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Abstract

Biomimetic nanoarchitectures for the study of T cell activation
with single-molecule control

Haogang Cai

Physical factors in the environment of a cell affect its function and behavior in a
variety of ways. There is increasing evidence that, among these factors, the geometric
arrangement of receptor ligands plays an important role in setting the conditions for
critical cellular processes. The goal of this thesis is to develop new techniques for
probing the role of extracellular ligand geometry, with a focus on T cell activation.
In this work, top-down molecular-scale nanofabrication and bottom-up selective
self-assembly were combined in order to present functional nanomaterials (primarily
biomolecules) on a surface with precise spatial control and single-molecule resolution.
Such biomolecule nanoarrays are becoming an increasingly important tool in surfacebased in vitro assays for biosensing, molecular and cellular studies.
The nanoarrays consist of metallic nanodots patterned on glass coverslips using
electron beam and nanoimprint lithography, combined with self-aligned pattern transfer.
The nanodots were then used as anchors for the immobilization of biological ligands, and
backfilled with a protein-repellent passivation layer of polyethylene glycol. The
passivation efficiency was improved to minimize nonspecific adsorption. In order to
ensure true single-molecule control, we developed an on-chip protocol to measure the

molecular occupancy of nanodot arrays based on fluorescence photobleaching, while
accounting for quenching effects by plasmonic absorption. We found that the molecular
occupancy can be interpreted as a packing problem, with the solution depending on the
nanodot size and the concentration of self-assembly reagents, where the latter can be
easily adjusted to control the molecular occupancy according to the dot size.
The optimized nanoarrays were used as biomimetic architectures for the study of
T cell activation with single-molecule control. T cell activation involves an elaborate
arrangement of signaling, adhesion, and costimulatory molecules organized into a
stereotypic geometric structure, known as the immunological synapse, between T cell and
antigen-presenting cell. Novel bifunctionalization schemes were developed to better
mimic the antigen-presenting surfaces. Nanoarrays were functionalized by single
molecules of UCHT1 Fab', and served as individual T cell receptor binding sites. The
adhesion molecule ICAM-1 was bound to either static PEG background, or a mobile
supported lipid bilayer. The minimum geometric requirements (receptor clustering,
spacing and stoichiometry) for T cell activation was probed by systematic variation of the
nanoarray spacing and cluster size. Out-of-plane spatial control of the two key molecules
by way of nanopillar arrays was used to adjust the membrane bending and steric effects,
which were essential for the investigation of molecular segregation in T cell activation.
The results provide insights into the complicated T cell activation mechanism,
with translational implications toward adoptive immunotherapies for cancer and other
diseases. This single-molecule platform serves as a novel and powerful tool for molecular
and cellular biology, e.g., receptor-mediated signaling/adhesion, especially when multiple
ligands or membrane deformation are involved.
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1 Introduction
1.1 Single-molecule nanoarrays
1.1.1 Biomolecular nanoarrays
In the past few decades, nanotechonolgy has been flourishing with significant
impact in many fields of science, industry, economy and society. Nanodevices provide
improved performance and/or unique properties (e.g. quantum effects) for novel
applications. Of particular interest for the work in this thesis, nanoarrays composed of
ordered

(or

quasi-ordered)

nanostructures

(dots/particles,

pores/holes/cavities,

rods/wires/lines/channels, pillars/posts/cones, etc.) have promising applications spanning
the fields of nanoelectronics (quantum computers,1-3 memories4-6), nanophotonics (nanooptics) and plasmonics,7-9 energy (photovoltaic,10-12 electrochemical13), and material
science.
There are various nanotools, nanodevices, and nanomaterials (e.g., image
enhancement agents, drug delivery vehicles, scaffolds for tissue engineering) that are
finding important applications in the interdisciplinary field of nanobiotechnology and
nanomedicine (Figure 1.1).14, 15 In particular, biomolecular nanoarrays are widely used in
surface-based in vitro assays in such fields as genomics,16, 17 proteomics,18, 19 proteinDNA interactomics,20,

21

and biodiagnostics,22 based on DNA-DNA,23,

24

protein-

protein,25 antigen-antibody,26, 27 or aptamer-protein28, 29 binding. Similar to the Moore's
law in the semiconductor industry,30 the miniaturization from conventional microassays
to nanoarrays leads to significant improvements in sensitivity, specificity, speed and
throughput.31 For example, nanoarray-based DNA sequencing enables complete human

2
genome studies for the detection of rare variants.16 Nanoarray-based immunoassays
exceed the limit of the conventional enzyme-linked immunosorbent assay (ELISA).27 In
principle, the nanoarray platform has the potential to achieve the ultimate performance,
when its resolution is pushed to the single-molecule level.

Figure 1.1 Interdisciplinary field of nanotechnology, biology, and mechanics. This work scales down
micro/nanopatterned biomimetic surfaces to the single-molecule level.
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Micro- and nanopatterned biomimetic surfaces have been used in mechnobiology
studies, which investigate how cells sense and respond to physical factors in their
environment (Figure 1.1).32,

33

Local sensing of force or geometry is transduced into

biochemical signals in a process referred to as mechanotransduction. The resulting
cellular responses can regulate cell growth, differentiation, shape changes and cell
death.34 For example, flexible pillar arrays have been used for the study of force
transduction and rigidity sensing.35, 36 Micro/nanoarrays of receptor binding ligands have
been used to probe the geometric effect of receptor-mediated signaling/adhesion. A
pioneering study on endothelial cells used fibronectin microarrays to mimic the
extracellular matrix (ECM).37 When the nanoarray is scaled down to the single-molecule
level, new findings unfeasible with conventional techniques are revealed, such as a
minimal focal adhesion unit, in terms of spacing and stoichiometry.38
Overall, single-molecule nanoarrays are used to probe molecular and cellular
interactions, and have numerous potential applications in biological and medical research.
They reflect the original sense of nanotechnology, i.e., the ability to understand, control
and manipulate matter at the level of individual atoms and molecules.39

1.1.2 Previous and existing techniques
Single-molecule techniques are powerful and increasingly popular tools to study
molecular behavior, due to their unique abilities to reveal molecular structures, dynamics
and functions, which are otherwise hidden by the averaging inherent in conventional
ensemble experiments.40 The first steps towards optical single-molecule detection in the
1970s41 was even earlier than the emergence of nanotechnology as a field, catalyzed by
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experimental advances such as the invention of the scanning tunneling microscope
(STM)42 and the discovery of fullerenes43 in the 1980s. Nowadays, single-molecule
techniques have been widely applied in physics, chemistry, biology, and especially in
biophysics focusing on biomolecules.
One of the most important single-molecule characterization techniques is
fluorescence microscopy, which has been used for both solution-based and surface-based
detection of individual molecules. It provides information not only on the molecular
position

and

quantity,

but

also

on

the

local

environment

(fluorescence

enhancement/quenching), distance (fluorescence resonance energy transfer (FRET)), and
orientation (polarization). In order to achieve single-molecule resolution, a variety of subdiffraction techniques (super-resolution microscopy) have been developed, based on
tailored illumination, nonlinear fluorophore responses, or precise localization.44 Single
molecules can be detected using conventional fluorescence microscopy, but only when
individual molecules are sufficiently far apart (> optical resolution). Despite the
observation of freely diffusing molecules by confocal detection at low concentrations,45
most studies are carried out on single molecules immobilized on a surface, which are
usually randomly distributed (Figure 1.2a).40 The most straightforward way is the simple
deposition from a dilute solution onto bare glass.46-49 More sophisticated approaches50, 51
include vesicle encapsulation52-54 and covalent binding on either bovine serum albumin
(BSA)55, 56 or poly(ethylene glycol) (PEG) surfaces.57, 58
Advances in nanotechnology have contributed to the rapid growth of singlemolecule studies. Non-optical microscopy (especially scanning probe microscopy (SPM))
has been used to image individual molecules.59 For example, STM and atomic force
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microscopy (AFM) were used to image DNA60 and protein molecules (e.g., streptavidin61,
62

). Recently, transmission electron microscopy (TEM) has be used to make molecular

movies in real-time, representing a new tool for chemistry.63 More importantly, pushing
nanofabrication techniques beyond conventional limits enables spatial control at the
single-molecule scale. The creation of ordered molecular arrays, instead of randomly
distributed molecules on a surface paves the way for new single-molecule studies.

Figure 1.2 The evolution of single-molecule nanoarrays. (a) Randomly distributed single molecules, (b)
diluted molecules confined in nanoarrays, (c) ordered single-molecule nanoarrays.

Various nanostructures, such as ZMWs,17 nanoapertures,64 nanogrids,65 and DNA
curtains,66 have been used to confine a small number of molecules in ordered,
predetermined locations. In this way, single-molecule resolution can be achieved by
dilution of binding ligands at the price of wide distribution and inaccurate placement
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(Figure 1.2b).64 Precisely ordered arrays often require molecular-scale lithography
(Figure 1.2c).
One approach is the direct deposition and patterning of biomolecules with soft or
tip-based lithography (no resist deposition/development). Micro-contact printing (μCP) is
usually limited to the microscale because of the soft stamp and the diffusion of the
deposited ink on the surface; it is therefore difficult to reach 100 nm resolution by this
technique.67 Dip-pen nanolithography (DPN)68-70 and polymer pen lithgraphy (PLL)71
have been used for nanoscale patterning.
Another approach is the orthogonal surface chemistry technique, i.e., the
patterning of self-assembled monolayers (SAMs) and subsequent selective binding of
target molecules. Again, the smallest feature by μCP is 100 nm,72, 73 and usually relies on
tricks such as edge transfer lithgraphy.74,

75

Similar to ligand dilution, microcontact

insertion printing is used to confine randomly distributed single molecules in microscale
patterns.76 Photolithography is also limited to the microscale, such as in the molecularassembly patterning by lift-off (MAPL).77,

78

A minimum linewidth of 500 nm was

achieved by vacuum ultraviolet (VUV) lithography.79 Electron beam lithography
(EBL)80-83 and nanoimprint lithography (NIL)84-86 are promising tools for improving the
resolution of lithographic techniques to the molecular-scale. Subtractive patterning via
chemical lift-off lithography (CLL) avoids the lateral diffusion of ink molecules and
achieves the best resolution of soft lithography.87
In addition to these top-down approaches, so-called bottom-up self-assembly is
also used by incorporating biomolecules88 or SAM ligands89 in block copolymers (BCPs)
or dendrimer-based templates.90
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Table 1.1 Fabrication techniques of biomolecular arrays.

Fabrication techniques

Scale

Lithography

Smallest feature size
(dot size or line width)

micro
Direct patterning of
biomolecules

nano

micro

Patterning SAMs of
binding ligands

nano

μCP

100 nm with missing dots67

DPN

80 nm68

PPL

65 nm71

BCP self-assembly

25 nm88

Photolithography

500 nm79

μCP

100 nm72, 73

EBL

Sub-10 nm81, 82

NIL

60 nm86

CLL

40 nm87

BCP self-assembly

Sub-50 nm89

1.1.3 Metallic nanodot arrays
A popular type of orthogonal surface chemistry is composed of surrounding
passivation layer and nanoarrays of patterned nanosctructures that serve as anchors upon
which specific biomolecules are immobilized. These anchors should be small enough to
accommodate only a single molecule, on average. The anchors can be made of polymer,91
or more often, metallic nanodots (e.g. Au, AuPd, Ag25), which form stable SAM of
binding ligands (e.g., alkylthiol92), to achieve high selectivity.
Actually, metallic nanodot arrays have been used for the directed assembly of a
variety of functional nanomaterials, including quantum dots (QDs),93 carbon nanotubes
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(CNTs),94 as well as the directed growth of nanowires and CNTs.95, 96 They can be used
as an alternate to the nanocombing technique, for precise placement of 1D nanomaterials,
which is a key challenge to the implementation of these nanomaterials in
nanoelectronics.97 Metallic nanodot arrays are also used to direct the assembly of 2D
nanomaterials like DNA origami,98, 99 which, in turn, could be a molecular breadboard to
precisely organize other materials, from biomolecules to inorganic particles. 100-102
Metallic nanostructures are also widely used in nanophotonics and plasmonics,103,
104

so the metallic anchors could also serve as plasmonic sensors for the detection of

molecular binding events and changes in molecular conformation, a technique that is
widely used biosensing and nanomedicine.105, 106 Metallic nanoarrays can be either used
as localized surface plasmon resonance (LSPR) sensors,25,

107-109

or combined with

complementary techniques such as surface-enhanced Raman scattering (SERS).24 This
improves the sensitivity in optical detection, and is superior to other techniques, such as
height change,27 electrical and electrochemical detection.22 In the context of cellular
studies, fluorescence labels close to a metallic nanoparticle are quenched, so the
nanoarrays can be used as mechanical tension sensors for membrane receptors,110,

111

similar to the FRET technique,58, 112, 113 but with a larger sensing range.114-116 They can
also be used in combination with FRET in order to improve the sensitivity.117
With all these advantages, metallic nanodot arrays are finding increasing
applications in a variety of cellular and biomolecular studies, providing insights into the
crucial role of geometric organization of ligands for membrane receptors involved in
critical cellular functions, such as adhesion and spreading,38, 111, 118-120 differentiation,121,
122

apoptosis,123 and the maintenance of healthy tissue.124, 125 In this work, biomimetic
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architectures based on metallic nanodot arrays are used to probe T cell activation with
single-molecule control.

1.2 T cell activation
1.2.1 Immune system and leukocytes
The development of various blood cells from haematopoietic stem cell to mature
cells (hematopoiesis), with corresponding classifications and functions126 is shown in
Figure 1.3. White blood cells (WBCs, leukocytes or leucocytes) represent the part of
the immune system that is involved in protecting the body against infectious agents
(pathogens) such as viruses, bacteria, fungi, or other micro-organisms. There are five
types of leukocytes, basophils, eosinophils, neutrophils, monocytes and lymphocytes.127
They can be classified either by cell lineage (myeloid cells or lymphoid cells), by
structure (granulocytes or agranulocytes), or by function (innate and adaptive leukocytes).
The innate immune system (non-specific or in-born immune system) provides
immediate defense against pathogens in a generic way, but not long-lasting
immunity. Some of the leukocytes migrate into tissue and continue to play a role in the
innate immune system, including macrophages, dendritic cells (DCs) (both differentiated
from monocytes), and mast cells. Along with neutrophils and monocytes in blood, these
are called phagocytes, which engulf invading pathogens and damaged senescent cells. In
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particular, neutrophils mainly phagocytose bacteria and fungi. In addition to phagocytes,
basophils (releasing histamine) and eosinophils (combating parasites) are involved in
inflammatory responses. The NK cells kill virus-infected cells and some tumor cells.126
These cells all belong to the innate immune system.
In addition to the innate immune system, the adaptive immune system (acquired
or specific immune system) develops as a result of being exposed to pathogens over time.
It is highly specific to particular pathogens, and provides long-lasting immunity. There
are two types of lymphocytes involved in the adaptive system: B cells and T cells, whose
names are derived from the organs in which they develop. B cells are mainly developed
in the bone marrow. T cells are mainly developed in the thymus,126 and can be
distinguished by the presence of T cell receptors (TCRs) on their surfaces. After
encounter with specific antigens from a pathogen, naive cells are activated and start to
proliferate; some differentiate into effector cells; some differentiate into memory cells,
which survive in an inactive state until they are reactivated and lead to an enhanced
response when the same pathogen is encountered.
The functions of effector cells are described as follows. B cells release antibodies,
which provide humoral immunity. T cells provide cell-mediated immunity, and mainly
include three subtypes (Table 1.2). Cytotoxic (killer) T cells (cytotoxic T lymphocytes
(CTLs), TC cells) destroy cells infected with a virus or other intracellular pathogens, as
well as tumor cells. They are also known as CD8+ cells since the CD8 glycoprotein is
expressed on the surfaces. CD8 is a co-receptor for the binding to major
histocompatibility complex (MHC) class I. Helper T cells (TH cells) are arguably the
most important lymphocytes,126 as they secrete a variety of signal proteins
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called cytokines (e.g., IL-2) and are required for almost all adaptive immune responses,
including the activation of macrophages, TC cells, and the maturation of B
cells into plasma cells (effector B cells). They are also known as CD4+ cells since CD4, a
co-receptor for the binding to MHC class II, is expressed on their surfaces. Regulatory
(suppressor) T cells (Tregs) secret inhibitory cytokines, suppress immune response and
prevent autoimmunity. There are also minor subsets of γδ T cells and natural killer T
cells (NKT cells, not NK cells of the innate system), which are in the border between
innate and adaptive immunity.128

Table 1.2 T cell subtypes with corresponding receptors and functions.

T cell subtype
CD8+

Receptor, marker
αβ TCR, co-receptor CD8, MHC I restricted.

Major functions
Elimination of infected cells
and tumor cells.

CD4+

αβ TCR, co-receptor CD4, MHC II restricted.

Activation and regulation of
immune response.

Tregs

αβ TCR. Tregs express CD4, as they are derived

Suppression of immune

from the same lineage as CD4+ cells.129

response, prevention of
autoimmunity.

γδ T cells

γδ TCR. Antigen-presenting molecule not

Precise functions unclear.130

required.

NKT cells

αβ TCR (classic NKT has invariant TCR different

Functions associated with

from conventional αβ TCR). Markers associated

CD8+, CD4+, and NK cells. 131

with NK cells, e.g., NK1.1, CD1d restricted.

Figure 1.3 The development, classifications and functions of different blood cells.
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1.2.2 T cell activation and the immunological synapse
The innate and adaptive immune subsystems are closely related, and not merely
by certain T cell subsets, as mentioned above. More importantly, one of the major
functions of the innate system is to activate the adaptive immune system through a
process called "antigen presentation." Cells that process and display foreign antigens on
their surfaces are called antigen-presenting cells (APCs), including B cells, DCs, and
macrophages (Figure 1.3). They are distinguished by the high expression of MHC class II.
(Almost all nucleated cells express MHC class I, but are not generally called professional
APCs without MHC class II expression.132)
There is a high diversity of synapse-like interactions in many types of
lymphocytes and even phagocytes, among which the T cell-APC interface is the most
important and the most extensively characterized. It is known as the immunological
synapse (IS).133 Diverse synapse types share common themes as seen in the T cell-APC
IS, including the activation and spatial segregation of immunoreceptors, regulation by coreceptors and adhesion molecules, phosphorylation of intracellular immunoreceptor
tyrosine-based motifs (ITAMs), and intracellular signaling resulting in Ca2+ flux.132
During IS formation, the membrane receptors and underlining cytoskeletal and
signaling molecules are organized into a stereotypic geometric structure comprised of
supramolecular activation clusters (SMACs):134 A central SMAC (cSMAC) is formed by
TCRs on the T cell and antigenic peptides bound to MHC molecules (pMHCs) on the
APC, together with other molecules such as the co-receptor CD4 or CD8, and CD28CD80 pairs; It is surrounded by the peripheral SMAC (pSMAC) composed of leukocyte
function associated antigen-1 (LFA-1) on the T cell and intercellular adhesion molecule-1
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(ICAM-1) on the APC; Proteins with large ectodomains, such as CD43 and CD45, are in
the most external ring, which is called the distal SMAC (dSMAC). This specific
geometric structure of IS has inspired major research efforts to probe the geometric effect
on T cell activation.
Although SMACs have been extensively studied, they are unlikely to be the
critical structures for activation signaling.135, 136 A closer look by highly sensitive total
internal reflection fluorescence (TIRF) microscopy revealed the formation of
microclusters in the dSMAC region, which move radically inwards and join the
cSMAC.135, 137 The TCR motion is possibly attributed to the indirect connection to actin
filaments, which move continuously inwards.136 At one point there seemed to be
contradictory evidence as to whether TCR clustering is required: a single pMHC ligand is
stimulatory on the APC surface in vivo,138 but nonstimulatory as monomers and
minimally stimulatory as dimers in vitro.139 This has been resolved by the activation of T
cells with a synthetic pMHC heterodimer with one agonist and the other self-peptide,
because molecules other than agonist pMHC may play a role for in vivo T cell
activation.140 It also highlights the major advantages of in vitro biomimetic surfaces
(artificial APC surfaces in this case), which provide ideal and clean experiments without
the possible intrusion of unknown ligands.136
TCR triggering is stoichiometric with pMHC in a 1:1 ratio,141 so the TCR
clustering can be controlled by the geometric organization of binding ligands on an
artificial APC surface. Further investigation of the geometric requirements of TCR
clustering (stoichiometry, spacing) requires the spatial control of ligands at the singlemolecule level, due to the small size of the microclusters (typically ~ 5 - 20 TCR-pMHC
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pairs).135, 137 This can be realized by our platform based on nanolithographic metallic
nanoarrays. Since optimal CD8+ response also relies on CD4+ cells,142-144 this work will
focus on CD4+ T cell activation.
TCR is a complex composed of the ligand-binding TCRαβ heterodimer and the
signal-transducing dimers of CD3εγ, CDεδ, and ζζ.145 T cells can be activated by antiTCRαβ146 and anti-CD3,147 which (especially the latter) have been used to mimic the
effect of pMHC. The affinity and force generation of TCR-CD3 complex on anti-CD3 is
much higher than that on pMHC.148, 149 As a result, anti-CD3 is more efficient and widely
used for in vitro assays.150 There are two binding sites on a Y-shape antibody, so UCHT1
Fab' (a single fragment of anti-CD3, clone UCHT1) is used in this work for singlemolecule control.

