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Abstract

This thesis describes the fabrication of biomimetic substrates, and their use as tools to probe cellular inter-
actions of key immune cells. Nanoparticles of gold and zinc sulfide have been fabricated, and patterned into
nanoarrays. Adaptive (T cell) and innate (NK cell) immune cell responses to nanoscale spacing of ligand-
receptor pairs were measured, and the effect of presenting stimulatory ligands on substrates with varying
mechanical properties has been tested for T cell responses. The advanced materials in this thesis act to create
artificial immune synapses, and probe the effect of these stimuli on engagement and activation of human
immune cells.

Specifically, block co-polymers were used to form polymer micelles which encapsulate metal ions and
form metal or metal compound nanoparticles. Micelles encapsulating metal ions or nanoparticles were
formed and deposited onto substrates using Block Co-polymer Micellar Lithography (BCML) to form nanopar-
ticle arrays with controlled inter-particle spacing.Well controlled gold nanoparticle arrays with spacing be-
tween 25-150nm have been produced. The technique has been further developed to include fabrication of
zinc sulfide particles and nanoarrays. Zinc sulfide nanoparticles showed a unique internal structure with 5nm
crystalline domains set in an amorphous matrix and an optical band gap of between 3.88-4.28eV.

Nanoparticle arrays were then functionalised with biological ligands, notably antibodies that engage
with the NK cell surface receptor CD16, or the T cell TCR/CD3 moiety. The cellular response to these
materials was measured, and was sensitive to the nanoscale arrangement of stimulatory ligands; both cell
types responded to ligands with 25nm, but not 104nm, inter-ligand spacing.

In an alternative approach, spherical PEG hydrogel particles of diameter 5-50μm were formed with con-
trolled rigidity between 3-2000kPa. T cell response as a function of substrate rigidity was tested, and cells
showed maximal response to anti-CD3 functionalised substrates with rigidities of 3-5kPa.
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Chapter 1

Motivation and Outline

The 2011 World Health Organisation (WHO) report identified the ten leading causes of human death world-
wide; of these, five can be directly related to failures in host immune responses, together causing 9.6 million
deaths per year.[1] Respiratory infections, diarrheal diseases and HIV/AIDS can be attributed to the inability
of the host immune system to combat external pathogens and infection.[2, 3, 4, 5, 6] Conversely, the inap-
propriate response of the immune system to its own cells is a factor in autoimmune diseases such as diabetes
mellitus, where an overzealous and uncontrolled immune response can result in destruction of insulin pro-
ducing cell islets,[7, 8, 9, 10, 11, 12] and cancer, where the failure of the immune system to recognise and
destroy malignant cells is implicated in cancer metastasis.[13, 14, 15, 16, 17, 18, 19, 20]

In order to design suitable therapies for these diseases, an in-depth understanding of the immune system
and the way in which it mediates its function is necessary. A host’s immune system is part of their intrinsic
defence mechanism; in situations where the immune system fails to respond appropriately to threats, the
health of an individual is seriously compromised.

The immune system possesses a complex network of interconnected cells and cellular activation path-
ways, and operates through a range of processes including cellular cytotoxicity, generation of cytokines and
cell-cell signal transmission.[21, 22, 23, 24, 25] Many of the immune cell functions are initiated through
cell-cell contacts, however the nature of the signaling processes driving immune cell activation remain elu-
sive.

This thesis describes the fabrication of biomimetic substrates and their use to probe key cellular inter-
actions within the immune system. We fabricate artificial antigen presenting cells (APCs) and control the
presentation of stimulatory ligands. By creating environments with controlled stimuli, we can monitor the
formation of artificial immune synapses between cells and these materials, and elucidate key signaling re-
quirements to given stimuli. Here, biomimetic materials are created with control of inter-ligand spacing, or
substrate rigidity. Cellular responses to these surfaces are probed using both NK and T cells, thus exploring
both the innate and adaptive immune systems.

The outline of the thesis is as follows; Chapter 2 discusses the design of biomaterials that can control-
lably present specific stimuli to cells. Cell substrate fabrication methodologies are discussed, focusing on
methods that control the nanoscale spatial distribution of ligand molecules, and on the fabrication of sub-
strates with controlled mechanical properties. Additionally, a detailed explanation of the adaptive and innate
immune cells explored in this thesis is provided; cellular receptors, signaling mechanisms, and the current
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CHAPTER 1. MOTIVATION AND OUTLINE 18

understanding of the sensitivity of these cells to mechanical and geometrical ligand presentation is discussed.
The experimental techniques used in the thesis are described thoroughly in Chapter 3. Both physical

characterisation methods, for the investigation of substrate properties, and biological characterisation tech-
niques utilised in measuring cellular activation levels and responses to prepared materials are reviewed.

Chapter 4 describes the optimisation of micellar lithography in this lab, using a poly (styrene-block-
2-vinylpyridine) polymer. Gold nanoarrays with controlled inter-particle spacing, particle size and local
order are produced, and the control of each of these parameters is described. Biofunctionalisation of these
nanoparticles with thiolated peptides is demonstrated. Finally, micro-contact printing is used to produce
more advanced micro-nanopattern geometries, and novel surface patterning of nanopattern geometries is
described.

In Chapter 5 the fabrication of an alternative nanoparticle, again using the micellar lithography technique,
is examined. The section discusses the fabrication of zinc-based compound nanoparticles, notably ZnS quan-
tum dot particles, inside polymer templates. This chapter provides an extension to the currently available
gold nanoparticle fabrication technology, and promises the development of more advanced nanopattern in-
terfaces for selective biofunctionalisation with histidine tagged or phosphate tagged ligands.

NK cellular responses to functionalised gold nanopatterned arrays are considered in Chapter 6. The NK
cell surface receptor CD16 is probed with anti-CD16 and Rituximab bound to gold nanoarrays fabricated
using the methodology optimised in Chapter 4. Ligands are presented with nanometer precision, and the
response to cellular engagement on substrates with inter-ligand spacing of between 25- 104nm is investi-
gated. Cellular response is measured by cell spread area, and outcomes compared as a function of spacing
and between the different CD16 engagement mechanisms.

Chapter 7 complements this work by evaluating responses of T cells to CD3 engagement. UCHT1
F(ab’)2 is bound to the nanoarrays prepared in Chapter 4 to create an artificial antigen presenting surface. T
cell responses to these substrates at early time points are measured using TIRF microscopy, and both phos-
photyrosine signaling and adhesion are used as markers to compare cellular response to CD3 engagement at
fixed anchoring points.

Together, Chapters 6 and 7 offer the first investigations into nanoscale ligand sensitivity of planar stimu-
latory ligand engagement in NK cells and T cells, respectively.

Although the previous chapters focus on the response of cells to planar substrates, Chapter 8 investigates
the response of cells to rigidity controlled culture substrates. Spherical hydrogel particles are fabricated with
controlled mechanical properties. This extends current research developed on PDMS planar substrates to
more physiological systems, mimicking the natural APC-T cell interaction. These substrates are then used
to present T cell stimulating antibodies to transfected Jurkat cells. Activation of the cells is compared across
different rigidity values, and a range of antibody and co-stimulatory ligands is tested.

In summary, this thesis explores the effect of two specific stimuli (stimulatory ligand nanospacing, and
the mechanical properties of substrates functionalised with stimulatory ligands) on immune cell activation to
generate fundamental insights into signalling in T and NK cells.



Chapter 2

Introduction

2.1 Biomimetic Environments

2.1.1 Overview

In vivo, cells inhabit niche environments that vary dramatically from one cell type to the next, with over 200
distinct cell types and environments in the human body. These include cells that are adapted to exist in fluid
environments (cells of the blood and lymph), those that live in a close packed dense solid state, and those that
border fluid/solid or fluid/air barriers.[26, 27] The cells in each of these environments are subjected to distinct
stimuli; these stimuli, or “cellular cues,” can be loosely classified as physical (including the topographical,
geometrical and mechanical nature of the cell-substrate interface) or chemical (including engagement of cell
surface receptors and response to soluble factors).

In order to understand the effect of specific stimuli on cellular behaviour, it is important to be able to
create environments where these stimuli are controlled. Broadly, biomimetic environments are artificially
created or modified systems that mimic certain principles of in vivo systems with which cells can engage.
They can be used to controllably present specific stimuli to cells, and so cellular responses to materials with
controlled features can be investigated.

Once the stimuli orchestrating a cellular response are well understood, it is possible to manipulate cel-
lular behaviour by fabricating artificial environments in which cells receive specific cues designed to direct
their development and ultimate fate. Biomimetic environments therefore have applications ranging from
developing the fundamental understanding of specific cellular processes, to more advanced multi-cellular
applications, including aiding implantable construct design and directed cellular behaviour in tissue engi-
neering or adoptive cell transfer applications.

This chapter describes the key principles underpinning biomimetic design, and highlights examples of
successful fabrication of biomimetic materials, specifically focusing on the cell-material interface.

2.1.2 Chemical and Physical Stimuli

In vivo, cells engage with their immediate environment, this includes cells in close proximity to them-
selves, the Extracellular Matrix (ECM) (a complex network of insoluble proteins and glycoproteins), and
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the chemical stimuli found in the fluid surrounding them.[28, 29] Here, we define chemical stimuli as
substances that can engage with cell surface receptors to invoke a cellular response; these can be small
molecules, chemokines, cytokines, salts, larger biological molecules such as antibodies or repeating amino
acid residues.[30, 31]

The chemical environment in which a cell is placed determines cellular processes and cell fate. The
most simplistic example of this is the provision of nutrients in certain ratios, which effects the ability of
cells to grow and replicate.[32, 33] Specific media compositions are known to direct cell phenotypic dif-
ferentiation by providing selected soluble chemical stimuli. Utilising knowledge of the effect of specific
soluble chemical stimuli on cellular behaviour has led to the design of new biotherapeutics. Recent devel-
opments in drug delivery systems have coated particles with specific markers that enable the particles to be
masked from certain cells in the body, whilst being specifically targeted to other cell or tissue types.[34]
Furthermore, development of mono, bi-specific and tri-specific antibody therapies has led to drugs which
can simultaneously bind a target cell surface receptor and an immunogenic cell target receptor, facilitating
close interaction between the cell types, and therefore enhancing the response of the immune system to a
specific target.[35, 36, 37, 38, 39]

Importantly, chemical stimuli can be provided in soluble, and so “texture-less” form, or can also provide
some physical stimulation simultaneously. For example, molecules anchored to a physical support can resist
mechanical force applied by a cell. Equally, ligand motifs can be self-assembled into larger protein struc-
tures that provide spatially-controlled stimulation to cells, such as RGD sequences within helical fibronectin
fibres.[40] With knowledge of the key soluble factors required to induce specific cell function, biomaterials
in which these factors are tethered to solid supports can be used to develop more advanced materials capable
of stimulating cells via both chemical and physical cues.

Physical cues largely act at the cell-material interface; either through the presence of cells in contact with
each other, or through interaction with the Extracellular Matrix (ECM) that provides both a structural and
signaling scaffold for cells.[41] Alongside offering a basic physical support or construct in which cells can
reside, the ECM largely provides the landscape, or topography, with which cells engage, and is organised
on the macro, micro and nanoscale.[42] In addition to topography, this physical environment also provides
mechanical stimulation to the cells and offers some control over the spatial distribution of stimulatory ligands
within the physical matrix.

Cellular sensing of the physical environment is thought to occur through a variety of receptors, both
mechanosensitive receptors on the cell surface for determining rigidity of the material with which cells are
engaging, and receptors that co-ordinate responses to geometrically patterned ligands. The interplay of
the chemical and physical stimuli in terms of ligand presentation is still not fully understood. Providing
geometrically controlled chemical stimulation on varied physical supports has shown that there is a complex
balance between dominating factors.[43] Next generation biomaterials will attempt to decouple physical and
chemical stimuli in order to develop systems that can probe each factor independently. The next sections
discuss investigations into the control of, and cellular response to, these parameters in fabricated biomimetic
environments, with particular focus on physical stimuli.
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2.1.3 Cellular response to topographical ligand presentation

Cellular response to biomaterials has demonstrated that a range of cells are able to sense and respond to
nanotopography, including the presentation and height of depressed and elevated features such as wells,
pits[44, 45] and nanopillars.[46, 47, 48] Cells appear affected by interfacial forces, organised by nanotopog-
raphy, and orientate themselves around features on presented substrates. [49, 50, 51, 52, 53]

Human fibroblasts have been shown to be particularly sensitive to nanotopography; they responded to
27 nm high nanoislands that were spaced discretely, however whilst cells initially showed adhesion and cy-
toskeleton formation after 4 days, this was unstable after 30 days in culture.[46] Fibroblasts are also sensitive
to collagen fibril density and so local topography, with changes in density affecting both cell morphology and
cell size.[54, 55] Studies have suggested that although several cell types are found to adhere and grow along
asymmetrical topography, ordered surface arrays reduce cell adhesion compared with planar surfaces or more
irregular structures.[44, 56, 57, 58, 59] In a recent review article, Good et al. have shown the importance of
spatially orientated scaffold proteins and their interactions as a key factor in internal cell organisation.[60]

2.1.4 Cellular response to mechanically controlled substrates

Cells exist in niche environments with distinct mechanical properties, Young’s Modulus values in the body
range from those of soft tissues (0.1-1kPa) to calcified tissues such as mineralised compact bone (18-
30GPa).[61, 62] Recent work has identified that cells are responsive to the mechanical properties of the
environment around them, and that changing the mechanical properties of a cellular substrate can causes
significant changes in cellular response, and even direct stem cell differentiation. A potent example of this
is the work completed by Engler et al. which showed Mesenchymal stem cells (MSCs) differentiate selec-
tively into neurogenic, myogenic, or osteogenic cells when cultured on substrates whose rigidity reflected
the typical values for brain, muscle or bone respectively.[63, 64, 65]

Since these early studies, the effect of substrate rigidity has been investigated in a range of cell types,
however has primarily focused on stem cells with a view to tissue engineering and regenerative medicine
applications, currently there are very limited studies on engineered environments for immune cells, however
many other cell types have been investigated. Substrate stiffness can be used to control cell spreading in
muscle cells,[66, 67, 68, 69, 70, 71] and differentiation in neurones,[72, 73] hematapoietic stem cells[62]
and osteocytes.[74] Interestingly, cells can also respond durotactically to materials, sensing and moving
along rigidity gradients towards a preferred substrate stiffness.[75, 76]

There is also much interest in whether the cell is physically sensing force through the chemical lig-
and attachment mechanisms, or the underlying substrate rigidity, as these parameters are linked.[43, 77] An
intriguing experiment using magnetically controlled poly (acrylamide) gels showed that cells were dynam-
ically responsive to acute changes in substrate physical properties caused by rigidity on the same substrate,
[78] perhaps suggesting that it is the underlying rigidity directing cellular interactions.

2.1.5 Cellular response to ligand geometry

It is well known that many types of cell processes are dependent on specific configurations and spacing of cer-
tain biomolecules, including antibody-antigen recognition,[79, 80, 81, 82] enzyme substrate recognition[83,
84, 85] and ligand-receptor interactions.[86, 87, 88] Whilst the conformation of the specific site is important,
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it is thought that spacing and organisation of ligands (including the overall geometry, inter-ligand distance
and clustering of stimulatory ligands) are also important.

The majority of human cells are sized on the microscale, between 10-40μm in diameter.[89] Cells engage
with their environment through a variety of receptors, and are able to understand cues about their natural
environment presented to them by other cells of similar scale. It is unsurprising then, that cells can respond
to proteins patterned into geometries of the same size scale as the cell itself. There has been much interest
in the selective response of stem cells to such patterned proteins, where more circular patterns tend to direct
Mesenchymal stem cells to adipose fates, and anisotropic ligand geometries towards neurogenic lineages,
thought to be mediated by mechanotransduction in adhesion receptors.[89, 90]

Although cells are sized on the microscale, the individual cellular receptors which engage with these
ligands are of nanoscale dimensions, so it is also important to investigate cell signaling requirements at
these length-scales. The techniques used to pattern biological molecules on the nanoscale are discussed in
detail in Section 2.3, but broadly involve creating nanoscale features on a 2-Dimensional substrate that are
functionalised with biological ligands, shown schematically in Figure 2.1.1.

Changing inter-island 

spacing

A  Nanoscale protein islands

B  Nanoscale individual ligands

Changing number of 

molecules per island

Variable interligand distance

Y Y Y

Ligand

Ligand anchoring point

Substrate

Background

Figure 2.1.1: Nanoscale Protein Presentation. (A) Micro- or nanoscale protein islands can be produced that
allow the geometric presentation of stimulatory ligands. Protein islands can be altered to produce the same
shape and ligand density at different protein island spacings, or different ligand amounts at the same overall
ligand density. (B) Proteins and ligands can be patterned with nanoscale inter-ligand spacing by anchoring
proteins to underlying nanofeatures.

Nanoscale protein islands, such as those shown in 2.1.1(A), allow factors such as ligand density and
ligand island proximity to be investigated separately; cellular responses appear sensitive to many factors,
including the total number of ligands, the ligand density on each protein island, and the spacing between
individual protein islands.[91, 92, 90] This implies that cells are sensing and responding to the precise
nanoscale positioning of cellular ligands. In order to investigate the effect of nanoscale ligand position-
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ing on cellular activation, surfaces which present controlled ligand orientation need to be employed. Figure
2.1.1(B) illustrates precise ligand positioning, where ligand anchoring points can be fabricated on substrates
at controlled inter-anchor distances between 10-1000nm, therefore allowing biomolecules to be presented at
this inter-ligand spacing. The fabrication of this type of surface is discussed in more detail in Section 2.3,
here, we focus on cellular responses to such interfaces, which are currently limited in the literature to studies
in cellular fibroblast adhesion and some simple activation investigations.

One of the many processes a cell can undergo on encountering a surface is attachment. Cellular adhesion
to synthetic surfaces is sensitive to ligand density and chemistry, pattern geometry and substrate rigidity.[93,
94] With the extracellular size of an integrin receptor ranging from 9-12nm examined by crystallography[95,
96] it becomes clear that cells are sensing and attaching to ligands on a nanometre scale. Recent investiga-
tions into the effect of controlling RGD (a typical cellular adhesion ligand for the adhesion receptor integrin)
spacing have determined that there is both a minimal inter-ligand spacing and minimum cluster number that
need to be reached before a cell will form mature and stable attachments, termed focal adhesions. In fact,
Maheshwari et al. used a star PEG patterning method to show that a minimum of 5 clustered RGD peptides
were needed to form mature focal adhesions, and that random distribution of peptides did not achieve this,
whilst Huang and Ding state that a minimum number of 6 ligands are required.[97, 93]

A current hypothesis used to explain these findings suggests that cell spreading may be dependent on criti-
cal densities of submicron integrin clusters to begin recruitment of focal adhesions,[98, 99, 100, 101] and that
nanometer lateral spacing between single integrin ligands could regulate cell spreading and adhesion.[102,
103, 104, 105] Current estimates suggest an ordered inter-ligand distance of below 70nm is required for
MC3T3 osteoblasts and fibroblasts to engage sucessfully with adhesion ligands.[106, 51, 107, 108, 109]
Meyer et al. also investigated the possibility of a dual receptor system being necessary for cellular adhesion
using an integrin dimer,[110] however most current research focuses on the presentation of single integrin
ligands and individual interactions with a receptor, with the possibility of these individual receptor-ligand
pairs clustering to induce signals. Cells have also been shown to move along chemo-attractant RGD gradi-
ents, where variable spacing of ligands induces cellular migration, and other more complex studies are being
performed with adhesion ligands in both 2D and 3D.[42]

In addition to adhesion, activation and stimulation have also been studied. Ranzinger et al. used con-
trolled presentation of Tumour Necrosis Factor (TNF) (attached to gold nanoparticles fabricated by block co-
polymer micellar nanolithography arrays) to demonstrate controlled apoptosis and activation of the TNFR1
receptor and its chimeras. They found that TNFR1 showed an on-off relationship with variations in spacing.
Presenting TNF at inter-ligand spacings between 58-200nm induced comparable signaling leading to cell
apoptosis, however inter-ligand spacing of 260nm showed intermediate effects and ligands spaced greater
than 290nm apart did not induce an apoptotic response. This suggests TNFR1 activation is regulated by
compartments in the cell membrane, possibly determined by cholesterol rich domains, that are approxi-
mately 200nm apart.[111]

To date, there is very limited research on the effect of nano-spacing ligands on cellular signaling and
activation beyond those studies performed on integrins and cellular adhesion molecules. If other cells re-
spond to substrates in a similar ligand spatial dependent matter, it may be possible to control signaling in
cells through the use of these surfaces, ensuring that activation is directed down a desired pathway. Coupled
with the evidence showing the response of cells to other physical cues, such as mechanical properties and
topography, it is likely that a combined approach with control of stiffness, topography, ligand density and
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inter-ligand spacing is needed to more fully understand dominant factors in receptor signaling, and is largely
unrepresented in the field of immunology.

2.2 Mechanically Controlled Environments

2.2.1 Overview

Biomimetic interfaces with controlled mechanical properties are essential for elucidating the effect certain
physical stimuli have on cellular actions. With an enormously vast range of tissue types in the body, spanning
from soft tissues to firmer mineralised structures similar to bone and calcified tissue,[67, 112, 113, 114] it
is unsurprising that a large number of cells have been shown to interact with substrates with mechanical
sensitivity, discussed extensively above. Creating a mechanical environment that can imitate a cell niche
is paramount to being able to accurately mimic the range of cellular interactions that occur in vivo, and
is also crucial in investigating cellular responses to rigidity. This section briefly describes hydrogels as an
important class of materials used to create artificial cell-surface interfaces with mechanical properties, and
their functionalisation with biological molecules.

2.2.2 Hydrogel Fabrication and Functionalisation

Hydrogels are biocompatible hydrophilic networks constructed from either natural or synthetic materials, or
combinations of both, that are saturated with water.[115] They are often made of photocrosslinkable poly-
mers, where monomers are chosen due to their unique properties, and can therefore undergo responses to
selected stimuli such as pH and temperature.[116, 117, 118, 119, 120, 121, 122, 123] Typical materials
used to make hydrogel networks include natural materials such as chitosan and hyaluronic acid, and syn-
thetic materials such as poly (amidoamides), poly (ethylene glycol), and poly (N-isopropylacrylamide), all
of which are can crosslinked by the inclusion of appropriate end groups if necessary, such as the inclusion
of diacrylates to poly (ethylene glycol) monomers.[124, 115] Whilst natural materials can possess desirable
bioactive properties and are often biodegradable,[125, 126, 127, 128, 124, 118, 129, 130] there can be dif-
ferences in batch to batch variability, so mechanical properties are more difficult to control than in synthetic
systems.[131, 128, 132]

In order to produce a hydrogel network, individual monomers must be crosslinked. Crosslinking can oc-
cur through a variety of methods; either chemically through the conjugation of two molecules, or physically
through charged interactions, such as ionic and hydrogen bonding, comprehensively reviewed by Kharhar
et al.[128] The choice of crosslinking method is important considering the end application of the hydrogel.
Several catalysts and chemicals used in crosslinking methods are toxic to cells, such as copper catalysts used
in azide and alkyne click crosslinking reactions,[133] and so cytocompatible methods should be used where
possible for bioapplications. Photoinitiation is often used, as the amounts of radical initiatior required are
low, and this method also allows for spatial control over the hydrogel produced.[134, 135]

The 3D network, once formed, allows migration of nutrients and waste materials when placed in cell cul-
ture environments, and additional desirable features can be selectively incorporated.[135, 128, 72, 136, 132]
Protein-based gels often already present a range of physiological cues that are difficult to distinguish from one
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another,[115, 137, 138, 61] however synthetic polymer matrices can be selectively functionalised with bioac-
tive moieties to deliver selected properties to the hydrogel materials.[130, 139] Additionally, degradable link-
ers can be added to the hydrogel matrix in order to add additional versatility to the material.[128, 140, 141]
Bioconjugation schemes usually employ a free NH2 or SH group found on most peptide and protein se-
quences to chemically link free hydrogel polymer matrix end groups, such as methacrylates, directly to
protein sequences.

2.2.3 Geometric Control of Hydrogel Systems

Cells rarely interact with planar substrates in vivo, in fact, most cellular niches possess unique conforma-
tions with distinct 3-Dimensional (3D) architecture. In order to more accurately reflect the in vivo cell
environment, control of the 3D structure of hydrogels on the micro- and nanoscale is imperative.[142, 143,
144, 120, 145, 146] Some of the simplest methods of fabricating hydrogels with geometric control include
the synthesis of a uniform planar hydrogel, where selective geometric regions of activatory proteins can be
patterned through the use of micro-contact printing.[147, 148, 149] This technique allows selective protein
immobilisation in 2-Dimensional shapes (2D), and could be advanced with nanoscale molds.

An advancement of this methodology involves the selective crosslinking of areas of hydrogel using elec-
tron beam or photolithographic methods. Here, planar hydrogel polymer environments can be prepared,
but micro- or nanoscale geometries can be selectively formed by electron beam or photolithography derived
cross-linking.[127, 150] These materials have been employed as stimulus-sensitive sensors, where individual
hydrogels swell in response to stimuli, providing a mechanical read-out for chemical changes in a system that
could be read by piezoelectric methods.[151, 78] Recently, the process of dip-coating has produced 100nm
thick albumin microgels,[152] if this method was used in conjunction with selective crosslinking, it could
become possible to produce thin film hydrogel materials with shaped protein interaction areas.

Small spherical hydrogel particles are of particular interest due to their ability to be used in detection
systems such as flow cytometry, and potential for drug delivery applications where they can be suspended
in the blood stream.[115] Additional uses for these particles include encapsulation of cells within polymer
matrices,[132, 153, 154, 155, 156] and sensing or analyte detection which utilise the polymers sensitivity to
pH, temperature, or intrinsic cavities to capture fluorescent probes.[157] The fabrication of spherical hydro-
gel particles has largely focused on emulsion methods, where a hydrogel matrix is stabilised in surfactant
before UV crosslinking.[120, 158] High throughput techniques, such as microfluidic chips, have been modi-
fied to enable the manufacture of microscale spherical hydrogel particles,[159, 160, 161] although other low
cost methods of producing particles of this scale are also being developed, such as precipitation polymerisa-
tion and aerosol assisted microsphere fabrication.[151, 162]

Although spherical hydrogel particles have a variety of applications, presenting a large surface area and
ability to be incorporated into fluid systems, other geometries are also being probed for tissue engineering ap-
proaches. Cylindrical gels have been produced by template pore synthesis, and gels have been functionalised
with a variety of ligands.[163, 144] More recently, hydrogel materials have been spun into fibers, offering
promise in the development of more advanced 3D scaffolds.[164] The ability to control the geometry and
mechanical properties of these materials independently will enable a rapid evolution in biomaterials.
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2.3 Nanopatterning Proteins and Biological Molecules

2.3.1 Overview

Many key biological structures are on the nanoscale, and so creation of nanoscale materials where properties
can be examined using materials with features on the same size-scale as the cellular receptor in question
are paramount to being able to fully characterise biological responses. Crucial to cell studies is the ability
to ensure the independence of factors such as nanotopography and chemical cues.[165, 166] This section
discusses various techniques for biological surface patterning on the nanoscale, focusing on current method-
ologies, limitations and applications.

Previously, advances in technology patterning substrates on a submicron scale have been particularly
useful for microelectronics[167, 168] and have only recently been applied to biotechnology, where they
have applications in bio-sensing, biomaterials, and tissue engineering.[169] The ability to precisely position
peptides, proteins and biological signaling agents on a planar surface is imperative for these applications.
Currently, there are a variety of techniques that can be used to pattern biologically relevant molecules on
surfaces, working on both a “top down” and “bottom up” approach, and the types of methodology can
roughly be categorised into methods using scanning probe microscopy tools, electron beam lithography,
stamping or printing methods (broadly categorised as “Soft Lithography”) and finally self-assembly based
methods.

2.3.2 Scanning Probe Microscopy Techniques

Scanning probe microscopy tools have been used successfully to create features with a smallest size range
of 10-250nm depending on the precise technique. These methods use a modified atomic force microscopy
(AFM) or scanning probe microscopy (SPM) cantilevered tip to deliver molecules to a surface in a spatially
orientated manner, either via a liquid “ink” that can be written onto a surface in dip-pen nanolithography,[170]
by scratching patterns onto a pre-assembled surface via nanografting,[171, 172] or through the more recent
conductive methods, which apply a potential through the tip to modify the way in which the biomolecules
interact with the tip or surface.[170, 173]

Dip-pen nanolithography allows soluble molecules to be delivered directly to a substrate surface, where
they can be “written” in both 1-Dimensional (1D) patterns such as lines and dots and more complex 2D
shapes; the writing requires pre-programming as the route of the tip on the surface must be pre-designed.
Direct dipping of the molecule of interest and then “drawing” on the surface is one method of attachment,
alternatively, indirect attachment can occur by immobilising a biological linker molecule on a surface that is
subsequently reacted with a biomolecule.[173, 174, 175] The linkages can be electrostatic in nature[176]
or covalently conjugated primarily through the affinity of alkanethiols and gold[173] or through amine
chemistry.[177]

Although the exact method of transfer from tip to surface remains unclear, it is thought to be due to a
water meniscus that forms between the tip and surface under atmospheric conditions[178] which can then
allow feature size to be controlled by aspects such as humidity and chemical modification of tips.[174, 179]

A previous limitation with dip-pen nanolithography was the requirement to dip the tip into a suitable
solution, which would need to be re-coated with the relevant solution when it ran dry; however advances
in nanolithography have introduced the idea of using a cantilevered nanopipette rather than a tip to deliver
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substances to a surface.[180, 181] Whilst this method has obvious advantages in delivering a continuous
stream of liquid, it could also allow the combination of several methodologies, such as selectively delivering
certain molecules from a mixture by first running the solution through a HPLC which could be tethered to
the nanopipette.[91]

The tip used in nanolithography can also be modified for use electrically; the application of a voltage
through the tip can allow electrochemical deposition, where the movement of biomolecules from the tip to
the surface is facilitated by an electric signal. Other variations of this method involve chemically modifying
the surface through electrical oxidation, selective formation of disulfide bonds, and using the charge delivered
to the tip to allow the water meniscus to act as an electrochemical cell.[182] An obvious limitation of the
method is the requirement of a conductive substrate and biomolecules that interact favourably with electric
current, plus a high voltage is also required.

Other methods using a cantilevered tip are nanoshaving and nanografting, where resist material is re-
moved by a tip which can then be replaced with the selected biomolecule.[183] Combinations of molecules
need to be selected carefully, as the replacement biomolecule needs to bind quickly and strongly to the
surface before migration of the surrounding molecules. This method can be combined with indirect nano-
lithography to allow for indirect immobilisation of biomolecules on the surface,[184] and its use has allowed
highly orientated biomolecules to be patterned on surfaces with 10nm resolution.[185, 186]

Scanning probe methods allow for different shapes and patterns of biomolecule attachment to be pro-
duced with fine control, however the major current limitation with this method is the size and shape of an
AFM tip and also the speed and area that can be written at any one time, which is currently limited to around
100x100 µm2 reducing the usefulness of this technique for producing cell culture substrates.[166]

2.3.3 Soft Lithography

Printing, stamping and molding show great promise as methods allowing large scale patterning (of the order
of centimetres) with nanoscale ordering. The basic principle is that a “stamp” with inked protrusions is
placed on the surface to be patterned, and deforms slightly to make intimate contact with a surface that
facilitates diffusion of the biomolecules from stamp to substrate.[187] This procedure can usually be carried
out under ambient conditions, and has the benefit that one stamp can be re-inked many times with different
molecules, to produce the same pattern with different molecules.

Poly (dimethylsiloxane) (PDMS) stamps coated with polymers, silanes and alkane thiols are the standard
tool,[188] where the use of biomolecules with a high molecular weight is preferable in order to prevent lateral
diffusion that could lead to low resolution.[189] Stamps are usually fabricated from a master Si wafer which
has been patterned by photolithography or electron beam lithography.[190] A variation of this technique is
nanoimprint lithography, where features in a substrate are made by stamping a thin film of polymer above
its glass transition temperature, causing a polymer imprint, which can then be modified to produce protein
adherent patterns.[191]

The limitations of these techniques are the difficulty of performing multicomponant patterning, due to the
challenges with aligning the stamps,[178] and the stamp resolution. The soft material of the stamp and non-
uniform pressures involved in printing can cause diffusion of the patterns and reduce pattern fidelity,[192]
however recent investigations into other stamping forms, such as using poly (olefin) plastomer stamps for
micro-contact printing in the 100nm range[193] and using AFM V shaped test gratings as original masters
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for PDMS stamps,[187, 194] are seeking to overcome these limitations.

