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The Road goes ever on and on
Down from the door where it began.

Now far ahead the Road has gone,
And I must follow, if I can,

Pursuing it with weary feet,
Until it joins some larger way,

Where many paths and errands meet.
And whither then? I cannot say.

J.R.R. Tolkien



iv



Contents

List of publications II

Notations V

Abstract 1

Zusammenfassung 3

1 Introduction 5
1.1 T lymphocytes and their role . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 Ca2+ storage and signaling in T cells . . . . . . . . . . . . . . . . . . . . 7
1.3 Methods to study Ca2+ spreading and fluctuation . . . . . . . . . . . . 12
1.4 Gold nanoparticles: SPR and photothermal characteristics . . . . . . . 15

2 Materials and Methods 19
2.1 Synthesis of Gold Nanostars . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1.1 Characterization of Gold Nanostars . . . . . . . . . . . . . . . . 20
2.2 Petri coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3 Cell line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4 Cell treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.5 LSM880 microscope set up . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.6 ICP-MS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.7 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3 Results 29
3.1 Characterization of T cells response to photo-thermal stimulation . . . 29

3.1.1 Time evolution on mean intensity . . . . . . . . . . . . . . . . . 29
3.1.2 Reiteration of the signal . . . . . . . . . . . . . . . . . . . . . . . 31
3.1.3 Effects of Hoechst on cells response . . . . . . . . . . . . . . . . 31
3.1.4 Role of the laser spot dimension . . . . . . . . . . . . . . . . . . 32
3.1.5 Responsiveness . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2 Ca2+ dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3 Ca2+ depletion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.3.1 Extracellular Ca2+ depletion: PBS without Ca2+ and Mg2+ . . . . 43
3.3.2 Extracellular Ca2+ depletion: Synta66 . . . . . . . . . . . . . . . 44
3.3.3 Ca2+ storage depletion: Thapsigargin . . . . . . . . . . . . . . . 46

3.4 Effect of Ca2+ release on cell dimension . . . . . . . . . . . . . . . . . . 48

4 Discussion, conclusions and outlooks 51

v



Contents I

5 In silico drug discovery 57
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.2 In silico pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.3 Case study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

A List of GHS substances 83

Acknowledgements 84

Declaration of Authorship 87



II List of publications



List of publications
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Abstract

Calcium, an ion abundant in various eukaryotic cells, plays a central role in nu-
merous cellular processes. It serves as a critical signaling molecule, regulating key
cellular functions such as motility, mitochondrial activity, gene expression, cell via-
bility and proliferation. In T cells, calcium is involved in their activation, triggering
the activation of several transcription factors. Because of its importance, extensive
research has been conducted to elucidate the relationship between T cell stimula-
tion, intracellular calcium dynamics, and the cellular consequences of intracellular
calcium elevation. Calcium in T cells is sequestered in the extracellular space or in in-
tracellular stores (such as the endoplasmic reticulum, mitochondria, and lysosomes).
T cell activation is triggered by the binding of the T cell receptor to its co-stimulatory
proteins on the surface of antigen-presenting cells. Binding initiates a signaling cas-
cade that leads to the release of calcium from the endoplasmic reticulum and its
influx from the extracellular space through calcium channels. The increase in cal-
cium activates several second messengers, including the transcription factors of the
genes involved in T cell activation.

Several methods have been developed to visualize calcium inside cells. One of
the most commonly used is the use of fluorophores that are able to bind calcium.
Upon binding, the fluorescence of the molecule increases. The use of these fluo-
rophores has made it possible to monitor calcium spreading in real time and with
great precision using a confocal microscope. Calcium signaling can be stimulated by
different strategies, such as chemical stimulation and biological stimulation. Chem-
ical stimulation is based on the treatment or injection of a chemical compound that
triggers the release of calcium. Biological stimulation is based on the activation of
the T cell receptor via co-stimulatory proteins, either attached to a bead or a surface
or dissolved in a buffer.

In recent years, nanoparticles have gained more and more interest. Among them,
plasmonic nanoparticles, especially gold nanoparticles, have been intensively stud-
ied because of their unique properties. In particular, they are able to interact with
the light in the visible spectrum. This interaction induces an oscillatory motion of
the surface electrons, called surface plasmon resonance. When the gold nanopar-
ticles interact with the appropriate wavelength they are able to convert the energy
absorbed from light into heat in a process called photothermal heating. Among the
different shapes that nanoparticles can have, the star-shaped gold nanoparticles are
the ones that show the highest efficiency as photothermal vectors due to their sharp
tips in which surface plasmon resonance can better localize. Gold nanostars were
used by Zhu and coworkers to induce calcium signaling and release calcium from
lysosomes in two cancer cell lines.

In the work presented in this dissertation, calcium release was induced in the Ju-
rkat T cell line by exploiting the photothermal property of gold nanostars. After the
treatment with the nanostars, Jurkat T cells were irradiated with a laser at the appro-
priate wavelength. The gold nanostars, localized in the endolysosomes, increased
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2 Abstract

in temperature. The temperature increase was transmitted to the nanoparticles’ sur-
rounding, causing the formation of a transient pore in the lysosomal membrane,
leading to the release of calcium. The calcium released from the lysosome induces
the global calcium signaling inside the cell. The use of a calcium-binding fluorophore
made it possible to spatially and temporally visualize and study the calcium. By
conducting statistical analysis and assessing various conditions, the existence of a
maximum peak was confirmed, which exhibits considerable variability in intensity,
while the time to reach the peak remained consistent across each condition tested.
While these findings imply that the method proposed in this paper is a promising
approach for studying calcium release and spreading, offering a simpler and more
precise alternative to biological or chemical methods, further research is necessary
to fully comprehend the cellular effects of photothermal heating.



Zusammenfassung

Calcium, ein in verschiedenen eukaryontischen Zellen reichlich vorhandenes Ion,
spielt bei zahlreichen zellulären Prozessen eine zentrale Rolle. Es dient als entschei-
dendes Signalmolekül, das wichtige Zellfunktionen wie Motilität, Mitochondrien-
aktivität, Genexpression, Zelllebensfähigkeit und Proliferation reguliert. In T-Zellen
ist Calcium an ihrer Funktion beteiligt und löst die Aktivierung verschiedener Tran-
skriptionsfaktoren aus. Aufgrund seiner Bedeutung wurden umfangreiche Forschun
gsarbeiten durchgeführt, um die Beziehung zwischen der Stimulation von T-Zellen,
der intrazellulären Calcium dynamik und den zellulären Folgen der intrazellulären
Calciumerhöhung zu klären. Calcium in T-Zellen wird im extrazellulären Raum,
oder in intrazellulären Speichern (wie dem endoplasmatischen Retikulum, Mito-
chondrien und Lysosomen) sequestriert. Die Aktivierung der T-Zellen wird durch
die Bindung des T-Zell-Rezeptors an seine Co-Stimulationsproteine auf der Oberfläche
der Antigen-präsentierenden Zellen ausgelöst. Die Bindung setzt eine Signalka-
skade in Gang, die zur Freisetzung von Calcium aus dem endoplasmatischen Retiku-
lum und zum Einstrom von Calcium aus dem extrazellulären Raum über Calci-
umkanäle führt. Der Calciumanstieg aktiviert mehrere Botenstoffe, darunter die
Transkriptionsfaktoren der Gene, die an der Aktivierung der T-Zellen beteiligt sind.

Es wurden mehrere Methoden entwickelt, um Calcium im Zellinneren sichtbar
zu machen. Eine der am häufigsten verwendeten Methoden ist die Verwendung
von Fluorophoren, die Calcium binden können. Bindet das Fluorophor an Calcium,
erhöht sich die Fluoreszenz des Moleküls. Die Verwendung dieser Fluorophore hat
es ermöglicht, die Ausbreitung von Calcium mit Hilfe eines konfokalen Mikroskops
in Echtzeit und mit großer Präzision zu verfolgen. Die Calciumsignalkaskade kann
durch verschiedene Strategien stimuliert werden, wie z. B. durch chemische- und
biologische Stimulierung. Die chemische Stimulation basiert auf der Injektion einer
chemischen Verbindung, die die Freisetzung von Calcium auslöst, oder einer chemis-
chen Behandlung, die das selbige erzielt. Die biologische Stimulierung beruht auf
der Aktivierung des T-Zell-Rezeptors durch kostimulierende Proteine, die entweder
an ein Bead, oder eine Oberfläche gebunden sind, oder in einem Puffer aufgelöst
vorliegen.

In den letzten Jahren haben Nanopartikel immer mehr an Interesse gewonnen.
Unter ihnen wurden plasmonische Nanopartikel, insbesondere Goldnanopartikel,
aufgrund ihrer einzigartigen Eigenschaften intensiv untersucht. Sie sind insbeson
dere in der Lage, mit dem Licht im sichtbaren Spektrum zu interagieren. Diese
Wechselwirkung führt zu einer oszillierenden Bewegung der Oberflächenelektro-
nen, der sogenannten Oberflächenplasmonenresonanz (surface plasmon resonance).
Wenn diese Gold-Nanopartikel mit der entsprechenden Wellenlänge interagieren,
können sie die vom Licht absorbierte Energie in Wärme umwandeln, was als pho-
tothermische Erwärmung bezeichnet wird. Unter den verschiedenen Formen, die
Nanopartikel haben können, sind sternförmige Gold-Nanopartikel diejenigen, die
aufgrund ihrer scharfen Spitzen, in denen sich die Oberflächenplasmonenresonanz
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4 Zusammenfassung

besser lokalisieren kann, die höchste Effizienz als photothermische Vektoren aufweisen.
Goldnanosternchen wurden von Zhu und Mitarbeitern verwendet, um in zwei Kreb-
szelllinien Calciumsignale zu induzieren und Calcium aus Lysosomen freizusetzen.

In der in dieser Dissertation vorgestellten Arbeit wurde die Calciumfreisetzung
in der Jurkat-T-Zelllinie durch Ausnutzung der photothermischen Eigenschaft von
Goldnanosternen induziert. Nach der Behandlung mit den Nanosternen wurden
die Jurkat-T-Zellen mit einem Laser der entsprechenden Wellenlänge bestrahlt. Die
Goldnanostars, die in den Endolysosomen lokalisiert waren, erhöhten ihre Tem-
peratur. Der Temperaturanstieg wurde auf die umgebenden Nanopartikel übertra-
gen und führte zur Bildung einer vorübergehenden Pore in der lysosomalen Mem-
bran, was zur Freisetzung von Calcium führte. Das aus dem Lysosom freigesetzte
Calcium löst die globale Calcium-Signalisierung innerhalb der Zelle aus. Die Ver-
wendung eines calciumbindenden Fluorophors ermöglicht es, das Calcium räum-
lich und zeitlich zu visualisieren und zu untersuchen. Durch statistische Analysen
und Bewertung verschiedener Bedingungen wurde die Existenz eines maximalen
Peaks bestätigt, der eine beträchtliche Variabilität in der Intensität aufweist, während
die Zeit bis zum Erreichen des Peaks bei jeder getesteten Bedingung gleich blieb.
Diese Ergebnisse deuten darauf hin, dass die in dieser Arbeit vorgeschlagene Meth-
ode ein vielversprechender Ansatz zur Untersuchung der Calciumfreisetzung und
-ausbreitung ist und eine einfachere und präzisere Alternative zu biologischen oder
chemischen Methoden bietet.



Chapter 1

Introduction

In this introductory chapter, the concepts needed to better comprehend the work are
explained in details. The chapter begins by describing T lymphocytes and elucidat-
ing their diverse functions within the immune system. Following that, the calcium
storage and signaling within T cells is explored, uncovering the molecular mech-
anisms governing their activation and function. Various methodologies utilized in
studying calcium dynamics within these cells are scrutinized, shedding light on tech-
niques such as fluorescence imaging and electrophysiological tools. Lastly, the chap-
ter concludes with an examination of gold nanoparticles exploited in the presented
work, elucidating their distinct surface plasmon resonance (SPR) and photothermal
characteristics.

1.1 T lymphocytes and their role

T lymphocytes, also known as T cells, are circulating white blood cells that play
a pivotal role in the adaptive immunity, which is responsible for mounting a highly
specific and coordinated immune response against pathogens and other foreign sub-
stances. T cells are able to specifically recognize an antigen, maintaining a memory
of a previously encountered pathogen, while at the same time lacking self-reactivity
[1, 2].

Both B and T lymphocytes come from a common lymphoid precursor which is
produced in the bone marrow. T cells differ from B cells because they express on
their surface the T cell receptor (TCR). These lymphocytes undergo maturation in-
side the thymus, a gland located in the chest between the lungs [3]. At the beginning
of their maturation T cells express on their surface neither CD4 or CD8 glycoproteins
coreceptor, that will later be used as markers to identify their functional specializa-
tion. During the maturation, T cells migrate throughout the thymus and undergo
to a two-step selection: positive and negative [4]. These processes are needed to
select active cells while removing autoreactive ones. After the positive selection, T
lymphocytes express either CD4 or CD8 glycoprotein and are reactive to both for-
eign and self-antigens. The negative selection induces the apoptosis of self-reactive
lymphocytes and protect the host from autoimmune diseases. After maturation the
naı̈ve T cells migrate through the secondary lymphoid organ (spleen, lymph nodes
and mucosal-associated lymphoid tissue) where they are then activated in presence
of a pathogen.

The ability of T lymphocytes to recognize a specific antigen is conveyed by the T
cell receptor. TCR is a transmembrane heterodimer protein complex that is encoded

5



6

by four sets of genes. The recombination of these genes, during T cells development,
is responsible for TCR specificity and commits the cell to a precise antigen for its en-
tire lifetime. The TCR is able to recognize antigens presented as processed peptides
and loaded on a heterodimer transmembrane protein called the major histocompati-
bility complex (MHC), expressed on the antigen presenting cell (APC) plasma mem-
brane (PM) [5]. The link between TCR and MHC starts the activation of the T cells.
However, the bonding between TCR and MHC is not sufficient to complete the ac-
tivation: a co-stimulatory signal is also required. This signal is obtained with the
interaction of other surface proteins on both T cells and APCs (i.e. CD28 on T cells
and B7.1 on APCs) that strengthen and prolong the contact between the two cells,
creating the immunological synapse [6]. After the co-stimulation, T cells activation
is carried out only in the presence of interleukin-2 (IL-2), a signaling protein that
is produced and secreted by activated T cells themselves. Without the presence of
IL-2, T cells enter in a state of anergy where they became unresponsive to further
stimulation [7]. Activated cells start to clonally expand amplifying the number of
lymphocytes specific to the invading pathogens [8]. As aforementioned, the func-
tional specialization of the T cells depends, among other things (like the cytokines
present in the microenvironment and the antigen concentration), on the glycopro-
tein expressed on their surface. Upon activation, cells that express CD8 glycoprotein
are able to produce cytotoxic proteins (such as perforin and granzymes) and secrete
them to kill a target cell. CD8+ T cells are therefore know as cytotoxic T cells [5].
On the other hand, CD4+ T cells can differentiate into multiple different specialized
effector cells [9]. The various cellular subsets can be categorized based on the pro-
duction of distinct cytokines and effector functions. CD4+ activated T cells have
two major roles in immune response: help to mount it or regulates it. The lympho-
cytes that help to mount the immune response are called helper T cells. The principal
helper T cells are: Th1, Th2 and Th17. Th1 cells are associated with organ-specific au-
toimmunity and are involved in the elimination of intracellular pathogens through
macrophages activation [10]. Th2 cells supports the activation of the immune re-
sponse against the extracellular parasites facilitating B cell antibody responses [10].
Due to this interlink with B cells, Th2 cells are also involved in induction and per-
sistence of asthma and other allergic diseases [11]. Lastly, Th17 cells are involved
not only in the mounting of the immune response against extracellular bacteria and
fungi, but also in the development of autoimmune diseases [12, 13, 14]. T cells CD4+

involved in the regulatory processes of the adaptive immunity are called regulatory
T cells or Treg. Their role is to maintain the immunologic tolerance to self and for-
eign antigens by negatively regulate the immune response after the clearance of the
pathogens [15, 16].

After the dramatic clonal expansion as resulting from the activation of naı̈ve T
cells, the cells undergo to an impressive shrinking of the population induced by
apoptosis following the eradication of the infection. As a result, just a few are able
to survive. These surviving T cells are known as memory T cells. Memory T cells
are divided in different subsets that can be found inside the lymphoid or circulating
in peripheral tissue. The main function of these cells is to remember a pathogen
and, when the infection reoccur, arise the immune response faster, proliferating and
creating a new round of effector cells [17, 18].

T cells are small, round-shaped cells with an average dimension of 5-10 μm. A
large part of the cell is filled by the nucleus, that present a singular bean-like shape
(Figure 1.1A). On the surface numerous flexible protrusions of the plasma mem-
brane called microvilli can be found (Figure 1.1B). The role of the microvilli is not
completely understood but they are involved in the cell extravasion towards the site
of infection and play a key role in the antigen recognition by strengthening the inter-
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action with APCs [19].

Figure 1.1: Transmitted electron microscopy (A) and Scanned electron microscopy
(B) of T lymphocyte. Scale bar: 2 μm. The image was adapted from reference [20].

One of the most commonly used immortalized T cell lines to study the TCR ac-
tivation and signaling cascade is Jurkat T cell line [21]. In the early 1980s, the cell
biologists used primary cells derived either from human or murine source. Over
time, the demand for immortalized cell lines, capable of enduring in vitro condi-
tions for extended periods of time and to be genetically modified for studying their
functionality, increased significantly. The solution came when John Hansen, while
screening various leukemic cell lines [22, 23], discovered that Jurkat (cells derived
from the peripheral blood of a 14 years old male acute leukemia patient) exhibited a
robust production of IL-2 when appropriately stimulated [24]. From the Jurkat cell
lines, multiple randomly mutagenized cell lines were created and used to better un-
derstand TCR and T cells activation. Despite some drawbacks (especially regarding
the profile of expression of few proteins), Jurkat T cells are still used in immunolog-
ical labs today and, over few decades, helped to deepen our knowledge of T cells
functionality.

