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Abstract

The nanoscale biological structures and dynamics that occur within

cells have slowly been recognized as important features that determine

cellular function. In the field of Immunology the receptors which de-

termine a cell’s response have recently been observed to organize on

the nanoscale, forming clusters which vary in size, shape, and density.

While these supramolecular structures have been observed, their func-

tion is still unknown, and current methods used to discern their func-

tion could be improved. Here, biomaterials with spatially controlled

nanoscale features have been produced and developed with this goal

in mind. Engineered nanomaterials have advantages over many bio-

logical techniques, especially in nanoscale manipulation and reduced

experimental complexity.

In this thesis two new nanoscale biomaterial approaches are developed,

focusing on controlling the nanoscale spatial presentation of ligands to

Natural Killer (NK) cells. The first is the fabrication of a supramolec-

ular reagent which clusters Monoclonal Antibodies (mAbs) using a

Nanoscale Graphene Oxide (NGO) framework. These clusters are on

the same scale and density as receptor nanoclusters and exhibit prop-

erties that better mimic natural receptor ligation—such as intercon-

nected ligands and local ligand density. Nanoscale Graphene Oxide-

Monoclonal Antibody (NGO-mAb) species were found to augment de-

granulation and cytokine secretion of primary (human) NK (pNK) cells

in comparison to equivalent concentrations of unclustered mAbs.

Secondly, gold nanoparticle arrays, a nanotechnology used to create

mimetic cell surfaces with nanometer control of ligand spacing, were

imaged with Stochastic Optical Reconstruction Microscopy (STORM), a

single molecule localization technique, to characterize their biological

functionalization. This characterization step is necessary to confirm

the nanoscale patterning, but remains difficult, and new methods for

its accurate measurement are needed. Results obtained indicate that

in spite of measured underoccupation, regions could be discerned as
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having spatial properties and patterning that would be expected of a

functionalized array by three independent analytical methods.
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Chapter 1

Motivation and Outline

1.1 Motivation

Cells sense their environment through receptors which bind external

ligands.[1] Once bound receptors induce signaling within the cell that

lead to a broad array of cellular functions, including differentiation,[2]

migration,[3] and cell death[4]. The interaction of a receptor binding its lig-

and is, however, not the only important factor, instead there are many others

which further modulate and determine a cell’s function. These factors can

include the affinity of the ligand for the receptor,[5] the mechanical force

transmitted to the receptor[6] or whether costimulation from other ligands

has occured.[7, 8] Other factors are also beginning to be considered influen-

tial; one of these for instance is the nanoscale organization of receptors and

their ligands.

Recently cell surface receptors and proteins have been observed[9, 10, 11]

with organization on the nanoscale, forming supramolecular nanoclusters

of 10–400 nm.[12] To date this has been noted across a number of cell

types[12] and particularly with surface receptors of cells within the immune

system, for instance T cells,[13, 14, 15] B cells,[16, 17] and Natural Killer (NK)

cells.[18, 19] As a direct result, understanding whether receptor clustering is
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important for their function is an area of present interest.

The function of NK cells within the immune system is broad, they are a key

part of our innate response to tumorogenesis and viral infection with their

responses enabled thanks to the surface receptors they express.[20, 21, 22, 23,

24] Signaling initiated from a broad range of activatory or inhibitory recep-

tors are carefully balanced and determine the NK cell’s response through cy-

totoxicity of a target cell and or cytokine and chemokine secretion.[25, 26, 27]

Recent evidence suggests that the nanoclustering of these surface receptors

enables their function, for instance the density of receptors in a T cell recep-

tor (TCR) nanocluster is essential for effective signaling.[14] Oszmiana et al.

have also shown that phosphorylation of specific kinases and phosphotases

are favored in large nanoclusters of the Killer Immunoglobulin-like Receptor

(KIR) family.[19]

More generally a number of hypothesis have been proposed to explain

receptor nanoclustering. A leading example is the signaling from recep-

tors in nanoclusters, due to their close proximity, are amplified, and there-

fore more capable of overcoming the threshold necessary for a functional

response.[28, 29] Another hypothesis is that interconnected ligands (for in-

stance those connected by a network of actin) form nanoclusters and gener-

ate additional resistance once they are bound by their receptor. The addi-

tional force generated as a receptor pulls against the cluster then enhances

activation by fully actuating mechanosensitive receptors.[30] In the case of

the T Cell Receptor (TCR) for instance the greater force transferred in com-

parison to unconnected ligands has been shown to be more effective at lead-

ing to its activation.[31]

Some of the most modern methods to investigate nanoclustering are through

imaging them with superresolution microscopic techniques such as Photoac-

tivated Localization Microscopy (PALM)[32] and Stochastic Optical Recon-
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struction Microscopy (STORM).[33] These techniques provide the unique

nanoscale resolution to observe nanoclusters but remain passive and do not

physically manipulate or interact with the structures. Superresolution imag-

ing of the PALM, STORM variety is also presently limited to providing data

from a small proportion of the total cell population due to its complexity

and long image acquisition times.[34, 35]

Other technologies have been developed to reproduce, interact with and af-

fect nanoscale features, including nanoclusters, particularly in the field of

Biomaterials. Materials have been produced which for example can control

the nanometer spacing between ligands[36, 37] or form clusters after initial

receptor-ligand binding[38] and have provided interesting insights. Meth-

ods such as these have, however, reproduced only a subset of the charac-

teristics found in the nanoscale organization of the cell membrane. Areas

which could be improved include, the nanoscale size, ligand density and

planar geometry, which would be necessary to, for instance, fully imitate

receptor nanoclustering.

One candidate material capable of emulating the aforementioned proper-

ties is Graphene Oxide (GO). GO is a 2D material formed by exfoliation

of oxidized graphite to produce single sheets[39, 40, 41, 42, 43]. Its struc-

ture is related to graphene, with additional oxygen containing functional

groups that help provide aqueous solubility at detriment to the otherwise

hexagonal lattice of aromatic carbon.[44, 45] Of GOs physical and chemical

properties its 2D planar geometry is unique compared to commonly used

spherical nanoparticles where varying the lateral size also affects the curva-

ture. The hydroxyl, carbonyl and epoxide surface chemistry enable it to be

functionalized with biological ligands and importantly the nanoscale sheet

sizes can be controlled,[46, 47, 48] together making it a viable candidate to

synthetically produce ligand nanoclusters.
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Nanoscale Graphene Oxide (NGO) sheets have previously been utilized as a

biomaterial in a number of applications such as gene transfection, targeted

drug delivery and theranostics.[49, 50, 51, 52, 46, 53, 54] In each case the

properties of NGO have however only been used to enhance the targeting

qualities or delivery characteristics of well established drugs. To date there

have been no publications that utilize NGOs properties as a framework, with

the goal of recreating a biological structure as theorized here.

Another area where nanoscale organization could be important is in the de-

sign of immunotherapeutic reagents. Monoclonal antibodies are currently in

vogue as treatments for number of diseases, arthritis,[55] breast cancer,[56]

and certain lymphomas.[57, 58] Rituximab for example is a treatment for

treatment of Non-Hodgkin lymphoma, binding the CD20 receptor of B cells

and stimulating Antibody Dependent Cell Cytoxicity (ADCC) with excel-

lent success.[58, 59] Despite these successes biological reagents for better or

worse have not been created with properties that mimic the supramolecular

structures they often interact with including the nanoclustering of ligands

and receptors. The prospect of enhanced therapeutic efficacy by using NGO

as a framework for the clustering of biologically active species is therefore

unexplored.

A second interesting Material Science technology which has enabled

nanoscale organization of receptors to be investigated is nanolithography[60,

61, 62] and particularly nanoparticle arrays produced by BCP micellar

lithography.[63] Nanoparticle arrays can have a multitude of interesting and

controllable nanoscale features such as honeycomb particle patterning, inter-

nanoparticle spacings (usually between 10 and 500 nm) and controllable

nanoparticle size.[64, 65, 66] Later functionalization steps are then able to

impart these materials with biomimetic properties, for instance the ability

to present biologically relevant proteins and molecules with the same litho-

graphic features. Nanoparticle arrays have therefore been used to mimic the
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cell membrane via functionalization with ligands to common cell surface

receptors.[67, 68, 37, 60, 69, 70]

Where functionalized nanoparticle arrays have met the greatest challenge

is in the accurate characterization of the biofunctionalization step.[71, 72]

Ensuring that the precise nanoscale control is transferred to the biologic is

essential and the same techniques used to characterize the inorganic array

are generally unsuccessful when applied to the biofunctionalization. The

success of this step is critical to the successful application of mimetic arrays

and the ability for conclusions to be drawn using them.

Superresolution microscopy can be applied, in theory, to overcome these

limitations and accurately characterize functionalized nanoparticle arrays

so that they can be confidently used in cell biology applications, however,

they have not been widely tested or utilized. Importantly superresolution

techniques have both the nanometer lateral resolution and broad operating

conditions required to measure the location of fluorochrome labeled biolog-

ical molecules conjugated to arrays[73] and two color imaging also enables

the direct measurement of a cell’s interaction with an array, for example by

imaging the ligand attached to the array and labeled receptors on the cell at

the same time. If achieved, producing nanoparticle arrays with controlled

nanoscale features, later functionalized and characterized by superresolu-

tion techniques, and further imagined interacting with cells, would be an

exceedingly powerful combination to understand the nanoscale organiza-

tion of the cell membrane while overcoming the individual faults of each

technology.

Having outlined both the important biological context of receptor-ligand in-

teractions, and the state-of-the-art technologies available in nanotechnology

and microscopy, there is clear potential for application of the latter to prob-

lems of the former. This work aims to do just that, within the scope of
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creating new, or improving established materials, that can then be applied

to understand and augment NK cell biology.

The spatially-controlled presentation of ligands to NK cells is the primary

aim of the material syntheses presented here. In doing so control of the

immediate ligand-receptor environment i.e. the ligand density and ligand

clustering (shape and size), and the mechanical properties of the ligand as-

sembly (by structurally associating ligands through a common scaffold) are

achieved. Immune cell and NK cell activation has been shown to be affected

by these receptor factors,[31, 74, 14, 19, 37, 68] and producing nanoscale

materials with control of one or more of these attributes is the first step in

realizing the potential of this insight.

The development of NGO-mAb supramolecular nanoclusters is thus carried

out with two aims in mind. First, control of the receptor-ligand geometry by

the pre-formed clustering of ligands—thereby controlling the shape and size

of ligand-receptor interaction. Secondly, to enhance the force transduced to

the receptor by tethering cognate ligands to each other and a comparatively

massive (1–2 orders of magnitude) NGO scaffold.

Here, it is hypothesized that the ligation of activatory receptors by pre-

clustered ligands will lead to enhanced activation of NK cells through

multiple mechanisms—the enhanced mechanotransduction afforded by the

size of the nanocluster which will transmit additional resistance to the NK

cell after receptor-ligand interaction—or through maintaining large receptor-

ligand cluster sizes by restricting diffusion away from the cluster and or en-

abling coalescing of receptor clusters. Both of these properties are reported

to be important in augmenting receptor signaling, while also being difficult

to achieve with conventional methods such as soluble mAbs, crosslinked

mAbs, and mAb tetramers.

The development of nanoparticle arrays is accomplished to control the den-
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sity of ligand presented to NK cells. Previous findings have directly illus-

trated the effectiveness of this technology for understanding thresholds of

NK (and T cell) activation.[37, 68] This technology would, however, be en-

hanced by co-development with superresolution microscopy. The combina-

tion of nanoparticle arrays and superresolution microscopy would allow for

the receptor-ligand interaction to be manipulated, and at the same time ob-

served.

1.2 Thesis Outline

The thesis presented here consists of three main results chapters, numbered

3–5. Chapters 3 and 4 concern themselves with the synthesis of a Nanoscale

Graphene Oxide-Monoclonal Antibody (NGO-mAb) supramolecular mate-

rial, used to create synthetic nanoclusters that are subsequently tested for

their affect on primary (human) Natural Killer (pNK) cells. Chapter 5 deals

with the topic of using STORM superresolution microscopy to characterize

the biological functionalization of Au nanoparticle arrays as an initial step

towards their use in future cell experiments.

Chapter 3 as a synthesis chapter describes the stabilization of graphene oxide

in salts by steric repulsion through covalent conjugation of a PEG star poly-

mer, characterization of the optical properties by UV-vis spectroscopy and

then confirmation of the biotin-streptavidin linking strategy used to con-

jugate Monoclonal Antibodies (mAbs) to the stabilized NGO—largely by

spectroscopic methods. This is followed by separation of NGO-mAb species

by sheet size using centrifugation and characterization of the NGO-mAb

products by AFM. A combination of the physical properties measured by

AFM and bulk mAb concentrations are then used to determine the number

of antibodies attached to the NGO sheet in the NGO-mAb product.

Chapter 4 begins by assessing the functionality of the NGO-mAb species
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by testing if the conjugated mAbs are presented such that they can bind

their antigen, and then if the NGO-α-hCD16 can specifically bind the CD16

receptor found on pNK cells as well as the kinetics of this binding. The

assays used to assess the activation of the pNK cell in response to the NGO-α-

hCD16 species are selected: CD107a upregulation and IFN-γ secretion. Both

the degranulation response and cytokine secretion are assayed and directly

compared to unconjugated and hence unclustered α-hCD16. Additionally

biocompatibility is demonstrated after 6 hrs.

Chapter 5 in a departure from the previous two chapters, focuses instead on

the use of STORM superresolution microscopy to characterize the biologi-

cal functionalization of Au nanoparticle arrays. As such the reproducible

production of Au nanoparticle arrays by diblock copolymer lithography is

demonstrated and the relevant characterization by SEM shown. A proposed

functionalization by reduction of IgG antibodies at the hinge to produce

a free thiol which can form a bond with Au is then presented. STORM

imaging of the functionalized array surfaces (using fluorochrome labeled

antibodies) and a number of control surfaces is carried out and results are

shown for comparison.

From the STORM dataset the position of detected antibodies is extracted,

and data analysis carried out to observe if they are positioned such that

they are specifically bound to the underlying array. Firstly the observed

occupancy i.e. number of nanoparticles which appear to have a antibody

attached is calculated, followed by more complex analysis of spatial charac-

teristics such as the spatial dispersion (by Nearest Neighbor (NN) analysis)

and spatial homogeneity (by Ripley’s K-Function Analysis). These results

are directly compared to the same properties measured from ‘ideal’ nanopar-

ticle arrays as well as ‘ideal’ arrays with faults introduced, such as underoc-

cupancy and uncertainty in the antibody position as a result of the many

possible binding orientations (here termed Freedom of Movement (FOM))
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and lastly an array made of points randomly distributed.

Together Chapters 3 and 4 together show how to synthesize a new bioma-

terial with excellent characterization, and then demonstrate its potential to

affect cellular function through the measurement of a novel NK cell response.

Chapter 5 improves upon the current work used to combine two powerful

technologies, so that in the future they can be utilized for applications within

cell biology.
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Chapter 2

Literature Review

2.1 Immune System

2.1.1 Overview

The mammalian vertebrate immune system is a collection of cells and

molecules that prevent damage to a host and enhance its likelihood of con-

tinued existence. Pathogens found throughout the environment and imper-

fections in cellular replication, leading to neoplasm, all threaten a hosts sur-

vival. The most abundant pathogens include bacteria, viruses, fungi, single

and multicellular parasites and their toxins which the immune system in

response can mount protective mechanisms such as, cytotoxicity of infected

cells, phagocytosis and secretion of antibodies.[75]

Given this diversity of pathogens, the immune system which has evolved

over time is also complex and our understanding of it, despite miraculous

advances over the past 200 years, remains incomplete.

The first immune cell, the phagocyte, was observed in 1882 by Elie Metch-

nikoff and subsequently many more have been found.[76] To date 13 dis-

tinct immune cells are known, summarized in Table (2.1), and identified

by their unique lineages from pluripotent hematopoetic stem cells of the

bone marrow.[75] Each cell type has its own distinct function but by act-
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ing together they can encompass all responses necessary to combat invasive

pathogens that are encountered throughout a human lifetime.

2.1.2 Adaptive and Innate Immunity

Cells within the immune system were initially found to be part of two dis-

tinct groups, firstly those that were ‘innately’ responsive and could enact

their immune function immediately in response to a pathogen (or foreign

antigen) and secondly ‘adaptive’ immune cells which required prior sensi-

tization and a period of adaptation. This distinction ultimately meant that

these groups became widely and simply referred to as innate or adaptive

respectively.[75]

T cells and B cells and their antibodies make up the adaptive immune sys-

tem and while requiring adaptation are, as a result, able to provide ‘memory’

as well as extreme specificity to pathogens. Specificity occurring through

a complex multistep process of selective priming by foreign antigen, lead-

ing to both expansion of sensitized cells adapted to that antigen only, and

prolonged survival of ‘memory’ cells. Despite these features the mecha-

nisms which prime the adaptive immune system also take several days to

be achieved.[75, 77, 78]

The innate immune system therefore provides the function of moderating

the early stages of disease, particularly while the aforementioned adaptation

occurs. The innate immune system fundamentally differs from the adap-

tive as it instead relies on germline encoded Pattern Recognition Receptors

(PRRs) presented by the cells. These receptors recognise so called Pathogen-

Associated Molecular Patterns (PAMPs) which are generic and conserved

among a number of different pathogens and therefore require no further

priming, facilitating a swift response.[75, 77]

The differences between innate and adaptive immunity are generally under-
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Table 2.1: A list of the major cell types found within the mammalian vertebrate immune system.

Cell type Functions Adaptive or Innate

B cell Antibody secretion; memory Adaptive
T cell Cytotoxicity; regulatory; memory Adaptive
NK cell Cytotoxicity; regulatory Innate
ILC Regulatory Innate
Dendritic cell Antigen processing and presentation Innate
Neutrophil Phagocytosis; antimicrobial; extra cellu-

lar traps (NETs)
Innate

Eosinophil Protein/enzyme degranulation (against
multicellular parasites), ROS production;
regulatory

Innate

Basophil Inflammation; allergy; regulatory Innate
Mast cell Degranulation of mediators for inflam-

mation; allergy; wound healing
Innate

Macrophage Phagocytosis; regulatory Innate
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stood to be the result of their separate evolutionary development. While this

explanation still holds true in general, there are now well known areas of

overlap between the two, for instance, some innate cells showing adaptive

characteristics.[77]

2.1.3 Natural Killer Cells

The Natural Killer (NK) cell is a large granular lymphocyte first observed in

1970s. They were discovered indirectly through their non-sensitized killing

of transplanted mouse bone marrow cells that were unmatched by their his-

tocompatibility alloantigens[79], killing “naturally” and without sensitiza-

tion hence definining their name. Further observations of ‘natural killer’

cells with the ability to lyse grafted cell and tumor cell lines continued

throughout the 70s and 80s. The observation of NK cell killing of grafted

bone marrow cells in mice also lead to the proposed hypothesis that NK

cells killed cells lacking self-Major Histocompatibility Complex (MHC). This

“Missing Self” hypothesis as it became known remains central to understand-

ing of NK cell function.[80]

Definition by function alone however continued to lead to difficulties under-

standing whether the NK cell was a distinct lineage.[81, 82] By 1986 Lanier

et al defined the NK cell as a cell type rather than a cell function[83]. Dis-

tinguishing the NK cell absolutely from the certain T cell subsets with very

similar characteristics and surface receptors, remained problematic.[84, 85]

Nonetheless the current human NK cell is phenotyped as CD3-, CD56+

and NKp46+.[84] Within the NK-like innate lymphoid cell lineage there

are a number of subsets and conceivably more will be discovered in the

future.[86, 87, 27]

Current understanding of NK cell functions are two fold. Primarily they

exhibit innate cytotoxicity to virally infected and neoplastic cells and sec-

ondly they are immunoregulatory through the secretion of the cytokines for
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instance IFN-γ and TNF-α and the chemokines of the CC, CCX families.[88,

89] NK cells provide their cytotoxicity through the directed secretion of a

combination of perforin, granulysin and various granzymes.[90, 91]

A clear indicator of the NK cells’ essential function in host immunity can be

seen in the morbidity and early mortality of those with complete NK cell

deficiencies.[92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104]

Receptor Function and Signaling

In the initial stages of understanding NK cells’ innate function the “Missing

Self” hypothesis was proposed to explain their functional killing.[80] The

“Missing Self” hypothesized that one method NK cells used to distinguish

foreign, from host cells was through recognition of the downregulation or

absence of ‘self’ MHC class I on a target cell. It remained unknown how-

ever whether MHC class I acted to inhibit the activation of NK cells through

binding an unknown inhibitory receptor or instead limit their activation

by blocking another ‘triggering’ receptor.[105] In 1992 this question was an-

swered with the discovery of an inhibitory MHC class I receptor in mice

(Ly49) and soon after in humans (p58, now CD158a or KIR2DL1).[106, 107]

Of the receptors currently known and found on NK cells 5 main group-

ings can be made: activatory, inhibitory, cytokine, chemotactic and

adhesion.[108] Activatory receptors are the most diverse repertoire of re-

ceptors found on NK cells[109, 108] and provide sensitivity to a number of

PAMPs which are conserved across different pathogens and Damage Asso-

ciated Molecular Patterns (DAMPs). Some of the most well studied of these

are NKG2D, NKp46, KIR2DS1 and CD16[110]. This receptor diversity differs

from the activatory receptors of the adaptive immune system, which instead

undergo genetic rearrangement to provide diversity in receptor repertoire.

For instance in the T cell receptor (TCR) of the T cell.[75, 111]
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Both the cytotoxic and immunoregulatory functionality of NK cells are

largely driven by signaling initiated by ligation of activatory receptors which

lead to an activated phenotype[112, 113, 114, 115, 116, 117]. Of equal impor-

tance however are inhibitory receptors[118, 107, 119, 120] and their ligands

which work in conjunction with an innate activatory threshold balance the

response of the NK cell,[121, 122, 123, 124] and prevent autoimmunity from

occurring.[110] A summary of both can be found in Figure 2.1. The combi-

nation of both activatory and inhibitory receptors provide the innate means

for NK cells to distinguish healthy from morbid cells and are essential to

controlling an NK cell’s function.[121]

NK

Chemotactic

Inhibitory

Activating Adhesion

Cytokine

NKp46

CD16

(h) NKp30

(h) NKp44

(h) NKp80

(m) NKR-P1C

NKG2D

(m) NKG2D-S

(h) KIR-S

Act (m) Ly49

CD94/NKG2C

CRACC

Ly9

CD84

NTBA

2B4

(h) KIR-L

(h) LILRB1

CD94/NKG2A

Inh (m) Ly49

(m) NKR-P1B

(m) NKR-P1D

KLRG-1

TIGIT

CEACAM-1

LAIR-1

IL-1R

IL-2R

IL-12R

IL-15R

IL-18R

IL-21R

IFNAR

CCR2

CCR5

CCR7

CXCR1

CXCR3

CXCR4

CXCR6

CX3CR1

(h) Chem23R

S1P5

CD2

DNAM-1

β1 integrins

β2 integrins

Figure 2.1: The receptor repertoire of NK cells. Where receptors are not
equivalent across species human (h) and mouse (m) are noted. Reproduced
from Vivier et al.[108]

Given the mixture of activatory and inhibitory receptors which can theo-
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retically be ligated simultaneously the exact outcome of a random selection

would still to date be difficult to know. In reality this problem is simplified as

many disease states show a predominant ligand repertoire that interact with

only a small combination of activatory or inhibitory receptors.[125, 126, 127]

Still because of this complexity a large amount of work has gone into

understanding which receptors when ligated together provide synergy or

anergy.[122, 128] An example is NKG2D which showed synergy with 2B4

to secrete cytolytic granules, which by the ligation of each alone did not

occur[122].

While receptor-ligand dynamics are essential to a NK cell’s functionality,

the physical interaction between the NK and target cell also determines the

outcome of effector functions. The interaction between an NK cell and target

cell occur in a number of steps; recognition, effector and termination, which

are heavily summarized in Table (2.2) below.

CD16 & Antibody Dependant Cell Cytotoxicity

NK cells despite their established role in the innate immune system can con-

tribute to a hosts adaptive immunity. CD16, a low-affinity receptor for Fc

of IgG is expressed by almost all CD56dim NK cells and make up approxi-

mately 90% of circulating NK cells.[129, 130] Antibodies secreted by B cells

of the adaptive immune system once bound to their target act as a ligand for

NK cells through the Fc fragment and activate NK cells to lyse the opsonized

cell. As this is a somewhat independent mechanism of cytotoxicity, due to

its requirement of IgG, it is referred to separately as Antibody Dependent

Cellular Cytotoxicity (ADCC).

ADCC has been shown to be an important mechanism for the elimination

of neoplastic cells as well as in the clearance of certain viral infections.[131,

132, 133, 134, 135, 136, 137, 138] One well established treatment which uti-

lizes ADCC is Rituximab/Rituxan, a chimeric antibody for CD20 which is
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Table 2.2: A brief description of the stages of NK cell cytotoxic functionality.

Stage Numerical designation Brief description

Recognition 1 Adhesion
2 Activatory and inhibitory receptor liga-

tion and signaling
3 Immune synapse formation
3a IF inhibitory signaling dominates, cell de-

tachment
3b IF activatory signaling dominates, activa-

tory synapse formation
Effector 4.1 MTOC polarization and anchoring

4.2 Actin rearrangment and lytic granule
docking

5 Lytic granule secretion
Termination 6.1 Granule biogenesis

6.2 Detachment
(MTOC – microtubule-organising centre.)
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used to treat B cell lymphoproliferative malignancies.[139, 57] NK cells have

been shown to contribute to increased B cell killing through ADCC after the

opsonization of B cells by the Rituximab antibody.[140, 141, 58, 59]

Unlike the many other receptors NK cells express which require costimu-

lation to trigger full effector functions including degranulation of cytotoxic

granules and in some cases IFN-γ and TNF-α secretion, CD16 ligation has

been shown to result in both in the absence of other stimuli.[122, 142] Using

insect cell lines transfected with varying combination of NK receptor ligands

Bryceson et al. showed that 20% NK cells upregulated CD107a (a marker of

degranulation) in response to stimulation through CD16 by IgG, compared

to ∼ 2% of cells stimulated through ULBP1, the ligand to NKG2D. Further

stimulation of cells was still shown to be possible by a combination of stim-

ulation through CD16 and NKG2D stimulation as ∼ 50% of cells were then

found to upregulate CD107a.[122]

Surface Receptor Organization

The most prominent model for the cell membrane and proteins contained

within it has been the ‘Fluid Mosaic’ model laid out in 1972 by Singer and

Nicolson.[143, 144] It described:

The model is consistent with the restrictions imposed by thermo-

dynamics. In this model, the proteins that are integral to the

membrane are a heterogeneous set of globular molecules, each

arranged in an amphipathic structure, that is, with the ionic

and highly polar groups protruding from the membrane into the

aqueous phase, and the nonpolar groups largely buried in the hy-

drophobic interior of the membrane. These globular molecules

are partially embedded in a matrix of phospholipid. The bulk of

the phospholipid is organized as a discontinuous, fluid bilayer,
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although a small fraction of the lipid may interact specifically

with the membrane proteins.[143]

Over the last 40 years this model has been improved upon to account for

the segregation of proteins within the membrane[12] and explanations for

these observations have been found, including lipid rafts and protein/glyco-

protein complexes as well as membrane-associated cytoskeletal fences and

extracellular matrix structures. All of which can limit the movement of mem-

brane components.[144] Early observations of T cell and the TCR noted that

the distribution of TCR, itself a membrane protein, are similarly segregated

within the membrane.[145] This work using fluorescent microscopy showed

that distinct areas of protein segregation occurred at the activatory synapse

of a target cell. Later microclusters of TCR were observed[146, 147] and then

at the nanoscale, protein islands of between ∼ 30–300 nm were discovered

and found to be closely linked to the actin cytoskeleton at the membrane of

T cells through the use of transmission electron microscopy.[15]

Similar immune synapse segregation, receptor microclusters and protein is-

land or nanoclusters have now been observed in B cells[148, 16, 17] and NK

cells[149, 150, 151, 18, 19]. As NK cells have a diverse range of receptors

their organization at the cell surface is particularly relevant and interesting.

The discovery of segregation has with each advance in imaging technology

been improved upon initially visualizing clusters of tens of micrometers

and now nano scale clusters. To date, and with regards to NK cells alone,

Pageon et al. have shown that the inhibitory receptor KIR2DL1 organized

in nanoclusters of ∼ 110 nm which dynamically rearranged in response

to NKG2D ligation.[18] Oszmiana et al. showed that both KIR2DL1 and

KIR2DS1 organized as nanoclusters with the inhibitory KIR2DL1 (≤ 80 nm)

forming into clusters with a smaller average size than KIR2DS1 (≥ 138 nm).

Additionally they showed that the phosphorylation of ZAP-70 and SHP-1
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are favored in larger nanoclusters.[19] See Figure 2.2.

It is now established that the type of receptor ligated, the presence or

absence of co-receptor ligation and the phenotypic state of the NK cell,

(whether through cytokine stimulation or prior activation) all influence the

functional response of the cell. The question of whether the properties

of nanoscale structures also contribute, particularly in the cytotoxic or im-

munomodulatory roles of a NK cell, are therefore seemingly important and

yet have to date not been proven.

2.2 Graphene and Graphene Oxide

2.2.1 Overview of Bio/Nanomaterials

Artificial materials that enhance or repair the body without detriment have

been used since early civilization. Evidence has for instance been found for

sutures used by the early Egyptians[152, 153], dental implants using gold

wire from the Etruscans (768–264 BCE, 600 BCE)[154, 155] and later nacre

teeth fashioned from sea shells by the Mayans (600 CE).[156]

The scientific field founded on these early examples of materials is now re-

ferred to as Biomaterials and it has continued to develop steadily due to

both its seeming requirement and potential. Between the biomaterials of

early civilization and the present there have been a number of discoveries

and applications which have contributed significantly to the field, some of

the most important are biocompatibility which was a subject area was first

examined in 1829;[157] the synthesis of plastics leading to improved contact

lenses between 1939 and 1981 and high molecular weight poly-ethylene used

in hip implants made them viable around 1961 with the Charnley hip;[158]

osteointegration was documented in 1964[159] and accompanied by the con-

trolled release of proteins using polymers in 1976;[160] soon after stents were

produced to treat occluded arteries from 1978–85.[161, 162, 163]
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Figure 2.2: (A.) KIR2DL1 and KIR2DS1 are arranged in different sized nan-
oclusters on the surface of pNK cell clones. (B-G.) Comparisons between the
KIR2DL/S1 nanoclusters properties. Reprinted with edits from Oszmiana
et al.[19]

Biomaterials as a field, due to its cross disciplinary nature, has generally de-

veloped in response to advancements in a number of other fields. The most

prominent of which are arguably Cell Biology (particularly Immunology)

and Nanomaterial engineering, both of which grew rapidly in the mid to

late 20th century.

The potential of nanotechnology was theoretically laid out by Richard Feyn-
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man with his talk ‘There’s Plenty of Room at the Bottom’ in 1959. It

was only later however that such ideas could be practically implemented

and in fact it would not be until 1974 that the term nano-technology was

first used by Norio Taniguchi,[164] who was working to produce the first

techniques required to process materials on the nanoscale such as ion-

beam lithography. In 1981 K. Eric Drexler published ‘Molecular engineer-

ing: An approach to the development of general capabilities for molecular

manipulation’[165] and subsequently ‘Engines of Creation: The Coming Era

of Nanotechnology’ in 1986 which added notoriety and interest to the area

of nanomaterials.[166, 164, 167]

2.2.2 Overview

Graphene is a 2D crystal of carbon atoms exhibiting sp2 bonding with a

hexagonal ‘honeycomb’ lattice structure. Graphene Oxide (GO) is a similar

2D material with additional oxygen species such as hydroxyl, epoxide and

carbonyl groups. GO is formed by the oxidation of graphene or graphite.

Graphene being 2D, is part of a family of carbon structure which include

quasi-0D Buckminster fullerenes, quasi-1D carbon nanotubes and 3D dia-

mond or graphite.[168] The special properties of 2D graphene include its

high electron mobility,[169] Young’s modulus and strength,[170] thermal

conductivity[171], optical properties in the Infrared (IR) region[172] as well

as its unique geometry.[172, 173]

Although graphene can be readily functionalized using a number of

approaches[39] the superior solubility of graphene oxide make it an obvi-

ous choice for biological applications.

