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Abstract

Abstract

Temperature plays a key role in regulating intracellular activities. Accurate
measurements of temperature inside living cells at the nanoscale can tell if the cells are
under their healthy physiological status or in dysfunctional diseases. As the energy
factory and metabolism center, mitochondria constantly release heat during ATP
production, which greatly impacts the intracellular organelles’ temperature. A direct
visualization platform with probes that can sense the in situ temperature dynamics of
mitochondria, and map the temperature-related interactions among intercellular
organelles, will facilitate our understanding of mitochondria-related diseases towards

better therapy.

Upconversion nanoparticles (UCNPs), being excited by near-infrared (NIR) light to
generate visible light, have been widely applied in the fields of single-molecule
bioassays, super-resolution microscopy, and recently non-contact thermometers, due to
their unique optical properties, including their exceptional photo-stability against photo-
bleaching or photo-blinking, tunable multi-wavelength emissions for multiplexing
assays, anti-Stokes’ emissions to suppress autofluorescence background, near infrared
excitation and emissions allowing deep-tissue penetration depth, and most importantly,
temperature-dependent ratiometric luminescence for thermometry application. However,
the chemical stability of hydrophilic UCNPs has limited their developments in

biomedical applications.

To obtain the hydrophilic UCNPs (NaYFi: 20%Yb**, 2%Er**) with excellent stability
and dispersibility in aqueous physiological buffers, five different functionalization
strategies have been systematically evaluated (chapter 2). To study the temperature
dynamics of mitochondria, I developed a mitochondria-targeting UCNPs-based
thermometer with a sensing sensitivity of 3.2% K'' to monitor the temperature
variations through the chemical stimulations. The cells displayed distinct response time

and temperature dynamic profiles (chapter 3).

To further study the interaction between lysosomes and mitochondria, I updated the
design of UCNPs-based thermometer by optimizing the surface functionalization of
UCNPs, which resulted in an enhanced reliability with the relative temperature sensing

sensitivity of 2.7% K-! and temperature uncertainty of 0.8 K in HeLa cells. The new
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probes can cascade target lysosomes and mitochondria, respectively (chapter 4).

Chapter 5 concludes this thesis by providing a thermometry platform to study the
temperature dynamics of mitochondria and organelles’ functional interactions under the
physiological or pathological status. Combined with other state-of-the-art technologies,
such as sequential labelling of mtDNA, super-resolution imaging, UCNPs-based
thermometer will become a powerful multimodal probe for imaging, sensing, and

therapy.
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Chapter 1 Introduction

Temperature is one of the crucial biophysical parameters in most chemical reactions and
biological processes within live cells. The variations of temperature reflect that the cell
is under the physiological status or in diseases [1, 2]. Mitochondria, the powerhouse of
mammalian cells, transform carbohydrates to ATP, releasing the heat simultaneously
[3]. Moreover, it coordinates with other organelles, such as lysosomes, endoplasmic
reticulum (ER) to maintain the homeostasis of the cell. At present, the roles of
mitochondria and other organelles are usually investigated from the direct physical
membrane contacts by super-resolution microscopy or signaling pathways by molecular
biology tools [4]. It is not clear how the temperature change of mitochondria and other
organelles during the pathological process. Therefore, studying intracellular temperature

dynamics is necessary to understand how they maintain homeostasis within a live cell.

Nowadays, a series of nano- or micro- thermometers have been reported in the field of
temperature sensing [2, 5]. Among these thermometers, luminescence-based
thermometers that worked as non-contact probes have attracted great attentions in the
field of nanomedicine and diagnosis. Non-contact thermometers provide the
information of imaging and local temperature at a spatial and temporal resolution
simultaneously. Due to the excellent luminescence properties of upconversion
nanoparticles (UCNPs), this thesis put efforts on the development of UCNPs (NaYFa:
20%Yb**, 2%Er*")-based thermometers in the intracellular temperature mapping within
a single cell. The thesis aims to build a UCNPs (NaYFa4: 20%Yb**, 2%Er*")-based
mitochondrial thermometry platform for multi-functional imaging, sensing, and even
tracking the pace of life. Therefore, Chapter 1 first introduces the basic structure and
function of mitochondria, and then provides a detailed review of the progress and
advancement of luminescence-based thermometers and their applications. The method
of surface functionalization of UCNPs (NaYF4: 20%Yb**, 2%Er*") and how to obtain a

mitochondria-targeted probe are illustrated at last.
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1.1 Mitochondrial Form and Function

Mitochondria play an essential role in the eukaryotic organisms, which are tubular,
highly dynamic organelles surrounded by two membranes. They produce ATP by
digesting fat, carbohydrates, and protein. And they participate in numerous cellular
activities, such as metabolites, differentiation, and apoptosis [6]. The dysfunction of
mitochondria will lead to a range of diseases, including diabetes, neurodegenerative

disease, cancer, and aging [6].
1.1.1 Basic Background of Mitochondria

Mitochondria evolved from bacterial endosymbiosis [7, 8]. Two billion years ago, a
larger primitive, heterotrophic, eukaryotic cell engulfed an a-proteobacterium [7]. The
eukaryotic cell developed a mutually beneficial relationship with the bacteria instead of
digesting it [7]. Then the bacteria became mitochondria of the host cell. During the
evolution, mitochondria still have the double membrane structure and respiratory
cellular machinery as their ancestors, but their form and composition have changed.
Most genes bacteria used for independent life are lost or transferred to the nuclear
genome [9]. There are ~16-kilobase genomes remaining in the human mitochondria,
encoding 13 respiratory complexes, two ribosomal RNAs, and 22 transfer RNAs [10].
The respiratory complexes are involved in the ATP synthesis and form an
electrochemical gradient between the matrix and the inner membrane space of
mitochondria. The electrochemical potential is crucial to reflect the functional status of
mitochondria, sending the signal to activate pathways of repairing or eliminating
defective mitochondria. The two ribosomal RNAs and 22 transfer RNAs in the matrix
are crucial to mitochondrial translation, which is relatively complex and highly
regulated [11]. They are involved in RNA coding and mature and the translation of
ribosomal proteins. However, only some mitochondrial ribosomal proteins are

homologs with bacteria [12]. The function of most ribosomal proteins is not clear.

The genome of the nucleus also encodes some mitochondrial proteins. The nucleus-
encoded mitochondrial proteins are translated into the cytoplasm and imported to the
mitochondria [13, 14]. The nuclear and mitochondrial DNA (mtDNA) coordinate to
maintain mitochondrial function [15]. The mutations of mitochondrial protein-related
genes in the nucleus and mitochondria will lead to mitochondrial dysfunction, causing

2
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human diseases [16]. However, the relationship between the mitochondria and the
disorder is not understood well currently. Therefore, a better understanding of
mitochondria organization, mtDNA, mitochondria-related nuclear gene, mitochondrial

proteins, and the intercoms of mitochondria with other cellular organelles is necessary.
1.1.2 Mitochondrial architecture and function

Mitochondria are commonly between 0.75 and 3 um in diameter with a double
membrane composed of phospholipids and proteins. It has five distinct compartments,
including the outer membrane, intermembrane space, inner membrane, cristae, and the
matrix (Figure 1-1). The structure of mitochondria closely links to mitochondrial

function.

Cristae .
Matrix Ribosome

Outer membrane \ /

Enzyme complexes

F,F, complex\

\ \ Mitochondrial DNA

Inner membrane
Inner membrane space

Figure 1-1 The architecture of mitochondria. Complex I, II, III, IV, and V are located in the inner
mitochondrial membrane and are responsible for ATP production. The matrix contains DNA,

ribosomes, RNA, and proteins.

The outer mitochondrial membrane has similar components to the cell membrane,
separating the organelle from the cytosol [17]. The materials exchanged between
mitochondria and cytosol are achieved by the proteins in the outer membrane. Voltage-
dependent anion channels, also called mitochondria porins, are transporting smaller
molecules, such as nucleotides, ions, and metabolites in the mitochondria and cytosol

[18]. For the larger molecules (>5000 Daltons), the translocase in the mitochondrial
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membrane actively moves the larger nucleus-encoding proteins into the mitochondria
[19]. There is also a wide range of enzymes in the outer membrane involved in
metabolism [17]. The permeabilization of the mitochondrial outer membrane will lead
to the proteins enclosed in the mitochondria leaking to the cytosol, causing cell death

[20].

The intermembrane space is the space between the outer and inner membranes. The
most vital protein localized in the intermembrane space is the cytochrome complex (cyt
c), which is the sign of apoptosis [21]. At the early stage of apoptosis, the oxidation of
cardiolipin (CL) triggers the leaking of mitochondrial cyt ¢ from mitochondria. Then the
released cyt ¢ will interact with the other organelles and start apoptosis [22]. Therefore,
cyt ¢ in the cytosol can work as a biomarker to evaluate the anti-tumor efficiency of the

drug [23, 24].

The composition of the mitochondrial inner membrane is a bit different from the
mitochondrial outer membrane, which is full of CL [25]. And the ratio of protein-to-
phospholipid is higher than that of the outer membrane [26]. Moreover, there are no
porins in the mitochondrial inner membrane [17]. Therefore, the mitochondrial inner
membrane is highly impermeable. All molecules must be transported by the translocase
to exchange between the mitochondrial matrix and cytosol [19]. In addition, there is an
electrochemical potential across the inner membrane formed by the electron transport
chain [17]. The electron transport chain contains five important proteins, including
complex I [27], complex II [28], complex III [29], complex IV [30], and Complex V
[31]. As an electron donor, NADH passes the electron to complex I. Then, coenzyme Q
receives the electrons from complexes I and II and passes the electron to complex III.
The cyt ¢ in the intermembrane space receives the electron from complex III and further
transfer it to complex IV, which reacts with molecular oxygen and produce H,O [17].
During this process, protons released into the intermembrane space will be ferried to the

matrix and react with ADP to synthesize ATP by ATP synthase.

The mitochondrial inner membrane folding inside forms cristaec (Figure 1-1). The
cristae increase the area of the mitochondrial inner membrane, enhancing the ability to
produce ATP [17]. Therefore, the liver and muscle cells requiring large amounts of

energy for cellular activities usually have more cristae.
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The space enclosed by the inner membrane is called the matrix. The mitochondrial
matrix contains many biomolecules, such as DNA, RNA, enzymes, and ribosomes.
Therefore, the matrix provides a space for many important reactions, including the

production of ATP, citric acid cycle, oxidative phosphorylation [32].
1.1.3 Mitochondrial dynamics

Mitochondria are highly dynamic organelles [33]. They form complex and tubular
networks in the live cell (Figure 1-2 centre). The mitochondria networks respond to the
cellular function by changing the shape, size, number, and distribution of mitochondria

and be identified as mitochondrial dynamics [34].
1.1.3.1 Fission and Fusion

Mitochondrial dynamics are dependent on the fusion, fission, shape transitions, and
transportation along the cytoskeleton (Figure 1-2) [34, 35]. The mitochondrial shape
changes with time and locations in a single cell [36, 37]. For example, the shape of
mitochondria prefers to be tubular in the Gl-phase and then elongates in the S-phase
[33] (As shown in Figure 1-3, the cell cycle of a cell contains four stages: Gap 1 (G1),
synthesis (S), Gap 2 (G2) and mitosis (M). The cell size increases in the G1 phase. The
DNA replicates in the S phase. Then the cell prepares to divide in the G2 phase and
divides in the M phase. After a cell cycle, the cell divides into two daughter cells.).
When the cell cycle goes into the G2 and M-phase, mitochondria divide into granules or
short rods [38]. In addition, mitochondria with different shapes will face different fates
[36]. As reported by Suliana Manley group in 2021, they found that for the fission site
in the mid-zone of mitochondria, then the large and tubule daughter mitochondria prefer
to go to proliferation while the fission site in the peripheral, then the smll and rounded
daughter mitochondria prefer to go to degradation [36]. In addition, the mitochondrial
shape transforms by increasing the concentration of intracellular calcium and
mitochondrial depolarization [39]. As a result, these two stimulations induce the

production of small and rounded mitochondria.
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Fusion

Transport/
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Microtubule

Current Opinion in Cell Biclogy

Figure 1-2 Overview of mitochondrial dynamics. Mitochondria form a complex, interconnected
network within the cell (centre). The morphology of this network is determined by fission, fusion,

mitochondrial shape transition, and positioning along the cytoskeleton. Adapted with permission

from reference [34].
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G1 - Growth

S - DNA synthesis

G2 - Growth and
preparation for
mitosis

M - Mitosis

(cell division)

Figure 1-3 Schematic representation of the cell cycle in the eukaryotic cell. The pink color
represents the Gl-phase. The yellow color represents the S-phase. The green color represents the
G2- phase. The blue color represents the M-phase
[https.//teachmephysiology.com/biochemistry/cell-growth-death/cell-cycle/].

Mitochondrial fission and fusion are two opposite processes [34]. The balance between
these two dynamic transitions is required to maintain mitochondrial function and
respond to the cellular environment, such as nutrients and stress [40]. Mitochondrial
fission includes two stages, constriction and scission (Figure 1-4). Dynamin-related
protein 1 (Drp 1) plays a crucial role in the constriction stage [41]. Drp 1 is recruited in
the fission site to facilitate constriction [41-43]. At first, replicated mtDNA and contacts
between the endoplasmic reticulum (ER) and mitochondria mark the fission site (Figure
1-4A-B). Then Drp 1 is recruited from the cytoplasm to the outer membrane of
mitochondria, inducing the constriction of the membrane (Figure 1-4C-D). As for the
mitochondria scission, Dnm?2 is recruited to the constriction sites to finalize the last step
of the mitochondrial division (Figure 1-4E-G)[44]. Dnm 2 is the downstream protein of
Drp 1. It is recruited to the constriction site induced by the ER-mitochondria contacts
and Drp 1, forming a collar-like structure around the constriction site [45]. Silencing
RNA of Dnm 2 will cause the appearance of myriads elongated super narrow

mitochondrial constriction sites [45].



Chapter 1

A Replicating mtDNA A B ER-drives pre-constriction
marks ER-site 1l
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Figure 1-4 Schematic representation of the multi-step processes required for mitochondria

division. A. In the matrix, replicated mtDNA marks the site for ER recruitment. B. The active Drpl
accumulate at ER sites to initiate the pre-constriction of the membrane. C. The zoomed area
highlights the factors regulating mitochondrial division. The ER-bound inverted-formin 2 (INF2)
and mitochondrial anchored formin-binding Spirel C induce actin nucleation and polymerization at
mitochondria—ER contact sites. The Myosin IIA may provide the mechanical force to drive
mitochondria pre-constriction. At these sites, tail-anchored proteins mitochondrial fission factor
(MFF) and mitochondrial dynamics proteins (MiDs) recruit Drpl and D. GTP-hydrolysis leads to a
conformational change, enhancing pre-existing mitochondrial constriction. E. Then, Dnm2 is
recruited to Drpl-mediated mitochondrial constriction neck where it assembles and terminates
membrane scission, F. leading to two daughter mitochondria. G. The mechanisms of disassembly of
the fission machinery following division remain unclear but both adaptors and Drpl are found at
both mitochondrial tips after division. Adapted with permission from reference [40].
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Mitochondria fusion is regulated by mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), and optic
atrophy 1 (Opal) [47, 48]. Opal has two different isoforms L-OPal and S-OPal, which
are responsible for the various function in the fusion [49]. At the start of mitochondria
fusion, Mfn1 and Mfn2 regulate the tethering of mitochondria and promote the fusion of
mitochondrial outer membrane (Figure 1-5A(1)). Once the outer membrane fuse with
each other, the position of the inner membrane will face each other and prepare to fuse
(Figure 1-5A(2))[47, 50]. Then the L-OPal and CL located in the mitochondrial inner
membrane bring the mitochondria closer, and S-OPal works together with L-OPal and
CL to finalize fusion activity (Figure 1-5A(3)-(4)). The molar ratio of L-OPal and S-
OPal determines the fate of fusion. When the ratio of L-OPal/ S-OPal is 1, the fusion
efficiency will be highest (Figure 1-5B)[34]. The ratio of L-OPal/ S-OPal is lower or
higher than one, leading to the inhibition of fusion [34].

A B
1)

Fusion Efficiency

[S-Opa1] : [L-Opai]

Docking Fusion

Figure 1- 5 Schematic representation of the multi-step processes required for mitochondria fusion.
A. The proposed model of mitochondrial fusion. 1) Mitochondrial fusion begins with Mfnl/2-
mediated tethering of two mitochondrial outer membranes. 2) The inner membranes are positioned
for fusion upon outer membrane fusion. 3) Interactions between L-Opal and CL dock the inner
membranes, bringing them closer together. 4) S-Opal functions with L-Opal and CL to promote
efficient inner membrane fusion. B. Fusion efficiency at different S-Opal: L-Opal ratios. Fusion
efficiency peaks at an equimolar ratio of S-Opal to L-Opal, with higher and lower ratios inhibiting

fusion. Adapted with permission from reference [34].
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In addition, mitochondrial networks have interacted with the cytoskeleton [51].
Mitochondria driven by motor proteins move to the plus-end microtubules or the minus-
end microtubules [52]. Cytoskeleton-controlled mitochondria transportation plays a
crucial role in neurons. In mammalian neurons, the stability of mitochondrial networks
is regulated by actins [53]. The actins tether the mitochondria at presynaptic sites in

axons to provide energy for neurotransmission [54, 55].
1.1.3.2 Contacts with other organelles

Mitochondria play a critical role in cellular activities, such as ATP production,
metabolism, and signalling. It also communicates with other organelles through
membrane contacts to maintain the homeostasis of cells. Mitochondria coordinate with
ER, lysosomes, lipid droplets (LD), nucleus to regulate cellular processes, including
energy metabolism, biosynthesis, immune response, and cell turnover (Figure 1-6) [56,

57].

Mitochondrial positioning
Development/differentiation
Dynein anchoring

Plasma membrane

'Endosome

, ‘ \Iron transfer

. \”M&hﬂf//f [

Vacuole/lysosome

Lipid transport?
Amino acid transport?
Mitochondrial division

Mitochondrial division
Mitochondrial fusion
mtDNA replication/distribution
Autophagy

Lipid transport

Ca? transfer
Figure 1-6 Schematic of mitochondria—organelle contacts and functions. Mitochondria make
functionally relevant contact with many organelles in the cell. A subset of mitochondria—organelle
contacts and the functions ascribed to these contacts are shown. Adapted with permission from

reference [57].
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1.1.3.2.1 Contacts with endoplasmic reticulum

Among the organelles, mitochondria have a closed interaction with ER. Because of the
distinct membrane structure, mitochondria and ER contact frequently but do not fuse.
The ER-mitochondria contact sites have been found by researchers using fluorescent
microscopy and electricity microscopes [56]. Nunnari and her colleagues found that ER-
mitochondria contact sites decided the fission sites during the mitochondrial fission
process by fluorescent microscope [58]. Moreover, the contacts between ER and
mitochondria are very stable, even when they move along the cytoskeleton [59]. These
frequent ER-mitochondria contact sites make ER and mitochondria coordinate in a wide
range of cellular functions, including Ca?" signalling, phospholipids synthesis, and
cellular stress [60]. The homeostasis of Ca** plays a crucial role in many biological
processes. Mitochondria obtain Ca?" from the cytoplasm by the mitochondrial
membrane protein. However, the efficiency of Ca?* transportation by mitochondrial
membrane protein is very low. Thus, mitochondria also get Ca?>" from ER-mitochondria
contacts. The disturbance of Ca’* concentration will lead to cell death [61, 62]. Besides,
the phospholipids are mainly synthesized in the ER and transported by the vesicles. The
transportation of phospholipids from ER to mitochondria is controlled by the ER-
membrane contacts [63]. There are many enzymes in the ER-membrane contact sites,
which regulate lipid metabolism [61]. In addition, the process of ER response to the
cellular stress by unfolded protein response also needs the coordination of mitochondria.
The unfolded protein response recognizes misleading proteins and helps the cell restore

from disorders to physiological states [60].
1.1.3.2.2 Contacts with lysosomes

The abnormal mitochondria will lead to the dysfunction of lysosomes [64, 65].
Mitochondrial transcription factor A (TFAM) is a crucial protein to participate the
mtDNA replication and maintain the stability of mtDNA [10, 66]. The deficiency of
TFAM leads to the loss of mtDNA and further affects the respiratory chain reaction [45].
Baixauli et al. deleted the gene of TFAM in the lymphocytes and found the behaviour
of lysosomes changed simultaneously [67]. There were many autophagy intermediates
accumulated in the cytoplasm, indicating the dysfunction of lysosomes [67]. The
dysfunctional mitochondria will go to the degradation by lysosomes through mitophagy.

Mitophagy signalling induces the biogenesis of lysosomes, which are regulated by
11
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the transcription factor EB (TFEB). To explore if the mitophagy will lead to the
biogenesis of lysosomes, Catherine L. Nezich and the colleagues treated the HeLa cells
with ATP synthase inhibitor oligomycin and the complex III inhibitor antimycin A for
10 hours to induce the dysfunction of mitochondria, and they found most TFEB
translocated to the nucleus, which was an essential feature for the lysosomal biogenesis
[68]. Moreover, the lysosomal function and the morphology changed when the gene of
mitochondrial protein apoptosis-inducing factor was deleted [69]. Julie Demers-
Lamarche and colleagues found that lysosomal malfunction relied on reactive oxygen
species [69]. In addition, the defects in the lysosome will contribute to mitochondrial
dysfunction. In the lysosomal storage disease, the mitochondrial function is abnormal.
This is because the abnormal mitochondria cannot be cleared by lysosomes, leading to

pathological signalling [70].

Moreover, both mitochondria and lysosomes participate in Ca?" regulation. Ca*" is
transported by mitochondrial transmembrane protein from the cytoplasm into
mitochondria [71]. The Ca?" in the mitochondria are involved in the respiration chain
reaction and the production of ATP [72]. This is because four kinds of mitochondrial
dehydrogenases are activated by Ca?" [72, 73]. Moreover, Ca*" plays a crucial role in
the regulation of cell death by inducing apoptosis or necrosis in the mitochondria [74].
Ca*" in the lysosome participates in many cellular signalling processes, such as
autophagy [75], membrane fusion [76], and cell death [77]. Most importantly, protein
TFEB can be activated by the Ca’, and then the activated TFEB controls the expression

of mitochondrial fatty acid B [78, 79] and further regulate ATP production in the
mitochondria [80].

In mammalian cells, lysosomes work as a degradation centre, digesting macromolecules
into free amino acids, sugar, and lipids for biosynthesis and energy production [4].
However, mitochondria, work as a metabolism centre, making use of small molecules to
produce energy. From the metabolic view, mitochondria and lysosome crosstalk with
each other in the function as they coordinate the metabolites degradation, transportation,

and production.

1.1.3.2.3 Contacts with peroxisomes

12



Chapter 1

Peroxisomes are small and dynamic organelles with a single membrane in the live cells.
The number, morphology, and function of peroxisomes respond to the different status of
cells [81]. The dynamic characteristic of peroxisomes provides the basis to cooperate
with other organelles to participate in many crucial biological processes, such as
biosynthesis and signalling induction. Peroxisomes have a closed interaction with
mitochondria in the process of lipids metabolism, ROS (reactive oxygen species)
balance, and invasion resistance by membrane contact sites, vesicle transportation, and

signalling [82]. The dysfunction of peroxisomes will lead to mitochondrial diseases [81].

1.1.4 Mitochondrial DNA (mtDNA) and dysfunction

Mitochondrial DNA (mtDNA) is a small circular double-stranded DNA containing 16.6
kb. One is a heavy strand (H), and the other one is a light strand (L). The difference
between these two strands is their base composition [83]. The H strand is being rich in
guanines [83]. The protein required in the mtDNA replication is distinct from nuclear
DNA replication. DNA polymerase y (POLYy) is the replicative polymerase responsible
for DNA replication in the mitochondria [84]. POLy is a highly accurate DNA
polymerase with a frequency of misincorporation lower than 1 x 1076 [85]. Another
crucial protein in mtDNA replication is DNA helicase TWINKLE. During the
replication, TWINKLE unwinds the double-stranded DNA into single-stranded DNA
[86]. Therefore, POLy can start replication with single-strand DNA as a template. Thus,
mitochondrial single-stranded DNA-binding protein (mtSSB) binds to the newly formed
single-strand DNA and protects mtDNA from nucleases digestion or secondary
structure formation [87]. As an intermediate, mtSSB enhances the activity of

TWINKLE and increases the processivity of POLy [86].

How mtDNA replicates in mammalian cells? The strand-displacement model was first
proposed in 1972 by Vinograd [88]. There is an origin for replication in each strand, Ou
and Or. The replication starts from Oy and synthesizes a new strand H. mtSSB binds to
the parental H-strand to avoid RNA synthesis on the displaced strand by mitochondrial
RNA polymerase (POLRMT) [89]. When the replication passes through the origin of L-
strand (Ov), parental L-strand forms a stem-loop structure, blocking the mtSSB binding
and providing accessibility for POLRMT to initiate RNA synthesis [90-92]. POLy
enables to replace POLRMT and start the L-strand synthesis [91]. The two strands

synthesis are continuous and linked to each other as the initiation of H-strand DNA
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synthesis is required for the start of L-strand synthesis (Figure 1-7) [93].

s

Key:
—— Parental L-strand — Parental H-strand

—— Nascent L-strand —— Nascent H-strand —RNA
e POLy @TWINKLE 6 POLRMT @ mtSSB

Figure 1-7 Replication of the human mitochondrial genome [83].

The newly synthesized mtDNA are packaged into nucleoids by TFAM in mitochondria.
TFAM is an essential protein in the mtDNA nucleoids. It binds to mtDNA without
sequence specificity and packages mtDNA into nucleoids [10]. Simply mixing TFAM
and mtDNA in vitro can form nucleoid-like particles [94]. In addition, TFAM
participates in the mitochondrial transcription machinery [95]. Researchers usually
study the mtDNA integrity by imaging the activity of TFAM in the living cell or fixed
cell by fluorescent microscopes [96]. Compared with the nucleus genome, mtDNA is
less protective and easier to be mutant as there is no histone binding to the mtDNA. And
the studies show the replication mode of mtDNA provides more chances for mutation
[97]. Moreover, the mtDNA replicate all the time while the nucleus genome replicate
across the cell cycle, which means higher replication frequency makes mtDNA easy to
mutant. In addition, the DNA repair mechanism of efficacy is lower than that of the
nuclear DNA repair systems [98]. Dysfunctions of mtDNA integrity are related to a
wide range of diseases, such as neurodegenerative and senescence-linked disorders,
cancer, diabetes, and cardiovascular diseases [6, 7]. One of the possible results is the
increase of ROS levels. The excess of ROS impairs mitochondrial function and further
influences cellular activities, such as signalling, ATP generation, and apoptosis. Edward
R. Sauter and his colleagues found there were large-scale mtDNA deletion mutations in
human breast cancer [99]. Judd M.Aiken’s group illustrated that mtDNA mutation
accumulated in aged human skeletal muscle fibers [100]. Bielas ef al. analyzed the total
deletion load in the brain tissue with a new tool termed ‘Digital Deletion Detection’ and
found that the total mtDNA deletion load increased with the age [101]. That’s why older

people easily get neurodegenerative diseases, such as Alzheimer's disease [102].
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1.2 Intracellular Luminescence Thermometers

Luminescence thermometry is a technique that can measure the local temperature by
monitoring the nanoscale materials’ optical signal changes. Its spatial resolution is
typically limited by the optical resolution of the system, and when a super resolution
imaging technique may be applied, its resolution can be extended from microscale to
nanometre scale. Luminescence thermometry has been applied for temperature

measurements in live cells [103].