1.2 Ca2+ storage and signaling in T cells

For a wide range of eukaryotic cells, not only human and animal but also plant cells,
calcium is a key signaling ion [25]. Calcium signaling pathways are involved in
numerous pivotal cell functions [26], such as: motility and contraction [27], mito-
chondrial function [28], viability and cell proliferation [29], gene transcription and
signaling [30]. In general, when a cell is stimulated, there is an increase in intra-
cellular calcium concentration that lasts until the stimulus ends. The calcium level
then returns to background. The extent of this increase depends on the intensity
and duration of the stimulus. It is important to notice that, although the increase of
intracellular calcium is essential to carry on cellular response, the amount of Ca2+

released must remain under a defined threshold. Large increase in calcium can lead
to unwanted side effects like reactive oxygen species (ROS) production, organelle re-
modeling and mitochondria permeability, resulting in cell apoptosis [31, 32]. While
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an excess of calcium in the cell has catastrophic effects, an excessive decrease also
affects the behavior of the cell and its survival [33, 34]. Since this ion holds a great
importance in the cells’ activity, it’s concentration must be precisely controlled by
the cell. The calcium concentration in the cytosol of cells ranges between 50 to 100
nM, while the extracellular concentration is much higher, around 1-2 mM. This im-
balance in concentration allows the maintenance of the plasma membrane potential
to approximately -55 mV. Calcium can also be stock inside intracellular storage. The
main storage sites in the cells are: endoplasmic reticulum (ER), mitochondria and
endolysosomes. All these organelles can store different concentrations of calcium
and therefore are differently involved in its release in the cytosol. ER contains 300
μM-1 mM calcium, mitochondria 0.1 nM-1mM and endolysosomes 400-600 μM.

The fine tuning of calcium concentration inside the cell is mediated by a large
range of transmembrane proteins, called calcium channels [35]. Calcium channels
can be found ubiquitously in the cells and allow the movement of the ions across
the cell membranes. These channels can react to different stimuli. For example, the
different concentration of the ion across a a membrane is a chemical stimulus. In
the presence of a concentration imbalance straddling a cell membrane, the channels
can allow the movement of the Ca2+ following its gradient. Another stimulus is the
change in the voltage, especially of the plasma membrane (PM). The calcium chan-
nels that respond to this stimulus are called voltage-activated Ca2+ channels (CaV
channels). CaV channels are mainly located at the PM and are generally associated
with excitable cells like muscle cells [36] and neurons, nevertheless they also take
part in T cells functions and activation [37, 38]. Lastly, highly specialized channels
can be opened by the binding to a specific ligand (i.e. neurotransmitters) or when a
physical stimulus, such as stretch or increase in temperature, occurs. When the Ca2+

ions have to be transported against the electrochemical gradient, the ion pumps use
energy, in the form of adenosine triphosphate (ATP), to extrude them. Two crucial
calcium ion pumps are PM Ca2+ ATPases (PMCAs) [39, 40] and sarcoplasmic/ER
ATPases (SERCAs) [41], that can be found at the PM and ER respectively. These
pumps pull out the calcium from the cytosol into the extracellular space (PMCAs)
or the ER (SERCAs). Taken together these ion channels and pumps are essential to
maintain calcium homeostasis inside the cell.

The role of calcium in T cells has been extensively studied because of its link
with their activation [42]. Upon engagement of the TCR by the MHC, the intracellu-
lar domains of the receptors (ITAMs) are phosphorylated leading to the activation of
ζ-chain (TCR) associated protein kinase 70 (ZAP70) and phospholipase Cγ1 (PLCγ1).
PLCγ1 hydrolyses phosphatidylinositol 4,5 bisphosphate (PIP2) to produce inositol-
1,4,5-triphosphate (Ins(1,4,5)P3 or IP3) and diacyl glycerol (DAG). Both IP3 and DAG
act as second messengers. DAG activates two major downstream pathways involv-
ing Ras protein and protein kinase θ (PKCθ) [43]. Both these pathways lead to the
activation of transcription factors: Ras protein mediated pathway activates AP-1 [44]
while PKCθpathway activates NFkB [45]. AP-1 and NFkB transcriptional factors are
involved in the activation of various genes involved in: cell growth (AP-1), cell func-
tions, survival and homeostasis (NFkB). On the other hand, IP3 binds to its receptor
(InsP3R or IP3R located on the ER) triggerin gthe release of Ca2+ from the ER store
(Figure 1.2).

The depletion of Ca2+ from ER, activates the ER Ca2+ sensors stromal interaction
molecule 1 (STIM1) and STIM2. STIM1 and STIM2 are localized on the ER and pos-
sess a luminal Ca2+-binding domain that acts as a sensor of the ion concentration
within the ER. IP3-induced calcium release triggers STIM1 clustering and movement
to junctional zones where the ER and PM are in close contact, typically within 10-25
nm. When calcium release is modest, STIM2 is activated, whereas when release is
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Figure 1.2: Calcium signaling in T cells. Stimulation of T cell receptor (TCR)
leads to the activation of phospholipase Cγ (PLCγ). PLCγ produces inositol-1,4,5-
triphosphate (Ins(1,4,5)P3) that binds its receptor (InsP3R) on the surface of the en-
doplasmic reticulum (ER). The binding induces the release of Ca2+ from ER and the
activation of stromal interaction molecule 1 and 2 (STIM1/2). STIM1/2 activates
ORAI1 localized at the plasma membrane (PM) and stimulates store-operated Ca2+

entry (SOCE). SOCE activates Calmoduline, which in turn activates nuclear factor of
activated T cells 1 and 2 (NFAT1/2). NFAT1/2 translocate in the nucleus and tran-
script the genes involved in cytokine production, proliferation, cellular metabolism,
mitochondrial biogenesis and differentiation. On the PM are located other channels
involved in the Ca2+ influx during T cells activation: non-selective transient recep-
tor potential (TRP) channels, purinergic ionotropic receptors (P2RXs) and voltage-
activated Ca2+ (CaV) channels. The Ca2+ released by InsP3R is uptaken by mitochon-
dria via mitochondrial Ca2+ uniporter (MCU). InsP3R and MCU co-localized at a
contact site called mitochondria-associated membranes (MAMs). In mitochondria,
Ca2+ is used to produce ATP and to uptake Na+ via mitochondrial Na+/Ca2+/Li+

exchanger (NCLX). PM Ca2+ ATPases (PMCAs) and sarcoplasmic/ER Ca2+ ATPases
(SERCAs) mantain Ca2+ homeostasis pumping the ions in the extracellular space and
in lumen of ER respectively. Lat, linker for activation of T cells; Vm, membrane po-
tential; ZAP70, ζ-chain-associated protein kinase of 70 kDa. Image from reference
[42].

more substantial, STIM1 is activated [46]. At the junction site, STIM1 interacts with
ORAI1, a calcium channel situated at the PM, forming a high selective ion channel
complex that allows the entry of the extracellular calcium to replenish the stores [47].
This pathway of calcium entry is known as store-operated Ca2+ entry (SOCE), while
the channels (STIM1 and ORAI1) involved are known as Ca2+ release-activated Ca2+
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(CRAC) channels [48]. SOCE activates the second messenger calmodulin. Calmod-
ulin is a Ca2+-sensing protein [49] that is able to activates different downstream en-
zymes and transcription factor, the most significant of which are the isoforms of the
nuclear factor of activated T cells (NFAT1 and 2) [50]. Once activated by Calmodulin,
NFAT translocates inside the nucleus and start the transcription of different genes
involved in: cytokines production, proliferation, mitochondrial biogenesis, cellular
metabolism and differentiation.

The global rise of the intracellular Ca2+ concentration induced by SOCE activates
not only NFAT and other transcriptional factors (like NFkB and AP-1) but also mito-
chondrial metabolism [51] and cytoskeletal mobilization [52].

Mitochondria have a role in the calcium storage and buffering. On the surface of
these organelles it is present the mitochondrial Ca2+ uniporter (MCU). MCU moves
the calcium ions from the cytoplasm across the inner mitochondrial membrane [53].
The removal of the Ca2+, carried out by MCU, has two major effects. The first is to
avoid the inactivation of the IP3R , as a negative feedback of the calcium release it-
self. The second is to reduce the amount of Ca2+ available to SERCAs to replenish
the ER. Taken together these two events induce the need to acquire calcium from the
extracellular space and thus to the opening of CRAC channels (STIM1 and ORAI1)
[54, 55]. In addition, increasing the concentration of calcium ions inside the mi-
tochondria activates calcium-dependent enzymes involved in the Krebs cycle and
complexes involved in the electron transport chain, resulting in enhanced ATP pro-
duction [56, 57]. The newly synthesized ATP plays also a role in Ca2+ influx thus con-
tributing in amplifying the global signaling and T cells activation [58, 59, 60]. ATP is
transported from the mitochondria into the cytosol, where a small amount is then re-
leased outside the cell through pannexin-1 hemichannels (PANX1) [61]. The released
ATP triggers the activation of P2X4 and P2X7 purogenic ion channels [62, 63, 64] in
a autocrine way [65], causing an influx of calcium ions, thereby increasing its intra-
cellular concentration (Figure 1.3). In turn, the increased production of ATP and the
presence of calcium influence the production of reactive oxygen species (ROS) [66].
Interestingly, moderate levels of ROS are necessary for optimal T cell activation, as
they are required for cytokine production and metabolic functions [67]. On the other
hand, excessive levels of ROS have the opposite effect by blocking the activation of
the transcription factor NFAT and consequently the production of IL-2 [68].

Calcium is able to regulates the cytoskeleton thanks to capping proteins (like gel-
solin [69]) that are activated by the increasing in the ion concentration. After the
activation of TCR and the release of Ca2+, a rapid (within seconds) rearrangements
of actin and the microtubles towards the region of contact of T cell and APC can be
observed. These reorganizations help, over time, to translocate all the necessary pro-
teins and organelles to create the immunological synapse. A continuous stimulation
stabilize the immunological synapse and allow the cytoskeleton to help the cluster-
ing of STIM1 and ORAI1, resulting in SOCE. Moreover, the microtubules are able
to relocate mitochondria in the proximity of the synapse where they will suppress
Ca2+-dependent inactivation of CRAC channels, and thereby prolong their activity
reinforcing the entry of calcium [52].

As discussed in detail above, a global increase in intracellular calcium concentra-
tion is pivotal for T cells activation. The in-depth study of this global signal has shed
light on its origin as well as on the Ca2+ behavior during cell resting state. In several
different cell types (such as neuronal [70], cardiac [71] and T cells [72]), it has been
observed that, not only in stimulated but also in unstimulated state, calcium does
not remain confined in the store or outside the cell, but it is released in the cytosol in
the form of so-called Ca2+ microdomains [73]. Ca2+ microdomains can be described
as small and localized calcium signals that are usually transient and fluctuating. Al-
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though at first glance these signals could be regarded as noise, they can play a crucial
role in originating a global increase in intracellular calcium. It is important to under-
line that not all the microdomains are able to trigger the global signaling activation
and they can simply be physiological fluctuation in calcium density inside the cell.
Usually the microdomains localize in close proximity with a calcium channel or a
cluster of channels and, therefore, can be found near the plasma membrane or the
ER. Interestingly, Ca2+ ions can poorly diffuse in the cytosol in a range of approxi-
mately 200 nm due to cytosols’ buffering capacity [74, 75, 76]. Therefore, when the
Ca2+ ions are actively involed in the T cell activation, a second messanger is needed
for the Ca2+ to be able to activate more distant calcium release and/or entry channels
and arise a global calcium signaling [77].

Figure 1.3: Formation of the Ca2+ microdomains upon TCR binding to MHC. Upon
activation of T cell receptor (TCR) via binding major histocompatibility complex
(MHC), dual oxidase 2 (DUOX2) generates nicotinic acid adenine dinucleotide phos-
phate (NAADP) by NAADPH. NAADP binds to neurological expressed 1-like pro-
tein (HN1L) also called Jupiter microtubule-associated homolog 2 (JPT2) and the
complex interacts with ryanodine receptor type 1 (RYR1) on the endoplasmic retic-
ulum (ER). RYR1 is activated and releases Ca2+ in the cytosol evoking the Ca2+ mi-
crodomains. The microdomains stimulate further influx of calcium into the cytosol
via activation of ORAI1 through stromal interaction molecule 1/2 (STIM1/2). Phos-
pholipase Cγ(́PLCγ), here represented linked to integrin, produces inositol-1,4,5-
triphosphate (IP3). IP3 interacts with his receptor IP3R further increasing the release
of calcium into the cytosol and store-operated Ca2+ entry (SOCE). Moreover, the re-
lease of ATP in the extracellular space via pannexin-1 hemichannels (PANX1) acti-
vates P2X4/7. P2X4/7 channels open and allow the influx of more calcium ions. The
global calcium signaling results in the activation ad translocation of the nuclear fac-
tor of activated T cells (NFAT1), leading to the complete activation of T cells. NAADP
is restored to its oxidated form, NAADPH, by glucose-6-phosphate dehydrogenase
(Glu-6-P-DH). Image from ref. [78]

The second messengers involved in the microdomain formation are three: nico-
tinic acid adenine dinucleotide phosphate (NAADP), IP3 and cyclic ADP-ribose (cADPR)
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(Figure 1.3). After TCR activation by binding MHC, the transmembrane dual ox-
idase 2 (DUOX2) is activated and it generates NAADP by oxidating its reduced
form NAADPH [79]. NAADP reaches its maximum concentration inside the cell
10 sec after TCR activation. NAADP binds either to the binding protein neurolog-
ical expressed 1-like protein (HN1L) also called Jupiter microtubule-associated ho-
molog 2 (JPT2) [80, 81] or Lsm12 [82]. Once linked to either HN1L/JPT2 or Lsm12,
NAADP can binds different calcium channels: two-pore channel 1 (TPC1) and 2
(TCP2) [83, 84], localized on the endolysosomes, and/or ryanodine receptor type 1
(RYR1) [85, 86], localized on the ER. Both TCP1/2 and RYR1, once bound to NAAPD
complex, open to release calcium in the cytosol creating the calcium microdomains
exploiting Ca2+ induced Ca2+ release mechanism. NAADP is the first second mes-
sanger to be produced, IP3 and cADPR are produced later on, reaching their peak
in concentration after 2-5 min and 10 min after TCR activation. IP3 is produced, as
already described above, by PLCγ and it activates IP3R on the ER inducing the re-
lease of Ca2+ and the subsquent activation of the CRAC channels inducing SOCE.
cADPR binds an isoform of RYR called RYR3. Both IP3 and cADPR are needed
to sustain the increase of intracellular Ca2+ and, therefore, inducing a global sig-
naling. NAADP, on the other hand, acts as a co-agonist of them bringing the cell
out of its pre-activated state through the rise of calcium microdomains. When Ca2+

microdomains are actively involved in T cells activation, they present the following
defined features. They are localized at the site of stimulation and they present an am-
plitude of approximately 260-420 nM [86]. Moreover, they display a spatial spread
of circa 450 nm [85, 86]. Ca2+ microdomains last few seconds before merging into the
global Ca2+ signal and became indistinguishable.

1.3 Methods to study Ca2+ spreading and fluctuation

Given the importance of calcium in T-cell function, its release, fluctuation, and spread-
ing have been studied in detail, and numerous techniques have been developed over
time. The first step to be undertaken in the study of calcium fluctuation in vitro is to
elicit its intracellular increase. To accomplish that, two different approaches can be
exploited.

The first one is to induce the T cell activation while the second is to directly stim-
ulates the influx of calcium. Over the years different methods have been developed
to activates T cells. The co-culture method involves the culturing APCs loaded with
an antigen and naı̈ve T cells [87]. This is a more physiological approach, nevertheless
it requires the preparation of APCs prior the addition of T cells and an appropriate
antigen. Another method is antibodies stimulation. This method exploits antibodies
(Abs) that target the co-stimolatory glycoproteins CD-3 and CD-28, present on the
surface of the T cells, that are directly involved in T cells activation. The binding
of the antibodies with their respective targets stimulates the lymphocytes. Interest-
ingly, the antibodies can be delivered to the cells through different strategies. Anti-
CD3 and anti-CD28 antibodies can be administered to T cells as a solution [88]. Even
though antibodies solution protocol is simpler than the others listed here, it often re-
quires additional co-stimulatory signals to induce a proper activation and provides
less cellular expansion. Another strategy is to coat a plate with the antibodies and,
subsequently, plate the T cells [89]. The coated plate strategy has the advantage of
controlling the interaction of the cells with the antibodies avoiding over stimulation
that can lead to apoptosis and cell population failures. On the other hand, this pro-
tocol is suitable only for small scale experiments and it is non-scalable. The last anti-
bodies stimulation methods is based on magnetic beads. The beads mimic the APCs
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and are coated with Abs via covalent bonds. The beads are mixed with the T cells
to induce activation [88, 90, 91]. When APC- and antibodies-based methods are not
available, chemical compounds can be exploited. The most common pharmacologi-
cal method to activate T cells is based on the administration of phorbol 12-myristate
13-acetate (PMA) in combination with the ionophore ionomycin [92, 93]. PMA and
ionomycin synergistically activates PKC while, at the same time, increasing the in-
tracellular calcium, leading to the activation of the T cell.

