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ABSTRACT

T
he central theme of this thesis is to exploit the non-contact technique of acoustic trapping for
the manipulation of complex coacervate microdroplets in the construction of micropatterned
hydrogels and gelatinous films for biological applications. Recently, the move towards interdis-

ciplinary research has blurred the boundaries between engineering, chemistry, physics and biology.
This overlap has created exciting opportunities to combine different expertise in the construction of
functional materials for desired applications.

Ordered hydrogels are achieved through in-situ coacervation followed by hydrogel transformation
within an acoustic trapping device in the presence of an applied acoustic standing wave field. The
higher density of the coacervate droplets compared with their surrounding aqueous phase resulted in
the droplets migrating to pressure minima of the acoustic field. Coacervates preferentially sequester
guest molecules, such as dyes, enzymes and other biomolecules, on their interiors and this behaviour
was exploited to reveal and explore the droplet behaviours within the acoustic field and the spatially
organised hydrogel networks formed using fluorescence microscopy. Significantly upon initiating
the hydrogelation transformation within an applied acoustic field, the droplets transformed at their
trapped positions to form self-supporting hydrogel monoliths, with patterning fixed into the hydrogel
network following removal from the acoustic device in both 1D lines and 2D gridded arrays.

The ordered self-supporting hydrogels fabrication process was then adapted to produce gelatinous
thin films. Through removal of the unordered material comprising the majority of the hydrogel net-
work, ordered gelatinous thin films in both 1D and 2D were produced. Layering of these films enabled
pursuit of higher ordered structures and more complex gel architectures. Significantly, the thin films
enabled better site-specific studies of behaviours of transformed coacervate populations with differ-
ent guest molecules encapsulated within the spatially fixed network, particularly cascades such as
the enzymatic reactions of urease and coupled glucose oxidase and horseradish peroxidase. Further,
an alternative enzymatically driven hydrogelation route was demonstrated, from the evolution of the
acidic product as glucose oxidase breaks down the substrate glucose, and used in achieving more
distinct layered thin films. Layering of these enzymatically gelated thin films produced convincing
3D gel structures.

Finally, a coacervate hydrogel system comprising more biologically relevant molecules was developed.
Through combining adenosine monophosphate with poly-L-lysine the resulting coacervate system
was shown to hydrogelate via metal coordination upon mixing with zinc chloride. For this nucleotide-
based coacervate system, trapping of the droplets within the acoustic field was demonstrated and
protocols were developed for transformation into both ordered hydrogels and thin films. The success-
ful patterning of this system shows the versatility of the acoustic trapping technique across different
coacervate based hydrogel systems for fabrication of micro-patterned, soft viscoelastic materials.
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INTRODUCTION





1.1. THESIS OVERVIEW

1.1 Thesis overview

The non-contact technique of acoustic trapping was used for the manipulation of complex coacervate

microdroplet systems, which could undergo structural reconfiguration into hydrogels. By initiating

hydrogelation in the presence of a standing wave acoustic field, micropatterned hydrogels and

gelatinous films with both 1D and 2D features were fabricated. Two different coacervate systems

were used; the first comprised a cationic polymer and functionalized dipeptide, and self-assembled

into a hydrogel network upon reduction of the environmental pH and the second, formed on the

mixing of a polypeptide with a nucleotide, self-assembled into a supramolecular hydrogel via metal

coordination.

In this introductory chapter, the fundamental background information is given which is key in

understanding later results and discussion. The relevant information regarding acoustically patterned

hydrogels and how this research has arisen within overarching research fields is presented. An

overview of different manipulation techniques and their respective limitations is given first, then the

theory of hydrogels from the basics of molecules to the intermolecular interactions and forces within

materials is discussed. Some discussion of different hydrogel applications is then given alongside the

development of techniques to structure hydrogels, including some brief theory of acoustic patterning

and then how the combination of coacervate systems with acoustic patterning could conceivably be

utilised in the microfabrication of hydrogels.

In chapter 2, the background to some major techniques used throughout the projects has been

provided alongside the experimental methodologies employed. This is so that attention to the results

and discussion can be given in the relevant chapters.

The mathematics and theory related to standing wave acoustic fields and the trapping devices used

throughout this research is presented in chapter 3. In acoustic trapping, due to differing acoustic

properties between particles in suspension and their surrounding fluid, upon exposure to an acoustic

field the incoming sound waves will be scattered off the particles. This change in momentum results

in an acoustic radiation force, which acts to move the particles towards the pressure minima or

maxima of the applied acoustic field. In a standing wave field, as used in this work, these pressure

points are stationary and thus ordered patterns of particles will be formed. For the case of coacervate
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CHAPTER 1. INTRODUCTION

droplets, the acoustic force will move the droplets to the pressure minima.

Chapter 4 presents the results of acoustically trapping coacervate droplets and the hydrogelation

transformation. Ordered hydrogels are obtained through in-situ coacervation followed by hydrogel

transformation within an acoustic trapping device in the presence of an applied acoustic standing

wave field. The acoustic trapping devices comprised two orthogonal pairs of transducers. Driving

a single pair trapped the coacervate droplets into 1D lines while driving both pairs produced a 2D

grid-like array, with the microdroplets migrating to the nodal points where the two orthogonally

applied fields intersect. Following the hydrogel transformation in the presence of the 1D or 2D

field ordered hydrogels with 1D or 2D ordered features retained in the network were produced.

Different driving frequencies of the standing wave acoustic field enabled controllable periodicity

within the ordered architectures produced. The higher density of the coacervate droplets compared

with their surrounding aqueous phase resulted in the droplets migrating to pressure minima of the

acoustic field. Coacervates preferentially sequester guest molecules, such as dyes, enzymes and other

biomolecules, on their interiors and this property was exploited to reveal and explore the droplet

behaviours within the acoustic field and the spatially organised hydrogel networks formed, using

fluorescence microscopy. As a result, pH induced self-assembly of the dipeptide molecules while

acoustically trapped enabled the spatial isolation of the guest molecules within the micropatterned

hydrogel monoliths.

Chapter 5 builds on the previous chapter by presenting an alternative fabrication process to produce

gelatinous thin films. For this, excess supernatant phase was removed from the device so that only

the patterned bulk coacervate phase remains and undergoes hydrogel transformation to produce

ordered gelatinous thin films in both 1D and 2D. Layering of these films enabled pursuit of higher

ordered structures and more complex gel architectures. Significantly, the thin films enabled bet-

ter site-specific studies of behaviours of transformed coacervate populations with different guest

molecules encapsulated within the spatially fixed network, particularly cascades such as the en-

zymatic reactions of urease and coupled glucose oxidase and horseradish peroxidase. Further, an

alternative enzymatically driven hydrogelation route was demonstrated, from the evolution of the

acidic product as glucose oxidase breaks down the substrate glucose, and used in achieving more

distinct layered thin films. Layering of these enzymatically gelated thin films produced convincing
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3D gel structures.

Chapter 6 examines the applicability of acoustic patterning another coacervate-based hydrogel

system, comprising more biologically relevant molecules. Through combining adenosine monophos-

phate (AMP), reported as a nucleotide capable of gelation, with poly-L-lysine (PLys) the resulting

coacervate system was shown to hydrogelate via metal coordination upon mixing with zinc chlo-

ride. For this nucleotide-based coacervate system, it was possible to demonstrate trapping of the

droplets within the acoustic field and protocols were developed for transformation into both ordered

hydrogels and thin films.

In summary, the above findings clearly demonstrate the versatility of the acoustic trapping technique

in the fabrication of micropatterned, soft, viscoelastic materials and micro-array technology.

1.2 The advent of micromanipulation

With the invention of the microscope in the 17th century, resolution of phenomena occurring

on length-scales below that which can be seen by our eyes was possible. [1] On the small scale,

behaviors could be understood and the fundamentals of matter investigated. This has enabled the

understanding of larger-scale behaviours based on a few fundamental interaction forces between the

different molecules and atoms they are comprised of.

Naturally, this knowledge created a desire to manipulate molecules to explore and control larger-

scale behaviours. Initially, manipulation was done by hand but more accurate and sophisticated

micromanipulation techniques have since developed, often based on specific properties of the

systems under investigation. These manipulations comprise an important part of microfabrication;

designing and building on the small scale, with precise control over the assembly.

Alongside these manipulation methods, different analytical techniques have developed and im-

proved and subsequently molecules and materials have been understood in greater depth. This has

given rise to the birth of new areas of research which can no longer be constrained to one particular

discipline. The field of soft matter lies at this intersection, with relevance in physics, chemistry,

biology and engineering. In certain conditions, based on the interplay of attractive forces between

the different molecules (Section 1.4.3), soft matter systems will exhibit spontaneous self-assembled
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structures which result in complex macroscopic behaviours. These systems exist naturally but can

also be specifically designed from the ‘bottom up’ as smart materials which exhibit particular be-

haviours. Thus through understanding of molecules on the small scale and through careful selection

and sometimes customisation of the building blocks, alongside manipulation techniques, we can

construct soft materials from the bottom up for desired applications.

1.3 From micromanipulation to microfabrication

The manipulation of objects enabled understanding of their behaviours but through using different

manipulation techniques to organise objects and components within larger scale materials, the

resulting properties could be controlled. The size regime of the molecules and the manipulations

being in the realm of microns lead to this process being called microfabrication. There are several

different processes used in microfabrication, each selected based on the system requirements and

properties, and sometimes used in combination, to structure a material.

1.3.1 Lithography

There are several different variants of lithography with photolithography being the most common,

due to its extensive use in the fabrication of semiconductors. Moore’s law predicted a doubling in

the number of components per integrated circuit every year, which has largely been followed as

transistors have become smaller and faster. [2, 3] Producing microchips has required the fabrication

methods to keep up.

Photolithography selectively illuminates some areas of a photo-sensitive layer of material, known

as a photoresist, with ultraviolet (UV) radiation. Accurate features can be obtained using lasers or

masks. Lasers will trace out a pre-programmed pattern over the surface and masks, which are pre-cut

stencils, shield some areas of the surface from the light. Irradiated areas will transform chemically

and remain fixed in place on the substrate material. Unexposed areas can be removed so that only

the patterned features remain as shown in Figure 1.1a. [4]

Optical diffraction limits the achievable size of the patterned features to the UV wavelength. Some

variants of lithography exist such as extreme UV, focused ion beam and electron-beam which can
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Figure 1.1: a) The photolithographic process. Photoresist material is spun onto a substrate. Certain
areas of the resist are exposed to the UV light through the use of a mask. Unexposed areas are then
rinsed away to leave the patterned features on the substrate. b) Photolithography can also be used
in combination with other fabrication technology in micromoulding, where the photopatterned
material is used as a mould to form microstructures in poly(dimethylsiloxane). Taken from references
[5] and [6]

achieve nm sized features. [7–9] It is also an expensive method, is unsuitable for non-planar surfaces

and only suitable for rigid inorganic materials.

Lithography has also been integrated alongside other fabrication technology and is known as soft

lithography. These developments have enabled the micropatterning of more molecules and materials.

[10, 11] A specific branch of soft lithography is micromoulding, used in the fabrication of microfluidic

devices. Microfluidics is the use of devices, with a 10-100 µm diameter, for the manipulation of

liquids and gases. They are an important tool for miniaturised systems, biomedical devices and

biochemistry research. [6, 12] The movement towards polymers in the fabrication of these devices

made them cheaper, rugged and applicable to more chemical systems.

A ’master’ is fabricated first using photolithography. This acts as a mould to cast a polymer in.

Channels will be formed within the polymer where there were ridges on the master. In microfluidics

poly(dimethylsiloxane) (PDMS) is most commonly used as it provides a hydrophobic surface and

can be functionalised or modified to aid in fluid flows (Figure 1.1b).
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1.3.2 3D printing

Additive manufacture, also known as 3D printing, is the process of producing a 3D construct by

depositing material onto a bed, layer by layer. [13] The computer aided design process has enabled

very complex and precise 3D structures to be produced, spanning all size regimes (Figure 1.2).

Figure 1.2: a) schematic of a 3D printer. Heated plastic is extruded through the nozzle onto a stage
and built up in sequential layers into the pre-programmed design. [13] b) It is possible to print
multiple spheres inside of each other through 3D printing. [14] c) medical data can be used to print
3D anatomical models such as this one of the human trachea and bronchial tree. Flow patterns of
gases were then studied within the model. [15] d) 3D printing technologies can be used to fabricate
microvascular networks. Scale bar 10mm [16]

The most common 3D printer uses a printhead to extrude heated plastic in sequential layers (Figure

1.2a). As it is patterned, the heat will enable fusion with the layer below and, as the whole structure

cools, it will harden. It is possible to print with other materials; plastic, metal, ceramics, liquids,

powders or even cells, making 3D printing a very versatile technique in many areas. [17] In the

medical research field, 3D printing has been used extensively in creating prosthetics, anatomical

models, tissue and organ fabrication and in pharmaceutical research such as drug delivery. [18–24]
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Limitations arise in the smallest features that can be produced and the extrudability of the materials.

1.3.3 Electrochemical manipulation

The selective manipulation of different molecules is also possible based on their chemical properties.

Both magnetic, electric and electromagnetic fields can be used as non-contact manipulation methods.

In constant fields, particles will become trapped at particular locations within it and this behaviour

can be used within fluidic devices.

Magnetic fields can be used to transport and position both magnetic and non-magnetic objects. [25]

The force on a magnetic particle inside a magnetic field depends on size and magnetic susceptibility

of solvent and particle. Materials that are repelled are classed as diamagnetic and most materials

fall into this category. Paramagnetic materials will experience a small attractive force and align in a

magnetic field while ferromagnetic materials are strongly attracted to magnetic fields. Magnetism

has been used for the patterning of cells and in the levitation of droplets and even a frog. [26–28] The

strongest forces result within ferromagnetic materials and so this has lead to the magnetic labelling

of molecules in order to use this technique. [29]

The basis of trapping from electric fields follows a similar principle. Electrical forces can be classified

by whether they act on a molecule with a fixed or induced electrical charge. [30] In a uniform electric

field, charged particles will experience a force and move. Contrastingly uncharged particles will

not experience sufficient forces to move. However when uncharged particles are in a non-uniform

electric field, they will move because the magnitude of the field is different at each side of the particle.

Electric fields have been used in trapping cells. [31, 32] Limitations arise in the specific design and

fabrication of the electrodes for the desired operation of these devices.

1.3.4 Acoustic trapping

Acoustic trapping is the immobilisation of micron-sized objects in ultrasonic waves. As a technique,

acoustic trapping requires no additional functionalities be implemented into systems, only that a

difference in acoustic properties exists between the droplets or particles in suspension and their

surrounding solution. This presents many benefits over the other techniques as no additional func-

tionalities need to be incorporated into the system and trapping devices are easier to fabricate.
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Acoustic trapping requires molecules in solution to scatter the sound waves as they pass through,

something that will be an intrinsic feature of most systems due to the differing material properties of

the material and it’s surrounding media. As acoustic waves pass through a suspension of particles,

this scattering results in particles experiencing an acoustic force and moving. More detail regarding

the history and theory of the acoustic force can be found in chapter 3.

For acoustic trapping, the density and compressibility properties must differ between the object and

the media. [33, 34] In a standing wave acoustic field, the forces will act to move particles towards

stationary pressure points of the applied field. The locations of these pressure minima or maxima,

known as nodes, are every half-wavelength of the applied sound wave. Acoustic traps were integrated

into a micro-fluidic channel for the cleaning of blood through separation of lipids from red blood

cells. The different compressibilities and densities between the lipids and blood cells resulted in

them moving to different positions in the acoustic trap, thus enabling their separation. [35] Another

microfluidic device was used, with acoustic trapping, to position cancer cells around target cells to

study the cell-cell interactions. [36] Microfluidic devices integrated with ultrasonic trapping enable

positioning of cells and the ability to expose them to continuous flows. This enables the study of cell

washing or enrichment. [37–39]

There are two types of acoustic device; surface and bulk wave. Simply, in surface wave devices

acoustic waves propagate across the surface of a substrate whereas in bulk devices they propagate

through materials. Acoustic trapping can also be used in producing stationary organised patterns of

particles with applications in materials design and fabrication and within tissue engineering.

Acoustic patterning in both one and two dimensions of different cells, using standing surface acoustic

wave devices has been demonstrated by Shi et al.. [40] These acoustic capabilities were integrated

within micro-fluidic devices but as a consequence did not pattern or trap large numbers of particles in

large volumes of fluid. Gesellchen et al. used acoustics to pattern Schwann cells at the nodal positions

of an acoustic field in several successive layers (Figure 1.3a). Their approach used a heptagonal device

which produced nodes at the intersection of the different applied travelling wave fields. This setup

enabled controllable nodal positions by adjusting the wave properties and hence location of field

intersections. [41] Similarly, adjustable nodal points within a standing wave field, produced using

two counter-propagating waves, were demonstrated by Grinenko et al. [42] This method was adopted
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in a square device comprising two orthogonally oriented counter-propagating standing wave fields

and used to demonstrate particle manipulation in two dimensions in an x-y plane. [43] These devices

fall under the classification of dynamic field devices and they present the advantage that trapping

positions can be at any arbitrary position within the device, rather than at a fixed position. While the

patterning of cells has been demonstrated in many studies, the main limitation is that the cells will

move from their patterned positions in the absence of an acoustic field. [44] However it is possible

to immobilize them within a more rigid material once patterned, so that the patterning is not lost

following removal from the acoustic field.

Figure 1.3: a) Patterning of Schwann cells within an acoustic device where each layer of cells was
patterned in a different colour to build up the pattern displayed here. Scale bar 100 µm [41] b) The
alignments of acoustically trapped anisotropic particles can be fixed into a hydrogel matrix or by
using a DNA mortar. Scale bars 100 µm [45] c) photo of an acoustic patterning device used by Scholz
et al. d) polycrystalline wool fibres acoustically patterned in water in the acoustic device shown in c).
Scale bar 300 µm [46]

Immobilisation of ordered particles has formed the basis of some other acoustic patterning research.

Collino et al. demonstrated the patterning of anisotropic microparticles in an acoustic field with

tunable packing. These conformations could be fixed in place and removed from the device by cross-

linking a hydrogel matrix, or using a DNA mortar between the different particles (Figure 1.3b). [45] In

a similar fashion, acrylic particles have been aligned within polysiloxane resins by first patterning
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the particles and then setting the resins. [47] This approach has been adopted for the alignment of

nanowires and particles within composite materials (Figure 1.3c & d). [46, 48]

Limitations of this technique arise with the sizes and shapes of the particles that can be trapped.

Recent developments have demonstrated trapping of mm sized objects with complex shapes using a

lock mechanism. [49] Varying the driving frequency will change the size it is possible to trap within

the overall range of µm to mm, as long as the particle radius, a, remains much smaller than the

wavelength, λ, of the applied acoustic field (a « λ). [50] The attenuation of the sound waves within

the fluid medium is a second limiting factor. However, by increasing the amplitude of the waves to

produce sufficient trapping forces, particles or objects will trap in fluid volumes of µLs to litres.

Whilst these different techniques are limited to specific systems, in the field of soft matter they are

powerful methods in the fabrication of structured soft materials.

1.4 Soft matter materials: Hydrogels

One of the genres of soft matter materials is hydrogels. The material properties can be understood

as the result of the different interactions and forces between the different molecules due to their

chemistry. This section will first define a hydrogel and then review the relevant theory underlying

hydrogels.

1.4.1 Hydrogels

First documented by Wichterle and Lim in 1960 for use in contact lenses, hydrogels were defined as

entangled networks of polymers forming a matrix, which can absorb up to several thousand times

their dry weight in water. [51] Flory initially outlined four main types: [52]

• Well-ordered lamellar structures

• Disordered covalent polymeric networks

• Polymer networks through physical aggregation

• Disordered particulate structures
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Since this initial observation, the definition of a hydrogel has adapted since they are no longer formed

only from polymers. Modern definitions encompass the material properties, with hydrogels defined

as soft solid-like materials comprising two or more components, one of which is water present in

substantial quantity. The highly hydrated materials exhibit the ability to reversibly swell and will

embody solid-like properties, despite consisting of so much liquid, due to the 3D network created

through in situ bonds. [53, 54] These in situ bonds are known as cross-links and can arise due to

physical or chemical interactions.

The components of the hydrogel contribute towards the overall behaviour, such that the material

will exhibit both liquid-like and solid-like properties due to the liquid and cross-linked network

respectively. Simply, classification of a material as a gel can be demonstrated by the vial inversion

test. When the vial is inverted, if the material formed at the bottom of the vial does not flow and can

support it’s own weight, then it is a gel. [55, 56]

Quantitatively, the material behaviour can be characterised through rheology; the study of defor-

mations and flow of matter. [57] The elastic or storage modulus G’ and viscous or loss modulus G”

describe the solid and liquid contributions respectively. Where an elastic response to deformation is

exhibited by the material over extended timescales (G’ plateau or moduli independence from forces

applied at different frequencies with G’>G”), this implies the presence of a network that can store the

deformation energy rather than dissipating it by flowing, as a solid would. Rheologically, a gel will

not relax or flow like a liquid, since the network structure will not relax.

To understand hydrogels as materials, it is important to know how the smaller scale behaviours

contribute to the material properties.

1.4.2 Molecules

Materials are comprised of different ‘building blocks’ known as molecules. Molecules are discrete,

spatially ordered, heterogeneous groups of atoms.

In the design of materials, the different properties and capabilities of the molecules included are

important. The functionality of a given molecule depends on the elemental composition in com-

bination with the arrangement and connectivity of the component atoms. The connectivity arises

through the sharing of electrons between atoms in covalent bonds, which hold all the atoms together
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as a molecule. This sharing blurs the distinction of atoms as individuals so that they become part of

a larger species. Of particular importance are functional groups which are responsible for specific

functions exhibited by a range of molecules. These recurring molecular groups can exist in different

charged states, due to the presence or absence of electrons, based on the environmental conditions

(pH, salinity, temperature etc.) the molecule is subjected to.

The pH scale is a logarithmic scale concerning the amount of H30+ compared to OH− present

in solution, where pH = −log [H3O+]. These both form as a result of proton (H+) association or

dissociation from functional groups when in solution. Given the pH of solution, the charge on the

functional group can be known from the acid dissociation constant; pKa = −l og [Ka] where Ka is a

constant for chemical dissociation. At a pH less than the pKa, the functional group will be protonated

but at pH greater than the pKa, the group will be de-protonated. [58] Thus the charges on functional

groups can be changed by altering the pH of the solution and this is one way that different molecular

and intermolecular behaviours can be controlled.

1.4.3 Intermolecular interactions

Fundamental in the design of materials is the different forces existing between different molecules

and macromolecules, which act to hold the materials together. With understanding of these different

forces, molecules can be designed to utilise particular interactions in the formation of superstructures.

[59]

Forces between different molecules arise due to the distribution of electrons within them. As a

standard reference for gauging the strength of the different forces, the thermal energy ≈ 3
2 kT, can be

used where kT = 2.5 kJmol−1 at standard conditions. A summary of the different interactions is given

in Figure 1.6.

Chemical bonds exist between the atoms comprising molecules and can be classified as intramolec-

ular bonds (Figure 1.4). There are two types; covalent and ionic. In covalent bonds the electron

density is redistributed between two neighbouring atoms. Covalent interactions are short range and

very strong (»kT). An ionic bond is due to the attraction between two oppositely charged species.

Between two atoms, the electrons transfer from one atom to another resulting in two ions and hence

a cohesive force holds them together. [60]
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Figure 1.4: Covalent and ionic bonds. Covalent bonds share electrons and ionic bonds rearrange the
electrons between the two atoms resulting in ions which then are electrostatically attracted to each
other.

Charged species also interact with polar molecules. These molecules have a slight charge, known as a

dipole moment, due to the anisotropic electron density distribution over the whole or part of the

molecule. The orientation of the dipole is important, and in some molecules it will be permanent but

in others it can be freely rotating. Consequently the freely rotating dipoles have weaker interactions.

Molecules with a dipole moment of any type can induce the polarisation of other neutrally charged

molecules, which don’t have a dipole by distorting the electron distribution of that molecule. [61]

Cohesive Van der Waals interactions exist between neutral molecules, based on the polarisability

of the molecules. A dipole can spontaneously be formed within a molecule due to the random

fluctuations in the position of the electrons or the electron distribution can be induced by the charge

from a nearby dipole. There are 3 main forms of interaction (Figure 1.5):

• between permanent dipoles

• between dipoles and induced dipoles

• between non-polar molecules due to the fluctuations in electron distribution

The strength of these interactions decays rapidly with increasing interatomic spacing.

Hydrogen bonding and hydrophobic interactions are particularly relevant to water and so are of

primary interest with regard to hydrogels. In hydrogen bonding a strong highly-directional bond

exists between a hydrogen atom, attached to an electronegative atom and a lone pair bearing
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Figure 1.5: Different types of dipole interactions. Dipole - dipole. These interactions exist between
permanently polarised molecules. The slight charge is denoted by q. Dipole - induced dipole. A dipole
can induce a redistribution of the electrons within a non polar molecule and induce a dipole within it.
Induced dipoles are denoted by δ. Non polar - non polar. Dipole interactions can also exist between
non polar molecules due to random fluctuations in the electron distribution.

electronegative atom denoted X-H· · ·Y, where X and Y are oxygen, nitrogen or fluorine. This hydrogen

bond can be considered similar to a charge-dipole interaction. [62]

The differing behaviour of molecules in water is due to their charge compared to the slight charge

on the water molecules. Water molecules orient themselves into a framework of H-bonds. When

non-polar molecules are added into water, they are initially ’caged’ within this water framework

and are hence surrounded by water molecules. Non-polar molecules tend to associate with one

another and will thus rearrange into aggregates without interference from the polar water molecules.

The H-bond framework of water in the presence of these poorly hydrated or hydrophobic chemical

groups dynamically rearranges to minimise the overall loss in entropy. This rearrangement releases

the water molecules surrounding the non-polar molecules, increasing the entropy of the system.

Additionally the rearrangement facilitates the reduction of hydrophobic surface area in aqueous

solution, forcing the hydrophobic groups together. These hydrophobic interactions are the driving

forces in the formation of micelles from amphiphillic molecules. The hydrophobic sections cluster

together to inhibit being ’caged’ by the water molecules. Simultaneously the hydrophilic sections
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orient to surround the cluster and interact favourably with the polar water molecule framework.

Figure 1.6: Different types of intermolecular interactions and how they scale with molecular separa-
tion. Q is the electric charge, r is the separation of the molecules, u is the induced dipole moment
and α is the polarisability of the molecule. Adapted from reference [62]

All these different interactions are important in the formation of large-scale structures. Hydrogels

rely particularly on the balance of cohesive forces. They can be broadly classified into two types due

to the nature of the bonds holding the 3D network together; physically (H-bonds etc.) or chemically

(covalent) cross-linked networks.
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1.4.4 Polymer hydrogels

Macromolecules are a single molecule consisting of a chain of repeating smaller units known as

monomers. When macromolecules are covalently bound together in a linear sequence through a

process known as polymerisation, the resulting molecule is known as a polymer.

The behaviour of these polymer chains is dictated by the inter-chain interactions and the entangle-

ment. Both of which are dependent on three main factors:

• Degree of polymerisation

This defines the number of monomer segments in the chain

• Chemical composition of the monomers

The structure and stereochemistry of each monomer unit

• Monomer distribution

Where polymers are formed from combinations of different monomers, such as copolymers,

the distribution can be random, block or branched in different arrangements

When polymers are in solution, the overall behaviour of the chain as a whole within the fluid medium

is important, as well as the interactions between the polymer chains and those between the solvent

molecules. Different system changes within the polymer solution will serve to encourage or inhibit

different interactions. This influence on the interplay of the differing interactions within the solution

will govern the interactions between the different polymer chains and resulting solution properties.

Where there are very strong interactions between the polymer chains, they can become physically

cross-linked into a solid matrix and this material is known as a hydrogel.

There are a variety of different polymer types which can be classified by the behaviour of the monomer

units, such as polyelectrolytes which possess charges along the chain which can be permanent or pH

dependent. Polymers occur naturally and have also been produced synthetically over the last ≈ 150

years. Biopolymers are key components in biological systems and can be classified into 3 groups:

polysaccharides, polynucleotides and proteins.

Polysaccharides, otherwise known as carbohydrates, consist of repeating monosaccharides, or sugar

units, connected to a hydroxyl group by a glycosidic bond. [63, 64]
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Polynucleotides, known as nucleic acids, are the basis for all life as the constituents of both DNA and

RNA. There are five different nucleobases; adenine, guanine, cytosine, uracil and thymine which,

along with a backbone, comprise a nucleic acid. [65, 66]

Proteins provide the control over the functions within a living organism and are responsible for

forming structures, directing biological reactions, the storage and transport of chemicals and to

catalyse different reactions. They consist of one or more chains of amino acids held together by

peptide bonds, which are a type of covalent bond. [67]

1.4.5 Molecular hydrogels

An alternative process for hydrogel preparation is through the self-assembly of small molecules.

[68–70] Molecular self-assembly is ubiquitous across biology and underlies the formation of more

complex systems. [71] Fundamentally, molecular self-assembly is the spontaneous arrangement of

disordered molecules into a structure based on local non-covalent intermolecular interactions. Since

the process occurs at the molecular level, this is an example of a ’bottom-up’ process. For molecules

to self-assemble without the influence of any external forces, there must be a reduction in the Gibbs

free energy such that the thermodynamic stability of the assembled structure is higher than that of

the disorganised molecular components. Distinctive features of self-assembly are the increase in

order, weak ’non-covalent’ interactions and that the ordering can occur between different molecular

groups and nanoscale building blocks not exclusively atoms and molecules.

Stable aggregates can be formed through the spontaneous association of molecules under equilib-

rium conditions, joined by non-covalent bonds. Non-covalent interactions mean that the gelation is

reversible. These small molecules, known as low molecular weight gelators (LMWG), self-assemble

into one dimensional nanofibril structures, which then bundle and entangle into a fibrogenic matrix

through non-covalent interactions. [72] This entangled nanostructured matrix provides the scaffold

for gelation, rather than covalent or physical cross-linking as with polymer hydrogels, immobilising

water through surface tension and capillary forces. [73]

Many different molecules are documented as LMWG, resulting in a diverse range of structures which

will self-assemble into hydrogels. [68–70, 74] Generally, there are hydrophobic and hydrophillic

regions of the molecule which ensure compatibility with water and self-assembly. A trigger is required
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to initiate the self-assembly and focuses on the interplay of the solubility of the LMWG in two different

states of the system. A range of methods can be used to self-assemble the molecules such as heat-cool

cycles, cleavage of bonds, solvents or changing pH. [75–78]

Molecules in solution have complex interaction potentials due to the different attractive and repulsive

interactions of various strength over varied distances. The added interactions of the solute-solute

and solute-solvent must be considered too. When the molecular interactions drive self-assembly

a network will be formed. One dimensional structures will assemble through the non-covalent

interactions of H-bonding and π-stacking upon environmental triggers. These nanofilaments then

bundle into a fibrogenic matrix through further non-covalent interactions (hydrophobic attraction,

electrostatics, H-bonding and π-π stacking) between the different assembled components. Cross-

links arise from entanglement or branching of these fibres.

A special case of non-covalent interaction between aromatic rings isπ-π stacking. These rings contain

π bonds which are a particular type of covalent bond where the electron orbitals overlap. In this

electrostatic interaction positive point charges are assigned to the carbon atoms in the ring and

negative half-charges assigned to the π system above and below the plane. [79, 80] The strength of

this interaction is <20kT and widely utilised in the design of soft materials.

A suitable series of gelators are amino acids, often in the form of di- or tri- peptides functionalised

with chemical groups at the N-terminus. Chemical groups are usually a large aromatic group, such as

fluorenylmethoxycarbonyl (FMOC), napthalene or pyrenes. Zhao et al. first reported the formation of

a supramolecular hydrogel, from the enzymatic transformation of hydrophilic FMOC-Tyrosine-O-

Phosphate to the fibrogenic state of FMOC-Tyrosine. [81] Since then FMOC-functionalised peptides

have been identified as effective LMWG (Figure 1.7). [77] Further tailoring of the peptide sequences

results in different self-assembled morphologies such as tapes, ribbons and tubes. [82]

Where different self-assembly routes can be used on the same LMWG, this will also influence the

structures formed. FMOC-diphenylalanine will gelate through changes in pH or solvent and these

different routes will result in a hydrogel with varying mechanical properties. [78] As with polymer hy-

drogels, there is interest in controlling the hydrogel matrix of molecular hydrogels towards improving

the mechanical properties.
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Figure 1.7: a) different low molecular weight gelators from FMOC-functionalised peptides. FMOCF
- FMOC-phenylalanine, FMOCY - FMOC-tyrosine, FMOCW - FMOC-trytophan, FMOCM - FMOC-
methionine, FMOCG - FMOC-glycine, FMOCI - FMOC-isoleucine b) different morphologies possible
through tailoring the peptide sequences. Taken from references [77] and [82]

1.4.6 Coacervate-based hydrogels

Of particular note for this thesis are hydrogels formed through the environmentally induced hydro-

gelation transformation of reconfigurable coacervate droplets. Coacervate droplets based on the

complexation of small molecules provide a unique opportunity to use LMWG, which then enables

structural reconfiguration into a hydrogel.

Coacervation was first investigated by Bungenburg de Jong in 1929 when he reported the formation

of spherical microdroplets in solution upon mixing. [83] Since then, there has been much research

into the specific design of coacervate systems and the mechanisms of their spontaneous formation.

1.4.6.1 Complex coacervation

Fundamental in the formation of coacervate droplets is the process of complex coacervation which

is the spontaneous structural reorganisation process upon the mixing of two or more oppositely

charged macromolecules or polymers due to their associative interactions, into a liquid-liquid

phase separation. [84] These two liquid phases; one polymer rich, viscous bulk phase of spherical

microdroplets and a polymer sparse supernatant phase, co-exist in thermodynamic equilibrium with

the solvent. [85]
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The rapid spontaneous formation of coacervate droplets is a delicate balance of forces. The key

factors in coacervation are the interaction potential between molecular species, solubility of the free

molecular species compared to bound in a complex/aggregate, complex/aggregate size relating to

solubility, interactions between solvent and organic molecules and the hydrophobic effect. It is now

largely agreed that coacervation proceeds in two steps; first the formation of the droplets and second

the phase separation. [86] The enthalpic and entropic contributions can be described by the Gibbs

free energy:

(1.1) ∆G =∆Hm −T∆Sm

Droplet formation is driven by the electrostatic interactions towards selective charge neutralization.

There must exist sufficient charges for significant electrostatic interactions but not so strong that

it causes precipitation (a solid-liquid phase separation). The liquid-liquid phase separation from

a homogeneous polyelectrolytic solution into a dense polymer rich coacervate phase and dilute

supernatant phase leads to a gain in entropy due to the configurational rearrangements of the phase

separation. The molecules assemble into droplets and consequently the interactions between these

droplets and the molecules remaining in the other liquid phase are altered, leading to a redistribution

of the droplets within it.