Motivated by the advance of material science and photonics, the field of intracellular
thermometry has developed fast, achieving numerous discoveries in biology [2]. For
example, Seiichi Uchiyama and his colleagues monitored the temperature change across
the cell cycle and found the temperature gap between nucleus and cytoplasm was
dependent on the cell cycle [104]. Moreover, this temperature gap became smaller in the
S/G2-phased cells than in the G1 phase [104]. It is well-known that temperature is one
of the most crucial biophysical parameters in any Biosystems. The dynamics and
properties of the living organism are highly dependent on the temperature. The
biomolecules, such as proteins, will suffer denature process when the temperature of the
organisms is lower or higher than 37 °C [105]. Therefore, the development of
intracellular thermometers is vital to elucidate the foundation of biological reactions by

simultaneously monitoring the dynamics and temperature variation.

In the past decades, a myriad of luminescence intracellular thermometers, including
Aggregation-Induced Emission (AIE) dots [106, 107], carbon-based fluorescent
temperature probes [104, 108-111], organic dyes [112, 113], UCNPs [114, 115],
quantum dots (QDs) [116, 117], fluorescent proteins (FPs) [118, 119], and hybrids
complex [120, 121], has emerged to study the temperature variation in living cells.
These non-contact luminescence thermometers show great potential in the temperature
detection of fluidics [122], catalytic systems [123], microelectronic device [124], living
cells [115, 118], and animals [125]. However, with the rapid development of
intracellular luminescence thermometers, the reliability issue of thermometry techniques
as well as the discrepancy between the experimental results and theoretical calculations
has been raised by Baffou et al [126]. Baffou et al argued that a single cell could not

substantially increase the temperature by endogenous thermogenesis and the
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temperature variation measured by the thermometers came from the artefacts of the
system [126]. Therefore, a large number of researchers put effort into making the
temperature readouts reliable by improving the sensitivity and resolution of
thermometers. In this part, I will illustrate the working principles of intracellular
luminescent thermometers and further introduce recent progress in biomedical
application. The physiological meaning of temperature detection in living organisms

will be discussed at last.
1.2.1 Mechanism of intracellular luminescence thermometers

Luminescence is the emission of light from a given substance, occurring from
electronically excited states that have been populated by an external excitation source
(optical radiation, in the case of photoluminescence) [127]. The photon emission
process of luminescence thermometers is strongly dependent on the temperature. Thus,
the thermal imaging of materials is obtained by evaluating the relationship between
local temperature and luminescence properties. Temperature readouts can be typically
extracted from six physical parameters, including intensity, intensity ratio, lifetime,
spectral position, optically detected magnetic resonance (ODMR), and polarization

(Figure 1-8) [2].
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Figure 1-8 Schematic representation of the typical temperature-sensing strategies relying on A.
Intensity, B. Intensity Ratio, C. Lifetime, D. Spectral position, E. ODMR, and F. Polarization.
Yellow lines correspond to the higher temperature and blue lines correspond to lower lines. Adapted

with permission from reference [2].
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1.2.1.1 Intensity Luminescence Thermometry.

The readouts of temperature are obtained from the intensity of a specific band or
wavelength (Figure 1-8A). For example, in some organic dyes, the fluorescence
intensity will decrease when the local temperature elevates [128]. Some polymer-based
luminescent thermometers show a distinct profile [129]. These temperature probes are
composed of temperature-responsive dyes and nanogel. When the temperature increases,
the nanogel will shrink and lose water molecules. Thus the dyes in the nanogel will be
brighter [129]. However, the intensity-based luminescent thermometers is not very
reliable because it can be affected by the heterogeneous distribution in the living cells or

organisms, migration, bleaching, and excitation power [2].
1.2.1.2 Ratiometric Luminescence Thermometry.

In this case, the temperature readouts are according to the ratio of intensities from two
emission wavelengths (Figure 1-8B). It is a powerful approach to mapping intracellular
temperature variations because the ratio of two peaks is independent of the
concentration of probe and focus drift [127]. Lanthanide ions are good candidates used
for ratiometric thermometry, as they have abundant energy levels. Typically, the
temperature is inferred by measuring the intensities from two energy levels in thermal
equilibrium [130]. The temperature scale is based exclusively upon the validity of the
Boltzmann distribution and this nonempirical procedure was documented initially for
the 2Hi12— *Lis2 and 4S3»— *1is» Er’' transitions [131, 132] The energy gap between
2Hi12/*S32 Er** is ~800 c¢cm!, permitting the *Hii2 level to be populated from #S3» by
thermal agitation [133]. Apart from Er**, other lanthanides can also work as a
thermometer based on the luminescence intensity ratio, such as Nd*" (*F72 and *F3.
states), Sm*" (*G7» and *Gs), states), and so on [134]. In 2010, Vetrone et al. used
NaYF4+Er*", Yb*" in intracellular temperature sensing [135]. Sedlmeier et al.
investigated the temperature-dependent properties of NaYF4 nanoparticles doped with
Yb*, X3" (X** = Er**, Ho*", and Tm?") and reported that nanoparticles UCNPs of
NaYFs: Yb**, Er** is a better choice for temperature measurements in physiological
range from 293 K to 318 K [136]. The ratio of green luminescent intensities emitting
from Er** doped in the NaYF4 matrix is sensitive to the temperature and governed by

the Boltzmann equation:
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Is55 _AE
@—Cexp( KT (1)

where Is25 and Iss45 are the integrated intensities of around 525 nm and 545 nm emission

peaks, respectively, C is a constant, AE is the *S3» to 2Hi12 energy difference of the
Er** ion, k is the Boltzmann constant, and T is the absolute temperature [135]. The NIR
excitation of the upconversion process inhibits the autofluorescence from biological
sample and reduces photodamage to cells, tissues, and animals. Hexagonal phase NaYF4
has been considered as the most efficient upconversion host and been widely
investigated with mature synthesis methods to control its morphologies and size as a
nanoparticle. Therefore, in this thesis we will focus on using UCNPs (B-NaYFs: Yb*",

Er**) as the luminescent thermometer.
1.2.1.3 Lifetime Luminescence Thermometry.

Lifetime is also a reliable parameter in the temperature readouts as it is not affected by
the concentration of sensors, environmental viscosity, or the excitation power (Figure
1-8C). Therefore, lifetime-based thermometers is widely used for intracellular
temperature mapping. For example, with the temperature increased from 2 to 80 °C, the
photoluminescence lifetime of carbon dots decreased from 11 to 5.3 ns [137]. However,
the polymeric luminescent thermometer showed an increase in a lifetime with the

temperature increased [104].
1.2.1.4 Spectral-Position Luminescence Thermometry.

In this case, the temperature readouts are obtained from the position of emission spectral
(Figure 1-8D). It is highly dependent on the material itself but independent of the probe
concentration. Commonly, the spectral shift of QDs is responsive to the temperature.
Yang et al. investigated the heat generation under the stimulations of Ca?* stress and

cold shock in living NIH/3T3 murine fibroblast cells by spectral shifts of QDs [138].
1.2.1.5 Optically detected magnetic resonance (ODMR)

Measuring the ODMR to provide a readout of the local temperature is commonly
applied in the luminescent nanodiamonds (FNDs)-based thermometers. FNDs contains
negatively charged nitrogen-vacancy (NV-) centres. The zero-field splitting Do of the
NV~ centre in FNDs is temperature-dependent. The ODMR spectra are fitted with a

double Lorentzian function (Figure 1-8E), and the changes in temperature are
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extracted according to the equation,
AT =— 2)

where AD is the shift in the transition frequency and o = dD/dT = —74 kHz/K is the
temperature susceptibility [139, 140].

1.2.1.6 Fluorescence Polarization Anisotropy.

The temperature readouts are obtained from the polarization anisotropy. The
polarization anisotropy is related to the molecular rotation caused by Brownian motion.
The Brownian motion of the fluorophores accelerates with the temperature increasing.
The more re-emitted photons will lose the memory of the incident light polarization.
Therefore, high temperatures will lead to a decrease in polarization anisotropy (Figure
1-8F). Most importantly, polarization anisotropy is independent of the concentration of
probes, migration, and photo-bleaching [118]. Many green fluorescent proteins and

dyes-based thermometers achieve temperature sensing by polarization anisotropy [118].
1.2.2 Development of intracellular luminescence thermometers

To shed light on the thermal dynamics of intracellular activities, a collection of
temperature-sensitive probes has been developed, benefiting from the advance

physicochemical synthesis routes and state-of-the-art imaging techniques (Figure 1-9).
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Figure 1-9 Schematic drawing of intracellular luminescence thermometers. A. The representation
of luminescence thermo-sensors in the cell. The thermometers can be introduced to the living cells
by incubation or microinjection. The physical properties of luminescence thermometers will change
with the temperature variation. B. Intracellular luminescence thermo-sensors with variable sizes,

which are made by organic or inorganic materials.
e  Dyes-based fluorescent thermometers

Dyes are fluorescent chemical compounds with a small molecular weight, which emit
light under excitation. It is commonly used to stain substructures in the cells and tissues
and further be analyzed by fluorescent imaging or spectroscopy because dyes can
disperse in the cell easily and achieve organelle targeting. The absorption and emission
spectral of dyes are determined by the substituents of compounds [141]. Especially,
there is a class of dyes, which of the spectral properties are sensitive to the temperature
variation. The free rotation of substituents in the dyes leads to the temperature-
dependent property. The quantum yield of dyes increases with temperature decreases.
One of the most classical temperature-dependent dyes is Rhodamine B [128]. The
fluorescent intensity of Rhodamine B reduces when the local temperature is elevated,
indicating that Rhodamine B is a kind of intensity-based fluorescent thermo-sensors

(Figure 1-8A) [128]. However, the intensity-based thermometers are easily affected by
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the concentration of thermometers, thus it is difficult to repeat the results in separate
experiments. Then the researchers developed dyes-based ratiometric fluorescent
thermometers. It is composed of two units. One is the temperature-sensitive unit, and
the other one is the temperature-insensitive unit. The temperature-independent unit
works as a reference probe to eliminate the influence of concentration. Mitsumasa
Homma et al report the first dyes-based ratiometric thermo-sensor by linking
Rhodamine A and CS NIR dye and investigating the mitochondrial temperature
variation under FCCP stimulation in living cells [142]. Nevertheless, there are still
many problems related to the dyes-based thermometers as dyes are easy to be photo-
bleached and can be affected by the autofluorescence from the biological sample. Most

importantly, dye-based fluorescent thermo-sensors are less sensitive [143].
e  Polymeric nanoparticles-based fluorescent thermometers

Polymeric nanoparticles-based fluorescent thermometers commonly consist of a
temperature-sensitive unit and a water-sensitive fluorescent molecule. In 2009, Gota et
al. developed the first intracellular thermometer using the fluorescent nanogel [129].
The water-sensitive fluorophores are packaged into the interior of temperature-sensitive
nanogel. At low temperatures, the nanogel absorbs the water, and then the fluorophores
are quenched by the water. At high temperatures, the nanogel shrinks, and the
fluorophores inside become brighter [129]. The temperature is read out by lifetime with
a good temperature resolution, which is better than 0.5 °C [129]. However, the
limitation of the fluorescent nanogel thermometer is low hydrophilicity, which makes it
hard to disperse in the intracellular environment [129]. Therefore, more efforts are being
made to improve the hydrophilicity of polymeric fluorescent thermometers. Okabe ef al.
designed a polymeric thermometer containing three functional units. One is a
temperature-responsive unit. The second one is a fluorescent unit, and the third one is a
hydrophilic unit to make the polymer nanoparticles have better distribution in the
solution and the cells [104]. This hydrophilic thermometer has been used to do the
intracellular temperature mapping and obtained a temperature resolution of 0.18 -
0.58 °C [104]. Moreover, Seiichi Uchiyama et al. developed a new polymeric
fluorescent probe aiming to improve cell permeability [144]. This cell-permeable
polymeric fluorescent thermometer contains the thermosensitive unit, the fluorescent
unit, and the cation unit [144]. The cation unit enables to drive the polymer
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nanoparticles into HeLa cells within 10 minutes [144]. This cell-permeable polymer-
based fluorescent temperature probe also displays a high temperature resolution of
0.05°C to 0.54°C in the range from 28°C to 38°C in HeLa cells extract [144]. However,
the fluorescent lifetime measurement requires a longer time (~ 1 minute) for imaging
than that of fluorescent intensity imaging (~ 1 second) [145]. Thus, some research
groups put efforts into developing ratiometric fluorescent polymeric thermometers as
the ratiometric thermometers are capable of avoiding the effect of the environment [146]
[113]. Qiao et al. demonstrated a ratiometric polymeric thermo-sensor based on
transferrin protein-stabilized gold nanoclusters and temperature-sensitive polymer to
improve the uptake of cells [146]. Although the polymer-based fluorescent
thermometers have a high temperature resolution, the complex structures, tedious
fabrication procedures, and poor permeability still limit the polymer-based fluorescent
thermometers’ development. Most importantly, the fluorophores conjugated with the

polymers are easily quenched or weakened in the concentrated or aggregated state [107].
e AlE-based fluorescent thermometers

AlE, as a kind of abnormal phenomenon existing in some organic compounds, has
attracted much attention in the field of imaging and biosensor [147]. The higher
fluorescence efficiency of AIE is attributed to the restriction of intramolecular motion.
They are inherently sensitive to the viscosity of the environment [106]. AIE-based
fluorescent thermometers are commonly composed of AIE-dyes and polymers. Yang
and his colleagues reported an AIE-based temperature sensor with a thermo-responsive
polymer poly (N-isopropyl acrylamide) [148]. The phase transition changes with
temperature and further induces the fluorescence intensity variation [148]. Interestingly,
Gao et al utilized butter as a matrix, which of a phase temperature change was closed to
the human temperature [106]. And these AIE dots is used as the reporter to reflect the
temperature according to the viscosity change in the butter with a temperature
sensitivity of 0.2%/°C [106]. The hydrophilicity of this temperature probe is improved
by the hydrophilic polymers. The AIE-active polymer-based fluorescent thermometers
have compensated for the aggregation-caused effect, but the problem of water-solubility
and cell-permeability are still existing. In 2021, Guan et al. designed AIE-active
fluorescent thermometers with the size down to 5 nm based on self-assembled
amphiphilic block copolymers [147].
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e Engineered Fluorescent Proteins-based fluorescent thermometers

Engineered fluorescent proteins are popular in cell biology and molecular biology. The
discovery and development of the green fluorescent protein (GFP) by Martin Chalfie
and Roger Tsien won the Nobel Prize in 2008 [149]. The engineered proteins can be
introduced to the living cells or organisms by transfection with no interference in the
cellular activities. Moreover, the emission of GFP is dependent on the temperature. Jon
S. Donner et al. reported a non-invasive method for intracellular temperature mapping
[118]. They use GFP as a thermometer by measuring their fluorescence polarization
anisotropy (Figure 1-8F). The cancer cells are transfected with GFP and heated by gold
nanorods. Moreover, the temperature resolution and spatial resolution of this approach
are 0.4°C and 300 nm, respectively [118]. However, the application of GFP in
intracellular temperature mapping has a low signal-to-noise ratio because their
fluorescent intensity cannot change with the temperature sensitively [150]. To overcome
the above problem, Kiyonaka er al. developed genetically encoded GFP-based
thermometers-tsGFPs [119]. In tsGFPs, the Salmonella thermos sensing protein tlpA
and GFP form a coiled-coil structure. This coiled-coil structure transmits
conformational changes of thermos sensing protein tlpA to GFP and then converts
temperature changes into visible and quantifiable fluorescence changes [119]. tsGFPs
selectively target to mitochondria and reveal mitochondrial heterogeneity in
thermogenesis [119]. In 2017, Nakano et al. used two fluorescent temperature-sensitive
proteins, enabling a fast-tracking of the temperature change with a time resolution of 50

ms [151].
° Carbon-based luminescence thermometers

Carbon nanoparticles were first discovered by Scrivens and co-workers in 2004 [152].
Then in 2006, Sun and his colleagues named these carbon nanoparticles with intense
photoluminescence in both the solution and solid-state as “carbon dots” [153]. The good
biocompatibility, simple synthesis steps, low cytotoxicity, and being environmentally
friendly make the CDs popular in biomedicine [154]. Among these nanoparticles, there
is a class of CDs that are sensitive to temperature. Their surface states or molecular

states may change with the temperature and further affect the photoluminescence
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intensity [155]. Kalytchuk ef al. reported a nitrogen, sulfur-co-doped CDs, which of the
photoluminescence lifetime was dependent on the temperature, but independent on the
pH (5-12), concentrations, and environmental ions [137]. In 2021, Khan and co-authors
developed blue-emitting CDs, exhibiting dual-mode thermal sensing (intensity/lifetime)
in the temperature range from room temperature to 70 °C [109]. The thermal average
sensitivity of intensity and lifetime is ~1.3%/ °C and ~1.09%/ °C, respectively [109].
Moreover, Han et al. designed a ratiometric CDs-based thermal sensor with a high
thermal sensitivity of ~0.082 / °C. However, the emission of CDs is mainly in the
visible region. The fluorescence can be interfered with by the autofluorescence of the

biological samples.

Fluorescent nanodiamonds (FNDs) are a kind of nanocarbon material. Similar to CDs,
nanodiamonds are biocompatible and easy to do the surface modification for following
biological applications. The unique properties of no photo-bleaching or photo-blinking
in the visible and near-infrared make them popular biomedication [154]. Most
importantly, the emission of the nitrogen-vacancy centres within nanodiamonds is
sensitive to the temperature [110]. Thus, nanodiamonds can work as a temperature
probe in biological systems [110, 140]. Wu ef al. reported the nanodiamonds coated
with a nanogel shell and the photothermal agent to study the temperature photothermal

effect in situ and living cells [140].

Graphene quantum dots (GQDs) are carbon-based nanoparticles with many advantages,
such as biocompatibility, high dispersity, small size, and photostability [154, 156]. At
present, the GQDs synthesis methods can be divided into top—down and bottom—up
approaches. Top-down synthetic methods use graphene or carbon black to produce
nano-quantum dots by chemical/electrochemical exfoliation, hydrothermal/solvothermal
treatment, and microwave/ultrasonic treatment. Bottom—up synthetic methods utilize
chemical reactions, such as step-by-step organic synthesis, to convert organic small
molecules (such as citric acid, fullerenes, and polycyclic aromatic hydrocarbons) or
organic precursors into high-quality quantum dots. Lee and co-workers developed two
types of GQDs-based thermometers: nitrogen-doped graphene quantum dots (N-GQDs)
and reduced graphene quantum dots (RGQDs). N-GQDs were synthesized from
glucosamine precursors via bottom-up approaches and RGQDs were synthesized from
reduced graphene oxide via top-down approach. Both RGQDs and N-GQDs are
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sensitive to the temperature in the visible, while RGQDs also show emission in the NIR
[156]. Moreover, both types of GQDs-based temperature probe showed more than 40%

quenching response in HeLa cells in the temperature range from 25 °C to 45 °C [156].
¢  Quantum dots (QDs)-based luminescence thermometers

Quantum dots (QDs) are commonly wide used optical sensors because of their high
brightness, excellent photostability, and broad excitation/emission spectra [127]. Its
luminescence properties are dependent on the temperature. The luminescent intensity
decreases or the spectral position shifts when the local temperature increases [150].
Yang et al. reported QDs-based spectral shift luminescence thermometer delivered into
NIH/3T3 murine fibroblast cells and mapped the heat generation under Ca®* stress and
cold shock [138]. In 2016, Tanimoto et al. developed a QDs-based ratiometric
luminescence thermal sensor by splitting the emission spectrum of a single quantum dot
with a monochromator and by detecting them separately with a photomultiplier tube,
and then studied inhomogeneous heat production in the living human-derived neuronal
cell SH-SY5Y [116]. The relative temperature sensitivity is 6.3%/K, which is higher
than that of conventional QDs-based thermal sensors [116]. Hui Zhang et al
synthesized CulnS2/ZnS QDs micelles and achieved high thermal sensitivity of
2.0%/ °C in living cells [157]. However, compared with other luminescence
thermometers, QDs are toxic to living cells. Thus, surface modification is crucial for

QDs to reduce cytotoxicity.
e  Upconversion nanoparticles-based luminescence thermometers

In recent years, UCNPs show the great potential of temperature sensing because of their
superior luminescence performance and photochemical stability [158]. The excellent
optical properties such as large anti-Stokes shifts, long luminescence lifetimes, non-auto
fluorescence, and high photochemical stability make UCNPs attract tremendous interest
in the biological application. In addition, UCNPs show excellent temperature-dependent
luminescence. Zhu et al. used UCNPs (NaLuF4:Yb,Er@NaLuF4) combined with
photothermal material to real-time monitor the temperature changes in photothermal
therapy [159]. Shi et al. designed core-shell structure UCNPs doped with Er** and Nd**
with the excitations of 808 nm and 980 nm lasers. It showed a method to monitor

temperature change in a living cell [103]. Although many groups have made big
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progress in UCNPs-based thermometers, obtaining UCNPs with an excellent
dispersibility in the physiological buffer is still extremely challengeable. Di et al.
developed a UCNPs (NaYFs: Yb, Er)-based ratiometric thermal sensor coated with the
cross-linked polymer network to improve the dispersion in the living cell and monitor
temperature variations of mitochondria under chemical and nutrient stimulations [115].
The excellent luminescence properties of UCNPs make them suitable for biological
detection and imaging. At present, the most important is to design biocompatible,
targetable, and stable UCNPs in the physiological environment to avoid the aggregation

and non-specific bindings.
1.2.3 Intracellular temperature dynamics

Most chemical reactions and biological processes within live cells are dependent on
temperature. The temperature variation can reflect the cell is under the physiological
status or in diseases. Hence, studying the temperature dynamics of organelles in the
living cells is pivotal to understanding the mechanism and meaning of intracellular

activities.
e  Mitochondria.

As an energy factory, mitochondria are involved in cellular respiration. During the
respiratory activity, mitochondria transform carbohydrates to ATP, releasing the heat
simultaneously. Consequently, monitoring the temperature dynamics of mitochondria is
key to understanding mitochondrial function through the cell. Many researchers
investigate mitochondrial thermal dynamics [1, 112, 115, 150]. Di et al. observed the
elevation of mitochondrial temperature was almost 2 degrees after adding FCCP by
UCNPs (NaYF4: 20%Yb**, 2%Er*")-based temperature sensor [115]. Savchuk et al
used a GFP-based thermometer to directly monitor temperature changes induced by
FCCP and observed a 3-degree increase compared with the mitochondrial temperature
before adding FCCP [160]. These two researches illustrated that the temperature was
capable of reflecting the dynamics or the function of mitochondria. Most importantly,
no matter the nanoparticles introduced to the living cells or endogenesis expression by
the living cells, they both showed an elevation in the mitochondrial temperature after
adding FCCP, which illustrated the reliability of luminescence thermometers. It also

demonstrated that the elevated temperature was not attributed to the artifacts of the
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system. As mitochondrion is a highly dynamic organelle, it is essential to permanently
fix the temperature sensors in the mitochondria. Huang and co-authors synthesized the
first fixable and fluorescent thermo-sensor and monitored temperature changes of living
cells under phorbol 12-myristate-13-acetate (PMA) stimulation (Figure 1-10)[112].
PMA can activate the protein kinase C system and further release heat. The author
observed a 3-degree increase in the temperature of mitochondria in Michigan Cancer

Foundation-7 (MCF-7) cells [112].
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Figure 1- 10 Real-time monitoring of mitochondrial-temperature changes in PMA-stimulated
MCF-7 cells. A. Working principle of the fixable thermometer. B. Time-course image of PMA-
stimulated MCF-7 cells (t = 0 and 30 min). C. Changes in the fluorescence intensity of Mito-TEM

with stimulation time. MCF-7 cells were treated with Mito-TEM (3 uM). Scale bar: 10 pm. Adapted

with permission from reference [112].
e Endoplasmic reticulum (ER)

ER is responsible for the synthesis and exportation of proteins and membrane lipids
with a closed and high-frequency contact with mitochondria. It has been reported that
the sacro/ER Ca?>*-ATPase is related to the intracellular thermogenesis [161]. The
sacro/ER Ca**-ATPase transport Ca?" ion across the membrane using the chemical
energy derived from ATP hydrolysis. The heat released during ATP hydrolysis by
sacro/ER Ca?*-ATPase may vary from 10 up to 30 kcal/mol [161]. To investigate the

thermogenesis in ER, Kiyonaka et al. developed a GFP-based thermometer to study
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the thermogenesis of ER during the reaction of ATP turnover by the sarco/ER Ca?'-
ATPase in the cultured myotubes differentiated from myogenic C2C12 (mouse
myoblast) cells [119]. After adding cyclopiazonic acid, it showed a temperature
reduction. Kriszt et al. reported the first thermosensitive fluorescent dye-ERthermAC,
which could target to ER and monitor thermogenesis in WT-1 cells (Figure 1-11) [162].
ERtherm AC displayed a distinct change in the fluorescent intensity after FCCP
stimulation (Figure 1-11C) [162].
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Figure 1-11 Real-time monitoring of ER-temperature changes in FCCP-stimulated WT-1 cells. A.
ERthermAC (red) co-localises with ER-Tracker Green (green) in WT-1 cells. Scale bar: 10 um. B.
Time-course image of FCCP-stimulated WT-1 cells (t = 0 and 20 min). Scale bar: 20 um. C.
ERthermAC intensity drastically decreases upon FCCP stimulation in all cells, without any lag
phase, indicating increased intracellular temperature. The thick black curve corresponds to the

mean relative intensity; n =35 cells from 2 cultures. Adapted with permission from reference [162].