The history of graphene and graphene oxide are interrelated as a result

of their similar structure and origin. Especially since the mid 2000s 2D

materials such as graphene and graphene oxide have become increasingly

popular materials to study. Before this graphene as well as graphene oxide

23



2. Literature Review

have a history of study which dates back to 1948 (and vastly before if you

include bulk graphite and couple layer graphite) when the first imaging of

graphene oxide sheets by transmission electron microscopy were made.[174]

Later studies were also made in 1966 providing images of single layers of

graphene oxide and its chemical properties were studied by Boehm et al[175]

which continued into the late 1960s and throughout the 1970s when epitaxal

growth of graphene was carried out successfully and films were then studied

extensively. The electronic properties were nonetheless inconsistent with

true single layer graphene due to the interactions between the substrates it

was grown on and the graphene itself.[176, 177]

It is for this reason that the seminal paper published in 2004 by Novoselov

et al.[178] which separated graphene by mechanical exfoliation followed by

deposition onto SiO2 and uniquely allowed for the first experimental mea-

surement of graphene’s electronic properties to be made and confirmed. The

advancement in the field of graphene research enabled by this was enough

to lead to the award of the 2010 Nobel Prize in Physics and the number of

publications have grown exponentially since 2005.

2.2.3 Synthesis of GO

Graphite oxide has historically been produced by the chemical oxidation of

flake graphite. The first published example of this was by B. C. Brodie in

1859.[179] Brodie’s method involved mixing flake graphite with fuming ni-

tric acid HNO3 and adding potassium chlorate KClO3 yielding an oxygen

containing graphite like material that after repeated oxidations further in-

creased its oxygen content. L. Staudenmaier made small changes to this

procedure through the addition of multiple aliquots of KClO3 and H2SO4

throughout the reaction with the effect of producing a highly oxidized end

product in a one pot reaction. A disadvantages was nonetheless the experi-

mental risk involved in this procedure due to evolved chlorine dioxide.[180]
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In 1937 the Hofmann method was produced using concentrated HNO3,

H2SO4 and KClO3 from the beginning of the reaction. In contrast to the

previous century of HNO3, KClO3 focused methods Hummer and Offeman

in 1958 produced graphite oxide by reaction of graphite powder with concen-

trated H2SO4, sodium nitrate NaNO3 and potassium permanganate KMnO4

in a ratio of 1:0.5:3. This method has proved very popular and is the current

standard with only small modification occurring since, for example an ‘im-

proved’ variant (substituting NaNO3 for phosphoric acid H3PO4 in a 6:9:1

ratio)[181] and ‘modified’ variant (generally increasing the KMnO4 concen-

tration giving a 1:0.5:6 ratio) though also used to describe a number of other

modified methods.[182, 183]

To afford graphene oxide from this graphite oxide simple exfoliation by ex-

tended sonication, thermal exfoliation or stirring in polar solvents. Depend-

ing on the solvent chosen the stability of individual sheets can vary greatly.

Good stability is, however, shown in water, DMF, THF and poor stability

found in acetone, ethanol, DMSO.[184] Due to differences in the starting ma-

terial (number of defects, surface area, purity) choice of oxidation method

and subsequent purification steps the chemical structure of the produced

graphite oxide can vary considerably a fact which is then transfered to the

single layer GO. The lateral sheet sizes can similarly vary greatly from < 10

nm to many microns and various thicknesses. Exfoliation by sonication for

instance greatly reduces lateral sheet size compared to stirring[185]

2.2.4 Physical & Chemical Structure

GO unlike graphene has both sp2 and sp3 carbon, as well as hydrogen and

oxygen in a variety of functional groups including hydroxyl ( – OH), epox-

ide ( – O – ) and carbonyl ( – C –– O(OH)). The exact structure of GO has been

disputed for a long time and many models have been proposed. In chrono-

logical order these models (as designated by the surname of the proponent)
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are the Hofman, Ruess, Scholz-Boehm, Nakajima-Matsuo, Lerf-Klinowski

and Dékány. The most widely accepted is that shown in Figure 2.3 known

as the Lerf-Klinowski model which was reported in 1998 by Lerf et al.[186]

The variation in structure which have been presented over the past 50 years

is the result of a combination of factors encompassing both chemical and

experimental origins. Chemically due to the fact that sample variability

occurs and arises from different preparations resulting in a lack of definitive

stoichiometry and amorphous nature. Experimentally this is compounded

by the difficulty in characterizing an amorphous and complex material using

techniques only capable of quasi-structural determination, which leads to

ambiguity.
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Figure 2.3: Proposed structure for GO based on the Lerf-Klinowski model.
Reproduced from Perrozzi et al.[187]

The generally accepted Lerf-Klinowski structure of GO proposes a multi-

region structure, one containing aromatic sp2 carbon and aliphatic six mem-

bered rings of sp3 carbon with the ratio of the two varying based on the

oxidation. Relating first to the basal plane of GO, by nuclear magnetic res-

onance (NMR) they confirmed the presence of hydroxyl groups as well as

epoxides—which they note are likely to be of the 1,2 variety in preference

to 1,3 due to the complex and unlikely reaction mechanism required for
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their formation. The sheet edges on the other hand, in variation to the basal

plane, contain carboxylic acids in combination with hydroxyls which fit with

Fourier Transform Infrared (FTIR) spectroscopic measurements. They also

propose that isolated alkenes are likely to be present in minimal quanti-

ties due to their ease of oxidation.[186, 188, 189] Other techniques which

have been used in conjunction with those described above to confirm the

general GO structure include: UV-vis, Raman spectroscopy, X-ray Photoelec-

tron Spectroscopy (XPS), High Resolution Transmission Electron Microscopy

(HRTEM)[190], Transmission Electron Microscopy (TEM), Scanning Electron

Microscopy (SEM), X-ray Absorption Near Edge Structure (XANES) and

chemical reactivity.[191]

The generalized structure discussed above is still under dispute, a number

of variations have been suggested which take into account a number of dif-

ferent readings and propose variations some of which are significant, for in-

stance, Oxidative Debris (OD)[192, 193, 194] and dynamic models[195, 196]

while others are less so[197]. Taking into account these variations, it cur-

rently seems most likely that in fact a combination of each may be correct.

The model proposed by Nekahi et al., which is an extension to the Lerf-

Klinowski model, taking into account the presence of phenols, lactones, ke-

tones, the clustering of oxygen containing functional groups and trapped

water molecules is certainly the most encompassing.[198, 197, 199]

2.2.5 Reduced GO

Understanding the reactivity of GO is important for its functionalization.

One of the most studied reactions relating to GO is its reduction to pro-

duce reduced GO (rGO). One reason for this focus is due to it being hoped

that rGO will be an easily scalable and cost efficient method to produce

single layer graphene. The oxidation of GO necessarily disrupts the delocal-

ized electron network by forming sp3 carbon and therefore also disrupts the
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sought after electronic properties which have potential for biological applica-

tions. Through reduction, to some degree at least, the electronic properties

of graphene can be recovered and utilized.

There are three major methods for the reduction of GO; chemical, thermal

and electrochemical. Chemical reduction can be achieved through hydrazine

and hydrazine monohydrate which can be carried out in water.[200, 201] Re-

sults from this form of reduction do not return the properties of GO to that

of graphene as shown by the Brunauer-Emmett-Teller (BET) surface area

of 466 m2 g−1 compared to the theoretical value of 2620 m2 g−1 for pure

graphene, in addition to the residual presence of oxygen in the rGO. A sec-

ond method of reduction using sodium borohydride NaBH4 produces better,

though still suboptimal results, with reduced oxygen content compared to

the hydrazine method.[202] Far less harsh reduction by alcohols has also

been shown as plausible.[203]

Thermal reduction of GO by heating to 1050 ◦C have shown to both exfo-

liate and reduce graphite oxide in a single step to produce rGO. The CO2

produced in combination with gaseous impermeability of GO causes exfoli-

ation by presure induced mechanical cleavage. Using this method BETs of

600–900 m2 g−1 have been acvhieved which represent a 2-fold improvement

on hydrazine based reduction. A disadvantage of this method is the damage

to the basal plane which is reported to occur.[204]

A two step process advantageously at much lower temperatures has also

shown good results[205] and electrochemical reduction is theoretically possi-

ble with good small scale results already shown producing oxygen contents

and conductivities surpassing all methods previously noted.[206]
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2.2.6 Functionalization

Noncovalent

Certain functionalization strategies depend on the planar aromatic basal

plane for functionalization and are therefore preferentially suited to rGO.

The recovered delocalized electron structure of rGO can be beneficial for

imaging in the NIR and loading of hydrophobic drugs, making it an inter-

esting reagent for biomaterial applications.[207]

The physisorption of hydrophobic small molecules, polymers and proteins

to rGO have all been demonstrated. Hydrophobic drugs that otherwise

would be poorly suited to intravenous or oral delivery can be combined

with rGO, the rGO acting as a carrier to transport these molecules into the

cell for improved efficacy. The variation in chemical environment, for exam-

ple the increased acidity of endosomes/lysosomes being a mechanism for

the small molecule desorption.[208]

Advantages of non-covalent methods such as these are foremost the simplic-

ity of the functionalization. Physisorption occurs primarily through π − π

stacking and van der Waals forces which are ideally formed on the basal

plane. With some exceptions the mere combination and mixing of the two

components is enough to result in attachment through this mechanism.

Example molecules for which this has been applied include 7,7,8,8-

Tetracyanoquinodimethane (TCNQ) which was first dissolved in DMSO,

combined with expanded graphite and after transfer to a basic solution sta-

bly bound to the exfoliated graphene.[209] Pyrenebutyrate was conjugate

in a ‘one-pot’ reaction which combined both the reduction of GO using hy-

drazine monohydrate and loading of pyrenebutyrate together.[210] Many

other polymers including Poly(sodium 4-styrenesulfonate) (PSS), Sulfonated

Polyaniline (SPANI) and pluronic copolymers have been loaded using a sim-

ilar ‘one-pot’ method, each with the primary goal of stabilizing the resultant
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rGO in the aqueous solvents.[211, 212, 213] Molecules with greater biological

relevance include DNA[214] and Doxorubicin (DXR). In the case of DXR it

was shown that it could be loaded at up to five times the initial solution con-

centration thanks to the strong π − π stacking and later released by varying

the pH at either extreme.[215]

Covalent

Covalent functionalisation of graphene is another possible route to func-

tional group addition. The formation of C – C bonds has been achieved

by azo addition using 2,2’-Azobisisobutyronitrile (AIBN),[216] the reaction

occurring through free radical addition at the aromatic carbon double

bonds.[217] Addition at the C –– C is equally applicable to rGO and GO how-

ever as it is dependent on the availability of sp2 carbon the yields of AIBN

addition is favorable with rGO.

The aqueous solubility (usually 2–4 mg mL−1) and reactivity afforded by the

presence of oxygen-containing functional groups arguably make GO supe-

rior to graphene and rGO for use in biological applications. As a result GO

has been widely tested in applications relating to this area of interest.[218]

Functionalization by covalent bonding to the functional groups found on

GO has been achieved through a number of different strategies and reagents.

The most commonly targeted functional groups for functionalization are the

the carboxylic acids, hydroxyls and epoxides. Given the ongoing debate

regarding GO’s structure many reaction rationales have unconsciously been

proposed using mechanisms implied the Lerf-Klinowski model of the GO.

This includes the dichotomy of epoxides and hydroxyls, generally in the

basal plane, from carboxylic acid at the sheet edges. Given the success of the

reactions presented to date, these results add some strength to the argument

that the groups predicted in the Lerf-Klinowski model are indeed abundant.
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Carboxylic acids have good reactivity towards a number of reagents but due

to their likely presence on the sheet edges are found in lower numbers than

both epoxides and hydroxl groups combined. Thionyl chloride SOCl2 has

been used in combination with non-nucleophilic solvents such as THF to

chlorinate the carboxylic acid to form an acyl chloride which is reactive to

nucleophiles such as amines ( – NH2) and hydroxyls leading to the formation

of amides and esters with good stability in a aqueous solvents.[219, 220, 221]

A second common strategy for functionalization at the carboxyl involves car-

bodiimide coupling using dicyclohexyl carbodiimide (DCC) or 1-Ethyl- 3-(3-

dimethylaminopropyl)carbodiimide (EDC) or 2-(7-aza-1H -benzotriazole-1-

yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU).[222] In each

case first the carboxylic acid is activated by N,N-Dimethylaminopyridine

(DMAP) or N-hydroxysuccinimide (NHS) followed by both the carbodi-

imide coupling reagent and nucleophile containing molecule or protein (of

choice) in a large excess forming a stable amide bond and isourea byprod-

uct. This form of coupling can be carried out in polar solvents such

as Dimethylformamide (DMF), water and N-Methyl-2-pyrrolidone (NMP)

and is therefore more suited to functionalization of biological molecules

which are stabilized and therefore retain their activity in these solvents. In

both cases the excess reagents are usually removed by solvent exchange

using desalting columns, centrifugal filtration or direct centrifugation and

resuspension.[223, 224, 52, 225]

Hydroxyl groups together with epoxides being one of the most established

functional groups on GO, are a second clear target for reactivity. In a

reversal of the carbodiimide chemistry used for carboxylic acids the hy-

droxyl groups of the GO can be utilized as the nucleophile to attack car-

boxylic acid containing molecules of interest. Examples of this include

conjugation of S-1-Dodecyl-S’-(α,α’-dimethyl-α”-acetic acid) trithiocarbonate

(DDAT).[226] Other reagents reactive to hydrocyl groups are trialkoxysilanes
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and alkyltrichlorosilanes whose linking is generally carried out in ethanol

and other alcoholic solvents.[227, 228] A final example of a unique function-

alization has been carried out using N,N-Dimethylacetamide dimethyl ac-

etal (DMDA) which via Eschenmoser–Claisen ([3,3] sigmatropic) rearrange-

ment forms a C – C bond which has greater stability than either of the more

common ester and amide bonds.[229]
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Figure 2.4: Oxygen to carbon bond transposition on GO by Claisen rear-
rangement to form a C – C bond. R = N(CH3)2 for Eschenmoser-Claisen
rearrangement. Reproduced from Collins et al.[229]

Epoxides are a key route to functionalization thanks to the possibility of

one step reactivity by ring-opening with nucleophiles. The ring-opening

of epoxides by a nucleophile can be carried out in aqueous solvents and

most likely occurs through Sn2 mechanism which is typical for epoxides

in neutral or basic conditions.[230] Examples of nucleophilic attack include

using octadecylamine which improved stability in organic solvents and 1-

(3-aminopropyl)-3-methylimidazolium bromide which did the same for po-

lar solvents.[231, 232] 3-amino-propyltriethoxysilane (APTES), a common

silanization reagent due to its amine groups, enable GO to be anchored

to glass and Si substrates.[230] Other more unusual nucleophiles such as

malononitrile salt has been used which forms C – C bonds which could be

useful for very stable bond formation.[233]

In some instances achieving the final GO functionalization may require the

selective combination of methods described above carried out in succession.
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This has been demonstrated at least with the covalent functionalization of

sterically stabilizing 6-arm Poly(ethyleneglycol) (PEG) polymer in combi-

nation with non covalent hydrophobic drug loading of the Camptothecin

(CPT) analogue, SN38[54]. It is also possible to imagine the selective func-

tionalization of basal epoxides and edge carboxylic acids to obtain a material

with distinct properties which could potentially vary depending on its ori-

entation or enable controlled assembly.[234] Other complex syntheses will

require multiple additive reactions to produce a reagent with the desired

functionality.[199]

2.2.7 Toxicity

Perhaps the most important step towards the use of graphene based mate-

rials in biology is to understand their toxicity. Given the amorphous chem-

ical and physical nature of these materials the process is challenging. It

is already well known for instance that the human body can break down

and excrete molecules based on their size and shape as well as chemical

structure.[235, 236, 237, 238] In cases where the material is unable to be

excreted its accumulation often leads to destructive effects for including pro-

duction of reactive oxygen species (ROS)[239, 240, 241] and stimulating other

aberrant immune responses.[242] A good review of general nanoparticle tox-

icology has been made by Sharifi et al.[243]

Starting with the discovery and widespread interest in Carbon Nanotubes

(CNTs) (beginning in the early 1990s), the toxicity and biocompatibility of

these carbon based nanomaterials was established prior to any 2D carbon

materials.[244] Carbon nanotubes were found to have toxicity analogous to

other nanomaterials, depending both on the shape and size of the CNTs.

Other important factors in the toxicity of CNTs later unearthed included

contamination introduced in the synthesis and purification steps which dras-

tically affected their biocompatibility.[245] The main findings for this class
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of carbon based materials were that long CNT generally had greater toxi-

city than short, and particularly those of micrometer lengths compared to

nanometer lengths.[246] Surface charge incidentally being found to have a

minimal impact on the toxicity in in-vitro cell studies.[247]

Beginning with pristine graphene most studies have, to date, focused on

the culture of cells atop graphene coated substrates. In various neuron cell

types graphene has had little to no detrimental effect, causing at most small

changes in gene expression and in enhanced cell growth when compared to

polystyrene (a common cell culture plastic).[248, 249]

GO on the other hand of ∼ 100 nm in-vitro studies of toxicity showed al-

most no difference in ROS generation and cell apoptosis after 48 hours

exposure.[250] Acting as a substrate for the growth of human Mesenchy-

mal Stem Cells (hMSC), GO and rGO demonstrated biocompatibility with

GO enhancing myogenic differentiation.[251] Lim et al. showed that aer-

ated matrixes of GO nanosheets were biocompatible to MG63 cell line and

allowed cell proliferation to occur ,however, with variation in the overall

proliferation occurring over a 7 day period.[252] Similarly a comparison of

pristine graphene to GO in-vitro with Vero cells noted accumulation of pris-

tine graphene at the cell membrane leading to oxidative stress and cell death

which did not occur in the presence of GO.[253]

In-vivo assessment of GO in mice have shown similar results amongst the

multiple studies present with only small variations. At low doses of 25

mg kg−1 no toxicity was observed by Wange et al. although granulomas

and cell death occurred at 40 mg kg−1, each administered by intravenous

injection.[254] The GO sheet sizes used appeared to be on the micron scale,

although, they did not explicitly state characteristic sheets dimensions.

A study prepared by Zhange et al. carried out a more detailed study which

assessed the biodistribution of GO after administration. For GO sheets of
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10–800 nm, circulation times of ∼ 5 hours were normal. The GO was toler-

ated well at doses of 1 mg kg−1 while doses at 10 mg kg−1, over 14 days, led

to pulmonary edema and granuloma formation. The biodistribution was

heavily biased towards the lungs and showed retention there at high con-

centration after two days. The second highest accumulation occurring in the

liver and then the spleen. This biodistribution is similar to the pattern ob-

served from other carbon based nanomaterials.[255] A similar study again

corroborated the biodistribution in mice with the advantage of directly com-

pariing the effect of sheet size. It found that GO with larger sheet size (1–5

µm) preferentially accumulated in the lung while small sheet size GO (100–

500 nm) were found in highest concentrations in the liver. Concentrations

used were 1–10 mg kg−1 b.w.[256] Intraperitoneal administration of 0.5 mL

100 µg mL−1 (mice weights not provided) showed similar biodistributions

to those mentioned above and little to no significant granuloma formation

or inflammation.[257]

One interesting study has noted that the method of GO synthesis seemingly

had a dramatic affect on the toxicity. In this work Chng et al. compared

Staudenmier, Hofmann, Hummers and Tour methods of synthesis, finding

that toxicity correlated inversly with oxygen content of the GO, therefore

making the Staudenmier synthesised GO (1.17 % C/O ratio) the most toxic.

Sheet sizes were consistent at approximately 20 nm and viability was mea-

sured after 24 hrs incubation with human lung carcinoma epithelial cells at

as low as 2 µg mL−1.[258] These results also agreed with Singh et al. who

showed that the thrombogenic nature of platelets varied between GO and

rGO, the most likely cause was the higher charge distribution emanating

from oxygen containing functional groups on the surface of GO.[259]

While toxicity may not be a direct consequence of GO’s interaction with

cells, a recent publication has shown unusual ruffling of the cell membrane

and receptor shedding responses. It therefore seems likely that although GO
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based materials can be non-toxic other relevant effects may be present that

could be important in the decision of whether GO is a good candidate for

therapeutic uses.[260, 261]

Although functionalized GO has a number of potential uses, it seems more

likely that heavily functionalized GO will be the focus of biomaterial studies.

In this regard GO sheets of 10–30 nm functionalized by 6-arm PEG have

been studied for their toxicity in mice over extended periods at 20 mg kg−1

b.w. In contrast to previous studies the biodistribution appeared to favor the

spleen and liver, and toxicity was found to be minimal. Importantly it was

also corroborated that clearance was possible through both renal and fecal

routes.[262]

These studies represent the first stages in understanding GO toxicity, focus-

ing on the biodistribution and fundamental properties which define the ma-

terials toxicity. In the future research into specific interactions with cell types

that uptake GO, cellular mechanisms of clearance in organs of importance,

as well as individual toxicity of functionalized GO species will be important

for clinically relevant applications. Examples of these types of studies are

uncommon and will no doubt be the focus when clinical candidates emerge

amongst the expanse of exploratory graphene and GO research.[263, 264]

2.2.8 Biological Applications

Stability

The drug delivery and therapeutic uses of (chemically modified graphene)

CMG are another example of the wide ranging uses of these materials. One

of the first challenges to be overcome for use in biological systems is the

instability of CMG in solutions similar to bodily fluid. Within the field of

biological research these conditions are replicated through the use of phos-

phate buffered saline (PBS), cell culture medium and serum solutions, all of
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which are used extensively.

GO forms stable solutions in aqueous solvents best described as colloidal

due to their observed Tyndall effect, a results of the dispersed nanome-

ter GO sheet sizes. The stability of GO colloids in aqueous solutions

occurs through the electrostatic repulsion from negatively charged func-

tional groups (oxygen based in the case of GO) found across the basal

plane, preventing sheet stacking.[265] This behavior is well described by

Derjaguin–Landau–Verwey–Overbeek (DLVO) theory.[266] The mechanism

of instability is therefore also well predicted. In solutions of high salt con-

centration salts contribute positive ions, neutralizing the surface charge, re-

ducing electrostatic repulsion, and permitting sheet stacking which results

in flocculation and sedimentation. In a similar but larger scale setting the

adsorption of proteins onto the surface of GO by a combination of electro-

static, hydrophobic and van der Waals attraction again reduce intersheet

electrostatic repulsion and stability.

One potential method to improve the colloidal stability of GO when elec-

trostatic stability is diminished is through the addition of steric stabiliza-

tion. This is achieved by the attachment of groups with large, lengthy

chains, for instance polymers, particularly multi-arm star or dendrimers va-

rieties, which provide appreciable steric hindrance and prevent sheets from

flocculating.[267, 268] Examples of the conjugation of these polymers have

been provided by Li et al. using 6-arm PEG star[265], Kim et al. using

Poly(ethylene imine) (PEI)[269], Monica Veca et al. with Poly(vinyl alcohol)

(PVA)[270] and lastly Yin et al. by hyaluronic acid.[271] The addition of hy-

drophilic groups to the surface of GO has also been suggested as a route to

achieve better stability, for example using sulfonic acid.[272, 273]

37



2. Literature Review

Biosensing

Biosensing as a field has the goal of providing technologies that enable the

detection of biological molecules. The standards by which biosensors are

judged are their mode of detection, sensitivity of detection and reusability

(commonly coupled with ease and cost of manufacture).

GO’s theoretical advantages over some classes of biosensors are threefold.

Firstly the distinct 2D structure provides a large surface area for adsorption

of biological molecules or biosensitive modalities, secondly the production

of uniformly coated surfaces on the macroscale is simple due to the aque-

ous solubility and thirdly the inherent electronic and fluorescent properties

of GO and rGO enable detection by electrochemical or Forster Resonance

Energy Transfer (FRET) methods. Specifically in the case of electrochemical

sensing there is no requirement for the use of additional probes, in com-

bination with or by attachment to the analytes, which improves both the

preparation time and decreases complexity and cost. Together these prop-

erties have been shown to enhance sensitivity compared to devices with

functionally added sensitivity.

The characteristic fluorescence and related potential for FRET as a sensing

mode is slightly more rudimentary than probe free techniques but remains

promising. This in part due to some analytes exhibit inherent fluorescence,

in which case no additional overhead compared to probe free detection is

involved. The flexibility of both is in itself a huge advantage where multi

analyte sensors are required.

An initial example of intrinsic GO biosensing has been illustrated by Liu

et al. for the detection of glucose. In their approach GO was simply de-

posited on a platinum electrode and functionalized with the enzyme Glu-

cose Oxidase (GOx) using EDC, NHS linking previously discussed. Using

this Pt/GO-GOx electrode in an electrochemical cell measurement of the
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current for solutions of 0–30 mM glucose was made and showed a distinct

linearity up to 28 mM mm−2 (sensitivity 8 mA cm−2 M−1).[274] These re-

sults were less favorable than previously established glassy carbon electrode

(GCE), GCE/rGO(chitosan) GOx which achieved sensitivity of 0.03793 µA

cm−2 M−1 and linearity between 0.08–12 mM.[275] For reference diabetic

glucose levels are normally above 7.0 mM.[276] In this case the chitosan

used to stabilize rGO in solution and the increased sensitivity was most

likely a result of the improved electron transfer between the enzyme and

rGO. The most significant difference between these two approaches was the

use of noncovalent adsorption of GOx by Kange et al. compared to covalent

attachment used by Liu et al.

Using impedimetric detection thermally rGO has also been shown as a vi-

able biosensor for Immunoglobulin G (IgG) by noncovalent deposition of

anti-IgG onto a CMG electrode.[277] In comparisons with graphite oxide,

electrochemically reduced GO and GO were also made, however, the best

sensitivity was achieved by thermally reduced rGO. The sensitivity of this

device for IgG was measured at 0.3–7 µg mL−1. Overall this is lower than

other graphene based electrochemical sensors (0.2–320 ng mL−1) although

in those cases labels were required to provide sensing unlike the label free

approach used here.[278]

In a slightly more unusual system GO has been used as a nanocarrier to

concentrate the detection probe of a sandwhich based assay for p53. In

this capacity the large surface area to volume (and mass ratio) enabled the

clustering of anti-p53 in combination with Horse Radish Peroxidase (HRP)

to multiply the number of HRP bound per p53 antigen bound in the sand-

which assay. The increase in HPR amplifying the detection of even low

levels of phospho-p53 and enabled detection of between 0.02–2 nM with a

detection limit of 0.01 nM. This is a 10-fold improvement on conventional

sandwhich assays.[279]
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The sensing of numerous biological molecules has been achieved us-

ing graphene based materials including small molecule drugs,[280]

chemicals,[281] heavy metals,[282] fungicides and pesticides,[283] proteins

and enzymes, including DNA and nucelotides.[214] An extensive lists of GO

based biosensors can be found in Chen,[284] Bitounis[285] and Geogakilas

et al.[286]

Tissue Engineering

Tissue engineering is a subfield of Biomaterials that specifically deals with

the production of tissues such that they can be used to replace, support or

enhance damaged or destroyed tissue. For this reason engineered tissues

should have functionality at least matching the original, if not improving

upon it.[287] Given our complex knowledge of the cell types, tissues and or-

gans producing biologically similar tissues remains a complex and arduous

task particularly for regenerative medicine.

Many of the hurdles of tissue engineering revolve around the controlled

development of tissues from individual cellular precursors. Over time this

process has gradually become intrinsically linked with the environment in

which the cells are found and develop.[288] In the body all tissues develop in

the surrounding of stimuli provided by a number of chemical and mechan-

ical factors related to the extracellular matrix and the cells within it. These

factors include the presentation of ligands, the stiffness and the geometry

provided by the ECM. It is therefore the goal of tissue engineering to pro-

duce materials which either through emulation of these factors or otherwise,

can produce tissues and organs in settings which are amenable to there pro-

duction i.e. ex-vivo and yet are viable for later transplantation.[289] Given

GOs broad range of mechanical properties, reasonable record of biocompat-

ibility, functionalizability and even electronic conductivity, it has naturally

been investigated.
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ECMs in recent years they have proven to be an indispensable component

of tissue formation and are therefore a key area for biomaterial and GO

substitution.[290, 291, 292] Some candidates for ECMs have focused on hy-

drogels included those made from Poly(ethylene glycol) (PEG),[293] gelati-

nouse protein mixtures such Matrigel[294] and peptide amphiphiles.[295]

GO scaffolds have been formed in perhaps the most simple manner by self

assembly using a hydrothermal one step process whereby an aqueous so-

lution of GO was heated for 1–12 hours at 180 ◦C leading to a ECM like

structure.[296] Seeding of MG63 cells onto these simple graphene hydro-

gels (post hydration) showed biocompatibility and adhesion but suboptimal

proliferation.[252]

In a more advanced scaffold of GO-chitosan which with advantageous

porous 3D network structures, water retention, stability, enzymatic degra-

dation and negative charge led to more positive results. Osteoblasts seeded

onto these structures showed good biocompatibility and formation of cell-

cell interactions within.[297]

Foam like graphene aerogels have also been produced by various

methods.[298] Unfunctionalized structures such as these have been seeded

with Neural Stem Cells (NSC) successfully which showed differentiation

towards astrocytes and neurons. Particularly exciting among these 3D struc-

tures is their electrical conductance, and using monophasic cathodic pulses

of 20–30 µA the opening of calcium channels of graphene attached NSCs by

fluorescence microscopy has been observed.[299] These results agree well

with 2D planar growth and electrical stimulation driven neural differentia-

tion of PC-12 cells.[300]

For application in bone regeneration the mechanical properties of materials

such as Hydroxy Apetite (HA) have been a limiting factor in the production

of successful biomaterials. Combining HA with GO in a nanocomposite
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has been shown to increase the fracture toughness by 203%[301] Nanocom-

posites such as these have previously been demonstrated to exhibit no

cytotoxicity[302] and specific material dependent morphologies.[303] The

addition of polymers to GO-HA structures, such as Poly(lactic acid) (PLA),

also enhanced the workability and allowed for them to be electrospun.[304]

Much of the work concerning graphene and GO based materials for tis-

sue engineering properties are still rudimentary and the continuing de-

velopments will require research focused on adding biological motifs for

controlled differentiation and proliferation, as well as studies into the

biodegradation.[305]

Therapeutic Drug Delivery & Gene Transfection

Provided stability can be achieved the functionality which has been applied

to GO is various. It encompasses drug delivery, targeting, imaging and

phototherapy as well as combinations of each. Some of the most simple

therapeutic strategies of these has been the loading of cytotoxic drugs onto

the basal plane of GO by utilizing π − π stacking. This method has been

shown successful by Liu et al. who loaded SN38 (a DNA intercolator which

has good anti-cancer activity) onto PEG stabilized GO (GO-PEG) which they

tested on human colon cancer cell line (HCT-116). They reported cytotoxi-

city comparable to free SN38 with the advantage of good stability of the

SN38 in both PBS and serum through the carrier ability of GO-PEG.[54] Ex-

tensions to this work, for instance by the combination of multiple anti-cancer

drugs onto GO has also been attempted, although the increase in cytotoxi-

city was not drastically changed in the case of doxorubicin, camptothecin

with human breast cancer cells (MCF-7).[272] One further extension shown

by this work was the targeting of the MCF-7 cell line through the covalent

addition of folic acid (FA), however, this time with variable success due to

results only appearing significant at high GO concentrations of 20 µg mL−1.
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Other similar examples exist.[306, 307]

The combination of delivery and targeting in a single treatment has the the-

oretical potential for improved efficacy over application alone. Sun et al. for

example demonstrated the loading of DOX in combination with the cova-

lent attachment of anti-CD20 all in a single, nanometre GO (nGO) material.

The combination had a approximately 3 fold higher cytotoxicity to Raji cells

compared to non-targeted nGO.[46] They were also able to employ Near

Infrared (NIR) imaging (1100–2200 nm) to image the attachment of nGO to

target cells and showed some of the first potential of imaging of the intrinsic

NIR fluorescence of GO.