Figure 1.8: a) The coacervate bulk phase is extremely viscous b) coacervate microdroplets as viewed
under a microscope. Scale bar 25 µm c) solution undergoing coacervation compared to a solution
undergoing phase separation. Images taken from references [87, 88]

The kinetics of the phase separation has been shown to mimic a spinodal decay process (unmixing

of one phase to form two distinct phases); from the formation of the micro-droplets at the phase
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separation threshold randomly throughout the solution to settling of the bulk phase at the bottom

of the vial. Phase separation is driven by electrostatic and solute-solvent interactions. When two

oppositely charged segments join, there is some amount of counter ions released into the solvent,

increasing the entropy. [89] Further mathematical derivations of the process can be found in reference

[86]

1.4.6.2 Coacervate droplet applications

A diverse variety of materials have been shown to undergo coacervation; polyelectrolytes, polysac-

charides, proteins and nucleic acids. [87, 90–92] This extensive variety has lead to suitability of the

droplets in different applications. The exploitation of the droplet behaviours is key in their use across

many areas.

The variety of different properties of the coacervate phase from free-flowing liquids to viscous gel-

like materials has lead to coacervate based food additives to modify the viscosity, foaming ability,

interfacial stability or improving flavour. [93–95] Coacervation has also been observed in nature

resulting in complex coacervate systems being selected for research into biological areas, including

protolife. [96, 97]

Protolife is the area of investigation into the very basic reactions and processes that have evolved

into life as we know it. It has been proposed that life developed from non-living molecules through a

spontaneous and gradual build up of molecular complexity. [98] The key aspects for any given system

to be considered living are the processes of:

• Homeostasis - maintaining of conditions such as salinity, temperature, acidity, etc. to prevent

deviation from the chemical functions and processes of the system.

• Replication - the system must be able to replicate itself so that more successful systems can be

produced.

• Metabolism - the process of using different molecular species as fuel in maintaining the system.

• Compartmentalization - distinction between the system and it’s surrounding environment,

usually with some kind of barrier or membrane.
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Chemical systems which embody some or all of these characteristics are defined as protocells. [99]

Further to these characteristics a protocell must form spontaneously, this is another caveat in the

emergence of life where the first step would be the self-ordering of molecules into a cell-like structure.

[100]

Coacervates are used as protocells, which are cell-like prototypes that embody basic cellular func-

tionalities and behaviours. The molecularly crowded droplet interiors mimic the molecular crowding

within real cells. [101] Despite having no explicit membrane, the difference between the coacervate

interior and exterior results in the sequestration of various different guest molecules such as dyes,

proteins or nanoparticles on the droplet interior. [102, 103] Loading of multiple guest molecules has

enabled the droplets to be used as micro-reaction vessels for nanoparticle enzyme catalysis and in

vitro gene expression. [104–107]

Further to this, coacervates comprising proteins and polyelectrolytes result in bound protein concen-

trations much higher than that sustainable in aqueous solution with protein functionality retained

[108–110] Seonghye et al. have demonstrated that coacervation of mussel adhesive proteins results

in droplets with increased adhesive properties. [111] The retention of activity of molecules both

comprising the droplets and loaded on the interior has been used in drug delivery. [112] For example

Macewan et al. showed that polymers based on human elastin will undergo a temperature induced

reversible phase-transition between solution and coacervate phase, which can be used for release of

encapsulated drugs. [113]

1.4.6.3 Specific design of coacervate droplets

To understand the dynamic and adaptive behaviors of living systems requires chemical analogues

capable of emulating the processes. In order to study this, reconfigurable systems that sense and

respond to external stimuli are fundamental. Structural and functional response are essential for re-

generative medicine, actuated materials, dynamic polymer systems and extending protolife research.

[114–116]

Through careful selection of chemical components, coacervate droplets can be tailored to exhibit

specific functionalities based on the molecules undergoing coacervation. It has already been shown

that coacervated molecules retain their functionalities. One system has even been shown to gelate
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on the interior of the droplet to form a population of coacervate microgelled droplets. [117]

Reconfigurable coacervate systems are largely unexplored but coacervates comprising polymer/small

molecules are promising options. Compared to other coacervate systems, their relatively weak electro-

static interactions increases the potential for manipulation of the droplets through environmentally

triggered processes such as pH, salt or temperature induced self transformations. Such systems

could be used in reconfigurable ensembles for environmental sensing, biologically inspired materials

development, integration of protocells with cells and for storage and release technologies. [118]

1.4.7 Hydrogel applications

The broad range of different materials, both natural and synthetic, that can be used in hydrogels

makes them extremely versatile for application in many different areas such as food, agriculture,

biomedicine and soft robotics. [119–122]

The range of polymers that can be used, the physical form of the hydrogels, and the differing responses

to environmental changes, make hydrogels particularly relevant for imitation of biological structures

and processes. [123, 124] Even the cytoplasm comprising the majority of the cell interior exhibits the

characteristics of a sol-gel. [125] The similarities between gel materials and living matter have led to

substantial improvements and widespread use of viscoelastic materials, particularly in biological

research areas. [126–138]

Tissue engineering is the growth of tissues in vitro, supported on a scaffold material, which can then

be used in transplantation. To aid in biological integration, biopolymers such as collagen, chitosan or

cellulose are often used as scaffold materials. [135] The different metabolic processes of the cells must

be maintained throughout and so adequate movement of nutrients and waste products into and out

of the cells and the scaffold is important. [137] Diffusion is the primary transport mechanism within

a hydrogel scaffold and molecular size, as well as hydrogel properties, will govern the diffusion rate.

For example, small molecules such as oxygen or glucose diffuse freely through an alginate hydrogel,

however the rate of diffusion of larger molecules, such as proteins, is slower due to the polymer size,

cross-linking concentration and pore size. [139, 140]

The diffusion of water into and out of hydrogel materials can also be used in controlling hydrogel

behaviour. As a hydrogel swells, the absorption of water can induce macroscopic shape changes.
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Bashir et al. designed a pH responsive mechanical cantilever based on polymer swelling. As the

poly(methacrylic acid) (PMAA) polymer hydrogel expanded in different pH conditions it would bend

the attached cantilever to differing extents. [141] Specific stimuli-responses to various environmental

conditions, such as temperature, pH or salinity, can be tuned by controlling the functional groups

present in the molecules. [142–144]

The extent of swelling within a hydrogel network is important biologically and the hydrogel structure

will determine how the water behaves within it. [145, 146] In drug delivery, hydrogel swelling is used

for controlled release. As physiological conditions change this will result in differential swelling and

the drugs will be released as a direct response to this absorption of water. [131, 147] This approach

allows real-time monitoring and delivery of drugs exactly when they are required. [123] For example,

the swelling of glucose sensitive hydrogels will trigger the release of insulin for control of blood

sugars. [148] Thermosensitive hydrogels such as poly(N-iso-propylacrylamide) will release drugs

upon temperature changes and have been used as an on-off switch for drug release in response to

temperature changes. [149] Chen et al. showed that micelles, loaded with drugs on the interior, can

be dispersed within chitosan hydrogels. The micelles act to limit and sustain the rate of diffusion of

the drug into the hydrogel matrix and in this way poorly soluble drugs can also be delivered. [130]

For regenerative medicine, the properties must be adapted for stable attachment or integration with

the body. [132] This can be achieved by the addition of bioactive components to aid in maintaining

cell viability. Biopolymer hydrogels have been used to encapsulate cells producing therapeutic

proteins. The hydrogels allow diffusion of metabolic products and substrates but prevent an immune

reaction. [138, 150] Copolymerising or functionalising with another molecule can aid in biological

processes too. When a methacrylate group is added to poly(vinyl alcohol) (PVA), it allows non-toxic

photocross-linking of the hydrogel, so that cells can be seeded prior to cross-linking. [151, 152]

In some cases, the desired properties are unachievable through chemical changes to the structure of

the molecules. In these instances multiple hydrogel systems can be combined to enhance the overall

properties. Polymer hydrogels based on a combination of both ionic and covalently cross-linked

networks have shown improved stretchability, up to 20x their original length compared with some

hydrogels that rupture at 1.2x their length. [153] These and other highly stretchable hydrogel materials

have even enabled integration of hydrogels with electronics into wearable biological devices. [154]
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Further developments in improving hydrogel properties have been the advent of double network

hydrogels; a hydrogel composed of two polymers where each contributes different network properties

resulting in vastly improved mechanical toughness. [155, 156] In order to select the best materials for

the application, an understanding of how the hydrogel structure can influence the overall behaviours

and properties is important.

1.5 Microfabrication of hydrogels

This tailoring of hydrogel properties through molecular modifications, or addition of other molecules

into the network, can prove successful for desired applications. However, there is evidence to suggest

that mechanical properties can be improved by introducing ordered features into the hydrogel

networks. [156] For biological hydrogel applications, the diffusion properties must also be considered

and are governed by the water content alongside other features of the hydrogel network such as pore

size, distribution and interconnectivity. [139] These features are hard to control within the network

and are largely dictated by the location of the cross-links. In response to this challenge, hydrogels

have been micropatterned in attempts to control the structure of the cross-linked networks.

As the understanding of the molecular interactions has improved, the importance of the arrangement

of the 3D network on the overall material properties has been found. Hydrogel swelling and location

of cross-links influences the shape, volume, pore size and resulting mechanical or optical properties.

The behaviour of water as it enters or leaves the hydrogel network during swelling is largely governed

by the location of the cross-links. Thus by imparting order into the cross-linked networks, better

control over the swelling of the material is achieved.

1.5.1 Water in hydrogels

To understand the behaviour of water within the hydrogel matrix, it helps to consider the hydration

process of a dry hydrogel. The first water molecules to enter the matrix will hydrate the most polar,

hydrophilic groups. The network swells as these groups become hydrated, exposing hydrophobic

groups which the water will also interact with and become hydrophobically-bound. This water is

collectively known as bound water. Once all the polar and hydrophobic sites have bound water
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molecules, additional water entering the network due to osmosis is opposed by the cross-links,

resulting in an elastic network retraction force. Thus the swelling of a hydrogel has a limit and will

reach an equilibrium. This additional water is known as free water and it is assumed that it fills the

space between polymer chains, pores and voids within the network. [157]

1.5.2 Controlling cross-linking

In attempts to control cross-linking and the swelling behaviours of hydrogels, a variety of microfabri-

cation techniques have been used as well as combinations of them.

Photolithography has been used in imparting features into hydrogels. Hahn et al. demonstrated a

variety of patterning with variable periodicity within hydrogels from functionalised poly(ethylene

glycol). [158] Patterning was extended to 3D shapes using laser-based lithography by Applegate et al.

in silk-based hydrogels, with controlled features, demonstrated in 1 cm thick samples. [159] While

Wang et al. demonstrated the cooperative deformations possible in a composite patterned gel due to

the differential swelling in neighbouring regions of material. [160] Guvendiren et al. patterned the

surface of hydrogels constraining high cross-linking density in particular areas of the material. This

was found to control the osmotic pressure and swelling of the hydrogel into different conformations

and hence the overall material modulus. [161]

3D printing of hydrogels is mainly performed with temperature cross-linked systems. [162] There are

some critical parameters with this technique, such as material temperature for extrusion, and feature

retention and temperature difference to drive the speed of gelation. 3D structures are particularly

important for scaffold design in tissue engineering and hydrogel based bio-inks are of great interest.

These are gel-precursor solutions, extruded alongside cells such that they become embedded within

the hydrogel. [22, 163]

Moulds have also been produced using 3D printing. One hydrogel is used as a sacrificial template

which a second hydrogel can form around. Once the hydrogel is set, the template can be dissolved

leaving a 3D self-supporting structure behind. Bertassoni et al. printed agarose gels which were then

used as casts for other hydrogel materials to form microchannels. [164] Colloidal crystal templates

can be prepared using polymer microspheres, which can then be dissolved once the hydrogel has set

around them. [165]
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Recently the technique of ionoprinting was used to electrically embed ions into a polyelectrolyte

hydrogel by applying a current through it. These ions formed robust cross-links in the hydrogel

network, stiffening the hydrogel in those regions. [166] Magnetic particles have also been added into

hydrogels, not to aid with their fabrication but to enhance directional properties. [167, 168]

Microfluidic devices have been used alongside photopolymerisation in producing gradient hydrogels.

By using a carefully designed inlet, Burdick et al. demonstrated controlled concentration gradients

can be introduced to the hydrogel by adjusting the flow rate of the precursor solution. [169] In

solution, the shape conformation of polymers depends on various solute and solvent interactions.

[170] Individual molecules in solution are much smaller in size and form less complicated shapes than

polymers, and the electrical or chemical properties of these molecules can be used in manipulation

on the nanoscale. [171] Recently an electro-microfluidic device was designed by Chiang et al. to

pattern a variety of hydrogel precursors based on their differing properties in an electric field. [172]

This technique used programmable microgels and other complexes to facilitate in the manipulations.

Microgels are cross-linked building blocks containing reconfigurable objects or molecules. Other

properties can be introduced by embedding different particles on their interior too, such as magnetite

for magnetic properties. [173, 174]

Loading molecular hydrogel components into precursory containers presents larger sized objects that

can be manipulated more easily than individual polymer chains/molecules. Introducing particles

into hydrogels is a promising approach to advance functionality and improve properties. [175, 176]

Dehne et al. loaded colloids into hydrogels to influence the elasticity of the hydrogel. [177] The larger

sizes of these objects would make them suitable for acoustic trapping, which has been under-utilised

in hydrogel patterning. The use of programmable precursory droplets presents an ideal opportunity

to combine reconfigurable coacervate droplets with the technique of acoustic trapping in producing

patterned hydrogels.

1.5.3 Acoustic patterning of hydrogels

Hydrogels have been used to preserve organised patterns in the absence of an applied acoustic field.

The hydrogel matrix acts to immobilize movement of objects away from the trapped locations when

the field is removed, which would otherwise occur in aqueous solution. Cells have been patterned
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and then fixed into collagen hydrogels to study the effect of controlling extracellular organization.

Importantly the cell viability was not affected by exposure to the acoustic field and proliferation of

the patterned cells within the hydrogel was increased. [178] Other cells have also been embedded

into gels in this manner such as yeast and red blood cells within polyacrylamide, alginate and agar.

[179]

Acoustic trapping no doubt provides a powerful tool for fixing ordered objects into hydrogel networks.

However, an acoustic field does not affect the hydrogel directly. Manipulation is not possible due to

size and insufficient acoustic contrast. [179, 180] Since the gel structure itself can not be manipulated

directly, this has limited the use of acoustics in directly patterning hydrogels. Size and shape limi-

tations further hinder use of the technique in direct patterning of both the polymer and molecular

hydrogel components themselves. However, acoustic patterning of appropriately sized objects in the

form of programmable precursory hydrogel compartments, such as microgels, is a viable route to

utilise acoustic patterning in hydrogel fabrication.

Across chemistry there are a variety of different compartment structures, known as vesicles, available

which vary in size, composition and materials. In the area of protolife there exist several other cell-like

compartments; proteinosomes, colloidosomes, polymersomes and lipid-based vesicles. [181–184]

Recently the acoustic patterning of coacervate droplets into 2 dimensional arrays was documented.

[185] Coacervate droplets are micron-sized and can be formed from a variety of different combina-

tions of molecules and polymers. Further, through careful selection of the components, comprising

LMWG, coacervate droplets have been shown to transform into a hydrogel. [118] This presents an

ideal opportunity to combine reconfigurable coacervate droplets with the technique of acoustic trap-

ping in producing patterned hydrogels. It is conceivable that initiating the hydrogel transformation

and self-assembly process of such coacervate droplets, while they were held at the pressure minima

of a standing wave acoustic field, could impart ordered structures into the final hydrogel network.

The work presented herein describes the investigations to fabricate an ordered hydrogel material

using coacervate droplets, comprised from a LMWG and polymer, and the technique of acoustic

trapping.
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2.1. GENERAL TECHNIQUES

2.1 General Techniques

The information provided in this chapter covers the foundations of the techniques used throughout

this thesis, followed by the details regarding experimental methods and procedures.

2.1.1 Microscopy

Optical microscopy in bright-field and epifluorescence mode was performed using a Leica DMI

6000 inverted microscope with 2.5x, 4x, 10x, 20x and 40x dry magnification objective lenses. The

fluorescence filters available are displayed in Table 2.1.

Value Fluorescence Excitation / nm Emission cutoff / nm

I3 blue 450-490 510
N2.1 green 515-560 580

D Violet 355-435 455
A UV 340-380 400

Table 2.1: Fluorescence filters available in optical epifluorescence microscopy.

The fluorescence phenomenon occurs when a photon of light is emitted from a molecule upon

the transition of an excited electron to a lower energy state. Fluorescence microscopy selectively

irradiates samples with light in a specific wavelength band. If this matches the absorption wavelength

for a specific fluorescent species, electrons will be excited. In samples prepared with fluorescent

species, the photons emitted from these chemical species are detected and when compared to the

non-emitting background can be used to provide information on structure and behaviour of systems

which conventional microscopy can not. [186]

In confocal microscopy a pinhole suppresses out of focus light so only the plane of focus is observed,

resulting in a controlled depth of focus into a sample, which optical microscopy can not provide.

In confocal laser scanning microscopy, lasers are used to initiate electronic transitions of electrons to

higher energy states. When these electrons return to a lower energy state they will emit photons of

light. These are detected by different detector channels in the microscope and used in presenting an

image to the user. The controllable depth of focus enables optical sectioning such that detailed 3D

renderings of image stacks of fluorescently prepared samples can be produced.

The selective irradiation of fluorescent chemical species at specific wavelengths using lasers enables
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multiple fluorophores to be imaged within the same sample. In cases where one laser can induce

electron transitions within multiple fluorescent species, a sequential scan can be used to isolate

different fluorophores. Several sequential layers can be used. The different detector channels can

be assigned specific detection wavelength ranges so that the emission spectra can be tailored to

the fluorophore of interest. For every layer of the scan different lasers are activated, thus enabling

specific excitation and detection of photons within an energy region of interest.

All fluorescent confocal images were acquired using a Leica SP5-II confocal laser scanning microscope

attached to a Leica DMI 6000 inverted epifluorescence microscope equipped with a 150mW Ar laser

(458, 476, 488, 514 nm lines), 20mW solid state yellow laser (561 nm), 20mW Red/HeNe diode laser

(633 nm) and 50mW 405nm laser with 10x, 20x dry and 40x, 63x oil immersion lenses. Images were

acquired using Leica LAS X Acquisition software.

Many different samples prepared with a variety of different fluorophores were investigated through-

out the course of this work. The specific experimental set-ups are detailed within the relevant chapters

and discussions and experimental methods.

2.1.2 Dynamic Light Scattering and Zeta Potential

In dynamic light scattering (DLS) the hydrodynamic radius, DH , of a particle is calculated. This is the

size of the particles when they are hydrated and includes any adsorbed molecules and surrounding

ions. Particles in solution will scatter light and there will be fluctuations in the intensity of the light

signal due to their Brownian motion. From this, an autocorrelation function is found and used

in extracting the diffusion coefficient, D t . This is related to the hydrodynamic radius of a particle

through the Stokes-Einstein equation: [187]

(2.1) DH = kB T

3πηD t

where kB is the Boltzmann constant, T is the temperature of the sample and η is the viscosity.

While this technique was developed for monodisperse particle sizing, it can be extended to that of

polydisperse solutions, such as coacervates, with an average population size being returned.
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Charged particles will attract a layer of strongly bound counter-ions, known as the Stern layer.

Consequently this layer of counter-ions will attract ions which surround the particle in a layer known

as the diffuse layer. Ions here are less associated to the particle such that as the particle moves, some

of these electrons will remain in the dispersant as opposed to moving and remaining as a stable part

of the ions and particles entity. The zeta potential, ζ, is the charge at the boundary of this double

layer.

Figure 2.1: Electric double layer of a particle in solution. The double layer consisting of the Stern
layer and diffuse layer and the definition of the zeta potential of the particle. [188]

Measurements of the zeta potential are found through analysing the electrophoresis of the charged

particles. A capillary cell is used to apply an electric field to the sample under analysis. Under

illumination, as the particles move in solution under the applied field, their motion will result in

fluctuations in light intensity reaching the detector which is proportional to their speed of movement.

From this an electrophoretic mobility, UE , can be calculated and relates to the zeta potential, ζ,

through Henry’s equation: [188]

(2.2) UE = 2εζ f (κa)

2η

where ε is the dielectric constant, f (κa) is Henry’s function and η is the viscosity.

A Malvern Zetasizer Nano ZS machine was used to perform both DLS measurements of the hy-

drodynamic radii and to find the zeta potential of various coacervate samples. For both set-ups a
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He-Ne laser (633 nm) illuminated samples loaded in a cuvette and light scattering was detected by a

backscatter detector at 173◦. Further information regarding the measurements taken can be found in

the relevant experimental methods.

2.1.3 Electron microscopy

High energy electrons are produced via thermionic emission from a tungsten filament. These beams

of electrons are accelerated towards samples mounted on a stage, passing through a series of different

apertures and focused by electromagnetic lenses. The different interactions of these electrons with

the sample are used in creating images. The wave particle duality of electrons states that their

wavelength, λ, is proportional to their momentum, p, (λ= h
p where h is Planck’s constant), typically

12pm for SEM and 2.5pm for TEM, enabling much greater resolution than optical microscopy. [189]

In the case of scanning electron microscopy (SEM) upon reaching the sample, different interactions

with the surface of the sample can occur producing secondary and backscattered electrons or even

X-rays. The electron beam is rastered over the surface of the sample while backscattered electrons

are detected and used in producing an image. To improve imaging contrast through sample electron

interactions, samples are often sputter coated in an electron dense material such as gold, prior to

imaging.

With transmission electron microscopy (TEM) the electrons pass straight through the sample. The

resulting absorption or scattering of these electrons are used in producing an image on a fluorescent

screen. Samples investigated by TEM are generally thin (100 µm or less) or dilute suspensions dried

onto grids. Selective deposition of electron dense atoms around features of interest, through sample

staining, enhances the electron sample interaction to aid in better imaging contrast. SEM electrons

generally have lower energies than those used in TEM to limit the depth of penetration into samples.

Images were acquired using a Jeol IT300 SEM and a Jeol 1400 TEM. Specific sample preparation is

outlined in the relevant experimental methods.

2.1.4 Rheology

One of the aims of the work in this thesis was to characterise the effects of introducing order into

hydrogels. Hydrogels are interesting materials in that they are neither crystalline solids or free flowing
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liquids, but exhibit behaviour somewhere between the two. Several techniques were used when

analysing the material behaviour of these soft matter systems, with the technique of rheology used to

study the specific response of materials to applied forces. [190]

When a shear stress, σ, is applied, a material will deform in response (Figure 2.2) with the relative

deformation of the material known as the strain γ.

Figure 2.2: Shearing of a solid or fluid between two parallel plates. F is the shear force applied over
an area, A, inducing a displacement ∆x. In the case of fluids there is a velocity gradient u between
the top and bottom plate. For the fluid to move at constant velocity, a constant shear stress must be
applied. Across the gap between the two plates, that velocity change must be continuous resulting in
a constant strain rate γ̇.

(2.3) σ= F

A

(2.4) γ= ∆x

y
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where F is the force applied over an area A. Typically, solid materials store transferred energy and

resist deformation, while liquids dissipate this energy through flowing. The intermolecular forces

between the atoms comprising the material will govern the nature and timeframe of the response

due to energy transfer into the material. Hence, the structure of any given material will dictate it’s

behaviour.

A typical Hookean solid will exhibit linear behaviour, with stress proportional to strain, as defined by

a constant of proportionality, G , known as the shear modulus

(2.5) σ=Gγ= dσ

dγ
γ

The shape of these materials is always recovered.

Regarding fluids, upon application of a stress the fluid will move until the stress is no longer applied.

In a parallel plate setup (Figure 2.2), when the stress is applied to the top of the fluid, the fluid will

move at a constant velocity, provided the force is constant. As the two plates are moved there must

be a continuous change in velocity across the gap and hence a strain rate, γ̇, can be calculated.

Newtonian fluids have a linear relationship between shear stress and shear rate related by a constant

of proportionality, η, known as the viscosity.

(2.6) σ= du

d t
γ̇= ηγ̇

In the case of soft matter the overall response will be a combination of Hookean and Newtonian

behaviour, often varying with time. The material’s behaviour can be accounted for by ascertaining

the solid-like (elastic) behaviour alongside the fluid-like (viscous) behaviour. Materials embodying

both elastic and viscous responses are known as viscoelastic. [55]

For a constrained sample, an oscillating strain can be applied at a defined frequency, f , to study the

resulting deformation. The applied oscillating strain develops a time-dependent oscillating stress

response within the material. If the strain is oscillating with time, then so must the stress response, as

shown in Figure 2.3.
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Figure 2.3: The oscillating stress response (blue) to an applied oscillating strain (red). σ0 is the
maximum stress and γ0 the maximum strain with a phase difference, δ, between the oscillatory strain
and stress.

For a given frequency, f, the angular frequency ω= 2π f , and the ratio of the maximum stress, σ0, and

maximum strain, γ0 is constant and defined by the complex modulus, G∗.

(2.7) G∗(ω) = σ0

γ0

The other constant is the phase difference, δ, between the maximum stress and the maximum strain.

Stress is proportional to strain in perfect solids and thus solids will respond directly in phase. For

perfect fluids, stress is proportional to the rate of strain and a phase difference of π
2 results. The

phase difference for viscoelastic materials will reside between these two extremes (0 < δ< π
2 ), with

the elastic energy stored and the viscous energy dissipated described by the phase difference to the

applied oscillating stress. Together, δ and G∗, characterise a material’s mechanical properties. [190]

G∗ can be rearranged to be described by two separate moduli representing the elastic and viscous

contributions to the overall material response. In a rheological context, they are known as the storage

(G ′) and loss (G") moduli respectively.
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G∗ =G ′(ω)+ iG"(ω)

G ′(ω) =G∗(ω)cos(δ)

G"(ω) =G∗(ω)si n(δ)

Experiments were performed using a Malvern Kinexus pro rheometer with samples constrained

between a base plate and a 20 mm diameter parallel plate geometry at a constant temperature of 25◦

C. Further details regarding experiments are detailed in the relevant methods later.

2.1.5 Ultraviolet-Visible spectroscopy

In ultraviolet-visible spectroscopy (UV-Vis) different wavelengths of light are passed through a

chemical sample. The absorbance of any of this light provides information about optically active

species within the sample. When a photon from light of a specific wavelength matches the energy

gap required to move an electron from the highest occupied molecular orbital (HOMO) to the lowest

unoccupied molecular orbital (LUMO) the energy is absorbed and the electron transitions. Provided

this energy gap falls within the range of 190-800 nm, the transition will be observed using UV-Vis.[191]

The difference between the intensity of the light incident on the sample, I0, and light transmitted, It ,

provides information on the absorbance, A, of the sample which can be found using Beer-Lambert

law:

(2.8) A = log10
I0

It
= εC l

where ε is the extinction coefficient, C is the concentration of the sample and l is the path length that

the light travels. Extinction coefficient is the likelihood of energy absorption at a given wavelength,

specific to a given chemical species. From this relation, the absorbance of a sample at a given

wavelength is directly proportional to the concentration of a chemical species in the sample.

A Perkin Elmer Lambda 750 with a 100mm InGaAs Int. Sphere was used in combination with a

Grant LT EcoCool system and a Perkin Elmer Peltier Temperature Programmer 1 to take absorbance
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measurements at 25◦ C in the range of 190-800 nm. Further details can be found in the relevant

chapters and discussion sections and experimental methods.

2.1.6 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a thermoanalytical technique used to identify phase

transitions and thermodynamic mechanisms. The amount of heat required to raise a sample and a

reference sample to a given temperature, as a function of temperature, is found and compared. A

sample will require more or less heat flow in a state of transformation compared to the unchanging

reference. [192]

Experimental setup consists of two different sealed pans, one containing the sample and the other

the reference of air, both within a sealed environment. As the temperature of the whole system

changes the difference in heat flow to the sample and reference will describe the different transitions

occurring within the sample. An endothermic melting transition from solid to liquid within the

sample would be seen as an increase in heat flow to the sample, to continue raising its temperature

at the same rate as the reference.

A TA Instruments DSC was used to monitor gel-sol transitions of different hydrogels produced in this

work.
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2.2 Experimental Methods

All the different methods and protocols concerning the entirety of the work performed in this thesis

can be found here arranged by the chapter they were relevant to, so that full attention can be given to

the results and discussion sections in the experimental chapters.

2.2.1 Acoustic trapping devices

2.2.1.1 Fabrication

Devices were designed in AUTOCAD and cut out into acrylic using a laser cutter (Trotec Speedy

100). The devices comprised a central 20 mm square cavity, surrounded by 4 orthogonally arranged

transducers (Noliac, NCE51 WAE 15 x 2 x 1 mm), attached to the device using superglue. Oppositely

sited transducers were wired in parallel into two pairs.

2.2.1.2 Impedance analysis

Impedance outputs of the transducers were analyzed from 1 - 12 MHz using a Trewmac Analyser.

These served to identify the driving frequencies and transducers to drive as a matched pair (Section

3.1.3.3).

2.2.1.3 Acoustic patterning of coacervate droplets

Functionalised glass slides (48x64mm Agar Scientific) were attached to the base of the device using

Fixogum adhesive. Water wells behind the transducers were filled prior to all trapping experiments.

To achieve patterning in 1D, one pair of transducers was driven at a driving frequency, determined

through impedance analysis, of 2.15, 6.7 or 11.3 MHz at 10 volts peak to peak (Vpp ) by a signal

generator (Keysight 33220A 20 MHz Waveform generator). For 2D trapping, both pairs were driven,

each with a separate signal generator, at 2.15/2.14, 6.7/6.69 MHz, 11.3/11.29 or the frequencies stated.
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2.2.2 General methods

2.2.2.1 Lab procedures and data processing

Several routine laboratory techniques were regularly performed. These included use of purified water

(Millipore, 18.2 MΩcm), vortex mixing (Biocote Vortex Mixer SA8), pH measurements (Mettler Toledo

pH/ion meter S220), centrifugation (Heraeus Biofuge Primo and Eppendorf Centrifuge S424) and

freeze drying (Labconco Freezone 1). Samples were weighed out to an appropriate level of accuracy

(±0.1 mg, Sartorius CP124S).

Images were processed using FIJI (Fiji is just ImageJ, V6.1). Measurements were taken directly from

calibrated scale images. 3D confocal image stacks were processed using Volocity (V6.3 Visualisation

Package).

Data was processed in both Excel (2016) and MATLAB (R2015a).

2.2.2.2 Slide functionalization

Functionalization of borosilicate glass microscopy slides was required because coacervates wetted

out on the surface, due to the negative charge from the silica oxide groups. Functionalization of

the surface by addition of side groups from 2-[Methoxy (polyethyleneoxy) propyl] trimethoxysilane,

(ABCR GmbH), or hexadecyl trimethoxysilane, (Fluka) to the slide, increased the hydrophobicity by

neutralising the surface charge, thus preventing coacervate wetting. To do so the 48x64mm glass

slides (Agar Scientific) were sonicated (VWR Ultrasonic Bath) in a beaker containing ethanol to

remove surface dirt and expose hydroxyl groups. The rinse was repeated again in ethanol and then

MilliQ water. Slides were then dried using compressed air and placed into a 2% PEG/Silane toluene

solution and left to incubate overnight at room temperature. After this, slides were rinsed in ethanol

twice and again dried with compressed air.

To image coacervate samples, channel glass slides were prepared as shown in Figure 2.4. 22x22mm

square coverglasses were functionalized following the protocol above and then adhered onto mi-

croscopy glass slides using UV curing optical glue no. 81 (Norland). The glue was set by UV exposure

over 20 minutes at 365 nm. A top layer of coverglass was affixed to create two channels using optical

glue no. 63 (Norland), again UV cured as before. Channels had a volume capacity of ≈ 10 µL.
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Figure 2.4: Schematic of glass channel slide preparation. a) A first layer of three functionalised
coverglass slides were adhered onto the microscopy slide using UV-curing glue. A gap between each
is necessary. b) After curing, a second layer of two functionalised coverglass slides were adhered
using UV-curing glue such that a channel is formed where the gaps were between the slides on the
first layer.

2.2.2.3 Zeta potential

Coacervate samples were prepared at ratios and concentrations of interest. 800 µL of coacervate

solution was pipetted into the electrode capillary cell for electrophoresis measurements. Samples

were equilibrated for 2 minutes and then 5 measurements of zeta potential were collected. Any

data with a large discrepancy was ignored in finding the average values. Between measurements,

the capillary cell was washed sequentially with ethanol and MilliQ water and then dried with a

compressed air gun.

2.2.2.4 Size distribution of coacervate droplets

Coacervate droplets were prepared at the desired concentration and ratio and subsequently added

into a microscope channel slide (Section 2.2.2.2) or observed within the trapping device mounted

onto a microscope. Droplet sizes could be directly observed using optical microscopy with images

acquired at varying magnifications. Images of the resulting droplets in several areas of the sample

were acquired over varying time-frames. Diameter measurements were then taken from these images

in FIJI and processed in Excel.

For DLS measurements, coacervates were prepared at the desired concentration and ratio and then

loaded into a disposable cuvette with path length 1 cm. Measurements were performed at 25◦ C

following a 1 minute equilibration time.
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2.2.2.5 Fluorescent tagging of enzymes

10 mg enzyme was dissolved in 4 mL of a pH 8.5 sodium carbonate buffer (100 mM). 100 µL of the

desired fluorescent tag dissolved in dimethyl sulfoxide (DMSO) (1 mg/mL) was added dropwise to the

enzyme solution. This mixture was left to stir at room temperature for 5 hrs in the dark. The solution

was then dialysed several times against solutions of pH 7 buffer using dialysis tubing (Medicell

membranes 12-14 kDa). Lastly, it was dialysed against MilliQ water for 2 hrs. The tagged protein

sample was then aliquoted into eppendorf tubes, flash frozen in liquid nitrogen, and immediately

lyophilised for 2 days. The product was stored in the freezer and stocks were made up by dissolving a

small amount of product in MilliQ water. Concentrations were found using UV Vis spectra.

2.2.3 Chapter 4 methods

2.2.3.1 FMOC-AA/PDDA Coacervate Preparation

N-fluorenylmethoxycarbonyl di-alanine-OH, (FMOC-AA, BAChem) and poly(diallyldimethylammonium)

chloride, (PDDA, Sigma Aldrich, 100-200 kDa) were used as received to produce 40 mM aqueous

solutions. The concentration of PDDA was equated with respect to the monomer (Mw (monomer) =

161.7 Da). FMOC-AA required stepwise additions of sodium hydroxide, (NaOH, 1 M) to drive the pH

of solution to 8.5 to aid dissolution in water. This solution was then filtered with a 200 µm filter and

used without further purification. PDDA and FMOC-AA solutions were stored at room temperature

and used within 3-5 days. For coacervation, first PDDA and then FMOC-AA were mixed directly at

the required ratios. In the case of introducing guest molecules into the coacervates they were added

to the PDDA at the desired concentration prior to FMOC-AA addition so they were present during

coacervation.

2.2.3.2 Coacervate density measurements

Three samples of coacervates were prepared at a 1:1 molar ratio, total volume of 1.5 mL, in eppendorf

tubes. Every mass measurement was performed in triplicate for each of the 3 samples. These tubes

were all weighed prior to and after addition of coacervate solutions. The measurements were used to

acquire the mass of coacervate solution. Each sample was then centrifuged for 15 mins at 5000 rpm
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to separate out the bulk and supernatant phases. All of the supernatant was carefully extracted from

each tube and stored for later measurements. The mass of the remaining bulk within each eppendorf

tube was calculated. A fixed volume of each of the 3 supernatant solutions was also weighed. Through

mass conservation laws and the known volumes and masses, a density value was obtained.

