have led to the development of various optically activated
devices such as light responsive spectacles [141], 3D optical memory devices [126] and
optical sensing platforms [142-144]. Spiro-benzopyrans are perhaps one of the most used
and widely studied photo responsive compounds [145-147]. When subjected to various
illumination conditions, spiro-benzopyrans undergo a rapid switching between two

isomers. Spiro-benzopyrans can be rapidly switched from a closed ring spiropyran (SP)

form to an open ring merocyanine (MC) form (polar) via irradiation with ultra violet
(UV) light. Irradiation of MC with white light (or blue light) will switch the MC back to
the SP form (Figure 1.19).

uv

White light

Spiropyran Merocyanine

Figure 1.19 Spiropyran-merocyanine structures in equilibrium under UV-visible light irradiation.
When exposed to UV radiation, spiropyran (left) undergoes a reversible conformational change

to the merocyanine form (right). The reverse reaction is possible under white light irradiation.

Incorporation of SP compounds into hydrogels has been widely reported, as it not
only provides photochromism but it can also add sensitivity to pH, solvent polarity and
metal ions [148-150]. While in the open MC form, spiropyrans also show
solvatochromism, and have been reported as efficient chelators for the binding of various
metal ions [142,151]. It has been previously demonstrated that incorporation of

spiropyrans into hydrogels [152] and ionogels [153,154] can be used for the fabrication of
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photo-responsive micro-fluidic manifolds [155], microfluidic valves [156] and photo-
programmable surface topographies [157]. These hydrogels are composed of copolymers
of N-isopropylacrylamide-co-acrylated spiropyran-co-acrylic acid (p(NIPAAm-co-SP-co-
AA), in a molar ratio of 100:1:5. The AA co-polymer acts as an internal acidic source for
the protonation of SP to the more hydrophilic MC-H" form (pks= 4.5 [152]). If included
in the backbone of pNIPAAmM based hydrogel, this switch can induce a hydrophobicity
change and can result in absorption of water from the external environment into the gel.
When irradiated with white light (Amax = 422 nm) MC-H" is deprotonated, resulting in the
isomerisation back to the more hydrophobic SP form. Inside the p(NIPAAmM-co-SP-co-
AA) hydrogel, this isomerisation results in an expulsion of water and reduction of the

gel’s volume (Figure 1.20).
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Figure 1.20 Chemical structure of p(NIPAAm-co-SP-co-AA) hydrogel under various irradiation
conditions. The AA co-monomer acts as an internal acidic source for the protonation of SP to the
more hydrophilic MC-H™ form; this switch induce a hydrophobicity change resulting in the
absorption of water from the external environment into the gel. When irradiated with white light
(Amax = 422 nm) MC-H" is deprotonated, resulting in the isomerisation back to the more
hydrophobic SP form. Inside the p(NIPAAm-co-SP-co-AA) hydrogel, this isomerisation results in
an expulsion of water and reduction of the gel’s volume. Reproduced from [152] with permission

from the author.
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Using this formulation Dunne et al. [152] have synthesised photo-actuator
hydrogels based on p(NIPAAm-co-SP-co-AA) copolymer, in 100-1-5 mole ratio. This
study focused on the relationship between the polymerisation solvent and pore sizes
within the hydrogels. The pore size is an important factor as it determines the kinetics of
water expulsion and absorption after isomerisation of the SP compound and thus the rate
at which the gels can shrink and swell. In the study, the highest shrinking was observed
when a solvent mixture comprised of a ratio of 4 : 1 acetone to deionsed water was used
during polymerisation. The hydrogel produced from this solvent had a 40% reduction in
volume after four minutes of white irradiation and swelled back to roughly 62 % of its
original size after 11 minutes in the dark. Using a solvent ratio of 1.1 tetrahydrofuran to
deionised water resulted in a hydrogel with the best swelling capabilities; after shrinking
the gel was able to swell back to 92 % of its original volume after 11 minutes in the dark
(Figure 1.21).

Figure 1.21 Snapshots showing the area decrease of p(NIPAAm-co-SP-co-AA) hydrogels while
submerged in DI water and irradiated with light for 5 minutes (top) and the subsequent area
increase when left in the dark for further 11 minutes (bottom). Reproduced from [152] with

permission from the author.

At the time of publication this was the largest reported photo-induced area change
for SP hydrogels which are self-protonating. Swelling and shrinking of the gel could be
performed in DI water (due to the internal acidic source, AA) and no degradation of the
gel was observed over three cycles of white light illumination. Continuing on from this
work, the possibility of using similar materials for the development of photo-controlled
bipedal hydrogel walkers will be explored in Chapter 7 of this thesis.
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15 Aims of this Work

The aim of this work was to realise stimuli-controlled manipulation of synthetic
micrometre sized “vehicles”. This was achieved by developing self-propelled IL droplets
which moved through the triggered release of cationic surfactant which was a component
of the IL. Two methods for controlling droplet movement were analysed. Chapter 4
describes the development of chemotactic IL droplets which travelled spontaneously
towards a source of a chemoattractant while Chapter 5 describes electrotactic droplets
that move in response to an electro-chemically generated chloride gradient. Chapter 6 of
this thesis aims to introduce functionality to these droplet systems and demonstrate
several applications that they can perform. Chapter 7 looks at the development of a
different type of micro-vehicle and describes the synthesis of a bipedal hydrogel walker,
based on poly(N-isopropylacrylamide-co-acrylated  spiropyran-co-acrylic  acid),
p(NIPAAmM-co-SP-co-AA). Due to the presence of spiropyran in the polymer structure,
these hydrogels reversibly shrink and swell in aqueous environments when exposed to
different light conditions. When these gels are placed onto a ratcheted surface, the
actuation of the bipedal gel produces a walking motion by taking a series of steps in a
given direction, as determined by the optimised design of the ratchet scaffold.

The following chapters include two book chapters (published) which explore in
detail some of the literature previously published on droplet work (Chapter 2) and the use
of ILs in the microfluidic sector (Chapter 3), followed by 4 experimental chapters which
illustrate the progress | have made thus far in the development of Stimuli-Controlled
Synthetic Discrete Micrometre Sized “Vehicles” and will hopefully give the reader some

insight into the exciting potential of this research.
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2.1 Abstract

Integration of stimuli-responsive materials into microfluidic systems provides a means to
locally manipulate flow at the microscale, in a non-invasive manner, while also reducing
system complexity. In recent years, several modes of stimulation have been applied,
including electrical, magnetic, light and temperature, among others. To achieve remote
control of flow in microfluidics using external stimulation, stimuli-controlled
manipulation of discrete micrometer-sized “vehicles” (droplets, beads, Janus particles,
etc.) through localized induced changes in wettability or surface tension has emerged in
the recent years. The focus of this chapter will be to identify and compare the similarities
and underlying mechanisms employed in the current state of the art research in stimuli-
controlled micro-vehicle movement. It will also endeavor to propose possible directions

for the evolution of this area of research.

2.2 Introduction

Since the onset of research into microfluidics during the 1990s, there has been much
progress made in the generation and control of flow in micrometre-sized devices [1,2].
The aim of these tiny devices is to perform complex biological and chemical tasks on a
single chip [3]. Advantages of this approach include a significant reduction in reactant
volume (down to microlitres or even picolitres), parallel processing of multiple analytes,
portability,[4] multistage automation [5], single cell sampling [6] and manipulation [7].
Therefore, the potential for microfluidic devices is tremendous. Nevertheless, the
microfluidics field is still very much in its infancy and a number of areas are constantly
under investigation, including micro-fabrication, component integration, device
generalisation and fluid flow and control [8]. Despite considerable advances in recent
years, fluid handling on microfluidic chips still relies, in many cases, on macroscopic
external control boxes containing power supplies, high power sources, sensing elements
and complicated control systems based on external computers and/or electronics [9] .
While there are still many challenges facing this field, there have been a number of
revolutionary approaches, one of the most exciting of which is the incorporation of
stimuli-responsive actuators within the fluidics, to achieve integrated fluid handling on-
chip. This approach can result in flow control [10,11], mixing [12], flow sorting [13],
pumping [14] and even sensing components fully integrated into the microfluidics chip
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[15]. Recent developments in stimuli-responsive materials, and particularly stimuli
responsive polymers and surfaces make microfluidics a great platform for demonstrating
the capabilities and highlighting the functionality of these materials [16,17]. Indeed, the
microfluidic platform generally enhances the functionality of smart materials by offering
faster kinetics and shorter reaction times due to increased surface to volume ratios;
improved interfacial and chemical interactions; dominant surface tension and capillarity
effects and efficient absorption of electro-magnetic radiation.

To date, one of the main approaches to achieve flow control in microfluidic
devices involves using stimuli-responsive materials, including discrete micrometre-sized
droplets which are externally manipulated through stimuli-induced changes in wettability
or surface tension. This chapter will focus on these particular approaches for microvehicle
movement, with the motivation of identifying and comparing current state of the art

methodologies and offering the reader an up-to-date view of this exciting research area.

2.3 Stimuli-Controlled Manipulation of Synthetic Discrete Micrometer-Sized

“Vehicles”

Controlled movement of micro “vehicles” offers many intriguing and beneficial
opportunities in the microfluidics field. For example, in droplet based microfluidic
devices, the high surface area to volume ratio results in high heat and mass transfer rates.
Also, most droplet microfluidic chips allow for control over individual droplets, thus
allowing them to act as micro-vessels which can be mixed or merged with other droplets,
moved to desired destinations or even individually analysed. These properties allow the
droplets to have a diverse range of applications including micro-vessels for chemical
reactions, dynamic sensing, cargo transport and potential drug delivery units [18,19]. This
section will focus on the most popular actuation methods employed thus far for stimuli
controlled-movement of synthetic “vehicles” (e.g. droplets, beads, gels). Although the
majority of the actuation methods described to date were not explored in microfluidics,
the same concepts could be applied to work within a microfluidic system. These
“vehicles” could also be used to mimic biological vesicles, which transport nutrients in
and out of cells through highly regulated pathways, for drug transport and targeted
delivery.
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Actuation of liquids in the form of synthetic “vehicles” offers many advantages
over conventional laminar flow microfluidic systems, which rely upon the use of pumps
and valves to control and direct flow, while stimuli-controlled droplet microfluidic
systems allow for external manipulation of individual or multiple droplets
simultaneously. These “vehicles” can act as micro-reactors, cargo-carriers, and can be
used to transport or store volumes of reagents down to the picoliter range [20,21].

Actuation of droplets can be categorised based on two main mechanisms. The first
mechanism (and the most widely used) involves control over the wettability of a
substrate, such as polymeric plastics (e.g. polydimethylsiloxane (PDMS), poly(methyl
methacrylate) (PMMA)), glass and silicon wafers, which allows for unidirectional
movement of droplets over the substrate. One of the most popular droplet actuation
methods based on this principle is known as digital microfluidics (DMF). In DMF small
discrete droplets are transported across an array of individually addressable electrodes, by
controlling the displacement of the droplet through localised control of surface
polarisation and wettability. Additionally, many research groups have explored the use of
different alternative stimuli such as light [22-27], temperature [28-33] and magnetic
stimuli [34-39] for wettability control.

The second mechanism involves manipulation of the surface tension of a liquid.
This allows controllable movement of droplets or other ‘“vehicles” at the liquid/air
interface. To control the surface tension of a liquid, surfactants are used. Through the
asymmetrical release or alteration of the surface activity of stimuli-responsive surfactants,
surface tension gradients can be created around the droplet. This in turn results in
Marangoni flows, through which liquid spontaneously moves from areas of low surface
tension towards areas of high surface tension. Thus, through contactless control over the
surface tension of an aqueous solution, unidirectional movement of a droplet resting at the
liquid/air interface can be achieved. This type of surfactant driven movement can be
broken down into two main actuation mechanisms, either by addition of the surfactant to
the aqueous medium or inclusion of the surfactant in the ‘vehicle’. In the first approach,
with stimuli-responsive surfactants dispersed in the aqueous solution, application of an
appropriate stimulus to the surfactant alters its surface activity, which results in a change
in the local surface tension. This in turn causes a flow of liquid towards areas of higher

3

surface tension; any droplet or “vehicle” resting on the surface of the liquid will be
consequently transported in the direction of the flow. In the second approach, the
surfactant is contained within the “vehicle” itself and its asymmetric release is externally
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controlled, resulting in a surface tension gradient around the droplet, which triggers

unidirectional droplet movement.

2.3.1 Actuation through Localised Changes in Wettability

This concept involves moving droplets on a substrate to targeted areas, through changes
in the wettability of the substrate. Numerous reviews and articles have been published in
this area in the past decade which provide comprehensive overviews of the topic
[19,40,41]. This section will focus on the “vehicle” movement mechanism and the
different means for achieving “vehicle” actuation. Several applications will be mentioned

and discussed.

2.3.1.1 Digital Microfluidics

In DMF, droplets are actuated on an array of electrodes which are individually
addressable. Using this array of electrodes, a wettability gradient can be generated on the
substrate by applying different voltages between adjacent electrodes. The droplet can be
then moved along this electro-generated wettability gradient to a desired destination by
continually altering the potential difference between neighbouring electrodes. The
droplets are produced from reservoirs within the chip and they can be split, mixed with
other droplets or simply used to transport cargo inside the chip [40]. There are two types
of actuation mechanisms required for this mechanism; the first involves the initial
generation of the droplets from a reservoir and the second is needed for movement of the
droplets through the system. The two main methods of electro-chemical control over
droplet formation and movement in DMF systems are dielectrophoresis (DEP) and
electrowetting on dielectric (EWOD). Alternative actuation for DMF utilizes
thermocapillary transport, surface acoustic wave transport (SAWS) and optical forces and
magnetic forces [40,41].

Applications of DMF systems include bio-assays [42], DNA applications, such as
polymerase chain reactions (PCR) [43,44], separation and analysis of aminoacids,
peptides and other biological molecules [45], cell based assays [46], proteomics [47], and

adaptive cooling of integrated circuits systems [48].
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2.3.1.2 Electrowetting on Dielectric

The phenomenon termed electrowetting on dielectric (EWOD) is one of the main forms
of actuation associated with DMF. In EWOD the interfacial tension between an aqueous
droplet and electrode is electrically altered in such a manner as to actuate the droplets
across a series of electrodes. When a voltage is applied, the interfacial energy between the
droplet and electrode surface is lowered, changing the wettability of the substrate [19,40].
Voltage range varies greatly depending on the application, but typically the values lie
between 0 — 200 V [49-51]. For example a micro-sized droplet was split into two
daughter droplets by applying a potential difference of 25 V between adjacent electrodes
[49]. Interfacial energy directly affects the contact angle; by lowering the contact angle
between the droplet and the surface, an interfacial energy gradient is created which
actuates the droplet. By applying voltages to individual electrodes an interfacial energy
gradient will be formed which the droplet follows [52]. In EWOD there are generally two
possible set-ups, namely a single plate or a two-plate system. In a single plate (or open
plate) system the droplet sits on a substrate, which contains both actuation and ground
electrodes. The two-plate configuration is a closed system in which the droplet is held
between two substrates. The top substrate contains a continuous ground electrode while
the bottom layer houses the actuation electrodes. Figure 2.1 is a representation of a typical
a) closed, b) open and c) operation of both open plate (single) and closed plate (double)
DMF systems. In both cases the layer containing the actuation electrodes must be
insulated and covered by a layer of hydrophobic material. The hydrophobic material
ensures that the aqueous solutions do not wet the surface and thus form droplets; it also
ensures that the droplets have a high contact angle with the substrate. Using the actuation
electrodes this contact angle can be altered which can result in unidirectional movement
of the droplet [52].
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Figure 2.1 (a) Closed/two plate DMF system. (b) Open/one plate DMF system. (c) basic DMF
operations. Adapted from [52] with permission from The Royal Society of Chemistry.

2.3.1.3 Dielectrophoresis

Dielectrophoresis (DEP) is one of the most popular techniques for the manipulation of
droplets in DMF. DEP works by pulling (positive DEP) or pushing (negative DEP) a
dielectric particle away from the actuation electrode. In a DEP driven system the particle
does not necessarily need to a have a charge, as all particles will exhibit electrostatic
properties when introduced to an electric field. Typical frequencies for DEP driven
systems are between 100 Hz — 10 MHz [53,54]. In DEP the particles are subjected to a
non-uniform electric filed, creating a dipole moment on the particle, that causes the
droplet to be electrostatically pulled towards the actuated electrode. The size and
uniformity of the droplets being formed in this manner depends on the magnitude and

frequency of the applied voltage [55].

2.3.2. Alternative Methods for Substrate Droplet Actuation

Many research groups have explored alternative methods for achieving droplet actuation
on a solid substrate. Although DMF is a great tool for the manipulation of discrete
volumes of liquids in microfluidics, the chip designs are complicated and energy is
required to move the droplets. The following sections will focus on alternative methods
which use various types of stimuli for moving droplets on a solid substrate.

66



2.3.2.1 Photo-Induced Actuation

Optoelectrowetting (OEW) has a similar mechanism o« EWOD, however, in OEW a
photoconductive layer (generally amorphous silicon) is inserted between the dielectric
layer and the electrodes layer. Droplet actuation is achieved when a voltage is applied
across the insulating layer of the device. In darkness, the resistance of the
photoconductive layer is high, resulting in the insulating layer receiving no voltage,
meaning that the contact angle between the droplet and the substrate remains unchanged
and therefore, no actuation is achieved. Upon illumination, the conductivity of the
photoconductive layer increases. This results in the insulating layer receiving the applied
voltage. In this fashion the contact angle of the droplet can be controlled with light and
actuation can be achieved [24]. When an optical beam is used to irradiate on one end of
the droplet, the contact angle is reduced in such a way that the pressure difference
between both ends causes the droplet to follow the light beam. This was firstly
demonstrated by Chiou et al. [24] in 2003 when a droplet was successfully actuated using
a 525 nm laser with intensity of 65 mW/cm?. The difference between an OEW device and

a conventional EWOD device can be seen in Figure 2.2.

(A) Conventional EWQOD Device

Aqueous
Droplet

Aqueous
Droplet
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Figure 2.2 Schematic of (a) conventional EWOD and (b) an OEW device. The major difference
between the two systems is the photoconductive layer inserted between the electrode and

insulating layer in an OEW device. Adapted from [24].

Since Chiou and co-workers [24] successfully demonstrated photo-induced
droplet actuation by using a photoconductive layer, many research groups have explored
various means of photo-actuating droplets. Wereley et al. [25] developed a novel open-
Optoelectrowetting (0-OEW) system which used a 670 nm laser with an intensity of 15
mW/cm?. Wereley’s OEW system actuates droplets through photo-induced electrowetting
of a substrate using a photoconductive layer, much like Chiou’s device. However, in the
chip designed by Wereley, all the electrodes needed for droplet actuation are contained
within a single substrate. This open fluidic chip allows easier integration with additional
components or chip extension.

Photo-induced actuation of droplets can also be achieved by creating photo-
responsive surfaces. In this manner the hydrophobicity of the surface can be controlled
through photo-stimulation. Various photo-responsive surfaces have been created by
functionalising glass or polymeric surfaces with photo-sensitive units. Examples of
widely used photo-sensitive molecules include spiropyrans and azobenzenes [27]. Under
photo-irradiation these photo-responsive materials are reversibly switched between two
isomers of different hydrophobic character and surface activities. When immobilised on
surfaces, switching between the different isomers directly affects the wettability of the
substrate allowing for photo-controlled droplet actuation. Rosario et al. [56] demonstrated
actuation of water droplets across a rough and flat silicone surface coated with
hydrophobic monolayers which contained photochromic spiropyrans. Under visible light,
the spiropyran molecule was in its closed spiropyran (SP) hydrophobic state however,
upon UV light (366 nm) irradiation, the SP isomer was switched to the more hydrophilic
merocyanine (MC) form, reducing the contact angle between the water droplets and the
surface. Therefore, unidirectional movement of the droplets was achieved through the use
of UV/visible light generated wettability gradients.

Azobenzenes are another popular photochromic group, due to their reversible
photoisomerization between cis and trans isomers. Azobenzenes were first used to control
the wettability of a substrate by Siewierski et al. [57] in 1996. The paper describes two
methods for preparing silicon surfaces coated with azobenzene monolayers. Irradiation of

the monolayers with light of 354 nm resulted in the isomerisation of the azobenzene
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within the monolayer to the cis conformation. This resulted in a decrease in the contact
angle between water and the substrate. The contact angle difference in the case of all the
monolayers were in the range of 2°-9° and the results where repeatable. The greatest
photo-induced contact angle change was observed for a film prepared by acylation and
had pentyl terminal groups. Under ambient laboratory conditions (in trans configuration)
the azobenzene monolayer film had a contact angle with water of 85° while after UV
irradiation (cis configuration) the contact angle was lowered to 76°. Since 1996 there has
been much interest in azobenzenes and many research groups have used them for photo-
actuation. Oh et al. [58] achieved photo-controlled directional movement of an oil droplet
on an azobenzene-terminated monolayer modified silica substrate. This was realised by
photo-isomerizing the azobenzene unit from the cis (contact angle of 11°) to trans
(contact angle of 24°) conformation through asymmetrical blue light (436 nm) irradiation.
Movement of the light source allowed for continuous droplet movement. The direction
and speed of the droplet was dependent on the steepness and intensity of the light

gradient.

2.3.2.2 Thermo-Induced Actuation

Thermo-induced actuation provides an alternative method for controlling droplet
movement on a substrate without chemical surface functionalization. This type of
movement is known as thermocapillary transport of droplets. Droplet actuation is induced
from the temperature variation which arises at the liquid/gas interface of the droplet, when
placed on a solid substrate which has a temperature gradient. The temperature variation
between the liquid/gas interfaces creates a surface tension (8) gradient around the droplet
from the warm (low 6) to the cool side (high 8). This asymmetrical gradient creates a flow
within the droplet which applies a hydrodynamic force on the substrate. Since the solid
surface is held in a fixed position it produces an equal and opposite force which actuates
the droplet driving it to the cooler region [59]. Darhuber et al. [33] demonstrated that

thermocapillary actuation can be used for droplet formation as well as moving droplets.

2.3.2.3 Magnetic-Induced Actuation
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Magnetic-induced actuation of droplets is achieved through the use of magnetic materials
in various forms. A popular approach is to use liquid marbles, which are aqueous droplets
that are rendered completely non-wetting by coating with magnetic hydrophobic powders.
Since the powders are hydrophobic they are immiscible with the droplet and therefore,
adhere to the exterior of the droplet. This results in a liquid droplet which does not stick
to smooth substrates and can be manipulated using magnetic fields. Many research groups
used iron or iron oxides micro-particles (due to their ferromagnetic properties) as the
hydrophobic powders in order to create the liquid marble [34]. Zhao et al [36]
demonstrated magnetic manipulation of a liquid marble on a glass substrate by coating
their droplet with highly hydrophobic Iron(l11) oxide (FesO,4) and placing a magnetic bar
at one end of a glass substrate. Droplet actuation was achieved by slowly moving the
magnet towards the droplet until this began to move. The droplet could then be made to
follow the magnetic bar (by slowly moving the bar away from the droplet) across the
glass substrate. Zhao and co-workers also demonstrated that the marble particles could be
pulled from the liquid by placing a strong magnet directly under the droplet on the glass
slide. To prove this, the group coated a water droplet containing a blue dye with Fe3O,.
Once the droplet was coated, the dye was not visible. When the magnet was placed
below, the droplet’s coating was attracted to the bottom of the droplet, hence showing the
dye. When the magnet was removed, the Fe;0,4 nanoparticles quickly moved back to the
exposed liquid to reform the liquid marble.

2.3.2.4 Surface Acoustic Waves

Actuation of droplets can also be realised using surface acoustic waves (SAWS). In this
case, actuation is achieved by producing acoustic radiation pressure on the surface of the
substrate. This leads to an internal flow within the droplet and to eventual droplet
actuation [60]. Wixforth et al [60] demonstrated actuation of a droplet across a
piezoelectric chip through the use of SAW pumps. The chip was designed to have virtual
beakers and channels which confined the liquid to the surface. Since the acoustic waves
were electronically addressable they were able to act as programmable nanopumps.
Another example of using SAWSs to move droplets across a substrate was demonstrated
by Guttenberg et al. [61]. Guttenberg developed a planar chip for polymerase chain
reactions (PCR) and hybridization which utilizes SAWs for the movement of micro-
droplets. The microfluidic device used had a planar piezoelectric Lithium niobate
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(LiNbOg3) substrate. The chip was chemically modified to produce high contact angles
between the substrate and the droplet thus ensuring that the droplet movement was
controlled through the SAW pump. The chip also contained thin film resistance heaters

which provided the energy needed for the PCR reactions.

2.4 Actuation through Localised Changes in Surface Tension

This type of actuation in the microfluidic sector is a relatively new concept compared to
actuation through changes in wettability and involves generation and transport of droplets
across liquid environments.

To achieve actuation through localised changes of surface tension at the
liquid/liquid, liquid/gas interface, surfactants have been used as these have the unique
property of modifying the surface tension of a liquid [62]. Although many stimuli-
responsive surfactants have been synthesised, only a small number have been used for
actuation of droplets or other micro-vehicles [63].

In the bulk of a liquid, the attractive forces between molecules are shared by all
neighbouring molecules and no net force is felt as they cancel each other out. However,
molecules at the interface (liquid/gas, liquid/liquid) have no attractive forces been exerted
from above, therefore, they exhibit stronger forces between the nearest neighbouring
molecules at the surface. This causes the molecules at the interface to contract forming a
contractile layer (Figure 2.3). This contractile layer at the surface is known as the surface

tension (Y).
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Figure 2.3 Representation of the net forces in water.

Certain molecules have special properties whereby they can imbed themselves at
the interface and interrupt this elastic layer reducing the local surface tension. These
molecules are known as surfactants. The term surfactant comes from surface active
agents. Surfactants are molecules which are generally long chained amphiphiles which
have a polar “head” and a non-polar tail. In an aqueous solution (below a certain
concentration known as the critical micelle concentration (CMC)) the surfactant’s polar
head will interact with the polar molecules at the surface. This interaction will interrupt
neighbouring attractive forces and lower the surface tension of the solution.

Fluid flows from areas of low to high surface tension (y). This is known as the
Marangoni effect. The Marangoni effect describes the mass transfer along an interface
between two fluids due to a surface tension gradient. This causes convective flows in a
bulk solution as well as inside of a “vehicle”. The following sections describe systems
which take advantage of this effect to achieve activation of droplets along the liquid/gas

interface.

2.4.1 Surfactant Saturated Systems

A surfactant saturated system is one in which surfactants are dissolved in the solution up

to their particular CMC. This ensures that the surfactant molecules are concentrated at the

interface instead of forming micelles. Marangoni flow can be induced if the surface

tension of a targeted area is controlled. In order to induce movement through changes of
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the surface tension, the surfactant’s surface activity has to be altered. To control the
surface activity, stimuli-responsive surfactants are used [64] . In this fashion, if the
correct stimulus is applied to a targeted area of the system, Marangoni flows can be
induced on demand. Photo-responsive surfactants have been used to externally control the
surface tension of aqueous solutions. Direct irradiation of a targeted area is relatively
simple and wavelengths can be tuned for particular molecules. Photo-responsive
surfactants possessing two isomers with different surface activities have been shown to
work in this fashion. Unidirectional movement of a micro-vehicle resting on an aqueous
solution that contains photo-sensitive surfactant is achieved by irradiation of a specific
area around the vehicle. This breaks the surface tension symmetry around the droplet and
creates the Marangoni-like flows which drive the droplet either away or towards the light
source. An example of a photo-switchable azobenzene surfactant (AzoTAB) is shown in

Figure 2.4.
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Figure 2.4 Photo-induced confirmation change of AzoTAB between its two isomers: from trans
(high y) and to cis (low vy). Adapted from [65] with permission from The Royal Society of
Chemistry.

Diguet et al. [66] demonstrated photo-triggered movement using an oleic acid
droplet resting on an aqueous solution containing the AzoTAB surfactant (Figure 18).
The droplet of oleic acid can be moved by irradiating half of the droplet with either 365
nm or 475 nm light. When the AzoTAB surfactant is exposed to 365 nm of light, it is
made to isomerise to its cis configuration. In this configuration the AzoTAB has a higher
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surface tension (8 mN m™) than in the trans configuration (7 mN m™). Therefore, when
half of the droplet was illuminated with 365 nm light it was made to follow the light
source as the surface activity of the surfactant was higher compared with the non-
irradiated section. When the droplet was irradiated with light of 475 nm, the AzoTAB
isomerised to its trans configuration and thus lowered the surface tension of the solution,
which resulted in the droplet being repelled by the light.

In order to achieve continuous droplet movement, the droplet was followed with
the light source or trapped using a trap consisting of both light wavelengths (365 nm and
475 nm). Multiple droplets were also manipulated in a petri dish in this fashion.

Photo-actuation can also be used to control the flow within a microfluidic system.
Recently it was demonstrated that the AzoTAB surfactant could be used to change the
flow in a microfluidic system from laminar to segmented flow (droplets) [65]. Initially the
system had a two-phase flow, one flow was aqueous (which contained the AzoTAB
surfactant) and the second was an oil phase. When the aqueous phase was illuminated
with light of 365 nm, the AzoTAB isomerised to its cis configuration and the interfacial
energy of the aqueous solution on the substrate was increased which fragmented the
solution into monodisperse droplets (Figure 2.5). When the light source was removed, the
flow returned to laminar. This was a reversible process and the flow was successfully

switched multiple times in the same experiment [65].
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Figure 2.5 Cartoon illustrating the photoreversible fragmentation of a two phase (aqueous/oil)
liquid flow from a continuous flow (no UV light applied) to a segmented flow (UV light applied).

Reproduced from [65] with permission from The Royal Society of Chemistry.
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A recent study by Toyota et al. [67] demonstrated an autonomous droplet which
spontaneously moved once placed in an aqueous solution in which “fuel” surfactant had
been dispersed. The surfactant used was (N-(4-[3-
[trimethylammonio]ethoxy]benzylidene)-4-octylaniline bromide) while the droplets
contained a catalyst which hydrolysed the surfactant. The self-propelled movement of
these droplets can be described in three stages. The first stage involves the hydrolysis of
the “fuel” surfactant at the surface of the oil droplets (which contained the catalyst).
During the hydrolysis of the “fuel” surfactant there was a fluctuation of the rate of
hydrolysis and this caused a symmetry-breakage of all the potential reactive sites on the
surface of the droplet. This resulted in the hydrolysed product being accumulated at the
most reactive sites. The second stage involved an imbalance of interfacial tension being
created between the side of the droplet which accumulated the product and the side of the
droplet which did not accumulate any product. Because of this imbalance of interfacial
tension, lateral movement of the hydrolysed product was created on the surface of the
droplet. The hydrolysed surfactant did not dissolve into the initial droplet since it was
lipophilic and instead it aggregated to form small waste droplets. As a consequence, the
waste droplets grew in size until they became too large and were subsequently released
from the droplet (Figure 2.6). The interfacial energy of the leading edge of the droplet
was lower than the waste covered trailing edge, creating interfacial dynamic fluctuation.
This fluctuation combined with the accumulation and release of product resulted in the
self-propelled motion of the droplets. In the final stage the leading edge of the droplet
would pick additional fuel surfactant which was then converted into the lipophilic product
as the droplet moved. This continuous collection and hydrolysis of the fuel surfactant
further fed the interfacial imbalance and created internal convection inside the droplet,
thus sustaining droplet movement. As long as there was “fuel” surfactant within the
aqueous solution and the catalyst inside of the droplet was active, the droplet would
continue to move. Although in this paper the system is not in a micro-channel nor is it
controlled by external stimuli, this report opens up new avenues for stimuli-responsive
actuation in a micro-channel. If a chemical reaction can be triggered by external

stimulation then precise unidirectional movement can be achieved.
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Figure 2.6 (a) lllustration of reaction happening on the exterior of the droplet and (b) fluorescent
images of the droplet in motion. Reprinted with permission from [67]. Copyright (2009)

AmericanChemical Society.