1.2.3 Adoptive immunotherapy
There has been a long history of efforts to improve human health by enhancing
our own immune system. For example, humoral immunity can be transferred by readymade antibodies (e.g., immune serums). Such passive immunity typically lasts only a few
weeks or months. Long-term adaptive immunity to a pathogen can be developed by
stimulating the immune system with antigenic materials (vaccines), which are treated so
that they can provoke an immune response but not full-blown disease.151 Nowadays,
adoptive immunotherapy152-154 (adoptive cell transfer (ACT),155-157 or more specifically,
adoptive T cell therapy158-160) has emerged as a highly promising treatment for cancer,152159

viral diseases (e.g., CMV, EBV, HIV),160-163 auto-immune164-166 and inflammatory

disorders,167 using different types of T cells including CD4+, CD8+, and Tregs.
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In adoptive immunotherapy, T cells are extracted from a patient, isolated and
expanded in vitro, then reinjected into the patient. In cancer immunotherapy as an
example, the T cells are either autologous tumor-infiltrating lymphocytes (TIL)152 or
genetically re-directed peripheral blood lymphocytes (PBL),168, 169 so that they are able to
recognize and attack a tumor without damaging the healthy tissue. There are different
ways for genetically engineering the cells, with sequences originated from patients with
particularly good anti-tumor responses, humanized mice that have been primed to
recognize tumor antigens, or engineered chimeric antigen receptors (CARs).153 Although
much of the existing work has focused on CD8+ T cells, and therefore also called CTL
therapy, CD4+ T cells can also efficiently promote tumor rejection, partially due to IL-2
secretion and the recruitment of tumor-specific CD8+.153 Starting from melanoma by TIL,
adoptive immunotherapy has recently expanded to lymphoma, leukemia, neuroblastoma,
cervical cancer, bile duct cancer, and so on.156
The in vitro activation and expansion of T cells is a crucial step in adoptive
immunotherapy and represents a major challenge.170 It can be simply done on a surface
coated with TCR binding ligands without spatial control. However, T cell activation is
not a simple on-off event. Instead, a large variety of subtly different phenotypes are
produced depending on the prior history and activation degree:136 More strongly
stimulated T cells tend to differentiate to an effector or effector memory phenotype that
combats infection; less strongly stimulated T cells tend to differentiate to a central
memory phenotype, more likely to be progenitors of a large and long-lived T cell
population for more effective treatment.171-173 In this context, micro- and nanopatterned
surfaces with precise spatial control could be used to determine the IS synapse structure,
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the degree of T cell activation, and potentially the differentiation, in order to improve
adoptive immunotherapy.136

1.3 Objectives and organization of this thesis
Micro- and nanopatterned biomimetic surfaces have been applied in the study of
receptor-mediated signaling/adhesion. The objective of this thesis is to develop new
techniques for probing the role of extracellular ligand geometry, with a focus on T cell
activation. The IS displays clear geometric patterning of various biomolecules. Spatial
effects were revealed, as the signaling lifetime depends on the proximity to the center of
the contact zone.174 This implies significant geometric effects of TCR clustering. Since
the microclusters typically contains only ~ 5 - 20 TCR, single-molecule control is
required, in terms of both spacing and stoichiometry, in order to understand these effects.
In this thesis, the fabrication of metallic nanodot arrays based on EBL/NIL is
discussed in Chapter 2. A basic functionalization scheme with PEG passivation is
described in Chapter 3. Then this platform is optimized in Chapter 4 in terms of
molecular occupancy and passivation efficiency. In Chapter 5, a series of
functionalization schemes, developed to mimic the surface of APC, are discussed. These
schemes provide monofunctional or bifunctional surfaces, static or mobile passivation
layers, with both in-plane and out-of-plane spatial control. As a result, the minimum
geometric requirements for T cell activation are determined. The IS structure and the
degree of activation signaling can be modulated, with translational applications in
adoptive immunotherapy. Our techniques also serve as a general platform for wide
applications in biological and medical research, which is discussed in Chapter 6.
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2 Fabrication of metallic nanodot arrays based on EBL
2.1 Introduction of fabrication techniques
Single-molecule nanoarrays in this work are based on directed self-assembly of
biomolecules on lithographically patterned arrays of metallic nanodots. In order to
achieve single-molecule resolution, the nanodot size must be less than ~ 10 nm, and in
some cases smaller. Key techniques involved in the fabrication process are described in
detail in this section.

2.1.1 Nanolithography
Lithography is the most crucial process in fabricating molecular-scale metallic
nanodot arrays. Various patterning technologies have been developed and are frequently
categorized as “top-down” and “bottom-up” approaches.
2.1.1.1 Top-down approaches
Top-down lithography methods include parallel and serial approaches. For
parallel approaches, a patterned template (e.g., mask, mold, stencil, stamp) is required to
produce replicas, such as NIL,20, 38, 94, 98, 175-179 stencil lithography,107 soft-lithography. On
the other hand, serial approaches are maskless, but usually have low throughput, such as
EBL20,

93, 177, 180

and tip-based techniques, including DPN,181,

182

and near-field

photolithography.183 Efforts have been made to enable multiple serial writing in parallel,
such as MAPPER EBL,184 massively parallel DPN,
photolithography.186

185

and parallel scanning near-field
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A resist layer is usually used as a sacrificial template for metallization, so that the
pattern is transferred to the metal film by either etching or lift-off. In addition to standard
EBL and NIL resists, SAMs of alkanethiolates on metals (e.g., Au, Ag, Cu, Pa) are found
to provide some degree of etch resistance. Therefore soft lithography methods for SAM
patterning (Section 1.1.2) can be used to pattern metal films underneath, such as µCP73,
187, 188

and CLL.87 In some cases, metallic nanodot arrays can be directly formed by one-

step lithography without resist layer. For example, certain BCPs loaded with metal salts
(e.g., gold chloride) are used in conjunction with DPN. After plasma treatment, the
polymer is removed and the metal precursor is reduced.181, 182 Also, gold nanoparticle
(AuNP) solutions can be directly patterned by NIL, and then dried and melted together.189

Table 2.1 Smallest feature size by top-down lithography.
Top-down lithography

Smallest feature size

Molecular-scale

(dot size or line width)
Parallel

NIL

6 nm178

Yes

(Sub-5nm175 and down to 2nm96 using
angle evaporation and thermal annealing)
Stencil

50 nm107

No

CLL

40 nm87

No

(15 nm by multiple prints87)
Serial

EBL

5 - 8 nm180 (2 nm isolated feature size and

Yes

5 nm half-pitch in HSQ190)
DPN

4 nm181

Yes

Near-field photolithography

60 nm183

No
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The smallest feature size found in literature, fabricated by the means mentioned
above, is listed in Table 2.1. The best candidates for molecular-scale nanodot arrays are
NIL, EBL and DPN.
2.1.1.2 Bottom-up approaches
Bottom-up lithography is a parallel process based on naturally formed patterns.
For example, nanoporous anodic aluminum oxide (AAO) template can be used as a mask
for metallization.191, 192 Nanosphere lithography (NSL), also known as colloidal or natural
lithography,193 uses colloidal spheres as a template for either subtractive or additive
processes. In the subtractive process, the size of colloidal spheres can be reduced to close
to 100 nm by plasma treatment and then used as an etch mask of the metal film
underneath.194 In the additive process, a metal film is deposited through the gaps between
spheres, forming smaller nanodots after lift-off. 24-26, 195, 196

Table 2.2 Smallest feature size by bottom-up lithography.

Bottom-up

Smallest feature size

lithography

(dot size)

AAO

60 nm191, 192

No

Template

16 nm197

Yes

BCML

1 - 12nm198

Yes

Subtractive

140 nm194

No

Additive

30 nm 195

No

BCP

NSL

Molecular-scale
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Self-assembly of BCPs can be used either to form a template for metalization,197
or to form the nanodot arrays directly by loading metal salts, the amount of which is
conveniently adjusted to control the nanodot size. The latter is called block-copolymer
micelle nanolithography (BCML),99,

118-121, 123, 150, 199-204

This approach is capable of

making molecular-scale nanodots, as listed in Table 2.2.
2.1.1.3 Discussion
The high-resolution lithography techniques described above (NIL, EBL, DPN,
BCML) are able to create molecular-scale nanodot arrays. Additional fabrication
processes can be used to further reduce the feature size, such as self-aligned pattern
transfer (Section 2.1.3.2) and thermal annealing/dewetting (Section 2.1.4).
As shown in Table 2.3, the bottom-up approaches generally have high throughput
and low cost, but the placement accuracy is not as good as the top-down approaches, and
the achievable geometry is limited (typically extended hexagonal arrays). On the other
hand, the top-down approaches have low throughput and high cost (lithography tools,
templates, etc.), but they can create arbitrary patterns, including heterogeneous arrays on
the same surface, with variable nanodot sizes. This is important for single-molecule
nanoarrays used for probing receptor-mediated cellular responses, because the integration
of various patterns on the same sample not only improves the experimental efficiency,
but also enables direct comparison between them, avoiding the variations from sample to
sample (experimental and imaging conditions, fluorescence background and noise). In
other words, it enables 1:1 comparison for quantitative fluorescence microscopy205.
Particularly in this work, a clean and uniform surface background among various patterns
is essential for T cell activation studies, which is affected by adhesion.206
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Table 2.3 Comparison of molecular-scale lithography technologies.

Lithography technologies
Parallel

NIL

Bottom-up

Cons

Resolution, throughput,

Pattern limited to the mold.

cost.

Contamination is critical.

EBL

Resolution,

Throughput

DPN

heterogeneous patterns.

Top-down
Serial

Pros

BCML

Resolution, throughput,

Limited geometry (extended hexagonal

cost.

arrays), placement accuracy.

2.1.2 Metallization
Whereas Au is the most commonly used material for bio-conjugated
nanoparticles, exploiting the covalent thiolate linkage to various terminal groups for
further functionalization,92 an AuPd alloy (60/40) was used in this work for the following
reasons. Firstly, stable thiol SAMs form not only on Au, but also on Pd207 and AuPd
alloy208. Additionally, as a poor plasmonic metal, Pd nanoparticles below 10 nm have no
surface plasmon resonance (SPR) in the wavelength range between 300 and 1500 nm.209
Attenuation of the SPR was found in AuPd bimetallic nanoparticles, from core-shell
structures210, 211 to alloys with various shapes.212-215 As a result, AuPd nanodots should
produce less fluorescence quenching than Au. This is advantageous in fluorescence
microscopy.173 Most importantly, AuPd films have a smaller grain size than Au, and offer
a better pattern fidelity (less granular), which is more compatible with our self-aligned
fabrication process. When the film is ultra thin, AuPd could still form a continuous film
while Au forms separate islands. For this same reason, e-beam evaporation is used for
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metal deposition, which enables smaller grain size and more precise thickness control
compared with other methods (e.g., thermal evaporation).

2.1.3 Lift-off
Lift-off is a simple and easy process to transfer patterns from a sacrificial resist
layers to a target material (usually a metal film). The resist under the film is dissolved in
solvent, "lifting off" the film covering it, and leaving the film that is deposited directly on
the substrate through the resist stencil.
The worst problem for lift-off is retention, when unwanted parts of the film
remain on the substrate. It is usually caused by the connection between unwanted parts on
resist and the parts that should remain on substrate, e.g., when the metal film covers the
sidewall of the patterned opening in resist. Various techniques have been developed to
prevent this problem and facilitate the lift-off process.
2.1.3.1 Resist bilayers
Bilayer techniques for positive resist lift-off have been widely used in
photolithography and EBL.216, 217 In such a resist bilayer, the bottom layer is chosen to be
more sensitive than the top layer. Many different variations exist, but for basic research
applications two layers of the resist poly(methyl-methacrylate) (PMMA) are used, with
the bottom layer having a lower molecular weight (MW) than the top layer. After
exposure, the top, higher MW layer will develop with a narrower opening than the
bottom, lower MW layer under the same exposure dose, forming an overhang. The
resulting negative slope forms a sharp discontinuity in the deposited metal film, so that
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the film deposited on the substrate is not connected to the film on top of the resist. This
allows for easy removal of the unwanted film atop when the resist is dissolved in a
solvent. Typically, the bottom layer is at least double the thickness of the metal that will
be deposited. And the top layer is thinner, e.g., half the thickness of the bottom one.
2.1.3.2 Hard mask by angle evaporation
For a single resist layer, the lift-off of high resolution features could be
challenging. A hard mask technique was previously developed by members of the Wind
lab for the descum process in nanoarray fabrication based on NIL.175 It was found that
this technique also facilitates the lift-off process, and can be used as an alternative of a
resist bilayer. By angle evaporation, the hard mask covers only the top surface of resist,
and forms overhangs around the edge of patterned openings. Moreover, the subsequent
descum process forms undercuts below the hard mask. As a result, a negative slope is
formed, facilitating successful lift-off.

2.1.4 Thermal annealing
Thermal annealing or dewetting of ultrathin films is the most straightforward way
to create metallic nanostructures on a surface,218 and it has become a simple way to form
catalyst nanoparticles, e.g., for the growth of CNTs.219 Thermal annealing of thin films
may also be considered a bottom-up self-assembly process, where characteristic length
scales are affected by the metal film thickness, although the uniformity is very poor.
Efforts have been made to improve the controllability. For example, a sacrificial Sb layer
was used to control both the nanodots size and inter-particle spacing.220 Also, the
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regularity can be improved with prepatterned film made by standard nanolithography,
such as focused ion beam (FIB),221 and nanoplastic forming.222 Similarly, pulsed laser
induced dewetting (PLiD) is also used in combination with NIL,223 EBL.224 An attractive
feature of this process is that the annealing temperature for thin films scales inversely
with thickness and is typically much lower than the bulk melting.225
Thermal annealing can also be used to modify the shape, size and structure of
existing metallic nanodots, For example, small Au dots (5 - 8 nm) can be converted from
amorphous to single crystals, as measured by STM.180 Thin AuPd platelets with a larger
diameter (> 10 nm) agglomerate into spheres with a smaller diameter, which further
reduces the lateral size and improves the uniformity.175 With a smaller grain size than Au,
AuPd alloy facilitates the agglomeration into a single nanodot, rather than multiple dots
at each site.

2.2 Fabrication process flow
We present three approaches based on EBL or NIL for the fabrication of metallic
nanodot arrays: A. EBL (PMMA bilayer), B. EBL (PMMA single layer) + hard mask, C.
NIL + hard mask (along with D. EBL of the NIL mold). Either a resist bilayer or an
additional hard mask is used to create a negative or retrograde slope in the resist, which is
necessary for a successful lift-off.
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2.2.1 Instruments and materials226
Cleanliness is absolutely essential for molecular-scale nanofabrication. All work
should be performed in a cleanroom, class 10000 or better, with the following
instruments: a spin-coater (Laurell), an e-beam writer (Nanobeam nB4), a nanoimprint
tool (Nanonex BX-200), a molecular vapor deposition (MVD) coater (Nanonex Ultra100), a water bath sonicator (VWR 75D) with chilled-water cooling, an e-beam physical
vapor deposition (EBPVD) tool (Semicore SC2000 or Angstrom EvoVac) with a tilt
holder, a reactive-ion etching (RIE) tool (Oxford PlasmaLab 80 Plus and Diener Plasma
Etch System), and a hot plate (Cimarec). The resist film thickness is calibrated by
spectral reflectance measurement (Filmetrics F20). The fabrication process is monitored
via inspection by both scanning electron microscopy (SEM, Hitachi 4700) and AFM
(Park XE-100), as appropriate. The materials are listed as follows:
Substrates: glass coverslips, no. 1.5, size: 22 × 22 mm (Corning or Thermo
Scientific), 22 × 40 mm, 24 × 40 mm (VWR). Silicon wafers, 4" P/B <1 0 0>, 525 ±
25μm, single side polished, 295nm thermal oxide (Silicon Quest International). Cleaning
solutions: 7X cleaning solution (MP Biomedicals). Sulfuric acid (H2SO4). Hydrogen
peroxide (H2O2), 30% concentration, stored at 4 °C. Solvents (at least "Certified ACS"
grade, Fisher Scientific or Sigma-Aldrich): Deionized (DI) water (18 MΩ∙cm, Milli-Q).
Ethanol, 200 proof. Isopropanol (IPA), 99%. Acetone. Methyl isobutyl ketone (MIBK).
Anisole, 99%. Resists: Polymethylmethacrylate (PMMA) resist, MW 495K (A2 and A4
concentration, Microchem), and

35K

(mr-I PMMA35k-100nm,

Micro Resist

Technology). Copolymer (MMA (8.5) MAA) (EL6 concentration, Microchem).
Hydrogen silsesquioxane (HSQ), 6% (XR-1541, Dow Corning), stored at 4°C.
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Developers and Removers: MIBK/IPA 1:3, PMMA developer. MF-CD-26, HSQ
developer. Remover PG (MicroChem). Metals: Ti pellets and AuPd (60/40 alloy) pellets
(Kurt J. Lesker). Others: Syringe filters, PTFE, 13 mm, 0.2 µm (VWR). AquaSAVE,
conductive polymer (Mitsubishi Rayon). NIL mold release agent (NXT-110-A,
Nanonex).

2.2.2 Preparations: substrate dicing, cleaning
AuPd nanodot arrays are fabricated on glass coverslips (no. 1.5), rather than Si
wafer, for compatibility with fluorescence microscopy. Doped Si chips are used not only
for NIL molds, but also for nanoarray fabrication process tests, including EBL dose test,
as they do not require additional conductive layer for EBL or SEM, and are not as fragile
as the thin coverslips. Substrates are cut to appropriate sizes by either dicing saw or
diamond scribe, so that they will fit the lithography or microscopy sample holders. New
Si chips are generally clean enough for nanofabrication. On the other hand, glass
coverslips need to be cleaned thoroughly. Any contamination that is not removed in this
process could result in defects in both fabrication and functionalization. Glass coverslips
are cleaned by a two-step process with both detergent and piranha solution. First, they are
immersed in a diluted 7X cleaning solution (1:4 with DI water), which is heated to
boiling temperature for 30 min on a hot plate. After cooling down, coverslips are rinsed
with DI water for 10 min. They are then placed, while still wet, into a fresh piranha
solution (3:1 H2SO4:H2O2) for 5 min, rinsed with DI water for 10 min, followed by IPA
or ethanol, and finally blown dry with inert gas (Ar or N2). The second step of piranha
solution is helpful but optional, because cleaning with only detergent solution is usually
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sufficient. However, if the cleaned coverslips are not used immediately, a quick cleaning
in piranha will be necessary because contamination (e.g., dust) can accumulate during
storage in air.

2.2.3 Alignment marks: EBL (PMMA/EL bilayer)
A NanoBeam nB4 system is used for EBL in this work. The system requires
alignment marks on the substrate for autofocus and registration. Au squares with a
dimension of 10 - 30 µm and thickness > 30 nm are typically used to provide sufficient
contrast in SEM of the EBL tool. These marks can be made by either photolithography or
EBL with manual focus; the latter process proceeds as follows:
A layer of copolymer (MMA (8.5) MAA) (EL6 concentration, Microchem) is
spun on at 1500 rpm for 45 s, with a ramp rate of 1500 rpm/s, and baked at 170 ºC for 2
min. The bottom layer thickness is ~ 200 nm. A second layer of 495k PMMA (A4
concentration, Microchem) is spun on at 5000 rpm for 45 s, with a ramp rate of 5000
rpm/s, and baked at 170ºC for 3 min. The top layer thickness is ~ 150 nm. For glass
substrates, a thin layer of AquaSAVE is spun on the resist at 3000 rpm and 300 rpm/s for
45s. AquaSAVE droplets at the corners are carefully removed, so that the samples are
completely dry before loading in the EBL tool.
Silver paint or scratches on sample corners can be used to provide electrical
contact between the AquaSAVE layer and the sample holder for manual focus. A fixed
focus value for the entire sample is sufficient for patterning the large alignment marks
(i.e., even if the electron beam is slightly out of focus, these features can still be resolved).
Samples are written with a dose of ~ 7 C/m2. After exposure, glass samples are rinsed in
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DI water to remove the AquaSAVE discharge layer. The development is performed in a
developer solution (DI/IPA 1:2) for 1 min. Samples are rinsed in DI water and then
blown dry. A gentle O2 plasma (Diener, O2 100%, 30s) is used to remove any residual
resist in the patterned openings. Under this condition, the etch rate for planar PMMA is ~
1 nm/s, so the top resist layer is etched by ~ 30 nm. Metal deposition is performed in an
e-beam evaporator, and consists of a 2 nm Ti adhesion layer followed by a 30 nm Au
layer. For lift-off, samples are immersed in Remover PG solution and heated to 80 °C for
30 min. After cooling down, the solution is sealed with Parafilm to avoid evaporation,
and left overnight. Samples are removed from the solution with stripped metal films and
immediately immersed in fresh Remover PG, in order to reduce the possibility of redeposition of removed metal. Finally, samples are rinsed in IPA and blown dry.