M = Mc +MSN(2.9)

M = ρV(2.10)

ρ = f ρc + (1− f )ρSN(2.11)

where M is the total mass, ρ the density, V the volume and the subscripts C and SN are parameter

values of the coacervate bulk and supernatant phases respectively. f is the volume fraction.

2.2.3.3 Hydrogelation of coacervate droplets

Initiation of the hydrogelation process required lowering the pH of the coacervate solution to initiate

supramolecular self-assembly of FMOC-AA. A small aliquot of coacervate solution was removed,

mixed with glucono-δ-lactone (GDL, Sigma Aldrich) powders and then replaced back into the coac-

ervate solution, to final concentration of 20 mM. The slow hydrolysis lowered the pH to a value of

4.5 and transformed the solution into a bulk hydrogel. Samples remained in a humid environment

overnight throughout the transformation.

2.2.3.4 Acoustic trapping of coacervate droplets

Coacervate droplets were formed in situ in an acoustic trapping device comprising 4 orthogonally

placed transducers surrounding a central square cavity. The transducers were wired in parallel as two

pairs. To achieve patterning in 1D, one pair of transducers was driven at the desired driving frequency

of 2.15, 6.7 or 11.3 MHz at 10 volts peak to peak (Vpp ) by a signal generator (Keysight 33220A 20

MHz Waveform generator). For 2D trapping, both pairs were driven, each with a separate signal

generator, at 2.15/2.14, 6.7/6.69 MHz, 11.3/11.29 or the frequencies stated. Functionalised coverglass

was adhered to the base of the device and the water backing wells sited behind the transducers were
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filled with water. In an applied acoustic field, first PDDA, then FMOC-AA were added at the desired

ratio.

2.2.3.5 Hydrogelation of ordered coacervate droplets

Following in situ preparation of coacervate droplets within an applied acoustic field (Section 2.2.3.4),

the sample was left to experience the acoustic force for 5 minutes, enabling droplet migration to

trapping points. An aliquot of solution (200 µL) was carefully removed, mixed with GDL powder

(final concentration 20 mM) and then carefully replaced back to minimise patterning disruption

and to mix with the rest of the coacervate solution and lower the pH of the whole volume. Samples

again remained in a humid environment overnight, with the acoustic field applied throughout the

transformation.

2.2.3.6 Scanning Electron Microscopy imaging of coacervate-based hydrogels

Hydrogel samples were first frozen in liquid nitrogen, with the samples remaining on the glass

coverslip throughout freezing. For consistency, unordered gel samples were prepared in moulds that

were the same size as the ordered gels formed in the trapping device sample cavity (20 x 20 x 2 mm).

Following freezing, all samples were immediately lyophilised for 2 days. Small pieces of the sample

were then mounted onto an SEM stub topped with an adhesive carbon pad. Prior to imaging samples

were sputter coated in gold to enhance contrast.

2.2.3.7 Transmission Electron Microscopy imaging of coacervate-based hydrogels

5 µL of hydrogel sample, that had previously been sonicated and diluted to expose the fibrils, was

mounted onto carbon coated TEM grids. The grids were then rinsed, with MilliQ water, to remove

excess hydrogel and then excess solution was wicked away with filter paper. Nanofilaments were

negatively stained to improve imaging contrast through addition of 5 µL aqueous uranyl acetate.

Excess acetate solution was wicked away and then the samples were left to dry overnight at room

temperature.

Carbon coating was achieved by sputtering carbon films onto freshly cleaved mica (Agar Scientific).

These carbon films were then floated on to a water filled Buchner filter with copper grids (Agar
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Scientific) arranged on the base. Gravimetric filtering resulted in removal of the water and the

lowering of the hydrated carbon films over the positioned copper grids. Once dry, the grids were

carbon coated.

2.2.3.8 Sequestration measurements

Coacervate samples were prepared in the presence of guest molecules, including a control sample

with no guests sequestered. All samples were centrifuged for 15 mins at 5000 rpm to separate out

the bulk and supernatant phases. UV-Vis spectra of the supernatant were acquired for each sample.

Comparison of the absorption at the characteristic wavelengths for each guest molecule enables

quantification of guest molecules remaining in the supernatant and hence concentration of guest

molecules residing within the coacervate droplets.

In finding the maximal loading capacity of the coacervate droplets, sequential volumes of the guest

molecule were added into coacervate samples. Following separation of the supernatant and bulk

via centrifugation, the spectra of the supernatants were analysed. The first sample for which there

appeared a noticeable absorbance (≥ 0.1 AU) is the threshold concentration for maximal loading of

the guest molecule within the bulk phase.

2.2.3.9 Rheology

Rheological experiments were performed to analyse the properties of ordered and unordered hydro-

gels. Both ordered and unordered hydrogel samples were prepared to a size of 20x20x2mm. These

samples were carefully removed from the trapping device and placed onto the baseplate of the

rheometer as self-supporting gels. A 20 mm parallel plate geometry, at a 1.5 mm working distance,

was used to perform strain amplitude and frequency sweeps for unordered, 1D (6.7 MHz) and 2D

(6.7x6.69 MHz) ordered gels after a 5 minute relaxation time at 25◦C. 1D ordered samples were

all oriented with the patterning in the same direction on the base plate. All measurements were

performed in triplicate and each sample was used for one measurement. Small amplitude oscillatory

shear (SAOS) strain sweeps were applied from 0.01-100 % at a frequency of 1 Hz. Frequency sweeps

were from 0.1 to 10 Hz at a strain within the linear viscoelastic region for each gel sample. Samples

were aged for 2-3 days prior to measurement.
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2.2.4 Chapter 5 methods

2.2.4.1 Thin film fabrication protocol

Coacervates were formed in an Eppendorf tube to 1 mL at a 3:7 FMOC(40 mM):PDDA(40 mM)

ratio using 400-500 kDa PDDA. Any guest molecules were added to the PDDA prior to mixing with

FMOC-AA solution. The prepared coacervate solution was added into the trapping device with the

acoustic field applied and left to trap for 1 hr (1D) or 30 mins (2D). After this time, the supernatant

was removed by the capillary action of dipping a piece of paper towel into a corner of the device.

It was held there for a further 10 seconds beyond when the majority of the fluid appeared to have

been removed. Following supernatant removal, 1 mL of aqueous GDL (20 mM) was added to replace

it within the sample cavity. Samples were then left to gelate overnight in a humid environment in

the presence of the applied acoustic field. After this time, the acoustic field was removed and the

remaining GDL solution was removed, again via capillary action with paper towel, and the thin film

left to air dry.

2.2.4.2 Thin film one-layer one-step enzymatic cascade reaction

Thin films containing horseradish peroxidase (HRP, Peroxidase from Horseradish, Sigma) were

prepared as outlined in section 2.2.4.1 with coacervation occuring in the presence of HRP. A reaction

mixture of o-phenylenediamine, o-PD, (20 µL, 50 mM) and hydrogen peroxide, H2O2, (20 µL, 50 mM)

was added to the thin film. Reaction progression was monitored using the evolution of fluorescent

product as there was enzyme mediated conversion of non-fluorescent o-phenylenediamine (o-PD)

to fluorescent 2,3-diaminophenazine (2,3-DAP), detected using fluorescence microscopy (λex =
355−425nm,λem = 455nm).

2.2.4.3 Thin film one-layer two-step enzymatic cascade reaction

Glucose oxidase, (GOx, Glucose Oxidase from aspergillus niger, Sigma Aldrich) and HRP were used as

received in the enzyme tagging protocol (Section 2.2.2.5) to add tags of rhodamine isothiocyanate

(RITC) and dylight-405 respectively. Following the thin film protocol with supernatant removal

(Section 2.2.4.1), coacervates were prepared in the presence of RITC tagged Glucose Oxidase (RITC-
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GOx, 5 µL, 1 mg/mL) and dylight 405 tagged Horse Radish peroxidase, (dylight-HRP, 40 µL, 1 mg/mL)

GOx and HRP form a coupled enzymatic reaction following the addition of GOx substrate glucose

(β−D− glucose, Sigma Aldrich).

The reaction was again monitored by observing the enzyme mediated conversion of non-fluorescent

o-PD to fluorescent 2,3-DAP. Following preparation of the thin film containing both enzymes, fluo-

rescence microscopy was used to monitor the evolution of the fluorescent product as the reaction

progressed. A SP5-II confocal laser scanning microscope sequential scan was used with the follow-

ing settings to monitor each fluorophore; dylight-405 (λex = 405 nm, λem = 410−450 nm ), RITC,

(λex = 561 nm, λem = 570−630 nm ) and 2,3-DAP (λex = 458 nm, λem = 470−520 nm ). Green channel

fluorescence was monitored to observe the progression of the reaction within the thin film. A reaction

mixture of o-PD (20 µL, 50 mM) and glucose (20 µL, 300 mM) was added to the film and the acquired

time-lapse images over 1 hr were analysed for fluorescence intensity using FIJI.

2.2.4.4 Enzymatic hydrogelation

Coacervates (400-500 kDa PDDA 3:7 FMOC-AA:PDDA ratio) were preformed with guest molecule

GOx (20 µL, 1 mg/mL) and mixed with 100 µL glucose and left overnight to gelate.

2.2.4.5 Acoustically patterned thin film enzymatic gelation

Coacervates were prepared following the thin film protocol (Section 2.2.4.1) in the presence of GOx

(20 µL, 1 mg/mL). Before addition into the trapping device, glucose (100 µL, 300 mM) was mixed into

the coacervate solution. After 1 hour of trapping, the excess supernatant solution was wicked away

with a paper towel. No solutions were added to replace the removed fluid. Samples were left to gelate

overnight in a humid environment with the acoustic field applied throughout.

2.2.4.6 Enzymatically gelated thin film layering

The first layer of 1D patterned enzymatically gelated thin film was produced following Section

2.2.4.5. A second layer was patterned 24 hours later in 1D following the same protocol and using the

orthogonally oriented transducer pair.
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2.2.4.7 Enzymatically gelated thin film enzyme reactions

Layer 1, patterned in 1D, contained RITC-GOx (20 µL, 1 mg/mL) and the 1D orthogonally patterned

layer 2 contained dylight-HRP (40 µL, 1 mg/mL) and untagged GOx (20 µL, 1 mg/mL). Addition of a

reaction mixture of o-PD and glucose again enabled monitoring of the progression of the GOx/HRP

coupled enzymatic cascade reaction through fluorescence microscopy as detailed in Section 2.2.4.3.

2.2.5 Chapter 6 methods

2.2.5.1 PLys/AMP Coacervate preparation

Poly-L-Lysine (PLys, poly-L-Lysine hydrochloride salt 15-30k, Sigma Aldrich) was used as received

to prepare a 50 mM aqueous solution at pH 8. Adenosine-5’-monophosphate (AMP, adenosine 5’-

monphosphate monohydrate, Sigma Aldrich) was used as received to prepare a 50 mM aqueous

solution in HEPES buffer (pH 7.4, 10 mM).

2.2.5.2 AMP nucleotide gelation

Following the protocols provided by Liang et al. the AMP did gelate. Zinc chloride (ZnCl2), (Sigma

Aldrich) was used as received to prepare 100 mM aqueous solutions. Mixing with ZnCl2 at varying

volumes and concentrations resulted in hydrogelation.

2.2.5.3 PLys/AMP coacervate gelation

Coacervates were prepared at the desired molar ratio and concentration using 50 mM PLys and AMP

solutions and then diluted using HEPES buffer (pH 7.4 10 mM). Further addition of ZnCl2 (varying

concentrations and volumes) induced gelation.

2.2.5.4 Acoustic trapping of PLys/AMP coacervates

Coacervates were prepared at the desired ratio to total volume 200 µL using 50 mM PLys and AMP in

an eppendorf tube. Addition of 800 µL HEPES (pH 7.4 10 mM) diluted the coacervates to a suitable

trapping volume. The coacervate solution was then added directly into the sample chamber in the

presence of an acoustic field.
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2.2.5.5 Acoustically patterned PLys/AMP coacervate hydrogels

Following the protocol for acoustic trapping of coacervates (Section 2.2.1.3), after 1 hr in the applied

field, 400 µL ZnCl2 was added to produce a bulk ordered hydrogel. For thin films, the supernatant

was removed using paper towel as previously (Section 2.2.4.1). The removed solution was replaced by

1 mL ZnCl2 (50 mM) which rapidly transformed the patterned coacervates. Followed by removal of

aqueous ZnCl2 after 5 minutes.

2.2.5.6 Rheology of PLys/AMP coacervate hydrogels

Unordered samples were prepared at the desired AMP concentration or coacervate ratio (PLys:AMP

to 200 µL then diluted with 800 µL HEPES buffer) to total 1 mL. 400 µL 50 mM ZnCl2 was added.

Samples were loaded onto the baseplate of a 20 mm circular parallel plate geometry using a spatula.

Excess liquid was wicked away with paper towel upon lowering the geometry to a working distance

of 1.5 mm. Samples were left for 5 minutes and then sequences run at 25 ◦C. Strain sweeps were

acquired at a frequency of 1 Hz from 0.1 - 100 % strain. Frequency sweeps were acquired at a constant

strain of 1% from 0.1 - 100 Hz. Each sample was used for one measurement and then disposed of,

with data averaged in triplicate.

For viscoelastic changes with time, measurements were acquired every 10 minutes. Sample hydration

was maintained by the presence of water containers.

2.2.5.7 Differential Scanning Calorimetry

Samples were prepared at the desired AMP concentration or coacervate ratio (PLys:AMP to 200 µL

then diluted with 800 µL HEPES buffer) to total 1 mL. 400 µL 50 mM ZnCl2 was added. Samples were

then left overnight.

20-30 mg of gel sample was carefully placed into an aluminium hemetic pan which was then sealed.

A reference pan of air was used. Runs from 10 to 90 ◦C at a ramp rate of 2 ◦C/min were acquired in

triplicate for each sample.
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THEORY AND DEVELOPMENT OF ACOUSTIC TRAPPING DEVICES





3.1. INTRODUCTION

Chapter overview

This chapter focuses on the theoretical analysis of the acoustic trapping phenomena and introduces

the design and development of the acoustic trapping devices used for acoustic patterning in this

thesis. Some discussion regarding the device design is then given.

3.1 Introduction

Particle trapping with sound was first documented by Faraday in 1831 where he observed patterns in

sand on the surface of a Chladni plate, resulting from the vibrations of acoustic waves. [193] These

sand patterns varied as a function of the mode shape, due to the vibrational modes of the plate.

Kundt later observed acoustic trapping in a fluid. In 1868, he observed that dust collected at specific

intervals along a pipe connected to a vibrating metal rod. The dust piles were shown to coincide with

the nodal positions of the acoustic standing wave within the pipe, appearing at every half-wavelength

distance (Figure 3.1). [194, 195] Through the relationship of the half-wavelength spacing and the

medium of propagation, Kundt was able to measure the speed of sound in a number of different gases.

Since then interest has shifted to the behaviours of the particles within the waves, into a research

field now known as acoustic trapping.

Figure 3.1: The trapping of dust at half-wavelength spacing within a pipe, known as Kundt’s tube.
Reproduced from reference [195]
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King was the first to calculate forces from acoustic fields acting on incompressible spherical particles

within an inviscid fluid in 1934. [196] It was shown that the forces experienced by the particles

originate from scattering of the waves off the surface of the particles and the non-linear response

of the fluid. Yosioka and Kawasima extended this analysis for compressible particles in 1955. [197]

Later, Gor’Kov eloquently demonstrated that the acoustic force can be derived from the derivative of

an energy potential, calculated from the linear terms of the wave equation. This is the approach that

is used for modelling and deriving forces today. [198]

3.1.1 Origins of the acoustic force

When an acoustic wave propagates through a medium, it will be scattered by any particles held in

suspension. As a result, these particles experience an acoustic force and consequently they will move,

with their motion known as acoustophoresis. [199]

Several scientists observed and mathematically described the acoustic force with the most concise

description provided by Gor’kov in 1962 defining acoustic force, F r ad , as the gradient of a potential,

U r ad : [198]

(3.1) F r ad =−∇U r ad

(3.2) U r ad = 4πa3

3
∇

{1

2
f1κ0〈pi n

2〉− 3

4
f2ρ0〈vi n

2〉
}

with U r ad defined for a spherical particle with radius, a, bulk modulus κ0, 〈pi n
2〉 and 〈vi n

2〉 the time

averaged squared sound pressure and velocity respectively. Factors f1 and f2 are constants relating

the compressibilities of the particle, κp , and fluid, κ0, and the densities of the particle, ρp and fluid,

ρ0, respectively.
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f1 = 1− κp

κ0

f2 =
2(ρp −ρ0)

2ρp +ρ0

The above equations hold for particles which act as weak point scatterers of acoustic waves and are

much smaller (radius, a) than the acoustic wavelength, λ, (a ¿λ). The terms relate to the first order

scattering coefficients for a multipole expansion, arising from the scattered mass of fluid and motion

of the particles. A more detailed derivation of this equation is eloquently presented by Bruus in the

Acoustofluidics series. [200]

The acoustic radiation force will arise from the differing compressibility or density between the

particles and the host fluid. [201] It is worth mentioning the effect of the secondary radiation force

which arises from the interactions between compressible particles moving in an acoustic field.

Oscillating pressure changes from the acoustic field induce volume changes of the particles in

solution which results in net forces. These forces, known as Bjerknes forces, are attractive resulting

in the particles joining together and behaving as a single entity. As they then move towards the

trapping points, they can form several lines of sub-wavelength spaced structures perpendicular to

the direction of the applied field. There are attractive forces between the different particles within

the line but repulsive forces between each line resulting in a fixed separation between the lines. [202]

This distance can be used in determining the compressibility of the particles if their density and the

properties of the fluid are known.

3.1.2 Acoustic trapping

Acoustophoresis is exhibited by particles suspended in a fluid in the presence of both progressive

and standing waves. Progressive waves are singular and propagate through a medium while standing

waves are a combination of wave forms resulting in stationary nodal and anti-nodal positions.

Shaping an acoustic field to limit the particle movement to a given position forms an acoustic trap.

[203] Trapping is the fundamental purpose for use of acoustic devices within this work. The acoustic

force is derived for a 1-dimensional standing wave and then extended to that of 2-dimensional
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standing waves as these are representative of the experiments presented and discussed later in this

thesis.

3.1.2.1 1-dimensional standing wave

A 1D planar, half-wavelength, standing wave in a channel of width w can be described as p1(z) =
pacos(kz) where k = π

w and λ
2 = w . Analyzing the radiation force from such a field, the first order

incoming pressure pi n(z, t) and velocity vi n(z, t) fields, at time t and spatial coordinate, z, in a

1-dimensional acoustic standing wave are:

(3.3) pi n(z, t ) = pa cos(kz)sin(ωt )

(3.4) vi n(z, t ) =− pa

ρ0c0
sin(kz)cos(ωt )ez

with pa the pressure amplitude, wavenumber, k = ω
c and angular frequency, ω. Substituting the time

averaged pressure and velocity into Equation 3.2, (where cos2(ωt ) = sin2(ωt ) = 1
2 ), the time averaged

acoustic radiation potential is thus:

(3.5) U r ad =
{ f1

3
cos2(kz)− f2

2
sin2(kz)

}
∗πa3κ0p0

2

which differentiated to give the acoustic force yields:

(3.6) Fz
r ad = 4πAc ka3Eac sin(2kz)

where Ac is the acoustophoretic contrast factor:
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(3.7) Ac = f1

3
+ f2

2

Ac serves to identify the pressure positions in the standing wave field where the particles will trap.

For Ac > 0, particles denser but less compressible than their surrounding fluid will be trapped at

pressure nodes while for Ac < 0, where the particles are less dense and more compressible than the

surrounding media, particles will trap at pressure antinodes. The sin(2kz) factor in Fz
r ad results in

the acoustic force oscillating at twice the frequency of the applied acoustic field and phase shifted

with respect to it, resulting in stationary trapping points at half-wavelength spacing (Figure 3.2). [200]

Figure 3.2: Schematic of the forces within a 1-dimensional acoustic standing wave. The purple line
shows the acoustic pressure which generates an acoustic force, F, along the axis of propagation
at twice the acoustic driving frequency (yellow line). The nodes and antinodes of this profile are
shown denoted by N and A respectively. Arrows show the direction of the acoustic force acting on the
particles, here towards the nodal positions, as is the case for particles denser than their surrounding
media (Ac > 0).

and Eac is the acoustic energy density:

(3.8) Eac = pa
2

4ρ0c0
2
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The acoustic energy density can be viewed as a parameter that characterises the performance of

an acoustic device, since the acoustic forces vary with the energy imparted into the fluid. Values of

the energy density are hard to estimate, since it is limited by the coupling of acoustic energy from

the transducer and the energy dissipated before entering the fluid. Values of Eac for low voltage

transducers driven at low MHz frequencies are believed to be ≈ 10 - 100 J m−3. [200]

3.1.2.2 2-dimensional standing wave

Later, it was shown that the Gor’kov potential could be defined using acoustic pressure. [204] This

step enabled a much simplified calculation of the acoustic force from the pressure field. The different

contributions from fields applied in two directions can be further simplified if they are driven at two

different frequencies to minimise the wave interference. This independence can be assumed for the

scenarios where any interference between the two wave fields averages to zero within a time frame

much less than the response times of the particles. For example a frequency difference of 10 kHz

takes 10 ms for 100 cycles of averaging which would be sufficient to have averaged interference to

zero. Compared with a particle response time to the field of seconds or minutes, 10 ms would be

significantly less and so the independence of the two fields can be assumed.

Continuing from the 1-dimensional analysis, with the pressure given by p = p0 cos(kx)sin(ωt ) based

on a plane wave assumption, a second field established in an orthogonal direction to the first results

in a total acoustic radiation force, F r ad of:

(3.9) F r ad (x, y) = Fx sin(2kx x)ex +Fy sin(2ky y)e y

where ex and e y are directional vectors and kx and ky are the wavenumbers in x and y directions

respectively.

This can be further extended to obtain the acoustic force from a transducer using the Huygen’s

construction of superposed linear wave theory (Section 3.2.1). The 4 transducer trapping device

arrangement is the most interesting in terms of the field properties. In these devices, assuming the
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waves are orthogonal but with different angular frequencies and phases such that they are incoherent

the expressions for pressure, p, and velocity, v , are given by:

(3.10) p = A sink1(x −x0)si n(ω1t +φ1)+B sink2(y − y0)si n(ω2t +φ2)

(3.11) v = A

c0ρ0
cosk1(x −x0)cos(ω1t +φ1)ex + B

c0ρ0
cosk2(y − y0)cos(ω2t +φ2)e y

where A and B are amplitudes in x and y, k is the wavenumber with 1 and 2 subscripts denoting x and

y respectively, ω is angular velocity, x, y and x0, y0 the positions and offsets after time, t with phase of

wave φ and direction vectors ex and e y . Squaring both these terms with sin2(x) = cos2(x) = 1
2 results

in:

〈|p2|〉 = 1

2
A2 sin2 k1(x −x0)+ 1

2
B 2 sin2 k2(y − y0)+

1

2
AB [cos(k1x −k2 y)−cos(k1x +k2 y)].〈cos(ω1 −ω2)t −cos(ω1 +ω2)t〉

(3.12)

The mixing term decays at a rate 1
T (ω1−ω2) where T is the time over which the averaging occurs. A

similar term is found in the expression for 〈|v2|〉. Over sufficient time for these mixing terms to decay,

the time dependent phase and positional offsets of the two wave fields can also be neglected leaving:

(3.13) 〈|p2|〉 = 1

4
A2(1−cos2k1(x −x0))+ 1

4
B 2(1−cos2k2(y − y0))

(3.14) 〈|v2|〉 = A2

4(c0ρ0)
(1+cos2k1(x −x0))+ B 2

4(c0ρ0)
(1+cos2k2(y − y0))
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following trigonometric simplifications, taking gradients and subsituting into Equation 3.2 yields:

(3.15) F r ad =−4πa3
[1

3
f1 + 1

2
f2

]
{E x

ac k1 sin2k1(x −x0)ex +E y
ac k2 sin2k2(y − y0)e y }

Consequently the force due to two orthogonal standing waves can be written as the superposition of

the forces from the two waves. This will only hold for situations where the mixing terms have time to

decay to zero.

3.1.3 Acoustic Trapping Devices

The mathematical descriptions of acoustic fields given here describe static acoustic fields, where the

fields are fixed by the device geometry and resonant modes. These trapping devices largely fall into

two categories; surface acoustic wave (SAW) devices and bulk acoustic waves (BAW) devices. Surface

waves are typically generated using a series of electrodes, prepared lithographically, on a piezoelectric

material. [205] The electrode spacing matches the acoustic wavelength of the surface wave at the

desired driving frequency. When the electrode is driven, a SAW is generated which propagates in

either direction within the acoustic material. This excitation wave only propagates in 2D due to the

fact it is constrained to the solid surface and will penetrate less than one wavelength deep into that

solid. [206]

In contrast to SAW, bulk waves are generated from piezoelectric materials and propagate through the

bulk of the fluid. They can further be classified into two groups; propagating or counter-propagating

wave devices. Propagating waves pass in only one direction while counter-propagating waves are

two wave-forms interacting with each other.

In the case of propagating waves, the refraction of acoustic beams passing through particles produces

sufficient forces for acoustic trapping. This behaviour is the basis of acoustic tweezers and single-

beam acoustic levitators. [207–209] Counter-propagating wave devices are described in more detail

as they are relevant for the devices used in this thesis.
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3.1.3.1 Counter-propagating standing wave devices

Acoustic fields are produced by driving piezoelectric transducers. A description of the piezoelectric

effect is given in Section 3.1.3.2. A standing wave can be generated as a superposition of two counter-

propagating acoustic waves. This results in stable pressure gradients with sufficient acoustic forces

to trap particles in suspension.

The simplest counter-propagating setup is that comprising one transducer and a strongly reflecting

boundary as shown in Figure 3.3. The transducer is attached to one side of a fluid filled cavity.

Upon excitation, the transducer vibrates and emits acoustic energy into the fluid. This outgoing wave

propagates through the fluid to the other side of the cavity where it is then reflected by the sound hard

boundary. This reflected wave, travelling in the opposite direction, acts as the counter-propagating

wave and interacts with the outgoing wave to form a standing wave. The driving frequency of the

transducer is chosen so that it corresponds to the cavity resonance, such that an integer number of

half-wavelengths is supported, resulting in a standing wave with stable acoustic traps. [33, 210, 211]

Figure 3.3: Schematic showing the one transducer counter-propagating standing wave. The trans-
ducer (grey) is excited at a resonant frequency, here the 3rd cavity resonance, generating a bulk
acoustic wave (blue wave). This wave propagates through the fluid until it reflects off the sound hard
boundary (purple), reflecting the sound wave back towards the transducer (orange wave) and setting
up a standing wave which can be used for acoustic trapping.

Further modifications can be made to maximise the acoustic forces within the device. When driven

at their resonance, transducers will impart larger mechanical forces and greater acoustic energy.

Dimensions of the transducers can be selected with respect to the cavity dimensions so that the

driving frequency corresponds to the cavity resonant frequency. Exciting at the cavity resonance

will trap the wave within the cavity, reflecting back and forth and further increasing the amplitude
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of the standing wave, and hence acoustic trapping forces, with every pass. Stronger fields will also

be achieved where the reflection coefficients within the device are high, including reflection off the

surface of the transducer, as the number of passes of the wave across the cavity can be increased

through multiple reflections. [212]

Where the manipulation capability of a trapping device is required, a standing wave can be formed

from two separate transducers so that the trapping positions within the cavity can be altered. Each

transducer is sited either side of the cavity, as shown in Figure 3.4, and driven at the same frequency.

The resulting counter-propagating waves set up a standing wave within the device and stable trapping

positions at half-wavelength spacing. Through changing the phase difference between the two waves,

the trapping positions can be altered. [212]

Figure 3.4: Schematic showing the two transducer counter-propagating standing wave. Transducers
are grey blocks and the different coloured waves show that they originate from different sources with
direction of propagation shown by the correspondingly coloured arrows, assuming no reflection of
the waves off the surface of the oppositely sited transducers. Stable trapping points are located at
half-wavelength spacing where the two waves intersect.

Minimisation of reflections of the acoustic waves off any boundaries within the setup is crucial.

Initially, the use of absorbent backing and matching layers were introduced to the devices to reduce

reflections and improve the efficiency of energy transfer from the transducer to the fluid respectively.

[212] However, modelling revealed that the acoustic reflection coefficient becomes zero when a

transducer is driven at resonance. Hence, they are effectively acoustically transparent and incoming

waves will pass straight through, negating the need for backing or matching layers and instantly

simplifying the manufacture of these devices. [42]

While devices can be driven at any frequency, transducers do not behave uniformly across them all.

Maximum energy from the transducers is achieved at resonant frequencies. Driving them at other

frequencies results in substantially smaller amplitudes, but also increases their reflection coefficient.
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In some cases, the reflected waves will superpose to amplitudes that compensate for the drop in

amplitude of the initial wave, leading to strong enough fields to trap particles. As such the amplitude

of the standing wave in the device is a result of the cavity reflections alongside the output from the

transducer. [213]

When driven at resonant frequency, both variations of the counter-propagating wave devices have the

capacity for particle manipulation due to the possibility of dynamic field reconfigurations enabling

varying pressure fields and hence trapping points with time. While the manipulation capabilities

were not utilised in any experiments performed in the work presented in this thesis, the expertise in

the fabrication of these counter-propagating devices was used in designing the trapping devices for

the coacervate systems.

3.1.3.2 The piezoelectric effect

In 1880 Pierre and Jacques Curie observed generation of electrical charges through applying pressure

to quartz. This phenomena is now well known as the piezoelectric effect and can be observed in

some natural and man-made materials. [214] Application of electrical charges will also generate

mechanical deformations within the materials, in the reverse piezoelectric effect. A summary of the

role of the piezoelectric effect in producing acoustic fields is given below.

The most commonly used single crystal piezoelectric material is that of lithium niobate. At tempera-

tures less than the Curie Temperature, TC , there is distortion of the unit cell resulting in an asymmetry

in the location of the central ion, thus polarising the unit cell. Upon application of pressure, the unit

cell will distort further, moving the central ion off axis and generating charge within the material;

the piezoelectric effect. Conversely, applying an external electric field will move the central ion, dis-

torting the shape of the unit cell. For an individual unit cell this deformation is tiny but within larger

materials, with many aligned unit cells exhibiting the same behaviour, the mechanical displacements

can be large.

The acoustic fields in trapping devices are largely produced using piezoelectric transducers; piezo-

electrics coated with conducting materials to act as electrodes. Application of an external electric

field induces shape changes within the piezoelectric (Figure 3.5). Polar domains will align in the

applied electric field in the direction of current flow. If an alternating current is applied than the
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change in alignment direction of the crystals in the piezoelectric oscillates at the frequency of the

applied alternating current. Consequently a periodic shape change is set up. Vibrations, due to these

rapid shape changes coinciding with the alternating electric field, impart mechanical energy into the

acoustic chamber, thus generating the acoustic fields. [214, 215]

Figure 3.5: Schematic showing the shape changes within a piezoelectric material under an applied
alternating current. Transducer faces are represented by the grey rectangles with overall shape
displacement indicated by the arrows a) the shape of the unit cell within the piezoelectric b) upon
application of the field in the first direction, the unit cell becomes deformed and changes the shape
of the transducer as indicated by the arrows. c) reversing the direction of the field, results in material
deformation in the other direction. As the current continues to oscillate the periodic deformations
impart acoustic energy into the surrounding materials.

Since the acoustic energy from the transducers relies on the mechanical deformations of the crystal,

they are narrow band emitters, which must be driven at specific driving frequencies for highest

efficiency.

3.1.3.3 Impedance analysis

The largest mechanical output from the transducers will impart the strongest acoustic forces within a

trapping device. These strong vibrations will occur at particular frequencies based on the resonance

of the transducer. Resonant frequencies can be identified by ascertaining at which frequency the

largest mechanical output is seen compared with other frequencies, for the same applied voltage.

While the 2 transducer devices can be driven at any frequency, this requires a lot more power to be

supplied to increase the vibrations enough to achieve sufficient trapping forces. So transducers tend

to be driven at their resonant frequencies to minimise the voltages that must be applied. ][216]

The resonant frequencies are dictated by the material thickness and how the internal vibrations

behave within it. Assuming the faces of an unconstrained transducer behave like parallel plates, they
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will move uniformly and freely such that they behave like an open pipe. When vibrated at specific

standing wave frequencies, known as modes, the waves travel within the transducer as shown in

Figure 3.6.

Figure 3.6: 1st, 2nd and 3rd through thickness modes supported within a transducer. Experimentally
the 2nd mode is not observed.

The 1st, 2nd and 3rd through thickness modes are supported within the transducer, however the 2nd

mode does not exist because the plates would have to be moving in the same direction. Practically

only the 1st and 3rd modes are observed and can be used to produce the strongest acoustic forces

within a trapping device compared with other frequencies.

The resonant frequencies of transducers can be tested through impedance analysis whereby the

transducer is subjected to alternating electric fields at different frequencies and the resonance

behaviour monitored. The output enables identification of the fundamental through thickness

resonant frequency and subsequent harmonics. A typical impedance plot for transducers used

throughout this thesis is shown in Figure 3.7.

For the maximal output and highest acoustic forces within the device, the driving frequency of

the transducers must be carefully identified. When driven at resonance, a transducer is effectively

acoustically transparent so that there are no reflections. Using multiple transducers, such as in the

2 transducer counter-propagating standing wave setup (Section 3.1.3.1) and utilised for the work

here, it is important to match the individual transducer outputs so that the resonant frequencies

match. This minimises wave reflections within the device occuring due to the partial reflection of

one transducer in the pair not being driven at the resonant frequency. [42] The trapping device was

driven at one of the frequencies identified at the minima of these impedance outputs to provide the

maximal mechanical outputs.
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Figure 3.7: a) The typical impedance output for the transducers used in the work presented in the
thesis is shown over the whole 1-12 MHz range. b) A more detailed region of interest shows the
behaviour at the resonant and anti-resonant frequencies.

3.1.3.4 Acoustic Streaming

When trapping particles in a liquid further forces, other than the acoustic force, can be experienced.

Acoustic streaming is a secondary steady flow that is generated due to attenuation of a primary

oscillatory acoustic wave by the fluid. [30] In acoustic trapping the motion of the particles suspended

in the fluid is the main interest, but water molecules will also be perturbed from their positions

by an incoming acoustic wave. The time-averaged displacements from these positions will be zero

in an ideal fluid. Alas in real fluids, the viscous attenuation of the acoustic waves results in some

deviation and displacement of water molecules from their original positions. [217] Occurring at

multiple instances throughout the volume of fluid, this results in a global formation of streaming

flows. Experimentally this is observed as particles moving around higher up in the fluid and not

settling into any of the trapping points. Forces from these flows can be stronger than that of the

acoustic radiation force and so the particles will not be trapped within the applied acoustic field and

instead will move around within the streaming flow. [218, 219]

As devices are driven at higher voltages, streaming can become more problematic where trapping is

desired. [220] However there are some applications where streaming is used as a beneficial effect.

Fluid streaming flows were used in enhancing immunoassays by sweeping fluids across trapped
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beads. [221] While Bengtsson et al. used streaming for fluid mixing to increase enzyme reaction rates

in specifically designed channels in microfluidic devices. [222] The forces from microfluidic flows on

cellular membranes have also been shown to increase cell metabolism and encourage cell membrane

processes. [217, 223, 224] These serve as a few examples that demonstrate through implementing

careful control over the streaming, it can be used beneficially.