Jitka Cejkova et al [68] recently reported a simple decanol droplet system which
is capable of mimicking a variety of biological process including reversible chemotactic
movement, the ability to detect and move towards the strongest source of
chemoattractant, stimuli responsive chemotactic movement and delivery of chemical
cargo. In this study the decanol droplet is able to sense and move across aqueous

solutions of sodium deaconate in the direction of NaCl gradients (Figure 2.7).
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Figure 2.7 lllustration representing the reversible chemotactic movement of decanol droplets in
NaCl gradients. Reprinted with permission from [68] Copyright © 2014, American Chemical
Society.
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The chemotactic movement is a result of Marangoni type convection forces
developed as a result of interfacial tensions gradients caused by the addition of NaCl. As
the NaCl diffuses into the aqueous solution, it dilutes the amount of sodium deaconate
molecules thus raising the surface tension of the solution resulting in a surface tension
gradient leading to the source of addition. When no NaCl source is present in the system
the decanol droplets move in random motion, this is due to the dissolution of the droplet
itself into the aqueous solution (decanol is a weak surfactant). To achieve reversal
chemotactic movement of the decanol droplet, the group developed a system of time
delayed additions of salt (Figure 2.7). This ensures that a stronger NaCl gradient was
created with each new addition, which led to the droplet moving to the new site.

To test whether the droplet would travel towards a stronger source of
chemoattractant, the group dissolved varying concentrations of NaCl in nitrobenzene.
This had the added advantage that the gradient could be maintained for longer due to the
immiscibility of the nitrobenzene with the aqueous solution. To test whether the droplet
would “choose” a chemoattractant source based on strength, a simple maze channel was
designed, where in one end of the channel a nitrobenzene droplet containing 10 pumol of
NaCl was placed and at the other end of the channel a droplet which contained 50 pumol
was placed (Figure 2.8). In every run the droplet always chemotactically moved towards
and merged with the most concentrated NaCl source.
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Figure 2.8 Snapshots showing that the decanol droplets were attracted by the stronger NaCl

source. Reprinted with permission from [68] Copyright © 2014, American Chemical Society.
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To demonstrate stimuli-responsive chemotactic movement the group encapsulated
small NaCl salt crystals in paraffin particles which had a melting point of 42 °C. When
the paraffin particles were placed into a solution of sodium deaconate below this
temperature, no chemotactic movement was observed. However, when the area around
the wax particles was locally heated to above this temperature, the wax melted and slowly
released the salt crystals which dissolved into the aqueous system and resulted in the
chemotactic movement of the decanol droplets.

Finally the authors tested whether it was possible to carry and delivery chemical
payloads. To do this, the decanol droplets where saturated with solid iodine which
produced dark orange droplets. S-carotene was added to the nitrobenzene droplets which
produced a red colour. The nitrobenzene droplet was placed at one end of a simple maze
channel and the decanol droplet was placed at the start; once the decanol droplet
chemotactically found and merged with the nitrobenzene droplet a green colour change

was observed which indicated the iodination reaction of the S-carotene.

2.4.2 “Vehicle” Contained Surfactants

Movement of “vehicles” which contain the “fuel” surfactant is achieved by only releasing
the surfactant upon external stimulation, as opposed to having the surfactant dispersed in
the aqueous solution. This ensures that the surface tension is only modified around the
droplet upon surfactant release, resulting in self-sufficient droplets. Vehicles that use this
type of propulsion mechanism will continue to move as long as both the stimulus and the
surfactant are present in the system.

Grzybowski et al. [69] demonstrated this effect by developing smart droplets
which were capable of solving complex mazes through the triggered release of a pH
sensitive surfactant. The surfactant used was 2-hexyldecaonic acid (HDA). When the
HDA was subjected to a basic solution it was deprotonated to a more surface active form,
DA". The surfactant was contained within an oil or organic solvent such as
dichloromethane. The droplet was able to solve the maze by following a pH gradient.
This was achieved by filling the maze with a basic solution (pH 12) and placing an acidic
gel at the end of the maze, creating a pH gradient. When the droplet was placed at the
start of the maze (high pH) the surfactant diffused out of the droplet into the solution.
Since the pH was higher behind the droplet than in front of it, more DA" was generated

behind the droplet (Figure 2.9). This created a surface tension gradient around the droplet,
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which in turn generated Marangoni like flows in the solution and also within the droplet.
These flows pushed the droplet towards the area of highest surface tension, which was the
exit of the maze (location of the acidic gel). As the droplet approached the exit of the
maze it began to slow down as the concentration of DA decreased due to the lower pH of
the solution. However, as there was always a higher concentration of the DA™ behind the
droplet, the surface tension gradient was maintained, driving the droplet towards the exit

of the maze.
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Figure 2.9 Distribution of HDA and DA™ around a droplet in a pH gradient. Reprinted with
permission from ([69]). Copyright (2010) American Chemical Society.

Using the same droplet composition, self-dividing droplets were also
demonstrated [70]. These self-dividing droplets were highly pH sensitive and only
divided if placed on a highly basic solution. Actuation in this instance was very similar to
the previous example, however, in this case the uneven distribution of the DA™ caused the
droplet to spin and pull in different directions which eventually lead to droplet splitting.
An interesting application for this mechanism was cargo distribution. If cargo was placed
within the initial droplet, upon splitting it was observed that the cargo was distributed
evenly among the newly formed daughter droplets.

Lopez et al. [71] demonstrated that propulsion of a micro-boat could be achieved
by incorporating an ionogel which was soaked in ethanol, into the boat design (Figure
2.10). When placed in water, the boat moved spontaneously in random directions. When
the ionogel touched the water, ethanol molecules were expelled from the ionogel matrix
at the rear of the boat and replaced with water molecules. The large difference in surface
tension between water and ethanol caused an asymmetrical surface tension gradient
between the end and the front of the boat, causing the boat to move in a forward motion.

Lopez and co-workers explained that speed and direction of the boat was controlled by
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the size of the ionogel and stated that with larger gels speed increased while directional
control decreased. Using smaller ionogels resulted in slower boat speeds with increased

control over directional movement, probably due to release of less surfactant.
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Figure 2.10 Schematic of micro-boat which contains the ethanol soaked ionogel.

Luo et al. [72] have demonstrated surfactant driven actuation by developing a
micro-boat which contained a reservoir to hold the surfactant, namely isopropyl alcohol
(IPA). When the boat was placed on water the surfactant left the boat and interacted with
the water behind the boat, lowering the surface tension, and causing propulsion of the
boat. The boat could travel up a 94.5 cm long channel with speeds of up to 10 cm s™. The
volume of surfactant (in the boat) and the volume of water (in the channel) both
determined the speed of the boat as the propulsion force of the boat was dependent on the
concentration of the IPA. During the experiments, water from the channel would enter the
reservoir, thus reducing the concentration of the IPA, which in turn reduced the surface
tension drop and lowered the speed of the boat.

The “toy boat” mechanism by which a small cardboard boat could be propelled on
water by adding a small amount of surfactant (hand soap) to the rear of the boat [73],
inspired this type of surfactant driven synthetic vehicle. However, this effect is short lived
as the small amount of surfactant is quickly depleted and since the surfactant will remain
at the surface of the water, the surface tension will no longer be modified by
supplementary surfactant addition.

Sen et al. [63] described a novel method for vehicle movement in which the
surfactant (needed for propulsion) was produced via a chemical reaction. These vehicles
contained the polymer poly(2-ethyl cyanoacrylate) (PECA) which is an FDA approved
polymer. When placed in a basic solution (1M NaOH) PECA underwent a
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deesterification reaction, which resulted in rapid depolymerisation of pEcA producing

smaller molecules (ethanol) which were surface active (Figure 2.11).
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Figure 2.11 Mechanism for the depolymerisation of the polymer PECA. Reprinted with
permission from ([63]). Copyright (2013) American Chemical Society.

Pipette tips were used as the vehicle in this study. One end of the tip was sealed
with PDMS, which ensured that the chemical reaction could only occur at the open end of
the pipette tip (Figure 26). The ethanol produced lowered the surface tension of the
solution behind the pipette tip thus breaking the surface tension symmetry, which
produced Marangoni like flows and propelled the vehicle forward (Figure 2.12). The
vehicles in this study were capable of self-generating surface tension gradients while
unidirectional movement was assured as the chemical reaction could only occur at one
end of the tip. This type of “propulsion” mechanism also allowed for actuation in various
media such as salt solutions and artificial serum. This was achieved by coating ion
exchange beads with PECA,; the ion exchange beads actively released OH" ions which
triggered the depolymerisation of PECA, thus promoting vehicle “propulsion”. The
asymmetrical coating of the PECA again ensured that unidirectional movement was

achieved.
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Figure 2.12 Schematic of actuation of PECA loaded vehicle. Reprinted with permission from
([63]). Copyright (2013) American Chemical Society.

Ban et al. [74] have shown the self-propelled motion of oil droplets at neutral pH.
The droplet used in this study contained the surfactant di(2-ethylhexyl) phosphoric acid
(DEHPA). These droplets showed autonomous random movement due to Marangoni like
flows created from the release of the DEHPA surfactant. As the pH of the aqueous
solution was increased, the DEHPA was deprotonated, and its release form the droplet
caused a decrease in the interfacial tension between the droplet and solution. This created
circulating flow within the droplet. The motion of the droplet was maintained due to the
cycle of deprotonated DEPHA being released into the aqueous phase and protonated
DEPHA being supplied to the interface from within the droplet (Figure 2.13). Since the
movement of the droplet was dependent on the deprotonation of the DEPHA surfactant, it
was switched on and off by controlling the pH of the aqueous solution. Below pH 6 the
droplet did not move due to DEPHA not being deprotonated (and not being released).
Above pH 6 the droplets would move spontaneously. However, the movement of the
droplet was random and the direction was solely based on how the droplet was placed on

top of the solution.
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Figure 2.13 Structure of DEPHA surfactant and mechanism of movement of the oil droplet.
Movement is due to the deprotonation of the DEPHA, which results in Marangoni convection
within the droplet. This was maintained due to the replenishment of protonated DEPHA at the
droplet/liquid interface. Reprinted with permission from ([74]). Copyright (2013) American
Chemical Society.

Using the DEPHA surfactant, Ban et al. [75] demonstrated self-propelled droplets
which moved in the direction of a higher concentration of heavy metal ions. In this study,
Ban and co-workers again used an oil droplet which contained the DEPHA surfactant.
However, two stimuli were used to control the movement of the droplet. Firstly, adjusting
the pH to achieve droplet mobility and secondly creating metal ions gradients to move the
droplets in a unidirectional fashion.

The self-propelled motion of the droplets remained the same as in the previous
example. However, the movement of the droplets towards higher concentrations of metal
ions can be explained as follows; when the oil droplet was placed on a solution with a pH
above 6, the interface of the droplet was covered with negatively charged DEPHA
molecules. These negatively charged molecules served as receptors for positively charged
metal ions in the aqueous phase. When a gradient of metal ions was present in the

solution, a DEHPA-metal complex was formed at the interface. When this complex was
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released into the aqueous solution, it created a surface tension gradient around the droplet.
This caused Marangoni like flows which drove the droplet towards the area of highest
concentration of metal ions. The speed of the droplet was controlled by adjusting the pH
of the solution accordingly.

In a different approach, Florea et al. [76] demonstrated unique “photo-
chemopropulsion” mechanism for droplet movement. The lipophilic droplets in this study
were composed of the pH sensitive surfactants HDA and Chromoionophore | (Cl) in
DCM. Within the droplet, the weak acid HDA was deprotonated to DA™ through
interactions with the weak base Cl, which resulted in production of CI-H*, a very efficient
cationic surfactant. This surfactant associated with the DA™ to form the salt [CI-H*][DA].
The term photo-chemopropulsion was used as the release of the surfactant CI-H* was
controlled by altering the pH of the aqueous solution using a white light source. When the
pH of the solution on which the droplet was resting was lowered below the pK; of the
DA, the CI-H" surfactant was released from the droplet into the aqueous solution (Figure
2.14). Once released, the surfactant altered the surface tension symmetry around the
droplet and created Marangoni like flows which drove the droplet away from the light
source. The authors stated that the rate of the pH change can be controlled by the light

intensity, producing droplet unidirectional movement with speeds up to 4000 pm s™.
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Figure 2.14 Photo-chemopropulsion of a micro droplet which is resting on an aqueous solution
containing the photochromic molecule, spiropyran. A — depicts the droplet before white light
irradiation and B — depicts the droplet after white light irradiation. After the introduction of the

light source, the cationic surfactant CI-H" is released, breaking the surface tension symmetry of
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the solution around the droplet and creating Marangoni like flows which drive the droplet away

from the white light source. Reproduced from [76].

Florea and co-workers were able to control the pH of the aqueous solution by
using an acidic photocromic molecule, namely a sulfonic acid spiropyran derivative (SP-
SO3H). Dissolution of SP-SO3H in the aqueous solution resulted in the dissociation of the
sulfonic acid and the ring opening of the SP to form an equilibrium mixture of two
merocyanine (MC) forms, protonated merocyanine (MCH™-SO3) which is the
predominant form, and deprotonated merocyanine (MC-SOj3). When the white light
source was introduced, the MC-SO; and MCH'-SO5; were converted back to the
spiropyran sulfonate (SP-SO3) form, releasing a proton (H") in the process (Figure 2.15).
This in turn caused the pH of the aqueous solution to drop from about pH 5 to around pH
3.4. Therefore, the authors were able to precisely control the pH (5.0 to 3.4) of a specific
area of the solution, causing on demand surfactant release from the droplet to the aqueous
solution. Using this method Florea and co-workers were able to achieve contactless

control of the speed and directional movement of the droplet using only a white light

source.
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Figure 2.15 Structural change of the SP-SO;H photochromic molecule when dissolved in an

aqueous solution under different illumination conditions. Reproduced from [76].

Another system in which the surfactant is contained within the “vehicle” is based on Ionic
liquids. Francis et al [77] demonstrate the chemotactic movement of ionic liquid droplets,
specifically droplets of trihexyl(tetradecyl)phosphonium chloride ([Peg6614][CIl]). These

ionic liquids were designed to move across the air/liquid interface and the motion was
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controlled by the triggered release of the [Pee614]", Which is a very efficient cationic

surfactant and a constituent of the IL droplet (Figure 2.16).

@ (P .:][Cl] Droplet

B HCl 102 M

e CI

Figure 2.16 Diagram showing composition and relative solubility of [Pss614][CI] in solutions of
10 M NaOH and 10 M HCI. Reproduced from [77].

When the surfactant diffuses from the droplet into the aqueous phase it resulted in
a drop of the local surface tension. The rate at which the surfactant was released depended
on the solubility of the closely associated counter ion within the IL, in this case CI". Any
transfer of the CI” ion must be balanced by an equivalent transfer of [Peg614]" in order to
maintain overall charge neutrality within the droplet. The rate of release of CI” was, in
turn, dependent on the local aqueous CI° concentration at the IL/aqueous boundary.
Therefore, when a droplet of [Ps6614][Cl] was placed onto a aqueous solution, which had
an imposed CI” concentration gradient, there was a differential release of [Pgg14]" from
the droplet into the aqueous solution. This resulted in the formation of an asymmetric
surface tension gradient around the droplet, generating Marangoni like flows and driving

the droplet from areas of low surface tension to high surface tension (Figure 2.17).
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Figure 2.17 Schematic representation showing the chemotactic movement of lonic liquid droplets
in open fluidic channels (left) and sequence of video frames showing the chemotactic movement of
multiple lonic liquid droplets in an open fluidic channel (right). A— Depicts the creation of CI’
gradient, the channels were initially filled with a solution of 102 M NaOH, at the desired
destination a few drops of a 10 M solution of HCI was placed. B— Shows the initial placement of
the lonic liquid droplet(s). C — The droplet(s) are propelled towards the highest area of surface
tension. D — The droplet arrives at the desired destination. Reproduced from [77].

In this study Francis and coworkers demonstrated multiple ways to generate the
required CI™ gradients, however, the generated gradients are short lived and quickly come
to equilibrium. This means the droplets can only be moved to a single destination for a
limited period of time unless a mechanism for dynamic creation of local gradients is
employed.

Francis et al. [78] have recently reported electrotactic ionic liquid droplets, in
which the mechanism for movement of these droplets remains the same as the previous
example, but the CI" gradients required for droplet movement are electrochemically
generated using 3D printed electrodes embedded within the fluidic channels. In this
paper, droplets of [Ps6614][Cl] were electrotactically moved across the air/liquid interface
of 10 M NaCl electrolyte solutions. When an external electric field was applied across
an electrolyte solution, the mobile ions migrated towards their respective electrodes; i.e.
anions towards the anode and cations towards the cathode, creating a CI” concentration
gradient along the channel. When a voltage was applied, a droplet of [Ps¢614][Cl] placed
at the cathode asymmetrically released [Pgg614]" and autonomously moved towards the
anode. Upon reversing the polarity of the electrodes, the gradient was also reversed and
hence droplet movement could be reversed. In addition to this, the droplets could be
steered into side channels at junctions, by polarizing appropriate electrode pairs (Figure
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2.18). Electrotactic movement of the droplets allowed concentration gradients to be
established and varied dynamically, and maintained for longer periods of time. This in
turn enabled flexible control of microdroplet movement, introducing the ability to control
the speed (depends on applied voltage), reversibility, and redirection into side channels.

Figure 2.18 Sequence of snapshots showing the electrotactic movement of an lonic liquid droplet.
The channels are filled with a 10 M solution of NaCl and a potential difference of 9 V is applied
across selected electrodes A — The droplet is introduced B — D The droplet is propelled from
cathode (3) to anode (1). E — The polarity of electrodes (3) and (1) is reversed and the droplet
begins to move to electrode (3). F — As the droplet approaches the junction, the potential
difference is applied between electrodes (2) and (4) and removed from electrodes (3) and (1). The
droplet then begins to migrate toward anode (2). G — Upon arriving at anode (2) the polarity of
electrode (2) and (4) is reversed and the droplet moves towards the new anode (4). H — Upon
arriving at anode (4) the potential is again reversed and using a similar method to sequence F the
droplet is returned to the starting position. I — L shows the process repeated in the same run.
Reproduced from [78] , © 2016 Elsevier B.V. All rights reserved.
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Actuation of micro “vehicles” through localized changes in surface tension offers
unique unidirectional control. However, there are still many challenges to face, such as
moving the “vehicle” to defined specific areas within fluidic channels. Ideally, the
vehicles should be controlled in a contactless manner, they should move spontaneously
and require as little energy input as possible to achieve actuation. There is currently a
movement towards tactic, functional and reactive droplets. This can be achieved by
looking to nature for inspiration and many groups are reporting droplets which have
biomimetic qualities, such as acting as vessels for chemical reactions [79] , droplets with
functional lipid bilayers [80,81], droplets which can mimic DNA transcription and
translation [82] and even droplets which show self-reproduction [83].

Li Sheng and Kensuke Kurihara [83], for example, report a novel vesicle-
formation system. In this autocatalytic system octylaniline oil droplets act as a scaffold to
produce vesicles by direct addition of a water-soluble catalytic aldehyde to form self-
reproducing oil droplets. These droplets can then be transformed into giant vesicles via a
further addition of a hydrophilic membrane precursor. In the study the catalytic aldehyde
and octylaniline are combined together as an oil phase and dispersed in an aqueous
solution as oil droplets. A condensation reaction between octylaniline and the catalytic
aldehyde produces a catalytic imine, which further catalyzes the condensation reaction
(Figure 33). Since this new catalytic imine is amphiphilic, its production resulted in more
octylaniline being incorporated into the droplets from the aqueous phase, which in turn

resulted in further reactions between the two precursors to produce more catalytic imine.
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Octylaniline Catalytic aldehyde Catalytic imine

Figure 2.19 Condensation reaction between octylaniline and the catalytic aldehyde which
produces a catalytic imine. Reproduced from [83] with permission from The Royal Society of

Chemistry.

During the reaction the oil droplets began to increase in size until they reached a
certain size threshold (5 — 25 um), at this point they began to divide to produce smaller
droplets (1 — 5 um). This repeated growth and division indicated that in their system, the
droplets maintained their composition and continued to produce the catalytic imine even

after the division process (Figure 2.20).
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Figure 2.20 Schematic of the self-reproducing oil droplets. Reproduced from [83] with
permission from The Royal Society of Chemistry.

Introduction of a hydrophilic membrane precursor into the system resulted in the
formation of tubular giant vesicles (length of 50 um). In the presence of the catalytic
aldehyde, the octylaniline reacted with the hydrophilic membrane precursor to form

vesicular membrane molecule (Figure 2.21).
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Figure 2.21 Reaction between octylaniline and the membrane precursor which produces the

vesicular membrane molecule. Reproduced from [83] with permission from The Royal Society of

Chemistry.

This reaction occurs initially in the aqueous phase, and according to Sheng this
reaction may be also be capable of self-reproducing. The vesicular membrane molecules
are then taken up by the oil droplets and slowly replace the octylaniline molecules. This
replacement results in the transformation of the oil droplets into tubular and spherical

giant vesicles. This study is of great interest as these droplets have begun to mimic
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primitive metabolic activity and also shows signs of early evolution of the droplets into

larger more robust vesicles.

2.5 Conclusions and Outlook

We believe that the use of stimuli-responsive materials in microfluidics forms the core of
autonomous microfluidic-based analytical devices, which are of considerably lower cost
compared to their etched silicon (glass) counterparts, more biomimetic in nature and offer
increased adaptability. Although this chapter is focused on the use of stimuli-responsive
materials for fluid movement at the microscale, it gives the reader an insight into how the
incorporation of such materials into microfluidics can allow for additional tasks beyond
the transport of reagents or samples.

In living organisms, the fluidics system (e.g. cardiovascular system) performs
multiple complex functions (e.g. sensing, detection, repair, waste removal, pH and
temperature stabilization) in addition to the transport of fluids. Such characteristics of
biological systems could be transferred into microfluidics through the creative use of
adaptive materials and chemistries, to enable fundamental breakthroughs in chem/bio-
sensing device performance. However, the future of biomimetic microfluidics relies on
convincing demonstrators and their application in real scenarios where advanced
functions such as autonomous fluid handling, sensing, detection and repair of damage,

self-management and healing, could be demonstrated.
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3.1 Abstract

“Lab-on-a-Chip” (LOC) and microfluidics enable the manipulation of fluids at small
length scales (from micrometers to millimeters). These systems often have well-defined
fabrication processes and are capable of integrating multiple functional elements, to
provide complete sample-in/answer-out systems. Nevertheless, the development of fully
integrated microfluidic devices still faces some considerable obstacles, including fluidic
control, miniaturisation and high costs.

Due to their unique properties, ionic liquids have arisen as smart solutions to
circumvent some of the hurdles facing current LOC technologies. They can directly
benefit microfluidic devices by aiding miniaturised fabrication and passive microfluidic
elements for fluid control, sensing and sample storage. Improved chemical reactions and
separation, in addition to power generation, temperature control, and electrowetting show
potential for reducing manufacturing costs and widening market possibilities.

In this chapter we will look over and discuss the fundamental applications of ionic

liquids within microfluidic systems.

3.2 Introduction

lonic liquids are drawing an increasing interest both in academia and in industry as
confirmed by the growing number of publications and patents in the area [1,2]. lonic
liquids (ILs) are salts, completely constituted of ions with melting temperatures below
100 °C, which is a result of their low-charge density and low symmetry ions [1,3-5]. ILs
are categorised as ‘‘green’’ solvents since they are, potentially, green alternatives to
volatile organic compounds due to mainly their two outstanding properties: negligible
volatility and conventional non-flammability [4-7]. Their unique properties are not
limited to non-volatility and non-flammability; they have an excellent solvation ability for
organic, inorganic and organometallic compounds with improved selectivity, high
thermal stability (decomposition temperatures around 300-500 °C), high chemical
stabilities (extremely redox robust), and lastly, high ionic conductivity all of which highly
extends the variety of their applications [1-3,8-15]. Nevertheless, other properties, such as
biodegradability and toxicity are not yet successfully overtaken, and they should be
considered in ILs applications [7].
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One of the main advantages concerning the applicability of ILs is the ability to
tailor their physical and chemical properties (such as their polarities and affinities, their
thermo-physical properties, biodegradation ability or toxicological features, as well as
their hydrophobicity and solution behaviour) by a proper manipulation of the cation/anion
chemical structure [16-21]. This feature gives them the name of ‘designer solvent’ and
favours their use, particularly in the extraction, separation and analysis of value-added
compounds from biomass [1-3,21,22]. Moreover, these tuneable properties are enabling
rapid advances in devices and processes for the production, storage and efficient use of
energy [1,23].

In many applications, the immobilisation of ILs in a solid or semisolid substrate,
while keeping their specific properties, is a main requirement in order to generate useful
devices. This is possible by the introduction of a new class of hybrid materials, ionogels.
lonogels preserve the important properties of the ILs (liquid-like dynamics and ion
mobility) in a solid or a gel like structure, enabling easy shaping, manipulation and
integration, increasing remarkably the potential application of ILs in fundamental areas
such as energy, environment and analysis [24,25].

In recent years, researchers started to make use of the exceptional features of ILs
and ionogels in the microfluidics area and many papers which include the incorporation
of ILs materials in microfluidic systems have been published. “Lab-on-a-Chip” (LOC) /
“micro-Total Analysis Systems”(WTAS) or microfluidic (continuous flow, microarray and
droplet-based) analysis systems empower the manipulation of fluids at small scales (from
a few micrometers up to a millimetre) and small volumes (nL to pL). Microfluidic
devices run a series of fluidic unit operations on a platform which is designed with a well-
defined fabrication technology and provide a consistent approach for miniaturisation,
integration, automation and parallelisation of bio-chemical processes [26,27]. They have
the greatest capability of integration of multiple functional elements into a small structure
to produce absolute sample-infanswer-out systems [26]. The incorporation of
functionalities such liquid handling, temperature control and detection components for
sensing allows fast analysis and improves selectivity compared to conventional devices
[26,27]. Nevertheless, the development of fully integrated microfluidic devices is still
facing some compelling obstacles, including fluidic control, miniaturisation and high
costs [26,28]. Considering the critical requirement of fluid control and fluid transport
processes and high detection performance within these platforms, microfluidic devices
have adopted a wide range of passively or actively controlled, high performance
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components, such as microfluidic separators, actuators (valves and pumps), reactors,
sample/biomolecule storage, sensing elements which are although sophisticated and
achieve their tasks efficiently, are as well costly, highly increasing the price and so
decreasing the final market possibilities of microfluidic devices.

lonic liquids have excellent properties that could be used to improve microfluidic
devices, since they are low-cost, easily obtainable materials. Their features make them
very good and multifunctional candidates for improving the capabilities of microfluidic
devices by building miniaturised / passive microfluidic elements for fluid control,
sensing, sample storage, microfluidic separation, microreactors (nanoparticle synthesis),
power generators, temperature controllers, electrowetting of surface, etc. whereas
decreasing the manufacturing costs compared with conventional devices and widens the
market possibilities. In this chapter we will look over the fundamental applications of
ionic liquids within microfluidic devices. We will summarise ILs integration in

microfluidic devices, Table 3.1, as well as their reported applications in Lab-on-a Chip

devices and systems.

Table 3.1 lonic liquid names and abbreviations.

lonic liquid name

Abbreviation

triisobutyl(methyl) phosphonium tosylate [P14.4.4][TOS]
tetrabutylphosphonium dicyanamide [P4.4.4.4][DCA]
trihexyltetradecyl phosphonium dicyanamide [Ps6.6.14][DCA]
trihexyltetradecyl phosphonium bis(trifluoromethanesulfonyl) imide [Ps.6.6.14] [NtF;]
trihexyltetradecyl phosphonium dodecylbenzenesulfonate [Ps6.6.14][DBSA]
trihexyltetradecyl phosphonium chloride [Pe6.6.14][Cl]

1-Methyl-3-octylimidazolium tetrafluoroborate

[OMIM][BF,]

1-ethyl-3-methyliidazolium methyl sulphate

[EMIM][MeSO,]

1-ethyl-3-methyl imidazolium ethyl sulfate

[EMIM][ELSO,]

1-butyl-3-methylimidazolium hydrogen sulphate

[BMIM][HSO.]

1-ethyl-3-methyl imidazolium tetrafluoroborate

[EMIM][BF.]

1-ethyl-3-methylimidazolium dicyanamide

[EMIM][DCA]

1-Butyl-3-methylimidazolium tetrafluoroborate

[BMIM][BF.]

1-Butyl-3-methylimidazolium hexafluorophosphate

[BMIM][PF]

1-Butyl-3-methylimidazolium dodecanesulfonate

[BMIM][DoS]

1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide

[BMIM][NTT,]

1-Hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide

[HMIM][NTF,]

1-Buty1-butyl-4-methylpyridinum tetrafluoroborate

[BMPY][BF,]

3.3 lonic Liquids for Actuators
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In 2007 Sugiura et. al [29] proposed photo-responsive microfluidic hydrogel valves by
copolymerising N-isopropylacrylamide (NiPAAm) with a photochromic acrylic
benzospiropyran ester (BSP) moiety. Prior to photo-polymerisation, the cocktail mixture
of the monomer and the photochromic unit was dissolved in 1-butanol, together with a
UV initiator and crosslinker. The photoresponse mechanism of these hydrogels comes as
a result of the benzospiropyran moiety present in the copolymer matrix. When the
copolymer had been kept in the dark and exposed to an aqueous solution of HCI, the
benzospiropyran moiety protonates, changing its conformation to the protonated
merocyanine form. When in this conformation, the presence of charges on its backbone
contributes to it being more hydrophilic than the closed benzospiropyran conformation.
Thus, it absorbs more water and, by irradiating it with white light, it can be reversed to
the more hydrophobic benzospiropyran form, together with the release of water. The
authors have shown that valves obtained from this material can perform, if preconditioned
overnight in acidic conditions, to open and stop the flow inside a poly(dimethyl siloxane)
(PDMS) microfluidic device.