2.2.4 Process flow A: EBL (PMMA bilayer)
Flow A is illustrated in Figure 2.1 and proceeds as follows. A layer of 35k
PMMA (mr-I PMMA35k-100nm, Micro Resist Technology, diluted 2:1 PMMA:anisole)
is spun on at 4500 rpm for 45 s, with a ramp rate of 4500 rpm/s, and baked at 180 ºC for
5 min. A second layer of 495k PMMA (A2 concentration, Microchem) is spun on at 4500
rpm for 45 s, with a ramp rate of 4500 rpm/s, and baked at 180ºC for 10 min. This
process should result in a PMMA bilayer with a thickness of ~ 35 nm for each layer (note
that the spin curve is different on a resist layer from that on a glass surface). After cooling
down, a thin layer of AquaSAVE is applied as described in Section 2.2.3. Sometimes
there is contamination or aggregates in the resist solution. These can be removed by a
filter with 0.2 µm pore size before deposition. Any sample with visible coating defects
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should be discarded, or reused only after resist removal and cleaning. It is critical to
remove any resist from the back side of the sample (e.g., by dabbing with a solventsoaked cleanroom cloth) before baking, in order to avoid a tilted surface or contamination
in the EBL tool.
Alignment marks on the substrate are used for autofocus and registration. Using 3
or 4 alignment marks, the EBL system creates an interpolation map that sets the value of
the focus on the pattern area bounded by the marks. The applied exposure dose is related
to feature size and density, due to proximity effects resulting from electron scattering.
Therefore, exposure tests are necessary to optimize both the required dose and the system
conditions during exposure, such as e-beam focusing and alignment, subfield stitching
and uniformity, etc. Samples are written with a dose that will form sub-20 nm spots in the
various designed array geometries.
Following exposure, the AquaSAVE discharge layer is rinsed off with DI water.
Samples are blown dry because residual water can affect the development rate.
Development is performed in a cold developer solution (MIBK/IPA 1:3) at 4 °C, with
sonication for 1 min. Samples are immediately immersed in cold IPA for 15 s to halt
development and then blown dry. Cold development with sonication is helpful to ensure
high contrast that yields high resolution.227, 228 Still, the feature size is very sensitive to
developing conditions, which should be strictly controlled. First of all, when developing
multiple samples at the same time, no more than two samples are recommended, in order
to minimize the time difference in IPA. The development is halted in IPA, but not
stopped completely, and that could cause variations in the feature size. Secondly, the
water bath temperature of the sonicator could rise during sonication. It should be cooled
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down back to 4 °C before the next development. Finally, the developer and IPA can be
reused, but should be changed periodically (developing rate could be slowed down after
reusing too many times) and always stored at 4 °C.
After development, metal deposition is carried out in the e-beam evaporator, and
consists of depositing a 0.5 nm Ti adhesion layer followed by a 2 nm AuPd layer. The Ti
layer is necessary for the adhesion of AuPd on glass, especially during the final step of
thermal annealing. The lift-off process is as described in Section 2.2.3. If a visual
inspection finds residual metal films in the pattern regions, the lift-off process can be
repeated for a longer time. When the pattern regions are clear, samples are removed from
Remover PG and immediately immersed in IPA, rinsed with IPA and blown dry. Samples
should be cleaned thoroughly in the lift-off process, because any resist residue will be
carbonized by the subsequent thermal annealing, rendering it virtually impossible to
remove.
After lift-off of the metal films, arrays of ultra-thin metal platelets are left at the
sites of the patterned openings. Samples are placed on a hot plate. The temperature is
slowly increased to 540 °C, and the samples are left to anneal for 2 h in ambient air.
Samples are removed after cooling down and nanodot arrays are ready for
characterization with an optical microscope and AFM. A temperature of 540 °C is
enough for the granular nanodots to agglomerate into more uniform spheres due to the
melting-point depression at the nanoscale.229 The degree of oxidation at this scale is
unknown, but annealing in ambient air does not affect functionalization (thiolation) of
nanodots. A higher temperature and longer annealing time can be used to further reduce
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the dot size by evaporation, although the nanodots can become mobile and migrate from
their positions.175

Figure 2.1 Fabrication flow A: EBL (PMMA bilayer)

2.2.5 Process flow B: EBL (PMMA single layer) + hard mask
Flow B is illustrated in Figure 2.2 and described as follows: A layer of 495k
PMMA (A2 concentration, Microchem) is spun on at 4500 rpm for 45 s, with a ramp rate
of 4500 rpm/s, and baked at 180 ºC for 15 min. The resist thickness is ~ 60 nm. After
cooling down, a thin layer of AquaSAVE is applied. The EBL process is the same as
described in Section 2.2.4. After development, samples are loaded on a tilt holder for
angle evaporation, in order to form a hard mask. The tilt holder is adjusted so that there is
a 30° angle between the sample surface and metal vapor flux. 12 nm Ti is deposited in the
e-beam evaporator. The actual thickness of the Ti hard mask should be approximately 12
× sin 30° = 6 nm.
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Figure 2.2 Fabrication flow B: EBL (PMMA single layer) + hard mask

A descum step is used to create undercuts in the patterned openings and clean the
substrate exposed to the metal deposition. The chamber of the RIE tool is first cleaned by
O2 plasma, in order to remove any residual gas that might be reactive to the metal hard
mask. Then the samples are etched under the following conditions: O2 flow 80 standard
cubic centimeters per minute (sccm), RF power 60 W, pressure 40 mTorr. The etching
rate depends on the opening size, which is much slower but more difficult to calibrate
than for planar PMMA (~ 3 nm/s under the given conditions). A descum time of 1 min is
found sufficient in this process.
After descum, a second metal deposition step is performed by normal evaporation.
The AuPd evaporation, lift-off and thermal annealing processes are the same as in
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Section 2.2.4, except that the Remove PG solution is replaced by acetone, which is
sufficient for the lift-off process assisted by hard masks.

2.2.6 Process flow C: NIL + hard mask
Flow C is illustrated in Figure 2.3 and described as follows: A layer of 35k
PMMA (mr-I PMMA35k-100nm, Micro Resist Technology, diluted 2:1 PMMA:anisole)
is spun on at 3000 rpm for 45 s, with a ramp rate of 3000 rpm/s, and baked at 180 ºC for
5 min. The resist thickness is ~ 50 nm. After cooling down, the resist coated samples are
treated by fluorination plasma for 30 s under the following conditions: C4F8 flow 100
sccm, RF power 100 W, pressure 40 mTorr. This anti-adhesion treatment reduces the
surface energy and facilitates mold separation in NIL. A dust particle trapped between the
mold and imprinted sample will result in a defective area much larger than the original
particle size. The defective area depends on the particle height and the mechanical
flexibility of both mold and sample. Therefore, the surfaces of both the fluorinated
sample and the mold are blown with inert gas immediately before being loaded face-toface in a nanoimprinter. Thermal NIL is performed at 500 psi and 180 °C for 5 min. The
mold and sample are carefully separated, avoiding lateral movement during separation,
which is harmful to the features on both sides.
The rest fabrication processes are the same as described in Section 2.2.5, except
that the descum time is set to 2 min, because a longer descum time is necessary to remove
the residual PMMA after NIL. The NIL mold fabrication process is described separately
in the following section.
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Figure 2.3 Fabrication flow C: NIL + hard mask

2.2.7 Process flow D: NIL mold by EBL (HSQ)
The NIL molds are usually made by EBL, followed by etching of various
materials, including Si, SiO2, SiC, sapphire, and diamond-like carbon (DLC).230, 231 Here
we simply used EBL patterned HSQ nanoarrays on Si substrates as NIL molds.176, 177
HSQ is a spin-on glass originally developed as a low dielectric constant material with
excellent planarization and gap-filling properties,232 and was later found to be an
excellent high-resolution negative tone e-beam resist.233 It is a silicon-based polymer
whose molecular structure changes from cage form to network form under either thermal
curing or electron irradiation, causing it to become resistant in the developer (i.e.,
negative tone). Additional high-temperature thermal curing in O2 disassociates the Si-H
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bonds completely, resulting in a chemical composition very close to SiO2,232 which can
be directly used in NIL molds. The thermal curing after lithography is crucial to
improving the mechanical properties and adhesion strength of the HSQ.
The original 6% HSQ solution provided by the manufacturer (XR-1541, Dow
Corning) is diluted to 2% with MIBK. HSQ solutions should be handled carefully. Water
vapor could cause HSQ to cross-link in solution. Stored at 4 °C in a refrigerator, the
containers should only be opened when warmed up to room temperature. Otherwise
water vapor in the air will condense on the solution and cause contamination. Aliquoting
also helps to minimize the exposure to air.
Flow C is illustrated in Figure 2.4 and described as follows: Bare Si surfaces
(oxide freshly removed) have been found to have better adhesion with HSQ pillars than
SiO2 surfaces. Therefore, the oxide layer (native or otherwise) on Si chips is removed in
buffered oxide etch (BOE) at a rate ~100 nm/min. Then the samples are rinsed with
acetone, IPA and blown dry. They are used immediately to fabricate the HSQ nanopillar
arrays.
A layer of HSQ is spun on at 6000 rpm for 1 min, with a ramp rate of 3000 rpm/s.
The resist thickness is ~ 25 - 30 nm. Development is performed in HSQ developer
solution (MF-CD-26, Microchem) for 4 min. Samples are immediately immersed in DI
water to halt development and then blown dry. For a low aspect ratio of HSQ pillars
(diameter 15 - 20 nm, height 25 - 30 nm), pillar collapse after drying in water is usually
not a problem. But in case it does occur, releasing in boiling ethanol instead of water can
reduce the surface tension and solve this problem. Samples should not be dried during
transfer between solutions.
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After development, the samples are thermally cured at 540 °C for 1 h (similar to
the thermal annealing used for AuPd nanodot arrays), in order to improve the mechanical
properties, and are then coated by a mold release agent (NXT-110-A, Nanonex) in a
MVD coater. The samples are then ready for use as NIL molds.

Figure 2.4 Fabrication flow D: NIL mold by EBL (HSQ)

2.3 Results and discussion
As can be seen in the description of the process flows in Section 2.2, many
parameters must be carefully adjusted in order to obtain optimal results. Here, we discuss
these results and important issues involved in their optimization. The three approaches
are compared, so that the best process can be chosen for a specific application.
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2.3.1 Process flow A: lift-off affected by descum
For nanostructure fabrication based on EBL of PMMA bilayer, a descum process
is often used to clean the exposed substrate surface and improve the adhesion of the
deposited metal film, although the development should be sufficient to remove all the
resist in the openings.

Figure 2.5 PMMA bilayer lift-off affected by the descum process. Before and after lift-off: (a) With
descum, the smallest feature ~ 30 nm. (b) Without descum, the smallest feature ~ 20 nm. (c) With a smaller
e-beam size, and without descum, the smallest feature ~ 10nm.
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However, for EBL of very thin PMMA bilayers, the descum process was found to
be problematic. As shown in Figure 2.5, the smallest feature achievable with descum
without missing dots was ~ 30 nm, (Figure 2.5a). On the other hand, without descum, the
smallest feature was ~ 20 nm (Figure 2.5b). This is probably because the top layer was
etched and the negative slope in the bilayer was damaged by the descum process. As a
result, the nanodots were connected with the metal film on top of resist, and were
removed during lift-off. Therefore, descum process is not used in fabrication flow A
(EBL of PMMA bilayer). When the e-beam writing system is tuned to its finest operating
conditions, with a smaller e-beam size and better alignment, the smallest feature ~ 10nm
was achieved without descum (Figure 2.5c).

2.3.2 Process flow B, C: pattern transfer through hard mask
A hard mask was first used in nanoarray fabrication based on NIL. The hard mask
protects unexposed thin resist during the descum of residual PMMA and therefore widens
the process window. Moreover, this mask not only covers the top surface of resist, but
also forms overhangs around the edge of patterned openings. In this way, it not only
forms negative slopes facilitating lift-off, but also reduces the opening size.
The pattern fidelity is affected by the hard mask material and deposition
thickness/angle, as shown in Figure 2.6. The initial HSQ pillar size on the NIL mold in
this work was < 20 nm (Figure 2.6a). The tilt holder for angle evaporation is equipped
with a motor for rotation. With a 9 nm Ti mask at 45°, rotating the sample during
evaporation improved the opening roundness and uniformity (Figure 2.6b, c). With a 9
nm hard mask, Ni provided greater roundness than Ti, but Ti was deemed sufficient for
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the present applications (Figure 2.6b, d). It is possible to further improve the pattern
fidelity using metals with smaller grain size and smoother film, such as AuPd. When the
HSQ pillar size was larger (Figure 2.6e), a thicker mask was deposited to reduce the
opening size (Figure 2.6f). In this case, the grain size was much larger and the pattern
was extremely irregular and granular and not suitable for our applications. As a result,
only initial feature sizes (either by NIL or EBL) < 20 nm were used.

Figure 2.6 Nanoarray pattern fidelity affected by the hard mask. (a) NIL mold with sub-20 nm HSQ pillars.
Hard masks by 45° angle evaporation: (b) 9nm Ti with rotation, (c) 9nm Ti without rotation, (d) 9nm Ni
with rotation. (e) NIL mold with sub-20 nm HSQ pillars and (f) corresponding hard mask of 24nm Ti.

Similarly, with this same initial size, the hard mask thickness/angle can be
adjusted to control the size reduction, as shown in Figure 2.7. With 12 nm Ti mask at 30°
(actual thickness 6 nm), the opening size was reduced from sub-20 nm (Figure 2.7a) to
sub-15 nm. Highly uniform 5 nm nanodot arrays were created after 0.5/2 nm Ti/AuPd
deposition, lift-off, and thermal annealing (Figure 2.7b). On the other hand, with 12 nm
Ti mask at 45° (actual thickness 8.5 nm), the opening size was further reduced to below
10 nm. The final nanodot arrays under same conditions were not as uniform and some of
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the dots were missing (Figure 2.7c). This is due to the fact that when the hard mask is
thicker, the metal grain size is larger, resulting in more irregular and granular openings.
Some of them may even be closed, resulting in missing dots. This non-uniformity is
amplified in the resist layer after descum (Figure 2.7d). Therefore, it is not recommended
to reduce the opening size below 10 nm. In order to obtain nanodots smaller than 5 nm,
thinner AuPd deposition or longer annealing could be used.

Figure 2.7 Nanodot size control by the hard mask. (a) NIL mold with sub-20 nm HSQ pillars. Hard masks,
nanodot arrays before and after annealing (AFM): (b) 12 nm at 30°, (c) 12 nm at 45°. (d) Resist layer with
non-uniform openings after descum.

2.3.3 Process flow B, C: directionality of descum
The descum process described in Section 2.2 should be more than sufficient to
etch all the residual PMMA in the Z direction (~ 25 nm, considering the resist thickness
and feature height on the NIL mold), but the undercut in the X-Y plane needs to be well
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controlled. For dense patterns such as extended hexagonal arrays, the undercuts could
etch though the supporting resist layer, leading to hard mask collapse. The etching rate
depends on the opening size, which is much slower but more difficult to calibrate than for
planar PMMA. Therefore, the descum process should be tested to optimize the conditions.
O2 plasma (Diener, O2 100%) was used for the descum test. Under this condition,
the etch rate for planar PMMA is ~ 1 nm/s. The descum time is tested as shown in Table
2.4. For 2.5 min, no nanodots are left after lift-off, indicating that the residual PMMA
was not removed. For 5 min, nanodot arrays were created (measured by AFM as in the
insets) when the spacing was large (> 80 nm), indicating the etching was sufficient (in the
Z direction) to remove residues. But hard masks collapsed and failed in lift-off when the
spacing was small (< 80 nm), indicating the etching caused too much undercut in the X-Y
plane. This can be attributed to the poor directionality of the plasma system, which is
designed to be isotropic, resulting in a process window that is too narrow.

Table 2.4 Descum test for hexagonal arrays with various spacings.

Spacing (nm)
50

60

70

80

90

Descum time (min)
2.5

5

10

Clean lift-off, but no dots left.

100
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A plasma system with better directionality (Oxford PlasmaLab 80, O2 flow 80
sccm, RF power 60 W, pressure 40 mTorr) solved this problem. The etching rate is ~ 3
nm/s for planner PMMA. The descum process was also tested and any time between 1
and 3 min was able to remove residues without mask collapse.

2.3.4 Process flow C: NIL mold durability
The detachment of HSQ pillars during mold separation is the major factor limiting
the mold durability. Several steps have been taken to address this issue. First of all, the
mold is thermally cured to improve the mechanical properties of the HSQ pillars.
Secondly, anti-adhesion treatments are applied to both the mold (MVD coating) and the
resist coated glass coverslips (fluorination plasma). Thirdly, lateral movement is avoided
during mold separation in order to minimize the shear stress applied on HSQ pillars.
Finally, it is found that the HSQ mold durability is affected by the nanoarray
density (Figure 2.8). For example, the HSQ mold of 150 nm-spaced heptamer arrays
(Figure 2.8a) was used to pattern PMMA by NIL (Figure 2.8b). The mold was nearly
completely intact after more than 10 imprints (Figure 2.8c). Very few pillars collapsed
and none of them detached. In contrast, for 1.5 µm-spaced heptamer arrays, where the dot
density was reduced by 100-fold (Figure 2.8d), the hard mask had missing dots already at
the second imprint, which indicates that some of the HSQ pillars detached when the mold
was separated after the first imprint (Figure 2.8e). This was probably caused by the shear
stress during mold separation. For dense nanoarrays, the shear stress was evenly
distributed over a large area, so that the stress applied to individual pillars was low.
While for sparse nanoarrays, the shear stress was more concentrated and high enough to
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cause pillar detachment. Therefore, EBL was chosen over NIL in the fabrication of sparse
nanodot/cluster arrays (Figure 2.8f). Fortunately, the low throughput of EBL is not a
problem in this case as the dot density is very low.

Figure 2.8 HSQ mold durability affected by the pattern density (150 nm-spaced heptamer arrays): (a) HSQ
mold, (b) hard mask of the second imprint, (c) hard mask after more than 10 imprints. 1.5 µm-spaced
heptamer arrays: (d) HSQ mold, (e) hard mask of the second imprint, (f) hard mask of direct EBL.

2.3.5 Comparison of fabrication approaches
Overall, the approaches based on EBL do not require an additional mold, thus
making it most suitable for experiments where new pattern are required. On the other
hand, NIL has a higher throughput and lower cost, and it can be used to make replicas of
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given molds, especially for dense patterns whose writing is time-consuming in EBL. The
experimental conditions in EBL should be strictly controlled in order to ensure
reproducible results. On the other hand, the resolution of NIL is only limited by the
feature size on the mold,178 so the process uniformity (from sample to sample) is, in
principle, easier to control.

Figure 2.9 Comparison between bilayer and hard mask techniques: lift-off. Bilayer samples: (a) tilt view
and (b) top view. Hard mask samples: (c) tilt view and (d) top view.

The lift-off process based on the PMMA bilayer is a direct and simple approach,
but it is sensitive to experimental conditions, and it is challenging when the pattern
density is high. On the other hand, the hard mask approach not only improves the lift-off
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yield, but also further reduces the feature size. The undercuts in PMMA, and AuPd dots
evaporated through the openings are clearly seen and compared in Figure 2.9. The hard
mask samples have larger undercuts than the bilayer samples due to the descum process,
and therefore are easier for lift-off. This is why acetone is sufficient for the lift-off of
hard mask samples, while Remover PG is usually required for bilayer samples. Given the
same initial size and conditions, the annealed nanodots are smaller on hard mask samples
(~ 5 nm) than bilayer samples (~ 7.5 nm), as shown in Figure 2.10.
The three approaches are compared in Table 2.5. The choice of process should be
dictated by the specific applications, and also with consideration of instrument
availability and status.

Figure 2.10 Comparison between bilayer and hard mask techniques: size reduction. Bilayer samples: (a)
EBL pattern, (b) AuPd deposition, (c) nanoarrays after lift-off, and (d) thermal annealing. Hard mask
samples: (e) NIL mold, (f) Ti hard mask, (g) nanoarrays after lift-off, and (h) thermal annealing.
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Table 2.5 Fabrication approaches comparison.