An alternative approach is to directly induce an increase of intracellular calcium,
without necessary engaging TCR or co-stimulatory proteins and activating T cells.
This goal is achieved mainly by treating the cells with compounds able to interact
with different players involved in calcium signaling. It has been shown that adding
ATP to T cells induces the activation of P2X4/7 (as explained in Section 1.2) caus-
ing the influx of calcium from the extracellular space [94]. Similarly, the intracellular
injection of messengers physiologically involved in the calcium signaling pathway,
such as IP3, NAADP [95] and cADPR [96], leads to the increase in the ion concen-
tration. The same result can be obtained using drugs such as ion channels modu-
lators, like amiodarone, ioxapine and furosemide [97]. Recently, also nanoparticles
have been used to elicit an increase of calcium. Calcium-based nanoparticles were
exploited to reinforce the effect of immunostimulants in the acidic tumor microen-
vironment [98, 99]. Nanoparticles not based on calcium can also be used for this
purpose, taking advantage of their physico-chemical properties. For example, the
capacity of plasmonic nanoparticles to increase their temperature if stimulated with
light has been utilized to increase the calcium concentration inside HeLa cells [100]
and neurons [101].

To be able to visualize qualitatively and quantitatively the calcium flow, researchers
have mainly used two techniques: patch clamp and confocal microscopy. Patch
clamp allows to study and record the ion currents across the phospholipidic mem-
branes. As described in Section 1.2, the voltage of the plasma membrane in resting
T cell is around -55 mV and it is strictly linked to the intracellular concentration of
several ions including Ca2+. Upon cellular activation, the increasing concentration
of Ca2+ induce a flow of ions across the plasma membrane leading to its hyperpo-
larization [102, 103]. The hyper- and depolarization can be detected and studied
with patch clamp. Confocal microscopy, on the other hand, allows the real time
and spatially resolved visualization of calcium and gives useful insight not only on
the spreading of the signal but also on the calcium behaviors during cells’ resting
state. To be able to image calcium, various Ca2+ indicators were developed over time
[104, 105]. Many of the most widely used dyes in recent years have been developed
from calcium chelators, such as EGTA, APTRA and BAPTA, to which fluorophores
have been incorporated [106, 107, 108]. The fluorophore groups carry a Ca2+-binding
domain that, in the presence of calcium, induces conformational changes capable of
modifying the absorption and emission of the molecule. Currently, a large collection
of fluorescent dyes is available that differs in calcium dissociation constant, bind-
ing kinetics, photostability, intracellular localization, fluorescence quenching char-
acteristics, and excitation and emission wavelength [109]. It is important to note
that the binding kinetics of the dye may affect the spatial resolution of the Ca2+ sig-
nal [110, 111, 112]. Since calcium signaling can often be localized and transient, the
binding kinetics of the dye must be fast enough to resolve these signals with suffi-
cient temporal precision [110]. Thus, dyes with slow binding kinetics are not suitable
for the detection of calcium microdomains and can lead to inaccuracies. Moreover,
the efficiency of these dyes is influenced by pH, temperature, protein binding and
presence of other ions like Mg2+ [113, 114].

Ca2+ fluorescent dyes are divided in two chategories: ratiometric and single wave-
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length dye. Ratiometric dyes, such as Fura-2 [108, 115], Fura-Red [116] and Indo-1
[108], show a spectral shift in either the excitation or emission wavelength upon
Ca2+ binding, often in conjunction with a change in fluorescence intensity. Because
the Ca2+-free and Ca2+-bound forms can be clearly distinguished, these dyes can be
used to measure calcium in the presence of uneven dye loading, dye leakage, photo-
bleaching, compartmentalization, or cell thickness [117]. The main disadvantages of
their use include increased photodamage to the cells and increased cellular autofluo-
rescence. Unlike ratiometric dyes, single wavelength Ca2+ dyes don’t show a shift in
emission wavelength, but rather a brighter emission signal. However, the increase
is directly correlated to the dye concentration, making quantification of Ca2+ dyes
less accurate compared to ratiometric dyes. Nevertheless, quantification of calcium
is still possible by loading a cell with a mixture of ratiometric and single wavelength
dyes (such as Fluo-3 or Fluo-4 AM and Fura-Red) [118, 119]. Despite their unre-
liability in quantification, these dyes have significantly improved the fluorescent
imaging not only of the global calcium signal but also of calcium microdomains.
Among single wavelength dyes, Fluo-4, in its form with the addition of an acetate
ester (AM) group, is of particular interest. Fluo-4 is a di-fluoro analog of Fluo-3 dye
and has very similar spectral properties with a maximum absorption and emission
at 494 and 516 nm, respectively [113]. Fluo-4 is brighter and more stable analogue
of the dye Fluo-3. When bound to Ca2+, it’s fluorescence increases of 100-fold allow-
ing the use of a lower working concentration and shorter loading times. Fluo-4 is
also been linked to AM group to improve its cell permeability. AM group hides the
charges of the dye and thus made it more lipophilic. Once in the cytosol, the cyto-
plasmic esterases hydrolyse the AM group trapping the molecule inside the cell. In
addition to chemical indicators, there are also biological indicators based on biosen-
sors and fusion proteins, known as genetically encoded calcium indicators (GECIs)
[120, 121, 122]. These indicators can be produced in a specialized organism (bacteria,
insect or human cells) and then administered to the target cell or produced directly
by the target cell into which the gene of interest is inserted. The main advantages
of using these markers are their stability over long periods (even weeks) and their
precise localization within the cell. However, they are more complicated to use and
produce than chemical markers. In recent years, nanoparticles have been exploited
to improve calcium sensing and enhancing the imaging of pre-existing dyes by im-
proving their ability to sense high Ca2+ concentration (higher than 100 μM) [123].
However, nanoparticles are not commonly used and a lot needs to be studied to
fully comprehend their potential in this field.

The Ca2+ signaling is generated by different players (such as cellular stores, plasma
membrane channels, second messengers,... etc), as explained in detail in Section 1.2.
Identifying the contribution of each of these players has shed light on the rise and
maintenance of Ca2+ signaling. To achieve this, the player’s contribution must be
isolated from the global signaling. This can be obtain modifying the experimental
condition or treating the cells with different chemical compounds.

Depletion of extracellular calcium enables isolation of calcium coming from the
ER, lysosomes and mitochondria. The simplest way to remove extracellular calcium
is to place the cells in Ca2+-free buffer or to add chelating agents, such as EGTA or
BATPA, to the medium [124]. On the other hand, the use of specific inhibitors is nec-
essary for the detailed study of membrane proteins that are involved in the influx
of calcium in the cytosol. A wide range of calcium channel blockers (like Verapamil
and Nifedipine) commonly used in the treatment of cardiovascular diseases also ex-
hibit immunosuppressive properties [125, 126, 127, 128]. The disadvantage of these
blockers is that they don’t act on a specific target, but rather block multiple voltage-
dependent channels at the same time. The same can be said for other compounds
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that are not administered as drugs, like Gadolinium chloride. Gadolinium chloride
has been used as a SOCE inhibitor and is able to block both voltage-dependent and
mechano-sensitive channels [129, 130]. On the other hand, the Synta66 inhibitor
shows selectivity towards the ORAI1 channel. Treatment of T cells with Synta66 en-
ables blockade of CRAC channels, preventing SOCE without reducing cell viability
[131, 132].

Depletion of intracellular storage (especially ER) allows to study the role of the
calcium influx and it’s importance in arise the global signaling. SERCA inhibitors,
Thapsigargin, cyclopiazonic acid (CPA) and tBHQ, made possible to IP3-sensitive
store and activate SOCE [133, 134]. Moreover, the inhibition of SERCA prevents
also the refill of ER impairing the ability to the T cells of responding to the activa-
tion stimulus. Other inhibitors of the lysosome storage are under study to deepen
the knowledge about the formation of Ca2+ microdomains. Taken together these
strategies have allowed over the past decades to deepen our knowledge of T cells
activation.

1.4 Gold nanoparticles: SPR and photothermal charac-
teristics

Plasmonic nanoparticles (NPs) are metal-based nanoparticles (typically noble met-
als such as gold, silver, or copper) that display large electromagnetic fields at their
surface when excited with light at the appropriate wavelength [135]. The oscillating
electromagnetic field of the light induces a synchronized oscillation among the free
electrons on the surface of the NPs (known as conduction band electrons). This elec-
tron oscillation around the surface of the particle generates a charge separation on
the NPs’ surface, resulting in an oscillating dipole aligned with the electric field di-
rection of the light [136] (Figure 1.4). This phenomenon is know as surface plasmon
resonance (SPR) [137, 138, 139] or localized plasmon resonance (LSPR) [140, 141].
Typically, the SPR is located in the ultraviolet (UV, from 10 to 400 nm) or near in-
frared (NIR, from 780 to 2500 nm) regions of the electromagnetic spectrum [142].
The wavelength and the intensity of the electromagnetic field inducing SPR depend
on three factors: nanoparticles’ size [143], shape, composition and the aggregation
state [144].

Among plasmonic nanoparticles, gold nanoparticles (AuNPs) have been exten-
sively studied because their SPR lies in the visible spectrum [146], and therefore any
modification (in terms of size, shape, and surface functionalization) leads to a colori-
metric change of the NPs dispersion [147, 148]. Over the time, AuNPs of different
size (from 10 to 400 nm) and shape (sphere, rod, nanocube, nanoshell, nanostart,
etc...) have been synthesized. Since SPR is dependent on these two parameters, re-
searchers have been able to tune them to obtain particles that interact with the light
in the NIR spectrum. The light in the NIR region holds a particular interest for bio-
applications since it weakly interacts with biological tissue.

Gold nanostars (AuNSs) are particles with a plasmonic core (either a sphere, a
rod or another shape) from which originates multiple sharp branches. Although the
core plays a crucial role by providing electrons to the tips, thereby amplifying the
electric field intensity as the nanoparticle grows, the primary plasmonic characteris-
tics of AuNSs originate from the sharp tips, called ”hot spots” [149, 150]. Nanostars
can be synthesized following two different protocols: seedless and seed-mediated.
The seedless method allows the production of nanoparticles in one-pot synthesis
[151]. Although fast, simple, and high yield, this approach leads to the production
of particles with a large polydispersity in size and shape. On the other hand, the



16

Figure 1.4: Scheme of the surface plasmon resonance (SPR) of a metal sphere. The
electromagnetic field of the incident light induces a synchronized oscillation of the
surfaces’ electrons, creating a charge separation. Image adapted from ref. [145].

seed-mediated protocol requires two steps: first the synthesis of seeds and then the
growth of the branches on their surface. Therefore, this approach is more compli-
cated and time consuming but allows a better control over nanoparticles’ shape and
size [152, 153]. It is important to notice that the characteristics (especially crystallinity
and size) of seeds play a huge role in this synthesis. For example, smaller seeds lead
to the production of AuNSs with fewer but longer spikes, resulting in a narrower
plasmonic band [154, 155]. Moreover, the time of addition of the seeds to solution
is also important. If the seeds are added too early they will lead to an increase on
polydispersity. Instead, if their are added too late they will induce nucleation, in-
creasing the size of spherical nanoparticles without branches [154]. Finally, the ratio
between the seeds and the gold precursors has to be taken into consideration since it
will directly affect the nanostars characteristics [154]. Aqueous synthetic routes have
been developed over the years and they have been proved efficient in increasing the
biocompatibility of nanostars. Typically, ascorbic acid and silver nitrate (AgNO3) are
added to a solution of seeds in presence of chloroauric acid (HAuCl4) and chloridric
acid (HCl). Ascorbic acid is used as a reducing agent in combination with silver ni-
trate as a shape-guided agent. AgNO3 is needed to block specific crystallographic
planes on the surface of the seeds, allowing for the reduction of gold in the appropri-
ate sites. The obtained AuNSs display well-defined tips. Nevertheless the number
of tips per particle cannot be precisely controlled and it ranges from 1 to 6. This
is probably due to the intrinsic crystallographic defects present on the seeds [156].
With this protocol, AuNSs with and average sizes ranging from 45 to 150 nm can be
produced. While the corresponding plasmon resonance are between 630 and 900 nm
[157, 158].

Due to their pointy shape, AuNSs are very efficient in converting the absorbed
light into heat. When the nanostars are excited with the appropriate wavelenght,
SPR effect is induced and the surface electrons oscillates coherently. After few fem-
toseconds, electrons lose coherence and acquire thermal energy. This energy is trans-
ferred to the crystal lattice in form of phonons, increasing the temperature of the lat-
tice of few tens of degrees [136, 159]. This feature of AuNSs is called photothermal
heating and it is used for cancer treatment, catalysis and sensing [160].
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Interestingly, Zhu et al. [100] have exploited AuNSs, embedded in a multi-layered
polymer capsule, as thermal vector to induce the release of Ca2+ from lysosomes ini-
tiating the signaling cascade in MCF7 and HeLa cancer cells. The increase in temper-
ature of the particles localized in the lysosomes induces the disruption (permanent or
transient) of the membrane leading the to release of calcium from the organelle. The
work reported in the present dissertation aims to apply this technique on T cells since
the key role that calcium has in their functionality. Therefore, Jurkat lymphoma cells
were treated with a photothermal vector and detailed studies on calcium spreading
in the cytosol were carried out. Since the lymphocytes present different characteris-
tics compared to the cells used by Zhu and co-workers, the experimental set-up was
adapted accordingly. For example, in Zhu’s paper AuNSs were embedded in a more
complex structure called capsule. Capsules had a dimension of around 5 μm. Con-
sidering that the average diameter of T cells is 10 μm, it was unlikely that capsules
could be uptaken by the cell. For this reason, in the present work plain AuNSs (of
200-250 μm dimension) were used.
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Chapter 2

Materials and Methods

For the experiments, Jurkat T cell were treated with gold nanostars. The nanoparti-
cles were produced in our lab following a well established protocol and character-
ized to keep their features constant. T cells were cultured as described and treated
always with the same volume of nanostars. After the treatment, the cells were loaded
with a dye to be able to visualize the Ca2+ release in real time. The videos obtained
were analyzed using Fiji and MATLAB programs. ICP-MS was used to quantify the
amount of elemental gold in both the nanoparticles batches and treated cells. In this
chapter all the methods used and analysis performed were explained in detail.

2.1 Synthesis of Gold Nanostars

Gold nanoparticles with a low dispersity and a diameter of 12-13 nm were synthe-
sized based on little adjustments to the Turkevich method from Schulz et al.[161].

Briefly, a buffer solution was prepared by mixing Trisodium citrate dihydrate
(#S4641-500G, Sigma-Aldrich) with Citric acid (#251275-100G, Sigma-Aldrich) at a
molar ratio of 75:25 in a 2000 mL beaker. The buffer was heated to its boiling point on
a heated stirrer plate and covered with aluminum to reduce the evaporation of water.
Separately, 200 ml of 812.5 µM trihydrate chloroauric acid (HAuCl4·3H2O; #520918-
5G, Sigma Aldrich) was prepared and heated to 90-100 °C. The boiling time of the
buffer solution before the precursor addition was 15 minutes. The precursor solution
was added quickly under vigorous stirring (900 rpm) to the citrate buffer solution.
After the color of the solution had changed into red, it was heated to boiling for an
additional 20 min before the hot plate was switched off to let the solution cool to
≈70 °C. The solution was then transferred into a glass bottle for storage. To improve
the uniformity and dispersity of the AuNPs, 0.02 mM Ethylenediaminetetraacetic
acid tetrasodium salt hydrate (EDTA; #E5134-500G) was added to the boiling citrate
buffer before the precursor addition.

Gold Nanostars (AuNSs) were produced according to the protocol previously re-
ported [100]. To 99 mL of MilliQ water at room temperature were added 2 mL of 25
mM HAuCl4·3H2O, 950 μL of the above mentioned citrate-stabilized seed and 120
μL of 1 M Hydrochloric acid (HCL, 35 wt%, #X942.2, Carl Roth). After 1 min stir-
ring, 1 mL of freshly prepared 2 mM Silver nitrate (AgNO3; #204390, Sigma Aldrich)
and 1 mL of freshly prepared 100 mM Ascorbic acid (#33034, Sigma Aldrich) were
added simultaneously. The solution was stirred for 30 sec while its colour changed
from light red to dark blue. The solution was then cooled down using an ice bath
to stop the growing of the AuNSs. During the incubation in ice bath, 2 mL of 10
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mg/mL HSC2H4CONH-PEG3kDa-OC3H6COOH (MW = 3 kDa, #13300-4-32, Rapp
Polymer) and 250 μL of 2 M Sodium hydroxide (NaOH, #6771.1, Carl Roth) aque-
ous solution were added for ligand exchange. After 40 min incubation, the solution
was left stirring overnight to return to room temperature. The day after, the solution
was centrifuged at 8,000 rpm for 5 min, the supernatant was discarded and 40 mL of
MilliQ water was added to redisperse the AuNSs. This procedure was repeated for
3 times. The last step consisted in redisperse the AuNSs in 15 mL of MilliQ water
instead of 40 mL. The nanoparticles were then stored at 4 °C in a glass vial.

It is important to note that, since the grow of of the star-shaped nanoparticles is
not precisely controlled, each batch can show slightly different features especially
regarding the plasmon resonance absorption peak that can be varying from 810 nm
to 825 nm.

2.1.1 Characterization of Gold Nanostars

The gold nanostars were characterized by UV-Vis spectrum measurement, TEM and
SEM imaging.

The UV-Vis spectra of both Au seeds and star-shaped Au NPs are shown in Fig-
ure 2.1. These spectra were made with Cary 60 UV-Vis Spectrophotometer (Agi-
lent).The absorption from 200 to 1100 nm was collected and the data were normal-
ized on the absorbance at 400 nm. The seed Au NPs had the absorption peak is λmax
= 520 nm. The surface plasmon resonance peak of the star-shaped NPs was from ∼
750 nm to 900 nm, with a λmax = 825 nm.