Building on this work, Benito-Lopez et. al. [30] synthesised photo-responsive
ionogel valves in microfluidic channels by copolymerising NiPAAm and BSP using a
mixture of 1-butanol and phosphonium ionic liquids as the solvent. Four different ILs
were used, namely triisobutyl(methyl) phosphonium tosylate ([P1444][T0S]),
trihexyltetradecyl phosphonium dicyanamide ([Psg614][DCA]), trihexyltetradecyl
phosphonium bis(trifluoromethanesulfonyl) imide ([Ps6,6,14][Ntf2]), and trihexyltetradecyl
phosphonium dodecylbenzenesulfonate ([Ps6614][DBSA]), respectively. The resulting
crosslinked polymers were left to swell in 1 mM HCI solution for 2 h to reach their
maximum swelling capabilities. Following this, they were irradiated with a white light
LED until they shrank to their minimum size. In all cases, the time needed for this
operation was 100 s. The hydrogel which exhibited maximum shrinking was the control
hydrogel, followed by the [Pggs614][DCA], [P1444][T0S], [Psss614][DBSA], and
[Ps.6.6,14][Ntf2], respectively. Following this, the monomer mixtures were polymerised in
microfluidic devices that featured inlet ports connected to five micro-channels which
converged into a single microchannel with an outlet port. In each of the five micro-
channels there was a circular reservoir with a diameter of 500 um and a height of 175 pm
where the monomer mixtures were photopolymerised. The micro-channels were 500 um
in width and 50 pum in height. After photopolymerisation, the microfluidic device was
flushed with 1 mM HCI to swell the hydrogels. After the hydrogels were swollen and
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were blocking the channels, a vacuum was applied to the outlet to facilitate the flow and
water containing different coloured dyes was placed at each of the inlets. The valves were
actuated using a white light LED with a power output of 1 mW-cm™. Actuation times
were 2 s for the control hydrogel, 4 s for the [Ps614][DCA], 18s for the [P1444][T0S], 44
s for the [Ps6614][DBSA], and 49 s for the [Pgg6,14][Ntf2] ionogel, respectively (Figure
3.1). This example shows that through the incorporation of different ionic liquids of
varying hydrophilic/hydrophobic character, inside ionogel matrices, actuation times can
be modulated on demand. The time for the hydrogels to revert back to their original size
is approximately 30 min, which lead the researchers to conclude that this type of valve

would be best suited for single-use devices.

-
Vacuum pump LED... 5inlets
( ) (with colour-dyes)

Figure 3.1 Image of the microfluidic manifold showing the performance of the ionogel
microfluidic valves: (a) all microvalves are closed under the applied vacuum. White light is
applied for the time specified in each picture (b) Hydrogel (no IL present) valve is first to actuate
followed by ionogels incorporating [DCA]- (c), [Tos]- (d), [DBSA]- (e), [NTf2]- (f). Numbers and
arrows indicate when the channel is filled with the dye due to microvalve actuation. Reproduced
from Benito-Lopez et al. [30] with permission from The Royal Society of Chemistry.

A more comprehensive study of such photo-responsive ionogel materials was later
performed by Czugala et. al [31] who studied the photo-responsive behaviour of
pNiPAAmM-co-BSP ionogels made using phosphonium ILs as solvents. Three different
phosphonium ILs were chosen for this study: trihexyltetradecyl phosphonium chloride
[Ps.6.614][Cl], [Ps6614][DCA] and [Ps 6614][Ntf2], respectively, and ionogel actuators were
photo-polymerised in four different shapes of varying surface area to volume ratios
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(SA/V): rings, 250 um discs, 500 um discs, and lines, respectively. Their change in size
was determined by the change in height, as measured using digital microscopy. By
measuring the amount of hydration for each ionogel shape, it was determined that the
[Ps.6614][Ntf2] swelled the most, at a value of 109-180 % of the initial gel height (right
after photo-polymerisation), followed by [Ps¢614][DCA] ionogels (40-58 %), and lastly
the [Ps6614]Cl ionogels (20-27 %). Following this, the shrinking behaviour of the
ionogels was analysed and it was determined that after 30 min of white light irradiation,
the [Ps6614][Ntf2] ionogels shrunk by 108 %, 15% of their initial height, followed by the
[Pe6.6.14][DCA] ionogels shrunk by 42 %, reaching also 15 % of their initial height, while
the [Ps,614]Cl ionogels shrunk only by 16 %, reaching 4 % of their initial height (Figure
3.2). The kinetics of the swelling and shrinking behaviours were also determined and in
each case the [Pg 6 6,14] [Ntf2] ionogels exhibited the highest rates of swelling and shrinking
at (5.3 + 0.1)-102 s and (29 + 4)-107 s, followed by [Pe614][DCA] at (4.5 + 0.3)-10% s
and (8.3 £ 0.9)-107 s, and [Pe6,614]Cl at (3.9 + 0.2)-10? s and (9 + 2)-102 s, respectively.
The high swelling and shrinking values attributed to the [Ps¢614][Ntf2] are believed to
stem from the fact that this ionic liquid possesses a highly delocalised charge on the S-N-
S backbone of the Ntf, anion, which makes it interact less with the charged moieties of
the polymer. This leads to more freedom for the polymer backbone to interact with the
hydration medium. In the case of the [Pss6.14][Cl], this effect is inhibited by the localised
charge on the chloride ion, thus associating more strongly to the polymer backbone. The
[Pe6.6.14][DCA] ionogels would have an intermediate behaviour between these two states.
Based on these results, the [Pegs614][Ntf,] ionogels were incorporated in a glass-
poly(dimethyl siloxane) microfluidic device as light actuated valves. Using a fiber optic
to irradiate with white light, the ionogel valve opened after 180 s, allowing liquid to pass
through the microfluidic channel [31].
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Figure 3.2 Microscope images of ionogel discs made of: (a) [P6,6,6,14][NTf2], (b)
[Pes6.14][DCA] and (c) [Pesss614][Cl] after photopolymerisation (left); swelling in 1mM HCI
solution for 2h (middle) and shrinking upon white light irradiation (right). Reproduced from
Czugala et. al [31]. Copyright © 2014 Elsevier B.V. All rights reserved.

An application of these materials was demonstrated by Czugala et. al [32] by
using the [Pe66,14][DCA] ionogels as photo-responsive valves in a microfluidic analysis
platform for the detection of nitrite anions in water. The nitrite assay was done using the
Griess reagent and the change in colour was determined using a Paired Emitter Detector
Diode (PEDD) arrangement integrated in the microfluidic holder. The emitter diode has a
wavelength of 540 nm, while the detector diode has its maximum absorption at 660 nm.
Part of the light produced by the emitter diode is absorbed by the Griess-nitrite complex,
which has its maximum absorption at 547 nm, while the rest reaches the detector diode
and is transformed into a photo current. The amount of photo current generated is
proportional to the concentration of nitrite within the sample. By connecting the PEDD
setup to a microcontroller fitted with a wireless radio antenna, the data was sent to a PC,
where it was stored and analysed. The monomer mixture was photopolymerised using UV
light in a circular reservoir with a radius of 500 um and a height of 225 um. The reservoir
sat at the junction of a Y-shaped microchannel that separated the sample from the Griess
reagent (Figure 3.3a). To operate the valve, the microchannel was filled with 1 mM HCI
and left to swell for 2h in the dark. The opening of the valve was performed with
irradiation from a white light LED that was also mounted on the microfluidic device
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holder. By irradiating with a power of 1 mW-cm, the ionogel valve opened after 30 + 5 s
(n=3) (Figure 3.3b) and was operated at a pressure of 25 mbar; pressures higher than 31
+ 4 mbar (n=3) deformed the materials and the valves failed. After the ionogel shrunk, the
reagent mixture was pumped through the microchannel where it mixed and moved to the
detection area for analysis. The calibration curve was made using concentrations of nitrite
from 0.2 mg-L™ to 1.2 mg-L?, in 0.2 mg-L™" steps and performed in triplicate. This
yielded a R? value of 0.98, a level of detection (LOD) of 34.0 + 0.1 pg-L™ and a level of
quantification (LOQ) of 115 + 3 ug-L™, compared to a R? value of 0.99, LOD value of
1.50 + 0.02 pg-L?, and a LOQ of 14.8 + 0.2 pg-L™ for a UV-Vis spectrophotometer. The
results obtained for the microfluidic platform are lower than the detection limits set by the
World Health Organisation. Following this, freshwater samples from the Tolka River in
Dublin, Ireland were analysed with both the portable platform and the UV-Vis
spectrometer. The close nature of both sets of results proved the suitability of such a

microfluidic device and detector for the accurate monitoring of nitrates in real-life

samples.
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Figure 3.3 Picture of the microfluidic device fabricated in PMMA: PSA polymer by CO, laser
ablation (left). Schematic (top) and images (bottom) of the photoresponsive microvalve in closed
(middle) and opened (right) state. Reproduced from Czugala et. al [32]. Copyright © 2013

Elsevier B.V. All rights reserved.

Thermo-responsive actuation was also proposed for micro-valves fabricated using
poly(N-isopropylacrylamide) polymer (pNiPAAmM) gels [33]. To synthesise these
materials, all the components for the monomer mixture were dissolved in 1-ethyl-3-
methyl imidazolium ethyl sulfate [EMIM][EtSO,]. The addition of this IL, as

demonstrated prior by Gallagher et. al, [34] improves the swelling and shrinking
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capabilities of the pNIPAAmM materials, together with lowering the LCST. The
microfluidic devices in this study were fabricated using a cutting plotter to cut 100 pm
thick layers of cyclic olefin polymer (COP) and thermally bonded, to obtain and
microfluidic device with a total area of 1 mm? and a total maximum thickness of 1 mm.
The resulting microfluidic devices possessed a circular reservoir, which was filled with
the monomeric mixture and photopolymerised using UV light. Following this, the
resulting microfluidic devices were mounted in a microfluidic holder with an
incorporated heating element which could thermally actuate the ionogel valve. The
characterisation of the ionogel valves was performed by connecting the inlet of the
microfluidic device to a syringe pump with a set flow rate of 1000 nL-min™, while the
outlet was connected to a flow micro-sensor. Using this experimental setup, the failure
pressure of the valves was determined to be 1100 + 100 mbar (n = 5) and they
successfully operated at 200 mbar after being exposed to pressures higher than 1100
mbar. Setting the heating element of the microfluidic holder at a temperature higher than
50 °C, the valves opened 4 + 1s (n = 5), after the temperature of the ionogel passed its
LCST. Recovery was achieved in 32 + 2s (n = 5), after the temperature dropped below
the LCST of the ionogel valves (Figure 3.4). Furthermore, after 10 repetitions, there was
no discernable drop in valve performance, showing the potential of these materials as

cost-effective reversible valves.
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Figure 3.4 Flow profile during three full actuation cycles (left) and photo of the microfluidic
device containing the thermo-actuated valve and the microfluidic holder with integrated heaters
at the bottom. High flow spikes are due to the stabilisation of the microflow sensor after opening
of the valve. Reproduced from Benito-Lopez et. al [33] with permission from The Royal Society of

Chemistry.
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Electro-actuation of IL based micro-valves has also been studied. Ghamsari et. al
[35] demonstrated the use of bulky gels based on the 1-ethyl-3-methyl imidazolium
tetrafluoroborate ionic liquid ([EMIM][BF,]), poly(vinylidene fluoride) (PVDF), and
single-walled carbon nanotubes (SWCNT), respectively, as low-voltage micro-valve
actuators. Bucky gels are gel-like mixtures of carbon nanotubes and ILs which benefit
from both the high electrical conductivity associated with carbon nanotubes and the
properties of ILs, such as high temperature and electrochemical stability. Bucky gel
actuators (BGA) are composite materials which feature a polymer electrolyte core, in this
case an ionogel of [EMIM][BF,] and PVDF, inserted between two layers of electrodes
made out of bulky gels. Applying voltage to this composite will make it bend in the
direction of the applied voltage (Figure 3.5a and b). The electrode components
composite was made by mixing all the aforementioned constituents with
dimethylacetamide (DMAC) in a ball mill until a black gel mass was obtained. The
resulting gel was cast in PDMS moulds and dried until all the DMAC had evaporated.
The ionogel layer was fabricated in the same way, without the addition of SWCNT to the
constituent mixture. The resulting layers were then hot-pressed together and covered in a
layer of PDMS to increase the adhesion of the resulting BGA to the walls of the
microfluidic device, which would ensure better sealing during operation. The actuation
properties of the BGA are dependent on the total thickness of the device and on the ratio
between the electrolyte layers. Three devices were tested to determine which generates
the maximum amount of force by application of a voltage sweep between 4 and 10 V.
The devices had thicknesses of 281.9 (BGAL), 322.6 (BGA2), and 393.7 (BGA3), and
thickness ratios of 0.73, 1.20, and 0.87, respectively. The results indicated that BGA3
generated a force of 80 mN, which was the highest generated force of the three BGAs.
BGAL and BGA2 generated forces of 38 and 41 mN, respectively. By enclosing the
BGAs in a PDMS layer, the forces generated when a voltage is applied are increased
between 14 to 23 %. Taking into account that the BGAs will be used in an agueous
medium, a voltage sweep between 2 and 10 V confirmed that there are no bubbles formed
due to the hydrolysis. All three BGAs were fitted to microfluidic devices to cover an inlet
channel that was fabricated from a tube (Figure 3.5¢c and d). The tests consisted of using
three different operating voltages, namely 5, 8 and 10 V and six different frequencies:
250, 125, 100, 50, 25, and 0 mHz respectively. For all the BGAs, the results indicated that
the higher the voltages and the lower the frequency, the better they are suited for use as
microfluidic valves. The best results were obtained at 10 V and 0 mHz, at which the flow
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rate was reduced by 93 %. In all experiments, a leakage flow was present, which led the
researchers to determine that the design of the device can be improved to minimise the

reoccurrence of this phenomenon.
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Figure 3.5 (a) BGA bending motion as a result of ion transfer between layers; direction of
bending can be reversed by changing the polarity of the applied potential; (b) BGA strip bended
(10 V, 0.1 Hcolor); (c) Base part and (d) 3D view of the flow regulator assembly. Reprinted with

permission from Ghamsari et. al [35]. Copyright 2013 American Chemical Society.

3.4 lonic Liquids for Sensing

The use of ionic liquids (ILs) for sensing in microfluidic devices continues to gain
traction, owed primarily to the ability of these materials to offer a matrix which is capable
of responding to chemical and physical stimuli. The wide electrochemical windows, high
conductivity, propensity to stabilise enzymes and liquid state at room temperature have
carved a particular niche for these exciting new materials in the field of sensing chemical
and physical changes [37]. Their ability to immobilise molecules for use in pH analysis,
catalysis and electrochemistry have also brought additional application as biomolecular
sensors [38].

The serendipitous growth of point-of-care (POC) technologies, in particular
through organic electronics, has buttressed the development of these compounds with a
tangible need for efficient protein solubilisation in specific pH and temperature ranges.
One such example, by Yang et al. [39] shows recent inroads being made in the field of
Organic Electrochemical transistors (OECTSs), which have found application in the

sensing of ions and antibodies. These simple transistors operate through migration of ions
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from an electrolyte into a semiconductor, which is often fabricated from a doped polymer,
such as poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) (PEDOT :
PSS). By using redox enzymes, such as glucose oxidase in Phosphate Buffer Solution
(PBS), it has been possible to achieve micromolar limits of detection [39]. Recent
endeavours to use RTILs as a suitable replacement for aqueous electrolytes has brought
Yang et al. to an IL, namely triisobutyl-(methyl)-phosphonium tosylate [Py 444][T0S], for
the fabrication of a new generation of OECTSs (Figure 3.6). The hydrophilic nature of the
IL, attributed to the tosylate anion, ensures that when patterned over the active area of the
OECT, the material subsequently acts as a reservoir for the enzyme and mediator. Upon
mixing, the mediator (ferrocene in this case) dissolves, while the enzyme remains
dispersed. The presence of this dispersion can have a positive impact on the lifetime of
the device by inhibiting a change in the secondary enzyme structure [40]. Figure 3.6c
shows that the analyte, in this case a glucose solution forms directly over the area pre-
defined by tridecafluoro-1,1,2,2-tetra-hydrooctyl trichlorosilane (FOTS) template. The
device, which operates in the 107-10 M range, well within within clinical ranges found
in the blood (2-30 mM) and saliva (0.008-0.21 mM) [41] shows great potential for use as

a low cost, disposable, POC device.
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Figure 3.6 (a) Chemical structure of [Py,4,4,4] [T0S]. (b) Schematic of the OECT. (c) Image of the
OECT with a drop of glucose solution added. Reproduced from Yang et al. [39] with permission

from The Royal Society of Chemistry.

This work has also been developed to sense for other clinically relevant analytes,
such as lactate, through incorporation of lactate oxidase (LOx) into an OECT device [42].
In this instance a flexible ionogel based NIPAAmM, N,N-methylene-bis(acrylamide)
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(MBAAM) and [EMIM][EtSO4] incorporating the LOx enzyme was polymerised on the
OECT device. As in the case for the glucose sensor, introduction of the specific analyte
(in this case lactate), results in an increase in the drain current, which can be directly
correlated to lactate concentration, as seen in Figure 3.7a and b shows a prototype
fabricated from parylene worn on the forearm. [43] Such a flexible prototype, coupled
with detection levels suitable for use in the clinical range, prove extremely exciting
potential in the fields of sport science and patient care. The conformability of an ionogel
incorporated into the OECT device, offers a flexibility not previously possible with more

rigid conjugated polymers.
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Figure 3.7 a) Normalised response vs. lactate concentration for the OECT and b) Flexible OECT
on the forearm. Adapted from Khodagholy et al. [43] with permission from The Royal Society of
Chemistry.

A true understanding of the effect that ILs have on enzymes, has recently been
developed by Curto et al. [44], in particular for choline-based ILs containing LOXx
enzyme. They conclude that hydrated ILs can provide the necessary hydrogen bonding
for necessary stabilisation of proteins, in addition to controlling the proton buffering
within the medium. Interestingly, when stored in choline chloride, over a 140 day period
at 5 °C, 80 % of the initial activity of LOx.

In a similar fashion to the immobilisation of enzymes, ionic liquids can also be
used to stabilise other sensing molecules such as dyes. Through ion-pair interactions, a
charged dye molecule can be held in the IL or ionogel matrix without leaching. Czugala
et al. have developed a direct application of such a system, through the use of a
centrifugal disc with functionalised ionogel sensing areas [45]. The ionogel, based on
poly(N-isopropyl-acrylamide) and N,N’-methylene-bis(acrylamide) and shown Figure
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3.8a is used to entrap the ionic liquid, tetrabutylphosphonium dicyanamide
[P44.44][DCA], and the dye molecule, bromocresol purple (BCP), shown in Figure 3.8(b)
and (c), respectively. Photopolymerisation yielded an ionogel, which responds to a
variation in pH with the colour change shown in Figure 3.8.
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Figure 3.8 Chemical structures of A) N-Isopropyl-acrylamide and N,N-methylene-bis(acrylamide)

C4Hg

crosslinked polymer; (B) ionic liquid tetrabutylphosphonium dicyanamide [P4,4,4,4] [DCA] and
(C) Bromocresol Purple, showing colour changes in acidic and basic environments. Reproduced
from Czugala et al. [45] with permission from The Royal Society of Chemistry.

By development of a light emitting diode (LED) based detector it is possible to
generate a colorimetric assay. Optimisation of the concentration of BCP concluded with a
6x10 M concentration which was used to generate calibration curves across a range of
pH values, as shown in Figure 3.9. Moreover, through incorporation of these ionogel
materials into a centrifugal disc device, it was possible to include a full colorimetric assay

in a CD platform.
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Figure 3.9 (a) Calibration curve of the sensing area of the microfluidic device using pH buffer
solutions; (b) Image of the CD platform with the sensing area. Reproduced from Czugala et al.

[45] with permission from The Royal Society of Chemistry.

In a similar fashion, Curto et al. [46] have extended the use of IL encapsulated pH
responsive dyes to yield a simple barcode device which is capable of measuring sweat pH
in real time, using colorimetric imaging through a mobile phone application (Figure
3.10). In a bid to further extend the lifetime of the microfluidic device, immobilisation of
the ionogel on a polymethyl methacrylate (PMMA) substrate was achieved through the
use of water plasma treatment, followed by silanisation. The ionogel containing the
various dye molecules could then be directly bonded to the functionalised surface,
through covalent attachment. By applying an algorithm which mapped to the hue
saturation value (HSV) colour space it was then possible to use the mobile phone

application to generate calibration curves with R? value grater than 0.995.
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Figure 3.10 (a) Chemical structures of the pH sensitive dyes: Bromophenyl Blue (BPB),
Bromocresol Green (BCG), Bromocresol Purple (BCP) and Bromothymol Blue (BTB); (b)
Fabricated micro-fluidic device; (c) Smartphone application imaging on-body device.

Reproduced from Curto et al. [46] with permission from the authors.

Not only can ionic liquids be used as vehicles for entrapping, immobilising and
stabilising sensing materials, such as enzymes, dyes and stimuli responsive materials,
they too can be used for their direct interactions with target molecules, most notably in

the fields of capillary and microfluidic device electrophoresis. Using ILs as the
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supporting electrolyte or as additives to the running buffer can dramatically increasing the
speed and efficiency of operation, in addition to broadening the range of compounds
which can be separated using electrophoresis. When used as background electrolytes, in a
similar fashion to alkylammonium salts, ILs based on the 1-alkyl-3-methylimidazolium
cation were seen to behave as electroosmotic flow modifiers through interaction of the
cation either by coating the capillary wall or by migrating into the bulk solution [47]. For
the separation of polyphenol compounds in grape extracts the method proved reliable and
reproducible. Similarly, for microfluidic device electrophoresis, the use of dynamic
coating can prove to be a viable solution to counteract the adsorption of compounds on
the hydrophobic polymer materials commonly used for microfluidic fabrication. In the
analysis of proteins, for example, surface modification of PDMS channels with ILs, such
as 1-butyl-3-methylimidazolium dodecanesulfonate ([BMIM][DoS]) and [EMIM][BF4],
can serve to inhibit adsorption of analytes [48].

3.5 lonic Liquids for Reagent Storage

Due to their versatility, promising solvation properties and interactions with solute
species, ionic liquids have been long proposed as alternative solvents [52-54]. Building
up on this and adding their high thermal stability, negligible vapour pressure and
enzymatic stability, ionic liquids and ionic liquid gels have been recently proposed as
storage media in microfluidic devices. Weidmann et al. [55] proposed in 2012, a
microfluidic deposition device using ionic liquid matrices which displayed the capability
of ionic liquids as matrices for the analysis of biomolecules by MALDI-MS. The
microfluidic spotting device addressed several issues of standard protocols employed for
MALDI-MS sample preparation such as the co-crystallisation of sample and matrix,
clogging and heterogeneity of sample spots. Since the ionic liquids did not solidify during
the measurement, the sample spots remained homogeneous.

Using an ink-jet printing approach, UV-cured ionogel-based microarrays were
fabricated and used them for long-term reagent storage of biotin-647 in a LOC device
[56]. The ionogel cocktail was based on crosslinked N-isopropylacrylamide (NIPAM) and
[EMIM][EtSO,] ionic liquid. Biotin-647 was added to this cocktail and the mixture was
printed on 6 x 6 array of 300 um circles (Figure 3.11a) on a variety of untreated
substrates such as cyclic olefin copolymer (COC), cyclic olefin polymer (COP), and

polypropylene (PP). Following this, the samples were exposed to UV light at 365 nm for
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15s to photo-polymerise the printed cocktail and create the final ionogel matrix (Figure
3.11b).

A)

Figure 3.11 A) Ink-jet printed ionogel microarray in the microfluidic device and representation of
the composition of the ionogel spots; B) Fluorescence images of biotin-647 inside an ionogel-

based microarray. Reproduced from Tijero et al. [56] with permission from Springer.

The viability of this ionogel microarray was demonstrated for biotin-647 storage
for over 1 month at room temperature while also proving to effectively keep the activity

of biotin-647 in these conditions.

3.6 lonic Liquids in Segmented Flow Microfluidics

Segmented flow systems offer many exciting and advantageous opportunities in the
microfluidic field. Unlike continuous flow microfluidics (which use one single
continuous flow), segmented flow devices typically rely on two distinct methods in order
to move reagents throughout the microfluidic devices. In the first method, two immiscible
flows are forced together at a T-junction, which results in one of the flows becoming the
carrier while the second forms droplets [57]. The second method involves the direct
manipulation of discrete individual droplets across different types of interfaces (solid-
liquid, liquid-air) [58], [59]. All segmented flow systems are characterised by a high
surface area to volume ratio which results in high heat and mass transfer rates; however,
the biggest advantage of these types of flows is the compartmentalisation of reagents into
droplets, which allows for control over both the internal and external environment which
the reagents are exposed to. Dissociation of reagents from the external environment
allows for numerous applications which are not otherwise able to be performed using a

continuous flow system, such as having droplets acting as micro-reactors [60], cargo
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transporters [61], dynamic sensors [62] or drug delivery units [63]. Due to the highly
customisable nature of ionic liquids, as well as their high thermal stability and non-

combustibility, ionic liquids are ideal candidates for droplet / segmented flow regimes.

3.6.1 Electrowetting on Dielectric (EWOD) Based Microfluidics

Electrowetting on dielectric is the phenomenon by which a discrete droplet can be
electrically actuated across a series of electrodes. EWOD is one of the main forms of
actuation associated with digital microfluidics and the process involves altering the
wettability of a surface via an externally applied electrical field. When the electric field is
applied to the device, charges accumulate at the interface between the droplet and solid
surface, decreasing the interfacial tension and thus lowering the contact angle between the
droplet and the surface [64]. By addressing sequential electrode pairs in the system, an
interfacial tension gradient can be created between neighbouring electrodes, which the
droplet will follow to a pre-determined destination. Traditionally, aqueous based droplets
have been used in EWOD systems, however, due to their high thermal stability, low
combustibility and minimal tendencies to corrode the metal parts of the devices, many
groups have looked to ILs to replace them [65-67].

Li et al. [68] used high speed video microscopy to investigate the dynamic
electrowetting and dewetting capabilities of ILs. In this study they employed five popular
imidazolium-based ILs as probe liquids, namely 1-butyl-3-methylimidazolium
tetrafluoroborate ([BMIM][BF,]), 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIM][PFg]), [BMIM][NTf,], 1-hexyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ([HMIM][NTf;]) and 1-methyl-3-octylimidazolium
tetrafluoroborate ([OMIM][BF4]). The focus of this study was to observe the
electrowetting at a fixed potential, followed by the dewetting once the potential had been
removed. The electrowetting experiments were performed on a fluoropolymer surface
(low wettability) under a fixed DC potential of 120 V. Once the electric field was
introduced, the base area of the ILs increased exponentially until a maximum area was
reached; once the electric field was removed the base area decreased exponentially until

they assumed their initial position (Figure 3.12).
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Electrowetting

Retraction

Figure 3.12 Illustration of ILs electrowetting and retraction behaviour in the presence (top) and
absence (bottom) of a DC potential of 120V. Reproduced from Li et. al [68]. Copyright © 2013

Langmuir. All rights reserved.

The IL droplets electrowetting occurred roughly twice as fast as the subsequent
retraction, due to the bulky ions within the ILs, which makes it easier to arrange the ions
than to destroy their arrangement. The results showed good reversibility which was
related to the low contact angle hysteresis of the ionic liquids used. This study showed
that ILs can undergo reversible electrowetting behaviour, which added to the fact that ILs
show good chemical stability, a large viscosity range and have varying surface tensions,
making them ideal for use as electrowetting agents in a variety of applications such as
variable focus lenses [69], RC filters [70] and microreactors [60].

Amin et al. [71] reported an interesting application for ILs which use their
electrowetting capabilities. In this study the group employs ILs as soft micro-grippers in
conditions of high temperatures and high vacuum, via electrowetting actuation. The group
proposed the use of ILs instead of aqueous droplets as water based systems have a limited
functional temperature and vacuum levels while also showing a tendency to erode
electrowetting devices. ILs on the other hand, have negligible vapour pressure, high
chemical and thermal stability which make them suitable candidates for use in high
temperature and vacuum environments. Micro-grippers are typically used in micro-
assembly tasks, where a micro-gripper should be able to pick up, hold and release an
item. Classically, capillary forces are used; this is achieved by creating a liquid bridge

between the object and the gripper; the capillary forces generated have enough force to
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lift objects weighing a few milligrams. However, because the capillary force remains
constant once the bridge is formed it is difficult to then release the item. The capillary
force has to be strong enough to pick up and hold the object for it to be positioned
correctly, then the force has to be reduced sufficiently to where it can be released. Amin
et al. [72] demonstrated that electrowetting could be used to achieve this process, in a
procedure similar to the example by Li et al. [68] described above. Once the voltage was
applied, the surface became hydrophilic, lowering the contact angle of the liquid, which
resulted in the formation of a bridge with the object (Figure 3.13). The capillary forces
generated allowed for the object to be picked up and held. When the voltage was turned
OFF, the surface became hydrophobic and the contact angle of the liquid was lowered,
thus releasing the object. The group showed that by using [BMIM][PFg], this process
could work in temperatures of up to 110 °C and vacuums up to 24 inch Hg.
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Figure 3.13 Cartoon illustration of the ionic liquid micro-gripper. Reproduced from Al Amin et.

al [71]. Copyright © 2011 Journal of Micromechanics and Microengineering. All rights reserved.

The device functions as follows; firstly the gripper is moved towards the object
and a high voltage is applied across the Teflon surface. This makes the surface
hydrophilic, allowing the IL to form a bridge, thus creating the maximum force and
picking up the object. When the voltage is reduced, the surface becomes hydrophobic,
increasing the contact angle of the IL with the surface, reducing the applied capillary
forces and releasing the object. The experiments indicated that ILs were ideal for use as

micro-grippers in high temperature and high vacuum environments.
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3.6.2 Chemotactic lonic Liquids

Another segmented flow regime involves the actuation of individual droplets across the
liquid-air interface through changes in the local surface tension, which is brought upon by
the triggered release of a surfactant from the droplet itself. Surfactants are long chained
amphiphiles which have hydrophilic “heads” and hydrophobic “tails”. When a surfactant
is released into an aqueous solution (below the critical micelle concentration) it will
interact with polar molecules present at the surface of the solution and will interrupt the
attractive forces felt by surface molecules, distributing the local surface tension and
creating flows within the bulk solution. Fluid flows from areas of low surface tension to
high surface; this is known as the Marangoni effect. By designing systems in which
surfactants are asymmetrically released from the droplet into the aqueous phase via
external stimulation, droplets have been produced which can solve complex maze designs
[73] or can be actuated through white light irradiation [74]. To date, surface tension
driven segmented flow systems have mostly focused on aqueous or organic solvent based
droplets, which are subject to evaporation and combustion. ILs have a broad range of
surface tensions and many have showed surfactant properties [75], while also being
highly customisable and overcoming the evaporation due to their negligible vapour
pressure, making them promising alternatives for aqueous/organic based droplets.

Francis et al. [76] were the first to report on the chemotactic movement of ionic
liquid droplets composed of [Psg614]Cl. The IL droplets used in this study moved across
the liquid-air interface via the triggered release of [Peeg14]’, @ very effective cationic

surfactant and cationic constituent of the IL (Figure 3.14).
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Figure 3.14 Cartoon illustrating the composition and relative solubility of [Psss14][CI] in
solutions of 102 M NaOH and 102 M HCI. Reproduced from [76] with permission from The
Royal Society of Chemistry.