Approaches

A: EBL (PMMA

B: EBL (single layer)

bilayer)

+ hard mask

Methods

EBL

EBL

NIL

Merits

No need of mold

No need of mold

Throughput, cost,

Lithography

C: NIL + hard mask

process uniformity
Applications

New pattern test,

New pattern test,

Replication of given

sparse pattern

sparse or dense patterns

patterns, dense patterns

Methods

Bilayer

Hard mask

Hard mask

Merits

No need of angle

High yield

High yield

Sparse patterns,

Sparse or dense

Dense patterns,

≥ 5 nm dots

patterns, ≥ 2nm dots

≥ 2nm dots

Lift-off

EBPVD
Applications
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3 Functionalization of metallic nanodot arrays
3.1 Introduction of functionalization techniques
There are two major reasons why metallic nanodot arrays are chosen as the
platform of biomimetic surfaces with single-molecule control. Firstly, metallic nanodots
are able to reach molecular-scale feature size (usually sub-10 nm) by various fabrication
and synthesis techniques, as discussed in Chapter 2. Secondly, orthogonal surface
chemistry with high selectivity can be achieved by metallic nanodot arrays on glass. This
is realized by using different chemical linkers on the surface of the metallic nanodots and
the substrate surface, respectively.

3.1.1 Self-assembled monolayers
SAMs provide a convenient, flexible and simple system to tailor the interfacial
properties (e.g., physical: conductivity, wettability; chemical: reactivity, corrosion
resistance) of a surface.92 As an important form of nanotechnology, they are widely used
for a variety of applications, from nanoparticle coating against aggregation in solution, to
surface chemistry patterning. In some cases, SAMs do not have strong interaction with
the substrate, e.g., two-dimensional supramolecular networks.234 But more often, a SAM
consists of a reactive head group, tail and functional end group, as shown in Figure 3.1a.
The head groups have selective and strong affinity to the substrate material and thereby
anchor the monolayer to the surface.
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Common head groups include thiols, disulfides, isocyanides, silanes, phosphoric,
phosphonic, carboxylic and hydroxamic acids, etc.235 The tails of common SAMs are
frequently alkyl chains. Alkylthiols (R-SH) form SAMs on noble and coinage metals,
such as gold, silver, copper, palladium, platinum, and their alloys (Figure 3.1b).92
Alkylsilanes (R-Si-X3, where X is commonly -Cl or -O-R ligand) hydrolyze into silanols
and assemble on hydrophilic surfaces containing hydroxyl groups, such as glass, mica
and metal oxide (Figure 3.1c).236 Alkyl phosphates (R-PO43-) or phosphonates (R-PO32-)
SAMs have been demonstrated on metal oxides, such as TiO2, Al2O3, Ta2O5, Nb2O5,
ZrO2 (Figure 3.1d).109, 237-240

Figure 3.1 Schematic diagrams of SAMs. (a) General structure, (b) thiol, (c) silane, (d) phosphonate.

These SAMs are selective and can therefore be used as the basis for orthogonal
surface chemistry schemes, as will be described below. Monofunctional surfaces are
formed by assembly of target biomolecules on one SAM and a protein-repellant
passivation layer on the other, to prevent nonspecific adsorption. For example, in our case
of nanodot arrays, biomolecules are bound to AuPd nanodots with alkylthiol SAMs,
while the silanized glass background is covered by passivation layers. The
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functionalization scheme is inverted in the case of nanoaperture arrays, i.e., the metallic
cladding is passivated while the biomolecules are bound to silane SAMs in
nanoapertures.64 Similarly, two different types of biomolecules can be assembled on the
respective SAMs, in order to form bifunctional surfaces.176, 241
Moreover, the affinity of head groups on surfaces can be controlled by on-chip
electrical or optical methods. For example, SAMs on Au nanoelectrodes can be modified
by an applied electrochemical potential, which can be used to provide dynamically
configurable nanoarrays.242 This platform has been used in dynamic studies of cell
adhesion and detachment.243 Near-UV exposure can be used to remove SAMs on titania
by photocatalytic degradation. This approach has been adopted to yield durable and
reusable nanoarrays.244

3.1.2 Molecular linkers
In some cases, the biomolecules of interest serve directly as the functional groups
in the SAMs. More often, though, the SAMs are just molecular linkers, so that the target
molecule with a reactive moiety can be bound to the linker by additional steps, as shown
in Figure 3.2a. Various chemistries have been used for the linkage, including amide
formation, imine formation, ring-closing or ring-opening, click chemistry, etc.245,
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Convenient molecular tags have been developed and are commercially available,
including, e.g., AviTag (biotin), His-tag (polyhistindine), HaloTag (modified haloalkane
dehalogenase), SNAP-tag (modified DNA repair protein).245
The avidin-biotin complex, which is based on multiple hydrogen bonds and shape
complementarity, is one of the strongest known noncovalent interactions;247 it is well-
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understood and widely used as a molecular linkage (Figure 3.2b). Avidin moleucles are
bound to the SAMs with biotin groups; then the target molecule with AviTag, also known
as biotinylated, are bound to avidins. Various avidin derivatives are commercially
available, such as streptavidin, NeutrAvidin, CaptAvidin.
Polyhistidine binds to divalent metal cations chelated by nitrilotriacetic acid
(NTA), including Ni(II), Cu(II), Cr(II), Co(II), Zn(II), etc. NTA occupies four of the six
binding sites in the coordination sphere of the metal cation, leaving two sites for the
polyhistidine (Figure 3.2c). Traditionally, hexhistidine (His6) and NTA(Ni) are
commonly used for protein immobilization on solid supports, a scheme that was
developed for protein analysis and purification. The binding is reversible and is weaker
than the avidin-biotin system. Various variations on the His6/NTA(Ni) system have been
studied. A double His6 tag sequence was found to improve the affinity compared with
single His6 tag or two single-His6 tags at N- and C-termini, respectively.248 Overall, Histag is a good choice if a second molecule or reversible binding is needed.249
Complementary single stranded DNAs (ssDNA) are also used as molecular
linkers (d). Aside from immobilization of molecules on metallic nanoparticles, DNA
oligomer linkers provide more versatile and powerful functions, due to the mechanical
properties and programmable sequences. For example, they are used as rigid and tunable
spacers to study size- and distance-dependent interactions between metallic nanoparticles
and fluorescent molecules.114,
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They are used for the assembly of complicated

structures by nanoparticles or QDs.251 They are also excellent probes for FRET
measurements252 because of the programmable length. When applied in cell experiments
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on nanoarrays, they are used as tension sensors, to probe the interaction between transmembrane receptors and binding ligands.113, 117, 253, 254

Figure 3.2 Schematic diagrams of molecular linkers. (a) General structure, (b) avidin-biotin, (c) His-tag, (d)
complementary ssDNA.

3.1.3 Protein-repellant passivation layer (PEG)
In addition to functional biomolecules (protein, DNA, etc.), other organic groups
can serve as protein-repellant reagents, among which PEG is the most commonly used.
The PEG forms a passivation layer, which prevents nonspecific adsorption of target
molecules, due to its protein resistance and low cytotoxicity255. Similar to the binding of
biomolecules, PEG can be either directly assembled on glass by silane-PEG,20, 38, 176, 177,
181, 256-258

or by a two-step process using silane SAMs with linkers (e.g., amines4,5,

epoxides257).
It is important to point out that the silane-PEG film is usually not a uniform,
defect-free monolayer.259, 260 Under ideal anhydrous conditions, the silane groups only
hydrolyze when encountering a thin water layer on the surface, forming silanol groups
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which bind to hydroxyl groups on both the surface and in neighboring molecules (Figure
3.3a). In this process, the resulted siloxane network cannot match the SiO2 crystal
structure perfectly, so the assembly does not yield a complete monolayer as in Figure
3.3b. In contrast, not all the molecules are anchored to the surface, forming patchy
multilayers (Figure 3.3c), referred to as a “brush.” Actually, the cross-linking could
happen in the solution with excess water, resulting in three-dimensional structures and
poor coverage. An extreme case is shown in (Figure 3.3d).
A better monolayer could be achieved by using monoreactive silanes (Figure
3.3e),261 or chlorine-terminated surfaces (Figure 3.3f),262 which involve complicated
chemistries and specific reagents. Alternatively, the passivation can be improved by
optimizing the patchy multilayers, as the cross-linking in solution can be minimized by
improving the anhydrous conditions.263, 264 It can be further improved by using longer
(higher MW) PEG molecules,257 or by filling the defective regions with blocking
reagents, such as BSA,265 Pluronic F-127266 or polysiloxane.267
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Figure 3.3 Functionalization schemes for the PEGylation of SiO2: (a) silane-PEG condensation, (b) uniform
monolayer, (c) patchy multilayers, (d) polymerization in solution. Monolayer created by (e) monoreactive
silanes, (f) chlorine-terminated surfaces.
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3.2 Functionalization schemes
The AuPd nanodot arrays on glass coverslips are functionalized following the
protocols developed in previous work.20,

38, 258

The biomolecules are labeled with

fluorophores, so that the nanoarrays can be imaged by fluorescence microscopy. The
carpet-like PEG layer is protein-repellent, but the needle-like alkylthiols could penetrate
the PEG layer and immobilize molecules, resulting in a high background noise. The
reaction sequence has been optimized so that the thiolation of AuPd nanodots takes place
before the PEGylation of the glass surface. This seems to improve the selectivity of the
functionalization.268

3.2.1 Instruments and materials226
The functionalization and microscopy involve following instruments: A plasma
cleaner (Harrick PDC-32G). An epi-fluorescence microscope (Olympus IX81) with an
oil-immersion objective (100×, 1.49NA) and an electron multiplying charge-coupled
device camera (EMCCD, Cascade II 512, Photometrics). A TIRF microscope (Nikon
Eclipse Ti) with an oil-immersion objective (100×, 1.49 NA) and an EMCCD
(AndorDU897) camera. The materials used include the following:
Thiolation: HS-C11-EG6-Biotin and HS-C11-EG3-OH (ProChimia), stored at -20
°C. Ethanol, anhydrous, > 99.5% (200 proof). 6-Well plates (Falcon). Parafilm (Bemis).
PEGylation: mPEG-silane, MW 5000 (LaysanBio), stored at -20 °C. Toluene, anhydrous,
99.8%. Acetic acid, glacial. Glass syringes, metal needles for the anhydrous solvents
(Popper). Clear Straight-Sided Jars with PTFE-Faced PE-Lined Caps, 30mL (Fisher
Scientific). Teflon mini-rack (Invitrogen). Biomolecules: Streptavidin (Invitrogen), stored
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at -20°C. Mono-biotinylated UCHT1 Fab', stored at -80°C. Phosphate buffer saline
(PBS), Gibco DPBS 1× (Invitrogen). BSA, stored at 4°C. A chamber for replaceable
coverslips (CSC-22 × 22, Bioscience Tools).

3.2.2 Thiolation of AuPd nanoarrays
As a first step, glass samples with AuPd nanoarrays (Figure 3.4 a) are cleaned in
1.5 hr-aged piranha solution (3:1 H2SO4:H2O2) for 3 min. Fresh piranha solution can etch
the AuPd nanodots, while aged solution is much less aggressive.208 Still, the immersion
time should be strictly controlled in order to ensure that the nanodots are not damaged.
Samples are immediately immersed in DI water and rinsed for 10 min, then rinsed by
ethanol and blown dry. The dried samples are exposed to an oxygen plasma at 18 W for 5
min. This cleaning process also activates the glass surface for binding of silane-PEG by
creating hydroxyl groups on the surface (Figure 3.4b).
After oxygen plasma treatment, samples are immediately immersed in a freshly
prepared 1 mM mixture of HS-C11-EG6-Biotin and HS-C11-EG3-OH solution in
anhydrous ethanol, in order to form a closely packed SAM on the AuPd nanodot,
presenting biotin groups for the immobilization of streptavidin (Figure 3.4c). The
container is sealed with Parafilm, covered with Al foil, and incubated on a shaker
(hereafter simply referred to as "incubated on a shaker"). Samples are incubated for ~ 18
h (overnight).
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3.2.3 PEGylation with silane-PEG
The silane-PEG passivation can be improved by enhancing the anhydrous
condition. A solution of 2 mg silane-PEG in 25 mL anhydrous toluene with 30 µL acetic
acid (catalyst) is prepared in a dry environment (such as a cold room at 4 °C). The silanePEG reagent (MW 5000, white powder) is stored at -20 °C and opened only in the cold
room. The glassware, syringes, and needles are dried in an oven at 70 °C to remove any
adsorbed moisture. Samples are removed from the thiolation solution, and immersed in
fresh ethanol. They are rinsed with ethanol and then blown dry. Dried samples are placed
on a Teflon mini-rack, immersed in the silane-PEG solution and incubated on a shaker
for 48 h. In this way, the nanoarray surface is backfilled with a protein-repellent
passivation layer (Figure 3.4d).

3.2.4 Biomolecule through biotin-streptavidin linker
A solution of 10 μg/mL streptavidin in 1.5 mL PBS with 1 mg/mL BSA is
prepared. Samples are removed from the PEG solution, and immersed in acetone. They
are rinsed with acetone, ethanol, and blown dry. The dried samples are immediately
immersed in the streptavidin solution, and incubated on a shaker for 1 h. Then they are
rinsed thoroughly with PBS, and incubated in fresh PBS on a shaker for 30 min, in order
to wash out free streptavidin molecules and reduce nonspecific adsorption. Streptavidins
are selectively immobilized on the nanodots with biotin groups, leaving the remaining
three binding pockets for any moiety that can be biotinylated (Figure 3.4e). For example,
this platform of streptavidin nanoarray has been used to bind a variety of molecules, from
DNA20 and proteins269 to inorganic quantum dots.93 Here, we use a biotinylated UCHT1
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Fab' as the probe molecule bound to the nanodots via the streptavidin linker. A solution
of 2 μg/mL Fab' in 1.5 mL PBS with 1 mg/mL BSA is prepared. Samples are removed
from PBS, immersed in the Fab' solution, and incubated on a shaker for 1 h. Similarly,
they are then rinsed thoroughly with PBS, and incubated in fresh PBS on a shaker for 30
min, in order to wash out free molecules. Finally, a sample is mounted in a chamber
designed for replaceable coverslips, covered with PBS, and is then ready for microscopy.

Figure 3.4 Functionalization scheme (monofunctional with static background)
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3.3 Results and discussion
Functionalized nanoarrays were characterized by fluorescence microscopy. The
results of biomolecule functionalization and PEG passivation are discussed here.
Optimization of this platform with quantitative analysis will be discussed in Chapter 4.

3.3.1 Biomolecular nanoarrays
Functionalization was demonstrated on various patterns (200 × 200 μm2 for each
pattern), including both hexagonal and cluster arrays. It is found that both the linker of
streptavidin and target molecule of UCHT1 Fab' were selectively immobilized. The
fluorescence images display the features of nanodot arrays, indicating the high fidelity of
the functionalization process.
Using the hexagonal arrays with 60 nm spacing (Figure 3.5a, b) as an example,
both the UCHT1 Fab' (Alexa Fluor 555, red, Figure 3.5c) and streptavidin (Alexa Fluor
647, magenta, Figure 3.5d) show the same pattern as in optical image (Figure 3.5c inset).
The AuPd nanoarrays are usually characterized by AFM and SEM, and are invisible in
optical microscope due to the small dot size. But the patterns in PMMA resist after
nanolithography (either NIL or EBL) are visible, due to the difference of interference in
patterned regions from unpatterned. The rounded corners (Figure 3.5c, d) suggest missing
features after patterning by NIL. In contrast, nanoarrays by EBL have square corners in
both fluorescent and optical images (Figure 3.5e). This is because NIL mold was used for
many imprints. Due to the proximity effect of EBL, the HSQ pillars in the corners have a
smaller diameter than in the center, so they are prone to breakage or detachment from the
mold. On the other hand, the majority of the nanoarray remains intact. This is also why
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the HSQ pillars are typically designed to be ~15-20 nm in diameter, although a smaller
feature size can be reached by EBL. A closer examination of the fluorescence images
(Figure 3.5c, d) reveals that the distribution of the streptavidin is more uniform than the
UCHT1 Fab'. This is because there are three binding sites available on each streptavidin,
introducing a higher dispersion for UCHT1 Fab' (see Section 5.3.1).

Figure 3.5 Functionalization results of hexagonal arrays with 60 nm spacing: (a) AFM image, (b) SEM
image of the hard mask (better contrast than the nanoarray itself). TIRF image of nanoarrays by NIL (c)
UCHT1 Fab' and (d) streptavidin. (e) TIRF image of nanoarrays by EBL (UCHT1 Fab').

Another example of cluster arrays with 60 nm inter-dot spacing (Figure 3.6 a, b)
indicates the importance of the subfield size in EBL. Both optical (Figure 3.6c) and
fluorescence (Figure 3.6d) images show non-uniform patterns with obvious stitching
boundaries, caused by non-uniform e-beam exposure in a subfield of 12 µm. At this
subfield size, aberrations in the electron optical system cause distortions across the
subfield. Intra-subfield corrections are not applied in the Nanobeam nB4 (or in other
commercial dual deflection EBL systems). This problem was solved by using a smaller
subfield of 5 µm (Figure 3.6e, f). In optical microscopy, the PMMA brightness decreases
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with opening size and density; while in fluorescence microscopy, the intensity increases
with molecular density. For cluster arrays, the darker clusters in optical image (Figure
3.6c) have larger openings and therefore larger nanodots, which correspond to brighter
clusters with more molecules in the fluorescence image (Figure 3.6d). This indicates that
the molecular occupancy on a nanodot highly depends on the dot size. Therefore, precise
control of nanodot size and uniformity is critical, in order to achieve single-molecule
control (see Section 4.4.1).

Figure 3.6 Functionalization results of cluster arrays with 60 nm inter-dot spacing: (a) AFM image, (b)
SEM image of the hard mask. EBL subfield 12 µm: (c) Optical image (d) TIRF image (UCHT1 Fab'). EBL
subfield 5 µm: (e) Optical image (f) TIRF image (UCHT1 Fab').

3.3.2 PEG passivation
Hexagonal and cluster arrays (Figure 3.5, 3.6) are widely used in cell assays, in
order to probe receptor-mediated signaling/adhesion. In particular, sparsely spaced
cluster arrays enable high-throughput, parallel monitoring of biological activity in real
time with conventional epi-fluorescence microscopy.20 They also provide a reference for
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the characterization of passivation efficiency and signal to background ratio (SBR), such
as the 1 µm-spaced heptamer (7 dots per cluster) arrays in Figure 3.7a, b. The SEM
image also shows a registration array. They are 10 µm-spaced dense arrays with a higher
SBR in fluorescence microscopy, which can be used to determine the locations of
heptamers when the background noise is high.

Figure 3.7 SBR affected by PEG passivation (1µm-spaced heptamer arrays). (a) AFM image, (b) SEM
image. Poor passivation, exposure time: (c) 1 s, (d) 1 min. Better passivation with enhanced anhydrous
conditions, exposure time: (e) 1 s, (f) 1 min.

There are many factors that can affect the effectiveness of the passivation (e.g.,
the PEG chain length,257 PEGylation time were optimized in Ref.
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). Another critical
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factor is the anhydrous conditions (e.g., fresh reagents, anhydrous solvents, dry
environment, and minimized exposure to moisture). Poor conditions result in weak
passivation and high background noise due to nonspecific adsorption. With a short
exposure time of 1s, the nanoarrays were totally buried in noise and could not be
identified (Figure 3.7c). With a longer exposure of 1 min, the nanoarrays were resolved
(Figure 3.7d), which indicates that the functionalization of AuPd nanodots was successful
but the PEG passivation was insufficient. However, this reduction of background noise
was mainly caused by fluorophore bleaching, instead of the elimination of adsorbed
molecules. So a short exposure time without bleaching should be used to quantify nonspecific adsorption. The passivation and SBR were significantly improved by enhancing
the anhydrous conditions (Figure 3.7e, f).
The PEG passivation is also affected by the surface micro/nanostructures. AuPd
nanodot arrays are invisible in an optical microscope, so registration marks are needed to
guide the characterization. Usually, this was done by simply making scratches with a
manual wafer scriber in the PMMA film where patterns are visible (Figure 3.8 a, b). After
metallization and lift-off, microscale metal lines with high roughness were formed as
registration marks. It is found that the fluorescence noise intensity near the scratches was
higher than that of plain background (Figure 3.8c). This is probably because the rough
metal lines adsorb excess biomolecules. The process of desorption and re-adsorption, as
well as debris from the scratches, increases background noise near the scratches. After
functionalization with streptavidin, there was less background noise intensity near the
fine scratches (5 µm) than wide scratches (30 µm). The reduced noise level is close to
that on the plain glass background and is sufficient for the nanoarrays.
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Precise control of the manual scratches is difficult. Instead, dense arrays of large
nanodots (50 nm diameter, 100 nm spacing, as shown in the inset) were used as
registration marks, with coordinates of each pattern (Figure 3.8d). After functionalization
with streptavidin and UCHT1 Fab', the fluorescence image shows a high SBR and clean
background near the marks (Figure 3.8e). This implies that dense arrays of large nanodots
are better than rough scratches for nearby PEG passivation, and were therefore adopted in
our experiments.

