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Abstract

Nanomaterials are increasingly being developed for applications in biotechnology, including
the delivery ottherapeutic drugs and vaccine antigens. However, there is a lack of screening
systems that can rapidssess nanoparticle uptake atigkir consequentiakffects on cells.
Establishednalyticalin vitroapproaches are often carried oah single time paits, rely on
time-consuming bulk measuremerasid arebased primarily on populations shmortalised

cell lines. As such, these procedures provide averaged results, do not guarantee precise
control over the delivery of nanoparticles to cells and cannoilgagenerate information
about the dynamimature of nanopatrticlecell interactionsand/or nanoparticlemediated
compounddelivery. The present work addresses these issues by combimicgofluidics
nanotechnology and imaging technigues into a Higloughput microfluidic platformto
monitor nanoparticle uptake and intracellular processing in-teaé and at the singleell

level. For this, a microfluidic device and protocols for cell trapping anediv@nonitoring

were developed. In parallel, specifermulations of gold nanorods were produced, tested
and optimised for intracellular multimodal imaging. Subsequently, controlled nanorod
delivery to cells trapped in the microfluidic array was achiewsuioss a range of
concentrations, with intracellularnanorod signal detected using both fluorescence
microscopy and surfaeenhanced Raman scattering spectroscopy. Furthermorechim
measurement of specific cellular responses to nanorod delivery was also demonstrated. As a
proof-of-concept application, theotential of the developed platform for understanding
nanovaccine delivery and processing was investigated. Controlled delivery of ovalbumin
conjugated gold nanorods to primary dendritic cells was demonstrated, followed biinmesl
monitoring of nanopaiitle uptake and antigen processing across a range of concentrations
over several hours on hundreds of singkdls. This system represents a novel application of
singlecell microfluidics for nanomaterial screening, providing a general platform for stydyin
the dynamics of celhanomaterial interactions and representing a ceawving and time

effective screening tool for many nanomaterial formulations and cell types.
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DTTCI o Z-diethykthiatricarbocyanine iodide
ELISA enzymelinked immunosorbent assay
FACS fluorescenceactivated cell sorting

FCS foetal calf serum

FITC fluoresceinisothiocyanate

HBSS Hankgbalanced salt solution

HRP horseradish peroxidase

IFN interferon

IL interleukin

LED light-emitting diode

MFI mean fluorescence intensity
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MGITC malachite green isotlocyanate

NIR nearinfrared

NIR797 nearinfrared-797

NR nanorod

oD optical density (absorbance)

OVA ovalbumin

PAA poly(acrylic acid, sadm salt)

PAH poly(allylamine hydrochloride)
PDDAC poly(diallyldimethylammonium chloride)
PDMS polydimethylsiloxane

PSS poly-(sodium 4styrenesulfonate)

PE phycoerythrin

PFA paraformaldehyde

Pl propidium iodide

ROI region of interest

s.d. standard deviation

s.e.m. standard error of the mean

SEM scanning electron microscopy
SERS surfaceenhanced Raman scattering
SERRS surfaceenhanced resonance Raman scattering
TMB tetramethylbenzidine

UST universal SERRS tag

uv ultraviolet
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This introductorysectionwill outline the context and motivation behind the work presented

in subsequent chapters, as well as the main aims of the research, followed by a short
description of the general structure of the thesis, project cdmttions and publications. The
underlying background concepts as well as mordeapth analysis of the literature will be

presented in Chaptet.

Motivation

Nanomedicine is a rapidly emerging and promising field for diagnostic, therapeutic and
prophylactt applications® Central to the successful development of #e various
nanamedicines(e.g. polymeric, lipidic, and inorganic)he ability tosystematically explore
how particle properties and environmentaldars influenceparameters such asellular
uptake, intracellular processing anzkll toxicity.2* Specifically, gld nanoparticleshave
unigque versatile optical properties asdirface chemistrywhich together wih their relative
biocompatibility have made these particles increasingly interestamdidatesfor imaging,

drug or vaccinelelivery and therapeutic (e.g. photothermal) applicatidri§o far, numerous

in vitro studies have been reported for gold nanoparticles showing that factors such as
shape™® surface coating®! chargé? and hydrophobicity? of the particles, as well as
environmental factors such aemperature** and H,'® caninfluence theseinteractions.
However, currently available data is typically obtained from-potht measurements rather
than from dynamicmonitoring and studies are generally limited to a narrow range of
parameters(e.g. a specific nanomaterial formulation or cell typejaking it difficult to
achieve global conclusiofi$®!’ Therefore, there is an urgent need to develop lowst
technological tools that enable assessment of the interactions of nanoparticles with cells to

be adieved in reatime, with highthroughput and higkresolution? This project sets out



to address this needrigureA shows a Venn diagram illustrating the main research fields

involved, as well as aspects witl@ach field which are key to this project.
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FigureA. Venn diagram depicting the context of the interdisciplinary project described in this thesis.

Microfluidic technologie®ffer interesting opportunities to nanoparticle research, due to
inherent advanages such amiinimising sample volumes and maximising control over the
manipulation of particles suspended in laminar floW¥ Specifically, latwn-a-chip
approaches have been explored for applications rangirmamf onchip synthesis of
nanoparticle$®?! to the development of new nanoparticleased applications and
assessment of ceflanoparticle interactiond’?22* On one sideprgan? tumour?®2?” and
body-on-a-chip’® examples have shown the purtance of producing physiologically relevant
microenvironments when testing nanomaterials with respect to static flow -platie
systems, by providing complex information on models of the living tissue. On the other hand,
singlecell microfluidic approdwes®3! provide experimental statistical data acquired within
a single device with a throughput comparable to that of standard flow cytomefnjle being
amenable to reatime cell imaging for long periods of t@nThis waymicrofluidic techniques

can facilitate nanoparticle tracking with intracellular resolution, therefore providing



information on the effect of nanomaterials at the singlell levet”232*and insightmto the

heterogeneity of responses to nanomateri&s?

One applicatiorthat would beneit greatlyfrom such an approach is tredevelopment and
screening of nanwaccines 343 Dendritic cells are a privileged target for vaccine delivery
due to their role in the initiation of the immune response dligh antigen internalization,
processing and presentation to lymphocyf&$® Thus,assessment ofianovaccine uptake

and antigen delivery to dendritic cellwould provide information about the fundamental
pathways involved in those interactions and allow for investigations to improve targeting and
delivery efficiencieg®*° Gold nanoparticles have great potential as vaccine carriers due to
their biocompatibility and potenadjuvant ability2> and successful targeting to dendritic
cells may allow for increased activation at lower antigen dose, potentially reducing side
effects increasing stabilityand lowering vaccine production asts3%384! Additionally,
anisotropic particles such as gold nanorods have extremely versatile optical properties, which
can be tuned for specific applications, originating highly specific and stable substrates f
intracellular multimodal imaging with sensitivities at the single nanoparticle .fé¢&To

date, microfluidics has shown great promise for providing tools to investigate immunological
functions* from cell migratiof®*to lymphocyte functiorf”*e cell pairing® and adjuvant
screening® However, despite the increasing interest in nanomaterial development for
immune-based applications and laim-a-chip technologies for nanomaterial screenitig?

245153 the successful development dfi vitro models that can be used asrabust, high
throughput predictive screening tool for nanomaterial toxicity and particédl interaction

studies beforen vivoexperimentss still to be achieved >

Aims and Novety
Consequently, the aims of this work wenedevelop asystem comprising:

1) Amicrofluidic platform, featuring
a) Trapping of cells into a biocompatible environment where cells could be cultured and
individually monitored,;
b) Controlled delivery of a range ofangparticle concentrations to cells;
¢) Reaktime monitoring of celthanoparticle uptake and interactions;
d) Parallel investigation a$inglecellresponsesvith highthroughput;

e) Compatibility withmultimodal imagindgechniques



2) A modelnanoparticle systemcomprising:
a) Anisotropic shape (nanorods) with tunable optical properties;
b) Highly specific multimodal imaging capabilities e.g. fluorescence, SERRS and dark
field;
c) Versatile surface chemistry, biocompatible and amenable to bioconjugation;

d) Applicability as nanevaccine model.

To achieve a biologicaltglevant proofof-concept for the integrated platformprimary
dendritic cellswere used throughout this work, given that these cells represent a relevant
model forin vivointeraction of nanomaterials, as ffieign objects, with the immune system

and, consequently, for testing of nanopartigteediated antigen delivery and processing.

This novel combination of singéell microfluidics with customised nanorods and imaging
techniquesprovided unique information regarding the dynaigs of nanoparticle/singleell
interactions To validate the platform fananovaccine screeningpplicationsnanoparticle
mediated antigen delivery was monitoreiimultaneouslyon hundreds of singleells using

the integrated platform

Thesis outline

The thesis starts by presenting the background concepts required to develop the project and
a review of the current statef-the-art, to provide context and justify the motivation for the
research (Chapter 1). Relevant aspects from theghmain fields of research as set out in
the Venn diagram above are critically explored. Subsequently, a practical description of the
materials and methods used in all the experimental procedures underlying the research is
presented (Chapter 2). Reportingddiscussion of results is then divided into four separate
chapters. Firstly, the development, preparation and characterisation of customised gold
nanorods for a range of cellular imaging applications composes Chapter 3. Chapter 4 then
sets out to describ the design considerations gathered to achieve a microfluidic platform for
cell trapping and nanopatrticle gradient generation. The integration of microfluidics with
nanorods for cell trapping and multimodal imaging is then presented in Chapter 5, with
Chapter 6 showing the application of the integrated platform for réale assessment of
nanoparticlemediated antigen delivery and processing. Finally, a general discussion of
results together with conclusions and envisioned future developments is presented

Chapter 7.



Project contributions

All the research presented in this work, including experimental and data analysis, was
performed by the author unless otherwise stated. Briefly, the author independently
developed and tested different nanorod formulat®nand microfluidic device designs
(Chapters 3), while also optimising the experimental protocol to achieve a robust cell
trapping and imaging platform, with fluorescence imaging and SERRS mapping of live cells
and nanorods within the microfluidic devi@nd associated data analysis (Chapte®).5

Initial training was provided in nanoparticle synthesis, characterisation and SERRS mapping
techniques by Dr. Alastair Wark and Dr. Alison McLintock; in microfluidic device design,
prototyping and testing by DMichele Zagnoni, DGraham Robertson and Béarbara Schlicht;

and in dendritic cell preparation, culture and associated analysis and microscopy procedures
by Dr. Owain Millington and Dr. Jenny Crowe. The UST formulation presented in Chapter 3
was developedby Dr. Alison McLintock. All nanorod SEM was performed by Dr. Alastair Wark.
Dr. Michele Zagnoni performed the 3D simulations of concentration gradients within the

microfluidic device as presented in Chapter 4.

Publications

The research achievements debed in this thesis have been published in the following

peerreviewed journal articles:

1 "Universal Surfac&nhanced Raman Tags: Individual Nanorods for Measurements from
the Visible to the Infrared (54064 nm)", A. McLintock, C. A. Cus¥atos, M.
Zagmoni, O. R. Millington, and A. W. Wark, ACS Nano, 8,-8609, 2014.

& w STimie Assessment of NanopartideS RAF § SR ! yiGA3ISYy 5SSt APSNE

C. A. CunhMatos, O. R. Millington, A. W. Wark and M. Zagnoni, Lab on alBh§874
3381, 2016.

Andconference proceedings:

7 a! aA ONER T dzA R A-@raughpu?2 Réatim@& MMliimodal Inkaging of
NanoparticleOS f f L y (CSANEuvOhdatasyG B. Millington, A. W. Wark akid
Zagnoni, Oral presentation at the Microfluidics'14 Conference nmefick, Ireland,

December 2014.



f & w Simé multimodal imaging of nanoparticieell interactions in highhroughput
YA ONE T C.oxh QRuah@latds,30. R. Millington, A. W. Wark akid Zagnoni, Poster
presentation (by Dr. M. Zagnoni) at the MicroTAS Qemiee in San Antonio, Texas,
October 2014.

1 & w Siméd assessment of nanopartietell interactions and multimodal imaging in high
0 KNP dz3a K LJdzi  CAAO Qunidiatdzd ® AROMilEington, A. W. Wark ail
Zagnoni, Poster presentation at the Globagjgge Microfluidics Congress in London, UK,
October 2015.

1 dTimeLapse Measuremendf SingleCell Responseot Nanomaterial: A Microfluidic
Approackk E. A. CunhMatos, O. R. Millington, A. W. Wark aktd Zagnoni, Poster
presentation at the MicroTAS Confaee in Dublin, Ireland, October 2016.
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This chapter presents a review of the current statehe-art for the areas outlined in the
Thesis Overviewto provide a foundation and motivation for the subsequently presented
work. Considring the multidisciplinary and fasteveloping aspects of this research, focus
will be given to techniques and applications which are directly related to the work carried

out in this studentship.

1.1 Dendritic cells and their role in the immune system

Dendritic cells are a type of phagocytic immune cell, also known as arpigeenting cells.
Their principal role is to present antigen to T cells to generate an adaptive immune response.
Thus, dendritic cells represent the crucial connection between the ininateune system
and the adaptive immune systetf.This section vili briefly outline some of the general
aspects of dendritic cell biology that make these cells privileged targets for nanovaccine

development3®

1.1.1 Generation of an adaptive immune response

Immature dendritic cells continuously sample antigen from theimment, and non
pathogenic antigen is routinely presented to T cells to maintaintskdfance. Following
aSyaAiyda 2F LI GK23aASYyAO YIFGSNARIES SELR&dANNS
proinflammatory cytokines or complement activation) or stimulatloy adjuvants, dendritic

cells become activated and begin their maturation process. This includes important

functional and phenotypic changes, such as tipgegulation ofMajor Histocompatibility



Complex (MHC) ancbstimulatory moleculesAdditionally, atvated dendritic cells express
CCR7, a chemokine receptor that allows them to migrate from peripheral tissue into the
draining lymphoid organs. When fully matured, these cells have the ability to present antigen
peptides to naive Tellsand activate themto initiate an adaptive, or antigespecific,

immune response.

A general overview of antigen internalisation, processing and presentation pathways is
presented inFigurel.1. Dendritic cells take up particulate rter from the surrounding
SYGANRBYYSyYy(l o6& LKI 320802 aimediatcd2iddcytdsi®IionOf S a
caveolae (~60 nm) or clathrroated pits (~120 nm). Importantly, these cells also-non
specifically engulf large quantities of extracellularatter by a process called
macropinocytosisFollowing uptake through any of these pathways, processing of exogenous
antigens generally occurs in endocytic vesicles, where proteases digest the antigen.
Subsequently, MHC class Il molecules, which origimatee endoplasmic reticulum, are
targeted to these endocytic compartments. There, they bind to antigen peptides, and these
peptidecMHC complexes are transported in exocytic vesicles to the cell surface, where
antigen presentation occur€Endogenous antigefound in the cytosol is most generally

processed through the proteasome and presented by MHC class | molecules i#4$te€ad.
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Figurel.1 Antigen processing andresentation by dendritic cellsSchematic representing a simplified view
of the various antigen internalisation, processing and presentation pathways within a dendritic cell.
Reproduced from Hubbell et al, 2089.
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Naive T cells are fully activated only when the antigesenting cell simultaneously
presents a specific antigen to the T cell antigen receptor along with costimulatory molecules,
formingthe socalled immunological synapse. Following this stimulus, T cells will proliferate
and differentiate into effector T cells, which can then specifically act on cells displaying
antigen on the surface without the need for further costimulation. Différ@mtigen
presentation routes target different subsets of T lymphocytes. Generally; TD8Ils will
interact with MHGI molecules and differentiate into cytotoxic CO8cells, while CDZ cells

will interact with MHGEI molecules and differentiate inta range of effector T cell subsets
with different functions. Examples of these subsets, specialised for responding to different
types of pathogens, areqI cells, which produce cytokines that activate macrophages in
bacterial infections (such as interfer@), and T2 cells, which produce cytokines to promote
barrier immunity (such as{b). Importantly, the type of response generated depends on the
biochemical and cellular context. Effector T cells are also responsible for inducing antigen
specific antibdy production by B cells, whichtie basis of acquired immunityhis leads to
immunological memory for that specific antigen, allowing for a more efficient response to be
generated in subsequent exposures to the same antigaefeature which forms thease for

vaccination®®-5*

1.1.2 Dendritic cells as targets for vaccine delivery

Vaccination or immunisationjs the intentional stimulation cin immune responsagainst
specific antigenso prevent disease. Generaliyis achieved through inoculation of inactive
forms of the antigen, which induce an adaptive immune response that becomes protective
against the active form of the same antigen on subsequent exposures. It has been one of the
greatest developments in publ health, leading to the complete eradication of some
epidemic diseaseis specific regionsHowever, arrent vaccine delivery techniques present
limitations, namely the requirement for multipiajections andhe induction of sideeffects

due to use ofdrge doseswhile there is still @omplete lack of vaccines for many chronic

diseases®38

One of the approaches that can be taken to more specifically deliver antigen, minimising dose
requirements and sideffects, is targeting the delivery of antigen to specific c&sndritic
cellsappear as the obvious candidatelsie to their role in thenitiation of antigenspecific T
cell response, as detailed in the previous section. However, successful targeting and

activation of dendritic cells is an ongoing challenge, as it requires delivery of antigen to areas



rich in these cells (such as lymph nodes), as well as subsequent antigen uptake, processing
and presentation. Additionally, the great heterogeneity betweemdidic cell subsets has

also raised questions as to which subset should be targeted, as well as to the relationship
between different subseti vivoand whether it is enough to target a single diénother
guestion is whether to target dwritic cells at the injection site, relying on their migration to

the lymph nodes, or to directly target those residing in the lymph nodes, which could

potentially increase vaccine efficacy furthér.

Currently, most vaccines used are composed of purified antigen molecules, rather than the

whole pathogen, being less prone to sigfecta ® | 2 6 SOSNE G KSaS & & dzo dzy A
very immunogenic by themselves, and thus vaccine formulations also need to include
substances that enhance the stimulation of the immune response, called adjuéntal+

like receptor activation, inflammatory cytokines or complement activation are examples of

ways through which these danger signals can be prodét@derall, the current challenge

is in finetuning vaccine formulations into robust combinations of antigen, adjuvant and
targeting molecules, resulting in a more controlled dosage digan and potentially a

tailored lymphocyte respons&:*° For this purpose, @w multidisciplinary approaches are

being explored, such as the development of nanopariased vaccine®:*8This subject will

be further explored in sectioh.4.3 with a focus omgold nanorods as vaccine carriers.

1.1.3 New technologies to investigate the immune system

The complexity of the immune system, in aspects ranging from the role of each cell type in
different situations to ceiftell communication and intracellular pathways, isexy active

area of research, with many of the underlying processes still being poorly understood.
Traditionally, animal models have been used to investigate these functions in health and
disease and have led to many great developments in fundamentahppiced immunology.
However, these models often present limitations when translating to human immunity and
disease, and it is increasingly important that animal use is reduced as much as fdssible.
Additionally, the complexity of the behaviour of individual cell types or specific signalling
mechanisms, often impossible to isolatevivg calls for the development of new tools to
isolate and assess specific cell functions or respoirsastro.**°¢%° The development of
microfluidic technologies for this purpose will be explored in secfiohl below. As a
different approach, the use of gold nanoparticles for investigating intracellularghena

or tracking vaccine delivery will be described in sectigh
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1.2 Gold nanorods as versatile imaging and sensing tools

Gold nanoparticles, especially anisotropic gold nanoparticles such as gold nanorods, are
increasingly beig used for analytical and bioanalytical applications. The optical properties of
these nanoparticles have opened the way for new possibilities for imaging and sensing. This
section presents an outline of the nanorod features and associated techniques argich

relevant to the present work.

1.2.1 Plasmonic characteristics of gold nanorods

The localised surface plasmon resonances (LSPRs) of noble metal nanopatrticles are coherent
oscillations of conduction band electrons across the particle which couple with
electramagnetic radiation, with field being highest at the metal surface. The anisotropy of
gold nanorods allow for these particles to haveawo distinct LSPR extinction basd
(longitudinal and transverse), which relateelectron motion along the rod length anddth
(Figurel.2 a). The longitudinal resonance is especially sensitive to nanorod aspect ratio and
can be tuned from the visible to the nemfrared (NIR) simply by adjusting the synthesis

procedure Figurel.2 b-g) 260

+ I

Transverse Longitudinal
Plasmon * Plasmon *

m— AR 1.1
- AR 2.0
= AR 2.7
w— AR 3.7
= AR 4.4

o

Normalized Extinction

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 1.2 Plasmonic properties of gold nanorod¢a) Diagram representing the conduction
band electron osc#ition (grey arrows) upon transverse and longitudinal localized surface
plasmon resonances of gold nanorods. (b) Visible/NIR extinction spectra of gold nanorods with
different aspect ratios (ARs). Symbols indicate thet(ansverse andX) longitudinal extinction
peaks. (€f) Transmission electron microscopy (TEM) images of gold nanofodiR(c) 1.1, (d)

2.0, (e) 2.7, (f) 3.7, and (g) 4Skale bars are 50 nm. Adapted from Burrows et al, 2016.
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Nanoparticle LSPR depends on the material properties of the nanoparticle surface, the
particle shape and the dielectric constant of the surrounding medium, as well as the
aggregation state of the particlé$5? Additionally, the anisotropic nature of gold nanorods
makes them more sensitive to changes in the local refractive index near to the nanoparticle
surface than spherical nanoparticl&sThis way, changes in particle LSPR, measured as peak
shifts in UWisible spectroscopy, can be used for chemical sensing. Specifically, adsorption
of molecules (such as proteing) the particle surface or chemically specific changes in local
dielectric constant or nanoparticle aggregation state can be detected using this m&thod.
However, although LSPR shifts can be useful as a généiéation of change in surface
chemistry the techniquepresents great limitations in terms of multiplexing capabilities and

specific molecule identificatiof®®

1.2.2 Gold nanorod preparation

The most widespread, seddle and tunable method currently used for gold nanorod
synthesisistheseed SRA I 1SR INRSUIUK YSOIK2R® LYy GKA&A YSGcF
particles is first prepared through the reduction of goldtsan surfactant by a strong
reducing agentsodium borohydride). This reaction takes place in water, in air and at room
temperature, and yields <5 nm patrticles. Subsequently, a growth solution containing gold
salt, a structuredirecting surfactant (cetyltrimethylammonium bromide, CTAB) a weak
reducirg agent (ascorbic acidnd trace silver nitratés prepared in a separate flask. Upon
addition of the seeds, thgrowthreaction takes place on the seed surface, producing larger,
rod-shaped nanoparticle®¥®7 This reaction can be scaled to large volumes in order to
minimise the potential for intebatch variability for subsequent applicatiotfs This
surfactantdirected synthesis procedure results in a stabilising BECbAayer around the
surface of the nanorods, which is believed to result from electrostatic interactions between
the ammonium headgroup on CTAB and the anionic metal sutf&&he presence of a
bilayer leadsd the nanorods being soluble and relatively stable in aqueous media, while the
approximately 3 nm of hydrophobic region can be used to sequester hydrophobic organic
molecules®®®such as dyes, veryear the metalsurfaceg providing favourable conditions

for Raman signal enhancement (see below).

In addition to being amenable to molecule sequestering,GAAB bilayer around the surface
of synthesised gold nanorods provides a stable platform for further surfaddficetions,

depending on the intended application of the particles. One popular option, given the
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positive charge of the outer CTAB surface of the nanorods, is the sequential electrostatic self
assembly of oppositelgharged polyelectrolytes onto the sade, also known as layby-

layer (bl coating®®"* This simple coating procedure relies on a balance between the ionic
strength of the salt solution used for dissolving the polyelectrolytes and the polymer
molecular weights. Also, successful sedsembly of each polymer layer onto the nanorod
surface can be monitored using Wigible spectroscopy and zeta potential measurements.
Importantly, this method can be used to control the final surface charge of tliengolorods
based on the choice of polyelectrolyte layers applied, providing great flexibility for biological
imaging and sensing applicatidhsas wel as for subsequent adsorption of proteifis.
Another important feature of polyelectrolyteoated gold nanorods is their increased
biocompatibility, due to the enclosure of the cytotoxic surfactant bilayer and consequent
prevention of CTAB desorption from the surfac&he biomedical applications of these

nanoparticles will be further discussed below.

1.2.3 The Raman effect and Surfdéehanced Raman Scattering

The measurement of the interaction of light with matter, be it absorptionsoattering,
provides important information on the characteristics of the irradiated material, being the
base of all spectroscopy techniques. In terms of scattering, elastic (Rayleigh) scattering is the
dominant scattering process, where there are neblgienergy differences between the
incident and scattered photons. However, a more specific way of probing a molecule lies on
the measurement of Raman, or inelastic, scattering events. These events occur when the
energy from an incident photon is differetut that of the scattered photon by an amount of
energy equivalent to one vibrational unit, due to the induction of nuclear motion during the

scattering proces$! These scattering events asehematised ifrigurel.3.

There are two types of Ramaugattering: Stokeayhere theenergyof the scattered photon
islower than that of the iniddent photon, and ati-Stokes, where themitted photon is of a
higherenergy than the incident photarGenerally, Stokes scattering is more prevalent than
anti-Stokes, at room temperature conditions, and thus that is what is most commonly
measured in Rammaspectroscopy. Overall, Raman scattering is a weak process, occurring
approximately in one in a million scattered photons. In any case tdl its ability to provide
complex information about molecular structure and the local environment, Raman
spectroscpy isa powerfultechnique for biological imaging and sensing applicatiovith

much better specificity than electronic spectroscopy techniques (e.g. fluoresceriée).
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Figure 1.3 Diagram of Rayleigh and Raman (Stokes and /Sttikes) scattering processes.
Adapted from Smith and Dent, 2005.

When Raman scattering takes place on molecules which are in close proximity to nanoscale
metal surfaces, the corresponding Rarramtive vibrations are enhanced by many orders of
magnitude typicallyaround10'’, depending on the substrate). Thisgmomenon is termed
Surfaceenhanced Raman scattering (SERS). The fundamental requirements for SERS are that
the substrate supports a surface plasmon resonance (generally, gold and silver
nanostructures) and that the analyte of interest is within nanomstoé the surfaces””
Generally, SERfased assays can either be labrele assays or Raman reporter assays. In the
F2NY¥SNE Y2S0dz S FRaz2NLIWAZ2Y 2y GKS yFy2L} NIA
Raman gnal enhancement, making this a molecularly specific technique. However, this
method is prone to interference from other molecular species surrounding the surface of the
nanoparticles. In reportebased assays, molecules with high Raman scattering-seatien,

called Raman reporter dyes, are adsorbed onto the metallic surface of the nanopatrticles, and
their specific SERS spectrum can then be used as a highly specific readout for tracking and
accumulation of these particles, without interference from rdiguring specie$’®"
Because of the higspecificity of Raman speetreven molecularly similar labels are unlikely

to present spectral overlap. This fingerprinting aspect meansrthatiplex detectioncan be
achieved by using a range of different lab@® Additionally, when the excitation
wavelength used to excite the plasmon (and create SERS) overlaps with the reporter dye
resonance, increased enhancements of the sigaal beachieved from the combination of

the molecular resonance of the dye with SERS from the metallic surface. In tisese tbee

phenomenon is termed surfaeenhanced resonance Raman scattering, SERRS.
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1.2.4 Gold nanopatrticles for SERS

The great enhancement obtained with SERS has allowed this technique to be used in complex
samplessuch as biological environmerits®2Importantly, it allows for short collection times

to be used, opening the way for mapping of intracellular events at more realistic timescales
than nonenhanced Raman spectimzpy /%'’ In addition, SERS probes do not photobleach,
can be excited at a number of different wavelengths and present much better multiplexing
capabilities than, for example, fluorescence imadgtgable 1 presents a general overview

of the properties of such SERS tags (combinations of metal nanoparticles with organic Raman

reporter dyes) compared to those of quantum dots and traditional fluorescence dyes.

Tablel. Canparison of SERS tags, quantum dots and fluorescencdaljagsted from Wangt al, 20129)

SERS tags guantum dots conventional dyes
physcal principle Raman scattering  fluorescence emission fluorescence emission
core composition Au/Ag nanoparticles cadmium nanocrystals organic compounds
approximate size 10-100nm 2-10 nm <2nm
bandwidth <2nm ~3050 nm > 50 nm
structural information  fingerprint non-fingerprint non-fingerprint
multiplexing capacity = ~10-100 ~310 ~1-3
photostability no photobleaching  decay(strongexcit. power) decay (wealexcit. powej

The most widely used SERS substrates for bioimaging and biosensing applicativiesad
nanoparticles, and a number of different approaches have been taken to maximise signal
enhancement. One approach is the controlled aggregation of particles, leading to the
FT2NXYIFGA2Y 2F a{9w{ K204 &aL2Gaé¢ oSvrapeby LI NI
assemblies of sphericprticles?, rod-shapedparticles®® andcombinatiors of both shapeé*

have been reported for this purpose. However, variability in cluster size, relative nanopatrticle
orientation within clusters and location of dye molecules leads to variable LSPR profiles
within these aggregates, making uniformly bright clusters hard tcezeli? Additionally, the

overall aggregate size might comptieaheir in vivoapplication®®®® Therefore, the use of
bright, monodispersed singlgarticle suspensions has become a promising route for
biomedical applications of SERS. This can be achieved via the sequestering of Raman
active dyes into the CTAB bilayer of gold nanorods, as mentioned above, with very high signal
enhancement obtained due to the proximity of the dyes to the gold surface of the nanorods.
Specific tunig of the nanorod LSPR excitation (from visible to NIR wavelengths), together

with coupling between the nanorod and the dye resonances, allows for optimisation of the
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SERRS behaviour of these parti€feAdditionally, multidye combinations can also be
explored for this purpose, creating single particles able to émght signals across a wide

range of wavelengths simultaneoushy.