2.3.4 Electron-beam and Photo-resist Lithography

Electron beam lithography predominantly uses a highly focused electron beam to ablate resist layers on
surfaces in specific patterns. The areas removed can then be replaced with biomolecules in specific patterns.
This method can be used to remove masking polymer, thereby creating feature patterns, or also to remove
material from a substrate surface, resulting in varied topography created by mask ablation.[195] Aside from
electron beam lithography, both photolithographic methods using photosensitive resist polymers that can be
cross linked or ablated, and mask removal by pulsed laser ablation are becoming more popular.[196, 197,
169]

Photoresist methods usually use a polymer mask, that when exposed to UV-light becomes either cross-
linked (so less soluble) or more soluble in specific solvents, depending on the interactions with short wave-
length energies. These masks can be exposed to UV-light in different areas, and so subsequent removal of
the polymer, either in areas that have been unexposed to UV-light and are not crosslinked, or those that have
been chemically modified to make them more soluble in certain solvents, leaves a exposed pattern that can
be functionalised.[188]

Electron-beam lithography can be used to selectively oxidise molecules or change the surface charge
of a substrate, allowing selective patterning of biomolecules in a similar way to conductive AFM methods.
Lithography can also be combined with other techniques to create more complex features.[198] The limi-
tations of this technique, such as the ultrahigh vacuum required, the difficulty of nanoscale alignment and
the potential concerns over secondary electron processes make mulitcomponent synthesis impractical and
time consuming,[199] however advances in the resolution of the electron beam have allowed 15nm features
spaced 100nm apart to be produced, and some groups have used these to immobilise single molecules of
ferritin.[198]

Interestingly, Hong et al. have recently used the high resolution of EBL to selectively crosslink a
PEG silane monolayer to amine terminated PEG’s, which allowed the formation of hydrogels on a sur-
face that were subsequently attached to biomolecules,[199] offering the potential to produce geometrically
constrained areas of varying mechanical properties on a very small scale. Lately, focused ion beam (FIB)
lithography has also been used to selectively pattern proteins, in this case pits in gallium arsenide were
formed that allowed selective immobilisation of human serum albumin.[200]

2.3.5 Self Assembly

Self-assembly techniques rely on the formation of nanoscale ordered morphologies that can be arranged
(or self-arrange) into structures, often periodic in nature. Examples of these methodologies include col-
loidal masking,[201, 202] block copolymer micelle nanolithography[203, 204, 205] and self-assembled DNA
lattices.[206]

Colloidal masking involves the use of a periodic array of self-assembled polymer structures that bind as
a mask to surfaces. Once a passivating agent is applied between the mask and the mask is subsequently re-
moved, biomolecules bind where it was absent, causing them to reflect the original pattern of the mask.[201]

DNA templates can also be used to produce nanoarrays[206] in the form of self-assembled lattices of
nanoribbons or nanogrids with high resolution, by introducing DNA tiles with sticky ends that associate with
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each other. Alternating tiles can be produced, which allow selective binding of different molecules.[207]
Block copolymer micelle lithography (BCML) involves the self-aggregation of co-polymers into micel-

lar structures due to solvent incompatibility.[204, 203, 205] These micelles can be directly functionalised or
cross-linked to provide nanoscale biological reactants [208, 209] or loaded with metal salts and deposited
onto substrates to provide a robust methodology of fabricating nanopatterned particle arrays for functional-
ization with biological ligands.[210, 211, 212]

These self-assembly methods can also be expanded by introducing templated self-assembly, which con-
trols surface characteristics of micrometre sized areas that can then be patterned on the nanoscale, limiting
pattern defects.[188] Templating is largely performed by molecules, in which self-assembled structures are
combined with other techniques, such as photolithography, to produce topographical structures on which
self-assembly can occur. There has also been research into self-assembly around particles, where charged
particles can be used to direct the self-assembly of layer-by-layer morphologies, using polyelectrolytes
(charged polymers)[188] to form repeating layers of alternating polymers.

The self-assembly techniques are particularly promising, allowing large areas to be patterned quickly,
and with pattern spacing controlled by varying components of the solutions. Limitations are currently based
on the fact that the pattern is often repetitive, and the feature shape is predetermined by the molecules
involved. It is only recently that nanopatterning of multicomponent systems has become available using
some of the other methods described earlier in combination with self-assembly,[213] to date this is one of
the only techniques that allows the control of nanoscale regions of protein attachments over large surface
areas of the order of centimetres. A robust self-assembly-based method can be found in block co-polymer
micellar lithography.

2.3.6 Block Co-Polymer Micellar Lithography (BCML)

Block copolymer micelle nanolithography (BCML) is a self-assembly method allowing the fabrication of
nano-features on a large substrate area. Using di-block co-polymer micelles is an effective way of synthe-
sising metallic nanoarrays on a surface with a range of spacing and order and so it is particularly suitable for
cellular investigations.[102, 214, 104, 215] The cellular nanopatterning investigations performed in this the-
sis use functionalised gold nanoarray substrates fabricated by BCML, and an extensive review of controlled
fabrication of gold nanopatterns via this method is covered more extensively in Chapter 4.

The technique comprises exposing a di-block copolymer at a concentration above the critical micelle
concentration (cmc) (which is the minimum amount of polymer required in solution before self-assembled
aggregation can occur,[216, 217, 218, 219]) in solution to a hydrophobic solvent, which causes spontaneous
formation of self-assembled structures such as reverse micelles, shown schematically in Figure 2.3.1. The
polymer arranges itself so that the more polar polymer is at the micelle core, with the less polar polymer
forming a shell. The micelle can subsequently be loaded with metallic precursor which migrates to the core.
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Figure 2.3.1: Schematic of polymer self assembly into micelles

The micelles can be dip-coated onto a range of substrates, the polymer removed and the metal salt si-
multaneously reduced to its metallic form using plasma treatment, where the metal-metal spacing reflects
the micelle diameter. Metallic nanoarrays can subsequently be used for biomolecule attachment, where
the nanoarray provides a template of specific order and spacing for biomolecule presentation.[211] Di-
block copolymer micelle nanolithography has a range of applications, which predominantly focus on the
use of metallic nanoarrays with metals such as zinc[220] gold[221, 222] and compounds such as cadmium
sulphate,[223] for catalysis,[224] nanowire synthesis[222] and biological ligand attachment.[211, 102, 51]

The gold nanoarrays, once formed, can provide anchors for attachment of biomolecules. This can be sim-
ply achieved by thiol chemistry. A thiol-metal bond can be as strong as 100kJ/mol, however more reasonably
in the 45kJ/mol region.[225] Thiols also have a high affinity for gold, and will displace other materials from
the surface readily.[226] The selectivity and strength of this interaction means that biomolecules can be
covalently bound to linker molecules containing a thiol group at one end, which will then bind to the gold.

2.3.7 Advanced Micellar Nanolithography

Whilst the formation of nanoarrays typically involves a hard substrate that is resistant to polymer removal
and plasma treatment, recent research has developed the production of nanoarrays on soft substrates, such as
hydrogels.[94, 227]. Ding et al. have shown that gold nanospheres can be functionalised with thiol linked
macromolecules, which can then be polymerised to give PRG hydrogels that are separated from the original
substrate by swelling or peeling.

This method allows presentation of the nanopattern on a soft polymeric support, which can then later
be functionalised through the same method and provides methods to investigate the nanoscale control of
ligand presentation with mechanical substrate control. Additional crosslinking of the hydrogel substrate
has increased the hydrogel stability in culture media,[100, 98, 228, 227, 94] and this technology allows the
fabrication of nanoarrays on a variety of substrate shapes and structures, including tubular, spherical and flat
forms as well as geometrical constraints[229] so is a promising development of micellar nanolithography.

2.4 Cellular Signalling in the Immune System

2.4.1 Overview

The human immune system is largely comprised of two types of immune cells, those classified as innate,
which respond to pathogen and infection via predefined mechanisms, and adaptive immune cells, whose dif-
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ferentiation and effector functions are modified based on prior experience and learned response to a specific
stimuli.[230, 231, 232, 233] This thesis describes the effect of fabricated biomimetic materials on immune
cell activation, and focuses on Natural Killer (NK) cells as an example of an innate immune cell, and T cells
as adaptive immune cells.

The range of immune cell therapies currently undergoing clinical trials for a variety of serious diseases
highlights the importance of developing a greater understanding of immune cell function in vivo. [234, 235,
236, 237, 38, 238, 239, 240, 37, 241, 242] Recently, adoptive immunotherapy, in which immune cells are
manipulated ex vivo and then delivered to the body, has provided a new method of combating disease in
people with compromised immune systems. This holds promise for the development of individual specific
disease therapies, however this work is in its early stages and investigations into the best methods to develop
and deliver these therapies, and indeed which cell subtypes are preferred, is still ongoing. Whether it would
be beneficial to have long-term immunity against a specific antigen or whether a shorter highly effective
response, eradicating pathogens totally, would be preferred is still undetermined.[242, 243, 235, 38, 16]

Of great importance to immunology, and to the development of successful therapies, is a better under-
standing of the fundamental principles underlying immune cell communication and activation. It is vital that
the signaling mechanisms allowing control of function in immune cells are determined; once understood,
these mechanisms can be manipulated for a range of applications. This chapter explains the roles that both
NK and T cells play in the immune system, as well as providing a general overview of antigen recognition,
signaling mechanisms and controlled activation of immune cells towards desired function in these cell types.

2.4.2 Role of NK cells in the immune system

The Natural Killer (NK) cell is an innate immune cell that primarily uses cell surface receptors to recognise
infection or stressed autologous cells in vivo, termed target cells. Virally infected cells, and cells that are
damaged or partially transformed by cancers, express specific markers on their surfaces that are recognised by
NK cells. The surface bound NK cell receptors largely fall into three categories; Killer Lectin Like Receptors
(KLR), Killer Immunoglobulin Like Receptors (KIR) and Natural Cytotoxic Receptors (NCR).[244, 245]

Upon appropriate engagement of these receptors, NK cells mediate the death of these cells through
cytotoxic and cytolytic methods, shown schematically in Figure 2.4.1.
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Figure 2.4.1: NK cell activation pathways. NK Cells can show tolerance to healthy cells through the balance
of activatory and inhibitory receptors, without inhibitory receptor engagement, NK cells display cytotoxic
and cytolytic effects. NK cells can also respond to the direct engagement of surface ligands through soluble
factors, target cell surface markers, or target cell antibody tagged surface markers.

NK cells can also stimulate other immune cells through the release of cytokines and chemokines, direct-
ing both innate and adaptive function in the target cell locality.[244] Additionally, these cells act directly
on target cells through the expression of death receptor ligands on the NK cell surface[246] or through the
targeted secretion of lytic granules at the NK cell-target cell interface.[247, 248, 249, 250] The secretion of
lytic granules is a major mechanism of inducing cell death in nearby target cells. This mechanism involves
the redistribution of the intrinsic actin network and microtubule organisation centre (MTOC) around the NK
cell interface. Lytic granules containing perforin and granzymes then locate to the synapse, and are exocy-
tosed into a cleft between the NK and target cell, where they cause death of the target cell.[232, 250] The
exact nature of the activatory signals inducing this pathway is complex, and discussed in the next section.

2.4.3 NK cell signaling

Although the NK cell surface possesses a variety of activatory and inhibitory receptors, NK cells usually
require engagement of multiple complementary receptors to induce full function.[245] The signals from NK
cell activatory receptors are thought to be integrated to propagate downstream signaling, whilst the inhibitory
receptors down-regulate activation. [251, 252]

NK cell surface receptors broadly signal via phosphorylation of the internal signaling components as-
sociated with cell surface receptors.[252, 253] When appropriate ligands are encountered on a target cell,
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activatory receptors engage with these ligands and their signaling domains become phosphorylated. Many
cell surface receptors, such as CD16, NKp46 and NKp30 are coupled to Immunotyrosine Activatory Motifs
(ITAMs). These polypeptides are phosphorylated by protein tyrosine kinases, which recruit tandem tyro-
sine kinases to activate SyK family adaptor proteins, leading to downstream signaling.[253] Some activatory
receptors, such as NKG2D, use an alternative intrinsic signaling domain (DAP10), which also becomes
phosphorylated on engagement and can lead to activatory pathways.[252] The NK cell requires the integra-
tion of these phosphorylation events, and other downstream signaling events, to induce activation, and uses
signaling events occurring at distinct receptor types to moderate the cytotoxicity of the cell. [254, 255, 25]

The NK cell also possesses inhibitory receptors, which ensure that NK cells act only on infectious agents,
or infected autologous cells. An example is the inhibitory receptor class KIR, which engages with Major
Histocompatability Complex-1 (MHC-1) that is expressed on the surface of most cells found in the human
body. When NK cell surface activatory receptors engage with surface ligands on the target cell, they stim-
ulate an activatory pathway as described. If the target cell also possesses MHC-1, this binds to the KIR
receptor with an inhibitory effect. The KIR signals through a competitive Immunotyrosine Inhibition Mo-
tif (ITIM),[256, 257] which is analogous to the Immunotyrosine Activation Motifs (ITAMs). The NK cell
integrates the signals from both activatory and inhibitory pathways, and uses this mechanism to ensure the
NK cell does not destroy autologous cells that express MHC-1. If cells do not have MHC-1, or autologous
cells have down-regulated MHC-1 expression, then the NK cell destroys the cell. This process is called the
“missing self hypothesis” and is thought to be important in cancer immunosurveillance, where cancer cells,
and several other infected cell types, down-regulate MHC-1 expression in an attempt to escape detection.

Normally, human CD8+ T cells inspect other cells of the body by engaging their TCR with MHC-1
on presented cells. MHC-1, in combination with small peptide fragments from inside the cell presented
in the MHC-1 cleft to the TCR, therefore gives the CD8+ T cell an indication as to the internal status of
the cell it is engaging with, explained in detail below. If the peptides being presented in conjunction with
MHC-1 are not normal (ie. indicating a pathogenic infection or mutation due to cancer) the CD8+ T cell will
activate and destroy the cell. Some cancers therefore down regulate the amount of MHC-1 present on the cell
surface, in order that CD8+ T cells are less likely to recognize that the cell is stressed or mutated, and so they
escape the CD8+ T cell immune surveillance mechanism. The NK “missing self hypothesis” is an alternative
surveillance mechanism to compensate for this. Whilst down regulation of MHC-1 does indeed help infected
or damaged cells escape detection by CD8+ T cells, as discussed this down-regulation reduces the NK cell
inhibitory response, enhancing the NK killing response. In this way, whilst MHC-1 down-regulation is an
advantageous escape mechanism for infected and stressed cells from CD8+ T cell immunosurveillance, the
down-regulation of MHC-1 induces a cytotoxic effect in NK cells, and allows the NK cells to monitor cell
status in a complementary way to the CD8+ T cells. [258, 259, 260, 261]

These complementary and antagonistic pathways are carefully regulated so that the NK cell responds
appropriately; they provide a “dynamic equilibrium” through which the NK cell can act. The integration of
several signals is imperative to NK cell function in most cases,[257, 23] however there is a unique pathway
through which NK cell activation can be controlled by a single surface receptor class; the NK cell surface
receptor CD16 can act independently.[253]

NK CD16 surface receptors engage with the Fc portion of antibodies bound to surface receptors ex-
pressed on target cells, rather than cell surface receptors directly.[262, 263, 264, 36, 253] Using this mecha-
nism, the NK cell can induce Antibody Dependent Cellular Cytotoxicity (ADCC),[247, 265, 266, 267, 245]
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where cytolytic granules are released towards the target cell as described earlier, resulting in the destruction
of the target cell. This pathway is mediated by the production of specific antibodies by B lymphocytes of
the adaptive immune system, and here, engagement of CD16 alone can induce activation and cytolytic effect
in NK cells. This receptor and mechanism of action are discussed in greater detail in Chapter 6, where the
effect of nanoarrays with stimulatory CD16 ligands on NK cells is investigated.

2.4.4 Role of T cells in the immune system

T cells are a subset of lymphocytes primarily involved in adaptive immune responses to pathogens in humans.
The role of the T cell is largely to recognise external pathogens that have infected other cells, and induce
appropriate immune responses. They originate from the hematopoietic stem cell line, which develops into a
lymphoid progenitor cell and can differentiate into a thymocyte in the thymus, before further differentiating
into one of several T cell types; regulatory T cells which express CD4 or CD25 on their surface, helper T cells
(TH) which express CD4, cytotoxic T cells (TC) expressing CD8 and NK/T cells expressing a combination
of CD56 and CD3.[268, 269] T cells primarily offer an antigen recognition role coupled to effector/helper
function in the immune system however elucidation of the signaling methods through which they identify and
respond to pathogens is not yet entirely clear.[235, 16, 243, 242] Several subtypes of T cells are involved in
the adaptive immune system, such as regulatory T cells (TREG) cytotoxic T cells (TC) and helper T cells (TH)
and each has a specific function in the immune response. This review will focus on TC and TH cells, both
of which recognise antigen presented to the cell in combination with Major Histocompatability Complex
(MHC), and are shown schematically in Figure 2.4.2.
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Figure 2.4.2: Schematic of T cell activation. CD4+ cells engage predominantly with other cells of the
immune system, and once activated, show T helper function. CD8+ cells engage with other autologous cells,
and have T cytotoxic function when activated.

TC cells express the co-receptor CD8+ on their surface, and recognise antigen presented in complex with
MHC class I, conversely TH cells recognise antigen presented with MHC class II. The two different types
of MHC are found on different types of cell tissue in the body, meaning that TC cells recognise antigen
presented on any type of body cell, and TH cells largely recognise antigen presented by other cells of the im-
mune system.[17] TC cells are largely involved in the control of intracellular pathogens, and once activated,
can promote apoptotic death of target cells through granule and receptor mediated mechanisms using Fas
receptors and lytic enzymes.[270] CD4+ T helper cells, TH cells, once activated can differentiate into several
subsets. Whilst they have no direct cytotoxic activity they mediate the immune response through the se-
cretion of cytokines, and the subset of cells present depends on the microenvironment and signals received;
TH1 cells activate bactericidal activity in macrophages and induce B cells to produce opposing antibodies
through interferon-G secretion, whilst TH2 cells secrete interleukin-4 allowing B cells to produce neutralising
antibodies. There are other subsets that are emerging as important in the immune response, such as TH17

cells, however the exact role of these subsets has yet to be determined.[17]
After activation, immune function is realised through differentiation into appropriate subsets and clonal

expansion. It has been shown that from initial response to maximal response CD8+ cells can expand 500,000
times in vivo, these clones are destroyed after pathogen elimination, except for a small subset that remain as
memory cells.[17]
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2.4.5 T cell signaling

The T Cell Receptor (TCR) complex is recognised as the main receptor for activation of T cells towards im-
mune function. Despite intensive research into the TCR complex since the 1990’s, there is much that remains
unknown about the minimum signal required to induce stimulation. The “2 signal hypothesis” suggests that
aside from the initial TCR engagement signal (signal 1) a secondary signal is needed to induce differentiation
into subsets of both CD8+ and CD4+ cells and so activate full immune function. This secondary signal is
usually provided by a co-stimulatory molecule such as CD28 (signal 2), and induces the recruitment of other
stimulatory proteins.[271] On both CD4+ and CD8+ cells it is believed these co-stimulatory receptors bind
to the non- polymorphic regions of MHC class I and II molecules and function synergistically with the TCR
during antigen recognition to increase sensitivity of TCR responsiveness.[272, 273, 274, 17]

It is widely accepted that engagement of the TCRs by agonist MHCs initiates several signaling pathways
inside the cell, however the exact mechanism of signal transduction remains unclear, as there are several
possible outcomes. Initial signaling can result in several distinct signaling pathways being induced, with
key events including phosphorylation of the ITAM’s, recruitment of Lck and Zap-70 and the formation of
protein complexes around the TCR. These complexes cause receptor clustering and integrin adhesion to
occur, followed by cytoskeletal reorganisation leading to the formation of a mature Immune Synapse (IS)
with distinct spatial organisation, discussed in more detail in Section 2.4.7.[275, 276, 277]

2.4.6 Mechanical Sensitivity of Immune Cells

Several cell types have been shown to respond to alterations in the mechanical properties of their environments,[71,
278, 70, 66, 279] however it is only recently that these investigations have been extended to immune cells.
O’Connor et al. varied the rigidity of planar poly (dimethylsiloxane) (PDMS) substrates functionalised
with stimulatory anti-CD3 ligands, and showed that maximal proliferation in CD4+ and CD8+ T cells was
induced on surfaces with a rigidity of <100kPa compared to 2MPa,[280] however other studies on poly
(acrylamide) (PA) surfaces indicate maximal T cell responses were observed on substrates with rigidity of
200kPa compared to softer substrates at 10kPa.[281] Separately, B cells showed preferential activation on
PA gels at around 20kPa (compared to softer 2kPa substrates)[282] and hematopoetic cells (immune cell
stem cell precursors) demonstrated increased cell spreading on much stiffer PA substrates of around 200kPa
compared to less rigid matrices.[62] In order to compare these results more fully, the response of each cell
type to substrates fabricated from the same material across the same range of rigidities needs to be explored.

Currently, there are no mechanistic explanations for these results, and so the exact nature of the mechanosen-
sitivity of these immune cells remains unclear. Despite this, there are several distinct systems within the
immune cell capable of sensing force, and so mechanosensitivity in the main receptor complexes of several
immune cell types is unsurprising.[275, 233]

Receptor-ligand interactions can be broadly categorised into slip, catch or ideal bonds depending on their
response to force.[283, 284, 285, 286] Slip bonds have a Koff value that increases with force, and typical
examples are antibody-antigen recognition. Conversely, catch bonds have a Koff that decreases with force,
and have been demonstrated in leukocyte adhesion systems using selectins, [285] whilst ideal bonds have no
response to force applied through the bond.

In several receptor types, such as selectins, there is a transition between catch and slip bond systems at
specific force values, implying that the cell can sense force over a dynamic range and that force can regu-
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late conformational changes in these systems.[285, 233, 275] The hypothesis that TCR/CD3 conformation
changes are induced by cytoskeletal pulling forces which are required for signaling has been postulated by
Ma et al.[287] Intact actin cytoskeletal function is required for optimal T cell signaling, and changes in the
actin cytoskeleton are known to compromise signaling in T cells, supporting this hypothesis.[288, 289, 290]
Additionally, there is evidence to suggest that only surface bound, and not soluble, agonist is capable of trig-
gering T cell activation, but that this surface bound triggering requires additional cytoskeletal ligands.[233,
291, 292]

The sensitivity of immune cell signaling to force has also been demonstrated in other systems. Bio-
chemical studies using PIP2 describe TCR clustering which is delayed and impaired on more rigid surfaces,
possibly through an inability to down-regulate ERM proteins. Additionally, this rigidity effect is spatially
controlled with specific isoforms of PIP2.[293]

One hypothesis suggests that the binding energy of each extracellular protein-protein interaction can
drive signaling directly. Binding occurring at optimal forces may force exclusions of large or un-ligated
extracellular domains, which can induce spatial segregation of unnecessary proteins. This spatial segregation
could help to organise the immune synapse into an activatory conformation, through which signaling is
enhanced. [294] The importance of spatial organisation in immune cell signaling is discussed next.

2.4.7 Spatial Organisation in Immune Cells

The region of contact between an immune cell and antigen presenting cell (APC) is termed the immune
synapse (IS). The IS is defined as the interface between immune and other cells types, where molecules are
arranged in an organised manner.[25] The organisation of specific proteins at this interface is an important
part of immune cell signaling;[295, 296, 277, 297, 298] alterations to the natural configuration of these
proteins on artificial cell substrates can be used to direct and control activation levels in a number of cell
phenotypes.[299, 21, 295, 296]

Several APCs self-organise their agonist surface receptors into clusters; MHC-1 clusters, with a minimal
inter-cluster distance of <10nm, have been observed in virally infected cells.[81, 300, 301, 96]Additionally,
B cells targeted with anti-NK stimulating drugs have been shown to redistribute CD20 surface markers into
membrane lipid rafts on one side of the cell.[302, 303, 304, 305] Although some target cell types possess
ordered domains of ligands, the majority of the spatial organisation at immune synapses appears to be driven
by the immune cells.

Broadly, the immune synapse contains Super Molecular Activatory Clusters (SMAC), which are divided
into central c-, peripheral p- and distal d- rings. Each of these SMACs contains domains of distinct receptors
and signaling molecules specific for certain cell types.[25, 306] Many cell types have shown microstructured
protein domains on the cell surface.[276, 307, 308, 309, 310]

In NK cells protein microdomain organisation is thought to play a key role in cellular activation.[311]
Rafts of both inhibitory and activatory receptors have been observed on cell surfaces,[312, 253, 22, 313, 314,
315] and the confinement of these receptors to specific protein domains is thought to control tolerance in
NK cells.[316] Additionally, the proximity of inhibitory and activatory receptor microclusters to each other
is thought to direct cellular activation, where exclusion of inhibitory microclusters from domains of activa-
tory clusters could allow signaling to propagate.[297, 317, 318, 312] Several proteins are only successfully
phosphorylated when they exist in domains, as oppose to as individual receptors, and so it may be that these
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domains amplify signals and signal transduction.[312, 319, 320, 321, 322]
T cells show similar protein domains; signaling in the T cell is thought to involve TCR/CD3 micro-

clusters that form in the p-SMAC and are transported to the c-SMAC, and these microclusters are required
for efficient activation.[323, 289] Other receptor and signaling proteins such as Lat, Zap-70 and SLP-76
have also been shown to exist in microdomains,[324, 325, 326, 327, 328, 271, 329, 330, 331] indicating
that the micro and nanoscale structure of these molecules on cell surfaces is important to cellular acti-
vation. Additionally, the role of actin in this spatial arrangement appears to be crucial; without actin,
several receptors are unable to form microclusters and protein rearrangement crucial for signaling cannot
occur.[316, 318, 317, 332, 333, 261]

The organisation of these protein microdomains has been shown to be different for several cell sub-
classes, and is summarised in Figure 2.4.3.[239] Mature T cells typically demonstrate a bulls-eye pattern,
with a TCR/CD3 enriched protein microcluster in the c-SMAC surrounded by ring of adhesion recep-
tor LFA-1, whilst TREG show a multifocal pattern of distinct TCR/CD3 domains within the LFA-1 rich
environment.[334] NK cells demonstrate either an activatory (SMAC) or inhibitory (SMIC) pattern, sur-
rounded by adhesion receptors.[254, 25]
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Figure 2.4.3: Typical stable synapse structures. (A) Immune cells contact target cells at a region known
as the immune cell synapse (B) The synapse is normally organised into central, peripheral and distal Super
Molecular Activatory Clusters (SMACs) (C) Mature T cell synapses usually display a c-SMAC enriched
with TCR/CD3 and co-stimulatory molecules, p-SMAC with adhesion molecules such as LFA-1 and p-
SMAC with other molecules such as CD43 and CD44, in TREG cells (D) the pattern is multifocal. (E) NK
cells express a similar pattern, where engaged stimulatory receptors are found in the c-SMAC and adhe-
sion molecules in the p-SMAC. Here inhibitory receptors are excluded from the synapse. Additionally, in
inhibitory receptors (F) a c-SMIC forms with inhibitory molecules in the centre surrounded by adhesion
molecules.

Clearly, receptor-receptor proximity, and even proximity of several different receptor types, appears to be
very important to cellular signaling. Some investigations have focused on whether this requirement may be
due to engagement valency or crosslinking of key receptors; both CD4+ and CD8+ cells are not stimulated by
monovalent TCR binding in either soluble or surface bound forms, however dimeric or greater engagement
is necessary for activation,[287, 289] suggesting that crosslinking, or receptor proximity, plays a crucial a
role in cellular signaling.

Separately, protein micropatterns have been used to direct cellular activation in T cells, indicating that
the micropatterned structure of stimulatory ligands is capable of controlling cellular activation levels. Ar-
tificial cell substrates with micropatterned regions of anti-CD3 in focal or annular forms were used to
activate T cells, much higher IL-2 and IFN-γ secretion occured on patterns with focal anti-CD3 protein
organisation.[299] Additionally, the inclusion of co-stimulatory agents such as anti-CD28 in distinct ligand
organisation patterns can also affect cellular activation; positioning anti-CD3 and anti-CD28 in separate dis-
tinct focal points resulted in much higher IL-2 production than a singular focal point.[21] Fluid bilayers have
also been used to probe the sensitivity of T cell activation to the ligand mobility; constraining the TCR micro-
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cluster mobility can cause altered signaling and activation levels in T cells, [295, 335, 296] where signaling
is maximised if TCR microclusters are contstrained to the p-SMAC.

The spatial structure of the immune synapse interface is an important part of immune cell signaling;[297,
311, 296, 277] alterations to the natural configuration of these proteins on artificial cell substrates can be
used to direct and control activation levels in a number of cell phenotypes, although the mechanisms driv-
ing these differences have not yet been identified.[299, 21, 295, 296] Much work has been conducted to
elucidate the general pathways of signaling and activation in NK and T cells, however there is as yet not a
clear understanding of the minimum requirements for cellular activation and differentiation in terms of the
spatial organisation of stimulatory ligands. More work is needed to determine both the minimum signaling
requirements and how to deliver these signaling requirements ex vivo before clinical applications, such as
immunotherapy, can reach their full potential.

2.5 Summary and Objectives

Biomaterials research has arguably contributed greatly to the advancement of tissue engineering as a whole,
however this multidisciplinary field has largely focused on fabricating materials for applications in regener-
ative medicine, which often concentrate on stem cell differentiation. Immunology is largely unrepresented
in this field, despite the variety of conditions prevalent in modern-day society attributed to immune system
disorders.[1] In order to design materials capable of driving immunotherapy in clinic, it is imperative that
the biomaterial field begins to address this unmet clinical need. Both a greater fundamental understanding
about the signaling processes involved in key immune cell interactions, and the design of materials capable
of delivering the signals required to induce immunotherapeutic effects, are required.

This thesis seeks to design biomaterials capable of probing key cellular signaling pathways in immune
cells, with the hope of gaining insight into immune cell signaling requirements. The objectives of this thesis
are broadly as follows; to fabricate biomaterials capable of binding biological ligands with controlled inter-
ligand spacing or ligand-substrate rigidity, and to test the effect of varying these specific stimuli on immune
cell activation in T and NK cells.

Specifically, this thesis aims to fabricate arrays of gold nanoparticles with controlled inter-particle spac-
ing capable of binding biological molecules, and to extend the current nanopatterning technology to enable
the fabrication of new nanomaterials with advanced functionality; able to bind biological materials with
alternative geometries and alternative binding mechanisms.

Additionally, the fabrication of new materials with control of substrate mechanical properties capable
of presenting stimulatory ligands, is also desired. These materials should also be able to mimic the natural
conformation of immune cell engagement with Antigen Presenting Cells in order to extend the currently
available technology.

Finally, this thesis seeks to test the activatory response of immune cells to these fabricated materials;
both the effect of varying the inter-ligand spacing of stimulatory ligands over crucial lengthscales, and the
response to mechanically controlled substrates functionalised with stimulatory ligands, will be investigated.



Chapter 3

Characterisation Techniques

Several methods were used to characterise both the materials described in this thesis and the cellular re-
sponses to these substrates. This section discusses the principal techniques common to several chapters
employed in this thesis.

3.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is an imaging technique used to characterise samples from the micro-
to nanometre scale.[336, 337, 338, 339, 340] An intense beam of high energy electrons are focused onto a
surface using electromagnetic lenses, and the characteristics of the reaction products from electron interfer-
ence with the substrate are measured, shown schematically in Figure 3.1.1.
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Figure 3.1.1: Scanning Electron Microscopy.

The electrons are produced by an electron gun, which is either thermionic or field emission class.
Thermionic guns apply thermal energy to metals with extremely high melting points to induce ionisation
and generate an electron stream. Alternatively, field emission guns generate an electron stream through a
strong electrical field, which separates the electrons from the source atoms. The resulting stream of electrons
is directed towards the sample using electromagnetic condenser lenses, which direct and focus a narrow beam
of electrons onto the sample, and is scanned over a narrow area of the sample. Scanning coils, which create
a fluctuating magnetic field to bend the electron beam in different directions, control the movement of the
beam over different areas of the surface. The intense beam of electrons can cause damage to the sample, and
so samples are usually mounted on conductive material, or coated with a thin layer of conductive material,
in order to earth the incident electrons that are not used in detection. [341, 342]

The reaction products from the interaction of the incident electron beam with the sample can then be
examined; secondary electrons, back scattered electrons and X-rays can all be collated to give information
on surface topography and composition. Secondary electrons are the result of inelastic scattering in substrate
surface atoms, caused by the electron beam, whilst back scattered electrons are the result of elastic scattering
of incident electrons with atoms in the substrate. Detectors usually attract the resultant electrons, and these
electrons hit the detector surface before being computed into images. Usually, the brightness of an image
is related to the number of electrons reaching the detector per unit area over a comparative timeframe. X-
rays can also be produced; inelastic scattering of incident electrons with surface atoms can result in the
emission of X-Rays, which possess a characteristic energy value depending on the element from which they
originate. These can be analysed to give elemental composition of the sample using energy-dispersive X-Ray
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spectroscopy with an additional detector.[342, 167, 168]
All analysis is carried out in vacumn, as gaseous particles could interfere and scatter the incident electron

beam. Here, samples were analysed with a Field Emission Gun SEM using a working distance of 4mm
and voltage 5-10kV unless otherwise stated. Samples were either mounted on conductive silicon wafer or
coated with a thin layer of carbon (2-5 minutes, 45mA, QVF instrument, Film Thickness Monitor estimated
5-15nm) or chromium (1 minute, 45mA, EMITECH K550 instrument, estimated 15nm).