Figure 2.1: Normalized UV-Vis absorption spectra of seeds Au NPs and star shaped
Au NPs in aqueous solution. The surface plasmon resonance peak λmax = 825 nm is
shown as a dotted line.
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Scanning electron microscopy (SEM) images were obtained using a Zeiss Sigma
operated at an accelerating voltage of 10kV. To characterize the morphology of Au
nanostars, the Au nanostars were directly deposited on a silicon substrate. High-
resolution micrographs were obtained using the InLens detector. Figure 2.2.

Transmission electron microscopy (TEM) micrographs of AuNPs and Au nanos-
tars were performed on a JEOL JEM-1011 microscope with an operating voltage of
100kV. The TEM samples were prepared by dropping 10 µL of particle solution pre-
viously functionalized with PEG onto a carbon-coated TEM grid. The particle diam-
eters were calculated by using the software Image J 1.53e. Figure 2.3.

Figure 2.2: SEM image of AuNSs. Scale bar 1 μm.

Figure 2.3: TEM image of AuNSs with dimension calculated on the image. Scale bar
1 μm.

2.2 Petri coating

All the experiments were performed in μ-Dish 35 mm, high Glass Bottom IbidiTM

petri dishes (#81158, Ibidi) coated using the following protocol. 1 mL of 1 M HCl
was added to the petri dish and left for 15 min at room temperature (RT). After
that time, the HCl was discarded and the petri was washed three times with sterile
Phosphate-buffered saline (PBS, #18912-014, ThermoFisher Scientific) and let it dry
under a sterile hood. The glass section of the petri bottom was covered with 30 μL of
5 mg/mL sterile filtered Bovine serum albumine solution (BSA, #A9647-10G, Sigma
Aldrich) and let it dry under a sterile hood. Then, 100 μL of 0.01 % poly-L-Lysine
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(#P4832-50ML, Sigma Aldrich) was added and the petri was incubated for 30 min at
RT. Finally, the petri was washed three times with sterile PBS. The petri was stored
wet, with 1 mL of sterile PBS, at 4 °C sealed. Prior to use the liquid was removed
and the dish was dryed out under sterile hood.

2.3 Cell line

Jurkat T lymphocyte cell line was cultured in RPMI-1640 medium (#9091.1, Carl
Roth) with 2 g/L Glucose and 2 mM Glutamine, supplemented with 10 % Bovine
Calf Serum (#12133C-500ML, Sigma Aldrich) and 1 % Penicillin (50 IU/mL) and
Streptavidin (50 mg/mL) (#11548876, Fisher Scientific). Cell doubling time is around
24 h. Cell concentration was kept between 0,3x106 and 1,2x106 cell/mL. They were
left growing in suspension at 37 °C and 5% CO2.

2.4 Cell treatment

50 μL of AuNSs was added to 1 mL of Jurkat T cells concentrated 100’000 cell/mL.
The cells were placed in an Eppendorf tube inside the incubator over night at 37 °C ,
5% CO2. The day after, the cells were washed 3 times with sterile PBS, centrifuging
at 300 rcf for 5 min, to eliminate the excess of AuNSs. Cells were stained with 5 μM
Hoechst 33342 trihydrochloride trihydrate (#H1399, ThermoFisher Scientific) and 6.5
μM Fluo-4 AM [113] (#F14201, ThermoFisher Scientific) in sterile PBS for 30 min to
avoid undesired subcellular compartmentalization. Then cells were washed 3 times
with Calcium Buffer (140 mM NaCl, 5 mM KCl , 1 mM MgSO4, 1 mM CaCl2, 1 mM
NaH2PO4, 20 mM HEPES, 5.5 mM glucose; pH 7.4; sterile filtered) and kept for 20
min at RT for de-esterification before the start of measurement.

After the staining, cells were either resuspended in different solutions or treated
with different compounds, following the conditions listed below.

• To study the release of Ca2+ mimicking the in vivo conditions, cells were left
inside the complete medium as source of extracellular calcium.

• To better visualize the contribution of the calcium storages (like ER) to the sig-
nal, cells were maintained in Ca2+ and Mg2+ free PBS.

• To stop the calcium entry from the extracellular space via inhibition of ORAI1
channel, cells were treated with 50 μM of Synta66 (#SML1949-5MG, Sigma
Aldrich) in Calcium Buffer for 15 min before imaging.

• To prove that Synta66 was the solely responsible for the observed results, a
volume of Dimethyl Sulfoxide (DMSO, #D2650, Sigma Aldrich) equal to the
volume of Synta66 was added to the cells in Calcium Buffer.

• To confirm that Calcium Buffer didn’t affect the experiment, cells were stimu-
lated in Calcium Buffer without any treatment

• To suppress calcium release cascade by emptying the ER calcium storage, cells
were treated with 1.67 μM of Thapsigargin (#T7458, ThermoFisher Scientific)
in PBS wo Ca2+ and Mg2+ for 15 min before imaging.

Prior to image, the cells were placed in the coated petri dish and left undisturbed for
10 min to give them time to adhere to the surface.
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2.5 LSM880 microscope set up

The real time imaging was performed using a confocal Laser Scanner Microscope
880 (LSM880) from Zeiss. Since the system is an upright microscope, the objective
was directly immersed inside the sample. The water immersion objective W Plan-
Apochromat 20×/1.0 DIC D = 0.17 (UV) VIS-IR M27 75mm was used. The samples
were maintained inside the microscope incubator at 25 °C, for the entire duration of
the measurement, from 1 to a maximum of 4 hours.

The cells were visualized using Argon 488 nm and Diode 405 nm lasers. Ar-
gon laser was used to excite Fluo4-AM, while Diode laser was used to visualize the
transmitted light and to excite the nuclear fluorophore Hoechst, when present. Pho-
tothermal heating was achieved with MaiTai wide band, mode-locked Ti:Sapphire
laser (Spectra Physics). This laser can produced a continuous laser wave ranging
from 690-1040 nm. The MaiTai was set up at 825 nm to interact with the plasmonic
resonance peak of the AuNSs and induced their increase in temperature.

T cells stained with Fluo4-AM and Hoechst were imaged as follow. Argon laser
was set up at the 0.6 % of maximum laser power and filtered with a multi band pass
filter (MBS 488/561/633). The emission signal was collected from 500 to 630 nm by
a GaAsp PMT spectral detector (ChS1) and the digital gain was set at 720. Diode 405
nm laser was used at 0.4 % of the maximum laser power and filtered with a MBS
(MBS -405/760+). Hoechst emission signal was collected from 450 to 499 nm by a
GaAsp PMT spectral detector (Ch1). The digital gain was 250 for the transmitted
light and 720 for the Hoechst signal. Modular MaiTai laser was set at 825 nm to
interact with the surface plasmonic peak of the AuNSs and induce the local increase
in temperature. MaiTai laser was used in a various range of laser power: 0.2, 0.5, 2
and 5 %. This was due to the biological variability of the different samples.

The image set up was optimized to obtain an high frame rate without excessively
impairing the image resolution. The acquired field of view was 168x168 pixels, cor-
responding to an area of 23.6 μm x 23.6 μm (pixel size 0.14 μm). The choice of the
field of view was dictated by the need of minimizing as much as possible the num-
ber of pixels to increase the acquisition frame rate while allowing the imaging of
the entire projected area of one T cell. The bit depth was 16 bit and the scan mode
was bidirectional. The maximum scan speed was applied to obtain a frame rate of
approximately 25.63 msec.

The experiment was carried out using the built in bleaching mode of the software.
The determined number of cycles, which means the numbers of frames, was 3000
without any interval between them since the scan speed was already at the desired
frame rate. The entire measure lasted 1.30 min for each cell.

2.6 ICP-MS

To determine the mass concentration of AuNSs solution, in terms of elemental con-
centration, and their cellular uptake, inductively coupled mass spectrometry (ICP-
MS) 7700 setup from Agilent with an integrated auto sampler was exploited.

To obtain the solution concentration, 50 μL of the gold nanostars (diluted 1:1, 2:1,
4:1, 8:1, 16:1, 32:1 and 64:1) were digested with 150 μL of freshly prepared aqua regia
(mixture of HCl and Nitric Acid (HNO3) in a 3:1 ratio) over night at room tempera-
ture inside the fume hood. The day after samples were futher diluted with 1.8 mL
of 2% HCl. Each sample was prepared in triplicate. The results were plotted against
the volume, Figure 2.4.

To evaluate the uptake, 100’000 Jurkat T cells were pretreated with 50 μL of
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Figure 2.4: Standard curve of Gold Nanostar by ICP/MS

AuNSs for different time points: 2, 4, 6, 16, 24 and 48 hours. After the treatment
cells were washed with PBS for three times and counted with Neubauer Counting
Chamber. The samples were then pelleted, resuspended in 150 μL of freshly made
aqua regia and left under the fume hood for 2 days at room temperature. The fully
digested pellets were diluted with 1.85 mL of 2% HCl. Each sample was prepared in
triplicate. Results are shown in Figure 2.5

The calibration curved used by the instrument was obtained using an elemental
gold standard (1 mg/mL) diluted consecutively from 2500 to 10 parts per billion.

Based on ICP-MS results, the AuNSs solution concentration is 0.68 ± 0.016 mg/mL.
Since T cells were treated with 50 μL of nanoparticles, the total amount of gold placed
in each samples was 33.8 μg.

Regarding the uptake, the results in Figure 2.5 show an increase in the concentra-
tion of gold in the cells until 24 h incubation. After that time, at 48 h incubation, the
concentration decreases. The selected incubation time for the experiment, was 16 h
and it will express from now on as ”overnight incubation” (o/n).

2.7 Data analysis

The data obtained were firstly analyzed manually with Fiji software [162] and after-
wards semi-automatically using MATLAB. Fiji was used to get the plot of the inten-
sity of the cell versus time (by using ”Plot z-axis Profile”), in this way a first screening
could be made to discriminate between responsive and non responsive cells. From
the plot, the time points of the experiments could also be retrieved. Moreover, Fiji
allowed to convert the files from the Zeiss format (.czi) to Tiff, so that they could be
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Figure 2.5: Uptake of AuNSs by Jurkat T cells

used by MATLAB software.
MATLAB software was exploited to perform data image analysis as followed:

1. Cell segmentation:

the analysis was performed via binarization. Threshold was determined cre-
ating a 10 pixels thick border of the frame, making sure that no part of the
cell was accidentally taken into consideration. The average value (Ibkg) and the
standard deviation (σbkg) of the intensity in the border was then computed on
the first frame. Hence, the threshold was defined as:

Ithresh = 2 · (Ibkg + σbkg) (2.1)

To reduce white noise, a gaussian filter was applied with width equal to 3 pix-
els. The filtered first frame was then binarized using the intensity threshold
Ithresh: all points with intensity larger than Ithresh were considered part of the
cell (1), while all the others were considered part of the background (0). The
above-mentioned procedure was then applied to at each recorder frame, using
the segmentation of the first frame. The segmentation was performed only on
the first frame and not on all of them for few reasons. Firstly, since the cell in-
tensity greatly changed over time, also the signal to noise ratio would change
accordingly. This made difficult to define a common threshold for all of the
frames. Secondly, even if the cell could slightly modify its shape and size, the
fluctuations of the area were minor and didn’t affect significatively the over-
all data analysis. Lastly, tests made performing frame by frame new segmen-
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tation didn’t reveal significant differences from the results obtained with the
described procedure.

Within the segmented cell the mean (Imean) and maximum intensity and its stan-
dard deviation was evaluate frame by frame.

2. Image registration

In case the cell moved during the video recording (because of poor adhesion
on the substrate), registration was possible. Registration was based on an area
conservation criterium. Therefore, it could be exploited when the cell displace-
ment was of few pixels and was mainly transitional. The registration was ob-
tained following the steps described below. First, the cell area was obtained
from the segmentation on the first frame: the number of pixels (N) constitut-
ing the cell was therefore obtained. The center of mass of the binarized cell
(x0, y0) was also obtained. Then for each frame, the time average with the over
9 frames was made. Moreover, Gaussian filter with width 3 pixels was made
on the average. The brightest N pixels were identified and binarization was
made putting equal to 1 all those pixels and to zero the others. On this bina-
rized object, the geometrical center of mass (xi, yi) was obtained. Each frame i
was registered applying a rigid translation:

∆xi = xi − x0 (2.2)

and
∆yi = yi − y0 (2.3)

After the image registration, the segmentation and the frame by frame mea-
surement of intensities was made as described above.

The time average and the spatial smoothing were made in order to avoid hav-
ing noise related fluctuation entering in the segmentation based on the N bright-
est pixels. Registration was made only when visual inspection of the image
stack revealed the presence of a translation. For not moving cells, comparison
of the analysis with registered and unregistered procedure resulted in no sig-
nificative differences (first validation of the method). Visual inspection of the
registration procedure was also made to verify that registration was properly
made (second validation of the method). For samples with large translations
and rotations, a more refined registration is required for future works. In the
present work those samples were not analyzed, but they represented less than
5% of the dataset and often corresponded to cells that for other reasons had
been rejected.

3. Treated movies

In order to visualize calcium dynamics more easily as a function of space and
time, different visualizations had been adopted to reduce noise and enhance
contrast. The first step to appreciate calcium dynamics was to normalize each
frame x, y, t over the mean spatial intensity in order to have the same aver-
age intensity inside the cell at each frame. Therefore the Normalized Intensity
Inorm(x, y, t) was obtained by normalizing over the average intensity:

Inorm(x, y, t) =
I(x, y, t)

Imean(t)
(2.4)

As shown in the results in Figure 3.8 (cfr Section 3.2), this allowed to observe
the change of the spatial distribution of the signal over time.
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In order to better appreciate calcium spreading removing the intrinsic intensity
heterogeneity of the cell (e.g. due to the presence of the nucleus), background
subtraction intensity was evaluated by subtracting at each frame the starting
intensity distribution. To do so, the noise was firstly reduced evaluating a mov-
ing time average of Inorm over 3 consecutive frames and applying a 2D median
filter, obtaining Im(x, y, t). Then, the starting spatial intensity distribution was
evaluated as the average Im before laser shooting, obtaining Im,0(x, y). Finally,
∆Inorm was obtained as

∆Inorm(x, y, t) = Im(x, y, t)− Im,0(x, y) (2.5)

As shown in the results in Figure 3.8 (cfr Section 3.9), the Background subtrac-
tion allowed the spatial visualization of the beginning of the calcium spreading
and, therefore, the identification of the Ca2+ microdomains.

4. Intensity profile: plot, tmax and Imax

From the single cell mean intensity profile Imean(t), the maximum intensity
was identified (Imax) and the corresponding time (tmax) was noted. For each con-
dition (medium, PBS wo Ca2+ and Mg2+ and Synta66) the average and standard
deviation was computed for both tmax and Imax/I0. The latter was normalized
over the pre-shot average intensity, obtained averaging over all the pre-shot
recorded frames in order to obtain the relative increment of intensity due to
calcium release.

5. Analysis of the radius

To obtain the cell radius and, therefore, be able to appreciate the radius increase
over time, the analysis described below was performed. Starting from x0, y0,
the radial profile was extracted for any angle φ and azimuthal average was
then made. Each profile was normalized by imposing equal to 1 the center of
the cell and equal to 0 the average value outside the cell.

The value of the cell radius frame by frame was determined as follows. First,
the point of the normalized radial profile closer to 0.5 was determined. Then, a
linear interpolation was used to determine the cell radius with subpixel accu-
racy.

6. Ca2+ microdomains dynamics: angular profile and radial position

The Ca2+ microdomains dynamics was followed on a subset of cells that, before
the shoot, exhibited an uniform intensity (with no visible internal structures)
and with only one microdomain. This allowed for unambiguous and auto-
matic definition of the microdomain position and a clean profile. Since just
few cells fullfilled the abovementioned criteria, the numbers of sample con-
sidered for this analysis was lower. The applied procedure was the following.
First, it has been selected the frame located 75 msec after the laser shot, at
the typical timescale when the microdomain intensity is significatively higher
than the global cell intensity and thus easy to localize. Then, the intensity of
the choosen frame was collected and the spatial filter was applied to riduce the
noise. The peak of intensity of the microdomains was identified on the filtered
image. Since the peak did not move in the angular dimension (φ), and slightly
move in the radial (r), it was possible to follow its intensity over time keeping
its position fixed.
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To confirm that the local increase intensity was linked to a Ca2+ microdomain,
a control area was drawn in the point diametrically opposite the peak from
the geometric center of the segmented cell. Therefore, at each time point the
intensity, after the spatial average, of both the peak and control position was
collected. Both intensity were then normalized on the signal pre-shoot and
superimposed to the global increase of intensity of the whole cell (Figure 3.10).
The data were obtained applying a moving average of 3 subsequent frames.

The intensity of the Ca2+ microdomains (J) was normalized over the average
cell intensity at the same time in order to have a cell average value equal to 1
at all frames (Figure 3.11). This additional normalization was made to remove
the global increase of intensity of the cell after the laser shot. The data were
obtained applying a moving average of 3 subsequent frames.

In order to study in more detail the microdomains, their evolution over time
was followed. Both the radial and azimuthal profiles of the normalized and fil-
tered intensity passing from the identified starting postition of the microdomain
were obtained. The profiles were taken for each frame after the laser shot. To
reduce the noise, a temporal mean was made on 10 frames (250 msec) and then
plotted (Figure 3.12 and 3.13). Regarding the azimuthal profile, the width of
the distribution was measured as half width half maximum. Regarding the
radial distribution, the microdomain peak position was measured over time.