1.2.5 Gold nanopatrticles for multimodal imaging

Due to their versatile plasmonic properties, gold nanopatrticles can be specifically detected
using light scattering, SERS, fluemie and other techniques, such as #plwoton
luminescence and photothermal/photoacoustic imaging, making them potential multimodal
imaging tools:’>’°In addition, gold nanorods are amenable to siAgémopartcle tracking
applications using various techniques. For example, correlated SEM and SERRS imaging of
single gold nanorods containing a combination of Raman reporter dyes has been
demonstrated, showing the multimodal imaging and strong SERRS signal eapHditiese
particles(Figurel.4).

counts/s
> 600

10'00 15.00 20'00 2500

Raman shift (cm™)

Figurel.4 Correlated SEM and SERRS imaging of single gold nanorods on adl&d glass slide(a)
Stitchedhigh resolutiorSEM imaggof a large area ¢ n > Y> Yrandgt) correspondingonfocalRaman
map. (c) Zoomed in views afrea A and (eg) representative raw SERRS spectra from different surface
regions. Analysis of the peak at 1360"cth ) following background subtraction was used to generate th
Raman map with the brightest areas corresponding to peak intensities-*B00max counts/s. (d)
Magnified view of are® with encircled solated nanorods. Raman data was obtained at 532 nm excitation,
0.6 mWilaser power, 1 s integration time and at 0.25 & LJI A | .fromaMclSntaek @t alw2D14.
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1.3 Cellular interactions with nanomaterials

When using nanomaterials for biomedical applications, it is important to assess their
interactions with cells, considering cellular uptake, indutexicity and cellular functional
responses to the nanomaterial. This section will provide an overview of available data
considering the different factors that can affect these interactions. It is important to note
however, that most of these studies arerfirmed on a specific cell type and nanomaterial
formulation, using a specific type of readout assay to reach conclusions, and hence

generalisations are difficult to obtaff6:86

1.3.1 Uptake mechanisms

In order for namomaterials to be delivered to the intracellular environment and subcellular
targets, it is important to understand the mechanisms through which particles can penetrate
the cell membrane.As seen above, extracellular materials can enter the intracellular
environment through different mechanismd-igure 1.1). Of these, receptemediated
endocytosis is generally accepted as the primary route of entnnémoparticles Figue

1.5).87 This is not a rule, however, and will vary not only with nanoparticle characteristics,
such as size, shape and surface chemistry, but also for different cell types. For instance, some
uptake mehanisms can be a very important route of entry in some cells and not as important

in others, while only some cells are capable of specific mechanisms such as phagocytosis. In
addition, it is possible to functionalise the nanopatrticles with biomoleculaswfil influence

their mode of uptaké® and it has been reported that nanoparticles can also directly
penetrate the cell membran®. Thus, it is vital that uptake pathways are characterised for
each specific apjzation, as these will have a direct effect on the intracellular fate of the
nanoparticles and consequently on their effect on the €elt:"* Additionally, @vironmental

factors such as temperaturg* pH® and substrate stiffnes® have also been found to

influence and possibly be used to contrte initial interaction of nanoparticles with cells.

Marchesano et & studied the traffic of gold nanospheres through a whole organism, by
imaging a simple water invertebrate which was exposed to these particles. Their results
showed that nanoparticle uptake was a rapid process, with efficierdggending on the
surface coating. Results also importantly showed that, under the experimental conditions
used, the nanopatrticles were cleared of the system at less than 48 h after exposure, through

a combination of different exocytosis mechanisms.
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Figue 1.5 Nanoparticle uptake by cellsSequence of TEM images showing the different stages of gold
nanorod uptake via endocytosis by cells ofuartan breast adenocarcinoma cell line (MOFReproduced
from Qu et al, 20103

1.3.2 Effect of particle shape and size

Gold nanoparticles can have humerous different stsapeéhich have different effects in their
interaction with cells. Chithrani et &P*reported differences between uptake of a range of
sizes of spherical and regshaped gold nanoparticles for the same cell typaking claims

that the spherical particles were more efficiently taken up than the rods. However, these
studies were performed on Hela cells, an immortalised cancer cell line which is unlikely to
reflect in vivouptake and processing characteristics. Impaotty, some multparametric
studies have suggested that the aspect ratio of gold nanorods does not have a determinant

effect on their cytotoxicity, when compared to surface chemistiy.

Another study involvingnore physiologically relevant primary macrophagesestigated

the mechanisms of uptake of silica nanoparticles of different shapes. The study reported
interesting data on the preferred mechanism for each shappaoficle, with spheres being
predominantly taken up by endocytosis and elongated structures primarily by
macropinocytosis or phagocytosis. Additionally, that same report showed that different cell
types presented very different uptake profiles under tham& exposure conditions,
reiterating the fact that each cell population will potentially show different levels of
nanomaterialinduced effects. Bartczak et®astudied the effect of different shapes of gold
nanoparticles (spheres, rods, hollow spheres and gold/silica nanocrystals) with the same
surface coating on primary endothelial cells. Viability studies indicated rtbaé of the
particles used were toxic, but differences in uptake were detected for the different particle
morphologies. In a separate study, different levels of aggregation were induced to spherical
nanoparticles and their uptake compared with monodispesamples. It was observed that

different cell lines responded differently to the aggregated samples, again underlining the
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need for specific cell types and nanomaterial formulations to be assessed for each

application®®

1.3.3 Effect of surface chemistry

The outer surface of nanomaterials, which is the surface that first interacts with the biological
environment, is crucial in determining nanoparticle uptake, biological fate within the cell and
consequent cytotoxicity:° Concerning gold nanorods, it is generally known that the outer
CTAB bilayer has cytotoxidexfts on cells, with the mechanisms of cell death having been
studied by some groups for specific cell tyésComparison of uncoated nanorods (with
CTAB as the outer layer) with polyelectrolteapped rods hashown that the latter have
much better biocompatibility in all reported casé¥:°3%An example from one of these

studies is showin Figurel.6.

Control CTAB-4 PSS-4 PDDAC-4

Mitochondrial
membrane
potential

ROS
production

Figure 1.6 Mitochondrial damage of cells caused bgold nanorodsof different coatings. In the
mitochondrial membrane potential assay, red fluorescence represents aggregafledy®; indicating the
maintenance of mitochondrlamembrane potential, suggesting the integrity of the mitochondrial
membrane. In intracellular reactive oxygen species (ROS) assay, ROS level is shown as green fluorescence,
which indicates the oxidative stress that is a consequence of mitochondrial darfBagke bar is 10 pum.
Reproduced from Qiu et al, 2019.

There have been some suggestions in the lit@athat positively charged particles (such as
CTAB or PSEDDAC coated) present higher uptake rates in cell lines, with consequently
higher cytotoxic potential? However, as will be noted below, the formation of a protein
corona around the surface of the naparticles following exposure to serum proteins does

not support these simple chargeased predictions of uptake and toxicity.
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As a different surface modification approach, the exchange of the outer CTAB layer for a layer
of poly(ethylene glycolfPEGhas also been extensively investigated and found to reduce
non-specific uptake of nanorods, as well as cytotoxicity, when compared to-Eiaa&

particles?"8

1.3.4 Protein corona

It is known that nanoparticles, afdomaterials in general, when exposed to biological media

immediately interact with the molecules of the media. Importantly, proteins (such as serum
proteins) will dynamically adsorb onto the nanoparticle surface, forming theaied

G LINR S Ay e@éenpdsiion 6fthe prétein corona is of great importance as that is

what will interact, in the first instance, with the cells, thus having potential effects in the

uptake, toxicity, intracellular processing and immunogenicity of the nanoparfiéfes.

It has been reported that the composition of this protein layer depends not only on the
material composing the nanoparticles but also, importantly, on particle size and surface
properties?® The study rported by Tenzer et #° for polystyrene and silica nanoparticles
suggested protein adsorption following contact with biological media to be a very quick
process. The coronwas rapidly assembled and displayed a very complex and dynamic
nature, with a universe of around 300 proteins having been identiffedtitionally, the
corona was found to change significantly in terms of amount and conformation of bound
protein, while noimportant changes in composition were detect®8Such a wide range of
proteins, with great variability in biological function, underline the importance of the corona

for the subsequent interaction of nanoparticles with célls.

In a separate studi’* serum protein adsorption to gold nanopatrticles of different sizes and
with different densities oPEG on the surface was investigated, as well as their subsequent
uptake by macrophages. It was found that higher densities of PEG resulted in lower protein
adsorption, while also leading to differences in corona composition, and that the efficiency
and medanism of uptake was consequently affectéatposure ofoldnanorods with CTAB

and a range of different polyelectrolyte coatings to seraamtaining culture medium has
shown thatit not only affects the overall nanorod zeta potenti&iqurel.7) but also the

uptake of nanorods, leading to an increase in uptake especially for particles with PSS-and PSS
PDDAEPSS wrappings®
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Figure 1.7 Exposure to serum proteins affects nanorod surface chargeeta potential
measurements of gold nanorods coated with CTAB,PAA and PAH before and after 30 minutes of
exposure to culture medium containing 10% bovine serum albumin. All samptesmeasured

in water. Reproduced from Alkilany et al, 2009

Generally, the formation of a protein corona is seen as a somewhat unwanted effect, as it is
not within the control of the initial nanomaterial design phase. For instance, it has been
reported'®?that PEGmodified silica nanoparticles which were functionalised with transferrin
for transferrinmediated uptake lost their targeting ability as a consequence of the
adsorption of serum proteins. iOthe other hand, Kah et ‘4F suggested that the protein
corona can be used for enhancing nanoparticle functionality. In their study, a gEatein
corona was used for loading a drug onto the surface of gold nanorods, while also stabilising
the colloid. Subsequenthdrug molecules could be controllably released by exciting the
nanorods at their longitudinal plasmon resonance. However, that study used-€OBAdRl
nanorods, so it is uncertain what would happen following drug delivery as the risk of CTAB

desorption fromthe surface could lead to unwanted toxic effects.

1.3.5 New techniques for assessing nanopariae# interactions and toxicity

Most of the data available in the literature, of which some examples were presented in this
section, is generally based on epdint averages of cell population response or on very small
numbers of cells, and thus presents limitations in terms of simultaneously understanding the
population heterogeneity and the intracellular dynamics of these interactions. Additionally,
as nanomaterialsire increasingly being incorporated into medical and consumer products,
there is a growing call for a deeper understanding of their toxic effects in the-simariong

term 104107
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A multiparametric study’® of a range of cell types expostalgold nanospheres coated with
poly(methacrylic acid) (PMA) assessed cell viability, morphology and function for different
exposure concentrations, with results indicating the low cytotoxicity of these particles.
However, the authors pointed out thatthe &3  FS¢é¢ O2y OSY iNY GA2Y @I f dzS
multiple measurements was approximately 10 times lower than that obtained from
traditional cytotoxicity assays, indicating the limitations of those techniques to fully assess

the effect of nanomaterials on #s1%

Manshian et df° used confocal fluorescence imaging and kightent analysis to obtain
gquantitative information from singlkeell imaging. They reported that exposure to different
concentrations of particles elicited different cdfiu responses, which were not directly
related to the initial exposure concentration but to the intracellular levels of nanomaterial
after exposure. Cytotoxicity was detected only in some cases, with great heterogeneity being
detected for each cell sampl&his emphasises the importance of singél approaches, as
averaging population data means that the occurrence of high cytotoxicity for some subsets
of the population is overseen. In another ryynamic, singleell approach, Rosman et &l
combined darlfield with TEM to quantify gold nanoparticle uptake while still acquiring
information on intracellular localisation. These techniques, despite their higher resolution
and new levels of information, do not provide information on the dynamics of the interaction

between nanopatrticles and cells.

Overall, from this section it becomelear that assessment of the interaction of nanoparticles
with cells should be performed for specific nanoparticle composition, size, shape, surface
coating and functionalisation, with the relevant cell type for each application. This highlights
the need fo new, low-cost technological toolghat allow for robust, highhroughput
screening of nanoparticles at the population and sirmgé levelt”2351Microfluidicsbased
technologies have shown promise for thispdipation, of which some examples will be

outlined in sectiorl.7.2

1.4 Biomedical applications of gold nanoparticles

As seen above, the development of nanomaterials for biomedical applications, despite great
promise, has so farden held backby the complexity of their interactions with cells and
biological media:'!* For gold nanorods, their tunability to preferentially absorb light at

specific visible or neanfrared wavelengths, togéer with their plasmonic features and
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versatile surface chemistry, have made these patrticles increasingly interesting for biomedical
applications. Specifically, the neafrared region of the spectrum (~7&200nm) is
considered the best to achieve imagiand therapy without damaging neighbouring tissue,
due to low absorbance by aqueous tissue at these wavelengths. This way, applications such
asin vivotracking, photothermal therapy and drug delivery see new possibilities with these
rod-shaped gold narmarticles*'*213This section will explore some of these applications,

with a focus on intracellular imaging and drug delivery.

1.4.1 Highresolution intracellular imaging and sensing

Gold nanoparticles with incorpoted reporter dyes have been used as intracellular probes,

with the dye allowing for SERS tracking of the nanoparticles while, simultaneously, more
subtle changes in SERS signal provigatsitive information on the molecular environment
surrounding the naapatrticles, giving insight into the biochemical composition of the®¢ell.

The use of gold nanopatrticles with different reporter dyes targeted to different subcellular

regions has also been demonstrated, for examply Kang et ak*In that study, nanospheres

with an intrananogap, where the reporter dyes were introduced, made the most of the
GK2GaLI2G¢ STFSOG F2N {9w{ SyKIFIyOSYSyiod ¢K2a
cytoplasm, mitochondria or nucleus and ligell imaging of singteells was obtained,

showing succes$sl colocalisation of the SERS signal and the targeted regffbns.

Multimodal imaging of these particles can provide access to complementary levels of
information about many aspects of cell function, nanoparticle processing and nanoparticle
mediated molecule deliver§! In one multimodal imaging approach, Ando et'af'” also
reported dynamic SERS imaging and sensing within living cells. A single, unlabelled gold
nanosplere was imaged intracellularly using ddiddd and SERS, providing spatial and
biochemical information othe uptake and transport pathway§&igurel.8). That work is an
example of the confirmed ability of theseagticles to serve as highgpecific intracellular
probes, down to the singlaanoparticle level, even in complex environments such as within

cells or tissué!®
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Figurel.8 SERS analysis of intracellular pathways using an endocytosed gold naticpafa) Darkfield

image of a J774A.1 macrophage, where the white arrow indicates a gold nanoparticle within tlge)cell.
SERS spectra obtained from the nanoparticle indicated in (a). Characteristic Raman peaks were observed at
977cm! (phosphate), 457cm! (CH and CH), and 154m? (Amide Il).These three Raman peaks are
overlaid with bars in red, green and blue. ¢) Trajectory of the nanoparticle from panel (a) obtained from the
darkfield images(d) RGB colour map of the molecular distributiospdayed on the nanopatrticle trajectory,

as per colours in (b). Spatial resolution of these measurementdDg&snm, from particle diameteD50

nm and measurement accuraf15 nm. Reproduced from Ando et al, 2014.

The electromagnetic field enhancement obtained with gold nanoparticles, which is the base
of their SERS behavigus also very important for twphoton excitation. Thus, for excitation
wavelengths overlapping with the nanoparticle plasmon resonance, -piaaion
luminescence signals are greatly enhancedpecially for anisotropic particlé¥ This
property has allowed researchers to obtain images of single gold nanarodsd?® and,

more recently, to trackintracellular gold nanorodsn 3D!?' Additionally, it has been
suggested that the twgphoton luminescence properties of gold nanorods can also be used
to monitor fast dynant events, such as neuron action potentials, which are of great

biological importancé??

Other technigues have also been explored for intracellular tracking of nanorods. Liquid
scanning transmission electron microscopy (STEMJ? performed within microfluidic
chambers, also showed promising results for intracellular tracking of gold nanoparticles
within live cells. The use ofrdys in a nhan@omputed tomography configuration was also
reported for high restution 3D imaging of gold nanorods within cells, but not on live cells,

which lacks the (very relevant) dynamics aspect of these interactféns.

Overall, itis clear that gold nanopatrticles, in particular gold nanorods, haeatgotential

to serve as intracellular probes with integrated sensing and multimodal imaging capabilities.
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However, most studies demonstrating these higisolution features have extremely low
throughput, being in many cases limited to singdl imagig, due to limitations in
instrumentation such as confocal Raman spectrometers to perform rapid scanning of larger
surfacesThis also has limitations in terms of assessing cell dynagarsinstance, one of

the studies mentionet!* reported a mapping time ofl25 seconds for a singleell.
Conversely, the singleanoparticle tracking approach presents better time resolution, but is
always limited to a singleanoparticle and hence cannot be translated to higher throughput
applications for now. In any case, the demonstration of Hmorasive imaging of gold
nanoparticlesin vivoalso shows the potential for other biomedicapplications such as

tumour detection, guided surgery, or tracked drug delivEpy2’

1.4.2 Drug delivery

For the many reasons outlined above, it becomes evideat ¢old nanoparticles have great
potential as drug carrierg®12° Specifically, three features can make these particles
privileged carriers for therapeutic applications: i) flexible surface chemistry, allowing f
control of internalisation and processing pathways and for targeting to specific subcellular
locations; ii) versatile optical properties, allowing for live tracking of delivery of drug
molecules; and iii) both, enabling triggering of drug molecule sedeom the nanoparticle

surface using different methods.

Control of the release of drug molecules from the surface of carrier molecules is important
to minimise the occurrence of siekffects and simultaneously increase the efficacy of the
drug dose givenThe most reported methods for gold nanopatrticles include rettiggered
release, pksensitive release and photothermal triggéfé. Redoxbased systems are
generally glutathionedependent, where drug molecules are loaded onto the surface of gold
nanoparticles using a chemical bond that is disrupted in the presence of the high
coneentrations of glutathione occurring within the céiP*2For pHresponsive systems, the
nanocarriers are designed based on the concept that intracellular processing begins within
vesicles where the microenvirorant is highly acidic. Control is achieved by attaching drug
molecules to the nanoparticles by means of agetisitive bond, which is then disrupted
when the pH changes within those vesicl&s:3*One example ishe combination of this
method with aptamer functionalisation, for targeted tumour chemotherapy, as reported by

Zhao et af**
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The fact that SERS provides a structural fingerprint of a molecule means that SERSpec
drug molecules attached to the surface of gold nanoparticles can be used as a tool to directly
assess the kinetics of drug releasehivita cell: This has been demonstratéar glutathione
triggered release: Ock et al reported lalfilde SERS monitoring of this procéssitrot31132

andin vivg!3!while Zong et al used labelled SERS tags for the same pu#pAssombination

of SERS and fluorescence was used by Kang et al to successfully mosdepepdent

delivery of doxorbicin from gold nanoparticleis vitro.*3®

The fact that gold nanorods can be tailored to preferentially absorb specific wavelengths of
light can also be used for improving drug delivery. The increase in tempertiat occurs

when a specific aspect ratio of nanorods is excited with the corresponding plasmon
wavelength can lead to highly controlled release of drug molecules from the rod surface.
Additionally, this phenomenon is the base for photothermal therapwropg way for novel
cancer therapies based on a combination of photothermal and chemotherapy. This
combination has been testdd vitroandin vivoby various group$3>3with results showing

that treatment wasmore effective when both the drug and the photothermal effect were
used. Drug release monitoring from gold nanorods in those studies was achieved using either
SERS’or NIR fluorescencE®

Overall, the literature indicates the great versatility and potential of gold nanorods for drug
delivery applications. In the next section, the dimpment of nanovaccines will be addressed

as a more specific field of interest to the current project.

1.4.3 Nanovaccines

When applying biomaterials to vaccine delivery, it is important to consider the interactions
between nanovaccines and immune cells, whildpend on many factors such as carrier
composition, size, shape, surface chemistry, and others (see also s&@)ch>>13’One
important factor is the immunogenicity of the carrieraterial, or whether it will induce the
generation of an immune response to itself, in addition to the antigen, which would be
unfavourable. So far, studies assessing this issue have reported that the nanomaterials used
as carriers generally act as bystiens in the vaccine delivery process, not being antigenic
themselves’®% |t is also important to consider other variables such as tbete of
administrationand the surface coating of the particles. For ins&@riiomimetic particle$®®

140 as well as targeted delivery via specific receptors such abkilteceptors expressed on

dendritic cells’* have been found to enhancenoparticle adjuvanticity. Oni@ vivostudy***
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also assessed the effect of surface hydrophobicity of gold nanospheres, with results
indicating that hydrophobicit had a nearly linear correlation with the generation of an
immune response. Nanoparticle size has also been reported as an important feature in the
successful generation of an immune response for various types of nanopaticiés.
Additionally, numerous studies have found that nanoparticles can act as powerful adjuvants
themselves, eliminating the need for addition of adjuvant molecules to the particle surface
and thus reducing the complexity of nanovaccinenfatations?®3>14” Another important
feature of nanovaccinethat can provide better insight on the underlying immune system
pathwaysis theirin vivotraceability using notnvasive imaging techniqué€ a point for

which gold nanoparticlesave demonstrated potential, as seen in the previous section.

Focusing on gold nanorods, Xu et imvestigated thein vivo adjuvant activity of gold
nanorods withdifferent surface chemistries. CTABIly and polyelectrolytavrapped (PSS
PDDAC and P®%Il) gold nanorods were used for HIV gene delivery in mice. Results
demonstrated that gold nanorods coated with polyelectrolytes were not cytotoxic and were
very succesful in inducing an immune response, while CTAgped nanorods attached to

the same molecule were not, and even inhibited dendritic cell function. From the data
obtained it was suggested that gold nanorods played two roles in the generation of an
antigenspecific immune response: the role of vaccine carriers and the role of adjuvants.
Specifically, polyelectrolyterrapped gold nanorods were found to not only promote
dendritic cell maturation but also enhancec@ll activation and proliferation, demonstrag

the great potential of these particles for vaccine delivery.

Together, these aspects indicate that nanoparticksed vaccines are a promising route to
achieve nore efficient immunisation. Nevertheless, the fact that so many parameters are
implied in nanovaccine performance again underlines the need for betterthiglughput

assessment tools (see sectibry.?).

1.5 Microfluidics for biomedical applications

Microfluidics is the manipulation of naddre to femto-litre volumes of liquid within well
defined structures and environments in the micromesige range. Due to its scale, this
technology allows for the minimisation of sample volimequirements whilst maximising
the control over fluid flow and the flow of any suspended partié¢fé$°Overall, this leads

to increased efficiency of all the steps involved in one analysis praréssn sample
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preparation and manipulation to the required chemical reactions dndlogical or
biochemical readouts. Additionally, microfluidic structures have great potential to integrate
multi-step analytical processes into the same device and for parallelisation, which can lead
to increased data throughput being obtained from verypall sample volumes, as well as
detection of rare events. These features, together with the fact that the microfluidic
structures are at a similar scale to that of biological materials sucklEsfFigurel.9), have
opened many possibilities for the biomedical use of these devices. Examples include high
throughput immunoassays, capillary electrophoresis, cell sorting, and cell trapping,
monitoring and analysis down to the singlell level¢ with applications raging from
laboratory-based drug screening to poiof-care diagnostics?3215153 This section will
outline some of the technical aspects of microfluidics that are relevant to the current project,
namely to apfications in singleell analysis, immunology research and nanoparticle

screening, which will be explored in subsequent sections.
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Figurel.9 Comparison of sizes between biological entities and microfluisicuctures.Reproduced from
Schmid et al, 201&#

1.5.1 Laminar flow in microfluidics

The dimensions omicrofluidic structures lead to new relationships among viscous forces,
surface tension forces and inertial forces. While in the mamalesworld inertial forces
generally have a dominant role, in microfluidics their effect becomes mostly iegligith
viscousand surface tensiofforces prevailing. In order thully characterise and predict the
behaviour of fluid flow at the microscale dimensionless quantities are normally
defined!®1%° TheReynolds number isne suchdimensionless parameter which provides a

measure of theatio betweenviscous and inertial forces for a given flow condition, indicating
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the characteristics of the flow (laminar/turbulenffhe Rynolds number can be calculated

by:
YQ " — [1]
Where:

pand” are the dynamic viscosity and density of the liquid;
Ois theaveragevelocity of the fluid andd 070, with Qbeing the volumetric flow
and Athe crosssectional area of the chamber;

1 L is a characteristic dimension, filged in the case of rectangular cressction

channels a® 1670, with Pbeing the wetted perimeter of the chamber.

Generally, given the dimensions of microfluidic devices, the Reynolds number in these
devices is very small (<<1), indicating that flaw¥ typically be laminar. This gives an
unprecedented level of fluid flow control, but also brings challenges in terms of achieving

effective mixing, as will be shown next.

1.5.2 Convection and diffusion in microfluidics

Mixing of solutes in a liquid occurs @luo a combination of diffusion and convection
processes. Convection is the name given to mass transfer that occurs due to fluid motion.
The low Reynolds number of microfluidic flows means that, in most cases, convection occurs
only in the direction of fla, having negligible effect in mixing of fluids flowing side by side.
Under those conditions, mixing (or mass transfer perpendicular to the direction of flow)
occurs only by diffusion. Molecules suspended in a solution are continuously in random
movement,or Brownian motion. This motion leads to the molecules to migrate from an area
of high concentration to an area of low concentration and, ultimately, be uniformly
RAAUONAOGdzISR | ONR&aa GKS | @FLAtlrofS @2fdzySs
diffusion). In general, diffusion is a slow process as it depends only on the temperature of the
molecules in suspension, but being a statistical process it is also predigténiea given
solute, solvent and chamber dimensions. The fact that microfluidic beanhave very
precise dimensions containing very small volumes means that diffusion processes can
happen much faster in these environments than in the macroscale world. This, with the high
levels of fluid flow control that can be obtained within theseteyss, enables fine tuning of

the level of fluid mixing required from virtually no mixing to controlled gradient formation.

In the latter case, complex channel structures allow for some level of mixing to occur
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between two adjacent streams of fluid, yigld predictable concentration gradients across

a microfluidic chambel8150

In this context, it is relevant to introduce the Péclet numb@rdi anotherdimensionless
quantity which can be used to assess the relative importance of convection and diffusion in

a given flow situation, for a given molecule. The Péclet number can be calculated from:

0Q — 2]

Where Ois the velocity of e fluid, L is a characteristic dimension ardis the diffusion
coefficient The relative importance of convection and diffusion as giverthey Péclet

numberis schematised ifigurel.10.

Pe <1 Pe~1 Pe > 1

direction of flow
L

Figure 1.10 Flow conditons influence mixing processesSchematic representation of the
relative importance of diffusion and convection and the correspon&aget numberanges for

a generic concentration gradient in a liquifihe intensity of the blue colour represents the
concentration of a substance. For Idéclet numbers, diffusion is the most important mass
transfer process, while for very high Péclet numbers convection becomes the main process and
there is virtually naliffusion.

These properties can be explorefdr example, to create precise concentration gradients
based only on the diffusion of molecules perpendicularly to the direction of the ‘flét#.
One such example ishownin Figure1.11. Thislevel of flow control has opened new
possibilities for chemical and biological analysis using microfluidic dekimesxamplecells
can be exposetb different doses of the same compod and their response monited in

reaktime.1%®
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Figure 1.11 Controlled gradient generation in a microfluidic devicéa) Schematic of the microfluidic
network used, with 3 inlets and 9 outlets.-@ Fluorescence images showing (bg#r and (c, d) parabolic
gradients of fluorescein in solution. The concentration of the solutions introduced into each inlet is
indicated above the micrographs. The plots below the micrographs show the corresponding fluorescence
intensity profile (greenihe) across the broad channel. Reproduced from Dertinger et al, Z001.

1.6 Cellular analysis in microfluidic devices

Traditionalin vitro approaches for cell culture and analysis present limitations. Firstly, static
cell culture conditions fail to provide a physiologically relevant environment for cells, which
may have an effechicellular behaviour and consequently in the measurements obtained
from those culture$31® In addition, most measurements obtained are bulk, gwint
measurements, providing information on the averaged respawfsthe cell population at
fixed time points and lacking vital information on the dynamics and heterogeneity of single
cells®* As mentioned above, microfluidics and Jab-a-chip technologies allow for precise
control of fluidic conditions, surface chemistries, device geometries, cell culture conditions
and eyosure to stimuli. These technologies allow for higloughput, multiparameter
analysis of tissue and singtell dynamics to be implemented with minimal sample

volumesst32.44

1.6.1 On<chip cell culture and orgaon-chip models

The characteristics of microfluidic flows described above, together with the relative ease of

fabrication of polymeric microfluidic devices and biocompatibility of the polymers used
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means that these devices can be used to create highly coadr@hvironments for cell
culture and analysi®3**Importantly, scaling down the experiments allows for small sample
volumes to be used, while the implementation of perfusion into microfluidic cell culture
systems gives additional flexibility to refresh culture media and perfuse specific stimuli, such

as drugs or nanomaterials, as well as staining or fixing agénts.