° The other intracellular substructure

The nucleus is a membrane-bound organelle and is responsible for many cellular
activities, such as DNA replication, transcription, and RNA processing. It is separated
from the cytoplasm because of the unique reactions. Seiichi Uchiyama research group
studied the temperature gap of the nucleus and cytoplasm by polymeric fluorescent
thermometers using fluorescence lifetime imaging microscopy (Figure 1-12) [104].
They found the average temperature difference between the nucleus and the cytoplasm
was 0.96 °C (Figure 1-12B&C) [104]. This temperature gap was dependent on the cell
cycle and became smaller in S/G2-phased cells (Figure 1-12D&E) [104]. Moreover,
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they also discovered that the temperature of the centrosome was 0.75 °C higher than that
of the cytoplasm [104]. In addition, Oyama et al. find that the transportation on the

microtubule is accelerated when the local temperature is increasing [163].
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Figure 1-12 Temperature mapping of nucleus and cytoplasm in living COS7 cells. A.
Fluorescence intensity image (left) and lifetime image (vight) of polymeric fluorescent thermometer.
B. Histograms of the fluorescence lifetime in the nucleus and the cytoplasm in a COS7 cell. C.
Histogram of the temperature differences between the nucleus and the cytoplasm (n = 62). < AT>
represents an average of the histogram. D-E. Cell-cycle-dependent thermogenesis in the nucleus.
Representative fluorescence lifetime images and histograms of ATemperature in living cells

synchronized to GI phase (n = 51) (D) and s/G2 phase (n = 48) (E). scale bar: 10 um. Adapted with

permission from reference [150].
1.2.4 Validations of Intracellular Thermometry

With the rapid development of intracellular thermometry, a critique issue of the

reliability is proposed by Baffou et al. He argued that the value of AT should be

smaller than 10~ K within a single cell according to the equation [126],
AT = — 3)

where K is the thermal conductivity, L is the size of a heat source, and P is the Power.

The intracellular environment is complex and the cells have heterogeneity. It is hard to
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use equations to mimic the cellular environment [150]. However, further advance is
necessary to improve and assure the reliability of intracellular thermometry. An ideal

intracellular thermometer is expected to meet the following properties,

e Be independent of the thermo-sensor’s concentration.
e Be independent of the excitation power.

¢ Be independent of the intracellular environmental factors, such as pH, ion strength

(K*, Ca*", and Mg?"), viscosity, oxygen species, proteins, and enzymatic activities.

e Be closer to the organelles. The organelles in a single living cell are highly
dynamic. We need to design intracellular thermometry to be covalently linked to

the specific organelle.

e Improve the imaging technology with fast speed and higher spatial and temporal

resolution.

In the future, advance in material science and microscopy is essential to developing
more accurate and reliable intracellular thermometers. Besides, we need to verify the
intracellular thermogenesis by several various kinds of thermometers to enhance
productivity. Most importantly, other biophysical parameters, such as mitochondrial
depolarization, oxygen consumption, extracellular acidification rate, and lysosomal pH,

should be recorded simultaneously with the intracellular temperature measurements.
1.2.5 Physiological Meaning of Intracellular Thermometry

Temperature is a significant biophysical parameter in multiple cellular activities. The
variation of temperature is capable of reflecting the status of cells. Many intracellular
chemical reactions, such as enzymatic activities, DNA replication, RNA transcription,
cell division, and proliferation, are processed under a reasonable temperature. As
everyone knows, the temperature of a human will elevate when the person has a fever. It
is because the immune system is working to protect itself. The phenomenon of
abnormal temperature commonly exists in the pathological status, e.g. tumor,

inflammation, and cancer.

Intracellular activities need the energy to process the reactions. Mitochondria produce
ATP for cellular activities and release heat. That’s why the researchers focus on studies

of mitochondrial temperature. Moreover, the mitochondrion is a highly dynamic
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organelle and contacts with ER, lysosomes, peroxisomes, and the nucleus. The direct
physical contacts between the organelles can be studied by the super-resolution
microscope and the signalling pathways contacts can be studied by molecular biology,
such as siRNA (small interfering RNA), CRISPR-Cas9, and SDS-PAGE [56, 164]. But
we have no idea about the energy or heat propagation within the organelles coordination
network. The exact temperature of the specific organelle may work as an indicator for
disease detection. In addition, it will be necessary to simultaneously monitor the
temperature variations between organelles, aiming to study the network of organelles

from the view of temperature.

Apart from the networks between organelles, the activities of the enzyme are also
associated with temperature. The higher or lower temperature will cause the
denaturation of proteins. For example, lysosomes are the recycling factories in the cell,
which are responsible for the digestion of large molecules and the transportation of
fragments to the other organelles [4]. Several enzymes, such as hydrolytic enzymes, are
involved in this reaction. If the enzymes in the lysosomes are denaturized by the

temperature, the large molecules will accumulate and further kill the cell.

Therefore, the studies of intracellular temperature mapping in living cells will provide a

better understanding of cellular events and develop novel diagnoses and therapies.

1.3 Surface Functionalization of Upconversion Nanoparticles

UCNPs are widely used in the bioanalytical applications because of excitation of NIR
light and generation of visible light, which can suppress the autofluorescence and light

scattering in biological samples.

Lanthanide-doped UCNPs (such as NalLnFs, Ln is the Y, Gd, Yb etc) are typically
synthesized in organic solvents, such as OA and 1-octadecene, which requires a
subsequent phase transfer to aqueous solutions and modified with functional groups for
further biomedical application. Hence, I will introduce the methods for generating a
hydrophilic surface on UCNPs (NaYFs: 20%Yb*, 2%Er**) and conjugating with

biomolecules, followed by the approaches of targeting mitochondria.

1.3.1 Generating a hydrophilic surface on UCNPs

The UCNPs with the composition of NaYF4: Yb**, Er** are typically synthesized in
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high-boiling organic solvents, such as OA [165]. Usually, OA controls the growth of
nanoparticles and forms a hydrophobic layer on the surface of UCNPs (NaYFa:
20%YDb*, 2%Er*"). To generate a hydrophilic surface on UCNPs (NaYF4: Yb*", Er*), it
is necessary to exchange or coat the OA layer with hydrophilic ligands. The most
commonly used surface modification strategies are ligand exchange, coating with a
silica shell, ligand interaction, layer by layer deposition, ligand oxidation, and ligand

removal by acid treatment (Figure 1-13) [165].
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Figure 1-13 The diagram of common strategies for surface modification of UCNPs (NaYFy:
20%Yb*', 2%Er*) coated with oleic acid. Obtaining hydrophilic UCNPs (NaYFy: 20%Yb*", 2%Er")
by (A)Ligand exchange, (B) silica shell, (C) Ligand interaction, (D) Layer by layer deposition,
(E)Ligand oxidation, and (F)Ligand removal. Adapted from Reference [166].

1.3.1.1 Ligand Exchange

The hydrophobic ligands (e.g. OA) on the surface of UCNPs (NaYFa4: 20%Yb*", 2%Er*")
can be exchanged by the hydrophilic ligands, such as PDA, polymers, alendronate, and
so on (Figure 1-13A). The exchange efficiency of these ligands is controlled by the
temperature, the solvent, the number, chemical structure, and properties of hydrophilic
ligands [165, 167]. The dispersity of hydrophobic ligands (e.g. OA) and hydrophilic
ligands should be considered when choosing a suitable solvent. For example, Nsubuga

et al. developed ‘Stealth’ (B-NaYF4:1%Nd*", 20%Yb*", 2%Er** @NaYFi: 25%Nd*") for
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biomedical application by exchanging the OA with NOBF4 in chloroform to obtain
hydrophilic nanoparticles [168]. Hien et al. transformed the UCNPs (NaYFs: 20%Yb?",
2%Er*") into the water by exchanging them with three di-block copolymers in THF
[167]. Moreover, compared with di-block copolymers with carboxylic and sulphonyl
acid groups, the exchange efficiency of the phosphate ligands was highest. The di-block
copolymer with phosphate ligands can replace all the OA capped on the surface of
UCNPs (NaYFs: 20%Yb, 2%Er*") [167].

1.3.1.2 Coating with a Silica Shell

The silica shell is one of the most commonly used strategies to transfer hydrophobic
UCNPs into hydrophilic ones. It influences slightly on the luminescence intensities of
UCNPs but provides a biocompatible and chemically inert shell, which is ideal for
bioapplication [165].

The method of coating silica shells on the hydrophilic UCNPs is typically modified on
the Stober process [169]. Briefly, the UCNPs with the hydrophilic surfaces are mixed
with tetraethyl orthosilicates (TEOS) in the alcoholic solvents containing ammonia to
yield a silica shell (Figure 1-13B left). The thickness of the silica shell can be adjusted
by varying amounts of TEOS and stirring time [170, 171]. The microemulsion method
is usually used to coat a silica shell on hydrophobic UCNPs [172]. In a reverse micelle,
the aqueous solution is enclosed in nanosized droplets, which is stabilized by detergents
and distributed in nonpolar solvents. Then the reaction is started by adding ammonia.
The ratio between the water and the detergent determines the size of these droplets
[173]. The size of the droplets can be adjusted to form a uniform silica shell on the
single UCNP [173]. In addition, UCNPs can be coated by a mesoporous silica shell to
generate a hydrophilic surface (Figure 1-13B right)[174]. A mesoporous silica shell is
achieved by adding detergents such as cationic cetyltrimethylammonium bromide
(CTAB) during the synthesis of the silica shell. The detergent-formed micelles in the
mesoporous silica shell can be removed by washing with ammonium nitrate or
calcination. Compared with silica shells, the mesoporous silica shell provides UCNPs
with more reaction sites to load drugs, dyes, or photosensitizers [175]. For example,
Chen et al. designed a nucleus-based photodynamic therapy by loading rose bengal on
the mesoporous silica-coated UCNPs to kill cancer cells [176]. Although coating a silica

shell is widely used to get a hydrophilic UCNP, there are still some disadvantages. It
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is difficult to control the morphology of silica shells. One to several UCNPs can be
encapsulated into one silica shell. This superstructure leads to poor dispersity in an
aqueous buffer. Moreover, UCNPs with silica shells are not stable in the physiological
buffer and have non-specific binding with biomolecules, such as proteins, which affects
detection sensitivity [177]. The most important is that it needs further silanization to

generate amine, carboxylic, or silanol groups.
1.3.1.3 Ligand Interaction

The hydrophobic ligands of OA or oleylamine on UCNPs (e.g., NaYF4) surface can also
provide attachment sites for the second layer of amphiphilic molecules. Amphiphilic
molecules are typically composed of hydrophobic and hydrophilic units. The
hydrophobic units such as alkyl chains can react with OA or oleylamine on the UCNPs

( B -NaYFs: Yb*', Er**) by van-der-Waals interactions or hydrophobic interaction
(Figure 1-13C) [165]. For example, hydrophilic poly(acrylic acid) (PAA) can be
modified to be an amphiphilic polymer by reacting with octylamine [178]. Then
nanoparticles covered with OA interact with the modified amphiphilic PAA polymer via
hydrophobic interactions and form a stable dispersion in the water, ethanol, and buffer
[178]. However, the modified PAA polymer quenches the upconversion luminescence
by approximately 60% at 525 nm and 545 nm [178]. Hydrophobic polymers also react
with hydrophilic molecules to form amphiphilic polymers. For example, poly (maleic
anhydride-alt-1-octadecene) (PMHCI18) reacts with polyethylene glycol functionalized
with amine groups to form a new amphiphilic polymer. The modified PMHCI18
polymer can attach to OA on the NaYFs: Yb*, Er¥/Tm*" surface by hydrophobic

interaction, forming stable dispersion in aqueous suspension [179].

Additionally, surfactants can improve the dispersity and stability of UCNPs (NaYFa:
Yb**, Er**/Tm?") in aqueous suspension. The commonly used surfactants include
anionic sodium dodecyl sulfate (SDS), CTAB, and polyethylene glycol tert-octylphenyl
ether [180]. The surfactants form the nanosized micelles to encapsulate UCNPs (NaYFs:
Yb**, Er**/Tm*") in microemulsion. The concentration of the surfactant is crucial in
maintaining the dispersity of single UCNPs in each micelle, as the lower concentration
will lead to large superstructures of UCNPs (NaYFs: Yb*", Er**/Tm?") [180]. It has been
reported that the luminescence intensity of UCNPs (NaYF4: Yb**, Er**/Tm?") coated

with surfactants may drop about 30% [180].
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1.3.1.4 Layer by Layer Deposition

Layer by layer deposition is a process that which polyanions or polycations can be
deposited on a charged surface by electrostatic interactions (Figure 1-13D) [181]. The
surface charge of UCNPs (NaYFs: 20%YDb*', 2%Er*") is positive after washing by
hydrochloric acid. Then the polyanions can be deposited on the UCNPs (NaYFa:
20%YDb**, 2%Er*") by stirring in the solution directly. The size of hydrophilic UCNPs is
controlled by layers of deposition [182]. Liu et al coat UCNPs (NaYF4:18%Yb?*",
2%Er*") with a silica shell and further attach poly-l-lysine on the UCNPs to generate
amine groups [183]. It is extremely easy to modify the surface of UCNPs (e.g., NaYFy)
with functional groups, but the deposited polymer layers prefer to drop off from UCNPs.

1.3.1.5 Ligand Oxidation

The double bonds of OA on the surface of UCNPs (NaYF4: 20%Yb*", 2%Er*") can be
oxidized into carboxylic groups by Lemieux-von Rudloff reagent (Figure 1-13E),
which transfers the hydrophobic layer into the hydrophilic surface [165]. Lemieux-von
Rudloff reagent contains permanganate (MnOy4) and periodate (I047). Both reagents are
needed for the three-step conversion of the double bond into two carboxylic groups, and

the reaction time should be less than 2 hours to avoid the by-products of MnOz, which
may decrease the luminescence intensity of UCNPs ( B -NaGdF4:Ho*"/Yb*") [184].

These hydrophilic UCNPs ( f-NaGdF4:Ho**/Yb*") obtained by oxidation can disperse
stably in the water and polar solvents [184]. Another approach to oxidize the double
bond of OA is by ozonolysis [185]. The surface of UCNPs (NaYFa: 20%Yb**, 2%Er*")
contains aldehydes after oxidation by ozonolysis [185]. There is no influence on the size,
shape, and photonic properties after oxidation by ozonolysis [185]. Moreover, the
biomolecules with amines can be conjugated to the UCNPs (NaYF4: 20%Yb3*, 2%Er*")
directly by the reduction to aldehyde through dimethyl sulfide [185].

1.3.1.6 Ligand Removal by Acid Treatment

The OA ligands on the surface of UCNPs (NaYF4: 20%Yb**, 2%Er*") can be removed
by strong acid treatment (Figure 1-13F), such as hydrochloric acid and ethanol. With
the appropriate hydrochloric acid treatment and duration (typically 10 mins), the oleate
on the surface of UCNPs (NaYF4: 20%Yb*", 2%Er?*") are protonated and then detached.

The stability of “naked” UCNPs in the solution depends on the surface charge and
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can be adjusted by the pH [165]. The “naked” UCNPs show positive charge at low pH
but change to negative at pH = 7 [165]. As the strong electrostatic repulsion of
nanoparticles with the same surface charge promotes the formation of stable colloidal
systems, ‘‘naked’” UCNPs show high dispersion stability at pH=<4 and =7, respectively
[165]. For biomedical applications, ‘‘naked’’ UCNPs require a subsequent modification

with functional groups.
1.3.2 Bioconjugation

The hydrophobic UCNPs (NaYFa: 20%Yb**, 2%Er*") are transferred to be hydrophilic
UCNPs (NaYFs: 20%Yb**, 2%Er*"), which are dissolvable and stable in the aqueous
buffer. However, it still requires further bioconjugation for biomedical applications,
such as conjugating with antibodies, glycans, single-stranded DNA, double-stranded

DNA, aptamers, peptides, enzymes, and small molecules (Figure 1-14A).
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Figure 1-14 Schematic illustration of the bioconjugation of UCNPs. A. UCNPs (NaYF;: 20%Yb*",
2%Er*") are functionalized with different biomolecules, including (1) antibodies, (2) glycans, (3)
single-stranded DNA, (4) double-stranded DNA, (5) aptamers, (6) peptides, (7) enzymes, and (8)
small molecules. B. UCNPs (NaYFy: 20%Yb3", 2%Er3") interact with biomolecules by electrostatic
interaction. C. UCNPs (NaYFy: 20%Yb>*, 2%Er’") interact with biomolecules by covalent coupling.
D. UCNPs (NaYFs: 20%Yb", 2%Er*) interact with biomolecules by affinity interaction.

After surface modification, UCNPs (NaYFs: 20%Yb**, 2%Er*") commonly contain

amine, carboxylic, thiol, or aldehyde groups, which are used for conjugation with
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biomolecules (Figure 1-14C). Antibodies or small biomolecules usually conjugate with
UCNPs by EDC/NHS reaction [172, 186]. During EDC/NHS reaction, the reactant
containing carboxylic groups are first activated by EDC/NHS and then conjugate with
amine groups. The ideal reaction time is 8-12 hours, depending on the reaction sites of
reactants. A small number of proteins with thiol groups can specifically react with
maleimides. Moreover, Moreover, the amines on the UCNPs (NaYFs: Yb*", Er’)
surface can react with aldehydes groups to form imines [187]. The reaction between
UCNPs and biomolecules is strong and stable, but the efficiency is a bit low as the
protein structure may change in the buffer under various pH and ion strength, hiding
specific reaction sites for conjugation. Also, proteins are possibly being denatured

during the reaction.

Apart from conjugation by covalent bonds, UCNPs (NaYFs: Yb*", Er*") can also be
linked with biomolecules through affinity interaction (Figure 1-14D), such as the
interaction between streptavidin and biotin [188]. One streptavidin conjugates with four
biotins with high affinity. This interaction is fast and unaffected by pH, ion strength.
Moreover, DNA has a strong interaction with histone through electrostatic interactions
(Figure 1-14B). The bioconjugation between nanoparticles and biomolecules makes

UCNPs practicable in biomedical applications.
1.3.3 Approaches to targeting mitochondria

Mitochondria are responsible for a wide range of cellular activities. The dysfunctions of
mitochondria are related to the causes of many diseases, such as cancer. Specific
targeting to mitochondria and localized modulations will help to understand the function
and cellular activities. There are four approaches used for the specific targeting of
molecules and nanoparticles to mitochondria, typically via triphenylphosphonium (TPP)

cations, heterocyclic aromatic cations, mitochondria-targeted peptides and vesicles.
1.3.3.1 By triphenylphosphonium cations

The lipophilic TPP cations (Figure 1-15 red) can selectively accumulate within the
mitochondria because of the large negative membrane potential of the mitochondrial
inner membrane [189, 190]. The potential of the cell membrane is -30 to -60 mV and
the potential of the inner membrane of mitochondria is -150 to -170 mV. The large
membrane potential can drive these lipophilic molecules into the cell and accumulate
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in the mitochondria [191]. TPP cations are commonly used to deliver some
nanoparticles or bioactive molecules to the mitochondria [190]. Robin A. J. et al.
developed a strategy that TPP conjugated with a coenzyme Q or Vitamin E derivative.
When the drugs were taken orally, TPP enabled to lead the drugs to accumulate in those
tissues with mitochondrial dysfunction [192]. Beibei Wang et al. designed a kind of
two-photon carbon dots labelled with TPP to achieve mitochondria imaging in the
living cells [193]. Yanyan Liu et al. demonstrated mitochondria-targeting UCNPs
(NaYF4:18%YDb, 2%Er) loaded with photosensitizer and TPP to achieve photodynamic
therapy [183]. Under NIR laser, these mitochondria-targeting nanoparticles cause severe
mitochondrial matrix swelling and then kill the cancer cells [183]. Figure 1-15
illustrates a typical structure of a different functional group modified with TPP [190].
The functional moiety is shown in blue including bioactive molecules (antioxidants,
drugs, and scavengers) or nanoparticles. The functional moiety (Figure 1-15, blue) and
the targeting moiety (Figure 1-15, red) are linked by a linker ((Figure 1-15, green)).
The length of the alkyl chain (linker) has a significant influence on the lipophilicity of
probes, the efficiency of cellular uptake, and the localization of mitochondria (matrix or
membrane) [190]. Additionally, the TPP-linked carboxylic acid and TPP-linked amines
may undergo differential protonation in the cytoplasm and mitochondria. The pH of
cytoplasm and mitochondria are 7.2 and 8.0, respectively. Compared with TPP-linked
alkyl, deprotonation of TPP-linked carboxylic acid provides an additional driving force
during the accumulation of nanoparticles in the mitochondria (Figure 1-16) [190].
However, deprotonation of TPP-linked amines has an inverse effect on the nanoparticles

accumulation in mitochondria (Figure 1-16) [190].

TPP-based mitochondria targeting probes are highly stable and safe in biological
systems with very low chemical reactivity to the components in the cell. Moreover, the
targeting moiety-TPP has no influence on the emission in the range of visible or NIR

light [190].
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Figure 1-15 Structure of TPP-based mitochondria targeting molecules. The red colour represents
the mitochondria targeting unit-TPP~, the blue color represents the functional unit, including
nanoparticles or biomolecules, and the green color is the linker between the functional unit and

TPP*. Adapted from [190].
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Figure 1-16 Comparison of the mitochondria to cytosol accumulation rate (ACR) for TPP*-linked
carboxylic acid and amines, calculated equilibrium ACR values as a function of pK, of acids and

bases. Adapted from [190].
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1.3.3.2 By heterocyclic aromatic cations

Small lipophilic cations such as rhodamine [194], pyridinium [195], and indolium
derivatives have been extensively used to study mitochondrial dynamics[190] (Figure
1-17). Akos A. Gerencser et al use a bis-oxonol-type indicator and
tetramethylrhodamine methyl ester to analyze mitochondrial membrane potential
quantitatively [196]. Small heterocyclic cations can also selectively accumulate within
the mitochondria [197, 198]. Most importantly, the cellular uptake and localization in
mitochondria can be improved when rhodamine-linked compounds are conjugated with

tetraphenylborate anion [199].
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Figure 1-17 Examples of heterocyclic cations used as mitochondria-targeting Moieties. The red
color represents targeting moiety. The green color represents linker. The blue color represents

functional moiety. All the targeting moieties have positive charge. Adapted from [190].
1.3.3.3 By mitochondria-targeted peptides

Another method to deliver bioactive molecules to mitochondria is by mitochondria-
targeted peptides. Both natural peptides and synthetic peptides can be used as the
mitochondria targeting moiety. These peptides commonly carry hydrophobic
(phenylalanine, tyrosine, isoleucine) and positively charged (arginine, lysine) amino
acids [200, 201]. The positive charge on the amino acids (arginine, lysine) enables to

lead the bioactive molecules into the mitochondria. The first mitochondria targeting
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peptide is Szeto-Schiller peptides, which is discovered by Hazel H. zeto and Peter W
[202]. Schiller. An antioxidant conjugated with the Szeto-Schiller peptides can
specifically accumulate in the mitochondria [202]. Horton ef al. engineered several
mitochondria-targeted peptides that could efficiently deliver biomolecules into human
cells and specifically localize to mitochondria [203]. Xiaoman Zhang ef al. used an
arginine-rich mitochondria-targeted peptide modified UCNPs
(NaYbF4:Nd@NaGdF4+: Yb/Er@NaGdFs core-shell-shell) for photodynamic therapy,
improving the therapeutic efficiency [204].

1.3.3.4 By mitochondria-targeted vesicles

Due to the positive charges of liposomes, it can be used as an efficient carrier to cargo
biomolecules to the mitochondria [190]. The liposomes are first designed to deliver
DNA and paclitaxel into mitochondria [205]. Recently, it can also be used to deliver
other bioactive compounds [206, 207]. Parul Benien et al. mixed TPP with several
different commercial phospholipids to prepare liposomes, which preferentially
accumulated within the mitochondria [206]. The major merit of mitochondriotropic
liposomes is delivering a large number of different sizes and different hydrophobicities
bioactive compounds into mitochondria, from small molecules to proteins. Another
efficient strategy is that the bioactive molecules-loaded nanoparticle is first enveloped
with mitochondrial membrane and then modified with an octaarginine peptide [190].
These mitochondrial membrane-coated nanoparticles can be internalized by cells and

further taken by mitochondria via membrane fusion [190].

1.4 Aims and Outline

This thesis advances UCNPs (NaYFi 20%Yb*, 2%Er**)-based luminescent
thermometers to study intracellular temperature dynamics. Specifically, the thesis
investigates the colloidal stability of hydrophilic UCNPs (NaYFs: 20%Yb*", 2%Er*")
when being coated with five different surface modifications, and identifies the
copolymer-based strategy to enhance the conjugation efficiency of UCNPs (NaYFa:
20%Yb**, 2%Er**) with biomolecules by EDC/NHS method (chapter 2). Then it focuses
on the surface functionalization and conjugation strategies to specifically target
intracellular mitochondria and lysosomes so that to map the intracellular temperature
dynamics using the organelle-targeting UCNPs (NaYF4: 20%Yb**, 2%Er*") (chapter
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3 & 4). Preliminary data was also obtained to study the landscape of mtDNA replication

across the cell cycle (chapter 5).

Chapter 2 investigates the colloidal stability of UCNPs (NaYFs: 20%Yb**, 2%Er*") with
five different surface modifications in water, aiming to obtain the hydrophilic and
monodispersed UCNPs (NaYFas: 20%YDb*", 2%Er*"). The morphology, size, and
dispersibility of UCNPs (NaYFa: 20%Yb**, 2%Er*") using the five surface modification
strategies were first compared, followed by incubating these nanoparticles with HeLa
cells to check the stability and cytotoxicity, and finally, the hydrophilic UCNPs (NaYFa:
20%Yb3", 2%Er*") were used to label microtubules. This chapter demonstrated that the
ligand-PEGMEM Ago-b-EGMP; di-block copolymers provided the highest stability for
UCNPs (NaYF4: 20%Yb*", 2%Er’).

Chapter 3 reports the set of published results (Nano Letter, 2021) of using UCNPs
(NaYFs: 20%YDb*", 2%Er’**)-based thermometer to study the temperature changes of
mitochondria in living Hela cells. By coating with a crosslinked network, the UCNPs
(NaYFs: 20%YDb*", 2%Er*")-based thermometer with long-term stability is independent
of probe concentration and medium conditions. By linking with lipophilic TPP cations,
the UCNPs (NaYFi: 20%Yb*, 2%Er**) can be delivered to and accumulate in
mitochondria. The thermal dynamics of mitochondria were monitored by treating the
cells with chemical and nutrient stimulation. The relative sensing sensitivity was 3.2%
K! in HeLa cells and the cells displayed distinct response time and thermal dynamic
profiles under the stimulation of high glucose, lipid, Ca?" shock, and the inhibitor of
oxidative phosphorylation.