Figure 3.8 PEG passivation affected by the surface marks. Scratches as registration marks: optical image of
(a) wide scratches (30 µm), (b) fine scratches (5 µm). (c) Fluorescence intensity near the scratches. Dense
nanodot arrays as registration marks: (d) optical, SEM, and (e) fluorescence images (UCHT1 Fab').
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4 Optimization of single-molecule nanoarrays
4.1 Introduction of single-molecule optimization
Because the nature of receptor-mediated signaling/adhesion is generally sensitive
to stoichiometry, the nanoarrays must be optimized so that each nanodot is occupied by a
single molecule. In this chapter, on-chip measurement and control of molecular
occupancy is described. Streptavidin is used as a model protein for this purpose, because
it is commonly used to attach a wide variety of molecules that can be biotinylated.20, 38, 93,
176

The results, however, can be generalized to other molecular species.
Meanwhile, the glass surface passivation should be improved to minimize

nonspecific adsorbed molecules, which could also alter cellular response (e.g., T cells
react to extremely low densities of agonist peptides in immune recognition138).
Improving the SBR is also critical for molecular occupancy measurements.

4.1.1 Silane-PEG passivation on glass
As discussed in Chapter 3, the silane-PEG passivation is not a complete
monolayer, but is rather patchy multilayers with defects. The passivation has been
improved by enhancing the anhydrous conditions (Figure 3.7). It minimizes the
molecular cross-linking before immobilization on the surface, so that a larger portion of
the silanes are anchored, leaving less room for nonspecific adsorption (Figure 4.1a, b).
Still, the silane-PEG passivation is typically most effective at low (nanomolar)
concentrations of the molecule of interest56. In the context of orderly arranged nanodot
arrays (as opposed to randomly distributed biomolecules by simple deposition, vesicle
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encapsulation, or covalent binding on the surfaces46-58), a generally higher concentration
(micromolar20, 38, 176, 177, 258) is required to ensure functionalization efficiency, making the
passivation more challenging.
Recently, Tween-20, a detergent, was found to significantly improve surface
passivation either in combination with PEG + polysiloxane,267 PEG,270 or even alone on
hydrophobic silane-treated surfaces.56 Tween-20 typically reduces nonspecific adsorption
by 5 to 10 fold,56, 270 and it is the most promising method so far for randomly distributed
single molecules. However, Tween-20 is not suitable for nanodot arrays, as it is adsorbed
by hydrophobic interactions rather than covalent binding, so its selectivity for the PEG
background over the metallic nanodots (which are typically already functionalized with a
SAM, e.g., alkylthiol on gold) is limited and could severely reduce the functionalization
efficiency (Figure 4.1c). Moreover, Tween-20 permeabilizes cell membranes,271 which
makes it inappropriate for cellular studies. Thus, a more versatile method is needed in
order to improve PEG passivation, particularly for nanodot arrays.
In addition to silane cross-linking, the defects in PEG film could also be caused
by the impurities on glass surfaces (particularly the kind found in standard borosilicate
microscope slides and coverslips), which are introduced to adjust the physical and
chemical properties of the glass (Table 4.1).272 Some of the impurities (e.g., boron)
reduce the reactivity to silanol groups,273 and some of them (e.g., alkali metal oxides,
carbonate) do not even form stable bonds with Si-O,274 leaving defective regions in the
PEG film. What is worse, thiols can form SAMs on some of them (e.g., ZnO275). A
simple solution is to replace the borosilicate glass with quartz or fused silica. But these
materials are relatively costly, and they are fragile. Thus, glass is preferable, particularly

67
for micro- or nanofabricated surfaces. For the same reason, glass is also more often used
in objective-based TIRF microscopy,50 while quartz or fused silica might require
additional adjustments, due to a lower refractive index.276 In this work, we present a more
general approach to improve silane-PEG passivation on glass, in which a thin film of
silicon oxide is applied to glass coverslips prior to the nanoarray fabrication. This film
covers the impurities without affecting the selective binding on nanodots (Figure 4.1d).277

Table 4.1 Chemical composition of glass coverslips.278

SiO2

B 2O 3

Al2O3

Na2O

K2O

MgO

CaO

BaO

ZnO

TiO2

As2O3

Sb2O3

64.1%

8.4%

4.2%

6.4%

6.9%

–

–

–

5.9%

4.0%

–

0.1%

Figure 4.1 Glass passivation improvement: conventional silane-PEG coating with (a) poor and (b)
enhanced anhydrous conditions; (c) PEG + Tween-20; (d) SiO2 + PEG.
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4.1.2 Molecular labeling and measurement
The measurement of molecular occupancy of the nanodots is a challenging task,
requiring ultra-high resolution techniques to image at the single-molecule level.
Individual biomolecules can be directly imaged by STM and AFM.40 For example, the
height increment of nanodots after functionalization was measured by AFM, which
indicated the addition of molecules.279 But it is impossible to accurately measure the
number of molecules by the height change, because the molecules are coated over the
nanodot surface, and are not necessarily stacked one by one.
For other microscopy techniques, various labeling techniques have been
developed because biomolecules are generally not directly visible, whether by optical or
electron microscopy. Biomolecules can be labeled using inorganic nanoparticles, such as
AuNPs and QDs, which can then be counted in electron microscopy, such as SEM280 and
TEM.181 Imaging with SEM requires the use of relatively large (5 nm) AuNP labels
because of the resolution limits of SEM, but these NPs could interact with other
molecules and block additional binding. Therefore, this approach tends to underestimate
the molecular occupancy. It can be improved by using smaller AuNP labels (1.4 nm) in
TEM. The molecular occupancy on Au nanodots of different size created by DPN was
measured in this way and found to scale with dot size.181 Overall, electron microscopy
measurements require specific tools and substrates, making it incompatible with surface
based nanoarrays, especially in the context of biological experiments.
For surface based experiments, biomolecules are labeled by fluorescent tags and
imaged in florescence microscopy, a technique that is widely used in single-molecule
experiments. For most of these experiments, molecules are randomly distributed on the
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surface and are sufficiently far apart (> optical resolution), so that they can be resolved in
conventional epi-fluorescence microscopy.46-58 This approach can also be used to
quantify the nonspecific adsorption on the passivation layer.270
On the other hand, for orderly arranged single molecules, many platforms are
limited to close-packed dense arrays, such as BCML.99, 118-121, 123, 150, 199-204 In this case,
only super-resolution techniques, such as photoactivated localization microscopy
(PALM), are able to resolve individual molecules. So far, the functionalization efficiency
measured in this way was very low.124 Our platform based on EBL/NIL enables
heterogeneous arrays on the same surface, with arbitrary geometries and various dot
sizes. This not only allows direct comparison of various patterns on the same sample, but
also provides ordered arrays of nanodots spaced sufficiently far apart, so that the intensity
signal from each one can be clearly distinguished (Figure 3.7). This is crucial for the
study of molecular occupancy on nanodots with epi-fluorescence microscopy.

4.1.3 Control of molecular occupancy
It is commonly believed that the molecular occupancy should scale with nanodot
size. A nanodot should, in principle, be occupied by only a single molecule, when its
dimensions are close to those of the molecule. This has been verified by counting small
AuNP labels in TEM: 4 nm dots could achieve single-molecule occupancy for
streptavidin, while 7 nm dots are occupied by more than two.181 This strong dependence
makes it challenging to control the molecular occupancy only by the nanodot size
because biomolecules vary in size from < 2 nm to > 10 nm. Sub-5 nm nanofabrication is
still beyond the state-of-the-art. And reproducing the same size is also difficult. In this
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work, we present a novel approach with mixed SAMs applied to the nanodots, so that the
molecular occupancy can be easily controlled by the reagent concentration, which
combines with the flexibility of dimensional control in nanofabrication to control the
molecular occupancy.

4.2 Quantitative fluorescence microscopy by photobleaching
In single-molecule experiments, a small number of fluorophores in each spot are
sufficiently far apart, either randomly distributed or orderly arranged, so that the
intensity-time curve shows discrete steps, which represent individual events of
fluorophore bleaching, blinking or disassociation. Step changes of intensity have been
used to determine the molecular occupancy of lipid vesicles54, monitor single QD
blinking93, and DNA cleavage by a restriction enzyme.20 Photobleaching is the most
commonly used, which involves the illumination of fluorescent molecules until they are
eventually damaged by the radiation and cease to fluoresce. It is generally considered a
disadvantage in imaging, but can be turned into an advantage in quantitative analysis.
In this chapter, the quantification of both nonspecific adsorption and molecular
occupancy on nanodots are based on bleaching. A standard epi-fluorescence microscope
with high magnification coupled to an EMCCD camera was used for imaging (details in
Section 3.2.1). The fluorophores bleach over time, thus providing a signal for
measurement. This is recorded at a rate of 25 frames per second, which is able to detect
single bleaching events. The FIJI software package was used for image processing and
data analysis. The first 25 frames (1 s) are averaged to set the initial intensity.
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4.2.1 Quantification of nonspecific adsorption
In order to improve the precision of the process, multiple fluorophore labels
instead of a single one, were used. This minimizes lost information caused by unlabeled
molecules and initial bleaching. Nonspecific adsorption was identified and counted based
on both spatial and intensity criteria.
The theoretical and measured point-spread functions (PSFs) for the fluorescence
are shown in Figure 4.2a, using the “Mosaic” plug-in281 of the FIJI software package. The
measured PSF was fitted by a Gaussian function, which has a standard deviation of ~ 1.5
pixels (120 nm). Based on a 1D approximation, there is 68%, 95%, and 99.7% of the
intensity within a radius of 1.5, 3, and 4.5 pixels, respectively. In order to minimize the
chance that adjacent separate spots are mistaken as a single particle, the particle detection
radius is set to 3 pixels as a spatial criterion. A larger radius would mistakenly identify
nearby spots as a single particle, while a smaller radius would include more noises. A
3×3 pixel region is chosen as the region of interest (ROI) for the bleaching analysis,
which not only ensures a high SBR, but also accounts for fluctuations of the PSF during
bleaching.
The particle detection threshold was optimized by comparing the intensity
histogram of detected spots with the intensity of a single fluorophore, rather than
arbitrarily picking a predetermined value as in Refs

56, 270

. The single fluorophore

intensity was determined by the bleaching step size, rather than assuming that all the
nonspecific adsorption events are single molecules,56, 270 which is not necessarily true,
especially when the passivation is not ideal.
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Figure 4.2 Fluorescence microscopy and ROI selection. (a) Theoretical, measured and fitted PSFs (Scale:
80nm/pixel). (b) Fluorescence images and intensity profiles of nanodot dimmers with different spacing
(Scale: 40nm/pixel). Nanoarray fluorescence image and separate ROIs (c) signals of nanodot array, (d)
noises of nonspecifically bound fluorophores.

4.2.2 Quantification of molecular occupancy
The measured PSF was fitted by the theoretical equation282
Equation 4-1
According to the Rayleigh criterion, the resolution is defined as the spacing from the
principal diffraction maximum (1) to the first minimum (0), which is 231nm for the
theoretical PSF, and 345nm for the measured PSF. Two point sources are regarded as just
resolved when the spacing between them is equal to the resolution. AuPd nanodot dimers
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with different spacing were functionalized and imaged (Figure 4.2b, with an additional
2× magnification). The corresponding intensity profile across a dimer was measured.
When the spacing is 240 nm (close to the theoretical resolution of 231 nm), the two dots
are unresolved. When the spacing is 320 nm (close to the measured resolution of 345
nm), the two dots are just resolved. When the spacing is larger than twice of the measured
resolution (e.g., 1 µm), the overlap of intensity profiles is minimized.
With this in mind, an inter-dot spacing of 1 µm was used for the sparse
nanoarrays (Figure 3.7). Based on this geometric arrangement, a macro was written in
FIJI to separate the signals of nanodot array (Figure 4.2c) and the background noises due
to nonspecific adsorption (Figure 4.2d), which were detected by the "Mosaic" plug-in
simultaneously.
In order to achieve a sufficiently high SBR per site, multiple fluorophore/protein
(F/P) ratio (e.g., Alexa Fluor 555 Conjugate, F/P 3:1, Life Technologies) and nanodot
clusters (e.g., heptamer with 7 dots per cluster), were used for continuous fluorescence
imaging. The molecular occupancy could be determined from the number of steps for
each site. Since the initial fluorescence intensity is linear with the number of
fluorophores,54 it is unnecessary to count steps for the entire set of bleaching curves in
order to efficiently obtain statistically significant results. Alternatively, the average
molecular occupancy can be estimated by
,

Equation 4-2

where N is the molecular occupancy, i.e., the number of molecules per nanodot; I is the
initial intensity of the nanodot cluster; h is the bleaching step size, i.e., the intensity of a
single fluorophore signal; r is the F/P ratio of the labeled molecule, i.e., the number of
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fluorophores per molecule (streptavidin in this case); and c is the cluster size, i.e., the
number of nanodots per cluster.

4.2.3 Bleaching curves and steps
An example of sparsely spaced nanoarray is shown in Figure 4.3a, with a uniform
height profile of ~ 7.5 nm (this is also the lateral size due to the spherical shape175).
Figure 4.3b shows the fluorescence signal from a functionalized nanoarray (a heptamer
array - to improve SBR), where two types of ROIs are selected: nanodots and
background. By plotting the fluorescence intensity vs. time, and then subtracting the
background from the nanodot signal, a typical bleaching curve is obtained (Figure 4.3c).
The size of the steps is fairly constant, indicating the each step represents the bleaching of
a single fluorophore. A step detection algorithm for molecular motors283 was adapted to
fit the bleaching curves, and the total number of step and the size of each step were
extracted using Matlab.

Figure 4.3 Bleaching analysis. (a) AFM image of the AuPd nanodot (D = 7.5 nm) array. (b) Fluorescence
image with ROIs of both nanodot and background. (c) Fluorescence intensity vs. time.
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Figure 4.4a shows a histogram of step sizes for heptamer arrays of 7.5 nm
nanodots, derived from bleaching curves such as Figure 4.3c; this histogram with double
peaks was fitted by a mixed Gaussian distribution using an expectation maximization
(EM) algorithm. The center of the second peak is approximately twice the value of the
first, indicative of simultaneous bleaching events (observed especially in the early stages
of the bleaching curves), and must be taken into consideration in determining the average
value. The overlapping area of the two Gaussians was determined by numerical
integration, assuming equal probability of one or two fluorophores, which is not
necessarily the same as the probability of bleaching steps. It indicates that the probability
of ambiguous fluorophore number (one or two) at the same intensity is only 5.72%. But
this probability increases with increased fluorophore number because the variance of
individual fluorophore intensities is added; this is a common problem in quantitative
fluorescence microscopy.54 Therefore, a large sample size is required for reliable
measurement using Equation 4-2. Our method provides sufficient sample size by
monitoring thousands of sites in parallel. In addition, the intensity distribution of a single
fluorophore or molecule was used to fit the histogram of the initial intensity and to
estimate the probability distribution of molecular occupancy, which is more accurate than
merely calculating average values (see Section 4.4.3).
Similarly, the bleaching analysis was performed for nonspecifically bound
streptavidins on the background. Figure 4.4b shows a histogram of step sizes on the
background, which is different from that on 7.5 nm nanodots. Notably, there is only one
peak in the histogram. The molecule/fluorophore number per site is much lower on the
background than on the nanodot clusters, so the possibility of simultaneous bleaching
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events is much lower. More importantly, the step size average (center of the peak) is
much larger than for the nanodots. This can be taken as evidence of fluorescence
quenching effect caused by plasmonic absorption of metallic nanoparticles.

Figure 4.4 Bleaching step size histogram. Streptavidins on (a) 7.5 nm nanodots, (b) passivated background.

4.2.4 Fluorescence quenching effects
It is well known that the fluorescence from a molecule in close proximity to a
metallic nanoparticle is affected by radiative and nonradiative energy transfer, leading to
excited-state enhancement, or quenching. This effect depends on the distance between the
fluorophore and the nanoparticle, as well as the nanoparticle's material, shape, structure,
and size.284-286 Recently, both theoretical and experimental work has determined that the
fluorescence quenching efficiency increases with the nanoparticle size in the range of our
interest.250 A size-dependent nanometal surface energy transfer (NSET) model was
developed by Breshike et al.114 to explain the dependence of quenching efficiency on
both distance and nanodot size.
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,

Equation 4-3

where E is the efficiency of energy transfer (quenching efficiency), S is the separation
distance from the fluorophore to the particle surface, S0 incorporates donor and acceptor
terms and is dependent on the nanoparticle size.

Figure 4.5 The dependence of quenching on nanodot size. (a) Average bleaching step size vs. AuPd
nanodot size. The insets show typical bleaching curves for corresponding nanodot size. (b) Quenching
efficiency vs. AuPd nanodot size.

Figure 4.5a shows typical bleaching curves and the average step sizes for
nanodots with diameters from 7.5 to 15 nm, as well as nonspecific adsorption on the
background. The quenching efficiency, E, obtained by normalizing the bleaching step
size for the different nanodot sizes with that of background is
,

Equation 4-4

where I and h are the measured intensity and bleaching step size respectively, I0 and h0
are the original intensity and step size without quenching. The quenching efficiency
increases and the dispersion decreases with nanodot size, which is in agreement with the
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NSET model (Figure 4.5b). In other words, our platform has the potential to verify this
model at the single-molecule level.
A molecular model was developed based on protein data bank (PDB) files of
alkylthiol and streptavidin-biotin system,287-290 and visualized by a 3D computer graphics
software Blender with ePMV plugin291 (Figure 4.6a, Table 4.2). The fluorophores bind to
the primary amines on lysine residues, so the nitrogen atoms on primary amines are used
to approximate the fluorophore locations. The distance histogram from these locations to
the nanodot surface, considering all four binding sites of biotin, indicates that 69% of the
fluorophores are within 4.3 - 6.6 nm of the nanodot. Other possible positions are closer,
but the fluorophores are unlikely to be located there, since this would block the biotin
binding in the first place. In light of the fourth power dependence on distance (Equation
4-3), this narrow distribution of fluorophore distances from the nanodot is essential for
the step size measurement. Figure 4.6b shows schematic curves of quenching efficiency
vs. separation distance for various nanodot size, based on the theoretical and experimental
curves in Ref 114.
For the given distance range, there is less quenching for AuPd nanodots than for
AuNPs114 (Figure 4.6c), because the SPR is attenuated in the AuPd alloy. This aids the
bleaching measurements even if the fluorophore emission spectrum (Alexa Fluor 555,
almost identical to Cy3) is close to the resonance wavelength of Au (~520 nm by Mie
theory286). The average bleaching rate also shows the dependence on the nanodot size
(Figure 4.6d). Despite bleaching, the fluorescence remained over 90% in the first 1 s of
exposure, whose average is used as the initial intensity for the analysis of molecular
occupancy.
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Figure 4.6 The dependence of quenching on distance and nanodot size. (a) A molecular model showing the
distance distribution from the fluorophores to the nanodot surface. (b) Schematic curves of quenching
efficiency vs. separation distance for various nanodot size. The inset of experimental results from Figure
4.5b. (c) Quenching efficiency vs. nanodot diameter. Separation distance in the range of 4.3 - 6.6 nm (data
for AuNP from Ref 114). (d) Average bleaching curves for various nanodot size.

Overall, fluorescence quenching complicates the measurement, but it is inevitable
with existing techniques. It can be eliminated by using dielectric materials (e.g., metal
oxides), but the binding chemistry (e.g., phosphates, phosphonates, discussed in Section
3.1.1) for these materials is not thoroughly studied, especially for single-molecule
resolution.
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On the other hand, the quenching effect provides potential applications for this
platform. For example, with a spacer of fixed distance, such as DNA instead of
streptavidin, this platform can also serve as an alternative to ZMW to determine the size
and distance dependence of the quantum yield of single molecules close to metallic
nanoparticles.284 After calibration of various distances, it can be used as an optical
molecular ruler, with more than double the range of FRET.114-116
Finally, because the fluorescence intensity of nonspecifically adsorbed molecules
on the background is much larger than the quenched fluorescence on the nanodots, the
minimization of nonspecific adsorption on the glass surface (i.e., noise) is critical for
these measurements.

Table 4.2 List of PDB files used in the molecular 3D model.