3.2 Trapping device fabrication

For particle manipulation, a counter-propagating wave device was developed to produce a standing

wave within a fluid filled cavity. [43] A controllable phase difference between the two transducers

enabled the position of the nodal points to be changed. The design of such a device required acoustic

matching of the transducers with the fluid by use of matching and backing layers around the trans-

ducer. The thickness of these layers was chosen to minimise the reflection at the transducer face,

achieved when the thickness is 3/4 of the wavelength within it.

The later revelation of transparency of transducers when driven at resonance resulted in the matching

layers no longer being required, rapidly simplifying device manufacture.

Based on this counter-propagating device developed by Courtney et al., a new device was developed.

[43] The acoustic trapping device comprised a central square cavity surrounded by 4 orthogonally

arranged transducers, each with a water backing well (Figure 3.8). A periphery edge of plastic around

the cavity separated the transducers from being directly in contact with the sample. This was an

important step to integrate the device with chemical systems. When the transducers were directly in

contact with the fluid there were electric field interactions between the chemicals and the electrodes

which were stronger than the acoustic field interactions. Further to this it increased the likelihood

of chemical contamination within the sample and between different samples. Introduction of the

plastic edge prevented these undesired interactions.

Within this trapping setup some acoustic considerations must be mentioned. The transducers

were not in direct contact with the fluid and while there have been no detailed investigations into

how these adaptations affect the device operation, it is accepted that the complexity of the device

is increased. While these device developments may pose a concern for understanding the exact
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Figure 3.8: Schematic of the acoustic trapping device including dimensions and the locations of
different features. The width of the coverglass adhered to the base of the device has been exaggerated
for illustration since it was only 0.1 mm thick.

acoustics behaviour, successful trapping was demonstrated with devices largely behaving as expected.

Future considerations of these effects may be required but they were not explored as part of the work

in this thesis.

Directly opposing transducers were wired as pairs in parallel. 1D trapping used 1 signal generator

to drive the transducers at the resonant frequency. 2D trapping used a separate signal generator

per pair to drive the transducers at two different frequencies. A frequency difference of 10 kHz was

introduced in this case so that the two fields were temporally uncorrelated.

Devices were designed in AUTOCAD and cut out into plastic using a laser cutter (Trotec Speedy

100). The impedance of all transducers (Noliac NCE 51 WAE 15x2x1mm) was analysed from 1-12

MHz using a Trewmac Analyser. The output curves from these tests were carefully analysed to find

matching pairs at the specific desired driving frequency. Transducers were adhered to the device

using superglue. Prior to addition of fluid samples into the sample cavity, a glass slide (48x64 mm,

Agar Scientific) was affixed onto the base of the device using Fixogum flexible adhesive.

3.2.1 Modelling of the Acoustic Field

The acoustic radiation force is non-linear and so exact magnitudes of forces are not obtainable purely

through modelling. However based on material properties, the Gor’kov description enables positions
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of the minima and maxima of the resulting pressure field to be found, alongside the directions that

the forces act.

A MATLAB code was developed by Prof. B Drinkwater which calculated the pressure fields for trapping

in an x-y plane for a variety of different device conformations involving 1-5 transducers using the

Gor’kov potential. The underlying assumptions of this model were that the length of the transducers,

d, were large (d » λ) and therefore emitted plane waves and that all the transducers were driven in

phase but acted independently of each other with no reflections in the device. Directional forces

were added together to equate the total force as detailed in Section 3.1.2.2. The pressure fields, over a

central 5 mm region, for 6 different trapping device conformations at a driving frequency of 1 MHz

are shown in Figure 3.9. Transducer size was set at 15 mm which for a driving frequency of 1 MHz

satisfies d » λ.

Figure 3.9: Modelling of acoustic pressure field in different geometries within an acoustic trapping
device. The pressures are shown for devices with different numbers of transducers over a 5 mm
central area driven at 1 MHz. a) 2 as an opposed pair b) 3 in an equilateral triangle c) 4 as 2 opposed
pairs with π

2 phase difference d) 4 as 2 opposed pairs with no phase difference e) 5 arranged in a
pentagon f) 4 as 2 opposed pairs driven at two different frequencies (1 and 1.01 MHz) Scale bars
show the different pressures within the cavity.

Introducing a slight difference in driving frequency for the two orthogonal pairs leads to the same

grid pattern as driving at the same frequency with a π
2 phase difference. When the two pairs are driven

in phase the grid is rotated through 45◦, presenting a diamond grid relative to the square shape of the
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device.

The driving frequency, f , and speed of wave propagation within the fluid, ν, dictate the half-

wavelength spacing as governed by ν = f λ. The effect of driving the transducers at different fre-

quencies on the pressure field can be seen in Figure 3.10 which shows pressure fields for 1, 3 and 5

MHz. Based on a wave propagation speed of 1500 m/s, the theoretical half-wavelength spacing would

be 0.75, 0.25 and 0.15 mm respectively. Increasing the frequency, decreases the half-wavelength

spacing, increasing the number of trapping points within the same area and steepening the pressure

gradient. At lower frequencies the width of the trapping points, located at the pressure minima and

maxima, is also increased.

Figure 3.10: Plane wave modelling of the 1D acoustic pressure field at different driving frequencies
within a 5 mm central area of an acoustic trapping device a) 1 MHz b)3 MHz c) 5 MHz. As the driving
frequency increases, the half-wavelength spacing decreases and the number of nodal positions in
the same area increases

Inputs can be varied to represent the different properties of the fluid and media. However absolute

force patterns are based purely on the wave propagation through the host media and hence are

dictated by the fluid and driving frequency only. It is the direction of the acoustic radiation forces that

will change based on the density of the particles in suspension with respect to the fluid density, AC >0

or AC <0 . Particle size, a, will further affect the magnitudes of the force and pressures experienced

since acoustic force α a3.

The assumptions in the plane wave model provide very uniform field outputs extending over the

entirety of the device as shown for a 2D acoustic field in Figure 3.11. For this case, an area of 20 mm

square is presented which is representative of the dimensions of the acoustic trapping devices used

throughout this work. This device cavity is much larger than the transducers (15 mm), which are

located in the centre of each edge (Figure 3.11).
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Figure 3.11: Modelled 2D plane wave pressure field over a 20 mm square acoustic trapping chamber

The force variation across the device can be better approximated by adopting the Huygens approach

which accounts for the length of the transducer. This adaptation incorporates the length of the

transducer actually in contact with the device, and hence emitting energy into it. The total length is

divided into smaller sections or elements. Each element is treated as a point source and the acoustic

field at each is calculated. The total field is the sum of the different pressures from each point source.

Using this regime, the model revealed the variations in the patterning present within the sample

cavity of the device shown in Figure 3.12. The strongest patterning can be observed in the centre

of the device and along the edges the patterning tends to 1D as there is no overlap with the field

produced by the other transducer pair. This output was a better match to experimentally observed

trapping.

For the case of 1D field models, again the Huygen’s model was a better match for the experimentally

observed patterning where the patterning extended across the central area of the device that matched

the dimensions of the transducers.

Finite element modelling of trapping devices was also performed using COMSOL Multiphysics

software. [46] This provided a more realistic model of the device accounting for interactions of the
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Figure 3.12: Modelled 2D Huygens wave pressure field over a 20 mm square acoustic trapping
chamber with 15 mm transducers. While clear gridded patterns can be observed in the centre region
of the device, towards the edges the trapping appears 1D.

field with different boundary layers and specific material properties of the device, transducers, fluid

and particles beyond that adopted within the MATLAB model. Adopting a similar birds eye view (x-y

plane) provided similar field outputs, however using a cut-through slice of the device revealed the

acoustic field from a different perspective (x-z plane). Here modelling revealed that the extent of the

field over 2mm vertically from the bottom coverglass to the surface of the fluid was minimal with

the strongest forces across the base and diminishing as you increased in distance from there (Figure

3.13).

Figure 3.13: Modelled pressure field over the vertical 2 mm thickness of the square acoustic trapping
chamber. Taken from reference [46]
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These results showed that patterning within these devices was limited to the 2D x-y plane across the

bottom of the device, rather than 3D patterning in x-y-z.

3.3 Results and Discussion

The following discussion points pertain specifically to the acoustic trapping device and acoustic

related phenomena. Discussion and details of specific experimental results can be found in the

relevant experimental chapters following this one.

3.3.1 Device design

Further to the introduction of the periphery edge between the sample chamber and the transducers,

little further adaptations were made to the device design over the course of the work. Minor adapta-

tions to the overall size of the device were made so that the device could comfortably be mounted

onto microscope stages and to aid in removal of samples. However some discussion regarding design

considerations is given.

3.3.1.1 Reflections

The oscillations of the transducer would emit wave fronts in two directions. The ones that were

emitted from the back of the transducer, away from the central cavity, were damped as far as possible

by filling the wells with water. This had the added benefit of cooling the transducers when the devices

were left on for a long time. The plastic edges of the backing wells could act as reflectors and send the

wave back towards the transducer which could then pass into the cavity since the transducers are

driven at resonance and are effectively acoustically transparent. Device alterations could have been

implemented to reduce these potential sources of interference; roughening the edges of the water

wells would have minimised the possible reflections by attenuating the wave.

The plastic layer between the transducers and sample cavity would increase the complexity of

the acoustics due to the introduction of coupling agents as well as more surfaces for the wave to

pass through. The different material behaviour of these surfaces was not investigated but there

could have been wave reflections occurring within the 2 mm thick edge and different reflection
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behaviour due to varying coefficients at the different surfaces. Particularly partial mirroring between

the decoupled back edge of the transducer that was not glued to the plastic, and the edge of the

backing well from the sound hard boundary. Any reflections off plastic boundaries could also have

been used advantageously through implementing a single transducer propagating wave within the

device. Indeed some experiments which were later found to have been performed with only one

transducer activated in the pair revealed that there was still strong trapping possible with patterning

occurring across the whole cavity. If reflections did arise, they did not act to disrupt the coacervate

patterning process as in many samples the expected patterning was always observed as predicted by

the modelling, consistent with wave propagation in water.

3.3.1.2 Coupling agent

Mechanical energy transferred from the transducer into the device depends on the coupling of the

transducer to the device. Strong coupling will result in maximum energy transfer and the strongest

fields. Transducers were adhered to the plastic device using superglue. Over time, this coupling

would be weakened by the vibrational energy breaking the hardened glue and the efficiency of

acoustic energy transfer drops. Experimentally, soon after adherence the patterned lines were very

distinctive (Figure 3.14a) but after some time, as the coupling weakened, the patterned lines and

trapping were less resolvable due to the weaker acoustic trapping forces (Figure 3.14b). To address

this reduced efficiency the adherence of the transducers to the device was checked every few days.

On many occasions throughout their lifetime, the transducers were re-adhered onto the plastic using

superglue.

The likelihood of bubbles forming upon extrusion of the glue is quite high and this would prevent

efficient transmission of the mechanical vibrations from the transducers into the plastic, due to the

reduced contact between the two materials. As far as possible this was minimised by applying the

superglue with a spatula so that bubbles could be popped or smoothed before hardening.

Epoxy resin was explored as an alternative means for coupling the transducers to the trapping device.

The drying time of this adhesive was much longer than superglue which enabled fine tuning of exact

orientation of adherence and the removal of bubbles. In terms of trapping observed, there was no

significant improvement in a new device, but as the devices aged and were used a lot, the resin
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Figure 3.14: Stitched image of large area view of trapped coacervates within a central area of trapping
device at different times after transducer adherence with superglue a) freshly adhered transducers
have very clearly defined lines extending across the central area shown while b) shows the same
device at a later date when the coupling is not as strong since the lines are less resolvable within the
sample. Scale bars 2 mm

adhered devices tended to maintain stronger fields within the device longer than those produced

with superglue. Future work utilising these devices should use epoxy resin to adhere the transducers.

3.3.1.3 Device reusability

Over the course of the work carried out in this thesis, many devices were produced for simultaneous

sample preparation and to replace old ones.

Removal of the coverslip from the device along with any sample of interest to keep, left behind small

pieces of glass and dried out Fixogum on the base. These were removed as best as possible using

ethanol and mechanical force, possibly damaging the device surface or weakening the coupling

between transducer and plastic by dissolving the superglue. Further, any residual glass pieces and

dried glue could have introduced strains and stresses into the next coverglass attached to the base,

possibly influencing the field shape within the device. Thorough device checking and constant

production of new ones addressed these issues as far as possible.

The volume of Fixogum glue used to adhere the glass slide to the device was also not controlled with

differing amounts used each time. As such, there would have been different volumes of it seeping

into the device cavity and potentially affecting the wave propagation within it. Upon hardening, the

wave propagation would be different than through water. On occasions where there was too much,
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it was carefully removed using the end of a spatula. When too little adhesive was used, there was

leaking of the sample solution into the water backing wells as the seal between device and glass slide

was not water tight preventing effective trapping.

3.3.2 Impedance analysis and driving frequencies

3.3.2.1 Matching transducers

In early stages of the work, the importance of transducer matching was neglected. Instead transducers

were directly adhered to the device without any investigations into their individual properties and

driven at 6.7 MHz or 6.7 x 6.69 MHz in the case of 2-dimensional trapping. There will be some

variation in the exact driving frequencies within a population of manufactured transducers. This lead

to some interesting trapping results with coacervate droplets, discussed specifically in the relevant

experimental chapters. The variability in the trapping between different devices was noticeable

through microscopy observations which implied that greater care in transducer pairing was required.

Due to mismatching of exact resonant frequencies, within a transducer pair there would be three

potential outcomes:

1. The ideal case of transducers matched and driven at their resonant frequency.

2. One transducer in the pair driven at resonance while the other was not. The resulting waves

would present a directional imbalance with stronger vibrations and acoustic energy output

from one side and then partial reflections of the wave from the surface of the other transducer,

leading to wave interference and unstable trapping points.

3. Neither of the transducers were driven at resonance. Acoustic waves produced at 6.7 MHz

would be reflected due to the non-zero reflection coefficients of the transducer when driven

off resonance. The resulting acoustic forces within the device would be weaker.

Better control over this trapping variability between different samples was found when transducer

pairs were matched through impedance analysis and driven at the identified driving frequencies. This

was done by directly comparing the impedance curves for every transducer with other ones available

and pairing the two that overlapped best at the frequency of interest. However, exact matching at one
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frequency did not necessarily mean that there was good matching at the other through thickness

mode driving frequencies.

Figure 3.15: Impedance analysis of a transducer in different situations. The red line shows the trans-
ducer adhered to the device with superglue with nothing in the sample cavity, blue the transducer
free in air unattached and green the transducer adhered to the device with gel in the cavity for a)
whole 1-12 MHz output curve and b) through thickness mode around 6.7 MHz region of interest

The device has a 2 mm plastic periphery surrounding the sample cavity. Waves produced from the

transducers would have to propagate through the plastic before reaching this central cavity. The

symmetry in the device would mean that theoretically whatever effects this has on the resulting

wave would happen to both waves from both transducers in the pair. The adherence and resulting

constraint of vibrations of the transducer were investigated by analysing the impedance output of a

transducer free in air, and attached to the device in different circumstances (empty and with a gel

filled cavity) as shown in Figure 3.15a with the blue, red and green curves respectively. Surprisingly

there appears to be no huge effect on the transducer output. The resonances shift slightly lower when

attached to the device compared to free in air as elucidated by the larger detail image of the 6.7 MHz

resonance region (Figure 3.15b). The impedance values are highest for the unconstrained transducer

in air and lowest for the transducer constrained to a device with an empty cavity.

These impedance outputs do not demonstrate resonance characteristics due to the absorbing power

of the device, implying a highly damped system. Consequently this lead to the conclusion that

any undesired reflections within the device were damped before having any adverse effects on the
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trapping.

3.3.2.2 Driving frequencies

For the transducers used throughout this work the driving frequencies were identified as 2.15, 6.7

and 11.3 MHz corresponding to half-wavelength spacing of 330, 110 and 63 µm respectively. Between

different transducers there was found to be some variation from these exact stated values (± 0.15

MHz). The exact frequency to use was identified from the specific impedance output curve for that

transducer.

Due to the discretized nature of the impedance sweep over 1-12 MHz, the exact resonant frequency

would not necessarily have been explicitly identified. Experimentally, the trapping of coacervate

droplets in solution was observed visually by changing the driving frequency around this value

between the neighbouring impedance measurement points. Upon observing the strongest trapping,

this frequency was noted and used in all subsequent experiments.

Assuming linearity, pressure is proportional to the voltage applied. For stronger forces the transducers

could be driven at higher voltages. An investigation into how the applied voltage affects the trapping

was implemented. Changing the forces, resulted in increased or decreased streaming of coacervates.

For this work, the polydisperse nature of the coacervates presents an additional problem since the

acoustic force experienced by a particle is proportional to the radius (a3) and when the droplets are

trapped there is enhanced coalescence to larger sizes (Sections 4.2.1.1 & 4.2.4.1) but the smallest

particles would experience streaming effects. Fortunately the density of the coacervate phase exceeds

that of water, so as they coalesced there was gravity driven sedimentation to the base of the device so

that most droplets would experience the acoustic force towards the base of the device, where it was

strongest (Section 3.2.1 Figure 3.13).

Figure 3.16 shows 2D trapping, with both transducer pairs driven from one signal generator, within

a central area of the same device for 1:1 40mM coacervates added into a 6.7 MHz field at different

peak to peak voltages (Vpp ). The wave interference from driving both transducer pairs at the same

frequency results in the slightly curved nature of the lines as opposed to clearly distinct lines or grid

patterning. 7 Vpp (Figure 3.16a) displays a more 1D nature and the lines are not particularly defined.

At 8 Vpp (Figure 3.16b) the 2D nature of the field can be observed but there is still a lot of material
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located between trapping points. 9 Vpp (Figure 3.16c) is much more distinct. 10 Vpp gives the clearest

patterning with coacervate material accumulating at nodal positions of the field to produce a grid

like pattern despite the wave interference, increasing the strength of the field enough for strong

trapping patterns but not so much that streaming dominated the movement of the coacervates.

Figure 3.16: 2D (6.7 x 6.69 MHz) trapping of coacervate droplets in an acoustic field driven at different
peak to peak voltages, Vpp . a) 7 Vpp displays 1D lines b) at 8 Vpp the 2D nature of the field is visible
but not clear c) 9 Vpp is much more distinct but d) 10 Vpp provided the clearest and most reliable
trapping results. Scale bar 200 µm

3.3.3 Model outputs compared with experimental

There are some device variations that can be implemented to improve the vertical field strength

such as using a lid on top of the fluid to act as a hard boundary. However, for the work presented

here, direct access to the sample cavity was required for extraction/addition of different chemicals.

As such, removal and replacement of a lid, however delicately, could perturb the patterning of the

droplets.

The acoustic force gradient varies between the different driving frequencies as shown in Figure

3.17a-c. Lower frequencies have larger half-wavelength spacing so fewer nodal positions in a given

area and wider pressure points for the particles to migrate towards. Assuming a similar number of
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coacervate droplets form at a given concentration and ratio of mixing, this means that there will be

more coacervates within each trapping point at lower frequency as the same number of droplets is

spread over fewer trapping points, and fewer droplets in each trapping point at higher frequencies

where there are more trapping points within the sample cavity. While plane wave model outputs

served as a good indicator for the trapping observed experimentally (Figure 3.17d-f), they don’t

account for polydispersity in size of the coacervate droplets being trapped and their coalescence

within the field. However for the purposes of identifying the spacing and expected patterns, the

model provides a reasonable approximation.

Figure 3.17: Plane wave modelled and experimentally observed trapping at different driving frequen-
cies in a 1D acoustic field. All model ouptuts show a 1 mm square central area of the field based on a
Huygens approximation with the corresponding experimentally observed trapping of coacervates
shown below at a) & d) 2.15 MHz b) & e) 6.7 MHz c) & f) 11.3 MHz. Scale bars 200 µm

For trapping of coacervates, at low frequency the force experienced doesn’t encourage as much

coalescence of the droplets to larger sizes and patterns were harder to resolve at higher magnifications.

Fortuitously the half-wavelength spacing of 330µm for ordered hydrogels at 2.15 MHz can be resolved

by eye in the patterned hydrogels as shown in Figure 3.18. Patterning can be seen to extend across

the whole of the 20 mm square gel.

The Huygens model was in better agreement with the 2D trapping that was observed experimentally

as seen comparing the pressure field and patterned features in Figures 3.12 & 3.18b, where regions of
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Figure 3.18: Hydrogels patterned at a frequency resolvable by eye a) 2.15 MHz has a half-wavelength
spacing of 330 µm b) 2.15 x 2.14 MHz. Scale bars 5 mm and insets 1 mm

2D patterning can be observed but there are also patterned areas within the sample that look 1D.

Experimentally, the 6.7 MHz frequency provided the best properties for the chemical system, as

the number of wavelengths in the cavity and size of the pressure points was appropriate for better

resolution of the ordering occurring and for interesting behaviors of the droplets within those

trapping points. As such, the majority of the investigations were performed at this frequency.

3.4 Conclusions and Future Work

The 2-transducer counter-propagating wave trapping devices detailed here have been used to suc-

cessfully pattern coacervate droplets into lines and grid-like arrays. Further exploration and optimi-

sation of the acoustic behaviours within these devices has yielded more reliable patterned features

within these hydrogels. Particularly, the identification and matching of the driving frequency within

a transducer pair is critical. Models based on the Gor’kov potential and a Huygens approach have

provided a good match with the trapping behaviours observed experimentally. Several device specific

developments and adaptations have been identified for future endeavours.

The capacity for improved vertical ordering with the in plane device could be further developed. For

microscopical observation, installing a pair of transducers in a 3rd orthogonal direction is not an

option. However, there is evidence to suggest that using larger transducers results in an improved

field strength from the bottom of the device. Some preliminary work where the orientation of the
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transducers was rotated so that the 15 mm side extended vertically and submerging the device

entirely in water resulted in lines of coacervates within the gelled product extending to ≈ 3 mm

(Figure 3.19).

Figure 3.19: Micropatterned hydrogel with the transducers oriented vertically along the 15 mm
long edge. a) schematic to show the device design with the transducers represented by the dark grey
rectangles and the plastic by the light grey b) shows the device set-up and vertical orientation of the
transducers along their longest edge (15 mm). c) acoustically patterned hydrogel, removed from the
acoustic field, with lines extending vertically across the image to 3 mm. Scale bars 10 mm and 500 µm

Another possibility would be having stacks of transducers to effectively form a higher extending

transducer. Activating them in sequence, or driving the higher ones at higher voltages to better trap

streaming particles, could provide an alternative route towards 3 dimensional trapping within this

in-plane trapping device. Additionally the plausibility of using a 1-transducer counter-propagating

device could be further investigated. Some results where one of the transducers in the pair was not

driven during the trapping showed that sample patterning was still obtained. The field could be

further strengthened by use of reflectors or the cavity resonance.

Introduction of a lid to the setup could be performed alongside integration of these devices with

microfluidic flow channels and inlets. This has been utilised for filtering and directing the separation

of different particles with different acoustic properties. The device could consist of an entirely sealed

cavity thus strengthening the cavity resonance between the base and the lid without compromising

the introduction of different chemicals into the device. Reactions could still be initiated without any

human mechanical handling and subsequent perturbations to the device.

Enlarging the device cavity, results in larger areas where the trapping might not be so good due to

limited field overlap, as elucidated by Huygens modelling results. Thus a central isolation of sample

solutions using cling film located through the centre of the device would provide a possible option,
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such as that demonstrated by Caleap et al. [225] The remaining cavity was filled with water and

trapping was demonstrated in 3D.

The plastic edging was introduced to the device to prevent the migration of coacervate droplets to

the electrode surfaces. These could be removed if the cling film setup was adopted which would

assist in stronger fields for the same applied voltage since less energy is dissipated into the plastic.

This could also aid in reducing the sample variability within the same device. Further, this edge has

added complexity to the acoustics within the device and future consideration of the exact impact of

these effects may be required.

There were no firm conclusions regarding the comparison of epoxy resin or superglue as a coupling

agent. However for consistent fields across multiple samples produced within the same device

strong coupling is required. This factor could be implemented in modelling so that the acoustic

energy imparted is accounted for based on the quality of the coupling between the transducer

and plastic. Understanding of the consequences of the plastic edge on the acoustics within the

device could be further ascertained by developing and extending the current models. Modelling

revealed the potential for using more transducers in combination for patterning. Different geometries

or transducer combinations could be utilised in producing more complex patterns. Of particular

interest, would be equidistantly arranged trapping points for the better observation of chemical

reaction wavefronts and propagations of reactions through coacervate populations both aqueous

and gelled.

Finally, there are many acoustic effects that could be used within the trapping device, such as manipu-

lation of the droplets in solution prior to hydrogelation or in initiating behaviours after hydrogelation.

Miller et al. demonstrated ultrasonic sonoporation of cells, where the changed membrane perme-

ability enabled the uptake of larger molecules. [224] This could be beneficial within a hydrogel to

aid in the movement of molecules through densely cross-linked areas into different pores or inside

the coacervate droplets. Ultrasonic pulses have also been shown to release drugs within hydrogel

matrices, thus providing a possible mechanism for release of different reactants within the hydrogel

network. [226]
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OF RECONFIGURABLE POLYMER/DIPEPTIDE COACERVATE DROPLETS





4.1. INTRODUCTION

Chapter overview

In this chapter the fabrication process for micropatterned hydrogels by the acoustic trapping of

stimulus-responsive coacervate microdroplets is presented. Coacervate droplets were formed in situ

in an applied acoustic field in an acoustic trapping device comprising four orthogonally arranged

transducers connected into two counter-propagating standing wave pairs. Driving one pair resulted

in 1D lines of droplets extending across the sample cavity and driving both pairs resulted in a 2D

grid-like array of droplets. The hydrogel transformation was initiated through addition of glucono-

δ-lactone powders into the coacervate solution and following removal from the acoustic device

micropatterned features remained within the hydrogel network. Further, loading the coacervate

droplets with various guest molecules prior to hydrogelation enabled the spatial immobilisation of

the molecules within the aqueous hydrogel network.

4.1 Introduction

Recently the acoustic patterning of coacervate droplets from adenosine 5’-triphosphate (ATP) and

poly (diallyldimethylammonium) chloride (PDDA) into 2D grid-like arrays was reported. [185] The

spherical ATP/PDDA coacervate microdroplet phase had a different density and compressibility

compared to the surrounding aqueous supernatant phase and so was suitable for acoustic trapping.

Acoustic trapping is the movement of particles in solution to specific positions within an acoustic field.

As acoustic waves pass through the particles, the different compressibility and density compared to

the fluid, scatters the waves resulting in an acoustic force. The acoustic force acts to move particles

towards pressure minima or maxima. For the case of coacervates, which are denser than their

surrounding fluid media, they will move towards pressure minima. In a standing wave counter-

propagating acoustic field, such as those employed here, these positions are stationary and spaced

by half the acoustic wavelength (λ). Acoustic fields are produced by driving piezoelectric tansducers.

More information on acoustic trapping and the devices used in this thesis can be found in Chapter 3.

There is an extensive coacervate library, all of which have a bulk phase of coacervate microdroplets

with a different density and compressibility compared to the surrounding solvent phase. These

properties are the minimum requirements for acoustic trapping to be plausible with the system. The
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patterning of coacervate droplets using acoustic trapping by Tian et al. serves as a proof of concept

and it is proposed that this methodology could be extended to the patterning of other coacervate

systems. [185]

4.1.1 A stimulus-responsive coacervate-based hydrogel system

The variety of different molecules that can undergo coacervation is broad. Interest has now developed

in designing droplets from components that offer additional functionality. Coacervated proteins

have demonstrated retention of their activity however the coacervation of other molecules capa-

ble of different functions has been underused. [107] A recently documented stimulus-responsive

coacervate-based hydrogel system comprising a polymer with a small molecule was shown to exhibit

reconfigurable transformation between coacervate droplets and a hydrogel state through response

to an environmental change. The system comprised the cationic polymer (PDDA) and deprotonated

N-(fluorenyl-9-methoxy-carbonyl)di-alanine (FMOC-AA) and was selected for this work. [118]

Figure 4.1: Schematic showing the self-assembly of a low molecular weight gelator (LMWG) into a
fibrous network and self-supporting hydrogel. [75]

Amino acids in the form of di- or tri-peptides, functionalised at the N-terminus with groups such

as fluorenylmethylcarbonyl (FMOC), napthalene or tert-butyloxycarbonyl, have been idenitified

as a new class of low molecular weight gelators (Section 1.4.5). Under the right conditions these

molecules will self-assemble into nanofilaments which then bundle into a fibrogenic hydrogel matrix
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(Figure 4.1). More information on molecular hydrogels can be found in Section 1.4.5.

Upon decrease of the pH FMOC-functionalised dialanine (FMOC-AA) readily self-assembles into

a supramolecular hydrogel due to protonation of the carboxylic acid group. [227] When FMOC-

AA is in a coacervate microdroplet with PDDA, the coacervate microdroplets undergo structural

reconfiguration and transform into a hydrogel network with fibrils comprised from superhelical

arrangements of alanine and fluorenyl residues which π-π stack and then emanate out from the

droplet into aster-like structures (Figure 4.2). As these fibrils grow and interconnect with those from

neighbouring droplets which have also transformed, a 3D coacervate-based hydrogel network is

formed.

Figure 4.2: Schematic of the pH induced structural reconfiguration of the coacervated FMOC-AA
within an FMOC-AA/PDDA coacervate droplet. A) the coacervate droplets spontaneously form upon
mixing of FMOC-AA (red spheres) with PDDA (black lines) B) following addition of GDL to lower
the pH of the solution through hydrolysis there is supramolecular self-assembly of the FMOC-AA
molecules into fibrils which emanate out from the surface of the droplets C) as the self-assembly
occurs throughout the solution of coacervates the fibrils interconnect and form a hydrogel network.
Figure reproduced from reference [118]

The nature of the bonding with the π-π stacked structures comprising the fibrils emanating out

from the droplets is reversible. Upon increasing the pH the resulting deprotonation of the FMOC-AA

re-introduces electrostatic interactions between the FMOC-AA and PDDA and coacervate droplets

are recovered. More information on the different intermolecular interactions and the coacervation

process can be found in Sections 1.4.3 and 1.4.6.1 respectively.

This reconfigurable system presented the ideal opportunity for combination with the technique of

acoustic trapping for the investigation into the possibility of utilising acoustic patterning in micropat-

terned hydrogel fabrication. Acoustic trapping devices had four orthogonally placed transducers

surrounding a central square cavity. There was a 2 mm plastic periphery between the transducers
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and cavity. It was conceivable that by first patterning the coacervate droplets in an acoustic field and

then initiating the hydrogel transformation they would form a hydrogel network with the coacervate

droplets remaining as ordered features within it. By driving 1 or 2 pairs of transducers to produce

standing waves fields in 1D or 2D respectively, ordered lines or grid-like arrays of coacervate droplets

were produced following similar protocols as with the aqueous arrays of ATP/PDDA droplets. The

FMOC-AA/PDDA system was then optimised for transformation into both 1D and 2D micropatterned

hydrogels.

4.2 Results and Discussion

4.2.1 Coacervation in a 1D acoustic field

For the purpose of acoustic trapping, much higher concentrations than those previously investigated

were of interest. At a 40 mM equimolar ratio, microscopical images revealed abundant spherical

droplets in solution with an average size of 3.2 ± 0.7 µm 5 minutes after mixing. Droplet size increases

due to the coalescence of the droplets as they move under Brownian motion and collide. When

left for some time, there is little increase in average size of the droplets. Most collisions will not be

strong enough to overcome the surface repulsion between the two like charged droplets (ζ=−4±0.3

mV) however when concentrations and droplet numbers are higher, there are greater levels of

coalescence. Dynamic light scattering (DLS) size measurements of droplets formed at different

equimolar concentrations show that droplets remain smaller at lower concentrations due to the

increased inter-droplet spacing and fewer collisions leading to coalescence. Size measurements

of coacervate droplets formed with 40 mM PDDA and varying concentrations of FMOC-AA is also

shown (Table 4.1). At low concentrations the droplets are < 1 µm in size. For acoustic trapping of

droplets, the initial size in free solution should be as large as possible for most of the droplets to be

large enough to experience the acoustic force.

When left for some time, many of the coacervate droplets will sediment onto the surface of the glass

channel slides (Section 2.2.2.2). Retention of the spherical shape is due to the functionalised surface

of the glass. This gravity driven sedimentation is due to the higher density of the bulk droplet phase

(ρcoac = 1.8 g cm−3) compared with the surrounding aqueous supernatant phase (ρSN = 0.98 g cm−3).

96



4.2.1. COACERVATION IN A 1D ACOUSTIC FIELD

Equimolar concentration / mM Size / µm
40 3.0 ± 0.1
20 2.2 ± 0.3
10 1.3 ± 0.1
5 1.3 ± 0.1

Concentration FMOC-AA/ mM Size / µm
40 3.0 ± 0.1
20 1.4 ± 0.3
10 0.8 ± 0.01
5 0.3 ± 0.02

Table 4.1: DLS size measurements of coacervate droplets formed at an equimolar mixing ratio and
for varying concentrations of FMOC-AA mixed with PDDA (40 mM)

When left for several hours, the bulk and supernatant phases will separate out under gravity leaving a

denser region (bulk phase) and translucent upper solution (supernatant phase) above it. This density

difference is important for the technique of acoustic trapping.

It was conceivable that the difference in density between the bulk and supernatant phases (ρcoac >
ρSN ) would provide sufficient acoustophoretic contrast for droplets to experience the acoustic force

and migrate to the nodal positions of an acoustic standing wave. (Section 3.1.2 ).

Coacervate droplets were formed in situ within an acoustic trapping device comprising four orthogo-

nally arranged transducers surrounding a central 20 mm square sample well. One pair of transducers

was driven at 6.7 MHz (Section 3.2). Following the trapping protocol (Section 2.2.1.3) first PDDA, and

then FMOC-AA solutions were added into the device so that coacervation occurred in the presence of

a 1D acoustic standing wave field. Over the course of 30 seconds, as droplets migrated to the pressure

minima of the field, clearly distinct periodically arranged lines became visible across the sample

cavity (Figure 4.3).

From impedance analysis, three different driving frequencies for the strongest acoustic forces were

identified at 2.15, 6.7 and 11.3 MHz (± 0.15 MHz). Coacervate droplets (1:1 molar ratio, 40 mM) were

formed in situ in an applied field at each of these frequencies. As predicted, coacervate droplets

experienced the acoustic force and migrated towards the nodal points of the applied field. At each

frequency the trapping positions were resolvable with steeper pressure gradients at higher frequency

(Figure 4.4). Assuming the same number of coacervate droplets within each sample, more trapping

points in the cavity means fewer droplets in each. The narrower and more numerous trapping points

at higher frequencies (Figure 4.4b & d) hold the droplets in very close proximity leading to increased

coalescence. However highest frequencies have more nodal points across the same area so fewer

droplets in each and the coalescence was limited by the number of droplets within each point. At
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Figure 4.3: Time-lapse image series every 10 seconds after application of an acoustic field (1D 6.7
MHz) to a sample of coacervate droplets. After 30 seconds clearly ordered lines vertically across the
field of view can be seen. Scale bar 100 µm

lower frequency, the wider trapping points exhibit less coalescence with groups of coacervate droplets

locating there but not forced close enough to all coalesce with another (Figure 4.4c). However the

highest frequency of 11.3 MHz and lowest frequency of 2.15 MHz exhibited trapping that was not as

clear as the driving frequency of 6.7 MHz (Figure 4.4d). As such 6.7 MHz was used for the majority of

the work as it provided the best resolution of trapped coacervate droplets and the nodal point width

encouraged the most interesting droplet behaviours within the pressure minima points.