3.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM)[343, 344] is an imaging technique used to characterise materials
by passing an electron beam through a thin sample section ~100nm thick. The beam of electrons is generated
in an electron gun (again either thermionic or field emission) and the electrons are accelerated towards the
sample, where they interact with the material to produce either diffraction patterns dependent on the lattice
spacing of planes of atoms, allowing the crystal structure of the material to be investigated,[344, 345] or
images. Images may be contrast based, where the comparison between sample regions that absorb electrons
(dark) and sample regions that do not (bright) can be recorded based on the number of electrons reaching
the detector as bright field images. Alternatively, diffraction contrast, where regions that scatter electrons
appear bright, can be used instead. Additionally, energy-dispersive X-ray spectroscopy (EDX) analysis can
be performed as described for SEM techniques.

3.3 UV-Visible and Fluorescence Spectroscopy

UV-Visible Spectroscopy is a technique that excites certain molecules to higher energy levels using electro-
magnetic waves in the UV-Vis region. The photons, once absorbed, promote electrons in the molecule to
higher unoccupied electronic energy levels; the electrons must subsequently lose this “extra energy”. If the
excited electron is in a ground vibrational state, it can lose this energy directly by emitting a photon. How-
ever, if it is in an excited electronic state and higher vibrational state it must first return to a lower vibrational
energy level by internal conversion (such as loss of energy by heat through bond vibration) before emitting
a photon to return to the ground electronic energy level. The photon emission can be termed fluorescence if
it is in the UV-Vis range, and is usually the result of an emission from one excitation state to a lower energy
level, shown schematically in Figure 3.3.1.
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Figure 3.3.1: Principles of UV-Visible excitation and emission. Electrons exist in distinct electronic energy
states with vibrational and rotational energy sub-levels. Excitation with a photon of incident light can pro-
mote electrons to high electronic energy levels. The electron can cause photon emission when it returns to
its ground state.

The photon emission can be visualised using specific filters and detectors, which measure the change in an
absorption and emission spectra by monitoring wavelengths absorbed or emitted by a sample after irradiation
with a controlled light source. Measuring the electromagnetic wavelengths that induce these changes in
excitation level can be used to determine the optical band gap between energy levels. The absorbed and
emitted photons correspond to discrete transitions between energy levels, and so provide information about
the electronic structure of the material. In this thesis, UV-Visible and Fluorescence spectroscopy has been
used to analyse the optical band gaps of materials, discussed in more detail in Chapter 5, and the general
principles of fluorescence applied in biologically material characterisation are described below.

3.4 Optical Microscopy

Several types of microscopy were used to monitor and measure cellular responses to biomimetic materials
in this thesis, including confocal and Total Internal Reflection Fluorescence, discussed below.

3.4.1 Confocal Microscopy

Confocal microscopy allows very thin sections of a sample to be illuminated through modification of standard
optical microscopy.[346, 347] A typical schematic of confocal microscopy is shown in Figure 3.4.1.
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Figure 3.4.1: Schematic of confocal microscopy. Incident light is directed towards and focused on the
sample, which emits light when selected fluorophores are excited. The emitted light then passes through a
dichromatic mirror and through a pinhole (which allows light from only one focal plane to pass through)
before being detected.

The confocal microscope uses the principles of traditional fluorescence microscopy with additional fo-
cusing tools. In the microscope, incident light of a certain wavelength is emitted and bent by a dichromatic
mirror, then focused onto a sample. The light emitted by excited fluorophores in this sample passes back
along the illumination pathway until reaching the dichromatic mirror, which it passes through (it is of a
shorter wavelength than the incident light and so travels through the mirror) to the detector. In a confocal
microscope, a pinhole is added in front of the detector in order to eliminate out-of-plane light, and only
allows light from the conjugate planes to pass to the detector. This allows the Abbe resolution to be nar-
rowed to approximately 200nm depending on the exact wavelength of light used and the objective settings,
and therefore the focal plane is very narrow; in conjunction with scanning vertically through a sample, this
allows slice-by-slice analysis of a sample where individual images can be stacked to give an overall image
with enhanced clarity.

3.4.2 TIRF Microscopy

Total Internal Reflection Fluorescence (TIRF) uses a laser beam to illuminate and totally internally reflect
the light at the interface between a glass coverslip and cell surface, shown schematically in Figure 3.4.2, and
is a powerful technique for imaging at cellular-interface boundaries.[348, 331]
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Figure 3.4.2: Schematic of total internal reflection microscopy (TIRF). At a cellular-substrate interface TIRF
of incident laser light can occur due to differences in the refractive indicies of the materials at the interface.
This causes an evanescent wave to penetrate into the cell, exciting fluorophores located close to the cell-
surface interface.

TIRF microscopy uses the total internal reflection of incident light at the interface between two materials
with different refractive indices to create an incident evanescent wave that travels only a few 100nm into the
sample. At the point of total internal reflection, some of the incident light converts to an electromagnetic field
and passes through the interface, creating an evanescent wave with the same frequency as the incident light.
The fluorophores are excited by the interaction with the electromagnetic field, which penetrates up to 200nm
into the sample. The penetration depth of the field is dependent on the angle of incidence of the incident light,
which can be controlled through the use of objectives. The penetration depth is also sensitive to differences
in the refractive indicies of the materials at the interface. The evanescent wave decays exponentially away
from the point of origin; due to this small penetration depth, only fluorophores in close proximity to the
glass interface are excited. Emitted light therefore provides information about the features of the cell at the
cell-glass interface.

3.5 Flow Cytometry

Flow cytometry allows the analysis of small particles via their interaction with electromagnetic radiation. A
stream of liquid containing particles or cells is flowed through a chamber, where they are illuminated by laser
light of a specific wavelength.[349, 350] The cells will then either scatter this light, allowing analysis of the
granularity, size and nuclear shape of the cell, or may absorb it if tagged with a fluorescent marker sensitive
to that wavelength. The absorption and emission of selected frequencies of light (described above) allows
detectors placed close to the flow of cells to characterise the materials based on their scattering or absorption
and re-emission of incident light. Flow cytometry is particularly useful for examining cell populations, where
cell surface receptors can be tagged with fluorescent biomarkers. This allows the proportion of cells within
a population expressing a certain marker to be identified.

Standard flow cytometry experiments typically use cells exposed to negative and positive stimuli as
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controls to “gate” the population. The positive controls are usually cells that have been exposed to a known
stimulus, and are fluorescently tagged with an antibody against a surface or intracellular marker for response
caused by this stimulus. This may be a marker for cell lineage, however this thesis specifically describes
cellular activation markers. Negative controls are required to ensure that the antibody can be used selectively
to monitor expression of the marker as a gauge of activation. Firstly, unstimulated cells treated with the same
antibody are required to ensure that this marker is only present on activated cells, or to determine the basal
level of this marker in unactivated cells. Secondly, an antibody of the same isotype but which is specific for a
different, non expressed marker is usually used to ensure that the binding of the positive antibody is specific
to its cellular marker, and is not binding through non-specific protein interactions.

These controls are then examined by passing them through the chamber and setting the sensitivity of
the detectors to suitable incident wavelengths. The sensitivity of each of the detectors is altered through the
voltage gain, in order to provide a cellular profile range suitable for analysing both positive and negative
controls. Once the detector sensitivity has been modified in this way, the negative and positive cellular
controls are examined. The aim is to display the population response to incident light in such a way that
clear differences in the response to incident light between the positive and negative controls are detected.
The profile of a typical negative cell, and the profile of a typical positive cell, can then be marked (or
gated) across several wavelengths. Further samples can then be quantitatively examined, allowing rapid
determination of the profile of cellular populations in terms of the identified markers, and allowing direct
comparison to positive and negative controls.

Several markers can be examined at the same time, allowing a more in depth study of the cellular popula-
tion if antibodies or markers with different fluorophores are used. Due to the overlap of several fluorophore’s
spectral profiles, careful consideration has to be given to compensation in experiments with more than one
fluorescent molecule being used to mark the cell at the same time. The flow cytometry experiments in this
thesis were performed on a Fortessa, and used a single fluorescent marker. Gates were drawn based on
cellular profiles at 8 hour time-points; unstimulated cells were used as negative controls, and cells stimu-
lated for 8 hours with anti-CD3 on tissue culture plastic as standard positive controls. Further details on the
experimental procedure and selection of population gates is given in the relevant chapter (Chapter 8).



Chapter 4

Biomimetic Gold Nanopatterns

4.1 Introduction

In order to determine whether the nanoscale spacing and clustering of biological ligands has an effect on
cellular signaling, it is important to be able to fabricate robust surfaces that can be used to answer these
questions. Earlier, block co-polymer micellar lithography (BCML) was highlighted as a well described
methodology for the fabrication of nanoparticle arrays, which uses the selective solubility of the hydrophilic
polymer region of a di-block co-polymer in organic solvents to form self-aggregating structures. In this
project, the diblock copolymer poly (styrene-block-2-vinylpyridine) (PS-b-P2VP) was used as a precursor to
form micelles in solution.[209, 204, 203, 221, 351, 220] PS-b-P2VP contains a polar pyridine unit repeated in
the poly-2-vinylpyridine (P2VP) segment; when solubilised in organic materials, the P2VP blocks aggregate
in the centre of the micelle to form a core. The less polar polystyrene units then surround the P2VP as
a diffuse shell, which reduces energetically unfavourable interactions between the immiscible non-polar
solvent and the more polar P2VP. Recent investigations from other groups have shown that these micelles,
once formed, can then be functionalised directly using crosslinking methods [209, 352, 353, 354] and that
tri-block copolymer micelles can also be formed,[355] however such investigations are beyond the scope of
this project, which uses micellar lithography solely as a tool to produce nanoparticle arrays.

Figure 4.1.1 shows a schematic of block copolymer micellar lithography; the micellar core-shell structure
forms a nanoreactor that allows selective dissolution of metal salts into the core.[356] For gold nanoparticle
formation, HAuCl4is normally the metal salt used. The ions dissociate so that the nitrogen of the pyridine
unit is now positively charged and the Au complex adjacent creates a stable favourable ionic interaction.
[205, 351, 222] Micellar stability is further enhanced through this process; aggregation is reduced as the
micelles repel each other. Furthermore, each micelle is likely to contain fewer individual polymer chains due
to the repulsion between charged pyridine units, leading to smaller micelles. Finally, the neutralisation of the
pyridine, acting as a Brønsted base, by the HAuCl4also increases the incompatibility of the solvent/polymer
core interaction. [205, 222]

Micelle deposition onto substrates can then be achieved by dip-coating[203] or spin-coating[357] which
allow the formation of a large monolayer area of close packed micelles.[358, 359] The formation of a
closely packed film is affected by long range Van der Waals interactions, solvent characteristics and dip-
ping velocity.[360, 361] The balance between the attractive micellar forces, such as capillary forces, and the

48



CHAPTER 4. BIOMIMETIC GOLD NANOPATTERNS 49

PS-b-P2VP Gold Nanoparticle

Micelle

Gold loaded micelle

PLL-G-PEG Biotin

Dip-coating

H2 Plasma

Passivation

Gold (III)
Chloride

Figure 4.1.1: Schematic of micelle and nanoparticle formation. Micelles are formed when PS-b-P2VP is
dissolved in para-xylene and loaded with HAuCl4. These micelles can then be dip-coated onto substrates
and nanoarrays formed by plasma treatment, before being passivated between particles with protein resistant
materials and later functionalised. The protein resistant material PLL-g-PEG can also provide additional
functionality through the incorporation of biotin binding groups in the passivation layer, provided commer-
cially.

repulsive micellar forces such as electrostatic interactions between positively charged pyridine units[221]
also help determine the inter-micelle spacing. Additionally, the physical parameters of the dipping process
itself, such as the surface energy of the substrate[362] and the solvent evaporation rate (variable dependent
on day-to-day temperature and humidity values) also play a role. The original equation relating film thick-
ness to withdrawal speed was proposed by Landau and Levich in 1942,[360] an updated version is shown in
equation 4.1.1 taken from Yimsiri et al.[363]

h0 = 0.944((nu0)
2/3)/(σv1/6(ρg)1/2) = 0.944(Ca)1/6((nu0)/ρg))1/2, (4.1.1)

where h0 is the film thickness, u0 the withdrawal speed, n the solution viscosity, p the solution density,
σv the solution surface tension and Ca capillary number (nu0/σv). Film thickness is closely related to lateral
micellar spacing, as a thicker liquid film causes closer micelle packing, and so smaller inter-micelle spacing.

After micelle formation, nanoparticle fabrication can then be achieved through a variety of methods; the
metal complex can either be directly reduced in solution and micelles deposited to produce micelle con-
strained nanoparticles,[362] or reduced after deposition of ordered hexagonal close packed micelles on a
substrate, as shown in Figure 4.1.1. Direct reduction of the Au3+ complex is achieved with reducing agents
such as hydrazine[364] added to the loaded micellar solution which chemically reduce the Au (III) to Au
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(0). A significant drawback of this method is the production of precipitate by-products such as hydrazinium
chloride, however this method allows deposition of polymer-coated nanoparticles onto substrates. Alterna-
tively, post deposition plasma treatment can be used to simultaneously remove the polymer micelle shell
and form the gold nanoparticle. This is thought to be due to a combination of direct reduction from the
plasma and polymer degradation products created during the plasma process, such as CO and electrons,
which chemically reduce the gold.[203, 204, 362] The plasma process can be varied through pressure (both
starting and operating), chemical atmosphere, power and time. It is important that the appropriate plasma
method is chosen for the substrate in question. If oxygen was used in conjunction with silicon n+ doped
wafer an insulating interlayer between the silicon and the nanoarray could be produced,[365] and although
CF4 could instead be ultilised to reduce the gold, this could cause erosion of the substrate.

The formation of polymer nanoparticles by these methods has been shown to be equivalent, indicating
that reduction and crystallisation of the gold during polymer removal is faster than full degradation of the
polymer.[362] Other methods of degrading the polymer and reducing the gold include laser ablation. This
method breaks strong intra-chain covalent bonds through either thermal or photochemical methods, and
has also been shown to often cause the polynucleation of nanoparticles due to a balance of the macroscopic
temperature of the polymer and the energy density per laser pulse.[364] Thermal ablation is another common
method of polymer removal, where electronically excited states formed through a mechanism involving
chemically reactive oxygen species undergo internal conversion to other states, causing bond breakage.[364,
366] Plasma reduction of the Au3+ complex is favoured, as it eliminates the extra step of reduction in solution
and the associated unwanted byproducts.

The synthesised gold nanoparticles usually range between 3-20nm in diameter,[362] and have been stud-
ied by High Resolution Transmission Electron Microscopy (HRTEM) which indicates a twinned crystal
structure.[367, 368] For cellular investigations requiring nanopatterned arrays, gold is the metal of choice
due to both its ease of fabrication and non-toxicity to cells.[226] Gold is also a reasonably inert metal, which
is not prone to oxidation at low temperatures and is easy to handle in ambient conditions, as well as having
been extensively studied and characterised.[369, 367] Once gold nanoparticles are synthesised, the binding
of thiols on gold is a useful tool for attaching biological molecules to nanoparticles, and studies have shown
that Self Assembled Monolayers (SAM) of thiolates on gold are stable to cell culture media and non-toxic
to cells. [226]

The current resolution of BCML allows micelles and nanoparticles with spacing ranging from around
20-290nm to be formed,[94, 370] implying that the density of micelles (and so nanoparticles) can range over
a factor of 10 (from 100-1100 micelles / µm2). Although a robust technology for the formation of uniformly
spaced gold nanoparticle arrays, currently, as the inter-particle spacing increases, the global particle density
on the substrate decreases and so these aspects are coupled. [51, 109] Recent attempts to advance this
technology have focused on creating micropatterned regions of nanoparticles,[356] predominantly using
BCML in conjunction with Electron Beam Lithography (EBL) and Focused Ion Beam (FIB) methods.[371,
372] These methods allow pattern resolution in the µm range, however patterning of large areas by these
methods is currently both costly and time consuming.

The development of Block Co-polymer Micelle Lithography (BCML) has been well documented, de-
scribing the identification of critical micelle concentration, loading parameters, and substrate extraction rate
as key factors in array control.[203, 204, 364, 205, 351] The fabrication of nanoarrays by this method, and
their subsequent functionalization with biological molecules through thiol interactions, present a platform
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technology that can be developed to present spatially controlled biomolecules for cellular studies. This
chapter describes the fabrication of these arrays using the parameters already described in the literature, fo-
cusing on particle spacing, size and functionalisation. The final section of this chapter details the synthesis of
novel nanoparticle arrays in which the simultaneous application of several nanopatterning techniques allows
the fabrication of complex arrays, which seek to generate nanopattern surfaces where global particle density
is decoupled from local nanoparticle spacing.

4.2 Contribution Statement

The work reported in this chapter was supported by the following people;
TEM imaging was performed by Karla-Luise Herpolt on samples made by Derfogail Delcassian.
Uni-directionally micro-contact printing of micelles was developed together with Jun Pang, working under
the supervision and guidance of Derfogail Delcassian. Aspects of this work were reported in the MSc thesis
“Scalable Fabrication of Micronanopatterned Cell Culture Substrate, Jun Hon Pang”.

4.3 Materials and Methods

4.3.1 Preparation of micellar solutions

0.1 – 7mg/ml Poly(styrene-block-2-vinyl pyridine) (Polymer Source), of varying molecular weight and
styrene to 2-vinyl pyridine ratio, was dissolved in para-xylene (99.0%, VWR) and stirred for at least 12
hours. Individual polymers are classified by the number of repeat units of each block, represented by sub-
script PS(x)-b-P2VP(y), detailed in Table 4.3.1. HAuCl4 (Sigma Aldrich) was then added at 0.1 – 2 molar
ratio to the total amount of 2-vinyl pyridine units and left to stir for another 24 hours to generate micelles
with gold-loaded cores. Gold-micellar solutions were then left untouched or treated with 1-30× excess hy-
drazine (1M in Tetrahydrafuran (THF) (Sigma Aldrich)) Additional solutions were made by mixing unloaded
micellar solutions with loaded micellar solutions of the same molecular weight polymer and leaving to stir
for 5 minutes before immediate use. Glassware and apparatus used in these procedures had been soaked in
DECON-90 (Decon laboratories Ltd) for a minimum of 2 hours, before being rinsed in ultrapure deionised
water (18ΩM.)

PS(x) P2VP(y) Polydispersity Loading Conditions
110000 52000 1.10 5mg/ml in p-xylene
52000 31500 1.05 5mg/ml in p-xylene
32000 12500 1.12 5mg/ml in p-xylene
16000 3500 1.05 5mg/ml in p-xylene

Table 4.3.1: Table of PS-b-P2VP polymer characteristics, Mn, polydispersity, and loading concentration.
Mn represented by number of repeat units of each polymer, PS(x)-b-P2VP(y).
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4.3.2 Formation of monolayers on substrate

Glass and silicon substrates were cleaned by immersion in a fresh 1:3 v/v mixture of hydrogen peroxide 30%
aqueous solution (VWR) and concentrated sulfuric acid (95%, VWR) for at least 2 hours, before rinsing in
ultrapure water (18.2 MΩ). Substrates were coated with a monolayer of gold-loaded micelles by dip-coating
using a home-built setup with a retraction speed of between 0.12 – 0.63 mm/s. The glass slide was either
left to dry in air, or excess para-xylene from the base 2mm of the slide was blown dry with N2 and stored for
further experiments.

4.3.3 Formation of the nanoarray

Gold nanosphere arrays were generated from these micelle-coated substrates by exposure to plasma treat-
ment. A Reactive Ion Etcher (RIE) (Sentech, Etch Lab 200) using physical sputtering and chemical degrada-
tion with 20 Pa oxygen, for 40 minutes at bias RF voltages ranging from 200-500 V, an oxygen plasma (GaLa
Instrumente PlasmaPrep5) or a hydrogen/argon plasma (10% hydrogen, 0.4 mbar, 350 W) in a plasma etcher
(PVA TePla, Kirchheim, Germany) were used with a variety of conditions for array formation optimisation.

The different plasma treatments produced small differences in the quality of the nanoarrays; RIE phys-
ical sputtering occasionally induced nanoparticle ablation at high bias RF voltages, whilst oxygen plasma
treatment occasionally induced polynucleation of the gold nanoparticle inside the micellar template. As
such, hydrogen/argon plasma, which produced uniform arrays of well-spaced single nanoparticles, was used
for the majority of the studies unless otherwise stated, and was chosen as the default plasma technique for
nanopattern fabrication.

Analysis of the fabricated nanoarrays was performed using FIJI. SEM images of nanopattern surfaces
were used to quantify particle diameter and inter-particle spacing. Particle diameter was measured by thresh-
olding SEM images to minimum contrast, before converting images to binary format, then calculating the
area of nanoparticles in the surface plane. This geometric area value was converted to diameter using the
formula

area = πr2, (4.3.1)

where r is radius, and diameter is 2r.
Inter-particle spacing was calculated by drawing a line of best fit between 5-10 particles, and calculating

the average inter-particle spacing for particles on that line by dividing the line length by the number of inter-
particle gaps. A minimum of 10 separate best fit lines in several orientations were drawn for each surface
type to ensure the average spacing of 50-100 particles was measured.

Error bars represent the standard error in the mean, calculated as follows:

S.e.m =
(SD(n))
( 2
√

n)
, (4.3.2)
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where SD represents the standard deviation of n measurements, divided by the square root of n mea-
surements. Statistical analysis was performed in Origin and used non-parametric Mann-Whitney tests to
compare across conditions.

4.3.4 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) images were taken with an FX 2000 TEM. Samples were dropped
onto holey carbon grids (Taab).

4.3.5 Scanning Electron Microscopy (SEM)

SEM Scanning Electron Microscopy (SEM) images were taken with a LEO Gemini 1525 Field Emission
Gun (FEG) SEM at 5-10kV acceleration voltage. Samples coated on silicon were imaged directly, and glass
slides after sputter-coating with a thin layer of carbon.

4.3.6 Functionalisation of nanoarrays

Glass substrates bearing gold nanoparticle arrays were incubated with 1mg/ml PLL-g-PEG (SuSoS) or PLL-
g-PEG (50% Biotin graft) (SuSoS) for 1-2 hours, before being rinsed with ultrapure water and incubated
with 0.1-0.5mg/ml FITC-EQDLISEEDL-PEG(6)-NH-CH2CH2-SH or Fluorescein-β-Ala-DAKAC (courtesy
of Dr. Hubert Kalbacher; provided by the University of Heidelberg) in Phosphate Buffered Saline (PBS) for
1-2 hours before being thoroughly rinsed in ultrapure water and stored for further use. Fluorescence was
imaged with an Olympus 1X51 microscope with DP70 camera.

4.3.7 Fabrication of micro-contact printed (µCP) arrays

µCP masters were fabricated from a CD-R cut into 8cm by 8cm pieces, concentrated nitric acid (VWR)
was used to dissolve the acrylic layer, the remaining aluminium membrane was then separated from the
polycarbonate master which was rinsed and stored for future use. PDMS stamps were fabricated using
Sylgard-184 (Dow Corning, 10:1 elastomer to curing agent ratio) mixed and degassed in vacuum before
curing on top of the polycarbonate master for 2 hours at 60°C. Stamps were then dip-coated as previously
described, and left to dry for 15 minutes. After drying stamps were inverted onto silicon chips and pressed
for 3 minutes with a weight of 13g.

4.4 Results and Discussion

4.4.1 Controlling micelle size and spacing

In order to create features of a comparable spacing to cellular receptor clusters and signaling components
deemed key to immune cell activation, nanopatterns with inter-particle spacing of between 10-150nm are
desired. [108, 214, 103, 104, 105, 373, 374, 375] To create nanoparticles with spacing of this order a range
of micelle sizes were explored. By varying the length of the individual polymers in the block copolymer dif-
ferent sized micelles are formed, meaning the micelle diameter, and subsequently the inter-micelle spacing,



CHAPTER 4. BIOMIMETIC GOLD NANOPATTERNS 54

can be controlled within a certain range. Figure 4.4.1 illustrates the micelle sizes fabricated for use in this
project using a range of polymer molecular weights.

A B

C D

Figure 4.4.1: Effect of polymer template on micelle size. SEM images of PS-b-P2VP gold loaded mi-
celles. Scale bar 100nm.(A) PS(16000)-b-P2VP(3500) (B) PS(32000)-b-P2VP(12500) (C) PS(52000)-b-P2VP(32000)
(D) PS(110000)-b-P2VP(52000)

The spacing between micelles on a substrate is flexible within a range predetermined by the micelle
size. This fine spacing can be controlled by substrate extraction rates, amongst many other factors. Micelles
with longer corona polymer chains are often considered more compressible, due to the reduced precision
of micellar placement and the deformation or compression that can occur from surrounding micelles due to
flexibility in the corona.[204] Micelles of PS(110000)-b-P2VP(52000) repeat units, containing the longest indi-
vidual polymer chains used in micellar synthesis in this thesis, were therefore used to confirm that extraction
rate can be used to determine fine micellar spacing.
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Figure 4.4.2: Gold nanoparticle inter-particle spacing as a function of extraction velocity. Bar chart shows
mean spacing value calculated across extraction voltages, spacing calculated as described in the Materials
and Methods section, statistical tests performed with a Mann-Whitney non-parametric test, ***p<0.001,
error bar is the standard error mean in each case. SEM images were used to measure the inter-particle
spacing of PS(110000)-b-P2VP(52000) (A) SEM of sample dip-coated at 0.35mm/s and (B) 0.63mm/s with
scale bar 100nm.

Extraction rates were controlled by the voltage applied to the DC motor driving the dip-coater extraction
speed, and rates were varied from 0.12 – 0.63 mm/s. The effect of extraction rate, shown in Figure 4.4.2, was
determined by measuring the inter-particle spacing of gold nanoparticle arrays as descibed in the Materials
and Methods section. As expected, the extraction velocity is closely linked to the micellar spacing; with
increasing velocity, the micellar spacing decreases, as described in the literature.[360] Earlier, we showed
the film thickness equation described by Yimsiri et al.[363] which can be simplified to

h0∝(nu0)
2/3, (4.4.1)

where h0 is the film thickness, u0 the withdrawal speed and n the solution viscosity. From this, we would
expect the film thickness to increase as the velocity of extraction increases. The increase in film thickness is
closely related to the lateral inter-micelle spacing, as the film thickness increases, the inter-micelle spacing
decreases. Whilst our data does show that increasing velocity leads to a decrease in inter-particle spacing
as expected from the equation, the exact nature of the relationship is not straightforward. There are a large
number of other components in the equation, including viscosity and density, that may vary due to differences
in sample preparation or ambient conditions. In practice, this means that this equation, whilst offering some
indication as to which parameters can affect the fine-tune spacing, does not provide a robust method to
pre-determine spacing values based on extraction velocity. Instead, a trial-and-error approach needs to be
employed to optimise inter-particle spacing for different polymer templates.

Other factors that have been identified as key to micellar formation include the Critical Micelle Con-
centration (cmc) which is the point at which unimeric polymer units start to associate with each other.[205,
216, 217, 219, 218] This value is unique for each polymer, and is sensitive to solvent,[376] ionisation of
the micellar core [204] and internal polymer ratio; where a longer core-forming block lowers the cmc if the
number of monomers in the shell is maintained.[376, 377] For PS-b-P2VP, the cmc has been estimated to
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lie between 0.01 and 0.1g/ml, however the phase diagram of PS-b-P2VP is complex.[378] For this project, it
is important to ensure that the solution phase is dominated by spherical micelles rather than unimeric poly-
mer units or large aggregate phases. Figure 4.4.3 shows SEM images of substrates dip-coated at a range of
micellar concentrations, and demonstrates that PS-b-P2VP is able to form various aggregate structure types
across the concentration range of 0.1-5mg/ml (4.4.3).[204]

CBA

Figure 4.4.3: SEM micrographs of substrates dip-coated with micellar solution at varying concentrations.
PS(16000)-b-P2VP(3500) was solubilised at various concentrations in para-xylene and substrates dip-coated
onto silicon wafers, before being examined by SEM. (A) 1mg/ml (B)2.5mg/ml (C) 5mg/ml. Scale bar (A,B
2µm, C 200nm)

Polymer loading concentrations were optimised for each polymer to produce micelles in solution, and
details are given in Table 4.3.1 of the Materials and Methods section, describing the conditions used in this
project. An exploration of the range of possible PS-b-P2VP phase formations has previously been carried
out using the more appropriate technique of Small Angle Neutron (SANS) and Small Angle X-ray Scattering
(SAXS). [378] Here, we used concentrations of 5mg/ml to produce a spherical micelle phase.

4.4.2 Formation of gold nanoparticles

Once the micelles have been deposited on the surface in a monolayer, the polymer can be removed leaving
the noble metal (if the salt has been previously reduced). Alternatively, the metal salt can be reduced to
its zero valence form whilst simultaneously removing the polymer matrix and maintaining the order of the
nanoarray using plasma treatment, as described in the Introduction. Fabrication of arrays by plasma reduc-
tion is favourable due to fewer preparation steps. The degradation of the polymer micelle under oxygen
plasma conditions was compared at different time-points by contact angle, using the hydrophobicity of the
surface after plasma exposure as a measure of polymer removal (Figure 4.4.4). Contact angle measurements
indicated that there is a rapid increase in the hydrophillicity of the substrate immediately after plasma treat-
ment, likely due to the direct effect of the oxygen atmosphere making the polymer more hydrophillic before
polymer degradation. Additionally, polymers of greater molecular weight require longer plasma exposure
times to fully degrade the polymer micelle shell and form nanoparticle arrays.
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Figure 4.4.4: The effect of plasma treatment on micelle substrate hydrophillicity by contact angle measure-
ments. PS(110000)-b-P2VP(52000) (large) and PS(16000)-b-P2VP(3500)(small) micelles were dip-coated onto
silicon substrates. Samples were exposed to oxygen plasma at 0.4mBar operating pressure in a GaLa Instru-
mente PlasmaPrep5 machine, at standard operating power 2.5, 3.5 or 5W and samples measured at timepoints
between 0.0-2.5 minutes as shown in the graph. Contact angle of the substrates were measured as a function
of plasma exposure power and time for both small and large micelles. Contact angles of below 20 degrees
were classified as “bare” silicon where full polymer degradation had occurred (represented by the shaded
area).

Nanoparticle arrays were formed using reducing plasma conditions, and particles produced across a range
of spacings seen in Figure 4.4.5.
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Figure 4.4.5: SEM micrographs of nanoparticle arrays spaced between 10 and 150nm. PS-b-P2VP of vary-
ing molecular weights was solubilised at 5mg/ml in para-xylene, loaded with gold, and nanoarrays formed
through exposure to a hydrogen plasma and examined by SEM. (A) PS(16000)-b-P2VP(3500) (B) PS(32000)-b-
P2VP(12500) (C) PS(52000)-b-P2VP(32000) (D) PS(110000)-b-P2VP(52000). Scale bar 100nm in all cases.

An alternative approach to nanoparticle formation, using chemical reducing agents, was also investi-
gated. Gold loaded micelles were exposed to hydrazine at varying concentrations and gold nanoparticles
formed inside the micelle were examined by SEM and TEM (Appendix A). The formation of well con-
trolled gold nanoarrays requires interplay between many factors. Constraining the gold-pyridine complex in
a quasi-hexagonal order, allowing the polymer-shell to be fully removed and ideally creating a single gold
nucleation point, or allowing multiple nucleation with many particles eventually coalescing to form a single
nanoparticle, are all required. The other methods investigated (reduction in oxygen rich environments and
the pre-reduction of gold by hydrazine) were found to produce some polynucleation, resulting in multiple
small gold particles per lattice point (Appendix A). Plasma treatment in reducing conditions was therefore
selected as the favoured mechanism to fabricate well defined nanoparticle arrays (Figure 4.4.5) on substrates
with quasi-hexagonal order.

Nanoparticle size was independently controlled through ionic loading (the ratio of gold ions compared
to the number of pyridine units). Gold loading was altered within a single polymer template to produce
nanoparticles of different diameters, shown in 4.4.6.
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Figure 4.4.6: Gold loading and particle size. PS(52000)-b-P2VP(34000) micelles were loaded with varying
gold concentrations, dip coated, exposed to plasma treatment and examined by SEM. Nanoparticle size was
calculated for a minimum of 500 particles per condition. Sample SEM images show (A) 0.1 loading ratio
(B) 1.0 loading ratio. Scale bar 100nm.