Having shown efficient drug loading, GO has been used to deliver other

bioactive proteins and molecules for instance plasmid DNA (pDNA) and

short interfering RNA (siRNA). In the case of pDNA loading a noncovalent

methodology was used, first the electrostatic attachment of cationic PEI to

GO. This was then mixed with pDNA which bound by electrostatic attrac-

tion to the PEI. The combination was then used to deliver EGFP to the hu-

man cervical cancer cell line (HeLa) cells with results that showed the trans-

fection efficiency of GO-PEI(1.2kDa) and GO-PEI(10kDa) was significantly

greater than the unsupported PEI(1.2kDa) and PEI(10kDa). GO-PEI(10kDa)

exhibited the best efficiency overall with the the unexpected advantage of

decreased toxicity compared to the equivalent 10 µg mL−1 of unbound PEI

which showed significant toxicity.[51]

Photodynamics

Graphene oxide sheets, especially those of nanometer size, absorb electro-

magnetic radiation in the Near-Infrared (NIR) region ∼700–1100 nm region

of the spectrum. These wavelengths are particularly interesting as they pen-

etrating tissue well due to their relatively uninterrupted passage though

water and haem related proteins in tissue. As a result of the NIR absorbance
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nano Graphene Oxide (NGO) sheets can therefore be used to target and de-

stroy cells using photodynamic mechanisms, a method which is particularly

suited to treating solid tumors. There are two mechanisms by which radi-

ated energy from photodynamic therapy lead to cell death: photodynamic

production of Reactive Oxygen Species (ROS) and photothermal heating.

The mechanism of photothermal heating occurs in a multistage process, after

absorbing radiation[308, 309] GO relaxes back to a ground state and releases

energy as a phonon which heats the surroundings and leads to cell death

by disruption of the membrane.[310] Cell death through this pathway can

result in both necrotic cell death or activation of the intrinsic mitochondrial

pathway[311] and apoptosis.

Photodynamic therapy which uses a photosensitiser (light sensitive

molecule), can be used to transfers the energy to oxygen species in the im-

mediate surroundings. In turn ROS such as singlet oxygen and free radicals

that are produced trigger cell death by apoptosis.[312, 313]

GO and rGO have both been demonstrated as excellent photosensitizers.

Robinson et al. used rGO (∼ 20 nm) to enact photothermal killing of brain

tumor cells (glioblastoma, U87MG) using non-covalently functionalized rGO

stabilized with amphiphilic PEGylated polymer chains and a RGD targeting

motif. The rGO heated cells in-vitro to temperatures above 51 ◦C within 1.5

minutes of irradiation at 808 nm (15.3 W cm−3), which was enough to lead to

cell death despite having minimal toxicity without the RGD targeting.[207]

An in-vivo photothermal treatment of skin melanoma (B16F1) in a SKH-1

mouse model has also shown to be very effective. Here the application of

NGO functionalized with Hyaluronic Acid (HA) was carried out by admin-

istration of NGO-HA onto the skin (topically) which was effectively taken

up by the cancerous cells due to the damaged skin barrier and leaky vascu-

lature. Application of a single 10 mins of irradiation following 30 mins of
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administration showed complete tumor death two days after treatment.[314]

Further similar examples may also be found.[315]

The photodynamic therapy of GO with the addition of a second photosen-

sitizer, Chlorin e6 (Ce6) was demonstrated by Tian et al. Ce6 loaded onto

GO improved its uptake by cells, especially through photothermal excita-

tion of GO at 808 nm and when combined with excitation at 660 nm lead

to strong cell death thanks to the Ce6 photoinduced ROS generation.[52] A

multimodal combination of GO gene delivery has also been carried out us-

ing GO’s photothermal properties to improve cell membrane permeability

by increased local temperature.[224]

Theranostics

Given the examples of multifunctionality which can be applied to CMG as

well as its intrinsic NIR absorbance, fluorescence and photothermal proper-

ties, the potential for theranostic treatments are great. One demonstration

of this potential was carried out by the successful covalent attachment of

the tumor targeting antibody CD105 as well as loading with 64Cu-NOTA

for Positron Emission Tomography (PET) imaging. Despite the prospect of

demonstrating targeting, imaging and photothermal therapy together in the

study by Hong et al., only targeting and imaging were shown.[49] A sec-

ond example of the theranostic potential of GO was achieved by Magnetic

Resonance Imaging (MRI), magnetic tumor targeting, DOX loading for tu-

mor cytotoxicity and photothermal therapy all in a single therapeutic. The

addition of magnetic properties was achieved in this case through the func-

tionalization using magnetic Iron Oxide Nanoparticles (IONP).[316] General

results and structure are highlighted in Figure 2.5.
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Figure 2.5: (A.) Schematic of GO-IONP-PEG (iron oxide nanoparticle) and
GO-IONP-PEG-DOX (DOX – Doxorubicin). Image of GO-IONP-PEG-DOX
without (left) and with a magnet in close proximity (right). Characterization
of DOX loading and release from GO-IONP-PEG-DOX. Reprinted from Ma
et al.[316]
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Cell Biology

Some materials, due to their unique properties can be used to test and under-

stand the mechanisms which underly the function of cells. Graphene and

GO have been less widely used to produce these class of materials, although

the field itself is generally smaller, giving an explanation for the reduced

number of examples.

A few examples nonetheless exist for instance Li et al. who produced

graphene barriers to constrain lipid bilayers. These surfaces contained lipid

bilayer reservoirs between 5 and 10 µm connected by channels (with widths

as little as 114 nm) to similarly sized reservoirs, allowing for diffusion of

the lipid bilayers to be studied. The advantage of using GO in this case was

the minimal edge effects thanks to the 1 atom thick ‘wall’ height which pre-

vented vertical variation in roughness and achieved minimal interaction be-

tween the lipid bilayers and the graphene. The final results obtained using

this system matched well with the theoretical predictions produced using

computational modeling.[317]

Applications such as the one presented here allow for more accurate study

of the lipid bilayer structure and function which is particularly important in

receptor dynamics, an area already established in Section 2.1.3 as important.

2.3 Nanopatterning

2.3.1 Nanolithography

Since the 1960s a number of techniques have developed to produce materi-

als and especially surfaces with precisely controlled nanoscale features.[318,

319, 320] Such micro and nanoscale features have perhaps found their most

established use in the production of transistors an essential component of

modern day computation. Two categories of lithographic techniques have
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emerged over this time: conventional and unconventional. Conventional

lithographic techniques include: photo and scanning beam lithography, and

unconventional: scanning probe, imprint, edge and self assembly lithogra-

phy. A summary of each can be found in Table 2.3.

Photolithography

The fabrication of nanoscale materials for biological purposes has generally

been achieved by the adaptation and optimization of techniques produced

and used first in other areas such as semiconductor fabrication[321] and

nanoscale imaging.[322, 323] Photolithography is one of the main techniques

still used for the production of microelectronics, it is achieved in a multistage

process which despite step number can be completed quickly and over areas

of several centimeters. In turn this produces rapid patterning and rates of

over 1010 µm2h−1 can be achieved.[324]

The process for photolithography can be summarized in 5 steps:

1. Coat a chosen substrate with a masking film.

2. Coat substrate and masking film with a photoresist.

3. Apply a mask (with given pattern) and exposure to UV light.

4. Bake and develop substrate to selectively remove photoresist.

5. Etch the masking film selectively to leave resultant nanopattern.

In the first step a masking film is applied atop a chosen inert substrate, for

instance silicon. The masking film provides the material, which by its re-

moval later produces the nanoscale features. A photoresist whose solubility

will vary after exposure to UV light is then coated on top of the masking

film by spin coating to produce an even coating.

Next a mask which is opaque to UV light (usually Chromium) is then ap-

plied above the photoresist and exposed to UV light. The mask is subse-
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Table 2.3: A summary of lithographic techniques for nanopatterning. Reproduced with modification from Gates and Garcia
et al.[325, 324]

Lithography Minimum feature (nm) Resolution (nm) Throughput (µm2/h) Pattern

Photo 37 90 1012 parallel generation, arbitrary patterns
Scanning beam 5 20 102–106/108–1012 serial writing, arbitrary patterns
Scanning probe <1 1 10−5/101–105 serial positioning of atoms, arbitrary patterns
Imprint ∼ 5 30 1010–1012 parallel formation, arbitrary patterns
Edge 8 16 – parallel, non crossing
Self-assembly >1 >1 – parallel formation, regular, repeating structures
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quently removed and the substrate which is then submitted to a process of

exposure, and development to remove the intended region of the photoresist

based on whether its solubility increased or decreased.

In the final step the etching of the masking film is carried out, in doing so

selectively removing the region left exposed by the photoresist. Etching can

take many forms for instance anisotropic, which is typical of wet, chemical

etching or isotropic for example Reactive Ion Etching (RIE) a form of plasma

etching. To produce the completed patterning the photoresist is removed by

a process known as ‘stripping’ which leaves the etched masking film atop

the substrate.[326]

The most important factor determining the resolution of photolithography

is the wavelength of UV light used to expose the photoresist. From the mid

1980s until mid 1990s UV wavelengths of 365 nm were used as the standard

for photolithography. Since then UV wavelengths today are 193 nm which

can produce feature sizes of 50 nm and lower with optical enhancements.

To produce features of less than 10 nm Extreme Ultraviolet (EUV) wave-

lengths of 13.5 nm will be needed with the drawback of far larger power

consumptions.[327]

Scanning Beam Lithography

The second conventional lithographic technique is Scanning Beam Lithog-

raphy (SBL) which in general refers to both Electron Beam Lithography

(EBL) or Focused Ion Beam (FIB) lithography. In the case of EBL an elec-

tron beam produced in the same manner to electron microscopy (a source

of electrons is focused using successive electromagnetic lenses to produce

a focused beam < 5 nm in diameter) is used to selectively alter the solubil-

ity of a electron sensitive resist material such as Poly(methylmethacrylate)

(PMMA) or Poly(dimethylsiloxane) (PDMS). After exposure to the beam the

resist can then be removed and developed ready for etching in a manner
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synonymous with photolithography described above. The clear difference

with EBL compared to photolithography is that a mask is not required and

therefore direct writing and unique patterning are possible with each use.

In some cases the use of the patterned photoresist in itself may be sufficient

for further use in which case the subsequent development, etching and strip-

ping which would otherwise be carried out is not required.

Focused ion beam (FIB) lithography was developed in the 1980s[328, 329,

330] and utilizes an accelerated beam of ions which directly pattern a sub-

strate by sputtering. The most common ions used are H+, Be2+ and Ga+. At

lower energies FIB can also deposit ions onto the surface of a substrate as a

second mode of lithography. In comparison to both photolithography and

EBL, FIB is clearly simpler thanks to its direct patterning of a substrate.[331]

Scanning Probe Lithography

Scanning Probe Lithography (SPL) are a group of techniques which rely

on a probe, either the tip of a Scanning Tunneling Microscope (STM) or

Atomic Force Microscope (AFM) cantilever, to pattern a substrate by removal

of material through scraping, positioning of material or the transfer and

deposition of new material onto a substrate.

STM has a resolution of 0.005 nm vertically and 0.02 nm horizontally[332]

and is therefore extremely sensitive and in fact capable of imaging single

atoms. This resolution also enables STM to pattern on the similar orders of

magnitude and examples of Fe atoms which were displaced and rearranged

on top of a Cu substrate are documented.[333, 334] Given the sensitivity,

SPL and STM have a low throughput on the order of 10−5 µm2 h−1 which

in comparison to 1010 obtained by NIL illustrates that the sensitivity is bal-

anced by its lack of speed.[324] In most biological contexts there is a reduced

requirement for nanopatterning methods which do not pattern large areas

however STM has found uses for high resolution biological imaging.[335]
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Utilizing AFM tips to nanopattern by ‘writing’ onto a substrate is another

area of SPL which is known as Dip Pen Lithography (DPL).[336] Here the

cantilever tip is coated with a experimentally relevant substance, such as an

alkanethiol or biological molecule and the tip traced over the surface in a

given pattern.[337, 338, 339] The line resolution of DPL using a cantilever is

as low as 40 nm although the patterning area is again small, not generally

greater than 100×100 µm for a single region with multiple regions adding

to the patterning time significantly.[61] While the name dip pen lithogra-

phy suggests the need to insert the cantilever tip into a solution (initially a

limitation of the technique) it is now common that a modified feed system

with reservoir can be used to allow for continuous patterning over an area

without dipping steps.[325]

The removal of a pre-coated material from the surface of a substrate is also

possible with SPL. In this mode the tip is placed in contact with a coated

layer which is subsequently scraped from the surface with the movement

of the tip.[340] This technique has been used for instance to remove a self

assembled monolayer of thiolated molecules from a gold surface.[341]

A final possibility for SPL techniques is the application of a voltage between

a conductive cantilever and the substrate creating a current. The current

then enables electrochemical deposition as well as chemical oxidation of

surface coated layers.[342, 343, 344, 345, 346]

Imprint Lithography (Molding and Embossing)

Imprint lithography concerns itself with the molding and embossing of a

soft substrate with a harder ‘master’ pattern. There are many forms of im-

print lithography coming under two umbrella terms of hard and soft mold-

ing. Within hard molding a hard master is used to shape a soft or liquid

substrate which is further hardened while in contact transferring the master

pattern. An example of this is Step-and-Flash Imprint Lithography (SFIL)
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where a master is used to mold a UV hardening liquid polymer, which after

irradiation, can be separated causing the pattern to be transferred. A ver-

sion of this technique (Nanoscale orthogonal biofunctionalization imprint

lithography (NOBIL)) is presented in Figure 2.6.

A variation of this is found with Nanoimprint Lithography (NIL) which

instead involves heating a polymer above its glass transition temperature

(Tg), making it moldable for embossing with a master. The polymer is then

cooled to below the Tg allowing the master to be removed and the patterning

preserved in the polymer.

Soft molding works in contrast to hard by applying a ‘soft’ liquid polymer

over a hard master. In replica molding (a soft molding technique) a liquid

polymer is poured on top of a master and allowed to harden producing an

intermediate mold. The hardened mold is then used to reproduce a ‘replica’

of the master by casting a second polymer against the intermediate mold.

Self Assembly Lithography

Self assembly is a method by which one or more components aggregate,

organizing themselves reproducibly into a larger repeating structure with-

out any further requirements. Self assembly occurs thermodynamically to

reduce the free energy of the system which occur as a result of the forces act-

ing on the individual components. The most common components which

are known to self assemble include block copolymers, nanoparticles and

proteins. The forces that drive self assembly are varied and are generally

non-covalent, for instance magnetic properties or intermolecular forces such

as hydrogen bonding.[347] Examples of self assembled structure are the

formation of Self Assembled Monolayers (SAMs) of alkanethiols on gold

substrates[348] and chains of magnetic Janus nanoparticles.[349]

There are many advantages of non-directed self assembly, it has a low cost,
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Figure 2.6: (A.) Schematic of Nanoscale Orthogonal Biofunctionalization Im-
print Lithography (NOBIL) (B.) SEM image of a nanopatterned sample at
the metal evaporation step (before lift-off). Reproduced and reprinted from
Gaubert et al.[350]
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high throughput and simple fabrication. These properties are balanced by

the limited control of patterning which is largely determined by the chemi-

cal properties of the components as opposed to willful design. The second

commonly encountered issue is defects. These are prone to occur in self as-

sembled nanopatterns due to nanoscale substrate imperfections and config-

urations which remain trapped in a non ground state energy configuration.

Although self assembly occurs spontaneously it can also be directed or

templated to provide patterning which is configurable and preferred. In

this case techniques such as photolithography may be combined with

self assembly to produce self assembly with fewer defects and enhanced

dimensionality.[351]

Block Copolymer Lithography

One of the most common components for self assembly are Block Copoly-

mers (BCP).[352] Block copolymers can come in a number of forms, the

simplest and most common being di-block copolymers, though tri-block, al-

ternating and tapered are available. Copolymer of these types will produce

varying assemblies or morphologies based on the properties of the system

in which they are found i.e. as a bulk[353, 354] or in solution.[355, 356]

For block copolymers in solution the morphologies which can be produced

include spheres, rods, bicontinuous rods, lamellar vesicles, ‘onions’, ‘ham-

burgers’ and more, in total numbering over 20. Solvent formation of mor-

phologies is complex and dependent on a number of parameters in addition

to the polymer itself, these encompass the solvent, polymer concentration,

presence of additives, pH and temperature.[357, 358] Configurations can

further be tailored by the polymer lengths to feature nanoscale dimensions

which may later be transferred to substrates by dip coating, spin coating and

roll casting.[359, 360, 361, 362] To apply the pattern to a substrate conven-

tional etching techniques such as RIE may be used to remove the polymer
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and etch the pattern.

Di-block copolymers as the simplest self assembling polymer have been stud-

ied extensively, generally in aqueous solutions. Some example copolymers

which have been widely used and studied include PS-b-PAA, PS-b-PEO, PS-

b-PVP[363] and PB-b-PEO,[364] PLA-b-PEO,[365] PBO-b-PEO.[366, 357]

Biological Applications

Lithography on the nanoscale has been adapted for biological use in areas

of biosensing, bioengineering, bioimaging and bioassaying.[367] Regarding

the conventional techniques, photolithography has yet to be used to produce

patterning of biologically relevant proteins and molecules on the nanoscale,

though microscale patterning has been shown.[368, 369, 370] From these mi-

croscale examples the majority focus on biosensing, creating surfaces that

were chemically uniform and patterned through photodeprotection of selec-

tive regions that were subsequently functionalized to produce an bioactive

surface.[369, 371]

Scanning beam lithography due to its ease at producing features at high

resolution has been used to produce nanoscale pillars which in turn can

increase the sensing capabilities of Fourier Transform Visible and IR spec-

trometry (FT-VIS-IR) by increasing the surface area for the attachment of

biological species and enhancing photonic effects.[372, 373] SAMs have also

been patterned by electron beam lithography to ablate regions which were

then backfilled with species amenable to biological functionalization, for in-

stance cysteamine, however, the patterning for this was microscale rather

than nanoscale.[374, 375] Hong et al. have produced nanoscale arrays of

as little as 50 nm feature size over 5 µm through electron beam etching

of hydrogels which were later successfully functionalized with fluorescent

markers.[376] Similar techniques and results (with some variation) have also

been shown by others.[377, 378, 379]
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FIB while having many of the same properties as EBL has been specifically

utilized due to its precise milling capabilities which are relevant to cross

section biological samples for further imaging by TEM.[380, 381]

SPL in the form of DPL has been used widely to produce biologically rel-

evant patterned surfaces which are reviewed here.[61] Some interesting ex-

amples of which include the use of DPL to produce 400×50 nm2 (lxw) rect-

angles with 16-thiohexadecanoic acid (MHA) metal ion coupling that were

used to enable individual viruses to be patterned for biorecognition and in-

fectivity studies.[382] Lee et al. have produced 6 µm arrays with < 100 nm

circles ‘painted’ by DPL of MHA on gold which they could functionalize

and use for biosensing of HIV-1 in in human blood samples.[382] Consider-

ing the conventional small areas which are usually produced by DPL, serial

writing using cantilever arrays have also been used for biological purposes

and have made it possible to pattern areas over 1 cm in tens of seconds and

with resolutions of approximately 1 µm.[383, 384]

Imprint lithography thanks to its combination of potential high resolution

and quick patterning rate (high throughput) has been used to fabricate pro-

tein arrays usable for bioligical experiments with < 100 nm features.[62]

Similar results have been achieved with two biochemical functionalities and

proof of concept 60 nm arrays of fibronectin were successfully seeded with

human umbilical vein endothelial cells (HUVEC).[350] Although multicom-

ponent patterning with NIL is difficult due to alignment, interesting re-

sults have been obtained by patterning with two separate, non conflicting

stamps on the microscale and alternatively cross hatched patterns which

conveniently overlap have been produced.[385, 386, 387, 388]
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2.3.2 Nanoparticle Arrays

Fabrication

Spherical micelles formed from di-block copolymers are particularly interest-

ing due to their ability to pattern large areas quickly and have been widely

used to produce nanoparticle arrays. In this application micelles of given

sizes are deposited onto substrates such as Si, glass or plastic and naturally

pack into hexagonal lattices (arrays) due to the hexagonal packing provid-

ing a minimum energy configuration. The micelle diameter can be used to

control the micelle density per unit area as well as the inter-micelle distance

to ∼ 10 nm, while still patterning areas of multiple centimeters to produce

large nanopatterned surfaces.

Despite their use in patterning large areas quickly and cheaply, BCL is not

indefinitely robust and the unstable nature of polymer micelles over time

in ambient conditions is a problem. To utilize the nanoscale patterning and

enhance the stability spherical micelles can be used as a template, with an

internal cargo acting as the stable patterning component.

An example of this technique is the loading of micelles with metal ions that

are then dip coated into hexagonal arrays. The polymer shell is subsequently

removed to leave the nanoparticle in a hexagonal pattern. Methods to selec-

tively remove the polymer micelle shell while and reduce the metal ions to

metallic nanoparticle have been optimized using plasma etching making the

whole procedure relatively simple.

The production of stable metallic hexagonal nanoarrays in this way has the

advantages of both nanometer resolution and feature size, large patterning

areas and rapid production particularly if carried out in bulk. The main

downside is, however, the lack of absolute pattern control. Overall these

characteristics have made nanopatterning by BCP lithography best suited

to applications which necessitate large patterning areas while tolerating a
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small proportion of defects, for example biomaterial applications.

Metallic Arrays

Nanoscale arrays of metal nanoparticles formed from BCP lithography were

initially produced in 1992.[64, 65, 66] Due to the nature of BCP lithogra-

phy these arrays can be produced with uniform particle sizes of ∼ 10–100

nm, and interparticle spacing between 20 and 100 nm based on the prop-

erties of the BCP chosen.[63] Nanoparticle arrays of gold enabled relatively

facile bio-functionalization through gold-thiol binding which has near cova-

lent bond strength.[67] In comparison to other lithographic techniques BCP

lithography has been used successfully for a number of biological studies

and through patterning glass substrates has made it especially amenable

to microscopic studies. The ability to pattern large areas has also been fa-

vorable when trying to obtain bulk characteristics of a cell population as

only large areas can accommodate the many hundreds to thousands of cells

which are needed for each experiment.[389]

Biological Applications

Arrays of nanoparticles are particularly controllable in terms of their inter-

particle spacing and biological studies have therefore focused on using this

specific characteristic. Spatz et al. have functionalized hexagonal nanoar-

rays with a multitude of ligands and through variation of the nanoparticle

spacing investigated the effect on cell behavior. Nanopatterned surfaces

functionalized with integrin ligands spaced at 58 nm had over three times

the number of adhered cells compared to similarly prepared 110 nm spaced

surfaces.[69]

Other examples include single RGDfK peptides (a peptide responsible for

cell recognition and adhesion) linked to gold nanoparticle arrays formed on

a hydrogel substrate which caused selective cell adhesion of fibroblasts com-
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pared to areas which did not contain the RGDfK peptide as shown in Figure

2.7.[70] To establish the effectiveness of BCP produced gold nanoparticle ar-

rays the direct attachment of cells to functionalized nanoparticles has also

been directly observed, confirming the effectiveness of this form of lithogra-

phy for biological study.[67]

Figure 2.7: (A.) TIRF image of Rat Embryonic Fibroblasts (REF) cells express-
ing GFP-integrin β3 (B–D.) SEM images of REF in contact with 108 nm RGD
nanopatterns. Reprinted from Cavalcanti-Adam et al.[70]

With the success of adhesion based nanoparticle array studies other ligands

have been successfully conjugated and comparisons made between nanoar-

rays of various spacings. Tumor Necrosis Factor (TNF) which stimulates con-

trolled cell apoptosis was presented as a ligand on a spatially organized gold

nanoparticle surface. In a TNF receptor positive cell line, ligands spaced be-

tween 58 nm and 200 nm were capable of causing apoptosis whereas if the

TNF spacing was greater than 200 nm almost no apoptosis was observed. In

the case of these findings it was proposed that TNF receptors may be found

in small domains of approximately 200 nm[60].
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More recently, using hexagonal gold nanoparticle arrays with spacings be-

tween ∼ 20 and 100 nm have been employed to study immune cells. These

arrays have then been used to assay T cell activation through the TCR using

the same ligand at different spacings yielding results that suggesting T cells

are only activated if the ligand spacing is less than 70 nm.[68, 37]

More advanced substrates combining BCP nanolithography and

hydrogels,[390] binary patterning of different nanoparticles[391] and

micropatterning combined with nanopatterning[392] have each been

achieved giving greater flexibility for biological applications.

It can therefore be argued that biological studies utilizing BCP lithography

and nanoparticle arrays are powerful techniques for advancing our under-

standing of cell biology. The current uses of nanoparticle arrays has for in-

stance contributed to the specific hypothesis that the nanoscale spacing and

or density of ligands is broadly relevant and important to cellular signaling

and hence function.

2.4 Superresolution Microscopy

2.4.1 Overview

Optical light microscopes using compound lenses have been used since the

17th century to observe the details of biological specimens that were oth-

erwise indiscernible by the human eye. With subsequent developments

in optics that provided higher Numerical Apertures (NA), magnifications

and improved engineering, microscopes continued to provide greater res-

olution. Using the highest magnification lenses and largest NA, sample

features which are < 250 nm in air and < 200 nm with oil objectives (thanks

to the smaller difference in refractive index between the oil and the lens)

nonetheless remained unobservable.
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The upper limit of conventional light microscopy is defined by the diffrac-

tion of the light used to illuminate and observe the sample, a result of the

lights wavelength, which leads to optical micrscoscopes being known as

diffraction limited. The effect of diffraction limited microscopy is the blur-

ring of features, which at spacings of ∼ 250 nm hinder the resolution of

any two objects separated by less than this distance. This inherent limit is

defined by the Abbe resolution shown in Equation 2.1 and relates the wave-

length of light, the NA with the resolution, and was understood as far back

as 1873.[393, 394]

d =
λ

2NA
(2.1)

Where d is the resolvable feature size, λ the wavelength of light and NA the

numerical aperture of the length. For optical microscopes λ ∼ 550 nm and

the maximum NA possible with oil objectives is ∼ 1.5, giving the equivalent

resolution of ∼ 200 nm.

This level of resolving power is sufficient to observe cells, their nuclei

and some structures such as filopodia but was not great enough to im-

age subcellular structures less than 200 nm in size. Despite the inherent

resolution limit, another restriction was the primary cause of subcellular

structures from being determined by optical microscopy—the lack of visi-

ble contrast between structures and the background. To enhance contrast

dyes which provided selective subcellular staining were used, the first of

which being carmine in 1858.[395] Other dyes with various staining prefer-

ences continued to be discovered, important examples are: haematoxylin

and eosin in 1896 which stains the nucleus purple and cytosol pink,[396]

eosin in combination with methylene blue and Azure B (Giemsa stain) in

1904 which stained parasites such as malaria, and provided enough con-

trast for histopathological diagnosis.[397] and the Feulgin stain in 1924
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which stains chromosomal material red.[398] Later other microscopic devel-

opments which enhanced contrast such as phase contrast (1935) and polar-

ization microscopy (1939) would also be developed to great success within

the field of Cell Biology.[399, 400]

Rather than discerning objects by the scattered, reflected and absorbed

light from illuminated objects the next great development in microscopy—

fluorescence microscopy—offered the potential for even greater contrast be-

tween objects within the cell. Fluorescent dyes had been known since 1871

with fluoresceine, and theoretically could provide contrast between a huge

number of components by their individual excitation.[401] In 1911 the first

fluorescence microscope was used by Heimstädt, however, it was made diffi-

cult by the major challenge of collecting only emitted fluorescent light[402]

It was not until 1929 with Ellinger and Hirt’s development of epifluorescent

microscopy which filtered the excitation light (to select for the optimal excita-

tion wavelength) and gave contrast by blocking subsequent excitation light

using a filter just before the ocular, that fluorescence microscopy became

useful.[403]

In 1941 Coons et al. demonstrated the first effective use of fluorescence mi-

croscopy in a biological context using anthracene isothiocyanate, with the

caveat that autofluorescence of tissues at similar wavelengths led again to

poor contrast.[404] In 1942 then fluorescein-iso-cyanate was used as a flu-

orochrome for labeled antibodies to selectively stain Pneumococcus strain 3,

this time with excellent results.[405] The staining of structures with labeled

antibodies is now referred to as immunostaining and has become an indis-

pensable technique in cell biology especially as antigens related to cell struc-

tures and specific proteins have been targeted with relative ease. Combined

with dichroic mirrors (taking place in the year 1967) which reflect narrow

wavelength bands while transmitting all other, immunostaining fluorescence

microscopy was greatly enhanced by allowing the emission of fluorescent
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light to be split, so that detection of multiple fluorochromes (and therefore

cell structures/proteins) could be imaged together.[406] The combination of

fluorescent microscopy—to enable contrast, and immunostaining—to label

almost any structure within the cell, were arguably two of the most impor-

tant developments for microscopic study of cellular biology.

Following the body of work which was achieved as a result of these

advancements the focus again returned to improving the resolution of

immunostained structures within the cell. Laser Scanning Confocal Mi-

croscopy (LSCM) in 1961/87 improved greatly the Z-axial resolution by

eliminating out of focus light using a pinhole between the objective and the

detector.[407, 408, 409] Fluorescence imaging of even thick samples which

would otherwise be be flooded with light from the bulk sample was thanks

to this development made possible. Total Internal Reflection Fluorescence

(TIRF) in 1981 would improve the Z-axial resolution further still to 100 nm,

with the caveat of only imaging a cell’s structure within the same 100 nm

of the glass coverslip they were required to be in contact with.[410] The in-

vention of TIRF would later also be a crucial stage in enabling the XY-axial

resolution to be pushed beyond the diffraction limit.[411]

2.4.2 Superresolution Techniques

It was only after the long list of developments described above that the first

superresolution (resolutions beyond the diffraction limit of light) microscopy

techniques would be achieved. To date, there are a multitude of methods

used to ‘break’ this diffraction limit, each using a different fundamental prin-

ciple to obtain resolutions below ∼ 200 nm. The techniques proven by time

and commercial success are Stimulated Emission Depletion (STED),[412]

structured illumination (SIM),[413] and single molecule localization meth-

ods, which include Photoactivated Localisation Microscopy (PALM)[32] and

Stochastic Optical Reconstruction Microscopy (STORM).[414] An overview
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Table 2.4: A list of the superresolution microscopic technologies, their resolutions, benefits and drawbacks.

Technique X,Y-resolution (nm) Z-resolution (nm) Benefits Drawbacks

STED 35 550 multifluorochrome (3), no
post-processing, tissue and
in-vivo

high axial resolution, photo-
bleaching

SIM 100 (SSIM ∼ 50) 300 multifluorochrome (4), large
field of view

post-processing, artefacts

PALM 2–25 50 multifluorochrome (3–6), sin-
gle molecule counting

dim, post-processing

STORM 20 50 multifluorochrome (3–6),
bright

post-processing

(All values are approximate and depend on a combination of factors.[73])
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of each technique is shown in Table 2.4.

Stimulated Emission Depletion Microscopy

Current confocal fluorescent microscopes excite only a small region of the

sample using a focused laser which scans laterally across the sample to pro-

duce a 2D image. The excitation beam, as before, is diffraction limited and

can represented by a point spread function which describes the shape and

intensity of the beam in both lateral and axial directions. In diffraction lim-

ited systems the PSF has the form of a disc (Airy disc[393]) with a width

equal to the resolution limit i.e. ∼ 200 nm. Given that the excitation beam

is diffraction limited, the fluorochrome fluorescence emission is similarly

restricted.

Stimulated Emission Depletion Microscopy (STED) as a superresolution

technique works by decreasing the size of the point spread function (PSF)

produced by a conventional laser scanning confocal microscopes (LSCM).

To achieve this result a second ‘STED’ beam, shaped to resemble a ring is

aligned around the excitation beam, overlapping with it and leaving only

a ∼ 35 nm hole in the center which is illuminated by the excitation beam.

STED beams are chosen with the correct wavelength to cause stimulated

emission from the fluorochromes which were otherwise excited by the ex-

citation beam, preventing their relaxation by fluorescent emission. Instead

in the process of stimulated emission the excited state emits a photon at

the same wavelength as the STED wavelength, which can be separated from

fluorescent emission.[415]

Through this mechanism fluorochromes stimulated by the excitation beam

and STED beam will not fluoresce while the central region of the excitation

beam with no STED overlap still result in fluorochrome fluorescent emission.