Comparing the line spacing measurements in images of patterned coacervate droplets with that of

the modelled nodal spacing, there is good agreement with the lines of coacervate droplets displaying

similar values to the expected half-wavelength spacings at the 3 different frequencies. (Figure 4.4 and

Table 4.2).

Frequency / MHz Theoretical λ2 spacing / µm Measured λ
2 spacing /µm

2.14 343 356 ± 8 %
6.7 110 114 ± 5 %

11.3 65 66 ± 10 %

Table 4.2: Table displaying half-wavelength spacings as calculated theoretically and measured from
images of ordered coacervate droplets at each of the identified driving frequencies for 1D patterning

The assumptions made for the modelling were that the fluid medium was water and the specific

values presented in Table 4.2 were obtained using the equation (v = f λ) relating velocity of ultrasound
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Figure 4.4: Modelled pressure fields and experimentally observed 1D patterning of coacervate
droplets at different frequencies. a) lowest frequency 2.15 MHz model and c) corresponding trapped
coacervate droplets migrate to the wide nodal regions of pressure minima. b) & d) modelled and
trapped coacervate droplets at 11.3 MHz. The steep pressure gradients at the highest pressure result
in less distinct lines of trapped coacervate droplets. Scale bars 200 µm

in the medium, v , frequency of the ultrasound, f and the resulting wavelength, λ. Here a value of

1500 m s−1 was used for v . Measurements of the spacing in the samples of acoustically trapped

droplets were taken manually. Many images of the trapped lines of material in the central area

of the device were acquired. These images were then analysed in FIJI where straight lines were

drawn by hand between the midpoints of two adjacent lines of coacervate droplets to obtain a

node to node measurement. To statistically minimise the error from human judgement of the line

midpoint, 300 or more measurements were acquired at each trapping frequency and averaged with a

standard deviation also presented in Table 4.2. The variation of the measured spacing from that of

the theoretical arises due to the system assumptions in the model regarding the density differences

between the droplets and the water phase and that the density of the supernatant phase will be

different from that of water.
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Coacervate droplets formed in situ in an applied acoustic field at the critical coacervation concentra-

tion (4 mM) did not produce any images with clearly defined trapping points. The small numbers of

droplets within the volume of solution resulted in limited coalescence so that the droplets would

have been too small to experience the acoustic force. Further, the limited numbers would obscure

identification of any trapped particles since there were no reference points to distinguish the droplet

locations with respect to other trapping points. As such the higher concentrations of coacervate

constituents FMOC-AA and PDDA were used at 40 mM. Coacervation at this concentration yielded

an abundance of droplets, such that the trapping points were clearly resolvable and identifiable. In

light of these observations this concentration was used throughout the work.

4.2.1.1 Coalescence in 1D trapping points

Coacervate droplets were formed in situ in the acoustic trapping device, in a 1D (6.7 MHz) applied

field and left to trap for 30 minutes. Over this time as the droplets were held in close proximity within

the trapped lines, there was increased coalescence (Figure 4.5a).

Figure 4.5: Coalescence behaviours of droplets at the nodal points of a 6.7 MHz 1D acoustic field
with time in minutes. Scale bar 100 µm

If droplets had been loaded with fluorescent dyes and time lapse image series acquired then the

growth in size of the droplets as they coalesced could be quantified from fluorescence analysis. This

method would also serve to identify the settling of new coacervate droplets at the trapping site. With

this understanding of the droplet behaviours in the trapping points, the loading concentrations of

guest molecules within the droplets could be done very specifically.
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4.2.1.2 Patterning across the whole device

Multiple images were stitched together to observe the trapping across the whole 20 mm square device

(Figure 4.6). Significantly, samples trapped in a 1D (6.7 MHz) acoustic field showed that the patterned

lines extended across the entire width of the trapping device. It can also be seen that the trapping

varies across the device. Particularly in the case of this sample, there is strong vertically patterned

lines of coacervate material across the centre of the device but this varies towards the top area of

the device particularly. The strongest and most clearly defined trapping can be observed across the

centre of the device between the pair of activated transducers. Towards the top and bottom edges

the trapping is less distinct and the sample appears ’cloudy’. At these positions within the device

the forces are much weaker and streaming flows more dominant. This is experimental evidence of

the better approximation of the acoustic field within the device from the Huygens model, due to the

inclusion of the transducer length (Section 3.2.1).

4.2.2 Hydrogelation in a 1D acoustic field

4.2.2.1 Hydrogelation transformation

Solutions of FMOC-AA were pH-driven to deprotonate the molecule and aid the dissolution in water.

The self-assembly of the molecules into a supramolecular hydrogel relied upon the protonation of

the FMOC-AA molecules and so the pH of solution had to be reduced. As the pH of the coacervate

solution drops below the pKa of the carboxyl group, it becomes protonated, inducing π-π stacking

and supramolecular self-assembly into a hydrogel of supramolecular nanofibrils (Section 1.4.2).

The coacervated FMOC-AA molecules stack within their coacervated position, with surrounding

uncoacervated FMOC-AA in the supernatant and other nearby molecules into the nanofibrils. Within

the droplets there was surface specific reconfiguration of FMOC-AA held within the coacervate

droplet matrix, resulting in slightly contracted droplet cores with fibrils emanating from the surface

in all directions.

The slow hydrolysis of glucono-δ-lactone (GDL) into gluconic acid was used to initiate the hydrogela-

tion of the FMOC-AA/PDDA coacervate system. A small aliquot of coacervate solution was removed,

mixed with GDL powder (20 mM final concentration) and replaced back into the bulk solution (Sec-
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Figure 4.6: Stitched image of the entire device chamber with coacervate droplets trapped in a 1D (6.7
MHz) acoustic field. Lines of patterned coacervate droplets extend vertically across the cavity but
towards the top and bottom the trapping is less distinct. Scale bar 2.5 mm

tion 2.2.3.3). Samples were left overnight for the diffusion of the acid throughout the volume to lower

the pH homogeneously and for total gelation transformation of the sample, with the acoustic field

applied throughout. Uncoacervated FMOC-AA present in the supernatant phase of the solution also

self-associated into fibrils such that the entire volume of solution transformed during hydrogelation.

Several alternative acids (hydrogen chloride, gluconic acid, acetic acid) were briefly explored to

initiate hydrogelation. However the rapid reduction in pH often meant that any viscous turbulence

introduced to the system upon addition of the acid was contained within the rapidly transformed

gel network. Diffusion of these acids across the coacervate volume occured too slowly, so there was

localised inhomogeneous gelation at the site of addition that did not propagate across the whole

sample. Consequently addition of GDL powders was used throughout all experiments performed.
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4.2.2.2 Hydrogelation in the presence of a 1D acoustic field

Coacervate droplets were left to trap in the acoustic field for 5 minutes before the addition of

GDL by removal of a small aliquot from one corner of the device, and careful replacement after

mixing with GDL (Section 2.2.3.5). The associated fluid flows in these steps, would partially disrupt

trapped coacervate material. This was minimised as far as possible by careful pipette extraction

and replacement of fluids slowly out of and into the device. Some investigations into the possibility

of introducing GDL into the coacervate solution prior to addition into the trapping device were

performed however the resulting hydrogels did not exhibit features like those produced with the GDL

added at a later time after they had been left to trap.

The slow hydrolysis of GDL and hence reduction in the pH over 10s of minutes enabled the recovery

of any droplets perturbed from their trapped positions during mixing to migrate back to the trapping

points of the acoustic field before becoming immobilized in the network as the droplets transformed.

The diffusion of the GDL resulted in full transformation of the whole coacervate solution. The droplets

transformed at their trapped locations within the acoustic field to produce ordered features within it.

Transforming hydrogel samples were left overnight in the presence of an acoustic field contained in a

humid environment so that the hydrogel networks did not dehydrate.

Acoustically patterned hydrogels could be removed from the trapping device and retained the ordered

features as shown in Figure 4.7. When patterned at the lowest identified driving frequency (2.15

MHz) in 1D the half-wavelength spacing of ≈ 350 µm enabled resolution of the patterning across the

hydrogel by eye (Figure 4.7a). The patterning had been fixed within the transformed hydrogel network

and lines can be seen to extend across the whole sample. As with the trapped lines of coacervate

droplets, the transformed lines are present vertically, between the activated pair of transducers,

across the whole sample. Their extent vertically across the sample is limited to about the length of the

transducer (≈ 15mm). Towards the top and bottom edges it is harder to elucidate the lines. The cavity

is longer than the transducers coupled to it and again, as with the trapped coacervates, this is where

the relevance of adopting the Huygens approach when modelling the fields is relevant (Section 3.2.1).

The half-wavelength spacing for 6.7 MHz patterned gels can not be resolved by eye and appears

unordered on the macroscale (Figure 4.7b). However microscopy reveals the ordered features within

these hydrogels (Figure 4.7c). Again they were present at the expected half-wavelength spacing. The

103



CHAPTER 4. FABRICATION OF MICROPATTERNED HYDROGELS BY ACOUSTIC TRAPPING OF

RECONFIGURABLE POLYMER/DIPEPTIDE COACERVATE DROPLETS

Figure 4.7: Photographs and microscopy images of acoustically micropatterned hydrogels at different
frequencies and an unpatterned hydrogel a) 1D 2.15 MHz b) macroscale image of 1D 6.7 MHz
patterned gel with half-wavelength spacing of 110 µm not resolvable without magnification c)
magnified 6.7 MHz 1D patterned sample reveals patterned lines extending vertically across the
hydrogel sample from the transformation of ordered coacervate droplets at the nodal points d)
unordered hydrogel sample shows no features like those seen in the ordered hydrogels. Scale bars a
& b 5 mm and insets 1 mm, c & d 100 µm

acoustic field is imparting these ordered features into the hydrogels since hydrogels formed in the

absence of an acoustic field do not display any similar features (Figure 4.7d).

4.2.2.3 Scanning electron microscopy of 1D patterned hydrogels

Ordered and unordered gel samples were imaged using scanning electron microscopy (SEM), follow-

ing hydrogel preparation techniques (Section 2.2.3.6). Prior to imaging small pieces of the gels were

transferred onto carbon sticky pads on SEM stubs and sputter coated in gold to enhance imaging

contrast.

Firstly, patterned hydrogels were left to air dry and dehydrate over several days. Upon return film
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structures remained that appeared slightly contracted in size around the edges of the gel. If samples

were removed from the trapping device and left to air dry on Teflon tape then these films could be

removed from the surface. Upon immersion in water for several days there was no rehydration of

these dried down hydrogels.

Interestingly any contraction was not evident upon measuring the spacing of ordered features within

air dried 1D patterned 6.7 MHz gels both microscopically and using SEM with half-wavelength

measurements (101 ± 15 µm) within error of those measured using optical microscopy (114 ± 6 µm,

measurements acquired by same process as outlined in Section 4.2.1) prior to drying. The decrease

in the average spacing of the patterned features is attributed to shrinkage during drying, however

no specific weight or volume loss measurements were acquired. The gelled features within these

samples that are not in the direction of acoustic alignment were a result of higher up fibrils collapsing

down on top of the ordered features as the water evaporated (Figure 4.8).

Figure 4.8: SEM images of air dried 6.7 MHz 1D hydrogels. Scale bars a) 500 and b) 200 µm

Hydrated samples were then flash frozen and immediately lyophilised whole on the glass slide

(Section 2.2.3.6). Interestingly, periodic structures observed within the ordered gel samples were not

at the expected half-wavelength spacing for the frequency they were patterned at, instead they were

observed on the order of ≈ 10 µm (Figure 4.9). While features of this periodicity were not observed

in trapping aqueous samples, the presence of sub wavelength structures has been observed with

trapped micro-bubbles as a result of the forces due to their volume changes as they move through

regions of different pressure in the acoustic field (Section 3.1.1). [228] While these were not visible
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using optical microscopy, it is possible they may have been present within the sample and acted to

template the growth of the ice crystals and produce these features. Different angles revealed that

these sheets appeared to extend deep into the interior of the piece of hydrogel, interconnected by

fibrillar structures.

Figure 4.9: SEM images of lyophilised 6.7 MHz 1D hydrogels. Scale bars a) 10 and b) 20 µm

Compared with unordered hydrogels, prepared for SEM following the exact same method, there were

no ordered periodic structures within the hydrogel arranged into organised layered sheets (Figure

4.10).

Figure 4.10: SEM images of lyophilised unordered hydrogels. Scale bars a) 100 and b) 10 µm

Similar SEM investigations with samples patterned at 2.15 MHz revealed periodic features again

spaced at ≈ 10 µm, however this time there were no interconnecting fibril structures between the

lamellae (Figure 4.11).
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Figure 4.11: SEM images of lyophilised 2.15 MHz 1D hydrogels. Scale bars a) 50 and b) 20 µm

Since the periodicity of the 2.15 MHz patterned gels could be seen by eye, two 1D patterned samples

were prepared with one left to air dry and the other lyophilised. (Figure 4.12) Fractured lyophilised

samples patterned at 2.15 MHz revealed no contraction of the gels as there was retention of the

half-wavelength spacing with ordered features clearly visible by eye (Figure 4.12b & c).

Figure 4.12: Drying of 1D patterned hydrogels at 2.15 MHz a) air-dried onto Teflon tape and then
removed b) fractured piece of lyophilised hydrogel, ordered features can still be resolved by eye c)
corresponding remaining sample of b) where the ordered features have remained on the surface of
the glass. Scale bars 5 mm.

With the evidence of retention of the patterned half-wavelength spacing from direct observation of

the lyophilised 2.15 MHz gels (Figure 4.12), the apparent decrease in periodicity observed in both

2.15 and 6.7 MHz (Figures 4.11 and 4.9 respectively) patterned samples could not be attributed to

the structures becoming compacted during ice crystal formation in the lyophilisation process. It

was speculated that the handling of the aerogel sample when it was transferred onto the stub, using

tweezers, could have crushed the structures. However later experiments where pieces of gel were
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lyophilised directly on the SEM stub revealed similar periodic features with reduced periodicity.

These periodic features were never observed within unordered gel samples (Figure 4.10), prepared

following exactly the same procedures as the ordered gels so their presence is attributed to the

acoustically patterned structures however the mechanism of this reduced spacing is not yet fully

understood.

Further information regarding these features within the hydrogel and the nature of the fibres could

have been obtained from atomic force microscopy (AFM), where a probe is rastered over the surface

of the sample and the different interactions between the sample and the tip are used to build a map of

the surface. This technique requires no sample processing or staining and generates high resolution

images. The self-supporting gels were too thick to be imaged directly and the half-wavelength

spacings of dried down films were too large for the scanning area of an AFM, at distances of 60 µm

or more. When measurements were attempted on small regions of the sample the tip became stuck

within the coacervate material. Another option would have been high speed AFM, which can be used

to image larger areas and can interact with the sample surface without compromising it.

4.2.2.4 Transmission electron microscopy of 1D patterned hydrogels

Hydrogel samples were also investigated using transmission electron microscopy (TEM). The prepa-

ration procedure for these samples disrupted any ordered features present in the hydrogel (Section

2.2.3.7). These investigations revealed the presence of nanofibrils bundled together into thicker fibril

structures (Figure 4.13a). Dense approximately spherical droplet structures were also visible with

fibrils emanating out from them in a variety of thicknesses (Figure 4.13b) supporting the contracted

cores theory. Some areas of the TEM grid revealed large regions of intertwined fibrils (Figure 4.13c).

Further information on the structure of the fibrils could have been obtained using small angle

scattering techniques which would provide information on the structures across nm to µm sizes.

4.2.3 Chemical communication within hydrogels

The sequestration properties of coacervate droplets are well documented and have been exploited

for gene expression and protein folding as well as to deliver biomolecular payloads to cells. [107, 229–

231] Here the sequestration was used to investigate the behaviours of the droplets in the acoustic
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Figure 4.13: Transmission electron microscopy images of hydrogel material. Scale bars as stated

field and to increase the complexity of chemical reactions possible within the coacervate system. Use

of fluorescent or fluorescently tagged molecules was particularly key for investigating the 3D nature

of the system using confocal fluorescence microscopy.

4.2.3.1 Sequestration of guest molecules

Fluorescent guest molecules were added into the PDDA before mixing with FMOC-AA so they were

present in solution for coacervation (Section 2.2.3.1). The different guest species readily sequestered

on the droplet interiors as revealed by confocal microscopy images (Figure 4.14). The dark background

shows that there was a very low concentration of the guest in the supernatant phase and that the

coacervate droplets will sequester dyes (Hoechst Figure 4.14a), enzymes (tagged glucose oxidase

Figure 4.14b) and biomolecules (tagged single-stranded DNA Figure 4.14c).

Figure 4.14: Unordered coacervate droplets containing a) Hoechst 33258 b) FITC tagged glucose
oxidase and c) Cy5 tagged single stranded DNA at maximal loading concentration. Scale bars 10 µm

The sequestration of the guest molecules on the droplet interior is an equilibrium with the concen-
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tration of guest molecule remaining in the supernatant phase. Molecules preferentially locate on

the droplet interior. [232] For fluorescence microscopy it was important to optimise the volume of

addition so that there was a strong enough signal from the droplet interior for observation but not to

add so much that the background fluorescence increased. Maximal droplet loading investigations

were performed with UV-Vis (Section 2.2.3.8 Figure 4.15 ).

Figure 4.15: Maximal droplet loading concentration using UV Vis spectroscopy. The absorbance
values shown here are for the supernatant phase when loaded with different concentrations of dye.
As the concentration of dye added into the coacervate solution is reduced, so is the absorbance value
at 490 nm. The highest concentration added is shown by the blue line and the lowest concentration
added by the purple with others in between. In this way, the maximal loading concentration of a dye
to the coacervate droplets, for the majority of the dye to be sequestered on the droplet interiors and
not be present in the supernatant phase, was found.

The loading concentration for which there was an appreciable signal within the supernatant phase

following separation from the bulk was the maximum volume to add to resolve droplets using

fluorescence. Further addition of higher volumes of guest would not be partitioned inside the droplets

but remain in the supernatant thus increasing the background signals. Due to this equilibrium,
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addition of guest molecules after coacervation was also possible.

Upon ascertaining the maximal loading concentrations for the three different guest molecules they

were loaded into coacervate droplets formed in situ in the acoustic trapping device. As demonstrated

earlier, after 1 minute lines of ordered coacervate material could be observed with the guest molecules

on the interior of the droplets(Figure 4.16). In this way the acoustic field could be used to produce

ordered patterns of coacervate droplets in water, loaded with different molecules which could be

used in subsequent reactions. This spatial positioning that the acoustic trapping provides enables

further study into reaction propagation and chemical communication across coacervate populations.

[185]

Figure 4.16: 1D (6.7 MHz) acoustically patterned coacervate droplets containing a) Hoechst 33258 b)
FITC tagged glucose oxidase and c) Cy5 tagged single stranded DNA. Scale bars 100 µm

The guest molecules were chosen to highlight the potential for loading other similar molecules within

the droplets. The loading of glucose oxidase and single stranded DNA within the droplets demon-

strates the potential for producing ordered patterns of enzymes which can be utilised in chemical

reactions and biomolecules such as DNA which can be utilised in the transferal of information.

4.2.3.2 Ordered hydrogelation in presence of guest molecules

Coacervate droplets loaded with guest molecules were trapped in an acoustic field and transformed

into ordered hydrogels via addition of GDL to the solution (Section 2.2.3.5). The droplets transformed

at their trapped locations thus retaining the ordered features in the resulting hydrogel network as

shown in Section 4.2.2.2. As observed in unordered hydrogels, the guest molecules were retained

on the interior of the contracted droplet cores (Figure 4.17), thus immobilizing the guest molecules
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within the spatially ordered hydrogel network.

Figure 4.17: Acoustically patterned coacervate droplets containing a) Hoechst 33258 b) FITC tagged
glucose oxidase and c) Cy5 tagged single stranded DNA and d-f) the corresponding ordered hydrogels
containing the same guest molecules. Scale bar 100 µm

Initiating the hydrogelation transformation within the system while the coacervate droplets were

trapped at the pressure minima resulted in the retention of the ordering within the resulting hydrogel

network. Any guest molecules remain within the transformed droplets and were thus spatially

distributed within the hydrogel network even following removal of the applied acoustic field. Thus

the transformed hydrogels could be removed from the trapping device with ordering and spatial

positioning of guest molecules retained enabling more complex studies in different environments,

without requiring an acoustic field to maintain positioning.

As observed with guest molecules within the unordered hydrogels, there was no leaching of molecules

outside of the droplets or loss of ordered features after several days, demonstrating the immobilization

of guest molecules within an ordered hydrogel matrix. The main difference between the ordered

droplets and ordered hydrogel are the contracted cores of the coacervate droplets, due to the surface

specific reconfiguration in fibril formation. However, the spherical coacervate structures retained

within the hydrogel network may not appear contracted due to the increased sizes from the field

induced coalescence over the course of the hydrogel transformation (Section 4.2.1.1).
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Within the patterned hydrogels, elucidation of the fibril network was easier to resolve. The guest

molecule Hoechst dye binds directly to π-stacked structures enabling resolution of the fibrils forming

the hydrogel network directly (Figure 4.18).

Figure 4.18: Fibrils emanating from transformed coacervate droplets loaded with Hoechst dye. The
dye elucidates the nanofibrils. Scale bar 5 µm

4.2.3.3 3D rendering of 1D ordered hydrogels

Addition of the fluorescent guest molecules enabled collection of confocal microscopy z-stacks which

revealed the nature of the patterning in the z-plane as opposed to previously observed bright-‘field

x-y plane images (Figure 4.19). This was performed for both ordered droplets and micropatterned

hydrogels. These data revealed that the vertical extent of the patterning was limited to ≈ 70 µm. As

identified by the modelling mentioned in Section 3.2.1. The acoustic forces were too low, higher up

from the base of the device to trap coacervate droplets at these locations in solution. Consequently,

while the ordered features could be resolved by eye at 2.15 MHz and verified by microscopy at

higher frequencies, they did not extend throughout the entirety of the 2 mm thick gel and thus the

micropatterned coacervate droplets produced only partially ordered hydrogel monoliths.

4.2.4 Coacervation in a 2D acoustic field

The previous sections described investigations regarding the 1D patterning of coacervate droplets.

The results presented could also be replicated for the instance of 2D trapping since the trapping
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Figure 4.19: 3D stack of a 1D (6.7 MHz) acoustically micropatterned hydrogel revealing the nature of
the vertical extent of the patterning. Coacervate droplets were loaded with Hoechst dye to acquire
the image stack sequence. Scale bar 160 µm

devices used in this work comprise two pairs of transducers. As such, patterning was also possible in

a 2D grid-like array by driving both pairs of transducers respectively (Section 2.2.1.3).

Coacervate droplets were formed in situ in the trapping device, as for 1D, however this time with both

pairs of transducers activated in a temporally uncorrelated 2D (6.7 x 6.69 MHz) applied acoustic field.

The 10 kHz difference in driving frequency between the orthogonally applied fields ensured any field

interference averages to zero after 10 ms, so with response times of the coacervate droplets in the

acoustic field on the order of a minute, the acoustic field modelling assumptions hold (Section 3.2.1).

Similarly to the measurements acquired for the 1D trapped droplets, measurements of the spacing

of the droplets were found as outlined in Section 4.2.1 for both the horizontal and vertical spacing

between the trapping points.

Coacervate droplets formed in situ at 40 mM equimolar ratio trapped in a 2D (6.7 x 6.69 MHz) field are

displayed in Figure 4.20b after 5 minutes in the acoustic field. The droplets migrated to the pressure

minima of the applied acoustic field with clusters of droplets arranged in a grid like pattern.

Figure 4.20: Comparison of plane wave modelled and observed trapping in a 2D acoustic field. a) and
b) show 2D (6.7 x 6.69 MHz) modelled and experimental trapping respectively Scale bar 100 µm
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Frequency / MHz Theoretical λ2 spacing / µm Measured λ
2 spacing /µm

2.15 x 2.14 325 x 343 345 ± 9 % x 358 ± 10 %
6.7 x 6.69 110 x 110 111 ± 6 % x 112 ± 6 %

11.3 x 11.31 65 x 65 67 ± 6 % x 68 ± 6 %

Table 4.3: Table displaying half-wavelength spacings as calculated theoretically and measured directly
from images of ordered coacervate droplets at each of the identified driving frequencies for 2D
acoustic patterning

The half-wavelength spacings measured from optical micrographs at the three different driving

frequency combinations in 2D were in good agreement with the theoretical ones (Table 4.3).

4.2.4.1 Coacervate droplet behaviour in a 2D acoustic field

When the droplets were left in an acoustic field for some time, the droplets tended to coalesce to

much larger sizes than they would in free solution. It can clearly be seen that at the nodal points of the

2D field the droplets have coalesced, with some very large droplets present amongst the clusters of

droplets (Figure 4.20b). They were held in close enough proximity by the acoustic force to overcome

like charge repulsion and for coalescence to occur. Time-lapse image series revealed the coalescence

of the droplets at the nodal points of a 2D applied field (Figure 4.21a).

Figure 4.21: Coalescence behaviours of droplets within a nodal point of a 6.7 x 6.69 MHz 2D with
time in seconds. After 30 seconds the droplets present in the nodal point at T=0 have coalesced into
larger ones. Scale bar 10 µm

The recent report on the acoustic patterning of a PDDA/ATP coacervate system demonstrated that

the droplets within each nodal point had coalesced into one large droplet per nodal point when left

in a 2D acoustic field for up to 1 hour. This was attempted with the FMOC-AA/PDDA coacervate

droplets at 1:1 40 mM ratio. However, after this time frame, the droplets were disrupted. Figure 4.22
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shows the coalescence of coacervate material at the nodal positions of the applied 2D field until they

have disrupted. New droplets have trapped over the top of the wetted out coacervate material.

Figure 4.22: Disrupted 1:1 ratio FMOC-AA:PDDA coacervate droplets left to trap for 1 hour in a 2D
(6.7 x 6.69 MHz) acoustic field. Scale bars a) 200 and b) 100 µm

This disruption is attributed to the higher density of the FMOC-AA/PDDA coacervate droplets

compared with PDDA/ATP. The interiors of theses droplets are more crowded and thus more viscous

so that at larger sizes the behaviours of the polymer chains in the densely packed interiors disrupt

the droplets.

4.2.4.2 Towards one droplet per nodal point

It is well documented that coacervate behaviour is known to vary with the stoichiometry of addition

as this affects the zeta potential (ZP) and thus inter-droplet behaviours and coalescence. [233–235]

The coalescence can be controlled by altering the surface charge of the droplets to electrostatically

hinder or encourage the coalescence. The ZP of droplets formed at different volume ratios of FMOC-

AA:PDDA was found (Figure 4.23).

Coacervate droplets were formed at the volume ratios that varied the most in ZP compared to the

1:1 ratio. These were the very low and very high ratios. Based on the coalescence behaviours of the

droplets formed at these ratios in an applied 2D acoustic field (6.7 x 6.69 MHz) after 10 minutes the

volume ratios of 2.5 (5:2 FMOC-AA:PDDA) and 0.42 (3:7 FMOC-AA:PDDA) were selected for further

investigation. Coacervate droplets were again formed in situ in the trapping device and left to trap in

a 2D (6.7 x 6.69 MHz) acoustic field for 30 minutes. The resulting arrays of droplets were not disrupted
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Figure 4.23: Zeta potential values for different coacervate droplets for 40 mM solutions of FMOC-AA
and PDDA, at the stated volume ratios.

with the largest droplets in the nodal positions remaining intact and spherical (Figures 4.24 and 4.25).

The coalescence can be observed as the time progresses with clusters of droplets at 5 and 10 minutes

in the field and larger droplets surrounded by some smaller ones at 30 minutes. Both ratios exhibited

large spherical droplets at the nodal points, indicating that the different ZP lead to more favourable

droplet interactions and stable large droplets compared with the equimolar ratio.

Figure 4.24: Time-lapse series of 3:7 FMOC-AA:PDDA coacervate solution ratio over 30 minutes with
images shown every 5 minutes. Scale bar 100 µm
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Figure 4.25: Time-lapse series of 5:2 FMOC-AA:PDDA coacervate solution ratio over 30 minutes with
images shown every 5 minutes. Scale bar 100 µm

Different coalescence behaviours can clearly be observed with the 3:7 providing the best route to 1

droplet per node (Figure 4.24). The darker regions within the trapping points at the 5:2 ratio (Figure

4.25) which start to appear at 15 minutes are clusters of coacervate droplets that are not stably trapped

at one nodal point. Their movement between nodal points can be seen comparing the images at 20

and 25 minutes, where they start distributed between two nodal points at the top of the field of view

and then have moved further down in the latter one.

Compared with the disrupted droplets observed for 1:1 ratio (Figure 4.22) at these ratios the coacer-

vate droplets were coalescing at the nodal points and remaining as half-domes on the glass surface,

not wetting out into non-spherical shapes.

The promising coalescence of the coacervate droplets formed at a 3:7 (FMOC-AA:PDDA) ratio, to

sizes of 48 ± 6.2 µm after 30 minutes, was further investigated to see if singular droplets within each

trapping point could be produced. After 1 hour of trapping, the array of droplets shown in Figure

4.26 was produced. Across a large area of the device, a singular, spatially isolated droplet within each

trapping point was observed. Right in the centre of this image, distinct droplets can be seen but

moving away from there, towards the edges of the field of view, while there are still large droplets

within the 2D nodal points, there are more coacervate droplets between them as the trapping tends

towards 1D at the point where the 2 orthogonal fields no longer intersect. As with previous trapping
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observations, the Huygens model presented a more accurate model of the trapping within the device

(Section 3.3.3).

Figure 4.26: Optimised ratio of 3:7 FMOC-AA:PDDA whole device patterning in a 2D acoustic field
(6.7 x 6.69 MHz). After 1 hour the clusters of droplets at the nodal points have coalesced into one
large droplet per node across a large area of the trapping device. Scale bar 500 µm

4.2.5 Hydrogelation in a 2D acoustic field

Having found the best ratio of addition for 1 droplet per node in 2D trapping, the coacervate droplets

were formed at this ratio (3:7 FMOC-AA:PDDA volume ratio) and left to trap for 1 hour to form the

large isolated droplets at each trapping point, before initiating hydrogelation. The resulting hydrogels

had multiple spatially distinct single droplets in the transformed 2D array (Figure 4.27). Droplets

were loaded with Hoechst dye for fluorescence microscopy to investigate the structures. There was

no vertical improvement in the vertical extent of the patterning with features again persisting to ≈ 70

µm.

In the low frequency 2D trapped sample it can be seen that the patterning transformed into the

hydrogel network is a little more interesting (Figure 4.27b).There are areas of the gel where the grid-
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Figure 4.27: Optimised ratio of 3:7 FMOC-AA:PDDA 2D patterned hydrogels. a) central region of 6.7 x
6.69 MHz field with droplets loaded with Hoechst dye reveals that one droplet per node has been
retained within the transformed hydrogel. b) 2.15 x 2.14 MHz field shows spacing resolvable by eye.
Scale bar a) 250 µm b) 5 mm

like array of nodal points can be clearly observed but towards the edge of the sample the ordering

appears to be 1D lines. The expected uniformity in the 2D patterning as predicted by the plane wave

model is not observed and is in better agreement with the Huygens model. This is again due to the

size of the transducer with respect to the sample cavity of the trapping device and the limited region

of overlap between the two acoustic fields when both pairs of transducers are activated. In this case,

the two different standing waves and the summation of their contributions are more dependent on

the size of the transducers than the 1D case because the region in which they overlap will only be

right at the centre of the device. In light of these observations, the most appropriate modelling of the

expected patterning observed is from the Huygens model. A further contribution to the variation

in expected patterning within the device will arise from the polydispersity in size of the coacervate

droplets. In the acoustic field they coalesce to greater sizes at the nodal points but there are also still

plentiful smaller sized droplets present.

The size polydispersity of the coacervate droplets may also affect the acoustic trapping. Larger

ones will experience a stronger acoustic force while very small coacervate droplets (< 500 nm) will

experience a smaller one if they experience it at all (F r ad α a3). Alongside the slight variation in

pressures, this will result in different numbers of droplets accumulating at each trapping point
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in the 2D field. Further the smaller ones present in solution will continue to trap and migrate to

the trapping points over the course of the experiment, such that there is a constant supply of new

coacervate droplets arriving at the trapping points. Streaming of droplets higher up in the device

was also observed. This would affect the migration of those droplets to the trapping points since

depending on their size the streaming forces would dominate over gravity and the acoustic force.

4.2.5.1 Effect of micropatterning on hydrogel mechanical properties

The effect of introducing order into the hydrogels was explored further using rheology. As outlined in

Section 2.2.3.9, 20 mm square unordered, 1D (6.7 MHz) and 2D (6.7 x 6.69 MHz) ordered samples

were loaded onto a parallel plate geometry for small amplitude oscillatory strain and frequency

sweeps (Figure 4.28). For the strain sweeps the elastic moduli were higher than the viscous moduli

for all samples, as is characteristic for a viscoelastic material. The linear viscoelastic region (LVE)

persisted up to 5, 8 and 4 % shear strain for unordered, 1D and 2D ordered gels respectively. The G’

(22∗103 Pa) and G" (4∗103 Pa) values of the 1D ordered hydrogels were similar to those obtained

for the unordered gels without an applied acoustic field; G’ (25∗103 Pa) and G" (5∗103 Pa). The

2D ordered hydrogels had lower moduli; G’ (8.8∗103 Pa) and G" (1.7∗103 Pa) implying that the

2D patterned hydrogels were less solid-like than the other gels. Frequency sweeps at 1 Hz revealed

negligible difference between the three different hydrogels implying similar deformation properties

and LVE behaviours.

The negligible difference between the moduli and LVE between the different ordered and unordered

hydrogels implied that the ordering had no effect on the resulting mechanical properties. This was due

to the fact that the micropatterned hydrogels were only partially ordered with the patterned features

localized towards the bottom of the sample. This is a known limitation within the acoustic device

(Section 3.2.1) and was further investigated using confocal fluorescence microscopy which revealed

the ordered features within the hydrogel only extend to ≈ 70 µm vertically. This vertical limitation

is thought to be the main reason why there were no differences in the mechanical properties from

rheological investigations.
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Figure 4.28: Strain and frequency sweep rheology data for unordered, 1D and 2D ordered hydrogels.
All gels were produced at 40 mM equimolar ratio. All datasets have hollow symbols representing
the elastic modulus (G’) and filled circles the viscous modulus (G") a) unordered gel strain sweep b)
corresponding frequency sweep c) 1D 6.7 MHz ordered gel strain sweep d) corresponding frequency
sweep c) 2D 6.7x6.69 MHz ordered gel strain sweep d) corresponding frequency sweep. Samples were
used once for each test and then disposed and all data is averaged in triplicate.