Chapter 4 demonstrates two temperature-sensitive UCNPs (NaYF4: 20%Yb**, 2%Er*")-
based temperature probes with high-density organelle-target modifications that can be
used to monitor the thermal generation and transfer between lysosomes and
mitochondria. By improving the surface modification, UCNPs (NaYFs: 20%Yb*",
2%Er*")-based thermometers can be localized to the specific organelles through
cascade-targeting. The relative temperature sensing sensitivity was 2.7% K and
uncertainty was 0.8 K in HeLa cells. Under the chemical stimulation to the cells, I

observed the opposite thermal dynamics of lysosomes and mitochondria.
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Chapter 5 summarizes this thesis and provides future directions from this research. The
surface modification with enriched conjugation sites suggests a new insight to get
UCNPs (NaYFs: 20%Yb*", 2%Er*") with excellent dispersibility in the physiological
buffer and organelle’s targeting specificity. The ability of intracellular temperature
mapping suggests that UCNPs (NaYF4: 20%Yb*", 2%Er*") work as a powerful platform
for multifunctional imaging and sensing. Moreover, this chapter provides several new
potential directions of using luminescence thermometers for future biomedical

applications.
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Chapter 2 Investigation of Colloidal Stability of Hydrophilic

Upconversion Nanoparticles

2.1 Background

With the advance of materials science, nanoparticles have been widely applied in
biomedical applications, such as QDs, metal nanoparticles, and UCNPs. However, these
inorganic nanoparticles cannot be applied in biomedical applications directly. They
require further surface modification to be dispersible and targetable in the living cells,
tissues, and organs [165]. The improper nanoparticles surface modification leads to
aggregations in the physiological buffer and poor reproducibility. Therefore, I started to
investigate the stability of colloidal nanoparticles after different strategies of surface
modification. According to the surface functionalization strategies, PDA, AEP,
alendronate, 3,4-DHCA, and copolymer were chosen to modify the surface of UCNPs
(NaYFs: 20%Yb*, 2%Er’") (Figure 2-1). PDA, AEP, and alendronate provide
nanoparticles surface with amine groups. 3,4-DHCA and copolymer provide

nanoparticles surface with carboxyl groups.

A B NH,
NH,
OH
O=—¢ P':;o
s o L\offx
+++++++++
s "+++ *." "‘+4:+
BRI S
o
c D E
-~ 8 s 0 OH
e CaHy
o
COOH
o
o o 5
S e
A dy o
o o
it > ‘+++4+++_'_+ {++* te,
5 + + e + +
B Y F F

Figure 2-1 Schematic of UCNPs (NaYFy 20%Yb%, 2%Evr*) with five different surface

modifications. A. UCNPs (NaYFy 20%Yb’*, 2%Er’*) coated with PDA. B. UCNPs (NaYFj:

20%Yb%, 2%Er*) coated with alendronate. C. UCNPs (NaYFy: 20%Yb**, 2%Er3*) coated with

AEP. D. UCNPs (NaYFy: 20%Yb*", 2%Er3*) coated with 3,4-DHCA. E. UCNPs (NaYFy: 20%Yb*",
2%Er3*) coated with copolymer.
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e Polydopamine (UCNPs@PDA)

Polydopamine (PDA) is a synthetic polymer, obtained by the oxidization of dopamine
[208]. In 2007, Lee et al. developed a simple method by coating inorganic and organic
nanoparticles with dopamine self-polymerization films, which were inspired by mussels
[209]. Then nanoparticles coated with PDA can serve as a platform for further
conjugation with bioactive molecules. A large number of amine groups provided by
PDA on the surface of nanoparticles enhance the loading capability of specific
biomedical moieties [208]. Li and co-workers synthesized dopamine-derived PDA
nanoparticles, loading the anticancer drug doxorubicin to investigate the drug resistance
[210]. Zhong et al. used PDA as a carrier for loading radionuclides and cancer drugs
simultaneously, which achieved an excellent cancer treatment with a bit of toxicity in
the animals’ experiments [211]. In conclusion, the easy synthesis protocol, simple
modification, good biocompatibility, and high drug loading efficiency make PDA

popular in surface modification of nanoparticles [211].
e  Alendronate (UCNPs@Alendronate)

Duong et al. proposed that polymers with multiple anchoring negatively charged
phosphate provide excellent colloidal stability for UCNPs (NaYFa: 20%Yb**, 2%Er*")
[167]. Alendronate has two anchoring negatively charged phosphate, which can be
attached to the surface of UCNPs tightly (Figure 2-1B). Nsubuga et al. studied the
colloidal stability of UCNPs (B-NaYF4:1%Nd**, 20%Yb>", 2%Er*" @NaYFa: 25%Nd*")
capped with alendronate systematically [168]. UCNPs@Alendronate They display the
long-term stability in the physiological buffer, and there is no formation of biomolecular
corona after exposure to human serum [168]. The amine groups provided by
alendronate enable further functionalization with biomolecules, such as DNA, enzymes,

peptides, and antibodies [168].
e 2-aminoethyl dihydrogen phosphate (UCNPs@AEP)

2-aminoethyl dihydrogen phosphate (AEP) is composed of one phosphate and one
amine group. The negatively charged phosphate serves as an anchor on attaching to the
UCNPs (NaYFs: 20%Yb3", 2%Er*") surface, and the positive amine group works as a
linker to conjugate with some functional biomolecules. Gu et al. investigated the effect

of AEP surface modification on cellular uptake, demonstrating a low nonspecific
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binding and cytotoxicity [212].
e 3,4-Dihydroxyhydrocinnamic acid (3,4-DHCA) (UCNPs@3,4-DHCA)

3,4-DHCA contains two hydroxyl groups and one carboxyl group. The OA on the
UCNPs (NaYFs: 20%Yb*, 2%Er*") surface can be replaced by hydroxyl groups
through the ligand exchange approach. UCNPs@3,4-DHCA disperses in the aqueous
buffer and carboxyl groups on the UCNPs@3,4-DHCA surface are ready for subsequent
bioconjugation [213].

e  PEGMEMAg3y-b-EGMP; di-block copolymer (UCNPs@copolymer)

PEGMEMA}-b-EGMP3 di-block copolymer was first reported by Hien et al. in 2018
[167]. In this research, three di-block copolymers bearing phosphate, carboxylic, or
sulphonic acid were synthesized by reversible addition fragmentation chain transfer
(RAFT) [167]. She investigated colloidal stability and found that di-block copolymer
with phosphate acid could provide the highest long-term stability in the physiological
buffer [167]. This copolymer contains five phosphate groups and one carboxyl group.
The five phosphate acids can replace the oleic acid totally by ligand exchange [167].

I investigated the stability and dispersity of UCNPs (NaYFs: 20%Yb*", 2%Er*") with
the above five various surface modification before starting the measurements of

intracellular temperature.

2.2 Methodology

2.2.1 Materials

For UCNPs synthesis, yttrium(III) chloride hexahydrate (YClz*6H2O, 99.99%),
ytterbium chloride hexahydrate (YbCl3*6H20, 99.99%), erbium chloride hexahydrate
(ErCl3*6H20, 99.9%), ethanol, cyclohexane, 1-octadecane, and OA were purchased
from Sigma-Aldrich. For surface modification of UCNPs, PEGMEMAso-b-EGMP3 was
synthesized by Lin Zhang (PhD candidate in the University of New South Wales from
Martina Stenzel group). TEOS, polydopamine (PDA), AEP, alendronate, 3,4-DHCA,
copolymer, 1-Ethyl-3-(3-dimethylamino-propyl)-carbodiimide (EDC), N-
Hydroxysuccinimide (NHS), MES buffer, HEPES buffer, Tetrahydrofuran (THF), N,
N-Dimethylformamide (DMF), NOBF4, hexane, chloroform, and NaOH were purchased

from Sigma-Aldrich with reagent grade or higher. For cell experiments, Dulbecco’s
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Modified Eagle Medium (DMEM), fetal bovine serum (FBS), Phosphate-Buffered
Saline (PBS), trypsin, T75 flasks, and T25 flasks were purchased from ThermoFisher.
Penicillin-Streptomycin (PS), 4%PFA, Triton X-100, and bovine serum albumin (BSA)

were purchased from Sigma-Aldrich with reagent grade or higher.

2.2.2 Synthesis of UCNPs (NaYF4: 20%YDb3", 2%Er?")

UCNPs (NaYFa: 20%Yb**, 2%Er*") were synthesized following the previously reported
protocols with some modification [214]. In a typical process, 6 mL of OA and 15 mL of
1-octadecane were added into a 50 mL round bottom flask with three necks, and then
added 1.95 mL of YCI; stock solution (0.4 M in methanol), 1.0 mL of YbCl; stock
solution (0.2 M in methanol), and 0.2 mL of ErCls stock solution (0.1 M in methanol).
The mixture was stirred under argon protection and then heated to 160 °C to get rid of
methanol and H>O. Second, 0.1 g of NaOH and 0.14815 g of NH4F were dissolved in
the 5 mL of methanol and then added into the mixture until it cooled down to 30 °C and
stirred for 30 minutes. Subsequently, the mixture was heated to 100 °C for 30 minutes
and then heated to 300 °C for 1.5 hours. Finally, 5 mL of ethanol was added into the
mixture to precipitate UCNPs (NaYF4: 20%Yb*", 2%Er*"). UCNPs (NaYF4: 20%Yb*",
2%Er*") were washed three times with ethanol and cyclohexane. After washing, the

product UCNPs (NaYF4: 20%Yb*", 2%Er*") were dispersed in cyclohexane.
2.2.3 Coating UCNPs (NaYF4: 20%Yb3", 2%Er*") with PDA

UCNPs (NaYFa: 20%YDb**, 2%Er*") coated with PDA were synthesized following the
previously reported protocols with some modification [215]. PDA (100 mg) was first
dissolved in 500 pL of deionized water, followed by adding 12 mL of THF. The above
mixture was transferred to a 25 mL three-necked flask and heated to 50 °C under argon
flow. Then 1 mL of UCNPs (1 mM) in cyclohexane was centrifuged at 9000 g for 10
minutes, and then the precipitation was dissolved in 2 mL of THF. UCNPs (NaYFa:
20%Yb*, 2%Er*") dispersed in THF were added into the mixture, and the reaction was
incubated at 50 °C for 4.5 hours. After incubation, 200 pL of HCI (1 M) was added to
the mixtures to form a precipitate, which was collected by centrifugation and
redispersed in 7 mL of ultrapure Millipore water (18.2 Q) in a 25 mL bottle.
UCNPs@PDA was washed with ethanol for three times and stored in ultrapure

Millipore water at 4 °C for further use.
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2.2.4 Coating UCNPs (NaYF4: 20%Yb3", 2%Er*") with Alendronate

UCNPs (NaYFs: 20%Yb*", 2%Er*") coated with alendronate were synthesized
following the previously reported protocols with some modification [168]. 30 mg of
NOBF4 in 3 mL of DMF and 3 mL UCNPs (1 mM) in cyclohexane were mixed and
stirred vigorously for 10 minutes at room temperature. Then 20 mL of chloroform was
added to the mixture before centrifugation at 23,830g for 15 minutes. The washing step
with chloroform was repeated twice. Then the transparent pellet was dispersed in 5 mL
of DMF by sonication and centrifuged at 1000 g for 3 minutes to remove large
aggregates. The BF4-coated UCNPs (NaYFs: 20%YDb**, 2%Er*") stock solution was
mixed with alendronate in 3 mL of 1M NaHCOs solution and stirred vigorously for 2
hours. The final turbid dispersion was washed with water for three times and re-

dispersed in ultrapure Millipore water.

2.2.5 Coating UCNPs (NaYFs: 20%Yb*", 2%Er*) with AEP/ 3,4-
DHCA/Copolymer

UCNPs (NaYFs: 20%Yb3", 2%Er*") coated with AEP/ 3,4-DHCA/Copolymer were
synthesized following the previously reported protocols with some modification [167].
5 mg of UCNPs (NaYF4: 20%Yb*", 2%Er*") and 5 mg of AEP/ 3,4-DHCA/Copolymer
were dissolved in 1 mL of THF and then shaken at room temperature for 12 hours. Next,
the mixtures were washed with THF twice and deionized water twice. Finally, the
hydrophilic UCNPs (NaYFs: 20%Yb**, 2%Er*") were dissolved in 0.5 mL of ultrapure

Millipore water for further use.
2.2.6 Characterization

The morphology of UCNPs was characterized using the FEI Tecnai transmission
electron microscopy (FEI, U.S.A.). The hydrodynamic size and zeta potential of UCNPs

were determined by a zeta sizer nano (Malvern, U.K.).
2.2.7 Bioconjugation of streptavidin with UCNPs@copolymer

1 mg of UCNPs@copolymer, 2 mg of EDC, and 2 mg of NHS were dissolved in 0.5 mL
of MES buffer (20 mM, pH 6.0) and shaken for 30 minutes for activation. After
centrifugation, the activated products and 0.1 mg of streptavidin (SA) were dissolved in

1 mL of pH 7.02 HEPES buffer and reacted overnight. On the second day, reaction
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products were washed 3 times with deionized water at 14680 rpm for 20 minutes. Then
nanoparticles were centrifuged at 4400 rpm for 5 minutes to remove the large
aggregates. Finally, UCNPs@copolymer conjugated with streptavidin (UCNPs@SA)

was stocked in 0.5 mL of deionized water.
2.2.8 Cell Culture

HeLa cells stored in the liquid nitrogen were warmed in a 37 °C bath incubator. Then
HeLa cells were mixed with 15 mL of DMEM containing 10%FBS in the T75. After 48
hours, the culture medium was removed and 3 mL of pre-warmed trypsin was added.
Five minutes later, 9 mL of DMEM containing 10%FBS was added into the flask to
neutralize the trypsin. Finally, I mL of cell suspension was transferred to T25 flask and

added 4 mL of DMEM containing 10%FBS, then cultured in a 37 °C incubator.
2.2.9 Immunostaining of microtubules with UCNPs

The HeLa cells were seeded on the fluoro-dish (35 mm) at 10° cell density and
incubated in DMEM medium containing 10% v/v FBS for 12 hours. Then the cells were
washed 3 times with PBS and fixed with 200 uL of 4% PFA for 15 minutes at room
temperature. Next, the cells were permeabilized with 500 puL of 0.5% Triton X-100 for
5 minutes and further blocked with a blocking buffer containing 5% BSA and 0.5%

Triton X-100 for 30 minutes at room temperature. Then the cells were incubated with

200 pL of anti- a -tubulin(biotin) at 4 °C overnight. The second day, UCNPs@SA
solution containing 0.5% BSA, 0.5% Triton X-100 and 2 mM NaF were incubated with

HeLa cells for 1 hour. The cells were ready for imaging after washing three times with

PBS.

2.3 Results and Discussion

2.3.1 Synthesis and Characterization of UCNPs@OA

The temperature in the synthesis of UCNPs (NaYF4: 20%Yb*", 2%Er*") is crucial to
determine the size and morphology. As shown in Figure 2-2A, the morphology of
UCNPs was not uniform, and the size was in the range of 10 to 30 nm. This was
because unstable temperature control at 300 °C during the growth. The lower or higher
temperature during the crystal growth might lead to the UCNPs in large size variations.

Then, the temperature was kept at 300 °C carefully in the second synthesis. However,
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the morphologies were hexagonal and rectangle (Figure 2-2B). The size was larger than
100 nm, which was too big for cell experiments. This might be attributed to the over-
adding of NaOH-NH4F methanol solution. The excessive amount of NaOH-NH4F

methanol solution would lead to the larger size of UCNPs.
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Figure 2-2 TEM images of as-synthesized UCNPs (NaYFy: 20%Yb**, 2%Er") capped with OA. A.
TEM image of UCNPs (NaYFy: 20%Yb%*, 2%Er") synthesized under temperature over 300 °C. B.
TEM image of UCNPs (NaYFy: 20%Yb*", 2%Er") synthesized with excessive amount of NaOH-
NHF methanol solution.

Taking care of the amount of NaOH-NH4F methanol solution, the growth temperature
and heating time, uniform UCNPs (NaYFs: 20%Yb**, 2%Er*") with good morphology
were obtained (Figure 2-3A). The size was around 25-30 nm. Then I repeated the
experiment of UCNPs (NaYFa: 20%Yb**, 2%Er*") synthesis three times. All the three
batches of UCNPs (NaYF4: 20%Yb*", 2%Er*") showed good morphology and uniform
size (Figure 2-3B-D). While the monodispersity of them were improved gradually,
which is dependent on the coverage of surface ligand (OA) on these UCNPs (NaYFu:
20%YDb*, 2%Er*"). The coverage degree is highly affected by the adding amount of

washing solvents and washing times.
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Figure 2-3 TEM images of as-synthesized UCNPs (NaYFy: 20%Yb**, 2%Er*). A-D represents
Jour batches of UCNPs (NaYFy: 20%Yb3", 2%Er?") synthesized under the same condition . Scale bar:
100 nm.

The size and molarity of UCNPs@OA were summarized in Table 2-1. Mackenzie et al
presented a theory to estimate the molecular weight of UCNPs with hexagonal crystal
structure [216]. The molecular weights of UCNPs in 25 nm and 30 nm were 25 MDa

and 40 MDa from this theory, and the volume of UCNPS(V ;- 5y p;) Was calculated by
[216]
Viuene :§Hr3 2)

where r is the radius of the UCNP [216]. Thus, the molarity of UCNPs can be calculated

and summarized in Table 2-1.
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Table 2-1 Quantitative analysis of as-synthesized UCNPs@OA.

UCNPs@OA Diameter (nm) Concentration Molecular Molarity
(mg/mL) Weight (MDa) (pmol/uL)

No.3 ~30 6.8 40 0.17
No.4 ~30 14.8 40 0.37
No.5 ~25 14.4 25 0.576
No.6 ~25 15 25 0.6

2.3.2 Characterization of Hydrophilic UCNPs (NaYFs: 20%Yb?**,
2%Er’")
2.3.2.1 Coating UCNPs (NaYF4: 20%Yb*", 2%Er*") with PDA/ Alendronate/ AEP

Then UCNPs (NaYFs: 20%Yb*, 2%Er*") modified with PDA, alendronate, and AEP
were explored. TEM images showed that the morphology and the size were uniform
with no obvious variation between UCNPs@OA and UCNPs@PDA (Figure 2-4A-B).
DLS results proved that the UCNPs@PDA had a good distribution in the PBS buffer
(pH~7.4) with the hydrodynamic size of 36.17+4.55 nm. The UCNPs@PDA dispersed
well in the PBS buffer when prepared (Figure 2-5A), but significantly aggregated after
24 hours (Figure 2-5B). The average zeta potential was +29.7 + 2.62 mV, which was
beneficial to delivering nanoparticles into living cells (Table 2-2). Then I further
explored the stability of newly prepared UCNPs@PDA by incubation with HeLa cells
for 6 hours. As shown in Figure 2-6, there are only several UCNPs@PDA spots in the
living HeLa cell. The four big green dots indicate the aggregation of UCNPs@PDA in
the living HeLa cell. The FBS in the culture medium and the metabolite of cells might
have an effect on the stability of UCNPs@PDA.
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Figure 2-4 TEM images of five ligands capped UCNPs (NaYFy: 20%Yb*", 2%Er*). A. TEM image
of UCNPs@OA. B. TEM image of UCNPs@PDA. C. TEM image of UCNPs@Alendronate. D. TEM

image of UCNPs@AEP. E. TEM image of UCNPs@3,4-DHCA. F. TEM image of
UCNPs@copolymer.

Figure 2-5 Images of UCNPs@PDA prepared after 1 hour (A) and 24 hours (B). The precipitant
was observed at the bottom of the tube after 24 hours.
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Bright Field UCNPs@PDA

Figure 2-6 Images of UCNPs@PDA incubated with HeLa cells for 6 hours. The left image is
bright field of a HeLa cell under TIRF microscope. The middle is the luminescent image of
UCNPs@PDA in HelLa cells under 980 nm NIR excitation. The right is the merged image of Hela
cells under bright filed (left) and luminescent image of UCNPs@PDA (middle). Scale bar: 10 um.

Another ligand providing amine groups on the UCNPs (NaYF4: 20%Yb**, 2%Er*")
surface is alendronate. UCNPs (NaYF4: 20%Yb*", 2%Er*") modified with alendronate
aggregated under TEM (Figure 2-5C). DLS result presented that the average size was
over 200 nm and the average zeta potential was +36.4 = 0.95 mV (Table 2-2). Although
it showed a higher positive zeta potential, the distribution of UCNPs@Alendronate in
the physiological buffer (PBS buffer, pH~7.4) was too poor to work as a probe in the

living cells.

AEP also provides UCNPs (NaYFs: 20%Yb**, 2%Er*") surface with amine groups by
ligand exchange. UCNPs@AEP had a similar performance to UCNPs@Alendronate
(Figure 2-5D). The nanoparticles showed a high aggregation in the PBS buffer (pH~7.4)
with more than 200 nm in size, which could not satisfy the requirement of biomedical

application (Table 2-2).

In conclusion, UCNPs (NaYFs: 20%Yb**, 2%Er*") caped with ligands providing amine
groups, e.g. PDA, alendronate, and AEP, gave a higher positive surface zeta potential
(Table 2-2). The potential of the cell membrane is -30 to -60 mV [190]. The large
membrane potential can drive nanoparticles into the cell. However, the poor distribution
and low long-term colloidal stability limit their application in the living cell. Compared
with UCNPs@Alendronate and UCNPs@AEP, UCNPs@PDA showed a good colloidal
stability in the water. However, UCNPs@PDA preferred to aggregate when incubating

with living Hela cells.
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2.3.2.2 Coating UCNPs (NaYF4: 20%Yb*, 2%Er**) with 3,4-DHCA/Copolymer

3,4-DHCA and copolymer were chosen as the representatives of ligands with carboxyl
groups. UCNPs (NaYFs 20%Yb*", 2%Er*") capped with these two ligands were
uniform in the size (Figure 2-5E-F). For UCNPs@3,4-DHCA, the average size and
zeta potential were 65.35 + 0.82 nm and -10.85 £ 3.27 mV, respectively. For
UCNPs@copolymer, the average size and zeta potential were 59.72 + 0.16 nm and -
18.37 + 1.65 mV, respectively. The surface zeta potential of UCNPs@copolymer was
lower than that of UCNPs@3,4-DHCA, indicating the surface of UCNPs@copolymer
had more carboxyl groups. The higher carboxyl groups would enhance the efficiency of

conjugation with biomolecules.

Apart from the characterization by TEM, DLS, and zeta potential, the long-term
stability of nanoparticles was checked by incubation with living cells. UCNPs@3,4-
DHCA and UCNPs@copolymer were incubated with HelLa cells for 6 hours,
respectively. In the merged image of HeLa cells under bright field and luminescent
UCNPs@3,4-DHCA (Figure 2-7), it was obvious that some UCNPs@3,4-DHCA were
not swallowed by the living HeLa cells. The red frame in Figure 2-7 showed the
aggregation of UCNPs@3,4-DHCA in the living HeLa cell. In the merged image of
HeLa cells under bright field and luminescent UCNPs@copolymer (Figure 2-7),
UCNPs@copolymer exhibited a good distribution in the culture medium. Lots of
UCNPs@copolymer were swallowed by the living HeLa cells. Thus, the copolymer was

used for subsequent cell experiments.
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Bright Field
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Figure 2-7 Images of UCNPs@copolymer (up) and UCNPs@3,4-DHCA (bottom) incubated with
HelLa cells for 6 hours. The left images are bright field of HelLa cells under TIRF microscope. The
middle is the luminescent images of UCNPs@copolymer (up) and UCNPs@3,4-DHCA (bottom) in
HelLa cells under 980 nm NIR excitation. The right is the merged image of HelLa cells under bright
filed (left) and luminescent images (middle) of UCNPs@copolymer (up) and UCNPs@3,4-DHCA
(bottom). Scale bar: 10 um.

Table 2- 2 The size and Zeta potential of five ligands capped UCNPs.

Ligand Surface Functional Hydrodynamic Zeta Potential
Group Size (nm) (mV)
UCNPs@PDA -NH> 36.17£4.55 +29.7£2.62
UCNPs@Alendronate -NH> >200 nm +36.4%+0.95
UCNPs@AEP -NHz >200 nm +30.3+1.34
UCNPs@3.,4-DHCA -COOH 65.35+0.82 -10.85+3.27
UCNPs@copolymer -COOH 59.72%0.16 -18.37%£1.65

2.3.3 Microtubules Labelling

Microtubule plays a crucial role in cellular activities, such as intracellular transportation

and cell division [217]. It is the major constituent of the cytoskeleton, which is involved
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in the maintaining of cell structure. Microtubules are hollow tubes that are composed of
alpha- and beta- tubulin [218]. They are the largest structures in the cytoskeleton at
about 24 nm in thickness [219].

With the advance in super-resolution microscope and materials science, a wide range of
ultrastructure of organelles has been observed [220]. Stephan et al. visualized the
dynamics of mitochondrial cristae in live cells by stimulated emission depletion (STED)
nanoscopy in 2019 [221]. In addition, some luminescent nano-materials have been used
to label the intracellular ultrastructures [222]. Compared with traditional fluorescent
dyes, they are optical stable and chemical stable with no bleaching or blinking [222].
Among these luminescent nano-materials, UCNPs have attracted much attention
because of their excellent optical characteristics [222-225]. For example, excitation by
NIR light hardly induces cellular autofluorescence and photo damage. To further
explore the ability of hydrophilic UCNPs@copolymer in biomedical application, I tried
to label microtubules in the fixed HeLa cells by using UCNPs@copolymer.

I synthesized UCNPs doped with 20% Yb and 8% Tm. UCNPs doped with Tm are ideal
for super-resolution imaging [225, 226]. Then the hydrophobic UCNPs capped with OA
were first modified with copolymer by ligand exchange, and then conjugated with SA
(Figure 2-8). TEM results showed the morphology uniformity of the UCNPs before and
after the surface functionalization of copolymer (Figure 2-9A-B). However, the
UCNPs@copolymer aggregated after the conjugation with SA (Figure 2-9C). The peak
values of hydrodynamic size increased from 25 %+ 5.87 nm to 42.57 = 2.98 nm and
107.32+7.42 nm after each step of surface modifications, suggesting the aggregation of

UCNPs@SA (Table 2-3).
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S polymer * streptavidin [ - ] A -tubulin
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Figure 2-8 Schematic of microtubules labelling. A. The surface functionalization of UCNPs (NaYF:
20%Yb3*, 8%Tm?**). UCNPs (NaYFy: 20%Yb’*, 8%Tm?**) are first modified with copolymer and then
conjugated with streptavidin. B. Immunostaining of microtubules by UCNPs@SA. Microtubules are

incubated with primary antibody (anti- & -tubulin-antibody-biotin), and then incubated with
UCNPs@SA.

Figure 2-9 TEM images of UCNPs@OA (left)y UCNPs@copolymer (middle), and UCNPs@SA
(right).

Table 2-3 The DLS results for UCNPs with different modification.

Ligand Hydrodynamic size (nm)
Bare UCNPs 25+5.87
UCNPs@copolymer 42.57+2.98
UCNPs@SA 107.32+7.42
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The fixed HeLa cells were first permeabilized by Triton X-100 and then incubated with

anti-a-tubulin (biotion). One SA can specifically bind to four biotins stably [227]. Then,
UCNPs functionalized with SA were added to the fixed cells for 1 hour. Finally, the
cells were imaged by a custom-made STED microscope [225]. As shown in Figure 2-

10, it is hard to observe the structure of microtubules. Then I optimised the

concentrations of anti- & -tubulin (biotion) and UCNPs@SA, the incubation time, and
the permeabilization time. However, there was no significant improvement in the
labelling efficiency. It was caused by low conjugation efficiency between
UCNPs@copolymer and SA. From the chemical structure of copolymer, there was only
one carboxyl group, which might limit the loading efficiency of SA.