As expected, particle diameter is directly related to loading ratio. As the concentration of gold per micelle
core is increased, the relative size of the nanoparticle produced on the substrate post plasma treatment is also
increased. This linear relationship means that it is possible to tightly control the nanoparticle dimension for
each polymer, and produce a range of nanoparticle sizes at specific spacings. In this case, particle size analy-
sis was performed by calculating the particle diameter from the geometric area shown on the SEM image as
described in the Materials and Methods section. This assumes that the geometric area displayed is uniformly
circular, and also relies on appropriate thresholding of the SEM images in order to provide contrast for parti-
cle area analysis. The threshold value therefore could affect the calculated particle size, as over-thresholding
could result in an SEM image displaying a particle of reduced contrast area, and therefore a smaller geo-
metric contrast area resulting in a reduced diameter value. The diameter values shown here do not give a
true indication of the 3D structure of the particle, as they are a representative diameter calculated from the
SEM region of contrast which we assume reflects the nanoparticle 2D area presented on the substrate plane.
However, they do allow indicative comparisons to be made between gold loading conditions within polymer
templates. More accurate information about the geometry of the particle formed could be determined using
cross-sectional TEM. These results indicate that gold loading can directly affect the size of the nanoparti-
cle produced, as the polymers controlling the micelle size (and therefore centre-to-centre micelle spacing)
have different poly-2-vinylpyridine core lengths, gold loadings can be altered through the different polymer
templates to produce nanoarrays with uniform gold nanoparticle size, and different spacing.

For cellular signaling investigations, being able to control the precise position and size of these nanopar-
ticles across a 10-150nm lengthscale allows utilisation of these arrays for functionalization with small bi-
ological moieties and versatility in cellular investigations; the next section discusses proof-of-principle in
functionalising these nanoarrays with biologically relevant materials.

4.4.3 Functionalisation of gold nanoparticle arrays

The functionalization of gold surfaces has typically been performed through thiol-gold coupling. In order
for this to be a selective process, where ligand binding only occurs on the gold nanoparticle, the exposed
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substrate between nanoparticles needs to be rendered protein resistant. In this case, a graft co-polymer PLL-
g-PEG was chosen to cover the surface between the gold dots and attach non-covalently to the substrate.
PLL-g-PEG is protein resistant and presents a charged PLL backbone which is strongly attracted to the
substrate surface.[379, 380, 381, 382, 383] Other studies, using AFM, have shown that when hydrated the
graft co-polymer becomes swollen and forms a layer approximately 10nm thick.[383, 379] In this system,
nanoparticle arrays were functionalised with a protein resistant PLL-g-PEG layer in between nanoparticles
before biofunctionalisation.

Initial biofunctionalisation studies performed here focused on using peptides functionalised with thiol
groups. Thiol groups were chosen for biomolecule binding for several reasons; they offer quick, strong bind-
ing, allow some control over ligand orientation and offer high stability.[30, 384] As the primary objective for
these surfaces is as a cellular-material interface, stability of the ligand attachment mechanism is imperative to
withstand cellular contractile forces[385] and prevent internalisation of ligands by cells.[386, 210, 211, 373]
Two short peptide sequences with fluorescent tags and flexible PEG linkers (with thiol conjugation units at
one end) were used to demonstrate preferential binding to the gold nanopatterned region and the successful
passivation of the background between the particles (Figure 4.4.7).

CBA (1)(1)(1)

(2)

(2)(2)

(3)

(3) (3)

Passivated 

background

Dipping line interface

(Pattern/non-pattern) 

Nanopattern area

Figure 4.4.7: Nanoparticle arrays on glass were passivated with PLL-g-PEG graft co-polymer and function-
alised with thiolated peptides (A) FITC-EQDLISEEDL-PEG(6)-NH-CH2CH2-SH and (B,C) Fluorescein-
β-Ala-DAKAC. Different nanoarrays were used to demonstrate intensity changes in functionalization; (A,
B) PS(110000)-b-P2VP(52000)(mean nanoparticle spacing 104nm +/- 5nm) (C) PS(16000)-b-P2VP(3500) (mean
nanoparticle spacing 25nm +/- 2nm). Scale bar 200μm for all images. Areas of the slide are marked as fol-
lows; (1) Glass without nanopatterns, (2) the interface between nanopatterned and non-nanopatterned areas,
(3) the nanopattern area. PLL-g-PEG was used as a passivation agent in all cases, and slides show selective
fluorescence in the nanoparticle region indicating successful passivation and selective functionalisation of
the gold nanoparticles.

The appearance of these slides indicates successful passivation and functionalization of the nanoarray;
there is a clear distinction between the non-nanopatterned area (marked (1) in Figure 4.4.7) which shows min-
imal fluorescence, representing successful passivation of the background with PLL-g-PEG, and the nanopat-
terned area (marked (3) on figure). The interface between the patterned and non-patterned area on the
nanopattern slide (marked (2)) often shows a region of non uniform and heavy gold deposition due to the
fabrication process, which can extend up to 1mm from the dipping boundary into the nanopatterned area
of the slide. This dipping boundary is therefore often visualised after functionalisation with appropriate
fluorescent molecules as a bright line (as seen in Figure 4.4.7B), representing the heavy gold deposition at
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this interface, or as in Figure 4.4.7C, some deposition sub-structure can be seen at the interface between
the nanopatterned and non-nanopatterned region due to the extraction procedure used to coat the slide with
nanoparticles. In all cases, this interfacial region is not used for subsequent cellular experiments, which
instead focus on the uniform area of nanopattern arrays across the rest of the slide.

The fluorescence shown in the nanopatterned area (Figure 4.4.7A,B,C marked (3)) indicates that the
biomolecules are binding to the gold nanopatterns preferentially, rather than the passivated background be-
tween the nanoparticles and on the top half of the surface. Although the fluorescent data shown here suggest
that binding of fluorescent biomolecules into the passivated background area is limited, indicated by the lack
of fluorescence in the non-patterned and passivated area (marked (1)), it is possible that a few biomolecules
bind into the passivation layer but that these are beyond the limit of detection of the microscope. Cellular
studies performed as part of Chapters 6 and 7 measured cellular response to glass coated with PLL-g-PEG
passivation agent, PLL-g-PEG and antibody, and positive antibody controls (data not shown) to confirm that
surfaces treated with PLL-g-PEG and subsequently functionalised with antibody did not induce cellular re-
sponses above those of background, and so surfaces were considered protein resistant, implying that cellular
response to biomolecules is mediated through the specific attachment to the gold nanoparticle.

Additionally, the preferential nature of the attachment mechanism can be confirmed by comparing sur-
faces with small and large nanopattern deposition. We could expect to see a difference in fluorescence due to
particle density changes on nanoarrays with different inter-particle spacing. Assuming that each nanoparticle
is singly functionalised, the change in fluorescence seen in Figure 4.4.7 (B-C) is attributed to the change in
particle density as we move from one spacing to another. Here, spacing of approximately 25nm (C) repre-
sents a particle density of 1600/µm2 whilst (B) is approximately 100/µm2; the increase in fluorescence inten-
sity on smaller nanoarrays indicates that it is the nanoparticle itself being functionalised with the thiolated
peptides, and we have therefore created functionalised biomimetic arrays with a passivated and biomolecule
resistant background, with controllable spacing between 10-150nm.

4.4.4 Fabrication of advanced nanoparticle arrays

The fabrication of uniformly patterned gold nanoarrays has been achieved using diblock copolymer lithogra-
phy and deposition through substrate dip-coating, however a limitation of this technique is that the parame-
ters of local inter-particle spacing and global particle density on these surfaces are coupled; through altering
one the other is also varied. This section describes attempts to fabricate nanoparticle arrays in which these
parameters operate orthogonally, where local inter-particle spacing can be maintained, but global particle
density varied over the cellular lengthscale.

A simple approach involves the overlap of several nanopatterns on a planar substrate. By sequentially dip
coating and plasma treating micelle solutions, multiple overlapped arrays can be produced on one substrate.
By using a different types of micelle, a range of particle sizes on one substrate can also be produced; a
typical SEM image is shown in Figure 4.4.8. This method ensures that the smallest inter-particle spacing
remains largely constant, but that the density of particles can be vastly varied. However, a disadvantage to
these binary arrays lies in the reproducibility of the overlapping nanopatterns, which is not well controlled
and therefore remains largely statistical. An improvement to this technique would be to use several materials
in different, layered arrays; this could allow the spacing and density of one material (functionalised with its
own ligand) to be maintained whilst altering the spacing and density of a second material functionalised with
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an alternate ligand.

Figure 4.4.8: SEM micrographs of advanced functionalised nanoparticle arrays formed using combinatorial
block copolymer micellar lithography. Binary arrays of small and large spaced nanoparticles. Scale bar
100nm.

Alternate approaches were also investigated, including combining loaded and unloaded micelles to pro-
duce micellar arrays with uniform micellar coverage but statistically varied particle density, but were difficult
to optimise due to gold lability. As the gold ions are rapidly redistributed amongst the micelles, uniform par-
ticle arrays are instead formed, where particle size is proportional to the ratio of empty to loaded micelles.
(Appendix B)

A second technique focuses on the combination of micellar lithography with micro-contact printing. The
combination of BCML with other advanced nanopatterning techniques (predominantly EBL, FIB and other
photolithography methods) has already demonstrated power in producing surfaces with separately controlled
spacing and density parameters.[371, 372] The limitations in fabrication of large areas (1cm2) make these
methods costly and time consuming for production of substrates suitable for cellular studies. An alternative
approach to micro-nanopatterning allows the combination of micro-contact printing (µCP) with BCML, by
inking stamp protrusions with micellar solutions.[387] The smallest pattern currently available using BCML
µCP is approximately 1µm wide. Additionally, pattern edges are often blighted by particle agglomeration
making them unsuitable for studies where particle size needs to be tightly controlled.[388] Early efforts to
fabricate µCP patterns using micellar lithography found that µCP of micellar solutions was sensitive to stamp
coating procedure, applied force, trough depth, drying and contact time.[387, 389, 390] These parameters
were investigated (acknowledgement: MSc student J. Pang under supervision of D. Delcassian, data not
shown) in order to fabricate nanoparticle surfaces with controlled spacing and modified particle density
through combinatorial µCP BCML (Figure 4.4.9(A)). SEM analysis shows dark striped regions which are
indicative of successful micelle transfer, and the resolution of these micropattern features is greater than
that currently reported in the literature (at 600nm stripe width). An advancement of this technology is in
the fabrication of bidirectional lines, shown in Figure 4.4.9(B). Here an SEM image of latticed micellar
stripes can be seen, where the polymer micelles are different sizes in different orientations. This technology
allows the presentation of latticed stripes, where each stripe is approximately 600nm wide, and contains
close packed micelles of predetermined size and loading capable of producing nanopatterned gold arrays.
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A B

Figure 4.4.9: SEM micrographs of advanced functionalised nanoparticle arrays formed using combinatorial
block copolymer micellar lithography and micro-contact printing (A) Unidirectional printed lines. Scale bar
1μm (B) Latticed micronanopatterned lines of differently sized micelles. Scale bar 10μm.

A B

C D

Figure 4.4.10: PDMS stamps were dip-coated with micellar solutions (A, B) PS(52000)-b-P2VP(34000) (C)
PS(34000)-b-P2VP(12500) (D) PS(16000)-b-P2VP(3500) Lines of approximately 600nm width were printed. Scale
bar (A) 1μm (B-D) 100nm.

Figure 4.4.10 shows SEM images of the nanopatterns formed post plasma treatment through the mi-
crocontact printing technique. The nanoparticle spacing is largely controlled by the polymer template, and
shows that the overall geometry (600nm stripes) can be maintained whilst varying the individual nanoparticle
size and spacing . Further work on this system to extend the technology to other geometries using alternate
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PDMS stamps, and a more thorough investigation into the range of nanoparticle sizes and spacings that could
be fabricated in unidirectional and bidirectional geometries will extend the currently available technology to
develop nanopatterned interfaces than can answer more complex biological questions.

4.5 Conclusions

We have shown the controlled fabrication of gold nanoparticle arrays on planar substrates with precise
nanoparticle size and a range of spacings between 10-150nm through block copolymer micellar lithogra-
phy and reducing plasma treatment. Nanoparticle formation can be controlled by polymer template size and
dip-coating extraction rate to produce particles with precise inter-particle spacing. Additionally, nanoparti-
cle size can be tightly controlled by gold ionic loading, which increases the versatility of these substrates
for uses beyond cellular interactions, beginning to make them attractive for applications in a variety of other
fields where tightly controlled nanoparticle size is imperative to device function.[369, 391, 392, 393, 394].

Once formed, these highly ordered nanopatterned substrates have been treated with a protein resistant
layer in between the particles, and particles functionalised with thiol linked small biological molecules. The
methods explored in this chapter present a platform technology that can be adapted to study cellular response
to nanoscale ligand environments.

Using the principles explored in the early sections of this chapter, we have also fabricated more complex
novel nanoparticle arrays that advance the current technology from beyond planar nanoparticle arrays with
uniform spacing to include other geometries. Deposition of multiple micellar layers has produced surfaces
where uniform nanoparticle spacing remains constant, but nanoparticle density can be varied, and separately
micellar µCP has been used to produce single linear stripes of nanoparticle arrays and criss-crossed striped
nanoparticle arrays. The nanoparticle arrays produced by micellar µCP shown in this chapter are the first to
show regular linear geometries with sub-micrometer (600nm) resolution, and to our knowledge, also present
the first evidence of a combinatorial micellar µCP method able to produce latticed arrays of linear nanopat-
tern geometries, where the nanopattern array can be controlled orthogonally in the different directions by
selection of appropriate pre-cursor solutions.

4.6 Future Work

Immediate future work can be categorised into the further development of these nanopatterned arrays and the
use of the already fabricated materials. Initially, it will be important to test these nanoparticle interfaces as
biomimetic materials with which cells can engage. This will involve the development of the functionalization
technique in order to be able to conjugate more complex biologically relevant ligands, such as whole and
partial-antibodies, followed by the investigation of these materials as artificial immune synapses determining
the minimal stimulation required for cellular activation.

With additional µCP masters, fabricated by e-beam lithography (EBL) or photolithograpy, the µCP
method could be further developed to allow fabrication of surfaces with independently controlled geome-
try and nanoscale architecture. This would be particularly interesting for investigating combinatorial cel-
lular effects, such as the spacing of adhesion ligands (known to have a nanometre scale threshold for
successful attachment[214, 105, 103]), with cellular adhesion and differentiation on geometric patterns.
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For example, it would be interesting to see if the differential differentiation of stem cells on geometric
nanopatterns was conserved when adhesion is destabilised through nanopatterned position of adhesive RGD
ligands.[395, 396, 397]

More simplistically, the latticed nanopatterned materials could be used to investigate and direct cellular
activation and motility; one could provide an activatory background, and “fence” that area with nanopat-
terned lines functionalised with inhibitory receptors. This would be particularly interesting for studying
cellular responses in NK cells, which are known to integrate inhibitory and activatory signals for activation
(Chapter 6). By controlling the spacing of the inhibitory receptors through the µCP it may be possible to
force orientated cellular mobility on these surfaces, or alternatively to provide gradiented surfaces allowing
controlled cellular migration and activation in selected regions of these types of surface.

Advanced functionalization methods could be achieved by allowing co-deposition of an alternative mate-
rial in the micelle core through any of these advanced fabrication methods. With fabrication of an alternative
nanoparticle, and orthogonal functionalization chemistry, it could be possible to create surfaces with a mix-
ture of gold nanoparticles and alternate materials, that could then be used to create mixed particle surfaces
(enabling the density/spacing studies discussed above). Separately, lines of differing materials in differing
directions will allow investigations into cellular co-stimulation to be performed, and aid the decoupling of
local ligand spacing and global ligand density parameters. The nanopattern methodologies described in this
chapter allow the fabrication of materials with controlled inter-particle spacing, particle size, and surface
geometry (either linear stripes or uniform planar arrays of nanoparticle material as shown here). As such,
they are a useful resource for the fabrication of biomimetic interfaces that can be used to answer funda-
mental questions about cellular interactions; Chapters 6 and 7 describe cellular experiments on biomimetic
interfaces fabricated using these methods in more detail.



Chapter 5

Templated Zinc Particle Fabrication

Block Co-polymer Micellar Lithography: a tool for compound metal
particle formation

5.1 Introduction

The versatility of the Block Co-polymer Micelle Lithography (BCML) method allows fabrication of a range
of metal and metal oxide particles in ordered nanoarrays.[203, 204, 362] Optimisation of the technique us-
ing gold precursors was discussed extensively in Chapter 4: Biomimetic Gold Nanopatterns, this chapter
describes the extension of the micellar lithography technique to the fabrication of zinc-based nanoparticles.
Zinc-based materials offer two key advantages, firstly, they can be used to fabricate nanoparticles with differ-
ent surface chemistry to gold. As such, the nanoparticles can then be used to provide alternative biomolecule
attachment mechanisms which are complementary to the gold nanoparticle formation and thiol linkage al-
ready discussed. Additionally, when sized at the nanoscale they often provide distinctive optical properties.

Genetically engineered proteins are commonly expressed with six histidine residues (His-tag) at one end
of the protein sequence in order to facilitate purification.[398, 399, 400] These histidine residues are capable
of chelating metal ions through the nitrogen electron lone pair and this principle can be employed in protein
immobilisation strategies.[401, 402, 403, 211] Commonly, nickel (II) ions are use to chelate proteins and
small linkers simultaneously in an octahedral complex. A typical example is shown in Figure 5.1.1, which
indicates the chelation of two histidine units and a nitrilotriaceticacid (NTA) group through an Ni2+ ion. The
NTA group can be coupled to a small linker molecule allowing linkers to be attached to other molecules or
particles; in this case an alkane terminated with a thiol group is shown, which would allow functionalisation
of gold nanoparticles. [404]

66
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HS

Histidine tagged

protein

Thiol linked NTA group

Figure 5.1.1: Schematic showing NTA thiol linker bound to gold nanoparticle, chelated nickel ion, and a
Histidine tagged protein binding through the remaining octahedral sites.

An alternative strategy is to directly conjugate the His-tag moiety to a suitable nanoparticle, removing
the requirement for an additional linker molecule. Using this method, His-tag proteins have been conjugated
to nanoparticles in suspension[405, 402, 406] though conjugation to nanoparticle arrays has yet to be shown.
There are limitations in the methods currently used to biofunctionalise nanoparticle arrays for cellular studies.
Namely, they often rely on either the direct binding of thiolated peptides, which is only suitable for receptors
where small molecule ligands have been identified, or the immobilisation of proteins through chelated His-
tags and other non covalent strategies. If nanoarrays of zinc-based particles could be formed, and these
could be selectively biofunctionalised with ligands or proteins, this would provide a significant advantage in
biomolecule functionalisation strategies.

Zinc sulfide nanoparticles could allow the selective functionalisation described; ZnS has been shown to
bind to His-tag proteins, and is used as a capping agent to stabilise other quantum dots due to its relative
non toxicity to cells.[407, 408, 341, 409, 410, 411, 412, 413, 414, 415, 416, 417, 418, 419, 420] The binding
of histidine tagged proteins to the ZnS material is likely mediated by the nucleophillic attack of the lone
nitrogen pair on a histidine moiety to the zinc on the ZnS surface forming a covalent bond, as described in
His-tag binding to (CdSe)ZnS systems [421, 422, 405].

Additionally, ZnS is a compound group II-VI material, and so when constrained on the nanoscale can act
as a quantum dot (QDs) with unique spectroscopic properties due to the three dimensional spatial confine-
ment of its electrons.[423, 424, 425] The fabrication of well ordered and controlled nanoscale quantum dot
arrays could also have future applications in a wide range of fields, including optoelectronics[426, 427] and
bio-sensing.[428, 429, 430, 431]

Compound nanoparticles are typically synthesised from precursors at high temperatures, which are
cooled and exposed to capping agents allowing co-precipitation of the elements in a nanocrystal. Although
this method allows a range of commercially viable elements to be combined, it often requires high temper-
atures, toxic reagents and multiple processing and purification steps.[432] In contrast, micellar lithography
is a one pot synthesis method, often performed at room temperature and pressure, where metal ions can be
chelated at the core of a polymer template in reverse micelle formation.[215] Synthesis of controlled sized
single elemental nanoparticles such as cobalt, gold and silver[433, 387] have been widely reported, however
compound nanoparticle synthesis has been limited to oxides[220] and some basic bi-elemental nanoparti-
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cle synthesis. BCML has produced metal nanoclusters that were surface bound and subsequently exposed
to compound elements to produce QDs where only the central nanocluster has been produced in a micelle
core,[434] AOT micellar templates have been used for synthesis of multiple CdS particles inside compound
micelles[435, 223] and complex micro emulsion cage assemblies have been used to synthesise numerous
ZnS particles inside selective solvent regions.[436]

This chapter discusses the fabrication of zinc-based nanoparticles in polymer template cores, where fab-
rication of a single particle per micelle template is desired. Poly(styrene-block-polyvinylpyridine) templates
were used to encapsulated Zn2+ ions, which were exposed to H2S gas generated in situ, to form a single
complex nanocomposite crystal ZnS particle inside micelle cores.

5.2 Contribution statement

The work reported in this chapter was supported by the following people;
TEM imaging was performed by Lucia Podhorska, Dr. Angela Goode and Giovanni Luongo on samples
made by Derfogail Delcassian.
EDX analysis was performed by Lucia Podhorska and Dr. Angela Goode on samples made by Derfogail
Delcassian.
SAXS experiments and analysis were performed commercially by PANalytical on samples made by Derfo-
gail Delcassian.
SANS experiments and analysis were performed by Dr. Iain E. Dunlop and Lucia Podhorska on samples
made by Derfogail Delcassian. We also acknowledge the beamline scientist Dr. Aurel Radelscu of FRMII,
Juelich Centre for Neutron Science, Garching, Germany.
This project was aided by an MSc student Michael Agyei under the supervision of Derfogail Delcassian,
and aspects of this work were reported in the MSc thesis “Forming Quantum Dot Nanoparticle Array for
Biofunctionalization, Michael Agyei”.

5.3 Materials and Methods

5.3.1 Fabrication of Zn2+ loaded micelles

Poly(styrene-block-2-vinyl pyridine) (Polymer Source, Montreal, Canada), of varying molecular weight and
styrene to 2-vinyl pyridine ratio depending on the nanopattern spacing required, was dissolved in p-xylene
(99.0%, VWR, Radnor, P.S., U.S.A.)) and stirred for at least 12 hours. Zinc Acetate (Sigma Aldrich) was
predissolved in propan-1-ol (VWR) at a concentration of 0.073mg/µL and added to the polymer solution at
a ratio of zinc to pyridine units of 0.5-0.1, then left to stir for another 24 hours to generate micelles with
zinc-loaded cores.

5.3.2 Fabrication of ZnS encapsulated particles

Loaded micellar solutions prepared as described above were decanted into a central flask in a three- flask
tandem (shown schematically in Figure5.3.1) with a controlled atmosphere. The set up for carrying out
sulfidation reactions using small quantities of locally-generated H2S is based on the design reported in the
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MSc thesis “Photoelectrochemistry of CdS Multilayers, B Van Hattem” kindly provided by Prof. Jason
Riley of Imperial College London. The first flask contained 60mg of sodium sulfide (Sigma Aldrich), the
second flask 2-5ml of loaded micellar solution, and the third flask contained a solution of 2g inc nitrate
(Sigma Aldrich) in 30ml deionised water (18.2 MΩ). The flasks were de-oxygenated with nitrogen gas for
10 minutes whilst stirring. 2M Nitric acid was then added to the first flask, generating H2S gas, which
permeated the second flask via the N2 carrier gas, and this was left to stir for 40 minutes. Excess H2S was
bubbled through the third flask and quenched by the ZnNO3 solution.

Nitric Acid and

sodium sulphide mix

Zinc Nitrate solution

(to quench excess gas)

Zinc loaded 

micelle solution

N2 carrier gas

1 2 3

Injection 

point

Figure 5.3.1: Schematic showing three flask set up. 1- contains 2M nitric acid an sodium sulfide, generating
hydrogen sulfide gas in situ. 2- contains the micellar solution, hydrogen sulfide is bubbled through flask two
with the aid of the nitrogen carrier gas, excess gas is quenched in flask three.

5.3.3 TEM analysis

Droplets of solution were deposited on carbon coated TEM grids (holey carbon grids, Taab) and examined
by TEM, both an FX2000, Jeol 2010 and Titan 80/300 TEM/STEM depending on the resolution required.

5.3.4 Optical Investigations

UV Visible Absorption Spectroscopy Measurements were performed with a PerkinElmer Lambda 25 UV-
Vis, using a quartz cell with 10mm pathlength. Fluorescence Spectroscopy Measurements were performed
with a Fluorolog Horiba Jobin Yvon and recorded using fluorescence V3.5 software, using a quartz cell with
10mm pathlength.

5.3.5 Substrate deposition

Silicon substrates were cleaned by immersion in a 1:3 v/v mixture of hydrogen peroxide 30% solution
(VWR) and concentrated sulfuric acid (95%, VWR) for at least 2 hours, before rinsing in ultrapure wa-
ter (18.2 MΩ). Substrates were coated with a monolayer of either zinc loaded, or zinc sulfide containing
micelles by dip-coating using a home-built setup with a retraction speed of 0.36 mm/s. Zinc nanosphere
arrays were generated from these micelle-coated substrates by exposure to a hydrogen/argon plasma (10%
hydrogen, 0.4 mbar, 350 W) in a plasma etcher model name (PVA TePla, Kirchheim, Germany), and sim-
ilarly, zinc oxide arrays were generated by exposure to an oxygen plasma PlasmaPrep 5 (100% oxygen,
0.4mbar).
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5.3.6 SEM and nanoparticle analysis

Sample nanoarrays from each batch were characterised by SEM (Leo Gemini at an EHT 5-10kV).

5.3.7 Small Angle X-Ray Scattering (SAXS)

SAXS experiments were performed in 1mm quartz capillaries and measured with Pan Analytical Empyrean,
45KV, 40mA. Samples were prepared as above and analysed using PanAnalytical Easy SAXS 2.0.

5.3.8 Small Angle Neutron Scattering (SANS)

SANS experiments were performed on KWSII at FRM-II, Juelich Centre for Neutron Science, Garching,
Germany. Samples were prepared as above, using either PS(protonated)-b-P2VP(protonated), or PS(deuterated)-
b-P2VP(protonated) polymer (Polymer Source) and protonated or deuterated p-xylene (Sigma Aldrich) to
give contrast for SAXS imaging, and analysed using a Gaussian approximation of spherical particles.

5.4 Results and Discussion

5.4.1 Zinc Loaded Micelles

Loading poly(styrene-block-polyvinylpyridine) (PS-b-P2VP) micelles with zinc salts allows the fabrication
of several types of nanoparticle through the block copolymer micellar lithography (BCML) technique.[205]
The schematic in Figure 5.4.1 illustrates the two approaches discussed in this chapter; direct exposure of
surfaces coated with ordered zinc loaded micelles to reducing or oxidising conditions, or the reaction of zinc
ion cores with H2S to form compound ZnS nanoparticles encapsulated within micellar templates.
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PS-b-P2VP Zinc Nanoparticle
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Zinc loaded micelle
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Acetate

Substrate
Deposition

Zinc Oxide Particle

Zinc Sulphide micelle 

H2 Plasma

Sulfidation

Figure 5.4.1: Schematic of polymer templated zinc micelle formation. Zinc loaded micelles can be used to
produce a range of nanoparticles including noble zinc, zinc oxide, and zinc sulfide.

Micelles were loaded with zinc ions using a zinc acetate salt that was pre-dissolved in minimal amounts
of propanol. Zinc acetate was chosen over other common zinc salts (such as zinc chloride, or zinc nitrate)
due to its solubility in organic material, enabling it to be dissociated in organic solvents, and therefore giving
the zinc ions the ability migrate to the micelle core. Additionally, the use of a zinc salt with an organic
negative ion ensures precipitation of coordinated ions in solution or on the nanoparticle array surfaces is
not induced, as the organic acetate group can be degraded similarly to the polymer micelle during plasma
treatment. The exact loading conditions are described in the Materials and Methods section, and the rest of
this chapter describes fabrication of zinc based materials from this zinc-loaded precursor micelle.

5.4.2 Zinc Sulfide Particle Formation

PS-b-P2VP polymer micelle templates were used as nanoreactors for zinc sulfide nanoparticle formation.
ZnS was synthesised by exposing zinc loaded micelles to H2S gas (Figure 5.4.2) facilitating the formation
of a group II-VI compound particle.
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PS-b-P2VP
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Zinc loaded micelle
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Figure 5.4.2: Zinc sulfide particle formation; H2S is generated in situ and chemically combined with zinc
loaded micelles to fabricate ZnS particles inside the micelles.

Analysis of the solution by TEM indicated that particles had been formed, (Figure 5.4.3) and that these
were well distributed throughout the suspension. A more detailed investigation of the particles indicated that
particle diameter was 18.8nm +- 0.14nm, however each particle possessed a complex structure.

CBA

Figure 5.4.3: Nanoparticles produced by sulfidation were examined by TEM. Figure A) samples made by
Derfogail Delcassian, imaged by Lucia Podhorska and Dr. Angela Goode, scale bar 20nm. B,C) samples
prepared by Derfogail Delcassian, TEM imaging and FT image by Dr. Angela Goode, scale bar 10nm.
Boxed region displays inset FT.

Individual particles, approximately 18.8nm in diameter, were each composed of several smaller nanopar-
ticles measuring approximately 5nm across. The complex particles shown in Figure 5.4.3(B) are ellipse in
shape, and composed of smaller crystalline units with distinct lattice fringes. Figure 5.4.3(C) indicates a
typical Fourier Transform of the nanoparticle region of the image; the well-defined lattice points indicate
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a crystalline material whilst the broad diffraction ring suggests amorphous material is also present in these
particles. To determine the elemental composition, EDX Analysis (Figure 5.4.4) was performed on particles
and equivalently sized background areas using a narrow beam in TITAN STEM mode.

Figure 5.4.4: EDX analysis. Counts and eV values are shown for a single particle (main image) and back-
ground area (inset). EDX analysis performed on samples made by Derfogail Delcassian by Dr. Angela
Goode and Lucia Podhorska.

Comparative evaluation of background areas and the nanoparticle itself indicate the presence of ele-
mental zinc and sulfur in the particle; these elements are present at a 1:1 ratio, which is expected for ZnS
material. This confirms that trace oxygen has been eliminated from the reaction set-up, and that zinc ox-
ide nanoparticles, which could be formed from oxygen contaminants combining with chelated zinc, have
not been formed. The presence of trace elements such as oxygen, silicon and copper are attributed to con-
taminants in the TEM grid. The lattice fringe spacing in the crystallites confirms the particles are made of
ZnS material. The small crystalline domains exhibit dominant lattice fringes of 0.32nm, in good agreement
with the literature values of 0.31nm, confirming the presence of ZnS in (111) orientation and Sphalerite zinc
sulfide crystal structure.[437, 438, 439] Interestingly, a lattice fringe of 0.62nm is also seen, which could sug-
gest the (001) plane of Wurtzite ZnS is also present in this compound nanocrystal.[419] In order to confirm
the exact crystal structure and ratio of nanodomains of each of these phases, Synchotron X-Ray diffraction
could be employed.

The compound nature of the nanoparticle, with ZnS material in both crystalline and amorphous phases,
implies a complicated nucleation takes place at the micelle core. Figure 5.4.3(A) demonstrates that the
nanoparticles are well separated from each other, additionally, they have a relatively narrow size distribution
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with an average diameter of 18.8nm. This indicates that the particle growth is constrained in some way, most
likely at the micelle core due to pyridine-zinc chelation. Small Angle Neutron Scattering (SANS) analysis
was used to determine the radius of the polymer micelle core, measured at 10nm, and the ZnS nanoparticle
radius was analysed using Small Angle X-Ray Scattering (SAXS) at 14nm. (Appendix C) Although the
SANS results indicate a core structure size that correlates well with the particle size seen here, there is some
discrepancy in nanoparticle size as measured by TEM or SAXS. This may be due to sample preparation,
batch to batch variability, or could be due to post synthesis particle “ripening” and growth described in other
systems. [440, 441, 442, 443, 444]

There is good correlation between the average particle size as measured by TEM (Figure 5.4.3) and
the SANS core diameter measured at 10nm; we expect the particle size to be closely associated with the
core diameter due to the complexation of the Zn2+ ion with the poly-2-vinylpyridine units in the micelle
core. Polymers with different PS-b-P2VP lengths were therefore used to investigate the relationship between
polymer template size and ZnS nanoparticle size (Figure 5.4.5, 5.4.6).
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Figure 5.4.5: The effect of polymer templates on average zinc sulfide nanoparticle size, measured by TEM.
All samples were prepared by Derfogail Delcassian, particles produced were imaged by Derfogail Delcassian
and Giovanni Luongo (A, B) or Lucia Podhorska and Dr. Angela Goode (C) by TEM. Size analysis of
particles was performed by Derfogail Delcassian in all cases. Polymer repeat units are PS(x)-b-P2VP(y)(A)
x=52000, y= 31500 (B) x=32000, y= 12500 (C) x=16000, y= 3500. Where (A, B) are average values
measured from a single manufacture, and error bars show a standard error in the mean, (C) is the average of
the mean of two separate manufactures. Statistics: *** p< 0.001, **p<0.01, * p<0.05
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Figure 5.4.6: The effect of polymer template on nanoparticle size distribution. Graphs show histograms
of nanoparticle diameter distribution within one sample at each molecular weight, polymer repeat units are
PS(x)-b-P2VP(y) (A) x= 16000, y= 3500 (B) x= 32000, y= 12500 (C) x= 52000, y= 31500. All samples were
prepared by Derfogail Delcassian, particles produced were imaged by Derfogail Delcassian and Giovanni
Luongo (A,B) or Lucia Podhorska and Dr. Angela Goode (C) by TEM. Size analysis of particles was
performed by Derfogail Delcassian in all cases.