One important aspect to consider when manipulating cell suspensions within microfluidic
systems is the shear stress to which cells are exposed. Shear stress is the mechanical stress
caused on a surface adjacent to fluid flow across that surface, whigbndis on the flow

rate and the viscosity of the fluid. It is known that some degree of constant, low magnitude
shear stress is favourable for cell development and differentiation, as it resembles
physiological condition¥®%° Specifically, the physiological shear stress on cells due to
interstitial flow is in theorder of 0.1 dyn/cm, while shear stresexertedon the vascular
endothelium reaches @5 dyn/cnt.?>61€0However, it is also known that excessive shear
stress is harmful to the cells, influencing cell function, shape, and waBflthus, the high

level of control of flow conditions achieved within microfluidic devices allows for the

specification of shear stress conditions on cells within these microenvironments.

One of the first reports of a celutture array for live cell monitoring eohip was presented

by Hung et al in 200%! In that work, HeLa cells were trapped into an array of
microchambers, with medium perfusion maintained perpendicular to the cell loading
direction. Cell growth was monitored and confluent samples were passagethipn
Additionally, a gradient of dyes was generated across the columns of microchambers,
showing thepotential for the response of cells to different concentrations of drugs to be
monitored in realtime. In that study, the microchambers contained numerous cells each,
which means the singleell aspect was not addressed, but thdlimw cell culture condions

and live assessment of response presented great improvements to the traditional

techniques, demonstrating the potential of microfluidic devices for these applicatféns.

The optimisation of microfluidics for biological applications, in parallel with the increased
understanding of cellular behaviour and the development of biomaterials of specific
properties as scaffolds for cell culture Had to the development of complex 3D cell culture
models of tissue and organs -@hip!*® These models, where one or more cell types are
cultured in very controlled microenvironments, provide physiologiealgvant information

on tissue and organlevel functions, from celtell interactions and cethatrix interactions
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to more complex drug gparticle trafficking pathways. This functionality can be improved by
the combination of biochemical stimuli with mechanical stinguior example, to simulate
breathing®? or the peristaltic movements of th gut!®® Successful development of these
techniques can have an impact in reducing the usenghals in research, while providing a
better understanding of thén vivobehaviour of specific cell types from human sourtém

any case, it is often hard to isolate all the variables that are having an effect on cell function
in such complex environments, and thus for some applications it is important to obtain
information on the behaviour of different cell types separately, anffedint cells

individually, in order to isolate specific cell responses to stifuli.

1.6.2 Singlecell analysis

As mentioned above, one of the great limitations of conventionallzasdled assays (e.g. flow
cytometry) is that measurements are performed by considering the average response of a
population of cells. Thiinevitably leads to assumptions that the measured response is
representative of a typical cell under that set of conditions. However, with the large
heterogeneity of cellular responses, due to different stages of maturation, differentiation or
gene expresion within the same population, these averaged results may not be
representative of any cell in a given sampleConsequently, failure to assess the true
response of individual cells may lead to, for example, failure to correctly assess nanoparticle
toxicity 1°° Caversely, existing singleell approaches such as microscopy, patieimping or

the use of patterned substrates have limitations in data throughput and, in many cases,

require complex fabrication capabilities or analysis equipniént.

Due to its privileged characteristics of flow control, small volumes andiligkiof design

and prototyping, microfluidics has allowed for the development of many new approaches to
singlecell analysis. Generally, trapping cells into microfluidic arrays facilitates the way of
looking at numerous parameters with singlell resoltion, while simultaneously being
amenable to generate higthroughput data at a level comparable to that of flow cytometry.
For example, analysis of population heterogeneity, morphological studies, gene and protein
expression studies, drug delivery testiagd intracellular imaging can all be achieved at the
singlecell level and in redime. Additionally, if the device and experimental setup allow for
cell culture, it becomes possible to monitor those individual cells over long periods o®time.
31165Table2 presents an overview of some of the microfluidic tools for simuglé trapping

together with their main distinctive featured.is important to note that dvantages (V) and
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disadvantagefl) of each techniquere notedhere specificallyfrom the point of view of this

project, according to the aims described in fhigesis Overview

Table2. Examples of microfluidic tools for singlell trapgng?!-154

microwell array48.166
cell trapping by sedimentation into microwells

simple, cheap, higthroughput, amenable to automation
medium perfusior(potential occurrence of dead volume)
longterm singlecell imaging

may allow for dispensing drimpnoparticlegradiens
potential sedimentation of nanoparticles in wells

c<<<<<

micropatterned arrays'67.168

cell trapping by adherence to micropatterned surfaces
highthroughput, amenable to automation

mediumand drugperfusion may allow for concentration gradients
long-term singlecell imaging

potential cell perturbation fromdirect exposure tanedium flow
complex fabrication methods

flow chambe#69

singlecell trapping into flow chamber fanonitoring of proliferation

cc<<<<

simple, cheap

medium perfusion

potential cell perturbation fromdirect exposure tanedium flow
limited singlecell monitoring

does not allow drug gradientsithin single flow chamber

ccc<<

droplet microfluidics 70
trapping of cells within watein-oil droplets

simple, cheap, higthroughput, amenable to automation
sample storage and recovery

singlecell imaging

cell isolatin

technical challenges imedium replacement for longerm analysis

in-channel trapg7+175

hydrodynamidrapping of cells in pockets along channels
cells act as \raes to redirect fluid flow

cc<<<<

V  simple, cheap, higthroughput amenable to automation
V  longterm singlecell imaging
U does not allow drug gradients

microtrap array$§0.155.165,176
hydrodynamic cell trapping by physical obstacles

V  simple, cheap, higthroughput, amenableo automation

V  medium and drug perfusion, allows for gradients across cell arre
V  longterm singlecell imaging

U sizespecifigty may limit general observations for each cell type

optoelectronic weezerd?
cells are trapped using laser beams

levitated singlecell, high precision

low throughput

complex experimental setup

effects on cell and device temperature

ccc<
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Besides the presented wholll analysis methods, which generally probe the biological
state of live cells, there are also numerous reports of microfluidic platforms for siegle
biochemical analysis, or analysis of cell content from arrays of siefiE#1°*1"8 These
techniques explore the miniaturisation features of microfluidic devices to, for example,
controllably rupture cell membranes and analyse or quantify specific proteins or DNA from
within the cells'®217° Additionally, reatime assessment of protein secretion by live single
cellshas been reportedby Kortmann et at*® albeit with a complex expariental setup and

very low throughput. In that study, a single yeast cell was trapped within an optical trap and
kept in flow, with confocal microscopy imaging of downstream fluid providing a quantitative
assessment of GHRbelled protein secretiod® In a different approach, Wu et ‘&
presented an integrated platform where cells could be loaded into diffedrannels,
exposed to separate stimuli in each channel and thenclip flow cytometry and
fluorescence microscopy provided information on cell respofseerall, this is a very broad
research area with many interesting possibilities in terms of automatiy cell analysis.
However, this thesis will focus on microfluidic devices that enable live, whole segle
analysis. Specifically, hydrodynamic trapping of cells using microtrap arrays will be explored

in more detail in the next section.

1.6.3 Microtrap arays for singleell trapping and monitoring

As seen iMable2, arrays of damike obstacles can be used to trap cells into wiellined
LRaAldA2yar gAGK GKS GNIFLIWLAY3I &l NHEOUSIIINSEE Ta 207
GNJ LJAE 2NJ AaAYLE @ GYAONRUGNI LIEED® ¢KAA KE&RNRRREY
Di Carlo et &F'"%into an array format for highhroughput singlecell testing. In that work,

devices were faricated such that there was a gap between the trap structures and the glass
surface, allowing for fluid to flow over the traps as well as through the intervals between

traps. With such a design, when cells got trapped into individual trapping strucfioes,
0KNRdAK GKIFG 3L g a RAGSNI S Relandedadingdthel 2 O1 A Y

cells to flow to subsequent trap&igurel.12).
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Figure 1.12 High-density singlecell isolation. (a,b) Schematicdepictingthe mechanism of cell trapping
usingan array offlow-through suspended obstacle@ot to scale) Twalayer (40 and 2um) cupshaped
PDMS trapping sites allow a fraction of fluid streamlinesnteethe traps.After a cell is trappd and
partially occludes the @m open region, the fraction of streamlines through the barred trap decreases,
leading to theselfsealing quality of the traps and a high quantity of sirgg# isolates(c) Phase cdnast
image of an array dafingle trapped cellfReproduced from Di Carlo et al, 2006.

The work shown ifrigurel.12 demonstrated successful cell trapping for adherent and-non
adherent cell lines, and fluorescence microscopy was used to assess enzyme kinetics as
proof-of-concept of the cell analysis platfortff. Additionaly, computer modelling showed

that despite the array being under constant medium flow, shear stress within the trap region

was very low, mitigating the risk of sheiaduced damage to the trapped ceffs.

A later version of this passive hydrodynamic trapping device was reported by Falé?et al,
based on a sievike structure reported earligt®® where the gaps that allowed fluid flow
were introduced into the trap design itseFigurel.13a). Thieliminated the need for twe

layer fabrication, which greatly simplified the manufacturing process. That design was also
shown to perform well in terms of creating leshear stress pockets within the traps, as

reported by Wlodkowic et aFjgurel.13b). *°
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Figure1.13 Sievelike structures for cell trapping(a) Scanning electron microscopmages of PDMS cell
traps. Reproduced from Faley et al, 2069(b) 3Dsimulation results of the shear stress exerted on a
trapped cell inthe highest velocity regioof the array. Reproduced from Wlodkowic et al, 2G09.

The same group reported applications in drug screening for chronic myeloid leukaemia:
reattime analysis of cell morphology, divisjoiability and response to drugs was performed

on trapped patientderived stem cell$¥? while another report®* demonstrated live
assessment of intracellular protein trafficking. For those studies, readouts used were based
on fluorescence microscopy and aited for only a few traps at a time. Subsequently,
fluorescencebased assessment of drigduced cytotoxicity was demonstrated in leukaemia
cell lines with higher throughput, using the same deskjguyrel.14), with results similar to

those obtained using flow cytomet#).

The possibility of using different measurement tools on these arrays was demonstrated in a
study where cells were incalbed with labelled gold nanoparticles before loading into the
trapping array, with subsequent SERS mapping of intracellular nanoparticles being obtained
on-chip® In that study, timelapse analysis was performed for small numbers of cells, but
the dynamics of nanoparticle internalisation and processing could not be assessed due to
those evems having taken place otfhip. In any case, the fact that SERS mapping was
successfully performed echip indicated that multimodal imaging using these microfluidic

devices would also be possible.
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Figurel.14 Dynamic analysis of druthduced cytotoxicity in a microfluidic arrayCells from a
humanleukaemia cell lin€HL60weretrapped into the array angerfused witha cytotoxic drug
in the presence of propidium iodide (PI). Thihapse images were cotieed every minutdor 250
cells (@ Typical images of an HL60 cell after perfusion ditig, with time points indicated at
the lower left cornerThe gradual increase in plasma membrane permeability fod#tates cell
death. (b)) Comparison between medtuorescence intensity distributions achieved dy-chip
imaging and flow cytometr{FACSpr the same time pointsRep from Wlodkowic et al, 2009

Another useful feature of tsimicroarray chamber is the possibility for gradient generation,
such that cells in different regions of the array are exposed to different concentrations of
drugs simultaneously. This was shown for yeast cells in a similar trapping design by Fernandes
et al, where a gradient generating channel network was uSedhis feature has great
potential for highthroughput drug screening. For instance, at the paificare, trapping

patient tumour cells and screening a range of concentrations of chemotherapy drugs would
allow for personalisedssessment of the most appropriate dose for each patient. This is just

a glimpse of the potential of microfluidics for, beyond biological analysis, providing robust

and novel drug discovery toot&

1.7 Biomedical applcations of microfluidics

In previous sections, the breadth and importance of some biomedical applications of
microfluidic devices has been touched upon. Here, two main fields will be explored in more
detail, which are of great relevance to the currenbject ¢ the use of microfluidics for

immunology and for nanomaterial development.
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1.7.1 Immunology research

The creation of precise microenvironments foradture of different cell types into organ
on-chip models, on one hand, and singlel monitoring platfems, on the other hand, have
opened new possibilities for investigating the more complex dynamics of the immune

responsgi+8.164

Immune cell migration is crucial for many aspects of the immune system functidn an
response to threats, and the dimensions of microfluidic devices allow for a privileged look at
cellular movement?>46181% For example, Mahmood et “alinvestigated atural killer cell
migration by adapting a typical chemotaxis assay into a microfluidic chamber. The chamber
was coated with fibronectin, cells were seeded and subsequently exposed to gradients of
soluble factors from immature and mature dendritic cells bsing the laminar flow
conditions of the chamber. Cell motility was analysed at the sioglidevel, with the assay
having potential for investigating immune cell migration under a range of very controlled
biochemical and environmental conditions. Samilwork has also been reported for
neutrophils!®tIn another report, Gopalakrishnan et&broposed a new type of chemotactic
assay, where two chambers were separatgdametwork of bifurcated channels. This device
allowed for analysis of cellular decisioraking of primary dendritic cells and a range of
immune cell lines when migrating towards the infected chamber under no flow. Mitrd®t al
proposed a novel twdayer design where dendritic cells that underwent chemotaxis would
then be led to interact with T cells in a separate chamber. That waysttlty achieved an
integrated assessment of dendritic cell migration and subsequent interaction with T cells.
However, it is worth pointing out that a cell line was used, which has been shown to be of
less physiological relevandban primary dendritic cé&$!°? In anothe different use of
microfluidics, Ricart et #°seeded primary dendritic cells onto micropost arrays downstream
of a gradient generator. Micropost deflection was analysed to obtain information on
dendritic cell traction forces when expostmichemotactic gradients. Overall, these reports
demonstrate that microfluidics can be used to gain insight into the migratory behaviour of

immune cells, towards a better understanding of the underlying physiological processes.

Another crucial aspect ofimune system function is cadell communication, which has also
been investigated through various microfluidics approaches. Using hydrodynamic traps
similar to those describeith Figurel.13, Faley et 4l trapped mature dendritic cells into one

device and naive T cells into another device, with the output of the first device connected to
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an input of the second. That way, molecules secreted by dendritic cells could ftotenT

cell chamber and the consequent T cell activation detected inthn@& using calcium
imaging. By testing dendritic cells in different stages of maturation, the signalling processes
that take place before the formation of the immunological synapgeld be interrogated,

even if at a population level. In a closer look at individual lymphocyte function, Zaretsky et
ai® trapped naive CD4 cells into microwell arrays, exposed them to antigen and aedlys
their proliferation and activation over 3 days. Cell pairing was assessed in another
hydrodynamic trapping approach by Dura et®alhere fluorescenthlabelled T cells and B
cells were sequentially trapped into pairing trapdgurel.15). Using just capillary forces to

fill the device and pipetting into either side to change the direction of the flow, this clever
design allowed for cell pairing events to be controlled and for individulhlpegrs to be
tracked over time Fluorescence microscopy was then used to assess expression of a range
of markersand the breadth of data obtained from the arrdgmonstraed the ability of the
platform for investigating immune cell pairing eventshigh-throughput and under well

defined environmental and biochemical conditions

1. Preload 2. Transfer 3. Transfer

Figurel.15 Immune cell pairingn a microfluidic device.(a) Microfluidic cell pairing device with channels

and trap array sbwn in red. (b) SEM image of the microtrap array showing the-bateksinglecell traps,
front-side twocell traps and support pillars. (c) Featep cellloading and pairing protocol. The first cell
population (green) is preloaded into the freside trgps by directly pipetting 45 pl of cell solutions into

the inlet reservoir (1). The direction of the flow is then reversed to move the cells into theslubckingle

cell traps (2) andagain to transfer the cells into the larger freside twocell trapstwo rows below (3).
Finally, the second cell population (red) is loaded paded withthe first cell type (4). (d) Overlaid phase
contrast and fluorescence image showing primary mouse lymphocytes stained with membrane dyes paired
in the traps. Scale bafa) 5 um, (b) 100 um, 20 um (inset), (c) 20 um, (d) 50 um flRepDura et al, 2015°
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Microfluidic tools for immunology also include platforms for htghoughput screening of
vaccine adjuvants, as performed by Gai€mrdero et af’ and other nucleic acid or protein
based measurement¥:!*3 Overall, the advent of microfluidic technologies has led to new
opportunities to answer some of the fundamehtguestions underlying immune system
function, while having tangible applications in areas such as vaccine development and cancer

immunotherapy.

1.7.2 Nanomaterial screening

Due to theincreasing interest in namarticle development for biomedical applicatiornig,is
essential to achieve a better understanding of the interactions of hanomaterials with cells.
As seen in sectioh.3above, these interactions depend on many factors and will be different
for each specific nanomaterial dga and cell type. Hence, the developmentiofvitro
models for robust, highhroughput screening of thelynamicinteraction of nanoparticles

with cellswould not only shorten the path to their clinical application but also provide
important information m the biological processes determining nanoparticle fate, leading to

better nanoparticle desigh’-2*51

Labon-a-chip technologies appear again as promising candidates for this application, due to
the high levelf control achieved in microfluidic conditions and the versatility of designs
and imaging techniques that can be used. One of the important features of microfluidic
environments is that nanoparticle delivery to cells can be performed under flow conditions,
rather than in static (zero flow) conditions. Besides being more physiologically relevant, as
invivocells are exposed to some level of shear stress from interstitial’flétit also avoids

the heterogeneousdistribution of nanoparticles which happens when nanoparticles

sediment to the bottom of static cell culture welBigurel.16).22

Despite the inherent promise of microfluidics as a powerful tool for nanomaterial screening,
there are still very few reports of this applicationadlable in the literature. Some groups
have used microfluidic flow chambers under nanoparticle gradfémts microwells with
specific cell densitiés for assessing quantum dot cytotoxicity, ldog at fluorescence
information from groups of cells. Farokhzad ét‘gdatterned cells onto a glass slide and then
used a sirmple microfluidic chamber to test their interaction with nanoparticles under a range
of flow conditions. In one singleell approach, Qiao et 4lstudied the genotoxicity of
nanomaterials. For this, cells were espd to a range of nanoparticles of different

compositions at a range of concentrations and subsequently embedded into hydrogel beads
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and patterned onto a substrate in an array format. Subsequently, fluorescence imaging could

be obtained from the cells oravious markers. However, despite its potential for automation,

the platform is of complex fabrication and provides only g@uint measurements on

individual cells, lacking the dynamic aspect of their interaction with nanomaterials. Thus,
even if it tries b perform a comprehensive assessment of different exposure conditions, that

approach does not seem to fulfil the requirements of a robust tool for nanomaterial testing.

cell

aggregation

sedimentation

o
N~ - L=

outlet

-

Figurel.16 Static and inflow exposue to nanoparticles(a) Schematic representation of static

exposure conditionin a conventional welplate system. Nanoparticle sedimentation in these
conditions can lead to heterogeneous distribution of nanoparticles to cells. (b) Schematic
representaton of inflow exposure conditions in a microfluidic compartment, showing
homogeneous distribution of nanoparticles. Reproduced from Mahto et al, 2010.

A few more complex models of nanoparticle interactions with tissue have also been reported.

For example, two separate group¥® have used spheroids on chip to assess nanoparticle

penetration into tumours, while another grodp reported a more complex tumour

microemvironment onchip for the same purpose. In the latter study, by Kwak €t al,
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comprehensive range of physical characteristics of the device, towards the best device design

d ditf 2 alzNJ

for the experiment. Additionally, even more complergar?® and bodyon-a-chip?® models

have been used to investigate nanoparticle trafficking phenomena. Howeagle these

models

microenvironmentdor some aspects of nanomaterial testing, there is currently no platform

for screening nanomaterials at the singlell level. This simplified assessment using a single

demonstrate the

importance
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cell type is essential to isolate the variables involved in the interaction of cefs wi

nanomaterials and to assess cell heterogeneity within each population.

1.8 Thesis context

Overall, the analysis of the literature presented in this chapter led to the following important

points:

)l

Gold nanorods have exceptional optical capabilities for agHlalar imaging, permitting
multiplexing and sensing with SERRS as well asfididkand fluorescencbased
measurements. In addition, these are highly versatile nanopatrticles in terms of surface
functionalisation for drug delivery applications.

Despitethe promise of nanomaterials for clinical applications and ofdafa-chip
platforms for cellular analysis, there is currently no report of a robust,-tlighughput
nanomaterial screening platform that provides dynamic information at the sioglle

levd.

Currently available vaccines present some limitations, and nanomaterials are appearing

as a powerful tool for increased vaccine efficiency with lower-sitiects.

Thus, having identified a necessity for a tool that can screen nanopastttleteractons

dynamically, at the singleell level, in highhroughput and ideally using multimodal

imaging, and recognising the potential of microfluidic technologies for this purpose, this

thesis sets out to describe the development of an integrated platforn ithdudes:

)l

1

1

A microfluidic device capable of trapping and maintaining hundreds of siedk
providing a platform for timdapse, fluorescencbased analysis of live cells
simultaneously with their exposure to specifically defined stimuli, in-thghughput

and with multimodal imaging capabilities;

A nanovaccine model, based on biocompatible, stable and imageable pelyragped

gold nanorods, which is capable of delivering antigen to primary dendritic cells and
successfully generating an immune resp®ns

Applicationbased proofof-concept of the developed platform with retime
assessment of nanoparticleediated antigen delivery and processing by primary
dendritic cells being achieved in higiroughput with singlecell resolution over several

hours.
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This chapter presents the general methods for gold nanoparticle preparation and
characterisation, microfluidic device fabrication, cell preparation and cell analysis used for
the development and optimisation of an intedgea microfluidic platform for cell imaging and

controlled nanopatrticle delivery.

2.1 Gold nanorod peparation and characterization

2.1.1 Synthesis

Synthesis of gold nanorodblRs) was performed using an adaptesicaledup versiorf®° of

the seedmediated growth method using cetyltriethylammonium bromide (CTAB)JUnless
otherwise stated, all chemicals were purchased from Sigddaich [UK] and used as
received. All solutions forhe nanorod synthesis were prepared using ultrapure water. All
glassware was previously cleaned with agua regia for at least 2 hours and thoroughly rinsed

with deionised water.

Seed solution preparationnder vigorous stirring, a CTAB solution (5 ml,\)2vas mixed
with HAuC) (5 ml, 0.5 mM), to whiclireshly-preparedNaBH (0.6 ml, 0.0IM) was added.

This produced a light brown solution which was kept aBR3C and used within 30 min.

Growth solution preparatioftargeting a longitudinal plasmon resamce of 78(hm): HAuGlI
(200 ml, 1.0 mM) was added to CTAB (200 ml, 0.2 M), as well ag AgN®@I, 4 mM), and
the solution gently mixed by inversion. Ascorbic acid (2.8 ml, 0.08 M) was then added and

the solution mixed again, changing from orange to adkss. Freshly prepared seed solution

44



(0.25 ml) was added to the growth solution, which was gently mixed again and kept in a water
bath at 37°C for 48HConcentrations of AQN@ind seed solution were varied to adjust the
longitudinal plasmon resonance thie nanorodgTable3). The nanorod solution was washed

by centrifuging at 7500pm (7798¢) for 1 hour and resuspended in @M CTAB. This was
repeated a further 2 times and the rods resuspended in approximatéfyteinitial volume

to achieve a higher stock concentration.

Table3. Control of nanorod longitudinal plasmon resonance

AgNQconcentration  Seed volume  Longitdinall max Used in

(mM) (m) (nm) chapter
0.94 500 666 3
1.18 480 712 3
1.30 450 738 3
4.03 250 765 5
4.32 250 802 6

2.1.2 Preparation of nanorodye conjugates
2.1.2.1 Single dye conjugates

A range of Raman reporter dyes were tested to assess their suitatatitynultimodal
intracellular imaging. ImM solutions of neainfrared-797 (NIR797), malachite green
Aaz2iakKe20elyrdiS o6aDL¢/ 0 -diethytAidlicarboBy@ring 2otlidea A S & =
05 ¢5/ kdiethyliokZAol G NR& OF Nb 2 O& | y A y-Jethyl-2 ReyadiSe iadliflet ¢ / L 0
(DCI) were prepared in methanol and diluted to 18 in deionised water. 0.7l of each

dye was then added to separatenl samples of freshly synthesised gold nanor@mistical

density ~1)to achieve bulk dye concentrations di GiM.
2.1.2.2 Multiple dye conjugates

Using the same stock concentrations and nanorod suspensioamdination of NIR97,
MGITC and DCI (0n8l each) was premixed and addeda® ml nanorod sample, achieving
a 10mM bulk concentration for each dy8amples wear mixed and left to stabilise overnight

at 37°C Polyelectrolyte wrapping was then performed (section 2.1.3).
2.1.2.3 Scaleeup DTDCI conjugation

o -giefhylthiadicarbocyanine iodide (DTDCI) incorporation into the CTAB layer of the gold
nanorods was achieved bReRA Y3 mn Yf 2F wmnn >a 5¢5/ L &zt dz
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from 10 mM stock in methanol) to 90 ml of rod stock solution, mixing gently and leaving

overnight*2 Polyelectrolyte wrapping was then performed (section 2.1.3).
2.1.2.4 Universal SERR&gs (USTSs)

Gold nanorods with incorporated DCI, DTDCI antilOl8 dyes and PFPDA coating
(section2.1.3 were produced in parallel to this project. These UniversaRSHRgs (USTS,
named due to their ability to producenbanced Raman signals at a large range of
wavelengthswere prepared as fatws:1 M dye stock solutions were preparednrethanol

and further diluted irultrapurewater immediately prior to use. 4 ml of DCI and IR1048 were
premixed prior to addition to 4@nl of NR solution. 4 ml of DTDGéneintroducedl h later.
Following the addition of DTDCI, thansples were allowed to equilibte for a further 14 h.
These nanorodg/ere tested under various imaging methods and used for cell mapping with
confocalSERS confocal fluorescencand darkfield imagingto assess their suitability for

multimodalintracellular imaginggection2.3.6).

2.1.3 Polyelectrolyte wrapping

Polyelectrolyte coatingdf gold nanorodswas based on establisheldyerby-layer (LbL)
procedures’ For the present study, polfsodium 4& (G @ NBy SadzZ F2y I 4S0
YR LRfeRAFffe@f RAYSGK@E I YY2YAdzy OKf 2NARS
polyelectrolyte solutions (10 mg/mlin 5 mM NacCl, 0.25 ml per 1 ml of nanorod solution) were
added dropwise to the nanorod solution under vigorous stirring and left stirring for a further
10 minutes. The coated nanorod sample was centrifuged at 7500(7Tjg88 g) for 1 hour
(7000 and 6500 rpm for second and third layer coatings) and resuspended iisgeigvater.

The final sample was centrifuged a further two times to wash out any remaining dye from

the bulk solution.
2.1.4 Nanorod characterisation

2.1.4.1 Absorbance

Depending on the wavelength range required, gold nanorod extinction measurements were
obtained usig either a UWisible spectrophotometgiCary 300 Bio Varian with Win UV Scan
software, 400-900nm) or a UNNIR spectrophotometefThermo Spectronic Unicam UV300

with Vision 32 software4001100 nm) Before spectral acquisition, the lamp was left on for
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a few minutes to allow for warrup and equilibration. Samples were analysed using

disposable plastic microuvettes [VWR, UK].
2.1.4.2 Concentration estimation

Extinction coefficientsfor each nanorod sample were estimatdthsed on a previously

reported study'®® as follows:

e=(0.0123x| max-5.0192) x 10° M-1cm1

As examples, for nanorods used in chapters 5 and eaxssection2.1.1, extinction
coefficients obtainedvere 4.390310° and 4.9069%0° M-*cm, respectivelyStock nanorod
concentrationsc, were then calculated usinghe optical density of the sample measured at
the corresponéhg longitudinall maxas per the Beetambert Law, wherkis the path length
(1 cm for all cases):

OD=cxex|

This allowed for estimations of the nanorod concentrations to be obtained in a comparable
way for different nanorod samples prior to their addition to céellsus, throughout this work,
whenever NR or NR conjugate concentratorare stated thesavill alwaysrefer to the

concentrationof particlesin solution, estimated according to this section.
2.1.4.3 SolutiorbasedSERRS

Bulk Raman spectra for the nanorod samplestaming DTDClvere obtained at 633 nm

using a Renishaw InVia Raman inverted microscope system with an incident laser power of
~1 mW focused through a transparent bottom miditbe plate with a 300n aliquot in
individual wells. A 10 s signal collection difior spectra acquisition was used. Cyclohexane
was used to optimise the signal collection as well as to provide an intensity reference for data

normalisation.