Figure 2-10 Images of microtubules labelled by UCNPs@SA. Imaging conditions: 980 nm
excitation beam with the power density of 10 mw, the emissive optical signal was collected after an

800 nm shortpass filter. Scale bar: 100 nm.

2.4 Conclusion and Discussion

By optimization of the method for nanoparticles surface modification and colloidal
stability investigation of the five surface modifications (PDA, AEP, alendronate, 3.4-
DHCA, and copolymer), I found that the copolymer had a good distribution in the
aqueous solution. The other five ligands dispersed well in the buffer when just prepared,

but preferred to aggregate after a long time or incubation with cells.

By labelling microtubules with UCNPs (NaYF4: 20% Yb, 8% Tm), I learned that not

only the colloidal stability in the buffer of nanoparticles was important, the conjugation
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efficiency with antibodies also played a crucial role in the biomedical application.
Enhancing the loading efficiency of antibody were able to improve the microtubule
labelling density. The perfect surface modification ligands are anticipated to have
several phosphate groups to strongly bind with the surface exposed lanthanide ions on a
UCNP (NaYF4: 20% Yb, 8% Tm) and have many functional groups such as amine or
carboxyl groups to link with antibodies or biomolecules. Moreover, it is easier for
hydrophilic UCNPs to conjugate with small biomolecules than antibodies. The antibody
is a kind of protein with a 3D conformation structure. Protein conformation changes in
the buffer with different pH, which results in the functional group inward [228]. And
the size of UCNPs (>30 nm) was too big to closely attach to the antigen during the
microtubule labelling because of the steric hindrance. Nanoparticles with the diameter

less than 10 nm will be ideal to label microtubules.
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Chapter 3 Quantitatively Monitoring in situ Mitochondrial

Temperature Dynamics by Upconversion Nanoparticles

The contents of this chapter adapted with permission from:

Xiangjun Di, et al., “Quantitatively Monitoring in situ Mitochondrial Thermal

Dynamics by Upconversion Nanoparticles.” Nano Letters. 2021, 21, 4, 1651-1658.

3.1 Abstract

Temperature dynamics reflect the physiological conditions of cells and organisms.
Mitochondria regulate temperature dynamics in living cells, as they oxidize the
respiratory substrates and synthesize ATP, with heat being released as a by-product of

active metabolism.

Here, we report an UCNPs (NaYF4: 20%Yb**, 2%Er*")-based thermometer that allows
in situ thermal dynamics monitoring of mitochondria in living cells. We demonstrate
that the upconversion thermometers can efficiently target mitochondria and the
temperature-responsive feature is independent of probe concentration and medium
conditions. The relative sensing sensitivity of 3.2% K in HeLa cells allows us to
measure the mitochondrial temperature difference through the stimulations of high
glucose, lipid, Ca*" shock, and the inhibitor of oxidative phosphorylation. Moreover,
cells display distinct response time and thermal dynamics profiles under different
stimulations, which highlights the potential applications of this thermometer to study in
situ vital processes related to mitochondrial metabolism pathways and interactions

between organelles.
3.2 Background

Intracellular temperature is a crucial parameter to assess the status of living cells and
organisms [229]. The activations of a wide range of chemical reactions in the living cell,
especially in the mitochondria, produce a large amount of energy and cause the change
of temperature. Mitochondria provide energy to the living cell through the oxidative

phosphorylation process [230]. During this chemical reaction, about 67% of the
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energy is used to synthesize ATP and the other ~33% dissipates in the form of heat
[231]. Failure
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to produce ATP will cause a change of mitochondria temperature so that the variation of
mitochondria temperature indicates the cellular metabolism status [232]. Given its
importance to fundamental studies, disease diagnosis, and therapy, accurate and specific
temperature sensing at subcellular scale remains as a challenge due to the lack of

noninvasive sensing probes [233-236].

Luminescence thermometry has emerged to noninvasively reveal the localized
intracellular temperature in living cells [237]. Temperature responsive luminescent
materials [238-240], including small molecules [241], fluorescent polymers [229],
fluorescent proteins [118], and inorganic particles [138, 242], have been extensively
explored. For example, Homma et al. developed a ratiometric thermo-sensor by using
thermo-sensitive rhodamine B and thermo-insensitive CS NIR dye that enable the
temperature monitoring of mitochondria under chemical stimulation [241]. Yang et al.
designed photoluminescence spectral shifts quantum dots (QDots) to monitor
temperature change in NIH/3T3 cells under Ca?* stress and cold shock [138]. However,
due to the concerns of photo-bleaching and photo-blinking issues, these luminescent

thermometers are limited in the area of long-term tracking and sensing.

UCNPs (NaYFs: 20%Yb**, 2%Er*") with unique nanophotonic characteristics are
suitable for long-term bio-sensing, bio-imaging [226, 243], and photothermal therapy
[244], as UCNPs are optically stable [245] and biologically compatible [246]. The anti-
Stokes emission process, upon NIR light excitation, avoids cellular autofluorescence
and can minimize the potential photo-damage to cells, as well as allowing deep tissue
penetration [246]. UCNPs (NaYFs: 20%Yb**, 2%Er*")-based thermometers have been
first demonstrated to monitor the temperature change of living cells upon external
heating [135]. UCNPs doped with erbium ions display a temperature-dependent
luminescence following the Boltzmann distribution [247],

Is25 _ _AE
T, = cexp (=) (1)

where I525 and /545 are the integrated luminescent intensities around 525 nm and 545 nm
emission peak, respectively; C is a constant; AE is the *S3 to ?Hi12 energy difference of
the Er** ion; k is the Boltzmann constant and T is the absolute temperature. Recently,
UCNPs-based thermometers have been further applied for in vivo temperature

monitoring in small animal imaging [243, 248]. Several other remarkable works
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include the Nd** doped UCNPs to sense temperature changes in NIH/3T3 cells [243]
and a hybrid structure composed of PbS QDs and Tm-doped UCNPs to realize

intratumoral monitor in vivo [248].

Though clear advances have been made, there remains a big gap to enable UCNPs-
based thermometers with in situ organelle targeting capability for localized intracellular
temperature sensing. The key is to functionalize UCNPs to become biocompatible and
specific to target organelle otherwise, the relatively large UCNPs (e.g., 20 nm) with
positive charges from the trivalent lanthanide ions exposed on the surface tend to be
aggregated, less stable in the physiological environment, and cause the issue of non-

specific bindings [249].

In this study, by using mitochondria-targeting, temperature-dependent, and non-
photobleaching  UCNPs (NaYFs4: 20%Yb*", 2%Er*"), I monitored the in situ
mitochondrial temperature dynamics under different nutrient conditions and chemical
stimulations. A crosslinked polymer network was applied to avoid the aggregation of
UCNPs (NaYFs: 20%Yb*", 2%Er*") in the cell culture medium [250]. Copolymers were
further modified with 4Arm-PEG-NH: to allow the mitochondria targeting moiety of
TPP to be covalently functionalized onto UCNPs (NaYFs: 20%Yb**, 2%Er*"). This
strategy leads to UCNPs (NaYF4: 20%Yb**, 2%Er*") capable of targeting mitochondria
[251, 252], as the large membrane potential gradient from cell plasma to mitochondria
allows the stepwise accumulation of TPP from initially in cell plasma to mitochondria
[252]. The practicality of the intracellular temperature-sensing strategy was validated by
real-time monitoring of the mitochondrial temperature variations induced by external
nutrient conditions and chemical stimulations, including glucose, lipid, Ca?*, and the
inhibitor of oxidative phosphorylation. Interestingly, mitochondria respond faster and
stay longer at a relatively high-temperature level in high OA versus high glucose culture
medium, which indicates different pathways of glycometabolism and lipid metabolism.
The difference in distinct thermal dynamics highlights the extensive applications of the
mitochondria-targeting thermometer to study vital biological processes related to
mitochondrial metabolism pathways and interactions between mitochondria and other

organelles, like lysosome, ER [96] Golgi [253], lipid droplet, and peroxisome [254].
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3.3 Materials and Methods

3.3.1 Reagents

For UCNPs synthesis, yttrium(III) chloride hexahydrate (YCl3*6H2O, 99.99%),
ytterbium chloride hexahydrate (YbCl3*6H20, 99.99%), erbium chloride hexahydrate
(ErClz*6H20, 99.9%), ethanol, cyclohexane, 1-octadecane, and oleic acid were
purchased from Sigma-Aldrich. For surface modification of UCNPs, PEGMEMAg,-b-
EGMP; was synthesized by Lin Zhang (PhD candidate in the University of New South
Wales from Martina Stenzel group). 4 Arm-PEG-NH2 was purchased from Laysan Bio,
Inc. TPP, EDC, NHS, MES buffer, HEPES buffer, Tetrahydrofuran (THF), N, N-
Dimethylformamide (DMF) were purchased from Sigma-Aldrich with reagent grade or
higher. For cell experiments, DMEM, FBS, PBS, Penicillin-Streptomycin (PS), MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide), MitoTracker
(MitoTracker™ Deep Red FM, Invitrogen™ M22426), LysoTracker (LysoTracker™
Deep Red FM, Invitrogen™ 1.12492), and Mitochondria Isolation Kit were purchased
from Life Technologies. Bovine Serum Albumin (BSA), dimethyl sulfoxide (DMSO),
glucose, oleic acid-albumin from bovine serum liquid, carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) and ionomycin calcium salt were

purchased from Sigma-Aldrich with reagent grade or higher.

3.3.2 Methods

3.3.2.1 Synthesis of hydrophobic UCNPs (NaYF4: 20%YDb*", 2%Er*).

UCNPs (NaYFs: 20%Yb*, 2%Er*") nanoparticles were synthesized following the
previously reported protocols with some modification [214]. OA and 15 mL of 1-
octadecane were added into a 50 mL round bottom flask with three necks, and then
added 1.95 mL of YCIs stock solution (0.4 M in methanol), 1.0 mL of YbCIs stock
solution (0.2 M in methanol), and 0.2 mL of ErCl; stock solution (0.1 M in methanol).
The mixture was stirred under argon protection and then heated to 160 °C to get rid of
methanol and H,O. Second, 5 mL of NaOH-NH4F methanol solution was added into the
mixture until it cooled down to 30 °C and stirred for 30 minutes. Subsequently, the

mixture was heated to 100 °C for 30 minutes and then heated to 300 °C for 1.5 hours.
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Finally, 5 mL of ethanol was added into the mixture to precipitate UCNPs. UCNPs were

washed three times with ethanol and cyclohexane before using.
3.3.2.2 Modification of UCNPs.

(1) The first step was to modify the UCNPs’ surface with Copolymers [167]. 5 mg of
UCNPs and 5 mg of Copolymers were dissolved in 1 mL of THF and then shaken at
room temperature for 12 hours. Next, the UCNPs coated with di-block copolymers
(UCNPs@copolymer) were washed with THF and DI water. Finally, the
UCNPs@copolymer was dissolved in 0.5 mL of DI water for further use.

(2) The second step was to conjugate UCNPs@copolymer with 4Arm-PEG-NH; [250].
5 mg of UCNPs@copolymer, 10 mg of EDC, and 10 mg of NHS were dissolved in 1
mL of MES buffer (20 mM, pH 6.0) and shaken for 30 minutes for activation. After
centrifugation, the activated products and 10 mg of 4Arm-PEG-NH: were dissolved in 1
mL of pH 7.02 HEPES buffer and reacted overnight. On the second day, reaction
products were washed three times with DI water. Then nanoparticles were centrifuged
at 4400 rpm for 5 minutes to remove the large aggregates. Finally, UCNPs@copolymer
conjugated with 4Arm-PEG-NH> (UCNPs@PEG) were stocked in 0.5 mL of DI water.

(3) The third step was to conjugate UCNPs@PEG with TPP. 30 mg of TPP, 10 mg of
EDC, and 10 mg of NHS were first dissolved into 1mL of DMF by ultrasound. After 1
hour, 10 mg of UCNPs@PEG were added to the mixture. The reaction was stirred at
room temperature for 12 hours and then washed with DMF and DI water. Finally, the
product UCNPs@PEG conjugated with TPP (UCNPs@PEG @TPP) was stored in 0.5
mL of DI water.

3.3.2.3 Characterization.

The morphology of UCNPs was characterized using the FEI Tecnai transmission
electron microscopy (FEI, U.S.A.). The hydrodynamic size and zeta potential of UCNPs

were determined by a zeta sizer nano (Malvern, U.K.).

3.3.2.4 Luminescence stability of UCNPs@PEG@TPP against environmental

parameters.

The spectrometer was used to measure the emission spectrum of UCNPs@PEG@TPP
under different pH, ionic strength (Mg?*, Ca*", and K), and refractive index (n). The

66



Chapter 3

PBS with gradient pH values (4 — 10) were tuned by adding different amounts of HCI or
KOH. Ionic strength (0 — 500 mM KCI) was controlled by adding different amounts of
KOH. 0 — 2.0 mM CaCl, and 0 — 1.2 mM MgCl, were obtained by adding different
amounts of CaCl, and MgCl.. The solutions with different refractive indexes were
achieved by glucose. 30% glucose (n = 1.3805), 36% (rn = 1.3912) glucose and 52% (n
= 1.4222) glucose. 1 mg of UCNPs@PEG@TPP were dissolved in the PBS with
different pH, different concentrations of ionic strength, or different refractive indexes
and transferred to the cuvette. UCNPs@PEG@TPP were excited at 980 nm and the

spectrum was captured from 480 nm to 600 nm.
3.3.2.5 Long-term bio-stability of UCNPs@PEG@TPP.

0.5 mg of UCNPs@PEG@TPP were added into 1 mL of DMEM containing 10% FBS
or DMEM containing 2% FBS and 0.5% BSA. The hydrodynamic size was applied to
monitor the stability of UCNPs@PEG@TPP for seven days.

3.3.2.6 Cytotoxicity Assay.

HeLa cells were purchased from ATCC. First of all, 5 mg of MTT was dissolved into 1
mL of sterile PBS buffer. Then 10,000 cells were seeded in the 96-well plate.
UCNPs@PEG@TPP (0, 1, 10, 50, 250, 500, 1000 pg/mL) were added to each well.
Then fresh culture medium was added into the plate after 24 hours. 10 uL of MTT stock
solution was added to each well. This 96-well plate was kept in a 37 °C incubator for
another 4 hours. Finally, 50 uL of DMSO was added into each well. The microplate
reader (Infinite M200 PRO) was applied to read absorbance at 540 nm.

3.3.2.7 Colocalization of UCNPs with MitoTracker or LysoTracker.

The HeLa cells were seeded on the fluoro-dish (35 mm) at 10° cell density and
incubated in the DMEM medium containing 10% v/v FBS for 12 hours. Then the cells
were washed three times with PBS and incubated with UCNPs (50 pg/mL, 1 mL) for 12
hours (mitochondria colocalization experiment) or 4 hours (lysosomes colocalization
experiment) at 37 °C with 5% CO». Next, the cells were washed with PBS and
incubated with 200 nM MitoTracker or 200 nM LysoTracker for 0.5 hours. Finally, the
cells were washed with PBS and waiting for imaging in DMEM. The colocalization
results were analysed by image J. The result is +1 for perfect correlation, 0 for no

correlation, and -1 for perfect anti-correlation. Usually, we consider a Pearson’s
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correlation coefficient higher than 0.6 as credible colocalizations [255].
3.3.2.8 Mitochondria isolation and Fluorescence Intensity Analysis.

Mitochondria from HeLa cells were isolated by a kit bought from Thermo Fisher.
Briefly, following the manufacturer’s manual. The protease inhibitors were added into
Reagent A and Reagent C before starting the experiment. 2x107 cells were cultured in
two flask T175 and treated with 50 pg/mL UCNPs@copolymer, UCNPs@PEG, and
UCNPs@PEG@TPP for 12 hours. Then 2x107 cells were collected by centrifugation.
800 uL of Reagent A was added into the cell pellet and vortexed at medium speed for 5
seconds. The cell suspension was put on the ice for exactly 2 minutes. Next, 10 uL of
Reagent B was added to the cell suspension and vortexed at maximum speed for 5
seconds. The mixture was incubated on the ice for another 5 minutes. After 800 uL of
Reagent C were added into the cell suspension, the mixture was centrifuged at 700*g
for 10 minutes at 4°C. Then the supernatant was transferred to a new tube and
centrifuged at 12,000xg for 15 minutes at 4°C. The cell pellet was dissolved in 500 pL
of Reagent C and centrifuged at 12,000xg for 5 minutes. Finally, the pellet was re-
suspended in the 50 pL PBS buffer and transferred to a 96-well plate. The luminescence
intensity was recorded by a homemade Total Internal Reflection Fluorescence (TIRF)

Microscopy with an excitation wavelength at 980 nm.
3.3.2.9 Relative temperature sensing sensitivity and uncertainty.

The relative temperature sensing sensitivity (Sr) indicates the relative change of A per

degree of temperature change and was calculated using [130]:

. - IPAI :
T ART M

The temperature uncertainty 6 T is the smallest temperature change that can be detected

in given measurement and was defined by [130]:

67— 08 (2)

68



Chapter 3

3.3.2.10 Temperature mapping and temperature sensing of mitochondria.

The HeLa cells were cultured in DMEM containing 10% v/v FBS and 1% v/v PS at
37 °C with 5% COas. Cells were transferred into the fluoro-dish (35 mm in diameter with
No.1 coverglass bottom). Then the cells were incubated in the 1 mL culture medium
containing 50 pg/mL UCNPs@PEG@TPP at 37 °C for 12 hours. The
UCNPs@PEG@TPP labelled cells were imaged on a home-build total internal reflected
luminescent TIRF microscope by a 980 nm laser excitation under different temperatures
(from 32 °C to 42 °C). The homemade TIRF microscopy was installed with an external

temperature controller.

For the glucose, oleic acid, FCCP, and Ca*-induced temperature changes, first, the
UCNPs@PEG@TPP were incubated with HeLa cells for 12 hours. Then, the HeLa cells
were stained with MitoTracker. Next, glucose (5 mg/mL), oleic acid (5 uM), FCCP (10
uM), or ionomycin calcium salt (1 pM) was incubated with HelLa cells. The
luminescence intensity ratio (Is2s/Is4s) of UCNPs@PEG@TPP was determined for the

green upconversion emission under 980 nm laser excitation.
3.3.2.11 Statistical Analysis.

Student’s t-test was applied to examine the differences among variables. Data were

shown as mean + SD. *p values < 0.05 are considered to be statistically significant.

3.4 Results and Discussion

3.4.1 Design of UCNPs@PEG@TPP

To construct the stable mitochondria targeting thermometer, a crosslinked polymer
network was applied to functionalize UCNPs (NaYFi: 20%Yb**, 2%Er*") surface
(Figure 3-1, Figure 3-2A). The ligands OA on the UCNPs (NaYFi: 20%Yb*", 2%Er*")
surface were first replaced by copolymer by the ligand exchange method. Then
UCNPs@copolymer were further conjugated with 4 Arm-PEG-NH» to form polymer
layers on the UCNPs (NaYFa: 20%Yb*", 2%Er*") surface with free amine groups.
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Figure 3-1 The conjugation steps and selective accumulation of UCNPs@PEG@TPP to the
mitochondria through incubation. Copolymers, 4Arm-PEG-NH; and TPP were sequentially
conjugated to the UCNPs (NaYFy: 20%Yb%*, 2%Er") to make them dispersible in cell culture

medium and able to specifically target mitochondria as an in situ thermometers in HeLa cells.

These hydrophilic, crosslinked coating layers can firmly anchor onto the surface of
positively charged UCNPs and keep UCNPs stable in the cell culture medium and the
intracellular environment. The TEM images (Figure 3-2B-E) showed the morphology
uniformity and monodispersity of the UCNPs (NaYFa4: 20%Yb*", 2%Er*") before and
after the surface functionalization. The size of UCNPs increased from 31.09 + 2.76 nm
of the as-synthesized UCNPs (NaYF4: 20%Yb*", 2%Er*") to 39.43 +1.64, 42.34 + 2.54,
and 45.13 + 2.55 nm (measured by TEM in Figure 3-2B-E). The DLS results (Figure
3-2F) confirmed the high uniformity with the peak values of hydrodynamic size
increasing from 51.77 nm to 72.08 nm and 103.10 nm after each step of surface
modifications. For TPP conjugation, the amine groups of 4Arm-PEG-NH:2 on the
crosslinked polymer network provide the anchoring groups for TPP. The Zeta potential
results (Figure 3-2G) indicated the successful modification of each step, as the surface
charge turns from negative 13 mV to positive 18 mV with the exposure of 4Arm-PEG-
NH:; and a further positive value of 32 mV with TPP by a carbodiimide reaction [256,
257]. The strong positive charge on the UCNPs’ surface facilitates the nanoparticles to
locate into cell cytoplasm and mitochondria [252]. By using ATR-FTIR, compared with
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the spectra of UCNPs@OA, as shown in Figure 3-3A, the characteristic absorption of
P=0 stretches at 1102 cm™! confirmed the copolymer grafted on the surface of UCNPs
(NaYFs: 20%YDb*", 2%Er*"), and the appearance of =C-H stretching vibration bands
from aromatic ring located in the range of 3100 to 3000 cm™ and 752 to 636 cm’!
confirmed the presence of TPP on the UCNPs’ surface. Furthermore, the long-term
stability of UCNPs@PEG@TPP was tested by DLS (Figure 3-3B). These
UCNPs@PEG@TPP bioconjugates exhibited excellent stability in the incubation
medium (DMEM containing 2% v/v fetal bovine serum (FBS) and 0.5% v/v BSA) and
the complete medium (DMEM containing 10% FBS and 1% v/v PS), as shown in
Figure 3-3C.
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Figure 3-2 Characterization of UCNPs (NaYFy 20%Yb%, 2%Er)-based thermo-sensors. A.
Schematic illustration of the mitochondria-targeted probes with crosslinked polymer layers and TPP.
B-E. Representative TEM images of UCNPs@QOA, UCNPs@copolymer, UCNPs@PEG, and
UCNPs@PEG@TPP. F. DLS for UCNPs (NaYFy 20%Yb’*, 2%Er’*) with different surface
modifications. G. Zeta potential of UCNPs (NaYFy 20%Yb*', 2%Er’") with different surface

modifications.
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Figure 3-3 Characterization of UCNPs (NaYFy: 20%Yb*', 2%Er’") thermo-sensors by ATR-FTIR
and DLS. A. The ATR-FTIR spectra of prepared UCNPs@OA, UCNPs@copolymer, UCNPs@PEG
and UCNPs@PEG@TPP. B. Bio-stability of UCNPs@PEG@TPP in DMEM containing 2%FBS
and 0.5%BSA. C. Bio-stability of UCNPs@PEG@TPP in DMEM containing 10%FBS. The sizes of
UCNPs@PEG@TPP in different physiological buffer keep stable within 7 days.

3.4.2 Thermal responsive properties of UCNPs@PEG@TPP in vitro

Under the 980 nm excitation, UCNPs@PEG@TPP emitted green emission consists of
two distinct bands between 515-535 nm (centred at 525 nm) and 535-570 nm (centred at
545 nm) (Figure 3-4A), attributing to the Hi12 and *S3p2 transitions of Er**, respectively.
While the emitted intensities at both 525 nm and 545 nm peaks decreased when the
temperature elevated from 30 °C to 60 °C due to thermal quenching, the ratio of 525 nm

and 545 nm peaks increased following Boltzmann distribution (Figure 3-4B).

An accurate calibration curve is crucial to quantitatively analyze temperature dynamics
in the intracellular environment [237]. Ideal luminescence thermo-sensors should be
independent of the concentration as it’s difficult to control and measure the
concentration of luminescence thermo-sensors in living cells. As shown in Figure 3-4B,
by calibrating two solutions containing different concentrations of UCNPs@PEG@TPP
(5 and 10 mg/mL) using a purpose-built spectrometer, the Residual Sum of Squares
(RSS) of these two linear fittings was measured as 0.013159, which indicated that
UCNPs@PEG@TPP as a luminescence thermo-sensor was concentration-independent.
To confirm this result, the calibration curves at the single-particle level were performed
with a purpose-built total internal reflected luminescent (TIRF) microscopy system.
Although the calibration results obtained by microscope were distinct from those by the
spectrometer, due to the different sensitivities of the spectrometer with photomultiplier
tube (PMT) detector and microscope with Electron-multiplying CCD (EMCCD) camera,
72
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the RSS of these two linear fittings was measured as 0.00482. Notably, the thermal
responsiveness of UCNPs@PEG@TPP was essentially unchanged under different

concentrations, no matter whether from the single-particle level or in the solution.
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Figure 3-4 Thermal responsive properties of UCNPs@PEG@TPP in vitro. A. Upconversion
emission spectra obtained at two different cuvette temperatures (30 and 60 °C, Jexc = 980 nm). B.
Plots of In(Is25/545) vs 1000/T to calibrate the thermometric scale in the solution with different
concentrations(5 mg/ml: The 95% confidence interval for slope, Y-intercept, and X-intercept are -
0.8660 to -0.5813, 0.7885 to 1.685, and 1.356 to 1.946, respectively. 10 mg/ml: The 95% confidence
interval for slope, Y-intercept, and X-intercept are -0.8404 to -0.5910, 0.8206 to 1.605, and 1.388 to
1.911, respectively.) C. Plots of In(Is25/545) vs 1000/T to calibrate the thermometric scale at the
single-particle level versus multiple particle level. (Single particle: The 95% confidence interval for
slope, Y-intercept, and X-intercept are -1.048 to -0.9391, 1.899 to 2.251, and 2.022 to 2.148,
respectively. Particles: The 95% confidence interval for slope, Y-intercept, and X-intercept are -
1.126 to -0.9409, 1.905 to 2.504, and 2.025 to 2.224, respectively.) D. Thermal sensitivity of
UCNPs@PEG@TPP in response to Mg”*(left), Ca’*(middle) or K'(right) (n = 3 independent
experiments). E. Changes in the In(Is25/1545) ratio of UCNPs@PEG@TPP in response to pH (n = 3
independent experiments). F. Changes in the In(Is25/1545) ratio of UCNPs@PEG@TPP in response

to refractive index (n = 3 independent experiments). G. Reversibility of the temperature-dependent
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changes of UCNPs@PEG@TPP luminescence. The solution temperature was changed from 30 °C

to 45 °C. Data points represent mean x s.d.