The best possible resolution of STED is currently ∼ 35 nm and images ob-

tained require no post-processing. Difficulties that arise using STED often
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include the accurately alignment of the STED and excitation beams, as well

as the high power required to achieve effective stimulated emission which

rapidly and permanently bleach most fluorochromes.[415]

Structured Illumination Microscopy

Structured Illumination Microscopy (SIM) uses a drastically different

method to bypass the diffraction limit; a sample is first illuminated by a

grid like pattern rather than a single beam (as is common for LSCM) and

the image captured by a sensor. The grid like illumination is then rotated

about a central point, and subsequent diffraction limited images are cap-

tured sequentially, in the first published use for example 12. The collection

of images when overlaid form a moiré effect due to the overlapping grid

illumination and at the fringes of this moiré effect information about the

structure can be computationally restored giving a final apparent resolution

2-fold greater than the original i.e. a final resolution of 100 nm. SIM to its ad-

vantage requires no additional lasers or complex fluorochrome choice, it can

also be used with wide field microscopes producing high resolution images

of large areas. Drawbacks include the need for post-processing which must

be applied to obtain the superresolved image. Errors in image acquisition or

sample preparation can also be problematic and lead to artifacts in the final

image.[416]

Single Molecule Localization

PALM and STORM microscopy are Single Molecule Localization Microscopy

(SMLM) techniques which share the same underlying principle to localize

fluorochromes (and therefore generate an image) but differ in the experi-

mental procedures used to produce fluorescent signal. SML microscopies

excite fluorochromes similar to other fluorescence microscopies and detect

their fluorescence in a diffraction limited image. As long as the diffrac-
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tion limited PSF (∼ 250 nm) of a single fluorochrome has no overlap with

another fluorochrome its position can be accurately determined by compu-

tational fitting the PSF to determine the highest intensity region where the

fluorochrome is located. The result of this procedure is a reduction in the

apparent resolution from 250 nm to ∼ 20 nm, as shown in Figure 2.8 (A.).

The experimental challenge of SMLM is in exciting only a small proportion

of fluorochrome at any one time so that their fluorescence emission does

not overlap which would otherwise prevent a single PSF from being local-

ized accurately. To prevent fluorochrome overlap conditions which promote

stochastic fluorescence emission are chosen, where fluorochromes cycle be-

tween ‘bright’ and ‘dark’ states making them appear to blink (Figure 2.8

(B.)). Assuming a small proportion of the total fluorochromes are ‘bright’ at

any one time and the fluorescence, when it does occur, is stochastic, there

is a comparatively low likelihood of two fluorochromes next to each other

fluorescing at the same time. Of course to produce an image from individ-

ual localized points a huge collection of images must be obtained over a

given time period, subsequently localized by post-processing, and then later

combined.[417] An example of this process is shown in Figure 2.8.

2.4.3 PALM and STORM

The methods used to cause stochastic fluorochrome emission vary between

SMLM techniques and define their naming. PALM uses endogenously ex-

pressed fluorescent proteins such as Photoactivatable Green Fluorescent Pro-

tein (PA-GFP), Eos Fluorescent Protein (EosFP) and Kaede, Kikume Green-

Red (KikGR) which have the properties that they photoswitch intrinsically

by a number of mechanisms (photoactivated from a nonfluorescent state,

photoswitched from one spectral state to another and reversible photo-

switching between dark and bright states or between two bright states) giv-

ing stochastic emission. For PALM each endogenous fluorescent protein has
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B.

Figure 2.8: (A.) Principle of point spread function localization and image
reconstruction from combined frames. (B.) Mechanisms of stochastic transi-
tion from bright to darks states by photoswitching and non-photoswitching.
Reproduced from Dempsey et al.[418]

differing properties, requiring optimized excitation wavelengths and beam

power to achieve blinking. The nature of stochastic blinking of fluorescent

proteins varies little and for many proteins only a single or few cycles occur

before bleaching.[419]

The other popular SML technique, STORM instead uses immunostaining

with conventional small molecule fluorochromes attached and combined

with conventional immunostaining to label structures. Stochastic blinking

is induced by a number of methods depending on the fluorochrome. In

the simplest instance continuous excitation at a given wavelength alone can

result in stochastic photoswitching, for instance with Alexa Fluor 647. In

other instances fluorochromes may transition from bright to dark states due

to the influence of the chemical solvent in which they are found. This effect

can be caused by primary thiols and hence β-Mercaptoethanol (βME) and

69



2. Literature Review

2-Mercaptoethylamine (2-MEA) are often used in superresolution imaging

buffers. Dempsey et al. have evaluated a number of fluorochromes for their

stochastic properties.[418]

Limitations

In general, for both PALM and STORM, a clear limitations is that acquisition

times needed to collect the huge number frames (thousands–millions) so

that each fluorochrome can be individually localized and later combined

to reconstruct the superresolved image, this makes these methods difficult

for anything but fixed samples. Up until very recently to obtain accurate

PSFs with minimal overlap and low bulk/background excitation TIRF was

the only imaging method available, bringing with it its inherent limitation

of imaging at the cell-glass interface. Light sheet excitation (a thin beam of

light shone laterally through a sample) is currently under development as a

method to excite fluorochromes in a thin slice (thin axial region) selectively.

This would eliminate the need for TIRF, allowing SMLM to image deep

within the cell and also be used for 3D imaging.

The collection of large numbers of images requires some computationally

demanding analysis to localize each point and given the variation in al-

gorithms used to carry out the localization process, superresolved images

produced from identical data can differ with different algorithms. This is a

particularly important consideration if quantitative data is required from a

SMLM, for instance fluorochrome counting.

Due to the single photoswitching cycles of some fluorescent proteins be-

fore bleaching, PALM can theoretically be used to carry out single molecule

counting. As a result of the single transition the number of localizations

is, however, low and images can contain less detail especially if the protein

expression is not extremely high which at times can be difficult to achieve.

STORM on the other hand, due to the greater switching cycles, which are
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commonly at least 1 order of magnitude greater than fluorescent proteins

therefore produce far more localizations in a given acquisition time. Local-

izations can also be enhanced by increasing the fluorochrome labeling of an

antibody. Examples of all superresolution imaging modalities can be seen

in Figure 2.9.

Figure 2.9: (A–E.) Comparison images of superresolution techniques us-
ing immunofluorescence labeled microtubules in Drosophila macrophages.
WF – Widefield, WFD – Widefield and Deconvolution, 3D-SIM – 3D Struc-
tured Illumination Microscopy, STED – Stimulated Emission Depletion Mi-
croscopy and SMLM – Single Molecule Localization Microscopy, here using
Stochastic Optical Reconstruction Microscopy (STORM). (F.) The relative res-
olutions of each technique has been measured by comparison of the line
scans from single microtubules. Reprinted from Demmerle et al.[420]
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Biological Applications

Superresolution microscopic techniques were produced with the hope of un-

covering the nanoscale workings of the cell by observing them directly. To

date they have been used to produce insights into a number of biological

structures and processes for instance Betzig and Schroff et al. utilized two

color PALM to show that adhesion complexes formed from pairs of proteins

are a part of a more complex interlocking protein nano-aggregate. This

observation was impossible to make by confocal microscopy.[421] STORM

has been applied to image the synapses between neurons and their target

cells in the brain, showing that there is a large degree of variation in neu-

rotransmitter receptor composition and distribution between synapses. It

has also revealed the highly orientated organization of presynaptic scaffold-

ing proteins.[422] Using live cell STORM, hippocampal neuron were imaged

showing dynamics of the membrane, mitochondria and endoplasmic retic-

ulum (ER).[423] Together these applications make up only a small collec-

tion of the total biological investigations carried out using superresolution

techniques.[424]

Material Characterization

Superresolutions techniques have generally been applied to biological sys-

tems, however, they are applicable to a number of imaging applications

which would benefit from the extremely high resolution. Ullal et al. in 2009

used STED to image the morphology of poly(styrene-block-2-vinylpyridine)

block copolymers which self assembled into numerous structures includ-

ing mesoporous, lamellar and helicoidal screw dislocations.[425] Similarly

phase separation in a poly(styrene-block-ethylene oxide) diblock copolymer

thin film has been imaged using PALM.[426] Gustafsson in his exemplary

publication of SIM in fact images 50 nm polystyrene beads which although

not the focus of the paper give another example of superresolution micro-
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scopies potential in non-biological applications.[413]

In the realm of nanoparticle nanoarrays Lohumeller et al.[427] briefly used

PALM to image ephrin-mEos-His10 attached to the gold nanoparticles. They

demonstrated the ephrin-mEos-His10 localizations were spaced similarly to

the nanoparticle arrays interparticle spacing by calculating the radial distri-

bution function.
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Chapter 3

Synthesis of Graphene Oxide Antibody

Nanoclusters

3.1 Scope

In this chapter Nanoscale Graphene Oxide (NGO) sheets have been used

as a framework for the tethering, and hence clustering, of Monoclonal An-

tibodies (mAbs), which are used as ligands to form supramolecular species

(NGO-mAb). NGO sheet sizes of between ∼ 50–300 nm have been created

forming clusters of comparable size to the the receptor nanoclusters found

on primary (human) NK (pNK) cells.[18, 19]

A bottom up approach for the synthesis has been used, beginning with cova-

lent conjugation of 8-arm Poly(ethylene glycol)-amine (PEG(8)) to provide

NGO sheet stability in physiologically relevant salt solutions. The addition

of PEG also adds functional groups for the attachment of the mAbs, which

were conjugated using a biotin-streptavidin linking methodology.[428] Anti-

human CD16 (α-hCD16) and an isotype control antibody—anti-mouse IgG1

(α-mIgG1), were seperately conjugated to NGO forming two supramolecular

species—NGO-α-hCD16 and NGO-α-mIgG1. A schematic of the contrived

structure for these is illustrated in Figure 3.1.

The measurement of both the NGO-mAb conjugation efficiency in combina-
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tion with the NGO sheet size distribution was used to calculate the ratio of

antibodies to NGO sheets (NGO:mAbs) in each NGO-mAb species. The re-

sults of this showed that between 70–200 mAbs were covalently tethered to

NGO sheets of between 70 and 170 nm in diameter creating ligand densities

mimetic to receptor nanoclusters.
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= (OCH2CH2)n

~ 50–300 nm
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Figure 3.1: Schematic illustration of NGO-mAb nanoclusters showing key
features of the structure including: NGO sheet framework, 8-arm star PEG
for steric stability, biotin-streptavidin conjugation and conjugated mAbs.
Not to scale.

3.2 Methods

3.2.1 NGO Stabilization with Poly(ethylene glycol)

7.5 mL graphene oxide (GO) aqueous suspension (2-DTech) was diluted

with 7.5 mL ultrapure water (Milli-Q, 18.2 MΩ cm) to give a final con-

centration of ∼ 1 mg/mL. The solution was then bath ultrasonicated for

1 hr. 1.80 g NaOH and 1.50 g chloroacetic acid were added to the GO

suspension and bath sonicated for a further 4 hrs. The resulting nano

GO-COOH (NGO-COOH) solution was purified by repeated rinsing with
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ultrapure water and centrifugal filtrations using a 100 kDa MWCO filter

(Amicon Ultra, Millipore). A final pH ∼ 7 was achieved using 1M HCl

or H2SO4. 0.30 g (20 mg/mL) 8-arm poly(ethylene glycol)-amine (8-arm

PEG-amine 40,000 MW, Creative PEGWorks) was added to the NGO-COOH

suspension and the mixture sonicated for 5 min after which 0.0225 g (8

mmol/L) N-(3-Dimethylaminopropyl-N’-ethylcarbodiimide) hydrochloride

(EDC, Sigma-Aldrich) was added in two parts, and the mixture left to react

overnight with constant agitation. 30 µL (40 mmol/L) 2-mercaptoethanol

(Invitrogen) was then used to quench any unreacted EDC giving unpurified

nano GO-PEG (NGO-PEG). Unreacted EDC and 8-arm PEG-amine were re-

moved by repeated rinsing and centrifugal filtrations as above. Solvent ex-

change from water to Dulbecco’s Phosphate Buffered Saline with MgCl2 and

CaCl2 (PBS, pH 6.9–7.1, Sigma-Aldrich) was then carried out by repeated

rinsing with PBS with MgCl2 and CaCl2 and centrifugal filtration. Large

unstable aggregates were removed by centrifugation 10,000 g, 30 mins, dis-

carding the pellet to yield NGO-PEG(8). NGO-PEG(4) was produced in the

same manner except using 4-arm poly(ethylene glycol)-amine (4-arm PEG-

amine 20,000 Mn, Sigma-Aldrich).

Batch 2 of NGO-PEG was produced using the same method as above except

for an additional, final centrifugation at 16,000 g for 4 hrs, discarding the

pellet to yield the final stable NGO-PEG.

3.2.2 Labeling and Biotinylation of Antibodies

Anti-human CD16 (clone 3G8 Ultra-LEAF, Biolegend or BD Biosciences)

and mouse IgG1 κ-isotype (clone MOPC-21 Ultra-LEAF, Biolegend BD Bio-

sciences) were concentrated to 5 mg/mL by centrifugal concentration us-

ing a 10 kDa MWCO filter (Amicon Ultra, Millipore). 100 µL, 5 mg/mL

anti-human CD16 or anti-mouse IgG1 was reacted with 1.5 µL, 10 mg/mL

Alexa Fluor 546 NHS ester (final concentration 0.148 mg/mL, Thermo Fisher
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Scientific) for 1.5 hrs at RTP. Unreacted Alexa Fluor 546 NHS ester was re-

moved by repeated rinsing and centrifugal filtration at 8000 g using a 10

kDa MWCO filter yielding anti-human CD16-AF546 and anti-mouse IgG1-

AF546.

80 µL, 4 mg/mL anti-human CD16-AF546 or anti-mouse IgG1-AF546 were

reacted with 2.1 µL, 20 mmol/L NHS-PEG4-biotin (final concentration 0.512

mmol/L, EZ-LinkTM NHS-PEG4-Biotin, No-WeighTM, Thermo Fisher Sci-

entific) dissolved in PBS with MgCl2 and CaCl2 and left for 30 mins

at RTP. Unreacted NHS-PEG4-biotin was removed by repeated rinsing

and centrifugal filtration at 8000 g using a 10 kDa MWCO filter giving

anti-human CD16(biotin)AF546 (α-hCD16-(biotin)AF546) and anti-mouse

IgG1(biotin)AF546 (α-mIgG1-(biotin)AF546).

3.2.3 NGO-Streptavidin Synthesis

100 µL, ∼ 0.7 mg/mL NGO-PEG(8) was reacted with 9 µL, 20 mmol/L NHS-

PEG4-biotin (EZ-LinkTM NHS-PEG4-Biotin, No-WeighTM, Thermo Fisher Sci-

entific) dissolved in PBS with MgCl2 and CaCl2 and allowed to react for 1

hr at RTP. Excess NHS-PEG4-biotin was removed by repeated rinsing and

centrifugal filtration at 8000 g using a 10 kDa MWCO filter (Amicon Ultra,

Millipore) yielding NGO-biotin.

200 µL, 0.6 mg/mL (A700 = 0.2) NGO-biotin in PBS with MgCl2 and CaCl2

was then mixed with 144 µL, 5 mg/mL streptavidin with thorough mix-

ing. Excess streptavidin was removed by repeated rinses and centrifugal

filtration 6000 g, 100 kDa MWCO (Amicon Ultra, Millipore) yielding NGO-

streptavidin.

Batch 2 was produced using the same principle except for 4 mL, 0.006

mg/mL NGO-biotin in PBS with MgCl2 and CaCl2 was added dropwise

to 8 mL, 1 mg/mL streptavidin (Thermo Fisher Scientific) with constant stir-
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ring and left to react for 2 hrs at RTP. Excess streptavidin was removed by

repeated rinses and centrifugal filtration 6000 g, 100 kDa MWCO yielding

NGO-streptavidin.

3.2.4 Antibody Conjugation to NGO-Streptavidin

17 µL, 1.5 mg/mL anti-CD16-AF546-biotin or anti-mouse IgG1-AF546-biotin

κ-isotype (final concentration = 0.418 mg/mL) was added to 44 µL, (A700 =

0.128) 0.4 mg/mL GO-streptavidin and allowed to react overnight at 4 ◦C.

The final product NGO-α-hCD16 and NGO-α-mIgG1 were then separated

into fractions by successive centrifugation at 10000 g for 5 mins. The super-

natants were removed and then re-spun with the pellet resuspended in 10

µL PBS with MgCl2 and CaCl2. This was repeated a further 2 times yielding

NGO-mAb samples labeled NGO-mAb fraction 1-4 (fraction 4 in this case

was the final stable NGO-mAb supernatant).

In Batch 2, 450 µL, 0.008 mg/mL NGO-streptavidin in PBS with MgCl2 and

CaCl2 was added dropwise to 50 µL, 4 mg/mL anti-CD16-AF546-biotin or

anti-mouse IgG1-AF546-biotin (final concentration = 0.4 mg/mL) with con-

stant stirring and then allowed to react overnight at 4 ◦C.

3.2.5 Infrared & Ultraviolet-Visible Spectroscopy

Absorbance IR spectra of freeze dried NGO-PEG were obtained on a

PerkinElmer Spectrum 100 Series FT-IR after background subtraction with

a 10 scans average. Absorbance measurements of the UV-vis spectra were

carried out using a Nanodrop 2000 UV/Vis Spectrophotometer. NGO, NGO-

PEG and protein/antibody solutions were measured using a 1 mm path-

length with automatic background subtraction using the appropriate sol-

vent.
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3.2.6 Stability of NGO-PEG in Salt Solutions

1 M NaCl was produced by dissolving 1.461 g NaCl in 25 mL ultrapure wa-

ter (Milli-Q, 18.2 MΩ cm). Serial dilution with ultrapure water of the stock 1

mol/L solution was carried out to produce solutions of concentration 1, 0.5,

0.3, 0.15, 0.1 and 0.05 mol/L. 450 µL of each NaCl solution was then taken

and 50 µL of either GO, NGO-PEG (4-arm) or NGO-PEG (8-arm) (NGO-

PEG(4) and NGO-PEG(8)) were added and mixed thoroughly. Images were

taken immediately after mixing and 48 hrs later for comparison.

3.2.7 Atomic Force Microscopy

Atomic Force Microscopy (AFM) measurements were made on a Bruker In-

nova microscope in tapping mode using aluminium-coated silicon probes

tips (NCHV-A, Bruker Nano). Samples were prepared by depositing a

droplet onto a silicon wafer substrate followed by drying in air.

3.2.8 Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) was carried out on a Mettler Toledo

TGA-DSC1 using sample masses of ∼ 1 mg. Experiments were carried out

in an N2 atmosphere introduced at 50 mL/min using a temperature range

of 100–800 ◦C and using a heating rate of 10 ◦C/min. The percentage of

PEG(8) grafted to NGO-COOH was calculated by accounting for complete

decomposition of PEG(8) on NGO-PEG between 300 and 440 ◦C.

3.2.9 NGO-mAb Conjugation Confirmation

For Batch 1, 8 µL NGO-α-mIgG1 and NGO-α-hCD16 were centrifuged at

16,500 g for 5 hrs to fully pellet the NGO-mAb. The resultant supernatant

was carefully removed and measured by UV-vis spectroscopy to check for
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absorbance at 556 nm related to unbound anti-human CD16-AF546-biotin

and anti-mouse IgG1-AF546-biotin.

For Batch 2, the resultant NGO-α-hCD16 and NGO-α-mIgG1 were purified

by repeated centrifugation 16,000 g, 6 hrs and washes with 200 µL PBS with

MgCl2 and CaCl2 with a final resuspension in 5 µL PBS with MgCl2 and

CaCl2. The supernatant from the final wash step was measured by UV-vis

spectroscopy to check for absorbance at 556 nm related to unbound anti-

human CD16-AF546-biotin and anti-mouse IgG1-AF546-biotin.

3.2.10 Biotinylation Quantification

Biotinylation levels of antibodies were measured using the PierceTM Biotin

Quantification Kit using the provided instructions. HABA-avidin premix

was dissolved in 100 µL ultrapure water (Milli-Q, 18.2 MΩ cm). 160 µL

PBS was added to each well of a 96 well plate (Corning). 20 µL of the

HABA-avidin solution was added to each well and thoroughly mixed. The

absorbance at 470 nm was then measured. 470 nm was chosen in preference

to the recommended 500 nm to minimize the absorbance associated with

the Alexa Fluor 546 labeled antibodies. 20 µL of sample or positive control

(HRP) was then added to the HABA-avidin solution, mixed thoroughly and

allowed to equilibrate for 5 minutes. The absorbance was then remeasured

at 470 nm. Each absorbance measurement was read using a VersaMaxTM

ELISA microplate reader and repeated three times with an average taken.

The equation used to calculate the biotin:mAb ratio here shown in Equation

3.1.

biotin:mAb = (∆A470/(ε470×path length))×mAb dilution
mAb conc (mol/L) (3.1)

Where, HABA/avidin ε470 (M−1 cm−1) ≈ 20500, the path length (cm) = 0.5

and the protein dilution = 200/20 = 10.
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To determine the biotinylation of NGO-biotin and account for the ab-

sorbance of graphene at 500 nm a control absorbance measurement of NGO-

PEG at equal concentration (as measured by their absorbance at 700 nm

using Uv-vis) was taken and subtracted from the absorbance of the NGO-

biotin.

3.3 Results and Discussion

3.3.1 Stabilization

3.3.2 PEGylation

Unfunctionalized NGO is unstable in solutions with salt concentrations rel-

evant to biological study as illustrated in Figure 3.3. The stability of NGO is,

however, well established in water with low salt concentrations due to the

electrostatic repulsion of negatively charged functional groups, including

epoxides, hydroxyl and carbonyls, which prevent flocculation. In solutions

of high salt concentration, charge shielding occurs, reducing the repulsive

forces and resulting in sheet stacking parallel to the basal plane. Such stack-

ing over time results in the colloidal instability which reduces the potential

uses of unfunctionalized NGO.

The addition therefore, of sterically hindering groups on the basal plane of

NGO sheets is a common method to prevent instability even at high salt

concentration. Steric hindrance was applied here by the covalent conjuga-

tion of an 8-arm poly(ethylene glycol)-amine star (40 kDa) polymer using a

previously established method with modifications[46]. The first step in this

synthesis was the conversion of hydroxyl groups to carbonyl groups in a

Williamson ether synthesis by the reaction with chloroacetic acid under ba-

sic conditions. The carbonyl groups in this case were used as linking points

for the attachment of the amine terminated PEG chains by EDC coupled
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amide formation.

The initial conversion of hydroxyl groups of NGO to carbonyl groups and

the intermediate product, termed NGO-COOH, was confirmed by FTIR spec-

troscopy, shown in Figure 3.4. Freeze dried samples of the initial NGO start-

ing material showing weak C –– O absorption at 1725 cm−1 which shifted to

a relatively strong absorption at 1591 cm−1 most likely low as it was the

salt, in addition to a marked decrease in the C – O stretch intensity at 1063

cm−1 indicating a decrease in alcohol functional groups. After EDC cou-

pling of the PEG the FTIR showed the emergence of a C –– O stretch at 1638

cm−1 expected of amide bond formation, C – H stetch at 2870 cm−1 due to

the ethylene backbone and finally the reappearance of a strong C – O at 1090

cm−1 due to the ether groups present in PEG.

2870
C-H

1638
C=O

(amide)

1591
C=O

1725
C=O

1624
C=C

O-H/N-H

1090
C-O

1423
C-H

1064
C-O

Figure 3.2: Confirmation and characterization of the PEGylation of NGO.
FTIR spectra of NGO, NGO-COOH intermediate and NGO-PEG. Charac-
teristic absorptions associated with C –– O (amide), C – H (alkane) and C – O
ether appearing between NGO and NGO-PEG.
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3.3.3 Salt Stability Testing

The simple conjugation of any PEG chain does not singly afford steric sta-

bility. A number of different PEG polymers were therefore conjugated and

the stability of each assessed. This included linear PEG amine chains (MW

= 2000 Da), 4-arm (Mn = 10,000 Da, PEG(4)) and 8-arm (MW = 40,000 Da,

PEG(8)) PEG-amine star polymers respectively, and their stability tested by

addition to solutions of varying NaCl concentrations from 0.1-1 M, and a

separate PBS condition due to its pervasive use in the field of cell biology.

The salt concentration of medical saline is ∼ 0.15 M and total salt concentra-

tion of PBS is similar.

Initially the NGO was added to each salt solution and thoroughly mixed

to ensure dispersion. After 48 hours the stability was compared by visual

inspection with the results shown in Figure 3.3. UnPEGylated NGO shows

no stability in all solutions after 48 hrs as shown by the flocculation of the

NGO in the images compared to the well dispersed solution at time 0. NGO-

PEG(4) on the other hand was stable between 0.5 and 1 M and PEG(8) show-

ing stability at all concentrations.

While stability in salt solutions above 0.15 M was sufficient for biological use,

later functionalization steps used in the formation of NGO-mAb, including

the addition of hydrophobic biotin and fluorochromes further negatively im-

pacted the stability of the NGO-mAb species. It was therefore beneficial to

continue functionalization using only the most stable NGO-PEG(8) species,

with the additional benefit of the larger number of functional groups due to

the 8 amine terminated arms.

3.3.4 PEG Grafting Quantification

The exact mass percentage grafting of PEG(8) was obtained by Thermo

Gravimetric Analysis (TGA) from two batches of NGO-PEG(8), to accurately
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NGO-PEG(8)

NGO-PEG(4)

NGO

PBSInitial NaCl concentration (M)

0.1 0.15 0.3 0.5 1.00.3

Time (hrs)

0 48

Figure 3.3: Comparative stability of NGO and NGO-PEG at increasing salt
concentrations and using different PEG polymers for stability. The NGO-
PEG(4) used to indicate a 4-arm PEG star polymer and PEG(8) the 8-arm
PEG star polymer. Time 0 indicates immediately after mixing, hence good
homogeneity of all NGO solutions. Only one salt concentration shown for
this timepoint as all others are similar. PBS contains a total salt concentration
similar to 0.15 M.

quantify its contribution to the total mass of NGO-PEG. TGA plots can be

seen in Figure 3.4 (B, C.) with the results summarized in Table 3.1. PEG(8)

decomposed completely between 300 and 440 ◦C and therefore its mass con-

tribution could be accurately determined by comparison with the TGA plot

of NGO and NGO-PEG. Across the two batches the average PEG mass per-

centage was 69.7 ± 5.4% indicating that a significant mass proportion had
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been grafted to the NGO with reasonable reproducibility as shown by the

less than 10% differences between repeats.
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Figure 3.4: Quantification of the PEGylation of NGO. (A.) TGA curves of
PEG, NGO and NGO-PEG(8). (B.) TGA curves for two distinct batches of
NGO-PEG(8).

Table 3.1: The grafted % mass of PEG onto NGO from two destinct NGO-
PEG(8) synthesis batches.

Batch Sample PEG mass grafting
percentage (%)

1 NGO-PEG(8) 75.1
2 NGO-PEG(8) 64.3

3.3.5 Optical Properties

Extinction Coefficients

The extinction coefficient of both NGO and NGO-PEG(8) were next estab-

lished in both deionized water (NGO and NGO-PEG(8)) and PBS (NGO-

PEG(8)) as an important stage of characterization required for future work.

NGO displays a distinctive UV-vis profile with λmax at 230 nm, and decaying

absorbance from 230–800 nm, remaining nonzero across the entirety of this
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region of the spectra as shown in Figure 3.5 (A.). The extinction coefficients

were measured by determining the absorbance at a number of dilutions be-

tween 0.01–2 g/L from a stock solution of each NGO species. The mass of

NGO or NGO-PEG in each stock was obtained by weighing the freeze dried

solid. In the case of NGO-PEG(8) in PBS a salt exchange was required before

freeze drying and weighing.

From this data the extinction coefficient was calculated at a number of ab-

sorbances although unlike more common determination at the λmax of 230

nm it was calculated at 700 nm as subsequent conjugation of streptavidin

and mAb, as well as the fluorochrome AF546, would otherwise supply over-

lapping absorbances from 200–320 nm (streptavidin and mAbs) and 460–620

nm (AF546). The fit of the extinction coefficients is shown in Figure 3.5 (B–

D.) and the values with standard errors tabulated in Table 3.2.

In addition to these extinction coefficients and as a result of the accurate

mass percentage of PEG(8) obtained from TGA measurements a value for

the ‘TGA corrected’ extinction coefficient was also calculated. In the TGA

corrected value, instead of the total measured mass of NGO-PEG(8), only the

mass associated with the NGO was taken into account. This is not without

justification as PEG exhibits no absorbance in the 200–800 nm region of the

spectrum and therefore has no contribution to the extinction coefficient at

700 nm. Accurately obtaining the mass associated solely with the NGO

was again important to calculate NGO concentrations for future conjugation

steps.

3.3.6 Biotin-Streptavidin Conjugation

The next stage in the process of preparing the NGO framework for the con-

jugation of mAbs was the attachment of biotin-streptavidin moieties. The

huge benefit and reason for this strategy of functionalization is the extremely

high biotin-streptavidin affinity and stability. In the use case of high value
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NGO-PEG in H2O

NGO in H2O

NGO-PEG in PBS

A.

C. D.

B.
NGO in H2O

Figure 3.5: Extinction coefficients (ε700) of NGO and NGO-PEG in H2O and
PBS. (A.) Characteristic UV-vis absorbance spectra for NGO with peak at 230
nm. H2O baseline also shown. (B–D.) Extinction coefficients ε700 calculated
for NGO and NGO-PEG in H2O and PBS solvents by measurement of the
absorption at 700 nm across a number of NGO/NGO-PEG concentrations
and fitting the data using linear regression.

mAb biologics, using carbodiimide (i.e. EDC)/amine, maleimide/thiol (i.e.

Trauts reagent) or similar crosslinkers, a high conjugate excesses is required

to provide large conjugation numbers. In the case of mAbs it is simply not

financially feasible given the efficiency. In the case of streptavidin-biotin the

burden of using excess reagents to achieve high conjugation number falls
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instead on the biotin and streptavidin steps which are considerably cheaper.

The final expensive combination of NGO-streptavidin with a biotinylated

mAb on the other hand has excellent theoretical conjugation efficiency and

therefore benefit in terms of cost.

Biotinylation

Biotin groups were added to the NGO through the linking of commercially

available sulfo-NHS-PEG-biotin with the primary amines found on the cova-

lently bound 8-arm PEG-amine. This step was carried out with a large excess

of biotin, approximately 1:1 by mass ratio, (the MW of biotinylation reagent

was 443.43 g/mol compared to approximately 2×106 g/mol for 70×70 nm

NGO sheet) to biotinylate a large number of the amine groups for later

conjugation with streptavidin. The product of this conjugation was labeled

NGO-biotin.

An approximation of the number of biotins attached to NGO in this step was

made using a commercially available HABA/avidin assay. The HABA/a-

vidin assay is a colorimetric method to determine the molar concentration

of biotin in a solution by the change in absorbance at 500 nm of the HABA/a-

vidin complex which occurs as a result of the HABA displacement by biotin.

To ensure accurate determination of the biotin levels of NGO-biotin the

absorbance of NGO at 500 nm, which would otherwise contribute to the

Table 3.2: Summary of the extinction coefficients of NGO and NGO-PEG at
700 nm. Both uncorrected and corrected values for the mass associated with
grafted PEG are included.

Sample Solvent ε700 (L g−1 mm−1) Standard error

NGO H2O 0.284 0.004
NGO-PEG H2O 0.216 0.001
NGO-PEG PBS 0.329 0.005
NGO-PEG (TGA corrected) PBS 1.085 0.016
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observed absorbance of HABA/avidin, and artificially decrease the per-

ceived quantity of biotin was accounted for. To establish the contributed ab-

sorbance of NGO, a solution of NGO-PEG(8) at equivalent concentration (de-

termined by matching absorbance at 700 nm using UV-vis spectroscopy) was

measured under the same conditions and then the absorbance subtracted

from the NGO-biotin reading.

By combining the measured extinction coefficient with the mass per unit

area of NGO (∼ 1726 m2 g−1) from the literature[41] and the obtained molar

concentration of biotin the average number of biotins per unit area of NGO

was calculated and found to be approximately 1 every 10.5 nm2.

Streptavidin Conjugation

NGO-biotin was then further functionalized by the addition of streptavidin

to form NGO-streptavidin. This step was carried out with a large excess of

streptavidin to reduce the potential for crosslinking, a consequence of the

multivalent (four binding sites) streptavidin tetramer and a problem that

has been previously noted in the literature.[428] In the first batch (Batch

1) production streptavidin was added in a mass ratio excess of 6:1 (6 mg

streptavidin for 1 mg NGO) with the resulting product showing suitable

stability. A later second batch (Batch 2) was produced with a greater excess

of 1000:1, more in keeping with Liu et al. 200:1[428] to further minimize any

crosslinking and further improve the NGO-streptavidin product.