4.3 Conclusions and Future work

The non-contact technique of acoustic trapping has been used to pattern FMOC-AA/PDDA coac-

ervate droplets, formed in situ, into 1D lines and 2D grid-like arrays. Initiation of the pH induced

transformation of coacervate droplets while trapped at the pressure minima of a standing wave

acoustic field resulted in the formation of patterned hydrogels retaining the 1D or 2D ordered fea-
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tures within the hydrogel network following removal from the acoustic field and trapping device

(Figure 4.29). The periodicity of the spacing within the network could be altered through changing the

driving frequency of the counter-propagating standing wave transducer pair. However the pressure

gradient of the acoustic fields driven at different frequencies and number of nodal points within the

cavity are important to facilitate the clearest ordered structures within the hydrogel. For this work,

6.7 MHz was the optimum frequency and used for the majority of investigations.

Figure 4.29: Schematic outlining the whole proposed and implemented acoustic patterning of
hydrogels process. a) mixing of FMOC-AA with PDDA results in spontaneous formation of coacervate
droplets which are responsive to changes in pH and will structurally reconfigure upon reduction of
the pH which was implemented using glucono-δ-lactone powders b) pressure field of a 2D acoustic
field from driving both pairs of transducers. c) coacervate droplets formed in situ in the presence
of an acoustic field migrated to the pressure minima of the field to form a grid-like array. Initiation
of hydrogelation while the droplets were trapped resulted in transformation of the droplets into a
hydrogel at their trapped locations d) the resulting hydrogel could be removed from the acoustic field
with the micropatterned features retained in the network

Coacervate droplets were loaded with different guest molecules (dyes, enzymes and biomolecules)

to observe their behaviour within the transformed patterned hydrogel network. They remained

localised within the interiors of the transformed coacervate droplets and thus isolated within the

1D or 2D patterned hydrogel networks, presenting the opportunity for spatial control and immobil-

isation of guest molecules into a periodic array. Loading of the coacervate droplets with enzymes

and single stranded-DNA serves as a representative example of the potential to pattern a broad
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variety of different molecules within the network by loading them into the coacervate droplets prior

to transformation. A major benefit of the patterned hydrogels is the aqueous hydrogel network

enables further investigations to be performed without an acoustic field to maintain the ordering.

Significantly, the sequestered guest molecules also revealed that the micropatterned hydrogels were

only partially ordered up to ≈ 70 µm vertically through fluorescence microscopy, accounting for the

negligible difference in mechanical properties between ordered and unordered hydrogels.

Finally, the coacervate mixing ratio was optimised to encourage coalescence of the droplets over

long time frames at the nodal points of a 2D acoustic field into one droplet per node. Studies into the

coacervate behaviours over prolonged exposure to the acoustic field were further enabled through

fluorescence microscopy. A ratio of 3:7 (FMOC-AA:PDDA) was found to be the best to produce one

large coacervate droplet per node when left to trap in the acoustic field for 30 minutes or longer. This

patterning was also over much larger areas of the sample than observed in initial investigations. This

optimization enabled large spatially isolated single droplets at the nodal points of a 2D acoustic field

to be transformed within the hydrogel network.

The observed patterning of the coacervates within the acoustic trapping device was in best agreement

with the Huygens model of the acoustic field. Particularly in the 2D trapping case, where the effects

of the transducer size dictated where the fields would overlap and result in 2D rather than 1D

trapping. There are some other variables, such as polydispersity of droplet size, that should be

considered when modelling the trapping of these aqueous systems alongside the device adaptations

and in future this may require more extensive understanding and investigation. A lot of the earlier

trapping experiments were performed without dedicated matching of the transducers during device

fabrication. This could result in directional imbalance between the two transducers or any of the

other situations outlined in Section 3.1.3.3. Ordered hydrogels produced using acoustic trapping

devices fabricated with optimised transducer pairings, still exhibited the same ordered features,

producing patterned features also in best agreement with outputs from the Huygens rather than

plane wave model.

The acoustic trapping device utilised in this work serves to illustrate that patterning and transfor-

mation of the patterned droplets into ordered 1D lines and 2D gridded arrays. Further geometries

and hence patterning arrangements would be possible. Adding another standing wave transducer
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pair would enable a hexagonal device, with all nodal points equidistant from their neighbours, which

would be useful in observing propagation of reaction fronts through the hydrogel. Use of a ring

transducer enables patterning of the droplets into concentric rings which again would be useful for

observing how reactions propagate outwards from the centre. Further, in pursuit of stronger and

higher trapping of coacervate droplets across the height of the gels, a 3rd pair of transducers could

be introduced to trap material in the z-direction in addition to x-y. Where specific half-wavelength

separations are desired the driving frequency can be altered through the choice of transducer, since

driving frequencies are size dependent. Larger transducers with respect to the size of the cavity would

also improve the size of the area of field overlap and improve the extent of the patterning, enabling

larger areas of hydrogel to be usefully patterned. These implementations may alter the mechanical

properties significantly for rheological differences to be observed.

The patterning fixed into hydrogels already transformed should not be affected by a further applied

field. In this way, the acoustic field could be used as a tool to achieve other acoustic phenomena

within the hydrogel. These devices have already been utilised in particle manipulation. Enzyme

substrates or other guest molecules could be introduced and moved through the hydrogel network

using this manipulation capability. Beyond this, cavitation might be a potential option for chemical

release within the hydrogel network. [226]

Patterning of different ratios of coacervate droplets could be explored in 1D or 2D to see if their

differing behaviours might result in any interesting hydrogel structures following transformation.

The studies presented here only looked at droplet behaviours in the field up to one hour. Beyond this

point there may be some phenomena of note and benefit for spatially organised studies.

There are a variety of other protocellular systems that theoretically exhibit the desired size and density

properties for acoustic manipulation such as proteinosomes (1s - 100s µm) and colloidosomes (10s

- 100s µm). [183, 236] These could be patterned alongside the coacervate droplets and used in

population communication studies or as reaction compartments and vessels to introduce different

chemicals into the hydrogel network. Proteinsomes have fixed size porous membranes and so no

leaching of specific guest molecules occurs. [183] Encapsulating other protocells in an ordered

manner could introduce responses to other stimuli within the micropatterned hydrogel, such as

controlled directional swelling, leading to more complex and controllable behaviours.
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The results presented here suggest that acoustic patterning offers the potential for construction of

micropatterned viscoelastic soft materials for use in tissue engineering, micro-array technologies

and cell biology. The extension of this microfabrication route could facilitate the production of more

complex architectures and behaviours within the spatially controlled hydrogel networks.
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5.1. INTRODUCTION

Chapter overview

In this chapter a protocol was developed to fabricate gelatinous thin film hydrogel constructs, re-

moving the majority of the supernatant without disruption of the patterned coacervate droplets in

both 1D and 2D such that only the ordered droplets comprised the hydrogel films. The sequestration

properties of the droplets were exploited to prepare thin films containing enzymes to observe both

one and two step cascades to demonstrate the retention of functionality within the film constructs.

The acidic product from the breaking down of glucose by glucose oxidase was then used for hy-

drogelation of the films, negating the need for any fluid mixing compared to the previous gelation

route with glucono-δ-lactone powders. The morphologies of the enzymatically hydrogelated 1D

micropatterned thin films were continuously connected, extending across the width of the films.

These films were then stacked sequentially, following a layering procedure, to produce convincing

3D hydrogel architectures.

5.1 Introduction

The large volumes of water retained within the 3D networks of hydrogels makes them extremely

biologically relevant materials. This high water content and physical similarity to biological tissues

has made them promising in the area of tissue engineering. [137, 237–244] In both these applications,

the motion of molecules within the hydrogels is critical for cellular metabolism processes. [245, 246]

However in the presence of a 3D cross-linked network, with which the molecules can interact and

become obstructed by, the diffusion becomes a little more complicated (Section 1.5.1). As such

structuring the hydrogel into a 3D supportive scaffold is of great importance. [137, 247]

Large scale control over the ordering of the network is particularly difficult within 3D materials but

through adopting a layering approach, a variety of different structures can be produced. Lee et al.

have used gelatin as a sacrificial hydrogel to embed channels into collagen through 3D printing

(Figure 5.1a). [248] While Hong et al. fabricated a bilayer from 3D printed sequential layers of PEG-

alginate hydrogel lines arranged orthogonally to produce a cross-hatched arrangement. (Figure 5.1b)

In this way the stretchy hydrogels could be constrained. This technique can be used with more layers

to produce a mesh structure and produced in smaller dimensions. (Figure 5.1c) [249]
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Figure 5.1: Different 3D printing hydrogel patterning approaches a) the layering technique utilising
patterned gelatin as a sacrificial feature to create the channels within the collagen hydrogel b)
layering of lines of gel material, with each layer elucidated by a different colour, to form a cross
hatched arrangement with a highly elastic hydrogel c) the layering of many more layers in a similar
process to that shown in b). Figures reproduced from [248, 249].

Some advances in hydrogel fabrication have been that of thin films, which exhibit the same function-

ality as their thicker counterparts, such as stimuli-response, but minimise the materials required.

[250–252] In the fabrication of the acoustically micropatterned hydrogels (Chapter 4), the function-

alised dipeptide within the entire sample, in both the bulk and supernatant phases, transformed

into fibrils upon lowering of the pH of the entire solution. Unordered and uncoacervated material

was also transformed into the hydrogel such that the ordered coacervate features imparted into

the hydrogel network extended ≈ 70 µm and comprised ≈ 5% of the total vertical gel height of ≈
2 mm. Thus, the potential to remove the unordered gelated material comprising the bulk of the

hydrogel to produce gelatinous thin films comprised of only the ordered transformed bulk phase

was explored. Further, these thin films could conceivably be sequentially layered towards higher

vertically-extending ordered structures.

5.1.1 Chemical complexity in hydrogels

In addition to 3D structuring, the movement of different molecules within the hydrogel is important

in maintaining cell viability and responding to environmental cues. [253, 254] Where the organisation
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of different molecules within the hydrogel is important, chemical compartments can be used. They

can lend themselves to manipulation more easily than the hydrogel molecules themselves and so

can be arranged within the hydrogel (Section 1.5.2). Different vesicles have been used for isolation of

chemical reactions, such as enzyme cascades. Enzymes are globular proteins residing within cells,

which convert a specific substrate into products. Their specificity is often described using a lock and

key model with the lock representing the enzyme and the key the substrate. Only the correct key will

fit inside the lock and then be converted into products, which are then released from the enzyme.

(Figure 5.2).

Figure 5.2: The lock and key model of enzyme reactions. a) the substrate (blue molecule) is the only
molecule that will fit into the active site of the enzyme (purple) b) when the substrate enters the
active site of the enzyme it is known as an enzyme/substrate complex c) the substrate is converted
into products (yellow and green molecules) to form an enzyme/products complex d) products are
released from the active site.

In some cases, coupled enzymatic reactions are required to provide useful products. Here, a product

from the breaking down of the first substrate by the first enzyme acts as the substrate for the second

enzyme. A commonly used coupled enzymatic reaction is that of glucose oxidase with horseradish

peroxidase. Upon addition of glucose, the substrate for glucose oxidase, the hydrogen peroxide

product formed then acts as the substrate for the horseradish peroxidase. [255] While both the

enzymes produce the products rapidly, the diffusion of the substrates from one enzyme to the next

is another important factor in the rate of reaction. By loading enzymes into compartments within

layered hydrogel constructs, the localisation of the reaction substrates and products within the

compartment would enhance the rate of reaction, enabling delivery of chemicals within specific

areas of the hydrogel to any cells loaded within it or to facilitate in programmed release of particular

molecules into the network.

Van Dongen et al. demonstrated the successful immobilization of a three enzyme cascade, with the
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enzymes loaded into different layers of a polymersome vesicle. [256] Work by Linko et al. demon-

strated increased reaction rates for a coupled enzymatic cascade occurring within compartments

assembled through DNA-origami. [257] Coacervate droplets loaded with actinorhodin polyketide

synthase were found to stabilise the reaction and even demonstrated an increased yield of prod-

uct. [258] The enzymatic activity was facilitated by the compartmentalization and through using

these compartments it should be possible to distribute and then monitor enzyme reactions within a

hydrogel.

In the previous chapter it was demonstrated that the acoustic patterning of stimulus-responsive

coacervate droplets could be used in producing micropatterned hydrogels with intact coacervate

droplets retained and periodically arranged within the network. It was further demonstrated that

the coacervate droplets retain sequestered enzymes following hydrogel transformation. Through

fabricating a thin film hydrogel containing enzymes the reactions could proceed with less unordered

hydrogel for the substrate to diffuse through. It is also conceivable that through introducing patterned

features into hydrogels such as the continuous lines formed in 1D patterned hydrogels, they could

also act as diffusion pathways. Thus it is proposed that a polymer/dipeptide coacervate thin film

system could also be used for the study of enzymatic reactions occurring within micropatterned

hydrogel constructs.

5.2 Results and Discussion

5.2.1 Fabrication routes for micropatterned gelatinous thin films

The immediate choice for removal of unordered gel was directly slicing off the unordered section of

gel. This could be done manually or through microtoming. Both were decided against since manual

precision would not be attainable for the final width of ≈ 70 µm without any disruption of the ordered

features present and microtoming required sample processing prior to slicing. This could impact

on the behaviours of any sequestered guest molecules and perhaps disrupt the ordering imparted

within the hydrogel matrix.

Earlier studies had shown that addition of other fluids or reaction mixtures into aqueous arrays in

an applied acoustic field did not disrupt the patterning. [185] Thus, it was believed that extraction
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of some supernatant to then be replaced with water as a diluent would be achievable without

any impact on the ordered droplets. Consequently, many investigations into different methods of

removing most of the supernatant as a fluid prior to gelation were investigated. Here the majority of

material that would gelate would be present within the bulk phase of ordered coacervate droplets

and the surrounding supernatant phase would be too dilute to entirely transform. After gelation of

only the ordered material, the remaining ungelated fluid could be extracted.

After being left to trap in the acoustic field, preliminary investigations revealed that removal and

replacement of fluids into the cavity disrupted the trapping sufficiently by introducing streaming

flows and other undesirable effects which acted to perturb droplets from their trapped locations.

Upon removal of the fluid the directional motion of the supernatant ‘pulled’ droplets away from

their trapped location. After 1 minute this partially recovered but large areas remained disordered

compared with the initial trapping. Leaving the system to recover the original trapping for up to one

hour, did not result in the same trapping.

Further, upon replacing the volume of supernatant extracted with an equivalent volume of water, the

forces from the fluid as it entered the device when ejected from the pipette were strong enough to

disrupt the trapped droplets in that location. Further away from this entry location, while the trapping

was not perturbed as noticeably, the movement of smaller coacervates in fluid flows introduced

could be seen. As an alternative to pipettes, wider nozzled syringes were used to try and lessen the

force impacts upon entry of the fluid into the device. While this lessened the entry forces, similar

mixing fronts were still observed.

5.2.1.1 Effect of droplet viscosity

Results indicated that trapped droplets within the device were slightly perturbed from their location

to varying extents based on their proximity to the site of fluid extraction or addition into the acoustic

device. Consequently, different molecular weight (Mw) PDDA chains were investigated to increase the

viscosity of the coacervate droplets and aid in minimising their perturbation from trapped locations

due to fluid movements.

Varying Mw PDDA solutions of 8.5, 200-350 and 400-500 kDa were made at 40 mM monomer con-

centration and mixed with 40 mM FMOC-AA solutions (3:7 FMOC-AA:PDDA) and then added into
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a 1D (6.7 MHz) acoustic field. Coacervates were preformed in an eppendorf tube prior to addition

into the acoustic field to see if larger droplets, and hence a stronger surface interaction with the glass,

could be achieved by encouragement of coacervation prior to addition into the acoustic field. After

30 minutes in the applied field, there was coalescence of the droplets into larger droplets, and in

some cases tube-like features, at all the different Mw PDDA (Figure 5.3).

Figure 5.3: Trapping of preformed coacervate droplets made from different molecular weight PDDA
in a 1D (6.7 MHz) acoustic field at a 3:7 FMOC-AA:PDDA ratio after 30 minutes a) 8.5 kDa PDDA
coacervate droplets have coalesced into large droplets within each nodal point, but they still remain
distinct from each other b) 100-200 kDa form the large droplets which have coalesced into longer
tube structures in some areas of the nodal point but smaller droplets also remain surrounding them
c) 200-350 kDa PDDA droplets now coalesce to larger droplets which then merge into tube shapes
within several nodal points d) 400-500 kDa PDDA coacervates readily coalesce within the trapping
points into connected tubes within every nodal points and very few smaller coacervates can be found
unlike with the droplets formed from other Mw PDDA. All of these samples were trapped within the
same trapping device. Scale bar 200 µm

For comparison, the same trapping device and viewing area (≈ central) was used for all samples with

the images shown acquired after 30 minutes of trapping in the acoustic field. The 8.5 kDa coacervate

droplets formed large droplets within the node (Figure 5.3a). The 100-200 kDa coacervate droplets

form large droplets within each node with some of them merging into tubes of material(Figure 5.3b).
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Droplets formed with 200-350 kDa PDDA display more extensive merging of the droplets within each

trapped line however some regions still display distinct droplets (Figure 5.3c). Finally, the 400-500

kDa droplets formed connected tubes of coacervate material within and along each nodal point

(Figure 5.3d). The increased viscosity of the longer chain would result in slower recovery of a spherical

shape during the coalescence and so the droplets instead connect into a tube. These connected

structures would form different hydrogel morphologies and could serve to act as diffusion channels

within the hydrogel.

Repeating the supernatant removal with a pipette, still resulted in the perturbation of these droplets

and the insertion forces continued to dislodge droplets from the surface when fluids were replaced.

In the samples with connected tube features, the distinction between neighbouring tubes was lost

upon fluid reinsertion. As a consequence, alternative calmer total fluid extraction methods were

explored. The capillary action from wicking of solution using a paper towel dipped into one corner of

the device was found to be the most effective in removing all excess liquid without disrupting the

ordered coacervates from their nodal locations in the field, leaving all the features unperturbed on

the surface of the glass slide (Figure 5.4). This figure also reveals the variability in the formation of

tubes or connected lines of coacervate material, across the trapping device.

5.2.1.2 Gelation of 1D patterned droplets

The patterned droplets left behind on the surface of the glass slide were then immersed in a GDL

solution (1 mL, 20 mM), pipetted into the device slowly in one corner, and left to hydrogelate overnight

in the presence of the acoustic field. Supernatant removal was performed both in the presence and

absence of the acoustic field to ascertain if the surface interaction was strong enough for patterning

to be retained during the hydrogelation transformation. While ordered features were observed in

both samples, the droplet patterning was retained much better with the field applied throughout

and so the field was left applied throughout the whole process, from addition of coacervates into

the cavity through to removal of the gelated sample from the device. The field applied throughout

enabled further field-induced coalescence before droplet transformation.

To verify transformation into a gel, coacervates were loaded with Hoechst dye prior to 1D (6.7 MHz)

patterning to resolve fibrils in any hydrogel network formed. Upon removal of the GDL solution,
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Figure 5.4: Coacervate droplets (3:7 ratio 400-500 kDa PDDA) remaining on the glass slide following
supernatant removal with a paper towel. The large area view of the sample following SN removal
shows the majority of droplets and tube features remain intact and within their trapped locations.
Scale bars 800 µm

again using a paper towel, confocal microscopy revealed the presence of Hoechst stained fibrils

emanating from droplets and thus verified that there was gelation of the bulk coacervate phase across

the surface of the glass into a thin film hydrogel construct. At low magnification the ordered lines of

transformed coacervate droplets appear to have remained as spherical and distinct droplets on the

surface of the glass (Figure 5.5a). However, higher magnification within a nodal point, reveals the

fibrils present due to the droplets which have transformed (Figure 5.5b).

The ordered features had been retained on the glass surface to form micropatterned gelatinous thin

films with no surrounding unordered gel matrix. 3D imaging revealed that this patterning extended ≈
40 µm high. Compared with the ordered features within the monolith gels, which extend to ≈ 70 µm

high, there has been some loss in the vertical extent of the patterning. This reduction in the height is

believed to be primarily due to the transformation of more FMOC-AA held in coacervate droplets into

the fibrils rather than free FMOC-AA molecules within the supernatant. Since the supernatant phase

was removed, all the fibrils must comprise of FMOC-AA contained within the bulk phase droplets.

This results in more coacervate droplets fully transforming and the reduced height of the structures
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Figure 5.5: Fluorescence microscopy images of a transformed 1D (6.7 MHz) patterned gelatinous
thin film a) ordered lines of transformed coacervate droplets on the surface of the glass b) using
Hoechst dye, fibrils can be resolved emanating out from the droplets verifying gelation into a thin
film. Scale bars a) 500 µm b) 20 µm

formed.

In light of the improved patterning achieved with the higher Mw 400-500 kDa PDDA at the 3:7 ratio,

all gelatinous thin films were produced under these conditions at 40 mM concentration.

5.2.2 Chemical communication within gelatinous thin films

As shown in Section 4.2.3.1 the sequestration properties of the coacervate droplets could be exploited

in producing spatially organised networks of immobilised guest molecules. This would also be the

case for the gelatinous thin films. Reaction substrates added to the thin films would not have to diffuse

through inhomogeneous unordered gel material, as with the monolith gels, before encountering the

enzyme containing droplets in the thin film, thus addressing some of the diffusion limitations with

hydrogels.

5.2.2.1 One step enzymatic cascade reaction in a 1D patterned thin film

Initially a one step cascade reaction was performed in a 1D (6.7 MHz) thin film. The enzyme

horseradish peroxidase (HRP) converts the substrate hydrogen peroxide, (H2O2) into water and

converts a non-fluorescent product (o-phenylenediamine, o-PD) into a fluorescent one (2,3 di-
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aminophenazine, 2,3-DAP), which enables fluorescent monitoring of the progression of the reaction

using confocal fluorescence microscopy (Figure 5.6).

Figure 5.6: One step horseradish peroxidase enzymatic reaction scheme. Upon addition of the
reaction mixture of hydrogen peroxide (H2O2) and o-pheynlenediamine (o-PD), the substrate H2O2

is broken down into water (H2O) and there is an enzyme mediated conversion of the non fluorescent
o-PD to green fluorescent 2,3-diaminophenazine (2,3-DAP) which can be detected using fluorescence
microscopy.

The coacervate droplets were loaded with HRP (5 µL, 2 mg/mL) (Section 2.2.4.2). Addition of a

reaction mixture of H2O2 (20 µL, 50 mM) and o-PD (20 µL, 25 mM) to the surface of the gelatinous

thin film initiated the reaction which could be monitored by the HRP-mediated conversion of o-PD

to 2,3-DAP. Fluorescence microscopy (λex = 355-435 nm, λem = 455 nm) was used to monitor the

progression of the reaction as the fluorescent product evolved.

The reaction mixture of H2O2 and o-PD was added just outside the field of view directly onto the

thin film, such that the molecules would need to diffuse into the gelled features and move through

the network before the fluorescence would be seen. Time-lapse images revealed that 30 seconds

after addition of the reaction mixture, fluorescence could be observed in the green channel, which

implied that the enzymatic reaction had occurred. (Figure 5.7). As more product was evolved and

the fluorescence increased it can be seen that the fluorescence signals originated within the gelled

features. When left longer, the diffusion of the reactants throughout the gel resulted in all hydrogelled

features turning green. The lack of fluorescent signal from the background implied there was no

movement of the product outside of these hydrogelled features. This suggested that the reaction and

products were constrained within the gelled features where the enzymes were located, demonstrating

the potential to use the transformed coacervate droplets as reaction compartments.

Over time o-PD slowly oxidises and will change from a transparent solution to a dark red colour. Fresh

o-PD stocks were used for every experiment but to verify that the increase in fluorescence within the

green channel was purely due to the cascade reaction, control experiments were performed on the
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Figure 5.7: Evolution of 2,3 diaminophenazine observed in the green fluorescence channel as the
horseradish peroxidase enzyme reaction occurs in a 1D (6.7 MHz) thin film. Time is given in seconds
following addition of the reaction mixture of o-PD and H2O2 to the thin film, outside the field of view.
Scale bar 100 µm

thin films with results confirming that the fluorescent product was only evolved over the course of

seconds or minutes when all the required chemical substrates were added to the film.

5.2.2.2 Void morphologies in gelatinous thin films

Within the micropatterned film presented in Figure 5.7, where there are transformed connected tube

features, voids can be observed. These are believed to form as a consequence of full transformation

of coacervate droplets entirely into fibrils. One node of a 2D patterned thin film is shown in Figure

5.8.

The nodal points of the acoustic field are packed with trapped coacervate droplets. As outlined in

section 4.2.1.1 this encourages coalescence of the droplets to much larger sizes than in free solution.

In chapter 4 during hydrogelation, the droplets contract in size as some of the FMOC-AA contained

in the droplets alongside FMOC-AA in the supernatant transforms into the fibrils which emanate out

from the droplets in all directions as aster-like structures. However in the case of thin films, where

the supernatant phase has been removed, the only source of FMOC-AA resides within the coacervate
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Figure 5.8: Brightfield and fluorescence image of the void morphologies observed in transformed
coacervate droplets loaded with Hoechst dye. Scale bar 25 µm

droplets. Thus, it is proposed that more of the droplets within the nodal points must fully transform

into fibrils around other droplets present in the trapping point. As these other droplets then also

transform it leaves behind spherical voids in the fibril networks formed (Figure 5.8).

5.2.2.3 Two-step coupled enzymatic cascade reaction in a 1D patterned thin film

To explore more complex reactions within the thin films, a two-step coupled enzymatic cascade

was also performed. Glucose oxidase (GOx) will evolve H2O2 and gluconic acid upon addition of

the substrate glucose. The H2O2 then acts as the substrate for HRP and again the reaction can be

monitored by the evolution of green fluorescence as o-PD is enzymatically converted to fluorescent

2,3-DAP by the HRP (Figure 5.9).

To better elucidate the behaviour of all the guest molecules involved, the enzymes were tagged

(Section 2.2.2.5) with rhodamine isothiocyanate on GOx (RITC-GOx, λex = 544 nm, λem = 576 nm)

and dylight-405 on HRP (dylight-HRP, λex = 400 nm, λem = 420 nm). These tags were chosen due

to their difference in excitation and emission wavelengths from the green region so that they could

be monitored outside of the fluorescence window for the evolution of 2,3-DAP as part of a sequen-

tial scan on the confocal microscope (Section 2.2.4.3). A 1D (6.7 MHz) thin film was formed from

coacervate droplets sequestering both RITC-GOx (5 µL, 1 mg/mL) and HRP-dylight (40 µL, 1 mg/mL

).

As previously demonstrated with the one step enzymatic reaction (Section 5.2.2.1) the evolved

142



5.2.2. CHEMICAL COMMUNICATION WITHIN GELATINOUS THIN FILMS

Figure 5.9: Coupled enzymatic reaction scheme of glucose oxidase (GOx) and horseradish peroxidase
(HRP). Following addition of the substrate glucose, glucono lactone and H2O2 are the enzymatic
reaction products with GOx. The evolved H2O2 acts as the substrate for HRP which evolves H2O as
a reaction product and also converts non-fluorescent o-PD to fluorescent 2,3-DAP. The different
colours shown here depict the different colours of the fluorescent tags on the two enzymes and the
green fluorescence of the 2,3-DAP.

product remains within the gelled lines of the 1D patterned thin film (Figure 5.10a & b). Fluorescence

analysis was performed on the time-lapse data series to show the changes in fluorescence with time

in the different fluorescence channels (Figure 5.10c). The reduction in the red and blue channels,

for RITC-GOx and dylight-HRP respectively is due to photo-bleaching of the tag during the image

acquisition (every 30 seconds over 30 minutes). The increase in fluorescence in the green channel

can clearly be seen as time progresses, which again demonstrated the reaction was occurring within

the hydrogelled features.
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Figure 5.10: Evolution of 2,3-DAP observed in green fluorescence channel as the GOx/HRP coupled
enzymatic reaction occurs in a 1D (6.7 MHz) patterned gelatinous thin film. Time is given in minutes
following addition of the reaction mixture of o-PD and glucose to the thin film. a) all 3 fluorescence
channels showing the two tagged enzymes and the evolution of the fluorescent product in the green
channel. The blue and red channels in the images show the location of the fluorescently tagged
enzymes dylightHRP and RITC-GOx respectively. b) Green channel fluorescence on a finer time scale
c) fluorescence analysis of the different fluorescence channels over the course of image acquisition.
Green fluorescence can be seen to increase. Scale bars 100 µm
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5.2.3 Layering of thin films for 3D constructs

Presently, there is a limitation on the extent of patterning vertically within the trapping device

(Section 3.2.1). While this limitation was due to the constraints of the acoustic field strength within

the trapping device, it was believed that sequential layers of thin films might be a viable route towards

achieving higher ordered hydrogels without major redesigning of the trapping device.

Further, layering offers the potential for having spatially distinct enzymes or guest molecules sepa-

rated from each other within each layer. It was hypothesised that the layer distinction of different

guest molecules loaded into two different orthogonally patterned layers could result in interesting

behaviours or reaction initiation at the sites where the two layers intersected in the cross-hatch

pattern (Figure 5.11).

Figure 5.11: Layer 1 patterned in 1D with HRP (blue) then layer 2 patterned orthogonally on top
with GOx (red). Following addition of the reaction mixture of o-PD and glucose the reaction can
be monitored by the production of 2,3-DAP and fluorescence signal in the green region (green).
Where the two layers intersect is hypothesised to be where the reaction, and hence fluorescent signal,
originates from.

5.2.3.1 Layer distinction through patterning direction

Initially, a 2 layer gel was investigated. In order to elucidate the success, the gel was formed of two

orthogonally arranged 1D patterned layers. Layer 1 was patterned and gelled in 1D, then left for

24 hrs before layer 2 was formed directly on top. The preformed coacervate droplets presented

the additional benefit that the different components were already coacervated which would have

minimised their permeation into the gelled features already present on the bottom of the device.

Brightfield microscopy revealed orthogonally patterned lines had been produced. Adjusting the focal

plane revealed that the different layers were in focus at different heights, which implied this layering

approach had been successful (Figure 5.12).
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Figure 5.12: Bright field images of a two layered orthogonally patterned thin film stack. a) lower
height plane of focus shows the vertical lines of patterned material with some horizontal features
across them b) higher height plane of focus shows the horizontal lines in focus and the vertical ones
out of focus. Scale bar 200 µm

5.2.3.2 Layer distinction with different guest molecules

Different layers of the thin film stack were then loaded with different dyes, in attempts to further

investigate the layered structures through fluorescence microscopy. Layer 1 was patterned in 1D (6.7

MHz) with guest molecule of rhodamine dye followed by layer 2 patterned orthogonally, loaded with

Hoechst dye (Section 5.2.3.1).

Here the different diffusion properties of the loaded guest molecules within the coacervates did not

serve to distinguish the different layers by remaining separately within each one, rather they had

diffused into both layers of the stacked layered construct.

Upon the mixing of different coacervate populations prepared separately with each sequestering a

different guest molecule, the coacervates find an equilibrium with the guests sequestered within all

the droplets. This equilibria nature is also exhibited between hydrogel and coacervate droplets in

solution since there is movement of sequestered dyes between the two layers. There is movement

of the dyes from the transformed coacervate network into the aqueous droplets and vice versa as

demonstrated by the fluorescent signals observed in both layers of the stacked films.

While the sample produced had displayed movement of the dyes into both patterned layers, there

was some encouragement that distinction might be possible with layer 2 blue fluorescence extending

a little higher compared with the layer 1 red fluorescence (Figure 5.13a & b).
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Figure 5.13: 3D fluorescent image of a two layered orthogonally patterned thin film stack with
different fluorescent dyes loaded into each layer. a) Layer 1 was patterned with guest molecule
rhodamine shown in red and b) layer 2 was patterned with guest molecule Hoechst shown in blue.
Fluorescent signals are detected for both colours in both layers of the structure. c) shows the overlaid
fluorescence signals from both layers Scale bar 140 µm

In attempts to better contain loaded guest molecules within their specific layer, the layer 1 films were

left to dehydrate for varying amounts of time before the next layer was added. Films were left for 24,

48 or 72 hrs between patterning layer 2. This extra time for drying was to inhibit the permeation based

on the lack of swelling exhibited when similar experiments were performed on the dried down films
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of monolith hydrogel (Section 4.2.2.3). However, this route did not serve to minimise the movement

of the dyes between the different layers.

5.2.3.3 Two layer two-step coupled enzymatic reaction

It was believed that sequestering other guest molecules such as enzymes or other biomolecules could

facilitate the layer distinction since they would be more strongly retained on the droplet interiors

than the dyes.

Two layer stacked thin films were formed. The first layer was patterned in 1D (6.7 MHz) loaded with

guest molecule of RITC-GOx (5 µL, 1 mg/mL). The second layer was then patterned orthogonally 24

hours later in 1D (6.7 MHz) using the other transducer pair of the trapping device, and coacervate

droplets loaded with dylight-HRP (40 µL, 1 mg/mL).

Despite being patterned into two different layers, there was movement of both fluorescently tagged

enzymes into all gelled features within the layered film (Figure 5.14). A reaction mixture of o-PD (20

µL, 50mM) and glucose (20µL, 300 mM) was added directly onto the surface of the gel thin film, again

outside the field of view, and time-lapse images acquired show the evolution of the fluorescence in

the green channel as the substrate diffused into the gelled features and the reaction progressed. As the

reaction progressed, again there was an increase in green fluorescence as 2,3-DAP was evolved as a

reaction product which remained localised within the hydrogel features where the enzymes had been

isolated. The apparent decrease in fluorescence in the blue and red channels, for the dylight-HRP

and RITC-GOx respectively, was again due to photobleaching from exposure to the lasers during

image acquisition.

The presence of the different enzymes within both layers of the patterned hydrogel films presents two

possibilities. Firstly, that at this concentration of addition within the second population of droplets,

there is sufficient guest molecule remaining within the supernatant to be sequestered in the layer

below. This could easily be verified by acquiring fluorescence images of the layer 2 droplets trapped

over layer 1. Alternatively, upon transformation of the droplets, the droplets are disassembling as

the FMOC-AA molecules stack into fibrils and hence some of their sequestered guest molecules

are released into the network where they become sequestered within both layers. For the latter

theory, the movement of molecules from the first layer into the second layer would arise due to the
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unbound released guest molecules during the transformation of layer 1 residing until they can be

sequestered by the population of droplets in the second layer. The fluorescence intensities within

these different time series images could be used to ascertain the kinetics of the enzymatic movement

and subsequent reaction which would be beneficial for better control over the propagation of the

reaction through the network of gelled droplets.

Figure 5.14: Evolution of 2,3-DAP observed in green fluorescence channel as coupled enzymatic
reaction occurs in a 2 layer orthogonally patterned gelatinous thin film. Time is given in seconds
following addition of the reaction mixture of o-PD and glucose to the thin film. The blue and red
channels in the images show the location of the fluorescently tagged enzymes dylightHRP and
RITC-GOx respectively. Scale bar 100 µm

While this structure did not demonstrate the cascade reaction originating at the points of intersection

between the two thin films as hoped for (Figure 5.11), the square patterning provides interesting

structures for hydrogel design.
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5.2.4 Enzymatic hydrogelation

The evolution of gluconic acid as a product of the GOx/glucose enzymatic reaction was utilised in

intiating the hydrogelation of the FMOC-AA/PDDA coacervates. Where gluconic acid was evolved

in sufficient quantities this would slowly lower the pH of the environment and might conceivably

initiate the stimulus-response of the coacervate droplets to transform into a hydrogel. This would

serve as a better route than using GDL powders as no solution needed to be removed/replaced for the

pH reduction and it would occur naturally as the cascade reaction progressed requiring no further

disturbance of the fluids. The minimisation of any fluid movements within the sample cavity would

be beneficial in limiting any perturbation of droplets from their trapped locations.