The micro-environment conditions in living cells, like the ionic strength, pH value, and
refractive index vary as time and locations change, also vary from one organelle to
another [237]. For example, the refractive indexes of the cell cytoplasm, nucleus, and
mitochondria are 1.38, 1.39, and 1.42, respectively [258]. The performance of
luminescence thermo-sensors should keep stable in the living cell. Figure 3-4D-F
illustrated that temperature-dependent luminescence of UCNPs@PEG@TPP was not
affected by Mg?* or Ca?" at different physiological intracellular concentrations, ionic
strength (0-500 mM), pH (4-10), and refractive indexes (1.38-1.42). Furthermore, the
Iszs/1s4s ratios of UCNPs@PEG@TPP can be reproduced by heating and cooling
between 30 °C and 45 °C for multiple cycles, demonstrating the reversibility of
UCNPs@PEG@TPP without thermal denaturation (Figure 3-4G). Since the absorption
spectrum of water is in the range of 680-1000 nm with the peak at 980 nm, we
monitored the temperature variations of UCNPs@PEG@TPP excited by a 980 nm laser
at an intensity of 0.5 kW/cm? for 30 minutes. As shown in Figure 3-5, an illumination
of 0.5 kW/cm? 980 nm laser did not lead to temperature elevation of the water within 30

minutes.

A

0 5 10 15 20 25 30
Time (minutes)

Figure 3-5 The phototoxicity of 980 nm laser. A. The temperature changes of UCNPs@PEG@TPP
in the water under 0.5 KW/cm’ power density and 0.5 seconds exposure time within 30 minutes. B.
The shape of the HeLa cell in the 0 and 30 minutes. The power of 0.5 kW/cm? is hardly to elevate the

temperature of the water or particles, and has no damage to the living cells.
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3.4.3 UCNPs@PEG@TPP work as subcellular thermosensors in HelLa

cells

To apply UCNPs@PEG@TPP in live cells, we first checked the cytotoxicity of
UCNPs@PEG@TPP in live cells with short-time treatment at different concentrations
measured by MTT test experiments. Figure 3-6A showed that the cell viability in the
experimental groups was similar to that of the control group, indicating that
UCNPs@PEG@TPP had negligible cytotoxicity to HeLa cells. Considering the

labelling efficiency, 50 pg/mL was chosen in the following live-cell experiments.

A B
100—4-?;? °

80' [
60+

40-

Cell Viability (%)

20+

0 T T T T T T T
0 1 10 50 250 500 1000

Concentration ( ng/mL)

Figure 3-6 The cytotoxicity of UCNPs. A. The cell toxicity of UCNPs@PEG@TPP achieved by the
MTT experiment. The concentration of UCNPs@PEG@TPP is 0, 1, 10, 50, 250, 500, and 1000

ug/mL. These nanoparticles are low toxicity. B. The luminescent images of UCNPs@copolymer
(left), UCNPs@PEG(middle) and UCNPs@PEG@TPP (right) in the isolated mitochondria.

Next, the exact locations of nanoparticles in the live cell were tested. Colocalizations of
UCNPs@PEG@TPP and MitoTracker Deep Red were conducted by a purpose-built
TIRF microscope with 980 nm and 647 nm lasers as the light sources. As shown in
Figure 3-7A, the green channel illustrated that these three kinds of nanoparticles
dispersed into HeLa cells after 12 hours’ incubation. UCNPs@copolymer and
UCNPs@PEG preferred to form aggregates (Figure 3-7A, red frame), while
UCNPs@PEG@TPP dispersed well within the cell. The merged images showed
UCNPs@PEG@TPP had a better colocalization than those of control groups. Pearson’s
correlation coefficient for the experimental group was 0.70. In contrast, Pearson’s
correlation coefficient for the UCNPs@PEG and UCNPs@copolymer treatment groups
were 0.40 and 0.27, respectively. Usually, we consider a Pearson’s correlation
coefficient higher than 0.6 as credible colocalizations [255]. These results indicated that

UCNPs@PEG@TPP preferred to target mitochondria. Since the temporal and spatial
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resolutions in microscopy imaging may affect the accuracy of colocalization results, we
further confirmed the locations of UCNPs@PEG@TPP by isolating mitochondria from
HeLa cells using a mitochondria isolation kit (Thermo Fisher), dispersed in 50 pL of
PBS buffer. The mitochondria suspension was transferred to a 96-well plate and dried at
room temperature, and the luminescence intensity of the isolated mitochondria was
measured (Figure 3-6B and 3-7B). In the control groups with UCNPs@PEG and
UCNPs@copolymer, the luminescence intensities of nanoparticles were barely seen
(Figure 3-6B), while the intensity of the UCNPs@PEG@TPP treated group was ~3
times higher than those of the other two control groups, indicating the successful

mitochondria targeting (Figure 3-7B).
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Figure 3-7 Temperature-dependent luminescence characteristics of UCNPs@PEG@TPP targeted
to in situ mitochondria in HeLa cells. A. Intracellular co-localization of UCNPs with MitoTracker
(red channel is MitoTracker Deep Red excited by 647 nm laser; the green channel is UCNPs excited
by 980 nm laser, the grey channel is the bright-field images). B. The luminescence intensity of
isolated mitochondria treated with UCNPs (n = 10 fields of view from 3 independent repeats). C.
Plot of In(a*Is525/1545) vs 1000/T to calibrate the thermometric scale in Hela cells (n = 10 cells).
Data points represent mean * s.d. The error bars in Figure 3-12C represent the standard deviations
of the mean values (95% confidence interval, n=10 cells). The 95% confidence interval for slope, Y-
intercept, and X-intercept are -1.340 to -0.8790, 2.529 to 4.016, and 2.877 to 2.997, respectively.
Scale bar: 10 um.

Furthermore, to rule out the possible interactions between UCNPs@PEG@TPP and
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lysosomes, HeLa cells were stained with LysoTracker. After 4 hours’ incubation, HeLa
cells were washed with PBS. UCNPs@PEG@TPP dispersed into HeLa cells with a
speed faster than those in control groups because more nanoparticles were delivered to
the cells (Figure 3-8). Pearson’s correlation coefficient for the UCNPs@PEG@TPP,
UCNPs@PEG, and UCNPs@copolymer were 0.05, 0.12, and 0.29, respectively. The
Pearson’s correlation coefficient in the group of UCNPs@PEG@TPP was 0.05,
indicating that UCNPs@PEG@TPP had no colocalization with lysosomes. The merged
images in Figure 3-8 also showed that UCNPs@PEG@TPP already escaped from
lysosomes, as a result of the good lipophilicity of TPP.

Pearson’s correlation

Bright Field LysoTracker UCNP coefficient

ddl@93d@dNIN 93dD@dNIN 18whjododDdNIN

Figure 3-8 Intracellular co-localization of UCNPs with LysoTracker. Red channel is LysoTracker
Deep Red excited by 647 nm laser. Green channel was UCNPs excited by 980 nm laser. The
Pearson’s  correlation  coefficients  for  UCNPs@copolymer, UCNPs@PEG, and
UCNPs@PEG@TPP are 0.29, 0.12 and 0.05, respectively.

The above results allowed us to plot the calibration curves in HeLa cells. By changing
the extracellular temperature of cell culture using a temperature controllable incubator
on top of the microscope system, the logarithmic value of the Is2s/Is4s ratio showed
much more gradual and linear luminescence changed in the range of 32 to 42 °C relative
to the reciprocal temperature (Figure 3-7C), suggesting UCNPs@PEG@TPP as a

quantitative thermo-sensor in living cells. The data analysis process was illustrated in
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Figure 3-9. The equation of calibration curve was In (a*Is2s/ls45)=-
0.9935(1000/T)+2.9305 (a=1.196). The relative sensing sensitivity in HeLa cells at 32

°C was 3.2% K-! and the temperature resolution was ~2.3 K.
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Figure 3-1 Data analysis of peak intensity calculation. A. Merged images of Bright field, UCNPs
and MitoTracker. B. Green channel was the emission of UCNPs in the range from 527 nm to 537 nm.
C. Blue channel was the emission of UCNPs in the range from 542 nm to 582 nm. D. The spectra of
UCNPs doped with erbium were excited by 980 nm laser. The green frame represented the intensity
of peak 525 nm and the blue frame represented the intensity of peak 545 nm. E. Images represented
the UCNPs emission in the range from 527 nm to 537 nm under various temperature (from 32 °C to
42 °C). F. Images represented the UCNPs emission in the range from 542 nm to 582 nm under
various temperature (from 32 °C to 42 °C). Scale bar: 10 um.

3.4.4 Visualization of mitochondrial thermal dynamics in HeLa cells

We then applied UCNPs@PEG@TPP to monitor the mitochondrial temperature
variations induced by external nutrient conditions and chemical stimulations. First, we
tested a high glucose medium to HeLa cells. Glucose produces pyruvate in the cytosol
and then participates in the Krebs Cycle in mitochondria, which generates heat. In the

HeLa cells incubated with UCNPs@PEG@TPP, the mitochondria temperature
increased significantly by 2.25 “C in the first 10 minutes by addition of 5 mg/mL
glucose (P < 0.0001 by Students’ t-test) (Figure 3-10A, right), before recovering to the

original level after 20 minutes of treatment. As the control group with adding the same

amount of PBS, the mitochondrial temperature remained stable within 30 minutes
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(Figure 3-10A).
As an alternative nutrient source, oleic acid was then tested. Columns in Figure 3-10B

demonstrated that the mitochondrial temperature increased by 2.74 °C only 5 minutes

after adding 5 uM oleic acid in the culture medium, but the mitochondrial temperature
didn’t recover to the original level even after 30 minutes of treatment. Compared with
glucose treatment, oleic acid treatment takes mitochondrial temperature to a higher peak
value with a faster speed and a longer plateau time, which indicates the different

metabolic pathways and energy efficiency for glucose and oleic acid.

The mitochondrial temperature in living cells can be elevated by Ca?" shock as it can
promote the pumping of ions and accelerate the respiration reactions [259]. Ionomycin
calcium salt is an ionophore making cell membrane highly permeable of Ca?* [117].
Here, Figure 3-10C showed that the temperature of mitochondria increased sharply
after adding 1 puM ionomycin calcium salt within 6 minutes before dropping back in
another 2 minutes (Figure 3-10C). Ionomycin calcium salt induces intracellular stress,

possibly causing damage to mitochondria in HeLa cells [259].

Furthermore, FCCP was tested as a chemical stimulation in HeLa cells. FCCP is an
inhibitor of oxidative phosphorylation, which disrupts ATP synthesis by transporting
protons across the mitochondrial inner membrane [260]. During this process,
mitochondria release a large amount of heat. In the HeLa cells incubated with
UCNPs@PEG@TPP, the mitochondrial temperature elevated by almost 2 degrees in the
first 10 minutes after adding 10 uM FCCP (P < 0.0001 by Students’ t-test) (Figure 3-

10D). In the following 20 minutes, the mitochondrial temperature kept increasing by

~1 °C. Mitochondria eventually recovered to the original temperature after 30 minutes
of FCCP treatment. In comparison, the temperature in the control group remained at a
similar level after DMSO treatment. These results provide evidence that

UCNPs@PEG@TPP works as a precise subcellular thermosensor for monitoring

mitochondrial thermodynamics.
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Figure 3-2 Visualization of mitochondrial temperature dynamics in HelLa cells response to
nutrient and chemical stimulations. A. UCNP@PEG@TPP images (left) and mitochondrial
temperature dynamics (middle) in the presence of 5 mg/mL glucose within 30 minutes and Student’s
t-test of no glucose and glucose at 10 minutes (p < 0.0001, right). B. UCNP@PEG@TPP images
(left) and mitochondrial temperature variations (middle) in the presence of 5 uM oleic acid within
30 minutes and Student’s t-test of no oleic acid and oleic acid at 15 minutes (p < 0.05, right). C.
UCNP@PEG@TPP images (left) and mitochondrial temperature changes (middle) in the presence
of 1 uM ionomycin calcium salt within 30 minutes and Student’s t-test of no calcium and calcium at

6 minutes (p < 0.05, right). D. UCNP@PEG@TPP images (left) and mitochondrial temperature

Sfluctuations (middle) in the presence of 10 pM FCCP within 30 minutes and Student’s t-test of
DMSO and FCCP at 10 minutes (p < 0.0001, right). The temperature in A-D are calculated by the
calibration plot in Figure 3-12C. n = 5~8 cells for A-D, data points represent mean * s.d. The
merged cell images in A-D are MitoTracker (red) and UCNPs@PEG@TPP (green) from different

treatment.
3.5 Conclusion

Intracellular temperature, especially mitochondrial thermodynamics, is one of the most
crucial biophysical parameters to assess the status of living cells and organisms, which
is related to homeostasis and energy balance [261]. Towards the development of a
precise thermosensor both in vitro and in living cells, we have synthesized a series of
UCNPs@copolymer, UCNPs@PEG, and UCNPs@PEG@TPP nanosensors. We
applied the non-photobleaching ratiometric thermosensor for monitoring the in situ

mitochondrial thermodynamics under different physiological and chemical stimuli.
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UCNPs@PEG@TPP conjugate enables us to monitor the glucose-, lipid-, Ca?**-, and
FCCP-dependent thermodynamics in the mitochondria within living HeLa cells.
UCNPs@PEG@TPP is a powerful tool for analyzing how mitochondria metabolism
activates and maintains cellular homeostasis in living cells. The distinct
thermodynamics highlight the extensive applications of thermometers to study vital
biological processes related to mitochondrial metabolism and interactions between
mitochondria and other organelles, like lysosome, ER [96], Golgi [253], lipid droplet,

and peroxisome [254].

Chretien et al. recently reported that mitochondrial temperature reached >323K (50 “C)

using MitoThermo Yellow (MTY) in HEK293T cells treated with an oxygen-rich buffer
to fully functionalize the respiration [262]. Intracellular temperature measurement using
organic dyes is not suitable for long-term monitoring purposes. Hu et al. reported
another large increase in temperature by using plasmonic nanostructures with Au
nanoparticles in the cytoplasm of CaSki cells during active Ca** transportation [263].
Intracellular temperature measurement using inorganic probes requires precise
calibration both in the extracellular environment and accurate colocalization of

organelles with specific targeting organelle. A fluorescent protein (FP) based

thermometer was also reported in HeLa cells by Nakano et al. with a 6-9 “C temperature

increase, which is consistent with our results [151]. A comparison of different
thermometers will be meaningful, including fluorescent proteins [151], organic dyes
[241, 262], plasmonic materials [263], UCNPs-based [248] thermometer for living cells,

etc.

The unique optical properties of UCNPs allow us to track long-term thermodynamics in
mitochondria across cell cycles or even in live deep tissues with the NIR excitation
wavelength in the future [238, 239, 264]. The bio-conjugation system we developed will
allow us to establish a library of different organelle-targetted thermometers, like
lysosome, ER, and Golgi. Combined with other mitochondria evaluation methods, like
live-cell super-resolution imaging [265, 266], in vitro reconstitution assay [230, 267,
268], and near-infrared deep tissue imaging [244], the UCNPs-based mitochondrial
thermometer will be a powerful platform for multifunctional imaging, sensing [269],
therapy [244] and even tracking the pace of life [270].

81



Chapter 4

Chapter 4 Spatiotemporally Mapping Temperature dynamics
of Lysosomes and Mitochondria using Cascade Organelle-

targeting Upconversion Nanoparticles

4.1 Motivation

In chapter 3, mitochondrial temperature dynamics under different nutrient conditions
and chemical stimulations were studied using mitochondria-targeting, temperature-
dependent, and non-photobleaching UCNPs (NaYFs: 20%Yb**, 2%Er*"). However, the
conjugation efficiency with TPP was not very high. There were still some non-specific
binding. Therefore, the surface functionalization should be optimised to enhance the

targeting efficiency.

UCNPs (NaYF4: 20%Yb*, 2%Er*") modified with copolymer showed an excellent
stability and dispersity in the aqueous buffer, but sometimes the carboxyl groups might
be folded into the polymer. If the functional group cannot be exposed outside, the
carboxyl groups will not react with amine groups, leading to the low loading efficiency
of mitochondrial targeting ligand TPP. To solve this problem, I used copolymer as a
stable unit to obtain hydrophilic UCNPs (NaYFa: 20%Yb*", 2%Er’"). As the surface
zeta potential of UCNPs@copolymer is negative in PBS buffer (pH~7.4), poly-I-lysine
(PLL) is chosen as a second layer to provide amine groups. UCNPs@copolymer can be
packed up by PLL through electrostatic interaction. The amine groups provided by PLL

largely increase the conjugation efficiency with TPP.
4.2 Abstract

The intracellular metabolism of organelles, like lysosomes and mitochondria, is highly
coordinated spatiotemporally and functionally. The activities of lysosomal enzymes
significantly rely on the cytoplasmic temperature, and heat is constantly released by
mitochondria as the byproduct of ATP generation during active metabolism. Here, we
developed temperature-sensitive LysoDots and MitoDots to monitor the in sifu thermal
dynamics of lysosomes and mitochondria. The design is based on UCNPs (NaYFa:

20%YDb*, 2%Er*") with high-density surface modifications to achieve the
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exceptionally high sensitivity of 2.7% K-! and low uncertainty of 0.8 K for thermometry
to be used in living cells. We show the measurement is independent of the ion
concentrations and pH values. With Ca?* ion shock, the temperatures of both lysosomes
and mitochondria increased by 2~4 °C. Intriguingly, with Chloroquine treatment, the
lysosomal temperature was observed to decrease by up to ~3 °C, while mitochondria
remained relatively stable. Lastly, with oxidative phosphorylation inhibitor treatment,
we observed a 3~7 °C temperature increase and a thermal transition from mitochondria
to lysosomes. These observations indicate different metabolic pathways and thermal
transitions between lysosomes and mitochondria inside HeLa cells. The thermometry
probes provide a powerful tool for multi-modality functional imaging of subcellular

organelles and interactions with high spatial, temporal and thermal dynamics resolutions.
4.3 Background

The intracellular temperature and its dynamics are vital to maintaining the homeostasis
of organelles as well as their biochemical reactions and metabolic processes. Thermal
variations indicate whether cells are under their healthy physiological or disease status
[1, 2]. The coordination of different organelles is required to maintain intracellular
homeostasis and normal cellular functions. The intracellular organelles not only possess
their specific functions but also communicate with each other through membrane
contacts or membrane fusion, which together contribute to the survival, growth and
division of the cells. Lysosomes and mitochondria, as the two major contributors to
enzyme activity and energy production, are essential to cellular metabolism
participating in many key biological processes such as autophagy, proliferation, cell
death [4, 271], etc. Dysfunction of lysosomes and mitochondria has been found in

several diseases [272].

The maintenance of both lysosomal and mitochondrial physiological functions and
cellular homeostasis relies on intracellular temperature dynamics [273, 274]. Lysosomes
are highly dynamic organelles responsible for the turnover of some proteins and lipids
through digestive enzymes [275]. The enzymatic activities are highly dependent on a
healthy pH and temperature environment. During the process of heatstroke, the pH
values of lysosomes were observed to increase, which leads to cell death. A higher or

lower temperature may reduce enzymatic activities and further disturb cellular
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homeostasis [276]. Mitochondria are involved in the cellular respiratory and function as
the energy factory [3]. During the respiratory activity, mitochondria transform energy

from carbohydrates to ATP, simultaneously releasing heat as a byproduct.

Due to the lack of enabling techniques and tools, the functions of lysosomes and
mitochondria have been independently studied in the past, though there must be intense
crosstalks between the two organelles [4]: The dysfunctional mitochondria lead to the
elevation of lysosomal pH [67]; and in some lysosomal storage diseases, the defects in
the lysosomes also contribute to the dysfunction of mitochondria because the abnormal
mitochondria cannot be cleared by lysosomes, leading to the pathological signalling
[277]. At present, the interactions of lysosomes and mitochondria are usually studied
from either their direct physical membrane contacts using super-resolution microscopy
[254] or signalling pathways using molecular biology tools [4]. It is unclear how the
spatiotemporal thermal dynamics of lysosomes and mitochondria contribute to

maintaining homeostasis during pathological processes within a living cell.

Up to now, a series of thermometers based on fluorescence or luminescence imaging
have been reported, including small organic dyes [112, 162], green fluorescent proteins
(GFPs) [151, 160], polymeric nanoparticles [278], nanodiamonds [110, 140], quantum
dots [117], and lanthanide-doped nanoparticles [279, 280]. The applications of
intracellular thermometry in living cells have uncovered spontaneous thermogenesis and
temperature variation [281-283]. Rationally designed luminescent Ln**-bearing
polymeric micellar probes (Ln = Sm, Eu) have been used to measure the thermogenesis
in individual cells, revealing the inhomogeneous intracellular temperature progressions
[284]. Moreover, lysosome-targeting luminescent lanthanide complexes have been
developed to simultaneously image the pH and temperature in the lysosomes [285, 286].
Additionally, several thermometers have been proposed for in vivo temperature sensing.
For example, Ag>S nanodots have been used to monitor brain thermoregulation [287]
and UCNPs have been used for subcutaneous thermal sensing [279]. The unique
photophysical properties, such as high brightness, superior photochemical stability,
excellent temperature-responsive optical properties with large anti-Stokes shifts and
long luminescence lifetimes, make UCNPs favourable to temperature sensing [158].
Though many advances have been made in using UCNPs-based thermometers to

monitor the temperature variations in living cells, tissues, or animals [103, 125],
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organelle-specific temperature sensing remains challenging in the physiological

environment.

Here, we report surface modifications of high-density polymer linkers that can assist
UCNPs (NaYFs: 20%Yb*", 2%Er*") to be specifically guided and accumulated into
lysosomes and mitochondria in living cells. We established a novel cascade targeting
strategy in this work. We first introduce PEGMEMAgo-b-EGMP; di-block copolymers
to transfer the hydrophobic UCNPs (NaYF4: 20%Yb*", 2%Er**) to hydrophilic ones that
can be internalized through the endocytosis process and ended in the lysosomes [288].
We name the structure of UCNPs@copolymer as LysoDots. To facilitate the escape of
UCNPs (NaYF4: 20%Yb**, 2%Er*") from lysosomes and relocation to pass through the
potential barrier of the mitochondrial membrane, we then introduce Poly-L-Lysine (PLL)
to further functionalize UCNPs (NaYFs: 20%Yb**, 2%Er*") with a mitochondrial
targeting moiety with high lipophilicity, (3-carboxypropyl)triphenylphosphonium
bromide (TPP) [288]. We then name the structure of UCNP@PLL@TPP as MitoDots.
This strategy allows two sets of thermometers with organelle-targeted properties to
simultaneously and quantitatively sense the in situ temperature dynamics of lysosomes
and mitochondria. The series of LysoDots and MitoDots demonstrate a relative
temperature sensitivity at 32 °C of 2.7% K-!' and a temperature uncertainty of 0.8 K in
HeLa cells, and more importantly, their performances are independent of the ion
concentrations or pH conditions. We have observed intriguing spatiotemporal
temperature dynamics in HeLa cells: i) with organelle non-specific Ca?* ion shock, both
lysosomal and mitochondrial temperature increase 2-4 °C; ii) with lysosome-specific
drug treatment, the lysosomal temperature drops ~3 °C while the mitochondrial
temperature remains 37 °C; iii) with mitochondria-specific drug treatment, we observed
an interesting temperature increment (3-7 °C) and spatiotemporal thermal transition (1-2
min delay) from mitochondria to lysosomes. These observations indicate different
metabolic pathways and thermal transitions between lysosomes and mitochondria. The
live-cell thermal probes provide a powerful toolbox with multi-modality and multi-

functional imaging capacities.
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Figure 4-1 Schematic diagram of cascade organelle-targeted thermometers platform based on
upconversion nanoparticles (UCNPs) — UCNPs@copolymer (LysoDots) and UCNPs@PLL@TPP
(MitoDots). LysoDots and MitoDots can be internalized by cells and accumulated in the lysosomes.
The mitochondrial targeting moiety-TPP help MitoDots escape from the lysosomes and further

accumulated into the mitochondria.

4.4 Materials and Methods

4.4.1 Materials.

Yttrium(III) chloride hexahydrate (YCl3*6H20, 99.99%), ytterbium chloride
hexahydrate (YbClz*6H>0, 99.99%), erbium chloride hexahydrate (ErClz*6H,0, 99.9%),
ethanol, cyclohexane, 1-octadecane (ODE), and oleic acid (OA) were purchased
from Sigma-Aldrich. PEGMEMAgo-b-EGMP; di-block copolymer (copolymer) was a
gift from Prof Martina Stenzel group in the University of New South Wales. Poly-I-
lysine (PLL), (3-carboxypropyl) triphenylphosphonium bromide (TPP), 1-Ethyl-3-(3-
dimethylamino-propyl)-carbodiimide (EDC), N-Hydroxysuccinimide (NHS), MES
buffer, HEPES buffer, Tetrahydrofuran (THF), N, N-Dimethylformamide (DMF) were
purchased from Sigma-Aldrich with reagent grade or higher. Dulbecco’s Modified
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Eagle Medium (DMEM), fetal bovine serum (FBS), Phosphate-Buffered Saline (PBS),
Penicillin-Streptomycin (PS), MitoTracker (MitoTracker™ Deep Red FM, Invitrogen™
M22426), LysoTracker (LysoTracker™ Deep Red FM, Invitrogen™ 1.12492) were
purchased from Life Technologies. Bovine Serum Albumin (BSA), dimethyl sulfoxide
(DMSO), carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), ionomycin
calcium salt were purchased from Sigma-Aldrich with reagent grade or higher.

Chloroquine (CQ, 14774S) was purchased from Cell Signaling Technology.
4.4.2 Synthesis of hydrophilic upconversion nanoparticles

UCNPs (NaYFs: 20%Yb*, 2%Er*") nanoparticles were synthesized following the
previously reported protocols with some modification [214]. In a typical process,
prepare stock solution of YCI3 (0.4 M in methanol), YbCl3 (0.2 M in methanol) and
ErCls (0.1 M in methanol). Then, 6 mL of OA and 15 mL of 1-octadecane were added
into a 50 mL round-bottom flask with three necks, and then added 1.95 mL of YCl3
stock solution (0.4 M in methanol), 1.0 mL of YbCl; stock solution (0.2 M in methanol),
and 0.2 mL of ErCl; stock solution (0.1 M in methanol). The mixture was stirred under
argon protection and then heated to 100 °C for 10 minutes and 160 °C for 30 minutes to
get rid of methanol and H2O. Second, 5 mL of NaOH (0.1 g) -NH4F (0.14815 g)
methanol solution was added into the mixture when it cooled down to 30 °C and stirred
for 30 minutes. Subsequently, the mixture was heated to 100 °C for 30 minutes and then
heated to 300 °C for 1.0 hours. Finally, 5 mL of ethanol was added into the mixture to
precipitate UCNPs (NaYFa: 20%Yb**, 2%Er**"). UCNPs (NaYFs: 20%Yb**, 2%Er’")
were washed 3 times with ethanol and cyclohexane before using. Finally, the UCNPs
(NaYF4: 20%Yb*", 2%Er*") were dissolved in the 10 mL of cyclohexane and stored in
the fridge.