After filtration using 100 kDa Molecular Weight Cut-Off (MWCO) filters,

monitoring the filtrate for streptavidin, the conjugation of streptavidin was

confirmed by UV-vis spectroscopy. In comparison to the NGO and NGO-

PEG(8) spectra, NGO-streptavidin showed a strong absorbance at 280 nm in

keeping with streptavidin and proteins in general due to tyrosine and trypto-

phan amino acids.[429] Figure 3.6 (A.) shows the spectra for streptavidin and

Figure 3.6 (B.) an example spectra of NGO-PEG(8) and NGO-streptavidin at
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almost equivalent NGO concentrations, clearly exhibiting an additional peak

at 280 nm as a result of the streptavidin.

A. B.

Figure 3.6: Confirmation of the conjugation of streptavidin to biotinylated
NGO-PEG(8). (A.) UV-vis spectra of streptavidin with characteristic protein
peak absorbance at 280 nm. (B.) UV-vis spectra of NGO-strep after purifica-
tion showing peak at 280 nm and NGO-PEG at similar concentration with
no peak.

3.3.7 Monoclonal Antibody Preparation

Fluorochrome Labeling

Having produced NGO-streptavidin the procedures necessary to conjugate

the mAbs of choice were considered next. Given the receptor chosen to

be targeted was CD16, anti-human CD16 (α-hCD16) was selected and si-

multaneously anti-mouse IgG1 κ-isotype control (α-mIgG1) was also used

for conjugation seperately, as a negative control, producing two NGO-mAb

species for later experiments (NGO-α-hCD16 and NGO-α-mIgG1). For effec-

tive conjugation biotinylation of the mAb is the only essential step required

for binding to NGO-streptavidin, however, alone there would be no method

able to determine if conjugation was successful nor if any unbound conju-
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gate mAb remained after purification.

To overcome this both α-hCD16 and α-mIgG1 mAbs were prepared for con-

jugation by first labeling with Alexa Fluor 546 (AF546) to form α-hCD16-

AF546 and α-mIgG1-AF546. AF546 was chosen as its UV-Vis absorbance

was in a region of the spectra apart from the λmax of NGO and streptavidin.

Labeling with AF546 was carried out using Alexa Fluor 546 NHS ester in

a simple 1-step coupling with the primary amines mAb possess due to ly-

sine residues and N-terminus amino acids. Despite the multitude of lysine

residues (approximately 80 for IgG[430]) labeling with AF546 was optimized

by control of the AF546:mAb stoichiometry to produce a Degree of Labeling

(DOL) of approximately 1. Higher DOL would be especially beneficial for

antibody quantification however increasing fluorochrome conjugation past

7 affects the stability of the mAb in aqueous solution, as well as antigen

binding specificity. In addition to this there remained the biotinylation step

which also utilized primary amines for its attachment. The DOL was deter-

mined here using UV-vis spectroscopy by comparing the ratio of absorbance

at 556 nm (A556) to 280 nm (A280) as shown in Figure 3.7, each fluorochrome

having established extinction coefficients in the literature to determine the

molar concentration of each species.

Biotinylation

The biotinylation utilized the same kit previously used for the attachment

of biotin to NGO and the conjugation was similarly controlled thanks to

the potential for both the mAb antigen binding to be diminished, as well

as the serious likelyhood of crosslinking of the NGO-mAb species at high

biotin:mAb labeling ratios.

An intitial comparison of high (> 7 biotins per mAb) to low (< 7) biotinyla-

tion was investigated to see the affect it had on the presentation of the mAb.
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Figure 3.7: AF546 fluorochrome labeling of α-hCD16. UV-Vis spectra show-
ing the absorbance peaks associated with the mAb (280 nm) and AF546, (556
nm) after purification. Using these peak absorbances in combination with
the literature extinction coefficients for both mAbs and AF546 the degree of
labeling (DOL) was calculated, and in this case found to be 1.4:1, AF546:α-
hCD16.

The result of this showed the benefit of low biotinylation. The first NGO

batch was, however, produced on the principle of complete 100% mAb con-

jugation to the NGO-streptavidin and hence sufficient biotin was required to

reduce the possibility of unbiotinylated mAb which would be unable to con-

jugate to the NGO. An average of 6 biotins per mAb, which was finally used,

gives an average of only 2% mAbs with 0 biotins if a a Poisson distribution

is assumed for the labeling. 6 biotins is therefore a reasonable compromise

between ensuring minimal unbound mAb and non-excessive biotinylation.

The biotinylation of mAbs was therefore optimized to have ∼ 6 biotins per

mAb with both the α-hCD16-(biotin)AF546 and α-mIgG1-(biotin)AF546 la-

beled mAbs. After each biotin conjugation the biotinylation was measured

by the HABA/avidin assay. The exact results of which are shown in Table

3.3.
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Table 3.3: Summary of the quantified number of biotins per mAb. Assayed
values measured using a HABA/Avidin assay.

Batch Component Quantity of biotin per
mAb or NGO-PEG

1 α-mIgG1 4.2
1 α-hCD16 6.1
2 α-mIgG1 6.2
2 α-hCD16 6.0

3.3.8 NGO Antibody Conjugation

Since the the required components had been produced, the final conju-

gation of mAbs was then carried out through the addition of each α-

hCD16-(biotin)AF546 and α-mIgG1-(biotin)AF546 mAb to a solution of

NGO-streptavidin with rapid mixing. Following incubation overnight at

4 ◦C, the bulk products of NGO-α-hCD16 (bulk) and NGO-α-mIgG1 (bulk)

[fluorochrome and biotin not written for brevity] were produced. Any un-

stable, sedimented NGO-mAb was removed after overnight incubation by

transfer of the supernatant to a fresh Eppendorf.

Batch 2 of NGO-mAb used a greater excess of mAb, with a mass ratio

of ∼ 60:1 mAb:NGO, compared to the previous ∼ 4:1. Given the higher

mAb:ratio complete conjugation of mAb to NGO-streptavidin was not ex-

pected, and to remove the excess unbound mAb the NGO-mAb product

was repeatedly purified. This was completed by pelleting the NGO-mAB

using centrifugation, followed by separation of the supernatant and resus-

pension in PBS. The process repeated until the final supernatant showed no

unbound mAb by UV-vis measurement at 556 nm. The procedure for the

confirmation of conjugation after this was identical to that described here-

after.
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Conjugation Confirmation

Antibody conjugation was confirmed in a two step process, first measur-

ing the fluorochrome absorbance at 556 nm of the NGO-mAb (bulk) using

UV-vis spectroscopy Figure 3.8 (A.) followed by pelleting the NGO-mAb

by centrifugation and re-measurement of the supernatant (again at 556 nm)

Figure 3.8 (C.). Thereby showing that all fluorochrome derived signal was

associated with the NGO-mAb species.

The complete spectra of NGO-α-hCD16 (bulk) exhibits the expected peaks at

556 nm (inset showing zoom of 500–600 nm region) as well as peak at 280 nm

and characteristic NGO absorbance previously discussed. Due, however, to

the absorbance of NGO across the 200–800 nm region of the UV-vis spectra

the peak at 556 nm is superimposed with the NGO absorbance. To decouple

the two contributions and accurately quantify the antibody background lev-

els a fit of the spectra (black dashed line) was made between 350 and 700 nm

(not including the 500–600 nm region) so that a numerical solution could be

found and the contribution of NGO subtracted.

The fit-subtracted spectrum shown in Figure 3.8 (B, D.) illustrates the de-

coupled signal associated solely with the α-hCD16-AF546. Figure 3.8 (D.)

showing the decoupled absorbance from 400–700 nm of the NGO-α-hCD16

supernatant, measured after the removal of the pellet. The decoupled, or

subtracted spectra, displays no clear peak associated with the AF546 and

therefore indicates the successful conjugation of α-hCD16 as minimal un-

bound mAb is present in the final NGO-α-hCD16 (bulk) product.

As a confirmation of the numerical fitting procedure and subtraction, the

same methodology was applied to NGO-streptavidin. As NGO-streptavidin

possesses no AF546 labelled species, a signal at 556 nm would not be ex-

pected, which is what is observed. Figure 3.8 (E, F.) show both the spectra,

fit and resulting subtracted data with no signal at 556 nm confirming that
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Figure 3.8: Successful conjugation of α-hCD16-(biotin)AF546 to NGO-
streptavidin. (A.) UV-vis spectra of the NGO-α-hCD16 (bulk) product show-
ing absorbances at 230 nm, 280 nm and 556 nm. Inset zoomed 500–600
nm region. Fit of the NGO absorbance in the 400–700 nm region (B.) Ab-
sorbance of NGO-α-hCD16 after subtraction of the numerical fit of NGO
absorbance showing clearly the absorbance associated with the AF546 con-
jugated α-hCD16 (C.) Similar UV-vis spectra for supernatant after pelleting
all NGO-α-hCD16 using centrifugation (D.) Fit-subtracted 400–700 nm re-
gion showing negligable absorbance and hence lack of unbound α-hCD16.
(E, F.) Fitting applied to NGO-streptavidin also showing no absorbance at
556 nm as expected due to the absence of a species labeled with AF546.
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the fitting procedure works as expected.

3.3.9 Sheet Separation by Size

The next challenge in the production of NGO-mAb with mimetic properties

was ensuring the general sheet diameters was between 50 and 200 nm, in

keeping with receptor nanoclusters of NK cells (as measured by superreso-

lution microscopy[18, 19, 16, 17, 14]). From the bulk solution of NGO-mAb

separation of fractions with narrow size distributions was carried out by

successive centrifugation, pelleting a fraction of the NGO-mAb followed by

separation of the supernatant and resuspension.

In total four fractions were produced by three sequential centrifugations

steps. Fractions 1–3 were removed after resuspension of the first three pellets

and fraction 4 was the remaining supernatant. The first fraction, and hence

largest NGO-mAb sheets, are henceforth referred to as NGO-mAb and the

final 4th fraction, NGO-mAb (small sheets), where mAb is as before either

α-hCD16 or α-mIgG1. Fractions 2 and 3, being unneccesary, were discarded.

Physical Properties

Atomic force microscopy (AFM) was carried out to obtain the sheet height

and width distributions of both NGO-mAb and NGO-mAb (small sheets)

produced by fractionation. The physical properties of the NGO starting

material and intermediary NGO-PEG(8) were also imaged acting as points

of comparison. Figure 3.9 (A, C, E, G.) shows example images from all NGO

species with (B, D, F, H.) showing the profiles associated with an object

selected in the neighbouring images (green line).

Starting with the NGO image, large flat sheets between 200 and 1000 nm

with characteristic sheet height of ∼ 1 nm. NGO-PEG, as a result of the

extended 4 hour sonication step used in the conjugation of PEG has smaller
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3. Synthesis of Graphene Oxide Antibody Nanoclusters

sheet sizes and a seemingly and homogeneous distribution. The sheet

height, however, demonstrating very little change as a result of the unhy-

drated PEG adding little to the thickness.

In comparison NGO-α-hCD16 is generally characterized by larger sheets (as

a result of the centrifugal separation), an increased sheet height, and large

distribution of object widths. NGO-α-hCD16 (small sheets) on the other

hand appear smaller in size, despite having similarly greater sheet heights

than NGO-α-hCD16 and when compared to NGO-PEG(8).

Size Distributions

The distribution of sheet widths and height for each species, after measure-

ment of between 80 and 110 sheets from multiple images has been plotted

in Figure 3.10 and tabulated in Table 3.4.

For the initial purchased NGO the median sheet width was measured to

be 347 ± 96 nm (half Interquartile Range (IQR)). The NGO-PEG(8) median

sheet width decreasing to only 76 ± 21 nm as a result of ultrasonication.

After the multiple steps to produce NGO-α-hCD16 this width had increased

to 151 ± 30 nm while the small sheets of NGO-α-hCD16 were 72 ± 15 nm,

similar to the NGO-PEG(8) species.

The increase in median sheet width of NGO-α-hCD16 from 76 to 151 nm was

consistent with the addition of the biotin-linkers (with a length of 2.9 nm),

streptavidin ∼ 11 nm and IgG1 antibodies ∼ 20 nm (diameters as measured

by AFM[431, 432, 430]).

The median sheet height of both large and small NGO-mAb sheets also

increased in a similar manner from the median value of 1.3 ± 0.25 nm for

NGO-PEG(8) to 4.0 ± 1.5 for NGO-α-hCD16 and 3.5 ± 0.8 nm for NGO-α-

hCD16 (small sheets). This height increased again within reasonable and

expected limits for the conjugation of streptavidin-biotin and mAbs. Other
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Figure 3.9: Functionalization of NGO leads to changes in the physical di-
mensions of the NGO species. (A, C, E, G.) AFM images of labeled NGO
species at labeled stages of their functionalization, including NGO, NGO-
PEG(8), NGO-α-hCD16 and NGO-α-hCD16 (small sheets). Scale bars = 500
nm (B, D, F, H.) Height profiles associated with the indicated (green line) for
each neighboring AFM image.



3. Synthesis of Graphene Oxide Antibody Nanoclusters

work for instance reporting streptavidin to have a measured height of 2

nm[431] and mAbs (IgG1) also ∼ 2 nm[432].

In addition, the NGO-mAb heights also agree well with the measurements

of Hong et al. for NGO-mAb species, ∼ 4–7 nm,[49] however, Liu et al.

measure heights for NGO-streptavidin closer to ∼ 13 nm,[428] perhaps in-

dicating differences in crosslinking, oxidation of NGO starting material or

synthesis procedure.

A. B.
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NGO-PEG
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NGO-α-hCD16
(small sheets)

Figure 3.10: NGO-mAb sheets have heights representative of mAb function-
alization and median widths corresponding with the known dimensions
of receptor nanoclusters. (A.) Height distributions of various NGO species.
With successive functionalization steps the median height increases. The me-
dian species height of both NGO-α-hCD16 and NGO-α-hCD16 (small sheets)
were also similar. Bin width = 0.5 nm (B.) Width distributions of NGO
species showing the decrease in width after formation of NGO-PEG(8), due
to ultrasonication and separation of NGO-α-hCD16 (bulk) in to larger and
smaller fractions (NGO-α-hCD16 and NGO-α-hCD16 (small sheets)). Bin
width = 25 nm. Dashed lines representing median values for each species
(matched by color) for each dimension. Each histogram produced using
measurements of between 89 and 110 individual sheets.

The final NGO-mAb species synthesized and separated using the centrifu-

gal procedure at 70–170 nm fit within the desired 50–200 nm size range

required to match the receptor nanoclusters they were created to simulate.
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The approximately two fold difference between NGO-mAb and NGO-mAb

(small sheet), was also an excellent biologically relevant point of comparison

for later cell experiments.

Hong et al. have also made a direct comparison between NGO-mAb species

measured by AFM (in air) and dynamic light scattering (DLS) (in solution).

The two measurement showed AFM widths of 10–50 nm while by DLS, 27.0

± 0.9 nm.[49] Aside from the clear difference in the error of the DLS read-

ing compared to the range measured by AFM, the mean values appear in

good agreement and suggest there is not a significant difference between the

measurements.

3.3.10 Approximation of NGO:mAb Ratio

Calculation Overview

After producing a well characterized NGO-mAb product, further effort was

made to calculate the average number of antibodies attached to each NGO-

mAb species. For the application of NGO-mAb as mimetic nanoclusters, the

number of antibodies per sheet made up another important and defining

characteristic.

To calculate the number of antibodies per NGO-PEG sheet both the mo-

lar concentration of NGO, and mAbs, in a given NGO-mAb solution was

needed. The ratio of moles of mAb to moles of NGO was used to provide

the average number of mAb per NGO sheet.

To simplify the steps used to obtain the mAb:NGO ratio the methodology is

broken down into three main steps. 1. Obtaining the approximate molecular

weight (MW) of NGO in a given NGO-mAb species. 2. Obtaining the mass

concentration of NGO in a NGO-mAb solution. 3. Obtaining the molar

concentration of mAb in a NGO-mAb solution. Combining 1. and 2. to

obtain the molar concentration of NGO.
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Table 3.4: Complete summary of the AFM measured dimensions of NGO species at various stages of functionalization.
Interquartile range (IQR).

Batch Sample Median
sheet
height
(nm)

Upper
quar-
tile
(nm)

Lower
quar-
tile
(nm)

IQR
(nm)

Mean
sheet
height
(nm)

Stdev
(nm)

Median
sheet
width
(nm)

Upper
quar-
tile
(nm)

Lower
quar-
tile
(nm)

IQR
(nm)

Mean
sheet
width
(nm)

Stdev
(nm)

1 NGO-α-mIgG1 5.777 7.609 2.426 5.183 6.293 5.362 163 199 146 53 179 48
NGO-α-hCD16 3.896 5.611 2.921 2.690 4.284 1.958 151 186 127 59 160 54
NGO-α-hCD16
(small sheets)

3.532 4.211 2.601 1.61 3.368 1.059 72 91 61 30 75 21

2 NGO 1.052 1.174 0.917 0.257 1.051 0.228 347 457.3 266 191.3 392 217
NGO-PEG 1.348 1.600 1.067 0.533 1.372 0.380 76 104 62.9 41 89 38



3.3. Results and Discussion

1. To convert from the mass concentration which was available from the

already obtained extinction coefficient (see Section 3.3.5), the approximate

MW was needed to convert the mass concentration to a molar concentration.

To approximate the MW, first the median sheet size of NGO in a given NGO-

mAb species was obtained from the AFM measurement. This value was then

combined with the mass per unit area of NGO from the literature (∼ 1726

m2 g−1[41]) as well as Avogadro’s number (NA) resulting in the molecular

weight (MW) in g/mol for the given NGO in an NGO-mAb species.

2. To measure the mass concentration for a solution the previously calcu-

lated extinction coefficient for NGO-PEG corrected for the mass of PEG (as

previously described in Section 3.2.8) in PBS at 700 nm (ε700) was used in

conjunction with the Beer-Lambert law. By UV-vis measurement of the ab-

sorption at 700 nm (A700) from a NGO-mAb solution the mass concentration

of NGO was obtained.

3. The molar concentration of the mAb was obtained similarly to 2., by the

measurement of the absorbance at 556 nm (λmax for AF546) by UV-vis. Again

to obtain the absorption solely from the fluorochrome (removing the contri-

bution of NGO) the fitting and subtraction procedure previously described

in Section 3.2.9 and shown in Figure 3.8 were used. The fit-subtracted ab-

sorbance of the AF546 in combination with the literature extinction coeffi-

cient (11200 M−1 mm−1) (again using the Beer-Lambert law) provided the

molar concentration of AF546 from which the mAb molar concentration can

simply be obtained from the AF546:mAb DOL.

Converting the measured mass concentration provided in 2. using the MW

calculated in 1. the molar concentration of NGO is obtained. A final division

of this value by 3., the mAb molar concentration, resulting in the calculated

average ratio of mAb to NGO (mAb:NGO) and hence the mean number of

mAbs attached to the NGO.
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3. Synthesis of Graphene Oxide Antibody Nanoclusters

NGO:mAb Ratios

The results of these calculation for each NGO-mAb species are shown in Fig-

ure 3.11 and the the important individual measurements for each solution

i.e. median sheet size, A700 and subtracted A556 are summarized in Table

3.5.

NGO-mAbs nanoclusters synthesized here had mAb:NGO ratios of ∼ 70–

170:1. The larger sheets of NGO-α-hCD16 and NGO-α-mIgG1 for instance

possessed 134 ± 40 mAb per sheet and 168 ± 33 mAb respectively. The

NGO-α-hCD16 and NGO-α-mIgG1 (small sheets) calculated to have 112 ±

25 and 79 ± 17 mAbs per sheet respectively. It can be expected that the

functionalization of NGO sheets occurs equally on both sides, hence the

number of mAbs actually presented to a cell can therefore be halved. As

such the NGO-mAb cluster size will realistically be ∼ 70 for the normal

NGO-α-hCD16 species and ∼ 55 for the NGO-α-hCD16 (small sheets).

Studies measuring the number of receptors per nanocluster in NK and

T cells approximate the number to be 20–25[13, 18] which in the case of

KIR2DL1 further increased after their ligation. The nanoclusters produced

here therefore contain a 2–3 fold excess of ligand which is still, arguably,

within a realistic range. An excess is very likely preferable for a complex

synthetic species given the multiple functionalization steps which increase

the possibility for reduced antigen binding.

3.4 Conclusions

3.4.1 Summary of Findings

The goal set out in this chapter was to synthesize a supramolecular species

with clustered ligands using an NGO framework. The structure was con-

ceived in mimicry of the receptors nanoclusters observed on immune cells
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Using the distribution of

sheet sizes

Using the median sheet size

& experimental error

B.A.

Batch 1
Batch 2

Batch 1
Batch 2

Figure 3.11: The number of antibodies calculated per NGO-mAb species.
(A.) Distribution of the number of antibodies per NGO-mAb species based
on the distribution of NGO-mAb sheet sizes. Whiskers represent the min
and max values, top and bottom of box, the 3rd and 1st quartiles, and black
line, the median calculated value. (B.) Error associated with the experimen-
tal measurements used to caculate each NGO-mAb species (median sheet
size) number of mAbs. Error bars represent the combined error of the ex-
perimental methods. ⋆ Sheet dimensions taken from the average of Batch 1
measurements. † Sheet dimensions used from NGO-α-hCD16 (small sheets).

and therefore should have properties of nanocluster size and ligand density

similar to those naturally observed. In relation to those goals experimental

evidence has been provided showing:

1. NGO can be stabilized in solution containing high salt concentration

using 8-arm PEG star polymers.

2. Conjugation of any desired mAbs can be achieved via a bottom-up

approach with streptavidin-biotin linking strategies.

3. Subsequent NGO-mAb species can be separated to give species with

varied physical dimensions matching receptor nanoclusters.

4. The bulk mAb:NGO ratio of a NGO-mAb species can be approximated
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3. Synthesis of Graphene Oxide Antibody Nanoclusters

Table 3.5: Number of antibodies per GO sheet

Batch Sample Median
sheet width
(nm)

IQR
(nm)

A700 A556 Calculated
number of
antibodies

1 NGO-α-mIgG1 163 53 0.113 0.028 168 ± 33
NGO-α-hCD16 151 59 0.086 0.009 133 ± 40
NGO-α-
mIgG1(small
sheets)

72† 30 0.038 0.023 79 ± 17

NGO-α-
hCD16(small
sheets)

72 30 0.046 0.017 112 ± 25

2 NGO-α-mIgG1 157∗ 56 0.101 0.009 93 ± 26
NGO-α-hCD16 157∗ 56 0.080 0.009 119 ± 34

∗ Assumed for calculations based on the mean of NGO-α-mIgG1 and
NGO-α-hCD16 Batch 1 measurements. † Based on measurement of

NGO-α-hCD16 (small sheets).

as a result of the synthesis strategy and characterization described.

3.4.2 Concluding Remarks

Supramolecular mAb constructs utilizing NGO as a framework are relatively

rare in the literature and present a novel use of NGO as a biomaterial. The

rationale put forward here for NGOs use focuses on its unique 2D planar

structure which provides a mimetic structure with the dimensions, geome-

try and ease of functionality required to create supramolecular nanoclusters.

Judged on these properties NGO is superior to all other currently available

biomaterials to mimic nanoclusters, and the use of NGO as a mimetic bio-

logical species is in itself without precedent.

In this chapter there has been a focus to extending the characterization ap-

plied to the functionalization procedure, making significant improvements

over the previously reported literature. Earlier synthetic methodologies for

instance have not demonstrated the specific conjugation of mAb to NGO,

or the absence of unbound mAb leading to difficulty stating the mAb:NGO

106



3.4. Conclusions

conjugation ratio, which we demonstrate a method for here.[279, 49, 46]

In some cases the level of characterization was not the primary goal of the

work and therefore deemed in excess of necessity. Given however how the

variety of diverse physical[256] and chemical[258] properties of NGO alone,

which have been shown to affect toxicity and cellular response there are now

strong arguments that robust characterization should be an essential compo-

nent of future work. A primary example of this sensitivity was the novel cell

membrane ruffling response to NGO, which was recently presented. A later

re-examination, however, demonstrated the observed ruffling was critically

dependent on the buffer in which the cells were incubated, and the variation

in response was presumed to be linked to the different salt concentrations

and NGO aggregation levels.[260, 261]

Using TGA to quantify the PEGylation could, for example, later be found to

be essential, as the presence or absence of PEG alone has only very recently

been shown to affect biological outcomes in immune cells.[433] A strong

effort towards the robust characterization of this class of biomaterial at every

stage of their synthesis will need to be made going forward to ensure their

future in biological applications and particularly as therapeutic reagents.
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Chapter 4

NGO-α-hCD16 Functionality and

Natural Killer Cell Response

4.1 Scope

In this chapter the clustered NGO-α-hCD16, whose synthesis is outlined in

the previous chapter was first assessed for its ability to present functional

mAbs. The ability of the NGO-α-hCD16 to specifically bind primary (hu-

man) NK (pNK) cells was then made, including a brief inquiry into the

binding kinetics.

The ability of clustered NGO-α-hCD16 to stimulate pNK cells through the

activatory CD16 receptor was assayed and compared to unconjugated, and

hence unclustered α-hCD16. An isotype control NGO-α-mIgG1 was used

throughout as a negative control to distinguish the effect of the clustering

from the other differences found in the NGO-mAb species (for instance pres-

ence of PEG, streptavidin-biotin linkers and NGO framework).

pNK cells sourced from healthy human donors were selected for this work

as the best ex-vivo model for natural human NK cell behavior. This choice

was further supported by the lack of human NK cell lines which stably

expressing the CD16 receptor.
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4. NGO-α-hCD16 Functionality and Natural Killer Cell Response

The stimulation of pNK cells was measured by functional responses in-

cluding the upregulation of Lysosomal Associated Membrane Protein 1

(LAMP1, alternatively known by CD107a), a marker identifying NK cell

degranulation[434] and secondly Interferon-γ (IFN-γ) secretion, a cytokine

of the interferon group able to stimulate many cell types within the immune

system[435, 436, 437, 438]. These two markers give an indication of both

the cytotoxic and immunomodulatory function of pNK cells in response to

NGO-α-hCD16.

4.2 Methods

4.2.1 Presentation of Monoclonal Antibodies

200 µL poly(styrene) beads (3–3.4 µm, BD Biosciences) were mixed in equal

parts with Dulbecco’s Phosphate Buffered Saline (PBS) with MgCl2 and

CaCl2 (Sigma-Aldrich). An equivalent of 1 µL, 2 µg/mL anti-human CD16-

AF546, anti-mouse IgG1-AF546, goat anti-mouse IgG2b-AF546 (γ2b, Invitro-

gen) NGO-α-mIgG1 or NGO-α-hCD16 (3.9 µg/mL final concentration) were

then added to 50 µL diluted beads and incubated for 20 mins at 4 ◦C. They

were then washed using PBS with MgCl2 and CaCl2, and analysed by flow

cytometry.

4.2.2 Primary (Human) Natural Killer Cells

Primary (human) NK (pNK) cells were isolated from healthy donor pe-

ripheral blood under negative magnetic selection (NK cell isolation kit,

Miltenyi Biotec) and were cultured in RPMI-1640 supplemented with

10% human serum, 1 mM L-glutamine, 1 mM sodium pyruvate, 1 mM

penicillin-streptomycin, 1 mM MEM nonessential amino acids and 20 µM

2-mercaptoethanol (clone media, all Invitrogen). Freshly isolated pNK cells

were stimulated with 150 U/mL human recombinant IL-2 (Roche) and cul-
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tured for 6 days prior to use unless otherwise stated.

4.2.3 Binding of NGO-α-hCD16 to pNK Cells

pNK cells were resuspended in 100 µL flow buffer (2% FCS in PBS) at

1×106 cells/mL and stained with either 1µL, 2 µg/mL anti-human CD16-

AF546, anti-mouse IgG1-AF546, NGO-α-hCD16 or NGO-α-mIgG1 in addi-

tion to Zombie NIRTM and anti-human CD56-BV421 (clone HCD56, Biole-

gend) for 20 mins at 4 ◦C. For FMO conditions all stains except anti-human

CD16-AF546 were added (for instance only Zombie NIRTM and anti-human

CD56-BV421). Cells were then washed with flow buffer and fixed with PFA

in PBS at final concentration of 2% PFA. Cells were measured using a BD

LSRFortessaTM and analyzed using FlowJoTM version 10.

4.2.4 Stimulation of pNK Cells with NGO-α-hCD16

A 96 well plate (Nunc Maxisorp) was coated with either 50 µL, 1 µg/mL

anti-human CD16 (clone 3G8, BD Biosciences) or anti-mouse IgG1 κ-isotype

(clone MOPC-21, BD Biosciences) diluted in carbonate bicarbonate buffer

(binding buffer, Sigma-Aldrich) and left overnight at 4 ◦C. The plate was

washed with 0.05% Tween-20 in PBS (washing buffer) prior to the plating of

cells.

pNK cells were resuspended in clone media with 150 U/mL human recom-

binant IL-2 at days 7 and 9 prior to use. At day 10 pNK cells were re-

suspended in R10 at 1×106 cells/mL, 100 µL per condition, supplemented

with 1 in 1000 dilution of both Golgi Plug (BD Biosciences) and Mon-

ensin (eBiosciences) as well as 15 µg/mL anti-LAMP1 Alexa Fluor 647

(clone H4A3, Santa Cruz Biotechnology) or 15 µg/mL mouse IgG1 κ-isotype

Alexa Fluor 647 (BD Biosciences), again per condition. For fluorescence mi-

nus one (FMO) conditions either anti-LAMP1 Alexa Fluor 647 or IgG1 κ-

isotype Alexa Fluor 647 were omitted. For stimulation conditions either 2

111



4. NGO-α-hCD16 Functionality and Natural Killer Cell Response

µg/mL soluble anti-human CD16-AF546, anti-IgG1-AF546, fabricated NGO-

α-hCD16 or NGO-α-mIgG1 was also added. pNK cells were then plated

onto the prepared 96 well plate, centrifuged for 10 seconds at 300 g after 30

mins and incubated at 37 ◦C for 6 hrs.

4.2.5 CD107a Degranulation Assay

After incubation for 6 hrs cells were removed by repeated pipetting, washed

and resuspended in flow buffer (2% FCS in PBS) with human serum added

to block. After 20 mins in flow buffer with human serum they were then

stained with Zombie AquaTM, anti-human CD56-BV421 (clone HCD56, Bi-

olegend), 7 µg/mL anti-LAMP1-AF647 for 20 mins at 4 ◦C, washed and

fixed.

4.2.6 IFN-γ Secretion ELISAs

For conjugate enzyme-linked immunosorbent assays (ELISAs) a 96 well

plate (stimulation plate, Nunc Maxisorp) was coated with either 50 µL, 1

µg/mL anti-human CD16 (clone 3G8, BD Biosciences) or anti-mouse IgG1

κ-isotype (clone MOPC-21, BD Biosciences) made in carbonate bicarbonate

buffer (binding buffer) (Sigma-Aldrich) and left overnight at 4 ◦C. The plate

was washed with 0.05% Tween-20 in PBS (washing buffer) prior to the plat-

ing of cells. pNK cells (1×106/mL, 100 µL) were plated. After 6 hrs stimu-

lation, cells were removed by repeated pipetting, spun down in a v-bottom

plate, the culture supernatant collected and stored at -20 ◦C.

ELISA plates (Nunc Maxisorp) were coated with 1 µg/mL anti-human

IFN-γ (clone NIB42, BD Biosciences) in binding buffer (carbonate bicarbon-

ate, Sigma-Aldrich), blocked with 1% bovine serum albumin (BSA)/0.05%

Tween-20 in PBS (blocking buffer). 80 µL of the supernatants were mixed

with 80 µL 2% BSA in 2× PBS, added in triplicate (50 µL per condition)

for 1 hour as well as a standard curve 0–500 pg/mL in duplicate of hu-
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man IFN-γ (BD Biosciences) diluted in 50 µL blocking buffer. Plates were

incubated with 50 µL per condition, 1 µg/mL biotinylated anti-human

IFN-γ (clone 4S.B3, BD Biosciences) then 50 µL per condition strepta-

vidin horseradish peroxidase (strep-HRP, BD Biosciences) followed by 50 µL

3,3’,5,5’-Tetramethylbenzidine (TMB) ELISA substrate (Sigma-Aldrich) and

the reaction was halted with 100 µL 1 N H2SO4. Washing of the plate with

washing buffer was carried out between each incubation step up until the

addition of TMB. Absorbance was measured at 450 nm with a correction at

570 nm using a Tecan Infinite 200 PRO microplate readers.