Molecule

PDB file name

PDB ID

Streptavidin-biotin

Wildtype Core-Streptavidin with Biotin at 1.4A

1MK5289

PENTADECANE

MYS

E-AMINO BIOTINYL CAPROIC ACID

BH7

POLYETHYLENE GLYCOL (N=34), PEG1500

15P

ETHYL-TRIMETHYL-SILANE

CEQ

Alkylthiol

Silane-PEG
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4.3 Improving PEG passivation
In order to improve the PEG passivation, a thin film of SiO2 is applied to the glass
coverslips prior to the nanoarray fabrication. This film covers the surface impurities,
minimizing the formation of silane-PEG defects and reducing nonspecific adsorption.

4.3.1 SiO2 deposition
PECVD is the most common way to deposit thin films of SiO2, due to its simple
process and low cost relative to other techniques such as e-beam or sputter deposition292;
however PECVD SiO2 films usually have a high surface roughness that is not easily
controlled.293 As discussed in Section 2.2.7, HSQ is a spin-on glass, whose molecular
structure changes from cage form to network form under either thermal curing or
exposure to oxygen ion irradiation. The thermally induced transformation is affected by
the film thickness, temperature, and ambient gas232. A thin film (~ a few tens of nm)
cured at high temperature and O2 concentration tends to cause the Si-H bonds to
disassociate completely, resulting in a chemical composition close to that of SiO2.
Glass coverslips with a 15 nm coating of either PECVD SiO2 or cured HSQ, were
characterized by AFM (Figure 4.7a - c). In both cases, the thickness was sufficient to
form a continuous film that was resistant (i.e., no change in the surface roughness or
continuity was observed) to the harsh physical or chemical processes involved in the
nanoarray fabrication or functionalization (e.g., thermal annealing, immersion in piranha
solution). Overall, the PECVD SiO2 had a very high surface roughness RRMS (root mean
squared), making it unsuitable as a substrate for small nanodots, while the cured HSQ had
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a low RRMS - even smoother than the original bare glass surface, effectively planarizing
the surface (Figure 4.7d). The HSQ coating was therefore chosen for this work over
PECVD SiO2. For example, the hexagonal and cluster nanoarrays in Figure 4.7e, f were
fabricated on HSQ coated glass surfaces.

Figure 4.7 Comparison of surface roughness. AFM images and typical height profiles: (a) bare glass, (b)
glass coated with 15 nm PECVD SiO2, (c) glass coated with 15 nm cured HSQ. (d) The surface roughness
comparison. AFM images and typical height profiles of AuPd nanodot arrays fabricated on the HSQ coated
glass: (e) an extended hexagonal array, (f) a cluster (heptamer) array.
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4.3.2 Distribution of labeling fluorophores
Typical bleaching curves of nonspecifically adsorbed streptavidin (Alexa 555, F/P
3:1) are shown in Figure 4.8a. The average step size was used to determine the single
fluorophore intensity. The initial intensity histogram was fitted by a mixed Gaussian
distribution, with peaks around integer multiples of the single fluorophore intensity
(Figure 4.8b). Therefore, each single Gaussian represents the intensity distribution of
streptavidins with a given number of labeling fluorophores.
The first peak shows the intensity distribution of a single fluorophore, whose
average should be the same as that measured by the bleaching step size. This was used as
a criterion when choosing the proper threshold in particle detection, since the peak is
shifted by adjusting the threshold. The bleaching curves with two and three steps (Figure
4.8a) correspond to the second and third peaks, representing streptavidins with two and
three fluorophores, which comprise the majority of the histogram (Figure 4.8b). The
probability of each Gaussian curve reveals the distribution of fluorophore number per
streptavidin molecule, with an average of 2.86, close to the F/P ratio of 3 (Figure 4.8c). It
is commonly accepted that, at low and moderate probe to protein ratios, the number of
probes within the protein follows a binomial distribution.294 With an average of three
fluorophores (r = 3) on 28 binding sites (the average of 24 - 32 lysines for each
homotetramer), the fluorophore numbers per streptavidin should follow a binomial
distribution B(28, 0.1071). But the measured distribution was narrower, close to B(6,
0.4767), suggesting that there may be fewer binding sites available, possibly due to the
molecular structure and/or interactions between fluorophores.

84

Figure 4.8 Fluorophore/molecular occupancy of nonspecific adsorption. Single molecule per spot: (a)
typical bleaching curves, (b) intensity histogram, (c) the probability distribution of fluorophore number per
molecule. Multiple molecules per spot: (d) typical bleaching curves, (e) intensity histogram, (f) the
probability distribution of molecule number per spot.

The distribution of labeling fluorophores per streptavidin suggests that each spot
of nonspecific adsorption accommodates only a single molecule. This was achieved by
the optimized PEGylation and BSA blocking. This binomial distribution can be
approximated by a Gaussian, which is then used to estimate the molecular occupancy per
spot by a multiple Gaussian fit, instead of simple division by the F/P ratio. In this way,
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multiple molecules per spot were found on a glass surface with poor PEG passivation. A
typical bleaching curve (Figure 4.8d) contains 6 steps (i.e. 2 streptavidins), which
comprises the majority of the histogram (Figure 4.8e). The probability distribution of
molecule occupancy per spot indicates that each defective region could accommodate 2.6
streptavidins, on average (Figure 4.8f). In a worse passivation layer, the defective regions
are not only higher in density, but also larger in size. As a result, it is problematic to
assume that there are only single molecules in nonspecific adsorption.91 Single-molecule
intensity is the most important reference in quantitative fluorescence microcopy, which is
more accurately determined by the bleaching step size, rather than the intensity of
nonspecifically adsorbed molecules.

4.3.3 Passivation comparison
The single fluorophore intensity was determined by the bleaching step size and
then used as an intensity criterion to identify and count nonspecific adsorption under a
variety of conditions. The density of nonspecific adsorption apparently increases with the
molecule concentration and incubation time (Figure 4.9a). As mentioned above, a high
concentration from 50 nM181 to 2 - 10 μM38 is needed in nanoarrays, in order to achieve
sufficient functionalization efficiency. Here, 200 nM streptavidin in PBS solution for 15
min was used for a comparison between the three types of surfaces (Figure 4.9b, with
corresponding fluorescence images in the insets). At least five random locations were
imaged on each sample, and the results were averaged.
The PEG + Tween-20 surface reduced the nonspecific adsorption by
approximately 8-fold, as compared to conventional PEG, similar to previously reported
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work56, 270. The improvement of the HSQ + PEG surface was comparable, with a density
of nonspecific adsorption down to 0.2 /μm2. As a result, the SBR was also improved. The
SBR is defined as
,

Equation 4-5

where µsig is the average signal of nanoarrays, σbg is the standard deviation of the
background. As shown in Figure 4.9c, σbg of the HSQ + PEG surface was reduced by
approximately 4-fold, which is a very low noise level considering the system noise (the
standard deviation of a surface without fluorophores). According to Equation 4-5, the
SBR of nanoarrays on HSQ + PEG surfaces could be improved by 4-fold relative to PEG
surfaces, given the same signal level.

Figure 4.9 Comparison of passivation efficiency. (a) Counts of nonspecifically bound streptavidins on
PEG surface with different concentration and incubation time. (b) Comparison of passivation efficiency on
PEG, PEG + Tween-20 and HSQ + PEG surfaces. (c) The standard deviation of the background σbg on
PEG, HSQ + PEG surfaces, and a surface without fluorophores (system noise).
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4.4 Molecular occupancy on nanodot arrays
With improved background passivation and SBR, the molecular occupancy on
nanodot arrays was measured based on bleaching analysis. We studied the dependence of
molecular occupancy on both nanodot size and binding ligand concentration. Based on
our results, the latter can be easily adjusted according to the given dot size, in order to
assure single-molecule control.

4.4.1 Factors affecting molecular occupancy
Figure 4.10a shows an example of a heterogeneous array with nanodots ranging
from 7.5 to 17.5 nm. Its fluorescence intensity profile indicates the dependence of
molecular occupancy on nanodot size (Figure 4.10b). A statistical analysis based on
Equation 4-2 indicates that the occupancy increases with both the nanodot size and the
biotin-alkylthiol concentration (Figure 4.10c). This could serve as a guide for the
functionalization of nanodot arrays using streptavidin-biotin binding. It introduces a
degree of flexibility and alleviates the need to produce nanodots at the same size as the
molecule in order to achieve single-molecule occupancy with a pure SAM of biotinalkylthiol (mole fraction 100%).181 Instead, nanodots with a diameter of 7.5 or 12.5 nm at
a mole fraction of 50% or 25%, respectively, could also yield single-molecule occupancy,
albeit with increased dispersion (see the error bars in Figure 4.10c).
The dependence of molecular occupancy on nanodot size can be interpreted as
"the optimal packing of circles on a sphere".295 Molecular models and STM
measurements indicate that streptavidin has a two-dimensional size of ~ 5.4 nm × 6.5
nm,61 so the circle diameter is approximated as 6.5nm. Additionally, the nanodots are

88
surrounded by the protein-repellent PEG layer (MW 5000), whose thickness is estimated
by the Gaussian chain length
,

Equation 4-6

Figure 4.10 The dependence of molecular occupancy on nanodot size and mixed SAM mole fraction. A
heterogeneous nanoarray with various dot sizes: (a) AFM image, (b) fluorescence image. (c) Histogram of
the average molecular occupancy vs. nanodot size (n > 1500). (d) Molecular occupancy normalized by the
mole fraction of biotin-alkylthiol. Data for mole fractions of 50% and 25% from (c) on AuPd nanodots,
data for 100% from ref. 181 on AuNPs (Error bars removed for clarity). Theoretical trend line is given by
the optimal packing model. Gray dash lines show the range of validity.
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where N is the number of ethylene glycol monomers (-O-CH2-CH2-), which is 110; L is
the distance between each successive monomer, which is approximately 4.25 Å; t is the
Gaussian chain length, which is estimated to be 4.5 nm.296
For the dot size of interest (~ 5 - 15 nm), the streptavidins tend to bind only on the
top hemisphere of the nanodot. Therefore, the model is further simplified as "the packing
of circles on a hemisphere",297 as the dashed line plotted in Figure 4.10d, which shows
good agreement with the molecular occupancy normalized by the mole fraction. Thus, the
molecular occupancy can be estimated by an empirical equation:
,

(d < D < d + 2 t)

Equation 4-7

where x is the mole fraction of binding ligands in the mixed SAMs, d is the diameter of
the target molecule which binds to the ligands, D is the diameter of the nanodot, p(d/D) is
the optimal packing number of circles of diameter d on a hemisphere of diameter D (inset
table of Figure 4.10d), and t is the thickness of the passivation layer. This estimation may
be generalized for other functionalization schemes using mixed SAMs on metallic
nanodots surrounded by protein-repellent surfaces. Equation 4-7 can also be used to
determine the mole fraction, x, required to achieve single-molecule occupancy for a given
nanodot size, as adjusting the reagent concentration is much easier than controlling the
nanodot size in practice.
In the given range of interest (d < D < d + 2 t), the molecular occupancy appears
to scale linearly with the mole fraction of biotin-alkylthiol. This can be explained by the
phase separation of the mixed SAMs,298 i.e., they tend to be segregated into nanometer
scale domains with and without biotin ends, respectively, rather than forming a uniform
mixture. The streptavidin molecule binds only to the domains with biotin ends, so the
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occupancy is linear with the area percentage, approximately equal to the mole fraction.
When the nanodot is larger and the mole fraction is lower, the biotin domains may be too
small to merge with each other and support the streptavidin binding. This could explain
the lower occupancy and larger dispersion when d = 12.5, 15 nm, x = 25%. When D > d +
2 t, the molecular occupancy should be higher, due to an increased chance of binding on
the bottom hemisphere, but molecules there are not as available for further
molecular/cellular interactions. Planar nanostructures, discs or apertures, would probably
be preferable in this case. On the other hand, when D is close to or below d, the nanodot
sphericity is highly underestimated by the packing model, so it could possibly
accommodate more molecules than predicted by Equation 4-7.

4.4.2 Scalability of molecular occupancy
The results presented up to this point were obtained on heptamer arrays. In order
to verify scalability for different cluster sizes, we created a heterogeneous array with
clusters containing 1 - 19 nanodots with a diameter of 12.5 nm (Figure 4.11a). A biotin
fraction of 25% was used to achieve approximately single molecule occupancy on each
nanodot, as per Figure 4.10c. A profile of the fluorescence image shows that the intensity
increases essentially monotonically with cluster size (Figure 4.11b). A statistical analysis
based on Equation 4-2 indicates that the molecular occupancy per cluster scales with the
cluster size, but it is slightly lower than the single-molecule level for larger clusters
(Figure 4.11c).
This slight discrepancy is caused by a spatial effect, because the nanodots in each
cluster are not in the same position, but in a hexagonal arrangement with 60 nm spacing.
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This is robust in fabrication and ensures that the fluorescence is not quenched by adjacent
nanodots, but the individual positions have an effect on the total intensity of a cluster.
Based on the measured PSF and 1D approximation (Section 4.2.1), the ROI intensity
includes 68% of the central nanodot, 62% of the nanodot 60 nm away, and only 47% of
the nanodot 120 nm away (Figure 4.12). The resulting cluster intensity relative to the
intensity of all the fluorescence in the center is listed in Table 4.3. After correction, the
molecular occupancy per cluster does scale approximately linearly with the cluster size
(Figure 4.11c) and is in good agreement with a single molecule per nanodot for all cluster
sizes.

Figure 4.11 The scalability of molecular occupancy. Cluster array with various cluster sizes (1 - 19): (a)
AFM image, (b) fluorescence image, (c) histogram of the molecular occupancy per cluster vs. cluster size.
Hexagonal arrays with various spacings (60, 90, 120 nm): (d) AFM image, (e) fluorescence image, (f)
fluorescence intensity vs. nanodot spacing and density.
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In addition to cluster arrays, we also created hexagonal arrays with different
spacings, 60 - 150 nm (Figure 4.11d). The fluorescence images indicate that the intensity
decreases with inter-dot spacing (Figure 4.11e). The molecular occupancy of closed
packed arrays is difficult to determine accurately, as the intensity of a ROI cannot be
isolated from surrounding arrays. Nevertheless, the scalability of molecular occupancy
can be reasonably extended to dense close packed arrays, because the fluorescence
intensity of hexagonal arrays is linear with the nanodot density (Figure 4.11f).

Table 4.3 Correction coefficients for various
cluster size.
Cluste
r size c

Relative intensity
in a 3×3 pixel ROI

1
2
3
4
5
6
7
10
14
19

1
0.9575
0.9433
0.9362
0.932
0.9292
0.9271
0.8587
0.8131
0.7831

Correlatio
n
coefficient
0.9271
0.9683
0.9828
0.9903
0.9948
0.9978
1
1.0797
1.1402
1.1839

Figure 4.12 (a) A close-up of a 3×3 pixel ROI
and (b) the nanodot spatial effect on intensity.
(Scale: 80nm/pixel)
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4.4.3 Distribution of molecular occupancy
For the small clusters (c ≤ 4) (Figure 4.11a - c), the fluorescence intensity was
quite low. This is why heptamers were chosen for the analysis, rather than a single
nanodot, particularly in the presence of quenching. In order to obtain reliable statistics for
small clusters, the PEG passivation should be improved by HSQ coating. For example, a
heptamer array on conventional PEG surface was resolved, albeit with a higher
background noise level than the HSQ + PEG surface (Figure 4.13a-c). On the other hand,
the signal of a single dot is only 1/7 of a heptamer, and this was buried in the background
noise on PEG. With the improved (~ 4-fold) SBR on HSQ + PEG, a single dot/molecule
array was resolved (Figure 4.13d - f).
Similar to the molecular occupancy analysis of nonspecific adsorption in Section
4.3.2, a mixed Gaussian fit was applied to the fluorophore occupancy histogram to
estimate the probability of molecular occupancy on nanodots/clusters. The set of single
Gaussians are the nth convolution power based on the Gaussian approximation of the
binomial distribution (fluorophore number per molecule). This analysis revealed details
of the molecular occupancy distribution.
The fluorophore and molecular occupancy of a heptamer array is shown in Figure
4.13g. The averaged molecular occupancy is ~ 6.5 per heptamer, close to a single
molecule per dot. The improved passivation by HSQ coating enables the distribution
analysis for a single dot array (Figure 4.13h). Nearly 60% of the single nanodots had one
bound molecule, nearly 20% had two bound molecules, and about 20% had none. This
distribution has a smaller dispersion than the Poisson distribution Poi(1), which is
generally found in other forms of single-molecule arrays, such as confining diluted
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ligands in nanoapertures64 or nanogrids65 (Figure 1.2b). The averaged molecular
occupancy is ~ 0.9 per dot. As far as we know, this is the first ordered single molecule
array that can be directly observed by epi-fluorescence microscopy.
Further, the molecular occupancy distribution per heptamer Pc=7 is in good
agreement with the 7th convolution power of the single dot distribution Pc=1*7, which
further confirms the scalability of the molecular occupancy.

Figure 4.13 The distribution of molecular occupancy. 1 µm-spaced heptamer array: (a) AFM image,
fluorescence image on (b) PEG and (c) HSQ + PEG. 1 µm-spaced single dot array: (d) AFM image,
fluorescence image on (e) PEG (possible locations of single dots are circled in green), and (f) HSQ + PEG
(nonspecifically bound streptavidins are circled in orange). Fluorophore and molecular occupancy
distribution of (g) heptamer array and (h) single dot array.
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5 Artificial APC surfaces as applied to the study of T cell
activation
5.1 Introduction of T cell activation studies
5.1.1 Artificial APC surfaces: from micro to nano
T cell activation studies provide not only opportunities for basic investigations in
cell biology, but also valuable insights into immunopathologies and potential applications
in immunotherapy.132 Various techniques have been developed to create in vitro artificial
APC surfaces, which enable ideal and clean experiments without the possible intrusion of
unknown ligands as in vivo T cell activation.136 For example, micropatterns of anti-CD3
and ICAM-1 were created by photolithography to mimic the cSMAC/pSMAC structure
in IS.299 Three-component micropatterns (with additional anti-CD28) were created using
µCP lithography.300
Since small TCR microclusters are more critical structures in activation signaling
than SMACs,136 nanoarchitectures have been developed to study TCR clustering.
Chromium barriers (~ 100 nm wide and 5 nm high) patterned by EBL,174 were used as
grids to divide the contact region into small areas and confine TCR-pMHC microclusters
movement on a supported lipid bilayer (SLB). The IS structure was observed to become a
multifocal pattern of miniature structures like cSMAC, and the signaling time of trapped
microclusters was prolonged. This was the first demonstration of spatial effects in T cell
activation, and it also confirmed that the cSMAC is not critical in signaling.136, 174
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Single-molecule resolution with loose spatial control could, in principle, be
achieved with the nanobarrier platform, simply by diluting the lipids containing pMHC
ligands (Figure 1.2b). Using this approach, Manz et al. identified a TCR triggering
threshold of 4 pMHC ligands within a single TCR cluster.65 The stoichiometry was vague
due to the large dispersion of the Poisson distribution (Figure 4.13h), and no insight into
the spatial effect could be obtained as the geometric arrangement of the 4 pMHC ligands
was unknown. In this work, we use metallic nanodot arrays for much more precise spatial
control of single molecules (both stoichiometry and the spacing between ligands in a
cluster).

5.1.2 T cell activation mechanism
There are three main types of T cell activation mechanism, involving aggregation,
segregation and conformational changes, based on which an integrated model was
proposed.301 In the resting state (Figure 5.1a), TCRs are distributed as monomers, with
only transient and small aggregation. LFA-1s are in a non-adhesive state, with the
integrin ectodomains in a bent or folded conformation.302 The phosphoryation of ITAM is
low, due to the presence of the inhibitory tyrosine phosphatase CD45. During initial
triggering (Figure 5.1b), TCRs engage with pMHCs, leading to aggregation and
conformation change in the cytoplasmic domains. LFA-1s are activated inside-out,
leading to ICAM-1 mediated adhesion.199, 302 It is important to note that there are huge
differences in the physical dimensions involved in the T cell activation process:303 TCRpMHC pair is 15 nm, LFA-1-ICAM-1 pair is 40 nm, CD45 is 21.6 nm.304 This results in
membrane bending and molecular segregation of TCR from CD45. As a result, ITAM
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phosphoryation is increased with the recruitment of leukocyte-specific protein tyrosine
kinase (LCK) by co-receptors (CD4 or CD8).305 Finally, TCR microclusters form and
move radically inward to the cSMAC. LFA-1-ICAM-1 pairs are excluded to the pSMAC.
Large CD45 molecules are excluded to the dSMAC. The IS structure is formed (Figure
5.1c).
After T cells activation, intracellular signaling leads to Ca2+ flux and IL-2
secretion, which are used to test and measure T cell activation. In this work, we measure
the degree of tyrosin phophorylation by fluorescence microscopy, which is a good
indicator of overall signaling in the early stage of activation.199,

306

The molecule

segregation or TCR mechanical pulling by membrane bending, have been suggested to be
important in immune response.307, 308 Therefore, this work presents out-of-plane spatial
control to probe the steric effect, in addition to the in-plane spatial control to probe the
minimum requirement of TCR clustering.
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Figure 5.1 T cell activation mechanism.
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5.2 Functionalization schemes
In this work, different functionalization schemes were developed in order to tailor
the surfaces for the study of T cell activation. First of all, the PEG passivation was
improved to minimize the nonspecific adsorption, as discussed in Chapter 3, 4, however,
a good protein-repelling PEG layer (e.g., MW 5000) also repels cells.257, 309 T cells on
UCHT1 Fab' nanoarrays with a simple PEG passivation displayed very poor adhesion,
and therefore provide insufficient data.199 Meanwhile, on this platform, LFA-1 and
ICAM-1, which play important roles in the IS structure in addition to TCR and its
binding ligand, are absent. Therefore, two new functionalization schemes were developed
to add ICAM-1 on the background. These bifunctional surfaces improve cell adhesion
and better mimic the APC (compared in Section 5.4.2).