To obtain hydrophilic UCNPs (NaYFa: 20%Yb**, 2%Er*"), the nanoparticles were first
modified with copolymer [167]. 5 mg of UCNPs (NaYF4: 20%Yb?", 2%Er*") and 5 mg
polymer were dissolved in 1 mL of THF and then shaken at room temperature for 12
hours. Next, the UCNPs (NaYFi 20%Yb*, 2%Er**) coated with a polymer
(UCNPs@copolymer) were washed with THF three times and pure water three times.
Finally, the UCNPs@copolymer was dissolved in 0.5 mL of PBS buffer and stored at
4 °C for further use.
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4.4.3 Bioconjugation of upconversion nanoparticles with (3-

carboxypropyl)triphenylphosphonium bromide (TPP)

To function hydrophilic nanoparticles with amine groups, 0.5 mL of
UCNPs@copolymer were dissolved in the 0.5 mL of PLL solution and stirred at room
temperature for 40 minutes. The reaction was stopped by centrifugation and washed
three times with pure water. Finally, the UCNPs nanoparticles functionalized with

amine groups (UCNPs@PLL) were stored in the fridge.

For the bioconjugation of UCNPs@PLL with TPP, 30 mg of TPP, 10 mg of EDC, and
10 mg of NHS were first dissolved into ImL of DMF by ultrasound. After 1h, 10 mg of
UCNPs@PLL were added to the mixture. The reaction was stirred at room temperature
for 12 hours and then washed with DMF and pure water. Finally, the product
UCNPs@PLL conjugated with TPP (UCNPs@PLL@TPP) was stored in 0.5 mL of
PBS buffer for further use.

4.4.4 Characterization

The morphology of UCNPs was characterized using the FEI Tecnai transmission
electron microscopy (FEI, U.S.A.). The hydrodynamic size and zeta potential of UCNPs
were determined by a zeta sizer nano (Malvern, U.K.). The spectra were measured by a
custom-built spectrometer. The intensity of single UCNP has been measured by a
purpose-built scanning confocal system, which is shown in Figure 4-2. The excitation
wavelength is a 980 nm laser, which is focused onto the sample through a 100x
objective lens (NA 1.4). The emission of UCNPs (NaYFs: 20%Yb*, 2%Er*) is
collected by the same objective lens, then focused by a tube lens to an optical fibre. A
Single Photon Counting Avalanche Diode detector is connected to the collection optical
fibre to detect the emission intensity. The scanning is achieved by the x-y movement of
the 3D piezo stage. After the point-by-point scanning process, each single UCNP
(NaYFs: 20%Yb3*", 2%Er*") will present a Gaussian spot in the confocal scanning
microscope image. The maximum brightness value (photon count) of each Gaussian

spot can be used to represent the intensity of a single particle.
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Figure 4-2 Scanning confocal system for single UCNP (NaYFy: 20%Yb’*, 2%Er*) emission

measurements.

4.4.5 Luminescence Stability of UCNPs@TPP Against Environmental

Parameters

The spectrometer was used to measure the emission spectrum of LysoDots or MitoDots
under different pH, ionic strength (Mg?*, Ca*" and K*) and drugs (CQ and FCCP). The
PBS with gradient pH values (4 - 10) were tuned by adding different amounts of HCI or
KOH. Ionic strength (0 - 500 mM KCI) was controlled by adding different amounts of
KOH. 0 - 2.0 mM CaCly, and 0 - 1.2 mM MgCl, were obtained by adding different
amounts of CaCl> and MgCl,. 1 mg of LysoDots or MitoDots were dissolved in the PBS
with different pH, different concentrations of ionic strength, or drugs and transferred to
the cuvette. The samples were excited at 980 nm and the spectrum was captured from

480 nm to 600 nm.
4.4.6 Colocalization of UCNPs with MitoTracker or/and LysoTracker.

The HeLa cells were seeded on the fluoro-dish (35 mm) at 10° cell density and
incubated in DMEM medium containing 10% v/v FBS for 12 hours. Then the cells were
washed 3 times with PBS and incubated with UCNPs (NaYFi: 20%Yb*", 2%Er*") (50
ng/mL, 1 mL) for 12 hours at 37 °C with 5% CO;. Next, the cells were washed with
PBS and incubated with 200 nM MitoTracker or/and 200 nM LysoTracker for 0.5 hours.
Finally, the cells were washed with PBS and waiting for imaging in DMEM.
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4.4.7 Time-dependent Localization/Accumulation of LysoDots and

MitoDots

To track the intracellular fate of the LysoDots and MitoDots after being internalized by
the cells, the time-dependent location/accumulation of LysoDots and MitoDots were
characterized, respectively. HeLa cells were cultured in the glass-bottomed dish and
incubated cells with LysoDots or MitoDots for 2, 4, 6, and 8 hours. Then the cells were
stained with LysoTracker DeepRed or MitoTracker DeepRed for 30 min right before the
TIRF imaging. The cell samples were imaged with dual-colour TIRF microscopy at the

wavelength of 980 nm and 647 nm.
4.4.8 Relative temperature sensing sensitivity and uncertainty.

The relative temperature sensing sensitivity (Sr) indicates the relative change of A per
degree of temperature change and was calculated using [130]:

. - 7|aA| :
T ART M

The temperature uncertainty 6T is the smallest temperature change that can be detected

in given measurement and was defined by [130]:

6A
S. A

r

oT =

(2)

4.49 In situ Calibration Curves and Temperature Sensing of

Lysosomes and Mitochondria

The HeLa cells were cultured in DMEM containing 10% v/v FBS and 1% v/v PS at
37 °C with 5% CO,. Cells were transferred into the fluoro-dish (35 mm in diameter with
No.1 coverglass bottom). Then the cells were incubated in the dish with 1 mL culture
medium containing 50 pg/mL UCNPs@TPP or/and UCNPs@copolymer at 37 °C for
12 hours.

To obtain the in situ calibration curves for temperature sensing inside HeLa cells, the
UCNPs (NaYF4: 20%Yb*", 2%Er**")-labeled cells were fixed by 4% PFA and imaged
immediately afterwards on a custom-built TIRF microscope with an external

temperature controller. The calibration curves were obtained by a 980 nm laser
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excitation and 525/545 nm emission under different temperatures (from 31 °C to 40 °C

with 1 °C as the interval).

For the CQ-, FCCP-, and Ca*-induced lysosomal and mitochondrial temperature
changes in Figure 4-11, firstly, the LysoDots and MitoDots were incubated with HeLa
cells for 12 hours (overnight). Then, the HeLa cells were stained with LysoTracker Red
and MitoTracker Deep Red following the manufacturer’s instructions. Next, PBS (as
solvent control), DMSO (1:1000 as solvent control), CQ (200 nM), FCCP (10 uM) or
ionomycin calcium salt (1 pM) was incubated with HeLa cells before and during the
TIRF imaging. The fluorescence intensities of LysoTracker Red and MitoTracker Deep
Red were excited with 561 nm and 647 nm lasers (MPB Communication, Canada) and
the emissions were detected with 593/40 and 680/42 emission filters (Semrock, USA),
respectively. The luminescent intensities and ratio (Iszs / Is45) of LysoDots and MitoDots
were excited with a 980 nm laser (Thorlabs, USA) and detected by 525/15 and 545/30
emission filters (Semrock, USA), respectively. All the fluorescent and luminescent

signals were detected by an EMCCD (DU897, Andor, UK).

For data analysis, the raw images were input into ImageJ (Fiji) and luminescent
intensities of single particles were analysed with measurement tools. For lysosomal and
mitochondrial temperature monitoring, In(Is2s5/Is45) was calculated for those UCNPs only
colocalized with LysoTracker and MitoTracker, respectively. Then the in situ
temperature of lysosomes and mitochondria was determined according to the calibration

curve in Figure 4-9F and then plotted in Figures 4-11 C, E and G.
4.4.10 Statistical Analysis.

Student’s t-test was applied to examine the differences among variables. Data were

shown as mean + SD. *p values < 0.05 are considered to be statistically significant.

4.5 Results and Discussion

4.5.1 Design, Synthesis and Characterization of Organelle-Targeted

Thermometers

To construct a stable and biocompatible UCNPs (NaYFs: 20%Yb**, 2%Er*") based
thermometer, the copolymer was used to transfer the hydrophobic UCNPs (NaYFa:

20%Yb**, 2%Er*") into hydrophilic ones [167, 289]. The UCNPs (NaYF4: 20%Yb*",
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2%Er*") modified with copolymers (UCNPs@copolymer) showed long-term colloidal
stability in the culture medium (Figure 4-3A). This copolymer contains phosphate acid
anchoring groups, which have greater absorption energy with lanthanide ions than that
of OA [167]. Moreover, the carboxylic acid group at the terminal of the copolymer
provides the potential for further conjugation in biological applications [290]. To
improve the efficiency of the bio-conjugation and provide high-density amine groups on
the UCNPs (NaYFs: 20%Yb*", 2%Er*") surface, PLL was used to further modify the
surface of UCNPs@copolymer through electrostatic interactions. Then UCNPs@PLL
were further crosslinked with a mitochondria-targeted molecule (TPP) through the
carbodiimide reaction (UCNPs@PLL@TPP) (Figure 4-4A). The TPP modification will
guide and accumulate the particles to mitochondria for organelle-specific delivery [288].
Similarly, UCNPs@PLL@TPP exhibited chemical stability in the culture medium
(Figure 4-3B). The three kinds of modified UCNPs (UCNPs@copolymer,
UCNPs@PLL, and UCNPs@PLL@TPP) showed good morphology uniformity and
monodispersity. The size of UCNPs (NaYFi: 20%Yb3*, 2%Er*") increased from 29.97 +
0.98 nm of the as-synthesized UCNPs to 30.23 +1.48, 30.54 = 1.17, and 31.57 + 1.23
nm (measured by TEM in Figure 4-4B). The DLS results confirmed the high
uniformity with the average values of hydrodynamic size increasing from 55.67 = 0.62
nm to 59.80 = 0.25 nm and 66.51 = 1.49 nm after each step of surface modifications
(Figure 4-4C). The Zeta potential results (Figure 4-4D) indicated the successful
modification of each step, as the surface charge turned from negative 14.28 £ 0.59 mV
to positive 20.77 £ 0.30 mV with the exposure of PLL and 12.18 £ 0.47 mV with TPP.
The presence of copolymers, PLL, and TPP on the surface of UCNPs was further
confirmed by ATR-FTIR. As shown in Figure 4-5, after grafting the copolymers on the
surface of the nanoparticles, the asymmetric COO- stretching at 1547 cm! of oleic acid
molecules completely disappeared, with both the characteristic ATR-FTIR spectral peak
at 1100 cm™!' (C—O—C stretching) and the new Ph-P band at 1440 cm! confirming the

success in copolymers and TPP ligands modifications.
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Figure 4-3 The long-term bio-stability of UCNPs in aqueous solution. (4) DLS CONTIN plots of
UCNPs@copolymer in culture medium before and after 1 week. (B) DLS CONTIN plots of
UCNPs@PLL@TPP in culture medium before and after 1 week.

In chapter 3, the crosslinked polymer networks composed of copolymers and 4Arm-
PEG-NH: on the surface of UCNPs (UCNPs@PEG) demonstrated good stability but
relatively low emission intensity. As shown in Figure 4-4E & F, Figure 4-6, the
intensity measurements indicated that the luminescent intensity of UCNPs@PLL was
1.8 times higher than that of UCNPs@PEG compared with the method in chapter 3.
Molecules close to the UCNP surface can also reduce the intensity, since the vibrational
states of chemical bonds like O—H, C—H or N-H match the phonon states of the host
material resulting in non-radiative relaxation of the excited lanthanide ions [291].
Moreover, PLL provides much more free amine groups than 4Arm-PEG-NH on the
UCNPs (NaYF4: 20%YDb*", 2%Er*") surface because PLL is an amino acid chain, and it
decorates the UCNPs (NaYF4: 20%YDb*", 2%Er*") surface by electrostatic interactions.
To verify UCNPs@PLL provide more amine groups on the surface than that of
UCNPs@PEG, the conjugation efficiency of TPP was measured. 10 mg of TPP and 5
mg of nanoparticles were conjugated overnight through EDC-NHS reaction. After the
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reaction, unreacted TPP was completely removed by centrifugal ultrafiltration and the
supernatant was retained so that, according to the UV—vis absorptions at 268 nm of
various concentrations of TPP in the supernatant (Figure 4-7), the conjugation
efficiency of TPP has been enhanced from 0.332 mg to 1.545 mg for 5 mg of
UCNPs@PEG and UCNPs@PLL, respectively.

In our cascade organelle-targeting strategy, after being internalized by the cells [288],
UCNPs@copolymer nanoparticles translocate from the early endosomes to the late
endosomes that ferry the nanoparticles into lysosomes, and therefore as a thermometer
to naturally target lysosome (LysoDots); UCNPs@PLL@TPP nanoparticles first being

accumulated in the lysosomes, and due to the lipophilic and positive TPP moieties, can

escape from endo-lysosomes to specifically target mitochondria (MitoDots).
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Figure 4-4 Surface modification strategy and characterization of UCNPs (NaYFy 20%Yb*,
2%Er) to produce efficient organelle-targeting thermometers. A. Schematic illustration of the
cascade modification steps based on UCNPs with the surface modified from oleic acid (OA, pink), to
PEGMEMAso-b-EGMPs  di-block copolymers (vellow), poly-I-lysine (PLL, green) and (3-
carboxypropyl)triphenylphosphonium bromide (TPP, red), respectively. B. Representative

transmission electron microscopy (TEM) images of 1) UCNPs-OA (grey), 2) UCNPs@copolymer
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(LysoDots, yellow), 3) UCNPs@PLL (green), and 4) UCNPs@PLL@TPP (MitoDots, red),
respectively. Scale bar, 100 nm. C. Dynamic light scattering (DLS) size analysis of UCNPs after
different surface modifications (colour-codes same as in FigiB). D. {-Potentials of UCNPs after
different surface modifications (colour-codes same as in FiglB). E. Luminescence emission images
from single UCNPs coated with OA, copolymer, PLL, and 4Arm-PEG-NH; (PEG) under 980 nm
excitation. F. Statistics of the emission intensity of single individual UCNPs in Fig.IE. Data points
represent mean = SD. N = 160 single particles. Significance label **** p<(0.0001.
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Figure 4-5 The ATR-FTIR spectra of prepared UCNPs@OA, UCNPs@copolymer, UCNPs@PLL
and UCNPs@PLL@TPP.
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Figure 4-6 Luminescence emission images from individual UCNP coated with OA, copolymer,

PLL, and PEG under 980 nm excitation.
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Figure 4-7 UV-Vis absorption standard curve of TPP (268 nm) at various concentrations. It
should be noted that for the TPP standard curve, as the EDC and NHS mixture in the sample
solution showed obvious UV-Vis absorption, corresponding EDC and NHS need to be added as

background into the standard TPP solution.
4.5.2 in vitro Thermo-responsive Properties of LysoDots and MitoDots

The luminescence of UCNPs doped with Yb*" ions and Er** ions strongly depend on the
temperature (Figure 4-8A(1)) [135]. Within a single nanoparticle, Yb*" ions transfer the
energy to the Er’* ions under the 980 nm excitation, and the Er’* ions emit two distinct
green emissions between 515-535 nm (centred at 525 nm) and 535-570 nm (centred at
545 nm) (Figure 4-8(2)). The intensity ratio of 525 nm and 545 nm peaks following the
Boltzmann distribution and cannot be affected by the concentration of nanoparticles

[115],

AE
=0

I525
Is545

=Cexp (

where /525 and I545 are the integrated luminescent intensities around 525 nm and 545 nm
emission peak, respectively; C is a constant; AE is the *S3» to 2Hii2 energy difference of
the Er’* ion; k is the Boltzmann constant, and 7T is the absolute temperature. Then the
calibration curve of nanoparticles in the water was plotted, and it showed a great linear

fitting (Figure 4-8A(3)).

Living cells are complex systems with the environment changing in both spatial and
temporal domains. For example, the pH value is much lower in lysosomes than that in
other organelles. The concentrations of Ca** in mitochondria and lysosomes also vary

across the different phases of the cell cycle. To validate the thermal detection stability
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of LysoDots and MitoDots, we measured the temperature-dependent spectrum in
different pH (4-10) and ion concentration conditions, including Ca*" (0-2 mM), Mg?" (0-
1.2 mM) and K* (0-500 mM). Figure 4-8B confirms that the luminescence responding
to the temperature of LysoDots (Figure 4-8B left panel) and MitoDots (Figure 4-8B

right panel) are independent of either ion concentration or pH conditions.

To demonstrate the advance of the cascade modification strategy in enhancing the
mitochondrial targeting efficiency, both MitoDots, based on UCNPs@PLL@TPP
(Figure 4-8C top panel) and UCNPs@PEG@TPP used in chapter 3 (Figure 4-8C
bottom panel) were incubated with HeLa cells for 12 hours. As shown in (Figure 4-
8D), the average intensity of individual foci from UCNPs@PLL@TPP (MitoDots) was
almost 10-times higher than that of UCNPs@PEG@TPP. The results suggest that the
more TPP on the surface of UCNPs@PLL enabled the more efficient mitochondria-

targeting ability of thermometer-MitoDots.
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Figure 4-8 Stable and efficient LysoDots and MitoDots. A. Energy level (1) and ratiometric
thermomeer (2) of temperature-sensitive UCNPs. Standard temperature sensing curve (3) by plotting
In(I525/I545) vs 1000/T to calibrate the thermometric scale in the water. The equation is In(Is525/[545) =
-1.022(1000/T) + 2.679 (R° = 0.9857). The 95% confidence interval for slope, Y-intercept, and X-
intercept are -1.145 to -0.8989, 2.288 to 3.069, and 2.545 to 2.682, respectively. B. Stability tests of
ratiometric thermometers at different Ca’" ion concentrations (0-2 mM), Mg*>* ion concentrations
(0~1.2 mM), K* ion concentrations (0~500 mM) and pH values (4~10). N = 3 independent repeats.
C. Bright Field, luminescence, and merge images of UCNPs@PLL@TPP (MitoDots) and
UCNPs@PEG@TPP in HelLa cells. Scale bar = 10 um. D. Quantification of enhanced emission
intensities from UCNPs@PEG@TPP to UCNPs@PLL@TPP (MitoDots) used in HeLa cells. Data

points represent mean = SD. N = 200 regions of interest (ROIs). Significance label ***%*
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p<0.0001.

4.5.3 Specificities of the Cascade Organelle-targeting and
Accumulation of LysoDots and MitoDots

Using LysoTracker and MitoTracker as controls, we further performed both the
independent and the simultaneous colocalization assays in HeLa cells to evaluate the
intracellular specific localizations and organelle accumulation efficiencies of LysoDots
and MitoDots. It is based on a purpose-built TIRF microscopy system with 561 nm, 647

nm and 980 nm excitation lasers and a live cell incubator.

We first checked the targeting specificity of LysoDots by incubating HeLa cells with
LysoDots alone for 12 hours, followed by LysoTracker Red and MitoTracker DeepRed
staining for 30 minutes before TIRF imaging. As shown in Figure 4-9A top panel,
LysoDots (cyan) colocalized cohesively with LysoTracker (magenta) with similar
dotted morphology. The Pearson’s correlation coefficient between LysoDots and
LysoTracker (Figure 4-9B) was as high as 0.95, almost twice higher than that between
LysoDots and MitoTracker (0.54). Usually, we consider a Pearson’s correlation

coefficient higher than 0.6 as credible colocalizations [255].

Similarly, we then checked the specificity of MitoDots by incubating HeLa cells with
MitoDots (cyan) alone for 12 hours, followed by LysoTracker and MitoTracker staining.
As shown in Figure 4-9A bottom panel, we found that MitoDots also colocalized
cohesively with MitoTracker (yellow) with similar linear and network morphologies.
The Pearson’s correlation coefficients (Figure 4-9B) between MitoDots and
LysoTracker and between MitoDots and MitoTracker were 0.82 and 0.77, respectively,
revealing the process of MitoDots’ escape from lysosomes to mitochondria. The
significantly higher Pearson’s correlation coefficient between MitoDots and
MitoTracker (0.77), compared with that between LysoDots and MitoTracker (0.54, p <
0.001, Figure 4-9C), confirmed that the sufficient amount of TPP moieties on the
surface of MitoDots has efficiently facilitated thermometers to anchor onto
mitochondria. The internalization and specific accumulation process have been further
revealed by time-dependent imaging and an increment in Pearson’s correlation
coefficient values in Figure 4-10. As a result, in our cascade organelle-targeting
strategy, after being internalized by the cells [288], UCNPs@copolymer nanoparticles
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(LysoDots) translocate from the early endosomes to the late endosomes that ferry the
nanoparticles into lysosomes, and therefore as a thermometer to naturally target
lysosome; UCNPs@TPP nanoparticles (MitoDots) first being accumulated in the
lysosomes, and due to the lipophilic and positive TPP moieties, can escape from endo-

lysosomes to specifically target mitochondria.

To get an in situ calibration curve for temperature sensing, we plotted the temperature
value versus the In(Is2s/Is4s) of LysoDots and MitoDots in paraformaldehyde (PFA)
fixed HeLa cells by changing the temperature using an external temperature-
controllable incubator. As shown in Figure 4-9D, both LysoDots and MitoDots were
incubated with HeLa cells for 12 hours, then cells were stained with LysoTracker and
MitoTracker for 30 min and followed by PFA fixation before TIRF imaging when the
temperature increased from 31 °C to 40 °C (Figure 4-9E). Both the logarithmic values
of the Iszs/Is4s ratio for LysoDots and MitoDots showed gradual and linear luminescence
relative to the reciprocal temperature, i.e. In(a-Is2s/Isss) = -0.9935(1000/T) + 2.6608 (R?
=0.9921) and In(a-Is2s/Is45) = -1.0204(1000/T) + 2.7492 (R? = 0.9957), respectively. As
shown in Figure 4-9F, the root-mean-square deviation (RMSD) of these two linear
fittings was measured as 0.007025, indicating no difference between LysoDots and
MitoDots. The relative sensing sensitivity at 32 °C is 2.7% K! and the temperature

resolution (uncertainty) is ~0.8 K.
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Figure 4-9 Organelle-specific accumulations of LysoDots and MitoDots. A. Images of
representative cells were incubated with LysoDots (cyan, top panel) or MitoDots only (cyan, bottom
panel) for 12 hrs followed by LysoTracker (magenta) and MitoTracker (yellow) staining for 30 min
before TIRF imaging. The zoom-in areas show colocalizations and morphologies. The line profiles
demonstrate colocalization across the three channels. Scale bar = 10 um for the whole-cell images
and 1 um for the zoom-in images. B. Pearson’s correlation coefficient value of LysoDots with
LysoTracker and MitoTracker (top panel) and MitoDots with LysoTracker and MitoTracker (bottom
panel). C. Statistics of Pearson’s coefficient values in Fig.3B. Data points represent mean £ SD. N =
30 ROIs from 3 independent biological experiments. Significance label ** p<0.01; *** p<0.001. D.
Images of a representative cell incubated with both LysoDots and MitoDots (cyan) for 12 hrs and
stained with LysoTracker (magenta) and MitoTracker (yellow) 30 min before fixation and TIRF
imaging, and the zoom-in areas to show the colocalization and morphology. E. Snapshot images of
525 nm emission (blue, top panel) and 545 nm emission (green, bottom panel) from UCNPs when
external temperature increased from 31 to 41 C° (1 C° as interval). F. Plot of In(a‘ls25/l545) vs
1000/T to calibrate the thermometric scale of LysoDots (magenta line, the 95% confidence interval
for slope, Y-intercept, and X-intercept are -1.016 to -0.9712, 2.588 to 2.733, and 2.665 to 2.691,
respectively.) and MitoDots (orange line, the 95% confidence interval for slope, Y-intercept, and X-
intercept are -1.046 to -0.9982, 2.677 to 2.833, and 2.682 to 2.708, respectively.) in HeLa cells.
Data represent mean = SD (n = 25 cells from 3 independent biological experiments.). The error bars

represent the standard deviations of the mean values (95% confidence interval, n=25 cells).
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Figure 4-10 Cascade-targeting evaluations and time-dependent accumulation of LysoDots and
MitoDots in living HeLa cells. A. The schematic of the experimental design for time-dependent
accumulation of LysoDots with LysoTracker in living HeLa cells. B. The representative bright field
(grey) and TIRF images of HeLa cells that were incubated with LysoDots (green) for 2, 4, 6, and 8
hours, and then stained with Lysotracker DeepRed (red) for an additional 30 minutes. Scale bars, 10
um. C. The schematic of the experimental design for time-dependent accumulation of LysoDots with
MitoTracker in living HeLa cells. D. The representative bright field (grey) and TIRF images of HelLa
cells that were incubated with LysoDots (green) for 2, 4, 6, and 8 hours, and then stained with
MitoTracker DeepRed (red) for an additional 30 minutes. Scale bars, 10 um. E. The schematic of the

experimental design for time-dependent accumulation of MitoDots with LysoTracker in living HeLa
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cells. F. The representative bright field (grey) and TIRF images of HeLa cells that were incubated
with MitoDots (green) for 2, 4, 6, and 8 hours, and then stained with Lysotracker DeepRed (red) for
an additional 30 minutes. Scale bars, 10 um. G. The schematic of the experimental design for time-
dependent accumulation of MitoDots with MitoTracker in living HeLa cells. H. The representative
bright field (grey) and TIRF images of HeLa cells that were incubated with MitoDots (green) for 2, 4,
6, and 8 hours, and then stained with MitoTracker DeepRed (red) for an additional 30 minutes.
Scale bars, 10 um. I. Statistics of Pearson’s correlation coefficient values of LysoDots with
LysoTracker (purple) and Mitotracker (yellow) in Fig. 4-10 B and D. Data points represent mean =+
SD. N = 5 cells. J. Statistics of Pearson’s correlation coefficient values of MitoDots with
LysoTracker (purple) and Mitotracker (yellow) in Fig. 4-10 F and H. Data points represent mean +
SD. N = 30 ROIs from 10 cells.

4.5.4 Mapping the Thermodynamics of Lysosomes and Mitochondria

Under Chemical Stimulations

By incubating HeLa cells with both LysoDots and MitoDots for 12 hours and with
LysoTracker and MitoTracker for 30 min, we simultaneously mapped the temperature

dynamics of both lysosomes and mitochondria under external chemical stimulations.

We first treated HeLa cells with Ca?* ion shock, which is an organelle non-specific
treatment. The Ca?" ion shock can promote the pumping of ions and accelerate
respiration reactions [292]. Ionomycin calcium salt is an ionophore that makes the cell
membrane highly permeable for Ca** ions [117], which induces intracellular stress,
possibly causing damage to both lysosomes and mitochondria in HeLa cells [292]. As
shown in Figure 4-11A-C, upon a 1 pM ionomycin calcium salt treatment, the
lysosomal and mitochondrial temperatures first sharply increased by 2~3°C within 6
minutes before dropping back together in the next 20 minutes (Figure 4-11B). As a
solvent control, the temperature remained at a relatively stable level regardless of the

addition of 1:1000 DMSO into the culture media (Figure 4-11C).