When the [Psee14]” ion diffuses from the droplet into the aqueous solution it
interacts with the molecules at the surface, resulting in a drop of the local surface tension.
The rate of release of the surfactant is depended on the solubility of the CI" counter ion, as
any loss of CI ion must also result in an equivalent transfer of [Pege14]" in order to
maintain overall charge neutrality within the droplet. Therefore, the rate of release of the
counter ion was dependent on the local agueous CI™ concentration. Once a droplet of the
IL was placed onto a aqueous solution with an imposed CI" concentration gradient, there
was an asymmetrical release of [Psg614]" into the aqueous solution, which resulted in the
formation of a surface tension gradient around the droplet. This created Marangoni like
flows which caused the droplet to move towards areas of highest surface tension (Figure
3.15).
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Figure 3.15 Illustration showing the chemotactic movement of ionic liquid droplets across the
liquid-air interface (left) and sequence of snapshots showing the chemotactic movement of
multiple lonic liquid droplets in an open fluidic channel (right). A — Depicts the creation of CI’
gradient; the channels were initially filled with a solution of 102 M NaOH and at the desired
destination a few drops of a 10? M solution of HCI were placed. B— Shows the initial placement
of the lonic liquid droplet(s). C — The droplet(s) are propelled towards the highest area of surface
tension. D — The droplet arrives at the desired destination. Reproduced from [76] with permission

from The Royal Society of Chemistry.
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Francis et al. [77] have also demonstrated that ionic liquids can respond to
electrical stimuli and show electrotactic movement. Droplet composition and movement
remains the same as for the chemotactic ionic liquid droplets described above. In this
case, 3D printed electrodes, which were embedded within 3D fluidic channels, were used
to generate the required ionic gradients. Francis et al. electrotactically actuated droplets
of [P s6.14][CI] across the liquid-air interface of 10° M NaCl electrolyte solutions. This
was achieved by imposing an external electric field across the NaCl solution which
resulted in the migration of the mobile ions towards their respective counter electrodes.
This phenomenon resulted in the formation of a CI” gradient across the channel, between
opposite electrodes. Once the potential was switched ON, an IL droplet placed at the
cathode would asymmetrically release surfactant and move towards the anode. By simply
reversing the polarity of the electrodes, the gradient and ultimately the droplet movement
could be reversed. Moreover, by selectively polarising appropriate electrode pairs the
direction of the droplets could be changed and they could be steered into side channels at
junctions (Figure 3.16). The major advantages of electrotactic movement over
chemotactic movement of droplets is the ability for concentration gradients to be
established and varied dynamically, and maintained for longer periods of time. This

resulted in flexible control over the speed and direction of IL droplet movement.

Figure 3.16 Series of snapshots which demonstrate the electrotactic movement of IL droplets.
Initially the open fluidic channels are filled with a 10° M solution of NaCl and a potential
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difference of 9 V is applied across selected electrodes A —introduction of the IL droplet B — D
droplet moves away from cathode (3) to anode (1). E — The polarity of electrodes (3) and (1) is
reversed and the droplet begins to move to electrode (3). F — As the droplet approaches the
junction, the potential difference is applied between electrodes (2) and (4) and removed from
electrodes (3) and (1). The droplet then begins to migrate toward anode (2). G — Upon arriving at
anode (2) the polarity of electrode (2) and (4) is reversed and the droplet moves towards the new
anode (4). H — Upon arriving at anode (4) the potential is again reversed and using a similar
method to sequence F the droplet is returned to the starting position. | — L shows the process
repeated in the same run. Reproduced from [77] , © 2016 Elsevier B.V. All rights reserved.

The use of ILs allows for the droplets to remain stable on the surface of the
aqueous solutions for much longer than traditional droplets (based on organic solvents)
due to their negligible vapour pressure. When coupled with the large (and ever growing)
library of ILs available and the fact that many show surfactant properties, it makes them
particularly promising for applications involving autonomous droplet systems such as

cargo transporters, sensing units, self-repair agents and drug delivery mechanisms.

3.6.3 lonic Liquids as Microreactors

As mentioned previously, one of the main advantages of segmented flows is the
compartmentalisation of the reagents into individual discrete droplets. This has a number
of unique properties. Firstly, it separates the reagents from the outside environment, and
secondly it allows for the reagents to exist independently of each other within the same
device, allowing the user to decide which reagents to mix, when and where. ILs
particularly suit this type of application as they have been shown to be excellent solvents
[78] and can be tailor made to meet the requirements for many reactions.

Dubois et al. [79] reported on the use of IL droplets as microreactors. The ILs
were actuated in EWOD devices, in a process similar to the examples described above in
which a large number of IL droplets can be efficiently moved and mixed on a Teflon
based EWOD device. They also tested the viability of performing complex multi-step
reactions using ILs (trimethyl-N-butylammonium bis(trifluoromethylsulfonyl)amide
([tmba][NTTf,])) by the synthesis of tetrahydroquinoline, which is a three step synthetic

process, Figure 3.17.

121



2bX=Br B e

—
) Vi = ) H
BF, N A e AN
:H,C\:.]/\/\o A ™~ \E ~
+ x 4ax=NO, Pyt
& [TMBAJINTF,] 4bX=8r e =
| .
o '
\/

+1hourat RT 4cX=H

/ 1 = 7
F N BF, PR .
s R i S N TN Y
PPN = W y
e ° | + HN / \ X N \ |
— N
e [TMBA][NTF,] 7aX=NO, ,L
| 6aX=NO, + 1 hour at RT TbX=Br SRR P
o \
— L

6bX=Br

Figure 3.17 Reaction scheme for the synthesis of tetrahydroquinoline. Reprinted with permission

from [79]. Copyright (2006) American Chemical Society.

As the reaction had two possible reactions routes, both were tested using the IL
droplets. To perform the reaction on the EWOD device, a 0.2 pL IL droplet of
[tmba][NTf,] which contained 0.2 M of either of the task-specific onium salts (1 or 2,
Figure 3.18) and 10 equivalents of trifluoroacetic acid (TFA) were placed onto the
device. It was then actuated towards a second IL droplet (which contained 2.5 equivalents
of either the benzaldehyde derivate (2) or the aniline derivate (6) by applying 55 V to the
corresponding electrodes. Upon merging, the combined droplet was moved to, and
merged with a final IL droplet which contained an excess of indene. The droplet was then
allowed to incubate for one hour at room temperature. It was then removed and tested via
HPLC. The results indicated a near 100 % conversion, comparable with that achieved via
conventional methods. Moreover, the group was able to perform the analysis on device by
actuating the final reaction droplet to an analytical area where an electrochemical analysis
was performed using two gold wires. The signal reflected the concentration of the final
product. This paper describes a powerful and flexible tool which takes advantage of the
chemical stability, customisation and non-combustible properties of ILs to perform
complex, small scale organic synthesis on a EWOD device.

Marchand et al. [78] demonstrated the use of ILs as soft wall-free micro-reactors
for organic synthesis via a click reaction. This paper describes the synthesis of fluorescent
1,2,3-triazole by copper-catalysed 1,3 dipolar cycloadition reaction of azides with
terminal acetyls. This reaction (Figure 3.18) is a well-known Click chemistry reaction

and results in no by-products and excellent yields.
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Figure 3.18 Reaction scheme for the synthesis of fluorescent 1,2,3-triazole. Reprinted with

permission from [78]. Copyright (2008) American Chemical Society.

Actuation of the ILs was performed using an EWOD device and various mixing
methods. To perform the reaction (without mixing) on the device, a 0.2 pL of the IL
([tmba][NTf,]) which contained 0.2 moL L™ of the azide (1) and 0.01 moL L™ of the
catalyst (Cu(CH3CN)4PFg) was actuated via electrowetting (55 V) towards, and mixed
with a second droplet of the same IL which contained 1 mol L™ of the alkyne (2) and 0.03
mol L of the support amine (3). The reaction was monitored via fluorescence
spectroscopy and a 100 % conversion rate was noted after 40 min, which was confirmed
via HPLC. This reaction had a long reaction time compared to standard magnetic stirring
methods, due to the viscosity of the ILs. In order to overcome this problem, the group
tested a number of mixing methods; firstly, the stationary droplet was heated to 40 °C via
a thermoresistor placed under the device. This created Marangoni flows within the
droplet, due to the substrate being at a higher temperature than the air, causing the droplet
to experience a temperature gradient, which in turn generates a flow circulation within the
droplet. This was proven by monitoring added fluorescent markers to the droplet. The
second method involved repeatedly moving the droplet backwards and forwards between
a series of electrodes. The final mixing procedure involved positioning the droplet on a
module which generated surface acoustic waves (SAW); these waves generate a random
and chaotic flow within the droplet which accelerates the mixing of reagents. In all cases
the required reaction time was reduced, with the shortest time of 21 min being achieved
when mixing via the SAW module was employed. Increasing the temperature decreased
the reaction time even further to the point where it was comparable with the orthodox
stirring method. This study is important as not only does it show that ILs can be used for
small scale organic synthesis (via electrowetting) but it also describes methods to

overcome issues with viscosity which can limit the use of ILs in synthesis.
3.7 Conclusions
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Lab-on-a-Chip and micro-Total Analysis Systems show great potential for the integration
of multiple functional elements, to produce absolute sample-in/answer-out systems.
However, due to the critical need for fluid control, fluid transport, separation, sensing, the
need for high performance microfluidic components can provide significant obstacles for
the development of low-cost, miniaturised microfluidic devices. lonic liquid materials
offer a solution for the fabrication of low cost and high performance microfluidic
elements which can improve the potential of microfluidic devices. Moreover, the
promising results obtained from the use of ILs and microfluidics in separation science and
chemical synthesis (nanoparticle generations) provide endless opportunity for this

emerging area of research.
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4.1 Abstract

Herein, we report for the first time, the spontaneous chemotactic movement of an ionic
liquid (IL) droplet at an aqueous-air interface. These single component droplets are self-
propelling and can be guided to specific destinations in open fluidic channels through the
use of chemoattractants such as sodium chloride (NaCl) or hydrochloric acid (HCI). The
droplets consist of the IL Trihexyl(tetradecyl)phosphonium chloride ([Pss6.14][Cl]) and a
small amount of red dye for better visualization. They are designed to move in an open
fluidic channel. The movement of the droplets is controlled by the triggered release of the
[Pss614]", a very efficient cationic surfactant, which is a constituent of the IL droplet.

In the presence of a CI” gradient in the aqueous phase, an asymmetrical surface
tension gradient is created, leading to a Marangoni like flow, which causes the droplet to
move from areas of low surface tension towards areas of high surface tension. The
surface tension gradient is created by the asymmetric release of [Pegg14]” from the IL
droplet into the aqueous phase. The rate of [Pse614]" release depends on the concentration
of the chloride in the aqueous solution, as the formation of free [Pess14]" (the active
surfactant at the air-aqueous interface) through dissociation of the relatively closely
associated [Ps6,6,14][Cl] ions in the IL depends on the local CI" concentration at the IL-
aqueous boundary. Using these methods videos of the IL droplets moving to pre-
determined locations were captured. Multiple droplets were also moved to the same
location where upon arrival merging occurred. The speed of the droplets was analysed
using a custom written program.

This type of triggered surfactant release through external stimulation aims to
achieve new means for controlling droplet movement within microfluidic devices, as well
as developing biomimetic synthetic vehicles with integrated functionalities such as

detection of chemoattractant gradients, signaling, sensing and repair.

4.2 Introduction

The ability to move in response to an external stimulus is essential for many life forms. Certain
cells such as bacteria, somatic cells, and other single cell or multicellular organisms move in
response to chemical stimuli present within their surrounding environment[1, 2]. This
phenomenon is known as chemotaxis and it is crucial for many biological processes such as
feeding or fleeing toxins, migration and action of somatic cells such as those involved in the

immune system [3, 4], reproductive cells [5] and enzymes [6]. Notably there are only few

133



equivalents of similar chemotactic-driven “micro-vehicles” in the synthetic world. Inspired by
chemotactic organisms we developed synthetic biomimetic droplets which are self-propelled and
capable of navigating a microfluidic network by introducing chemoattractants at the target
destination within the fluidic channel.

Various mechanisms to initiate and direct the movement of micro-droplets have been reported,
including switchable wettability of a substrate surface via chemical [7, 8] or electro-chemical
stimuli [9, 10], or using temperature gradients [11, 12], magnetic [13] or acoustic forces [14] and
even photo-stimulation to actuate droplets [15]. However, all of these methods involve relatively
complex experimental arrangements and/or multi-component droplets, and require applied
external energy to create droplet movement.

Surfactant release has been employed to control the surface tension of aqueous systems in order to
generate spontaneous movement of droplets at the aqueous-air interface in a contactless manner.
When placed into an aqueous system the surfactant will interact with the water molecules and
lower the surface tension of the solution. When the surface tension of a liquid is altered, liquid
flows from areas of low surface tension to areas of high surface tension; a phenomenon known as
the Marangoni effect [16]. Control over the droplet direction can be achieved by creating
conditions under which asymmetric release of pre-loaded surfactant from the droplet occurs.
Using stimuli-responsive surfactants, smart droplets have been designed which can solve complex
mazes [17], or move towards/away from a light source [18, 19]. We have investigated a number
of strategies for generating spontaneous movement in droplet microvehicles based on the
generation of concentration gradients of chemoattractants diffusing from a target destination
within a fluidic system. Chemoattractants are chemical agents which induce positive chemotaxis
in living organisms, in the same manner that chemorepellents induce negative chemotaxis. In
contrast to previous studies, in which the degree of protonation of surfactant molecules underpins
droplet mobility, we demonstrate spontaneous droplet movement arising from modulation of CI
solubility, for example, through the creation of CI” gradients in the aqueous phase generated from
concentrated NaCl and HCI sources.

Furthermore, to our knowledge, this is the first example of the spontaneous
chemotactic movement of droplets composed solely of an ionic liquid (IL) at the aqueous-
air interface. The chemotactic droplets presented here consist of the IL ([Ps¢614][Cl]) and
a small amount of red dye (1-(methylamino)anthraquinone), which is added solely for

better visualization, see Figure 4.1.
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Figure 4.1 Diagram showing the relative solubility of [P6,6,6,14][CI] droplet in solutions of 10-
2 M NaOH (left) and solutions of 10-2 HCI (right).
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4.3  Experimental

43.1 Materials and Methods

Hydrochloric acid (HCI) (Sigma-Aldrich® Ireland Ltd), Sodium hydroxide (NaOH)
(Sigma-Aldrich® Ireland Ltd), Sodium chloride (NaCl) (Sigma-Aldrich® Ireland Ltd),
Dichloromethane (DCM) (Sigma-Aldrich® Ireland Ltd) and 1-
(methylamino)anthraquinone red dye (Sigma-Aldrich® Ireland Ltd) were all used as
purchased.

The polyacrylamide hydrogel was synthesized by mixing 2.8 mmol of acrylamide
(Sigma-Aldrich® Ireland Ltd) with 3 mol % N,N-Methylenebisacrylamide (mBIS)
(Sigma-Aldrich® Ireland Ltd) and 1 mol % phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide (PBPO) (Sigma-Aldrich® Ireland Ltd), using 500 ul of 4:1 (V:V) dimethyl
sulfoxide (DMSO) (Sigma-Aldrich® Ireland Ltd) : deionsed water as the solvent. The
hydrogel was polymerized for 2 minutes under white light.

The lonic liquid (IL) trihexyl(tetradecyl)phosphonium chloride ([Psg6.14][Cl])
(Sigma-Aldrich® Ireland Ltd) was purified by dissolving 5 ml of the IL in 10 ml of
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dichloromethane. The solution was then treated with activated charcoal and left to reflux
at 40°C for 12 hours. The carbon was removed by vacuum filtration, after which it was
passed through aluminium oxide (activated, basic, Brockmann, Sigma-Aldrich® Ireland

Ltd). Finally the solvent was removed under vacuum for 48 hrs.

Nuclear magnetic resonance (NMR) was performed to determine if the IL was
undergoing any chemical reaction with NaOH. *H-NMR and *P-NMR spectroscopy was
performed using a Bruker Avance® spectrometer (400 MHz). Approximately 10 mg of
sample per 1 ml of deuterated chloroform (CDCI3) (Sigma-Aldrich® Ireland Ltd) was

used in the experiments.
4.3.2 Micro-Channel Fabrication

Fabrication of the channels used in this study was carried out using the program
AutoCAD 2014 for the channel design. A CO laser ablation system (Optec Laser Micro-
machining Systems, Belgium) was then used to cut the structures from a 1.1 mm
poly(methyl methacrylate) (PMMA) sheet which had a 50 um double sided pressure
sensitive adhesive (PSA) (AR8890, Adhesives Research, Ireland) layer attached. Once
cut, the protective layer from the PSA was removed and then the PMMA/PSA layer was
laminated with another 1.1 mm PMMA sheet. The final channels were 2 mm wide and
1.1 mm high.

4.3.3 Surface Tension Measurements

Surface tension measurements were performed with a FTA200 Dynamic Contact Angle
Analyser using the pendant drop method.

Various compositions of the solutions used in the study were tested. In order to
measure the surface tension effect that the IL surfactant had on each solution, the surface
tension of each solution was tested with (c = 1mg/ml) and without the IL surfactant, see
Table 4.1. To prepare the solutions for the surface tension measurements, 1 mg of the IL
was added to 1 ml of the aqueous solution. This proportion was chosen as it was similar

to the quantity of the IL (droplet) per aqueous solution in the fluidic channel.
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Table 4.1 Surface tension measurements of solutions used in the study, with and without the IL
surfactant added.

Solution Y1 Y2 Vs AVGy
(mN/m) | (mN/m) | (mN/m) (mN/m)

HCl 10% M 74.13 74.39 73.82 74.11
HCl 10 M/[Pg66,14][Cl] 72.1 72.08 73.51 72.56
HCl 10 M/[Pg6,6,14] [DCA] 72.92 72.95 73.6 73.16
NaOH 10° M 72.39 73.32 73.66 73.12
NaOH 10 M/[Pg ¢,614][Cl] 33.29 33.5 33.4 33.40
NaOH 107 M/[Pg ¢6,14][DCA] 73.48 73.2 72.84 73.17
NaCl 102 M 72.45 74.59 74.68 73.91
NaCl 10 M/[P ,6,14][CI] 72.62 73.44 73.51 73.19
NaCl 10° M 73.96 74.08 74.67 74.24
NaCl 10° M/[Pg ,6,14][Cl] 38.24 38.52 38.52 38.43
KBr 102 M 71.75 72.67 73.6 72.67
KBr 10> M/[Pg 614][Cl] 40.92 39.74 40.75 40.47
KBr 10° M 71.85 72.85 72.53 72.41
KBr 10™° M/[Pg 6,6 14][Cl] 34.64 35.12 34.37 34.71
KCl 10% M 72.37 71.02 72.86 72.08
KCl 10 M/[Pg 6614][Cl] 66.31 64.32 66.04 65.56
KCl 10° M 69.05 71.88 71.96 70.96
KCl 10 M/[Pg6614][Cl] 34.88 34.64 34.68 34.73
Nal 10% M 73.94 74.77 73.72 74.14
Nal 10 M/[Pg,6,14][CI] 59.28 61.58 62.35 61.07
Nal 10° M 73.05 73.57 72.81 73.14
Nal 10™° M/[Pg,6,14][CI] 34.46 34.48 34.58 34.51

4.3.4 Video Processing Analysis

In order to calculate droplet speed, videos were captured, that were then analysed by
tracking the droplet through means of a custom-written vision system program. This was
achieved by firstly controlling the visual environment by separating the background
(channels: white/grey — weak in colour intensity) to that of the droplets of interest
(droplet: red — strong in colour intensity), see Figure 4.2 - left. Classification of pixel
groups corresponding to the droplet was therefore possible.
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Figure 4.2 Example of a captured image from Video 4.1 (left) with processed mask image (right).
The droplet position is ringed in both images.

Transformation from the captured SRGB colour space to the HSV colour space allowed
for a separation of colour (Hue), colour intensity (Saturation), and light intensity (Value)
into their constituent components (3 channels). A threshold applied to the channel
resulted in a mask image as shown in Figure 4.2 (right). Areas of white-connected pixels
were grouped together using a connected component analysis algorithm. Information
describing each connected region was extracted (e.g. size, shape), which allowed the
program to discount noise and/or other artefacts through a series of filters. This formed
the basis of a similarity-matching algorithm, which when applied to matching regions in
each successive frame allowed tracking of the droplet throughout the video. Data such as
the frame in which the droplet appeared and its location (region’s centre X, y coordinates)
were recorded for later analysis.

During video capturing, the camera was fixed orthogonal to the chip. A
conversion of units (from pixels to mm) was therefore, possible through the known
distance of a straight channel’s distal end-points (60 mm) and measurement of
corresponding points in captured frames. The distance which each droplet travelled from
frame-to-frame was calculated (using the standard Eucledian algorithm) and the total
distance travelled of each droplet was subsequently determined. Finally, using the frame
number the time was calculated using the constant captured frame rate of 25 fps set on the

capturing device.
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4.4 Results and Discussion
441 31p and *H NMR spectroscopy

Although it was previously confirmed that tetraalkylphosphonium halides can be mixed
with concentrated sodium hydroxide or ammonia without any degradation [20, 21],
several reports state that tetraalkylphosphonium IL salts are not always stable in the
presence of hydroxides or other bases, and may undergo Hoffmann or B-elimination in
the presence of a strong base, which results in the formation of a tertiary phosphine oxide
and alkane [20]. In order to confirm that the propulsion mechanism of the droplets is due
to the triggered release of the surfactant and not due to chemical reaction, the stability of
trihexyl(tetradecyl)phosphonium chloride ionic liquid was investigated by analysis of the
products formed after mixing the ionic liquid phase with aqueous NaOH. For this, a small
amount of the IL (= 10 mg) was added to an excess of NaOH 102 M (= 1 ml). The
solution was stirred overnight and the product was then extracted with DCM. The DCM
was removed by evaporation and a *'P-NMR spectrum of the extraction was recorded.

No increase in the amount of phosphine oxide (resonance signal of phosphine
oxide is situated at 49.6 ppm [21]) was found on treatment with NaOH, and only the
resonance signal of the trihexyl(tetradecyl)phosphonium cation at 32.7 ppm was observed
(Figure 4.3). This indicates that there was no chemical reaction between the NaOH and

the droplet.

& i » [pp]

Figure 4.3 3'P spectra of the cleaned [Pg614][CI] before (blue) and after extraction (red).
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The *H NMR spectrum also showed that only the IL was present after the
extraction.

[Pes614][Cl] *H NMR (400 MHz, CDCls): 0.86 — 0.88 (m, 12H, CH3), 1.2 — 1.3
(d, 32H, CH,), 1.49 (s, 16H, CH,), 2.4 (m, 8H, CH,). (Figure 4.4)

This is also an indication that no other compound is formed during the propulsion

process.
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Figure 4.4 "H NMR spectrum of a sample of cleaned [Pg14] [Cl], after extraction study.

4.4.2 Propulsion Mechanism

Droplet movement arises due to the asymmetric release of [Pges14]", @ very efficient cationic
surfactant, which is a constituent of the IL droplet. When [Pgg6.14]" diffuses from the droplet into
the aqueous solution, it causes a sudden drop of the surface tension of the solution (see Table S1).
The rate of [Psse14]" release depends on the solubility of the closely associated ClI™ anion (Table
S1), as the formation of free [Pege14]" (the active surfactant at the air-water boundary) in the
aqueous phase depends on the local CI" concentration at the IL-aqueous boundary [22]. In
[Pss6.14][CI], the CI” anion is strongly associated with the [Psee14]” cation, rendering the IL
strongly lipophilic, which enables droplets to be formed on the water-air interface. The [Pgg¢.14]"
cation is only sparingly soluble in water, and its partition into the aqueous phase from the IL
droplet phase is strongly modulated by the local CI" solubility. Hence, in the presence of an
aqueous phase CI gradient, differential release of [Pgg614]" OCCuUrs and an asymmetric surface
tension gradient is created, leading to a Marangoni like flow, which causes the droplet to move
from areas of low surface tension towards areas of high surface tension (Figure 4.5).

To demonstrate this effect, three different techniques for generating the gradients underpinning
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chemotactic propulsion were employed. In the first method the channels were initially filled with
a solution of 102 M NaOH followed by the addition of 100 pl — 200 ul of 10° M HCI at the
desired destination. For the second method the channels were again initially filled with a solution
of 10° M NaOH but this time a polyacrylamide hydrogel previously soaked in 10% M HCI was
placed at the desired destination. In the third approach the channels were initially filled with a
solution of 10° M NaCl followed by the addition of NaCl crystals (~ 10 mg) at the desired
destination. In each case, 10 — 30 s after the addition of the chemoattractant, small droplets (~ 10
pl) of [Peg6.14][Cl] were placed at specific locations and these spontaneously moved to the desired
destination (Figure 4.5). As soon as a droplet was placed in the channel it began moving along the
channel towards the source of the chemoattractant traversing corners on its way. (See Video 4.1,
4.2, 4.3 and 4.4, Appendix A).
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Figure 4.5 Schematic representation showing the movement of the [Ps6614][CI] droplet in open
fluidic channels. A — Depicts the creation of the CI- gradient. The channel was initially filled with
NaOH 10-2 M solution. Then at the desired destination two or three drops of HCI 10-2 M
solution were added (right); B — The IL droplet was placed at the NaOH end of the channel
causing surfactant to diffuse into the solution, thus breaking the surface tension symmetry around
the droplet; C — Droplet is propelled towards areas of highest surface tension; D — Droplet

arrives at the desired destination.

The droplet can be placed in any position within the fluidic network and in every case it
spontaneously finds the chemoattractant source. In control experiments in which the
chemoattractant was not added, the droplets either did not move or moved randomly due
to uncontrolled release of the surfactant. Due to the dynamics of the formation of the ion

gradient along the channel(s), the time when a droplet was placed relative to the
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introduction of the chemoattractant, affected its speed towards the source. This was
investigated by releasing a number of droplets (6 in total) at different times and at various
locations along the fluidic network (Figure 4.6). The droplet movement was tracked using
a custom-written vision system program. The gradients required for droplet propulsion
were analysed using a low-cost and readily available technology [23]. Typical droplet
speeds estimated using this program was found to be in the range 0.5 - 4 mm s™ over the

first 30 seconds.
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Figure 4.6 Sequence of video frames showing multiple droplets travelling towards the source of
chemoattractant (100-200 pl of 10% M HCI). A — The channels were filled with a solution of 10
M NaOH and the chemoattractant (100-200 pl of 102 M HCI) was added at the desired
destination; B — Placement of first three droplets. C — First two droplets moving towards the
chemoattractant source; D — Placement of final three droplets; E — Movement of all droplets

toward chemoattractant source; F — All droplets arrive at destination and merge.

In control experiments, when droplets of trihexyl(tetradecyl)phosphonium
dicyanamide ([Ps6614][DCA]) ionic liquid were placed into the same gradients (as the
[Ps6614][CI]) no movement was observed. This behaviour can be explained through
inhibition of the aqueous solubility of [Pgee14]" due to the DCA™ anion, which is less

soluble in the aqueous phase than the CI" ion [20].
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This interpretation is supported by the observation that no significant change in
the surface tension of the aqueous solution occurs after the addition of a droplet of
[Ps6614][DCA]) (See Table 4.1).

As the partition of the sparingly soluble cationic surfactant into the aqueous phase is
modulated by the solubility of the anion component of the IL, any gradient in the aqueous phase
composition that affects anion (in this case CI") solubility can be used to control droplet
movement. Thus the chemotactic behaviour of the droplet is not limited to CI” ion gradients but is
also observed with potassium bromide (KBr) and sodium sulphate (Na,SO,4) gradients (see Table
4.1). This shows that the chemotactic movement of these droplets is affected by any factor that
affects CI” partition from the droplet, such as the ionic strength of the solution (which also inhibits

the cation solubility).

4.4.2 Droplet Tracking and Gradient Analysis

In order to calculate the movement speed of the droplets several videos were captured
which demonstrates droplets travelling towards the source of a chemoattractant. At times
4s, 5s and 6s, 110 — 170 ul of chemoattractant were added to desired destination within
the fluidic channel, upper right arm (See Video 4.1, Appendix A). The chemoattractant
was then given 10 s to sufficiently propagate along the channels whereupon at time 16s a
single droplet was introduced along the lower right channel (see Figure 4.7, position b). It
was observed that the droplet begins to travel towards the source of chemoattractant,
slowly at first, followed by an increase in its speed, until it comes to an eventual stop at
the chemoattractant location source. The rate of release of the surfactant from the droplet
is dependent on the CI" concentration at the IL/aqueous boundary, and the steepness of the
CI" gradient determines the speed of the droplet.

The droplet’s progress over time from its introduction to the channel, to arrival at

the source is presented in Figure 4.7.
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Figure 4.7 Tracking of the droplet’s distance from its point of entry (t,) towards its end
position/source of chemoattractant (X). Grey line — full dataset at every video frame. Black

squares — down sampled data points from full dataset (every 35" point).

The above approach was expanded to investigate the movement of multiple
droplets at different locations within the channel network, see Figure 4.6. In a similar
manner to video mentioned above, a CI" ion gradient was created by adding several
droplets of HCI 10 M chemoattractant at the desired location within the fluidic network.
Initially the channel was filled with a NaOH solution 10 M, followed by addition of 6
individual droplets at different locations and times see Figure 4.8 and Table 4.2 for

details.
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Figure 4.8 Fluidic network diagram showing the locations where each solution was introduced.
(X) Chemoattractant, (a) Droplet a, (b) Droplet b, (c) Droplet c, (d) Droplet d, (e) Droplet e, (f)
Droplet f.
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Table 4.2 Time and location of addition of HCI solution and droplets, as in Video 4; see Figure
2.7 for location correlation.

Time(s) Solution Introduced Location
0 HCI X
21 Droplet a a
24 Droplet b b
27 Droplet ¢ c
53 Droplet d d
57 Droplet e e
61 Droplet f f

The distance travelled by each droplet from their respective entry points to the CI°
ion source was tracked as a function of time, see Figure 4.9. In each case the plots
resulted in a similar trend as before (Figure 4.7). The droplets tend to start slow but soon
speed up, then slow down again upon arrival at the CI" source. For droplets that have a
relatively smooth passage from point of entry to the chemoattractant source, the distance
travelled as a function of time fits approximately to a sigmoid model. The typical average
speed of the droplets over the first 30s is between 0.5-4 mm/s. Variations from this
profile e.g. droplets b, e, f (Figure 4.9) may be due to the droplet changing direction at

branches in the fluidic network.
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Figure 4.9 Tracking of all 6 droplets in Video 4.4 introduced in the sequence presented in table
4.2. (A) Droplet a, (B) Droplet b, (C) Droplet c, (D) Droplet d, (E) Droplet e, (F) Droplet f, (X)

CI" source and end location of each droplet movement.
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45 Conclusions

In conclusion we have demonstrated a simple single component biomimetic
droplet that spontaneously moves in a direction determined by an external chemical
gradient. This biomimetic-type movement enables the droplets to find the pathway to the
source of the chemoattractant from different initial starting positions in a microfluidic
network. Since the droplets are self-propelled and spontaneously travel along the liquid-
air interface by release of surfactant-type cations, they require no external energy source.
Since there is a large library of ILs available, this opens up numerous means of creating
gradients for these droplets to follow. Moreover, ILs have negligible vapour pressure, low
combustibility and high thermal stability. [20] These properties make them extremely
useful as micro-scale “vehicles” compared to conventional organic droplets that are
subject to evaporation and which can be flammable. ILs have also been shown to be good
solvents for numerous chemical species and have been used in a wide range of reactions,
including harsh reactions such as Grignard reactions, [24, 25] broadening the potential
applications for these biomimetic chemotactic droplets. It is envisioned that these droplets
could be used for dynamic sensing (e.g. in this case they indicate the direction of
increasing CI” concentration in the channels through their movement), energy-free
molecular-cargo transport and as micro-vessels that can perform chemical reactions at

pre-determined locations (e.g. through fusion of droplets that contain reaction precursors).
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5.1 Abstract

To our knowledge, this work describes the first example of electro-guided, self-propelled
droplets composed solely of an ionic liquid (IL), namely trihexyl(tetradecyl)phosphonium
chloride ([Pss6.14][Cl]). These self-propelled droplets travel along an aqueous-air
boundary to desired destinations within the fluidic network. Electrotactic movement of
the droplets is due to asymmetric electro-stimulated release of a constituent of the IL
droplet, the [Pegss14]” ion, which is a very efficient cationic surfactant, through
electrochemically generated CI" gradients. The direction and speed of movement can be
controlled by switching the impressed voltage (typically 5 - 9V) ON or OFF, and by
changing the polarity of the electrodes in contact with the electrolyte solution.