For Universal SERRS Tags and altther dye coatings testedyulk Raman spectra for all
samples were obtained at 633 nm and 785 nm using a Renishaw InVia Raman inverted

microscope system and at 532 nm using a Renishaw Probe system.
2.1.4.4 SEM

Silicon wafer substrates [Ted Pella Inc, Wi plesmacleaned and coated with of Xfig/ml
PDDAC in 5mM NacCl for 20 minutes. Slides were then gently rinsed with deionised water and

dried with nitrogen gas. Nanorod monolayer immobilisation was performed by applying a
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drop of nanorod suspension to the glassface for varying periods of time, typically between
30 and 300 seconds, after whittie slides were again rinsed with deionised water and dried
with nitrogen gas.Thus, particle monolayers were formed without dryinguced
aggregationSEM images wermbtained using an FEI Sirion 20 uitigh resolution Schottky

field emission scanning electron microscope with FEI software.
2.1.4.5 DLS and-potential

Dynamic Light Scattering (DLS) and zeta potential measurem@dneZS Zetasizer,
Malvern] were obtained rotinely to assess polyelectrolyte coating efficiency and colloid

stability.

2.1.5 Assessment of gold nanorod stability in culture medium.

Nanorods with encapsulated DTDCI and coated with aPPERC and b) RBEDACGPSS
polyelectrolyte layers as above were tedtfor stability in complet&oswell Park Memarial
Institute culture medium (RPMJ composition in sectio.2.2. Samples were prepared at
similar concentrations (approximate optical density of 1). These were then centrifaiged
7500 rpm 8773g) for 30 minutes using an Eppendorf Minispin centrifuge, resuspended in
complete RPMI, mixed and left at room temperature for one hour, after which-&isitdle
spectrum was acquired. At this point, solutions were transferred to new gutheaving
behind any potential larger aggregates that had formed during centrifugation) and

centrifuged again, resuspended in water and measured feMidible absorption.

2.1.6 Nanorod bioconjugation
2.1.6.1 Bovine serum albumin

Bovine serum albumin (BSMW ~66,00Dsolution was prepared at 5% (w/w) and added to
the coated nanorod solution to achieve 0.1% bulk BSA concentratiar (&0 ml of nanorod
stock). The mixture was shaken vigorously and lefbtoibate at room temperaturéor 30
min, after which it was adrifuged twice at7500 rpm 8773g) for 30 min and resuspended

in deionised water.

AlexaFluor644abelled BSAAFBSA|Life TechnologiedJK] was prepared (204, 0.1 mM)
and kept in a foilwrapped tube to prevent photobleachinghis solution was theaddedto
the nanorod samples (optical density of ~1) at 0.3 or 2 pM bulk concentratixed and left

to incubate at room temperaturéor 30 min, after which it was centrifugdtiree timesat
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7500 rpm 8773 g) for 30 min and resuspended in deionised watéiluorescence
spectroscopy measurements [Cary Eclipse, Varian] were obtained to evaluate whether the
BSAdye conjugate had adhered to the nanorod surface. The instrument was switched on
and allowed a few minutes to warm up prior to use, and the emissimhexcitation slits
were set to 5 nm. A new disposable cuvette was used for eaeasmrement and an

excitation wavelength of 650 nm was used.
2.1.6.2 Ovalbumin

Ovalbumin (OVA, MW ~45,000) is widely used as a model anfigert h @ £ 6 dzY Ay A :
ovalbumin conjugate antaining a quenched BODIPY fluorescence dye which becomes
fluorescent upon cleavage by intracellular proteases, and is thus a good indicator of the initial
antigen processing by dendritic ce¥é Conjugation ohanorods with encapsulated DTDCI

and coated with PSBDDA@®SSi 2 5vu h @l ft 6dzYAy 65vh+! 0 [ ATF
Ovalbumin (OVA) [Sigr#ddrich, UK] was achieved by mixing together an aliquothaf

protein (reconstituted in water) to an aliquot of thgold narorod solution achieving bulk
concentrations of 10 M and 0.2 nM respectively (50000:1 rati@nd incubating at 4°C

overnight Samples were thewashed by centrifuging at 6000 rpn2415g) for 30 minutes

and resuspended in deionised watdree times, bebdre checking the UVis spectrum and

concentrating the samplegccordinglyfor addition to the cells.
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Intramolecularly Fluorescent cleavage
quenched substrate products
Figure 2.1 Principle of DQOVA use for detection of intracellular processing.
Proteases catalyse the dsolysis of the heavily labelled sejienched BODIPY dye,
yielding brightly fluorescent reaction productReproduced from The Molecular
Probes Handboao¥”
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2.2 Cell culture

2.2.1 Animals

BALB/c,C57BL/6 and Ly5.1 congenic miceravdored and maintained under specific
pathogenfree conditions in the Biological Procedures Unit at the University of Strathclyde.
OTIl mice, a transgenistrain of C57BL/6which express a T cell receptor specific for
ovalbuminin CD4+ T cell$® were originally purchased from Charles River Labs and
maintained as an ibred colony in the BPUhesemicehave a four times higheatio of CD4

to (D8 peripheral T cedl when compared to netransgenicC57BL/6nice. ! All experiments
were performed under the guidelines of the UK Home Office Ani(Baientific Procedures)
Act 1986.

2.2.2 Dendritic cells

Primary, lopne marrowderived dendritic cell§DCs) were generated frolvone marrowof

6-10 week old micas previously describeld® Briefly, thetibiae and femurs were collected

and the epiphyses were removed from the bones. Bone marrow was then fumiteusing

a 25G needle and disaggregated to form a single cell suspension, which was resuspended in
complete RPMI (RPMI 1640 with 10% FCS, 100 U/mtilienil00 pg/ml streptomyciiall

Life Technologies, Jlind 2mM L-glutamine[SigmaAldrich, UK)] supplemented with 10%
medium derived from x63 cells expressing GMCSBEn(tpcytemacrophage colony
stimulating facto}, to induce the generation of DCs. This suspension was seeded into petri
dishes (10 ml/dish) and incubated for 7 days at 37°C, 5% @®Oday 3 of culture, an
additional 10 ml of fresh cRPMI with 10% GMCSF was added to each dish and on day 5 of
culture half of the volume was replaced with fresh medium. Differentiated DCs were
harvested on day 7 of culture by collecting the medium and ringiegculture plate with
coldsterilel ' y1 Qa ol t I y H8$5) [kife Tedhnaogids,d2]awRhygentle scraping

to lift the adherent cells. Cells were washechunted using a haemocytometer and
resuspended in cRPMb obtain a 5x10 cells/ml concentation that was replated into
appropriate containers and allowed to settle for at least 2 hours before use. Cells were
routinely checked for specific surface phenotype (CD11c) and activation (CD40) markers
using flow cytometry, with typically5-95%of the cells being CD1Jmsitive in the samples

used.
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2.2.3 OVAspecific T cells

Lymph nodes were recovered from donor-@iice into a small amount of cRPMI. Cells were
obtained by gently disrupting the tissue through a stthiner [BD Biosciences, UK] using the
plungerof a 1 ml syringe, after which they were counted and resuspended in cRPMI to the

appropriate concentration.

2.3 Off-chip cell analysis

Standard techniques such as flow cytometry and microscopglbsamples cultured in static
conditionswere used eitler as a prescreening tool for conditions to use @hip or as
comparative studieso validatethe effects of nanorod uptake by celiseasuredusing the

microfluidic system.

2.3.1 Dendritic celhanopatrticle interactions

Freshly prepared dendritic cells (secti®.2.2 were generallyeplated into 24well Costar®

plates [Corning, USA] (0.5 ml/well) and incubated witie appropriate nanoparticle
concentrationsof the specific nanoparticle formulation being assessed. For viabilitiestu
camptothecin treatmen{Sigma! f RNA OKXZ ! Y8 op >a TFTAylFf O2y0S)
buffer (HBSS + 0.05% Twezd) were used as positive controls for apoptosis and necrosis,

respectively.

2.3.2 T cell activation and proliferation analysis

Ly5.1 congenic mousgerived dendritic cells we replated into 24well plates (0.5 ml/well)

at 5x1G cells/ml. After being allowed to settle into the wells for at least 2 h at 37 °C and 5%
CQ, cells were inoculated with different concentrations of soluble OVA, NR eéDWR
conjugates, in triplicate€Ovalbuminspecific Ol T cells (sectioB.2.3) were counted using

a haemocytometer and added to the DC plate at a ratio of 5:1 in a volume of 0.5 ml. The cell

mixture was incubated at 37°C and 5% fo®a total of 72 h.

2.3.3 Gaeneral flow cytometry procedure

For flow cytometry, cells were harvestatispecific timesind collected ito flow cytometry
tubes [BD Bioscience, UKipr staining with the appropriatefluorophore-conjugated

molecules. Table4 showsdetails of the stainsisedthroughout this work
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Table4. Stains used for flow cytometry

Binding molecule  Fluorophore Supplier Detects
AnnexinV FITC eBioscience, UK Apoptosis (phosphatidylserine
Propidium lodile eBioscience, UK Disrupted cell membrane
Anti-CD11c PE BD Biosciences, UK Dendritic cells
Anti-CD40 APC BD Biosciences, UK Dendritic cell activation
Anti-CD4 FITC BD Biosciences, UK CD4+ T cells
Anti-CD69 PE BD Biosciences, UK T cell activation
Anti-Ki67 PerCRCy5.5 BD Biosciences, UK Cell proliferation
DQ Ovalbumin BODIPY Life Technologies, Uk Intracellular OVA cleavage

The appropriate incubation and washing steps were performed as per manufacturer
instructions for each stain. For Ki67 staininglls were permeabilised and fixed with
Cytofix/Cytoperm buffer [BD Biosciences, UK] prior to staining and subsequently kept in
Perm/Wash buffer [BD Biosciences, UK] for the staining steps. At the end of all staining
procedures, cells were resuspended2®0 or 300nf C! / {aadfaBa#ysed using a BD

C! / {/ lwithi Bn C! / { 5 A @ Data waLafalyget usiBg®lowJo [FlowJo LLC, USA]
analysis softwareFigure2.2 shows an example of the gating procedure typically used for

dendritic cell samples.
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Figure 2.2 Flow cytometry dataanalysis ofbone-marrow derived dendritic cells(a) Gating for cells
according to forward and side scatter data, to exclude smallcahlike objets. (b) Gating for CD11c
positive cells (dendritic cellpased orfluorescenceantensity above samples stained with isotype controls
(c) Comparative analysis of activation marker CB¥fression(based on fluorescence intensity 8PC
conjugatedanti-CDI0) between unstimulated dendritic cells (Pr@d lind, nanoparticlepulsed dendritic
cells (NFDG orange ling and lipopolyssacharidstimulated dendritic cells (LH3C turquoise line) and

corresponding gate definition.

2.3.4 Quantification of IF§land 15 by ELISA

For the T cell experiments, supernatants were collected at 72 h for an eHriyked

immunosorbent assay (ELISA). All antibodies were obtained from BD Bioscience, -UK. Flat
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bottomed 966 St f LJX I 1Sa ¢ SNB @ant AntSIRS ow2kginl Ang- ANy > 2 F
(in pH 9 PBS) overnight at 4°C. Plates were washed three times in wash buffer (0.05% Tween
20 in pH 7.4 PBS) after each incubation step. Plates were blocked for 1 h at 37°C using 10%
FCS in pH 7.4 PBS. Samples were then added to appropebseundiluted, 30m/well) as

well as serial dilutions of the standards (recombinanb land recombinant IRl and the

plates incubated for 2 h at 37°C. Plates were washed again and incubated for 1 h at 37°C with

50 ni biotin-conjugated AntiL-5/Anti-IFNy at 0.5 ng/ml 10% FCS in PBS. HiRRjugated
streptavidin was then added at 1/2000 in FCS/PBS and incubated for 45 min at 37°C.
Development was achieved using TMB substrate [KPL, US] and the catalysis of HRP was
stopped when the colour change was $eiffint for detection by adding 10%,%0. The

absorbance was measured at 450 nm using a spectrophotometer.

2.3.5 General confocal microscopy procedure

DCs were replated at 3&° cellsiml into 8-well glass slidg[LabTek Il Chamber Slide, Nunc]

(0.5 ml/well) and inoculated withthe appropriate concentrations of nanoparticleShese
samples were left to incubate fepecific times according to the experiment. For some tests
samples were thenstaired for 10 minutes at 37°C witlCholera Toxin Subunit B
(Recombinat) AlexaFluor 488 Conjugatiife Technologies, UK] reveal lipid rafts and cell
membranesprior to fixation with 4% paraformaldehyde [Sigafddrich, UKFor at least 20

min at 4°C Cells werghen gently washed with HBSS [Life Technologies, UK3 amkrslip

mounted onto the slide using VectaShield mountimgdium with DAPI [Vector Laboratories,
UK].These samples were imaged using a Leica SP5 confocal microscope and images analysed
using Volocity software [Perkin Elmer] to assess whether the nariofetwere located

within the cell, using the stained membrane lipids to identify the cell boundaries.

2.3.6 Intracellular mapping of Universal SERRS Tags

USTSs (sectioR.1.2.4 were tested under various imaging methods and used&irmapping
with confocal Ramangconfocal fluorescenceand darkfield microscopyto assess their
suitability formultimodalintracellular imaging? DCs at 5k0* cells/ml were replated onto
35mm Gridp n -dishes [Ibidi, Germany] (0rBl/dish) and incubatd overnight at 37°C and
5% C@ USTE were then addetb one of the cell dishes at an approximate final concentration
of 100 pM in the cell suspension and the dishes incubated forGehlis were subsequently

fixed and washed as above andrgaesleft to air-dry. Confocal Raman imaging was carried
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out using a WITec Alpha300 R instrument with 532, 633, and 785 nm excitation(lasers
power 0.54 mW, 0.66 and 0.73 mW respectivelll maps were acquired using a 100X
objective (Olympus MPlarNA = 0.9), usinga® Ay G0 SaANIF GA2y GAYS | yR
steps. WITe®roject2.10 software was used for data processing, where the Raman maps
were created from max/min intensity analysis in peak regions at 136bfenb32 nm and

at 1245 cmt for both 633 and 785 nmNext, for confocal fluorescenaaapping, coverslips
were mounted onto the cell samplessing VectaShield mounting medium with DAPI.
Samples werg¢hen fluorescence mappedv(th excitationsat 405 and 633 nm wavelengths),
with zstacls obtained for each ana@ R OSf f | (i and awoframeyavedadeS LI&
acquisition. Finally, darkeld imagingin transmission was performed using a Nikon Eclipse
LV100microscope equipped with an oil dafield condenser, a 100(NA = 0.9) objective and

a Nikon D50 camera.

2.4 Microfluidic device preparation

Microfluidic devices were designed basedapreviously described desijrand fabricated
in polydimethylsiloxane (PDMS) using standard soft lithograghgedures'® This section
describes these procedures and the specific parameters and materials used. An overview of

the fabrication procdure is presented ifrigure2.3.

a. d. g -
AN 1
AR 2
b. e. — h. -
y -\ —
C. f. i

Figure2.3 Schematic of the microfluidic device prototyping procedufesilicon wafer was cleaned and
dehydrated (a) and photorést spun onto the surface and sdfaked(b). Specific areas of the negative
photoresist were then exposed to UV light via a chreomeglass mask (c), developed and hdaked

forming a master for the devices (d). Liquid PDMS could then be cast onto fee(epand baked to form

the PDMS microstructures (f). The PDMS device could then be trimmed and holes punched as required (g),
cleaned and exposed to oxygen plasma (h) for bonding to a glass coverslip, forming the closed microfluidic

device (i).
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2.4.1 Microfalrication of patterned silicon wafers

Silicon wafers [University Wafer, USA] for photolithography were cleaned sequentially with
3-minute sonicatios in acetone, methanol and isopropanol. They were then dried with
nitrogen gasdehydrated on a hotplate at8D°C for at least 1 hour and cooled down to room
temperature. A wafer was then placed on a spinner &éB 3035negative photoresist
[Chestech, UKpoured over its centre and spun at 4000 rpm to obtain a resist layer with
25um thicknessSoftbaking wasachieved by placing the wafer on a hotplate at 95°C and
gradually increasing the temperature to 105°C over 20 minutes, followed by gentle cooling
to room temperature. The wafer was thexposed tacollimatedUV light through a chrome
on-glass mask [JD PlmTools, UKjor 25 secondsPostexposure baking was done on the
hotplate, with temperatures gradually increasing from 75 to 90°C for 4 minutes and slowly
cooling back to room temperature. Exposed areas of the resist were developed by immersing
the waferin Microposit EGolvent [Chestech, UKdr 6 minutes under constant agitation.

The wafer was then rinsed with isopropanol and dried with nitrogen gas;lbedd for one

hour in an oven at gradually increasing temperature (80 to 200°C) and cooled dadda ins
the oven. Finalised patterned wafers were visually inspected using an upright microscope
and feature height measured using a stylus profilometer. Silanisation of the wafer was carried
out by vapour deposition of 1H,1H,2H Rdrfluorooctyttrichlorosilane [SigmaAldrich, UK]

for 1 hour, to render the surface hydrophobic and amenable to soft lithography prototyping
Wafers patterned in this way were used as master moulds to create the microfluidic devices
and could be reused numerous times, with new fahtion being required only when there

were changes in the design.

2.4.2 Polymeric microfluidic devices

Devices were produced by castipgly(dimethylsiloxane) (PDM$$ylgard 184 Silicone
Elastomer, Dow CorningSA in a ratio of 10:1 w/w elastomer base/curiagent onto the

wafers to achieve 5 mm thickness. PDMS was then degassed and cured at 80°C for 2 hours.
The mould was then removed from the silicon masteimmed to size with a scalpahd

fluidic inlets and outlets punched manually using a flattetiedG22 needle. Fabrication
quality assessment was achieved through PDMS microtrap visualisation using a Hitachi S

3000N Environmental Scanning Electron Microscope (SEM).

PDMS devicewere cleaned by two -Bninute sonications in methanol, followed by drying

with nitrogen gas and dehydrating in the oven at 80°C for 15 minutes. Alternatively,
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microfluidic feature cleaning was performed by firmly pressing Scotch@?§@™, UK] onto

the surface and gently peeling off at least two timleswving a third piece tape on the surface
until bonding. In general, the latter method was preferred as it was more time efficient and
reduced the chances of PDMS absorbsmvents which could be detrimental to its
biocompatibility. Additionally, the fact that the tape was kept on the surface until just before
bonding the device to a glass substrate provided protection of the microfluidic features
against contaminants. Glasnicroscope slides [Fisher Scientific, UK¢awerslips 22 x 50

mm, VWR, UK] were washedla sequential 3ninute sonications in acetone, methanol and
isopropanoland driedwith nitrogen gas. The two surfaces (PDMS and glass) were then
exposed tooxygenplasma treatmen(0.26 mbar, 8% power12 s)and irreversibly bonded
together, with two PDMS devices typically bonded onto one coverslip so that two
experiments could be carried out simultaneously. Metal connectors were made by cutting
and filing 3G hypodermic needles [Fisher Scientific, UK] which were then inserted manually

into the device inlets and outlets and connected to tubing.

2.4.3 Fluorescence imaging in the microfluidic device

The following sections describe experiments where-teaé brightfield and fluorescence
imaging was performed within the microfluidic chamber. To achieve this, a set of
fluorophores was used, which are shownTiable5 together with the corresponding filter

characteristics.

Table5. Fluorescence microscopy parameters

Stain (Fluorophore) Supplier Excitation filter / LED Em.:srlon
DAPI Vector Labs, UK 365 nm > 420 nm
Sytox Blue Life Technologies, Uk 426-450 nm 467-499 nm
AnnexinV (FITC) eBioscience, UK 450-490 / 488 nm 515565 nm
Fluorescein Sigma Aldrich, UK 450490/ 488 nm 515565 nm
DQOVA (BODIPY) Life Technologies, Uk 450490 / 488 nm 515565 nm
Propidium lodide eBioscience, UK 540560 nm 575640 nm
Nanorods (DTDCI) BD Biosciences, UK 608648 / 25 nm > 654 nm
AFBSA (Alexa Fluor 64 BD Biosciences, UK 608648 / 625 nm > 654 nm
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2.5 Gradient generation in the microfluidic chamber

2.5.1 Fluorescein

Fluorescein gradients were used for calibration experiments and validation of the numerical
models used to miulate microfluidic flows, used then to estimate flow rates for nanorod
gradient generation. For this, a solution of 100 fMorescein[Sigma Aldrich, UK] in
ultrapure water was injected into the device through one side inlet while water only was
injectedthrough the other side inlet. Different flow rates were tested (0.01, 0.03, 0.05, 0.1,
0.2, 0.3, 0.5 and 1 pl/min) and each gradient profile allowed to stabilise for 5 minutes before
imaging. Additionally, timéapse imaging of the gradient was acquired drame/s for 1205

for the 0.1 pl/min condition, to assess the occurrence of pulsatile flow. Fluorescence images
were obtainedusing a Zeiss Axiovert Al inverted microscope and an Andor LucaR EMCCD
camerawith Andor Solis softwareat 485515 nm excitabn with 1 s exposure time ¥6

objective).

2.5.2 NR conjugates

Initial gradient testing of NR with incorporated DTDCI andFEISAE@SS coating was done

by flowing a suspension of ~1 nM NR in cRPMI through one side inlet while flowing cRPMI
only through the inle on the opposite side, with both sides flowing at 0.5 pl/min. Images
were taken every 10 minutes for 30 minutes during NR delivery into the trapping chamber.
Huorescence imaging was acquired using a Zeiss Axiovert Al inverted microscope and an
Andor Luc®& EMCCD camera with Andor Solis softywate620648 nm excitation with

500ms exposure timelDXobjective)

2.5.3 Fluorescent BSA

In order to establish the appropriate delivery conditions for a gradient of soluble DQOVA, an
equivalent gradient of AlexaFluor6€onjugated BSA (AFBSA) in cRPMI was tested. For this,
cRPMI was delivered into the trapping chamber for 30 minutes before flowing through one
side inlet only while a 100 nM solution of AFBSA in cRPMI was delivered through the opposite
inlet. This led tohe formation of a gradient of fluorescent protein within the microfluidic
chamber. Subsequently, different flow rates were applied on both inlets (0.1, 0.2, 0.3 and
0.5 ul/min) and the gradient profile allowed to stabilise for 15 minutes each time before

imaging. Widdield phase contrast and fluorescence imaging was performed using an
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automated Zeiss Axiovert Observer inverted microscope with Colibri 2 LED illumination,
AxioCamMR R3amera and Zen 2 Pro acquisition softwake625 nm LED at 50% intensity
was used for AFBSA excitation, with the emission being acquired at >650 nm with 1 s
exposure time. Fluorescence intensity profiles were extracted from the images4smg

Pro software

2.6 Cell trapping and monitoring in the microfluidic device

This sectiomutlines the methods used for validating the microfluidic array for integrated cell
trapping and nanoparticle delivery, with live monitoring of nanoparticle uptake, viability
assessment and multimodal imaging of the cells exposed to different nanoparticle

concentrations.

2.6.1 General experimental seip

Syringe pumps [Aladdi@20, World Precision Instrument, UK] witypicallyl or 5 ml plastic
syringes [Fisher Scientific, UMgre connected to the devicanletsvia60 cmlong pieces of
microbore polytetraflusoethylene PTFE) tubing with small Tygon tubing inserts at the
extremities [both Cole Parmer, UKD guarantee biocompatible conditions over long periods

of time, the devices were inserted in a Tokai Hit INVMBLS-1 microscope stage incubator
[Tokai, Jaan] and kept at 37°C, 5% £Add high humidity conditions for the duration of the
experimens. Devices were primed manually from the outlet with 70% isopropanol and
deionised water prior to cell injection. Raahe brightfield and fluorescence imagingas
acquired using a Zeiss Axiovert Al inverted microscope and an Andor LucaR EMCCD camera
with Andor Solis software, or a Zeiss Axiovert Observer inverted automated microscope with

Colibri LED illumination system, AxioCleliR Rtamera and Zen 2 Pro acqti@n software.

2.6.2 Bead trapping

LYAdGAlLf 0SIR GNILIWMAY3I SELISNAYSyida 6SNB LISNF:
polystyrene beads [Park Scientific Limited, UK] in water at 2.84eH0ls/ml with 1% Tween

80 [Sigma Aldrich, UK].

2.6.3 Cell trapping

Dendritic ells wereharvested from culture plates, centrifuged and concentratedl.5

5x10 cellsiml in complete RPMI. Cells were then reversely pumiiedto the PTFE tubing
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of a cRPMfilled syringeusing a syringe pumftypically 5 pl at 2.5u/min plus 25 pl at

5 pl/min), and subsequently loaded into the devicelat.5 pl/min. For threeinlet devices,
cells were always loaded through the middle inlet to ensure a uniform coverage of the
trapping arrayAfter allowing for cell trapping for at least 2 h to allow for settling of the cells
into the traps,unless otherwise statecculture medum was continuously perfused through

the array of cells for the duration of the experimentGab-1.5 pl/min.

2.6.4 Viability assessment

For viability studies, BIBSSilled syringe was loaded with a solution ofrlA SytoxBlue [Life
Technologies, UK] and AnneXirFITC [eBioscience, UK] at the concentration recommended
by the manufacturer in Annexin buffer [eBioscience, biiijithdrawing into the PTFE tubing
(typically 15 pul at 0.15 ml/h plus 5 yl HBSS at 0.1%)mnifhe dyesolution was perfused
through the cell array when required at1l5 pl/min, followed by washing with HBSS.

2.6.5 Realtime gold nanoroduptake andoxicity assessment

Cell injection and trapping was performed as descrifleolvein two devices simténeously.

After loading cells into the device, a suspension of 440 pM (approximate optical density of 2)
DTDGtontaining, PSBDDA@S&oatedNRin complete RPMI was delivered into the trap
arrays at.3pl/min through one inlet whilst another was usédl dispense mediunaloneat

the same flow rate, forimg a concentration gradient of nanoparticles across the arrays of
trapped cells. This flow condition was maintained fdn. Zells in one device were then
stained for viability as described above whitglls trapped in the second device were
incubated for a further 18 hours (37°C and 5%)G@th medium perfused a0.5 pl/min
across the whole arralgefore staining. Brightield and fluorescence images were obtained

on a Zeiss Axiovert Al inverted micrope and recorded with an Andor LucaR EMCCD
camera. At the end of the experiment, trapped cells were fixed by perfusing a solution of 4%
paraformaldehyde through the array, followed by VectaShield mounting medium (with DAPI)
[Vector Labs, UK], diluted to %0in dHO. Subsequently, the tubing connected to the device
inlets was carefully cut approximately 4 cm away from the connectors and the outlet tubing
was removed, in order to keep some differential pressure within the trapping array to
prevent cells frontoming out of trapsConfocal SEH®S maps of the fixed cells were obtained

using a Renishaw InVia Raman upright microscope at®3&xcitation, 8.6nW laser power,
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5 s integration time, and confocal fluorescence maps were acquired using a Leica SP5

confocd microscope, using 633n for the nanoroeDTDCI conjugate excitation.

Analysis of imaging data was performed using a combination of different software tools:
Andor Solis [Andor Technologies, UK] was used for biiglat and fluorescence image
acquisitiln. Images were normalised to grey values for each fluorescence channel and
exported. GiIMP 2.0 was subsequently used to create a view of the whole width of the trap
array by stitching together the brigtiteld images of separate fields of view. Volocityriie

Elmer, UK] was used to quantify the fluorescence intensity values, to identifybDigit
objects, to assess cell viability and to measure the temporal increase of nanoparticle
fluorescence within the device. WIRE [Renishaw, UK] was used to perfockground
correction of the SERS spectra and removal of cosmic rays and to obtain graphic maps of

DTDGkpecific SERS intensity (158520 cm') across the mapped cells.

2.6.6 Realtime monitoring of antigen processing in the microfluidic device

Microfluidic devices were prepared and dendritic cells loaded into the trapping array as
previously described. Following cell trapping, a suspension of 10 pg/ml (approximately 222
nM) DQOVA in cRPMI was delivered into the trap arrays at 0.5 pl/min through a side inlet,
whilst the contralateral inlet was used to dispense medium at the same flow rate. This flow
condition was maintained for 2h, after which culture medium was continuously perfused
across the entire array of cells at 0.5 pl/min for the remaining duratiothefexperiment.
Time-lapse phasecontrastand fluorescence imagindZ frames/h,20X objective - 0.323
um/pixel, 24 tiles) covering over a third of the trapping array was performed using a
automated Zeiss Axiovert Observer inverted microscope with C@itED illumination,
AxioCamMR R3amera and Zen 2 Pro acquisition softwaket88 nm LED at 50% intensity
was used for DQOVA (BODIPY) excitation, with the emission being acquired5&050®

with 100 ms exposure time.

Microscopy data was analysed usitgn 2 Pro image processing software. Tiled areas were
AU0AGOKSR I'yR FdzaSR dzaAy3d (KS aaldAGOKAYy3AE Tdzy
tool was then used to defineegions of interest ROI$ around the inside of each trap,

providing mean fluoresence intensity (MFI) data for each trap over the course of the
experiment. Traps that were empty at t = 4 h were excluded from the anaBat&ground

correction was done using a circular ROI situated outside the traps in the nebem no

antigen wasdelivered. For analysis of population response depending on antigen dose
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delivered,ROI data was grouped into three regions of the array containing approximately the

same number of traps.