Homogeneous pH reduction over the whole volume of solution was the ideal for the transformation

of the coacervate droplets into a hydrogel. In order to ensure that the enzymes were predominantly

located within the coacervate droplets and minimised within the supernatant phase, the maximal

loading of the enzymes within the coacervate droplets (400-500 kDa PDDA at 3:7 FMOC-AA:PDDA

molar ratio) was investigated with UV - Vis (Section 2.2.3.8). Coacervate solutions were prepared

with varying volumes (5, 10 and 20 µL in 1 mL coacervate solution) of tagged GOx. The bulk and

supernatant phases were separated out and the UV-Vis spectra of the supernatant phases acquired.

Compared with the spectra for a high concentration of tagged enzyme, there were no characteristic

peaks with an absorbance above 0.1 AU, thus implying there were no traceable amounts of tagged

enzyme within the supernatant phase. The maximum volume of GOx added into samples was fixed at

20 µL. pH curves were acquired for the GOx/glucose reaction and optimised to follow a similar route

to the pH reduction with GDL (Figure 5.15). pH was monitored in solution for 20 µL GOx in water

mixed with differing volumes of glucose. The more glucose added, the steeper the initial decrease in

pH. Compared to the pH reduction curve for the hydrolysis of GDL (blue line) the pH decrease for

addition of different volumes of glucose looked promising, if somewhat slower than the hydrolysis of

GDL.

Vial inversion tests further verified that the resulting pH reduction from these volumes of GOx

and varying volumes of glucose (300 mM) would transform a coacervate solution into a hydrogel

(Figure 5.16). No flow was seen in the inverted vials confirming that hydrogels were formed for all of

the samples mixed with glucose. However when these vials were shaken, the samples with higher
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Figure 5.15: pH curves for glucose oxidase evolution of gluconic acid. Reaction mixtures contained
20 µL GOx in water with different volumes of 300 mM glucose added. Blue line shows the equivalent
GDL reaction (20 mM), red line shows 100 µL glucose added and yellow line shows 25 µL glucose
added to 1 mL of water with 20 µL GOx

volumes of glucose were disrupted presumably due to the extra liquids inhibiting stronger cohesive

forces in the gel network. The lower volumes of glucose (50 and 100 µL) had formed self-supporting

hydrogels. The vial inversion test does not explicitly verify a hydrogel has been formed but due to time

constraints and the promising vial inversion results after 2 days, this served as a quick verification.

Figure 5.16: Vial inversion test for bulk gelation of coacervate droplets loaded with GOx mixed with
differing volumes of glucose (300 mM). Left to right A 0, B 50, C 100, D 150, E 200 µL glucose added
and left to gelate for 2 hours prior to vial inversion a) 2 days after inverting the vials there is some
evidence of flow down the side of the vial for the 100 µL glucose gel and b) after shaking the vials
shown in a) there is some disruption of the gels with the 50 and 100 µL glucose samples remaining
predominantly gelled at the bottom of the vial but the higher volume glucose samples have fallen
down due to the large volumes of liquid remaining. Scale bar 10 mm
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5.2.4.1 Acoustically patterned enzymatic hydrogelation

Coacervates were preformed (3:7 FMOC-AA:PDDA 400-500 kDa), mixed with 100 µL of glucose

and then added into an applied acoustic field. The pH reduction from the enzymatic evolution

of acid resulted in a rate of gelation slow enough that there was still time for the droplets to trap

before immobilisation in the gel network. Introducing the glucose alongside the coacervates further

prevented any disruption of the patterning by fluid addition later on compared with the GDL route.

However the full transformation of the entire volume of solution within an acoustic field via the

enzymatic hydrogelation route was not possible. Despite trapping droplets with the maximal loading

of GOx sequestered on the interior, following the same procedures as the experiments performed

in vials, the whole samples were not gelating. Addition of further glucose did not yield full gelation

of the whole volume. Only partial gelation of the volume was visible (Figure 5.17). The disordered

structures on top of the ordered lines seen vertically across the images were due to the collapse of

unordered gelated material which could not be supported due to the lack of an extensive 3D network

throughout the volume of solution.

Figure 5.17: Enzymatic hydrogelation of the entire volume of acoustically patterned coacervate
solution. The 1D lines imparted by the acoustic field (6.7 MHz) can be seen to extend vertically
across the images however there was a lot of unordered transformed material collapsed on top which
obscured this patterning. Scale bar 500 µm
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5.2.4.2 Enzymatically hydrogelated acoustically patterned gelatinous thin films

Subsequently, the experiment was repeated following the exact same methodology however after 1

hour the supernatant was removed using paper towel and the sample then left in the presence of

the acoustic field to trap. This step removed the messy gelled features that were settling atop the

ordered ones (Figure 5.17) and produced a gelatinous thin film, as verified by loading coacervates

with Hoechst dye and resolving the fibrils of the hydrogel network (Figure 5.18).

Figure 5.18: Enzymatically hydrogelated thin films loaded with Hoechst dye. a) & b) both show the
continuous lines of gelated coacervate droplets patterned in 1D (6.7 MHz). Scale bars a) 200 µm and
b) 100 µm

In 1D, distinct continuous lines with minimal coacervate material located between the trapping

points were observed (Figure 5.18b). Rather than retaining the spherical appearance of transformed

droplets side by side, the closely packed droplets in the nodal points were transforming cohesively

into connected structures.

While gluconic acid was free to diffuse within the solution the different connected morphologies

were believed to arise from the localisation of the enzyme reaction and products formed within the

coacervate microcompartments. This localised pH reduction was sufficient to transform the ordered

droplets at the trapping points and retain ordered features within the transformed network. The

pH will lower on the droplet interior due to the formation of the acidic product, resulting in fibrils

forming from the interior of the droplet, rather than the exterior. This is believed to constrain the

fibrils within the droplets, resulting in no voidal features, like those from the GDL thin film route

(Figure 5.8). The heights of these thin films were ≈ 40 µm.
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These continuous connected lines of material, extending across very large areas of the film, looked

more likely to be structurally resilient to layers patterned and transformed on top of them and

perhaps could isolate guest molecules more successfully.

5.2.4.3 Layering of enzymatically hydrogelated thin films

The enzymatically hydrogelated thin films that exhibited continuously connected lines in 1D were

utilised in stacking towards 3D constructs. Layered gels were produced with layer 1 patterned in 1D

loaded with Hoechst dye, then layer 2 loaded with rhodamine was patterned orthogonally 24 hours

later (Section 2.2.4.6). These layered thin films provided much neater transformed gel features and

more distinct patterns extending over larger areas of the film (Figure 5.19).

Figure 5.19: Orthogonally patterned 2 layer stack with Hoechst dye loaded into layer 1 and rhodamine
dye into layer 2. The overlaying of the two layers has produced a very well defined cross hatch pattern.
The different colours show the location of the fluorescently tagged enzymes a&e) dylight-HRP b&f)
brightfield c&g) RITC-GOx and d&h) overlaid fluorescence channels. While the Hoechst has remained
within the originaly layer of patterning, the rhodamine has moved into both layers. Scale bar 500 µm

As previously, to investigate the behaviour and architectures of these structures, fluorescent dyes

were introduced into each layer. Again the movement of dyes between different layers persisted as a

problem, however Hoechst dye now appeared to remain within the specific layer it was patterned

into originally due to the different transformation with constrained fibrils. Samples imaged in the

same areas after several days did not show any signs of further movement between the layers, with

Hoechst remaining in one direction and the rhodamine having permeated into both (Figure 5.19).
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Similarly to the previous thin film results, enzymes loaded into different layers did not remain

distinctly within their layer (Figure 5.20). They were sequestered within the droplets and were found

to have moved entirely into all gelled features regardless of their initial location within the layers. As

such, again the spatially distinct layered cascade could not be investigated (Figure 5.11).

Figure 5.20: Orthogonally patterned two layer enzymatically gelated thin film stack loaded with
enzymes in both layers. Layer 1 was patterned in 1D with fluoroscein isothiocyanate (FITC) tagged
GOx and layer 2 with RITC-GOx. While the cross hatch pattern has been produced by the two
orthogonally patterned coacervate populations, there has been movement of the tagged enzymes
into both layers of the stack. Scale bars a-c) 250 µm d-f) 100µm

Consequently the layer specificity of guest molecules within their specific layer in a 2 layer thin film

stack of some different guest molecules was investigated. To document the movement of the guest

molecules between layers, 2 layer gels were produced with a guest loaded into either layer 1 or layer 2

and the other layer patterned without any guest molecules. Any fluorescence observed in the layer

that was ’empty’ would reveal the inter-layer movement of the guest molecule. From the selection of

guest molecules investigated (a variety of dyes and tagged biomolecules) Hoechst was chosen as the

best option to investigate higher stacked thin films, as it remained within the specific layer it was

loaded into, due to the strong interactions with the fibril structures which were now constrained on

the droplet interiors and transforming into the continuous tube-like features.
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5.2.4.4 Higher layering

Finally, Hoechst was used to investigate stacking beyond 2 layers. Following the enzymatic thin film

protocol as before with each layer patterned orthogonally to the one below, 3 layers of thin film were

produced (Section 2.2.4.6). Both the top and bottom layers were loaded with Hoechst, and were

parallel to each other, with an orthogonally patterned middle layer produced without any fluorescent

guest molecules added. The 3D reconstruction of the gel revealed hollow areas where the layer 2

gel was located due to the lack of movement of the Hoechst into this layer (Figure 5.21a). This was

the strongest evidence yet that the other layers were forming around other patterned gel structures.

While this construct only extended to ≈ 40 µm, so there was no height increase compared to the

other thin film structures, it demonstrated the potential for building more complex structures with

layer specific guest molecules. (Figure 5.21).

Figure 5.21: Triple layered enzymatically hydrogelated thin film construct. Hoechst dye was loaded
into layer 1 and 3, while layer 2 was left without any guest molecules. a) an x-z plane view of the
hollow cavity, due to the middle layer which was left without any guest molecules added, which the
Hoechst layers have formed around b) a top down view of the sample. Scale bars 40 µm

5.2.5 2D patterned thin films

Similar investigations with acoustically micropatterned thin films were also performed in a 2D (6.7 x

6.69 MHz) applied acoustic field. Investigations regarding the behaviour of the preformed FMOC-
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AA/PDDA coacervate droplets, at a 3:7 molar ratio 400-500 Mw PDDA, left to trap and coalesce in the

presence of the acoustic field resulted in 1 large droplet per node (Figure 5.22).

Figure 5.22: Gridded array of preformed coacervate droplets at 3:7 FMOC-AA:PDDA ratio with
400-500 kDa PDDA trapped in a 2D (6.7 x 6.69 MHz) acoustic field for 30 minutes. Scale bar 800 µm

These 400-500 kDa droplets measured on average 42.8 ± 3.3µm in diameter compared to 2.5 ± 1.2µm

when preformed and left in free solution. The improved spatial isolation from forming droplets with

this higher Mw PDDA was observed over a much larger area of the trapping device than previously

seen. These larger droplets also had sufficient surface interaction with the glass slide to remain at their

trapped locations throughout supernatant removal with a paper towel and successfully transformed

into 2D patterned thin films upon the addition of GDL solution.

5.2.5.1 2D two-step enzymatic cascade reaction

Micropatterned 2D (6.7 x 6.69 MHz) thin films were also prepared with sequestered enzymes (RITC-

GOx and Dylight-HRP) to observe the propagation of the enzymatic cascade reaction across the

spatially isolated array of hydrogelled compartments (Figure 5.23.
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Similar observations were made for the coupled reaction within the 2D thin film as in the 1D thin

film. The reaction front was seen by the different fluorescence intensity increase for the neighbouring

droplets across a row due to the diffusion of the substrate across the thin film (Figure 5.23c). The

arrow shows the direction of increasing time. At the last displayed time point, the fluorescence

intensity is highest for the droplet in position 1 compared with position 6. In a larger field of view, this

propagation would be more observable. The gelled droplets were also entirely spatially distinct from

each other, so this further evidenced the constraint of the reaction within the droplets and that the

diffusion of the substrates and the o-PD occurred across the thin film. Again the products remained

preferentially on the droplet interior and did not move outside of the gelled features.

No fluorescence developed outside of the hydrogelled features within the 2D thin film as the enzyme

reactions progressed, providing strong evidence that the tagged enzymes and their reaction products

remain preferentially within the gelled coacervate features throughout the course of the reaction.

The evolution of the reaction product within these regions further demonstrates the localisation

of the reaction within the transformed droplets, meaning that the hydrogelled droplet cores can

act as reaction centres in a 2D spatially distinct grid of isolated compartments enabling reaction

propagation studies within an x-y plane.
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Figure 5.23: Evolution of 2,3-DAP observed in green fluorescence channel as coupled enzymatic
reaction occurs in a 2D patterned gelatinous thin film. Time is given in minutes following addition of
the reaction mixture of o-PD and glucose to the thin film. a) The blue and red channels in the images
show the location of the fluorescently tagged enzymes dylightHRP and RITC-GOx respectively. The
green channel shows the evolution of fluorescence as the o-PD is converted to 2,3-DAP. b) finer time
scale of the green channel c) fluorescence intensity profile in the green channel across a row of 6
droplets. The arrow shows the direction of increasing time. Different colours show different time
points. Scale bar 100 µm
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5.2.5.2 Effect of enzymes on droplet coalescence in a 2D acoustic field

In these samples the presence of multiple voids within the transformed gel at each trapping point

implied the presence of several droplets rather than one, which was contrary to what had been

demonstrated for coacervate droplets trapped in a 2D acoustic field previously (Figure 5.22). As such

the behaviour of the coacervate phase in the 2D field when loaded with the guest molecules RITC-

GOx and dylight-HRP was further observed. It seemed that the presence of these guest molecules

inhibited the coalescence so that the coacervates clustered in groups at the nodal points, rather than

coalesced into 1 large droplet (Figure 5.24).

Figure 5.24: Time-lapse series to show the trapping behaviours of preformed 400-500 kDa PDDA
coacervates (3:7 FMOC-AA:PDDA) loaded with tagged enzymes (RITC-GOx and dylight-HRP) in a 2D
(6.7x6.69 MHz) field with time given in minutes. Scale bar 100 µm

Over the course of 1 hour, the nodal point distinction was lost as coacervate droplets migrated to the

trapping points but were hindered on reaching them due to the presence of other droplets already

there which they did not coalesce with. They settled where they could resulting in a loss of definition

of the nodal point. In some cases the position of the settled droplets were unstable as there were still

forces acting to move them towards the pressure minima. As the other droplets moved about, these

unstable droplets would then move again. They may also have blocked the pathway of other droplets

moving through the cavity towards trapping points elsewhere, particularly in a 2D field.

Comparing the first and last image in the time-lapse, it can be seen that what started out as 2D

now looked 1D with some larger droplets periodically along the line (Figure 5.24). Due to these

droplet behaviours over the course of the reaction, at this stage initiation of hydrogelation will not
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necessarily impart clearly ordered one droplet per node features into the thin film as it would have

done previously in samples without the guest molecules, leading to the multiple voids within the

nodal points of the thin film.

5.2.5.3 2D enzymatically hydrogelated films

As before, the gluconic acid product in the conversion of glucose by glucose oxidase was used to

hydrogelate the coacervate droplets. For 2D patterned thin films, there were spatially isolated single

droplets per node with fibril structures emanating out between the droplets immobilised within the

hydrogel (Figure 5.25).

Figure 5.25: Enzymatically hydrogelated thin films loaded with Hoechst dye. a) & b) both show the
spatially isolated gelated coacervate droplets patterned at the nodal points of the 2D (6.7 x 6.69 MHz)
field. Scale bars a) 200 µm and b) 100 µm

5.3 Conclusions and Future Work

The ordered hydrogel fabrication process was adapted to produce gelatinous thin films so that only

the ordered features would be accessible for further studies. Removal of the supernatant phase, after

1 hour of trapping, prior to initiating the gelation resulted in fully transformed bulk material on the

surface of the glass slide without any higher extending unordered hydrogel material present and

addressing some of the diffusion limitations. While these thin films were too thin for rheological

investigations, the presence of fibril structures confirmed the hydrogelation transformation of the

coacervate droplets. The sequestration properties of the coacervate droplets were again used in thin
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film enzymatic cascade studies with both single and dual coupled reactions observed. The spatially

isolated, periodically arranged reaction compartments, within a hydrogel matrix would serve as a

route for understanding the diffusion through a hydrogel network and they could also be used in

micro-array technologies.

The GOx/HRP enzymatic cascade produces a product of gluconic acid. This was exploited as an

alternative route to lower the pH and initiate hydrogelation within the trapped pH-responsive

coacervate samples. Maximal loading of GOx for the majority to remain within the bulk phase rather

than the supernatant was found and then used in lowering the pH as the enzyme evolved the acidic

product. With sufficient glucose substrate added, the pH reduction was sufficient and slow enough

to homogeneously lower the pH and hydrogelate the thin films.

The capacity of stacking these thin films on top of each other in pursuit of higher ordered gel

structures was explored. Here the two pairs of transducers oriented orthogonally to each other

were utilised in preparing stacked thin films with orthogonally patterned lines to ascertain the

different layers via both the GDL and enzymatic hydrogelation routes. Unfortunately the equilibrium

sequestration nature of the coacervate droplets resulted in movement of different guest molecules

between the two layers of the films and no layer specific retention of guest molecules. However the

enzymatically hydrogelated films exhibited different morphologies which enabled layer specific

isolation of some guest molecules. These more clearly distinct patterned features also extended over

much larger areas than previously observed with the GDL hydrogelation route.

These enzymatically hydrogelated films were utilised in attempting to build higher layered structures.

The resulting connected features formed via this route enabled better resolution of the different

layers comprising a stack. The most promising results for stacking higher came for a triple layered

film using Hoechst in layers 1 and 3 and an ‘empty’ middle layer. Here hollow features surrounded

by Hoechst dye could be elucidated which provided evidence that the layers had formed around

each other. The hollow regions demonstrated within the triple layer gel present the best evidence

of the potential for layering the thin film structures. Future investigations should focus on steps

to maintain layer specificity of different guest molecules. Perhaps through utilising different pro-

tocells, such as colloidosomes, which have very small pores and would limit the diffusion of the

larger guest molecules or through using coacervate droplets with additional membranes to limit
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the movement of the loaded guest molecules. [184, 232] In this way, the different layers could be

better resolved to properly investigate what is happening in the stacking and aid in keeping different

guest molecules separated. This would enable investigations into communication between different

distinct populations, as initially proposed with the cross hatched structures.

Single layered 2D enzymatically hydrogelated films present spatially isolated features which could be

utilised in biosensing applications and to monitor dosage or reaction gradients across a film. Further

complexity could be introduced into these stacked structures by varying the trapping pattern within

each layer. Due to the two pairs of transducers within the trapping devices, there are two patterning

options; lines and a grid-like array. These could be combined in several different ways to produce

layered features atop of each other. The cross hatched overlaid layers of orthogonal 1D patterning

were the easiest to observe but it would also be possible to pattern 1D then 2D. Then the 1D patterned

layer could potentially act as a diffusion pathway to guide molecules to the 2D spheres spaced along

them.

Alternative guest molecules such as solid particles could be patterned alongside the coacervate

droplets in composite materials. These could aid in directional reinforcement and be patterned

within the gels at different heights by loading into different layers. The sequestration property of the

coacervate droplets also presents the possibility of loading particles into the droplets that would

otherwise be too small for acoustic patterning, for positioning within a gel matrix.

The morphologies within enzymatically hydrogelated films appear to be sufficient to keep very

distinct, narrow lines of transformed material leaving enough space between each gelled line for

neighbouring material. Within the thin films themselves, using the acoustic manipulation capability

of the device, different populations of material could be ordered side by side, without touching each

other, offering different setups to monitor chemical communication.

Preliminary results where a layer of agarose was added on top of a thin film demonstrated that the

patterned features could be embedded into it and removed from the surface of the glass (Figure 5.26).

Hence these more neatly patterned cohesive structure can now be moved into different environments.

Through this embedding route, stacking of patterned structures could be integrated within other gel

matrices, extending the complexity of the layered gels that could be formed and perhaps aiding in

keeping different guest molecule populations spatially discrete.
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Figure 5.26: Agarose hydrogel embedded with a micropatterned thin film a) photograph of a 2D (2.15
x 2.14 MHz) patterned thin film embedded into agarose b) fluorescence image of 2D (6.7 x 6.69 MHz)
micropatterned coacervate droplets embedded into the agarose c) corresponding bright field image
Scale bars top 2 mm and bottom 200 µm

5.3.1 Towards enzymatically controllable structures

Another enzymatic reaction is that of urease which will convert urea into ammonia and carbon

dioxide (Figure 5.27). It was shown that submersion of a gelled sample in high pH buffer, yielded dis-

ruption of the gel network and recovery of coacervate droplets. Ammonia would serve to increase the

pH of solution. If urease was loaded into the coacervate droplets alongside GOx, prior to patterning,

this could provide a route towards on and off switching between hydrogels and coacervate droplets

in an enzymatically hydrogelated thin film (Figure 5.28). Further upon recovering the droplets, dif-

ferent patterns could then be fixed upon hydrogelation of the sample for a second time enabling

rearrangement of the ordered network.

Figure 5.27: Urease enzyme reaction scheme. Upon addition of substrate urea, this is converted into
ammonia and carbon dioxide which raises the overall pH of the solution

Addition of glucose would initiate the GOx reaction whereby the pH would be lowered and induce hy-

drogelation. Then addition of urea would initiate the urease reaction and increase the pH disrupting
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the gelled network. When droplets are recovered the orientation of the trapping could then be altered

from 1D vertical to 1D horizontal or from 1D to 2D and vice versa. The improved hydrogel features

exhibited through the enzymatic gelation due to the localised reaction and pH decrease, could result

in better droplet recovery upon pH increase in a similar constrained location on droplet or gelled

droplet interiors.

Figure 5.28: Switching schematic for an on-off enzyme switch. Utilising the pH decrease from
the enzymatic reaction of GOx with glucose, the coacervate droplets undergo hydrogelation and
transform into a hydrogel. For samples also prepared with urease enzyme, addition of the substrate
urea would result in an increase of the pH, disruption of the hydrogel network and recovery of the
droplet phase. In this way, the sample could oscillate between the droplet and hydrogel phases

Some preliminary expeiments with thin films produced via enzymatic gelation loaded with GOx and

urease were produced. Upon addition of the urea in specific locations, pH increase was sufficient to

recover droplets in those regions (Figure 5.29a). Outside of these areas, the gelled structures remained

intact (Figure 5.29b). When samples were completely immersed in urea for the course of a day, upon

removal and drying some remnants of the ordered structures still remained on the surface of the glass.

This would perturb or obscure the patterning within the second rearrangement and hydrogelation of

the sample.

These proof of concept experiments demonstrate the potential for dynamic rearrangement of the gel

structures through enzymatic reactions by oscillating between the droplet and hydrogel states which

could be useful for real time rearrangement of the ordered features. While this process is currently
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Figure 5.29: Disruption of a thin film loaded with urease. Upon addition of substrate urea, this is
converted into ammonia and carbon dioxide which raises the overall pH of the solution and disrupts
the hydrogel film a) the edge of the urea droplet can be seen arching across the centre, above the
edge gelled material reamins and below it droplets have been recovered b) an area of sample inside
the area of the urea droplet which has recovered to the coacervate phase. Scale bar 200 µm

limited by the lack of complete disruption of the ordered coacervate material, steps could be taken to

completely remove any patterning on the glass surface ahead of re-patterning and fixing the hydrogel,

such as different surface treatments of the glass slide.

5.3.2 Towards biological relevance

The integration of these ordered features within the field of tissue engineering would be a step

towards maintaining cell patterning arrangements without continued exposure to the acoustic field,

acting to obstruct cellular migration with hydrogel barriers. [259]

The stability of the ordered hydrogel structures in the presence of cell media was investigated. A

patterned thin film was submerged in cell culture media and the structures were monitored over the

course of 24 hours. After this time, the structures had been disrupted due to the effect of the salts

in the media solution disrupting the hydrogel network and coacervate droplets. The salt stability of

the coacervate droplets and transformed hydrogel system should be more fully explored. However

alongside the instability of the material within the salt solutions, both the gelation routes presented

here, require reduction in pH of the environment which is unfavourable for tissue engineering

applications as this is not a hospitable environment for a cell. With biological applications in mind,

an alternative coacervate-based hydrogel system should be developed.
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6.1. INTRODUCTION

Chapter overview

In this chapter, work underlying the development of a coacervate-based hydrogel system comprising

poly-L-lysine (PLys) and adenosine-5’-monophosphate (AMP) is presented. The droplet properties

were investigated in order to facilitate the acoustic trapping of this system. The aim in using these

components, was to fabricate ordered hydrogels under more physiological conditions so that the

hydrogel constructs would have more biological relevance.

6.1 Introduction

In fields such as regenerative medicine, drug delivery or tissue engineering, the integration and

emulation of biological processes is of great importance. [124, 138, 139, 260–263] To facilitate in this

process biomolecules are often used. Materials that are sensitive to minute environmental changes,

have been shown to exhibit stimuli-responsive swelling. Enzymes can be loaded within a hydrogel

network and upon pH changes water will be absorbed or desorbed. [123, 264]. Cellular interaction

can be improved by introducing additional functionality to hydrogel materials, such as cell adhesive

ligands. [247, 265] In drug delivery, using specific cell markers for targeting has resulted in successful

uptake of different drugs through particular pathways. [266–268] When introducing biomolecules

into materials, they need to be understood from the bottom up.

6.1.1 Biologically relevant building blocks

Perhaps the most biologically relevant building blocks are those found in our DNA; nucleotides.

Nucleotides are the ‘building blocks’ of nucleic acids which, in turn, are the monomer units for the

polynucleotides; DNA and RNA. Both of which are essential biomolecules, containing the genetic

codes for living organisms. [65, 66, 269]

A nucleotide comprises 3 parts:

• A nucleobase of adenine, uracil, guanine, thymine or cytosine

• A sugar of ribose or deoxyribose

• One or more phosphate groups
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A nucleobase attached to a sugar is known as a nucleoside. Nomenclature of nucleotides consists

of the nucleoside (adenosine, guanosine etc) followed by the number of phosphate groups present

(mono-, di-, tri-phosphate) (Figure 6.1). A phosphate group consists of one central phosphorus atom

surrounded by four oxygens.

Figure 6.1: Naming conventions and structures of the different nucleotides. The different bases are
shown across the top of the figure. When any of these bases are connected to the sugar, pentose, they
will form a nuceloside. Nucleotides are the nucleoside connected to a number of phosphate groups.
Reproduced from [270]

The five natural nucleobases are the building blocks of DNA which carries huge amounts of infor-

mation. They are very relevant in the design of biological materials since they can be used in self

recognition, as supramolecular synthons and for targetting functional groups. [271–273]

6.1.2 Biologically relevant materials design

The biological process of self-assembly serves as inspiration for the fabrication of novel structures.

[274, 275] These supramolecular structures will form in particular environmental conditions without

human intervention. The self-assembling nature and high water content of molecular hydrogels,

alongside the variety of different biologically relevant molecules they can be made from, particularly

protected amino acids and peptides, makes them attractive for designing biological materials. [276?

? –279]
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Recently, metal coordination chemistry has been used as a design route towards self-assembled gels

with functional properties, known as metallo-hydrogels. [280–282] The reversible bonds are based

on metal-ligand coordination. [283] A gelator molecule has many ligands which are not part of the

self-assembly process, however through binding a metal ion to them the self-assembly behaviour

can be modified. [284, 285]

6.1.2.1 Metal coordination

A coordination complex refers to a central atom surrounded by bound molecules or ions. The central

atom is referred to as the coordination centre and the surrounding ions or molecules are known as

ligands. The coordination term refers to the nature of the covalent bonds where both electrons come

from one atom. These electrons are contributed by a donor, also known as a lewis base or ligand, to

an acceptor, known as a lewis acid.

In a metal coordination complex, the metal ion centre is the lewis acid and the surrounding ligands

act as the donors. Binding of a metal ion to a gelator molecule containing an appended ligand site

can affect the self-aggregation modes enabling tuning of the gelation ability. [285, 286]

Metal coordination can cross-link molecules into supramolecular gels. [287] Few reports document

gelation with ligands already present on small molecules so ligands must often be designed specif-

ically for purpose so that the metal salts will trap solvent and cross-link the molecules. [288, 289]

However some nucleotides and their derivatives, particularly guanine, can assemble into hydrogels.

The chemistry of guanosine and some derivatives, enables a hydrogel transition. Under certain con-

ditions, with self-complementary hydrogen bonding edges, aromatic surfaces and a strong dipole,

the molecules promote self-association into highly ordered cyclic tetramers known as G-quartets

(Figure 6.2a & b). [290] The quartets are linked together by hydrogen bonds and are stabilized by

metal cations (K+, Na+). [292] These quartets can helically stack and are held together by different

interactions (Figure 6.2c). [293] Dash et al. have produced supramolecular hydrogels from the chela-

tion of Ag+ ions with GMP with the filaments comprising arrays of helically stacked, chiral dimers of

Ag-GMP. [294] Of particular note for the work presented in this chapter is the metal coordination of

AMP with Zn2+ and self-assembly into a hydrogel (Figure 6.2d). [295]
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Figure 6.2: Nucleotide structures a) a G-quartet b) space-filling model of a G-Quartet with a metal ion
bound above the planar assembly c) crystal structure of stacked G-Quartets d) metal coordination of
AMP with ZnCl2. Reproduced from references [290, 291]

6.1.2.2 A polypeptide/nucleotide coacervate based hydrogel

The cell-like characteristics of coacervates and their versatility in composition from many different

molecules make them attractive options in the design of biologically relevant systems (Section

1.4.6.2). Recently the coacervation of nucleotides, such as nucleoside triphosphates, adenosine-5’-

diphosphate (ADP) and monophosphate (AMP), with an oppositely charged polypeptide, poly-L-

lysine (PLys) of varying length, was demonstrated. [296]

AMP has also been shown to self-assemble into a hydrogel, via metal coordination with zinc ions,

Zn2+. [295] Zn2+ acts as a Lewis acid and can be coordinated by many ligands. Since AMP has

also been shown to coacervate with PLys, this provided a conceivable route towards the design of

responsive coacervate droplets that would undergo structural transformation into a hydrogel via

metal coordination.

The cationic PLys is widely used at a low concentration as a surface coating to improve cell adhesion

due to electrostatic charge interactions with the cell membrane. [297] Lysine is also known to interact

strongly with nucleotides, with lysine residues an important part of nucleic-acid protein assembly.

[298–301] AMP is used in cellular metabolism processes, interconverting between adenosine di- or

tri-phosphate (ADP and ATP respectively). [302] Thus, both the different chemical species used in this
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coacervate system would be biologically relevant. Further, the Zn2+ ions required for hydrogelation

and introduced through the salt ZnCl2 have been reported as non-toxic at the concentrations used

here.

Integrated with the technique of acoustic trapping, these PLys/AMP nucleotide coacervate droplets,

comprised of more biologically relevant components than the previously presented polymer/dipeptide

coacervate system and capable of a hydrogelation transformation through metal coordination with

Zn2+, provided a plausible route for fabrication of biocompatible acoustically patterned hydrogels.

This chapter presents the development and optimisation of this coacervate system for successful

acoustic trapping. Further the gelation transformation through metal coordination of the AMP

component is extended from the methodology provided by Liang et al. to transform the trapped

coacervates into a patterned hydrogel. [291]

6.2 Results and Discussion

The coacervate system based on the polymer, poly-L-lysine (PLys) with nucleotide adenosine-5’-

monophosphate (AMP) had already been documented. [103] The process of nucleotide gelation via

metal coordination of zinc chloride (ZnCl2) with AMP had also been performed. [291] To ascertain

the viability of gelation of AMP within a coacervate droplet state with PLys, investigations were first

begun into adapting the gelation protocol for the AMP. Following this, the gelation of coacervated

AMP with PLys was explored and then the system was acoustically patterned and transformed to

produce ordered hydrogels.

6.2.1 AMP gelation

The metal coordination based gelation of AMP was reported through a method involving centrifu-

gation. For the acoustic trapping of any system, the centrifugation step would not be a plausible

route. With acoustic trapping in mind, AMP solutions would be required to gelate entirely through

mixing. As such early investigations focused on achieving bulk gelation of AMP solutions via metal

coordination through mixing only. Gelation was verified by the vial inversion test.

As shown previously, upon the addition of ZnCl2 to AMP solutions, nanofibers form and under
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centrifugation (9000 rpm for 5 minutes) the gel will separate out from the water phase. [291] To avoid

the centrifugation step, higher concentrations of both AMP and ZnCl2 were used. Firstly, 100 µL

volumes of AMP at different concentrations (serial titration from 50 to 3.125 mM) were mixed with

50 µL 50 mM ZnCl2 and left overnight to gelate. Upon inverting the vial, no flowing was observed

demonstrating a gel had been formed. The entire volume had transformed apart from the 6.25 and

3.125 mM solutions which exhibited partial transformation with some gel-like features on the edge

of the inverted vials (Figure 6.3).

Figure 6.3: Bulk gelation of 100 µL different concentration AMP with fixed ZnCl2 (50 µL 50 mM) A 50
mM B 25 mM C 12.5 mM D 6.25 mM E 3.125 mM Scale bar 10 mm

The mixing of ZnCl2 (50 µL, 50mM) with AMP directly at 100 µL volume and varying concentrations

was sufficient to transform the solution without any centrifugation. To ascertain whether scale up

of the volume was possible, towards 1 mL for the volume of the acoustic trapping device, a fixed

concentration of AMP (50 and 5 mM), was mixed at different volumes with ZnCl2 (50 µL, 50 mM) and

left to gelate overnight.

The larger volumes of AMP solution were diluting the ZnCl2 present in the total volume such that less

of the total volume was transforming into a hydrogel. Equal volumes transformed the entire solution

into a hydrogel (Figure 6.4A) and increasing the volume of AMP resulted in less material transforming

with the least gel present in the vial for 250 µL AMP. Increasing the volume of ZnCl2 added would

increase the overall concentration of the ZnCl2 and increase the volume of gelated solution however

this would also dilute the AMP. Addition of increased concentration of ZnCl2 (100 mM)resulted in

localised gelation at the site of addition rather than after diffusion across the whole solution so the
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Figure 6.4: Bulk gelation of different volumes of 50 mM AMP with ZnCl2 (50 µL, 50 mM) A 50 µL B
100 µL C 150 µL D 200 µL E 250 µL Scale bar 10 mm

concentration was kept at 50 mM.

Another factor involved with the gelation process is the time following mixing, since the ZnCl2 must

diffuse throughout the whole volume to complex with the AMP for full complexation of the whole

solution. When 50µL 50 mM ZnCl2 was mixed with 100 µL 50 mM AMP, the solution fully transformed

within 30 minutes of mixing (Figure 6.5).

Figure 6.5: Gelation of 100 µL 50 mM AMP mixed with 50 µL 50 mM ZnCl2. Vials were inverted at
different times following mixing; A 1 min B 2 mins C 5 mins D 10 E 15 F 30 G overnight Scale bar 10
mm

Further investigations revealed that to transform 1 mL of 50 mM or 5 mM AMP required 400 µL 50

mM ZnCl2 and leaving the solution for 30 minutes or overnight respectively. At these concentrations

the gelation transformation was at a rate that led towards homogeneous gelation. The gelation

transformation did not happen instantaneously upon mixing, tending to transform the entire volume

over a longer timeframe. This slower homogeneous transformation would be a beneficial property in

the preservation and recovery of ordering in the acoustic trapping device following mixing, before

immobilization of the ordered features within the hydrogel network.
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These promising developments regarding the gelation of the AMP component of the system validated

investigating gelation of the coacervate system .