5.2.1 Bifunctional surfaces with static PEG background
One way to solve the dilemma of PEG repulsion of cells is to introduce ICAM-1
via a His-tag to the PEG, through NTA(Ni) chelation, so that it still repels proteins but
supports cell adhesion. The instruments and materials are as described in Section 3.2.1
with the following additional materials: Silane-PEG-NHS, MW 5000 (Nanocs), stored at
-20 °C. NTA-L-lysine. 4-methylmorpholine (4MM). Triethylamine (TEA). The thiolation
process follows the same protocol as in Section 3.2.2 (Figure 5.2a - c). The silane-PEGNTA solution is synthesized as follows.
A solution of 1.57 mg NTA-L-lysine in 0.5 mL anhydrous methanol, with 15 µL
4MM, is prepared. 4MM is an organic base used to increase the solution pH, in order to
improve the solubility of NTA-L-lysine. A solution of 5 mg silane-PEG-NHS in 0.125
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mL anhydrous methanol is prepared. NTA-L-lysine solution (0.125 mL) is added to the
silane-PEG-NHS solution (0.125 mL). The final concentration of 4MM in the mixed
methanol solution is 1.5% (v/v), whose pH is ≤ 8.5, in order to prevent the hydrolysis of
the NHS ester. This is also why NTA-L-lysine solution is added to the silane-PEG-NHS
solution, rather than the opposite. The mixed solution is incubated for 18 h in order to
synthesize silane-PEG-NTA as Scheme 5.1.

Scheme 5.1 Synthesis of silane-PEG-NTA by silane-PEG-NHS and NTA-L-lysine.176

The silane-PEG-NTA solution is added in 25 mL anhydrous toluene with 250 µL
TEA. In addition to acetic acid, TEA can also be used as a catalyst for PEGylation,
although at a different pH value,181, 310 and it is used here because the silane-PEG-NTA
solution with 4MM has a pH > 7. Samples are removed from the thiolation solution, and
immersed in fresh ethanol. They are rinsed with ethanol and then blown dry. The dried
samples are placed in the toluene solution of silane-PEG-NTA, and incubated on a shaker
for 48 h. A PEG layer with both NTA and NHS (the yield is usually not 100% although
NTA-L-lysine is excess) groups are formed on the glass background (Figure 5.2d).
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Figure 5.2 Functionalization scheme (bifunctional with static PEG background).

Aqueous solutions of 1 mM NaOH and mM NiSO4 are prepared, respectively, for
Ni(II) cation chelation. Samples are removed from the PEG solution and rinsed with
acetone, ethanol, then blown dry. They are first incubated in the NaOH solution for 5
min, which aids the chelation.311, 312 Samples are removed from the NaOH solution, and
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rinsed with DI water. Then they are incubated in the NiSO4 solution for 1 h to adsorb
Ni(II) to the surface NTA groups (Figure 5.2e). Meanwhile, a solution of 1 μg/mL Histagged ICAM-1 in 1.5mL PBS is prepared. Samples are removed from the NiSO4
solution and rinsed with DI water, PBS. They are incubated in the ICAM-1 solution on a
shaker for 2 h. This process adds ICAM-1 to silane-PEG-NTA(Ni) (Figure 5.2f). Finally,
the samples are incubated in a solution of 10 μg/mL streptavidin in 1.5 mL PBS with 1
mg/mL BSA for 30 min, followed by 2 μg/mL biotinylated UCHT1 Fab' in 1.5 mL PBS
with 1 mg/mL BSA for another 30 min, similar to the nanoarray functionalization
protocol in Section 3.2.4 (Figure 5.2g - h).

5.2.2 Bifunctional surfaces with mobile SLB background
In addition to PEG, a SLB can also be used for protein-repelling passivation. In
particular, it can be embedded with fixed gold nanodot arrays,124,

125

because

nanoparticles in the range between 1.2 and 22 nm are closely surrounded by the SLB
instead of being covered by it.313, 314 (The nanodot size in this work is in this range.) The
His-tagged ICAM-1 can be added on the SLB with lipids containing NTA(Ni), so the
molecular density is simply adjusted by the lipid concentration. Another advantage is that
the ICAM-1 is mobile on the fluid SLB, so it forms a hybrid surface with immobilized
UCHT1 Fab' on the nanoarray, and mobile ICAM-1 on the background.
The instruments and materials are as described in Section 3.2.1, with the
following additional materials: DOPC, 850375C (Avanti Lipids). DGS-NTA(Ni),
790404C (Avanti Lipids). HEPES buffered saline (HBS).315 Human serum albumin
(HSA) (Williams Medical Company), stored at 4°C. Casein (Sigma Alderich). A 6
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channel slide with a self-adhesive underside (sticky-Slide VI 0.4, Ibidi). The thiolation
process follows the same protocol as in Section 3.2.2 (Figure 5.3a - c). Then the SLB is
formed in the following manner:
Samples are removed from the thiolation solution, and immersed in fresh ethanol.
The flow cell buffer of HBS with 1% HSA (HBS-HSA) is prepared. A vial of 5% Casein
is thawed at room temperature. Small unilamellar vesicles (SUVs) containing 12.5%
DGS-NTA(Ni) and 87.5 % DOPC are gently mixed. After solution preparation, samples
are rinsed with ethanol, blown dry, and immediately glued and sealed on the bottom of an
Ibidi sticky-slide (pattern region underneath the channel and facing up). The solution
volume given hereafter is for each channel (up to 6) of the Ibidi sticky-slide. 30 μL of the
SUV solution is immediately added, incubated for 5 min, and then washed out with 500
μL HBS-HSA. The SUVs diffuse and form a continuous SLB (Figure 5.3d). The defects
on SLB are blocked with 250 μL casein solution for 1 h, and excess casein is washed out
with 1 mL HBS-HSA. A solution of 5 μg/mL streptavidin in HBS-HSA is prepared. The
channel is filled with 250 μL of this solution and incubated for 30 min, then washed with
1 mL HBS-HSA (Figure 5.3e). A mixed solution of 4 μg/mL biotinylated UCHT1 Fab'
and 0.625 μg/mL His-tagged ICAM-1 is prepared. The channel is filled with 250 μL of
this solution and incubated for 30 min, then washed with 667 μL HBS-HSA slowly for 3
times. In this way, UCHT1 Fab' is immobilized on the nanoarray, and ICAM-1 is added
to the mobile SLB in the background (Figure 5.3f).
More detailed description of the planar bilayer system can be found in Refs 315, 316.
During the whole process, the lipids are fragile and can easily be damaged by O2, so it is
crucial to minimize the exposure to air during the entire process. A stream of inert gas is
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blown on top of the lipids before sealing and storage. Bubbles should be avoided in the
ibidi channels when adding solution or washing. The slide should be always level, and it
should be covered during handling and incubation, in order to prevent bubbles and
evaporation.

Figure 5.3 Functionalization scheme (bifunctional with mobile SLB background).
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5.3 Functionalization results and discussion
5.3.1 UCHT1 Fab' molecular occupancy
To start with, it should be clarified whether the term "single-molecule" in the
context of this and other related work refers to the transmembrane receptors or to the
binding ligands immobilized on nanodots. For large receptors, such as integrins (a
heterodimer with two ~ 90 - 160 kD chains, lateral size ~ 8 - 12 nm317), single-molecular
occupancy is (approximately) assured as long as the nanodot is smaller than the receptor,
even if each nanodot presents multiple ligands. Nanoarrays presenting the integrin
binding peptide RGD (Arg-Gly-Asp) were used to explore the geometric effect on cell
adhesion and spreading. A spatial threshold of ~ 60 nm was obtained in many
experiments using either BCML or EBL/NIL (Table 5.1).38, 118-120 In the case of small
receptors, such as the TCR (a heterodimer with two ~ 40 - 50 kD chains, lateral size ~ 4 5 nm318) in this work, single ligand occupancy is critical. Imprecise control of ligand
occupancy probably contributes to variation in probing the T cell activation among
different platforms, especially for those using the same cell type and similar ligands
(Table 5.2).150, 199, 200

Table 5.1 Cell adhesion and spreading on nanoarrays of integrin binding sites.

References
Spatz118-120

Wind38

Cell type
MC3T3-osteoblasts
B16-melanocytes
REF52-fibroblasts
3T3-fibroblasts
3T3-fibroblasts

Integrin
binding ligand

Threshold

Linking chemistry

Dot size

RGD

58 nm

His-tag,
thiol-NTA(Ni)

< 8 nm

60 nm

Biotin, Streptavidin,
thiol-biotin

5 - 7 nm

RGD

106
Table 5.2 T cell activation on nanoarrays of TCR binding sites.

Reference

Spatz 200

Spatz 150

Dunlop 199

Wind177

T cell type

Mouse CD4+

Human CD4+

Human CD4+

Human CD4+

TCR binding ligand

pMHC

anti-CD3

anti-CD3

anti-CD3

OKT3

UCHT1 F(ab')2

UCHT1 Fab'

contact area,

IL2 secretion,

pY intensity,

pY intensity

adhesion %,

proliferation

cell density

45 min,

17 hr,

5 min

5 min

24 hr

4 days

No

anti-CD28

ICAM-1

ICAM-1

Threshold

100 - 150 nm

60 - 100 nm

34 - 69 nm

100 nm (115 /μm2)

(transition region)

(70 /μm2)*

Linking chemistry

His-tag,

His-tag,

Thiol

Biotin, Streptavidin,

thiol-NTA(Ni)

thiol-NTA(Ni)

Dot size

NA

NA

8 - 17 nm

7.5 nm

Molecular occupancy

1.6

NA

NA

0.98

Activation index

IL2 secretion
Cell assay

Adhesive/costimulatory
molecules

thiol-biotin

* corrected by the molecular occupancy: 70 × (1.6 ± 0.4), i.e., 90 - 140 /μm2.

The biotinylated UCHT1 Fab' is a secondary molecule bound to the streptavidin
linker. The Fab' occupancy on nanodot arrays was determined by bleaching analysis
performed in the same way as the streptavidin occupancy described in Section 4.2.2. The
fluorescence image of UCHT1 Fab' labeled with Alexa-568 on 1 μm-spaced heptamer
arrays (D = 7.5 nm, x = 50%) is shown in Figure 5.4a.
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Figure 5.4 Molecular occupancy of UCHT1 Fab'. 1 μm-spaced heptamer arrays (D = 7.5nm, x = 50%): (a)
fluorescence image, (b) histogram of bleaching step size, (c) histogram fluorescence intensity and
fluorophore occupancy per heptamer. (d) Fluorescence intensity of both streptavidin-647 and UCHT1 Fab'568 for hexagonal arrays with various spacings.

The bleaching step size histogram was fitted to a mixed Gaussian distribution
(Figure 5.4b). The second peak represents simultaneous bleaching events. There are
fewer of these in the case of the UCHT1 Fab' than were observed with the streptavidin,
because the total number of fluorophores is much less (the F/P ratio of streptavidin was 3,
while that of Fab' was only 0.45, in order to maintain the best function319). This bleaching
step size distribution was then used as a single Gaussian to determine the fluorophore
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occupancy by multiple Gaussian fit of the intensity distribution (Figure 5.4c). On
average, there were 3 ± 1.8 fluorophores per heptamer, i.e., NFab’ = 0.98 ± 0.58.
Compared to the streptavidin occupancy on the same nanodot arrays (Nstreptavidin = 0.92 ±
0.28), both of them are close to a single molecule occupancy. The streptavidin has three
binding pockets available for the Fab', but the Fab' occupancy is not triple of that of
streptavidin. This is probably because the actual binding could be limited by the
streptavidin orientation on the nanodots and/or possible interactions between Fab'
molecules. The three binding pockets are occupied by ~ 1 Fab' on average, resulting in a
higher coefficient of variation (CV) for Fab' than streptavidin. Similarly to streptavidin,
the fluorescence intensity of Fab' on closely packed hexagonal arrays is linear with the
nanodot density (Figure 5.4d). Note again that the Fab' has a larger CV than streptavidin
(Figure 5.4d inset).

5.3.2 ICAM-1 density
The functionalization scheme with static PEG was demonstrated (60 nm-spaced
hexagonal arrays as an example in Figure 5.5a, b). The TIRF image of UCHT1 Fab'
shows a 200 × 200 μm2 square (Figure 5.5c), similar to Figure 3.5e. The ICAM-1 has a
same pattern (Figure 5.5d) because it was imaged after cell permeabilization, which
removed the PEG in unpatterned regions. This contrast clearly shows that ICAM-1
molecules are backfilled among the nanodots. The ICAM-1 density is estimated to be less
than 50 /μm2, based on a comparison of its intensity with a SLB containing ICAM-1 of
known density (assuming a linear relationship between the fluorescence intensity and
molecule density). Even at this low density, cell adhesion is effectively improved
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compared with the monofunctionalized surfaces, but the ICAM-1 density is still
insufficient. In order to exclude the requirement by TCR-mediated adhesion, the ICAM-1
density should be increased to approximately 200 /μm2. For this purpose, the synthesis
yield of silane-PEG-NTA should be improved (Scheme 5.1). Alternatively, the PEG layer
can be replaced by a SLB, where the ICAM-1 density can be simply adjusted by the
concentration of lipids containing NTA(Ni).

Figure 5.5 Bifunctionalization results with static PEG background. Hexagonal arrays with 60 nm spacing:
(a) AFM image, (b) SEM image of the hard mask (better contrast than the nanoarray itself). TIRF images
of (c) UCHT1 Fab' and (d) ICAM-1.

5.3.3 SLB integrity
Figure 5.6a shows a TIRF image of both UCHT1 Fab' and ICAM-1 after
functionalization with mobile SLB (cluster arrays with 60 nm inter-dot spacing as an
example). Field-stop aperture fluorescence recovery after photobleaching (FRAP) of
ICAM-1 in the SLB with embedded nanoarrays is shown in Figure 5.6b - d, which
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confirms the bilayer continuity and mobility. A further investigation reveals that the
ICAM-1 mobility is affected by the nanoarray geometry. The intensity vs. time curves on
various patterns were measured by FRAP, showing different recovery rates (Figure 5.6e).
Patterns are named by the geometric arrangement and parameters. Hexagonal arrays: h
(spacing (nm)) d (density (/µm2)). Cluster arrays: c (cluster size) s (spacing (nm)) d
(density (/µm2)). The recovery rate was found to reduce with nanodot density. For
example, the recovery rates on pattern c127s40d50 (cluster array with 40 nm inter-dot
spacing and 50 /μm2 density) and h150 (150 nm-spaced hexagonal array with 51 /μm2
density) are close to that of free SLB in the background. They are all fully recovered in a
few minutes, indicating that all the ICAM-1 molecules are quite mobile. For h100, there
are some ICAM-1 molecules that appear to be immobile because the intensity is not fully
recovered. For h60, the SLB is nearly static among the nanodots. This result differs from
the work reported previously using GFP, where the diffusion coefficients measured by
fluorescence correlation spectroscopy (FCS) was not much affected by the hexagonal
array spacing from 50 to 150 nm.124 This is probably because ICAM-1 is a much larger
molecule (18.7 nm in length320) than GFP. It has a much higher interaction with nanodot
arrays, and might be even blocked when the inter-dot spacing is small enough. This
should not affect the T cell assays, since static ICAM-1 with sufficient density still
promotes cell adhesion as well as mobile ICAM-1.
The molecular occupancy of Fab' on the nanodot arrays is similar to that found for
static PEG background in Section 5.3.1. The functionalization efficiency is ~ 80% for an
average molecular occupancy ~ 1 (Section 4.4.3), and could be higher if the average is
slightly larger than 1, which is a significant improvement compared with Ref

124

. This
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indicates that the nanodots penetrate the SLB, instead of being covered by it. Moreover,
the molecular occupancy and its linear scalability suggest that the nanodots are closely
surrounded by the SLB and there are no significant edge effects (defective coverage
around nanodots), consistent with refs

124, 313, 314

. This is important because defects in the

bilayer, especially around the nanodots, would result in nonspecific adsorption and alter
the cell response.

Figure 5.6 Bifunctionalization results with mobile SLB background. (a) The fluorescence image of UCHT1
Fab' and ICAM-1. The insets show the AFM and SEM of the cluster arrays. (b) A bleached central spot in
the SLB. (c) Fluorescence recovery after 1 min. (d) Line scans of the FRAP. (e) Recovery curves of various
patterns.
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5.4 T cell assay results and discussion
For all types of artificial APC surfaces, T cell assays were carried out according
to the same protocol: Fresh human CD4+ T cells (106 cells per mL) were dropped onto
the surfaces and incubated for 5 min at 37 °C and 0% CO2. The cells were fixed (warm
2% paraformaldehyde in PHEMO buffer (10mM EGTA, 2mM MgCl2, 60mM Pipes,
25mM HEPES, pH 7.2), 10 min) and permeabilized (0.1% Triton in PBS, 3 min). They
were then stained with the phosphotyrosine (pY) binding monoclonal antibody 488-PY20
(Biolegend) and imaged using total internal reflection fluorescence TIRF (Nikon Eclipse
Ti with a 100× 1.49 NA objective and an AndorDU897 back illuminated EMCCD
camera). Comparison of cell assays among these platforms will provide insights into both
T cell activation threshold of the TCR geometric arrangement and the respective role of
different molecules in this process.

5.4.1 Artificial APC surfaces with static PEG background
For artificial APC surfaces with static PEG background, the addition of Histagged ICAM-1 through NTA(Ni) effectively improved cell adhesion, compared with
monofunctional surfaces. This is essential for performing meaningful cell assays. Various
patterns, represented by the SEM images of the NIL molds (more clear due to a larger
feature size than the final nanodots) are shown in Figure 5.7. Bare glass surfaces with
nonspecifically bound Fab' and ICAM-1 (maximum concentration) were used as the
positive control. PEG passivation background (minimum concentration) was used as the
negative control. For hexagonal arrays with different spacings, from 60 to 300 nm, the
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average pY intensity decreased with increasing spacing to a threshold ~ 100 nm spacing
(corresponding to a density of ~ 115 TCR binding sites per μm2), at which point the pY
signal drops to nearly that of cells on the PEG passivation background (outside the
pattern area, a negative control) (Figure 5.7a, Figure 5.8a). This trend is similar to that
reported by other groups,150, 199, 200 but this work establishes single binding sites with
refined spacing ranges, resulting in a more accurate threshold.

Figure 5.7 T cell assays on artificial APC surfaces with static PEG background: (a) hexagonal arrays with
spacing 60 - 90 nm (insets are corresponding fluorescence images of a cell), (b) 50 /μm2 heptamer arrays
with inter-dot spacing 60 - 90 nm, (c) 60 nm heptamer arrays with dot density 100 - 250 /μm2.
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Figure 5.8 The pY intensity after 5 min stimulation on static surfaces with PEG: (a) plot against nanodot
spacing, individual cells shown as dots, *** = p < 0.001, ** = p < 0.01 (Wilcoxon rank sum test), (b) plot
against nanodot density, individual experiments shown as dots.

In addition to hexagonal arrays, our platform also included cluster arrays, which
allowed us to decouple the effects of local inter-dot spacing and global density (Figure
5.8b). This is not generally doable with arrays made by BCML (and, in fact, it was only
upon seeing our cluster results that the other groups studying this focused on density, as
opposed to spacing). Heptamer arrays at a constant density of 50 /μm2, but with spacings
ranging from 60 to 90 nm (Figure 5.7b) showed a negative response (i.e., pY signal equal
to the negative control), implying that in the absence of sufficient ICAM-1 (the density
was < 50 /μm2 in our experiments, due to a low grafting yield of NTA(Ni) on the PEG
background), costimulatory, and other factors, it is global density, and not local spacing
that determines TCR stimulation, with a threshold ~ 115 TCR binding sites per μm 2. This
requirement is much higher than stimulation by APCs138 or artificial APC surfaces with
pMHC.65 We speculate that without sufficient ICAM-1 density the TCR serves a dual role
of antigen recognition and adhesion receptor, a role that requires additional TCR
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molecules. This is in agreement with the finding that adhesion mediated by TCR requires
a high density of TCR agonist.321 Meanwhile, 60 nm heptamer arrays at a global density
from 100 to 250 /μm2 (Figure 5.7c) had a lower response than hexagonal arrays with a
similar density, suggesting a secondary effect of local spacing and cluster size. The interdot spacing within each heptamer was maintained at 60 nm, but some of the spacings
between nanodots from adjacent clusters are larger than the spacing threshold of 100nm.
This implies that, at a similar level of TCR-mediated adhesion, a lager cluster size (> 7) is
required for activation.