2.6.7 Realtime assessment of nanopartieteediated antigen delivery

Microfluidic devices were prepared and dendritic cells loaded into the trapping array as
previously described (sectio®.4). After trapping, a suspension of 400 pM (approximate
optical density of 2) NIRQOVA conjugates in cRPMI vekedivered into the trap array at

0.5 ul/min through one side inlet, whilst the contralateral inlet was used to dispense medium
at the same flow rateforming an adjustablgradientof NR concentrations across the trap
array chamberThis flow condition wamaintained for 2, after which culture medium was
continuously perfused through the array of cells for the remaining duration of the
experiment at 0.5 pl/minTimelapsephasecontrastand fluorescence imagingZ frames/h,

20X objective - 0.323 um/pixé, 32 tileg covering over a third of the trapping array was
performed using a automatedZeiss Axiovert Observer inverted microscope with Colibri 2
LED illumination, AxioCaMR R3camera and Zen 2 Pro acquisition softwaBE)OVA
fluorescence was obtaineagsing a 488 nm LEBQ% intensity) for excitation and acquiring
emission at 506650 nm with 100 ms exposure time. NR fluorescence was obtained using a
625 nmLED (50%ntensity) for excitation and acquiring emission from 635 nm (long pass

filter) with 1 sexposure time.

Microscopy data was analysed using Zen 2 Pro image processing software. Tiled areas were

A0A0O0OKSR yR FdzaASR dzaAy3 (KS dadAGOKAy3E
tool was then used to define circular ROIs around each wdpll, which were corrected

for position if the cells moved over time so that singldl data could be obtained over the
course of the experiment. Cells adhering to the outside of the traps and cells that could not
be tracked for the duration of the epiment were not considered. The mean fluorescence
intensity (MFI) for each ROI was then extracted and analyBadkground correction was
done using a circular ROI situated outside the traps in the null concentration region and a
5th-degree polynomial cwe was used to fit the datdor analysis of population response
depending on nanopatrticle dose deliverdRiQl data was grouped into three regions of the
array containing approximately the same number of trapsull NR concentration region, a
medium NR a@ncentration region, corresponding to the NR concentration gradient, and a

high NR concentration region.

61

T dzy



The unique optical properties of gold nanoparticles, together vdthversatile surface
chemistry and relative biocompatibilitypnakethese particleseryinterestingcandidatesfor
imaging, delivery and therapeutic applicaticifs This chapter presents thelesign,
development ad characterisation ofold nanorod(NR)conjugates to achievieighly specific
optical properties for cell imagin@pecifically, fine tuning gold nanorod optical properties
and of dye and polymer coatingse described, achievinghaging tags that codlalso be
bioconjugated to proteins for deliveryAdditionally, the development of multidye

complexes for intracellular multimodal imagiisgpresented

3.1 Nanorodsynthesis

Anisotropic particles such as gold nanorods have two distomdlsed surface plasmon
resonancel(SPR) extinction bands (longitudinal and transverse) relating to electron motion
along the rod length and widthrespectively The relative peak maxima positions dineis
directly related to thenanorod aspect ratidNanorodoptical properties can be tuned simply
by adjustingthe synthesis procedure to get different rod sizedich gives unigue versatility

to the nanorods for imaging applicationsThe excitation of surface plasmons and
enhancement of local electromagnetielfis makes gold nanorods highly specific substrates

for multimodal imaging, from surfaeenhanced Raman scattering (SE&®)ctroscopyto
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fluorescence and darkeld microscopy**722%2In this section, the pregration of NRdye

conjugates will be describeds well as their characterisation using a range of techniques

3.1.1 Colloid synthesis and plasmon tunability

Nanorods were synthesised using the se@aediated growth method®¢’which has typically
been described for small reaction volumes (aroundr In this work, inorder to minimise
the variability in aspect ratio ancbnsequently iroptical properties oNRs associated with
different synthesis batches, a scaledversior® of this methodwas usedThis way, reaction
volumes of approximately 50l (seesection 2.1.1yielded approximately 200 naf NRs
with anoptical densityof around 1.Control ofthe optical propertiesvas achieved by varying
the rod aspect ratio, through fine tuning of the concentration of silver nitrate in the growth
solution and the volume of seed solution added. Specificialig,known thatthe NRlength

will decrease with either increased volumefsseed solutioff or reducedconcentrations of
silver nitrate®” and generally a combination of these parameters was used to achieve the
desired longitudinal <max for these studies Figure 3.1 shows extinction spectra of four
different samples synthesiseduring this projectusing this scaledp method which are

representative of the tunability of the optical propertie$ gold nanorods.

2,=765nm

2=738nm

/

normalised extinction
M

400 500 600 700 800 300
wavelength (nm)

Figure3.1 Gold nanorod optical propertiesvere tuned by adjusting the synthesis
procedure U\tvisible spectra of nanorod samplesf different aspect ratios
synthesised using the scalegp method (as per section 2.1.1). Spectneere
normalised at 400 nrfor clarity.

The surfactant hexadecyltrimethylammonium bromide (CTAB) is us#te synthesis as it
maintairs colloidal stability angrromotesthe growth of rodshaped particle.®5” However,

the surfactant molecules tend to desorb from the surface when bulk CTAB concentrations
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are low, which can result iNRaggregation andadditionally,high cytotoxicity due tothe
inherent toxicity of the sufactant” Thus, in order to maintain stability during the colloid
cleaning stepsiNRswere washedat least twice and kept in 1 mM CTAB at ~30or up to

several weekgefore further functionalization.

3.1.2 SEM analysis of gold nanorods

It was important to exsure that the nanoparticles produceuere stable in solution and not
forming aggregates, as uncontrolled formation of aggregates would lead to changes in the
optical propertie&€® and potentially the cellular intactions of these particle® Scanning
electron microscopy (SEM) of gold nanorod monolayerswlaus performed to monitor
particle aggregation, in combination witbhl\‘visible spectroscopy analysis, while also
providing a measure of particle sizmportantly, the procedure used for preparing the SEM

substrates for imaging was such that the occuoerof dryinginduced aggregation was

minimised.Representative SEM images are showRigure3.2.

Figure3.2 Gold nanorod monodispersity and absence of aggregatisas verified by Scanning Electron
Microscopy.SEM images oNRd & A 65 nm coated onto siliconsubstrate, showing similar size and
shape of the particles as well as a clear separation between individual rods.

Size measurements could thée obtained from the SEM images. For NR wdthgitudinal
<ma=765 nm Figure3.2), 44 particles were measured, yieldingarerage lengtlof 48+6nm,

width of 15+3 nmandaspect raticof approximately 3.3.
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3.2 General nanorod design

The ideal nanoparticle probe for intracellular imagamgl vaccine delivery is highly specific,
easy to detect, stable in solution, able to be functionalised with various biomolecules and not
toxic to the cell$® With this in mind, gold nanorods were synthesised and procedures
developed such that different Raman reporter dyepolyelectrolyte coatings and
bioconjugation configurations could be achieved for specific applicatiigare3.3 shows a
schematic representation of the procedures used when producing the gold nanorods for this
work. Specifically, incorporation of reporter dyes and polyelectrolyte coating were

performed, and these procedures are described in more detail below.
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Figure3.3 Gold nanorod coatingsouldbe tailored for specific applicationsSchematiaiagram
illustrating the general gold nanorod desigrollowing synthesis, MRare surrounded by a
bilayer of CTAB moleculd3ye molecules are sequestered into the surfactant bilayer and at least
one polyelectrolyte lagr is seHassembled around the rod to stabilise the eyanorod
conjugate.

3.2.1 Raman reporter dyecorporation

FollowingNRsynthesisRaman reporter dyes were added to tN&s in order to obtain highly
specific imagintpgs.*2°In generalRaman reporter molecules have a characteristic spectral
signatire and, ideally, high Ranan scattering crossection, low photobleaching and
functional groups that will adsorb onto the gold surfdédt has been shown thatertain
dyes will bereadily sequestered to the CTAB bilayesurrounding the gold coref the
nanorods®®° Importantly, the surfactant bilayer will provide control of the orientation of
the dye molecules on the rod surface, makingsta reliable and reproducible procediffe
SQubsequent polyeletrolyte wrapping results in a highly stable rdge combination

preventing aggregation and CTAB and dye desorption from the gold surface.
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Throughout this work, the most commonly used dye wa&-diethylthiadicarbocyanine
iodide (DTDGIFigure3.4), a hydrophobic dye whiclfor that reason hasa high affinity ér

the CTAB bilayer surrounding the gold nanonodsn aqueous environment. This dye can be
successfully sequesteraato the CTAB bilaye¢o form NRdye conjugates with good optical
properties, as demonstrated by McLintoekal.®® Testingwas alsqperformed with a range
of different dyesin order to determine the most appropriate Niye design for cellular

applications and thiswill be discussedater in this chapter.

z; —_
<+
/
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SERS intensity (a.u.)

1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Figure3.4 DTDCI is a hydrophobic dykat is readily incorporatednto the gold nanorod CTAB
bilayer. (a) Chemical structure of o 2-diefhylthiadicarbocyanine iodide (DTDCIb)
Representative SERRS spectrum (background corrected) of a colloliatébrs of the polymer
wrappedNRDTDCI conjugatebtained at 633 nm excitation

3.2.2 Polyelectrolyte wrapping

Polyelectrolyte coating wagserformed bythe electrostatic deposition of oppositeigharged
polymers, or layeby-layer coatingaccording to establieed procedures! The surfactant
bilayer around the gold nanorods is positively charged and thus faegithie adsorption of
negatively chargedpoly-(sodium 4styrenesulfonate) (PS@k a first layer. The positly
charged plydiallyldimethylammonium chloride (PDDAG)swsedas a second layer and a
third layer ofPSSvas used when required. Successful layer depositioncaamed byUV-
visiblespectral analysishowingaredt KA F i 2 F (i K.Sor daghyidtiddiiagleR Xhys- £ <
shift indicatesthe successful seissembly of an extra layer and consequent changlen
dielectric environment of the rod@-igure3.5 a). Additionally, the measuredeta potential
alternating between negative andoositive values for consecutive wrapping steps also
indicated successful deposition of each polymer layieigure3.5 b). Coatingthe NRs with
selfassembledpolymer layers promote stability in buffer and cellular environments,
preventing aggregation of the particles and CTAB desorption from the stdadesnsuring

successfulongterm encapsulation of Raman reporter molecules wittie CTAB layef
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Figure3.5 Gold nanorods were polymewrapped using layetby-layer coating.(a) UV-visible spectraof

coated NR samples (in wateshjowing that the longitudinal peak reshifts for each coated layeBpectra
were normalised at 400 nnstockNRIongitudinal<yaxwas708 nm(in CTAB)Therewas a blueshift of the
peakafter the first polymer coating, which is due to the difface in refractive index betweeG@TABand

water. (b) Example ofeta potential values obtained for each coated layer, showing thergitang surface
charge of the particles and the increasing stability with each layer coataiges shown are the mears:d.

for two separate NR batches coated at different times.

Other polymers were alsasedfor coating the NRin the same wayin orde to investigate
their performance for cell imaging and biomolecule delivery applications. Namely,
poly(acrylic acid{PAA)and poly(allylamine hydrochloride) (PAH), in combinations such as
PAAPAH or PSBAH were explored However, colloid stability in vater and after
bioconjugation was found to be bettewith either the PS®DDAC or PFEDAGCPSS
configurations as abovelhose other optionswere thusabandoned, as a deep study of
optimal layerby-layer coating for biological applications woulchove awayfrom the main

aims of this project

3.2.3 Colloid stability in serurmontaining culture medium

It is known that when exposed to serucontaining medium, nanoparticldsecomecoated

with a layer of serum proteins, calléde protein corong’ and that this camot only affect
colloid stabilitybut also thesubsequentnteractionof nanoparticlesvith cells®®1®To assess

the suitability of the developed gold nanorods for use in cellular environments, colloid
stability in serun-containing culture mediunfcRPMI, see chapter #)asassessed foNRs

with different polyelectrolyte coatings. Representatiy®visibleanalysis is shown iRigure

3.6. Comparison of the extinctiotiata n Figure3.6 (a) and Figure3.6 (b) demonstrats that

67



for NRs with a PSEDDAC coating (positively charged outer layer) partial aggregation of the
colloidoccured when a oncentrated aliquot of rodsvas added to culture medium. This is
indicated by the broadening and a significantsdft of the localised SPR pead«ified after

a onehour incubation with medium (orange trada Figure3.6 a). Additionally, further
centrifugation led to complete aggregation of the colloid, and thus no further spectra could
be acquired in that cas@n the other hand, for a PFPDA@SS coating (negatively charged
outer layer), only a small shiftag observeds y (1 KS { 2.y(GdngedetdnyFigure <
3.6 b), associated with the adsorption of serum proteins onto the outer PSS sudaddhe
colloid also remained stable on further centrifugation arsuspension in watefgreen
trace). Thus allof the work that will bedescribed in Chapters 5 andv@s performed using

the threelayer PSEPDDA@ S onfiguration which ensured colloidal stability in both the

cell culture and microfluidic environments.
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Figure3.6 Stability of gold nanorods in serumontaining medium.U\,visiblemeasurements obtained for
NRs with (a) PSBDDAC and (b) RBBDAEPSS polyelectrolyte coating when exposed to secomtainirg
medium (cCRPMIYor 1h compared with the samBRsample in water only. In (b) additional spectra are
shown following the centrifugation and water resuspension of the colloid after expdsungedium All
spectra were normalised at 400 nm.

3.2.4 Gold nanorod biconjugation

One essential aim of this project was to achieve the delivery of biomolecules from the surface
of the developed polymemrapped nanorodstowardsa robust combinationof an optical
probewith a molecule carrier for cellular applicatioh$'*?In this sectionthe conjugation of
NRsto bovine serum albumirs investigatedin order toassessvhether simple electrostatic
attachment would be enough to achieve good surface coverage and stability inibablog

media. For this test,BSAlabelled with Alexa Fluor 647, a fluorescent dhere termed
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AFBSA was attached to NRs of different coatings andhe conjugation efficiencywas
assessed by bulk fluorimetry or flow cytometry of cells exposeditierent NRAFBSA
conjugates.lInitially, a 100 puM stock solution of AFBSA in water was preparAd\NR
suspension with longitudinaha.=664nm, PS$DDAC wrapping0.3 nMin water was used.
For coating, an aliquot of the AFBSA stamlkition was added tthe collod to achieved.3uM
AFBSAulk concentratior(molecular ratiol000 AFBSA : 1 N&)d incubated for 30 minutes
at room temperature After incubationthree washing steps were performed as detailied
section2.1.6 Figure3.7 (a) shows the bulk fluorimetry data obtained frowarious steps of
this procedureg specifically, NR suspension with added AFBSA before wagiwg the
supernatant from the first NR wasbup WJ, the NR suspension after three washagf
anda solution of0.3 uMAFBSAnly.
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Figure3.7 Gold nanorods were successfully conjugated to fluorescesdgelled BSA(a) Bulk
fluorimetry data obtained at 650 nm excitation for a solution of AFBSA, yugated NR,
conjugated NR before (OW) and after (3W) washing and the supernatant from the first wash of
the NR conjugates (sup W1(b) Flow cytometry data obtained from cells exposed to
unconjugated and AFBSAnjugated NR, showing that the NR conjugatese taken up by the

cells and were brightly fluorescent. Data shows mean + s.d. of triplicate samples.

The purpose of this experiment was to prove that AFBSA molecules were successfully
conjugated to the NRs by simple electrostatic interaction. Forithisjmportant to observe

a few points fromFigure3.7 (a). Firstly, theconcentration ofAFBSA was the san@&3 uM

in the AFBSA stock and the H4RBSA suspension before washi@@/ . However, it was
observedhat the measured fluorescence intensity of the-WRBSA sample was much lower
than the dyeonly control. Thifias to do with a limitation in using solutidrased fluorimetry

for gold nanoparticles, ake presence of rods in the colloidal solution affectskbefficient

excitation and collection of fluorescent photons from the dye molecukzding to random
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signal lossIn ary case, residual fluorescenceutd still be measured from theoated NR
sample after three washes, indicating successful conjugation AFBSA. Additionally,
comparison of he dyeonly samplg/AFBSAwith the supernatant from the first wash of the
NRAFBSA solutiorsp W) showed that themaximum fluorescence magnitudef the
supernatantwas 18% lower than the dye contraihdicating that some of the AFBSA
molecules could have attached to tiRs. This was reiterated by the fact théte optical
densityof the supernatant from the first wash (measured By-visible spectroscopy) was

33% lower than tht of the dye-only control.

Subsequetly, NR6 =722 nm, PSBDDAC wrapping0.25 nN) were conjugated to 2 uM
AFBSA and washeldree times,as abovebefore being added to ehdritic cellsamples at

200 pMNRAFBSAoncentration. Cells were incubated overnight, harvested and analysed
usingflow cytometry, showing Figure3.7 b) that cells exposed to the bioconjugated NR
samples were clearly displaying AFBSA fluorescence at a level comparable to that obtained
with 0.3 uM soluble AFBSA. Together, thsults shown irFigure3.7 not only indicatethat

the NRs were efficiently coated with thealbumindye conjugate but alsothat all samples

were stable enough to endure a number r@peat washes withoulNR aggregaion. This
provided confidencdor later work that simple electrostatic attachment was suitable for
protein bioconjugation and could be used for nanofmasedbiomolecule delivery to cells,

which was one of the aims of this project

3.3 Nanorod-dye conjugates for multimodal imaging

In order to determinghe most appropriatedyes forspecificapplicationsand to confirm the
versatility of the developed nanoparticle desjgdifferent NRdye combinations were
explored Assessment athe optical properties and suitality of polymerwrapped NRlye
conjugatesfor multimodal imaging wathen performed using SERS and fluoresceei¢h

the results presented in this section

3.3.1 NRdye combinations

A range of dyes with different absorption maxima veasnpared Specificallym Z-dieghyl
H Z-eydhine iodide (DCkna=524 nm), malachite green isothyocyanate (MG)&z.=630
nmo ¥ -diethydtiladicarbocyanine iodide (DTDCl<ma=665 nm), o Z-diethyl
thiatricarbocyanine iodide (DTTGha=765 nm) and nearinfrared-797 (NIR797, <nax=795
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nm). Absorbance spectra fall the dyes are shown iRigure3.8 (a). Dyes were added to
aliquots of the samé&lRstockin 1 mM CTARBt a bulk concentration of 10 phixed and left
to equilibrate overnight (sectio2.1.2). The dye concentr&n used has been previously
shown to provide good dye incorporatiomithin the CTAB bilayesn the NR surfacéas
schematised ifrigure3.3).6° NRdye onjugates were themvrapped with two pojelectrolyte
layers (PSBDDA) and centrifuged and resuspended in water three tg1s® that any excess
dye would be removed from the solutioBye stocks and dyeonjugated NRamples were

andysed usindJ\~visiblespectroscopy anthe results obtained are shown Figure3.8.
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Figure3.8 Nanorodswere successfullyonjugated toa range ofreporter dyes.(a) UV-visiblespectra of the
dye stock solutionsnormalised to a maximum OD of (b) UV-visiblespectra of PSBDDAGvrapped NR
dye conjugats. All amples were prepared using).27 nMof NRwith longitudinal<max=712nm. Dyes were
addedatmn >a o0dzf | @agathpfles ivddvashedtwice in distilled waterfollowing 2-layer
polymer wrapping to remove any excess diy@n the solutions Spectra were normalised at 400 nm.

Importantly, it was observed #t all NR samples with incorporated dyes were stable, not
having formed aggregates even following repeated centrifugagiot washingsteps.From

the data it ould alsobe observed that all the dyeonjugated samples demonstrated a shift
in the longitudind plasmon peakTable6 summarises these observations for tdéferent
rod/dye combinations,rbm the data shownn Figure3.8 (b) for NR withinitial longitudinal
<max=712nm. Data showrindicatesthat the magnitude and directiogred-shift (+) or blue

shift () ¢ depends on the absorbance spectrum of the dye ®8éd
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Table6. Effect of dye incorporation ithe NR longitudinakmax.

Dye Plasmon shiftnm)
DCI 21
DTDCI 9
MGITC 28
DTTCI 4
NIR 797 21

Additionally, different levels of dampening (reduction in peak height) of the longitudinal
plasmon peak were also observed, with the largest amount of dampening being observed for
the dyes with the geatestoverlap between the dyeesonanceand theNRLSPRhere, DTTCI

and DTDCI). These changes in the extinction spectra of the NR relate to changes in the
refractive index close to the NR surfacéem coated with different dyes, which ioirn
depend onfactors such as thdye fractional surface coverage of thanorod the relative
rod/dye resonances and the excitation wavelengftf*3It is important to note that despite

the dyes having been added to the $dR equal concentrationssome degree of variability

in fractional surface is expected. Thisdge to different dyes havinglifferent affinities
towards the CTAB bilayerdepending on functinal groups, hydrophobicity and
environmentalfactors such as tempature and pHIn any case, the fact that the effects
(shift/dampening)observed were present in the NR stock followirgeatedwashingsteps

to remove excess dyérom the bulk solutionindicated that those featurescould be
associatedvith the successfuincorporation of the dyes intthe CTAB bilayer surrounding

the NRs 5970

3.3.2 SERS spectroscopyNRdye combinations

In order to assess and compare the performance of the different dyes for SERS under
consistentcoating and testing conditions,utk SERS spectra were obtained at 532, 633 and
785nm for eachNRdye combinationFigure3.9 shows an overview of the SERS intensities

obtained for NRwith each of the dyes incorporatl and PS8DDAC coating.
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Figure 3.9 Comparison ofSER signaldor the developedNRsingle dye complexesBulk spectra were
obtained at 532, 633 and 785 nm excitatias indicated Graphs show raw speetobtained for each NR

dye combination in a single screening experiment. For the comparison plots, peak intensities were obtained
by min/max analysis for the peaks marked with (min marked with¢ ) and normalised to the
corresponding cyclohexane controlgdeat ~1270 crf acquired under identical conditions for each setting.
The peaks used were chosen based on their visibility across the three wavelértgthsymboé denotes

the SERRS spectrum for DTDCI at 633 nm showing fluorescence backgroundjtzsidagbe text.
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Resultobtained Figure3.9) showedthat some single dyesuch as MGITC or D@ikplayed
goodsignal at more than onexcitationwavelength in the visible region, which means that
either of these dyes combined with a nearfrared dye could potentially lead to signals
across a wide excitation rangas the threedye combinationswhich will bedescribed later

in this chapter. In any case, good signal was obtained for each oNRelye combinatins
when excited at a wavelength closest to their absorbance maximum. Importarign the
excitation wavelength overlegwith the dye resonancethe signalis even more enhanced
and thephenomenonis termed surfaceenhancedresonance Raman Scattering, SERS’®
Thiseffect could be maximised if the longitudinal plasmon resonance of the rods was also in
the sane spectral regionnlthis casethe NRsused had amax0f 712 nmwhich was between

the 633 and 785 excitation wavelengths, but fine tuning of the rod resonance would be
somehing to considefor future nanotagdesignswith optimal SERS abilitiere, tie goal of
comparing directly the performance of different dyes for the same batch af WRler the

samecoatingand measurementonditions was achieved.

3.3.3 Fluorescencef NRdye combinations

Fluorescence measurements were obtained to assess the abilihedingledye nanorod
configurations to provide fluorescence and SERS signals simultaneously without the need for
additional labelsHowever,solutionrbased fluorimetry methodsre of limited usefor this
purpose, aslescribed in sectio.2.4 For this reasonmore sensitive measurements were
required, and henceanfocal fluorescence imaging of cell samples incubdted h with

each of thedifferent NRdye combinations was performefFigure3.10). Data obtained
showed thatdespite all of the NRRlye complexes having been taken up by the catsie of

the dyesshowedexcitable fluorescence at any of the wavelengths used, except for DTDCI,
which fluoresced when excited at 638n. Thismeans that for this dyegespite the close
proximity of the dyemoleculesto the quenching metallic surface (which fiavourable for
SER&nhancemeny, there isstill sufficient luminescence at 633 nm excitation to enable
detection in a fluorescence microspe This can be observed in the raw SERS spectrum for
NRDTDCI conjugates, which shows very high background when excited at 688nmuote(

€ in Figure3.9). Hence,NRDTDCI conjugates were considered a favowrabinfiguration

for testing nanoparticle delivery within the microfluidic systeatipwing forfluorescence
microscopyto be used tomonitor nanoparticle uptake without requiring additional

fluorescent probesywhile being amenable tantegration with SE&for multimodal imaging.
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Figure3.10 Confocal fluorescence imagegere obtained fordendritic cells exposed to differenNRdye
configurations. Dendritic cells were incubated with00 pM of the NRlye conjgates for 2 h and
subsequently fixed and mounted for confocal imagiigange of excitation wavelengths was used in order
to scan for fluorescence across the spectrum. DINIRshowed a fluorescence signal only when excited at
633 nm, whileother samplesdid not show any intrinsic luminescence under the same experimental
conditions(black images)
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3.4 Universal SERRS Tags (USTs) faultimodal imaging

As outlined in the previous sections, gold nanorods have shown versatile optical capabilities
for imaging unde various techniques.He ability to consistently incorporate reporter dyes
and form highly stable imaging tags is a great advantage of this systesm compared to

more complex and less predictable approaches such as aggredatsen system83
Additionally, conventional SERE) development approaches focus on detection at a single
wavelength. Herecontrolled coadsorption of multiple dygonto singlegold nanorodsvas
performed, followed by polymer wrappingreatinghighly stable nanoparticle conjugates
that could be detectedc to the singlenanoparticle levet, across avide range of excitation
wavelengths'? The fact that the spectral profile, brightness and active optical window of
individud particles could be tailored for specific applications makes the USTs valuable tools

for intracellular imaging and compound delivery monitoring.

3.4.1 Development of USTs

This work was developed in collaboration with Dr. Alison McLintock as part of her Pid3 stud
andpublished in 20142 Briefly, NRi ¢ A (1 K 2./08W@naeRére/protiuced using

the scaledup synthesis, followed byncomoration of a combination of dyesto the
surfactant bilayefsection 21.2) and PS®DDAC coating hedyes used here DTDCI, DTTCI
and IR1048 ¢ allowed for SERS signal to be obtained across a wide range of wavelengths
(5141064 nm), as well as permitting the use of the tags for imaging with other techniques.
However, @tailed analysis of SERS behaviduhe USTs would fall outside the scope of the
current work. Figure 3.11 shows the SERS spectra obtained for USTs for the three
wavelengths used for the singth/e combinations, indicating the ability of these tags
provide signal throughout the three wavelengths usad.shown in Chapter 1 (Figure 1.4),
verification that strong SERRS signals could be obtained from singlaggoegéed USTS,
was performed througla series of confocal Raman and scanning eleatrmnoscopy(SEM)

measurement®f surfaces where USTwvere immobiked.*?
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Figure3.11 USTs were visible across a wide rangeegtitation wavelengths.The schematic shows the
general designfahe UST conjugate&raphs show the bulk SE§f&ctraobtained for a suspension of USTs
at (a) 532, (b) 633 and (c) 785 nm. Spectra have been background correctieteasdy normalised to the
cyclohexane contrgl Data shows that the USTs can be di&tdacross all of these wavelengths with high

specificity.

3.4.2 Toxicity and uptake assessment

Prior to the useof USTdor cell mapping, toxicity studies andsassment of uptake by
dendriticcells were performed using flow cytometry and confocal microscEmythis, @lls

were incubated with different concentrations of USTs and NRs without any incorporated
dyes.Figure3.12 shows data obtained for these tesisith flow cytometry dataconfirming

that USTs weraot inducing cell deatlat the concentrations usefFigure3.12b), even after

24 h incubationwhen compared to the positive controls where camptothecin was used to
induce apoptosisData also showethat the inherent DDCI fluorescence was enough to
make these nanoparticles visible usifigw cytometry §igure 3.12 a) and confocal
fluorescence microscagp (Figure 3.12 c-d) at 633 nm excitdon. Additionally, confocal
imaging confirmed nanoparticle internalisation as opposed to adhesion to the cell membrane
(Figure3.12d). Overall, the relatively low cytotoxicity and confirmed internalisation of$JST
provided confidence that these nanopartislavere suitable for intracellular imaging

applicationsas shown irthe next section
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Figure 3.12 Cell uptake and cytotoxicity ofUSTswere evaluated (a) Flow cytometry data
showing the measurethean fluorescence intensigt 633 nm excitation of cells incubated with
USTsor polymer wrappedNR controls with no reporter dyesfor 2 h. (b) Toxicity ofUSTg0
dendritic cellsmeasured by flow cytometry of dendritezlls after 24 h incubation with USTs at
50 and 100 pMvith unpulsed cell$DCs a negative contr@ind camptothecin (CAM) as positive
control. Graph shows the percentage of cells undergoing early apoptosis (ARvie#nt), late
apoptosis (AnnexidV+/Pk) and necrosis (AnnexWt/Pl+). (c-d) Composite confocal
fluorescence images of fixed dendritic sedkposed to 0 pM USTdor 24h. Choleraoxin-B
staining is used to identify the cell membrane (green), DAPI for the nucleus (blue) and nanorod
fluorescence is shown in redfrom DTDCI)Image shown in (d) confirms nanoparticle
internalisation. Scale bar (d)20em, (c) 10um.