Chapter 3

Results

The results gathered from the different experiments are illustrated in this chapter
starting from the basal condition (Medium, always represented in red) to the most
complexes ones (PBS without Ca2+ and Mg2+, in green; Synta66, in blue; Thapsi-
garging, in black). For all the conditions the same parameters were studied (time
required to reach the peak of intensity, maximum intensity, calcium dynamics, ...etc)
and compared, testing significance of the differences. All the data are interlinked
and help to understand the whole picture. The set up was also studied to optimize
its performances.

3.1 Characterization of T cells response to photo-thermal
stimulation

3.1.1 Time evolution on mean intensity

Jurkat T cells were treated with 50 μL of gold star-shaped nanoparticles. The pres-
ence of gold nanoparticles in the cells made possible to exploit their unique phys-
ical characteristics to excite the surface plasmon and, therefore, obtain a fast local
increase in temperature. This transient rise in temperature triggered the release of
Ca2+ from lysosomes leading to the activation of the calcium amplification signaling
system. After the incubation, cells were rinsed to removed the excess of nanostars
and stained with Hoechst and Fluo4-AM. Then, Jurkat were washed, resuspended
in complete medium and plated in a coated petri dish. The sample was placed un-
der a confocal microscope and shoot with a laser set at the appropriate wavelength.
The laser power with which cells were stimulated could easily be set with the instru-
ment software and it was expressed as percentage of the maximum. Overall these
were the adopted laser power percentages: 0.2, 0.5, 2 and 5%. Each cell reacted to
the stimulus differently, in a way that cannot be known a priori. Hence, during the
experiment the laser energy was increased or decreased depending on the respon-
siveness of the cells. The 0.2% was the starting laser power in every experiment. If
the cell was not responsive or slightly responsive, the percentage was increased till
the maximum 5%. The observed survival rate was 66 % on average with a high inter-
sample variability. Even if it was sometimes possible to anticipate the outcome of the
experiment in terms of viability (for example, newly thawed cells tended to be more
prone to died after 0.2% laser shot), it is still unclear why such a great variability
could be observed inside the same sample.

The detection of Ca2+ migration and distribution inside the T cells was based on
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the fluorescence of Fluo4-AM calcium indicator[113]. This molecule exhibits an im-
mediate increase in fluorescence upon binding Ca2+. The change in the fluorescence
intensity can be plotted versus the time. The plots display a characteristic profile,
shown in Figure 3.1, which can also be found in the literature when T cells are acti-
vated by mimicking a biological stimulus [163, 164]. The signal is normalized on the
average intensity of the first 201 frames (circa 5 seconds) before the shooting of the
laser. Pre stimulus, Jurkat cells exhibit a low intensity profile. It’s important to point
out that sometimes the signal before the shooting can slightly increase or decrease,
however not significantly. This is due to the high biological variability between dif-
ferent samples and different cells inside the same sample. After 5 seconds, the laser
hits the cell (grey dashed line in Figure 3.1) and induces the release of calcium. On
the graph, a rapid increase of the fluorescence can be observed. The increase lasts for
few seconds until it reaches a peak. The peak correlates with the maximum intracel-
lular calcium concentration and it is followed by a decrease of the fluorescence. The
lessening of the signal can be rapid or slow depending on the cell and the samples,
but it was always slower than its increase. Overall all the samples show a similar
profile even though some differences can be detected between cells within the same
sample. From the same data, both the time needed by the cells to reach the peak and
their maximum intensity can be quantified (cfr. Section 2.7).

Figure 3.1: Normalized fluorescence intensity versus time of T cells in complete
medium. The fluorescence is normalized over the first 201 frames before the laser
shot (t=0). The grey dashed line represents the laser shot. Each line is a different
cell. The graph displays 9 different samples collected on different experiments run
on different days.
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3.1.2 Reiteration of the signal

Allowing the cells the appropriate time to restore the calcium storage, can lead to
the possibility to reiterate the stimulus, as the cells can respond to the same stimu-
lus more than once. Figure 3.2 shows two different cells that have been shoot twice
(3.2B) or three times (3.2A). In both cases the resting time between subsequent stim-
uli is 12 minutes. After that time, the laser is shoot as for the first time. The response
to the subsequent stimulation does not always result in the same fluorescence inten-
sity, as shown in 3.2A. However, the sudden increase in the signal is neat and sharp
and cannot be mistaken with a physiological release of calcium from the cellular
storage, independent from the laser.

A B

Figure 3.2: Reiteration of the stimulus. The graphs show the normalized intensity
versus the time of two different cells that are stimulated twice (B) or three times (A).
The fluorescence is normalized on the first 201 frames before the laser shot. The red
dashed lines represent the laser shots. The axis breaks are equals to circa 10 minutes
and they represents the resting time between subsequent stimuli.

3.1.3 Effects of Hoechst on cells response

In order to ensure that the observed increase of the signal was only related to the
photothermal stimulus of the nanostars and not affected by the nuclear staining,
tests were made in absence of Hoechst. Since it is an organic dye, indeed, Hoechst
could potentially be photolyzed by the near-infrared laser and lead to unwanted sig-
nal. To make the comparison, two samples were prepared, as described before. One
was stained with both Hoechst and Fluo4-AM (Medium) while the other only with
Fluo4-AM (Medium wo Hoechst). As shown in Figure 3.3, the two samples didn’t
exhibit any significant difference in neither the time required to reach the peak of
intensity (tmax) nor in the maximum intensity registered (Imax). The sample stained
with both the dyes took 13±1 sec to reach the peak, the same as the one stained
without Hoechst (13±1 sec). Even the Imax didn’t show a significant difference, dou-
ble stained samples display an intensity equals to 2.7±0.2 a.u. while the other sample
2.9±0.3 a.u.. The data shown are an average of n=90 cells stained and n=25 cells not
stained with Hoechst. The measurements were performed on different days to take
into consideration eventual daily variability of the samples. A t Student’s two way
test was carry out to confirm that there were no statistical difference between the two
conditions. The obtained p values were the following: ptime=0.97 and pintensity=0.47.
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This means that there is the 97% of probability that the data obtained for the tmax of
the two conditions belong to the same distribution. The same can be said for the Imax,
where the probability is the 47%.

Figure 3.3: Time to reach the fluorescence intensity peak (left) and maximum fluo-
rescence intensity (right) for T cell in Medium and in Medium wo Hoechst. The data
shown are an average of n=90 cells stained and n=25 cells not stained with Hoechst.
The p values were the following: ptime=0.97 and pintensity=0.47. ns = non significant.

3.1.4 Role of the laser spot dimension

The next steps were to confirm that the presence of the nanoparticles was essential
for the cellular response, and then to study the effects of the laser spot dimension
on it. T cells were treated, as usual, with 50 μL of AuNSs, while the control sample
remained untreated. After the removal of the excess of nanoparticles, both samples
were stained with Fluo4-AM, placed in complete medium and taken to the confocal
microscope to perform the release. As shown in Figure 3.4, the control sample does
not show any increase in the signal after the treatment with laser. On the other hand
the cell treated with the particles reacted to the stimulus as expected.

Gold nanostars dimension was around 200-250 nm. In view of their small size, a
proper imaging AuNSs was not possible due to the intrinsic resolution limit of the
confocal microscope. Nevertheless, some cells showed dark agglomerates suggest-
ing the presence of aggregates of nanoparticles (as underlined by the the red arrow
in Figure 3.5). In these cases it was possible to manually draw the laser shooting spot
centered on the uptaken nanostars, as in Figure 3.5, first row. These small laser spots
(SL) were drawn always with the same area of 75 μm2 to keep consistency between
the samples. Nevertheless, since it has been proven very challenging to identify
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Figure 3.4: Normalized fluorescence intensity versus time of T cells in the presence
(red line) or absence (black line) of AuNSs. The fluorescence is normalized over the
first 201 frames before the laser shot (t=0). The grey dashed line represents the laser
shot. Each line is a different cell.

nanostars in cells, a different strategy should be exploited. For this reason, the laser
shot was drawn to include the whole cell (Figure 3.5, second row). The large laser
(LL) allowed to excite AuNSs whenever at least a nanostar is present in the cell, even
though no dark aggregates could be visualized inside the considered cell. Due to the
biological variability of the cells the dimension of the large laser (LL) spot changed
adapting to them.
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Figure 3.5: Laser spot dimension. Jurkat T cells with a small laser spot (upper part) o
large laser spot (lower part). Fluo4-AM (green) stain the calcium ions inside the cell,
Hoechst (blue) the cell nucleus and PTMT is the transmitted light. The red arrow
points at an aggregate of AuNSs. Scale bar: 5 μm.



34

To study if the different dimension of the laser spots led to some variations in
the cellular response to the stimulus, two samples were prepared as described above
and then shot using a SL or LL spots. Figure 3.6 reveals that there is no significant
difference in tmax or averaged Imax between the two conditions. Cells shot with a large
laser spot displayed a tmax of 13±1 sec while the ones shot with a small laser of 13±2
sec. On the other hand, the maximum intensity remained around 2.6 a.u. (Imax of
Medium (LL) 2.7±0.2 a.u.; Imax of Medium (SL) 2.7±0.4 a.u.). The data shown are an
average of n=15 cells for Medium SL and n=75 cells for Medium LL. A two way t
Student’s test was performed to confirm that there were no significant difference be-
tween them. The p values obtained were the following: ptime=0.81 and pintensity=0.96.

Figure 3.6: Time to reach the fluorescence intensity peak (left) and maximum fluores-
cence intensity (right) for T cell in Medium shot with a small (SL) or a large (LL) laser
spot. The data shown are an average of n=15 cells for Medium SL and n=75 cells for
Medium LL. A two way t Student’s test was performed to confirm that there were
no significant difference between them. The p values obtained were the following:
ptime=0.81 and pintensity=0.96. ns = non significant.

3.1.5 Responsiveness

Given the great variability found in the samples, the responsiveness of the different
experiments and treatments (which will be discussed in Section 3.3) was studied to
evaluated the percentage of successful stimulation. Responsiveness was defined as
the neat and sharp increase of the cell fluorescence after the stimulation regardless
the cell survival. In the graph in Figure 3.7, each dot includes all the measurements
made in a single day, showing the difference in responsiveness between the experi-
mental realization of each condition. Therefore, the data take into account the pos-
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sible biological changes during cells cultivation and aging. Cells placed in Medium
had an average responsiveness of 65%, the ones in PBS without Ca2+ and Mg2+ of
54% and the ones treated with Synta66 drug of 71%. Overall these data demonstrate
that on average all the tested conditions have a good rate of responsiveness. It is
important to keep in mind that not all the cells uptake the AuNSs. Hence, it is plau-
sible to hypothesise that some of the samples, that were identified as non-responsive,
were cells that hadn’t taken up any nanoparticles and were therefore unable to re-
spond to laser stimulation. The data shown for Medium (red) comes from n=14
different days, while the data for PBS without Ca2+ and Mg2+ (green) n=8 days and
for Synta66 treatment (blue) n=10 days.

Figure 3.7: Percentage of responsiveness of samples in Medium (red), PBS wo Ca2+

(green) and Mg2+ and treated with Synta66(blue). The data shown for Medium (red)
comes from n=14 different days, while the data for PBS without Ca2+ and Mg2+

(green) n=8 days and for Synta66 treatment (blue) n=10 days.

3.2 Ca2+ dynamics

Increasing the number of samples collected has given the opportunity to have a de-
tailed visual description on how the signal starts and spreads inside the cell. In
Figure 3.8, four images taken at different time frames are displayed.

The first image is taken at the beginning of the measurement (t=-5.188 sec) and
represents the cell in a resting state. The second image shows the cell right after the
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Figure 3.8: Image data analysis. The same Jurkat T cell is shown at the same time
points with subsequent image analysis. The time points are: beginning of the mea-
surement (t=-5.188 sec), first frame after the laser shot (t=0.026 sec), peak maximum
intensity (t=9.779 sec) and decrease in signal intensity (t=25.940 sec). The first row
shows the Time moving average, the second the Normalized intensity and the third
the Background subtraction.

shooting of the laser (t=0.026 sec). The third image shows the cell at its peak of in-
tensity (t=9.779 sec), while the fourth shows it during the decreasing of the signal
(t=25.940 sec).The different rows illustrate the subsequent analysis made to study
the spreading of calcium. In the first row, Time moving average, the green fluores-
cence of Fluo4-AM can be seen over time. At the beginning the cell is slightly green
as right after the laser shot. However, with the passing of time, the fluorescence
increase until the cell becomes bright green. After the peak, the cell remains fluores-
cent even thought its intensity decreases. The first row represents what can be seen
and collected at the confocal microscope during the experiment treated with a time
moving average. Even though the time moving average allows a neat visualization
of the signal increase over time, it does not allow to localize in space its starting
point. To be able to identify and study the origin of the release of calcium, further
image analysis were exploited (cfr. Section 2.7). Firstly, each frame was normalized
to its average intensity and the resulted images are shown in the second row of Fig-
ure 3.8, Normalized intensity. These pictures show that the spatial distribution of
the signal changes over time. Immediately after the laser shot, the signal originates
from a localised point in the cell and can be observed even before a macroscopic in-
crease in intensity can be seen. The main drawback of this analysis is the presence
of macrostructures, such as the nucleus, that can still be seen. To remove the signal
from the cellular structures, a background subtraction was applied to the normalized
intensity (cfr. Section 2.7). In this analysis, the background is defined as the average
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cell intensity of the first frames (before the laser shot). The obtained background was
then subtracted from all the frames. The Background subtraction in Figure 3.8 shows
small calcium fluctuation, in the form of yellow spots, before the laser shot (t=-5.188
s) that could not be observed in the other data analyses. Moreover, this image anal-
ysis allows to see the spatial localization of the starting point more clearly than with
the normalized intensity with time, the initially localized intensity spreads within
the cell. Finally, when the cell reaches the peak of intensity (t=9.779 s) the localized
signal is dispersed in the overall fluorescence intensity.

In Figure 3.9, the background subtraction of two different cells is shown. The first
frame (t=-0.026 s) is taken during the resting phase of the cell, immediately before the
laser shot. The other seven images follow the release of calcium from the laser shot
(t=0.000 s) to less than a second after it. This short spam of time allows to observe in
detail the spreading of calcium.

Figure 3.9: Ca2+ microdomains dynamics. Background subtraction of two different
T cells. The images show the cells from the laser shot (t=0.026 s) to the blending of
the microdomains with the whole cell signal (t=0.804 s).
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Interestingly, the second cell shown in Figure 3.9 presents not one but two start-
ing points, well defined and separated from each other. This phenomenon suggests
the presence of two AuNSs (or aggregates of AuNSs) that are stimulated at the same
time. The presence of this localized signal can be identified as a Ca2+ microdomain,
that is the initiator for the calcium release cascade. It is important to underline that
the localized initial Ca2+ microdomains cannot be identified in all the stimulated
cells and that’s probably due to the fact that the cells are observed on a single focal
plane that can be not the same from which the signal starts. Therefore the num-
ber of cells taken into consideration for further analysis of the Ca2+ microdomains
is significantly lower compared to the number used to gain information on tmax and
Imax.

In Figure 3.10A and B, it is presented the fluorescence intensity of the calcium mi-
crodomain (orange solid line) with the overall cell intensity (black solid line) against
the time. In the same graphs an orange dotted line can be observed. It represent the
intensity of a control area equal to the one used to define the Ca2+ microdomains but
in an opposite position with respect to the cell geometrical center. The control area is
needed to confirm that the Ca2+ microdomains intensity is not just due to the noise
fluctuation of a small localized area. The plot shows that the Ca2+ microdomains’
intensity grows faster than the whole cell intensity, although only in the first frames
after the laser shot. Initially the slope of the Ca2+ microdomain signal is higher than
the one of both the whole cell and the control area. Then, after roughly 2 sec, the
slopes of the three curves become comparable and the curves only differ for an off-
set. The offset points towards a longer term localisation after the reaching of the
maximum peak of intensity. The latter is an average behaviour but there is a great
variability from sample to sample. In some cases the offset is almost zero as can be
seen in Figure 3.10C. It is important to notice that the graph in Figure 3.10A and B
represent the average intensity of n=28 different cells.

The plot in Figure 3.10C shows the average intensity against the time for one
cell that has two Ca2+ microdomains. Each domain is represented by a different
color: orange and violet. As for the the graph 3.10A, a control area was drawn for
every microdomain as shown in the diagram in Figure 3.10D. The intensity of both
Ca2+ microdomains increase faster than the whole cell and the controls, as already
observed for a single microdomain, and are quite remarkably superposed. After
around 2 sec, the offset between the curves resets to zero and the microdomains
signal blends with the one of the whole cell. Differently from the graph in Figure
3.10A, the one in 3.10C represent a single cell and, therefore, is more noisy.