4.2.7 IFN-γ Intracellular Staining

For intracellular stains, cells stimulated as described in Method 4.2.4 were

washed twice with Perm/WashTM and then blocked with human serum.

Cells were stained with anti-human IFN-γ-AF488 (clone B27, BD Bio-

sciences) at 1/5 the manufacturers recommended dilution, for 30 mins at

4 ◦C, washed a further two times and fixed again.

4.2.8 Statistical Significance

Statistical significance was determined using Prism 7 software (Graphpad)

by performing two-tailed, paired, parametric, t tests. In statistical analysis,

unless expressly stated otherwise, p ≥ 0.05 is indicated as not significant (ns)

and statistically significant p values are indicated by asterisks as follows ∗

0.01 ≤ p < 0.05, ∗∗ 0.001 ≤ p < 0.01, ∗∗∗ 0.0001 ≤ p < 0.001

4.3 Results and Discussion

NOTE: Throughout this chapter both α-mIgG1 and α-hCD16 are always labeled

with AF546 and come from the same batch as the equivalent NGO-mAb.
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4.3.1 Functionality

Presentation of Antibodies

Given the multi-step process and potential for crosslinking in the production

of both NGO-α-mIgG1 and NGO-α-hCD16 (and their small sheet equiva-

lents) a functional assessment of the mAbs availability for binding was made.

To carry out this assessment another species, polystyrene beads coated with

anti-mouse Ig (α-mIg) were used. The α-mIg beads bind the antigen bind-

ing site of mAbs raised in mouse (as the conjugated α-mIgG1 and α-hCD16

mAbs were) and would therefore show if the NGO-mAb sheets presented

the conjugated mAbs.

To measure the individual binding of NGO-mAb species to a α-mIg beads

flow cytometry was used. Flow cytometry is a common technique used to

determine the differences in characteristic properties of a mixture of par-

ticles (or cells), including qualitative particle sizes, shape and presence of

fluorescence. The technique independently and successively measures a

large number of the component particles to obtain statistically significant

populations based on each characteristic. In this case for instance the non-

fluorescent α-mIg beads would be detected by their size and shape and sec-

ondly as fluorescent only if they were able to bind the conjugated mAbs

of the NGO-mAb species due to the associated AF546 fluorochrome. Com-

bined particle properties can then plotted against each other and ‘popula-

tions’ with similar properties differentiated. ‘Gates’ as their name suggests

are used as designated cut-off points, and are drawn around populations so

that particles can be categorized as either within or outside a population.

The poly(styrene) α-mIg beads in addition to identical beads without mIg

(uncoated beads) were mixed at a 1:1 ratio and hence a population of 50%

fluorescence positive beads, as measured by flow cytometry, would be ex-

pected for complete binding of all α-mIg beads. Greater than 50% indicating
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that nonspecific binding was occurring through attachment to the uncoated

beads, and less than 50%, incomplete specific binding.

As a measure of the nonspecific binding of mAbs to the beads in general,

goat anti-mouse IgG2b mAb was used. The goat anti-mouse isotype differs

from antibodies raised in mouse and therefore could not be bound by the

α-mIg beads. The goat anti-mouse IgG2b mAb resulted in a less than 1%

positive beads and indicated that nonspecific binding of mAbs to the beads

was low.

Both unconjugated α-mIgG1 and α-hCD16 showed almost equivalent bind-

ing of α-mIgG1 beads with 48–51% positive counts as would be expected

for complete binding of the α-mIg beads. The α-mIgG1 mAb, later used

as a negative control, also has strong binding to the beads as it too has the

same isotype as the α-hCD16 and can therefore be bound by the α-mIg beads

giving a positive staining response.

In comparison, the NGO-α-mIgG1 showed slightly lower average binding

at 37%, though still high, while NGO-α-hCD16 exhibited almost complete

binding at 48% showing that the conjugated mAb are in general presented

(not obstructed) and available to be bound. The small sheets on the other

hand both exhibited ∼ 58% binding indicating that they exhibited a small

degree of nonspecific binding.

Specific Binding of CD16

After showing that the mAb conjugated to the NGO were not obstructed

and able to be bound by another material, the specific binding of the NGO-

α-hCD16 to primary human NK (pNK) cell was next examined. In this

case comparisons to both the isotype control NGO-α-mIgG1 and equivalent

unconjugated mAbs (for each NGO-mAb species) were used to further char-

acterize the NGO-mAb clusters in regards to their specific binding abilities.
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Figure 4.1: The mAbs conjugated to NGO are able to be bound by α-mIg
beads showing that they are not obstructed in the NGO-mAb synthesis (A.)
Flow cytometry plots of the forward scatter (y axis) and 582 ± 15 nm (x
axis) detectors. The gate and percentage of beads within stated above. (B.)
Quantification of the percentage of 582 fluorescence positive beads. As a 1:1
ratio of α-mIg beads and uncoated beads were used 50% is equivalent to
the complete binding of α-mIg beads. Results are the mean and standard
deviation of 2 independent measurements.



4.3. Results and Discussion

First to ensure the correct mAb concentration was used to saturate all recep-

tors on the pNK cells, a titration of the unconjugated α-hCD16 was made

using 0.6, 2.0 and 4.0 µg/mL (final mAb concentration) and compared to

the equivalent concentrations of the isotype control α-mIgG1 mAb. For each

condition 100 µL of pNK were used at a concentration of 1×106 pNK cell-

s/mL which would be maintained throughout binding and stimulation ex-

periments.

Figure 4.2 (A.) shows the overlaid histograms of the fluorescence intensity

measured in the 582 nm detector (for which the α-hCD16 is detected) at the

increasing concentrations of α-hCD16 and α-mIgG isotype control. At each

concentration a clear CD16 positive population is shown, however, this pop-

ulation is better separated between 0.6 and 2.0 µg/mL. There was no further

shift between 2.0 and 4.0 µg/mL. In each case the negative isotype controls

showed little variation and only a small broadening at a concentration of 4.0

µg/mL.

The quantified results shown in Figure 4.2 (B.) show the minor differences

between concentrations, however, the combined small increase in % CD16

positive cells between 0.6 and 2.0 µg/mL in combination with the increased

nonspecific binding of the isotype control at 4.0 µg/mL (1–2% nonspecific

binding) indicates that 2.0 µg/mL is an ideal concentration for α-hCD16 to

be used at to maximize specific and minimize nonspecific binding of the

mAb.

Provided with the 2.0 µg/mL optimal concentration of α-hCD16 antibody,

the binding of each of the NGO-mAb species was determined in comparison

to the unconjugated equivalents. To fairly compare between the conjugated

antibody and unconjugated, an equivalent final concentration of mAb was

used explicitly including the NGO-mAb solutions. The mAb concentration

of these were calculated from the absorbance at 556 nm and the previously
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Figure 4.2: A final α-hCD16 mAb concentration of 2.0 µg/mL is optimal for
the staining of the CD16 receptor on human pNK cells. (A.) Overlayed his-
tograms of the fluorescence intensity measured in the 582 ± 15 nm detector
associated with using either an α-mIgG1 isotype control or α-hCD16 mAb
at 0.6, 2.0 and 4.0 µg/mL used to bind the human CD16 receptor. CD16
positive gate shown by the black bar. (B.) Quantification of the binding
associated with α-mIgG1 or α-hCD16.



4.3. Results and Discussion

measured DOL. Binding of mAb for staining purposes is commonly carried

out using incubation times of 20 minutes for the mAb and cells. Wishing to

test the NGO-α-hCD16 against these standard conditions an incubation time

of 20 minutes was also used.

In the binding assays (Figure 4.3 (A, B.)) NGO-α-hCD16 showed an average

decrease in binding to pNK (53% positive) compared to unconjugated α-

hCD16 (85% positive) across the three donors, this was a 0.6-fold decrease.

The nonspecific binding of NGO-α-mIgG1 was found to be low, averaging

6% pNK cells bound and the small sheets exhibited very little nonspecific

binding at only 2%, with an average of 71% positive pNK cells bound by the

NGO-α-hCD16 (small sheets).

These results indicate the small reduction in binding of NGO-α-hCD16 com-

pared to unconjugated α-hCD16 which was interesting, and could be ex-

plained by a number of factors. An initial consideration for the observed

variation was the binding kinetics of NGO-α-hCD16. The binding kinetics

may reasonably be expected to differ for a large supramolecular structure

such as the NGO-mAb in comparison to unconjugated small molecules and

proteins. In studies of other multicomponent systems, including ligands

to the FK506 binding protein conjugated to dextranated magnetic nanopar-

ticles, it has been shown that binding kinetics can vary considerably com-

pared to the unconjugated ligand alone as a single component. Many dif-

ferent ligand variations within this system have shown slower Association

Constants (ka) for conjugated multi-ligand species than the ‘free’ unconju-

gated ligand alone.[439] Given the relatively short 20 minute binding time

at 4 ◦C temperature (used to reduce nonspecific binding) it was therefore

possible that binding saturation of the CD16 receptors would take longer

for the NGO-α-hCD16. This explanation was further supported by NGO-

α-hCD16 (small sheets) showing still reduced but improved binding at the

same time point, averaging 72% rather than 53%.
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Figure 4.3: NGO-α-hCD16 can bind pNK in a specific manner (A.) Represen-
tative flow cytometry plots of NGO-α-hCD16 and its controls. CD16 binding
measured by excitation of the AF546 fluorochrome using the 561 nm laser
and detection at 582 ± 15 nm. Gates show the CD16 positive threshold and
percentage of cells within a gate given below. (B.) Quantification of the bind-
ing of the different NGO-mAb species in comparison to the unconjugated
mAbs. Results show the mean and standard deviation of three independent
experiments with three human donors. Statistical significance is assigned as
follows, ∗ 0.01 ≤ p < 0.05, ∗∗ 0.001 ≤ p < 0.01



4.3. Results and Discussion

Binding Kinetics

To test the binding kinetics of each species the binding was measured using

two incubations time points for the mixture of cells and NGO-mAb, one

at 20 mins, and a later one after 60 mins, all other conditions remaining

equivalent. In these experiments the binding of NGO-α-hCD16 exhibited

increased from 59% to 69% across two measurements between the 20 to 60

minute time points. The NGO-α-hCD16 (small sheets) on the other hand

only increased from 78% to 80% and unconjugated α-hCD16 showed no

change, averaging 85% for both. The 10% change in binding measured for

NGO-α-hCD16 compared to 0% for α-hCD16 is visible in Figure 4.4 (A.),

particularly as the NGO-α-hCD16 positive population shifts noticeably to

the right (within the positive gate) between 20 and 60 mins while all other

conditions do not.

The difference in binding at two time points supports the argument that the

reduced binding observed at 20 mins is, in part, due to the slower binding

kinetics of the large supramolecular structure. It does not, however, fully

account for the reduced binding as the expected binding of 85% is not ob-

served even after incubation times of 60 minutes (69%). Two possibilities

would account for the observed behavior. Firstly insufficient AF546 label-

ing of the α-hCD16 antibody. This argument is nonetheless made mute by

the equivalent fluorescence intensity of the populations in the bead binding

experiment. A second explanation of the observed results is that an over-

all smaller number of the α-hCD16 attached to NGO-α-hCD16 bind the cell.

This could be a result of reduced binding affinity of the CD16 mAb. Assum-

ing this was the case, each cell would have a lower overall density of mAb

and therefore a lower average fluorescence intensity that would be observed

as a reduced separation of the CD16 positive population and in turn lower

binding percentages.
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4. NGO-α-hCD16 Functionality and Natural Killer Cell Response

Explanations for the reduced α-hCD16 affinity include the additional biotiny-

lation step necessary to conjugate the mAbs to the NGO-streptavidin which

can restrict antigen binding as shown by Acchione et al.[440] The Dissocia-

tion Constant (kD) increasing from 397 pM to 546 pM after the addition of

6.4 biotins and further to 825 pM after 14.2 biotins. In combination with

the conjugation of biotin, the enhanced potential for the biotin-streptavidin

binding to further restrict antigen binding could also contribute to the re-

duction in binding observed here. This seems a logical conclusion in spite

of evidence directly supporting the hypothesis.

4.3.2 Natural Killer Cell Response

Assays of pNK Cell Activation

Considering the specific binding of NGO-α-hCD16 to the CD16 receptor on

pNK cells previously documented, it was was next necessary to determine

assays of activation that could be used to measure the affect NGO-α-hCD16

ligation has on the cell.

NK cells in line with their numerous functions can be activated by a range

of stimuli, variation in ligands, ligand combinations (costimulation) and

time point are all known to leading to differences in the type and magni-

tude of the cell’s response. Assaying therefore for the relevant response

at the optimal time point for the stimulation provided is a critical step

in understanding the NK cells’ response. Some general pNK responses

which can be assayed include: direct measurement of target cell killing,[441]

upregulation of surface marker proteins,[442, 434] secretion of cytokines

and chemokines,[443] intracellular Ca+ flux[128] as well as imaging for

phenotype changes such as formation of actin rings (a sign of an acti-

vatory synapse)[37] and polarization of the microtubule-organising centre

(MTOC).[444]
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Figure 4.4: NGO-α-hCD16 has slower binding kinetics compared to uncon-
jugated α-hCD16 and NGO-α-hCD16 (small sheets) (A.) Representative flow
cytometry plots of NGO-mAbs and controls binding to pNK cells after in-
cubation of 20 or 60 minutes. CD16 binding measured by excitation of the
AF546 fluorochrome using the 561 nm laser and detection at 582 ± 15 nm.
Gates show the CD16 positive threshold and percentage of cells within the
gate are given below. (B.) Quantification of the binding kinetics. Results are
the mean and standard deviation from two independent experiments using
two human donors.
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In the case of stimulation via the CD16 receptor a number of responses have

previously been shown as markers of pNK activation. Upregulation of both

CD69 and CD25 on the pNK cells’ surface, secretion of interferon-γ and

degranulation, which can directly be measured through the accumulation

of the lysosome membrane protein CD107a (LAMP1), for example.[434]

CD69 is a homo-dimeric protein and receptor for currently unknown lig-

ands (for T cells one established ligand was found to be galectin-1[445])

expressed on the surface of NK cells and other immune cells following

activation.[446] CD69 expression has been shown to occur quickly follow-

ing activation, within as little as 60 minutes, and is therefore a primary

choice as an early stage assay to quickly determine if activation has been in-

duced. CD69 upregulation is also known to be stimulated by rIL-2, as well

as ligation of either the CD16 or IFN-γ receptors.[447, 448]

CD107a conversely is an intermediate to late stage marker for NK cell ac-

tivation. Also known as the Lysosomal Associated Membrane Protein 1

(LAMP1) CD107a is a marker of degranulation due to it being present

within the lipid membrane of lysosomes[449, 450] which transport the cyc-

totoxic granules delivered by NK in the process of their cytotoxic effector

functionality.[434, 122] After fusion of the lysosome membrane with the cell

membrane, CD107a is subsequently deposited on the cell surface where it

can be stained for and detected using flow cytometry. The addition of mo-

nensin and brefeldin-A, both small molecules, are used to enhance CD107a

detection by preventing it from later being re-internalized, leading to its ac-

cumulation and hence improving the detected signal to noise ratio. Unlike

upregulation of CD69, CD107a accumulation is a direct observation of a

known and integral effector function (cytotoxicity via degranulation), mak-

ing it a commonly utilized assay.

The final marker of activation looked at here was Interferon-γ (IFN-γ). IFN-
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γ is a cytokine with wide ranging affects on a number of cell types, it is,

in general, required for immunity against viruses, intracellular bacteria and

tumorogenesis. One example of its function in the immune system is the

stimulation of dendritic cells to produce Interleukin 12 (IL-12).[436] The de-

tection of IFN-γ secreted by NK cells is therefore a key indicator of the cell’s

activation through its immunomodulatory functionality.[435, 451, 437, 438]

Initially each assay was tested for its compatibility with the particular re-

quirements needed for this work. One of these was the need for an un-

ambiguous response, here defined as a large separation between the signal

resulting from the positive and negative controls. In each case the chosen

assay was tested using the immobilized α-hCD16 acting as the positive con-

trol and an equivalent immobilized isotype control, the negative. Soluble

α-CD16 was also tested in each case to gauge the response induced by lig-

ation of CD16 using soluble uncrosslinked α-hCD16. The gating strategy

used to separate individual, viable, pNK cells is shown in Figure 4.5 (A–D.).

The response of pNK cells to each assay was tested at time points generally

regarded as optimal. Of the three perspective assay only CD69 was found to

be incompatible with future work, as shown in Figure 4.5 (E.). The expres-

sion of CD69 is clearly high (> 80%) on all cells irrespective of stimulation,

for instance on the α-mIgG1 control surface, and equally with unbound,

unconjugated α-mIgG1. These results were virtually unchanged when mea-

sured at either 60 or 120 mins. There was also no significant increase shown

in response to surface bound α-hCD16, here used as a positive control and

potent inducer of NK stimulation, likely indicating that the expression of

CD69 was already maximal. These results are perhaps best explained by

studies which have shown CD69 upregulation occurs in response to IL-2

alone, which, the pNK cells used here were cultured in, necessarily, to pro-

mote their proliferation. The clear result is that pNK cells cultured in these

conditions are incompatible with an assay of CD69 upregulation.
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4. NGO-α-hCD16 Functionality and Natural Killer Cell Response

Results for CD107a upregulation, IFN-γ secretion by ELISA and intracellu-

lar staining were each successful having expected response to positive con-

trols and baseline responses to negative controls. Despite the otherwise pre-

dictable responses, unexpectedly 5–25% pNK cells showed strong CD107a

upregulation after culture for 7 days. The assay was therefore re-tested after

10 days of cell culture resulting in only 2–4% cells showing the same upreg-

ulation. This change in response as a function of the culture time could be

the result of a change in pNK cell phenotype, for example changes in the

expression of CD16.[452, 453, 454]

In combination the successful distinguishing of positive and negative con-

trols shown by the assays for both the CD107a upregulation, as measured

by flow cytometry and IFN-γ secretion by ELISA, made them ideal for

use with the NGO-α-hCD16 species. Together they also encompassed both

major effector functions of the cell—cytotoxicity and immunomodulation—

providing a wide scope from which any affect resulting from NGO-α-hCD16

binding could be seen.
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Figure 4.5: The expression of pNK cell surface receptors/proteins can be
measured by gating stained cells after measurement by flow cytometry. (A–
D.) Representative example of flow cytometry gating strategy used to sep-
arate alive, single, pNK cells. (A.) Live-Dead stain using dead cell marker
Zombie AquaTM. (B.) Separation of single cells from doublets and triplets by
comparison of forward scatter area and height. (C.) Selection of the general
lymphocyte population by forward scatter side scatter comparison. (D.) An
example of a final surface marker gate for the upregulation of CD107a. Gate
drawn based on an FMO control. (E.) Quantitative results of the assay for
CD69 after incubation with labeled controls for either 60 or 120 minutes.
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Cytotoxic (Degranulation) Response

After establishing assays able to determine the markers of pNK stimulation

in response to activation by ligation of the CD16 receptor, the response to

clustered ligand was next tested using NGO-α-hCD16. In these experiments

a specific comparison to the response provided by unconjugated α-hCD16

was made, to compare this accurately the concentration of mAb in solution

for both α-hCD16 and NGO-α-hCD16 conditions was again matched at 2

µg/mL (consistent with the binding experiments). This equivalence was

chosen so as to enable conclusions to be drawn from the different configura-

tions of the same antibody, especially the differences that resulted from the

clustering of the mAb in NGO-α-hCD16.

To begin, the CD107a upregulation was tested and representative plots with

quantified results from 6 independent donors are shown in Figure 4.6 (A, B.).

The first notable observation from these experiments was the difference in

activation between the unconjugated α-hCD16 and clustered NGO-α-hCD16

(with median sheet size of 151 ± 59 nm and 134 ± 84 mAbs per sheet).

On average across the two donors and two batches of NGO tested, 10.3%

of pNK upregulated CD107a, ∼ 2-fold more than the 5.7% of unconjugated

α-hCD16.

The augmented activation of degranulation was also witnessed in the NGO-

α-hCD16 (small sheets) [median sheet widths of 72 ± 30 nm and 112 ± 71

mAbs per sheet], however to a lesser extent (average of 9% vs 10.3%). In

each case the isotype control species NGO-α-mIgG1, including small sheets,

showed no observable CD107a upregulation, thus making it clear that the

effect was not the result of a nonspecific activation caused by other factors

such as the NGO, streptavidin or biotin linker.

The donor–donor information for this data is plotted in Figure 4.7 (A, B.). Of

the 6 donors tested 5 showed an increased response to the clustered ligands
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Figure 4.6: NGO-α-hCD16 augments the upregulation of CD107a on pNK
cells. (A.) Representative flow cytometry plots from a single human donor
showing the expression of CD107a in response to 6 hours incubation with
the indicated conditions. Gate shows the location of the CD107a upregulated
population and numbers are percentages of cells within the gate. Contours
are 5% i.e 20 lines. (B.) Quantified % CD107a upregulation response of pNK
to NGO-α-hCD16 and stated controls. Results are the mean and standard
deviation from 6 human donors (3 for small sheets). Results combined from
two similar NGO-mAb batches. Statistical significance is assigned as follows,
∗p < 0.05



4. NGO-α-hCD16 Functionality and Natural Killer Cell Response

presented by NGO-α-hCD16 and of the 3 donors tested using the small sheet,

all showed an augmented response.

The consistent donor–donor increases strengthen the confidence that the ob-

served enhanced activation is the result of the clustered antibodies supplied

using the NGO-α-hCD16. Donor variability as a result of using primary hu-

man cells is generally expected, however, the consistency of the principle

donor–donor augmentation strengthens the general observation of NGO-α-

hCD16 augments degranulation in pNK cells.

Another potentially interesting observation from these results is the percent-

age of the pNK cell population which respond to NGO-α-hCD16. Across all

responses a 5–20% subset of pNK cells appear to upregulate CD107a in re-

sponse to stimulation by NGO-α-hCD16 representing a small subset of the

NK population. Work on determining the contribution of individual NK

cells to the bulk cytotoxicity has shown that only a small proportion of the

total population are responsible for the majority of the toxicity. For instance

Vanherberghen et al. noted that it was a small 10–20% subset of the total

pNK cells which were responsible for the majority of cytotoxicity towards

293T target cells.[455] The exact characteristics of these pNK cells he was,

however, unable to define. Results such as this nonetheless show the vari-

ability of the pNK cell population, an affect which could be contribute to the

observed results presented above. Excitingly it also highlights that small in-

creases in the stimulation, as demonstrated here using NGO-α-hCD16, may

be physiologically significant.

Biocompatibility

The toxicology of graphene based materials has been mentioned previously

due to its importance in determining if the material is viable in a biological

context. Being a relatively new biomaterial, NGO and NGO-PEG’s toxic-

ity is still to be comprehensively determined. GO alone has been shown
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A. B.

Figure 4.7: Compared by donor, NGO-α-hCD16 augments CD107a upregula-
tion in 5 of 6 tests. (A.) Results for NGO-α-hCD16 and α-hCD16. (B.) Results
for NGO-α-hCD16 (small sheets). In all conditions are linked by donor us-
ing solid red lines. Results combined from two similar NGO-mAb batches,
Batch 1 (filled circles), Batch 2 (unfilled triangles).

to induce membrane ruffling and shedding[260] while NGO-PEG on the

other hand has exhibited good compatibility with Raji cells,[456] and Mes-

enchymal Stem Cells (MSC),[457] though it was noted to induce enhanced

secretion of TNF-α, IL-6 and MCP-1 in macrophages.[433]

The work presented here, focusing on the response to a protein conjugated

NGO species, has little to no toxicological precedent in the literature. The

absence of observed nonspecific degranulation presented in the previous

section, particularly in response to the isotype variant of NGO-α-mIgG1, is

a positive first indication of the compatibility of NGO-mAb materials.

Having demonstrated the potential of clustered α-hCD16 it was important

to measure the viability of the pNK cells after prolonged interaction with

the NGO-α-hCD16 supramolecular species. This acted as one measure of

the toxicity of the NGO-mAb species. To assess the biocompatibility a dead
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4. NGO-α-hCD16 Functionality and Natural Killer Cell Response

cell marker (Zombie AquaTM) stain, permeable to cells with disrupted mem-

branes only, was added in combination with the NGO-mAb and controls.

After 6 hours of incubation with each species, flow cytometry was used to

assess the differences in viability. The results of which can be seen in Figure

4.8.

pNK cells were separated first by gates based on their size and shape, fol-

lowed by their viability (Figure 4.8 (A.)). The quantified results of this data

(Figure 4.8 (B.)) showed no appreciable difference between any NGO-mAb

species and the unstimulated control. In all cases the percentage of alive cells

assessed in this way exceeding 80% after 6 hours. As a primary indicator

of the NGO-mAb toxicity these results are particularly pleasing, although it

is clear that significant further experimentation at multiple time points and

concentrations would be required to be confident in the overall biocompati-

bility.

Immunomodulatory (Cytokine) Response

The secretion of IFN-γ, an immunomodulatory response predominantly at-

tributed to pNK was next investigated.[458] CD16 ligation is known to stim-

ulate IFN-γ secretion when plate bound, though ligation with unbound α-

hCD16 mAb, has to our knowledge not been published. The unconjugated

α-hCD16 mAb here again was again used as a control to assess the response

elicited by NGO-α-hCD16, and hence clustered CD16.

After separately mixing unconjugated α-hCD16 and NGO-α-hCD16 with

pNK cells for 6 hours in the presence of monensin and brefeldin-A inhibitors,

the supernatant was collected and using an ELISA the secretion of human

IFN-γ was measured. For stimulation by unconjugated soluble α-hCD16 no

enhanced secretion of IFN-γ was observed when compared to unstimulated

and isotype controls conditions (averaging 40 pg/mL, see Figure 4.9 (A.)).

The NGO-α-hCD16 condition on the other hand, lead to an average across
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> 85% by hemocytometer and the measured proportion of debris between
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to be stained by the cell viability dye. Results are the mean and standard
deviation from 6 human donors (3 for NGO-α-hCD16 (small sheets)).
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three donors of 81 pg/mL IFN-γ secreted, a 2-fold average increase com-

pared to the unconjugated α-hCD16. The overall concentrations of secreted

IFN-γ were for comparison similar to those previously reported for pNK

stimulation by insect target cells at 6 hours[142].

Across the three donors tested all showed a similar increase in the secretion

of IFN-γ as shown by the donor-donor comparison in Figure 4.9 (B.), the

fold increase between donors for the clustered vs unclustered α-hCD16 was

2.7-fold. Interestingly however secretion from surface bound α-hCD16 was

not noted to be significantly greater than the unstimulated controls despite

the enhanced secretion measured for NGO-α-hCD16. Other studies have

shown that IFN-γ secretion measured after 6 hours are sufficient to enable

its detection and one kinetic study has indicated the maximum secretion

occurs after 6 hours incubation with K562 target cell.[142].

In previous assessments of IFN-γ secretion by ELISA at 16 hours, there was

clear secretion of the cytokine above background levels, making the response

at 6 hours unexpected. One potentially important difference was the pres-

ence of monensin and brefeldin-A present in these experiments. Both of

these small molecules are generally accepted to interfere with the secretion

of newly synthesized cytokines,[459, 460] making them commonly used to

enhance the brightness when staining for cytokines intracellularly.[461].

O’Neil-Anderson et al. have demonstrated in T cells that monensin has little

affect on the secretion of IFN-γ, resulting in 90% of the secretion without its

addition. Brefeldin-A on the other hand affects IFN-γ secretion considerably

at 2–4 hour time points where it prevented any secretion, a difference they

attribute to the glycosylation of IFN-γ which brefeldin-A effects significantly.

In the same study after 18 hours secretion was nonetheless observed, indicat-

ing that brefeldin-A slows but does not prevent secretion (there work using

a 10-fold higher concentration of brefeldin-A than used here).[462] To there-
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fore understand if despite the lack of observed secretion, there had been

internal IFN-γ produced by the cells, intracellular staining for its presence

was carried out.

A. B.

Figure 4.9: NGO-α-hCD16 stimulates secretion of IFN-γ. (A.) Concentration
of IFN-γ secreted as measured by ELISA. Results are the mean and stan-
dard deviation from three human donors. Statistical significance is assigned
as follows, ∗p < 0.05 (B.) Donor–donor comparison of the secretion from un-
conjugated α-hCD16 and clustered α-hCD16 in NGO-α-hCD16. Conditions
linked by donor using solid red lines.

The intracellular results are shown in Figure 4.10 (A, B.), and indicate that

the surface bound α-hCD16 resulted in intracellular production of IFN-γ,

with 5% pNK cells positive for its intracellular staining. Conversely there

was no detected intracellular production caused by NGO-α-hCD16 which

were less than 1%.

In combination these results are suggestive of kinetic differences in the cy-

tokine secretion induced by NGO-α-hCD16 compared to surface bound α-

hCD16. One hypothesis which would explain these observations is that

NGO-α-hCD16 causes relatively rapid secretion, perhaps by a ‘readily re-
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leasable pool’ (RRP) of vesicles containing IFN-γ[463, 27] or another mech-

anism such as the mobilization of retained nuclear IFN-γ mRNA[464]. Ev-

idence supporting this hypothesis includes the kinetic differences in IFN-γ

secretion observed between CD56bright and CD56dim pNK cell subsets.[27]

NGO-α-hCD16 would, given this explanation cause preferably excitation of

the rapid secretors i.e. the CD56dim subsets shown by De Maria et al.

On the other hand the results could be due to the dominant cytotoxic ac-

tivation of pNK cells by the α-hCD16 surface stimulation. The separation

of cytotoxicity and immunomodulation have, for example, been shown to

be mutually exclusive in a number of studies.[465, 466, 467] This hypothe-

sis would propose that the the α-hCD16 surface stimulation, as a result of

the dominant cytotoxic response, would lead to a delayed immunomodula-

tory activation and intracellular synthesis of IFN-γ in preference to secretion.

The CD107a data in the previous section could be used to support this con-

clusion as the positive control condition produced a greater upregulation of

CD107a compared to NGO-α-hCD16 (45–80%).

Both hypothesis discussed above remain very much speculative. The un-

usual difference in pNK response to NGO-α-hCD16, surface and soluble α-

hCD16 stimulation nevertheless indicates that the use of the NGO-α-hCD16

nanoclustered material produces exclusive responses which are likely a re-

sult of its unique properties.

4.4 Conclusions

4.4.1 Summary of Findings

The goal of this chapter was to determine if the NGO-α-hCD16 species syn-

thesized was functional as judged by its expected use, and secondly if it

promoted a unique response in pNK cells. Evidence presented here shows:
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Figure 4.10: Surface bound α-hCD16 causes intracellular IFN-γ production
while NGO-α-hCD16 does not. (A.) Representative flow cytometry plots
of intracellular IFN-γ staining after 6 hrs incubation with each condition.
IFN-γ positive gate and percentage of cells within shown. (B.) Quantified
percentage IFN-γ positive pNK cells as measured by intracellular staining
of IFN-γ. Results are the mean and standard deviation from three human
donors. Statistical significance is assigned as follows, ns p ≥ 0.05, ∗p < 0.05
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1. NGO-α-hCD16 shows the ability to specifically bind the CD16 receptor

of pNK cells, exhibiting a small reduction in binding efficiency but

little nonspecific binding.

2. NGO-α-hCD16, most likely a result of its supramolecular structure,

has slower binding kinetics compared to unconjugated α-hCD16.

3. NGO-mAb species exhibit good biocompatibility with pNK cells after

6 hrs of interaction.

4. NGO-α-hCD16 stimulates an, on average, 2.7-fold enhancement in

CD107a upregulation, between the same donors, when compared to

the equivalent concentration of unconjugated α-hCD16.

5. NGO-α-hCD16 causes an, on average, 2.7-fold increase in the secretion

of IFN-γ, when compared to unconjugated α-hCD16.