3.4.3 Multimodal imaging of intracellular USTs

The use of USTs as multimodal imaging contrast agehtss a number of potential
applications for intracellular imagingor instance, changes gingleparticle SERS could be
used to monitor compoundelivery to specific areas of the cell, while fluorescence or-dark

field could track nanorod positi@simultaneously. Additionally, it is important to investigate
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how gold nanorods behave under different techniques, as changes gfensity of particles

in specific areas of the cell can lead to changes in SERS intmsrgscence quenchinand
polarisation Here, having verified that the developed USTs were biocompatible and that
dendritic cells would effectively internalise them, thé&  LJ- Bdditk f&r im&gin@vasthen
evaluated by obtaining intracellular maps using different techniques. To achieve this,
dendritic cells were exposed to USTs for 4 hours, after which they were fixed and prepared
for imaging as appropriate (sectich36). Each othe analysed cells was mappeding
confocal Raman at 532, 633 a5 nm, darkfield and confocal fluorescengaicroscopy
(Figure3.13), to allow for potential cdocalisation of signals from different maps. Cahtr

cells that were not exposed to nanoparticles showed no fluorescence and no characteristic
Raman peaks associated with intracellular molecules at the relatively low laser powers and
integration times used. Interestingly, the SBRmaps ifrigure3.13display locised areas of
varying signal intensity associated with different UST densities. Relative differences between
maps at each excitation wavelengitvere due to a humber of factors, including laser spot
size,relative position and depth of the focal plane within the cell, as observed by acquiring
repeat fluorescence and Raman maps at different focal depths for a number of cells. In any
case, simple visual comparison between the dagld, fluorescence and SERRmages
obtained showed a number of correlative features ariddicated the absence of particles
within the cell nucleus (shown in blue in the confocal fluorescence images, from DAPI
staining), consistently with previous reports of nottargeted gold nanopdicle uptake
mechanismg® It is alsointeresting to notethat the areas of the brightest fluorescence
intensity dd not always orrelate with the brightest SERsignallt has also been observed

that occasional dark areas seen in brifetd images, indicating a high density of
nanoparticles, genally correlate with higher SERintensities and low or no detectable
fluorescence signal, suggesting that at certdiR densities the interaction between

neighbouring particles leads to flu@eence quenching.

Overall, the USTs were successfully detectedthin dendritic cells using dadfield,
fluorescence and a range of SER#Sitation wavelengthsThis, together with thee

LJ- NJi &trorlg Sign#ds detected at singb@anoparticle levéf (data shown in Figuré.4 for
these particley can lead to applications in higlsolution intracellular tracking of single
nanorods.Additionally, the design of these nanoparticles has enough versatility that it can

be translated to differendyes and surface coatings for specific applications. As an example,
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the following section presents a different muttye combination which was also briefly

investigated.
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Figure3.13 Multimodal optical imaging of a dendritic cell after incubation with UST3endritic cells were

incubated with 100 pM USTs for 4 h and subsequently fif@dBrightfield image, (b) transmission dark

field image and (c) confocal fluorescence images of the I¢ggdgand upper(c2)regions of a vertical image

stack (DAPI in blue, 405 ntdST in red, 633 nm excitation) of the cell. The same cell was repeatedly

mapped using a Raman confocal microscope at three different excitation wavelengtb8Zafin, d2-

633nm, d3-785nm), with (d4) showing representative SERRS spectra (background corrected) from within

the circled region in each of the Raman maps. All SERRS databtaireed using a 0.5 s integration time

FYyR +Fd non >Y adGSLlA® ¢KS wkYly YILaA gSNBE ONBFGISR ¥
1360cn for 532 nm (laser power 0.54 mW) and at 1245'dor both 633 and 785 nm (0.66 and 0.78V
respectively).The brightest intensities in each map correspond to signals >182000max (532 nm),
>50008900max (633 nm),>25@a0n nn Yl E o6T1yp Yy YO O2 dzyAvérsica dfthisfigire 8 O £ §
has been published in ACS Ného.

3.4.4 A new UST design

While the US3 described in previous sectioshowed thatdetection ata wide range of
wavelengths could be achieved within the same patrticle, specifically by incorporatifig the
1048 dyefor infrared analysis as well as the visible dyes, their beha@béd85 nm was not
optimised as there was no dye overlapping strongly with that (widely used) excitation
wavelength. Thusa second multdye combination was tested in order to assess the
possibility of using different dye combinations and optimise the ba@ha of these
complexes at 785 nm. For thaspremixed combination dfiR797, MGITC and D(@les also
used in sectior8.3for the singledye tests) was added to gold nanorods watlongitudinal

<max Of 712 nm, followed by PSEDDAC wrappinglhese multidye conjugatesare here
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termed UST2, for simplicity of presentatioBulk spectra(Figure 3.14) showed good
behaviour of these conjugates wh excited at 532, 633 and 785 rand in comparisorno
measurementswith NRs conjugated to each of the single dyes uséat the same batch of
NR and under the same coating conditioriaterestingly, the multdye combination
presented a notably higher S&khtensity for the same specific peak when compared to the
NIR797conjugated NR Higure 3.14 a3), a phenomenon which would require further

investigation.
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Figure3.14 SERS spectra ofrew multi-dye combinationwere obtained and compared to the
individual dyes (a) Bulkspectrafor the UST2 muklilye conjugatesvere obtained at (&) 532,
(a2) 633 and 3) 785 nm excitation(b) Comparison of obtained SERS intessitior NR with
each of the single dyes (fronfrigure3.9) and the UST2. Peak intensities were obtained by
min/max analysis of specific peaksgxmarked with€ , min markedwith ¢ ) and normalised to
the correspondingyclohexane control peak at ~1270&m

Confocal SERS maps ofoa density monolayerof UST2on a glass surface were also
attempted as proofof-concept for this new dye combination. However, it was verified that
despite the googberformance of these cgungates at 532Kigure3.15a) and 633 nmHjgure
3.15b) excitation, no maps could be obtained for 785 nm excitation. Specifically, while signal
was obtained irsome areasvhen setting up the mapping regions biécane undetectable

within seconds obeam exposureven at lover (~0.5mW) laser powey indicating that the
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dye was not stable enough to endure that procedureany casesaw spectra obtained at
532 and 633 nmHigure3.15a2-b2) showedhat specific UST2 peaksuld bedetectedboth

from high density areas and very low density areaggesing single nanorod imaging was
possible with these particle©verall, this is anraa that will require further research, in
order to determine the most appropriate dye combination to overlap the three wavelengths
considered that can be successfully used for intracellular mapping, potentially with-single

particleresolution.
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Figure3.15Multi -dye conjugates were mapped using confocal Ram@amow density monolayer

of UST2 samplesag mapped using a Raman confocal microscopeapb82 and ) 633 nm
excitation(~0.7 mW laser power, 1 stegration time)with 0.5um stepsNo data was obtained

for 785 nm due to dye instabilitya?,b2) show representative raw spectra obtained at 532 and
633 nm, respectivelyl he arrows indicate the location of the spectra for single (light colour) and
clugered (dark colour) gold nanorods for each of the wavelengths.
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3.5 Conclusions

This chapter described the development of highly specific formulations of gold nanorods for
cellular imaging using different techniqgue®y changing the Ramareporter dye
combinaions, it was showin section3.3that nanorodscan be successfully tailored to target
any common excitation wavelength, or multiple wavelengths simultaneously. Additionally,
dye combinations can be chosen ritake the nanorodwisible or not during fluorescence
imaging, which can be useful for applications involving different fluorescent probes, namely
when using bioconjugated molecules on the surface of the nanorods. This versatility will
enable singlenanoparicle tracking andghows the potential of these particles feaccineor

drug delivery monitoring at the molecular lev&?% Here, optimisation of gold nanorods
with incorporated DTDCI and RBBDAEPSS polymer rapping was achieved for application
within the microfluidic platform described in Chapter diming to achievereaktime
assessment of ceflanoparticle interactions (Chapter Bnd of nanoparticlemediated
antigen delivery (Chapter 6). Additionally, theplication of a multdye nanorod system for
multimodal intracellular imaging/as shown irsection3.4, with promising results in terms of
colocalisation using different techniqueand investigation of different multi-dye
comhbnations Together, these results indicate the high versatility of gold nanorods for

biomedical applications.
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The emergence of labn-a-chip technologies for singfcell analysis has shown its promise

for providing insight into cell function through analysis of population heterogeneity, dynamic
morphological and functional studies and intracellular imagirt The mainaim of this

work was to develop a microfluidic device where cebisiid be immobilised individually into

low shear stress microtraps and kept in a controlled environment while being analysed in
reattime using a range of microscopies and spectroscopiéss chapter presents the
development of this device, discussing design considerations and prototyping issues as well

as preliminary cell trapping experiments and controlled reagent delivery tests.

4.1 Microfluidic device development

Microfluidic devices were fafrated using standard soft lithography procedufégsection
2.4.1).The microfluidic design was based on previously described hydrodgrathtrapping
configurations®*°Generally, eactevicecomprised drapping chambecontaining an array
of over 1,500 trapswith two or threeinlets and one outletA £hematic representatiomf
the design used in this work shiownin Figure4.1. Exh trap had an inner width &0 nm
and three openings thafacilitated cell trapping anallowed the fluid to flow through it

without displacing the cell, thus exerting low shear stresses the cell membrané®
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side pillar
. . trapping area

50 um

Figure4.1 A microfluidic device was designed fsinglecell trapping and perfusionSchematic in (a) shows

a device with three inlets, one outlet and one trapping chamber. The arrow shows the direttioaflow.
Closeup area in (b) shows the full width of the trapping array (2 muide, drawn to scale with
asymmetricallydistributed trap rows. Further closep in (c) shows a single trap and the general mechanism
of hydrodynamic cell trapping, wherecall suspension is loaded into the trapping chamber and individual
cells are captured within the microtrap structures. The grey sphere represents a -thapmeter celland

the gaps between pillars measure 4 pifmap structures are drawn to scale.

4.1.1 Wafer fdrication

Fabrication of patterned silicon wafers was done by photolithography as described in

Chapter2. Optimisation of each step of the procedure was performed to achieve:

a) Good adhesion of the photoresist to the silicon surface, via constant monitofitige
temperatures used for soft baking and pestposure baking, to allow for repeated and
consistent device prototyping using the same patterned wafer.

b) Good feature resolution, by optimisation of exposure time and exposed resist
development steps, ackvingfeature sizes in the order of-8 nm, such as the gaps
between the trap pillars as shown Figure4.1. This was important especially for the
gaps within the traps, which should allow for fluid to flow whilst being small enough to
prevent cells frm flowing through.

¢) Achamber depth of approximately 28, by optimisation of resist spin frequency when
deposited onto the wafer surface, to enable cell flow and facilitate siogletrapping

while trying to minimise the occurrence of multiple layersells within one trap.

Assessment of wafer fabrication quality was done by Environmental Scanning Electron
Microscopy of a PDMS cast of each waFagyre4.2), whie the measurement of structure
height was done ¥ profilometry of the cured S8 structures on the silicon wafer. As an
example, structure height for one specific wafer measured at 10 different locations using a

profilometer was 26.2 £ 1.5 pm.
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Figure4.2 Scanning Electron Microscopy was used to assess fabrication qu&EM images of a PDMS
cast of an S8 wafer fabricated as describeBictures are representative of all devices produced following
the optimisation steps described in this secti@talebars are (a) 200 um and (b) 50 pm.

4.2 Design considerations

A number of different device designs were tested, varying the number and shape of trapping
chambers, the number of inlets and the size and shape of the microtraps, in order to achieve
good trappingefficiency and the best conditions for cell culture-cinip. This section briefly
outlines some of the aspects considered for the various design iterations and their

improvement towards a final, optimised design.

4.2.1 Parallel versus single trapping chambers

Initially, a device design developed by Dr. Michele Zagnoni was first tested for bead and cell
trapping. This was a threialet device with four parallel trapping chambeFdure4.3a) and

a channel network that add eventually produce a gradient of concentrations, leading to
each individual chamber to receive a separate concentration of, for example, nanorod
conjugates. However, considering the early stages of nanorod development and nanorod
delivery into the miaofluidic chamber, as well as the challenges related to achieving uniform
trapping of singlecells (points explored later in this chapter), it was considered that a single
chamber device would provide a better tool for optimising the nanoparielsed assa

Thus, a simplified device was designed with two inlets and a single, wider trapping chamber
(Figure4.3 b). Following further experiments, a final design was produced and used for all
the integrated system testg presented in Chapters 5 and kigure4.3 c¢). This design
recovered the three inlets, with the middle inlet being consistently used for cell loading into
the device and the two side inlets for nanoparticle gesdigeneration, as well as dye,

washing buffer or fixative perfusion. This provided the required flexibility while avoiding
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reuse of the cell inlet, to prevent uncontrolled release of cells into the array at later stages in
the experiment. Additionally, ¢erapping was found to be more efficient, with more uniform
coverage of the array being obtained when using the middle inlet in the timlee design

for injecting the cell suspension (experimental data for this observation will be shown as an

example or cell coverage analysis in sect3.5).

Figure4.3 Different trapping chamber designs were testeDrawing shows the initial
design used for this work (a) and two of thest important evolutions of that initial
design (bc), with (c) being the one that was used for all experiments in Chapters 5
and 6. Designs are representeascaleat 150% otrue size.Scale bar is 2 mm.

4.2.2 Trap shape and features

Trap shape improvementwere also investigted. Figure4.4 shows some of the designs
tested experimentallyduring the course of this work. Importantly, all of the traps used had
three openings, allowing for the fluid to flow throu@Rigure4.1 c), keeping the cell in place

while minimising shear stress on the cell surf&t&"2%

11 22 02 72 %
a b C d e

Figure4.4 A range of tap designs vasassessed(a-e) Trap designs tested within this
project. Trap design (b) was the most commonly used following the initial
optimisation stage. Drawings are to scale relative to each other. Scale bauns.20

The initial trap design testedshown inFigure4.4 (a), was found tobe susceptible to
accumulatenumerous cells within each trague to the length of the side pillars. To minimise
this, the length of theside pillarswas reducedin subsequentdesignsas much as the
fabrication capabilities allowed. The traps shown Rigure 4.4 (b-c) had comparable
performance in terms of cell trapping, buthen compared to (b), trapc) was found to be

slightly more fagile in terms of the breakage of the top pillars when peeling off the PDMS
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In turn, trap(d) tended to accumulatarger numbers ofellsper trap due tahaving a slightly
larger inner volume, andhat designwas found to be ahallenge to be made smeil
Additionally, the trap design shown iRigure 4.4 (e) was extremely fragile from the
fabrication point of view, which following PDMS mouldingte often resulted in the smaller
pillars being broken for most dhe traps for the fabrication conditions usedhis had a
negative effect on the ability of these traps to contain cells for long periods of time, which
led to that design being abandoned at an early stage. Thus, trap (b) was the design used for
the nangarticle delivery experiments that will be described in later chapthrs worth
noting that the initial devices with designs-éb were fabricated under the same conditions,

on the same wafer. This may mean that the robustness of fabrication of cetraictures
could vary due to their position in the wafer, especially in relation to UV exposure, or+to sub
optimal fabrication conditions for certain feature shapes. Nonetheless, this section is not
aiming to describe comprehensive testing of the diffarelesigns, rather an empirical
evaluation of which design showed more reliable outcomes for the fabrication and

experimental conditions used in this work.

4.2.3 Trap alignment

One important factor for maximising coverage of the trapping array with cells was the
alignment of consecutive trap rows. Initially, traps in each row were designed to be exactly
in the middleof two traps in the previous row, and thus were symmetrically distributed
across the arrayThis was found to give poor cell coverage as many otdlie loaded into

the chamber would simply flow between the structures without getting trapped, leading to
approximately 35% of the traps being emgBigure4.5 a). Conversely, it has been shown
that asymmetric ditribution of traps in such hydrodynamic configurations can be beneficial
for cell trapping efficienc¥??°’ Thus, an asymmetric configuration was testEaj(re4.5b),
together with an adjustment of the distance between consecutive traps. This combination of
factors led to aeduction in the occurrence of empty traps to approximately 2%, and that

was the design adopted for the integrated system testing shown in Chapters 5 and 6.
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Figure4.5 Different trap alignment configurationsvere tested.(a) Symmetrically distributed
microtraps and (b) asymmetrical distribution of the same traps, also with different spacing
between traps. Microscope images show examples of both array designs containing trapped
cells, with empty traps markedith magenta circles. Scale bars are 100 pm.

4.2.4 Cell survival: shear stress

As mentioned in Chapter 1, control of the shear stress to which cells are exposed within
microfluidic environments is crucial to the success of these devices focdivstudies.
Secifically, it is important that cells are exposed to physiological levels of shear stress
(~0.1-10dyn/cn¥), while excessive shear stress can be harmful to the ‘€&f¥Thus, when
performing hydrodynamic cketrapping, it is important that not only during the cell loading
proceduré® ¢ withdrawal into tubing, pumping into device, flowing through narrow
channels; but also after trapping, cells are not exposed to magnitudes of shear stress higher
than those found in physiological conditions. With this in mind, the trapping designs used
were such that the regions within the traps constituted low shsiaess pockets, due to the
openings around the trap area and to the majority of the flow being deviated outside of the
traps 23 Specifically, the shear stress around one of the trapping designs used was
characterised by Dr. Michele Zagnoni through a numeggallation, demonstrating that

the average flowri regions outside of the traps was an order of magnitude greater than the
flow rate inside the traps (808 nnn > YK a
depending on the flow conditia?? Therefore, for the most commonly used perfusion flow

rate of 0.5ul/min, cells within the traps were exposed to shear stresses between 0.05
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0.15dyn/cn?, which are at the level of interstitial flow shear stresses, and cells outside traps

to approximately 0.6dyn/cn?, also within physiological levels.

4.2.5 Cell survival: nutrient/gas exchange

Considering that the devices were designed forcbip incubation of trappegrimary cells

for long periods of timgup to 24 h) it was important to ensure thathe hydrodynamic
conditions would maintain a biocompatible environment within the traps. The use of
poly(dimethylsiloxane]PDMS) for device fabrication is favourable for biologicalolada-

chip applications, as besides its relative simplicity of fakinoaand flexibility of design it is
also optically transparent and permeable to ga¥8s%° Importantly, PDMS has also been
shown to be biocompatible, allowing for lotgrm cell culture with no harmful effect e
cells32157.161Here, being a closed device (no open wells for gas exchange), the permeability
of PDMS was relied on for gas exchange, with initiattgp cell incubation experiments
showing that cells wergiable for long periods of time {2 days), indicating that this was a
suitable approach. Considering nutrient exchange, however, it is known that different trap
designs can facilitate the refreshment of medium within the traps, while others can block it,
creating microenvironments within each trap that are not favourable to cell survival due to
lack of nutrients and accumulation of cellular waste prodd3his process depends on a
balance between convective andffdsive processes, which is affected by the device
geometry and flow conditions and can be assessed using the Péclet nuPdsection

15.2, equation [2]). Here, taking the movement of bovine serum albundiffugivity

O wdp m & T at37°G*as a representation of nutrient circulation within the trapping
chamber and based on the diffnces in velocity inside and outside of the traps (previous
section), Péclet numbers 6f03and0.44 were obtained, respectively, for inside and outside

of the traps. This indicates that diffusion was the dominant mass transfer process in both
areas QL p), with convection becoming more important outside of the traps@loser to

1). The trap designs used had gap features that allowed for the liquid to flow through,
facilitating nutrient exchange. Additionally, it was verified (using fluorescencesaizpy)

that both fluorescein and nanoparticle suspensions, despite their differences in size and
consequently in diffusion coefficient (see sectibr.?), were promptly reaching the inside

of the traps, indicating that undehe same flow conditions, cells would be under continual
flow of cell culture medium. Naturally the delivery of medium would be harder to assess

directly as it is not fluorescent. In any case, these observations, together witkidang
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monitoring of cel cultured in the microfluidics chamber at 37°C and 5% @@er
continuous medium perfusion as well pseliminary onchip viability testing (Chapter 5),
provided the confidence that the design chosen was creating favourable conditions for cells

to be mantained alivewithin the microtrapsfor reattime monitoring

4.3 Cell trapping in the microfluidic device

Following all the design considerations from the previous section, a device was produced for
cell trapping and reaime monitoring. This device was fiftested with polystyrene beads

for setup optimisation, followed by initial cell trapping tests and monitoring of cell activity as
a measure of biocompatibility of the procedure for the cells and to establish the best cell
trapping parameters. This sectialescribes some of these optimisation aspects, necessary
to achieve a robust platform that could be used for monitoring nanoparteleinteractions

at the singlecell level, as will be described in Chapters 5 and 6.

4.3.1 Preliminary bead trapping tests

Initially, 20 umdiameter polystyrene beads were usad a preliminary evaluation akll

trapping. It was observed that the addition of 1% Tw@&énto the bead solution in water

was necessary to prevent the polystyrene beads from aggregating and adherirgyitomén

wall of the PTFE tubing. Beads were then successfully trapped in the described microfluidic
designs Figure4.6), providing confidence that devices would be suitable for dendritic cell
trapping, consideringd St t &A1 S RAALISNEAZ2Y oOF LIWINBEAYLl (5S¢
However, lack of uniformity of channel depth acrossshinitial deviceswafers fabricated

before this project started, with chambelepthsvaryingbetweenl7andi H  >Y 0 LINB A Sy
issuedor the bead experiments as these, being not deformable, could not always flow easily

through the channels.

1528 %3 %3 B3 2308 &3 a8 2
B3 28 %3 B3RS 8 &8 R4 B8

Figure 4.6 Polystyrene beads were successfully trapped within the microfluidic
array. Brightfield image showing 20 pwdiameter beads flowing into the trapping
chamber and getting trapped into 30 pwide microtraps. Scale bar is 100 pm.
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4.3.2 Cell type

Primary dendritic cells were used for all cell trapping and monitoring tests. Using a population
of primaty cells (that are heterogeneous in morphology and size) better representi the
vivostate and allows for a more reliable assessment of cell function when compared to work
done with cell lines. Specifically for dendritic cells, there is no real celihateeffectively
represents theirin vivo behaviour!®? However, he inherent heterogeneity of these cell
samples brought additional challengts capturing and maintaining cells in trapije to
differences in morphology, size and activation status within thepmgdllaion (Figure4.7).

In any case, the devices and protocols developed generally resulted in the successful trapping
of hundreds of dendritic cells at the singlell level. The present section will analyse the

various aspects of cell trapping that were considered for this work.

Figure4.7 Trapping of primary dendritic cells showed the heterogeneity of the cell
samples.Image shows an area of the trapping array follogvcell trapping, where it

can be observed that while some cells are within the traps (a), a few cells adhere to
the bottom glass surface, even under constant medium perfusion (b), and other cells
adhere to the outside of the traps or display branched ectipns (dendrites)
stretching out of the traps (c). Circlesdashow cells representative of the mentioned
conditions, demonstrating the heterogeneity of the cell samples. Scale bapisn 50

4.3.3 Effect of cell loading conditions

The conditions of cell witfrawal from a centrifuge tube into the PTFE tubing prior to loading
into the device were found to have an effect in trapping efficiency andtop cell viability.

Thus, in order to optimise the loading procedure, an experimental evaluation of the differen
conditions was performed. Generally, it was found that there were four important factors to

consider:
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a) Withdrawal flow rate: for flow rates under 1 pl/min, it was found that the cell density in
the inlet tubing would be low, even at high cell concentraian the source tube. A
much improved cell withdrawal was achieved by using 2.5 pl/min for the first 5 pl (as
measured by the syringe pump) and 5 pl/min for the remaining 25 pl.

b) Cell suspension concentration: it was observed that for concentrations around
10’ cells/ml, traps were often overfilled and clogging was likely to occur within the
trapping chamber or cell inlet channel. Conversely, concentrations ranging fochd
cellgml provided good cell coverage, depending on the other points on this list.

c) Cell suspension status: prior to cell withdrawal, the centrifuge tube containing
sedimented cells was either flicked to resuspend, ii) left untouched, with cells
withdrawn directly from the sedimented pellet or iii) gently resuspended with a pipette
prior to cell withdrawal. It was found that gentle resuspension was the most effective
approach, considering cell coverage and cell viability.

d) Cell harvesting conditions: for the initial experiments, cells were harvested into a
centrifuge tube at least on@our prior to loading into the microfluidic chamber and
transported between different buildings during this time. Due to an improvement in
laboratory facilities, in later experiments (Chapter 6) cells were harvested from the cell
culture plates immediatelypefore loading into the device and this proved to have a

positive influence in array coverage and cell viability.

4.3.4 Effect of flow rate

Duringcell loading into the devigesells retained a round shape and, from 15 minutes after
trapping, cells became proggsively more active, indicating their viable condition within the
traps. Subsequently, trapped cells would present different behaviours when exposed to
different flow rates. Below a constant flow of QuBmin, cells that migrated outside the traps
couldeasily move around the array by adhering to the bottom glass substrate. At a flow rate
of 1ul/min, cells outside the traps were often washed away towards the outlet, depending
on their degree of adherence to the trap pillacgl(s outside traps often adied strongly to

the trap pilars, in which cases they weretwashed away, whilst cells in the traps remained
stable. Conversglz | (i KA 3 Kpl/fih some chlls wekeialsokwashed away from
inside the traps. With this in mind, the flow rates used for this work were generally 1.5 pl/min

for the cell trapping phase and 0.5 pl/min for nanorod delivery and culture medium
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perfudon. The effect of flow rate on the uptake of nanorods by cells will be discussed in

Chapter 5.

4.3.5 Cell coverage analysis

Analysis of cell coverage provided an overview of whether the cell concentration was
appropriate, as well as being graphicalassessmentool for the ability of the different
designs tested to effectively capture and maintain cellsujprto 24 hoursunder medium
perfusion.Figure4.8 shows two examples of cell coverage analysis performed in device
different designs (previously shown iRigure 4.3 b-c) under different experimental
conditions, simply to illustrate this analysis tool. Specifically, the figure refers to the
comparison of a twanlet (Figure4.8 a) with a threeinlet device Figure4.8 b), showing that

the former was more susceptible to irregular coverage of the trapping aamynentioned

in section4.2.1 In the illustrated case, the irregularities were due to the occurrence of
negative pressure on the unused side inlet while loading cells, which caused the cells to

deviate to one side of the array rather than being uniformlyribsted across the traps

d
® empty
® single cell
2-3 cells
b
>3 cells

Figure4.8 Cell coverage analysis provided information on the cell trapping ability of different designs.
Microscope image of cells trapped within (a) a timtet device, wherecells were injected from the left
inlet, and (b) a threenlet device, where cells were injected from the middle inlet. In (a) cells deviated
towards the right inlet channel prior to flowing into the trapping chamber, leading to uneven cell coverage,
while cell injection from the middle in (b) seemed to be more resistant to these fluctuations leading to more
uniform cell coverage.

Finally, following the design optimisation and cell trapping tests described in this and the
previous section, the optimiseapping device anéxperimental conditions would typically
lead to 68% of the total trap sites (n=1,512) contaigpsinglecells 15% contaiing 2 or 3

cells andl7% remaiing empty or contaiing cell debris Additionally, singleells could be
tracked evenin traps containing two or three cells, using tifa@se imaging, proving the

capabilities of the system to monitor over 1200 singédls within just one trapping chamber.
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4.3.6 Viability dye testing

Having successfully trapped cells within the chamber, it wgmrtant to verify that the

device could be used to assess cell function using fluorescence microscopy. Specifically, the
use of cell death indicator dyes was of interest forabtip nanomaterial toxicity assessment,

as will be shown in Chapter 5. Thusprder to simultaneously evaluate the performance of

the microfluidics for delivering viability dyes and the sensitivity of the imaging setup to
capture their fluorescence under the experimental conditions used, cell death was induced
off-chip and dead d&s subsequently loaded into the chamber and stained with commonly

used viability dyes.

Figure 4.9 Viability staining was performed orchip. (a) Composite (bright
field/fluorescence) image of trapped cells that were exposed to camptothecin
overnight before trapping and Annexii FITC staining, showing bright fluorescence
in many cells(b) Composite (brightield/fluorescence) image of trapped cells that
were left in unfavourable conditions (room temperature, high concentration,
centrifuge tube) for a few hours before Propidium lodide staining, showing very
bright fluorescence in all the celExperiments shown usedaarlier trap desigmas
these were performed during the development phase of the device, and trap design
was not relevant to the results shown.