Figure 5.4.5 shows that different micelle templates can be used as nanoreactors to produce significantly
different ZnS particle sizes, with a longer poly-2-vinyl pyridine block the ZnS particle is larger. This supports
the assumption that particle nucleation and growth is constrained to the micelle core. Although the sizes
of nanoparticles synthesised inside PS(52000)-b-P2VP(31500) and PS(32000)-b-P2VP(12500) polymer templates
appear similar, the size distribution (Figure 5.4.6) of each population is different, and the average particle
size is significantly different. Each micellar template can therefore produce a narrow range of particle sizes,
for which the average particle diameter is distinct. The range in particle sizes may be attributed to small local
variations in the micellar structure.

Separately, the ratio of zinc ions to 2-vinylpyridine units was also varied within one polymer template
(Figure 5.4.7) to investigate the effect of ionic loading on nanoparticle size.
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Figure 5.4.7: PS(52000)-b-P2VP(31500)polymer was used to template zinc ion chelation, where zinc ion load-
ings were varied from 0.1 to 0.5 zinc moles per 2-vinylpyridine unit. All micelles were then exposed to the
same ZnS fabrication methodology, samples were prepared by Derfogail Delcassian and Lucia Podhorska,
particles produced were imaged by Lucia Podhorska and Dr. Angela Goode by TEM. Size analysis of par-
ticles produced was performed by Derfogail Delcassian. Where (A, B) are average values measured from a
single manufacture, and error bars show the standard error in the mean, (C) is the average of the mean of two
separate manufactures, with a comparative sem. Statistics: *** p< 0.001, **p<0.01, * p<0.05

Figure 5.4.7 illustrates the effect of ionic loading ratio on nanoparticle size. There appears to be an inverse
relationship between particle size and ionic loading; as the ratio of zinc ions to pyridine units decreases, the
particle size increases. This is counter intuitive; we could expect that adding more zinc ions to the polymer
core would result in a larger particle size. An explanation for this can be found in changes that occur within
the micelle on addition of zinc ions. As block copolymer micelles complex ions, there is a change in the
charge density of the polymeric template. This change in charge density can affect the micellar solubility
and therefore size of the micelle in organic solvents.[205, 222] As the overall micelle size changes, so too
does the core size, resulting in a differently sized nanoreactors for the formation of ZnS particles at various
ionic loadings.

To test this, PS(52000)-b-P2VP(31500) polymer micelle sizes were examined as a function of zinc ion load-
ing (Figure 5.4.8) by Dynamic Light Scattering (DLS). Figure 5.4.8 confirms that as ionic loading is in-
creased, the hydrodynamic diameter of the micelle formed decreases, and therefore we could expect the
micellar core size to also be smaller. There is a complex interplay between ionic loading, micellar size, and
nanoparticle formation. It is likely that addition of zinc ions at different ratios causes the micelles to alter
their structure, and therefore the size of the core of the micelle is also changed, giving rise to alterations in
nanoparticle size with ionic loading. An additional complication is in the nature of the particle being formed;
different ionic loadings, which cause altered core structures, may also interact with the H2S gas to produce
different particle compositions and sizes.
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Figure 5.4.8: Dynamic Light Scattering (DLS) was used to measure the diameter of micelles in solution after
loading with different zinc ion ratios.

The effect of varying the polymer template on the substructure of the nanoparticle formed was inves-
tigated by TEM (Figure 5.4.9). The smaller micellar templates also produced well-dispersed nanoparti-
cles (Figure 5.4.9(A)), which measured under 10nm in diameter. These small particles appear to be made
of closely packed crystalline domains (Figure 5.4.9(B)) which are sized at approximately 5nm (Figure
5.4.9(C)). The formation of multiple small 5nm crystallites inside a composite nanoparticle here, compared
to those produced within larger polymer templates, hints at a common mechanism of formation.

CBA

Figure 5.4.9: TEM of nanoparticle substructure from ZnS produced inside polymer templates (PS(16000)-b-
P2VP(3500)). All samples were prepared by Derfogail Delcassian, particles produced were imaged by Derfo-
gail Delcassian and Giovanni Luongo by TEM. Analysis of particles produced was performed by Derfogail
Delcassian. Scale bars 50nm, 10nm, 5nm.

The fabrication of ZnS through these polymer template methods seems to produce unique nanoparti-
cles where zinc sulfide exists in small crystalline domains surrounded by an amorphous matrix. Although
no composite particles of this sort have been described in the literature, there is some evidence for mixed
nanoparticle phases being co-created in other synthesis methods; separate nanoparticles of between 2-3nm
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were formed in each crystallite phase in CdS synthesis [445] and in ZnS generated in thiolate cages. [345]
Here, it is likely that the encapsulation of the zinc provides a unique nanoreactor allowing the nucleation of
distinct phases. It would be interesting to define the nature of the nanocomposite at different ionic loadings,
to determine if it is the local ionic concentration of zinc that drives formation of different phases, which is
normally controlled by temperature.

5.4.3 Optical Properties of Formed Particles

The optical properties of the ZnS particles were examined by UV-Vis absorption and Fluorescence emis-
sion (Figure 5.4.10). As the organic solvent and polymer itself display some absorbance in the UV range,
background traces were subtracted.
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Figure 5.4.10: Optical properties of ZnS particles formed inside PS(52000)-b-P2VP(32100) polymer micelles
were examined by (A) UV-Vis absorption and (B) fluorescence excitation at 311nm. The onset of bulk
absorption by ZnS material (of optical band gap 3.65eV) is shown by the red line in (A).

Figure 5.4.10(A) shows typical UV Visible absorption traces for these particles; the spectra are blue-
shifted, where the maximal absorption is at a shorter wavelength than the standard 340nm peak of bulk ZnS
material. This indicates that the ZnS material is constrained on the nanoscale, as the typical UV-Vis trace
has moved to a shorter wavelength (and so higher energy) region of the spectra. The UV-Vis of nanoparticles
produced within different micellar templates are similar (data not shown), and broadly consist of an onset
absorption edge at 290nm, and absorption has largely fallen to background levels by 320nm. Using these
values we can calculate the optical band gap (Equation 5.4.1) of these nanoparticles.

E = hc/λ , (5.4.1)

where E= Energy of the transition, h= Planck’s constant, c= the speed of light and λ= the wavelength of
the absorption edges.

Using typical values for these nanoparticles, we calculate the optical band gap of these particles lies
between 4.28eV (onset absorption of 290nm) and 3.88eV (absorption edge 320nm), above the expected bulk



CHAPTER 5. TEMPLATED ZINC PARTICLE FABRICATION 79

value of 3.65eV.[446, 447, 448, 449]
The photoluminescence spectra in Figure 5.4.10(B) represent both the different types of material in the

nanocomposite crystallite and the range of intrinsic bad gap energies present in the ZnS nanoparticle. Exci-
tation produces multiple emission peaks in the traces shown, which could reasonably be assigned as follows;
the luminescence peak at 520nm is likely due to recombination of electrons in the amorphous material with
holes in the surface of the ZnS crystalline species, or defect recombination, previous work has assigned this
to elemental sulfur contaminants in ZnS nanobelts,[450, 451, 452] whilst the peak at 450nm could be due
to recombination of electrons in the conduction band with holes on the surface,[453] and a band at around
360nm has previously been assigned to UV excitonic emission in ZnS nanowires.[454, 455, 456, 419]

Additionally, it may be that the exact nature of the spectra is dependent on the number and nature of
the nanocrystallite domains within the particle. TEM has indicated ZnS particles produced inside different
templates each contain small crystallite domains of around 5nm. It is possible that the optical properties are
driven by these crystallites, explaining the similarity of the UV-Vis traces independent of polymer template
and overall nanoparticle size. Interesting further work lies in the characterisation of the crystallisation of
composite nanoparticles inside micellar templates, and an investigation into the full optics of these particles.
The optical data shown here help to support the conclusion that we have formed ZnS particles with nanoscale
dimensions.

5.4.4 Nanoarrays of zinc-based materials

One of the prime motivations for studying the formation of ZnS particles inside of micellar templates is to
facilitate the fabrication of nanoarray materials that are complementary to gold. Earlier, we discussed the
functionalization of gold nanoparticles with thiolated molecules (Chapter 4: Biomimetic gold nanopatterns).
Here, the long-term aim is to functionalise zinc sulfide particles with histidine tagged proteins, and zinc
oxide could also be selectively functionalised with phosphate ligands. If these functionalization methods are
orthogonal, it may be possible to present mixed nanoparticle array surfaces with distinct functionalization.
A prerequisite to these studies is the fabrication of zinc-based nanoarrays.

CBAA

Figure 5.4.11: SEM images of nanoparticles produced by plasma treatment on silicon surfaces. Plasma
treatment is expected to have produced (A) zinc particles, (B) zinc oxide particles and (C) zinc sulfide
particles encapsulated within polymer templates. Scale bar 100nm in all cases.

Zinc loaded micelles can be deposited on substrates in an analogous way to the gold micellar deposi-
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tion method, discussed extensively in Chapter 4. Plasma conditions determine the type of particle produced;
environments favouring chemical reduction will most likely produce zinc nanoparticles whilst oxidising con-
ditions will produce zinc oxide particles. Additionally, ZnS compound particles can be exposed to reducing
plasma conditions in order to remove the polymer shells and leave nanoparticle arrays. The exact nature and
surface chemistry of the exposed particle post-plasma treatment has not been verified, it is possible some
degradation of the particle occurs under these conditions, and also possible that on re-exposure to air, the
zinc particles may partially or completely oxidise.

Advanced substrates, which are patterned with various materials, can be prepared through more complex
micellar lithography (Figure 5.4.12).

CBAA

Figure 5.4.12: SEM images of advanced nanopatterning with zinc acetate loaded micelles. Microcontact
printing was used to deposit stripes of zinc acetate loaded micelles approximately 600nm wide. (A, B)
zinc acetate micellar stripes- dark areas indicate succesful micelle transfer. (C) Latticed gold micelles, with
micelles of two dimensions being printed in opposite directions, shown in Chapter 4. Scale bar 100nm, 1μm,
10μm

Figure 5.4.12 shows surfaces with nanoscale stripes of ZnAc loaded micelles, fabricated by micro-contact
printing. These simple unidirectional lines of zinc loaded micelles could be latticed with other zinc mate-
rials in an analogous way to the earlier described gold micelle micro-contact printing technique (Figure
5.4.12(C)). A further advancement of this technology would involve the latticing of different materials, where
stripes of gold particles could be printed in one direction, and zinc-based particles in the other direction. The
surfaces presented here offer additional versatility in nanopatterned interfaces for cellular studies.

5.5 Conclusions

We have chelated zinc salts to polymer micelle cores to produce a zinc loaded precursor micelle capable
of producing zinc, zinc oxide, and zinc sulfide nanoparticles. The zinc sulfide particles generated inside
micellar cores are the first single, non agglomerated particles to be produced and their size can be controlled
by selection of an appropriate polymer template. Confirmation of the production of nanoscale ZnS material
comes from lattice fringe spacings identified in TEM, and EDX analysis of the elemental ratio of the particle
components. The optical properties and calculated band gap further confirm that the particles generated
are ZnS, which is confined on the nanoscale and so can be termed a quantum dot. Additionally, these
particles possess a unique composition, with nanoscale domains of crystalline ZnS material embedded in an
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amorphous ZnS matrix.
We have also produced planar nanoparticle arrays with distinct synthesis conditions designed to fabricate

zinc, zinc oxide or zinc sulfide nanoparticles with good order and controllable inter-particle spacing using
the block copolymer micellar lithography technique. Finally, we have demonstrated that advanced micellar
lithography is capable of producing bi-functional well-ordered nanoarrays, which can be extended to mixed
zinc and gold interfaces with micropatterned features.

5.6 Future Work

The interesting properties of the zinc sulfide particles produced offers potential for extensive future work.
The formation of multiple domains of distinct crystalline phases should be investigated; the experiment
could be repeated at different temperatures to determine if distinct nanoparticles containing the separate
phases can be produced under their preferred conditions. Additionally, the nucleation of these phases should
be investigated in terms of both kinetics and the loading ratio or local concentration of zinc ions.

Although the optical properties indicate that these particles are confined on the nanoscale, further work
could characterise the optical properties on exposed nanoparticles without polymer capping agent. By de-
positing the particles on a surface, and removing the polymer through plasma treatment as shown, the surface
bound QDs could be investigated in more detail. Furthermore, the fabrication of nanoscale ordered arrays of
single quantum dots could have many applications, including in the optoelectronic industry, and even for use
as a tool to aid super-resolution microscope calibration.

For cellular studies, it will be important to prove that these nanoparticles are capable of binding biomolecules,
either phosphate tagged (such as DNA sequences) or histidine tagged (such as recombinant proteins) as de-
scribed in similar systems.[405, 229, 399, 211, 398, 406] Additionally, the stability of the ZnS particle for the
duration of cellular studies would need to be verified; currently ZnS is used commercially to stabilise other
materials, such as core-shell quantum dots used for cellular studies, and so we would expect it to be relatively
stable for these applications. [405] However, some particle growth has been observed in other fabrication
systems and so it will be important to verify the ZnS stability over time. [440, 441, 442, 443, 444]

Orthogonal functionalization using these selective binding mechanisms could also be investigated. Fi-
nally, it will also be important to test the biocompatibility of these nanoscale materials before they can be
used as robust tools for ex vivo activation investigations.



Chapter 6

NK cell stimulation with ligand
nanoarrays

Nanoscale ligand geometries in the innate immune system: NK cell re-
sponse to CD16 engagement with anti-CD16 and Rituximab

6.1 Introduction

The control of viral infection and tumour growth restriction is mediated, in part, by NK cells.[457, 244,
232, 458, 459] These innate immune cells express a wide variety of cell surface receptors[245] and cause
cytotoxic effects on target cells, including cellular degranulation and cytokine secretion,[460, 461, 462, 463]
discussed extensively in Chapter 2.

Although NK cells are traditionally classified as innate immune cells,[230, 231, 232] they do present
one cell surface receptor that occupies a unique position at the interface of adaptive and innate immunology.
The NK cell surface receptor CD16, also known as the low affinity IgG FcγRIIIA receptor, engages with
the Fc portion of antibodies bound to target cells.[262, 264, 253] Here, the NK cell acts as an effector for
B lymphocytes of the adaptive immune system, that have targeted these cells for destruction. The target
and NK cell are brought into close contact by this engagement, inducing a signaling pathway in the NK
cell termed “Antibody Dependant Cellular Cytotoxicity” (ADCC)[36, 253, 264, 262, 245, 247, 266] which
results in destruction of the engaged target cell through secretion of enzymes, shown schematically in Figure
6.1.1.

82
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Figure 6.1.1: Schematic of NK cells encountering a labeled target cell, and ADCC being induced by engage-
ment of the NK cell surface CD16 receptor.

The unique role of this pathway has led to development of a range of designer antibodies for cancer
immunotherapy applications.[464, 37, 465, 466, 39, 458] Antibodies against specific cell surface receptors
or disease markers can be used to induce NK derived ADCC on target cell types. A potent example of
this is found in Rituximab, a chimeric monoclonal antibody which binds to the CD20 surface marker on B
cells, and is used to induce ADCC in B cell lymphocyte lymphomas.[465, 464, 305, 264, 36] Rituximab is
a type I anti-CD20 mAb, known to redistribute target cell surface CD20 into clusters, thought to be due to
coalescence of membrane lipid rafts.[305, 302]

Recent work has identified that Rituximab also “caps” one surface of B cells, leading to the recruitment of
ICAM-1 and moesin at the NK-target synapse,[35] and that this polarisation augments the therapeutic effect.
In other cells types the ERM proteins moesin, exrin and radixin are known to have an important role in cell
surface lateral receptor mobility[467, 468, 469, 470], and interestingly it has been shown that movement of
lipid rafts and lipid raft conjugation have a role in controlling NK responses.[471, 314] NK cells Immune
Synapses (IS) possess CD16 microclusters,[472, 265] however CD16 microcluster mobilisation is thought to
be dependent on the small adaptor protein Crk.[472] Taken together, these studies suggest that one effect of
Rituximab may be to drive the clusters of CD20 on target cells close together, perhaps through the action of
moesin (which has been shown to assist movement of cell surface receptors in other cell types and is known
to redistribute to the target synapse on Rituximab tagged target cells[35, 467, 468, 469]) or through other, as
yet undefined, mechanisms.
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The microscale organisation of proteins at the immune cell- target cell interface into distinct substructures
has been shown in several immune cell types, including NK cells,[311, 25, 254, 312, 261, 316, 297] T cells
[473, 21, 334, 290, 323, 288, 276] and B cells[470, 307]. Altering the microscale organisation of receptors
and proteins at the Immune Synapse (IS) can be used to direct different levels of immune cell activation in
both NK cells[474] and other immune cells,[21, 299] discussed extensively in Chapter 2.

The evidence supporting the congregation of Rituximab molecules on areas of target cells, and the known
importance of the microscale organisation of the immune synapse on cellular activation levels leads to an
important question. Is the therapeutic effect of Rituximab mediated by the proximity of Rituximab molecules
(and therefore CD16 receptor molecules) to each other on the target cell surface? In order to test this, we
fabricate biomimetic nanopatterns by Block Co-polymer Micellar Lithography (BCML- described in detail
in Chapter 4 [362, 205, 204, 203]) functionalised with CD16 ligands, that can engage with NK cells to form
an artificial immune synapse.

This chapter describes the functionalization of gold nanoparticles with inter-particle spacing between 25-
104nm with Rituximab or anti-CD16 antibodies and the cellular responses to these surfaces, to present the
first studies investigating innate immune responses to nanopattern ligand engagement.

6.2 Contribution statement

The work reported in this chapter was supported by the following people;
NK cell separation, culture and incubation were performed by Dr. Dominika Rudnicka. Cell fixation, stain-
ing and imaging was performed by both Derfogail Delcassian and Dr. Dominika Rudnicka.

6.3 Materials and Methods

6.3.1 Fabrication of nanopattern arrays

As described in detail in Chapter 4: Biomimetic Gold Nanopatterns. Briefly, poly(styrene-block-2-vinyl
pyridine) (Polymer Source, Montreal, Canada), of varying molecular weight and styrene to 2-vinyl pyridine
ratio depending on the nanopattern spacing required, was dissolved in p-xylene (99.0%, VWR, Radnor, P.S.,
U.S.A.)) and stirred for at least 12 hours. Gold (III) chloride trihydrate (Sigma Aldrich, St Louis, M.O.,
U.S.A.) was then added at 0.1 – 0.5 molar ratio to the total amount of 2-vinyl pyridine units and left to
stir for another 24 hours to generate micelles with gold-loaded cores. Glass substrates were cleaned by
immersion in a 1:3 v/v mixture of hydrogen peroxide 30% solution (VWR) and concentrated sulfuric acid
(95%, VWR) for at least 2 hours, before rinsing in ultrapure water (18.2 MΩ). Substrates were coated with
a monolayer of gold-loaded micelles by dip-coating using a home-built setup with a retraction speed of
0.36 mm/s. Gold nanosphere arrays were generated from these micelle-coated substrates by exposure to
a hydrogen/argon plasma (10% hydrogen, 0.4 mbar, 350 W) in a plasma etcher model name (PVA TePla,
Kirchheim, Germany). Sample nanoarrays from each batch were characterised by SEM (Leo Gemini at an
EHT 5-10kV), after sputter-coating with a thin layer of carbon. Mean and standard deviation spacings were
calculated by measuring a representative number of nearest neighbors.
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6.3.2 Functionalisation of nanopatterned array.

Nanopatterns were cleaned immediately before use by exposure to UV-ozone (10 minutes, Procleaner Plus,
Bioforce Nanoscience, Ames, I.A., U.S.A.), and an 8-well flexible chamber insert (PDMS, Sarstedt, Nuem-
brecht, Germany) was immediately affixed. To passivate the glass background against non-specific protein
adsorption, wells were incubated with either poly(L-lysine) – graft – poly(ethylene glycol) (PLL-g-PEG)
(PLL(Mw = 20kDa) grafted with an average of 3.5 chains of PEG(Mw = 2 kDa) chains, SuSOS, Zurich,
Switzerland) or PLL-g-PEG-biotin (same with 51% of PEG chains biotinylated at free end, SuSOS, Zurich,
Switzerland) at 1 mg/ml in PBS for 1.5 hours. Surfaces were rinsed with PBS and incubated with rele-
vant biological ligands, with further PBS-rinsing after each step. NK-stimulating nanoarrays were produced
by first functionalising PLL-g-PEG passivated gold nanoarrays with biotin-thiol (2 mM in ethanol, 2 hours
incubation, HS-C11-NH-C(O)-Biotin, ProChimia, Sopot, Poland) followed by tetravalent streptavidin (Life
Technologies, 0.1 mg/ml in PBS, 2 hours incubation) or bi-valent streptavidin (gift of Mark Howarth, Univer-
sity of Oxford, 0.1mg/ml in PBS, 2 hours incubation). NK cell-stimulating antibodies Rituximab (Rituxan,
Roche, Basel, Switzerland)) and 3G8 (BD Biosciences, Franklin Lakes, N.J., U.S.A.) were biotinylated using
EZ-link NHS-PEG(4)Biotin (Thermo Scientific, Waltham, M.A., U.S.A.) kit, and purified using a centrifugal
filter with 50 kDa cutoff (Millipore, Billerica, M.A., U.S.A.) and incubated with streptavidin-functionalized
nanoarrays (Rituximab, 10 μg/ml, PBS, 1-2 hours, 3G8, 5 μg/ml, PBS, 1-2hours). To generate a cell-adhesive
poly (L-lysine) (PLL) background, the PLL-g-PEG was then displaced by incubation with a PLL solution
(Mw = 150 – 300 kDa, Sigma Aldrich, 0.1% in PBS, 30 minutes). PLL controls were prepared by incubating
glass slides as described; glass slides were incubated with passivation agent PLL-g-PEG for 1.5 hours as de-
scribed, before the surface was treated with the PLL solution to displace PLL-g-PEG. For verification, 488-
3G8 (Invitrogen, 1/100 in PBS) was attached as above, and functionalised surfaces examined by an Olympus
1X51 microscope with DP70 camera.

6.3.3 Protein Structures

Protein crystal structures were obtained from the European Protein Data Bank and projected using PyMOL.
(Specific protein structures used: Streptavidin (1mk_5) Rituximab (1IGT) 3G8 (1IGY)).

6.3.4 Cellular experiments

NK cells were isolated by negative selection from leukocyte cones purchased from the UK National Blood
Service or fresh blood using NK cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). All fresh
blood donors were healthy and provided informed consent for their blood to be used in accordance with the
Declaration of Helsinki (ethics approved by The National Research Ethics Service, ref 05/Q0401/108). Pu-
rified NK cells were resuspended in Dulbecco’s Modified Eagle’s Medium supplemented with 10% human
serum (Sigma Aldrich), 30% nutrient mixture F12, 2mM L-glutamine, 1x non-essential amino acids, 1mM
sodium pyruvate, 50µM 2-mercaptoethanol, 50 U/mL penicillin, 50 μg/mL streptomycin (all Life Technolo-
gies), and 150 U/ml human recombinant IL-2 (Roche). Cells were allowed to rest for at least 5 days at 37 °C
and 5% CO2 before being used for experiments. Cells were incubated in biofunctionalised nanoarray wells
for 6 minutes, immediately fixed with 4% PFA and permeabilized with 0.05% Saponin/PBS (Sigma Aldrich).
Cells were stained with 2 U/ml phalloidin-AlexaFluor 488 (Life Technologies), and imaged using a confo-
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cal microscope (Leica SP5 RS) with a 63× water immersion lens (NA 1.2). Images were processed using
FIJI with cell spread area measured in the surface plane. Spread areas were normalized per donor to non-
patterned PLL surfaces and compared across multiple donors. Donors who showed no differential response
to non-patterned 3G8-PLL versus plain PLL surfaces were discarded. Statistical testing used pair-wise com-
parisons between conditions, conducted using Mann-Whitney nonparametric tests in Origin (OriginLabs,
Northampton, M.A., U.S.A.).

6.4 Results and Discussion

6.4.1 Functionalisation of nanoparticle arrays

As described previously in Chapter 4, gold nanopattern arrays with well controlled particle spacing were fab-
ricated using Block Co-polymer Micellar Lithography. Spacings of the order of 10-100nm were fabricated,
and typical surfaces are shown in Figure 6.4.1.

A 25nm +/- 2nm 104nm +/- 5nm69nm +/- 2nm CBA

Figure 6.4.1: Gold nanopattern arrays. BCML was used to fabricate gold nanopattern arrays. SEM images
and inter-particle spacing analysis is shown, with mean values and standard deviation. Panel (A) shown
previously in Chapter 4. Scale bar 100nm.

In order to test the effect of stimulation of the NK cell surface FcγRIIIA receptor, functionalization of
nanopatterns with both anti-CD16 and rituximab was desired. These antibodies are known to engage with
the CD16 receptor in different ways; the anti-CD16 through its variable region, and the rituximab through
its Fc portion. Selection of an anti-CD16 antibody which will only bind to the NK CD16 receptor through
its variable regions, rather than its Fc portion, is possible by choosing an appropriate isotype. In this case,
anti-CD16 with a mouse IgG2a was used which only binds to the human NK cell surface receptor through
the bivalent epitope binding regions, shown schematically in Figure 6.4.2.
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Figure 6.4.2: Schematic of NK cell surface receptor CD16 binding. (A) Target cell with Rituximab bound to
the outside, and Rituximab engaging with the CD16 receptor through its Fc portion. (B) Anti-CD16 binding
directly to the CD16 receptor through its variable regions. There are two variable regions per antibody, it can
therefore bind to two closely spaced CD16 receptors on the NK cell surface.

Due to the different mechanisms, it was important to find a functionalization methodology that allowed
both antibodies to be bound to the gold nanopattern similarly, yet also gave the antibodies flexibility to engage
with the NK cell surface receptor on the substrate. Figure 6.4.3 shows a schematic of the binding process,
where a small alkane thiolated biotin linker is bound to the gold nanoparticle, followed by the streptavidin
and finally the biotinylated protein. As the biotinylation position on the protein is random, mediated by a
short biotin linker bound to surface -NH2 groups, a range of orientations are possible, and therefore both
methods of CD16 engagement are possible. The strong bonds based on the near-covalent chemisorption of
thiol and disulfide groups to gold, and on biotin-streptavidin bonding, promise a stronger attachment than is
given by the alternative NTA-histidine system.[211] CD16, unlike many other NK receptors, does not require
a co-stimulatory agent in order to activate NK cells,[475, 311, 247] however adhesion between two cells is
normally augmented by additional integrin binding.[466, 265] For these experiments, the protein resistant
layer added during nanoparticle functionalization was displaced with poly(L-lysine) (PLL) to provide a non-
stimulatory adhesive background layer.[476]
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B

Gold Nanoparticle Rituximab

Poly-L-Lysine
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A

Figure 6.4.3: Schematic NK cell engaging surfaces. Gold nanopatterns are functionalised with (A) anti-
CD16 or (B) Rituximab antibodies.

The functionalisation of the nanopatterns was tested using fluorescent anti-CD16 antibodies, (Figure
6.4.4) which showed surfaces with uniform coverage and bright fluorescent bands in regions of heavy gold
deposition, indicating preferential binding to the gold particles. Note that whilst cellular studies are carried
out on nanopatterned areas with uniform nanoparticle deposition, these regions of excess gold deposition are
useful for visualising the preferential nature of the functionalisation.

BA

Figure 6.4.4: Fluorescent anti-CD16 binding. Binding of biotinylated proteins was performed using a fluo-
rescently labeled anti-CD16 antibody. Binding is enhanced in the heavy gold deposition area. (A) Bright-
field and (B) fluorescent channels show visible stripes of heavy gold deposition and enhanced binding, indi-
cating preferential binding to the gold nanopattern regions. Scale bar 100μm.

The functionalized nanoparticle arrays were then used to probe cellular responses to nanoscale CD16
receptor engagement.
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6.4.2 Cellular response to Fc engagement

As changes in the actin cytoskeleton are a marker of NK cell activation,[254] we measured actin specific
cell spread area as an indication of cellular response to these surfaces. Actin rearrangement is one of the
prerequisites of lytic synapse formation, and is required for lytic granule release.[254, 25, 477, 291, 474, 311]
A comparison between planar surfaces functionalised with Rituximab or anti-CD16 indicated that although
there was no significant change in the number of cells per unit area, (data not shown) the change in cell spread
area was equivalent in both cases, (Figure 6.4.5) and significantly different to that on PLL adhesive surfaces
alone. The significant increase in cell spread area when cells encounter activatory surfaces of Rituximab or
anti-CD16 (cell spread area increase of 21.3% and 20.7% respectively) indicates that cells have redistributed
their actin network to increase engagement with the surfaces and are beginning to form synaptic structures,
a precursor to NK cell killing activity, and so cell spread area provides information about the early stage
activation levels of the NK cells.
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Figure 6.4.5: Cell spread area, normalised to response on PLL surfaces, of cells exposed to CD16 ligands
on planar substrates. PLL surfaces were prepared by passivating glass with PLL-g-PEG and displacing this
with PLL, as described in the Materials and Methods section. Bars represent average cell spread area on each
condition for 5 donors. Error bars are standard error in the mean of donor average values. PLL responses
normalised to one for each donor to compare responses across donors. Approximately 350 cells analysed
per condition across donors. Statistical testing *** p< 0.001

Functionalised nanopatterns spaced 25, 69 or 104nm apart were then tested, and cell spread area calcu-
lated for anti-CD16 (Figure 6.4.6) and Rituximab (Figure 6.4.7) functionalised interfaces.
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Figure 6.4.6: Cell spread area, normalised to response on PLL surfaces, of cells exposed to anti-CD16 3G8
nanoarray surfaces. Left panel indicates averaged cell spread area on each condition for 5 donors, right panel
shows individual donor response to small and large spacing, where a total of approximately 300 cells were
analysed per condition. Error bars are standard error in the mean of donor average values. PLL responses
normalised to one for each donor to compare responses across donors. Statistical testing *** p< 0.001
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Figure 6.4.7: Cell spread area, normalised to response on PLL surfaces, of cells exposed to Rituximab
nanoarray surfaces. Left panel indicates averaged cell spread area on each condition for 5 donors, right panel
shows individual donor response to small and large spacing, where a total of approximately 300 cells were
analysed per condition. Error bars are standard error in the mean of donor average values. PLL responses
normalised to one for each donor to compare responses across donors. Statistical testing *** p< 0.001, **
p< 0.01, * p< 0.05

Figure 6.4.6 shows cell spreading responses to anti-CD16 3G8 nanoarrays, as the nanopattern spac-
ing increases from 25nm to 104nm, there is a significant decrease in the average cell spread area (Figure
6.4.6(A)) and this is true for all donors tested (Figure 6.4.6(B)) Intriguingly, there is also a sharp threshold in
cell spread area between 69nm and 104nm, where cellular response to the nanopatterns falls to background
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levels as anti-CD16 antibodies are spaced 104nm apart. The response of Rituximab was also tested (Fig-
ure 6.4.7) and shows very similar results. As the inter-particle spacing of functionalised array increases,
the cellular response to the surface decreases, again falling to not significantly greater than background by
104nm. Interestingly there is no significant difference between engaging the CD16 receptor with Rituximab
or anti-CD16 antibody, indicating that the cell is undergoing similar actin skeleton rearrangement in both
cases.

These results show that as the spacing of anti-CD16 ligands is increased from 25 to 104nm, the cell
spread area is dramatically reduced, and falls to not significantly greater than cell spread area on an adhesive
background. This indicates that when ligands are positioned 104nm apart, the cell fails to engage with the
substrates in an activatory manner. This is the first time NK cells have been shown to be sensitive to nanoscale
ligand arrangement, and we propose several hypotheses for this phenomenon discussed in turn below. These
are; required concatenation of CD16 microclusters for additive signaling or inhibitory receptor exclusion, a
minimal receptor engagement number per cell or per cluster, or mechanosensitivity to applied force through
the CD16-receptor bond.

The existence of protein microclusters on immune cell surfaces has been verified by microscopy; in-
hibitory receptor KIR2DL1 exists in nanodomains approximately 110nm across as sized by PALM mi-
croscopy, [315] and several different receptor and signaling protein microclusters have been identified in
T cells between 35-300nm in size.[334, 289, 328, 478, 290] CD16 protein microclusters have also been vi-
sualised on NK cell surfaces,[265, 472] and with the development of super-resolution techniques will soon
be sized more accurately. Here, we assume that CD16 clusters are of the same scale as inhibitory receptors
sized at 110nm, and term them nanodomains.