The CI" gradients required for droplet movement are electrochemically generated
using 3D printed electrodes which are embedded within the fluidic channels. On demand
creation of these CI" gradients electrochemically allows reversible droplet movement over
expended periods of time, and provides a means for precise control over the droplet
trajectory.

5.2 Introduction

The movement of cells and other biological entities is essential to the survival of all life.
This is true from single celled organisms to the largest and most complex forms of life
such as mammals. Fluid and cells are transported throughout large complex bodies
through active pumping, while nutrients are transported in and out of cells through the use
of special biological “microvehicles” known as vesicles. Inside the cell there are motor
proteins which shuttle cargo around the cytosol, such as specialised walking molecules
known as kinesins [1]. Helicase is another unique biological motor whose main function
is to separate two annealed nucleic acid strands (for example within DNA or RNA) [2].
This type of micro-molecular movement is triggered and controlled through chemical and
electrical impulses.

Many single cell and multicellular organisms move in response to chemical
stimuli present in their environment [3], a phenomenon known as chemotaxis.
Prokaryotic cells such as bacteria use chemotaxis to find sources of food or flee harmful
toxins, while eukaryotic and somatic cells have much more complex functions which rely

on this behaviour. For example, lymphocytes use chemotaxis behaviour to follow a
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chemical trail left by a pathogen and then destroy the harmful intruder [4,5]. The passage
of vesicles carrying cargo in and out of the cell relies on chemical gradients to transfer
their cargo [6], while other examples of chemically driven biological motors include
enzymes that can follow a chemical signal to the corresponding substrate [7], and sperm
cells, which use prominent flagella composed of a core of microtubules, powered
by flagellar dynein, to propel themselves through the female reproductive tract [8].

The movement of biological organisms is not solely triggered through chemical
stimuli; in fact, much of the movement of animal and plant cells is due to the generation
of an electric current. For example, in mammals, the onset of wound healing is due to
weak electric currents which are generated immediately upon receiving the wound [9].
Humans and mammals are found to have a natural electrical gradient across healthy,
intact skin due to the secretion of chloride (CI") ions and the absorption of sodium (Na")
ions, which results in the outer layers of the skin being more negatively charged than the
inner layers. Upon receiving a wound (sufficient to cause skin breakage) there is a flow of
positively charged ions emitted from the wound that generates an electric current
perpendicular to the skin at the site of the wound [9]. This electric current induces the
migration of keratinocytes and mammalian epithelial cells to the wound and triggers the
onset of healing [10]. Movement of cells in response to an electric field is termed
galvanotaxis or electrotaxis [11]. Synthetically induced electrotaxis is mainly used to
direct the movement of cells in both in-vitro and in-vivo experiments, as it offers better
control over on-demand movement of cells compared to solely controlling movement
through chemotaxis [12]. An exciting use of electrotactic-guided cells is in-vivo wound
healing, in which cells are guided to specific destinations to encourage the growth or
repair of damaged tissue [9]. Other groups have made impressive progress towards using
electro-guided cells for the repair of the brain and central nervous system [13,14].
Treatment of neurological diseases with electrical stimulation has advanced significantly
in recent years, for example through demonstrations that electric fields can enhance
neuroplasticity processes. When electric fields within the physiological range were
applied in-vitro the movement of several different neural cells types was induced. This
ability to induce the movement of specific neural cells to specific destinations with the
added benefit of enhancing neuroplasticity processes could potentially give rise to
dramatic improvements in the treatment of neurological and psychiatric diseases [13].

Although the chemotactic and electrotactic response of living organisms has been
extensively researched, there is a notable lack of reports into synthetic approaches that
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mimic these forms of movement. Inspired by the electrotactic movement of living
organisms, here we describe for the first time, simple synthetic droplets composed solely
of an ionic liquid that can be guided at the liquid-air interface using electro-generated ion
gradients.

In recent years, multiple approaches have been investigated for the generation of
micro-droplet movement, including alteration of the wettability of the substrate through
chemical [15,16] or electrochemical means [17,18]. Other forms of stimuli, including
temperature [19], magnetic [20], light [21], and acoustic forces [22] have also been used
for the actuation and guidance of micro-droplets. Although these approaches permit
individual droplet control through external stimulation, they generally require relatively
complicated experimental arrangements [17] or complex droplet compositions [23].

Surfactant release has been employed as another contactless method for controlled
movement of droplets that rest at the liquid/air interface [23]. When surfactants are
released into an aqueous system, they locate at the liquid/air interface with the polar
heads embedded in the water phase and the non-polar tails projecting out of the solution.
The release of surfactant lowers the surface tension of the system, and once this occurs, a
spontaneous movement of liquid is created from areas of low surface tension, to areas of
high surface tension, a phenomenon known as the Marangoni effect [24]. By creating
conditions wherein asymmetrical release from the droplet of a pre-loaded surfactant
occurs, directional control over the droplet movement can be achieved. Using this
premise, “smart droplets” were developed which can solve complex mazes by following a
pre-established pH gradient [23]. Photo-controlled droplet movement was also achieved
by asymmetric release of surfactant through localised creation of a pH gradient using a
photo-acid generator [25]. Another approach involved the use of photo-responsive
azobenzene surfactants for droplet manipulation at the air/liquid interface [26].
Electrochemical control over the surface tension of a liquid metal was also demonstrated
through the formation and removal of a surface oxide on liquid metals by applying low
voltages (<1 V) [27]. When the surface oxide is present on the liquid metal it acts as a
surfactant and significantly lowers the interfacial tension between the liquid metal and the
electrolyte solution (from ~500 mJ/m? to near zero). Removal of the surface oxide
restores the surface tension of the liquid metal. This technique allowed for shape-
reconfiguration of liquid metals alloys of gallium and their guidance through a fluidic

channel.
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Previously we reported chemotactic droplets composed solely of an ionic liquid
namely trihexyl(tetradecyl)phosphonium chloride ([Pegs6.14][Cl]) that moved due to
triggered release of the cationic surfactant [Psees14]” and were guided to specific
destinations through chemically generated ion gradients [28]. lonic liquids are ideal
solvents for the development of smart vessels and “vehicles” due to their negligible
vapour pressure, high thermal stability and low combustibility, making them significantly
more stable when compared to conventional droplet systems based on organic solvents.
[29] [Pes6.14][Cl] in particular has a high viscosity and is relatively hydrophobic which
means that it can form stable droplets on aqueous/air interfaces [29]. lonic liquids have
also been previously shown to exhibit extended electrochemical windows [30-33].
Buzzeo et al. [33] examined the electrochemical window of several lonic liquids (1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Comim][NTHT]), n-
hexyltriethylammonium bis(trifluoromethylsulfonyl)-imide ([Ns222][NTf,]), 1-hexyl-3-
methylimidazolium trifluorotris-(pentafluoroethyl)phosphate ([Cemim][FAP]) and tris(n-
hexylOtetradecylphosphonium trifluorotris-(pentafluoroethyl)phosphate ([Pss6.14][FAP]))
using cyclic voltammetry at gold and platinum microelectrodes (diameter of 10 pm).
When the neat ILs were used as electrolytes, [Ps6614][FAP] showed no redox activity in
the range of -5V to 5 V at the gold electrode, and no redox activity in the range of -4 to 4
V at the platinum electrode. The electrochemical window of this IL could potentially
extend over a wider range, however, these were the limits set for the experiments
performed by Buzzeo et al.. No redox activity was observed for [Ng 222][NTf2] between -
4V and 4 V for both electrodes and no activity was shown for both [Comim][NTf,] and
[Csmim][FAP] between -2 V and 2V (at both electrodes). This extended electrochemical
window shows that ILs are stable electrolytes for use across a broad potential range.

Herein we report reversible electrotactic movement of the same [Pgg6.14][Cl]
droplets to specific destinations through electrochemically generated CI” gradients. To our
knowledge this is the first demonstration of spontaneous electrotactic movement of
droplets composed solely of an IL at the aqueous/liquid interface. The electrotactic
movement presented is not only reversible and repeatable, but the droplet trajectory and

speed can be controlled by electrode polarity and applied potential, respectively.

5.3  Experimental

531 Materials
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Sodium chloride (NaCl) (Sigma-Aldrich® Ireland Ltd), Trihexyl(tetradecyl)phosphonium
chloride ([Pss6.14][Cl]) (Sigma-Aldrich® Ireland Ltd), N, N-Dimethyl-9,9’-biacridinium
dinitrate (lucigenin) (Sigma-Aldrich® Ireland Ltd) and 1-(methylamino)anthraquinone
red dye (Sigma-Aldrich® Ireland Ltd) were all used as purchased.

5.3.2 Micro-Channel and Electrodes Fabrication

The titanium mesh electrodes (4 x 4 electrodes, each with a diameter of 3.5 mm and 8
mm in height) were 3D printed using a Realizer SLM-50 printer (Figure 5.1). 3D printing
produces high surface area electrodes while also allowing facile integration of the
electrodes into a single platform, as the design and shape of the individual electrodes can

be tuned to match the design of the fluidic channel.

Figure 5.1 3D printed titanium mesh electrodes.

Following printing, the electrodes were embedded into fluidic channels. Two
different types of channels were used. In the first case, the channels were designed in
Solid Works CAD modelling software and fabricated in acrylate ABS-Like™ Polyjet
photopolymer (Stratasys) using an Objet350 Connex 3D printer. The channels were 2.5
mm deep, 3 mm in width and the distance between opposing electrodes was 16 mm, see

Figure 5.2a. A narrow channel which was 0.5 mm wide and 1 mm in length was placed
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between the electrodes and the fluidic system in order to prevent the droplet from
crushing into the electrodes.

In the second case, the channels were designed in AutoCAD 2014, and a CO; laser
ablation system (Epilog Zing Laser Series) was used to cut the channels in 1 mm
poly(methylmethacrylate) (PMMA) sheet that had a 50 pum double-sided pressure-
sensitive adhesive (PSA) layer pre-attached. Once cut, the protective layer from the PSA
was removed and the PMMA/PSA layer was laminated with another 1 mm PMMA sheet.
The obtained channels were 2 mm wide, 1 mm high, with a 2 cm distance between the
electrodes and a 4 mm diameter hole for electrode placement, see Figure 5.2b.

For both types of channels, following printing, the 3D mesh titanium electrodes
were inserted into the placement holes incorporated into the channel design. The
electrodes were then secured in position using UV curable glue and the channel was
placed onto a breadboard to facilitate the connection of the extruding pins from electrodes
to the wires connecting to the power supply. Two different channel configurations for

electro-stimulation of droplets were obtained (Figure 5.2).

Figure 5.2 Channels for electro-stimulation of droplets showing embedded 3D printed titanium
electrodes; A) Cross-shape 3D printed channels in ABS Polyjet Photopolymer (Stratasys) based
on acrylic monomers B) Laser cut PMMA channel.

533 Methods

Droplet movement

To achieve electrotactic droplet movement, the channels were initially filled with
electrolyte solution of varying concentration, 102 M NaCl and 10 M NaCl, respectively.

The voltage was then applied to the electrodes (5 — 9 V); after 10 — 30 s the droplet was
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placed at the cathode (-) and spontaneously moved towards the anode (+). When the
polarity of the active electrodes was reversed, the droplets moved in the opposite

direction.

Current Generation Study

In order to study the current generated when applying a voltage across the NaCl solution,
the channels were initially filled with electrolyte solution (102 M NaCl and 10 M NaCl,
respectively) and the required voltage was supplied to the electrodes (1 — 10 V). The

current range was then measured using an M Digital Multimeter (N73CG).

CI" Concentration Gradient Visualisation

In order to visualise the generation of the CI” gradient, a 10 M NaCl solution containing
10" M lucigenin was made and placed in the straight PMMA fluidic channel (the
channels were 2 mm wide, 1 mm high, with a 2 cm distance between the electrodes) and
9V was applied across the solution. To demonstrate the reversibility of the CI™ gradient,
the polarity of the electrodes was switched after the desired time. A 369 nm LED was
used to excite the fluorescent lucigenin dye. Videos of the gradient generation were
captured using a Panasonic DMC-FZ200 camera.

5.4 Results and Discussions

5.4.1 Droplet Movement

The droplets used in this study were composed solely of the ionic liquid [Pe66,14][Cl] and
a small amount of red dye (1-(methylamino)anthraquinone) used only for better
visualisation. Due to the strong association of the CI” anion with the [Pg614]" cation, the
IL is highly hydrophobic and is able to form a stable droplet at the air-water interface
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[34]. The movement of the droplet is due to the controlled asymmetric release of the
sparingly soluble [Psgeg14]", Which behaves as a cationic surfactant at the air-water
boundary. Previously we have shown that when 1 mg/ml of this IL was placed into a 107
M solution of NaCl only a negligible drop in surface tension was observed (from ~73.9 to
~73.2 mN/m). However, when the same volume of the IL was placed into a lower
concentration of this electrolyte (e.g. 10° M NaCl) there was a large drop in surface
tension (from ~74.2 to ~38.4 mN/m) [28]. This shows that the [Pss614]" does behave as a
strong cationic surfactant preferentially in low ionic strength solutions. When [Pgg6.14]"
diffuses from the droplet into the aqueous solution, its surfactant character causes a
sudden drop of the surface tension of the solution [28]. The rate of release of surfactant is
controlled by the solubility of the CI" ion, as any CI transfer from the droplet to the
aqueous phase must be balanced by an equivalent transfer of [P 6.14]" to maintain overall
charge neutrality. Release of CI™ ions from the droplet depends on the local aqueous CI°
concentration at the IL-aqueous phase boundary. Hence, in the presence of an agqueous
phase CI" gradient, differential release of [Pse614]" OCCurs across the droplet boundary
and a surface tension gradient is created which generates Marangoni-like liquid flow
causing the droplet to move towards areas of higher surface tension (i.e. lower [CIT]).

In this study, the CI" gradients within the electrolyte solutions were
electrochemically generated. When an external electric field is applied across a NaCl
solution, a CI" concentration gradient is created as the Na® ions migrate towards the
cathode and CI ions towards the anode. When a [Pgs66,14][CI] droplet is placed on the
surface of this solution, the CI" concentration gradient causes an asymmetrical release of
the [Pegss14]” cationic surfactant which propels the droplet towards the anode.
Furthermore, the applied electric field may cause a Faradic rearrangement of the charged
ions within the IL droplet (Figure 5.3), thereby creating ion concentration gradients
which may reinforce the droplet movement mechanism [35]. This ion rearrangement
occurs due to the bipolar electrode (BPE) effect. The BPE effect describes the phenomena
by which an electronic conductor (which is in contact with an ionically conductive phase)
can be polarised, via an electric field, despite the fact it is not in contact with the external
power supply [36]. We believe a similar effect is occurring within the droplet. This
Faradic rearrangement of the ILs constituent ions may result in the CI" anions migrating
toward the side of the droplet facing the anode and the [Peg614]" Cations migrating toward
the side of the droplet facing the cathode. However, due to the very strong columbic ion-
pairing within the IL [34], we believe that this effect is minimal and droplet movement is
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mainly due to the asymmetrical release of the surfactant in response the external ionic
strength gradient.

Hence, when a voltage is applied (5-9 V), a [Ps¢614][Cl] droplet positioned near
to a cathode (-) will release the cationic surfactant [Psg614]" in an asymmetrical manner,
creating Marangoni like flows which drive the droplet towards the anode (+) (Figure
3.3).

@D [Pss61.1(Cl] Droplet

o~ 1 Low CI concentration

SNSNSR
cr \_\_L - High CI- concentration
|

Figure 5.3 Diagram which depicts the relative release of the [Pgee14]” surfactant from the
[Pess.14][Cl] droplet in lower CI* concentration (at the cathode, left) and in higher CI
concentration (at the anode, right) when 9 V is applied to a solution of 10° M NaCl.

Using this approach we have shown that the droplets can be very effectively
guided along channels from the cathode (-) towards the anode (+). In addition to reversing
direction within a channel, the droplets can be ‘steered’ into side channels at junctions, by
polarizing appropriate electrode pairs. This can be seen in Figure 5.4, which shows a
droplet being guided to each electrode twice within the fluidic network (See Video 5.1,
Appendix B).
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Figure 5.4 Sequence of video frames demonstrating controlled movement of the [P6, 6,6,14][Cl]
droplet using potential differences applied across pairs of electrodes 1-4. The channels are filled
with a solution of 10-3 M NaCl and a 9 V potential difference is applied across selected electrode
pairs. A — Introduction of the droplet onto the aqueous solution; B — C - The droplet is propelled
from the initial cathode (3) towards the opposite anode (1); D — The droplet arrives at electrode
(1); E — The polarity of the electrodes is then reversed and the droplet moves back towards
electrode (3); F — As the droplet approaches the centre point, the, potential difference is applied
across electrodes (2 - cathode) and (4 - anode) and the droplet is diverted into the cross channel;
G — Upon arrival at electrode (2) the polarity is reversed, and the droplet moves towards
electrode (4); H — Using a similar approach, the droplet is made to return to the original starting
position. | — L The process is repeated, showing that the droplet can be moved to each electrode
multiple times. (For full video see Appendix B, video 5.1)

5.4.2 Channel Current Study

Figure 5.5 show the current values obtained when 1 — 10 V was applied between
neighbouring electrodes (distance between electrodes = 2 cm) for different concentrations
of NaCl (10 M and 107 M, respectively). Despite the difference in current observed for
each concentration, unidirectional movement of the droplet was not achieved unless a
voltage of 5 V or higher was applied. The oxidation potential for Cl to be oxidised to Cl,
is 1.36 V (at a normal hydrogen electrode) [37] while the potential for H,O electrolysis is
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1.23 V (130 mV less than CI" oxidation). However, due to the large over potential of
oxygen and the pacification of the titanium electrodes, the oxidation of CI" may be more
energetically favourable compared to water electrolysis. This may result in the formation
of CI" gradients within the channel and droplet movement at 5 V despite the fact that there
is no visible bubble generation (from the electrolysis of water). For 10% M NaCl solution,
bubbles due to electrolysis were visible at the cathode when the applied voltage was 7 V
or greater. In the case of the 10° M NaCl solution, this was not observed for voltages
below 10 V. Bubble generation due to electrolysis disrupts droplet movement in the
vicinity of the electrodes, and therefore, electrotactic droplet movement experiments were
performed and analysed below these threshold values. No electrolysis of the electrolyte
solution is observed under our experimental conditions because of a combination of two
parameters; the first is the pacification of the titanium electrodes (with titanium oxide)
which greatly reduces the efficiency of the electrode and secondly is the low current

density of the electrolyte solutions which also impedes electrolysis.

0.6 - +
¢ 102 M Nacl

102 M Nacl ¢

Current (mA)

Voltage (V)

Figure 5.5 Current generated when the applied voltage was varied over the range 1 — 10 V for 10°
2 M and 10® M NaCl solutions, respectively. Error bars are standard deviations for n = 3
replicate measurements. Unidirectional movement was first observed at 5 V for all of the
solutions. Visible gas generation was first observed at the electrodes at 7 V for 10? M solutions
and at 10 V for the 10 M solutions.
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As expected, the current increased as the voltage was raised above ca. 5V, and the
current obtained increased significantly with electrolyte concentration. The speed of the
droplet movement was also dependent on a number of parameters, which include the time
at which the droplet was placed (in relation to the moment the potential was applied), the
volume of the droplet and the interfacial contact area between the droplet and the aqueous
solution. However, when these parameters were held relatively constant, an increase in
droplet speed was observed with increasing applied voltage (below visible gas generation
values). For example, droplet speeds of 1 - 2 mm s™ were obtained when a potential of 9
V was applied to a 10° M NaCl solution. No controlled movement of the droplet was
observed at any of the NaCl electrolyte concentrations studied until voltages of at least 5
V were applied. These results indicate that unless an ion gradient is generated across the
length of the channel (by means of the applied voltage), no asymmetrical release of
surfactant from the droplet into the aqueous solutions occurs, and no droplet movement
happens. Rather, in the absence of the ion gradient, either no movement or random

motion of the droplet is observed.

5.4.3 CI Concentration Gradient Visualisation

In order to confirm the presence of a CI" gradient within the channel, a study was
performed using the florescent dye lucigenin. The fluorescence of lucigenin is highly
quenched by CI', and therefore, if a ClI" gradient is created in the channel via the applied
voltage, a gradient in the fluorescence of the solution should also be observed. The
PMMA channels were filled with a solution of 10 M NaCl containing 10 M lucigenin
and a 369 nm led light source was used to excite the dye. The experiment was recorded in
a dark room. As can be seen in Figure 5.6 and video 5.2 (Appendix B), approximately 10
minutes after application of 9 V across the electrodes, a fluorescent gradient becomes
visible in the channel. This continues to develop, and is fully formed and stable after
approximately 30 minutes. Video 5.3 (Appendix B) shows that the formation of the
fluorescent gradient is reversible. In this case, after allowing CI" gradient formation for 10
min at an applied voltage of 9 V, the polarity of the electrodes was reversed. It was
observed that after additional 10 minutes the fluorescent gradient also had reversed.
Video 5.4 (Appendix B) shows the same experiment performed with a solution of 10 M

lucigenin in deionised water. The video shows that despite the 9V applied voltage across
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the solution, there was no visible difference in the fluorescence across the channel due to
the absence of ClI" ions in solution. The visualisation of a fluorescent gradient in the NaCl
solutions and the absence of one in water is further proof for the formation of an extended
CI" gradient in the fluidic channel. This extended gradient has also been shown previously
when NaCl was used as the electrolyte for electro-controlled actuation of polyelectrolyte-
doped gels that were submerged in an ionic solution. Application of an electrical potential
(5 V cm™) between two graphite electrodes placed 6 cm apart created an asymmetrical
redistribution of the mobile ions causing osmotic pressure differences inside the gel and
therefore, asymmetric swelling inducing unidirectional movement of the hydrogel
“walker” [38].

Figure 5.6 Snapshots showing the fluorescent gradient due to quenching of the lucigenin dye by
CI" anions in the case when a solution of 10° M NaCl containing 10 M lucigenin was used. A)
The fluorescence of the solution when no voltage is applied. B) The fluorescence of the solution

when 9 V was applied for 30 minutes.

This visualisation study supports the contention that the movement of the droplets
is due to asymmetrical release of [Psge14]" cationic surfactant, which is due to the
presence of an electrochemically generated CI° gradient. Control studies were also
performed in which a similar IL, trihexyl(tetradecyl)phosphonium dicyanamide
([Pe,6.614][DCA]), was investigated under the same conditions as the [Pg66,14][Cl] droplet.
No significant movement of the [Pg66.14][DCA] was observed as the DCA™ anion is much
less soluble in the aqueous solution compared to the CI" anion [29], and release of the
surfactant [Ps614] from the droplet is correspondingly supressed.

ILs have been shown to be excellent solvents [39,40] and are able to solubilise
and therefore, transport many organic [41] and inorganic materials, and biomaterials such

as enzymes, proteins, amino acids, peptides. This further broadens the potential for these
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electrotactic droplets to perform advanced functions such as being used as micro-vessels
for chemical reactions at pre-determined locations, dynamic sensing units, cargo carriers
and possible drug-delivery systems. These properties make them better suited as micro-
scale “vehicles” compared to conventional organic solvent droplets, which have a limited
life-time due to evaporation. Traditional organic droplets also require further addition of
surfactant to achieve movement, while the movement of the IL droplets is determined

entirely by the inherent surfactant behaviour of the IL itself.

55 Conclusions

In conclusion, we have demonstrated that simple single component IL droplets can move
spontaneously and be guided to multiple destinations within a fluidic chip in the presence
of electrochemically generated CI" gradients. Electrotactic droplets allow for reversible
movement and permit the user to change the course of the droplet by simply changing
which electrodes are being addressed within the chip. Movement of electrotactic droplets
require relatively simple means of achieving actuation i.e by simply inserting a small
number of electrodes within a fluidic chip (2 — 4) and by applying relatively low voltages
(5 — 9 V). Since there is already a large and ever growing library of ILs available, this
opens up the possibility of creating electrotactic droplets with “designer” properties [29].
Some ILs offer attractive poosibilities for electrochemical experiments, via extended
electrochemical windows in aqueous media [30-33] and stability across a broad voltage
range. Furthermore, numerous droplet functions can be realised based on IL abilities to
carry a wide range of solutes (reaction precursors, drug components, etc.), including
spatial and temporal control of reactions within fluidics systems by merging droplets at
pre-determined locations or through triggered release of cargo at specific locations.
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6.1 Abstract

Herein, we have developed signalling and seeking IL droplets, which chemotactically
find each other in open fluidic networks by harnessing the chemical potential of their
constituents and their environment. Each entity within the complex system is in direct
control of its autonomous motion, predefined by the chemistry of the IL components. For
example, the signal droplet, which is stationary, creates a chemical gradient inside the
fluidic channel through release of the IL surfactant. In response to this signal, the seeker
droplet is enabled to chemotactically find the signaller droplet and merge with it, in a
manner similar to the triggered cell migration seen in chemokine proteins. Additionally,
we present chemotactic IL droplets which interact intimately with their fluidic system,
offering the ability to make decisions, perform chemical reactions, carry out dynamic
sensing-reporting and implement damage detection-repair. Such self-directed, multi-
purpose movement of micro “vehicles” offers many intriguing opportunities in the
microfluidics field. This could potentially stimulate novel research in open droplet
microfluidic devices, where the driving force for movement is dictated by the chemistry
of the fluidic system itself, rather than through external control by the user. The
realization of multifunctional biomimetic fluidic systems with advanced functionality,
such as detection and repair of damage, self-management and healing could affect areas
far beyond the frontiers of this research field.

6.2 Introduction

The development of protocells has been of great interest to both material scientists,
who endeavour to realise synthetic analogues with biomimetic functions, and life
scientists, who wish to understand evolution from the primordial soup of the
primitive oceans of Earth [1,2]. Life itself somehow emerged from organic clutter,
through the compartmentalisation of biomolecules and DNA polymers, into self-
organised membrane-bound cells. These cells evolved over the millennia to
become the basis for life as we know it today. Although infinitely more complex,
living cells are thought to evolve from droplets of chemicals, which have been
proposed as feasible models for protocells [2]. It has been theorised that droplets
could have served to encapsulate certain functional molecules into lipid bound

vesicles which could elongate and divide under specific conditions to create
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primitive models of self-replication [2]. The desire to synthetically imitate the
movement exhibited by living organisms has been treated with a similar intrigue.
Movement of cells in response to a change in environment is known as taxis,
wherein responding to chemical changes is known as chemotaxis. Usually
chemotaxis is followed by a biological action or response; the release of signalling
proteins (known as Chemokines) for example, from infected or damaged cells, act
as a chemoattractant to trigger immune responses [3]. A family of cytotoxic T
cells, known as killer T cells, can respond to these immune triggers to track, attack
and neutralise cancer cells, infected or damaged cells [4]. Neutrophils, a type of
white blood cells with chemotactic capabilities, are also attracted by cytokines
(another family of signaller proteins) following a trauma [5]. Once recruited to the
source of injury they induce acute inflammation and further signal other white
blood cells to the site. Scientists have attempted to develop synthetic models,
which can mimic either the movement or functionality of these biological
organisms. In this context, droplets offer a promising route for the evolution of
protocelluar design, owed to the two distinctive regions, at the core and interface,
which can be highly customized to offer the possibility for individual functions.
The interfacial region, for example, could provide locomotion (via interfacial
interactions) while the inner region can release molecular cargo to perform pre-
programmed functions under specific conditions. Several droplet systems equipped
with biomimetic functionalities have been developed in recent years including
primitive locomotion[6,7], primitive metabolism[8], translation/transcription
processes[9] and self-replication[10,11], among others[12-17]. Although these
examples show exciting biomimetic capabilities, they are all highly specialized
systems with limited functionality.

Previously, we reported self-propelled chemotactic ionic liquid droplets[18]
composed solely of the IL trihexyl(tetradecyl)phosphonium chloride ([P 6.6.14][Cl])
that moved spontaneously along an ionic concentration gradient (e.g. CI) on a
liquid-air interface to a pre-determined destination. In this paper, we demonstrate
the versatile functionality of these IL droplets. Not only do they exhibit biomimetic
locomotion, but through the inclusion of functional molecules, they can also be
used to perform a variety of tasks, including reversible movement, signalling and
seeking behaviour, molecular cargo transport, decision making, sensing and
reporting, elongation and division, and system damage detection and repair (Figure
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6.1). These functions are inherent to the development of self-propelled multi-
functional droplet-type protocell models, and will contribute to the emergence of a
new sub-field in droplet-based microfluidics, in which autonomous functional
behaviour arises spontaneously from the chemistry of the fluidic system itself,

rather than through external control.

Q * =E| [P5’5,6,14][C|]
7]

Figure 6.1 Diagram showing the different functionalities of the IL droplets demonstrated
in this study. Inset depicts the movement of the [P6,6,6,14][CI] IL droplet due to the
asymmetric release of [P6,6,6,14]+ from the droplet in the aqueous solution.

6.3 Experimental

6.3.1 Materials

Hydrochloric acid (HCI), Sodium hydroxide (NaOH), Sodium chloride (NaCl),
Potassium fluoride (KF), Potassium chloride (KCI), Potassium bromide (KBr),
Cobalt (Il) nitrate hexahydrate (Co(NO3),.6H,0), Copper (Il) Nitrate tetrahydrate
(Cu(NO3)2.4H,0), Phenol red sodium salt, Bromothymol Blue, Bromocresol

Purple, Sodium alginate, 2-(5-Bromo-2-pyridylazo)-5-(diethylamino)phenol
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(PADAP), trihexyl(tetradecyl) phosphonium chloride ([Pes66.14][Cl]) and
trihexyl(tetradecyl)phosphonium dicyanamide ([Ps6614][DCA]) were purchased
from Sigma-Aldrich® Ireland Ltd. Potassium iodide (KI) and Calcium Chloride
Dihydrate (CaCl,.2H,0) were purchased from Honeywell Riedel-de-Haén™ and
AnalaR NORMAPUR®), respectively. All chemicals were used as received.