4.4.2 Concluding Remarks

The results obtained here using NGO-α-hCD16, present hybrid bio-

nanomaterials as an emerging class of therapeutic reagents. Hybrid nanoma-

terials which use NGO for its distinctive properties have generally focused

on improving diagnostic or therapeutic function.[49, 50, 52, 46, 53, 54] Here,

however, a focus on the structural use of the NGO has been made, utilizing it

as a framework to confine and cluster mAbs, which in turn, has enabled the

mimicry of an otherwise complex structure—the receptor-ligand nanoclus-

ter. The receptor-ligand nanocluster itself being an interesting structure to

target due to its suspected influence on immune cell function.

Evidence presented further support the hypothesis that the clustering of

ligands influences the activation of pNK cells, at least in relation to the CD16

receptor. This is shown by both the augmented degranulation and cytokine

secretion, compared to unclustered ligands. The magnitude of improvement
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was on average 2–3-fold, while larger enhancements may still be possible

considering the reduced overall binding NGO-α-hCD16 exhibited.

The mechanism behind the enhanced response to clustered ligands, to-date,

remain unclear. Contributions from mechanotransduction that could be en-

hanced during the receptor-ligand interaction, a result of the inherently

crosslinked mAbs of NGO-α-hCD16, may be crucial, or alternatively the

affects of the spatial dependence of receptor ligation, that in turn leads to

enhanced signaling due to proximity.[37, 19, 68, 31] Both remain leading the-

ories and the potential for each to contribute to the observed effects, as well

as other explanations, are possible.

To-date there are no examples of materials utilizing NGO as a scaffold for

a NK cell ligand, nor any showing that such a species can activate a NK

cell or any immune cells for that matter. The augmented activation of NK

cells by this system is therefore a novel result. NGO has been applied to

a number of established uses,[49, 50, 52, 46, 53, 54] again none, however,

have used the material to create a system tailored to manipulate surface

nanostructure and affect a cellular response. This concept alone has very

little precedent, the only related finding being that receptor crosslinking is

an important step to immune cell activation. This crosslinking concept has

been demonstrated by secondary antibodies,[468, 128] cells,[128] microscale

beads,[469] and streptavidin tetramers,[470] although none of these have

the potential that NGO can offer to control crosslinking on the 50–250 nm

scale that nanoclusters are observed to exist. This difference makes the work

presented here important. The functionalization of colloidal NGO by biotin-

streptavidin to form a stable reagent has been reported,[428] although this

work is the first to apply this methodology to mAb conjugation, and the first

example tested in a biological system with a successful outcome.

Therapeutically these results may also be significant. The ability to enhance

139



4. NGO-α-hCD16 Functionality and Natural Killer Cell Response

activation using equivalent concentrations of mAbs through their clustering

is an exciting finding that could be influential. The development of a system

which targets a sub-cellular structure i.e. receptor nanoclusters, to induce

a response is a novel concept and this early demonstration of the principle

is novel. Conceivable uses would focus on the treatment of diseases depen-

dent on immune responses, for instance chemotherapeutics, autoimmune

disorders, and chronic infections.

Another consequence of these findings is the confirmation that understand-

ing nanoscale features of biological structures is crucially important to un-

derstanding their function—a perspective which is still gaining acceptance.

Similar studies will, it is hoped, provoke ongoing interest in this area of cell

biology and result in further improvements to therapeutic treatments.
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Chapter 5

Superresolution Microscopy of

Biofunctionalized Nanoparticle Arrays

5.1 Scope

In this chapter the production of Au nanoparticle arrays with reproducible

properties, including nanoparticle size and interparticle spacing is shown.

Relatively large (∼ 100 nm inter-nanoparticle spacing) nanoparticle arrays

were fabricated and then combined with a new, simple, nanoparticle func-

tionalization strategy using Alexa Fluor 647 labeled, reduced IgG antibodies

(rIgG), which bind the nanoparticles via thiol-gold bonding. Other control

surfaces are also produced using glass without the addition of nanoparticles

or by ommiting the passivation step which is used to prevent a passivation

step used to prevent nonspecific binding.

Stochastic Optical Reconstruction Microscopy (STORM) is then used to im-

age these functionalized arrays so that comparisons can be made between

them. Later complimentary data analysis, including the Nearest Neighbor

(NN) and Ripley’s K-Function analysis is applied to the STORM dataset of

a fully functionalized array, and simulated datasets, including; a random

distribution of points, an ideal nanoparticle array both with points missing

(to simulate underoccupancy) and added uncertainty in the nanoparticle po-
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sition (to simulate errors in the rIgG localisation). Together this analysis was

used to show if the data obtained from STORM imaging was representative

of a functionalized array.

5.2 Methods

5.2.1 Nanoparticle Array Fabrication

Nanoparticle arrays were prepared by block copolymer micelle nanolithog-

raphy using poly(styrene)-b-poly[2-vinyl pyridine] in xylene according to

Spatz et al,[63] with modifications. 5 mg/mL micellar solutions were first

prepared by dissolving 0.1 g poly(styrene)-b-poly[2-vinyl pyridine] (PS-b-

P2VP) (Polymer Source) in 20 mL p-xylene with magnetic stirring overnight.

Micellar solutions were prepared with PS-b-P2VP of various molecular

weight (MW) including PS(110 kDa)-b-P2VP(52 kDa), PS(52 kDa)-b-P2VP(31

kDa), PS(34 kDa)-b-P2VP(18 kDa) and PS(16 kDa)-b-P2VP(3.5 kDa). To these

gold (III) chloride trihydrate (Sigma-Aldrich) was added at Au:VP ratios

of between 0.5 and 0.1. For example for 20 mL, 5 mg/mL PS(110 kDa)-

b-P2VP(52 kDa) loaded at 0.1 Au:VP, 12.2 mg HAuCl4 · 3 H2O was added.

The solution was then covered to prevent photodegradation and stirred

overnight or until no solid HAuCl4 · 3 H2O remained. Rectangular glass cov-

erslips (0.15 mm thickness, VWR) were first cleaned using a piranha solution

1:3 H2O2 to H2SO4 overnight followed by successive rinsing with ultrapure

water (Milli-Q, 18.2 MΩ cm). Loaded micelles were transferred to glass cov-

erslips by dip coating at a rate of approximately 0.4 mm/s. Removal of poly-

mer coating and reduction of Au(III) salt was achieved by plasma etching

using a 5% hydrogen plasma (25 sccm, 350 W, 0.4 mbar, 45 mins). Nanopar-

ticle array interparticle distance and nanoparticle size were measured by

Scanning Electron Microscopy (SEM) using multiple samples within fabri-

cation batches. All chemicals were purchased from Sigma-Aldrich unless
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explicitly stated otherwise.

5.2.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was carried out using a Field Emis-

sion Scanning Electron Microscope (FEG-SEM) LEO Gemini 1525. Glass

substrate samples were sputter-coated with either carbon or chromium to

prevent surface charging and improve image stability. Chromium coating

was carried out with a sputtering current of 75 mA for 1 min giving an es-

timated 15 nm thick layer. SEM images were taken using an accelerating

voltage of 5 keV. Analysis of nanoparticle size and interparticle spacing was

achieved using FIJI software (ImageJ version 1.51n) and the analyze particles

function[471, 472].

5.2.3 Antibody Reduction

Antibody reduction was carried out using 2-Mercaptoethylamine (2-MEA)

in PBS. 10 mg 2-MEA (Sigma-Alrich) was dissolved in 70 µL PBS to give

881 mM stock solution. 0.4 µL, 500 mM EDTA, 10 µL, 2 mg/mL goat anti-

mouse IgG-AF647 (Invitrogen) and 0.15 µL 2-MEA, final concentration ∼ 15

mM in PBS were mixed and allowed to react for 90 mins at 37 ◦C. Reduced

antibody mixture was then purified by repeated rinsing with PBS containing

10 mM EDTA. For comparison of 2-MEA reducing concentrations 2 mg/mL

goat anti-mouse IgG-AF647 was reacted with 2-MEA at final concentrations

of 15, 50, 150 and 500 mM at 37 ◦C. After 90 and 120 mins samples of

each condition were taken and the degree of antibody reduction resolved

by SDS-PAGE. SDS-PAGE was carried out using Bolt 4–12% Bis Tris Plus

Gels (Thermo Fisher Scientific) with a ColorPlus Prestained Protein Ladder,

Broad Range (10–230 kDa) (New England BioLabs).
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5.2.4 Nanoparticle Array Functionalization

Nanoparticle arrays were first exposed to UV light for 20 mins, after which

12-well silicone chambers (Ibidi) were then applied to the glass and pressed

evenly to ensure good adherence. For nanoparticle array + PLL-g-PEG +

rIgG, 100 µL, 1 mg/mL PLL(20 kDa)-g[3.5]-PEG(2 kDa) (SuSoS) in ultrapure

water (Milli-Q, 18.2 MΩ cm) was added for 1 hr followed by removal and

rinsing using 2 × 200 µL PBS, and 100 µL, 20 µg/mL reduced goat anti-

mouse IgG-AF647 (rIgG) was then applied and incubated overnight. The

rIgG was then removed and the surface washed with 3 × 200 µL PBS before

imaging by STORM.

5.2.5 Coverslip Functionalization

Glass coverslips were cleaned by ultrasonication in 1M KOH for 5 mins

followed by rinsing with with ultrapure water (Milli-Q, 18.2 MΩ cm) and

drying under a N2 stream. 12-well silicone chambers (Ibidi) were then ap-

plied to the glass and pressed evenly to ensure good adherence. For glass

+ rIgG condition, 100 µL, 20 µg/mL reduced goat anti-mouse IgG-AF647

was then applied and incubated overnight. For Glass + PLL-g-PEG + rIgG,

100 µL, 1 mg/mL PLL-g-PEG (SuSoS) in ultrapure water (Milli-Q, 18.2 MΩ

cm) was added for 1 hr followed by removal and rinsing using 2 × 200 µL

PBS, and 100 µL, 20 µg/mL reduced goat anti-mouse IgG-AF647 was then

applied and incubated overnight.

5.2.6 STORM Imaging

STORM imaging was carried out on a N-STORM Nikon Ti microscope with

a CFI SR Apochromat TIRF 100× 1.49 NA oil immersion objective. A Ti-

NSFC N-STORM filter cube was used to separate excitation and emission

fluorescence signals. Fluorescence signal was detected by an Andor IXON

Ultra DU-897 X-9315 electron multiplying charge coupled device (EMCCD)
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camera (Andor Technology) (105.2 nm pixel size, CCD sensitivity of 6.09

A/D count and 98.8 electron single pixel noise). Images were captured with

a 256×256 pixel (mono 16 bit) region of interest (ROI) by using a 1.5× zoom,

an electron multiplying (EM) gain of 200, and conversion gain of 3. Exci-

tation was achieved by a 170 mW 647 nm (Agilent Ultra High Power Dual

Output Laser) using an initial 30% pulse followed by image aquisition of

15000 frames. Initial TIRF imaging for region selection was achieved using

2% power. Imaging was carried out after addition of imaging buffer made

of 50 mM Tris-HCl, 10 mM NaCl, 10% glucose, 1% v/v 2-mercaptoethanol

and 1% v/v GLOX solution. GLOX solution was 14 mg glucose oxidase, 50

µL catalase (17 mg/mL) in 200 µL 10 mM Tris, 50 mM NaCl buffer (pH ∼

8). All buffers filtered through 0.22 µm filter.

5.2.7 STORM Data Analysis

Peaks in raw single molecule image data were extracted using

ThunderSTORM[473] with image filtering (B-spline, order 3, scale 2),

local maximum approximation of molecule localization (2*std(wave.f1), 8

neighborhood connectivity) and sub-pixel localization using integrated

Gaussian point spread function (PSF) (5 pixel fitting radius, maximum

likelihood fitting method, 1.6 pixel initial sigma and multi-emitter fitting

analysis disabled). From this initial dataset any drift was corrected using

ThunderSTORM built in drift correction (cross correlation, 5 bins, 3× magni-

fication), followed by filtering (uncertainty < 15). Three regions of 5×5 µm

were selected for each 26.93×26.93 µm region size (256×256 pixel ROI) and

visualized using average shifted histograms with 3 lateral shifts using 10×

magnification. Maxima were selected using FIJI software (ImageJ version

1.51n), Process – Find Maxima (noise tolerance = 21) and exported as comma

separated values by Analyze – Measure – Save As. Nearest neighbor (NN)

analysis was carried out by importing X,Y data into MATLAB (R2017a)
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and analysing with the nearest neighbor.m script written by Richard

Brown (http://uk.mathworks.com/matlabcentral/fileexchange/12574-

nearestneighbor-m) using a custom script written to loop over all points

in dataset. Ripley’s K-Function analysis was calculated using MATLAB

(R2017a) and a script written by Carina Dunlop.

5.2.8 Simulated Datasets

Simulated nanoparticle data was created using the MATLAB, rand, uni-

formly distributed random number function. Simulated freedom of move-

ment (FOM) was applied by selection of a random radius between 0 and 25

nm and a random angle between 0 and 360◦ from which to transform the

point position. Removal of points from the extracted SEM dataset was car-

ried out using the MATLAB uniformly distributed random number function

to select points at random for removal.

5.3 Results and Discussion

5.3.1 Nanoparticle Array Fabrication

Production

The fabrication of nanoparticle arrays by block copolymer lithography has

been generally discussed within Section 2.3.1 and Section 2.3.2. The specifics

of the lithography used here, and its applications nonetheless require ex-

amination. Figure 5.1 (C.) illustrates the experimental methodology used

to produce nanoparticle arrays with distinct and reproducible interparticle

spacing and nanoparticle size. The choice of di-block copolymer and specif-

ically the copolymer block lengths is particularly important for the control

of interparticle spacing as illustrated in Figure 5.1 (A, B.) where the interpar-

ticle spacing varies from 130 nm for a PS(110 kDa)-b-P2VP(52 kDa) to 40 nm

for PS(34 kDa)-b-P2VP(18 kDa) with minimal variation of the nanoparticle
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size. Other factors which can be manipulated to affect the interparticle spac-

ing include, the dip coating retraction speed, polymer concentration, solvent

choice, use of thermal annealing and micelle loading.

For the purpose of carrying out STORM on nanoparticle arrays, arrays with

larger interparticle spacings were favored to minimize the potential for prob-

lems associated with the resolution limit of the microscopy. The lateral res-

olution for STORM is approximately 20 nm laterally for all superresolution

techniques, including STORM, under ideal conditions. Nonetheless large

interparticle spacing were best produced with PS(110 kDa)-b-P2VP(52 kDa)

which forms arrays with interparticle spacing of 95–130 nm given the stated

conditions. Arrays used for imaging had mean interparticle spacings of 94.1

nm ± 17.3 nm (standard deviation).

Cai et al. have demonstrably shown that the occupancy (number of

molecules per nanoparticle) of gold nanoparticles with biotin-alkylthiol

linked streptavidin increases with nanoparticle diameter.[72] The occupancy

of nanoparticles has a direct effect on the use of nanoparticle arrays to con-

trol receptor-ligand interactions as this directly affects the resultant spac-

ing between ligated receptors. It has been shown by our own laboratory

and others that the control of receptor spacing can effect immune cell

signaling.[37, 68] Studies such as these assume the single occupancy of a

nanoparticle to reliably understand the affect of the receptor spacing on cell

activation.

Characterization

From the outset nanoparticle arrays which had equivalent nanoparticle di-

ameters of less than 15 nm irrespective of interparticle spacing were there-

fore produced. Figure 5.2 (A.) shows the that the decreased loading of mi-

celles with HAuCl4 · 3 H2O salt produced with equivalent block copolymers,

decreases the nanoparticle size from 17.9 ± 3.0 nm to 14.8 ± 2.7 nm. The
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Figure 5.1: Hexagonal Au nanoparticle arrays can be produced with con-
trolled interparticle spacing by using PS-b-P2VP block copolymer of vary-
ing MW. (A.) Nanoparticle array with interparticle spacing of ∼ 130 nm
produced with PS-b-P2VP di-block copolymer with separate block MW of
110 kDa and 52 kDa respectively. Scale bar = 200 nm (B.) Nanoparticle ar-
ray with interparticle spacing of ∼ 40 nm produced with PS-b-P2VP di-block
copolymer with separate block MW of 34 kDa and 18 kDa respectively. Scale
bar = 200 nm (C.) Schematic of nanoparticle array production using block
copolymer micellar lithography.
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general convention of describing the loading with respect to the molar ratio

of the gold (Au) and Vinyl Pyridine (VP) has been used here. Variation of

the Au:VP loading ratios for di-block copolymers that produce nanoparticle

arrays with spacings between 20 and 130 nm was carried out and the results

can be seen in Figure 5.2 (B.). Mean nanoparticle sizes that are consistently

less than 15 nm irrespective of interparticle distance were achieved.

With control of nanoparticle size, arrays fabricated from each diblock copoly-

mer system were selected to produce interparticle spacings with an even

distribution on length scales which remain important for biological study.

Figure 5.2 (C.) shows the conditions used to produce nanoparticle arrays of

between 20 and 100 nm. This scale was consistent with the length scales that

have shown significant for patterning of ligands and the activation of both

T and NK cells.[37, 68]

Functionalization

Protein functionalization strategies for Au nanoparticle arrays have been

widely researched.[427, 71, 37] The initial binding of the Au nanoparticle

in each case utilizes the sulfur-gold bond, which despite being well estab-

lished in the field of bioconjugation is not fully understood.[474, 475] From

this sulfur-gold bond usually in the form of a thiolated linker, functional end

groups permit the subsequent attachment of biologically relevant molecules

in bottom up approaches. These include Ni(II)-coordinating NTA-thiol link-

ers which bind His tagged proteins (proteins with greater than six histidine

amino acids at the N- or C- protein terminus). NHS-thiol linkers can be

used by reacting the NHS group with a range of proteins using the cat-

alyzed amide bond formation to primary amines found on almost all pro-

teins. Complimentary single stranded DNA pairs have also been used, one

thiolated and the second attached to a corresponding protein with the com-

plimentary strand. Biotin-streptavidin conjugation has also been used due
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Figure 5.2: Nanoparticle array properties can be controlled by gold:Vinyl
Pyridine (Au:VP) loading ratio and the Molecular Weight (MW) of di-block
copolymer (A.) Variation of nanoparticle size produced by 0.3 and 0.1 Au:VP
loading of PS(110 kDa)-b-P2VP(52 kDa). (B.) Nanoparticle sizes produced
by controlling the Au:VP loading of arrays produced with different MW
di-block copolymers. (C.) Measured interparticle spacings produced by di-
block copolymers of varied MW and Au:VP loading ratio.
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to the strong binding and ease of biotinylation.

While each has their advantages even simpler approached have been

achieved, for instance using F(ab’)2 fragments with exposed disulfide

bridges that enable direct conjugation with no linkers.[37] Given the extreme

sensitivity required for any reproducibility and accuracy on the nanoscale,

functionalization strategies with the fewest steps were sought.

Following the line of thought hoping to reduce experimental complex-

ity, the reduction of antibodies at the hinge disulfide bridge using 2-

Mercaptoethylamine (2-MEA) to produce reduced IgG fragments (rIgG)

with unprotected thiol (sulfurhydryl) groups was carried out. Free thiols

have been shown capable of specifically binding Au nanoparticles making

them an ideal direct linkage.[476, 477] With this approach single rather than

binary antigen binding per nanoparticle (assuming single occupancy) can

also be achieved, a characteristic previously discussed as important for cell

experiments. In addition the antigen binding ability, due to the rIgG ori-

entation (a result of the thiol groups location) has also been shown to be

improved compared to whole antibodies.[478]

The three commonly used chemicals to reduce IgG antibodies include 2-

MEA, Dithiothreitol (DTT) or (Tris(2-carboxyethyl)phosphine) (TCEP). In

this work 2-MEA was used thanks to its availability. Early experiments with

supplied protocols (Pierce) indicated a 10 mg/mL concentration of IgG with

a 50 mM 2-MEA final concentration incubated at 37 ◦C for 90 mins would be

sufficient to selectively reduce the hinge disulfide. In testing, this protocol

although successful at hinge cleavage, also showed significant reduction of

heavy-light chain disulfides as shown by SDS-PAGE in Figure 5.3 (B.) Given

the same 90 min 37 ◦C conditions, a range of 2-MEA concentrations were

tested. 15 mM 2-MEA was selected as it resulted in sufficient rIgG produc-

tion while producing far less heavy and light chain cleavage. Preventing
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heavy–light chain cleavage was preferable as fully cleaved heavy and light

chains, due to their own free thiols, would compete with the rIgG to occupy

Au nanoparticles despite offering no antigen binding capabilities.

rIgG
~ 75 kDa

A.

Fab region

Fc region

Antigen
binding site

Free thiol
bond

HS

B.

230 -
150 -
100 -

(red) 80 -
60 -
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40 -
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(green) 25 -
20 -

- IgG

- light chain

- heavy chain

- rIgG

2-MEA concentration (mM)

15 50 150 5000

Figure 5.3: Selective reduction of IgG using 2-MEA produces reduced IgG
(rIgG) exhibiting a thiol group at the hinge region and a preserved antigen
binding site. (A.) Schematic of rIgG showing important structural features.
(B.) SDS-PAGE of IgG reaction mixture after reduction by 2-MEA at various
concentrations and labeled with the reduction products. Protein ladder and
MWs given for reference.

The full functionalization strategy summarized in Figure 5.4 illustrates the

3-step functionalization procedure developed to functionalize Au nanopar-

ticle arrays. In the first step, passivation of the surface against non-specific

binding is carried out by the addition of PLL-g-PEG. PLL-g-PEG electro-

statically binds to the glass substrates through the positively charged lyine

groups, anchoring the well established antifouling reagent, poly(ethylene

glycol) PEG.[479, 480, 481] Uncharged elemental Au nanoparticles are not

coated by this treatment and are selectively available after removal by wash-

ing away excess PLL-g-PEG for functionalization by the thiol of rIgG. Dur-
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ing the incubation of PLL-g-PEG with the nanoparticle array surface, con-

veniently the IgG antibody of choice is reduced (2.) resulting in rIgG. The

third step is then the simple addition of rIgG immediately after its produc-

tion to the passivated nanoparticle array surface, and following incubation,

removal by washing.

5.3.2 STORM Imaging

Image Examples and Controls

STORM imaging of functionalized nanoarray surfaces was carried out in

conjunction with a number of control surfaces created on both equivalent

nanoarrays as well as glass slides with no nanoparticles. Figure 5.5 illus-

trates representative regions from each condition imaged. Each image shows

individual points (red points) which are the result of the STORM localiza-

tion of individual blinking events (fluorochrome fluorescence), herein these

localizations are referred to solely as ‘events’.

Figure 5.5 (A.) shown larger in Figure 5.6 (A.) shows events (individual red

points) falling close together, forming circular clusters of high density with

regions of few and no events in between. In some areas events can be seen

forming clumps of various small sizes, although these are comparatively

less common. The surface has a clear uniformity and there is homogeneity

across the regions.

As a positive control surface the nanoparticle array was functionalized with-

out the prior addition of PLL-g-PEG (B.). Without the passivation provided

by PLL-g-PEG events can be seen homogeneously covering the regions with

no clear structure visible. This observation fits well with the expected non-

specific binding of rIgG to both glass and Au nanoparticle which would

occur given no passivation.

A second positive control of glass slides with no Au nanoparticles was also
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Figure 5.4: Schematic of the developed procedure used to successfully func-
tionalize Au nanoparticle arrays using rIgG. (1.) Passivation of the nanopar-
ticle array to prevent nonspecific protein adsorption using PLL-g-PEG (2.)
Reduction of IgG using 2-MEA to produce rIgG with available thiol groups
capable of binding Au nanoparticles (3.) Functionalization of Au nanopar-
ticles by addition of rIgG in the presence of a passivated background to
prevent nonspecific rIgG binding.
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used and functionalized by addition of rIgG directly. These surfaces show

extremely inhomogeneous coverage, both within given regions and between

regions. Events form large clusters of varying shape and do not appear to

exhibit any uniformity. The non-specific binding of rIgG expected fits well

with these observed results.

The final negative control surface was that of glass pretreated with PLL-g-

PEG and then rIgG added. In this case the effectiveness of PLL-g-PEG is

demonstrated as most regions show no events, indicating a surface free of

protein. Across the three only a single clear cluster of events (D. - region 2)

can be seen showing that the events originating from background signal are

minimal.

To observe the difference in fine structure obtained from STORM imaging of

functionalized nanoarrays and control surfaces Figure 5.6 shows large 5x5

µm regions plotted side by side. The comparison between the two clearly

illustrate the differences in the distribution of events between the surfaces

as a result of the different distribution of fluorochromes on the surfaces.

STORM Image Considerations

To initially understand and analyze the images produced by STORM the

properties of this imaging modality must be considered. These properties

include the number of switching cycles, blinking properties, and survival

fraction of the fluorochrome. Switching cycles are the repeated cycling be-

tween the fluorescent and dark states which in turn lead to the measure-

ment of multiple events from a single molecule. It is this stochastic na-

ture which gives STORM imaging its name. If a fluorochrome is static then

clusters of events which are detected due to single fluorochrome exhibit-

ing stochastic switching cycles in combination with the localization preci-

sion causing small localization variations. There are many factors which

affect the number of switching cycles including the imaging buffer, fluo-
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Figure 5.5: Example regions of functionalized nanoparticle arrays and con-
trol surfaces. (A.) Processed STORM images of three 5×5 µm regions of
a nanoparticle array functionalized first with PLL-g-PEG followed by rIgG.
(B.) Images of three 5×5 µm regions of a positive control surface function-
alized using an identical nanoparticle array coated solely with rIgG. (C.)
Images of three 5×5 µm regions of a positive control glass slide coated with
rIgG. (D.) Images of three 5×5 µm regions of a negative control surface com-
posed of a glass slide coated first with PLL-g-PEG followed by rIgG. Given
the excellent passivation afforded by PLL-g-PEG almost no events are visible.
All STORM processing was identical for each condition and region.
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Figure 5.6: Characteristic features displayed by single molecule localization
STORM images of a rIgG functionalized nanoparticle array and control glass
slide coated with rIgG. (A.) Functionalized nanoparticle array (PLL-g-PEG +
rIgG) show clusters of events (fluorochrome localization) interspersed with
areas of no localizations (B.) rIgG coated glass coverslip control surface show
a combination of large clumps of localizations, smaller clusters and areas of
no localizations.
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rochrome, laser power and application of ‘back-pumping’. Given certain

conditions, however, mean values have been measured for some commonly

used fluorochromes.[418]

In addition to the switching cycles, the number of blinking events produced

by a fluorochrome as it cycles between fluorescent and dark states is also

stochastic in nature, and a second reason for the number of events within a

cluster varying.

The final factor affecting the number of events observed is the survival frac-

tion i.e. the number of switching cycles achieved before a fluorochrome

remains permanently in the dark state. The permanence of the dark state

is most commonly attributed to chemical or chemical or structural modifica-

tion of the fluorochrome.[418]

Taking into account the nature of STORM images, in regards to nanoparticle

arrays there are three characteristic features; 1. point like events 2. hexag-

onal structure and 3. constant interparticle distance, are expected to be ob-

served. First the spherical-point like events from the underlying attachment

of a fluorochrome to a nanoparticle and second the hexagonal packing with

periodic interparticle distance. Beginning with the first characteristic, for la-

beled rIgG bound to a single nanoparticle with no diffusion events from the

attached fluorochrome would be expected to appear as spherical point like

clusters. It should be noted, however, that any non-mobile fluorochrome

would produce a similar cluster of points. As such, it is then important that

characteristics 2. and 3. are observed.

Figure 5.6 (A, B.) provides representative example images from large areas

of both a functionalized nanoparticle array and a control rIgG coated glass

coverslip. The example functionalized array demonstrates the expected clus-

tering of events separated by areas of minimal events. In comparison the

rIgG coated coverslip does not show these features and is instead character-
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ized by the coalescence of event clusters into larger fibril shaped areas. In

addition to this there is an increase in the number of events outside of local

clusters. These are best ascribed to the diffusion of fluorochromes during

imaging.

While features expected of a nanoparticle array are present in the function-

alized nanoparticle array, as shown be the representative image in Figure

5.6 (A.), the distinct hexagonal periodic structure observed in SEM images

of similar arrays are not. To some degree this is the result point like

structures not possessing linked complex geometries which allow small

deviations from perfection to lead to a rapid decrease in the perceived

structure.[482, 483] A robust mathematical analysis of the data is therefore

required, and here carried out, to determine if the STORM data collected is

representative of a functionalized nanoparticle array.

Data Extraction

To analyze the STORM event dataset it was first supposed that small dense

clusters of events were representative of well localized, stationary fluo-

rochromes as argued above. This is based on the theoretical nature of

fluorochromes and backed by superresolution data of dilute fluorochromes

attached to substrates, which exhibit similar characteristic clusters of local-

ization (events) when imaged by STORM.[19]

There is with little doubt a multititude of ways to define clusters and ex-

tract their coordinates. Figure 5.7 (A.) shows the process applied for this

work. In the first step a density estimation was first applied using an aver-

age shifted histogram (ASH) algorithm. The ASH effectively used to change

the 2 dimensional coordinate data into a 3-dimensional intensity profile of

the surface. Small areas with a large number of events therefore produce

a greater intensity than sparse areas with minimal events which allows for

a threshold intensity (characteristic of a given fluorochrome) to be selected,

159



5. Superresolution Microscopy of Biofunctionalized Nanoparticle Arrays

and from the position of maximal intensity, its position extracted.[484, 485]

These steps are shown in Figure 5.7 (A.) 2., the selection of clusters of high

intensity (using a maxima point selection algorithm with a supplied noise

tolerance) and lastly the extraction of the coordinates at the point of highest

intensity.

To accurately compare the features of the STORM dataset a nanoparticle ar-

ray from the same production batch, and hence with similar interparticle

spacing and nanoparticle size, was used a point of comparison. Data from

this ‘ideal’ example of a nanoparticle array was extracted using a compara-

ble method, i.e. Figure 5.7 (B.) step 3., where the maxima point selection

and extraction is applied directly to a SEM image. An example of the result

of this point extraction can be seen in Figure 5.7 (B.), where the extracted

points have been replotted (blue points).

5.3.3 Data Analysis

Occupancy of Nanoparticle Arrays

The most simple analysis that can be made is a comparison of the density

of points measured for the extracted STORM data and the ‘ideal’ SEM im-

age. Assuming 100% functionalization and 100% detection of bound rIgG it

would follow that both should have comparable densities. Figure 5.8 (A, B.).

illustrates the number of points detected in two representative regions of—

(A.) the points extracted from the ideal nanoparticle array and (B.) points

extracted from a functionalized array imaged by STORM. Figure 5.8 (C.)

quantifies the difference in the number of points over multiple (12 regions by

STORM, 3 by SEM) 4×4 µm. Nanoparticle arrays produced using the PS(110

kDa)-b-P2VP(52 kDa) exhibited a mean density of 124.8 nanoparticles/µm2

while the similarly functionalized, imaged and point extraction giving a

mean density of only 42.3 nanoparticles/µm2 for the STORM dataset. Over-
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Figure 5.7: Extraction of nanoparticle coordinates from both raw event data,
and an ‘ideal’ SEM image of a similar array (A.) Three step process starting
with the raw STORM fluorochrome localizations (events) converted in 1. to
and intensity profile using the Average Shifted Histogram (ASH) density es-
timation. 2. The selection of clusters with a minimum intensity and 3. The
extraction of the selected cluster coordinates. (B.) The similar extraction of
nanopartilce coordinates from an ideal SEM image of an array with proper-
ties matching the nanoparticle array functionalized and imaged by STORM.
Blue points are the extracted coordinates replotted. Scale bar = 500 nm
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Figure 5.8: The mean detected number of points is approximately 33% the
expected number of total nanoparticles i.e. 33% Au nanoparticle occupancy.
(A.) Position of nanoparticles (blue dots) as detected in a 4×4 µm region
of an PS(110 kDa)-b-P2VP(52 kDa) array imaged using SEM. (B.) Position
of rIgG (red dots) as detected in a 4×4 µm region of a matching function-
alized nanoparticle array imaged using STORM (C.) Quantification of the
mean density of nanoparticles as measured from three matching nanoparti-
cle arrays and 12 regions of STORM data analyzed as described in Figure
5.7 (A.).
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all this gives an inferred 33% occupancy of the nanoparticle array.

There are three underlying possibilities which would lead to the observed

low occupancy. These are, 1. a problem relating to the underlying nanopar-

ticles, 2. the functionalization and 3. the detection.