A possible explanation for our results lies in the requirement for nanodomain concatenation, which has
been proposed as a signaling mechanism in T cells. Separate islands of Lat and CD3ζ have been observed
to come together into microclusters on activation in T cells.[328] Similarly, assuming here each nanoparticle
is capable of anchoring receptors in distinct CD16 nanodomains, we postulate that it is the concatenation
of these nanodomains that is crucial to signaling. Surfaces with nanoparticles spaced 104nm apart would
be capable of anchoring CD16 nanodomains with minimal overlap, and therefore concatenation of protein
islands and integration of signals from several distinct receptor nanodomains would be minimal. In contrast,
surfaces with 25nm or 69nm spacing would allow nanodomains to overlap significantly. These closely
spaced surfaces may aid with protein nanodomain congregation and signaling, and supports the observation
that moesin, a protein mobiliser, is recruited at the NK-cell interface in Rituximab use.[35]

A justification for this hypothesis considers the role of competitive phosphorylation and dephosphory-
lation pathways known to be present in NK cell inhibition pathways. It is thought that some activatory
receptors are controlled by inhibitory pathways, such as the activatory NKG2D receptors and inhibitory KIR
pathway.[257] CD16 receptors associate with CD3ζ tails, and so are coupled to Immunotyrosine Activatory
Motifs (ITAM) which undergo phosphorylation on active engagement,[479, 263] leading to downstream
signaling pathways that eventually result in cellular activation. Some inhibitory receptors possess Immuno-
tyrosine Inhibitory Motifs (ITIMs) which can be tyrosine phosphorylated on ligand binding; these then
activate protein tyrosine phosphotases which dephosphorylate key activatory pathways. It would be plausi-
ble to suggest that the phosphorylation of the ITAM, a key signaling component of the CD16 receptor, is a
competitive process inhibited by the dephosphorylation carried out by other proteins, which seek to dephos-
phorylate the ITAM before additional activation events take place. An extension of the hypothesis suggested
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earlier, that CD16 nanodomain aggregation is required for NK cell stimulation, comes from the distance-
based inhibition model.[480] Simulation and microscopy studies have suggested that inhibitory receptors
act locally, and have a limited radius of influence on adjacent activatory receptors of approximately 3-10
molecules.[319, 320, 321, 480] Our data is consistent with this model, where the binding of CD16 to closely
spaced nanoarrays allows concatenation of nanodomains, and could exclude inhibitory receptors. The exclu-
sion of these receptors means they can only act on the ITAMs at the periphery of the recently concatenated
CD16 protein islands, and so signaling in the protein island core occurs unimpeded. Conversely, the larger
spaced nanoarrays may not allow for exclusion of inhibitory receptors in close proximity to the CD16-ligand
engagement, and so the desphosphorylation dominates at these receptors and signaling is minimal.

A seperate hypothesis relates to a minimum number of signaling events being required to induce activa-
tion; where the number of receptors engaged per cell surface acts as the driving force as to whether a cell is
to become activated or not. For this system, this hypothesis is unlikely to be valid, as the number of ligands
presented on even the most widely spaced nanoarrays is much greater than minimum stimulation require-
ments that have been identified in other immune cell types.[294, 481, 325] However, as minimum ligand
engagement requirements have yet to be determined for NK cells specifically, this hypothesis is discussed
below.

CD16 receptors associate with CD3ζ tails, and so are coupled to ITAM motifs; there may be a basic
requirement for integration of a minimum number of signals before downstream activation occurs. In T
cells, a minimum of two ITAMs require phosphorylation before activation begins,[482, 300] and an intrinsic
threshold whereby a certain number of receptors need to become engaged and phosphorylated in order to
overcome dephosphorylation pathways occurring simultaneously may also exist. Although this model fits
well with the basic concept of greater cellular response at lower nanoarray spacings, it is difficult to reconcile
with the observed results when the effect of valency is taken into account. Table 6.4.1 shows a summary of
the number of particles per unit area, and expected number of ligands per particle assuming only one protein
is present per nanoparticle.

Nanoparticle Spacing Particles per μm2 Ligands per μm2 (anti-CD16) Ligands per μm2(Rituximab)
25nm 1600 3200 1600
69nm 210 420 210

104nm 115 230 115

Table 6.4.1: Nanoparticle arrays per unit area. Assuming each nanoparticle is functionalised with a single
antibody, and that anti-CD16 presents bivalently and Rituximab monovalently, values quoted are the number
of possible CD16 engaging ligands presented by each method per unit area.

Given the monovalent nature of the engagement of Rituximab with CD16, and bivalent nature of anti-
CD16 engagement (capable of binding two closely spaced CD16 receptors) it is clear that if each nanoparticle
is singly functionalised with an antibody, the 69nm Rituximab surface and 104nm anti-CD16 surface would
both present approximately 200 receptor engaging ligands per µm2. If activation relied simply on ligand
density, we could expect these conditions to produce equivalent spreading responses, however it is clear that
with both anti-CD16 and Rituximab the threshold for cellular response lies between 69 and 104nm.

This suggests that it is the inter-ligand spacing, rather than the ligand density, which controls the acti-
vatory threshold, as the cells respond similarly to surfaces which present the same inter-ligand spacing but
different ligand densities. Additionally, in other systems, some immune cells have been shown to be stimu-
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lated by very low ligand densities of only 1-4 agonist ligands per μm2,[294, 481, 325] an order of magnitude
lower than those being used in this system. Until such stimulatory ligand densities have been determined for
NK cells, we can only speculate on whether a minimal number of ligand interactions, and so ligand density,
are crucial factors for NK cell activation.

In order to evaluate whether ligand density does play a more crucial role than suggested here, future
work should attempt to de-couple local ligand density from local inter-ligand spacing. Cellular studies
on functionalised surfaces using disordered nanoparticle arrays with conserved density, or more advanced
nanopattern systems such as those proposed in Chapter 5, using zinc and gold nanoparticle mixed arrays to
maintain inter-particle spacing but vary density, could be employed to determine if local ligand density plays
a crucial role in determining the cellular activation threshold.

An alternative explanation involves the requirement for multiple ligand anchoring points per distinct
CD16 nanodomain, rather than per cell. Again, assuming the size of CD16 nanodomains to be 110nm,
surfaces with 25nm spaced nanoparticles would allow multiple ligand anchoring points per nanodomain.
With 69nm it is possible several distinct CD16 molecules could be engaged simultaneously, however 104nm
surfaces would likely only provide one receptor engagement interaction per nanodomain.

Finally, there is also the possibility that the response to nanoarray spacing is due to mechanosensitivity
in the CD16 receptor, where smaller spacing corresponds to a greater number of ligand anchoring points per
cell or per individual signaling focus, and so reduced force per CD16-receptor pair.[106] There may therefore
be an optimal force acting through the CD16-ligand pair engagement at which signaling occurs. Currently,
there is no evidence to suggest that the CD16 receptor possesses any mechanical moieties, or that the NK
cell is mechanosensitive, however Rituximab has been shown to induce changes in the mechanical properties
of target cells,[483] and mechanosenitivity has been shown in other immune cell types.[281, 280, 293]

The hypotheses described here are based on the assumption that each nanoparticle is functionalised with
one ligand (with Rituximab) or two ligands (with anti-CD16) per nanoparticle. Whilst we would expect the
small size of the nanoparticle and steric hindrance between ligands to ensure that the binding of more ligands
per nanoparticle is unfavourable, there is limited evidence shown here that each nanoparticle is functionalised
with at least a single ligand, and that each ligand is bound in an active confirmation. If each nanoparticle is
not functionalised with an antibody in an accessible conformation as proposed, and instead the nanoarray is
only partially functionalised, then the conclusions drawn regarding the spatial threshold for activation may
be underestimated. If only a small percentage of the nanoarray is successfully functionalised, the actual
inter-ligand spacing values at which cells no longer respond to the surface in an activatory manner may be
much larger than those proposed.

Other systems have used SEM to show that gold nanoarrays functionalised with Histidine tagged pro-
teins present surfaces where at least 75% of the nanoparticles are functionalised with an antibody in an
active confirmation capable of binding a selective monoclonal antibody (functionalised with an additional
gold nanoparticle)[211] and so it is plausible that a large proportion of the nanoparticles in our system are
functionalised with bound antibodies in an active confirmation.

Further evidence to support the assumption that the majority of the nanoparticles are singly function-
alised with an antibody in an active confirmation lies in the comparison between the two CD16 engagement
mechanisms. If immobilisation does diminish the activity of the antibody, it seems unlikely that once im-
mobilised both the Fc engaging Rituximab system and the bivalent anti-CD16 variable region system would
present ligands to the CD16 receptor with exactly the same diminished activity due to the difference in their
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engagement mechanisms. Despite the difference between the two ligand systems in valency, CD16 receptor
affinity and engagement mechanism, both systems show a strong activity dependent threshold at between
69nm and 104nm gold nanoarray inter-particle spacing, suggesting that it may indeed be the inter-ligand
spacing that is key to driving the activatory response. In order to provide additional support to these studies,
it will be important to validate the number and conformation of the antibodies bound to the nanoarrays.

Here, we show that NK signaling is sensitive to the nanoscale arrangement of ligands, and that this
requires spacing between ligand anchoring points in the region of 25-69nm, below 104nm. The exact mech-
anism driving signaling through sensitivity to nanoscale arrangement is not yet clear; required concatenation
through additive signaling and inhibitory receptor exclusion, minimal engagement of receptors per individ-
ual signaling focus and mechanosensitivity have been postulated. Additionally, advanced microscopy studies
should help to answer questions about the size of CD16 receptor nanodomains and develop further insights
the clear difference in early stage NK response to nanopattern surfaces. With greater super-resolution capa-
bilities, it will soon be possible to determine which of these hypotheses presents the most feasible nanosen-
sitivity mechanism, and the ideas suggested here are also discussed in more detail in Chapters 7 and 8 in
relation to T cells.

6.4.3 Advanced Functionalisation

The surfaces prepared earlier utilised the binding of streptavidin to biotinylated proteins to present a robust
protein attachment mechanism to the nanoparticle. A limitation is in the tetravalent nature of the streptavidin-
biotin link, which could enable up to three biotinylated proteins to be bound per streptavidin, dependent on
steric factors and kinetics. An advancement of this technology is in the use of an engineered streptavidin
with only two functional biotin binding sites. Bivalent streptavidin was provided by Mark Howarth et al.
and used to prepare surfaces with minimal biotin binding sites. These surfaces were functionalised with
fluorescent biotinylated anti-CD16. (Figure 6.4.8)
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Figure 6.4.8: Bivalent streptavidin binding. (A) Individual chain protein structure of streptavidin showing
4 chains and 4 available binding sites. (B) Bright-field and (C) fluorescent images of nanopattern surfaces
functionalised with fluorescent anti-CD16 through bivalent streptavidin binding. Dark purple lines in bright
field (B) are indicitive of heavy gold deposition, and correlate to enhanced fluorescence.

Figure 6.4.8(A) shows the four sub-chains constituting the streptavidin; bivalent streptavidin can present
either cis- or trans- functionality[484, 485, 486] where adjacent (cis) or opposite (trans) biotin binding sites
remain active, and the other two sites are unfunctional. Selective binding of biotinylated anti-CD16 proteins
to surfaces functionalised with bivalent streptavidin, (Figure 6.4.8(B) and 6.4.8(C)) is clearly identified by
the strong fluorescence formed on uniform gold nanopattern surfaces and areas with heavy gold deposition.



CHAPTER 6. NK CELL STIMULATION WITH LIGAND NANOARRAYS 95

The ability to functionalise gold nanoparticles with bivalent streptavidin, and therefore an expected 1:1 ratio
of streptavidin to biotinylated protein, or tetravalent streptavidin gives a greater versatility in conjugation
strategies and could be used to further advance specific functionalization on the nanoscale.

Without confirmation of the exact number of streptavidin molecules bound per nanoparticle, detailed
analysis of the cellular response to bivalently functionalised nanoarrays is not robust. If the number of
streptavidin proteins per particle is verified this would be an interesting experiment and could help pro-
vide further evidence to oust the valency hypothesis discussed earlier. Additionally, this technology could
have other uses in advanced nanopatterning, as the presentation of monovalent proteins has a range of
applications.[487, 488, 489, 402, 490, 491, 492]

6.5 Conclusions

We have demonstrated the fabrication of controlled nanoarrays and selective functionalization of those arrays
with a range of biological conjugation methods. Both anti-CD16 and Rituximab have been bound to gold
nanoparticles using streptavidin linkage. These surfaces have subsequently been used to investigate cellular
responses to nanoscale ligand environments. NK cell response, assayed by cell spread area, to the formation
of artificial immune synapses with anti-CD16 engaging ligands on the nanoscale has shown that activation
of innate NK cells is dependent on ligand spacing of sub-104nm. Specifically, surfaces with CD16 ligand
anchoring points spaced 25nm or 69nm induced a similar cell response to planar activatory stimuli regardless
of ligand engagement mechanism. This response also seemed to demonstrate an on-off threshold, where
response to stimuli above background levels was not detectable when ligands were spaced 104nm apart.

Several hypotheses have been presented to explain these results, focusing on the required concatenation
of protein islands, the minimal number of receptor engagement points and the potential mechanosensitivity
of CD16 engagement. Regardless of the underlying mechanisms, our results clearly demonstrate that spatial
factors on 10 – 100 nm length-scales not only correlate with signaling, but can actually control it.

Understanding of the nanoscale structure of the NK cell response could lead to better therapeutics[465,
464, 493, 39, 458] where it may become possible to augment cell function ex vivo, or develop drugs that move
from drugs that ligate single receptors or dimers towards larger nanoscale therapeutics. Such therapeutics
will mimic and manipulate synaptic spatial structures, for example driving nanocluster concatenation.

6.6 Future Work

This work has focused on the very early stages of cellular response to these nanopatterns; it will be interesting
to determine if the response to nanoscale ligand arrangement is consistent at later time-points, and also
reflects the level of full activation the NK cell undergoes. Immediate experiments could focus on determining
the relative expression of cell surface activation markers, such as CD69 and LAMP-1 at specific time-points
across a range of nanopatterns. Additionally, IFNγ cytokine secretion could be monitored as a measure of
late stage activation.

As clinical response to Rituximab is known to be mediated by the Fc affinity level, it would be interest-
ing to investigate the effect of other antibodies binding to CD16 through their Fc portion at these spacing
regimes.[464, 494, 495, 496, 497] Our results seem to indicate that the spatial response to ligand engagement
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is independent of engagement mechanism or valency, however this should be verified with further substrates.
The threshold seen here at between 69 and 104nm spacing raises two directions for future work; firstly,

the spacing region between these two values should be explored in smaller increments, in order to determine
if there is an on-off threshold, or a gradual decrease down to minimal signaling. Secondly, it would be
important to determine if the effect seen here is kinetic, and whether with greater engagement time the
104nm surface may catch up to the 25nm and 69nm responses, which appear to be maximal. These results
would help to identify whether the differential response is due to signaling integration or is truly limited by
spatial organisation of ligands.

Whilst several other cell types have identified nanoscale ligand engagement requirements, particularly
those requiring actin mediated adhesion,[102, 103, 105, 214, 51, 106, 107, 108, 93, 370, 109, 212] these are
the first studies on innate immune cells. A further development of this work would be to characterise the
response to nanoscale ligand engagement in other types of innate immune cell and adaptive immune cells, to
determine if there is a universal immune receptor signaling dependence on nanoscale receptor engagement.



Chapter 7

T cell stimulation with ligand
nanoarrays

Nanoscale ligand geometries in the adaptive immune system: T cell
response to CD3 engagement

7.1 Introduction

T cells are a key component of the adaptive immune system, with a major role in host defence against
pathogenic infection. Although the T cell presents many receptors on its surface and forms a variety of
cell-cell contacts,[297, 498] it is the T Cell Receptor (TCR) complex that is the most central in activating T
cells towards immune function. The exact nature of the stimuli required to fully activate the T cell through
TCR engagement remains unclear; most research has focused on a “two signal hypothesis” although full
effector function in some cells is thought to be reliant on three signals delivered sequentially.[273] In most
cases, engagement of the TCR/CD3 with agonist Major Histocompatability Complex (pMHC) on Antigen
Presenting Cells (APCs) is usually the first activatory signal received.

Currently, there is a wealth of evidence to suggest that the nature of pMHC presentation to TCR is critical
in determining T cell activation levels. Agonist valency,[499, 374] the nature of the agonist substrate,[280,
287] and the spatial organisation of stimulatory ligands[375] have been identified as key features in T cell
activation, discussed extensively in Chapter 2.

Several key receptors and signaling proteins have been shown to be organised into micro- and nanoscale
protein domains on the T cell surface.[277, 328, 290, 334, 500, 289] The movement of TCR surface clusters
across a T cell surface to form a central Super Molecular Activatory Cluster (c- SMAC) on activation is
known to propagate and aid sustained signaling in T cells.[289, 290, 288, 331, 328, 323]

There is much interest in whether the range of intrinsic micro-scale organisation present on T cell surfaces
during activation is a requirement for, or product of, activation. The fabrication of biomimetic substrates,
where ligand presentation is spatially controlled on the micrometre scale, have attempted to address this.

97
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Both fluid supported bilayers,[295, 296, 21] and more restrictive micro-patterned proteins patches[299] have
shown that control of protein positioning with different micro-scale structures results in modified T cell
activation states,[501, 299, 21, 502, 239] and can direct TCR microcluster motion.[296, 295]

The TCR/CD3 receptor complex is 10-20nm in size,[503] and exists in nanodomains of several TCR/CD3
receptors which together measure between 35-70nm in size.[328] On activation, these nanodomains are
thought to aggregate with nanodomains of other signaling proteins to form microclusters (containing several
nanodomains), which occurs before formation of larger synaptic structures such as c-SMAC formation.[323,
328] There is therefore a sequence in which isolated TCR/CD3 units associate to form nanodomains on
quiescent cells, then to form larger microclusters on activation, and transition from individual nanoscale
units to larger structures.

Currently, there have been no investigations of the effect of receptor engaging anchoring points across
the lengthscale 10-100nm, despite the range of key activatory structures of these dimensions. This chapter
seeks to utilise nanoparticle substrates of the order of 10-100nm to pattern TCR/CD3 engaging ligands, and
determine the outcome of nanoscale ligand spacing on T cell stimulation.

The fabrication of well controlled nanoparticle arrays by Block Co-polymer Micellar Lithography (BCML)
[204, 351] (discussed in detail in Chapters 4 and 5) allows the fabrication of small features (~10nm) over
substrate areas on the order of cm2 [351, 404] capable of binding biological ligands for the study of nanoscale
ligand effects on cellular activation.[215, 370, 93, 108, 105, 103, 102, 106, 51, 210, 212] Specifically, this
chapter describes nanoarrays formed by BCML [362] functionalised with anti-CD3ε antibody fragments,
and investigates the T cell response to these artificial immune synapses across the nanoscale spacing regime.

7.2 Contribution statement

The work reported in this chapter was supported by the following people;
T Cell isolation and culture was performed by various members of the laboratory of Prof. Michael L. Dustin,
Skirball Institute of Biomolecular Medicine, New York University.
T Cell TIRF experiments were aided by Dr. David Depoil. Cellular experiments and analysis were performed
by Derfogail Delcassian.
Spearman’s Rank Correlation and Wilcoxon rank sum statistical tests were performed by Prof. Mengling
Liu, Department of Biostatistics, New York University.

7.3 Materials and Methods

7.3.1 Fabrication of nanopattern arrays

Gold nanoparticle arrays of various spacings were prepared as described in Chapter 4 using BCML. Briefly,
poly(styrene-block-2-vinyl pyridine) (Polymer Source, Montreal, Canada), of varying molecular weight and
styrene to 2-vinyl pyridine ratio depending on the nanopattern spacing required, was dissolved in p-xylene
(99.0%, VWR, Radnor, P.S., U.S.A.)) and stirred for at least 12 hours. Gold (III) chloride trihydrate (Sigma
Aldrich, St Louis, M.O., U.S.A.) was then added at 0.1 – 0.5 molar ratio to the total amount of 2-vinyl pyri-
dine units and left to stir for another 24 hours to generate micelles with gold-loaded cores. Glass substrates
were cleaned by immersion in a 1:3 v/v mixture of hydrogen peroxide 30% solution (VWR) and concentrated
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sulfuric acid (95%, VWR) for at least 2 hours, before rinsing in ultrapure water (18.2 MΩ). Substrates were
coated with a monolayer of gold-loaded micelles by dip-coating using a home-built setup with a retraction
speed of 0.36 mm/s. Gold nanosphere arrays were generated from these micelle-coated substrates by expo-
sure to a hydrogen/argon plasma (10% hydrogen, 0.4 mbar, 350 W) in a plasma etcher model name (PVA
TePla, Kirchheim, Germany). Sample nanoarrays from each batch were characterised by SEM (Leo Gemini
at an EHT 5-10kV), after sputter-coating with a thin layer of carbon. Mean and standard deviation spacings
were calculated by measuring a representative number of nearest neighbours.

7.3.2 F(ab’)2 fragmentation

TCEP (Sigma Aldrich) was used at a variety of concentrations (0.1-10mM) in PBS and incubated with
F(ab’)2 for 20-40 minutes at room temperature before being transferred to ice. Fractioned samples were then
purified using a centrifugal filter with the appropriate molecular weight cut off (Millipore, Billerica, M.A.,
U.S.A.) and fractions examined by gel electrophoresis. Gels were stained with silver (Biorad) and compared
to an internal protein ladder standard.

7.3.3 Functionalisation of nanopatterned array

Nanopatterns were cleaned immediately before use by exposure to UV-ozone (10 mins, Procleaner Plus,
Bioforce Nanoscience, Ames, I.A., U.S.A.), and an 8-well flexible chamber insert (PDMS, Sarstedt, Nuem-
brecht, Germany) was immediately affixed. To passivate the glass background against non-specific protein
adsorption, wells were incubated with either poly(L-lysine) – graft – poly(ethylene glycol) (PLL-g-PEG)
(PLL(Mw = 20kDa) grafted with an average of 3.5 chains of PEG(Mw = 2 kDa) chains, SuSOS, Zurich,
Switzerland) or PLL-g-PEG-biotin (same with 51% of PEG chains biotinylated at free end, SuSOS, Zurich,
Switzerland) at 1 mg/ml in PBS for 1.5 hours. UCHT-1 F(ab’)2 was fluorescently labeled using an Alex-
aFluor 488 kit (Invitrogen). Surfaces were rinsed with PBS and incubated with relevant biological lig-
ands, with further PBS-rinsing after each step. UCHT-1 F(ab’)2 fragment (BioLegend, San Diego, CA)
was incubated directly with PLL-g-PEG-biotin passivated gold nanoarrays (overnight, 0.1 mg/ml). Recom-
binant human ICAM-1 (Life Technologies, Carlsbad, C.A., U.S.A.) was biotinylated using EZ-link NHS-
PEG(4)Biotin (Thermo Scientific, Waltham, M.A., U.S.A.) kit, and purified using a centrifugal filter with
50 kDa cutoff (Millipore, Billerica, M.A., U.S.A.). To incorporate ICAM-1 into the PLL-g-PEG-biotin
background, UCHT-1 functionalized nanoarrays were first incubated with streptavidin (0.1 mg/ml, PBS, 1-2
hours) and then with biotinylated ICAM-1 (5 μg/ml, PBS, 1-2 hours). Control surfaces were glass coverslips
cleaned with ethanol and UV-ozone and incubated with UCHT-1 F(ab’)2 fragments or ICAM-1 under the
same conditions as the nanoarrays.

7.3.4 Protein Structures

Protein crystal structures were obtained from the European Protein Data Bank and projected using PyMOL.
Structure 1igy_IgG1 was used to represent IgG, F(ab’)2 and F(ab’) fragments.



CHAPTER 7. T CELL STIMULATION WITH LIGAND NANOARRAYS 100

7.3.5 Cellular experiments

Human CD4 T cells, cells were purified from fresh peripheral blood samples (New York blood center, NY)
using Rosette separation kit (Stemcell Technologies, Vancouver, BC, Canada) according to manufacturer’s
protocol, then were rested at 37 °C for 1 – 5 days in complete RPMI. Prior to experiment the cells were
suspended in HBS/HAS buffer (20 mM HEPES, pH 7.2; 137 mM NaCl; 5 mM KCl; 0.7 mM Na2HPO4; 6
mM D-glucose; 2 mM MgCl2; 1 mM CaCl2; 1% (v/v) human serum albumin (HSA; add from 25% human
serum albumin (Williams Medical Company, Rhymney, U.K.)) and incubated at 37°C. Biofunctionalised
nanoarrays with 8-well inserts were also equilibrated at 37 °C with HBS/HSA buffer. Cells were seeded
at 1 million cells per ml (100 μl per well) and incubated for 5 minutes at 37 °C and 0% CO2. Cells were
fixed (warm 2% paraformaldehyde in PHEMO buffer (10mM EGTA, 2mM MgCI2, 60mM Pipes, 25mM
HEPES, pH 7.2) for 10 mins) and permeabilized (0.1% Triton in PBS, 3 mins). Post-fixation, wells were
blocked overnight at 4 C with 5% casein in PBS and stained with Alexa 568-labelled phalloidin (Life Tech-
nologies), the phosphotyrosine-binding monoclonal antibody 488-PY20 (Biolegend, San Diego, U.S.A.) and
the CD45-binding mAb CD45RA (APC – e-Bioscience, San Diego, C.A., U.S.A.) for between 1-3 hours.
Total Internal Reflection Fluorescence imaging was carried out using a Nikon Eclipse Ti with 100X 1.49
NA objective and an AndorDU897 back illuminated EMCCD camera. Images were processed using the FIJI
software package, where average phosphotyrosine intensity was measured using a standard cell-sized region
of interest (ROI), with subtraction of a corresponding background ROI. Average phosphotyrosine intensity
was measured for each ROI. The number of adhered cells was counted in a standard area of 100 frames =
661456.9 μm2, to distinguish cells adhered to the surface from cells floating above the surface in solution,
fluorescent actin staining in the surface plane and Interference Reflection Microscopy (IRM) were used to
determine if cells were attached. Cells possessing both actin in the surface plane, and an IRM contrast image
(indicating contact with the nanoarray surface), were considered attached. The overall difference between
spacing settings was tested using the nonparametric Kruskal-Wallis rank sum test, and the trend was test
was conducted using the Spearman’s rank correlation test. The pair-wise comparisons between two spacing
settings were conducted using the Wilcoxon rank sum test. All tests assumed cells are independent units,
and statistical analysis was conducted using R 3.0.1.

7.4 Results and Discussion

7.4.1 Functionalisation of nanoparticle arrays

Gold nanoparticle arrays with nano-scale inter-particle spacing were prepared by BCML. Scanning Electron
Microscopy (SEM) was used to ascertain nanoarray spacing (Figure 7.4.1) and substrates were fabricated
across the 25-104nm inter-particle length scale.
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104nm +/- 5nm69nm +/- 2nm

A

DC

B

Figure 7.4.1: SEM micrographs of gold nanopattern arrays. BCML was used to fabricate gold nanopattern
arrays. SEM images and inter-particle spacing analysis is shown, with mean values and standard deviation.
Panels (A,C,D) were shown in Figure 6.4.1 for NK cell studies.

Previous work in this thesis (Chapter 6) described a nanoparticle functionalisation mechanism based on
covalent antibody attachment through the streptavidin-biotin system. Here, we use the direct attachment of
antibody fragments to the gold nanoparticle through the intrinsic disulfide as an alternative approach.[490,
491] The direct binding of the antibody fragments in this way enables further proteins to be bound into the
background passivation layer using streptavidin-biotin chemistries using modified passivation agents.[504]

A standard IgG1 antibody consists of a pair of bound heavy and light chains, shown schematically in
Figure 7.4.2(A), with a variety of disulfide environments. Of interest here is the disulfide bridge connecting
each heavy chain to its light counterpart (Figure 7.4.2(A), labeled a) and further disulfides which interconnect
the two heavy chains (Figure 7.4.2(A), labeled b). Cleavage of the antibody below the heavy chain connection
yields a F(ab’)2 fragment (Figure 7.4.2(B)) which can further be cleaved to produce a F(ab’) fragment by
breaking the heavy-heavy disulfide link. Antibody fragments are then capable of binding directly to gold
substrates, and this type of surface has been used extensively for immunosensing applications.[490, 491,
489, 403]
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Figure 7.4.2: Antibody and fragments crystal structure. A) A standard IgG1protein, B) F(ab’)2 antibody
fragment and C) F(ab’) fragment.

Gold nanopatterns were bound with fluorescently labeled F(ab’)2 (Figure 7.4.3) in order to demonstrate
selective functionalization.

A

Figure 7.4.3: Gold nanopattern functionalisation. Surfaces were passivated with PLL-g-PEG and incubated
with fluorescently labeled F(ab’)2. Scale bar 200µm.

Figure 7.4.3 demonstrates the successful functionalization of gold nanopatterns with F(ab’)2 fragments.
A fluorescent gold nanopattern region (bottom), bright dipping line and reduced fluorescent background area
(top) are seen, which are indicative of a protein resistant layer being successfully applied to the glass between
nanopatterns and selective functionalization of the gold. The PLL-g-PEG used to create a protein resistant
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background layer can be functionalised with small biotin molecules, the inclusion of selected co-stimulatory
proteins is now possible using additional chemistry, such as streptavidin and biotinylated proteins as shown
schematically in Figure 7.4.4.

ICAM-1

Biotin  

Gold Nanoparticle

PLL-G-PEG Biotin

UCHT1 F(ab’)2

A

B

Streptavidin

Figure 7.4.4: Schematic of protein binding. Gold nanopattern surfaces can be prepared to present F(ab’)2
protein fragments on gold nanoparticles. Additional proteins, such as adhesive and co-stimulatory molecules,
can be bound into the background passivation layer (B) using biotin-streptavidin linkers.

Each F(ab’)2 molecule presents a bivalent ligand to the cellular receptor, images of to-scale protein
models projected onto nanopattern SEMs indicate that it is highly likely each nanoparticle is functionalised
with only one F(ab’)2 fragment (Figure 7.4.5) with limited position flexibility.[402] The figure suggests that
each F(ab’)2 fragment binds in an orientated fashion through the thiol hinge region, presenting two accessible
variable regions for binding. Despite the thermodynamically favourable thiol-gold interaction, it is possible
that the protein could bind to the nanoparticle non-specifically, for example using lysine side chains, and so
the orientation may not be upright. In this case, if the protein binds non-specifically and so in an alternative
orientation, the availability of two CD3 engaging sites in close proximity may allow the protein to interact
with the CD3 receptor through one of its variable regions. The figure also shows an individual F(ab’)2

fragment bound per nanoparticle, the small size of the nanoparticle and steric hindrance between proteins
should prevent multiple antibody fragments being bound per nanoparticle. Additionally, with the passivation
layer swollen to around 10nm[379] other systems have also been able to bind single proteins.[211] Although
the F(ab’)2 presented on these surfaces is bivalent, each TCR complex presents two CD3ε receptors which
orient adjacently,[505, 81] and so if multivalent interaction is possible, it is likely that each F(ab’)2 would
bind to a single receptor complex rather than crosslinking them due to steric repulsion, ensuring that each
functionalised particle can act as a binding site for a single surface receptor nanocluster of approximately
35-70nm.[375, 374, 328]
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Figure 7.4.5: 3D nanoarray visualisation. A 25nm spaced nanoparticle array was examined by SEM, and is
shown in 3D. Modeled F(ab’)2 fragments were layered. Image is to-scale in x-y plane.

In order to present a CD3ε engaging substrate, gold nanoparticles were functionalised with anti-CD3ε
F(ab’)2 fragments derived from the UCHT-1 antibody. Additional evidence to suggest that the protein is
immobilised in an orientated and accessible fashion is found in the cellular response to the nanoarrays,
discussed in detail in the next section.

7.4.2 Cellular response to anti-CD3 nanopatterns

Successful engagement of the CD3 receptor within the TCR complex stimulates a cascade of intracellular
pathways that, if other appropriate signals are also received, can lead to cellular activation.[17, 479] We used
Total Internal Reflection Fluorescence (TIRF) microscopy to measure the degree of phosphorylation at the
nanopattern-cell interface at early (5 minute) time points (Figures 7.4.6, 7.4.7, 7.4.8) as a measure of early
activation signaling.[479] Phosphorylation of the ITAM motifs within the CD3 moiety is one of the earliest
signaling events, as inhibition of this pathway restricts most of the other downstream signaling processes
from occurring.[306] Additionally, although each TCR possesses up to 10 ITAMs [306], a minimum of two
ITAMs must be phosphorylated for signaling to proceed[482, 300], and so measuring the phosphotryosine
intensity indicates the comparative level of activation occurring inside the cell.
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Figure 7.4.6: 3D phosphotyrosine signaling. Representative cells stimulated by nanoarrays presenting
UCHT-1 F(ab’)2 fragments in the presence (A) or absence (B) of background ICAM-1, with inter-particle
spacings 25 nm and 104 nm respectively: bright-field images (scale bar 5 μm) and TIRF-immunofluoresence
of phosphotyrosine (3D representation).