Figure 3.11 shows the relative intensity related to the Ca2+ microdomains (Jμ;
solid lines) and the one to the opposite position with respect to the cell geometrical
center (JCtr; dotted lines) against the time. The relative intensities were obtained by
normalizing the microdomain intensity over the one of the whole cell (cfr. Section
2.7). The graph allowed to better visualize the peak of the Ca2+ microdomain. The
fraction of time taken into consideration was just a small part of the total time of the
experiment, roughly 20 sec from the beginning of the measurement. That’s because,
as seen in both Figure 3.10 and 3.11, microdomains’ fluorescence rapidly blends in
with the overall fluorescence intensity and cannot be distinguish after just about 3
seconds from the laser shot. From Figure 3.11, it can be seen that the increase in the
intensity is not a noise fluctuation and can be discriminated from the background
noise. It is important to notice that the JCtr (dotted lines) intensity goes under 1 after
the laser shot (dashed line). That is due to the fact that the average intensity of the
control is normalized on the total average intensity of the cell. Therefore when the
intensity of the Ca2+ microdomain was added to the total intensity, the calculated JCtr
decreased under 1. The zoom in, in the right side of Figure 3.11, allows to observe
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Figure 3.10: Visualization of calcium microdomain intensity compared to the whole-
cell signal.The grey dashed line is the laser shot. A) and B): the orange line present
the fluorescence intensity of the calcium microdomain, the black the signal of the
entire cell and the dotted orange line represent the signal of the control area. The
data are an average of n=28 cells. C) Both the orange and violet lines represent
two distinct calcium microdomains, the black line the signal of the entire cell and
the dotted lines the control areas. The data shown are relative to a single cell. D)
Microdomains and control areas can be visualized inside the same cell of C, as circles
whose colors and line styles correspond to the ones of C.

the time of the peak (tμ). For samples imagined in complete medium tμ was 0.10 sec,
for the ones in PBS wo Ca2+ and Mg2+ was 0.24 sec and for the ones treated with
Synta66 0.09 sec.

Figure 3.11: Relative intensity of the Ca2+ microdomains (J) versus the time. The
dashed grey line represent the laser shot. The solid lines display the signal of the
microdomains of the samples in Medium (red), PBS wo Ca2+ and Mg2+ (green) and
treated with Synta66 (blue). The dotted lines are the relative controls. The data are
a mean value of n=6 cells for Medium samples, n=7 cells for PBS wo Ca2+ and Mg2+

and n=6 cells for Synta66 treatment



40

Following the confirmation that the Ca2+ microdomains can be isolate from the
overall intensity, their spreading in time was studied in detail. Observing the Figure
3.9, it is possible to notice that the Ca2+ microdomains spreads during time differ-
ently in the radial and angular direction. Therefore both the angular (Figure 3.12)
and radial (Figure 3.13) distributions were studied. Angular distribution is eval-
uated at the radial coordinate (i.e. distance from the center) corresponding to the
maximum intensity in the radial direction (i.e. along the green line in the cell scheme
in both Figure 3.12 and 3.13). On the other hand, the radial distribution is obtained
with a radial section from the center (0) to the cell membrane (1) passing through
the maximum intensity of the Ca2+ microdomains (i.e. along the blue line in the
cell scheme in both Figure 3.12 and 3.13). The abscissa coordinate was defined by
dividing the radial coordinate (r) by the measured cell radius (R) (cfr. Section 2.7).

Figure 3.12: Angular distribution of Ca2+ microdomains. The upper part show the
normalized intensity plotted against the angle (φ) in each condition tested (Medium,
PBS wo Ca2+ and Mg2+ and Synta66). The lines goes from blue to red following the
increasing of the time from 0 sec (laser shot) to 1.25 sec (the end of the Ca2+ mi-
crodomain’s signal). Each line is the mean of 10 frames (250 msec). In the lower part,
a graphical scheme shows the angular (green) and radial distribution (blue). The plot
on the right side display the half-width half-maximum (σ) of the distribution against
the time for each condition. The data are a mean value of n=6 cells for Medium sam-
ples, n=7 cells for PBS wo Ca2+ and Mg2+ and n=6 cells for Synta66 treatment

In Figure 3.12, in the upper part it’s plotted the signal intensity against the angle
(expressed in φ, degrees) over time (cfr. Section 2.7). The plotted lines go from blue
(t=0 sec) to red (t=1.25 sec) following time as it progresses. Each line represents an
average of 10 frames, thus the time step between two curves is equal to 250 msec.
The darkest blue line corresponds to the starting of the calcium release. All the lines
show a peak at the abscissa coordinate φ=0. This coordinate is defined as the angular
position of the maximum intensity in the first frame after the laser shot. Even if
the distribution does not change the position of its maximum intensity, it widens
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and decreases over time. To give more clarity, the with (σ, degrees) of the intensity
distribution along φ was extracted and plotted versus time. This is made to allow
a quantitative comparison between different conditions (described in Section 3.3).
The data are a mean value of n=6 cells for Medium samples, n=7 cells for PBS wo
Ca2+ and Mg2+ and n=6 cells for Synta66 treatment.

Figure 3.13: Radial distribution of Ca2+ microdomains. The upper part show the nor-
malized intensity plotted against the radial coordinate normalized on the cell radius
(r/R) in each condition tested (Medium, PBS wo Ca2+ and Mg2+ and Synta66). The
lines goes from blue to red following the increasing of the time from 0 sec (laser shot)
to 1.25 sec (the end of the Ca2+ microdomain’s signal). Each line is the mean of 10
frames (250 msec). In the lower part, a graphical scheme shows the angular (green)
and radial distribution (blue). The plot on the right side display the normalized ra-
dial position of the maximum intensity (rmax) against the time for each condition.
The data are a mean value of n=6 cells for Medium samples, n=7 cells for PBS wo
Ca2+ and Mg2+ and n=6 cells for Synta66 treatment

Regarding the radial distribution, in the upper part of Figure 3.13 the graphs
display the fluorescence intensity versus the ratio between the radial coordinate (r)
and the cell radius (R) over time. As already explained above, the colors of the
lines reflect the time course and are an average of 10 frames each. The distribution,
unlike the angular one, does not show a symmetry and decreases in intensity over
time without significantly changing shape. In the bottom right plot of Figure 3.13,
the radial position of the maximum was plotted versus time to give more clarity.
While the time goes by, the Ca2+ microdomains do not significantly move towards
the center of the cell for samples in Medium. These data are collected from the same
samples used for the study of angular distribution. Therefore the data are a mean
value of n=6 cells for Medium samples, n=7 cells for PBS wo Ca2+ and Mg2+ and n=6
cells for Synta66 treatment.
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3.3 Ca2+ depletion

The removal of Ca2+ from the extracellular space and the intracellular storage can
be used to better understand how AuNSs induce the release cascade. The strategies
adopted to induce an extracellular calcium depletion were two. On one hand the
cells were placed in PBS without Ca2+ and Mg2+ instead of complete medium; on
the other hand they were treated with Synta66 drug. Synta66 is able to inhibit the
store-operated calcium entry channel ORAI1. Therefore the treated T cells are un-
able to exploit ORAI1 pathway to induce calcium entry and they are expected to be
insensitive to extracellular Ca2+.

Regarding the intracellular storage, Thapsigargin drug can be used to empty the
endoplasmic reticulum. Thapsigargin is a non-competitive inhibitor of the sarco /
endoplasmic reticulum Ca2+ ATPase (SERCA). The inhibition of SERCA induces first
the emptying of the ER from calcium and then prevent its replenishment. Thus, T
cells treated with Thapsigargin fail to sustain the calcium release cascade.

Figure 3.14: Time to reach the fluorescence intensity peak (left) and maximum fluo-
rescence intensity (right) for T cell in Medium (red), PBS wo Ca2+ and Mg2+ (green)
and treated with Synta66 (blue). The data shown are an average of n=115 cells in
Medium , n=57 cells in PBS wo Ca2+ and Mg2+ and n=76 cells treated with Synta66.
The Student’s t test was performed and the p values obtained were the following.
For the tmax plot, p=1.36·10-17 between Medium and PBS wo Ca2+ and Mg2+; p=2.11·
10-15 between PBS wo Ca2+ and Mg2+ and Synta66 treated; p=0.37 between Medium
and Synta66 treated. For Imax/I0 plot, p=0.79 between Medium and PBS wo Ca2+ and
Mg2+; p=0.04 between PBS wo Ca2+ and Mg2+ and Synta66 treated; p=0.008 between
Medium and Synta66 treated. * = p<0.05; ** = p<0.01; *** = p<0.001; ns = non signif-
icant.



3.3. Ca2+ depletion 43

3.3.1 Extracellular Ca2+ depletion: PBS without Ca2+ and Mg2+

Jurkat T cells were incubated overnight with 50 μL of AuNSs. The following day, the
cells were washed three times with PBS to remove the excess of nanoparticles and
stained with Fluo4-AM. Then, they were washed again three times and resuspended
in PBS without Ca2+ and Mg2+. The sample was plated on a coated petri dish and the
measurement was performed utilizing Zeiss LSM 880 microscope. The experiment
was executed as already described above.

The obtained plot for the normalized average intensity vs the time was qualita-
tively similar to the one of the samples maintained in complete medium (Figure 3.1).
The stimulation of the laser shot (dotted line) induced a sudden increase in the fluo-
rescence intensity, followed by a peak and a slower decrease. From the quantitative
point of view, Jurkat immersed in PBS wo Ca2+ and Mg2+ shown a significant delay
in reaching peak intensity (Figure 3.15 and 3.14). In Figure 3.14, the difference in the
time needed to reach the peak (tmax) between the two conditions can be visualized.
Samples in complete medium took on average 13.2±0.8 sec to reach the peak of in-
tensity, whereas the ones in PBS wo Ca2+ and Mg2+ took roughly 20 seconds more
(34±3 sec). The data shown are an average of n=115 cells in Medium , n=57 cells
in PBS wo Ca2+ and Mg2+. The Student’s t test between them was performed and
the p values obtained was equal to 1.36·10-17, underlying that the two samples are
significantly different.

Figure 3.15: Normalized fluorescence intensity versus time of cells in PBS without
Ca2+ and Mg2+. The fluorescence is normalized over the first 201 frames before the
laser shot (t=0). The grey dashed line represents the laser shot. Each line is a different
cell. The graph displays 9 different samples collected on different experiments run
on different days.
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It is worth noting that, despite the difference in tmax, there was no significant
change in the normalized measured maximum intensity (Imax/I0). The Imax calcu-
lated for the samples in medium was 2.7 ± 0.2 a.u., almost the same as the one of
the samples in PBS, equal to 2.8 ± 0.2 a.u.. The Student’s t test had confirmed the
observation with a calculated p value of 0.79.

The spreading of Ca microdomains was also observed in samples in PBS wo
Ca2+ and Mg2+. The angular (Figure 3.12) and radial (Figure 3.13) distribution plots
shown that Ca2+ microdomains in Ca2+ depleted samples were lower in intensity and
spreaded less along the azimuthal coordinate compared to the samples in medium,
while remaining localized near the plasma membrane with unaffected shape in a
similar way as the medium.

3.3.2 Extracellular Ca2+ depletion: Synta66

The second strategy taken into place to induce an extracellular Ca2+ depletion was
to treat Jurkat T cells with Synta66.

Briefly, T cells were incubated overnight with 50 μL of gold nanostars. The day
after, cells were washed with PBS and stained with Fluo4-AM. After removing the
excess of dye, the cells were resuspended in Calcium Buffer with 50 μM Synta66 and
put in a coated petri dish. After 15 minutes, to allow the compound to completely
inhibit the channel protein ORAI1, the sample was imaged with a confocal micro-
scope. The instrument was set as for the other conditions. To confirm that the results
obtained from the treatment were only related to it, two controls samples were also
prepared. In the first one the cells were incubated in Calcium Buffer, while in the
other one a volume of Dimethyl sulfoxide (DMSO) identical to that of Synta66 was
added. Synta66 is dissolved in DMSO, therefore the second control was needed to
assure that this organic solvent did not interfere with the experiment. The control
samples were prepared, stained and imaged a described above.

As shown in Figure 3.16, the maximum intensity did not statistically differs be-
tween the sample and the controls while the time needed to reach the peak slightly
did. The normalized intensity value was close to 4 a.u. in all the conditions (3.5±0.3
a.u. for Synta66 treated, 4.1±0.6 a.u. for DMSO and 4.1±0.3 a.u. for Calcium buffer).
The p values calculated with the t Student’s test confirmed the non significant differ-
ence between the conditions. The obtained values were: p=0.35 between Synta66 and
DMSO, p=0.16 between Synta66 and Calcium buffer and p=0.98 between DMSO and
Calcium buffer. The data are an average of n=76 cells for Synta66 treatment, n=36
for DMSO treatment and n=46 for Calcium buffer. Regarding the tmax, all the con-
dition rapidly reached the maximum intensity. In detail, cells treated with Synta66
took 12.1±0.8 sec to reach the peak, the one treated with DMSO 16±2 sec and the
control sample in Calcium buffer 15±1 sec. While the difference between the sample
treated with DMSO and the one left in Ca2+ buffer is not significant (p=0.53), the one
between both Synta66 and DMSO and between Synta66 and Calcium buffer shows
a low significant difference (p=0.02 and p=0.06 respectively). Even though the con-
ditions show some significant difference between them (especially between Synta66
sample and DMSO or Calcium buffer), the tmax are all close to the one of the Medium
sample (tmax=13.2±0.8, Figure 3.14) and have no significant difference with it. On the
other hand, when these conditions are compared with PBS, they all reach the peak
of intensity much faster than the sample in PBS (tmax=34±3).

The comparison between the different treatments (Medium, PBS and Synta66)
can be observed in Figure 3.14 where it can be observed more clearly how Synta66
treated samples behaved differently from the samples in PBS. That’s surprising, be-
cause both conditions, albeit in different ways, would be expected to prevent the
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Figure 3.16: Time of the maximum intensity (tmax) and maximum fluorescence inten-
sity (Imax/I0) of samples treated with Synta66, DMSO and resuspended in Calcium
buffer. The data shown are an average of n=76 cells treated with Synta66, n=36
cells treated with DMSO and n=46 cells in Calcium buffer. The Student’s t test was
performed and the p values obtained were the following. For the tmax plot, p=0.02
between Synta66 and DMSO treated; p=0.06 between Synta66 treated and Calcium
buffer; p=0.53 between DMSO treated and Calcium buffer. For Imax/I0 plot, p=0.33
between Synta66 and DMSO treated; p=0.16 between Synta66 treated and Calcium
buffer; p=0.98 between DMSO treated and Calcium buffer. * = p<0.05; ns = non sig-
nificant.

uptake of calcium from the extracellular space. However the time needed for cells
with Synta66 to reach the peak (12.1±0.8 sec) was almost 20 seconds less than the
time needed for samples in PBS wo Ca2+ and Mg2+ (34±3 sec). The calculated p val-
ues confirmed that there was no significant difference in tmax between Medium and
Synta66 treated samples (p = 0.37) while there was between PBS wo Ca2+ and Mg2+

and Synta66 samples (p = 2.11×10-15). Regarding the maximum intensity, while the
values for samples in Medium and PBS are statistically the same, it increased in the
samples treated with the drug. The Imax of Synta66 samples was 3.5±0.3 a.u. against
2.7±0.2 a.u. and 2.8±0.2 a.u. for samples in Medium and PBS respectively. As before,
the p values obtained by the Student’s t test confirmed the statistical significance.

The spreading behaviour of the calcium microdomains was plotted in Figure 3.12
and 3.13 with the other two conditions. In Figure 3.12, it can be observed that the
angular distribution of Synta66 is similar to that of Medium in terms of the decrease
in signal intensity over time. On the other hand, the breadth of the broadening of the
distribution is similar to that of PBS, both slower than Medium. Regarding the radial
distribution (Figure 3.13), it differs from that of all the other samples, suggesting
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that calcium spreads more towards the centre of the cell rather than localising only
in close proximity to the plasma membrane.

3.3.3 Ca2+ storage depletion: Thapsigargin

The depletion of Ca2+ storage was achieved treating the cells with Thapsigargin.

Figure 3.17: Effect of Thapsigargin on 13 different Jurkat T cells in the same field of
view (425.1 μm x 425.1 μm). Mean intensity of each cell normalized over the mean
intensity of the cell at the first frame of the time lapse. The arrow marks the time
when thapsigarging was added to the sample.

Before performing the experiment, the time required to complete emptying of the
endoplasmic reticulum was validated. Samples were prepared as usual. Briefly, T
cells (1×105 cells) were incubated o/n at 37 °C with 50 μL of gold nanostars. The
day after, cells were washed with PBS and stained with 6.5 μM of Fluo4-AM. After
removing the excess of dye, the cells were resuspended in PBS wo Ca2+ and Mg2+.
The sample was plated in a coated petri dish and left undisturbed for 15 min prior
imaging. 3000 frames with a 25 msec frame rate were collected, at frame number 201
the 825 nm Mai Tai laser was shot for 25 msec with a variable laser power (0.2, 0.5,
2 or 5%). In order to simultaneously visualize multiple cells, a field of view bigger
than usual was set. The image size was 1024x1024 pixels, equals to 425.10x425.10
μm. A video of 400 frames with a frame rate of 2 seconds was collected. After circa 2
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minutes (160 sec or 60 frames), 1.67 μM of Thapsigarging was added to the dish and
the sample was recorded for another 11 minutes. As shown in Figure 3.17 where
13 cells in the same field of view were taken into consideration, the fluorescence
intensity started to increase simultaneously for all the cells after few seconds from
the adding of the drug. Afterwards, the signal intensity began to decrease until it
went back to the initial value. This result confirmed that a resting time of 15 minutes
was enough to empty the ER storage and to allow the cells to go back to the basal
signal.

Figure 3.18: Normalized fluorescence intensity versus time of T cells treated with
Thapsigargin. The fluorescence is normalized on the first 201 frames before the laser
shot. The grey dashed line represents the laser shot. Each line is a different cell.
The graph displays 9 different samples collected on different experiments run on
different days.