Initially, cells were treated with camptothecin for 18 h to induce apoptosis before loading
into the device. Following cell trapping, a solution of AnnéxiRITC wadelivered onto the
trapping array and fluorescence images obtaimeath 450-490 nm excitation. Image&igure
49 a) showed that apoptotic cells were brightly fluorescent for Annd&kirindicaing

extensiveapoptoss, while a controparalleldevice withuntreated cells showed very low
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AnnexinV fluorescenceTo further assess the capacity of the device for fluorescence imaging
of cells two different dyes were tested: Propidium lodide and Sytox Blue, both of which
indicate damage to the cell membrane (associated with necrosis and the later stages of
apoptosis) by crossing the damaged membrane and binding to intracellular DNA. Propidium
lodide (excitation 54%60 nm) was first tested, showing high fluorescence irs ¢bfit had

been left to settle in a centrifuge tube out of the incubator for a few hours before loading
into the devicg(Figure4.9 b).

Importantly, it was observed that Propidium lodide fluorescence would overlap with the
nanorodDTDCI conjugatefluorescence (excitation 66848nm) under the imaging
conditions used, and thus, for NR viability assessment (Chapter 5), Sytox Blue (excitation 424
453 nm) was used instead. This dye behaves similarly to Propidium lodide, forming highly
fluorescent conjgates with DNA molecules, but with fluorescence excitation/emission in a
region of the spectrum that would not interfere with NR fluorescentegether, these
observationsndicatedthat the setup was able to clearly detect the differences between live
anddead cellaising a variety of staining procedures and also that the device was amenable

to fluorescence imaging across a range of excitation/emission wavelengths

4.4 Gradient generation in the microfluidic chamber

The generation of concentration gradients cdmpounds and nanoparticles across the
microfluidic chambewas possible due to the loReynolds number of microfluidic flowis
these conditions, pmping different solutions from the inlets into a single charlealls the
fluids toflow sideby-side mixing onlyvia interfacial diffusion of solute specieacross the
direction of the flow!%0155 This propertycould be exploitedto create concentration
gradients of coated nanorodsallowing for the effect of sth gradients to be assessed at the
singlecell level. The current section describes the various aspects related to nanorod

conjugate delivery and gradient generation within the developed microfluidic device.

4.4.1 Laminar flow and diffusion considerations

As sea in chapter 1,he Reynolds number is a dimendiess parameter which provides an
indicationof the characteristics of the flow (laminar/turbulent) for a given flow condition.

Here, equation [1{sectionl1.5.1) was used to callate the Reynolds numbgwith:

1 x=0.001 Pa.sand m= 1000 kg/m3 (for water);
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1 A volumetric flowof 0.5 pl/min, as that was the most commonly used flow rate for
medium perfusion and parallel fluid dispensingr @= 0.0083 mm?3/s;

1 Acrosssectional area of the chambet= 5x10-8 mz2, for achamber of25 pmx 2 mm,
corresponding to the most used deviffeigure4.3 c);

1 Acharacteristic dimensioft) for chamber dimensions as aboves 0.049 um.

These parameters led to a Reynolds numbey & 7@t 1t yiqy the trappingchamber at the

flow rates used, which indicates that flow under these conditions will always be laminar.
Thus, itwasreasonable to assume that nanoparticle gradient formation will depend mostly
on the diffusion of nanoparticles perpendicularly to theedtion of flow.Consequently, it
wasimportant to look at the Péclet numbed (Rfor these flow conditions, to assess the
relative importance of convection and diffusion in the mixing processes. For this, equation
[2] wasused, as presented in chaptefdectionl.5.2). The diffusion constant for fluescein

at 25°Cwas obtained from the literaturd! as'O & Wp m & Ti. For the
trapping chamber used. 0.049 um as abovéand at the most commonly useglumetric

flow rate of 0.5ul/min, this gave a Péclet numbePe= 0.019 (in water at 25Q. For

nanopatrticles, diffusity was estimated from the Stokd&instein equation:
o — [3]

where kzis the Boltzmann constanf] is the temperaturep is the dynamic viscosity of the
liquid (water, as above) and is the radius of the particle. For simplicitg,spherical
approximation was used here, as done for the numerical simulation (setdod. Thus, for
45nm spheresat 25°C and flow conditions as aboyehe calculated diffusivity of
nanoparticles wafO X Dp Tt & Fi. This way, foflow conditions as abovethe
Péclet number obtained for nanoparticles w&s= 0.839 (in water at 25°C)These values
indicate that, under laminar flow conditions, where mixing can only occur by interfacial
diffusion, this proces can be relied on fahe creation of concentration gradients. However,
for nanoparticles, which are much larglian fluorescein moleculesliffusion is slowerand

the Péclet number obtained suggests ttiae gradient region will be narrower than thaf o
fluorescein for the same chamber dimensions and flow conditidffsile some variation in

the exact values of diffusivity an@ewill occur for other temperatures and for particles
diffusing in culture medium, these values are provided here to illustitegse phenomena,
and the difference in behaviour between nanoparticles and fluorescein will be maintained.

Overall, heseconsiderations will be relevant for the following sections, which explore the
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theoretical and experimental generation of gradients thie two species within the

microfluidic device.

4.4.2 Numerical simulation

In order to estimate the flow rates at the inlets of the device that would produce a suitable
spatial gradient of nanorod concentrations across the microfluidic trapping array, 3D
numerial simulations were performed in collaboration with Dr. Michele Zagnoni.
COMSORB.5 was used to solve the Nawistokes equationto model pressure driven fluid
GNF yaLR2 NI G23SGKSNI 640K CABguessloshdwsthelindtial Y2 RS f
simulationwith no trap structures. This allowed for a comparison between the behaviour
that could be expected for small molecules, such as fluores€ggurg4.10 a), andgold
nanoparticles(Figure4.10 b), when simulated under the same flow conditions (condition
shown in the figure is 1 pl/min from each inlefs previously mentioned, computational
modelling was performed usinganospheres of 45 nm diameter, rather than rsdaped
particles.As could be observefiom the figures, he finite element model solution of the
microfluidic system estimated a steeper gradidat nanoparticlesthan that formed for
fluorescein for the samdlow rate, due to ther larger size and hence lowatiffusion
coefficient This is consistent with the analysis of diffusion from the previous section, where
the Péclet number indicated that diffusion of nanoparticles perpendicularly to the direction
of the flow, for the flow conditions and device geometry used, would be much slower than

for fluorescein under the same conditions.

=

Figure4.10 Gradient generation within the trapping chamber was estimated uginumerical simulations.
Images show the result of the simulation for (a) fluorescein and (b) gold nanospheres of 45 nm diameter.
Both simulations shown here considered a flow rate of 1 pl/min from the two inlets. The colours correspond
to a scale of corentrations, with blue being zero and red being the maximum concentration within the

chamber.

Subsequently, the 3D numerical model was improved to include the microtraps, and the

fluorescence intensity profile from the experimental data was compared wih abtained
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from the numerical solution, demonstrating a close match to the sigmoidal signal obtained

from the calibration experimentéigure4.11).
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Figure4.11 Data obtained for gradientson the microfluidic devicewas comparable to the
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numerical model.(a) Experimentalmage showing signal from a fluorescein concentration
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of the device (one injecting a fluorescein solutetr0.5 pl/min and the other injecting water at
0.5 pl/min). The graph shows the comparisbetweenthe normalised fluorescere intensity

02
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profiles obtained from the finite element model solution (blue) and the experiment (red) in

steady state condition acroske full width of the array (red dashed linehowing the accuracy

of the numerical model.(b) Experimental image showing fluorescence of a nanorod

concentration gradient generated using the two lateral inlets of the device (one injectifg a
solution in culture medium at 0.5 pl/min and the other injegiculture medium at 0.5 pl/min).

The graph shows theomparison between the normalised fluorescence intensity profiles

obtained from the finite element model solution (blue) and the experiment (red) in steady state

condition across the full width of the'ey (reddashed ling, indicating that the numerical model
wasalsosuitable for predictindNR gradient formation.

Variation of the NR concentration gradient profile along the flow direction in the trapping

chamber was also assessed to evaluate possibénges of the profile due to lateral

molecular diffusion. According tthe numericalsimulation and to experimental results

(obtained as per sectio.5.2), the variation of the NR distribution (i.e. gradient profile)
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between te first and the last rows of trapsas negligible, obtaining a variation of < 1% in

the central region and ~3% at the ssi# the chamber

4.4.3 Fluorescein gradients

The necessary conditions for the delivery of a gradient into the trapping chamber were first
tested by creating a fluorescein concentration gradient in water, using a device with no
trapped cells and with fluorescence images being acquired in steady state condition.

Different flow rates were evaluated and a few examples are shov#igure4.12.

0.01 pl/min 0.1 pl/min 0.5 pl/min

MMMWMW

Figure4.12 The microfluidic device was used to generate fluorescein concentration gradieintsiges
show fluorescence of the trapping array measured at 488 nnitagian following 5 minutes of constant
flow conditions. The flow rate indicated was used in each case for water, on the left inlet, and 100 uM

fluorescein, on the right inlet. Intensity profile data corresponds to the line profile obtained between the
first and second rows of traps. From the three sets of conditions shown it can be observed that the
fluorescein concentration gradient profile was strongly dependent on the flow rate.

When using flow rates below 0.5 pl/min with the current experimental seitupas verified

that the flow was delivered into the device in pulses, rather than continuously. This
LKSYy2YSy2ys (GSNX¥SR KSNB alLlzZ al GAtS Ftz2pés
syringe pumps used, which havestepper motor that actuate the pumping headin
guantised stepsHence, at such flow rates, when delivering two parallel streams of liquid into
the chamber as was done for the fluorescein gradient, it was observed that the interface
between the two liquid streams presented an undulatiratprn, rather than a straight line.

An example of this phenomenon is shownFigure4.13, where consecutive fluorescence

100

2

O



microscopy images obtained during fluorescein gradient generation clearly show the

pulsatie nature of the flowrevealed by the varying shape of the water/fluorescein interface.

B 5 N

Figure4.13 Pulsatile flow was observed at low flow rates within the microfluidic chamb&igure shows

a set of flwrescence images obtained consecutively over 16 seconds (time stamp shown in each image)
when flowing water through the lefside inlet and a solution of fluorescein through the rigide inlet into

the trapping chamber at 0.1 pl/min. Images show thathetthan presenting a straight line dividing the

two liquid streams, that line is showing an undulating pattern, due to the pulsatile nature of the syringe
pumps used.

The pulsatile flow would affect the delivery of nanorods, especially in the middlerregio

the trap array. Thus, in most instances of gradient generation in these devices, 0.5 pl/min
was used to deliver liquids in parallel into the chamber, in order to minimise this effect. This
resulted in a compromise between the gradient slope that wassfble to achieve and the
steady state nature of the gradient, which could be improved either by changing the type of
pumps used or the chamber design (as discuss€&thapter 7, or a combination of both. For

the purpose of the current work and the preof-concept data presented in Chapters 5 and

6, however, these conditions were considered appropriate.

4.4.4 Nanorod gradient

In order to achieveptimal conditions for nanopatrticle dispensing into the array of trapped
cells tests were performed with differermmanorod coatings and dispensing proceduiBse
flow of positive and negatively charged nanorods inside the microfluidic devasefirst
tested. For this, NRs with RBSDAC or PFODA@SS coatings in water were loaded into
the trapping chamber througlone side inlet, while flowing water through the other side
inlet. This experiment showed that nanorods, most notgiwgitively chargegarticles (PSS
PDDA&oated),adheredstronglyto the glasssurfaceof the chamberas can be observed in
Figure4.14 (a). Additionally, some degree of adsorption to PDMS was also obsérged.
reduce this unwanted effect, prior to nanoparticle injection, the nanorods wesaspended

in serumcontaining medium (as opposed to salibaffer) and the microchannels were

flushed through with the same solutiaturing cell trappingThis allowed for serum proteins
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to passively coat both the device and the nanorod surface, resulting in reducesipeaific
adsorption of NRs both to PDMS ahe glass surface. However, in the case ofPBBAC
coated particles, as shown Figure4.14 (b) and consistently with data shown in section
3.2.3, NRs tended to aggregate and were thus deemed unsuitable foritisi@ the trapping
chamber. On the other hand, NRs with FEEDAEPSS coating showed reduced repecific
adsorption with no detectable aggregation when resuspended in sexomtaining medium,
and successful gradient generation with these particles wasatled using fluorescence
microscopy [Figure4.14 c). This configuration was thus considered to be the most suitable

for delivery into the trapping array.

Figure4.14 Nanorod dispensing into the microfluidic chamber required optimisatiqa) Image

of the entrance of the trapping chamber showing a region whereFE3A0ated NRs have
adsorbed to the surface when flowing sitdg-side with water, demonstrated by éhdarker flow

of nanorods in a narrower area upon changing of the relative flow rates of the inlets.
Additionally, the area covered with rods was not cleared even after 30 minutes of washing the
device with water(b) Image showing notable aggregation &PDDA&oated NRs following
resuspension in serurpontaining culture medium, consistently with data shown in Chapter 3.
(c) NR fluorescence (DTDCI) during gradient generatioqu®n on each side inlet) with PSS
PDDASSo0ated NRs in cRPMI flowiimgthrough the right side inlet. Despite some degree of
non-specific adsorption to the sides of the PDMS structures, gradient generation was successful
and this was deemed the most suitable coating for use within the microfluidic device.
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It is important b note that some degree afon-specific adsorption of nanorods watll
observed around the vertical walls of the traps (surfaces perpendicular to the flow direction)
as can be seen from the fluorescent outline of the trap structurésgaore4.14 (c). However,

in these casesyegligible signalvas measured on the glass and PDMS top/bottom layers.
Minimising background noise due to ngpecific adsorption of nanorods to the
microchannel wallsvill be fundamentalto increase the resolution of detectipnherefore

this area will require further investigation for improving the performance of this specific
microfluidic device/nanoparticle combination. In any case, the optimisation of the nanorod
gradient generation prcedure provided confidence that the experimental conditions used
would permit successful delivery of a range of nanorod concentrations to trapped cells, a

feature which will be explored in Chapters 5 and 6.

4.5 Conclusions

This chapter has presented the varfooptimisation steps involved in the development of a
microfluidic platform for trapping, culturing and imaging primary dendritic cells as well as
delivering controlled gradients of specific substances, such as nanorod conjugates, to the
trapped cells. Anumber of design considerations were presentedsection 4.2, which
together with the optimisation of cell loading conditiorse€tion4.3.2 provided successful

cell trapping for reatime singlecell monitoring. Additionally, the laminar flow properties of

the microfluidic chamber were explored for controlled delivery of reagents (se¢ti®nboth
experimentally and using computational methods, to achieve consistamtoparticle
delivery. The developed device configuration will be used fortiemd monitoring of the
interactions of the cells with nanoparticles, for cell uptake assessment using fluorescence
and SERS and for viability testing, as presented in Chapserdsfinally for monitoring of

nanoparticlemediated antigen delivery and processingpassented in Chapter 6.
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This chapter describabhe application of the microfluidic deviceptimised inChapter 4for
reattime multimodal imagingf the controlleddelively of customdeveloped gold nanorods
(developed inChapter 3to cellsand subsequentunctional assessment.eRultspresented

here demonstate, for the first time, a novel multidisciplinary methodology floe dynamic
assessment of the effects produced by different nanorod concentrations on primary cells at

the singlecell level and in higkhroughput manner using only one device.

5.1 Validation of the integrated platform

In order to achieve the proposed aims and demonstrate the use of the integrated microfluidic
platform, it was first essential to assessti¢ suitability of the developed nanopatrticles for
cell imaging and (ithe ability toobtain fluorescence and SERsignals from nanoparticles
inside cells trappedvithin the microfluidic devicesThis section presents results obtained

from these validation experiments.

5.1.1 Gold nanorods for cell imaging

The design and optical characterisatiaf the nanoroddye conjugates usedor the
microfluidic system validation amescribed irFigure5.1. Gold nanorods with a longitudinal

plasmon resonancemax of 765 nm wereprepared(section 21.1) and conjugated to DTDCI

104



followed by coating withthree polyelectrolyte layers (PFBRDA@SS)This configuration

was deemed the most suitable for nanorod visibility using both SERRS spectroscopy and
fluorescene microscopy and for stability in seracontaining environments, as described in
Chapter 3, and within the microfluidic chamber, as shown in Chaptégdre5.1 shows the
UW-Visible, SERS and fluorescence behavad this batch of nanorods, whictemaired

stable for >12months These gold nanorods were used to assess-neglbparticle
interactions offchip and orchip and results are presented in the following sections.
Throughout this chapter, as well as ChapteE dayl y2NRPR&¢ 2NJ abwaé
nanorods with incorporated DTDCI and PEB®A@PSS coating, unless specifically stated

otherwise.
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Figure5.1 Gold nanorods were optimised for use within the micidafdic device.(a) U\-Visible spectrum

of nanorods used in this chapter, witlbngitudinal <,=765 nm (b) Representative SERRS spectrum
(background corrected) of a colloidal solution of the polymer wrappdRIDTDCI conjugase(633 nm
excitation) withthe schematic insert showing encapsulation of the reporter dye into the surrounding
surfactantbilayerand 3-layer polyelectrolyte wrapping(c) Intrinsic fluorescence of DTB®htainingNRs
following uptake by dendritic cal(633 nm excitationps measured by flow cytometry and compared to
unpulsed cells or cells incubated with ndge containitg NRsData is meart s.d. of triplicate samples.

5.1.2 Off-chip assessment of nanoraell interactions

In order to initially evaluate the interactions of nanorods with cells;cbfp testing was
performed using standard techniques, which are presented ingdision. Specifically, flow
cytometry and confocal microscopy were used to study nanoparticle uptake, assessing
concentration and time dependence of these interactions as well as checking whether the
nanoparticles were reaching the inside of the cell emtthan attaching to the cell membrane.
Primary dendritic cells (sectidh2.2)were used for all the experiments, as these cells are
privileged models for investigating the basic functions of the immune sy&t&? an

advantageous feature to the overall aims of the project, specifically nanovaccine delivery
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testing, as will be further explored in Chapter 6. Additionally, dendritic cells are known to
readily internalise pathogens and foreign materidiswhich indicates that nanoparticle
uptake and nanopartickenediated ddivery of biomolecules can be achieved. This section
presents representative results for these experiments as a baseline for the subsequent
validation of the microfluidic platform for higthroughput screening of nanorecell

interactions.

To assesspiakeof nanorods by dendritic celis static conditiongi.e.under zero flow), ells
werefirst incubated in a 24vell plate with different concentrations of nanorods (0.01 gM

100 pM). NR uptake was quantified after 2, 6 and 24 hours, using flow cytonuetry
determine the mean fluorescence intensifyigure5.2 a). As expected, flow cytometry data
showed that nanorod uptake directly correlated with both the time of exposure and particle
concentration used, demonsttiag that the cells readily internalised DTEGhtaining
nanorods.Subsequently, a more detailed assessment of time dependence was performed, in
order to evaluate nanorod uptake in the early stages of exposBee. this, cells were
incubated in a 24vell plate with 10 pM of the samé&Rsand uptake quantifiecevery 15

minutes for a total of 90 minutes using flow cytometRigure5.2 b).
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Figure5.2 Dose and time depndence of mnorod uptake by dendritic cells was assessed using
flow cytometry. (a) Cells were incubated in static condition with different nanoparticle
concentrations and the fluorescence intensity at 633 nm excitation was obtained at different
time points using a flow cytometer. Thigaph shows the average dtiplicatesamples for each
condition (10,000 events each sampleyith error bars representing standard deviatidithe
plateau seen for 100 pM corresponds to the saturation of the detectors irfltve cytometer

for that condition.)(b) Graph showing the MFI value for cell samples exposed to nanorods for
increasing amounts of time measured using flow cytometry (10,000 events each saDgike).
shown is mean + s.d. déchnical triplicates with sigrficant differences tothe t0 sample
determined by oneway analysis of variance with Tukey test%0.QL, ***p<0.001).
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The flow cytometry data shown iRigure5.2 (b) indicated that NR uptake was a rapid
processwith an increase in fluorescence compared to the background (zero minutes) being
detectable from as early as 15 minutes of exposure (not statistically significant) and a
significant increase detectable from 45 minutes. It is interesting to note that tduedard
deviation increased notably with time as well, as the heterogeneity of the cell sample led to
a greater variance in the fluorescence values due to differences in uptake. Subsequently,
confocal fluorescence imaging of dendritic cells exposed to weer concentrations of NRs

(0.1 pM¢ Figure5.3) provided confirmation that the nanorods were located within the cell

as opposed to attached to the outer membrane, which will be important for delivery

applicatiors.

Figure 5.3 Nanorod internalisation was confirmed using confocal microscopgyomposite confocal
fluorescence stack imageg2 pum stepspf a fixed dendritic cell which has been exposed togMLNRs
conjugates for 2h. Choleraoxin-B staining is used to identify the cell membrane (green), DAPI for the
nucleus (blue) antiRfluorescencgfrom DTDCIs shown in redimages showeonfirmNR internaliation.
Scale bar = dm.

It was observed that in thesexperiments, performed in bulk cedllture plates, nanorosl
sedimened to the bottom of the plate shortly after particle injection ito the well
consistently with previous reporf&?2Thus, it izeasonable tcassume that the degree of
nanoparticle uptake by cells depesdimostly on their level of activity or motility within the
plate, with the most motile cells internalising nanomaterial at a greater rate than stationary

or less motile cellsAdditionally, bright-field time-lapse imaging showeFigure5.4) that
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dendritic cellstook up nanoparticls indefinitely as long as they weewithin their reach,

whichcouldhave an impact on the overall dose received (secidn3.

Figure5.4 Dendritic cells move within the well tanternalise sedimented nanorodsDendritic cellsvere

plated at 5x18cells/ml into 50 pL cell culturdishes before adding 100 pM nanorods. Images were acquired

at 30 s intervals for 2 h, with images shown shown representing 20 to 90 minutes after addition of NRs, as
indicated in each panel. The red arrow indicates one example of a cell that was veglyatetking up
nanorods that had sedimented to the bottom surface of the well. Scale bar is 50 pm.

It is important to note that, in this case, the nanorods used had oniager coating (PSS
PDDAC) which was not very stable in cell culture medium (Ch3ptas can be confirmed
from the occurrence of aggregates in the image. In any,¢hsenain point to be made here
is that dynamidénformationon the interaction of cells with nanoparticleannot be extracted
from flow cytometry analysisuch as that ifrigure5.2, while timelapse imaging such as that
shown inFigure5.4 is not enough to get statistically relevant dafiéhis reiterategshe need

for newtools that enableeakttime analysis at the singleell level with higher throughput.

5.1.3 Toxicity studies of nanorod formulations

Having observed, in the previous section, that dendritic cells internalised nanorods, it was
important to evaluate their biocompatibility. Thus, midritic cells were exposed to different
concentrations of nanorods, as well as camptothecin (CAM), to induce apoptosis, and
permeabilisation buffer (Perm), to induce necrosis. Samples were incubated for different
periods of time and gold nanorotbxicity assessed using Annexih FITC and Propidium
lodide staining.Figure5.5 shows a representative set of data obtained for a range of
nanoparticle concentrations following 6 h (a) and 24 h (b) incubations. To implarity of
presentation, cells were gated according to fluorescence intensity above background for

AnnexinV only (early apoptosis), Propidium lodide only (necrosis), or both dyes (late
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apoptosis). Nanorods showedod biocompatibilityn most conditionsywhen compared to

the positive controls.
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Figure5.5 Gold nanorods showed good biocompatibility when incubated with dendritic cells

off-chip. Flow cytometry data followin¢g) 6 h and (b24 h exposure of deritic cells tadiscrete
NRconcentrationsbetween 0.03100 pM, as well as tcamptothecin (CAM apoptosis inducer)

and permeabilisation buffer (Perm)i dzy LJdzf 8 SRé¢ NBLINBaSyida I+ yS3ILGAD
stimulation of the dendritic cellsGraph shows thepercentage of cells undergoing early

apoptosis (AnnexiV+/P}), late apoptosis (Annexixi+/Pl+) and necrosis (AnnexiiPl+).Data

shown is the average of duplicate samplestandard error of the mears(e.m).

From the data it could be noted that, vl at the later time pointEigure5.5 b) the highest
concentration of nanorods tested (100 pM) did show some level of toxicity, cells exposed for
a few hours or to lower doses showed high levels of viabilitytivelé#o controls. However, it

is important to note that nanorods were left in the cell solution for 24 h which, as discussed
in the previous section, could lead to overaccumulation of nanorods within the cells. Overall,
off-chip data indicated that not oplwere the nanorods quickly internalised by the dendritic

cells, they were also detectable using fluorescence and were not cytotoxic.

5.1.4 Nanorod fluorescence within trapped cells

From the data shown so far in this chapter, it was observed that conventienhhiques
show limitations in simultaneously providing dynamic information and statistically relevant
data at the singlecell level. Additionally, data obtained was from gpaint measurements

of separate cell wells, lacking the assessment of the samelaiiqu of cells over different
times and concentrations of nanoparticles. As shown in Chapter 4, one key feature of the

developed microfluidic system was the ability to deliver a gradient of concentrations of
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nanoparticles to the array of trapped cells, #mt the effect of exposure to different
concentrations could be assessed within the same device, on the same sample of cells and
under the same environmental conditions. Successful NR gradient generation was previously
shown in sectior.4.4. Here, as ammitial validation experiment, it was important to assess
whether cells on different sides of the array would show different levels of fluorescence
following exposure to a gradient of NR concentrations. Thus, dendritic cells were trapped in
the microfluidc device and a NR suspension was delivered onto the array to establish the
dosegradientdefined insection 44.4. Having demonstrated that internalisation of NRs was

a rapid proces§igure5.2), fluorescence imges were acquired afte hours of exposure to

nanoparticles and representative images are showRigure5s.6.

no NR NR

Figure 5.6 Cells in regions of low/high concentrain of nanorods showed corresponding
fluorescence after 2 hDendritic cells were loaded into the microfluidic array and subsequently
exposed to a gradient of NR concentrations5@® pM) for 2 h. Images were obtained for the

two extremities of the trappig array, where no NRs were delivered -faightfield, a2NR
fluorescence) and where the highest concentration of NR was deliveretripfitfield, b2NR
fluorescence). NR fluorescence was measured using 100 ms exposure time. Scale bars are
100pm.

As predcted, results showthat cells on the side of the array where NR concentration was
zero displayed no fluorescence in the NR chanRigiufe5.6 a), while cells on the opposite

side of the array, where NR concentmati wasat its highest (500 pM), showed visible
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fluorescence within most cell&igure5.6 b). This indicated that, as expected, cells exposed
to high concentrations of NRs became fluorescent, while cells expasaed NRs did not,
under the same conditions and within the same microfluidic chamber, and showed that these

differences could be monitored in re@ine.

5.1.5 Confocal fluorescence imaging

As part of the development of the cell imaging platform, it was importanévaluate the
possibility to go from higlthroughput singlecell analysis down to intracellular imaging
within the same device. For thisells that had been trapped and exposed\iBswithin the
microfluidic device as above were fixgerfused with mainting medium(section 26.5) and
confocal fluorescencmicroscopy was performeieh order to obtain images of the delivered
NRs at subcellular leveConfocal microscopy was used for increased resolution in the z
direction, reducing noise resulting fronuéirescence coming from different areas of the cell.
Resultsshowed thatNR fluorescence could be detected within the trapped cell in highly
localised areasHigure5.7), indicating the potential of the microfluidiglatform for higher
resolution cellular imaging, such as to assess uptake pathways and nanopagitigted

drug delivery mechanisms

Figure 5.7 Intracellular nanoparticle signal identification was achieg using confocal
fluorescenceDendritic @llswere loaded into microfluidic devices and exposed to NRs as above.
Subsequently, the cell array wédigsed and perfused with mounting medium for imaging by
confocal microscopyta) @nfocal fluorescencémageof a trapped dendritic cehowing NR
fluorescenceat 633 nm excitation(b) Composite onfocal brightfield and fluorescence image

of the same cellScale ba@aremn > Y @

5.1.6 SERRS signal from trapped cells

As mentioned in Chapter 3, SERRS spectroscapyighly specific technique that can be

used for reatime nanoparticle identificatiort? with potential for singlenanoparticle
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intracellulartracking and biomolecule delivery miboring at the molecular levet:*3Within

the scope of the current work, this technique would be interesting for providing
complementary data on nanorod location and, with its high specificity, to potentially provide
information on surface modifications from intracellulparticles, either resulting from
changes in the protein corona or from the delivery of conjugated molecules. Here, an initial
experiment was devised to assess the possibility of obtaining specific SERRS data from
intracellular NRs in cells trapped withimet microfluidic device. For this, cells were trapped,
exposed to NRs for 2 hours and then fixed, as described in sediidhR2ubsequently, SERRS
spectra were acquired from a trapped cell and from the PDMS surface of the same
microfluidic device where #re were no cellsHigure5.8). Control spectra were obtained

from the NR suspension (solutidrased) and from PDMS only.

bulk NR

trapped cell after NR flow

Raman intensity (a.u.)

M PDMS surface after NR flow

“ A ,‘} _,\____j\.___ PDMS

300 600 800 1200 1500 1800 2100 2400

Raman shift (cm)

Figure5.8 Specific mtracellular nanopaticle signal identificationwas obtained using SERRS.
Representative SERRS spectra obtained at 633 nm excitation (from top to bottom): bulk NR
suspension, trapped calfter NRuptake PDMSsurfacein the vicinity of the trapped cell aral
representativeRaman spectrum fdPDMS onlyacquired separatelffhe PDMS Raman spectrum
intensity has been amplified for clarity. The traces shbw relative location of specific peaks

for NRsand PDM&s well as their relative intensity for each condition.