6.3.2 Methods

6.3.2.1 Micro-Channel Fabrication

The fluidic channels were designed using AutoCAD 2016. A CO; laser ablation
system (Epilog Zing Laser Series) was used to cut the design into 2 mm thick PMMA
sheets (which had a 50 um double-sided pressure-sensitive adhesive (PSA) layer pre-
attached). After cutting, the PSA protective layer was removed and the PMMA/PSA was
attached to a PMMA backing. The channel used for signalling and seekeing functionality
had a T shape, with each arm having a length of 19 mm and a width of 3 mm (See Figure
C.1). The channels used for decision making and sensing functionalities were designed in
a T shape (See Video 6.2), where each arm had a length of 21.5 mm, a width of 4 mm and
a depth of 2.1 mm. For detection and repair of damage the channels were also designed
in a T shape with each arm having a length of 21.5 mm, a width of 2.5 mm and a depth of
2.1 mm. Narrow channels were also placed into the sidewalls of each arm to simulate
damage to the channel. These narrow channels had a width of 0.25 mm and a thickness of
0.5 mm (Figure C.9).

6.3.2.2 Absorbance Measurements

UV-Vis Spectroscopy was used to measure the absorbance/transmittance of the IL
droplets containing various components (Cu(NOs);, Co(NOs),, Cu**-PADAP
complex, Co?*-PADAP complex, Bromothymol Blue, Bromocresol Purple,
CaCl, and Ca-alginate polymer, respectively). The absorbance spectra were
recorded in reflectance mode using 2 fiber-optic light guides connected to a
Miniature Fiber Optic Spectrometer (USB4000 - Ocean Optics). The light source
used was a DH 2000 FHS Deuterium — Halogen light source (Top Sensor
Systems). For out of channel measurements the droplet was placed into a custom
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fabricated holder, which also contained a slot for the optical fiber (Figure S2). The
in-house-designed holder was fabricated using a 3D printer (Dimension SST 768)
in black acrylonitrile butadiene styrene co-polymer (ABS) plastic in order to
minimise interference from ambient light. For in-channel measurements, the
optical fiber was held 5 mm above the channel using a clamp. Crosslinking of
alginate polymers in the presence of Ca®" was tracked using time-dependent
transmittance by measuring the absorbance increase at 700 nm for 20 min. At this
wavelength there is no interference from any other absorbance bands meaning that
the increase in absorbance is solely caused by crosslinking of the alginate polymer
due to the presence of Ca?*ions. Data from the spectrometer was processed using

Spectrasuite software provided by Ocean Optics Inc.

6.3.2.3 Experimental setups

The experimental designs used for the demonstration of different functionalities of
the chemotactic droplets are detailed in the Appendix C (C.1-C.4).

6.4 Results and Discussion

6.4.1 Droplet Movement

Droplet movement at the aqueous solution/air interface was generated by simply
placing the droplet in an ionic strength gradient. We previously showed that for
ionic liquid droplets composed of [Pegs6.14][Cl] this behaviour arises from the
asymmetric release the [Pgee14]" anion from the droplet into the aqueous phase.
[Pess14]” is a very effective anionic surfactant and once introduced into the
solution it generates Marangoni like flows [18]. The rate of release of the
surfactant is controlled by the solubility of counter ion; in this case CI". Therefore,
in the presence of an ionic strength gradient in the aqueous phase, an asymmetrical
surface tension gradient is generated, leading to Marangoni like flows, which drive
the droplet from areas of low surface tension towards areas of high surface tension.

The droplet will continue to move once the gradient is maintained.

6.4.2 Signalling and Seeking Chemotactic Droplets
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Signaller and seeker [droplets containing Pege14]° were developed to
chemotactically find each other in open fluidic networks. A signaller droplet (10
M Cu(NOs3), or 102 M Co(NOs3), in [Pess14][DCA]) releases an ionic
chemoattractant ((Cu(NO3), or Co(NO3),) and due to the low solubility of the DCA
anion, it remains stationary [19]. Release of the chemoattractant enables the seeker
droplet (10?2 M PADAP in [Psss14][Cl]) to chemotactically find the signalling
droplet and merge with it at its stationary location. This system is somewhat
reminiscent of neutrophil cells that have the capability to chemotactically seek out
and merge with invading pathogens inside the body. This pre-programmed
locomotion can also be coupled with a number of different functionalities. For
example if appropriate precursors are added to both droplets, a reaction can take
place upon merging. This allows spatial-temporal control of chemical reactions in
fluidic networks in the absence of any external stimulation. To demonstrate this
effect, PADAP was added to the seeker droplet. PADAP has a high affinity for a
variety of heavy metal ions, including Co®" and Cu®*, with whom it forms a
complex with the metal-ion at pH> 8. PADAP has previously been shown to be a
good spectrophotometric reagent for use in sensors for optical detection of heavy
metal ions [20,21]. In order to test if the seeker and signaller droplets could be used
for metal ion sensing, 102 M Cu(NOs), or ,Co(NOs), was added to the
[Pe.6614][DCA] signaller droplet, and 102 M PADAP added to the [Peg 6 14][Cl]
seeker droplet. Following this, the channels were filled with a solution of 102 M
NaOH and the signaller droplet was placed at the desired destination. After 10 —
30s the seeker droplet containing the PADAP was introduced to the channel. The
seeker droplet then migrated towards the signaller (See Figure 6.2, Figure C.1 and
Video 6.1). Once at the destination, the droplets merged and their contents mixed
and reacted to form the metal ion-PADAP complex. The absorbance spectra of the
droplets were recorded before and after merging. The [Pss614][DCA] signalling
droplet which contained the Cu?" salt (10°M) had a yellow colour with an
absorbance peak centred at ~425 nm (Figure 6.3 A). The [Pg6,6,14][DCA] signalling
droplet which contained Co?* salt (102M) had a blue colour with an absorbance
peak centred at 620 nm (Figure 6.3 B). The PADAP containing droplet had an
orange colour with an absorbance peak centred at ~520 nm which corresponds to

the 3-bromopyridinium ion and a shoulder peak at 580 nm which could be due to
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the presence of a tautomeric imine [22] (Figure 6.3 A and B). The absorbance of
each of the IL droplets was measured and recorded in reflectance mode using two
fiber-optic light guides which were connected to a miniature fiber optic
spectrometer (USB4000- Ocean Optics) and aligned using a custom fabricated
holder (Figure C.2). After merging of the signalling and seeking droplet, the colour
of the droplet slowly began to change due to complexation of the metal ions. In the
case of the Cu®" ion the binding ratio is 1:1 and results in a square planar or
tetrahedral complex, forming a purple colour with an absorbance centred at
Amax~550 [23]. Co®" forms a 1:2 ratio complex (Co**:5-Br-PADAP) resulting in a
octahedral complex, with an absorption also centred at Amax~550 (Figure 6.3) [22].

C O

; [P6,6,6,14][Cl] \\/) PADAP

B oo

Figure 6.2 Diagram showing the movement behaviour of the signaller (10°M Cu(NO;), or
10 M Co(NOs3), in [Pees14][DCA]) and seeker (10°M PADAP in [Pg6.14][CI]) droplets.
Once the signaller (green) droplet was placed, Cu(NOj3), or Co(NOs3), diffused from the

} [Ps514][DCA] W Cu(NO),

droplet into the aqueous phase, generating an ionic strength gradient. This gradient
enabled the seeker droplet (red) to chemotactically find and merge with the signaller

droplet.
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Figure 6.3 A) Absorbance spectra of three IL droplets ([PADAP][Co] in IL, PADAP in
[Psss1][CI] and Co®* in [Pegss14][DCA]) showing Co®* detection; B) Absorbance
spectra of three IL droplets ([PADAP][Cu] in IL, PADAP in [Pggs14][CI] and Cu®* in
[Ps6614][DCA]) showing Cu?* detection.

6.4.3 Droplets Making Decisions

To demonstrate decision making, a droplet of [Ps66.14][Cl] (and a small amount of
1-(methylamino)anthraquinone red dye for visualisation) was simultaneously
subjected to two different gradients. In the first instance, a T-shaped channel was
used and a different concentration of the same chemoattractant (HCI) was added
simultaneously into the opposite arms of the T-junction (Figure C.3, Table C.1).
For a detailed explanation of the experimental arrangement, see Appendix C
section C.2. As expected, in every case the droplet always moved towards the
stronger gradient and found the chemoattractant source of highest concentration.
As mentioned before, the rate of release is controlled by the solubility of the CI
ion. Therefore, more CI” and associated [Pes614]  surfactant will be released from
the side of the droplet exposed to lower concentration of chemoattractant (e.g. CI)
in the external solution and the droplet will spontaneously move towards the site of
highest aqueous CI" concentration. Following this, the chemotactic droplets were
investigated for their capability to choose between different halides as
chemoattractants. As before, a T-shaped channel was used and equal
concentrations of different halide salts (e.g. KF, KCI, KBr and KI) were introduced
simultaneously in the opposite arms of the T-junction (Table 6.1). A detailed

explanation of the experimental procedure is outlined in Appendix C, section C.2.
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In every case, the droplets migrated preferentially to the source of the larger halide
ion (Table 6.1, Video 6.3). This selectivity can again be explained by the relative
solubility of the CI" counterion in halide salt solutions. The solubility of CI
counterions from the IL increases in solutions of potassium halide salts in the
following order: I'> Br" >CI" >F. We have previously demonstrated that this
increased anion solubility causes enhanced [Pges14]" surfactant release in Br
solutions vs CI', or I" solutions vs. Br” and CI solutions of the same concentration
(Table 4.1, Francis et al.[18]). This results in a greater asymmetric release of
[Ps66.14]" from the droplet in the order of I"> Br >CI" >F gradients, and therefore,
the droplet will always follow the trajectory where the surface tension difference
between the back and the front of the droplet is the greatest. This means the
[Pe6614][Cl] droplet will choose the chemoattractant as predicted by the
Hofmeister series (8042’ <HPO,> <OH <F <CH3COO <CI <Br <NO; <
I < ClIO; < SCN)). [24,25]. This droplet movement mimics the ability of single
celled organisms to respond to varying signals found in their environment. They
can seek the greatest concentration of food source or flee from toxins by choosing

between chemical gradients within their locality

Table 6.1 Halide pairs included in each test and the destination the droplet chose in each case.

Conc (mol L% KF KCl KBr Kl
0.1 X
0.01
0.01
0.05
0.1
0.001
0.01
0.001
0.01
0.1
0.001
0.01

X[ X[ X| X

X[ X| X| X[ X| X[ X

*Coloured cells indicate the chemoattractant pair used; X indicates the final destination of the
droplet. For example (row 1) when 0.1M KF and KCI solutions were used as chemoattractants,
the droplet’s destination was the source of KCI (marked with X).

6.4.4 Sensing and Reporting
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It was observed that when the [Pg¢6,14][Cl] chemotactic droplets were subjected to
Br or I chemical gradients, the droplets often dispersed into smaller ‘daughter’
droplets as they got closer to the plume source, possibly due to enhanced uptake of
the external aqueous solution. In order to investigate this behavior, pH indicator
dyes (Phenol red or Bromothymol blue) were added to the droplet (4% wi/v) and
the chemical gradients were created as before (Figure 6.4), using 0.001M, 0.01M
or 0.1M KBr or KI solutions (Appendix C, C.3). It was observed that as the IL
droplet moved spontaneously towards the KBr (or KI) source, it could sense and
report the pH of the solution through which it was traversing (Video 6.4-6.6). In
order to investigate this colour change, a miniature spectrometer (USB4000 -
Ocean Optics) and fiber optic probe with a custom fabricated holder was used to
measure the absorbance of droplet before and after its introduction to the system
(Figure 6.4). The bromothymol blue droplet was initially a yellow colour
indicating the presence of the dye in its protonated form, with an absorbance
Amax~450 nm. Upon nearing or reaching the destination the droplet changed to a
blue colour with a characteristic absorbance at Amax ~650 nm (deprotonated dye).
Similar behaviour was observed in the case of phenol red, which changed from an
orange colour (Amax= 525 nm, protonated form) to a purple colour (Amax= 575 nm,
deprotonated form) in the proximity of the chemoattractant source. This sensing
and reporting of the aqueous solution pH is due to ion exchange between the CI" of
the [Pe66,14][Cl] IL and the Br (or I') present in the aqueous solution. This ion
exchange between the anions of the IL and the anions present in the aqueous
solution is dependent on the affinity of the anion for the aqueous phase compared
to the IL. It has been previously demonstrated that anion exchange in
Phosphonium-based ILs increases in the order SO  <F <ClI <Br <NO; <
I <ClO;, <SCN < Tf;N, as again predicted by the Hofmeister series [26]. This
occurs as hydrophobic anions (with low charge density) such as Tf,N, SCN,
ClO, and I are preferentially dissolved in the IL phase, while more hydrophilic
anions such as CI, F~ and SO, are preferentially dissolved in aqueous phase. As
the charge density decreases from (SO,* to Tf,N"), anions with a lower charge
density are less hydrated and have a higher affinity for the IL phase [26]. This ion
exchange within the IL droplet resulted in a more permeable droplet/water

interface. As the Br™ ions entered the droplet, it is likely that "OH ions were also
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taken up, resulting in the colour change of the droplet. As expected, both of the
colour changes indicate sensing of a solution with a pH above the pK, of the
respective dyes (~7.0 for Bromothymol blue and ~8.0 for Phenol red). This is in
agreement with the experimental conditions, where the measured pH of the
aqueous solution (10M NaOH) was 12.

Figure 6.4 Diagram showing the sensing ability of the IL droplets. The sensing droplets
were composed of bromothymol blue (4% w/v) in [Peg614][Cl]. The channels were filled
with a solution of 102 M NaOH and a solution of 0.001M KBr was used as a
chemoattractant. It was observed that as the IL droplet moved spontaneously towards the
KBr source, it could sense and report the pH of the solution through which it was
traversing (Video 6.4-6.6). As the droplet neared the chemoattractant source an ion
exchange within the IL droplet resulted in a more permeable droplet/water interface. As
the Brions entered the droplet, it is likely that ‘'OH ions were also taken up, resulting in
the colour change of the droplet containing Bromothymol blue from yellow (pH<7) to blue
(pH>7).

To better visualise the flux within the droplet during the ion exchange, an
aigoDigital Microscope-GES5 with a detachable objective (lens of X60) was used to
record the droplet as it travel towards the destination changing colour (Figure 6.5,
Figure C.5 and Video 6.7). An identical experiment was also run which measured

the spectra of the droplet every minute for 6 minutes (Figure 6.5). The results
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clearly show convective, Marangoni-type flows generated within the droplet as ion
exchange occurs. Such Marangoni flows are not observable in the absence of the
ion exchange process (Figure C.6-C.7). These droplets are capable of mimicking
the ability of living cells to sense and exchange cargo with their external
environment. Moreover, as ion exchange is governed by the composition of the
ionic liquid with respect to the chemoattractant, it can therefore, be accurately
predicted and controlled. The endless permutations of IL and chemoattractant

means that these IL droplets can not only choose between a multitude of chemical
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gradients but are also capable of sustaining and sensing selective ion transfer

across the droplet/aqueous interface.
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Figure 6.5 Absorbance spectra of the [Ps6614][CI] droplet containing bromothymol blue
vs. time, reflecting the change in maximum absorbance as the droplet migrated across the
NaOH solution (10 M) when 70ul of 0.005M KBr solution was used as chemoattractant
(left). Microscope images showing the Marangoni-like flows and the influx of OH" ions

into the droplet upon reaching the destination. Scale bar represents 1 mm (right).

6.3.5 Detection and Repair of Damage

In this section we demonstrate that [Pse614][Cl] IL droplets containing 4% w/v
CaCl, which were able to chemotactically find and seal a leak in a fluidic system.
For a detailed description of the experimental conditions, see Appendix C, C.4.
The chemoattractant used in this study was a 60 pul aliquot composed of 1:1 (V:V)
102 M HCI: 0.05M KBr solution containing 0.5% wi/v sodium alginate. Upon
arriving to the destination by following the KBr gradient, the ion exchange
between the CI" of the IL and the Br™ from the aqueous solution, resulted in the
uptake of alginate chains into the droplet. Within the droplet, the Ca” ions act as an
ionic crosslinker for the alginate chains resulting in the generation of a crosslinked
hydrogel [27] which seals the damage (Figure 6, Figure C.9-C.10, Video 6.8). In
order to track this gelation, the absorbance of the droplet was recorded at 700 nm
over 20 minutes (Figure C.11) using a miniature fiber optic spectrometer
(USB4000 - Ocean Optics). The graph clearly shows an exponential growth,
indicating that the alginate polymers that were taken up by the droplet, from the
aqueous phase, have been completely crosslinked and the droplet has solidified.

These droplets could constitute a primitive model for platelets, which are found in
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mammalian blood. When a mammal receives a wound severe enough to break the

skin, platelets aggregate together at the wound to seal it and stop the bleeding [28].

Sodium

@ cacl, alginate

Figure 6.6 Diagram showing the CaCl, containing droplet migrating across the liquid/air
interface of a solution of 10° M NaOH towards the source of “damage”, upon the
addition of the chemoattractant solution (60 pl aliquot composed of 1:1 (V:V) 102 M HCI:
0.05M KBr solution containing 0.5% w/v sodium alginate). Upon reaching the damage
area, the repair functionality starts by creating a crosslinked gel composed of calcium

alginate, that seals the damage.

6.5 Conclusion

In conclusion, we have developed multi-functional IL droplets which are capable of cargo
transport, seeking and signalling, decision making, detection and repair of damage. We
have further developed our understanding of the mechanisms of unidirectional motion in
such systems and presented the utility of performing a broad range of practical tasks in
the absence of further external stimuli. The examples shown in this study represent only a
fraction of the potentially broad scope of these droplets. As the droplets are composed of
ILs, which have negligible vapour pressure, low combustibility and high thermal stability,
they are aligned perfectly for use as micro-scale vehicles. Additionally, because the ‘fuel’
is a component of the IL itself, the further addition of functional components appears not
to inhibit movement. The large library of ILs available, allows for countless
combinations of gradients and fine tuning of the anion-cation pairing. This paves the way
for the creation of more complex droplet systems whose movement, selectivity and
chemical reactivity can be controlled by 1) their innate constituents, 2) the nature of the
fluid they traverse, 3) the chemistry of the other droplets they encounter and 4) their
intimate response to external substrates. The potential of combinatorial movement and
reactivity, with additional dimensionality achieved through liquid and surface

contributions, may now offer a field of untapped possibility.
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7.1 Abstract

Herein we report on the synthesis of a bipedal hydrogel walker, based on N-
isopropylacrylamide-co-acrylated spiropyran-co-acrylic acid p(NIPAAm-co-SP-co-
AA). Due to the presence of the photochromic spiropyran molecule in the polymer
structure, these hydrogels reversibly shrink and swell in aqueous environments when
exposed to different light conditions. When placed onto a ratcheted surface, the
actuation of the bipedal gel produces a walking motion by taking a series of steps in a
given direction, as determined by the optimised design of the ratchet scaffold. We
anticipate that such biomimetic hydrogel walkers could form the basis of light-
actuated soft robots capable of more advanced functions such as autonomous
migration to specific locations accompanied by triggered release of molecular cargo.

7.2 Introduction

The motile behaviour of life forms, from the most primitive to the more complex, has
long fascinated scientists who remain captivated by their ability to navigate through
challenging environments in response to external stimuli. The simple earthworm, for
example, has been the focus of attention for scientific groups who attempt to achieve
synthetic mimicry of its means of movement [1-3]. The earthworm’s body is
composed of cylinder-shaped segments which are filled with a fixed volume of
incompressible fluid and its movement is attributed to the contraction of the circular
and longitudinal muscle layers which run through the body of the worm. When the
longitudinal muscles contract, the worm is made shorter and the liquid is forced into
the sides of the cavity, causing the body to widen. Conversely, contraction of the
circular muscles serves to elongate the worm’s body. Sequential fine control over the
length of individual segments allows the worm to move in one direction [4]. More
advanced means of locomotion, as exhibited by humans and other large mammals, is
controlled through interaction of both soft and hard materials. Many groups, studying
soft and hard robotics, have looked to the human body for inspiration [5-7]. To date
however, the hard robotics field has failed to produce devices that can match the
functionalities offered by biology, such as flexibility, adaptability and self-repair
observed in even the simplest living organisms (e.g. cells, bacteria, jellyfish and
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worms). These types of functionality cannot be offered by present robotics
technologies, mainly because of the lack of mechanical compliance between the
conventional robotics and the biological systems. For implantable devices this hard-
soft material mismatch can lead to tissue damage and foreign body response, resulting
in hypoxia, acidosis, thrombosis and implant rejection [8]. Great recent progress has
been made at the macro-scale towards soft-fluidics by using soft elastomers with
embedded pneumatic networks [9,10]. These actuators contain inflatable channels
fabricated in elastomeric materials which are configured to create specific movement
when pressure is applied. Dielectric elastomers have also been proposed for the
realisation of soft electro-actuators, however, their main disadvantage remains the
typically large actuation voltage needed [11,12]. Currently, soft-robotics may offer
actuators of modest complexity, which exhibit increased compliance with biological
matrices. Biological inspiration has also led to the realisation of stimuli-responsive
soft actuators through the use of hydrogels as a primitive mimic of biological tissue.
Hydrogels comprise a broad range of polymeric materials which are capable of
holding large volumes of water, due to their hydrophilic nature. Incorporation of
stimuli-responsive compounds into the gel structure can be used to control the gel’s
overall hydrophilic character. This offers a means to modulate the volume and shape
of the hydrogel structure through the expulsion or absorption of water from the
surrounding environment. A large number of stimuli-responsive mechanisms for these
gels have been reported, including thermal [13,14], pH [15], magnetic [16], glucose
[17], antigen [18], electro [19], photo [20], and even multi-responsive hydrogels
[21,22]. Of particular interest is the development of hydrogels with biomimetic
properties [23,24], such as the ability to walk [25]. Yang et al [26] developed an arc
shaped hydrogel based on poly(2-acrylamido-2-methylpropanesulfonic acid-co-
acrylamide) (poly(AMPS-co-AAm), which was able to walk across a ratcheted
surface upon electrical stimulation. The hydrogel contained cross-linked networks
bearing bound negatively-charged sulfonic groups. In sodium chloride (NaCl)
solutions, upon the application of an electric potential, the free ions of the NaCl
electrolyte move towards their respective counter electrodes. Inside the hydrogel
however, only the cations of the bound negatively-charged sulfonic groups are mobile
and can move towards the cathode. This ion motion creates an ionic concentration
gradient within the hydrogel and in turn an osmotic pressure difference within the
hydrogel walker. This translates into a bending motion towards the cathode upon
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application of an electric field. Depending on the position of the electrodes, one side
of the gel experiences a greater osmotic pressure difference, resulting in
bending/deformation of the hydrogel. The bending behaviour is reversible and
repeatable through successive "on/off " application of an electric field. When placed
on a ratcheted surface and by repeatedly applying an electric field, a hydrogel arc can
be made to “walk”. When the electric field is switched “on” the gel will shrink,
resulting in the legs of the gel to come closer. Because of the shape of the ratchet,
only one leg can move and the trailing leg will be “dragged” across the ratchet steps.
When the electric field is removed the gel will expand, but as the trailing leg cannot
expand back against the ratchet, the leading leg will be pushed forward.

Development of other forms of hydrogel stimulation offer more promising
means of fine-tuning actuation. The use of photo-responsive hydrogels offers the
possibility of accurately controlling irradiance, time, distance, position and
wavelength of the light while offering non-contact stimulus that can be applied in a
non-invasive manner. The incorporation of photo-responsive compounds in the
modulation of hydrogels has been widely documented, most notably through the use
of spiropyrans (SP), which also offer added sensitivity to pH, solvent polarity and
metal ions [27-29]. Our group has been one of the pioneers in demonstrating that
incorporation of spiropyrans into gel structures (hydrogels [30] and ionogels [31,32])
can be used for the fabrication of photo-controlled liquid flow micro-fluidic manifolds
[33], reversible microfluidic valves [34] and photo-programmable surface
topographies [35]. The photo-responsive hydrogels used in these studies were
typically composed of copolymers of N-isopropylacrylamide-co-acrylated spiropyran-
co-acrylic acid (p(NIPAAmM-co-SP-co-AA), in a molar ratio of 100:1:5. In an acidic
environment SP is protonated, generating the more hydrophilic (MC-H") form.
Absorption of water from the external environment thereby results in expansion of the
hydrogel. Upon irradiation with white light (Amax = 422 nm) MC-H" releases a proton
causing it to isomerize back to the more hydrophobic SP form. This increase in
hydrophobicity results in the expulsion of water and the contraction of the gel. The
addition of acrylic acid into the hydrogel backbone provides an internal source of
protons for reversible switching [20] removing the need for an external acidic
environment and enabling the switching of SP to MC-H" to occur in neutral
conditions. This allows for reversible photo-actuation to be performed in deionised

water.
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Expanding on this work, herein we present photo-responsive hydrogel walkers
based on p(NIPAAm-co-SP-co-AA). These walkers can reversibly shrink and expand
via on/off white light irradiation. When submerged in water and placed onto a
ratcheted surface the walkers can achieve a unidirectional walking motion when
exposed to different light conditions. These hydrogels offer a promising route for the

development of directed locomotion in soft light robotics.

7.3 Experimental

7.3.1 Materials

N-isopropylacrylamide 98% (NIPAAm), N,N’-methylenebisacrylamide 99% (MBIS),
Phenylbis(2,4,6 trimethyl benzoyl) phosphine oxide 97% (PBPO), acrylic acid (180-
200ppm MEHQ as inhibitor) 99% (AA), tetrahydrofuran 99% (THF), anhydrous
dichloromethane (50-150 ppm amylene as stabilizer) 99% (DCM), ethyl acetate 99%,
n-hexane 95%, were acquired from Sigma Aldrich, Ireland and used as received.
1°,3°,3’-Trimethyl-6-acryloylspiro(2H-1-benzopyran-2,2-indoline) (SP-A) was
synthesised as described elsewhere [20].

7.3.2 Gel Preparation

The hydrogel walkers were synthesised using a monomeric cocktail which consisted of
200 mg NIPAAmM, 8 mg MBIS (3 mol% relative to NIPAAm), 6 mg SP-A (1 mol%
relative to NIPAAm), 7 mg PBPO (1 mol% relative to NIPAAM) and 6 uL AA (5
mol% relative to NIPAAm) dissolved in 500 pL of the polymerisation solvent (4:1 vol:
vol, THF: DI water). This gel composition was previously optimised by Ziotkowski et
al. [20], who developed self-protonating p(NIPAAmM-co-spiropyran-co-acrylic acid)
hydrogel photoactuators, and Dunne et al. [30], who optimised the polymerisation
solvent ratios, in order to achieve ideal pore sizes and ultimately improved upon the
swelling and shrinking times obtained by Ziotkowski [20]. The arc-shaped hydrogel
walkers were prepared by using a home-made cell consisting of a PMMA mask
(Figure 7.1), a glass slide and a glass cover slide separated by a 500 um high spacer
made out of poly(methyl methacrylate)/pressure sensitive adhesive (PMMA/PSA). The
cell was filled by capillary action with the monomer solution and subsequently

exposed to white light through the mask (Figure 8). The polymerisation time was
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varied from 40 to 50 s, in order to compare polymerisation times with walker
functionality. The white light source used was a Dolan-Jenner-Industries Fiber-Lite
LMI LED lamp with two gooseneck waveguides placed at a distance range of 1 to 2
cm from the platform. The light intensity measured with a Multicomp LX-1309 light
meter was 310 - 320 kLux. After polymerisation, the hydrogel walkers were washed
gently with ethanol and DI water to remove any unpolymerised material and allowed
to swell in deionised water for 4-6 hours to ensure full hydration.
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Figure 7.1 Side view of in-house made cell for gel polymerisation; insets show the

photomask including specific measurements of a single arc-shaped walker.

7.3.3 Photo-Mask Fabrication

The photo-mask used for gel polymerisation was firstly designed using AutoCAD
2014 and cut from a 1 mm thick sheet of black PMMA using a CO, laser ablation
system (Epilog Zing Laser Series). The mask contained a 7 x 5 array of walkers of

1.44 mm height, 2.81 mm (outer) distance between the legs, and a width of 0.56 mm.

7.3.4 Ratcheted Channel Fabrication

The ratcheted systems in this study were first designed using AutoCAD 2014 and a
CO; laser ablation system (Epilog Zing Laser Series) was used to cut the required
pieces out of black PMMA sheets. To assemble the ratcheted channel, a back PMMA
layer, the ratchet layer and a glass slide were attached (Figure 7.2). The back layer and

the main ratchet section were cut from 1 mm black PMMA. To avoid melting of the
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ratchet during laser cutting, 50 pum PSA was hand cut and applied to both sides after
cutting. The back layer was joined with the main section first, then the glass slide was
attached. Using clamps, the three sections were placed under pressure overnight. The
ratcheted channel had a length of 45 mm, a 1 mm width and a height of 12 mm, while
the ratchets had a height of 0.5 mm and a 7 mm distance between two consecutive
ratchets.

A

Figure 7.2 A) Schematic diagram showing the individual components of the ratcheted
channel: glass slide, ratcheted channel bottom with side walls in black PMMA and
PMMA back layer; Cartoon showing side (B) and front (C) views of the channel after

assembly and D) Photo of the real ratcheted channel.
7.3.5 Hydrogel walker relative area and relative leg distance analysis
The distance between the walker’s legs and the area measurements of the freestanding
hydrogel walkers were performed using Image J (1.47v) software. For each
polymerisation time, three hydrogel samples were measured. The relative area % (Eq.
7.1) and relative Legs distance% (Eq. 7.2) were calculated using the following
equations (n=3):

Relative area (%) = % x 100 (Eq. 7.1)

Where 4, = Measured area at time t and 4, = Area of a fully hydrated gel.

Relative leg distance (%) = LL—tx 100 (Eq. 7.2)
0

Where L; = Measured inner leg distance at time t and L, = Initial inner leg distance

of the fully hydrated walker.
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7.3.6 Rheology

Rheology curing measurements were performed on the unpolymerised cocktail. The
measurements were carried out using an Anton-Paar MCR301 rheometer with a CP50-
2 measuring tool with a diameter of 49.97 mm and a cone angle of 1.996° to measure
the mechanical properties during polymerisation. The rheometer had a glass plate to
which 900 pl of monomer mixture was placed and pressed with the CP50-2 tool with a
space of 208 um. A Dolan-Jenner-Industrie Fiber-Lite LMI white light was placed
under the glass plate having a light intensity of 320 kLux, measured on top of the glass
plate using a LX-1309: light meter. The curing and mechanical properties of the
p(NIPAAmM-co-SPA-co-AA) cocktail were measured over 15 minutes with data
collected every second. White light curing was initiated after 60s and after the allotted
time (40s, 45s and 50s, respectively) the light was turned off. The loss and storage

moduli were analysed at 0.1% strain and 1Hz oscillation frequency against time.