Figure 7.4.6 shows a 3D representation of the in-plane phosphotryosine signaling, as measured by flu-
orescence intensity, for a typical cell in each condition. There is a clear difference in the phosphotryosine
microcluster patterns between cells on closely spaced nanopatterns (25nm) and those at 104nm inter-ligand
spacing. The difference between small and large spacing is conserved on surfaces with and without adhesive
ICAM-1 in the background. A quantitative assessment of phosphotyrosine signaling across the full range of
spacings (25, 34, 69 and 104nm) was performed for cells derived from a number of donors. Conditions with
(Figure 7.4.7) or without (Figure 7.4.8) adhesive ICAM-1 backgrounds were analysed.
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Figure 7.4.7: Cellular response to F(ab’)2and ICAM-1 surfaces. Plots show intensity of TIRF-
immunofluoresence of phosphotyrosine after 5 minutes stimulation, as a function of nanoarray spacing.
(A) The mean of the phosphotyrosine intensity normalized to the 25 nm intensity for each donor and then
averaged across 4 donors. (Only conditions with > 25 cells were included. + No error bar as normalized to
1 by definition, ++ No error bar as only one donor with > 25 cells.) (B) Individual cells shown as dots; cells
from all donors were normalised to their own 25nm response, and combined. Central line shows the median,
boxes the 25th to 75th percentile and whiskers the upper and lower inner fence values. *** = p<0.001, **=
p<0.01 (Wilcoxon rank sum test).

Figure 7.4.7 shows analysis of the phosphotyrosine intensity in cells exposed to F(ab’)2and ICAM-1
surfaces where the F(ab’)2was anchored 25, 34, 69 or 104nm apart. The graphs show data where all donors
have been normalized to their own 25nm surface; the average of each donors cellular responses per condition
have been averaged to give a mean phosphotyrosine intensity value (the bar chart on the left). Separately, the
data has been compared so that the cellular response from each donor is analysed to its own 25nm control, and
then pooled (the box and whisker plot on the right). Here we are interested in investigating if changing the
inter-ligand spacing results in a change in cellular activation, and so normalizing and comparing conditions
against a fixed spacing standard (in this case 25nm) allows us to monitor if the spacing alteration leads to a
signifcant difference in cellular activation.

Figure 7.4.7 shows phosphotyrosine signaling decreases as anti-CD3ε spacing increases. We see that the
mean phosphotyrosine intensity decreases from 25nm through 34nm to 69nm. Between 69nm and 104nm,
signaling intensity is comparable with that found on an ICAM-1 background. The box and whisker graph
shows the phosphotyrosine intensity of all individual cells as dots, and the median of the cell population
across all donors. There is a significant difference between signaling on 25nm surfaces as compared to
ICAM-1 background, and a significant difference between 25nm signaling and signaling on all other spac-
ings. The statistical analysis performed on the data (the individual condition by condition comparison us-
ing Wilcoxon rank sum tests, and the overall comparision across the spacing regime using the Spearman’s
rank correlation p<0.001) both show statistical significance between the cellular activation levels at different
spacings, indicating that cellular activation levels as measured by phosphotyrosine intensity are dependent
on inter-ligand spacing at the nanoscale.
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In additional analysis, the individual donor responses were normalised to their own ICAM-1 non-stimulatory
control, and again a significant trend of decreasing activation with increasing CD3 engaging ligand spacing
is seen. (Appendix D) Examination of surfaces functionalised with F(ab’)2 alone (Figure 7.4.8) similarly
shows a significant decrease in signaling as spacing of ligands increases, and confirm that CD3ε engagement
is sensitive to the nanoscale arrangement of ligands.
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Figure 7.4.8: Cellular response to F(ab’)2 surfaces. Plots show intensity of TIRF-immunofluoresence of
phosphotyrosine after 5 minutes stimulation, as a function of nanoarray spacing. (A) The mean of the
phosphotyrosine intensity normalized to the 25 nm intensity for each donor and then averaged across 4
donors. (Only conditions with > 25 cells were included. + No error bar as normalized to 1 by definition, ++
No error bar as only one donor with > 25 cells.) (B) Individual cells shown as dots; cells from all donors were
normalised to their own 25nm response, and combined. Central line shows the median, boxes the 25th to
75th percentile and whiskers the upper and lower inner fence values. *** = p<0.001, **= p<0.01 (Wilcoxon
rank sum test).

Surfaces without additional ICAM-1 (Figure 7.4.8) show the same trend of decreasing activation with
increasing nanopattern spacing. These surfaces have a low number of adherent cells per condition; so few
cells adhere at 104nm anti-CD3ε spacing that analysis of this condition is no longer robust (it is not repre-
sented in the graph (Figure 7.4.8)). This is unsurprising, as in vivo, the immune synapse stability is normally
augmented by several cell-surface receptors being engaged simultaneously, including ICAM-1 integrin bind-
ing. Here, with the passivated background being protein resistant, this implies that cellular adhesion to these
surfaces is mediated in part by CD3 engagement in addition to ICAM-1 adhesion.[506]

Adhesion was quantified (Figure 7.4.9) as a function of substrate area on substrates with nanopatterned
anti-CD3ε and adhesive ICAM-1 backgrounds. Here, the ICAM-1 background concentration is constant, but
the spacing of anti-CD3ε is varied across the nanoscale.
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Figure 7.4.9: Adhesion as a function of anti-CD3ε spacing. Number of cells per unit area, 100 frames is
equivalent to 661456.9 μm2. Error bars shown are the standard error in the mean. The relatively large error
bar in the 25nm sample is attributed to poor sample handling in one of three repeats.

As nanoarray spacing is increased, the number of cells adhered to each substrate decreases. This cor-
relation further supports the phosphotyrosine evidence; as an additional indication that cell response to
substrates is enhanced when the ligands are spaced closely together. The spatially dependent decrease in
cellular adhesion could be due to inside-out activation of LFA-1, the cognate receptor for ICAM-1. This
occurs when stimulation with the TCR induces signaling leading to stronger ICAM-1 mediated adhesion.
Although the timescale for these experiments is relatively short, LFA-1 and ICAM-1 interaction has a bond
lifetime of seconds, and LFA-1 engagement can increase the T cell antigen sensitivity up to 100-fold, so
it is plausible that inside-out activation and receptor cross-talk can occur on the timescales used for these
experiments.[507, 508, 334]

Previously, we showed that closely spaced nanoarrays of CD3 ligands did indeed induce greater acti-
vation in T cells. A possible hypothesis could therefore be that with closely spaced nanoarrays, T cells
become more activated, leading to stronger ICAM-1 adhesion, and so average cell numbers per unit area are
increased.

There are several possible theories to explain why T cells are more activated on closely spaced nanoar-
rays, including a minimal ligand engagement number being required per cell or per signaling focus, the
required concatenation of TCR/CD3 nanodomains for sustained signaling, and mechanosensitive signaling
through the TCR/CD3 bond. These hypotheses were described earlier in relation to the NK cell results
(Chapter 6), and are discussed in detail in relation to T cells below.

The surfaces presented here showed that T cell activation has fallen to background levels when CD3
ligands were anchored 69nm apart. Substrates with 69nm and 104nm nanoarrays represent surfaces with a
nanoparticle density of approximately 200-100/μm2 respectively. T cell contact areas with activatory surfaces
are usually much larger than 1μm2, and so we can assume that each cell will be exposed to at least 100
particles on even the largest spaced nanoarrays. If we assume all nanoparticles are functionalised with at
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least one CD3 ligand, the number of TCR/CD3 engaging ligands presented here per T cell far exceeds the
minimal number of ligands known to induce activation. There is a wealth of evidence to suggest that TCR
signaling, downstream Zap-70 recruitment and CD45 exclusion can occur with only 1-4 agonist ligands per
μm2,[294, 481, 325] and so it is unlikely that the number of ligands per cell is the cause of the spatial response
seen here.

A similar hypothesis suggests that there is a minimum number of ligands required per individual signaling
focus rather than per cell.[335] TCR/CD3 has been shown to exist on T cells in protein domains of the
nanoscale order, with data suggesting that these nanodomains are approximately 35-70nm across.[374, 375,
328] If each of these TCR/CD3 nanodomains requires a minimum number of engaged receptors per cluster
in order to signal, this could explain our results. If we assume that each nanodomain can bind multiple
receptors within its domain area, 25nm and 34nm particle arrays would allow multiple nanoparticle ligand-
receptor anchoring points per cluster, whilst 69nm and 104nm spacing would allow ligation with only a single
nanoparticle. This could explain the sharp threshold seen at 69nm, however is difficult to reconcile with the
details of T cell signaling being stimulated through only a few receptor-ligand engagement interactions.[325,
481]

There is an alternative explanation, which suggests that for signaling to occur, several different protein
nanodomains must concatenate together. The concatenation of CD3ζ and Lat nanodomains as a mechanism
of activation in quiescent T cells has already been postulated,[328] however the requirement for pre-existing
clusters of Lat for early stage T cell activation is questionable, [330] alternatively, it may be that several
TCR/CD3 nanodomains are required to concatenate for activation to occur.

Assuming that each nanoparticle is capable of anchoring a TCR/CD3 nanodomain through CD3ε-ligand
engagement, substrates with anti-CD3ε spacing of 104nm would only allow interaction with one nanoparti-
cle, and one locality with ligand-receptor pair interaction, per TCR/CD3 nanodomain. This domain would
be anchored by the ligand attached to the gold nanoparticle to the non-mobile surface, beyond the minimal
distance to the next domain, preventing domain amalgamation. Spacing of 69nm presents an intermediate
situation, where domain overlap could occur based on the exact domain size, with domains of approximately
70nm some concatenation/overlap could occur, for domains much smaller than this (~35nm across) the re-
gion of overlap between protein islands would be minimal. In all cases, nanoparticle arrays of 25 and 34nm
shown here present anchoring points close enough to allow nanocluster concatenation. It may be that con-
catenation of nanodomains, either pre-formed TCR/CD3 domains coming together, or multiple TCR/CD3
nanodomains combining with clusters of other signaling proteins such as Lat on the cell surface, is required
for cellular activation. The absolute measurement of TCR cluster size and the mechanism of TCR lateral
diffusion around T cell membrane surfaces remain provocative questions, [509, 481, 325, 510, 329] however
if we assume the minimum size of a TCR/CD3 protein island is 35-70nm [374, 375, 328] we can fit our data
to a theory of protein island coalescence.

Finally, the differential response to nanoarrays may be due to the mechanical sensitivity of the TCR.
TCR triggering can be induced by surface bound, but not soluble, agonist,[287] suggesting that the ability to
resist a cytoskeletally applied force may be important to TCR function. Several groups have also identified
that the TCR is a mechanosensitive receptor[281, 331, 294, 511, 287, 512] and that T cell activation is
augmented by interaction with stimulatory ligands presented on “softer” substrates.[280] If we assume that
cells interact with substrates through a number of TCR-ligand pairs across a domain area, substrates with
smaller inter-particle spacing present more anchoring points per unit area. In turn, this means that the force



CHAPTER 7. T CELL STIMULATION WITH LIGAND NANOARRAYS 110

generated on each ligand–receptor pair will be reduced for that substrate in comparison to surfaces with
greater inter-ligand, and so ligand-receptor pair, spacing per nanodomain.[106] The potency of the CD3ε-
ligand interaction could therefore be directly related to the mechanical force applied during the interaction
in a similar way to other mechanosensitive receptors and signaling components, such as the catch bond[233,
285, 286], where a specific level of force initiates optimal signaling.

7.4.3 Phenotypic segregation on nanopatterns

There is evidence to suggest that T cell sensitivity, and therefore responsiveness, can be driven by prior
exposure to antigen.[272, 513] Figure 7.4.10 demonstrates the phenotypic response to nanopatterned CD3ε
engaging ligand arrays after five minutes incubation. We analysed all adherent cells per nanopattern spacing,
and then calculated the percentage of those adherent cells expressing CD45RA, a marker for T cell naivety.
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Figure 7.4.10: Phenotype as a function of anti-CD3 spacing. Percentage of CD45 positive adhered cells.

As the spacing of anti-CD3ε increased from 25 to 104nm the proportion of naïve cells (Figure 7.4.10) in
the population decreases, separate from the general decrease in cellular adhesion described earlier (Figure
7.4.10). There are several possible explanations for this enrichment of memory cells at larger inter-ligand
spacing based on both pre-existing levels of surface bound LFA-1, and different sensitivity to the nanopattern
environment.

A plausible explanation lies in the LFA-1 ligand expression per cell type; naïve cells express less LFA-1
than memory cells.[506, 513, 272] As nanoscale spacing of CD3ε ligands increases, the level of inside-out
CD3 engagement driven ICAM-1 mediated adhesion decreases, discussed earlier. With this decrease in
ICAM-1 adhesion sensitivity, naïve cells do not have enough basal surface LFA-1 to remain engaged with
the surface.

Separately, the differential response of the interaction at the TCR/CD3 could augment this phenotypic
difference. Naive T cells require stronger stimulation in order to activate when compared to pre-stimulated
cells.[272, 513, 514] The exact cause of the differential sensitivity to CD3 engagement by naive and memory
cells remains to be elucidated, however may be due to the differences in surface based TCR distribution or
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TCR oligomer size.[500] This may mean that a memory T cell is able to induce inside-out mediated ICAM-1
adhesion in response to antigen at greater CD3 ligand spacing, as it is requires less stimulation than a naive
cell. In addition to the intrinsic differences in LFA-1 levels, this would make the memory cells more able to
engage with nanopatterned substrates with lower stimulation potential than naive cells.

An alternative explanation can be found in the outside-in signaling mechanism. ICAM-1 engagement
with LFA-1 mediates outside-in signaling by co-stimulating cytoskeletal processes that bring T cell signaling
proteins to the immunological synapse.[60] In other cell types, this has been known to lower the threshold for
activation and is key in programming CD8+ sensitivity.[515, 60] Both CD4+ T cell phenotypes will therefore
respond to the ICAM-1 in the background by reorganising signaling receptors at the interface, which will
augment responses to CD3 engagement on surfaces. Although these substrates present constant levels of
ICAM-1 in the background, the memory and naive cells have different levels of surface LFA-1 expression,
and so the memory cells are likely to be undergo more outside-in signaling, augmenting the differential
adhesion.

It is likely the mechanisms described here are complementary and cyclical. Though the time scale for
these experiments is too short, long term co-stimulation with ICAM-1 has also been shown to generate
increased numbers of memory cells in the population.[514, 273] Whether naïve cells stimulated on these
different CD3 engaging surfaces differentiate into different phenotypes based on the level of activation is
an interesting question. Given the phenotypic variation with spacing, this offers the exciting possibility that
these substrates could be used as a new method to isolate cell-subtypes. Furthermore, they could also be
used as a tool to probe cellular education and naïve-memory differences in T cell development.

7.4.4 Functionalisation with F(ab’) fragments

Earlier, we described the digestion of whole antibodies to produce F(ab’)2and F(ab)’ antibody fragments;
the F(ab’)2 fragments were then bound to gold nanoparticles through the disulfide hinge region. Here,
we investigate the functionalisation of gold nanoparticles with monovalent F(ab’) fragments in an alter-
native approach. F(ab’) fragments are traditionally produced using enzymatic digestion with papain or
pepsin.[516, 517, 489, 518] The generation of fragments using enzymatic digestion is not simple; the vari-
ous IgG subclasses react differently to enzymatic digestion, and production of heterogeneous fragment mixes
often occurs when reduction is not tightly controlled.[516] For these experiments, TCEP was chosen as a
reductant due to its relatively short incubation times and sulfur free nature (as sulfur containing contaminants
could interact directly with the gold). Generation of reactive F(ab)’ fragments from F(ab’)2 antibody portions
was optimized using TCEP to fragment UCHT-1 antibody, capable of binding the CD3ε component of the
TCR complex, as described in the Materials and Methods section. Studies have shown that once fragmented,
F(ab)’ fragments are capable of binding with additional free thiols to reform disulfide bridges[31, 519] or
can be bound directly to gold substrates for immunosensing applications.[490, 491, 489, 403] We used flu-
orescently labeled antibody fragments to bind passivated gold nanopatterns (Figure 7.4.11) in an analogous
way to the F(ab’)2 system described earlier.
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Figure 7.4.11: Gold nanopattern functionalisation. (A) Schematic of gold nanopattern surfaces function-
alised with F(ab’) fragments and (B) fluorescent micrographs of surfaces passivated with PLL-g-PEG and
incubated with fluorescently labeled F(ab’) fragments. Scale bar 200µm.

Figure 7.4.11 indicates the successful functionalization of gold nanopatterns with F(ab’) fragments, pro-
ducing surfaces with monovalent antibody fragments bound to gold nanoparticles. Although this technology
offers increased versatility in immobilisation strategies, these surfaces do not yet offer a complementary sys-
tem for cellular studies. Whilst it would be very interesting to compare the cellular response to nanomaterials
functionalised with either bivalent or monovalent CD3 fragments over a variety of lengthscales, currently it
is not possible to quantify the exact number of antibody fragments attached per individual gold nanoparti-
cle. With advances in super-resolution microscopy it may soon be possible to confirm that a single F(ab’)
fragment is bound per nanoparticle, as depicted schematically. Functionalisation with specific secondary an-
tibodies in conjunction with super-resolution techniques could also determine the percentage of these F(ab’)
fragments that are in an active conformation. Once these studies have been completed, and the exact number
of F(ab’) fragments bound per nanoparticle determined, we will be able to compare the cellular response
to bivalent and monovalent nanopattern arrays. Without this data, it is difficult to draw robust conclusions
from comparisons of cellular responses to the different functionalisation methods, and so the F(ab’) cellular
experiments have yet to be completed.

7.5 Conclusion

We have demonstrated the functionalization of nanopatterned arrays with anti- CD3ε fragments and have
illustrated that the CD4+ immunogenic response to these materials is dependent on the inter-ligand spacing.

CD4+ cells show decreasing levels of phosphotyrosine signaling as the spacing of CD3 ligands increase,
where signaling at 69nm and 104nm is not significantly greater than signaling on ICAM-1 backgrounds.
Similarly, as the spacing of these ligands increases to 104nm, the cellular response measured by adhesion
decreases to not significantly above background; the threshold for these effects seems to lie at 69nm.

There is also an interesting difference in the response of different phenotypes to these surfaces, where the
cellular population is sensitive to the nanoscale inter-ligand spacing of CD3 ligands. A decreasing proportion
of naïve cells in adherent cell populations is closely correlated to an increase in spacing between adjacent
receptor engaging sites.

Whilst the exact physiological cause of this nanoscale sensitivity remains open to debate, our results
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are consistent with cell triggering being most responsive to surfaces where ligands are positioned to enable
nanodomain concatenation, engage multiple sites within one nanodomain, or reduce CD3-ligand mechanical
strain through multiple ligand-receptor pair engagement per signaling focus. It may be that there is a complex
interplay between these parameters, however given the similarity of these results to the recently identified
NK engagement threshold (between 69-104nm, Chapter 6) there is some indication that signaling in both
innate and adaptive immune cells is sensitive to these ligand-engagement factors. These results demonstrate
the first studies on early stage T cell responses and have interesting implications for the future direction of
immunotherapies which can augment T cell activation.

7.6 Future Work

This work has focused primarily on monitoring early time point responses to CD3 engagement. Investigation
into whether these nanopattern interfaces can also induce full activation, as determined by cytokine secretion,
would be an obvious next step. Work completed simultaneously by collaborators on two slightly different
systems (one using anti-MHC and one using anti-CD3 immobilised in an orientated fashion by NTA linkers)
on gold nanoarrays confirm that inter-ligand spacing thresholds of the same order are key to inducing acti-
vatory responses in T cells, and suggest that the immobilised F(ab’)2 fragments used in our system are also
bound in an accessible and orientated manner.[520, 521] The verification that both anti-CD3 and anti-MHC
functionalized nanopatterns show a signaling dependence on inter-particle spacing in the 100nm lengthscale
indicate that the nanospacing is important for both parts of the TCR/CD3 complex.

Immediate future work could include the direct comparison of the CD4+ cells with human cytotoxic
T cells, and indeed other lymphocytes of the adaptive immune system. Additionally, the identification of
differences in the sub-population response to these immunogenic materials offers the exciting possibility
that substrates of this type could be used to investigate T cell education and sensitivity through sequential
stimulation with nanopattern environments.

In order to determine whether it is cluster size, inter-ligand spacing, or the mechanical interaction with the
substrate driving this sensitivity, each of these parameters will need to be tested individually. The advanced
μCP substrates developed earlier (Chapter 4) could be used to test the effect of varying the local ligand
spacing whilst maintaining the global ligand density, in order to see if it is in fact a nanocluster based
integration threshold that drives the spacing response seen here.

Additionally, it would be interesting to test whether the formation of a stable artificial immune synapse
capable of leading to cellular interaction is dependent on the mechanical transduction of force at multiple
stable anchoring points as suggested. By disturbing the cells mechanosensing apparatus, or presenting the
cell with substrates of varying rigidity, this could be investigated. The identification of some of the minimal
stimulation requirements described here offers insight into immunological cell development.



Chapter 8

Microscale Mechanical T Cell
Stimulation

Rigidity Controlled Spherical Particles for T Cell Activation

8.1 Introduction

Many cell types show sensitivity to the mechanical properties of their environments.[73, 70] The differential
response of cells to substrates with varied rigidities has been used to direct growth and phenotypic differ-
entiation in hematopoietic and mesenchymal stem cells, where activation and lineage are orchestrated by
mechanical cues, discussed extensively in Chapter 2: Introduction.[62, 522, 523, 66, 524, 67, 63, 279, 69,
525, 526, 527, 71] Recently T cells,[280] B cells[282] and their precursor hematopoietic stem cells[62] have
also been shown to respond selectively to stiffness controlled substrates; specifically, T cell activation and
proliferation is augmented on substrates with “softer” matrices.

The differential response of T cells to TCR stimulation through substrates of different rigidities is likely
due to the mechanosensitivity of the TCR. Several immune receptors have been identified as mechanosensi-
tive, where engagement of receptors with their cognate ligands is sensitive to the force applied through each
bond,[233] with the leukocyte catch bond in LFA-1-integrin binding being a well established example of
cellular response to force applied through individual receptors.[286, 285] Interestingly, TCR-ligand affinity
has recently been shown to play a major role in determining cellular activation levels, with low affinity lig-
and interactions resulting in different phenotypes[6] caused by currently undefined mechanisms. Together,
this evidence suggests that T cell responses can be controlled by variations in the nature of the TCR-ligand
engagement, and that stimulation may be augmented by softer substrates.

The ability to augment proliferation and activation in immune cells is of great interest for clinical im-
munotherapy applications.[528, 238, 529, 530, 234] New approaches to cancer therapies are focusing on the
ex vivo expansion of selected immune cells for re-injection into patients. One approach involves the genetic
modification of a patient’s T cell to express an activating surface receptor, termed a Chimeric Antigen Re-
ceptor (CAR), for specific leukocyte cancer markers.[531, 234, 532, 235, 533, 534] With this technique, a

114
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patient can undergo autologous transfer of their own modified T cells, and several clinical trials have in-
dicated this a promising therapy in a range of leukocyte cancers. Given that this technique requires the ex

vivo expansion and controlled activation of T cells, the development of advanced culture systems that can
enhance activation and proliferation are paramount to delivering next generation therapies.

Some current clinical practice in adoptive immunotherapy involves the ex vivo expansion of T cells with
stimulatory ligands before re-injection; stimulatory ligands can be presented in several forms, however a
recent development is the use of magnetic polystyrene beads. These substrates allow stimulation in culture
and easy separation of stimulants in applied magnetic fields, [535, 238] additionally, they mimic the natural
conformation of APC-T cell engagement that occurs in vivo.[233, 280, 239] This chapter describes the design
and fabrication of small, spherical hydrogel particles with controlled mechanical properties suitable for cell
culture in suspension as an analogous tool for T cell activation. Additionally, T cell responses to CD3
engagement using these materials, termed “beads”, as culture substrates is investigated.

8.2 Contribution statement

The work reported in this chapter was supported by the following people;
Rheometry measurements were performed on bulk substrates made by, and measured by, Sajjad Jaffer.
Sizing measurements were performed by Derfogail Delcassian and Sajjad Jaffer on samples made by Derfo-
gail Delcassian and Sajjad Jaffer.
PEGDA-700, PEGDA-6000 and bead formation methodology was developed by an MSc student, Octave
Etard, and aspects of this work are reported in the MSc thesis “Hydrogel Micro-Spheres for Tissue Cul-
ture Applications, Octave Etard”. Fabrication of other PEGDA formulations was extended by Derfogail
Delcassian and Sajjad Jaffer. Biofunctionalisation and cellular experiments were performed by Derfogail
Delcassian.

8.3 Materials and Methods

8.3.1 Bead fabrication

Poly (ethylene glycol) diacrylate (PEGDA) of 700, 6000 or 35000 molecular weight (Sigma Aldrich) was
dissolved in Phosphate Buffered Saline (PBS) at between 1:1 to 1:4 w/v%, and is termed the aqueous phase.
UV initiator Darocur (Sigma Aldrich) added at 10% v/v. The oily phase was formed by adding between
0.1-50% w/v mannide monooleate (Sigma Aldrich) to mineral oil. 50µL of this aqueous phase was added to
500µL of the oily phase, and vortexed thoroughly for 1 minute. The solution was immediately exposed to
UV radiation (365nm) approximately 20mm from source for 10 minutes. The particles formed were then re-
suspended in xylene, and washed and centrifuged 3 times with each of the following phases; xylene, ethanol
and PBS at between 3000 and 7500rpm. Beads were then left to swell overnight in clean PBS solution, and
concentration measured with a Haemocytometer. For biofunctionalisation, the aqueous phase was prepared
with a mixture of PEGDA and streptavidin acrylamide at molar ratios of 1-4 times the number of free acrylate
groups. Streptavidin acrylamide solutions of 100mg/10μL in PBS were used as stock solutions.
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PEGDA Mw Mass (μg) Vol. PBS (μL) Vol. Darocur (μL) Vol. Strep. Acrylamide Stock (μL)
700 100 164 15.4 5.3
6000 100 192 10 8.1

35000 100 384 20 16.2

Table 8.3.1: Molecular weights of PEGDA and aqueous phase components.

PEGDA Mw Ratio of aqueous: oil phase Surfactant in oil phase Bead Diameter (μm)
700 1:10 1% 11

6000 1:10 50% 15
35000 1:10 50% 45

Table 8.3.2: PEGDA bead formation; oily phase composition and typical bead size.

8.3.2 Bead functionalization

Streptavidin-functionalised beads were re-suspended at 1x106 in PBS containing biotinylated proteins in
combinations of 5µg/ml anti-CD3, 5µg/ml anti-CD3 and 5µg/ml anti-CD28 or 5µg/ml anti-CD3, 5µg/ml
anti-CD28 and 10µg/ml anti-ICAM-1 for 1 hour. For fluorescence visualisation 5µg/ml anti-CD16 labeled
with Alexafluor 488 (Invitrogen) was used. Beads were then washed 3 times in PBS and re-suspended in
cell media before incubation with cells. Alternatively, conjugated beads were resuspended in PBS in small
centrifuge tubes. 100µL bead solution was extracted at time points of 0, 1, 2, 4, 6, 24 hours and spun at
5000rpm for 5 minutes. The supernatant was then added to a 96 well plate and fluorescence measured using
a Perkin Elmer plate reader at excitation 488nm and emission 535nm. Fluorescent beads were imaged with
an Olympus 1X51 microscope with DP70 camera.

8.3.3 Size analysis

Beads were sized using a Multisizer and analysed with Mastersizer 2000 software. 500µL of bead solution
at concentration of 1x106/ml was used, with a minimum laser obscuration of 2%.

8.3.4 Bulk Mechanical Measurements

Bulk hydrogel disks were made in 8mm circular molds at 2mm depth, using the aqueous phases prepared
earlier. Disks were cured as described, and left to swell overnight in water. Post-swelling, disks were
measured for volume increase, and storage and loss modulus determined as a function of angular frequency
using a parallel plate rheometer (TA instruments).

8.3.5 Cellular studies

Jurkat cells transfected with an NFAT-GFP reporter (cells transfected and a gift of Prof. Mike Milone, Uni-
versity of Pennsylvania, NFAT-GFP reporter a gift of Prof. Wendell Lim, UCSF) were routinely cultured in
RPMI media supplemented with 10% Fetal Calf Serum (FCS) and 1% Antibiotics and Antimycotics. Cells
were counted and re-suspended at 1x106 /ml in fresh supplemented RPMI media. Tissue culture plastic wells
were incubated with 5µg/ml CD3 for 1 hour at 37°C, then rinsed with PBS. 100µL of cell suspension was
added per well and incubated at 37°C for between 1-24 hours. Wells were fixed by adding equal volume
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of 4% Paraformaldehyde (Sigma Aldrich) for 10 minutes, then added to 1ml cold PBS until analysis. To
determine the cellular response to beads, cells were incubated in positive control wells as described above,
and unfunctionalised tissue culture plastic wells as negative controls. 50µL of cell suspension at 0.05x106/ml
concentration was added to 50 µL of 0.15x106/ml bead solution such that the overall ratio of beads to cells
was 3:1 per condition, and mixed in unfunctionalised wells. Wells were left to incubate for 8 hours before be-
ing fixed with PFA as described. Samples were analysed on a Fortessa Flow Cytometer using the FACSDiva
software, where positive and negative gates were drawn for the controls of each experiment.

8.4 Results and Discussion

8.4.1 Bead Fabrication

The ideal hydrogel cell culture particle should be largely protein resistant, however functionalisable with
specific stimulatory ligands so that chosen activatory receptors can be investigated. PEGDA was chosen as
the material of the hydrogel particle due to its protein resistant nature and well documented use in hydrogel
fabrication.[536, 132, 147, 537] Figure 8.4.1 shows the chemical crosslinking method used to form PEGDA
hydrogels.

hv, photoinitiator

Single PEGDA chain with 

diacrylate end groups

Cross linked PEG

polymer network

(         )n
hv, photoinitiator

Single PEGDA chain with 

diacrylate end groups

Unreacted free acrylate group

Other crosslinked 

PEG chains

(         )n

(         )n

Figure 8.4.1: Schematic showing the PEGDA crosslinking mechanism and the chemical reaction undergone
at the acrylate groups. Orientated bonds indicate additional crosslinking not shown.

An additional desirable feature is the ability to separate these particles easily from cell suspension, in
an analogous method to that used with commercial polystyrene particles; the inclusion of magnetic material
within the particle can therefore be envisaged and was carried out by Octave Etard (data not shown). In order
to fabricate small spherical particles, encapsulation of the PEGDA polymer before UV curing is required.
The microemulsion method was used to encapsulate the PEGDA material; this allows the particle size to



CHAPTER 8. MICROSCALE MECHANICAL T CELL STIMULATION 118

be controlled by surfactant concentration. An increased proportion of surfactant in solution allows smaller
volumes of PEGDA material to be encapsulated, as a larger surface area of PEGDA aqueous phase can be
stabilised in the oily phase (Figure 8.4.2.) leading to the formation of smaller particles at the same overall
aqueous volume. For these experiments, microparticles between 5 and 50µm in diameter are desired, typical
particle size distribution is shown in Figure8.4.3, and Tables 8.3.1 and 8.3.2 in the Materials and Methods
section details the exact surfactant concentrations used in these experiments.

Unreacted PEGDA in solution

hv, photoinitiator

hv, photoinitiator

Encapsulation 

high concentration
surfactant in oil phase

Encapsulation 

low concentration
surfactant in oil phase

optional- magnetic materials can
be encorporated into the matrix 

Figure 8.4.2: Schematic showing PEGDA microsphere formation through water-in-oil microemulsion
method. When PEGDA aqueous phases are exposed to mineral oil with high concentrations of surfactant,
many smaller stable particles can be formed. Conversely, lower surfactant concentrations result in larger
particles being formed as the aqueous phase volume is packaged within surfactant stabilised microspheres
before UV curing. Additionally, incorporation of magnetic material such as magnetite in the PEGDA phase
allows magnetic particles to be encapsulated within the microsphere.
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Figure 8.4.3: Particle size analysis of hydrogel bead populations using multisizer laser diffraction. Sample
prepared by Derfogail Delcassian and Sajjad Jaffer. Size measurements performed by Sajjad Jaffer. Size
analysis and plot by Derfogail Delcassian.
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These particles show a narrow size distribution around the 12µm scale, indicating a range of particle
sizes are formed. Importantly, all of the particles are above 3µm in diameter. This cut-off is key, as particles
smaller than this can cause cytotoxic effects through endocytosis. Additionally, centrifugation can be used
to remove very small particles if required. The surfactant method described here allows control of the bead
size in a range of polymer molecular weights, average sizes of beads fabricated for these experiments are
shown in Table 8.3.2 in the Materials and Methods section.

The ability to control the mechanical properties of these materials is essential to determine if the stiffness
of microscale materials also has an effect on cellular activation. In this instance, mechanical properties were
controlled by the length of PEGDA macromolecule units, where longer PEGDA chains resulted in lower bulk
Young’s Modulus values at maximal crosslinking. The rigidity values are based on properties of the bulk
material (Appendix E) fabricated using identical aqueous phase and curing conditions, as the small particle
size (between 5-50μm in diameter) renders traditional rheometry impractical. The material formed is highly
elastic, where the storage modulus is much greater than the loss modulus at relevant angular frequencies, and
beads with controlled rigidity between 3-5kPa and 2000kPa (shown in Table 8.4.1) have been formed.