After the validation of the appropriate treatment time, the experiment was per-
formed as described above. The cells were imagined with the usual set up 15 min af-
ter the addition of the Thapsigargin. As expected, T cells treated with the drug failed
to elicit the calcium release cascade. Therefore, when the normalized fluorescence in-
tensity was plotted against the time no intensity peaks are visible (Figure 3.18) and
samples were labeled as non responsive. Apart from the lack of a strong calcium
release signal, this test was also aimed to check our capability of observing and iso-
lating the beginning of the calcium cascade: the release of Ca2+ from the lysosomes
where AuNSs were confined. Despite observed for other cells[100], this is not obvi-
ous in our case because the dimension of both the nanoparticles used and the cells
tested is significantly smaller. The dimension of the gold nanostars is around 200 nm,
therefore it was possible to presume that lysosomes with internalized nanoparticles
would have approximately that size. Given the intrinsic resolution limit of confocal,
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it is clear that it was not possible to clearly visualize the lysosomal signal which, de-
spite calcium deprivation, is lost in the background. Then, MATLAB software was
used to try to extrapolate it from the basal signal (cfr. Section 2.7). To do so, different
regions of the cells were compared to each other and subtracted in order to bring
out the slightest difference in signal intensity. Nevertheless, it was not possible to
localize any bright starting spot.

3.4 Effect of Ca2+ release on cell dimension

Figure 3.8, that was essential for visually describing the calcium release and for the
identification of Ca2+ microdomains, brought the attention on a unexpected phe-
nomenon. The background subtraction in Figure 3.8 uncovered a brighter halo
around the cell on the third and fourth images, i. e. the time of the maximum in-
tensity peak (t=9.779 s) and the decrease of the signal (t=25.940 s) respectively. At
first glance, the halo seemed to suggest the accumulation of a great amount of cal-
cium ions at the cell membrane. In-depth studies on the cell dimension over time
have proven that this halo was an artefact.

Figure 3.19: Radial coordinate at three time points the start (black line), the shot of
the laser (blue line) and the end (red line). A) Normalized intensity of the cell plotted
against the radial coordinate (r). B) Subtraction of the initial intensity profile (Istart) to
the final one (Iend) plotted versus the radial coordinate (r). C) Normalized intensity
plotted against the radial coordinate (r) normalized on the cell radius (R).

To come to this conclusion, the trend of the radial coordinate and the cell intensity
were studied over time (cfr. Section 2.7). In Figure 3.19A, the normalized intensity
was plotted against the radial coordinate and the three major time points of the ex-
periment were studied: the start (black line), the shot of the laser (blue line) and
the end (red line). It can be observed that during the beginning of the experiment
and the laser shot the radial profile does not change while at the end a radial shift
appears corresponding to an increase of cell radius. The subtraction of the initial
intensity profile (Istart) to the final one (Iend) in Figure 3.19B allowed to visualized
how that radial shift results in a peak localized at the cell border. In this way, by
looking only at Figure 3.19B, it may seem that there is a calcium accumulation over
time. The Figure 3.19B is a 1D representation of what can be seen in the background
subtraction in Figure 3.8. To check if halo was only due to the increase of the cell ra-
dius, the normalized intensity was plotted against the radial coordinate normalized
on the cell radius (R). The plot in Figure 3.19C showed that, when the changes in cell
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dimension are not taken into consideration, all the lines overlap almost completely
thus excluding the presence of Ca2+ accumulation.

In Figure 3.20A, it is possible to see the radius variation over time for three differ-
ent cells (expressed as a percentual variation compared to the starting radius, R) over
time. The graph shows that on long period of times the radius increase in each cell.
The comparison of the plots of the radius over time with the corresponding graph of
the cell intensity over time (Figure 3.20A and B) underlines that even though cells
shown different maximum intensity they all increased their diameter at the end of
the experiment. The increase of the cell dimension over time (obtained by dividing
the radius at the end of the experiment, Rend, by the radius at the beginning of it,
R0) was calculated for all the condition and plotted. In Figure 3.20C, it is possible to
observe that the cells in Medium, PBS wo Ca2+ and Mg2+ and treated with Synta66
increase on average their dimension of of ≈ 5-15%.

Figure 3.20: Radius variation upon stimulus. A) Radius variation (in percentage)
over time. Each line represents a different cell. The dashed line represents the laser
shot. B) Normalized intensity over time. Each line represents a different cell. All the
cells displayed are the same as A. The dashed line represents the laser shot. C) Ra-
dius increase in percentage obtained normalizing the final radius (Rend on the initial
radius (R0) of samples in Medium (red), PBS wo Ca2+ and Mg2+ (green) and Synta66
(blue). D) Scatter plot of the normalized intensity and the normalized minimum ra-
dius (Rmin) with the tested conditions: Medium (red), PBS wo Ca2+ and Mg2+ (green)
and Synta66 (blue).

Although they behaved similarly over long periods of time, the cells reacted dif-
ferently at short time scales after the laser shot in terms of their size. Moreover,
different behaviours were found for different cells. Focusing on the the first 10 sec
after the laser shot in Figure 3.20A, it is possible to notice that some cells reacted to
the stimulus with a rapid shrink before starting to increase their size. Contrary to
what is observed for the final radius, this shrinkage seems to be related to the total
intensity of the cell. Comfronting Figure 3.20A and 3.20B, it can be observed that
the cell with the higher intensities (yellow line) had also the bigger shrink. To con-
firm the correlation between the intensity and the minimum radius (Rmin), a scatter
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plot with the tested conditions (Medium, PBS wo Ca2+ and Mg2+ and Synta66) was
created (Figure 3.20D). In Figure 3.20D, the samples with lower maximum fluores-
cence intensity show a normalized minimum radius between -2 and 0 %, Whereas
cells with higher signal intensity decrease their radius to the 12/10 %.



Chapter 4

Discussion, conclusions and
outlooks

This chapter summarizes the obtained results and gives an interpretation and expla-
nation in light of the thesis’ objective and previous knowledge. Future steps needed
to complete the work will also be highlighted.

The aim of the work presented in this dissertation was to induce the release of
calcium in T cells exploiting the photothermal properties of the gold nanoparticles.
To this end, Jurkat T cells were treated with gold nanostars. Using a laser with the
appropriate wavelength, the surface plasmon resonance of the AuNSs, localized in
the endolysosomes, was stimulated. The subsequent temperature increase of the
nanoparticles and its surroundings led to the formation of small and transient pores
on the endolysosome membrane and to the leakage of Ca2+ into the cytosol. This
small localized calcium increase mimicked the Ca2+ microdomain and triggered the
global rise of calcium, via SOCE. The release and the increase of calcium were stud-
ied in detail from the first moments after the laser stimulation up to its decrease after
a few minutes. Special attention was paid to the isolation and visualization of the
calcium component of lysosomes.

Gold nanostars were chosen to carry out this work for two main reasons: their
dimension and the positioning of their SPR peak. One of the starting points for this
dissertation was the work of Zhu and coworkers [100]. In Zhu’s publication, the
AuNSs were integrated into a multi-layered polymer structure with a dimension of
approximately 4 μm. However, this structure could not be exploited in the present
work due to the smaller size of the T cells (5-10 μm) compared to the HeLa and
MCF7 cells (50-100 μm) utilized by Zhu. On the other hand, plain AuNSs have an
average dimension of 200-250 nm, which made them optimal for the uptake by T
cells. Moreover, AuNSs display an SPR peak in the NIR region of the spectrum
(Figure 2.1). NIR light does not interact with biological samples, thus it’s the optimal
wavelength to exploit in in vitro (and in vivo) experiments. The presence of sharp
tips, that can be observed in the SEM images (Figure 2.2), enhanced the SPR effect
making the nanostars one the of the most efficient photothermal vector.

The propagation of calcium ions was observed using a fluorophore that exhib-
ited increased fluorescence upon binding with free calcium ions. This fluorophore
allowed real-time visualization of calcium spreading within the cell. By monitoring
the mean fluorescence intensity inside the cell over time, a graphical representation
of the calcium increase was shown for different cells (Figure 3.1). Prior to stimu-
lation, the normalized cell intensity always remained at the basal level. Following
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laser stimulation of the gold nanostar, the fluorescence rapidly increased to a peak
within a few seconds,correlating with the maximum calcium concentration within
the cell. Subsequently, the signal decreased. Although all cells showed the same
intensity profile, there was a considerable variability in the overall intensity among
different samples and even within the same sample. This is due to the intrinsic bio-
logical diversity among cells. Notably, Jurkat T cells can respond more than once to
the same stimulus (Figure 3.2). This can be achieved by giving the cells time to re-
plenish their stores (especially the ER). Nevertheless, the subsequent responses may
vary significantly in terms of intensity and duration compared to the first response.

Although the small size of the nanoparticles was a desired feature, it raised some
problems regarding their visualization at the microscope. The confocal microscope
has an intrinsic resolution limit and, which unfortunately makes it impossible to de-
tect AuNSs inside the cells. Nevertheless, it was possible to observe dark agglomer-
ates in the cytoplasm, especially in proximity to the plasma membrane (Figure 3.5),
which are most likely aggregates of nanoparticles. The presence of AuNSs inside
the cells was confirmed by two experimental evidences. The first one was the pres-
ence of a huge amount of gold atoms, quantified by mass spectrometry, in treated
cells compared to the untreated ones (Figure 2.5). The second was that only cells
treated with nanostars were able to respond to the laser stimulation, even though
no particles could be visualized inside the cells. While the untreated cells were all
unresponsive (Figure 3.4). The inability to see the particles inside the cells made nec-
essary to optimize the stimulation protocol. The size and position of the laser spot
can be adjusted by the operator. Initially, the laser spot (referred to as small laser
spot) was placed only on visible dark agglomerates, that correlated with the AuNSs
or aggregation of AuNSs. Only few cells shown such clear feature, so that it was
not possible to get a good statistical sample for analysis. Therefore, a different strat-
egy was adopted: irradiating the entire cell with the laser (referred to as large leaser
spot). The responsive cells stimulated with either a small or a big laser spot showed
the same maximum intensity and took the same time to reach the peak, proving that
laser’s dimension did not affect the outcome of the stimulation (Figure 3.6).

Overall, how the cells responded to the stimulation, in both terms of respon-
siveness and survival, depended on several factors. Responsiveness was defined
as the rapid increase in fluorescence intensity upon stimulation. The observed re-
sponsiveness was above 50% for all conditions tested (Figure 3.7). However, these
data are susceptible to misinterpretation because they consider all stimulated cells
without taking into account whether they actually contained nanoparticles. For this
reason, some cells identified as unresponsive may simply be cells that did not take
up nanoparticles and thus were unable to interact with the laser. In terms of survival,
how Jurkat cells responded to the temperature increase caused by laser interaction
with AuNSs depended not only on the amount of NPs taken up but also on the well-
being of the cells. For example, newly thawed cells tended to have a more dramatic
response to the stimulus, specifically dying after a few msecs or seconds.

In order to isolate and examine the lysosomal component within the overall cal-
cium signaling pathway, the primary contributors to this pathway — extracellular
calcium and calcium stored in the endoplasmic reticulum (ER) — were intentionally
disrupted. Depletion of Ca2+ was achieved through various strategies.

To make cells insensitive to the extracellular calcium, they were either left in a
PBS buffer without calcium and magnesium ions or treated with Synta66, an in-
hibitor of ORAI1. Elimination of the extracellular component in the global calcium
signal implies that the calcium release observed in treated samples after stimula-
tion comes from only two components: the lysosomal component and the endoplas-
mic reticulum component. Calcium-deprived cells were still able to respond to the
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photothermal stimulus and exhibited a signaling pattern similar to untreated cells
(Figure 3.15). Interestingly, the two treatements, expected in principle to give the
same results, showed significant differences. T cells in PBS wo Ca2+ and Mg2+ took
longer (approximately 20 seconds more) than those in complete medium (Medium)
to reach the peak of intensity, although they displayed the same maximum inten-
sity (Figure 3.14). Whereas Synta66-treated samples did not show this shift in the
time needed to reach the peak. Currently, there is no a definitive explanation for
the behavior of the samples, but several hypotheses can be proposed. The delay in
the peak shown by the samples in PBS is directly related to the importance of the
extracellular calcium in SOCE and its self-maintenance. After the stimulation, the
opening of the channels on the ER induces the activation of the CRAC channels on
the PM. However, the lack of extracellular Ca2+ delays the reaching of the peak be-
cause the cells reach it only by completely depleting the ER store. On the other hand,
Synta66-treated samples are not able to activate CRAC channels, but are immersed
in a buffer containing calcium, so that extracellular calcium is still available. Since
the time of the peak in Synta66-treated samples is similar to that of samples in com-
plete medium, this means that the extracellular calcium component is still involved
in the dynamics of signal intensity despite ORAI1 inhibition. The lysosomes, where
the nanoparticles are located, are close to the plasma membrane. Therefore, when
the nanoparticles heat up, their heat diffuses and may affects not only the lysosomal
membrane but also the plasma membrane. This may lead to transient disruption of
the plasma membrane or activation of another type of calcium channels, that are not
part of the CRACs. Among the various channels involved in calcium signaling, there
are also temperature-sensitive channels [165]. These channels can respond to small
or large changes in temperature, resulting in the flow of ions within the cell. The
most studied ion channels in Jurkat T cells belong to the family of transient receptor
potential (TRP) channels and are mostly located at the level of the plasma membrane
[166, 167]. It is therefore plausible that the local temperature increase induced by the
irradiation of gold nanostars triggers the opening of the temperature-sensitive cal-
cium channels, effectively bypassing the inhibition of the traditional entry pathway
via CRAC channels. The involvement of the extracellular calcium is further sup-
ported by the fact that Synta66-treated cells show only a slight difference from their
controls, cells treated with DMSO or untreated but left in the same buffer in the pres-
ence of calcium respectively (Figure 3.16). However, it remains to be explored which
of the two hypotheses explains why the time to peak in Synta66-treated samples
differs from that of samples in PBS without Ca2+ and Mg2+.

To isolate the lysosomal component, Jurkat cells in PBS wo Ca2+ and Mg2+ were
treated with Thapsigargin. Thapsigargin, an inhibitor of SERCA, was utilized to
induce ER depletion, hindering its replenishment. Cells pre-treated with Thapsigar-
gin before laser stimulation exhibited an initial rise in intracellular calcium levels
followed by a subsequent decline until returning to basal levels (Figure 3.17). Sub-
sequent laser stimulation failed to trigger the calcium signaling cascade and no peak
was observed, as expected since the major sources of calcium were removed (Figure
3.18). Despite efforts to isolate lysosomal calcium, it remained undetectable. Multi-
ple attempts were made to discern it, but nothing above the background level was
detected. It is important to emphasize that Zhu et al. were successful in demonstrat-
ing calcium release (as reported in their publication [100]) because they used parti-
cles in the micrometer range and therefore the lysosomes were swollen and easier to
identify and isolate. In the present work, both the particles used and the lysosomes
were smaller, close to the detection limit of the system.

The image data analysis of the first few minutes after the laser stimulation re-
sulted in a detailed visual description of the Ca2+ dynamics inside the cells (Figure
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3.8). Looking at the picture obtained after the analysis, it was possible to see small
calcium fluctuations in T cells in resting state. While immediately after the laser
stimulation, the Ca2+ microdomains could be precisely visualized. Remarcably, in
some samples two separately Ca2+ microdomains were identified. This suggested
the presence inside the cells of two AuNSs (or aggregates of AuNSs) that were stim-
ulated at the same time.

These Ca2+ microdomains exhibited a peculiar fluorescence intensity profile com-
pared to the overall cell intensity (Figure 3.10). Their intensity increased more rapidly
than of the entire cell and blended in the global intensity after few seconds, before
reaching the global intensity maximum. Since it was possible to isolate the mi-
crodomains signal from the background, a detailed study of Ca2+ dynamics could
be carried out. Notably, Ca2+ microdomains exhibited an intensity peak relative to
the global cell intensity within 0.10 sec in samples maintained in complete medium
and treated with Synta66 (Figure 3.11). On the contrary, the time taken to reach
the peak of Ca2+ microdomains in the samples in PBS without Ca2+ and Mg2+ was
0.24 seconds, slower than that observed in the medium and Synta66-treated samples.
This observation aligns with previous findings regarding global calcium signaling,
highlighting the impact of extracellular calcium not only on the global dynamics but
also on that of Ca2+ microdomains. The spreading of the microdomains over time
were investigated along two directions: angular and radial.

In the angular direction, microdomain distribution remained centered at the start-
ing angular position while spreading along the plasma membrane (Figure 3.12). The
spreading of calcium microdomains isn’t merely a result of passive calcium diffu-
sion, as calcium is buffered within the cytoplasm [74]. Instead, it’s the calcium itself
that drives its own propagation through the activation of calcium channels situated
at the plasma membrane. In the samples in PBS wo Ca2+ and Mg2+, the time to reach
peak intensity of Ca2+ microdomains and of the global signal was prolonged com-
pared to samples in a complete medium. Additionally, the spread of microdomains
was lower due to the absence of extracellular calcium. The global signal was sus-
tained solely by the ER and lysosomes, along with microdomain propagation, as
there was no influx of calcium to support and amplify spreading, despite calcium
channels on the plasma membrane being activated. Conversely, samples treated
with Synta66 reached both peaks at the same time as the sample in medium, while
displaying a spreading of the Ca2+ microdomain comparable to that of samples in
PBS wo Ca2+ and Mg2+. The data indicate that in Synta66-treated samples, Ca2+ mi-
crodomains remained localized at the starting point. This confinement was likely
due to the inhibition of ORAI1, which prevented the Ca2+ entry from this channel,
thus preventing its diffusion and self-propagation, and the subsequent activation of
channels on the plasma membrane.

On the other hand, the radial distribution showed that the microdomains didn’t
diffuse very much towards the center of the cell (Figure 3.13). This could be due to
two reasons. The first is that calcium diffuse poorly inside the cytoplasm because it
is buffered. The second reason is that T lymphocytes’ cytoplasm is largely occupied
by the nucleus, therefore there is no place for calcium to spread.