5.4.2 Artificial APC surfaces with mobile SLB background
In order to better mimic the APC surface, ICAM-1 was added to the nanoarray
background by backfilling with a SLB instead of PEG. Various patterns are shown by the
SEM images of the Ti hard mask (this is easier to image than the final nanodots, as it has
a larger feature size) in Figure 5.9. The patterned areas were kept the same, and the interdot spacing was varied as 40, 60, 80 nm. For cluster arrays, the cluster diameter ranged
from 240 to 1440 nm, but the global density was constant for a given inter-dot spacing.
For example, for 40 nm clusters, the density was around 100 /μm2; for 60 nm clusters, the
density was 50 /μm2; for 80 nm clusters, the density was around 30 /μm2. The inset shows
a composite image of both fluorescence microscopy and SEM, where the cell forms both
lamellipodia covering multiple clusters and filopodia on individual clusters. The SEM
was done after critical point drying of ethanol and sputter coating of 8 nm AuPd.
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Figure 5.9 T cell assays on artificial APC surfaces with a mobile SLB background: hexagonal arrays and
cluster arrays with cluster diameter 240 - 1440 nm (insets are corresponding fluorescence images of a cell).
The inter-dot spacing is 40, 60, 80 nm.
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Figure 5.10 The pY intensity after 5 min stimulation on hybrid surfaces with SLB: (a) plot against nanodot
spacing, (b) plot against nanodot density.

Figure 5.11 Spacing effect on cell adhesion/spreading. (a) Cell spreading area vs. nanodot spacing. (b) Cell
number on 200 × 200 μm2 hexagonal arrays with various spacings.

The average pY intensity is plotted against both inter-dot spacing and global
density in Figure 5.10. The 100 nm threshold for nanoarrays with PEG still holds for the
hybrid platform with SLB. There is a new threshold ≤ 60 nm for cluster arrays (Figure
5.10a). When the spacing is smaller than 60 nm, (i.e., 40 nm in this case), the pY
intensity at a low density (~ 100 /µm2) is comparable with that on the hexagonal arrays
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(772 /µm2), which can be seen more clearly in the plot vs. density (Figure 5.10b). This
revealed a significant spacing effect which was not found in earlier work. Similar effects
are also found in cell spreading area (Figure 5.11c). Since T cells have better
adhesion/spreading on denser patterns, the cell number on 200 × 200 μm2 hexagonal
arrays after fixation decreases with dot spacing (Figure 5.11d). It is also compared with
cell numbers on static PEG background with and without ICAM-1, which shows the
improvement of cell adhesion by functionalization scheme.

Figure 5.12 Colocalization of pY on UCHT1-Fab' clusters. (a) Colocalization coefficients for various
spacings. (b) Fluorescence image of a T cell on 1 μm-spaced tetramers (c4s40d4). (c) SEM of filopodia
contacting individual heptamers (c7s40d7, fake color).

The distribution and colocalization of pY on cluster arrays also have significant
spatial effects (see the cell images in Figure 5.9). When the cluster diameter is smaller,
the gap between clusters is also made smaller in order to maintain the same global
density, so the pattern tends to approach a continuous hexagonal array, where pY
intensity is lower in the cell center than at the periphery. This loss of pY signal in the
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center after 5 min is observed in native synapses as well.174 Peripheral TCR clusters
bound by the Fab' arrays have prolonged signaling. This is consistent with the work using
pMHC ligands trapped by barriers,174 but with a more precise spatial control. The
Mander's colocalization coefficient322 was measured by the "colocalization threshold"
analysis in FIJI software. The coefficient decreases with increasing spacing from 40 to 80
nm, for all cluster diameters from 240 to 1440 nm (Figure 5.12a).
The average pY intensity for small clusters, 1 - 7 dots per cluster with 40 nm
inter-dot spacing and 1 μm inter-cluster spacing, was close to the negative control on
background. Nevertheless, there is still evidence of colocalization of pY on Fab' clusters
(Figure 5.12b). A SEM image shows filopodia contacting individual heptamers (Figure
5.12c). This indicates that small TCR clusters could initiate pY signaling, but might not
sufficient for the overall T cell activation.

5.4.3 Out-of-plane spatial control and CD45 exclusion
As discussed in Section 5.1.2, the vertical position of TCR binding ligands could
also affect T cell activation. Therefore, out-of-plane spatial control of UCHT1 Fab' could
be used to adjust the membrane bending and molecular segregation, which is essential for
further understanding of the T cell activation. This was achieved by etching the glass
substrate and forming nanopillar arrays. The glass pillars raise the TCR-Fab' pair, which
reduces membrane bending and provides more room for the diffusion of LFA-1 and
CD45 (Figure 5.13a, b). (Choudhuri et al. attempted to achieve this using an elongated
molecule,307 but this is not a well-controlled method, since the molecule is usually not
fully extended, and it is flexible.) After dry etching of the glass with CHF3 (40 sccm, 60
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W), the nanoarray profile measured by AFM shows an increase in height of ~ 10 nm
(Figure 5.13c, d). T cell assays were carried out on both the nanodot and nanopillar
surfaces, and normalized according to the positive control (continuous AuPd film), and
negative control (SLB passivation background).

Figure 5.13 Nanodot vs. nanopillar arrays. Schematic diagram of a live T cell on (a) nanodot arrays, (b)
nanopillar arrays. AFM image with height profile of (c) nanodot arrays, (d) nanopillar arrays.

The average pY intensity was measured as in Figure 5.14. The planar nanodot
results are similar to Figure 5.9, with a 100 nm threshold for hexagonal arrays, and a 50
nm threshold for cluster arrays (Figure 5.14a). The cluster size (37 dots per cluster) and
global densities were kept the same, and the inter-dot spacing varied from 40 to 80 nm.
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For the same density of 50 or 100 /µm2, the signal is much higher when the spacing < 50
nm. For the same spacing of 40 nm, the signal increases with global density (Figure
5.14c): A density of 25 /µm2 is insufficient for activation, while a density of 100 /µm2 is
comparable with hexagonal arrays. For clusters with 40 nm spacing and 50 /µm2 density,
the signal increases with cluster size (number of dots per cluster) (Figure 5.14e). The
minimum requirement is > 19 Fab' molecules per cluster.
On nanopillar arrays, there is more room for CD45 diffusion into the TCR clusters.
As a result, the phosphorylation is reduced (Figure 5.14b, d, f), which is consistent with
the work using elongated molecule.307 Notably, when the inter-dot spacing is 40 nm, the
pY intensity reduction is not very large, only slightly smaller than that of the planar
nanodot arrays. The spacing effect is more like an on-off change with a very clear
threshold at ~ 50 nm. The difference between hexagonal and cluster arrays is eliminated.
In order to confirm this significant effect, a mixed array with 40 nm clusters (c127s40d50)
and 80 nm hexagonal array (h80) was created (Figure 5.15a). The global density of the
mixed array (c127s40d50+h80) is the same as the h80 array. After glass etching, the SEM
contrast is higher for nanopillars in Figure 5.15b. According to Figure 5.14, T cells on
planar nanodots of both c127s40d50 and h80 have positive responses. As a result, cells
have no obvious preference on the mixed arrays (Figure 5.15c). While for nanopillars,
c127s40d50 has a positive response, and h80 is reduced to negative response due to
CD45 diffusion. As a result, cells show a high preference (pY colocalization) on
c127s40d50 over h80 (Figure 5.15d). This is a direct evidence of the out-of-plan spatial
effect on cell signaling.
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Figure 5.14 The pY intensity on nanodot and nanopillar arrays. The pY intensity plot against nanodot
spacing: (a) nanodot arrays, (b) nanopillar arrays. Plot against nanodot density: (c) nanodot arrays, (d)
nanopillar arrays. Plot against cluster size: (e) nanodot arrays, (f) nanopillar arrays.
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Figure 5.15 Mixed pattern of cluster and hexagonal arrays (c127s40d50 + h80): (a) nanodot arrays, (b)
nanopillar arrays. Fluorescence images of T cell assays on (c) nanodot arrays, (d) nanopillar arrays.

CD45 exclusion was also measured directly by staining for both pY and CD45
(Figure 5.16). Using pattern c127s40d50 as an example, the intensity profiles of pY and
CD45 are anti-correlated on the planar nanodots, while this trend is not present on the
nanopillars. The Mander's colocalization coefficients of pY on Fab' are similar (> 0.5) for
the planar nanodots and nanopillars (Table 5.3). The coefficients of CD45 on Fab' are
very small in both cases, indicating CD45 exclusion from clusters. Still, the coefficient is
larger on nanopillars than on planar nanodots (0.2050 vs. 0.0501), implying a weaker
CD45 exclusion. This explains the reduction of pY signaling on the nanopillars.
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Figure 5.16 Fluorescence image with intensity profiles of pY and CD45 in a T cell (c127s40d50): (a)
nanodot arrays (the inset shows the AFM image of a nanodot cluster), (b) nanopillar arrays.

Table 5.3 Colocalization coefficient comparison.
Colocalization coefficient

nanodots

nanopillars

M(pY on Fab)

0.5167

0.5495

M(CD45 on Fab)

0.0501

0.2050

5.4.4 Discussion
It is difficult to decouple the spacing and density effect in T cell activation studies
based on BCML.150, 199, 200 Our platform based on EBL/NIL enables a variety of cluster
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patterns, as well as extended hexagonal arrays. A density threshold of ~ 115 TCR binding
sites per μm2 was determined on static PEG background, with an apparent secondary
effect of local spacing and cluster size. This suggests a smaller inter-dot spacing and
larger cluster size for the minimal geometric requirement. Also, the TCR is evidently
playing a dual role of both immune activity and adhesion in the absence of sufficient
ICAM-1 (< 50 /μm2).
To address this problem, a hybrid platform with sufficient ICAM-1 (200 /μm2) on
a mobile SLB was developed, which revealed the spacing effect. There is a 100 nm
threshold for hexagonal arrays (similar to previous work on PEG) and a 50 nm threshold
for cluster arrays. This difference is eliminated on nanopillars 10 nm higher than the
planar nanodots, resulting in an on-off threshold of 50 nm observed for both hexagonal
and cluster arrays. One possible explanation for the different thresholds on the planar
nanodots is that the large contact area of TCR binding on hexagonal arrays has an
additional exclusion effect on CD45 diffusion. Considering the cell membrane with TCR
binding sites as an analogue of the SLB embedded with nanodots, CD45 diffusion is
restrained on the cell membrane similar to ICAM-1 on SLB. The mobility of ICAM-1
decreases with hexagonal array spacing, and the effect becomes significant when the
spacing is below 100 nm. CD45 has a length (21.6 nm) similar to ICAM-1 (18.7 nm), so
the exclusion effect appears in a similar spatial range. For cluster planar nanodot arrays
and hexagonal nanopillar arrays, there is much more room (either lateral or vertical) to
facilitate CD45 diffusion, so this additional effect is diminished. On the other hand, less
exclusion on 40 nm hexagonal or cluster arrays does not induce significant signal
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reduction, implying potential CD45-independent ways for TCR triggering, where the
close spacing (< 50 nm) is critical.
In addition to the spatial effect (both in-plane and out-of-plane), the minimal
requirements on stoichiometry (i.e., cluster size, > 19) and density (> 25 /µm2) were also
determined. Compared with other reports of pMHC ligands, a stoichiometry of 3 or 4,65,
139

and a density of 0.2 /µm2,133 these requirements are much higher. There is evidence

that 3 or 4 Fab's in each cluster could also initiate pY signaling (e.g., pY colocalization
with Fab', filopodia contacting indiviual clusters), but they are not sufficient for the
overall T cell activation. The results seem to suggest that the stimulation by UCHT1 Fab'
is weaker than pMHC, but actually anti-CD3 has a higher affinity148 and pulling force149
to the TCR-CD3 complex, and therefore is considered stronger and more efficient than
pMHC for T cell activation150 (see Section 1.2.2). Considering that TCR microclusters in
native IS typically contain only ~ 5 - 20 TCR-pMHC pairs,135, 137 and that the activation
signal decreases when the spacer in pMHC dimers was increased from < 1 to 9 nm, 323 we
speculate that smaller cluster size and lower global density might be required when the
spacing is smaller (< 40 nm).
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6 Conclusions and future perspectives

Figure 6.1 Single-molecule platforms for the study of T cell activation. (a) Monofunctional surface with
PEG, (b) bifunctional surface with static PEG background, (c) bifunctional surface with mobile SLB
background, (d) bifunctional surface with out-of-plane spatial control.
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In this thesis, we have developed a series of platforms based on novel
functionalization schemes of metallic nanodot arrays, including monofunctional surface
with PEG passivation (Figure 6.1a), bifunctional surfaces with either static PEG (Figure
6.1b) or mobile SLB background (Figure 6.1c). The nanodots were used as anchors for
the immobilization of TCR binding ligands (UCHT1 Fab' in this case). Nonspecific
adsorption on the background was minimized by the passivation layer, which could also
be functionalized by a second type of ligands (adhesion molecule ICAM-1) in order to
improve cell adhesion (Figure 5.11d). The SLB provides mobile and sufficient ICAM-1
(density 200 /μm2), which is the best platform to mimic the APC surface. Finally, out-ofplane spatial control has been introduced by recessing the glass substrate, in order to
probe the vertical spacing effect in membrane bending and molecule segregation
(inhibitory molecule CD45) (Figure 6.1d).

6.1 Minimum geometric requirements for T cell activation
Systematic variation of the biological ligands geometry was achieved by
modulating the nanoarray arrangement with the standard design tools in EBL. This
approach is able to form heterogeneous arrays on the same surface. It not only enables
direct comparison between patterns, but also decouples the effects of local inter-dot
spacing and global density, which is not generally doable by BCML.

129
With artificial APC surfaces based on the hybrid SLB platform and a smallest
pitch of 40 nm we have achieved so far, the minimum geometric requirements of TCR
clustering were determined as a spacing < 50 nm, a stoichiometry > 19 and a density > 25
/µm2. In addition, a vertical increment of 10 nm on TCR binding sites allows CD45
diffusion into the TCR clusters, which diminishes the signaling, except for 40 nm
hexagonal or cluster arrays. This implies that there are potential CD45-independent ways
to achieve TCR triggering, where the close spacing is critical.
These geometric requirements were determined using UCHT1 Fab' as the TCR
binding ligand. Interestingly, the minimum number of TCR ligands (stoichiometry,
density) is higher than that found for pMHC,65, 133, 139 even though the former is usually
considered stronger and more efficient than the latter. We speculate that smaller cluster
size and lower global density might be required when the spacing is smaller (< 40 nm).
With our current techniques, the smallest pitch is ~ 20 nm. In future work, a smaller pitch
(< 20 nm) could be achieved by alternative ways, e.g., directed self-assembly of BCPs324
or using DNA origami scaffold.98
It may also be possible to address this question using our current techniques by
improving or modifying the existing platform (Figure 6.2). First of all, the Fab'
occupancy on nanodots is a wider distribution than that of streptavidin, as there are three
binding pockets available. In order to further improve the single-molecule occupancy, the
biotin-streptavidin-biotin bridge can be replaced by a direct linkage, such as thiolated
Fab', or the standard streptavidin can be replaced by a divalent streptavidin325 (Figure
6.2a). A smaller spacing of TCR clusters can be realized by controlling multiple
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molecules on each nanodot (or planar discs) (Figure 6.2b). Control experiments with
UCHT1 F(ab')2 (Figure 6.2c) and pMHC (Figure 6.2d) are also of interests.

Figure 6.2 Future perspectives for the study of T cell activation. (a) An improved linkage to ensure single
ligand occupancy. (b) Controlled multiple molecules on each nanodot with smaller spacing. Nanoarrays of
(c) UCHT1 F(ab')2 and (d) pMHC.
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The insights into geometric effects on T cell activation may allow possible
development of new drugs based on controlling the organization of TCR or other
molecules. In particular, our platform effectively controls the IS structure (distributed
microclusters instead of cSMAC) and the degree of T cell activation (indicated by pY
signaling). A long-term culture on this platform could potentially direct the in vitro
proliferation

and

differentiation,

with

translational

applications

in

adoptive

immunotherapy. The nanofabrication process could be scaled up to meet the demand on
sample volumes, such as roll-to-roll and roll-to-plate nanoimprint.326 Also, this study can
be extended to CARs used in immunotherapy for cancer, in order to investigate whether
they have the same geometric requirements as TCR.

6.2 Other applications of single-molecule biomimetic platforms
This thesis has focused on the study of T cell activation, but the nanoarray
platform with well-controlled molecular occupancy and background passivation can be
extended to a wide variety of applications in biological and medical research. It provides
unprecedented resolution, precision, and capabilities, not only to improve the
performance in surface-based in vitro assays for biosensing and diagnostics, but also to
mimic complicated environments for molecular and cellular biology. Aside from T cell
activation, this platform could be used to study other receptor-mediated signaling
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processes, especially when multiple ligands are involved, for example, the cross-talk
between integrin and epidermal growth factor (EGF) receptors.327
The fluorescence quenching effect on metallic nanodot arrays also offers other
potential applications for this platform. For example, with a spacer (e.g., DNA) between
the fluorophore and nanodot, the size and distance dependence of the quantum yield of
single molecules can be determined, which is vital for the design and development of
nanophotonic applications.284 After calibration, this platform can be used as singlemolecule mechanical tension sensors for membrane receptors, with better controlled
geometric arrangement than the nanoarrays made by BCML (Figure 6.3a).110, 111
The geometric effects of membrane receptors could interact with other physical or
chemical cues in mechanobiology, such as rigidity sensing on flexible pillars. Nanodot
arrays without the adhesion layer (Ti) could be peeled off and embedded in the tip of
PDMS pillars (Figure 6.3b). This platform provides precise control of binding sites on
each pillar, and can be used to study the interplay between geometric effect and rigidity
sensing.
For the bifunctional surfaces in this and other related work,241 the second type of
molecules on the background, either PEG or SLB, are randomly distributed. Precise
spatial control of the relative positions, both in-plane and out-of-plane, can be achieved
by using a different type of nanodot array and corresponding binding chemistry, forming
heteromolecular arrays (Figure 6.3c). In this way, triple-functional surfaces can be
realized with the third molecule distributed on the background (Figure 6.3d). This is
useful when the platform is extended to other promoter/inhibitor molecules that affect T
cell activation, such as co-stimulatory CD28.
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Figure 6.3 Future perspectives for the platform of single-molecule nanoarrays. (a) Mechanical tension
sensors for membrane receptors, (b) biomolecular arrays on tip of flexible pillars, (c) heteromolecular
arrays, (d) triple functional surfaces.

Binary nanodot arrays can be simply fabricated on the same surface one after
another. The alignment in lithography is critical to control the relative positions. An
alternative approach is self-aligned angle deposition, which has been used to create
complicate nanostructures.104, 328-331 An example of a fabrication flow is shown in Figure
6.4. A PMMA resist layer is patterned by EBL or NIL. A Ti hard mask is deposited by
angle evaporation. The opening in the PMMA layer under the hard mask is broadened by
O2 plasma, to make more room for the multiple nanodots in each opening. Material I, e.g.,
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AuPd or Au, is deposited by a larger angle, so that it reaches the substrate instead of
sidewalls. Then the sample is rotated 90°, and material II, e.g., Ni or Ti, is deposited in
the same way. The geometric parameters (opening size, resist thickness, evaporation
angle) are carefully adjusted so that the two metallic dots do not overlap and, instead,
leave a small gap in between. Note that Ni or Ti nanodots would be oxidized in ambient
air. The angle evaporation can be performed multiple times with different metals, in order
to achieve more complicated patterns. For example, there are three Ti dots and one Au
dot in each opening in Figure 6.5. This preliminary result demonstrates the fabrication of
a 50 nm gap between the two metals, which could be challenging using conventional
lithography alignment. Functionalization schemes need to be developed for the binary
nanodots in the future work on heteromolecular arrays. Potential candidates include direct
binding of His-tagged molecules on NiO,332-334 and phosphates or phosphonates SAMs on
various metal oxides.109, 237-240

Figure 6.4 Fabrication flow of binary nanodot arrays using a self-aligned process by angle deposition.
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Figure 6.5 Binary nanodot arrays. SEM images of (a) NIL mold, (b) Nanoarrays of Au and Ti.
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