PEGDA molecular weight Young’s Modulus (kPa)
700 2000

6000 200
35000 3-5

Table 8.4.1: Hydrogel rigidity as a function of PEGDA molecular weight. Young’s Modulus measured on
bulk samples prepared by and measured by Sajjad Jaffer.

The fabrication of spherical beads on the microscale with controlled geometry and mechanical properties
provides a platform technology for investigation into the effects of mechanically controlled substrates on T
cells. Due to the protein resistant nature of the PEGDA, additional chemistry needs to be employed in their
fabrication in order to render them specifically functionalisable. The next section discussed the selective
functionalisation of these bead materials.

8.4.2 Bead Functionalisation

A selective attachment mechanism that allows incorporation of the ligand into the bead surface is required to
investigate mechanical sensitivity through specific receptors.[89, 43] Biotin-streptavidin binding is a power-
ful conjugation tool and one that has already been used in cellular studies in this thesis (Chapter 6: NK cells)
Cross linking streptavidin into the PEGDA polymer matrix (Figure 8.4.4) enables biotinylated proteins to be
bound to the accessible streptavidin on the bead surface.
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Figure 8.4.4: Schematic showing PEGDA and streptavidin acrylamide chemical crosslinking, and expected
incorporation into the bead matrix.

In order to maintain equivalent streptavidin concentration across all rigidities and bead sizes, the swelling
ratio of bulk material was calculated. Substrates with longer PEGDA molecular weight chains can swell more
than their shorter chain equivalents, so increased concentration of streptavidin per aqueous phase is required
to maintain equivalent numbers of streptavidin molecules per bead unit surface area. Details of the strepta-
vidin concentrations are shown in Table 8.3.1 in the Materials and Methods section. The accessibility of the
streptavidin on the bead surface was tested using fluorescently labeled small biotin molecules, and fluores-
cently labeled antibodies shown in Figure 8.4.5. The smallest beads in this figure are 4.1µm in diameter, and
so above the minimal diameter threshold described earlier.

A B

Figure 8.4.5: Bright-field (A) and fluorescent (B) images of hydrogel microsphere particles. Scale bar 50µm.
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Figure 8.4.6: Fluorescence emission (and antibody release) from the bead over time. Dots are average
emission values at relative time-points, red line is the line of best fit, excitation 488nm and emission 535nm.
Dashed lines represent maximal and minimal variation from time zero. Maximal and minimal lines were
calculated from the emission variations from average of nine blank wells.

Clear functionalization of the polymer matrix is seen in Figure 8.4.5, indicating the streptavidin moiety
is available on the surface for binding. Due to the porous nature of the PEGDA material (a polymer matrix
swollen with water) there is some possibility that the biotinylated antibody does not bind to the streptavidin
but instead diffuses into the hydrated bead. This could mean that rather than acting as a rigidity controlled
substrate, the bead acts as a drug delivery vehicle, releasing antibody over time. In order to test this hypoth-
esis, beads functionalised with biotinylated fluorescent proteins were incubated at room temperature for 24
hours, and supernatant analysed by fluorescence emission at regular time points (Figure 8.4.6) Analysis of
these results shows that the fluorescence intensity of the supernatant remained relatively constant, small fluc-
tuations in emission were within those observed in blank control wells, and so antibody was not leached into
the solution over time. The bead conjugation is therefore stable for up to 24 hours. Additionally, this data
showed that the functionalisation and rinsing procedure were sufficient to remove excess unfunctionalised
antibody during the conjugation step. Beads functionalised by this method were then used to investigate
cellular response to mechanically controlled ligand presentation.

8.4.3 NFAT-GFP response to stimulatory surfaces (control experiments)

Cellular response to stimulatory materials was measured using Nuclear Factor of Activated T cell (NFAT)
expression. NFAT is a transcription factor regulated by calcium signaling, and a result of stimulation of
activatory pathways. For this project, a genetically modified T cell line was produced through transfection
with NFAT-GFP, (NFAT-GFP cells produced by Prof. Mike Milone et al, University of Pennsylvania as
described in the Materials and Methods section) which fluoresces green on expression of the NFAT protein.
The level of fluorescence can therefore be monitored by expressed conjugated green fluorescence protein
(GFP) levels as a measure of NFAT expression (and so activation) inside the cell. A time course of NFAT
expression for these cells on tissue culture plastic functionalised with stimulatory antibodies (Figure 8.4.7)
indicated that there is a fluctuation in NFAT expression across a range of time points. A relatively stable
region of NFAT expression occurred between 7 and 9 hours, correlated with activation on planar surfaces
using standard methods with anti-CD3 antibodies. The 8 hour time point (indicated by a red line in Figure
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8.4.7) was therefore chosen as a comparative time point and the percentage of cells expressing NFAT-GFP at
this point termed the marker for activation.
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Figure 8.4.7: NFAT-GFP expression was monitored over time. Cells were incubated with planar OKT3 anti-
CD3 antibody on tissue culture plastic and relative expression monitored. The red vertical line represents the
8 hour time-point chosen for cellular experiments.

8.4.4 Cellular response to beads

Cells were incubated with beads of differing rigidities functionalised with a range of stimulatory antibodies,
and cellular response measured by NFAT-GFP expression though flow cytometry (Figure 8.4.8, Figure 8.4.9)
where positive and negative gates were drawn based on cellular responses to standard tissue culture plastic
controls.
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Figure 8.4.8: Flow cytometry gates used to analyse cellular activation. (A) Forward scatter vs side scatter,
positive gate (B) Forward scatter vs forward scatter width, positive gate (C) 2-Dimensional 488nm scatter
for GFP expression, negative (P4) and positive (P5) gate.

Figure 8.4.8 shows the flow cytometry gates used for these experiments. Figure 8.4.8(A) shows the for-
ward scatter vs side scatter plot, where the dead cells, debris and aggregates are removed from the population.
Figure 8.4.8 (B) shows the positive gate for selection of cell sized material, there is a tight band of red indi-
cating the bead particles, which are picked up by the flow cytometer due to their comparative size. The tight
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clustering indicates that these particles have a narrow size distribution, and their position outside of the posi-
tive gate means they can be separated from the cellular population for analysis. Alternatively, the beads could
be identified through fluorescent markers tethered to their surface, which would also allow elimination from
analysis. Figure 8.4.8(C) shows the 2-Dimensional gate used to identify GFP positive and negative popula-
tions, based on responses to planar tissue culture plastic functionalised controls. Beads functionalised with a
range of conjugated antibodies were then used to stimulate T cells in culture, and NFAT-GFP expression in
response to culture with mechanically varied stimuli analysed, as seen in Figure 8.4.9.
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Figure 8.4.9: Cellular response to microscale rigidity controlled beads. Graphs show mean NFAT expression
(normalised to planar anti-CD3 OKT3 controls) on beads functionalised with (A) anti-CD3, (B) anti-CD3
and anti-CD28 or (C) anti-CD3, anti-CD28 and ICAM-1 at 8 hours time-points. Error bars show the standard
error in the mean across experiments. Statistical analysis *** p<0.001, ** p<0.01, * p<0.5

The response of the cells to stimulation on bead substrates (Figure 8.4.9) shows a clear trend of increasing
activation, as measured by the relative number of cells expressing the NFAT-GFP construct, as the rigidity
of the substrate decreases. On beads functionalised with anti-CD3, or anti-CD3, anti-CD28 and ICAM-
1, the cellular activation on softer substrates is significantly greater than stiff substrates. Our results show
maximal activation at around 3-5kPa, where only 2000kPa, 200kPa and 3-5kPa have been investigated.
Additionally, soft substrates with Young’s Modulus around 3-5kPa induce activation greater than the standard
functionalised tissue culture plastic. It is important to note that the cells did not respond to unfunctionalised
beads of varying stiffness values (data not shown) and so this substrate sensitivity must be mediated in part
through the CD3 receptor.

In vivo T cell-APC cellular contact is maintained through a variety of cell surface receptors, including
the co-stimulatory molecules which augment activation and adhesion molecules to hold cells in contact
more firmly. The effect of beads functionalised with combinations of anti-CD3, co-stimulatory molecule
anti-CD28 and LFA-1 integrin adhesion ligands ICAM-1 was compared (Figure 8.4.10) at each rigidity to
determine if cellular response was enhanced on substrates with increased functionality.
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Figure 8.4.10: Cells were incubated for 8 hours with beads functionalised with anti-CD, anti-CD3 and anti-
CD28 or anti-CD3, anti-CD38 and ICAM-1 on beads of different rigidities (A) 2000kPa, (B)200kPa or
(C) 3-5kPa. Graphs represent average relative activation levels over multiple experiments, where activation
levels have been normalised to planar OKT3 anti-CD3 controls. Error bars show the standard error in the
mean across experiments. Statistical analysis *** p<0.001, ** p<0.01, * p<0.5

Interestingly, the inclusion of additional co-stimulatory and adhesive ligands (Figure 8.4.10) does not
result in a significant increase in activation in most cases, however inclusion of both anti-CD28 and ICAM-1
results in a significant increase in activation compared to anti-CD3 alone, or anti-CD3 and anti-CD28 on
stiff beads (2000kPa). An explanation for the similarity between conditions within each rigidity set lies in
the nature of the cell line used; as the cells are not naïve, they are less sensitive to co-stimulation, and may
require limited additional stimuli to signal. Whilst ICAM-1 is known to mediate adhesion in T cells, earlier
we showed (Chapter 7) that adhesion and signaling on planar nanopatterned substrates is possible using only
CD3 ligands.

Additionally, the similarities could be attributed to the relative amounts of each type of antibody on
the surface, which have not been fully quantified in the mixed antibody systems. We could envisage a
situation where the anti-CD3 beads have all surface available streptavidin bound to anti-CD3 biotinylated
antibodies, however comparative surfaces with mixed antibodies may present a similar overall antibody level
but relatively lower density of each antibody due to competition for binding sites, and so activation could be
driven by different levels of CD3 engagement across the antibody functionalisation conditions. It would also
be interesting to examine the effect of mechanical stimulation in each activatory receptor (using anti-CD3 and
anti-CD28) by comparing cellular responses in bead systems where these antibodies are presented separately
and combined, across rigidities. Further work to characterise the exact nature of the antibody binding, and
ratios of mixed antibody of the surface, would be beneficial before these experiments are performed.

Observations from these results indicate that as cells are exposed to ligands presented on softer substrates,
a significantly greater proportion of the cells become activated across a range of antibody conditions. This
mechanosensitivity is mediated through CD3, and maximal activation is seen at around 3-5kPa, though only
2000kPa, 200kPa and 3-5kPa beads have been fabricated in this instance. It would be interesting to explore
the range between 500-0.5kPa to determine which substrates drive maximal signaling.

The increased T cell activation on relatively softer substrates (in the 100kPa range compared to 2000kPa
values) has been verified in planar PDMS systems. Cells showed enhanced proliferation and IL-2 stimulation
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on softer substrates, although the exact Young’s Modulus value at which maximal activation occurs has yet to
defined, and has been shown to be dependent on the type of hydrogel platform in other systems.[280, 43, 281]

That immune cells are sensitive to mechanical stimuli is unsurprising. Immune cell rigidity sensitivity
has been proposed as a mechanism for B cells to receive information about infection status. The increased
activation of B cells on stiffer substrates has been explained in terms of ligand presentation; mechanosensi-
tivity in the B Cell Receptor complex (BCR) could allow the distinction between free antigen and antigen
bound to viral particles for example,[282] allowing the B cell to induce differential responses dependent on
the infection threat.

T cell stimulation is sensitive to cytoskeletal and structural changes in both APCs and within the T cell
itself; alterations in the dendritic cytoskeleton network can influence T cell activation levels.[290, 275, 233,
482, 538, 333] It may be that alterations to the cytoskeletal network within other cells types act as a marker for
infection. Many cell types undergo cytoskeletal rearrangement upon activation[254, 25, 463, 291, 539, 540]
redistributing both tubulin and actin throughout the cell, and unhealthy cells are also known to have different
mechanical properties.[541, 114, 511] It is not unlikely then, that cells may sense the “stiffness” of another
cell and correlate this to an “expected” value for normal healthy cells. Cells whose surfaces have distinct
rigidities would therefore be abnormal, and in conjunction with antigen presentation, may induce altered
levels of T cell activation.

The exact mechanism underlying mechanosensitivity in T cells has yet to be described. One possibility
describes an optimum applied force being required to induce conformational changes in internal signal-
ing components. Mechanotransduction pathways of this type have been described in several cell types; a
specific example is p130 CAS, an adaptor protein in focal adhesions, which possesses a conformationally
sensitive phosphorylation region.[542, 89] Interestingly, the phosphorylation of these regions in p130 CAS
is performed by SRC family kinases.

In T cells, SRC family kinases, such as Lyk and Fyn, play a crucial role in phosphorylating the ITAM
domains and, further downstream, ZAP-70 which is required to induce cellular activation. Analogously,
there may be SRC kinase substrates, or other crucial signaling molecules, tethered to or in close proximity to
the CD3 moiety that require conformational changes before phosphorylation or other downstream signaling
events can occur.

That conformational changes are required to induce signaling in T cells has already been shown. The
distribution of Lck kinase on T cell surfaces is controlled by its conformational state, where in the open
confirmation clustering of Lck is possible and leads to ITAM phosphorylation. Conversely, the closed con-
firmation results in its exclusion from receptor clusters and limited T cell activation.[271] The mechanism
that induces natural conformational changes of this type has yet to be identified, but could be mechani-
cal. There may also be other crucial signaling receptors with cryptic binding sites, or those that require
mechanically driven conformational and proximity alterations in the T cell membrane with optimal force
requirements.

Interestingly, the response of T cells to planar PDMS surfaces is non-linear, instead showing an optimal
response at 100kPa,[281, 280] where values above and below this show decreased activation. At this stage,
it is unclear if this is due to differences in the material preparation of the substrates, or a precise requirement
for force as described in other leukocyte systems such as the catch bond. The catch bond is a receptor-ligand
engagement system whose affinity is non-linearly related to the force applied through the bond. At very
low forces, the receptor and ligand are in close proximity and bind with a certain affinity. Increasing the
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force through the bond increases the affinity by inducing a more favourable binding confirmation, however
increasing the force too much deforms the binding conformation and reduces the affinity once more.[233,
285, 286] Our results have shown a inversely proportional relationship between rigidity and activation; it
would be interesting to probe T cell sensitivity to rigidity values between 500-0.5kPa to investigate the
relationship between signaling and force further.

A separate hypothesis relates to the rigidity of the T cell surface; when T cell surfaces are biochemically
induced to have “stiffer” cell membranes, their ability to activate is compromised.[293] It is thought this may
be due to an inability to move key receptor complexes laterally across the T cell surface membrane, possibly
required for signaling. Similarly, a rigid substrate with firm CD3-receptor engagement may also reduce the
fluidity of the T cell surface membrane, and so signaling receptors may be unable to migrate.

The intriguing results with ICAM-1 on stiff 2MPa beads could provide additional confirmation for the
theory that optimal force is required for T cell activation, and that softer substrates with lower force per
bond deliver this. Earlier, we showed that whilst inclusion of ICAM-1 on substrates of 200kPa and 3-5kPa
did not statistically increase cellular activation compared to conditions with anti-CD3 alone, or anti-CD3
and anti-CD28, this was not true for 2MPa beads. Inclusion of ICAM-1 significantly increases the cellular
activation compared to both anti-CD3 surfaces, and separately anti-CD3 and anti-CD28 combined (Figure
8.4.9) on 2MPa beads. This could indicate that on stiffer beads, the provision of ICAM-1 helps to “recover”
the cellular activation to similar levels found on slightly softer substrates (note that there was no significant
difference between 2MPa and 200kPa beads both functionalised with anti-CD3, anti-CD28 and ICAM-1,
Figure 8.4.9). A plausible explanation for this can be found in the force mediated signaling mechanism
postulated earlier. Without ICAM-1, the cells must adhere to the bead through CD3 or CD3 and CD28
mediated attachment. In the presence of ICAM-1, an additional adhesion ligand is provided for the cells,
possibly reducing the “strain” felt through the CD3 receptor-ligand interaction and recovering some of the
activation. Why this is not also the case in the 200kPa and 3-5kPa systems is unclear, it would be interesting
to investigate the cellular response with naive cells, or cells expressing differential levels of ICAM-1 receptor
LFA-1 on their surface, to verify this hypothesis.

Earlier, we investigated the effect of nanoscale CD3 ligand spacing on signaling in T cells, (Chapter
7) and found that inter-ligand spacing of 25nm induced much greater signaling than 104nm spacing. One
explanation we suggested was that this difference was force mediated; a small spacing correlated with an
increased number of surface ligands per individual signaling focus, and that would relate to lower force
experienced in each CD3-ligand interaction.[106] This in turn would result in a “softer” engagement per
receptor cluster when compared to systems with only one anchor per cluster. Although this is not an expla-
nation for the mechanism through which T cells are mechanosensitive, it does correlate the cellular response
to nanopattern engagement described earlier (Chapter 7) with the force dependent responses seen here.

There is also a biological relevance to this inter-ligand spacing mediated force sensitivity; an increased
number of ligands presented on an APC, or anchoring points on an artificial surface, could be realistically
analogous to an increase in infection or severity of infection in vivo. Surfaces with an increased number of
anchoring points per receptor cluster would therefore induce a greater signaling response in the T cells, which
could be “sensed” through the force applied through each bond. It is possible these sensing mechanisms are
linked; imagining the inverse, then a “softer” substrate induces lower force per ligand-receptor interaction.
The cell may interpret this as “increased infection” assuming multiple ligand receptor pairs are engaged due
to the relatively low force, and so elicit an activatory response. Conversely, stiffer surfaces, or those with an
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increased force per interaction, would be correlated with reduced antigen presentation per cell surface.

8.5 Conclusions

Here we present a novel technology capable of stimulating T cells ex vivo. We demonstrate that T cell
culture and stimulation can be performed on spherical particles, termed beads, in a cell culture environment.
These beads have controllable mechanical properties, size and additional features such as magnetism can
be incorporated into the particles. Particle sizes of between 5-50μm have been produced, and Young’s
Moduli of between 2MPa and 3kPa explored. These particles have been selectively functionalised with
T cell stimulatory agents, and demonstrate firm attachment to the bead surface, rather than drug release
properties.

Cellular response to these materials indicate that T cells have a mechanosensitive response to CD3 engag-
ing ligands. Ligands presented on softer substrates, with rigidities between 3-5kPa show increased cellular
activation, as measured by percentages of “on” NFAT-GFP expressing constructs at the 8 hour time point.
The underlying mechanism to describe this effect has yet to be determined, however several hypotheses have
been suggested. Firstly, that the force applied through the CD3-ligand bond induces conformational changes
in key signaling components, and secondly, that the cell interprets the rigidity of a substrate and force applied
through a bond as a measure of infection status. The second hypothesis correlates well with earlier results
on nanopatterning, and may be mediated through the conformational mechanism described above.

This technology has the possibility to augment cellular activation in ex vivo stimulation, and could pro-
vide an alternative to current standard technologies based on rigid polystyrene matrices. Additionally, these
substrates induce T cell activation that is greater than the standard tissue culture plastic functionalised with
anti-CD3 antibodies, and so offer a potential new technology for ex vivo T cell expansion.

8.6 Future Work

Our results indicate that T cell activation can be controlled by mechanical variation in the presentation of
CD3 ligands. An important direction for future work will be to determine the mechanism driving this sen-
sitivity. An interesting experiment, but one beyond the scope of this thesis, would be to utilise Atomic
Force Microscopy (AFM) or similar to pull on a single TCR/CD3 receptor with defined force, and compare
changes in activation with applied force. Additionally, if the resulting changes in the confirmation of neigh-
bouring proteins could be visualised this would be a very powerful technique to elucidate further details on
the mechanosensitive signaling mechanism.

The rheological surface properties of a range of natural T cell engaging APC cells should be tested in
order to give context to the optimal range of stimulation for T cells. Additionally, further exploration of
cellular responses between 500-0.5kPa should be carried out in order to identify the maximal activatory
surface properties.

Although the technology presented here allows the conjugation of several antibodies to one surface,
where individual antibody concentration is controlled by ratio, the exact number of stimulating antibodies
per bead has yet to be established. Additionally, the conjugation strategy described here still relies on the
streptavidin/biotin binding mechanism. Further developments to this substrate could envisage the direct
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binding of protein molecules through activated beads, or indeed polymer matrices directly coupled with
protein for added versatility.

Further studies should also investigate the long term effect of mechanical stimulation; stimulating cells
through the receptors with ligands of differing affinity, or ligands substrate rigidity, has previously resulted in
specific phenotypic differentiation.[279, 6, 543] It will be important to see if the proliferation and phenotypic
differentiation of naïve cells is sensitive to substrate properties, as this could have interesting implications
for vaccine therapy, where control of memory cell development is desired. Determining the mechanism that
induces these changes could also have important implications in immunotherapeutic design.



Chapter 9

Conclusions and Future Work

9.1 Conclusions

This thesis has described the fabrication of biomimetic materials and their use in probing the sensitivity of
immune cells to nanoscale ligand arrangement and substrate rigidity.

We have described the controlled fabrication of precisely controlled gold nanoparticle arrays on pla-
nar substrates through block copolymer micellar lithography. Using parameters described in the literature,
nanoparticle arrays with controlled spacing on the order of 10-150nm have been produced. A range of
nanoparticle sizes can be formed by varying the ionic loading in the micelles, and inter-particle spacing has
been controlled by both dip-coating extraction rate and the molecular weight of the polymer templates used
to produce the nanoparticles.

The micellar lithography technique was then employed to fabricate zinc sulfide particles as a complemen-
tary material for nanoparticle array formation and biofunctionalisation studies. The particles produced were
verified as ZnS by their elemental composition and TEM lattice fringe spacings. Calculated optical prop-
erties of the particles confirm they are constrained on the nanoscale, with a band gap between 3.88-4.28eV.
These nanoparticles are also the first to demonstrate a unique structure; small crystallite ZnS domains within
an amorphous matrix as a single particle encapsulated inside polymer templates.

We have also used these zinc-based nanoparticles to produce a range of nanoparticle materials, including
zinc sulfide, zinc and zinc oxide, in ordered arrays with nanoscale order. Advanced functionalisation methods
have allowed the fabrication of more complex nanopatterns; micro-contact printing has been used to produce
600nm wide stripes of both gold and zinc-based micelles. Additionally, latticed arrays of gold nanoparticles
have been produced using this technique, where stripes in orthogonal directions have been printed with
different polymer templates to produce nanopatterns with different inter-particle spacing in perpendicular
directions. Deposition of multiple gold micelle layers has led to the formation of binary nanoparticle arrays,
and together these nanopattern functionalisation mechanisms represent an advance on the currently available
nanopattern fabrication methodologies.

The highly ordered gold nanopatterned substrates were subsequently used for cell studies to elucidate
minimal lateral signaling requirements in the immune system. Substrates have been treated with a protein
resistant layer in between the particles, and selectively functionalised with immune cell surface receptor
ligands. The NK cell CD16 stimulatory ligands anti-CD16 and Rituximab have been bound to gold nanopar-
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ticles using streptavidin linkage, and T cell TCR/CD3 complex surface receptor ligand anti-CD3 UCHT1
antibody fragments were bound to gold nanoparticles through the intrinsic exposed disulfide moieties.

These substrates were used to investigate early stage immune responses in both NK cells and T cells
(as representative cells of the innate and adaptive immune system respectively) and found that both cell
types were sensitive to the nanoscale ligand organisation on a 100nm lengthscale. NK cell responses were
measured by cell spread area, and found a sharp threshold between 69nm and 104nm ligand spacing above
which signaling was equivalent to background levels, independent of the ligand engagement mechanism.
Early stage T cell responses were characterised by phosphotryosine signaling and adhesion at five minute
time-points. Similarly, results indicated that at 104nm T cell response was not significantly greater than back-
ground, but in this case the threshold sensitivity seems to be below 69nm. An intriguing result highlighted
that nanopatterns with larger inter-ligand spacing could enrich T cell populations for memory phenotypes.
A decreasing proportion of naïve cells in adherent cell populations is closely correlated to an increase in
spacing between adjacent receptor engaging sites.

The similar nature of the dependance of NK and T cell signaling on the nanoscale organisation of receptor
ligands hints at a common requirement in the mechanism of activation. We have suggested several hypothe-
ses to explain the nanosensitivity of the immune cells; protein nanodomain concatenation, a minimal number
of receptor ligand interactions per signaling focus, and mechanosensitivity through the receptor engagement.
Protein nanodomain concatenation describes the requirement for distinct receptor nanodomains to move into
close proximity to induce signaling. This may be due to a requirement to integrate activatory signals above a
basal or inhibitory threshold, or for the exclusion of key inhibitory receptors from the signaling focus. Sep-
arately, a minimal number of engaged receptors may be required per signaling focus or per cell, though this
is unlikely given the known sensitivity of immune cells for low ligand densities. An alternative explanation
links the nanoscale organisation of ligands to the mechanical strain felt by each receptor ligand pair, where
closely spaced nanopatterns induce a lower strain through each ligand-receptor pair.

Given the enhanced proliferation and activation of T cells on softer substrates, and the clinical demand
for advanced cell culture systems in adoptive immunotherapy, PEG microspheres with controlled mechan-
ical properties were fabricated and investigated as T cell stimulatory substrates. Spherical PEG hydrogel
particles of 5-50μm diameter were prepared with rigidity controlled between 3 to 2000kPa and selectively
functionalised with CD3-engaging and co-stimulatory ligands. T cell responses were measured after eight
hours, and indicated that T cells cultured on softer substrates of between 3-5kPa had significantly increased
levels of activation compared to those on more rigid materials of Young’s Modulus 2000kPa. Additionally,
these particles were able to augment T cell responses to levels greater than conventional planar tissue culture
plastic controls.

Although the mechanosensitivity of T cells and enhanced proliferation on softer planar substrates has
been shown, here we developed a more clinically relevant culture substrate that recapitulates the geometry
of the natural APC-T cell interaction. Our results demonstrate that biomimetic materials with nanoscale
or mechanical control over stimulatory ligand presentation can determine activation levels in immune cells.
The design of materials that can control or augment immune cell responses ex vivo has a huge range of
applications ranging from fundamental signaling studies, such as those conducted here, to clinical therapies.
The future of adoptive immunotherapy may lie in the design of therapeutics capable of increasing cellular
activation through some of the mechanisms postulated here, such as driving nanocluster concatenation or
developing substrates capable of enhanced and phenotype selective cell proliferation.
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9.2 Future Work

This thesis describes studies in immune cell signaling requirements through fabricated biomimetic materials.
The mechanism driving the sensitivity of immune cells to nanopatterns and rigidity controlled surfaces is
currently not fully understood with several hypothesis being plausible. Current hypotheses explaining the
results in this thesis focus on the following; differences in ligand density between nanoarray surfaces, the
requirement for a certain number of stable anchoring points for force-mediated signal generation, and the
postulated need for concatenation of signaling foci on the cell-material interface requiring ligand-receptor
pairs with close proximity. Future work to test these hypotheses will focus on both the design of more
complex biomaterials and further investigations into immune cell signaling requirements.

Advanced biomimetic materials can be envisioned using the bi-material micro-contact printing method
described earlier. Development of printing techniques, using new masters fabricated through photo- or elec-
tron beam lithography, will allow a range of more complex geometries and nanoscale architectures to be
produced. With orthogonal functionalisation mechanisms this technique allows presentation of multiple lig-
ands with individual spatial control; the gold and zinc sulfide nanoparticle techniques developed in this thesis
will provide such systems. Complex nanopatterned arrays could then be used to further investigate signaling
requirements in immune cells, including the effect of inhibitory ligands, or small nanospaced ligand clusters.

The PEG beads fabricated in this thesis present a limited number of stiffness values over a wide range,
further investigations should focus on advanced fabrication where beads have mechanical properties over a
range of 500-0.5kPa in order to identify the maximal activatory surface properties. Additionally advanced
fabrication methods could be employed that would allow the direct functionalisation of the beads with stim-
ulatory ligands.

In order to determine whether it is cluster size, inter-ligand spacing, or the mechanical interaction with the
substrate driving this sensitivity, each of these parameters will need to be tested individually. Aside from the
synthesis of more advanced biomimetic materials, cellular modifications could be made to test these ideas.
Specifically, investigation of whether the cells react similarly to these substrates when their force-sensing
apparatus or ability to concatenate signaling foci is disturbed could be carried out.

A further development of this work includes investigation into the response of other immune cell types
and cell phenotypes to these substrates, which could help to determine if there is a universal immune receptor
signaling dependence on nanoscale receptor engagement, and whether these materials can be used for phe-
notypic differentiation. As different subsets of T cells appear to respond differently to nanopatterns based
on their prior exposure to antigen, these nanopatterns also offer exciting new tools to probe T cell education
using sequential nanopattern stimulation. Deriving the mechanism inducing these changes could also have
important implications in immunotherapeutic design.
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Appendix A

Fabrication of encapsulated gold
nanoparticles using hydrazine
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Figure A.0.1: Hydrazine reduction; histogram of distribution of nanoparticles formed per micelle. PS(110000)-
b-P2VP(52000) was exposed to hydrazine at (A) 1× concentration (B) 10× concentration or (C) 30× concen-
tration. Samples were dip-coated and examined by SEM. The number of particles visible per micelle was
calculated, over 150 micelles were analysed in each case.
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CBA

Figure A.0.2: TEM analysis of reductant concentration and nanoparticle nucleation. Solutions of gold-loaded
micelles were treated with various concentrations of hydrazine reducing agent, and drop coated onto TEM
grids before analysis in an FX 2000 TEM. Samples were prepared by Derfogail Delcassian and imaged by
Karla-Luise Herpolt. (A, B) 30× hydrazine (C) 10× hydrazine. Scale bar (A) 0.5µm (B,C) 20nm. Increased
reductant concentration results in a smaller particle, the harder reduction may induce a single nucleation site.
[544, 545, 442, 546]

A B

C D

Figure A.0.3: SEM analysis of gold nanoparticle formation post reduction. PS(110000)-b-P2VP(52000) gold
loaded micelles were exposed to hydrazine at (A) 1× concentration (B) 10× concentration or (C) 30× con-
centration. Samples were dip-coated and examined by FEG-SEM. Scale bar 100nm. Samples exposed to
lower reductant concentrations have induced polynucleation, or remain un-nucleated, possibly due to poor
diffusion.
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Fabrication of advanced nanopatterned
arrays; density based arrays
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Figure B.0.1: Schematic of density gradient for micelle recombination Micellar solutions of loaded and
unloaded micelles should allow the fabrication of nanoparticle arrays where the minimal spacing between
two nanoparticles is controlled by the polymer template, but the overall density per µm2 can be altered based
on the ratio of empty to full micelles.
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Figure B.0.2: Particle Density Arrays PS(110000)-b-P2VP(52000) unloaded and gold-loaded micelles were
mixed at various rations. Substrates were dip-coated within 5 minutes, exposed to plasma and examined
by SEM. Scale bar 100nm. Rather than producing surfaces coated with a percentage of standard nanoparti-
cles, gold ions are redistributed to produce uniform nanoparticle arrays.
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Figure B.0.3: Particle size, ionic redistribution. Nanoparticle area of particles formed from mixed ratio
solutions were analysed. Bars represent mean of over 120 particles per condition and error bar is the standard
error in the mean.
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SAXS and SANS analysis of
nanoparticles

BA

Figure C.0.1: SANS analysis performed on micelles pre and post zinc sulfide formation. Examination of the
core and corona size change post ZnS fabrication is included. SANS analysis performed by Dr. Iain Dunlop,
and fitted by Lucia Pordhoska, on samples made by Derfogail Delcassian.
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A

B

Figure C.0.2: SAXS analysis performed on micelles with encapsulated ZnS particles, using a scan type
2Theta. (A) Q vs I and (B) fitted data to a spherical assumption of size distribution by volume. Analysis
performed by PANylitical on samples made by Derfogail Delcassian.



Appendix D

Phosphotyrosine intensity in T cells:
further analysis
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Figure D.0.1: Cellular response to F(ab’)2and ICAM-1 surfaces. Plots show intensity of TIRF-
immunofluoresence of phosphotyrosine after 5 minutes stimulation, as a function of nanoarray spacing. (A)
The mean of the phosphotyrosine intensity normalized to the ICAM-1 background intensity for each donor
and then averaged across donors. Error bars respresent the standard error in the mean. (B) Individual cells
shown as dots; cells from donors were normalised to their own ICAM-1 response, and combined. Central
line shows the median, boxes the 25th to 75th percentile and whiskers the upper and lower inner fence values.
*** = p<0.001, (Mann-Whitney non-parametric analysis)
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Mechanical properties of bulk PEGDA
materials
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Figure E.0.1: Rheometry of bulk PEGDA hydrogels was performed. Graphs represent storage (solid line)
and loss (dotted line) values against angular frequency. A) PEGDA Molecular weight 700, B) PEGDA
Molecular weight 6000 C) PEGDA molecular weight 35000.
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