Starting with the underlying nanoparticles, a potential cause of observed

under occupancy would be missing nanoparticles or arrays with a lower

density of nanoparticles than expected. To minimize any chance of this,

characterization of individual batches by SEM was carried out on a subsec-

tion of the fabricated batch. This step, in addition to ensuring quality, also

determines the properties of the batch and ensures the quality of the mi-

cellar lithography. As such it is unlikely that large regions of the hexagonal

array would be found with voids that would lead to the observed occupancy.

While this is true of the unfunctionalized array, there remains the possibility

that the process of functionalization itself disrupts attachment of nanoparti-

cle to the substrate. This outcome is thought to be unlikely given the stability

of Au nanoparticle arrays observed by other studies using procedures with

similar reagents.[72, 63, 427]

Considering next the functionalization procedure, the first explanation for

observed under occupancy would be the result of incubation with a quan-

tity of rIgG insufficient to saturate all nanoparticles. This hypothesis can

quickly be refuted as the STORM images shown in Figure 5.5 (B.) of the pos-

itive nanoparticle array + rIgG control surface indicate complete coverage. A

second potential hypothesis is that the passivation layer also prevents rIgG

binding to the Au nanoparticles. Again this is unlikely given the radius of

gyration of hydrated 2 kDa MW PEG (as used in the PLL-g-PEG) has been

measured to be 1.36 nm.[486, 487, 488] Taking into account the well defined

nanoparticle diameter of 15 nm, it is implausible that the PEG could extend

beyond the nanoparticle and sterically block prevent binding. It is, however,
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possible that impurities collected over time deposit onto the surface, prevent-

ing binding. This is difficult to quantify, and each nanoparticle surface was

incubated under a UV light source for 30 minutes prior to functionalization

so that produced ozone could remove organic deposits.

Regarding functionalization, binding of rIgG is only specific if an available

thiol or disulfide bond is present and therefore processes which drastically

reduce the thiol availability would result in under occupancy. The reduction

of IgG is a reversible process and the oxidation of the hinge thiols, reforming

the disulfide occurs spontaneously over a 20 hour period. To reduce the

effects of the reformation of disulphides, functionalization was carried out

immediately after reduction, and the reduction step in itself was confirmed

as shown by Figure 5.2.3 (B.).

Detection of rIgG by STORM involves a number of factors which could con-

tribute to the reduced occupancy observed. The first and most obvious of

these is the labeling ratio of fluorochrome to rIgG, and its inherent under-

labeling. The goat anti-mouse IgG-AF647 used here had a Degree of La-

beling (DOL) (AF647:IgG) of 3 which is typical for commercial antibodies.

After mAb reduction the value would naturally be reduced to 1.5 (assuming

equal likelihood of fluorochrome labeling sites), which is reasonable given

the equal distribution of light and heavy chains by rIgG formation. A DOL

of 1.5 may be considered sufficient initially, however, given it is a mean

value calculated based on bulk UV-vis measurements, the labeling of fluo-

rochromes on the single molecule level will instead be a distribution. The

large number of primary amines relative to the labeling ratio for NHS/EDC

coupling has been shown to allow for the DOL to be reasonably modeled by

a Poisson distribution. Applying this model the contribution of 0, 1, 2, 3, and

so on DOL can be calculated as shown in Figure 5.9 (A.). When a mean DOL

of 1.5 is measured this distributions shows that just over 22% of individual

rIgG will have zero fluorochromes and 33% just a single one.[489, 490, 491]
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The distribution of fluorochromes with zero fluorochromes would clearly

be a contributing factor towards the 33% occupancy observed. To have less

than a 5% contribution of rIgG without a fluorochrome a mean DOL of 5

would be necessary, again assuming a Poisson distribution. While a DOL

of 5 and above would be possible for a characterization step (given the ap-

proximately 80 primary amines available for fluorochrome coupling) consid-

erations realting to the antibody solubility and functionality may become

essentail as these are crucial for later use in cell experiments.[430]

Given no other sources sufficiently account for the remaining underoccu-

pancy the ∼ 50% is therefore hypothesized to be the result of Au nanopar-

ticle quenching of the AF647 fluorochrome fluorescence.[492, 493] Recently

the distance dependent quenching of Atto647N was demonstrated by 10 nm

Au nanoparticles. At 10.4 nm from the Au nanoparticle surface the relative

fluorescence intensity was measured to be 0.5, and by fitting it is expected

to be 0.25 at around 7 nm.[494] The decreased fluorescence intensity will, it

is reasonably speculated, affect the localization of single molecules by intro-

ducing greater uncertainty in fluorochrome localization as a result of a more

diffuse PSF.

Superresolution image processing determines the localization based on a

number of parameters, that if found to be below a threshold, lead to single

molecules being discarded due to the localization unreliability.[495] In addi-

tion, the filtering choices common for single molecule localization, and used

here to remove localizations with uncertainties greater than a threshold (15

nm), although necessary for precise analysis, will with all likelihood also re-

move data originating from fluorochromes of occupied nanoparticles.[496]

While the exact affect of the fluorescence quenching of AF647 has not been

shown by nanoparticles of 15 nm, the comparison here with ATTO647N is

likely appropriate considering their near identical fluorescence absorbance

and emission spectra. Figure 5.9 (B.) schematically indicates the described
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quenching with, to relative scale, an Au nanoparticle (r ∼ 7.5 nm) and mAb

(length ∼ 15 nm), at various distances from each other.

Finally, with respect to the extraction of fluorochromes coordinates from the

STORM image data, the process outlined in Figure 5.7 (A.) was produced

to select clustered features associated with detected fluorochromes and may

also contribute to the underoccupancy by preventing false positive localiza-

tions.

Figure 5.9: Factors likely to cause the observed 33% occupancy. (A.) The
Poisson distribution for an average of 1.5 events per interval. This plot
shows that a mean fluorochrome Degree of Labeling (DOL) = 1.5 has a
22% contribution of rIgG with 0 fluorochromes. (B.) Schematic indicating
the fluorescence quenching of a fluorochrome (here attached to a mAb) in
relation to the distance from the Au nanoparticle. For an Au nanoparticle
of radius, r 5–7 nm, at 15–20 nm (3r) the relative fluorescence intensity is
∼ 50% its value at distances of greater than 5r. The mAb dimensions are
correct relative to an Au nanoparticle of diameter 15 nm.

Spatial Analysis Techniques

In spite of the reduced occupancy further analysis was carried out to de-

termine if the rIgG positions were distributed such that the likelihood of

attachment to the underlying array could be made. A comparison first of
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the interparticle distances which are characteristic of the nanoparticle array

was therefore made. A simple yet robust methods to determine the mean

interparticle distances is through the Nearest Neighbor (NN) Analysis. In

this analysis, for each point the nearest neighboring point is found and the

distance between the two measured as illustrated in Figure 5.10 (A.). By

iterating over every point in a given area or ROI, the mean nearest neighbor

distance can be calculated to provide a good description of the spatial dis-

persion. A second method of analysis, the Ripley’s K-Function was used to

compare the spatial distribution of points in a dataset, and hence provides

a description of the spatial homogeneity. Ripley’s K-Function Analysis is

commonly used to distinguish between clustered, random or uniform and

dispersed distributions of points, therefore complimenting the mean NN

analysis. The Ripley’s K-Function is defined in Equation 5.1 below.

K(r) =
A ∑

n
i=1 ∑

n
j=1,i 6=j δij

n(n−1)
(5.1)

Where A is the total area, r the radius from a given point, n the total number

of points and δij the Euclidean distance between points i and j.

A common method to visualize the results of the Ripley’s K-Function (K(r))

instead uses the L-Function (Equation 5.2) and specifically L(r)-r sometimes

termed the H-Function. Plotting L(r)-r is favorable as L(r) for a Poisson dis-

tribution of points = r and hence L(r)-r = 0. The value of L(r)-r therefore

becomes positive when data is clustered, and negative for dispersed distri-

butions, see Figure 5.10 (C, D.) producing plots which are visually easy to

comprehend and compare.[497, 498, 499, 500]

L(r) =

√

K(r)
π (5.2)

Where r is the radius and K(r) the Ripley’s K-Function.

167



= selected point = nearest neighbour

= other data points

Move to next point

iterate over all points

d1

d2

= selected point

Increasing radius size

Random Clustered Dispersed

= radius of measurement

0

r

A.

B.

C.

D.

L
(r

)-
r

Clustered
Uniform

Dispersed

Density of points
in given radius

Distance to
nearest neighbour

Figure 5.10: Schematic of the analysis techniques used on the measured
STORM and simulated datasets. (A.) Nearest Neighbor (NN) analysis for n
= 1 i.e. the first nearest neighboring point. First a point is selected, its near-
est neighboring point is then determined and the distance between them
measured. This process is repeated for all data points and the mean NN
distance then computed for a given dataset. (B.) The Ripley’s K/L-Functions
calculates the number of points in a radius surrounding a data point. The
radius increases by a predetermined distance and the density of points is
compared for a given radius to the global density of points. (C.) Three
example datasets with different spatial characteristics. (D.) Shows represen-
tative results of the Ripley’s K-Function analysis on datasets with the spatial
characteristics as indicated in (C.).
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Simulated (Control) Datasets

For the initial analysis the most simple n = 1 NN was computed for each

point in a 5×5 µm region extracted from STORM images of functionalized

nanoparticle arrays. It was initially assumed that this value could be directly

compared to the mean NN distance computed for the ideal nanoparticle

array as imaged by SEM. As a fundamental limitation of the NN method it

is not possible to use a single measurement as an accurate comparison of the

mean NN distance given dissimilar point densities. The reduced occupancy

measured and discussed earlier, for instance, would affect any calculation of

the NN as the loss of neighboring points effectively increases the mean NN

distance. A second issue also arises due to the variation in the occupancy

across imaged regions (27–42%). A computed mean NN distances would,

for instance, be different for one region at 27% occupancy compared to one

at 42% irrespective if they were otherwise idetical. This is due to the mean

NN varying non-linearly with respect to the number of particles measured.

As a result it is implicit that a single measured comparison of mean NN

distance of an ideal array is not suitable, to analyze the STORM dataset.

A solution to this problem was produced by comparison instead to the ideal

nanoparticle array after artificially removing a percentage of the total num-

ber of points (points selected at random) to simulate the underoccupancy

observed in the STORM dataset. The removal of points was applied at 12.5%

(250) increments of the total number of points (2000 points) and the mean

NN distance calculated for each underoccupied dataset. Example datasets

labeled as 100% (no points removed), 75%, 50% and 25% are shown in Figure

5.11 (A.). Figure 5.11 (A.) also illustrates that while a complete nanoparticle

array shows noticeable features originating from a hexagonal array, as points

are removed the hexagonal regularity is quickly lost to the naked eye.

The results of the simulated underoccupancy followed by measurement of
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the mean NN distance is plotted in Figure 5.11 (B.). A fit of the data has

been applied such that readings between data points could also be inferred.

In this case a reciprocal function with fitting parameters was chosen (see

Equation 5.3).

f (x) = a
x + b (5.3)

Where a and b are the fitting parameters.

The affect of underoccupancy on the calculated NN distance is shown in the

ideal SEM dataset, where at 100% the mean NN distance was 94.1 ± 17.4

nm, which at 50% increases to 106.5 ± 25.0 nm, and at 25% is 134.2 ± 46.8

nm. The increase in the mean NN between 100% and 25% is substantial

at 1.4–fold, and quantitatively illustrates the importance of comparing the

calculated NN distance at different point densities.

While a mechanism to accurately account for the underoccupation has been

applied to the NN analysis of the interparticle distance, other important

controls and points of comparison were considered. STORM data inher-

ently localizes the position of the fluorochrome, which in turn is used to

infer the position of the rIgG and the nanoparticle. While still the best ap-

proach, possible error associated with each of these measurements together

add an uncertainty to the final location which does not occur with direct

measurement of the nanoparticles position by SEM as in the ideal dataset.

To account for this uncertainty a Freedom of Movement (FOM) was added

in a third control dataset. Here the coordinates of every point of the ideal

nanoparticle array was, at random, shifted within a 25 nm radius of their

initial position. This SEM + FOM dataset was created as hypothetical ‘best’

model for the experimentally measured STORM dataset. The mean NN anal-

ysis, including the simulated reduction of occupancy, was again calculated

for this dataset to produce similar plots accounting for the variation in mean
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Figure 5.11: Mean first Nearest Neighbor (NN) distances as measured for a
non functionalized hexagonal nanoparticle array vary in a reciprocal man-
ner to the number of points in the array. (A.) Example images, first showing
all points extracted from an ideal nanoparticle array (100%), and then with
a given percentage removed by random selection, including 75%, 50% and
25% of the initial total. (B.) The mean NN distance computed for each sim-
ulated underoccupied dataset. Results are shown as the average of twenty
measurements of the mean NN distance computed from twenty datasets,
each produced by randomly removing the desired number of points to give
the indicated percentage underoccupancies. Error bars represent the stan-
dard deviation of the twenty individually computed mean NN distances.
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NN distance. An example of the SEM dataset with a density matched to a

STORM region and a 25 nm FOM can be seen in Figure 5.13 (B.).

A final fourth control dataset was also used. This control was composed of a

random distribution of points, and again the mean NN measurement made

to account for point density. In spite of the low likelihood of the STORM

data resulting from the measurement of a random distribution of rIgG across

the nanoparticle array (as shown by images of the control surfaces), this

dataset provides another good point of comparison. Again the mean NN

distances of an equivalent density of randomly generated points was used

and an example of this region can be seen in Figure 5.13 (C.).

Nearest Neighbor (NN) Analysis

The result of the mean NN analysis (mean NN distance plotted against

the density of points in the dataset) with the combined controls mentioned

above and all 12, 5×5 µm regions of STORM data can be seen in Figure 5.13

(D.).

Compared to the SEM array dataset, the addition of the 25 nm FOM affects

the mean NN distance by consistently decreasing its value. In the case of

100% simulated occupancy (78.2 points/µm2) the addition of the FOM alone

decreases the mean NN distance from 94.1 ± 17.4 nm to 87.41 ± 19.27 nm.

This difference, which results from the FOM ,is maintained as the number

of nanoparticles decreases up until approximately half of the nanoparticles

have been removed (39.1 points/µm2) and further decreases in occupancy

contribute minimally to the mean NN distance.

The randomized dataset shows a significantly lower mean NN distance (at

higher densities) compared to both the SEM dataset and FOM dataset, as the

points lack the regular interparticle distance produced by the BCP lithogra-

phy. At high densities the difference in the SEM dataset compared to the
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Random dataset was 94.1 ± 17.4 nm vs 56.8 ± 30.0 nm respectively.

Plotting each measured STORM dataset by the individual regions from

which the NN analysis was applied (red crosses), they clearly fall consis-

tently closest to the simulated nanoparticle array with 25 nm FOM. All re-

gions had lower mean NN distances than the comparable ‘ideal’ array which

was measured using SEM, as well as the SEM + FOM datasets. Of the 12

regions analyzed, 6 fall within the simulated envelope (max and min mea-

surements from 19 independent simulations) for the SEM + FOM indicating

they are not significantly different (p = 0.05) from this dataset. All data

points on the other hand fall outside of the envelope for a random distribu-

tion showing that these regions are statistically unlikely to be the result of

rIgG attached at random across the surface.

The deviation of some data points from the expected envelope for the exact

array and FOM could be the result of a number of factors. Variation across

the sample on the nanoscale can firstly be expected especially given the mul-

tistep nature of the functionalization. The inhomogeneity of the nanoparticle

arrays, due to environmental variations such as evaporation of the solvent

over the period of dipping, although minimized by batch characterization,

may nonetheless lead to individual regions of disorder, and SEM alone is

impractical to asses a full 4×2.4 cm coverslip.

One hypothesis which for the deviation in the STORM dataset from the

simulated dataset with FOM, without relying on inconsistencies in the array

is that a larger FOM than predicted here better describes the exact nature

of the mAb, nanoparticle and fluorochrome localization for the lower than

expected mean NN distance. The value of 25 nm was used as the length

of an IgG antibody is approximately 15 nm which in addition to the 15

nm particle diameter give a potential maximum variation in the potential

position of the fluorochrome relative to the nanoparticle of 23 nm (15 +

173



5. Superresolution Microscopy of Biofunctionalized Nanoparticle Arrays

15/2 ∼ 23 nm). What remains unaccounted for, however, is the localization

precision associated with the single molecule detection.

Another important factor is that while the mean NN distance provides a

clear measurement for the comparison of the spatial dispersion of both

datasets, it is possible that its value could be influenced by uneven distri-

butions of points across the surface. In unusual cases the mean NN distance

could, for instance, in absolute terms be similar despite a large spread in the

actual distribution of measured NN distances. To combat this a comparison

of the distribution of NN distance is another important consideration. The

Coefficient of Variation (cv) as defined in Equation 5.4, (briefly the standard

deviation of the measured mean NN distance divided by the mean), has

therefore also been plotted in Figure 5.12. Given the non periodic nature of

the randomized dataset the calculated value of cv is consistently greater than

the SEM and SEM + FOM datasets, and also remains constant despite the

changing density of points. The STORM dataset has a small spread in the

measured cv with values of ∼ 0.4, and they are well outside the simulated

min/max envelop of the Random dataset. The spread therefore of the NN

distances is again best represented by the SEM + FOM dataset and 4 of the

12 regions measured fall within the computed envelope showing that they

are not significantly different. The regions falling outside of the envelope

have a statistically significant difference equal to p = 0.05, as a result of the

envelope represents the minimum and maximum values calculated from 19

separate simulations.

cv = σ
µ (5.4)

Where cv is the coefficient of variation, σ the standard deviation and µ the

mean.
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Figure 5.12: The spread in the nearest neighbor distances represented by the
Coefficient of Variation (cv) is statistically dissimilar to a random distribu-
tion of points and closely matches the spread of the SEM + FOM dataset.
Zoomed region of the same plot more clearly indicates that 4 of the 12 mea-
sured regions fall within the simulated envelope composed of the min/max
values calculated from 19 simulations.
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Figure 5.13: The mean Nearest Neighbor (NN) distance of the STORM
dataset is most closely represented by the SEM dataset with a 25 nm Free-
dom of Movement (FOM). (A.) An example SEM dataset with occupancy
mimicking the measured STORM datasets. (B.) An example SEM dataset
with an additional 25 nm FOM applied to each point at random. (C.) Exam-
ple of a random distribution of points with equivalent point density. (D.)
A representative STORM dataset region. (E.) The variation in the mean NN
distance for all datasets plotted against the density of points. Simulation
envelopes showing the max and min values from 19 simulations of each
dataset and density of points.
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Ripley’s K-Function Analysis

By comparison of the NN distance and coefficient of variation, the bulk

spatial dispersion of the STORM datasets has been compared to the results

expected of a random distribution of points and an ideal nanoparticle array

(both with and without a FOM) at various occupancies. To compare the

spatial distribution of points within the dataset the Ripley’s K-Function has

been used, a visual summary of which can be found in Figure 5.10 (B, C.).

Nanoparticle arrays created by BCP micellar lithography by their nature

show strong spatial dispersion. This is a result of the initial hexagonal pack-

ing of micelles, caused by the steric repulsion of BCP in opposing micelles.

As a result the calculated L(r)-r quickly becomes negative as the distance

r from the nanoparticle increases. At the mean interparticle spacing, L(r)-r

begins to increase, periodically decreasing and increasing with r due to the

periodic array structure.

In a perfect hexagonal array the magnitude of L(r)-r at the interparticle dis-

tance would remain the same as the distance r increases due to the perfect

periodicity of the array. In practice micellar arrays created by BCP lithogra-

phy show decreasing order at larger distances and hence the periodic change

in L(r)-r decays. Figure 5.14 (A.) illustrates this decay. It is particularly clear

from r ∼ 350 nm, where L(r)-r ∼ 5, and does not vary greatly thereafter.

Plots of the calculated L(r)-r for the random, SEM dataset with 25% occu-

pancy (below the average 33% of all 12 STORM regions), SEM + FOM with

25% occupancy and the STORM dataset can be seen in Figure 5.14 (B–E.)

Both the SEM and SEM + FOM datasets show the expected periodic L(r)-r

with the minimum at the interparticle (rI) distance and local minima at 2×rI

and 3×rI . In both cases the decreased density of points (25% occupancy) in-

creases the noise in the plot. In the case of the SEM + FOM the FOM has

also contributed to the noise, and in some cases has caused the position
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of the minimum to shift, while also resulting in a more rapid decay of the

periodicity compared to the ‘ideal’ nanoparticle array.

In the case of the STORM dataset the most apparent feature is the clear

negative value of L(r)-r which occurs from 0–100 nm. This demonstrates that

there is a dispersion of points (within this range of r) with this dataset. Such

an effect is observed across all regions shown, and all regions measured.

The maximum of L(r)-r varies between regions and is found at lower r (∼ 50

nm) than would be otherwise expected for an ideal nanoparticle array (∼ 90

nm) and even compared to the mean the SEM + FOM dataset (∼ 85 nm).

The second major feature which would be expected is the periodic variation

of L(r)-r. With regards to this point, almost no periodicity is observed and

only a non-periodic decay is present. Two regions exhibit small but notice-

able increases in L(r)-r at ∼ 180 nm that are characteristic of the nanoparticle

array, but these are only a small proportion of the 12 measured. The regions

exhibiting this increase are, it should be noted, also members of the group

which fall within the envelope for the SEM + FOM mean NN calculation and

are therefore more likely to represent data expected of a specifically func-

tionalized and imaged nanoparticle array. The calculation of L(r)-r strongly

demonstrates the dispersed nature of the STORM datasets, and is in itself a

representative feature of specific nanoparticle array functionalization.
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Figure 5.14: Ripley’s K-Function analysis replotted as L(r)-r and calculated
over 500 nm from each data point. L(r)-r of 3 regions from each dataset
including the ideal nanoparticle array to illustrate the expected features.
(A.) L(r)-r plotted for the ideal array consisting of 2000 data points (78.2
points/µm2). (B.) The SEM dataset, (C.) SEM + FOM dataset, (D.) random
dataset and (E.) the STORM dataset.
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5.4 Conclusions

5.4.1 Summary of Findings

The goal of this chapter was to produce Au nanoparticle arrays, biologi-

cally functionalize them, and determine whether STORM superresolution

microscopy could be used as a method to characterize the biofunctionaliza-

tion of the arrays. The experimental evidence shows that:

1. Nanoparticle arrays produced by BCP micellar lithography have con-

trollable, regular, well defined spatial properties, including interparti-

cle spacing and nanoparticle size.

2. Antibodies can be reduced to produce antibody fragments with free

thiols that are ideal for simple and direct array functionalization.

3. STORM images of functionalized array surfaces are distinctly different

from control surfaces i.e. nanoparticle arrays functionalized without

passivation, glass functionalized without passivation and glass func-

tionalized after passivation.

4. Through combination of the Nearest Neighbor (NN) and Ripley’s K-

Function Analyses, a STORM dataset can be analyzed to determine

whether it is representative of a specifically functionalized array.

5. Of the datasets measured here by NN and Ripley’s K-Function Analy-

sis, between a third and a half are best represented by a functionalized

array with a 25 nm FOM in the localization of the bound antibody.

5.4.2 Concluding Remarks

To date there has been very little progress in characterizing the functionaliza-

tion of nanoparticle arrays. This work represents the second attempt to do

so using superresolution microscopy, however, in this example using a dif-

ferent SMLM technique—STORM. STORM has some advantages for this ap-
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plication including signal:noise ratio, experimental design and ease of setup,

making it, for some use-cases, the preferred superresolution technique.

In this chapter it has been shown that using a simple and direct functionaliza-

tion method, Au nanoparticle arrays nonetheless appear underoccupied (the

apparent lack of some nanoparticles having an attached antibody) through

comparison of the density of nanoparticles expected and the density of

points measured using STORM. Underoccupancy was similarly mentioned

by Lohmüller et al. despite differing functionalization approaches.[427]

Lohmüller et al. reported only 25% occupancy was while in this work 33%

was measured. Potential explanations provided, include the relatively low

degree of fluorochrome labeling of the antibody, followed by fluorescence

quenching caused by the Au nanoparticles.

Taking into account the reduced molecular occupancy of the nanoparticles,

two spatial analysis methods were utilized to characterize the localization

data. The Nearest Neighbor (NN) Analysis to determine the average inter-

particle distance and the Ripley’s K-Function Analysis to determine the spa-

tial distribution of points. By comparing the obtained data with simulated

datasets produced from either randomly distributed points with a similar

density, an ideal nanoparticle array or an ideal array with points removed

at random to simulate underoccupancy, it was possible to show the STORM

dataset was more representative of the ideal array with underoccupancy. By

adding a Freedom of Movement (FOM) to the ideal array dataset (to simu-

late the expected inaccuracy brought about by the random binding position

of the protein relative to the nanoparticle, as well as the random location

of the fluorochrome on the protein), the FOM dataset was shown to be a

better model for the measured and analyzed STORM data. Half of the time

(6 of 12) for example, the STORM dataset was found to be not significantly

different in terms of the NN distance. The coefficient of variation also shar-

ing more similarities between the FOM and the STORM dataset, as 4 of 12
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regions measured were not statistically dissimilar. Both results indicated the

similarities between the simulated and observed datasets.

Similarly, by comparison of the Ripley’s K-Function, it was found that the

STORM dataset was dispersed in a manner similar to what could be ex-

pected of a functionalized nanoparticle array, however, with far less period-

icity than would be expected. This caveat was best explained by the occur-

rence of nonspecific antibody binding or irregularities in the array.

By both comparison to controls, and spatial analysis, it is likely the under-

lying nanoparticle is, in regions, specifically functionalized. The combined

spatial analysis was also robust as it relied on two distinct techniques that

maintained this conclusion. Together, this work is therefore, to our knowl-

edge, the most rigorous analysis of functionalized nanoparticle arrays by

superresolution imaging.
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Chapter 6

Final Remarks

This thesis has developed two technologies from the fields of Nanomaterials

and Biomaterials for use in immunology, and cell biology more generally. In

the case of the synthesis of a NGO supramolecular species (NGO-α-hCD16),

methods to conjugate mAbs have been implemented and tested in biologi-

cal systems for the first time, demonstrating its applicability. Exciting find-

ings have been made concerning NGO’s potential to cluster antibodies and

through this, augment NK cell activation relative to unclustered, unconju-

gated antibody. The data presented also indicate that the effect is most

likely a result of the nanoscale size and mAb clustering. This is the first

observation of NK cells stimulation by nanoscale (50–200 nm) clusters of lig-

and, and the first example of activation of any immune cell using an NGO

based material.

These initial results have been demonstrated in NK cells where the impor-

tance of the cells’ surface receptor organization is beginning to be linked

to function, and is increasingly, because of this important development, a

point of focus. At the same time, the observation that an augmented re-

sponse in comparison to equivalent concentration of unconjugated antibody

makes these finding exciting for therapeutic applications. The concept of

using a nanomaterial to manipulate the surface nanostructure as a means
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to affect cellular outcome is novel in comparison to traditional targeting or

drug delivery, and this early example which has demonstrating an effect in

both the degranulation of NK cells and IFN-γ secretion is notable. It can be

seen as a first step in determining the full potential of the technology and

the novel mechanism.

Other results obtained here, which combine the increasingly used SMLM

methods with nanoparticle arrays to understand the functionalization of

nanoparticle arrays, and provide a system for two color imaging is the sec-

ond documented attempt and the only using STORM, making it unique. It is

also the most robust analysis available as it uses four independent measures

for comparison to control surfaces. This will be useful to the field of Nano-

materials for those wishing to utilize both technologies concurrently in the

future. The results have differentiated regions likely to be well functional-

ized from those not exhibiting the expected properties. The work presented

here has also outlined some good practices with regards to analysis, and

highlighted points regarding nanoparticle occupation for future considera-

tion.

Together these results contribute to both the fields of Nanomaterials and Im-

munology, while also providing significant new avenues of potential interest

for future exploration.
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[311] Marta Pérez-Hernández, Pablo del Pino, Scott G. Mitchell, Marı́a Mo-

ros, Grazyna Stepien, Beatriz Pelaz, Wolfgang J. Parak, Eva M. Gálvez,
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fan Zürcher, and Marcus Textor. Surface assembly of catechol-

functionalized poly(l-lysine)-graft-poly(ethylene glycol) copolymer on

titanium exploiting combined electrostatically driven self-organization

252



Bibliography

and biomimetic strong adhesion. Macromolecules, 43(2):1050–1060,

2010.

[482] Laszlo Barna, Barna Dudok, Vivien Miczan, Andras Horvath, Zsofia I.

Laszlo, and Istvan Katona. Correlated confocal and super-resolution

imaging by vividstorm. Nat. Protocols, 11(1):163–183, January 2016.

[483] Bassam Hajj, Jan Wisniewski, Mohamed El Beheiry, Jiji Chen, Andrey

Revyakin, Carl Wu, and Maxime Dahan. Whole-cell, multicolor super-

resolution imaging using volumetric multifocus microscopy. Proceed-

ings of the National Academy of Sciences, 111(49):17480–17485, 2014.

[484] David W. Scott. Averaged Shifted Histograms, pages 125–136. John Wiley

& Sons, Inc, 2015.

[485] David W. Scott. Averaged shifted histograms: Effective nonparamet-

ric density estimators in several dimensions. The Annals of Statistics,

13(3):1024–1040, 1985.

[486] Natalia Ziebacz, Stefan A. Wieczorek, Tomasz Kalwarczyk, Marcin Fi-

alkowski, and Robert Holyst. Crossover regime for the diffusion of

nanoparticles in polyethylene glycol solutions: influence of the deple-

tion layer. Soft Matter, 7:7181–7186, 2011.

[487] Paula Malo de Molina, Sahger Lad, and Matthew E. Helgeson.

Heterogeneity and its influence on the properties of difunctional

poly(ethylene glycol) hydrogels: Structure and mechanics. Macro-

molecules, 48(15):5402–5411, 2015.

[488] J. K. Armstrong, R. B. Wenby, H. J. Meiselman, and T. C. Fisher. The

hydrodynamic radii of macromolecules and their effect on red blood

cell aggregation. Biophysical Journal, 87(6):4259–4270, 2004.

253



Bibliography

[489] Cornelius Cilliers, Ian Nessler, Nikolas Christodolu, and Greg M.

Thurber. Tracking antibody distribution with near-infrared fluorescent

dyes: Impact of dye structure and degree of labeling on plasma clear-

ance. Molecular Pharmaceutics, 14(5):1623–1633, 2017. PMID: 28294622.

[490] Michael T. Kim, Yan Chen, Joseph Marhoul, and Fred Jacobson. Sta-

tistical modeling of the drug load distribution on trastuzumab emtan-

sine (kadcyla), a lysine-linked antibody drug conjugate. Bioconjugate

Chemistry, 25(7):1223–1232, 2014. PMID: 24873191.

[491] Victor S. Goldmacher, Godfrey Amphlett, Lintao Wang, and Alexan-

dru C. Lazar. Statistics of the distribution of the abundance of

molecules with various drug loads in maytansinoid antibody–drug

conjugates. Molecular Pharmaceutics, 12(6):1738–1744, 2015. PMID:

25635630.

[492] Sergiy Mayilo, Meike A. Kloster, Michael Wunderlich, Andrey Lutich,

Thomas A. Klar, Alfons Nichtl, Konrad Kürzinger, Fernando D. Ste-

fani, and Jochen Feldmann. Long-range fluorescence quenching by

gold nanoparticles in a sandwich immunoassay for cardiac troponin t.

Nano Letters, 9(12):4558–4563, 2009. PMID: 19921780.

[493] Lisa Maus, Joachim P. Spatz, and Roberto Fiammengo. Quantifica-

tion and reactivity of functional groups in the ligand shell of pegy-

lated gold nanoparticles via a fluorescence-based assay. Langmuir,

25(14):7910–7917, 2009. PMID: 19419188.

[494] Guillermo P. Acuna, Martina Bucher, Ingo H. Stein, Christian Stein-

hauer, Anton Kuzyk, Phil Holzmeister, Robert Schreiber, Alexan-

der Moroz, Fernando D. Stefani, Tim Liedl, Friedrich C. Simmel,

and Philip Tinnefeld. Distance dependence of single-fluorophore

254



Bibliography

quenching by gold nanoparticles studied on dna origami. ACS Nano,

6(4):3189–3195, 2012. PMID: 22439823.

[495] Alex Small and Shane Stahlheber. Fluorophore localization algorithms

for super-resolution microscopy. Nat Meth, 11(3):267–279, March 2014.
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