Results sbwed a background SERsignal from th€DMS surface of thmicrofluidic device
following NR exposurecorresponding to the characteristic PDMS spectaambined with

some degree of nospecific adsorption of NRs. Howey#ne spectral intensity assoced
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with intracellular nanorods wsover four timesbrighterthan that of the backgroundor the
same device andnder identical acquisition condition633 nm excitation10 sintegration
time). Additionally, dtaobtainedindicated that SERRS maps couldéeerated at a spectral
region (15601620cm™) containing specific DTDCI peaks whichild beclearly distinct from
nearby PDMS Raman peaks at ~1261 and ~g&#At0allowing for specific NR localisation to
be acqured with negligibleinterferenceof the FDMS backgroundmportantly, e optical
brightness of theNRtagswas such thatat the incident laser powers used, theveas a
negligible background Raman signal from the cell it€aterall, data obtained suggested that
SERRS could be used within tlevide to measure NR uptake by cells and that the signal
could be mapped, to provide data on the intracellular localisation of NRs. The use of the
microfluidic device watherefore shown to be&ompatible witha range ofmicroscopies and
spectroscopies, alleing for both highthroughput assessment of the array of trapped cells

and higher resolution imaging of intracellular nanopatrticles at the sioglidevel

5.2 Reattime assessment of nanoparticlecell interactions

Quitable conditions for orchip cell injeton and culturewere identifiedand the spectral
properties of the functionalised gold nanorodggere characterised separateliy previous
chapters. Following the validation experiments presented earlier in this chapter, this section
presents the applicadin of the developed microfluidic platform as a higfinoughput tool for

(i) the dynamic assessment wdnorod uptakeover a range of concentrationand (ii) the

consequent changan cellfunctionand viability over timeat the singlecell level

5.2.1 Dynamt monitoring of nanorod uptake by trapped cells

Obtaining information on the dynamics of nanoparticle uptake and subsequent cellular
processing is paramount when investigating cell responses, as the complexity of cell function
is dictated by underlying dymic processe®® and uptake pathways can strongly influence
functional outcomes$®9 |t was previously shown in sectidnl.2 that nanorod upt&e
showed a strong time dependenc&igure5.2 b). Here, anorods were delivered to the
microfluidic chamber withrapped cellsvhile realtime assessment afanorod delivery and
subsequent uptake was performed ngitimelapse fluorescence microscopy. Specifically,
for theseexperimentscells were loaded into the trapping chamber as before aménorod
concentration gradient (from 0 pM te440 pM) was delivered across the widf the array

for 120 minutes (seatn 26.5). This process was monitored via tifepse fluorescence
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microscopy Figure5.9 a) and the kinetics of nanorod uptake by cells wasalitatively
assessedby trackingthe fluorescence signabf singlecells over time in a region of

approximately constant nanopartict®ncentration within the arrayFigure5.9 b).
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Figure5.9 Nanorod uptake by cells in the microfluididevice was qualitatively estimated by monitoring
the increase in fluorescence intensity over timBendritic cells were loaded into the array chamber and
NRs delivered at 0.2 pl/min. Tint@pse fluorescence (excitation 633 nm; emission >650 nm) imagsy
acquired at 1 frame/min for 90 minutea) Image showindluorescence of five tracked celled circles)
and three tracked background areddue circles)during NR deliveryScale bar = 5am. (b) Graph showing
the temporal progression of the averagnean fluorescence intensity (MFI) value of the three background
regions and of the five cells tracked frofa), with t = 0 being the beginning of Ndlivery. Error bars
represent standard deviatian

It can be noted fronfigure5.9 (b) that there was arnitial delay of the fluorescent signal
(0-15 minutes) whichcorrespondedo a lag time between activation of the flow of nanorods
and their presence in the array due to the compliance of the system (syFDdj¢$.
Subsequently, s expected, thefluorescence intensity of the trackedells increased
progressively ovetime. Whilsta clear increase in background signal, due to-specific
adsorption, was also detected (as discussed in Chapter 4), thiofwsgniicantly lower
magnitude tharfluorescence associated wittanorod uptake in singteells. From tis datg

it could alsobe observed that whilst there wasome degreef celtto-cell variability there
wasa clear timedependent nanoparticle uptake by dertic cells cultured on the device.
This early uptake of nanorods by dendritic celied alsobeenassessed in static conditions
(section5.1.2 and the resultsvere qualitatively compared to the microfluidic experiments.

As expcted, nanorod uptake directly correlated with the time of exposiamreboth on and
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off-chip experiments demonstrating that the cells readily internalised DFBdEitaining
polymerwrapped nanorods. Confocal fluorescence imaging of the dadld also show
internalization of the nanorod$={gure5.3). Overall, the data obtained with the microfluidic
device has shown that this platform could be used for providing data on nanorod uptake in
a similar way to convential methods, while allowing for information to be obtained in real
time and at the singleell level. This shows the ability of the setup used for lostgen

dynamic studies of nanoparticle internalisation and processing.

5.2.2 Effect of flow rate in nanorod upke

Given the differences in flow rate obtained inside and outside the microtraps with the design
used (section 2.4), and from NR uptake fluorescence data such as that showigimre

5.9 (a), it was hypothesiseithat cells adhering to the outside of the traps and consequently
exposed to the higher flow rates could take up nanoparticles more effectively than cells
located within the traps, where flow rates were an order of magnitude lower. Thusder

to evaludae this hypothesis, it was necessary &ssess whetheNR uptake would be
influenced by the magnitude of the flow rate (and corresponding shear stress) that the cells
were subject toaccording to their location relative to the trapping structures. Fos,tiie
fluorescence intensity ofinglecells located inside and outside traps a region of
approximately constant NR concentratiovas measuredin five different experimentsto

evaluate whether there were any significant differences between the valb&sined.

Results(Figure5.10) showed thatNR uptake was comparable between cells inside and
outside the traps in all experimentajth no significant differences being detecteden with

the flow velocity being@ne order of magnitude lowenside. Also, fluorescence intensity was
found to be comparable across experiments, demonstrating the reproducibility of the NR
delivery procedure, with slightly higher fluorescence being obtained only in an experiment

where the NR flow rate was higher.
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Figure5.10 Cells inside and outside traps showed similar degrees of uptake, despite exposure to different
flow velocities. The mean fluorescence intensity ofllsedue to NR ujpke was compared for cellmside or
outside the microfluidic traps duringRdelivery orchip (N between 4 and 9 for each conditigrgcrossife
separate experimentfp-values shown are fromanpaired ttestsbetween cells inside and outside traps)

5.2.3 Hidh-throughput nanomaterial toxicity testing

As mentioned in Chapter 1, there are currently many limitations to the consistent screening
of nanomaterials for biomedical applications. Specifically, there is a lack efti@ighput

tools for nanotoxicity teting, and while laln-a-chip presents a number of opportunities for
this purpose, these have to date not been successfully appli€d!Having shown above
that dead cell staining could be achieveddahrip (setion 4.3.6) and that trapped cells could

be monitored in reatime using fluorescence timkapse imaging (sectiob.2.1), the device

was then used tinvestigate the cytotoxic effects of the nanorods to dendritic ¢cétishigh
throughput. For this experiments were carried out using cell death indicator dyes {FITC
conjugated AnnexiY for apoptosis and Sytox Blue for necrosis), and results from cells in the
microfluidic device were compared to those obtained from flow cytomeatingre cells were
exposed to differentoncentrationsof nanoparticles in standard cell culture plai@sgction
5.1.3. Initially, & a positive control, a gradient of 10% to 0% isopropanol was applied across
the trapped cellsAfter staining, this resulted in a corresponding gradient of fluorescence
intensities for markers of both apoptosis and necrosis across the width of the array,

confirming the applicability of the microfluidic device to detect cell viabikigyre5.11).
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Figure5.11 Cell death was induced and measured withime microfluidic device Cells were exposed to a
gradient of 10%PA for 90 minutes and then stained wilytox Blue and Annexwi FITO@) Overlay of the
average mean fluorescence intensity for each of 6 slices of the microfluidic array with the fluorescence
picture of Sytox Blue staining from which these values were obtaifigdverlay of the average mea
fluorescence intensity for each of 6 slices of the microfluidic array with the fluorescence picture of Annexin
V FITC staining from which these values were obtained.

Subsequently, to assess nanoparticle toxicity, trapped cells in two devices were
simultaneously exposed tiNR concentration gradients for 2 hours before labelling with
AnnexinV FITC an@ytox Blueither immediately or following an overnight incubation (it
continuous medium perfusion). Images of the same area of the array were obtainekbef
NR delivery, immediately after NR delivery and after the overnight incubation. Following
staining, ells were fixed perfused with DAP¢ontaining mounting medium ani@maged
again. hiese images were then used to determine thean fluorescence intensiof viability
dye-staining in all DARJositive cellsacross the full width of the devicéigure5.12 a-b).
Parallel experiments analysed bulk populations of cells exposesimidar nanoparticle
concentrationsusing flow cytometry(Figure5.12 c-d). These resultshowed that the NR
formulation useddid not induce significant cell deatlit the concentratios analysed even
after 24 h exposureand validate the applicabiliy ofthe developed microfluididevice for
monitoring both nanoparticle uptake and cell viability and functidypically, due to current
setup limitations, only half of the device chamber could be continuously monitored, leading

to approximately 400 singlcells to be analysed per device. In any case, the data obtained
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showed the higkthroughput capabilities of the platform for assessment of nanoparielk
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Figure 5.12 Nanopatrticle toxicity analysis was performed in the microfluidic chambefa-b) Mean
fluorescence intensity (MFI) of AnneXhFITC (a) and Sytox Blue (b) as measured from fluorescence
microscopy images of dendritic cells exposed to a gradienapnbparticle doses and stained h after2 h

of nanoparticle exposure within microfluidic devic&ata was obtained for six contiguous fields of view
across theull width of the trapping array. Positiveontrol samples were exposed to isopropanol to induce

cell death(Figure5.11). Each data poinshows the mean is.e.mof between 56and 99 cells per field of

view, with the estimated NR concentration calculated from the average NR MFI in the same cells based on
a maximum concentration of 440M. (c-d) MFI of AnnexitV FITC (c) and Propidium lodide (d) from flow
cytometry of cells exposed tihe indicated nanoparticle concentrationsompared to the corresponding
positive controlsas inFigure5.5. Dat points are mean £e.m of triplicate samples.

A further confirmation of the lack of toxic effects due to incubatiwith NRswas obtained

by monitoring the trapped cells via tiMapse imaging before, during and immediately after
nanoparticle exposuras well as after overnight incubation of the cells in microfluidics using
brightfield microscopy. Results revealed comparabtdl activity in all casesfurther

supporting that cell function and viability was not compromisediRuptake.
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5.2.4 Multimodal imagng of nanoparticles in trapped cells

In previous sections it has been shown thader the controlled laminar flow conditions
provided by microfluidics, fluorescence microscamuld be used to assesBIR uptake
without requiring additionasurface functhnalisation withfluorescent probes. This highlights
the potential of this system to integrate multimodal imaging capabilithegditionally, it was

also shown earlier in this chapter that SERRS signals could be successfully identified from NRs
within trapped cells [Figure5.8). In this section, the possibility of obtainiSERRS mapping
data across the microfluidic arrafpllowing delivery of a NR concentration gradient was
investigated. As above, cells were trappand the delivery and uptake of a range of
concentrations of nanorods across the width of the trap array chamber was first confirmed
using livecell epifluorescence microscopyigure5.13 a-b). Subsequently cells were fixed

and imaged using SERRS confocal mapping. In order for dathdtbrimaging procedures

to be comparedcellswere mapped based oteir individuallyaddressablgosition on the
array (Figure5.13 c-e). The SERRS magstained showed intracellular NR sigqabvided
further meansof spatially identifying noispecific adsorption of nanorods to the walls of the
PDMS trapsHigure 5.13 d). Additionally, the magnide of DTDGdpecific SERRS peaks
(arrows inFigure5.13 e) followed qualitatively the samimcreasingtrend observed with
fluorescence microscopy.This correlation between the fluorescence and SERRS
measurements ofianoparticle uptake indicatkthat the developed platform iamenable to
applying more than one imaging modality for the rade monitoring of nanoparticleell

interactions, along with particle intracellular distribution.
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Figure5.13 Multimodal imaging demonstrated nanoparticle uptake by cells trapped within a microfluidic
device.(a) Composite (tiled) fluorescent image of the width of the array chamber. Scale bar = 1¢) um.
Representative normaliskvalues of the average MFI of nanoparticles inside cells after nanorod delivery
(red points). This was obtained by defining six array regions (along x axis) across the width of the trap array
and averaging the nanorod MFI from within all the cells in @agion. Cells were identified via DAPI staining

of the nucleus(c1-3) Representative fluorescence images of single trapped cells (highlighted with a red
square in (a) ) in regions of low, medium and high nanoparticle concentration areas spanning thefwidt
the microfluidic array, and (d3) corresponding brighfield images and graphic maps of DTB@cific
SERRS signal intensity (measured in the %@ cnt region) of the same cells following fixation. Scale
bar = 10 um(el-3) SERRS spectra (baakgnd corrected) obtained as indicated by the red dot in the
respective brighfiield images, corresponding to the highest intensity signal from within each trapped cell.
The arrows indicate the position of DTB¥pEcific peaks.
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5.3 Conclusions

Resuts presentel in this chaptesshow theapplicabilityof the developednicrofluidicsystem

for trapping andmaintaining primary dendritic cells, followed bgontrolled delivery of
concentration gradient®f highly specific, biocompatible and stable nanorod probed
simultaneous multimodal imagingRealtime assessment of nanoparticle uptake was
achieved using timdapse fluorescence microscopy (sectma.l), showing thathe uptake
followed a consistent trend, proportiodato the time of exposure to nanoparticle flow
without affecting cell motility and comparable with results obtained by flow cytometry for
cells exposed to nanoparticles for the same period of tiAeiditionally, the ability to obtain
dynamic information omifferent fluorescent readouts simultaneously, such as viability dyes,
was demonstrated in sectidn 2.3 These features allowed for the direct investigation at the
singlecell level of the effects of differemtanoparticle concentrations on hundreds of cells
using just one microfluidic devicknportantly, n addition to delivering nanorods at different
concentrations simultaneously, the microfluidic procedure ensured that nanoparticles were
in contact with cdk only for a defined amount of tim&ubsequent SERRS mapp{egction
5.2.4 providedconsistency between the intracellular nanoparticle signal, the fluorescence
signal and the distribution of nanoparticlesrass the width of the microfluidic array,
providing proofof-principle of successful multimodal imaging within the microfluidic system.
So far, no reports have been found of microfluidic systems with these combined

functionalities!”2351
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As mentioned in Chapter As new nanomaterials emerge for a vayi®f immunebased
applicationsthere is a growing need foobls that enable the assessment of the dynamics
involved in the intracellular processing dhese materials’*® Additionally, @ld
nanoparticles havebeen shown to be a useful to@s vaccine carriers due to thei
biocompatibility and potent adjuvant abili§? In this chapterassessment afianoparticle
mediated antigen delivery is presented as a probEoncept application of the microfluidic
platform described in pndous chapters. Specifically, the development and validation of
ovalbuminconjugated gold nanorods is shown, as well as-tiea monitoring of their
interactions with primary dendritic cells within the microfluidic devi€®me of the work

presented in tlis chapterhas been published in Lab on a Chip

6.1 Nanorod bioconjugation considerations

Ovalbumiris widely used as a model antigen to characterise the immune system respnse
Therefore, nanorods were conjugated to ovalbumin molecules in orderrtmyce a
nanovaccine model for use within the microfluidic platform. For thidd grnanorods with
incorporated DTDCI and RPBBDA@SS coating were conjugated electrostatically to

20 fodzYAYy ohx! 0 2NJ 5vu 20 fodzYAy echreemt+! 0 | &
sectionoutlinesthe procedure used to estimate the number of molecules of ovalbumin per
nanorod as a approximatemeasure othe dose of antigen delivered. Gold nanorods used

in thischapterwere measured from SEM images as before (Chapter 3haddcn average
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size of 52.6:4.4 x 13.1+ 1.6 nm(N=44) giving an aspect ratio of approximately®e size
of the ovalbumin molecule was taken from the literatéieas 7.0x3.63.0nm. Additionally,

using acoating concentration of 10 uM OVA/DQOVA to M nanorods(50,000 OVA
molecules/NR in solutiongnsured maximum coverage othe gold nanorod surface.

Subsequentlycalculations were made based tre following assumptions:

I. ~ Nanorods can be considered a tonensional rectanghike shape, with ovalbumin
molecules spreading across the length and width of the Fogufe6.1);

ii.  Ovalbumin molecules attach to the rod surfacetbair longest dimension (7 nm).
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Figure 6.1 Ovalbumin molecules attach to gold nanorod surfac&chematic
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representation ofa gold nanorod surrounded by ovalbumin molecules. Rectangle
dimensions are proportional tohe average nanorod and ovalbumin molecule
dimensions.The number of OVA molecules on each dimension of the NR was, as a
convention, rounded up to the next integer.

This led to an estimated amount 80 ovalbumin molecules per nanorod. Limitations to this
model include thdack of consideration of theariability in ovalbumin shape and position on
the nanorod, the variability of nanorod size and the interactions betw@adividual
ovalbumin molecules and between ovalbumin and,R8%f which can have anfett in the
actual coverage of the nanorod surfade any casegonsidering that detailed analysis of
surface coverage was beyond the scope of this work, ntteelel describedprovided an
estimated magnitude for the amount of protein on the nanoraglich could be used for
comparison of resultbetween samples exposed teolutiondelivered andto nanorod

delivered antigen.
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6.2 Off-chip evaluationof the developed nanovaccine model

As previously mentionedhis study focuses on the use of biologicaiievant primary
dendritic cells"*21°®which represent a key cell of the mammalian immune system. These cells
readily internalisentigensand initiate adaptive immune responses thgiupresentation of
antigen to Tcells stimulating lymphocyte activation, proliferation and differentiation into
effector Tcells, which are capable of producing cytokiffe$his makes them a privileged
target for vaccine delivery studig&Thus, in order to functionally validate the developed
nanoparticleantigen model, dendritic cellwere stimdated with OVAconjugated NRand

then left to interact withOVAspecific Ol Tcells*® (section 2.6.1) to assess whether the
antigen on theNRsurface would be available for procéisg andpresengtion. Figure6.2
shows microscopy images of the interaction between dendritic cells and T cells when
exposed to (ayoluble OVA or (ROVA conjugates for 72 Uptake of NRs is clearly shown
where dendritic cells were exposed to MIR/A conjugates, as evidenced by the intracellular
pigmentation inFigure6.2 (b). In both conditions, a number of the O¢pecific T cells ere

proximal to dendritic cells, suggesting antigen recognition.

Figure6.2 Stimulated dendritic cells interact with OVAApecific T cellDifferential interference
contrast (DIC) microscopy imagedigéd cell samples showingcElls interacting with dendritic

cells PQ following 72h incubation with (a) 11 uM OVA and (b) 50 pM-ONRA. Dendritic cells
exposed to nanorod conjugates have taken up large amounts of nanoparticles, which show up
as black areawithin the cellsImages are representative of four separate experiments.

Subsequently, cell samples were analysed using flow cytometry to assess lymphocyte
activation, proliferation and differentiation. T cell activation can be measured by assessing
expression of theCD69protein on the surface of CD4+ T cells, whieently-divided cells

can beidentified on the basis dKi67 expressiorAdditionally, quantifyingdrward scatter,

124



which is a measure of cell size, can provide information on lymphocypesitangess part
of their differentiation into effector T celldzigure6.3 shows the general gating strategy used
to analyse CD4+ T cells, which was used to obtain the data presented in the following

sections.
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Figure6.3 Flow cytometry analysis was used to assess T ftelttion following co-culture with dendritic
cells exposed to NROVA.OVAspecific Ol T cells were stimulated for 72 h with dendritic celimsiated
with different concentrations of soluble OVA, unconjugated BiR8VAconjugated NB Graphs (&) show
the general gting procedure used for (acell objectsaccording to forward and side scatter measures,
taking into account changes in shapeado lymphocyte activationb) CD4+ cellsiccording to the detected
expression of CD4 by antibody staining (Fard)(c)CD6% cells as a marker of lymphocyte activation

6.2.1 NR conjugate optimisation

Initially, it was necessary to determine the most effee coating concentration for the

production of NROVA conjugates, as well as the most effectiveNRA conjugate dose given

to the cells. To achieve this, NRs were incubated with different concentrations of OVA (0.1, 1

or 10 uM), washed and prepared fadding to cell samples as per secti@nl.6.2
Subsequently, dendritic cells were stimulated with different concentrations of each
conjugate type and OVf#pecific T cells, as described above. This way, T cell activation after

72 h could be assessed aneédss a measure of the ability of the differentt@R A conjugate
formulations to successfully deliver antigen to dendritic céfigure6.4 shows the data

obtained with flow cytometryFrom the data obtained, itauld be observed that NRVA

conjugates were most effective at inducing specific T cell activation when coated with 10 uM

OVA, especially when delivered at higher (50 pM) concentrations, in which case the
configuration had an effect comparable to that df tM soluble OVA. Thus, throughout this

G2N) YR dzyf Saa xR SNA AERSh ébist INRESNIbiw2  y Iy 2N
GAGK mMn xa 2@FtodzYAy 2NJ5vu 2@FfodzYAys NBaLIS
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Figure6.4 NROVA bioconjugabn was optimised by testing different coating conditionga) Schematic
illustrating the poduction of NROVA conjugategb) Graph showing flow cytometry data obtained for CD4+

T cells following exposure to dendritic cells and different@WRA conjugate, where CD69 expression was
used as a marker of T cell activation. O¥¢4he equivalent data for unstimulated cells and OVA+ for cells
stimulated with 11 uM soluble OVA. A clear dose response relating to the amount of OVA used to coat the
NRs could beluserved for cells exposed to two different concentrations ofONRA conjugates. Overall,

data indicates that the most effective condition tested was 50 pM of NRs coated with 10 pMDawsA.
shown is mean * s.d. of triplicate samples, with significant rdiffees to the ustimulated (OVA) sample
determined by oneway analysis of variance with Tukey test (*p<0.05, ***p<0.001).

6.2.2 Lymphocyte activation, differentiation and effector function

In order to further evaluate the ability of NBVA conjugates to delivantigen to dendritic

cells for presentation to lymphocytes, O¢pecific OTll T cells were incubated for 72 h with
dendritic cells previously stimulated with different concentrations of soluble OVA,
unconjugated NRs or OMAnjugated NRFigure6.5 shows an overview of the data obtained
across four independent experiments. Data indicates that while CD4+ T cells in the samples
exposed to NRs only or low concentrations of soluble OVA did not show activation,
proliferation or blastogenesis when compared to the unstimulated sample, samples exposed
to a high concentration of soluble OVA (11 uM) or to 50 pMONFA conjugates consistently
showed those effects across different experiments, despite the inherent variability
associated with separate cell cultures and equipment readings. This indicated that incubation
with 50 pM NROVA conjugates (an equivalent 0.8 nM OVA as per se@tlpled to efficient

processing of antigen by dendritic cedisd subsequent presentation to T cells.
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Figure 6.5 NROVA conjugatesonsistently inducedan adaptive immune responseOVAspecific OTll

Tcells were incubated with dendritic cells and different NR foatiahs or soluble OVA for 72 Graphs

show fow cytometrydata of CD4+ Tells, showing (e&3JD69 MFas a measure of lymphocyte activatidi)

Ki67 MFI as a measure of lymphocyte proliferation godforward scatter data as a measure of
blastogenesisData has been normalised to the unpulsed sample for each separate experiment, for
presentation clarity, and results shown are mean + s.e.m. of four independent experiments. Significant
differences were determined on the original (not normalised) MFI valbyesvo-way analysis of variance

with Fisher means comparison (*p<0.05, **p<0.01). Overall, data indicates that despite the inherent
variability from different cell cultures and equipment settings, the response verified for cells exposed to NR
OVA conjugate was comparable to that obtained with 11 uM soluble OVA.

An ELISA was also performed to assess interfgramd 1-5 production by the activated
lymphocytes.These cytokines are only produced by T cells that have been efficiently
activated by antigespresentation.®® Data obtained(Figure6.6) showed that Tells were

actively producing high levels BfNyand IL:5 after 72 hof co-culture.

Together, the resultpresentedin Figure6.6 and Figure6.5 indicatethat NROVA cojugates
provide an efficient mechanism weliver antigen to dendritic cells wubsequentlyinitiate

an adaptive immune responsadditionally, i is worth noting that the concentration of OVA
delivered byNRs (~1 nM, as peection6.1) wasapproximately fourorders of magnitude
lower than the soluble OVA concentration given as positive cofitiolM) but the response
measured was comparable, whilst no T cell activation was elicited by equitalen
concentrations (1.1 nM) of soluble OVFhissuggestghat the NR formulation useday
increase antigen uptake and/or processing or could have s@dpg/ant activity in addition

to being the antigen carrierconsistently with existingvidence that ptymer-wrapped gold
nanorods can act gsowerful adjuvants® which is a valuable feature for the development of

efficient nanovaccine®,214215

127



8 1.2
a b

7
? ETT . 1
® ° E -
= EE T w5
- s 2 o8 .
8 c
=] =]
[+ —
= 4 w© 0.6
5 b=

c
€ 3 8
= 5 0.4
= 2 -
L
= 02
1 j
0 0
unpulsed  5pM NR-OVA 50pM NR-OVA unpulsed  5pM NR-OVA 50pM NR-OVA

Figure6.6 Effector function of T cells wasonfirmed by ELISACytokine production by T cells
exposed to dendritic cells and MR/A conjugates for 72 h was assessed using an eHAayked
immunosorbent assay (ELISA). Data indicated that cells were actively producing significant levels
of (a) IFgand (b) IE5, indicating lymphocyte maturation following agen recognition. Data
shown is mean + s.d. of triplicate samples, with sigaificifferencesof each condition to the
unpulsed sampledetermined by oneway analysis of variance witfiukey test(*p<0.05,
**p<0.01, ***p<0.001).

6.2.3 Detection of antigen processing by Dendritic Cells

DQ Ovalbumin (DQVA) is ovalbumin conjugated oquencked fluorescence dye which
becomes fluorescemnwhencleawedby intracellular proteasesdt is widely used for monitoring
the initial stages ofantigen processing by dendritic cel¥$ NRDQOVA conjugates were
produced andtested offchip with cells (section 2.6.2)n an initial attempt to quantify
processing of NiRonjugated antigerunder different experimental conditions prior to their
use in the microfluidic devic&pecifically, théimescales required for redime monitoring
of antigen processingpy primary dendritic cells were investigatedlow cytometry data
obtained by eneboint measurement of cell samples exposeatange otoncentrations of
NRDQOVA, unconjugateldRsor soluble DQOVA for different periodstohe is shown in
Figure6.7.

Data obtained provided information oboth the time- and dosedependen nature of
antigen uptake and processinghowing that DQOVA cleavagrilt be detected as early as

5 minutes afer pulsing, for high concentrations of soluble protein. In the case eDRRVA
conjugates, it was verified that the nanoparticles were taken up at a comparable rate to that
of unconjugated NRFor these samplef)QOVA processing was detectable from ab@ut
minutes of incubationln addition,fluorescence of the NBelivered DQOVA complexes was

comparable to that obtained from the soluble DQQ¥#en if the dose carried OyYRswas
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much lowerg specifically, for 10 pM NRQOVAapproximately0.2nM DQOVA, gimated
as per sectiorb.l), fluorescence intensities closely matched those obtained with 2.2 nM

soluble DQOVA. This suggests that the gold nanorod carrier may facilitate antigen delivery to

the cells, as dis@sed in the previous section.

Figure6.7 NRconjugated antigen is efficiently processed by dendritic celendritic cellavere exposed
to soluble DQOVA, unconjugatetiRsor NRDQOVA conjugatest a ran@ of concentrations. At various
times, cells were harvested and analysed by flow cytometry to quantify (a) the uptakéRsflIR
fluorescence at 633 nm excitatipand (b) theprocessing of D@QVA(DQOVA fluorescence at 488 nm
excitation).

Theinitial sceening experimenshown inFigure6.7 did not include any replicate samples as
the main aim was to provide an overview of antigen processing behaviour in various
conditions. Thus, a subsequent experiment was penfi@d considering only a selected
number of conditions and time points (specifically, representative concentrations of NR, NR
DQOVA and soluble DQOVA), for which triplicate samples were measured by flow cytometry
as above. An overview of data obtained iswhan Figure6.8, with NR uptake displaying
comparable levels with and without DQOVA conjugationdemonstrating the detection of
DQOVA in samples exposed to-DNROVA conjugates from the earliest time point. Qiler
these experiments confirmed the ability of NIRQOVA conjugates to deliver antigen to
dendritic cells at a clearly detectable level for the concentrations used, providing a strong
basis for their use for regime monitoring of antigen processing withihe microfluidic

platform (section6.4).
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