Polymer films of 500 um thickness were polymerised for the specific times
(40s, 45s and 50s) in the same manner as the walkers in the absence of the photomask
with a light intensity of 318 kLux. After the polymer films were hydrated, circular
disks of 15 mm diameter were cut using a manual puncher and used for further
rheology analysis. The polymer discs from the various polymerisation times were
placed under the PP15 rheometer tool (15 mm diameter) of the Anton Paar MCR 301
rheometer. Amplitude sweeps were carried out at 100 rad s angular frequency, a
normal force of 1 N with a gradual strain from 0.01 — 100%. The storage modulus
was monitored with data being collected every 20 seconds.

7.3.7 Hydrogel walker actuation

To achieve the “walking” behaviour of the hydrogels, a single walker was placed on
to one of the ratcheted channels. The channel was then carefully filled with deionised
water. An Aigo GE-5 microscope (using a 60x objective lens and accompanying
software) was placed facing the glass side of the ratcheted channels. Finally, the
white light source was adjusted so both goosenecks were pointed at the walker and
had an intensity of ~305 kLux. Once recording began the white light source was
switched on. The walker was then monitored in real time and once the trailing leg had
moved across at least one of the ratchet steps the light was removed. The gel was
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then monitored in the dark and once the leading leg had been pushed at least one
ratchet step, the white light source was turned back on. This was continued until the

hydrogel had walked a number of steps.

7.4 Results and Discussion

7.4.1 Hydrogel walker

The (p(NIPAAmM-co-SP-coAA) hydrogels in this study were able to achieve reversible
swelling and contraction through repeatable white light irradiation. In the absence of
white light, the SP component of the gels underwent protonation to the more
hydrophilic MC-H" form, due to protonation from the AA substituent (pKa ~ 4.5).
Under these conditions, the gels expanded to the maximum capacity and had a yellow
colour. When the hydrogels were illuminated with white light, the MC-H" was
deprotonated back to the SP form (Figure 7.3). This resulted in a rapid colour change
towards white/colourless as the gel began to contract. This is due to the hydrophobic
nature of SP which causes the polymer chains within the gel to collapse and water
from the gel to be expelled to the external environment (Figure 7.3).
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Figure 7.3 Chemical structure of the p(NIPAAmM-co-SP-co-AA) hydrogel walkers under
different illumination conditions and the physical effect it has on the gel morphology.
The AA co-polymer acted as an internal acidic source for the protonation of SP to the
more hydrophilic MC-H™ form, this switch induced hydrophobicity changes resulting
in the absorption of water from the external environment into the gel. When irradiated
with white light (Amax = 422 nm) MC-H" was deprotonated, resulting in the
isomerisation back to the more hydrophobic SP form. Inside the p(NIPAAmM-co-SP-co-
AA) hydrogel, this isomerization resulted in an expulsion of water and reduction of the
gel’s volume Therefore when left in the dark the gel expanded, because of the design of
the ratchet only one leg can move and thus the gel was pushed forwarded. When white
light is introduced the gel shrank, again due to the design of the ratchet this resulted in

the gel being pulled forward by the trapped leg.

To achieve the walking motion this process was performed on a ratcheted
polymethyl methacrylate (PMMA) surface, from right to left, as depicted in Figure
7.4 After a period of white light irradiation (5 min at ~305 kLux intensity), the gel
began to contract, thereby causing deformation of the gel’s structure. When the
leading leg comes in contact with the vertical section of the ratchet step (Figure
7.4A), a gradual photo-induced reduction of the distance between the legs causes the

trailing leg to be “dragged” over the bevel of the ratchet step (Figure 7.4 (B-D)).
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S2/ t =16 mins

= t=21 mins

Figure 7.4 Series of snapshots showing the effect of light irradiation on the hydrogel
walker. A) Light irradiation is initiated; B-D) Gradual reduction of inter-leg distance

results in the trailing leg (right) being “dragged” over the bevel of the ratchet step.

When the light was removed the gel would gradually begin to re-swell and
regain its original colour. Swelling continued until the trailing leg became lodged on a
vertical section of a ratchet step, thus causing the leading leg to be pushed over the
bevel of the corresponding ratchet step. By repeating this process, the p(NIPAAmM-co-
SP-co-AA walkers could be made walk in a single direction, determined by the
direction of the ratchet (see Figure 7.5, Figure D.2, Video 7.1 and Video 7.2).
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Figure 7.5 Series of snapshots showing the walking behaviour of the hydrogel (Video
7.1). A — B shows contraction of the trailing leg. C — Swelling in the dark results in the
forward leg being pushed over the ratchet. D — E The sequence is repeated which

results in the gel achieving a unidirectional walking motion (right to left).

7.4.2. Mechanical properties

To design a hydrogel walker which can actuate over a series of predefined distances,
it is necessary to have a comprehensive knowledge of the mechanical properties of the
hydrogel walker. The elastic nature of a hydrogel can have a dramatic influence on its
ability to actuate under a given stimulus. To best understand the effect of varied
degrees of cross-linking, a rheology study was used to ascertain the most appropriate
curing time. Three different polymerisation times were chosen (40s, 45s and 50s,
respectively), during which the monomeric cocktail was exposed to white light
irradiation and the storage modulus recorded (Figure 7.6). The storage modulus
increases abruptly when the light is turned on (time = 60s) owing to significant
growth of elastic structures due to the crosslinking. When the light is turned off (after
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40s, 45s and 50s, respectively) no new radicals are formed by initiation, and therefore,
the increase in storage modulus is significantly slowed, as only the free radicals that
are present when the light is turned off continue to propagate and terminate [36]. The
hydrogels polymerised under 50s of light irradiation showed the highest storage
modulus plateau at around 3700 Pa, and therefore, exhibit the greatest elastic
properties of the hydrogels studied (Figure 7.6). Polymerisation times longer than 60s
were not suitable as polymerisation-induced diffusion, beyond the exposed areas of
the photo mask, resulted in peripheral polymerisation.
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Figure 7.6 Photo-curing of hydrogels produced under different light irradiation times

(40s, 45s and 50 s, respectively). White light polymerisation was initiated at t=60 s.

Mechanical studies of the hydrogels were also performed after hydration, as
detailed in the experimental section. It was revealed that upon hydration, the storage
modulus of the hydrogels polymerised under different polymerisation times (40s, 45s,
and 50s, respectively), although increasing with the polymerisation time, does not
vary significantly (Figure D.1). However, amplitude sweeps reveal that the linear
viscoelastic range (LVE) is significantly different and decreases with increased

polymerisation time. This could be due to the fact that crosslinking density is
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increasing with the polymerisation time, also causing an increase in chain
entanglement. Therefore, when an increase shear stress is applied, physical
interactions and entanglements will be destroyed prior to covalent bonds. As a result,
the sudden decrease in G’ (indicating the end of the LVE) occurs at lower shear stress
for the hydrogels polymerised under a longer polymerisation time, which implies that
there are more physical crosslinks and chain entanglements in these sample networks
[37].

7.4.3. Relative area and relative leg distance analysis

Extending our knowledge of these materials to fabricate a simple hydrogel walker
required not only an insight into the mechanical properties but also greater
understanding of the volume change of the material during actuation cycles. On a
stepped surface, it is important to fully understand both the swelling of the respective
legs and maximum bipedal distance, during actuation. To determine the actuation
properties of the hydrogel walkers polymerised under different polymerisation times,
a study was performed to examine the effect on both the relative area of the entire gel
and the distance between the legs upon irradiation with white light. Polymerisation
time is an important parameter when synthesising hydrogels as it affects the
crosslinking density of the hydrogel, thus its mechanical properties (Figure 7.6) and
its ability to absorb and expel water and the material’s shape memory [38-41].

Figure 7.7 shows the relative area of each of the gels when exposed to three
cycles of white light irradiation. It confirms, as expected, that polymerisation times
plays only a minor role in the extent of swelling or contraction exhibited by the
resulted hydrogel, in these particular conditions (polymerisation times of 40s, 45s and
50s, respectively). The 50 second polymerised gels showed the greatest repeatability
and were better able to swell close to their original size when compared to the shorter
polymerization times. Relative area change is Arel. change = 24.14 + 7.43% (n=3) for the
hydrogels polymerised under 40s of light irradiation, Avel, change = 23.11 + 9.24% (n=3)
for 45s polymerisation time and Ave. change = 25.87 * 2.35% (n=3) for 50s
polymerisation time, respectively. For the hydrogel polymerised under 40s of white
light irradiation, there is a clear gradual decrease in the size of the hydrogel both
under light and dark conditions (40s: 2™ cycle 62.28 +5.41% (contracted); 78.98 +6.04%
(expanded) and 3™ cycle 56.94 +6.41% (contracted) 75.17 +7.75% (expanded). This is most
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likely due to the decreased crosslinking density and physical entanglements present in

these hydrogels, which may impede the hydrogels from returning to their original

size.
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Figure 7.7 Three photo-actuation cycles of hydrogel walkers produced after 40s, 45s
and 50s of light irradiation, respectively, showing the relative changes in walker area
when exposed to different illumination conditions. The measurements have been done

in triplicate and the error bars represent standard deviations.

An analysis of the relative inter-leg distance for a set of walkers of varied
polymerisation time was also performed. Figure 7.6 shows the effect polymerisation
times had on the actuation of the hydrogel structures, and in particular the relative
changes in leg distance when the gels were exposed to different illumination
conditions. As seen from Figure 7.6, polymerization times of 40s and 45s,
respectively, resulted in gels with a lower storage modulus. Upon actuation, this failed
to show an appreciable change on the centre angle of the arc-shaped walker. When
exposed to white light all of the hydrogel walkers were able to expand and contract
(Figure 7.7 and Figure 7.8), however the ones polymerised for 40s and 45s,
respectively, couldn’t maintain their shape and became flat when irradiated on a

ratcheted surface.
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A) Polymerisation time = 40s B) Polymerisation time = 45s C) Polymerisation time = 50s

Figure 7.8 Three photo-actuation cycles of hydrogel walkers produced after 40s, 45s

and 50s of light irradiation, respectively, showing the relative changes in legs distance
when exposed to different illumination conditions.

The results of this assessment of actuation behaviour, in particular inter-leg distance,
are summarised in the plots shown in Figure 7.9. This clearly demonstrates that the
gels synthesised using a 50 second polymerisation time had the greatest reduction in
distance between the legs when exposed to white light. The 40 and 45 second gels
showed minor and irreproducible inter-leg distance changes and therefore, limited
movement. Knowledge of the extent of change in the centre angle of the arc-shaped
walker/ inter-leg distance is integral to the design of the ratcheted surface on which
the walker moves. By assessing the distance between the legs before and after
actuation it is possible to design ratchets of optimal dimensions to maximise the
potential for unidirectional movement. These results had a direct influence on the
width of ratchets used for further studies, as outlined in the experimental section.
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Figure 7.9 Three photo-actuation cycles of hydrogel walkers produced after 40s, 45s
and 50s of light irradiation, respectively, showing the relative changes in legs distance

when exposed to different illumination conditions.

As the actuation behaviour (swelling, contraction) in hydrogels is essentially diffusion
controlled, the reduction of the scale of these structures can dramatically increase the
rate at which these effects occur [42]. Improved kinetics of the actuation could also be
realised by increasing the pore density of the hydrogel structure [43] as this can
substantially reduce the overall diffusion pathlength for water uptake and release.
Furthermore, modification of substituents on the photoswitch molecule produces
dramatic improvements in the switching kinetics, which also contributes to the overall
effectiveness of the gel actuation effect [44,45]. This in turn will allow for the
realisation of soft micro-robots, capable of various forms of locomotion on a
significantly reduced timescale. In addition, photo-switchable dynamic ratchet
structures that emerge /disappear can be created, and linking this behaviour with the
‘walkers’ offers the intriguing possibility of externally switching between ‘on’
(ratchet features present, directed movement turned on) and ‘off” (smooth surface

restored, directed movement turned off)[35].

203



75 Conclusion

In conclusion, we have synthesised a hydrogel walker based on p(NIPAAmM-co-SP-co-
AA) which can reversibly swell and contract when submerged in water and subjected
to cycles of white light irradiation. The hydrogel is able to achieve unidirectional
walking when placed onto a ratcheted surface. These results show that photo-
responsive hydrogels make promising candidates for the development of biomimetic
soft robots which could exploit their reversible and repeatable actuation. This study
opens the possibility for development of more advanced biomimetic walking soft
robots which can perform tasks such as cargo transport, sensing and targeted drug
delivery. The ability to control on-demand uptake and release, with porous materials
of this nature, offers the possibility of localised triggered reactions upon secondary
stimulation at desired destinations [46,47]. The combination of these processes could

be used to achieve targeted transport, delivery and release within fluidic systems.
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8.1 Micro-sized ionic liquid droplets as micro-vessels for chemical reactions at

pre-determined locations

8.1.1 Introduction

Having successfully demonstrated two methods for achieving spontaneous and
autonomous droplet movement to desired destinations, as described in Chapter 4 and 5 of
this thesis, the next step was the introduction of additional functionality in to these smart
droplets. In Chapter 6 we successfully demonstrated these droplets could successfully
perform at least six different functions: decision making, cargo transport, droplet to
droplet communication, sensing and damage find and repair. Although Chapter 6 does
demonstrate well the versatile nature of these smart droplets, we believe that these
droplets are capable of performing more complex tasks (e.g. programmable chemical
reactions at specific locations) and can be a stepping stone for the development of soft
robotics, and even as biomimetic synthetic analogs of protocells.

Microfluidics (MF) significantly reduces the volumes of reactants required,
reduces reaction times and increases mass and heat transfer rates [1]. Droplet based
microfluidics retain the above advantages while compartmentalization of the reactants
inside individual micro-vessels provides several additional benefits such as control over
interfacial properties of the solution, transport of cargo around the micro-chip (inside the
vessel), the ability to perform more complex reactions (combing multiple droplets allows
for multiple step reactions), the possibility of performing chemical and bio-chemical
reactions at desired locations within the fluidic chip [2].

There has been a wide variety of chemical and biological reactions performed
using droplet microfluidics [3-5]. Many research groups have looked at developing
droplet based microfluidic chips for biological assays. Droplet microfluidics encapsulates
the multiple reagents (required in many assays) inside individual droplets [6], reducing
reagent volumes required for the reactions, which in turn can speed up the analysis time.
Barbulovic-Nad et al. [7] have developed a method for the DMF (mechanism described
in Chapter 1) driven cytotoxicity assay in which they tested Jurkat T-Cells. The authors
first tested the viability of transporting droplets containing various concentrations of cell
suspensions across an array of electrodes. It was found that there was no difference in
transporting droplets containing cells compared to droplets without cells. However, it was
difficult to manipulate the droplets which contained the cells as the cells tended to stick to
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the substrate. This challenge was overcome through the introduction of a non-ionic
surfactant, namely pluronic F68, which prevented non-specific protein adsorption. The
toxicology assay involved introducing various concentrations of the surfactant tween 20
(which is lethal to mammalian cells) to the cells. This was achieved by transporting three
droplets that contained the cells, the required reagents, and a florescent dye, respectively,

across the array of electrodes, and subsequently merging the droplets together (Figure

8.1).
' reagent

Figure 8.1 Schematic representation of the DMF chip used for the merging of the three droplets
in the toxicology assay. Reproduced with permission from [7].

Using this method to move droplets across the chip had no adverse effect on cell viability
or reproduction. Barbulovic-Nad et al. also examined the protein structures after actuation
using mass spectrometry and found no adverse effects, which suggested that DMF could
be used to move cells without major consequences on the biochemistry of the cells. The
results showed that this novel DMF system used 30 times less reagent and its sensitivity
was 20 times higher compared to the standard well plate method. There were evaporation
problems in the experiments, which were overcome through controlled experimental
conditions. In contrary to this approach, the chemotactic droplets we have developed in
Chapter 4 and 5 are based solely on ILs, which have negligible vapour pressure and
therefore, do not evaporate, showing their potential for biochemical assays. Moreover,
our chemo- and electro-tactic methods use a significantly simpler method for droplet
manipulation.

Brouzes et al. [8] have developed a droplet-based microfluidic system for high-
throughput single cell screening. This work describes a method to screen a drug library
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for their cytotoxic effect on U937 human monocytic cells. Similarly to the previous work
described, Brouzes et al. tested the viability of the cells to survive and reproduce within
aqueous micro-droplets over four days. The authors then developed an optically-coded
droplet library for identifying droplet composition during the assay. In this work the cells
were encapsulated within aqueous droplets and transported using an immiscible oil phase.
The cells and reagents were introduced as separate droplets and mixed together at a
specific destination within the chip which allowed for electrically controlled merging of
droplet pairs. The merged droplets were then put through a mixing module which ensured
a thorough mix of the cells with the dyes. This was followed by the droplets entering a
delay lane which allowed the droplets to incubate for 15 minutes before going onto the
detection module (Figure 8.2). Using this droplet microfluidic platform the authors
successfully developed a flexible method for droplet generation and manipulation, which
can be used for multiple types of cell screening. However, in order to create the flow
within the chip, external pumps were required. In contrast to this approach, the
chemotactic droplets described in Chapter 4 do not require any external power source to
generate droplet movement. This novel method for screening of cells could possibly be

improved by using chemotactic droplets.

Live Dead

> 51 u \;
0).( .

Figure 8.2 Schematic representation of the microfluidic device used for the high-throughput

screening of a single cell. A — Droplets containing cells and dye are introduced to the device; B —
Droplets are electronically merged; C — Contents of the two droplets are mixed together; D —
Delay lane where droplets are incubated for 15 minutes; E — Detection module for detecting live
and dead cells. Reproduced with permission from [8].

Another biological reaction that has been performed using droplet microfluidics is
glucose detection. The development of glucose detection methods has been an area of

extensive research in recent years, as there has been much interest in developing
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autonomous methods for monitoring glucose levels in diabetics. Droplet microfluidics is
appealing for glucose sensing because it offers several advantages over conventional
systems including reduced reagent volumes and analysis time, and improved mass
transfer, while offering the possibility of realising a fully automated and flexible system
for glucose detection [9-11]. For example, Srinivasan et al. [9] have developed a DMF
device for glucose detection that uses a colorimetric method based on Trinders reaction.
In this system glucose was enzymatically oxidised to gluconic acid and hydrogen
peroxide. Following oxidation, hydrogen peroxide was reacted with 4-aminoantipyrine
and N-ethyl-N-sulfopropyl-m-toluidine to form a purple coloured complex (Amax = 545
nm). The glucose sensing was performed on a DMF chip in three steps. The first step
involved the introduction of the separate droplets containing the glucose sample and the
sensing reagents. Using electrowetting, the droplets were merged and then mixed. The
absorbance of the droplet was then recorded using a light emitting diode and a
photodiode. The authors stated that the enzymatic activity was not reduced using the
electrowetting technique.

In a different approach, Hadwen et al. [11] developed an ‘active matrix
electrowetting on dielectric device’ (AM-EWOD) that has integrated droplet sensing
capabilities including multiple bioassays. In particular it permitted colorimetric detection
of glucose in human blood serum. AM-EWOD differs from standard EWOD (described
in Chapter 2) in that the patterned array of electrodes was replaced by a thin film
transistor array. The array also had an inbuilt impedance sensor which was used to detect
the presence, location and size of the droplets. The glucose assay used was an enzymatic
colorimetric assay in which glucose oxidase and horse radish peroxidase were used to
produce a change in colour of the droplet with an absorbance lambda maximum centred
at 514 nm. Similar to the previous example described, the droplets were loaded onto the
chip where they were merged and mixed using AM-EWOD technique (Figure 8.3). The
authors used a camera and a custom written program to evaluate the results, which were
comparable with the standard plate method.

While the examples described above illustrate several new and exciting methods
for glucose detection, both methods required relatively high voltages (20 V) and
complicated chip designs (array of electrodes) to achieve droplet actuation and analyte
detection. These disadvantages could potentially be addressed using the electro-tactic

droplets described in Chapter 5. The fluidic channels/chips used in our studies are much
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simpler (can work with only two electrodes) and a considerably smaller voltage (6 — 9 V)
is required for droplet movement. These droplets are also made solely of ILs which are

non-volatile and excellent solvents for a wide range of potential reactants.

Figure 8.3 Series of snap shots showing droplet mixing using the DMF device. Firstly two
heterogeneous droplets are drawn together (A); the merged droplet is then rapidly mixed by
shuttling the droplet back and forth across the array of electrodes (B, C) in order to achieve full
mixing (D). Reproduced with permission from [11].

Other reactions performed in droplet microfluidics include materials synthesis [2],
mostly focused on the synthesis of micro- and nano- particles [12]. In these systems the
reagents are generally dissolved in an aqueous solution which is then merged with an oil
phase. Upon merging, the aqueous solution forms droplets, which are carried throughout
the chip by the oil phase. The winding channels of the chip are used to mix the reagents
within the droplets. Other reactions performed using droplet microfluidics include
titrations [13] and crystal growth [14].

Generally the movement of droplets within droplet microfluidic devices is based
on two types of mechanisms. In the first mechanism, droplets are formed by merging
flows of immiscible liquids usually comprising an oil and aqueous phase. Upon merging
of the flows, one phase forms the droplets while the second phase carries the droplets
through the system. In the second mechanism, individual droplets are moved across
arrays of electrodes through electrowetting. While both of these methods have several
advantages over regular microfluidics, the major disadvantage is that both systems
require complex set-ups, complicated chip designs or relatively large power consumption
to actuate/move the droplets. We have described in Chapter 4 and 5 chemotactic and
electrotactic self-propelling ionic liquid droplets. The chemotactic ionic liquids droplets
provide autonomous energy-free droplet movement to desired destinations, while the

electrotactic ionic liquid droplets allow for reversible movement and can be moved to

214



several destinations within a microfluidic chip. Both of these methods provide a means
for moving droplets within microfluidic channels with either zero or very small external
power. Furthermore, the experimental set-up and chip designs/fabrication for both
methods are relatively simple compared to electrowetting and oil/water phase approaches.

Chapter 4 and 5 describe single component IL droplets capable of controlled
movement to a pre-determined destination. These droplets have a simple composition
(compared to the conventional multi-component droplets [15,16] described in Chapters 1
and 2) and relatively simple experimental set-up (compared to the various complex digital
microfluidic (DMF) systems described in Chapter 2 [17,18]). These properties make IL
droplets ideal candidates for micro-vessels for chemical reactions as further reagents
added to the droplets should not affect their mobility.

In the following sections we will explore how these chemotactic droplets could be
used to perform polymerisation reactions at pre-determined locations, how the
chemotactic signal could be controlled and how autonomous leak detection and repair

might be achieved.

8.1.2 Polymerisations at pre-determined locations

One of the main advantages of droplet based microfluidics is that any product formed is
contained within the droplet and therefore, can be transported to a collection point. This
prevents any solid material from building up on the walls of the microfluidic chip.
Another advantage is that the environment in which the product is contained is controlled.
Many research groups have considered these advantages and employed droplet based
microfluidic devices for polymerisation reactions [19,20]. An example of polymerisation
reaction within droplets was shown by Li et al. [19], who demonstrated a multi-step
microfluidic approach for polyaddition and polycondensation reactions within droplets.
This process involved two successive reactions; the first reaction was the photo-initiated
free radical polymerization of tri(propylene glycol) diacrylate (TPGDA) within droplets.
The heat generated from this exothermic reaction initiated the second reaction which was
the polycondensation of poly(propylene glycol) tolylene 2,4-diisocyanate (PU-pre) with
diethanolamine (DEA). These reactions resulted in the continuous microfluidic synthesis
of interpenetrating polymer network (IPN) microbeads. The reagents for the free radical
polymerisation were introduced via three inlets and mixed in mixing channels. The mixed

solutions were then passed into a channel which was designed to fragment the solution
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from a laminar flow into droplets. These droplets were then carried into the
polymerisation zone where they were irradiated with UV light to initiate polymerisation

and finally onto the collection outlet (Figure 8.4).

UV-irradiation

" outlet
infet'd y
inlet 2 . "
inlet 3 & i
Mixing inlet 5§ N
Droplet generation .0 .

Polymerization

Figure 8.4 Schematic of microfluidic reactor used for the multistep polymerisation reactions

within droplets. Reproduced with permission from [19].

Although this work presented a novel and exciting approach to autonomous
and continuous synthesis of IPNs, it required relatively complicated experimental set-up
and flow control to move both the fluid and the generated droplets. In Chapter 4 and 5 of
this report we have demonstrated a much simpler method for transporting fluids around a
microfluidic device; we therefore, wanted to test the possibility of moving a droplet
which contained a cocktail needed for the synthesis of a polymer network to a desired
destination and then perform the polymerisation at the desired location, on demand.

In order to determine if chemotactic ionic liquid droplets were suitable to be used
as vessels for polymerisation reactions, a polymerisation cocktail was made by mixing
0.1936 g (400 umol) of the monomer tributylhexyl phosphonium sulfoproyl acrylate
[P44.46][SPA], the crosslinker polypropylene glycol diacrylate (PPO 800) (5 %), and the
white light initiator phenylbis(2,4,6 trimethylbenzoyl)pospine oxide (PBPO) (2 mol%) in
0.12 mls of acetonitrile. This cocktail formulation was chosen as Tudor et al. had
previously demonstrated that this composition was suitable for photo-polymerisation of
ionogels [21][22]. 0.1 g of this cocktail was then added to 0.1 g of [Pse614][Cl]. In this
mixture, the [Pes66,14][Cl] IL acted as the vehicle for moving the monomeric IL cocktail to
the desired destination for polymerisation. For this purpose, the channels were filled with
a 10 M solution of NaOH followed by the addition of 100 pul — 200 pl of 10% M HCI to
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the desired destination. Once placed in the channel, the droplet began to move (movement
of these chemotactic droplets is described in Chapter 4) towards the source of the
chemoattractant. Although the speed of the droplet was not measured, the added cocktail
did not seem to have any adverse effect on the speed of the droplet during these
experiments. This was due to limited interaction between the polymerisation cocktail and
the carrier IL ([Pe66.14][Cl]), thus the [Pgg614] Surfactant was able to diffuse freely from
the droplet into the aqueous phase. Once the droplet reached the source of
chemoattractant, the droplet was exposed to white light irradiation for approximately 1
min in order to achieve the polymerisation of [P4446][SPA]. This resulted in the
formation of a soft polymer gel consisting of a crosslinked poly([P4.446][SPA]) (Figure
8.5) network dispersed through the [Pg¢614][CI] IL droplet.

These results indicate that self-propelled ionic liquid droplets have potential to
act as micro-vessels for polymerisation reactions. Future work in this area will be based
on determining the ideal cocktail mixtures to create gels with desired properties at
specific locations. The ratio between the “vehicle” IL and the monomeric mixture IL will
also be studied in order to determine the best parameters for droplet mobility and speed.
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Figure 8.5 Polymerisation scheme of [P4446][SPA for the formation of a soft polymer gel
consisting of a crosslinked poly([P44.46][SPA]) network dispersed through the [Pges14] [CI] IL
droplet.

8.2 Chemotactic droplets in non-geometrically confined environments

8.2.1 Introduction
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All of the examples of droplet movement described thus far have involved channelled
environments. There have been a number of systems described in recent literature in
which vehicle movement occurred across the air/liquid interface in channel free systems
[16,23-25]. In these examples the “vehicles” propelled themselves in open systems (e.g. a
petri dish) by asymmetrically altering the surface tension of the aqueous phase around the
“vehicle” to induce Marangoni-like flows.

Diguet et al.[23] demonstrated the photo-controlled movement of an oleic acid
droplet resting on an aqueous solution which contained the photo-sensitive surfactant
AzoTAB. The droplet was moved by irradiating half of the droplet with 365 nm or 475
nm of light, respectively. When the AzoTAB surfactant was exposed to 365 nm of light it
was made to isomerise to its cis configuration. In this configuration the AzoTAB had a
higher surface tension (8 mN m™) than in the trans configuration (7 mN m™). Therefore,
when half of the droplet was illuminated with 365 nm light it was made to follow the light
source as the surface activity of the surfactant was higher compared with the non-
irradiated section. When the droplet was irradiated with 475 nm light the AzoTAB
isomerised to the trans configuration and thus lowered the surface tension, which resulted
in the droplet being repelled by the light. In a different approach, Toyota et al. [25]
demonstrated a unique self-propelling droplet which produced the surfactant via chemical
reactions on the droplet surface. The droplets moved in a unidirectional fashion within a
petri dish as the reaction that produced the surfactant required for movement only
occurred at one side of the droplet.

These studies demonstrate interesting methods for moving droplets without the
requirement for channels. We have already demonstrated that the droplets described in
Chapter 4 and 6 could be used for various types of reactions within channelled systems.
In the following section, we explore the possibility of using chemotactic droplets for 2D

movement in an open system that does not contain any channels.
8.2.2 Autonomous leak detection and repair

The mechanism for the movement of the [Psge14][CI] chemotactic droplets is as
described in Chapter 4. In this study these droplets were moved to multiple destinations
inside a channel free fluidic system by sequential addition of chemoattractant. For this, a
petri dish was initially filled with a solution of 102 M NaOH followed by the addition of
the chemoattractant (a 102 M solution of HCI) at three different locations at different
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time intervals. The HCI solution was introduced through tubes placed beneath the water
level to ensure the water surface was not disturbed by the introduction of the
chemoattractant. Once the chemoattractant was added, a ClI” gradient was created leading
to the source of the chemoattractant (first tube, Figure 8.6), causing the droplet to move
towards the first tube. Further additions of chemoattractant resulted in stronger CI
gradients being produced, which resulted in the droplet migrating towards the source of

fresh chemoattractant (second and third tube, respectively, Figure 8.6).
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Figure 8.6 Diagram of the two dimensional movement of a chemotactic IL droplet in a petri dish.
A — Droplet is resting on the surface of the aqueous solution (10-2 M NaOH), no directional
movement is observed; B — Introduction of chemoattractant (100 — 200 ul of a solution of 10-2 M
HCI) through the central tubing; C - Droplet senses the introduction of the chemoattractant and
begins to move toward the source of the chemoattractant; D — Droplet arrives at the
chemoattractant source and more chemoattractant is introduced through the next tubing (top
left); E — The introduction of fresh chemoattractant creates a stronger gradient; F — Droplet
arrives at the second chemoattractant source and fresh chemoattractant is added at a new
location (third tubing, top right); G — The droplet moves towards the last source of

chemoattractant; H — Droplet arrives at final destination.

Using this method we have shown that a single droplet could be moved to three
separate locations within a petri dish (Figure 8.7). Bromocresol purple was added to the
HCI solution for a better visualisation of the introduction of chemoattractant.
Bromocresol purple has a pKa of 6.3. In acidic solutions below pH 6.3 the dye has a
yellow colour while this changes to purple at pH values greater than 6.3. As the droplet

moved towards the source of the chemoattractant, it disturbed the dye present at the

219



surface of the solution. This was due to the release of the IL surfactant. It was observed
that the disturbance was greater behind the droplet compared to the front; this further
reinforced the mechanism proposed for the chemotactic droplets, which stated that the
chemotaxis of the IL droplets was due to asymmetric release of surfactant from the

droplet to the aqueous solution.