6.2.2 PLys/AMP coacervation

Previous work reported the coacervation of PLys with AMP mixed at an equimolar 4 mM ratio at pH

8. [296] However these concentrations would result in too few and potentially too small coacervate

droplets for trapping to be resolved.

From the previous chapters presenting acoustic trapping of coacervate droplets, it is known that

there are some system criteria:

• The number density of droplets in solution needs to be high enough for any patterning to be

resolved.

• Droplets must be in the right size regime (> 500 nm) to experience the acoustic force.

• Enough of the gelating component must be present within the droplets and solution for

hydrogel transformation

Therefore concentrations far exceeding the 4 mM reported were of most interest as there would be

more droplets formed upon coacervation and due to these increased numbers they should coalesce

to large enough sizes for acoustic trapping. Gelation of AMP at various concentrations was possible

and had been demonstrated. As such coacervate droplets were made at higher concentrations and

their properties tailored for acoustic trapping.

6.2.2.1 Tailoring coacervate droplet sizes for acoustic trapping

Upon mixing PLys with AMP at 50 mM in an equimolar ratio the solution turned visibly turbid and

microscopy observations confirmed the presence of spherical micro-droplets in solution. With the

trapping caveats in mind, coacervate droplets were formed at different ratios to see the effect on the

droplet size. The dynamic light scattering (DLS) measurements of the size of droplets from different

ratios of mixing PLys:AMP are shown in Table 6.1.
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PLys:AMP molar ratio Size / nm
2:1 100-200
1:1 ≈ 100
1:2 ≈ 500
1:4 ≈ 1000-2000

Table 6.1: Dynamic light scattering size range measurements of coacervate droplets mixed at different
volume ratios from stock solutions of PLys and AMP at 50 mM

The equimolar coacervate droplets were the smallest with size increasing to µm range with more AMP

present during coacervation. The more AMP present the better for the gelation transformation. It was

observed that upon mixing at 1:1 ratio this coacervate solution went turbid but after measurement it

had become clear implying that the droplets had disrupted in solution and were unstable. The ratios

with more AMP than PLys were used due to their increased size suitability and that they remained

turbid following size measurement implying that they were more stable in solution.

Within the literature it is documented that PLys is utilised in surface coatings to improve cell adhesion.

[297] The concentrations used in these processes are low. It was also a concern that the rapid gelation

following mixing might impede recovery of disrupted droplet trapping, from fluid mixing in the

device, prior to immobilisation. Consequently, the coacervate solutions were mixed at 50 mM and

then diluted so that the overall concentrations were reduced.

The initial formation of the droplets at higher concentration would favour the formation of enough

droplets to elucidate trapping in an acoustic field and encourage coalescence towards sizes for the

droplets to experience an acoustic force. Since the volume of the trapping device is ≈ 1 mL, solutions

were diluted to 1 mL total volume. PLys and AMP were mixed at 50 mM concentration at the desired

ratio to a small volume (200 µL total). Droplets were left for five minutes to form and coalesce, then

the solution was diluted with HEPES buffer. The resulting sizes of the diluted solutions of coacervate

droplets were then found using DLS. Droplets formed following this methodology, were still at sizes

suitable for acoustic trapping (Table 6.2). In some cases, this process encouraged larger droplets than

achieved previously at the same ratios from direct mixing, with droplets at a 1:2 ratio measuring an

average of 4 µm compared to 0.5 µm.

The improved droplet sizing following the dilution method, made the coacervates more suitable in

size for acoustic trapping.
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PLys:AMP ratio Size / nm
1:1 ≈ 200
1:2 ≈ 4000
1:4 ≈ 3000
1:9 ≈ 1500

1:19 ≈ 1500

Table 6.2: Dynamic light scattering size range measurements of coacervate droplets formed at
different volume ratios from stock solutions of PLys and AMP at 50 mM

6.2.3 PLys/AMP coacervate gelation

Bringing the two threads of investigation together, a sample of 1:2 (PLys:AMP made at 50 mM to 200

µL and then diluted with 800 µL HEPES) ratio coacervate droplets was gelled alongside a control 5

mM AMP (1 mL total) only solution. The AMP solution was colourless prior to mixing with ZnCl2.

Upon transformation into a hydrogel network, the AMP hydrogel went turbid implying the formation

of fibrillar structures. Upon comparison of the resulting gels, there were some noticeably different

morphologies with spherical droplets embedded into the coacervate based hydrogel sample (Figure

6.6a) compared with the AMP only gel (Figure 6.6b).

Figure 6.6: Comparison of a hydrogelated coacervate solution with a nucleotide hydrogel a) 1:1
PLys:AMP 50 mM gelled coacervate morphology b) 5 mM AMP only gel morphology. Scale bar 50 µm

The presence of spherical coacervate droplets within the transformed hydrogel network was again en-

couraging for introducing ordered features into the hydrogel network through acoustic trapping. The

intact spherical structures were also important for guest molecule localisation within the network.
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6.2.4 PLys AMP hydrogel characterisation

The mechanical properties of the AMP only and coacervate-based hydrogels were compared using

rheological characterisation.

Samples were prepared at the ratio of investigation (1:2) following the coacervate preparation protocol

(Section 2.2.5.1). Following dilution with HEPES to 1 mL, samples were then mixed with ZnCl2 (400

µL, 50 mM). AMP only gels were formed at 50 mM and 5 mM concentrations. Following gelation

they were loaded onto the baseplate of the geometry using a spatula. The coacervate gels were only

explored at the 1:2 ratio because this was the sample with the most PLys compared with AMP and as

such believed to be the one that would deviate most from the AMP only behaviour.

Frequency sweeps were acquired on samples 1 day after mixing with ZnCl2 (Figure 6.7). 50 mM AMP

samples exhibited too much slip on the baseplate for data to be acquired. Both the AMP hydrogel at

5 mM concentration (yellow) and the 1:2 coacervate hydrogel (green) exhibited expected hydrogel

behaviours from 0.1 - 10 Hz exhibiting moduli independent of the strain applied with an elastic

modulus (hollow symbols) higher than the viscous (filled symbols) modulus over the entire range.

Interestingly the moduli are higher for the coacervate hydrogel sample compared to the nucleotide

only hydrogel. This is due to the fact that the concentration of AMP in solution is practically the same

but the entanglement and interactions with the PLys are increasing the strength of the coacervate

hydrogel under shear.

Figure 6.7: Rheology frequency sweep data for nucleotide and coacervate hydrogels a) 1:2 coacervates
b) 5 mM AMP hdyrogel

Strain sweep measurements were acquired 3 hours after mixing all solutions with ZnCl2. All 3 samples
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exhibited the expected strain behaviour of a viscoelastic material with a linear viscoelastic (LVE)

region followed by a crossover point where viscous behaviour dominated over elastic (Figure 6.8a) .

The higher concentration AMP gel (blue) suffered from slipping on the baseplate at strains above 10%,

but both other gels (5 mM and 1:2 coac) did not slip. The rheology profiles for 5 mM AMP (yellow)

and 1:2 coacervate gel (green) are very similar with the coacervate gel at a slightly lower modulus and

cross over point.

Figure 6.8: Rheology strain sweep data for nucleotide hydrogels at different concentrations and a
coacervate hydrogel. Blue 50 mM yellow 5 mM AMP and green 1:2 coacervates a) measurements
acquired 3 hours after mixing b) measurements acquired 24 hours after mixing

Rheological data was also acquired with samples left for one day after mixing with ZnCl2 (Figure

6.8b). Largely the same trends were observed as with the results acquired a few hours after gelation,

but now the 5 mM AMP only and 1:2 coacervate hydrogel samples had identical moduli, implying

that leaving the solution longer enabled full transformation into a hydrogel.

6.2.4.1 Rheological quantification of gelation time

Attempts to quantify the gelation time for the coacervate based hydrogel were performed by acquiring

viscolastic measurements every 10 minutes overnight (Figure 6.9a). Solutions were added directly

onto the test bed following mixing with ZnCl2, and data acquisition started.

As the system undergoes hydrogel transformation the different elastic and viscous moduli should

tend towards that of a viscoelastic hydrogel material. Throughout the experiment water will evaporate

off, but this water loss was limited as much as possible by providing small water containers within
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the temperature controlled covering to assist in maintaining a humid environment and to avoid

complete dehydration of the sample. Since the centrifugation step assisted in gelation within the

work by Liang et al. demonstrating the gelation of AMP, the shear forces exerted on the gel from the

geometry might have influenced the gelation and thus may not give an entirely accurate depiction of

the gelation transformation. [291] In order to investigate this effect, a control sample was formed in a

vial under the same conditions as the sample on the rheometer (Figure 6.9b).

Figure 6.9: Rheological measurements of viscoelastic properties of a sample of coacervates (1:2
PLys:AMP ratio at 50 mM concentration) a) undergoing the hydrogel transformation on the rheometer
with measurements acquired every 10 minutes overnight b) strain sweep of an identical sample left
to gelate in a vial. The viscous and elastic moduli are the same order of magnitude at 1 Hz and 1%
strain.

The sample shows an increase in both elastic and viscous moduli with time, beginning intially with

gel-like characteristics as the elastic modulus (77 Pa) is higher than the viscous modulus (7 Pa)

(Figure 6.9a). This implies that upon mixing some complexation occurs to transform the solution

into a hydrogel instantaneously. An increase in the moduli implies the formation of an extended

cross-linked network within the sample as the elastic and viscous moduli increase to 500 and 42 Pa

respectively overnight.

The sample formed under the same conditions but within a vial was tested with a strain sweep after

being left to gelate overnight (Figure 6.9b). The elastic and viscous moduli are at different values, 240

and 12 Pa, compared with the final data points of the time sweep, 500 and 42 Pa. These differences

are believed to have arisen due to differential sample hydration over the course of the experiment

and the absence of force applied from the test geometry.
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6.2.4.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) runs were preformed in triplicate for both AMP hydrogels at 5

and 50 mM concentration and 1:2 coacervate hydrogels (Figure 6.10). They all exhibit an endothermic

peak between 30-70 ◦C indicative of a sol-gel transformation.

Figure 6.10: Differential scanning calorimetry for 50 and 5 mM AMP hydrogels, blue and yellow
curves respectively and 1:2 PLys:AMP coacervate based hydrogel shown by the green curve

The 50 mM AMP hydrogel (blue curve) has the highest temperature transition at 45 ◦C, while the 5 mM

(yellow curve) shows the lowest temperature transition at 30 ◦C. Despite the difference in temperature,

it requires the same heat flow to transition between states. The 1:2 coacervate hydrogel requires

slightly less heat, with a peak at 38 ◦C, presumably due to the slight disruption of coordination

between AMP molecules within the hydrogel network due to the presence of the PLys.

6.2.5 Acoustic patterning of PLys/AMP coacervates in a 2D acoustic field

As previously shown for the polymer/dipeptide coacervate system, coacervate droplets at different

ratios will have different coalescence behaviours in an applied acoustic field. The trapping of the

PLys/AMP droplets was observed in a 2D field at various ratios.

Coacervate droplets were formed at the desired ratios using stock solutions at 50 mM concentration
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to 200 µL and then diluted with 800 µL HEPES. The diluted coacervate solutions were then added

directly into the trapping device under a 2D (6.7 x 6.69 MHz) applied acoustic field. After 5 minutes,

patterns could be resolved.

The different ratios displayed different nodal point behaviours. Despite the encouraging trapping

size of the droplets in solution from DLS measurements, samples at the 1:2 ratio did not exhibit

clear patterning when left in the acoustic field. Coacervate solutions prepared at 1:4 and 1:10 ratios

did pattern in the field, over large areas, with clearly distinct nodal points where the droplets had

migrated to (Figure 6.11).

Figure 6.11: 2D (6.7 x 6.69 MHz) patterned coacervate solutions after 30 minutes in the applied field
at a) and b) 1:4 and c) and d) 1:10 ratio (PLys:AMP). Scale bar 500 and 200 µm

However none of the ratios displayed the same coalescence, as with the FMOC-AA/PDDA coacervates,

with no large droplets in the trapping points even when left to trap for 30 minutes or longer. From

the previous investigations (Section 4.2.4.2), samples were left to experience the acoustic force for up

to 1 hour in attempts to achieve large droplets in the nodal points. After this time, there was little

coalescence of the droplets to larger sizes and instead they remained within the nodal points as

clusters of droplets. However size measurements of the trapped droplets, taken from microscopy

images, show that the largest droplets in the trapping points at 1:4 (PLys:AMP) ratio were 6.0 ± 1.7
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µm in size compared to 3.3 ± 1.1 µm in free solution and at 1:10 (PLys:AMP) ratio 5.3 ± 1.2 µm in size

compared to 2.6 ± 0.7 µm in free solution, so there was some coalescence in the trapping points.

6.2.6 Hydrogelation of PLys/AMP coacervate droplets in an acoustic field

Gelation required the addition of ZnCl2 into the sample cavity. Due to the limited coalescence of

the coacervate droplets in the acoustic field, it was believed that they would not be large enough

to have sufficient surface interaction with the glass slide to remain at their trapped position if the

fluid was perturbed. However this was not the case. Upon addition of ZnCl2 (400 µL, 50 mM) into

the sample cavity of a sample of coacervate droplets (1:4 PLys:AMP molar ratio) trapped for 1 hour,

to mix directly with the coacervate solution already present in the trapping device, the majority of

droplets remained at their trapping points and spherical features were immobilized into the resulting

hydrogel network (Figure 6.12). The gel-like rheological properties (Section 6.2.4.1) of the sample

minutes after mixing imply an instantaneous immobilisation of the coacervate droplets within the

network and this is why the patterning was retained upon mixing ZnCl2 into the coacervate solution.

Figure 6.12: 2D patterned (6.7 x 6.69) MHz 1:4 ratio (PLys:AMP) monolith hydrogel a) connected
circular features at the expected spacing are observed b) these features extend over a large area of the
sample. Scale bar a) 150 b) 250 µm

For the 2D hydrogel, it appears that the clusters of droplets at the nodal points may have coalesced

upon their transformation into one large spherical shape. Again no coacervate droplet features appear

retained within the patterned gel compared to the droplets still present in the unordered transformed

coacervate hydrogel (Figure 6.6a) but the morphology differs from the AMP only hydrogel (Figure
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6.6b). However these roughly spherical regions of material appear in a regular gridded arrangement

across a large area of the hydrogel, and so were attributed to the acoustic field. In some areas the

nodal features have merged with each other so that the distinction is lost.

6.2.6.1 Hydrogelation of coacervate droplets in a 1D acoustic field

Coacervate droplets were also trapped in a 1D acoustic field and then transformed into a hydrogel

through addition of ZnCl2 (Figure 6.13). The morphologies observed in the 1D patterned coacervate

hydrogel are very different from those in the unordered coacervate hydrogel and the 2D patterned

hydrogel (Figure 6.12). There are ordered lines across the base, with roughly spherical features and no

clearly defined droplet structures remaining. These are obscured from view by higher layer material

which is unordered but has also gelated (Figure 6.13a). Mixing fronts appear to have been preserved

within the gel structure, appearing as ripples.

Figure 6.13: [1D (6.7 MHz) micropatterned coacervate hydrogel formed at a 1:4 PLys:AMP ratio a)
low magnification view with fluid movements imparted into the network b) lines of transformed
droplets c) & d) individual lines of transformed droplets Scale bars a) 500 b) 100 c) 50 and d) 25 µm

As with the FMOC-AA/PDDA coacervate system, this protocol produced a full transformation of the

entire solution into hydrogel monoliths. However on the macroscale within the acoustic trapping

device, there was not full gelation across the whole volume, indicating that there was insufficient

mixing of the ZnCl2 throughout the entire solution which resulted in some areas fully transforming

and others not. Repeating these experiments varying the concentration and volumes of ZnCl2 added

did not result in entire transformation across the trapping device.
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6.2.6.2 Micropatterned thin films

In light of only partial gelation of the volume of solution within the trapping device, experiments

were repeated following the supernatant removal protocol adopted for the thin films with the FMOC-

AA/PDDA system (Section 2.2.4.1). After 1 hour the supernatant was wicked off from the cavity, using

a paper towel, and there was no disruption of the patterning across the cavity comparing the before

and after supernatant removal images (Figure 6.14).

Figure 6.14: 2D patterned 1:4 ratio coacervate droplets a) trapped for 1 hour and then b) following su-
pernatant removal with a paper towel. Patterning has not been disrupted despite limited coalescence
of the droplets. Scale bar 800 µm

The extracted volume was then replaced with an equal volume of ZnCl2 (1 mL, 50 mM). This method

provided a route that better preserved the ordering of the droplets within the transformed hydrogel

thin films compared to the monolith counterparts. The entire immersion of the sample within ZnCl2,

removed any diffusion limited effects that were inhibiting gelation of the whole volume of solution in

the acoustic device and enabled transformation over the whole area of the sample simultaneously.

Upon addition, trapped coacervate material instantly transformed to leave behind ordered features

on the glass of noticeably different morphology to those observed previously.

In the 2D patterned films, it appears that there was transformation into spherical ring structures

surrounding whatever droplets that were present at the nodal point and so must have been rapidly

transforming the AMP present (Figure 6.15). The transformed material was spatially distinct and

remained of a similar size to the droplets trapped at that point, contrasting with the equivalent

monolith sample where much larger spherical features were observed (Figure 6.12).

In samples prepared the same way but with 1D (6.7 MHz) trapping, again there were spherical
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Figure 6.15: 2D (6.7 x 6.69 MHz) patterned 1:4 ratio coacervate droplets a) droplets remain at the
nodal points following supernatant removal with a paper towel b) following addition of 1 mL of ZnCl2

the droplets rapidly transform leaving behind spherical gelated structures at the nodal point. Scale
bar 200 µm

ring structures remaining on the glass where droplets once were (Figure 6.16d). Again the different

neighbouring droplets in the same trapping point have interconnected during their transformation.

Compared with the features in the equivalent monolith sample (Figure 6.13), both structures appear

quite similar.

The rapid transformation into a thin film occurs without the supernatant present to dilute the

ZnCl2, must be rapidly transforming the AMP present within the droplets entirely. Due to the spatial

organisation, the neighbouring droplets are the only surrounding material to interconnect and form

the fibril network. The transformation leaves behind organised fibrils on the surface of the glass but

no intact spherical coacervate droplets, as they are too small so must transform entirely rather than

leaving a contracted core in the nodal point.

6.2.6.3 Guest molecules

As with all coacervate systems, the sequestration properties of the droplets can be used in exploring

the droplet behaviour by addition of guest molecules. However, the sequestration of some guest

molecules is also possible within the AMP only hydrogel. [303] The benefit of loading the guest

molecules within the coacervate droplets would enable localisation of them at particular locations

within the droplets in solution as opposed to being dispersed throughout it.

As with the FMOC-AA/PDDA system, guest molecules were added into the PLys prior to the addition

of AMP so that they were present during coacervation. The sequestration properties of the droplets
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Figure 6.16: 1D (6.7 MHz) 1:4 ratio coacervate thin film patterning procedure a) & b) coacervate
droplets trapped for 30 minutes in the applied field c) droplets remain trapped following supernatant
removal with a paper towel d) following addition of ZnCl2 the droplets rapidly transform at their
trapped locations Scale bars a) & b) 800 c) & d) 200 µm

were again investigated using fluroescence microscopy and fluorescently tagged guest molecules.

Again Hoechst, tagged GOx and single-stranded DNA were added to serve as examples of the different

types of molecules (dyes, enzymes and biomolecules respectively) that could be loaded into the

droplets and hydrogel network.

As expected, the guest molecules located preferentially inside the droplets, even when the droplets

were formed at different ratios. Hoechst dye is shown as a representative example, of the droplet

loading at 1:2 and 1:10 ratio (PLys:AMP) in Figure 6.17 a and b respectively.

Following the hydrogel transformation, both the enzyme, fluorescein isothiocyanate tagged glucose

oxidase (FITC-GOx) and Cy5 tagged single-stranded DNA (Cy5-ss-DNA) remained predominantly

within the areas of hydrogel where droplets had transformed (Figure 6.18). The droplets had trans-

formed entirely so that their payload of the guest molecule was released at that location but contained

within the dense region of fibrils. The guest molecules were immobilized within the gel network at

those locations. This was in keeping with the observations and loading of enzymes and GFP into
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Figure 6.17: Sequestration of Hoechst dye into PLys:AMP coacervate droplets formed at different
volume ratios a) 1:2 b) 1:10 Scale bars 50 µm

the AMP only hydrogels, where it is believed that proteins and biomolecules interact more strongly

within the neutral Zn/AMP hydrogel. [303]

Figure 6.18: Sequestration of FITC-Gox and Cy5-ss-DNA within unordered transformed 1:2 PLys:AMP
thin film hydrogels. a-c) FITC-Gox a) droplets free in solution b) transformed hydrogel fluorescent
channel c) corresponding brightfield image of b). d-f) Cy5-ss-DNA d) droplets free in solution e)
transformed hydrogel fluorescent channel f) corresponding brightfield image of e). Scale bars 25 µm

Hoechst dye, despite clearly elucidating the fibril network in the FMOC-AA/PDDA hydrogels, was
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hard to resolve in transformed PLys/AMP hydrogels (Figure 6.19a & b). In densely packed regions of

fibrils which could be resolved in bright field microscopy more clearly, there was some corresponding

fluorescence signal. Increasing the concentration of the dye did not improve fluorescent imaging

after hydrogel transformation.

Figure 6.19: Sequestration of Hoechst within a transformed thin film hydrogel. a & b) fluorescence
and corresponding bright field image of Hoechst dye within a transformed thin film that was added
during coacervation. c & d) fluorescence and corresponding bright field image of Hoechst dye within
a transformed thin film that was added after gelation. Scale bar a & b 100 µm c & d 200 µm

However if Hoechst was added to the samples after they had gelated, the different gelled features

were resolvable in fluorescence mode (Figure 6.19c & d).

It is believed that the Hoechst dye is released into the hydrogel network upon hydrogelation of the

droplets into fibrils. It can be used in elucidating the gelled features, as demonstrated by adding

it to gelled samples after hydrogelation, however, it doesn’t interact as strongly with the hydrogel

compared with the other tagged guest molecules.

192



6.3. CONCLUSIONS AND FUTURE WORK

6.3 Conclusions and Future Work

These preliminary investigations serve to demonstrate that another coacervate system, comprising

a nucleotide and polypeptide, can be transformed into a hydrogel network via metal coordination.

Further, the acoustic trapping and subsequent gelation of the coacervate system within an acoustic

field produced hydrogels and gelatinous thin films with ordered features in both 1D and 2D.

This system serves as one other example of a coacervate-based hydrogel system that can be acousti-

cally patterned and transformed into an ordered hydrogel network. It demonstrates the versatility of

the acoustic patterning technique for use with other coacervate-based hydrogel systems. Through

careful selection of different components with added functionality and biological compatibility,

systems could be designed and optimised for specific applications such as tissue culture.

This system requires further investigation to optimise the resulting hydrogels. While rheology and

DSC results characterise the properties of a hydrogel, the gelation within the acoustic trapping device

was assumed due to the variation in sample morphology from that of the trapped droplets. Presently,

there are varying morphologies achieved within the transformation process with ordered coacervate

droplets. The differing results acquired in these investigations show that the nature of the formation

of the gel network is still largely unknown. Are the coacervate droplets merely embedded into a gelled

supernatant as free AMP transforms or do the droplets themselves comprise the hydrogel? There

is evidence to suggest that the transformation occurs without the supernatant present, due to the

hydrogelated thin film constructs. However fibrillar structures were not resolved throughout the

transformation. Manipulating the concentrations to slow down the transformation so it could be

observed throughout via microscopy could reveal the processes underlying the different morpholo-

gies achieved. Tagging the different components with fluorescent molecules could be enlightening

into the behaviour of the coacervated polypeptide and nucleotide during metal coordination as the

movement of the different components during the transformation could be tracked.

The integration of this more biologically relevant system, with living cells should be further explored.

Firstly with investigations into the salt and pH stability of the coacervate droplets formed at trapping

appropriate ratios. This could be specifically implemented with cell media solutions or directly

through the addition of sodium chloride salt into the coacervate precursor solutions. Coacervate
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stability in salt is a well-documented investigation where turbidity of coacervate solutions is observed

in the presence of differing salt concentrations. Turbidity of solution implies the onset of droplet

formation due to the scattering of the light and so UV Vis can be used to monitor this easily. Similarly

for pH stability, the turbidity of coacervate droplets formed within different pH solutions through

the use of buffers is monitored. Secondly the stability of the hydrogels formed when immersed

in different salt and pH solutions would also need to be found. Here perhaps the exploration of

coacervate systems comprising other nucleotides and hydrogelation through coordination with

different metal salts may result in more stable hydrogels.

These coacervate droplets could be utilised as a route for ‘anchoring’ cells onto the surface of the

glass, due to the rapid transformation of the droplets combined with the attraction between PLys

and cell membranes. Cells can be acoustically patterned however once the acoustic field is removed

they move of their own accord out of the patterned arrangement. With gelated coacervate material

to anchor sections of the cell membrane this could limit their migration away from those desired

positions and enable their encapsulation within a hydrogel network. Further the PLys cell adhesion

benefit, could enable these coacervates to be used as an option for storing cells by encapsulating

them in a hydrogel membrane. [150] Mixing the cells with Plys would result in charge attraction of the

polymer on the cell membrane. Addition of the AMP would then result in coacervates forming on the

surface of the cell. Subsequent hydrogelation could result in additional coacervate gel membranes

over the surface of the cells which could make them more resilient to longer exposure to an acoustic

field or again aid in the anchoring of the cells within an acoustic field.

The full transformation of the coacervate droplets into the hydrogel limits the site specific isolation

of guest molecules within spatially organised reaction compartments within the ordered hydrogels.

However better understanding and control over the transformation process and coalescence to larger

droplet sizes may result in retention of the coacervate structure within micropatterned hydrogels.
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The research presented in this thesis explores the acoustic trapping of coacervate systems, which will

undergo structural reconfiguration into hydrogels, as a route for fabrication of micropatterned soft,

viscoelastic materials. Due to a difference in acoustic properties, such as density and compressibility

of the bulk droplet phase compared with the surrounding aqueous supernatant phase, coacervate

systems are suitable for acoustic trapping.

A standing wave acoustic manipulation device was adapted for greater compatibility with chemical

systems. The trapping within these devices formed patterns in an x-y plane towards the bottom of

the device. This device comprised four orthogonally arranged transducers surrounding a square

sample cavity with a 2 mm acrylic periphery separating the transducers from it. The implications on

the acoustic behaviours, due to these adaptations, are not fully understood however the successful

patterning within these devices fell within expected behaviours and so was not investigated, but in

future investigations it may become more critical. Oppositely sited transducers comprised a counter-

propagating standing wave pair, such that trapping in both 1D or 2D in an x-y plane was possible

through driving one or both pairs respectively. The migration of micron-sized coacervate droplets to

the half-wavelength spaced pressure nodes of an applied acoustic field, due to the acoustic force,

was observed. When both pairs of transducers were driven for 2D trapping, a 10 kHz difference

in driving frequency between each pair was introduced to ensure that the acoustic fields were

temporally uncorrelated. The patterns formed within the trapping devices were in best agreement

with modelling using a Huygen’s approximation, which accounts for the size of the transducer with

respect to the cavity. Results implied that matching the resonance behaviour, through impedance

analysis of the transducers at a particular driving frequency, within a counter-propagating pair is

very important for the most extensive trapping across the entire device cavity. While trapping was

observed for randomly allocated transducer pairings, the area that was patterned within the entire

20 mm cavity was not as large as when the transducers were matched.

Polymer/dipeptide coacervate droplets were formed in situ in the presence of an acoustic standing

wave field. Upon the mixing of deprotonated N-(fluorenyl-9-methoxy-carbonyl)di-alanine (FMOC-

AA) with the cationic polymer poly (diallyldimethylammonium) chloride (PDDA) coacervate droplets

were formed within the sample cavity of the trapping device. These coacervate droplets then migrated

to the pressure nodes of both 1D and 2D applied acoustic fields, to form lines or gridded arrays
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Figure 7.1: Micropatterned hydrogel summary a-e) shows the different steps in the acoustic mi-
cropatterning procedure to fabricate micropatterned hydrogels e) 1D patterned hydrogel at 2.15
MHz f) 2D patterned hydrogel at 2.15 MHz. Scale bars 5 mm insets 1mm. All images reproduced
from Chapter 4.

respectively, over the course of one minute. When left for some time, the acoustic field induced coa-

lescence of the droplets to much greater sizes than in free solution. For the case of 2D trapping, when

the ratio of mixing of the FMOC-AA:PDDA was optimised to 3:7, one large droplet per trapping point

was observed. The periodicity of these patterns was controlled by the different driving frequencies of

the transducers, identified through impedance analysis. The hydrogel transformation was initiated

by pH reduction, through mixing in glucono-δ-lactone (GDL) powders, such that the FMOC-AA

became protonated initiating supramolecular self-assembly with the alanine and fluorenyl residues

stacking into fibril structures which entangled into a hydrogel network. Within the trapping device,

addition of GDL powders carefully into the sample cavity lowered the pH slowly and transformed the
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system in the presence of an acoustic field. The coacervates transformed at their trapped positions

to produce micropatterned hydrogels (Figure 7.1 a-d). Following removal of the acoustic field, the

ordered features remained within the hydrogel network with contracted droplet cores present peri-

odically throughout. The well-documented sequestration behaviours of coacervate droplets were

exploited to load a variety of different guest molecules into the hydrogel network forming a hydrogel

material with periodically arranged, isolated dyes, proteins or biomolecules.

Interestingly, rheological characterisation of the hydrogels revealed no mechanical differences be-

tween the 20 mm square unordered, 1D or 2D patterned hydrogels. This was later accounted for by

the limited vertical extent of the patterning through the hydrogels extending to ≈ 70 µm, elucidated

through exploiting the sequestration of fluorescent dyes on the droplet interiors. Consequently a

protocol was developed to produce gelatinous thin films, removing the bulk of unordered material

so that only the patterned bulk phase remained to be gelated. Loading the droplets with differ-

ent enzymes prior to patterning, enabled the study of one and two step enzymatic cascades of

horseradish peroxidase and glucose oxidase/horseradish peroxidase across the micropatterned films.

The reaction could be monitored using fluorescence microscopy through the transformation of a

non-fluorescent substrate to a fluorescent product (Figure 7.2a).

Another product of the enzymatic cascade of glucose oxidase from the glucose substrate was gluconic

acid. This was found to be successful in lowering the pH of solution to initiate the hydrogelation

process. This enzymatic gelation route produced thin films with different morphologies, most no-

ticeably with the 1D patterned hydrogels, due to the localised pH reduction within the droplets.

These more cohesive connected structures enabled investigations into stacking the thin films layer by

layer towards higher patterned structures and more complex ordered hydrogel features, such as the

cross-hatch patterns formed by sequential orthogonally patterned layers (Figure 7.2b). Unfortunately

the dynamic movement of different guest molecules between sequentially patterned layers inhibited

studies of reactions originating at intersections where different molecules would be in close proximity

to interact. However the stacking investigations revealed some intriguing structures, such as those

displayed within a 3 layer stacked construct, which warrant some further investigation (Figure 7.2c).

Further to this, the embedding of thin films within other gel matrices could be incorporated for use

in investigating diffusion within other hydrogel matrices or to aid in keeping the guest molecules
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within different coacervate based thin films isolated.

Figure 7.2: Micropatterned gelatinous thin film summary a) shows the three different fluorescent
channels used in the observation of the coupled glucose oxidase (GOx) and horseradish peroxidase
(HRP) enzyme cascade. Fluorescently tagged GOx and HRP are shown in the red and blue channels
respectively and the evolution of the fluorescent product is shown in the green channel. b) 2 layer
orthogonally patterned enzymatically hydrogelated thin film stack elucidated with a different dye
loaded into each layer. Here Hoechst (blue) in layer 1 and rhodamine (red) in layer 2. c) 3 layer
orthogonally patterned enzymatically hydrogelated thin film stack elucidated with Hoechst dye
loaded into layer 1 and 3. Scale bars a) 100 b) 500 c) 40 µm. All images reproduced from Chapter 5.

With these promising micropatterned hydrogel constructs and architectures being applicable within

biological fields, a more biologically relevant polypeptide/nucleotide coacervate system was se-

202



lected. The cationic polypeptide poly-L-lysine (PLys) undergoes coacervation upon mixing with the

nucleotide adenosine-5’-monophosphate (AMP). This system was extended to that of a hydrogel

through investigations where AMP was shown to gelate through metal coordination with zinc chloride

(ZnCl2). Thus, in a similar fashion to the combination of one low molecular weight dipeptide based

gelator with a polymer to produce the polymer/dipeptide reconfigurable system, another coacervate

based hydrogel system was developed. The rheological properties of the coacervate hydrogel were

compared with the nucleotide hydrogel, with slight differences in viscoelastic behaviours found for

similar concentrations of nucleotide in each.

The system properties, such as charge, composition and size, were then adjusted to suitable para-

menters for acoustic patterning so that in an applied acoustic field they would migrate to the trapping

points (Figure 7.3). Despite limited coalescence within the trapping points, ordered hydrogels were

still formed from different molar ratios of PLys:AMP. Coacervate droplets were left to trap in the

acoustic field and following the addition of ZnCl2 into the sample cavity, the samples transformed

into ordered hydrogel constructs. Both thin films and monolith hydrogels were formed. As before, the

droplets were loaded with guest molecules but upon transformation of this system guest molecules

were immobilized in dense fibril regions. The disruption of spherical droplet structures was due to

the rapid and full transformation of the AMP into a hydrogel.

In summary, it has been demonstrated that standing wave acoustic trapping devices can be used

for the generation of spatially organised 1D lines or 2D gridded arrays of coacervate droplets. Both

polymer/dipeptide and polypeptide/nucleotide coacervate systems were transformed into hydrogels

in the presence of the acoustic field through initiation of the supramolecular self-assembly by pH

reduction and metal coordination respectively. Stacking and entanglements of the nanofilaments

from the coacervate droplets immobilized in an applied acoustic field resulted in the formation of

1D or 2D patterned hydrogel constructs. Droplet features were retained within the networks of both

gelatinous thin films and thicker monolith hydrogel constructs, facilitating the spatial isolation of

guest molecules inside the droplets and consequently within the hydrogel matrix. Subsequently,

enzymatic cascades could be initiated in specific regions of micropatterned hydrogels and even

act to lower the pH for hydrogelation of the dipeptide system. Enzymatically hydrogelated thin

film constructs were stacked layer by layer to obtain more complex networks and higher extending
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Figure 7.3: Micropatterned polypetide/nucleotide coacervate hydrogel summary a) 1D (6.7 MHz)
patterned 1:4 PLys:AMP ratio coacervate droplets after 30 minutes in the acoustic field b) the same
sample following thin film hydrogelation with addition of ZnCl2 c) 2D (6.7 x 6.69 MHz) patterned 1:4
PLys:AMP ratio coacervate droplets after 1 hour in the acoustic field b) the same sample following thin
film hydrogelation with addition of ZnCl2 Scale bars 200 µm. All images reproduced from Chapter 6.

patterned features. These results suggest that the technique of standing wave acoustic trapping is

a powerful tool in the construction of micropatterned soft viscoelastic materials with particular

relevance to tissue engineering, cell studies and microarray technologies.
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