The data analysis, especially the background subtraction, showed and interest-
ing bright halo around the cells on long times, after the cell had already reached the
peak (Figure 3.8). Initially, it was hypothesized that the halo was a localization of
the calcium at the plasma membrane. However, further analysis on the cell dimen-
sion over time showed that it was an artefact (Figure 3.19). After the stimulation,
the cells rounded and increased their size of 5 to 15% (Figure 3.20C). That was ob-
served for all the samples in all the conditions. Many references can be found in the
literature regarding the changes in shape of T cells (such as elongation, increase in
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roundness and flattened). These conformational changes are directly linked with the
immune-synapse formation and T cell activation [168, 169, 170]. This observation
suggests that the laser stimulation did not only induce the increase of the calcium
inside the T cells but also a full-fledged lymphocyte activation. Even though all the
cells increased their dimension on long times, a shrink can be observed in some of
them right after the laser shot. The initial shrink correlates with the cell fluorescence
intensity (Figure 3.20). Cells with higher intensity displayed a larger shrink. The
correlation has not an explanation to this day.

Overall, all the data collected in this dissertation shows gold nanostars as a promis-
ing tool for inducing the release of calcium in Jurkat T cells. AuNSs are efficientely
uptake by the T cells and stimulated with a laser inducing the global release of cal-
cium. The calcium release was spatially and temporally monitored. Through statisti-
cal analysis and evaluation of different conditions, the presence of a maximum peak
was verified, whose intensity shows great variability, while the time to peak was
typical in each condition. These findings suggest that photothermal heating medi-
ated by the nanoparticles plays a role in the fluidification of the lysosomes. However,
while trying to isolate the lysosomal signaling, it was observed that the photothermal
heating also induced fluidification of the plasma membrane or activated thermosen-
sitive calcium channels localized at the plasma membrane. Although this indicates
that the method presented in this work offers a promising approach to studying
calcium release and spreading, providing a simpler and more precise alternative to
biological or chemical methods, further research is needed to fully comprehend the
cellular effects during photothermal heating. First, other chemical inhibitors (such
as Gadolinium chloride) can be exploited to clarify if the laser irradiation induces
the fluidification of the laser membrane or if thermosensitive channels are involved
in the calcium signaling. In case of the involvement of thermosensitive channels, it
would be of great interest to identify them. Moreover, to visualize the calcium re-
lease from lysosomes, the linking of a fluorophore on the gold nanostars would help
the co-localization of the nanoparticles with the lysosomes. The localization would
also help a more precise stimulation and, perhaps, the stimulation of more than one
nanostars (or aggregates of nanostars) in the same cell in different moments. Regard-
ing the cell activation, other markers could be monitor (such as IL-2 production) to
further investigate it.
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Chapter 5

In silico drug discovery

5.1 Introduction

Traditional in vitro drug discovery methods have always generated big costs in terms
of lab materials and manpower. Even with the advances in robotics and high-throughput
inhibition/binding techniques, the identification of potential targets has been defi-
cient in cost-efficiency ratios. This is due to the elevated cost and time required,
not only in the first stages of target screening but also in the next steps of clinical
phase trials. In the last decade the development of computer-aided drug discovery
(CADD) has become a game-changing process decreasing the risk in drug develop-
ment by increasing its effectiveness and reducing time and budget costs [171]. In
silico methods were born based on the examination of the chemical structure of pro-
teins and small molecules, determining the different features that can be responsible
for its biological activity and the interactions that can exist among them. All this
information is used not only to evaluate ligand-protein interaction but also to model
proteins, predict potential protein binding sites and both biochemical (physicochem-
ical and ADME properties) and clinical (side effects, selectivity) characteristics. The
protein-drug interactions will made us able to easily and fast discriminate and elu-
cidated a small number of targets to test in vitro. Despite the enhanced velocity, in
silico approaches still need human supervision and its combination with other state
of the art methods. Interestingly CADD is a helpful tool not only on identifying
new drugs but also on drug re-purposing of compounds that have being used be-
fore for the treatment of similar or different diseases [172, 173, 174]. Measurements
of intramolecular and intermolecular forces, binding delta-free energies and confor-
mational changes prediction will be the most power consuming stage of the entire
process. Finding and selecting metabolic targets and possible drugs, combining with
high-throughput screening (HTS) methods have reduced the time and budget costs
of the whole drug discovery field. This treatment will reduce the economic burden
and the time of the nowadays de novo drug discovery.

5.2 In silico pipeline

The road to find a drug candidate for a specific target is made by subsequent and in-
terlinked steps. These steps can be group based on their goal: target definition (deter-
mination of target structures and ligands), screening and defining target-ligand pair
(determination of active sites/binding sites, molecular docking and pharmacophore
determination) and chemical validation (ADME/T characterization) (Figure 5.1).
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Figure 5.1: Workflow of an in silico pipeline, from the determination of target struc-
tures and ligands steps to the final drug best hit finding.

1. Determination of target structures
To determine the 3D configuration of the target protein, X-Ray and high resolu-

tion Cryo-EM structures should be the most trustable data to start with. X-Ray crys-
tallography generates highly confident data with extremely high resolution (with an
upper limit of 0.48 Å[175, 176]), however not all protein or protein complex can be
crystallized. Despite a slightly lower resolution (upper limit 0.6 Å[177]), Cryo-EM
gave the opportunity to obtain the structure of proteins that could have not been
crystallized and macro complexes higher than 10 MDa. When the protein structure
is not available, sequence-based 3D prediction methods are valuables strategies to
predict some structural features. Despite their extreme accuracy, they cannot define
the exact relative position of the different amino acids and/or DNA in the molecule
and this could affect the validity of the results.

2. Determination of ligands
For the identification of potential ligands, it can be very useful to first understand

the role of the target protein inside the cell and/or pathway. There are different
databases that can be used depending on the goal of the study. In the case of drug
repurposing scenario, databases of already tested and approved drugs should be
used, as the WHO Model Lists of Essential Medicines[178]. However, in “the novo
finding”, any other public and private database could be used too where millions
of compounds can be found as KEGG or ZINC databases[179, 180]. These drug
databases can be screened using as criteria the known activities of the compounds.
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Drug/ligand structures were constantly deposited in the DrugBank database, which
is a freely accessible and contains information on drugs and their targets[181].

3. Determination of active/binding sites
Usually, three main binding sites can be identified inside the protein structure:

1- Active site or related to its active site. Will be regions of the protein where its
substrate (other protein, nucleotides, or small molecules) will bind or will help to
interact with, as active or allosteric binding sites. 2- Structural sites, key regions for
protein stability, folding or activity-related conformational changes. These sites can
be located either close or far from the active sites and sometimes cannot be rationally
easy to define. 3- Protein-protein interaction sites. Regions that are involved with its
binding or interaction with other proteins, either in a transient or in a stable way.
Either by using structural information available or biochemical and biophysical de-
termination (binding site description, inhibition, mutagenesis studies) the region of
interest into the protein structure can be easily defined. In cases of absence of some
part of this information, computer aided methods will be crucial for establishing the
region of interest. Sites as The Computed Atlas for Surface Topography of Proteins
(CASTp)[182] and Metapocket[183], will help to Identify cavities on proteins with
potential interest.

4. Molecular docking
Different software also can be used for analyzing drug-protein docking. Firstly,

both ligand and protein should be prepared and optimized (removing waters of
protein structures and examining ligand geometry), which can be done in several
structure analysis software (PyMOL, Chimera, AutoDockTools)[184, 185]. The more
accurate docking analysis should find the higher and best scoring-ranking-docking-
screening power. Several software, such as AutoDockVina[186], give highly accurate
and robust results that can give us proper confidence of the quality of the docking.
The outputs consist in 3 parameters: affinity (expressed in kcal/mol) and the average
deviation between the corresponding atoms of the molecule and the protein (RMSD
upper bond and lower bond). The candidate drugs will be sorted based on affinity
and RMSD values. It’s up to the operator to define threshold values.

5. Pharmacophore determination
Pharmacophore models define the characterization of the steric and electronic

features necessary to ensure the interactions between protein-drug for triggering/block
its biological response, explaining how ligands can bind to a receptor site[187]. Know-
ing the 3D arrangement and features in the bio-active molecule (drug), will help in
the finding and designing of improved compounds. Structurally conserved charac-
teristics of different drugs can be responsible for their biological activity interacting
with a specific protein target. Identifying a common pharmacophore in a compound
library will allow us to define all possible conformations between the ligands and the
protein. This steric information will drive us to identify the most favorable binding
conformation for everyone, comparing them and finding the general and common
molecular arrangements of the ligand into the binding site.

6. ADME/T characterization
The capacity of a selected drug to be effective in the body depends on its ability

to reach its target in sufficient concentration, remaining in a bioactive form the time
needed for generating its expected biochemical activity. The final stage of drug de-
velopment involves the determination of ADME/T characteristics. Computer mod-
els can also increase the velocity of drug discovery at this stage, avoiding the neces-
sity of in vitro experiments. Software packages, like SwissADME web tool[188], gen-
erate robust predictive models for the determination of ADME properties of a small
molecule. Variables like its pharmacokinetics, physicochemical properties, medici-
nal chemistry friendliness and drug-likeness are key for describe the capability of
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the drug for overcome its final screening step.

5.3 Case study

The final goal of this work was to investigate the possibility of finding molecules
able to interact with the biochemical pathway that leads to the release of Ca2+ from
the endoplasmic reticulum (ER) and lysosomes in T cells subsequent their activation
by antigen presenting cells (Figure 5.2).

Figure 5.2: Ca2+ mobilization by NAADP mediated by NAADP receptors and bind-
ing proteins linking to different organelles and ion channels, upon T cell activation.
Image from ref. [79].

Firstly, four key pathway components were identified: DUOX2, LSM12, HN1L/JPT2
and RYR1.

Among them, DUOX2 was dismissed from the beginning. Since it is an upstream
component of the pathway, it’s impairment could lead, during the in vitro testing, to
the unwanted disruption of others signaling routes and/or cell death.

The focus was then put on HN1L/JPT2 protein because its involvement in both
release pathways. Following the in silico pipeline described above, the program Al-
phaFold was used to determine the protein structure. The result was disappointing
since there was no available Cryo-EM or X-Ray crystallography data and most of
the structure was unreliable (Figure 5.3). Phyre program was exploited to look for
folding similarity with other proteins but none was found. HN1L/JPT2 protein was
then discard because there was not enough structural information.

On the other hand, LSM12 presented a better structure in AlphaFold even though
it was partial (Figure 5.4).

To have a better understanding, Phyre was used to identify similarity with other
proteins and if there could be a useful active/binding site. Few proteins were found
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Figure 5.3: HN1L/JPT2 structure produced by Alphafold program.

Figure 5.4: LSM12 structure produced by AlphaFold program.

to hold some similarity (around 20/25 %), suggesting the presence of potential bind-
ing sites in LSM12 protein (Figure 5.5).

Since no hypothetical ligands was determined, a broader database was used to
increase the chances of a good match. The chosen database was ZINC. Inside of it, it
was possible to narrow the dataset on the compounds already approved by FDA.

The possible binding sites were determined using PrankWeb and Cavity Plus.
These programs give all the possible docking sites solely based on the protein struc-
tures. This means that they potentially identify a binding site positioned in an un-
reachable part of the protein. Therefore, it is needed a human screening of the iden-
tified potential sites to rule out the least probable and keep on working of the ones
that could lead to higher success binding rate. Inside LSM12 structures four bind-
ing pockets were identified. To position these pockets in the structures their x,y,z
coordinates must be found. Chimera program is able to do it by virtually creating
a cube containing the pocket (Figure 5.6). The cube can be modified to better fit the
structure.

Once the coordinates of all the binding sites are obtained it’s possible to move on
to the molecular docking. AutoDockVina was exploited to identified possible bind-
ing molecules for each site by loading into the program the site coordinates and the
ZINC molecules file. The output is made by a file where the affinity and the av-
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Figure 5.5: LSM12 folding similarity by Phyre.

erage deviation between the corresponding atoms of the molecule and the protein
(RSMD) are listed. The highest biding affinity receives the chosen value of RSMD
equal to 0 and it is considered the control position to evaluate the RSMD values of
the all the other possible positions of the drug inside the pocket. To evaluate if the
binding between the protein and the drug is good a threshold, for both affinity and
RSMD, must be set. The threshold is set based on experience and can change de-
pending on the drug characteristic (size, charge . . . etc) and the software in use. The
docking analysis of ZINC candidates on LSM12 binding sites selected few possible
molecules, however the threshold evaluation excluded all of them. It was not possi-
ble to find any suitable candidate within the chosen dataset. For this reason, LSM12
was also dismissed.

RYR1 was chosen as the last target of this study. Unlike the other proteins con-
sidered, RYR1 is a transmembrane channel and a multimeric complex. It is made
by 4 identical monomers that create a bouquet-like structure where the bottom part
constitutes the channel porous and the upper part interact with HN1L/JPT2 (Figure
5.7). This complex structure created a new challenge: how to handle a huge protein?
Different strategies can be adopted and they depend on how the protein is looked at.

The complex can be disassembled using PyMol and each portion can be studied
separately. Since the transmembrane portion is the one that creates the pore through-
out Ca2+ is been released from ER, it was chosen for the study (Figure 5.8).

ZINC dataset was the same used in the study of LSM12. Exploiting Cavity Plus,
it was possible to find roughly 10 binding sites. Most of them displayed apolar and
hydrophobic features (Figure 5.9).
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Figure 5.6: The green cube containing one of the putative binding sites of LSM12
protein.

After the coordinates were found with Chimera, AutoDockVina was run to dis-
cover potential drug candidates. At the end of the molecular docking evaluation,
some molecules of the dataset showed a good fit with a particular binding site (shown
in green in Figure 5.10).

The subset molecules potential candidates must go through another screening.
This is due to the fact that the molecules can have a very high affinity while having
rotation within the pocket. If a compound can change its position inside a binding
site, this means that it’s not really linked to. The screening process was carried on
by eye using PyMol. Since it is able to display in different conformations of the drug
inside the pocket, it is possible to distinguish between a good and a bad candidate
just looking at it. Within all the compounds that were selected after the docking
study, only one was found to have all the proper features to be considered for further
studies: Di-indolyl-methane is a natural compound that can be found in cruciferous
vegetables[189], such as broccoli, Brussel sprout and cabbage. It is used to treat
recurrent respiratory papillomatosis[190] and some studies showed its potential role
in the prevention of a variety of cancers, such as prostate and breast[191]. Di-indolyl-
methane is made by two Indolyl linked to each other by a carbon. The presence of the
two rings helps the molecule to insert inside the apolar binding site of RYR (Figure
5.10) and to stabilize the link via Van der Waals interactions (Figure 5.11A and B).
They also lead to a high affinity for the complex (Figure 5.11C).

After identifying a promising candidate, evaluate its binding affinity and identi-
fying its link with the target protein, the last step is to characterize its ADME. Swis-
sADME was use to discover as many information as possible on Di-indolyl-methane
(Figure 5.12A). This program shows not only the physiochemical properties (molec-
ular weight, number of heavy atoms . . . etc), but also lipophilicity, water solubility,
pharmacokinetics and druglikeness. This is key information for the subsequent in
vitro testing and can give a preliminary idea of the ways of administration and pos-
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Figure 5.7: RYR1 structure shown as (A) surface (grey) and backbone (rainbow), (B)
plain backbone and (C) monomer (rainbow).

sible drawbacks.
Another useful feature of Swiss website is SwissSimilarity. This feature allows

to find compound with a similar structure to the one of interest and gives informa-
tion on their characteristics (Figure 5.12B). These results can broaden the number of
candidates to test in vitro.

In conclusion, only one candidate was selected to interact in Ca2+ release path-
way in T cells: Di-indolyl-methane. This drug specifically interacts with the ER re-
ceptor RYR1, binding to the protein in the transmembrane region.
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Figure 5.8: RYR1 transmembrane domain (in blue) shown (A) in relation with the
monomer (rainbow) and (B) by itself.

Figure 5.9: Potential binding sites in RYR1 transdomain (A, B and C) and charge
distribution (C).
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Figure 5.10: Potential drug candidates inside the binding site shown as (A and B)
charged surface or (C and D) backbones.

Figure 5.11: Representation of Di-indolyl-methane inside the binding site of RYR1.
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Figure 5.12: Di-indolyl-methane binding with RYR1 pocket. The residues involved
in the Van der Waals interactions are shown using (A) LigPlot or (B) LigandScout
programs. LigandScout is also able to (C) evaluate the binding affinity of the com-
pound.

Figure 5.13: (A) SwissADME and (B) SwissSimilarity results obtained for Di-indolyl-
methane.
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Appendix A

List of GHS substances

Table A.1: List of chemicals and GHS classifications

Substance Signal word GHS-symbols Hazard state-
ments

Precautionary state-
ments

Chloauric Acid Danger H290, H314,
H335

P303+P361+P353,
P305+P351+P338, P234,
P261, P271, P280

Citric Acid Warning H319, H335 P304+P340+P312,
P305+P351+P338, P261,
P264, P271, P280

Ethanol Danger H225, H319 P305+P351+P338, P210,
P233, P240, P241, P242

Ethylenediaminetetraacetic acid Warning H319 P305+P351+P338,
P337+P313, P264, P280

Hydrochloric acid Danger H290, H302,
H314, H373,
H411

P303+P361+P353,
P305+P351+P338, P260,
P273, P280, P314

Silver Nitrate Danger H272, H290,
H314, H410

P303+P361+P353,
P304+P340+P310,
P305+P351+P338, P210,
P260, P280

Sodium Hydroxide Danger H290, H314 P303+P361+P353,
P304+P340+P310,
P305+P351+P338, P234,
P260, P280

Thapsigargin Danger H315,H319,
H334, H335

P302+P352,
P305+P351+P338,
P304+P340, P332+P313,
P337+P313, P261
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