Figure 8.7 Snapshots showing the self-propelled movement of an IL droplet to three separate
locations within a petri dish upon sequential introduction of chemoattractant. A — Droplet is
placed onto the 102 M NaOH solution within the petri dish prior to chemoattractant addition; B —
Chemoattractant (100 — 200 pl 10% M HCI) is introduced to the system via the first tube; C —
Once the CI" gradient is established the droplet migrates towards the chemoattractant source; D
— Droplet arrives at first chemoattractant source; E — Further chemoattractant is added via the
second tube; F — Droplet migrates towards second tube; G — chemoattractant is added via the
third tube; H — Droplet arrives at the third chemoattractant source. Bromocresol purple was

added to the HCI solution for a better visualisation of the introduction of chemoattractant.

If these droplets are combined with the polymerisation droplets described earlier,
they could be used to detect a Cl" leak in a fluidic device and potentially block the leak
once polymerisation occurred. As these droplets are composed of ILs, the structure of the
IL itself can be tailored to allow chemotactic movement in multiple chemical gradients,
which means that they could be used for multiple leak detection scenarios. As much
research has gone into biocompatible ILs, biocompatible surfactant ILs could be used for

the production of chemotactic droplets for use in the biomedical field.

8.2.3 Controlling the chemotactic signal in open systems
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One of the possible shortcomings of the chemotactic droplets described in Chapter 4-6 is
that the signal (chemical gradient) required for droplet movement can be hard to control
and maintain. In Chapter 5 this issue was addressed by introducing electrodes into the
channels and applying relatively low voltages (6 — 9 V) in order to dynamically produce
and maintain the chemical gradients required for droplet movement. However, in these
experiments, the droplet must be constrained in channels and a power source is required
to control the gradients. In a follow-up study we investigated ways in which the
chemotactic signal could be turned on via chemical means in an open (non-channel)
system. This enables control over where reactions will occur in 2D space and when these
reactions will take place. In addition, all reagents needed for the reaction coexist
separately (in different droplets) in the same environment until the chemotactic signal is
turned on. Once the signal is turned on, the droplets migrate towards either the source of
the chemoattractant, or towards each other, and eventually merge and react.

In order to control or “turn on” the chemotaxis signal, a three droplet system was
designed. Initially, two droplets containing 2M benzoyl chloride in [Pggs6.14][Cl] were
placed onto a solution of 102 M NaOH in a petri dish, where they remained separate and
stationary. These droplets have a low contact angle and appear relatively “flat” on the
aqueous solution surface. At this stage, the surface of the droplets is saturated with
benzoyl chloride. The benzoyl chloride is hydrolysed by the basic solution, resulting in
the release of HCI from the droplets into the aqueous phase, creating a chemical gradient
around them. However, little to no movement is observed from the droplets (any
movement observed is random motion). The third “signaller” droplet contains 0.5 M of
octylamine in [Pgg6.14][Cl]. When the “signaller” droplet is added to the solution, the
release of the octylamine and the [Psg6.14]" surfactants lowers the surface tension of the
aqueous phase and changes the morphology of the stationary droplets from a low contact
angle to a high contact angle. This initial release of surfactant from the signaller droplets
also results in the two initial droplets being pushed away from the “signaller” droplet;
Due to the change of contact angle (as a result of the release of the surfactants), it is
believed that at this point the [Pegg14]” saturates the aqueous/droplet interface from
where it can diffuse into the aqueous solution. This causes the droplets to begin attracting
each other (due to the presence of the CI™ gradient, created from the hydrolysis of benzoyl
chloride) and eventually they merge at a central location. After roughly 30s the
“signaller” droplet also meets and merges with the merged droplet (Figure 8.8). Similar
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behaviour is obtained when the “signaller” droplet is neat [P 6 6,14][Cl], indicating that the
presence of octylamine is not essential.

Figure 8.8 Snapshots showing control over the chemotactic signal. A — droplet 1 (2M Benzoyl
chloride in [Pgg6.14][Cl]) and droplet 2 (2M Benzoyl droplets in [Pgg6.14][Cl]) sitting on a
solution of 10% M NaOH for 40s. B — droplet 3 (0.5M octylamine in [Pges14][CI]) is added,
causing a change in contact angle of droplet 1 and droplet 2. C — Droplet 1 and 2 are pushed
away from droplet 3. D — Droplet 1 is attracted towards droplet 2. E — Droplet 1 and 2 merge to
create droplet 4. F — droplet 3 is attracted by droplet 4.

Three control studies were performed; the first test involved three neat IL
([P6s.6.141[CI]) droplets which were placed onto a petri dish containing a solution of 1072
M NaOH. Only random motion was observed by these IL droplets with no obvious inter-
droplet attraction behaviour. The second test involved placing three IL droplets (each
containing 0.5 M octylamine) onto a petri dish filled with a solution of 102 M NaOH;
Once again no directional movement of the three droplets was observed. The third test
was performed in the same manner as the second test, but with each droplet now
containing 2M benzoyl chloride. Once again, no obvious attraction of the droplets was
observed. It was noted that if a neat [Psg6,14][CI] IL was used as the signaler droplet (i.e.
not containing octylamine), this could still turn on movement and attract the two 2M
benzoyl chloride IL ([Ps6s14][CI]) droplets. However, the speed of this process was
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slower than when octylamine was included. These results are exciting as it demonstrates
for the first time a system in which droplets can coexist separately, and their controlled
movement and merging turned on via a separate signaler droplet. Introduction of reaction
precursors into the droplets obviously offers many exciting possibilities, including

localised chemical synthesis.

8.2.4 Micro-vessels for chemical synthesis in open systems

In order to determine if we could use this system for chemical synthesis, a similar three
droplet system was used. However, this time the two initial droplets contained precursors
for the synthesis of n-(4-nitrophenyl)benzamide. The initial stationary droplets were (1)
2M benzoyl chloride in [Pesse14][CI] and (2) 2M 4-nitroaniline in [Psgs14][DCA].
[Ps6.614][DCA] was used as the solvent for 4-nitroaniline because of the low solubility of
the DCA' ion in the aqueous solution. This ensured that there was no obvious leaching of
4-nitroaniline into the aqueous phase while the chemotactic signal was “turned off”. The
signaler droplet was 0.5M octylamine in [Pgg614][Cl]. Initially the two reactive droplets
were placed on the surface of the 102 M NaOH solution. Little to no movement of these
droplets was observed. Once the signaler droplet was added, the two reactive droplets
underwent morphology changes (a low contact angle to a high contact angle) and moved
away from the signaler droplet. In this instance only droplet (1) contains benzoyl chloride
which creates a CI” gradient attracting droplet (2) [Pss614][DCA] towards it (Figure 8.8)
Once the droplets merged the precursors come in contact and the reaction is initiated
(Figure 8.9). As the viscosity of the ILs is relatively high (1824 mPas[26]), and the
mixing of the precursors inside the droplets is solely due to diffusion, this process is

relatively slow (several hours).
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Figure 8.9 Snapshots showing chemical synthesis using chemotactic droplets in a petri dish. A —
The two reactive droplets (1) 2M Benzoyl chloride in [Ps6614][CI] and (2) 2M 4-Nitroanilinie in
[Pss.6.:4][DCA] sitting on a solution of 102 M NaOH. B — “signaler” droplet is added, followed
by a change in morphology of the original droplets. C — Droplets are pushed away from signaler
droplet. D — [Pesg614][DCA] droplet is attracted recruited to the [Pegee14][CI] droplet . E —
Droplets merge. F — Reaction occurring inside the merged droplet.

4-nitroanilinie reacts with benzoyl chloride to form n-(4-nitrophenyl)benzamide

and HCI as per the reaction scheme below (Figure 8.10).

NO
(@] 0 [ ]/ 2
+
H2N4@7N02 + O)LCI ! dl\u HC1

Figure 8.10 Reaction scheme between 4-nitroanilinie and benzoyl chloride resulting in the
formation of n-(4-nitrophenyl)benzamide.

In order to test whether a reaction was indeed happening within the merged
droplet 'H NMR studies were performed using a 400 MHz on a Bruker Advance
Ultrashield NMR spectrometer (Coventry, UK). In order to produce enough product for
'H NMR analysis, six reactions were run simultaneously. Each reaction involved placing
a 10 ul droplet of 2M benzoyl chloride in [Psg614][CI] and a 10 ul droplet of 2M 4-
nitroanilinie in [Pees14][DCA] onto a petri dish filled with 102 M NaOH. A signaler
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droplet (neat [Pes66.14][Cl] IL) was then introduced into a separate surface location. This
immediately turned on chemotaxtic behaviour leading to merging of the 4-nitroanilinie
droplets with the benzoyl chloride droplets. After 20 minutes, the reaction droplets were
removed and combined into a single vial. Any remaining aqueous solution was removed
via pipetting and the reaction droplet dissolved in deuterated chloroform and analysed by
'H NMR. A duplicate set of control reactions was run with the droplets left to react for a
total of two hours. As previously, each of the reaction droplets were removed and
combined into a single vial, dissolved in deuterated chloroform and analysed by *H NMR.
For comparison, reference 'H NMR spectra were obtained for benzoyl chloride in
[Pe,66.14][Cl], 4-nitroaniline in [Psg614][DCA] and purified n-(4-nitrophenyl)benzamide
(synthesised separately). All *H NMR spectra were compared and assigned (Figure 8.10).
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Figure 8.11. "H NMR spectra of the (1) two hour reaction droplet, (2) the twenty minute reaction
droplet, (3) pure n-(4-nitrophenyl)benzamide, (4) 4-nitroaniline in [Pggee14][DCA] and (5)

benzoyl chloride in [Pgge.14] [Cl].

The *H NMR spectra for the pure n-(4-nitrophenyl)benzamide, benzoyl chloride
and 4-nitroanlinie all agreed with previous literature.

Benzoyl chloride *H NMR (400 MHz, CDCl): 7.4 (m, 1H, CH), 7.5 (m, 2H,
CH), 7.9 (d, 2H, CH) [27].
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4-nitroaniline *H NMR (400 MHz, CDCls): 6.7 (d, 2H, CH), 6.8 (s, 2H, H,N), 7.9
(d, 2H, CH) [28].

n-(4-nitrophenyl)benzamide *H NMR (400 MHz, CDCls): 7.5 — 7.6 (m, 3H, CH),
7.9 (d, 2H, CH), 8.03 (d, 2 H, CH), 8.3 (d, 2 H, CH), 10.6 (s, 1H, NH) [29].

Both the droplet mixtures, after 20 minutes (spectrum 2, Figure 8.10) and after
two hours (spectrum 1, Figure 8.10), contained signals arising from the starting materials
benzoyl chloride (spectrum 5, Figure 8.10) and 4-nitroaniline (spectrum 4, Figure 8.10).
In order to determine if a reaction was indeed occurring, the signal corresponding to the
NH proton (10.6 ppm, Figure 8.10, spectrum 3) from n-(4-nitrophenyl)benzamide was
monitored (highlighted in Figure 8.10 , spectrum 3). As can be seen in spectrum 2 (Figure
8.10), this signal is present but very weak after 20 minutes. However, after two hours
(spectrum 1, Figure 8.10) this signal is much stronger, indicating that the reaction is
indeed taking place and formation of n-(4-nitrophenyl)benzamide is occurring inside the

reaction droplet.

8.3 Future prospects

Further work in this area will involve optimising and investigating the parameters for
achieving 2D movement of the droplets in channel-free systems. The role of the
“signaler” droplet in controlling the chemotactic signal needs to be thoroughly
investigated and the physical parameters (i.e. surface tension, droplet position, droplet
volume) need to be optimised. A scoping exercise would be useful to determine the
potential role these self-propelled droplets might play in various chemical synthesis
processes.

One of the drawbacks of these droplets is that they have only been demonstrated
at the liquid/air interface. Developing a system where the droplets can evolve from 2D to
3D movement will offer many exciting opportunities, for example it will allow for the
location of droplets in 3D space where they can perform the same type of tasks.
Submerged chemotactic droplets could work in sealed chips, making them portable and
opening further avenues for potential applications. We believe that these autonomous
biomimetic droplets are a stepping-stone in the development of synthetic protocell

models, and they offer a truly unique way of controlling flow within microfluidic devices.
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A.1 Example of droplet chemotaxis

During this project four videos were captured to demonstrate different methods of

performing droplet chemotaxis.

Video 4.1 demonstrates the chemotactic movement of a single (~10 ul)
[Pes614][Cl] droplet. The chemoattractant in this video is a 10 M solution of
hydrochloric acid (HCI). The CI" gradient was formed by initially filling the channel array
with a 102 M solution of NaOH. At the desired destination 100 — 200 pl of the 102 M
HCI was placed. After approximately 20 s, the droplet was placed at the starting position

and spontaneous movement towards the source was observed.

Video 4.2 shows the chemotactic behavior of a (~10 pl) [Pes6.14][Cl] droplet. The
chemoattractant in this video is an acrylamide gel which has been previously soaked in a
102 M solution of HCI. The CI" gradient was formed by initially filling the channel array
with a 10 M solution of NaOH. The gel was then placed at the desired destination. After
approximately 30 s, the droplet was placed at the starting position and movement towards

the gel was observed.

Video 4.3 presents the chemotactic movement of a (~10 pl) [Pse614]Cl droplet
towards a NaCl source. The chemoattractant in this video is constituted of sodium
chloride (NaCl) crystals. The CI gradient was formed by initially filling the channel array
with a 10° M solution of NaCl. At the desired destination crystals of NaCl (~ 10 mg)
were placed. After 15 s, the droplet was placed at the starting position and spontaneous

movement towards the NaCl crystals was observed.

Video 4.4 shows the chemotactic behavior of 6 (~10 ul) [Ps6614]Cl droplets. The
CI gradient generation is obtained similarly as in the first video. After approximately 15 s,
three droplets were placed in different starting positions. After these droplets arrive at the
destination, three new droplets were placed at different locations inside the fluidic
channel. Upon reaching the destination, all droplets merge to form a single larger droplet
(Figure 4.6).
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B.1 Electrotactic lonic Liquid Droplet Video

Video 5.1 presents the electrotactic behaviour of a (~ 10 pl) [Pege14][Cl] droplet. The
channel in this video was filled with a solution 10° M NaCl and 9 V was supplied to the
electrodes. To reverse the movement of the droplet the polarity of the active electrodes
was reversed. To change the trajectory of the droplet, the droplet was moved to the centre
of the channel and power was supplied to the electrodes at the desired destination. For

convenience the speed of the video was increased by factor of 5.
B.2 Gradient Analysis Videos

During this study several videos were captured monitoring the dynamic formation of the
chloride gradient inside fluidic channels upon applying a potential, by monitoring the
evolution of the fluorescence of lucigenin dye. In video 5.2 and 5.3 a solution of 10 M
NaCl which contained 10 M lucigenin was used as the electrolyte and a 369 nm led light
source was used to excite the dye. In video 5.4 a 10 M lucigenin solution in deionsed

water was used inside the channel. In all cases, 9 V was applied across the solutions.

Video 5.2 demonstrates the formation of the fluorescent gradient within the
electrolyte solution. The formation of a clear fluorescent gradient, was visible after ~10
minutes. After 30 minutes the gradient was fully formed and stable. For convenience the

speed of the video was increased by factor of 64.

Video 5.3 shows that the formation of the fluorescent gradient was reversible. As
previously (video 3.2) the gradient had begun to form after ~10 minutes. At this point in
the video the polarity of the electrodes was reversed and 9 V was applied for a further 10
minutes. After another 10 minutes it becomes clear that the fluorescent gradient has
clearly reversed. For convenience the speed of the video was increased by factor of 64.

Video 5.4 shows that NaCl was required to produce a fluorescent gradient. In this
video deionsed water was used instead of 10 M NaCl. As it can be seen, no difference
across the fluorescence of the solution was noticeable after 12 minutes. For convenience

the speed of the video was increased by factor of 32.
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C.1 Signalling and seeking droplets

In this section the required gradients for droplet movement were created by initially
filling the channel with a solution of 10% M NaOH. A signaller droplet (10% M Cu(NOs),
or 102 M Co(NO3), in [Psge.14][DCA]), which acted as the chemoattractant source) was
then placed at the destination. Once introduced into the system, the seeker droplet (10% M
PADAP in [Psg14][Cl]) would autonomously seek out the signaller droplet and merge
with it at its location. Upon merging the cargo of both droplets would react and a colour
change was observed (Figure 6.2, Figure 6.3 and Figure C.1 and Video 6.1). This
colour change was due to the formation of the Cu-PADAP complex or Co-PADAP
complex, respectively. The absorbance spectra of the signalling and seeking droplets
(Figure 6.2B, C) were recorded as detailed in the experimental section using a bespoke

holder fabricated in-house (Figure C.2).

Figure C.1 Sequence of snaps shots from video S1, which show an example of signalling and
seeking droplets. A — depicts the preparation of the gradient, with the signalling droplet placed at
the destination; B — The seeker droplet is introduced into the system; C — The seeker droplet
migrates toward the signaller droplet; D — Seeker droplet arrived at the destination; E — Seeker
droplet merged with signaller droplet; F — Colour change indicating the formation of Cu®* —

PADAP complex begins to occur.
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Figure C.2 Custom-made holder (left: open; right: closed) used for absorbance measurements of

the droplets in this study.

C.2 Decisions making droplets

C.2.1 Finding the highest concentration of chemoattractant

For the demonstration of decision making, IL droplets made of [Pg66,14][Cl] containing a
small amount of 1-(methylamino)anthraquinone red dye added for visualisation were
placed at the entrance of a T-shaped channel and were subjected simultaneously to two

chemical gradients of different concentrations.

For this, the channel was initially filled with a solution of 10° M NaOH and 50 pll
of HCI solutions (1 M, 10" M or 10 M, respectively) were added simultaneously at the
two destinations (left and right arms of the T-shaped channel, Figure C.3). Following this,
the droplet was placed into the channel (middle arm of the T shaped channel, Figure C.3).
Upon reaching the T-junction, the IL droplet always travelled to the highest concentration
of chemoattractant (Figure C.3, Table C.1 and Video C.2).
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Figure C.3 Diagram showing a [Pss614][CI] droplet finding the highest concentration of HCI
chemoattractant when subject simultaneously to two chemical gradients of different

concentrations.

Table C.1 Table indicating HCI concentrations included in each test and final destination of the

droplet in each case.

Test No. / 10% M 10t M 1M
Conc of HCI (mol L?)

1 X

2 X

3 X

*Coloured cells indicate the concentrations used, X indicates the final destination of the
droplet.

C.2.2 Choosing between different halide salts

In order to determine the droplet’s ability to choose between halide salts, the droplet was
subjected simultaneously to two different chemoattractant gradients of equal
concentration. The chemoattractants used were KF, KCI, KBr and KI solutions of
different concentrations (1 M — 10 M), see Table 1. For this test, a T-shaped channel
was initially filled with a solution of 10% M NaOH. At the opposite ends of the T-shaped
channel, identical volumes (30 - 60 pl) of the chemoattractant solutions of identical
concentration were added simultaneously. The [Pgg6.14][Cl] droplet was then placed into
the central arm of the T-shaped channel from where it would migrate to the source of the
preferred chemoattractant.(Table 6.1, Video 6.3).
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C.3 Cargo-Transport, Sensing and Reporting

In order to monitor the mass transfer of aqueous solution across the droplet/aqueous
interface, a pH indicator dye was added to the [Ps¢614][Cl droplet (4% (w/v) phenol red
or 4% (w/v) bromothymol blue, respectively). Initially the T-shaped channel was filled
with a solution of 102 M NaOH followed by the addition of 30 - 80 pl (depending on the
test) of either KI (1 M — 10° M) or KBr (1 M — 10° M) at the destination. The
[Ps6,614][Cl] droplet containing the pH indicator was added and would actively move
towards the source of chemoattractant. Upon nearing or reaching the destination
(depending on the halide used and its concentration) the droplet would begin to change
color, indicating mass transfer of the aqueous solution (containing OH" ions) across the
droplet/aqueous interface, see Figure C.4 and Video 6.4, Video 6.5, Video 6.6 and
Video 6.7.

0.8 0.8
Bromothymol Blue in [P6,6,6,14](CI] at start Phenol Red in [P6,6,6,14](C] at start

——Bromothymol Blue in [P6,6,6,14](Cl] at destination ’ ——Pheonl Red in [P6,6,6,14](Cl] at destination

Absorbance (a.u)
° o o o o
o B N b & B
Absorbance (a.u)
°o o o o ©
o R N B = @
b
3

400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure C.4 Absorbance spectra of [Ps¢6.14] [CI] containing 4% (w/v) bromothymol blue (left) and
4 % (w/v) phenol red (right), before and after being introduced in the channel containing 102 M
NaOH solution in the presence of 70 ul of 0.005 M KBr. The spectra represents the colour of the
[Pes.6.14] [Cl] droplet containing the pH dye at the start and destination.
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- -
Figure C.5 Selection of sequential snapshots from Video S7 showing the colour change of the
phenol red containing [Pss614][Cl] droplet upon reaching the source of KBr chemoattractant.

The channels were filled with 0.01 M NaOH and 70 xl of 0.005 M KBr solution was placed at the

desired destination. Marangoni like flows can be clearly observed inside the droplet.

In order to determine that such Marangoni like flows (Figure C.5) are only observed in
the case when KBr, or KI solutions are used as chemoattractants, the dynamics of the
colour change inside the [Pg6614][Cl] droplets containing the pH dyes (bromothymol blue
and phenol red, respectively) were investigated in the presence and in the absence of
chemoattractant (KBr). For this purpose, a phenol red containing [Pe 6 6,14][CI] droplet was
placed in a small circular container filled with 10% M NaOH solution in the absence of

any chemoattractant and the colour change was monitored over time (Figure C.6).
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Figure C.6 Sequential snapshots showing the colour change of the phenol red containing
[Pess14][Cl]droplet when subject to 0.01 M NaOH solution in the absence of any
chemoattractant. Photos were taken after A) 1 min; B) 2 min; C) 3 min; D) 4min; E) 5 min; F) 6
min; G) 7 min; H) 8 min; 1) 9 min; J) 10 min; K) 11 min; L) 12 min; M) 13 min; N) 14 min; O) 15
min; P) 16 min; Q) 17 min; R) 18 min; S) 19 min; T) 20 min; U) 21min; V) 22 min; W) 23 min;
and X) 24 min.
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Similarly, a bromothymol blue containing [Psg614][Cl] droplet was placed in a small
circular container filled with 102 M NaOH solution in the absence of any chemoattractant
(Figure C.7) or when 70 pl of 0.005M KBr solution was added prior to droplet addition
(Figure C.8).

>
.
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-

Figure C.7 Sequential snapshots showing the colour change of the bromothymol blue containing
[Pess14][Cl] droplet when subjected to a 0.01 M NaOH solution in the absence of any
chemoattractant. Photos were taken after A) 1 min; B) 2 min; C) 3 min; D) 4 min; E) 5 min; F) 6
min; G) 7 min; H) 8 min; 1) 9 min; J) 10 min; K) 11 min; L) 12 min; M) 13 min; N) 14 min; O) 15
min; P) 16 min; Q) 17 min; R) 18 min; S) 19 min; T) 20 min; U) 21 min; V) 22 min; W) 23 min;
and X) 24 min.
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P G Figure C.8: Sequential snapshots showing the colour change of
A} the bromothymol blue containing [Pse614][CI] droplet when 70

ul of 0.005M KBr solution was added to a 0.01M NaOH solution
prior to droplet addition. Photos were taken after A) 1 min; B) 2
min; C) 3 min; D) 4 min; E) 5 min; F) 6 min; and G) 7 min.

It is clear that in the absence of additional chemoattractant, the colour of the
droplet changes slowly due to diffusion of "OH ions and no convectional current or

Marangoni flows are observed inside the droplet.

C.4 Damage Find and Repair

In order to chemotactically move the repairing droplet to the damage in the channel, a 60
ul aliquot of the chemoattractant (10% M HCI solution which contained 1 % w/v sodium
alginate and 50 % v/v 0.05 M KBr) was placed behind the damage in the channel. Once
the IL droplet ([Ps66,14][Cl] which contained 4 % w/v CaCl;) had been introduced in the
T-shaped channel, it migrated towards the source. Upon reaching the damaged area, it
attached to the walls of the channel and began to gelate, repairing the damage (Figure
C.8, Figure C.9 and Figure C.10, and Video 6.8).
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channel; D — Droplet gelates and forms a seal to repair the damage.

4+  CaCl, —»
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Figure C.9 Series of snapshots which demonstrate the IL droplet’s ability to chemotactically find
a damaged section of a channel and repair it. A — Depicts the introduction of the repairing
droplet; B — Droplet migrating to source of damage; C — Droplet attaches itself to the walls of the

+ 2Nacl

Figure C.10 Reaction scheme showing the crosslinking of sodium alginate chains by the Ca**
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Figure C.11 Absorbance (at 700 nm) increase over time of the [Pg¢6.14] [CI] droplet (containing 4
% w/v CaCl,) resting on a 10* M NaOH solution after the addition of the chemoattractant (60 l
aliquot of a 10 M HCI solution which contained 1 % w/v sodium alginate and 50 % v/v 0.05 M
KBr).

C.5 Videos

Video 6.1: This video demonstrates the signaller (102 M Cu(NO3)) in [Peg6.14][DCA])
and seeking (102 M PADAP in [Pee6.14][Cl]) behaviour of the IL droplets used in this
study. Initially the channels are filled with a solution of 102 M NaOH, and the signaller
droplet (which had a yellow colour) is then placed at the destination. After a few seconds
(~ 15 s) the seeker droplet (which had an orange colour) is introduced into the system.
The seeker droplet would then autonomously seek out and merge with the signaller
droplet. Upon merging the contents of both droplets would react. This resulted in the
droplet changing to a purple colour, indicating that the PADAP had complexed with the

Cu?* ions. For convenience the video has been sped up by a factor of 8.

Video 6.2: This video displays an IL droplet ([Ps66,14][Cl] containing a small amount of
1-(methylamino)anthraquinone red dye) which is subjected simultaneously to two
different concentrations of the same chemoattractant (HCI). In video S2 the channels
were initially filled with a solution of 102 M NaOH. At the left destination 30 pl of a
solution of 1 M HCI was added and at the right destination 30 pl of a solution of 10 M
HCI was added. Once the droplet was added, this migrated towards the source of highest

concentration (left). For convenience the video has been sped up by a factor of 8.
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Video 6.3: This video shows an example of the [Psg614][CI] IL droplet (containing a
small amount of 1-(methylamino)anthraquinone red dye) choosing between different
halide salts. In this instance the channel were initially filled with a solution of 102 M
NaOH. At the left and right destinations, 30 ul of 10" M KF and KBr, respectively were
added simultaneously. Once the droplet was introduced, it migrated towards the source of

the KBr. For convenience the video has been sped up by a factor of 8.

Video 6.4: This video is an example of how the IL droplets in this study can be used to
carry cargo, sense and report on the solution upon which they are travelling. In this case
the channel was initially filled with a solution of 10% M NaOH. At the destination 60 p
of a solution of 10° M KBr was added. The droplet ([Pg6.14][CI] containing 4 % (w/v)
bromothymol blue) was then introduced to the fluidic network where upon it migrated to
the source of the KBr and changed colour, which indicated the pH of the solution. For
convenience the video has been sped up by a factor of 8.

Video 6.5: Similarly to Video S4, in this case the channel was initially filled with a
solution of 10% M NaOH. At the destination 60 pl of a solution of 102 M KBr was added.
The droplet ([Ps6614][Cl] containing 4 % (w/v) phenol red) was then introduced to the
fluidic network where upon it migrated to the source of the KBr and changed colour,
which indicated the pH of the solution. For convenience the video has been sped up by a
factor of 8.

Video 6.6: Similarly to Video S4 and Video S5, in this case the channel was initially
filled with a solution of 102 M NaOH. At the destination 60 pl of a solution of 10* M
KBr was added. The droplet ([Ps66,14][Cl] containing 4 % (w/v) phenol red) was then
introduced to the fluidic network where upon it migrated to the source of the KBr and
changed colour, which indicated the pH of the solution. For convenience the video has

been sped up by a factor of 8.

Video 6.7: This video shows a close-up of the pH responsive droplets featured in Videos
6.4, 6.5 and 6.6. In this case the channel was initially filled with a solution of 10% M
NaOH. At the destination 70 pl of a solution of 5x10° M KBr was added. The droplet
([Pe66.14][CI] containing 4 % (w/v) phenol red) was then introduced to the fluidic
network where upon it migrated to the source of the KBr and changed colour, which

indicated the pH of the solution.

245


file:///C:/Users/Wayne/Desktop/Chosen%20Videos/Video%20S3.mp4
file:///C:/Users/Wayne/Desktop/Chosen%20Videos/Video%20S4.mp4
file:///C:/Users/Wayne/Desktop/Chosen%20Videos/Video%20S4.mp4
file:///C:/Users/Wayne/Desktop/Chosen%20Videos/Video%20S4.mp4
file:///C:/Users/Wayne/Desktop/Chosen%20Videos/Video%20S4.mp4

Video 6.8: This video exhibits the IL droplet’s ([Pss6.14][Cl] which contained 4 % wi/v
CaCly) ability to find and repair damage in a fluidic network. The channels in this
example were initially filled with a solution of 10 M NaOH. At the site of damage in the
channel a 60 pl aliquot of the chemoattractant (10> M HCI solution which contained 1 %
w/v sodium alginate and 50 % v/v 0.05 M KBr) was added. Once the droplet was
introduced it started to migrate towards the damage. Upon arrival it stuck to the walls and

gelated. For convenience the video has been sped up by a factor of 8.
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D.1 Figures
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Figure D.1 Storage moduli versus shear stress of the hydrated hydrogels polymerised during 40s,
45s and 50s of white light irradiation, respectively, using a strain amplitude sweep with a normal

force of 1 N.
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Figure D.2 Series of snapshots showing the walking behaviour of the hydrogel (Video 7.2); A -
shows the initial position of the hydrogel before any white irradiation; B, D and F show the
contraction of the trailing leg during respective white light irradiation phases. C and E show how
the swelling in the dark (after the respective white light irradiation phases) results in the forward

leg being pushed over the ratchet.

D.2 Videos

Video 7.1 demonstrates the observed locomotion of the p(NIPAAm-co-SP-co-AA)
hydrogels. The ratcheted channels in this video are filled with deionised water. Once
the hydrogel had been securely placed onto the ratchet, it was irradiated with white
light (~305 kLux). After the trailing leg had been dragged across at least one of
ratcheted steps, the light was removed. When the leading leg had been pushed over
at least one of the ratchet steps the light was re-introduced. This was repeated until
the walker moved out of frame, resulting in a walking motion across 5 ratchet steps.

For convenience the speed of the video was increased by a factor of 64.
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Video 7.2 shows another example of the walking motion of a p(NIPAAm-co-SP-co-
AA) hydrogel. The channel was again filled with DI water. Similarly to the above
example, the walker was irradiated with white light (~305 kLux) until the trailing
leg had been dragged across at least one of the walker steps. The white light was
then removed and the walker was monitored in real time until the leading leg had
been pushed across at least one of the ratchet steps. This was repeated until the
walker got dislodged from the ratchet. The walker in this video completed three full
cycles of white light irradiation and walked across 7 of the ratchet steps. For

convenience the speed of the video was increased by a factor of 64.
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