Next, we treated live cells with a lysosome-specific Chloroquine (CQ) stimulation
(Figure 4-11D). CQ has originally been used to treat malaria and is now a sensitizing
agent to treat certain cancers [293]. CQ is a lysosomotropic weak base, which increases
the pH of lysosomes and therefore inhibits autophagic degradation in the lysosomes
[294]. Intriguingly, the thermometry measurements by LysoDots and MitoDots revealed

a significant decrease in lysosomal temperature by ~3 °C after 10 min treatment of 200
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nM CQ, while the mitochondrial temperature remains relatively stable as the basal level
in HeLa cells (Figure 4-11E). In comparison, the temperature in the solvent treatment
groups remained at a relatively stable level after adding PBS to the culture media

(Figure 4-11E).

We then treated HeLa cells with a mitochondria-specific drug, carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP, Figure 4-11F). FCCP is an inhibitor of
mitochondrial oxidative phosphorylation, as it disrupts ATP synthesis by transporting
protons across the mitochondrial inner membrane [260]. LysoDots and MitoDots not
only revealed a significant increase of both the lysosomal and mitochondrial
temperature by almost 3~7 °C in the first 10 min after adding 10 uM FCCP (P < 0.0001
by Students’ t-test, Figure 4-11G), but also mitochondria release a large amount of heat,
which is consistent with the previous observation [280], but with better uncertainty
using MitoDots. Here, a clear delay by approximately 1~2 min in the time domain
during the process of both temperature increase (0-6 min) and decrease (10-14 min)
between lysosomes and mitochondria has been demonstrated (Figure 4-11G). The
significant temperature increase reflects a large amount of heat released by
mitochondria, with the trend being consistent with the previous observation [280]. The
new ability of MitoDots suggests better temperature-sensing uncertainty, and the
observation of time delays further indicates a thermal transition from mitochondria to
the lysosomes. In the following 20 min, the lysosomal and mitochondrial temperature
eventually recovered to the original temperature, but the cellular morphology

significantly changed, indicating cell death after mitochondrial dysfunction.
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Figure 4-11 Distinct lysosomal and mitochondrial temperature dynamics in response to chemical
stimulations in living HeLa cells. A-B. Bright-field (grey), LysoTracker (magenta), MitoTracker
(vellow), 525 nm (blue) and 545 nm (green) emission of UCNPs images of a representative live
HelLa cell before and after the treatment with 1:1000 DMSO as the solvent control (A) and Ca’" ion
shock (B). Scale bar = 10 um. C. The temperature dynamic curves of lysosomes with Ca’* ion shock
(magenta circles), mitochondria with Ca®" ion shock (orange triangles), lysosomes with DMSO
(control, grey circles) and mitochondria with DMSO (control, grey triangles) within 30 min after
treatment. Data represent mean = SD (n = 15 ROIs from 5 cells) and Student’s t-test at 6 min (***
p < 0.001; ¥**** p < 0.0001). D. Bright-field (grey), LysoTracker (magenta), MitoTracker (yellow),
525 nm (blue) and 545 nm (green) emission of UCNPs images of a representative live HeLa cell
before and after the treatment with 200 nM Chloroquine (CQ). E. The temperature dynamic curves
of lysosomes with CQ (magenta circles), mitochondria with CQ (orange triangles), lysosomes with
PBS (control, grey circles) and mitochondria with PBS (control, grey triangles) within 30 min after
treatment. Data represent mean = SD (n = 15 ROIs from 5 cells) and Student’s t-test at 10 min (NS,

no significance; **** p < 0.0001). F. Bright-field (grey), LysoTracker (magenta), MitoT rackerlo5
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(vellow), 525 nm (blue) and 545 nm (green) emission of UCNPs images of a representative live
Hela cell before and after the treatment with 10 uM FCCP. (G) The temperature dynamic curves of
lysosomes with FCCP (magenta circles), mitochondria with FCCP (orange triangles), lysosomes
with DMSO (control, grey circles) and mitochondria with DMSO (control, grey triangles) within 30
min after treatment. Data represent mean = SD (n = 15 ROIs from 5 cells) and Student’s t-test at 10
min (¥**% p < 0.0001).

4.6 Conclusion

The intracellular thermal dynamics, as one of the most pivotal biophysical parameters,
plays a critical role in maintaining the cells’ homeostasis or driving the cells into
dysfunction status. With the advances made in non-contact luminescent thermometers, a
wide variety of intracellular thermometers have been developed and applied to monitor
organelle temperature variations [282]. Previous literature reports have been briefly
summarized in Table 4-1, indicating that the mitochondrial temperature increases in the
range from 2 to 10 °C under biochemical stimulations. The advantages of LysoDots and
MitoDots are their simultaneous non-photobleaching property, better uncertainty, and
multiple organelles targeting strategy. In our work, the temperature of mitochondria
increases 3-7 °C after adding FCCP, which agrees with previous observations but
disagrees with the physical model of heat transfer. The theory calculations suggest that
heat gradients across cells could not be greater than 107> K [295, 296]. The physical
models also assume that mitochondria are membrane-bound spheres and heat is
produced across the surface of the spheres [295, 297]. However, mitochondria are
tubular and networking morphologies with double bi-layered membranes [230]. The
heat production occurs across the cristae membranes, which typically lie in parallel,
potentially retaining heat within the matrix [298]. Moreover, mitochondria are highly
dynamic with fission and fusion. The components of the mitochondrial inner membrane
are full of cardiolipin, which is different from the cell membrane [230]. This is probably
another reason that mitochondria can retain heat better than smaller individual
compartments [298]. Additionally, the exact locations of thermal probes in living cells
also affect the validity of temperature measurements. Following the typical endocytosis
internalizations of nanoparticles [288], both types of thermometers are first accumulated
into endosomes and translocated to lysosomes (Figure 4-9 and Figure 4-10). The large

amount of TPP on the surface of MitoDots would facilitate themselves to escape from
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lysosomes and attach to mitochondrial outer membrane surfaces or penetrate the
potential barrier of the mitochondrial intermembrane [190]. Thus, the generated heat
from the lysosomes or mitochondria is transferred from the organelles” membrane to the
temperature probes directly, which bypasses the cytosol. It can also be speculated that
the temperature of the mitochondrial membrane is higher than that of cytosol and
changes discontinuously at the interface. A such discontinuity may explain the

controversy between experimental results and physical calculations.

Table 4-1Mitochondrial temperature variation summary by the intracellular thermometer

Thermo- Speci- Relative Uncer-  Photo- Stimu- AT Ref.
meters ficity sensitivity tainty bleachin  lations
(%/°C) (°C) g
tsGFP1- YES N/A N/A Yes FCCP ~6°C [119]
g, mito Rotenone decreas
g £ e
g ‘g gTEMP YES 2.6 0.4 Yes FCCP 6~9°C [151]
=
= = emGFP- YES 2.5 0.26 Yes FCCP 3~5°C [160]
mito
o Mito-RTP YES 2.72 0.6 Yes FCCP ~3°C [142]
gﬂ & MTY YES N/A N/A Yes respiration  ~10°C  [299]
5 = activation
Mito-TEM  YES 6.65 N/A Yes PMA ~3°C [112]
° YES N/A <098+ Yes FCCP ~24°C [113
22 0.08 Ca?* ~2°C
E = NO N/A 0.18 ~ Yes FCCP 1.02 + [104]
= § 0.58 0.17
~ = NO N/A 0.05 ~ Yes CCCP 1.57 + [144]
0.54 1.41
Quantum NO 6.2 0.098 blinking ~ CCCP 0.94 [116]
13 dots
£ UCNPs YES 32 2.3 No FCCP ~2°C  [280]
§- Ca** ~
o 33°C
5 LysoDots YES 2.7 0.8 No FCCP 3~ this
‘= MitoDots (multipl 7°C study
S e) CQ ~0°C
Z Ca** 2~
4°C

In living cells, the energy is utilized to maintain the high-dimensional structures, such as
membranes, proteins, and nucleic acids, and also to control chemical reactions [300].
For example, the heat generated by enzymatic reactions is commonly used for the
diffusion of the enzymes themselves [301]. Besides, the temperature-sensitive heat
shock proteins within a living cell will initially respond to the environmental
temperature changes. With a 5-20 °C increase in temperature, Richter et al observed the
overexpression of heat shock proteins [302]. At present, researchers start to identify the

molecular mechanism in intracellular temperature regulation, but it is still unknown
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about the generated heat is dissipated as other types of energy or through heat
conduction. Therefore, more efforts have to be put to study the dissipation of energy

converted from heat as well as the heat conduction in living cells.

The ability in mapping the distinct temperature dynamics highlights the extensive range
of applications using the organelle-targeting strategy to study the vital biological
processes, among lysosome [271], mitochondria [280], endoplasmic reticulum [96],
Golgi apparatus [253], lipid droplet, peroxisome [254], etc. The unique properties of
UCNPs, which have also been used to sense the in situ pH values [303], make it feasible
to develop “all-in-one” nanoscale sensors to simultaneously monitor the pH dynamics.
The time-dependent colocalization analysis in Figure 4-9 and Figure 4-10 suggests the
amount of MitoDots being stuck in the lysosome after 8 hours incubation was not
negligible, additional rational design strategies, e.g. introducing alternative small
molecules, are needed to further improve the escape efficiency of MitoDots, besides
enriching the density of TPP demonstrated in this work. At least, this work suggests the
cascade modification and bioconjugation strategy can target other organelles and

establish a library of organelle-targetted thermometers.

In summary, we observed for the first time the temperature decrease in lysosomes under
CQ treatment, and the thermal transition from mitochondria to lysosomes under FCCP
stimulation. To better reveal the thermal transmission across multiple organelles, it
becomes critical to further increase the spatial and temporal resolutions of our imaging
system [304], so that the new series of thermometers can be used to map the long-term
thermal dynamics of individual organelles across cell cycles or even in deep tissues
[239] with single-particle sensitivity and resolution. Introducing the state-of-the-art in
situ organelle imaging and assay approaches, including live-cell super-resolution
imaging [265, 266], in vitro reconstitution assay [230, 267] and near-infrared deep
tissue imaging [244, 305], and adoptions of the new developments of live-cell
thermometry, membrane potential sensors and pH probes will together form a powerful
platform for multifunctional imaging, sensing [306], therapy [244] and even tracking

the pace of life [270] in living cells and organisms.
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Chapter 5 Conclusions and Future works

5.1 Conclusions

To develop tools to monitor the function of mitochondria, this thesis focuses on the
development of a UCNPs-based mitochondrial thermometry platform. First of all, I
have systematically investigated the long-term colloidal stability and cytotoxicity of
UCNPs (NaYFs: 20%Yb**, 2%Er*") capped with five different hydrophilic ligands
(PDA, AEP, alendronate, 3,4-DHCA, and copolymer). The copolymer was chosen as
the first modification layer of UCNPs (NaYFs: 20%Yb**, 2%Er*"), which can enhance
the stability, dispersity, hydrophilicity, and uniformity of UCNP (NaYFs: 20%Yb**,
2%Er*"). Then I have developed a mitochondria targeted UCNPs-based temperature
probe to monitor mitochondrial thermal dynamics under different physiological or
pathological status. Moreover, to improve the mitochondria-targeting UCNPs
thermometry, I have further optimised the surface functionalization of UCNPs (NaYFa:
20%Yb*", 2%Er*") and successfully designed two kinds of UCNPs-based thermometers,
which could target lysosomes and mitochondria, respectively, and achieved the relative
temperature sensing sensitivity of 2.7% K! and uncertainty of 0.8 K in living HeLa
cells. An opposite temperature reaction behaviour of lysosomes and mitochondria has
been observed under the treatment of CQ. To our best knowledge, this is the first time
to monitor in situ thermal dynamics of lysosomes and mitochondria simultaneously,
specifically, and quantitatively. The live-cell thermal probes provide a powerful tool
with multi-modality and multi-functional imaging capacities, including spatial, temporal,

and thermal dynamics of selective organelles.

Chapter 1 was the literature review with three main sections. The first section introduces
the basic knowledge about mitochondrial function, including mitochondrial metabolism,
mitochondrial dynamics, the contacts with other organelles, and mitochondrial DNA.
The second section provides a detailed review of luminescent thermometry, including
the working principles, the recent developments of fluorescence-based temperature
probes, and their intracellular applications. The physiological meaning has been
discussed in this section. The third section focuses on the knowledge of UCNPs’ surface
functionalization, including the methods for obtaining hydrophilic UCNPs (NaYFa:
20%YDb**, 2%Er*"), functioning UCNPs with chemical groups, and conjugating with
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biomolecules. The surface functionalization of UCNPs is fundamentally important for
the subsequent biological application. A perfect surface modification makes the

nanoparticles stealth in the living cells without interfering with intracellular activities.

In Chapter 2, I systematically studied the stability and dispersibility of ligands,
including PDA, alendronate, AEP, 3,4-DHCA, and copolymer. Ligands of PDA,
alendronate, and AEP provide amine groups on the surface of UCNPs (NaYFa:
20%YDb*, 2%Er*") for subsequent bioconjugation, but they tend to aggregate in the
physiological buffer. Ligands of 3,4-DHCA and copolymer provide carboxyl groups on
the surface of UCNPs (NaYFa4: 20%Yb', 2%Er*") for subsequent bioconjugation.
Compared with PDA, alendronate, AEP, and 3,4-DHCA, UCNPs (NaYF4: 20%Yb*",
2%Er*") coated with copolymer resulted in the highest stability in the aqueous buffer.
Then the experiment of labelling microtubules by UCNPs was used to evaluate the
functionalized UCNPs and revealed the steric hindrance effect on the surface proteins
and the limited conjugation sites on the surface of UCNPs@copolymer made the
nanoparticles hard to access to the antigen sites on the microtubules. This problem may
be solved by increasing the density of functional groups (e.g. carboxyl groups) on the

UCNPs surface towards the enhanced conjugation efficiency.

With the experience acquired during the process of functioning the nanoparticle surface,
I developed mitochondrial targeting UCNPs (NaYFs 20%Yb**, 2%Er*")-based
temperature probes to monitor the thermal dynamics of mitochondria in Chapter 3. TPP
is a mitochondria targeted moiety that can drive nanoparticles to be accumulated into
mitochondria. To conjugate with TPP, the crosslinked polymer network has been
applied. UCNPs (NaYF4: 20%YDb*", 2%Er*") were modified with copolymer first to
obtain UCNPs@copolymer with the long-term stability and further conjugated with
4Arm-PEG-NH: to obtain amine groups. With the mitochondria-targeting UCNP-based
thermometer, I observed that the cells displayed distinct thermal dynamics profiles

under the different chemical stimulations.

Based on the outcomes from Chapter 3, I continued to optimize the UCNPs surface, as I
realized that the labelling density of mitochondria by UCNPs@PEG@TPP was
insufficient. In Chapter 4, I tried to increase the conjugation efficiency to load more
TPP onto UCNPs. The first layer was still based on the copolymer because of the

excellent colloidal stability. PLL was introduced as the second layer, instead of
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4Arm-PEG-NH». PLL is a polymer containing many amine groups with a positive
charge and can be strongly adsorbed on the surface. UCNPs can react with PLL by
electrostatic interaction, which avoids the conjugation with UCNPs@copolymer
through EDC-NHS reaction. The large number of amine groups on the surface of
UCNPs@PLL provide a higher loading efficiency of TPP. Finally, the design using
UCNPs@copolymer (LysoDots) and UCNPs@PLL@TPP (MitoDots) by cascade-
targeting allowed simultaneous monitoring the temperature variations of lysosomes and
mitochondria. The relative temperature sensing sensitivity was 2.7% K-!' and uncertainty
was 0.8 K in HeLa cells. Lysosomes and mitochondria demonstrated 3~6 °C heat up
with the treatment of oxidative phosphorylation inhibitor treatment and Ca?* ion shock.
Interestingly, the lysosomal temperature decreased ~3 °C with CQ treatment, while

mitochondria remained relatively stable, indicating different metabolic pathways.
5.2 Future works

This thesis suggests new scopes of future developments in at least three disciplines: (1)
continuous improvements of thermometry materials (2) requirements of developing
imaging instrumentation with high spatial and temporal resolutions. (3) explorations of

new biomedical applications using fluorescence thermometry platform technologies.
5.2.1 Materials design and challenges

To improve the labelling density of thermometers on a specific organelle, UCNPs with
a small size (less than 10 nm, ideally less than 5 nm) and high brightness will be
desirable. In this thesis, the size of UCNPs was around 30 nm, which caused a steric
hindrance effect when being conjugated with antibodies. Large sized UCNPs are hard to
access to intracellular organelles, as well as interfering with the physiological cellular
activities. Moreover, from this thesis, we observed that surface ligands with a multiple
number of anchor groups and functional groups benefit the specific targeting and high-
density labeling. The high number of anchor groups can improve the efficiency in
replacing the hydrophobic ligands on the UCNPs surface with stronger adsorption onto
the UCNPs’ surface, and a large number of functional groups can increase the loading
capability of biomolecules. In addition, the hybrid complex of different types of
nanoparticles can be an excellent approach to improving the temperature sensing
sensitivity. Qiu et al. developed a hybrid complex composed of QDs and UCNPs and
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achieved a sensitivity of ~5.6% K- with dual emissions at the same wavelength to
minimize the impacts of the absorption and scattering through the complex biological

samples [125].
5.2.2 Instrumentation development

The advancement in fluorescence microscopy has uncovered a wide range of biological
discoveries [220]. Integrating the state-of-the-art modalities of microscopy, like live-cell
super-resolution imaging [221] and near-infrared deep tissue imaging [244], and
combined use of thermometers enable multifunctional imaging, sensing [269], therapy

[244] and even tracking the pace of life [270].
5.2.3 Biomedical applications

To shed light on the intracellular activities, UCNPs-based luminescent thermometry can
work together with other intracellular sensors and probes to diagnose the physiological
conditions and dynamics, including the localized pH, lipid membrane’s depolarization,
oxygen consumption, and extracellular acidification rate. The convergence and
correlative data of these multiple indicators will provide a comprehensive and insightful
understanding of the physiological activities as well as validating the accuracies among
the multiple channels of readouts. Moreover, a series of specific organelle-targeting
UCNPs are desirably required to study the network activities and communications of
mitochondria, lysosomes, ER, Golgi, lipid droplet, peroxisome, and so on, as well as
correlating the molecular signaling pathways, including mtDNA. Simultaneously
mapping the thermal dynamics of the coordinated organelles within a single cell is a
potential approach to studying the vital biological processes, including metabolism and

dysfunctions.

At the closing of my PhD program, for a particular interest, I conducted an imaging
experiment on mtDNA to further explore the functions of mitochondria, which
experiment may be correlated with UCNPs-based thermal dynamics imaging in the near

future.
5.2.3.1 Motivation

mtDNA encodes a variety of rRNAs (Ribosomal RNA), tRNAs (Transfer RNA), and
respiratory chain complex proteins [83]. The integrity of mtDNA supports
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mitochondrial functions and plays an essential role in numerous physiological and
pathological processes. Mutations in mtDNA cause metabolic diseases and aging. The
mtDNA within the human cells are packaged into hundreds of nucleoids within the
mitochondrial matrix. Knowledge of how the nucleoids are dynamically distributed and
organized within mitochondria is the key to understanding mtDNA’s signalling and
functions. Therefore, visualizing the distribution and dynamics of mtDNA within
mitochondria is a powerful approach to understating the regulation of mtDNA

replication and transcription.

The advances made in microscopy have enabled researchers to gain an in-depth
understanding of mtDNA. By using in vivo time-lapse imaging, Nuria ef al. found the
mitochondrial nucleoids were highly dynamic and often redistributed in the
mitochondrial network [307]. Lewis et al. discovered a subset of ER-mitochondria
contacts were related to the mitochondrial division and its mtDNA synthesis [58].
McArthur and the co-workers illustrated the activation of BAK/BAX (Bcl-2
homologous antagonist/killer/Bcl-2-associated X protein) led to the release of mtDNA
into the cytoplasm, which could trigger the innate immune cGAS/STING pathway,
causing mitochondrial apoptosis [308]. Although the behaviour, function, and
distribution of mitochondrial nucleoids have been described, the organization and the
replication pattern within a single nucleoid are elusive. Here, the preliminary data of the

mtDNA replication pattern were presented.

Here, sequential labelling of mtDNA by EdU and BrdU was used to explore the
function of mitochondria. Interestingly, I found that the replication pattern of mtDNA

correlated with the cell cycle.
5.2.3.2 Methodology
5.2.3.2.1 Materials

BrdU (5-bromo-2'-deoxyuridine), Tween 20, Triton X-100, DMSO, and PBS were
purchased from Sigma-Aldrich. EdU (5-ethynyl-dU) and Click-iT™ Cell Reaction
Buffer Kit were purchased from Thermo Fisher. Anti-BrdU antibody was purchased
from BD Biosciences. All solutions and buffers used in this study should be prepared
using analytical grade reagents and dissolved in ddH>O, followed by filtration with 0.2
pm syringe filters to remove impurities, which may contain auto-fluorescence
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during fluorescence imaging. Prepare and store all reagents, solutions and buffers at
room temperature (unless indicated otherwise). Diligently follow all waste disposal

regulations when disposing of waste materials.

5.2.3.2.2 Incorporation of BrdU and EAU

HeLa cells were cultured in culture medium at 37 °C and in the presence of 5% CO». 10

mM stock solution of BrdU was prepared by dissolving 3 mg of BrdU in 1 mL of
ddH20 and 10 mM stock solution of EAU was prepared by dissolving 2.52 mg of EAU
in 1 mL of DMSO. Then 10 mM BrdU/EdU stock solution was diluted in cell culture
medium to make a 10~100 uM BrdU/EdU labelling solution. The next day, the culture

medium was removed from the cells and replaced with the labelling solution. The HeLa
cells were incubated with the EdU labelling solution for 0.5 hour at 37 °C and in the
presence of 5% CO;. Then the EdU labelling solution was removed from the cells and
washed twice in PBS for about 5 seconds per wash. The HeLa cells were further
incubated with the EdU labelling solution for 0.5 hour at 37 °C and in the presence of
5% COa. Next, the BrdU labelling solution was removed from the cells and washed
twice in PBS for about 5 seconds per wash. The cells were fixed with 4%PFA solution

for 15 minutes and washed three more times with PBS. Finally, the sample was ready

for immunostaining.
5.2.3.2.3 BrdU labelling

The fixed cells were treated with 2 M HCL in 0.1% PBS-Tween for 30 minutes at room
temperature to denature the double-strand DNA and expose the BrdU epitope. Then the
cells were incubated with the blocking buffer at room temperature. After 30 minutes,

the cells were incubated with primary antibody anti-BrdU antibody in blocking buffer

overnight at 4 “C. The cells were washed with PBS buffer three times for 5 minutes and

further incubated with dye-labelled secondary antibody (1:50~1:200) for 1 hour at room
temperature. Next, the sample was washed with PBS buffer three times for 5 min each
wash. Finally, the cells were post-fixed with 4% PFA in PBS buffer for 10 min at room

temperature and imaged by a fluorescence microscope.

5.2.3.2.4 EdU labelling
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HeLa cells were fixed by 4% PFA in PBS pH 7.4 for 15 min at room temperature and
washed the cells twice with 1 mL of 3% BSA in PBS. Then the cells were incubated
with 1 mL of 0.5% Triton X-100 in PBS (permeabilization buffer) for 20 minutes. The
permeabilization buffer was removed and washed twice in 3% BSA in PBS. 500 pL of
Click-iT® reaction cocktail was added to the dish and incubated for 30 minutes at room
temperature, avoiding light. Then wash the cells twice with 3% BSA in PBS and post-
fixed with 4% PFA in PBS for 10 min at room temperature. Finally, mtDNA’s

distribution was imaged using a fluorescence microscope.
5.2.3.2.4 Dual BrdU and EdU labelling

HeLa cells were treated with 1 mL of 0.5% Triton X-100 in PBS for 10 min at room
temperature. The sample was labelled with EQU first, following the protocol described
above, as the HCI treatment does not compromise the EdU signal. Then 2 M HCI was
added to the dish for 30 min at 37 °C to recover the BrdU epitope. The cells were
washed three times in PBS and labelled with BrdU following the protocol described
above. After post-fixed the samples with 4% PFA in PBS for 10 min at room

temperature, the cells were imaged by a fluorescent microscope.
5.2.3.3 Results and Discussion
5.2.3.3.1 mtDNA synthesis labelled by EdU

EdU and BrdU are thymidine analogues that can be incorporated into the DNA structure
during the DNA replication, as the fluorescence markers to study the mtDNA synthesis.
Firstly, EAU was used to label the newly synthesized DNA. As shown in Figure 5-1,
with Tom 20 used to stain the outer membrane of mitochondria and EdU indicating the
newly synthesized DNA, though the signal intensity of mtDNA was lower compared
with that of the nucleus, it showed mtDNA replication was along with nucleus, as most
of the cells with mtDNA positive signals can be correlated with the ones with positive
nucleus. However, there are also some cells with only mtDNA (Figure 5-2). It is still a
question if the mtDNA replication is synchronized with the nucleus. It is believed that
the mtDNA replication is active through the entire cell cycle and the peaks of mtDNA
replication are synchronized with nuclear DNA synthesis [309]. As our result (Figure
5-2) suggest some cells only with mtDNA, the question remains if the mtDNA
replication is synchronized with the nucleus.
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Bright Field

Figure 5-1 DNA synthesis labelled by EdU. The Gray channel is Bright Field, the Magenta channel
is EdU, the Cyan channel is Tom20, the Red channel is the colocalization of EdU and Tom20. The

bottom is the enlarge of the red frame. Scale bar: 5 um.

Bright Field EdU

Figure 5- 2 mtDNA synthesis labelled by EdU. The Gray channel is Bright Field, the Magenta
channel is EAU, the Cyan channel is Tom20, the Red channel is the colocalization of BrdU and

Tom20. Scale bar: 5 um.
5.2.3.3.2 mtDNA synthesis labelled by BrdU

Then, BrdU was used to label the mtDNA synthesis. The principle of BrdU labelled
mtDNA synthesis was a bit different from that of EdU. EdU stain experiment was
achieved by click-chemistry, but BrdU labelling was an immunostaining experiment. It
took me more than 30 experiments before I could master the labelling protocol and label

the mtDNA synthesis successfully.
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Bright Field

10 uM BrdU

100 uM BrdU

Figure 5-3 A typical result from a failure experiment suing BrdU to label the mtDNA synthesis.
The Gray channel is Bright Field, the Yellow channel is BrdU, the Cyan channel is Tom20. Scale
bar: 5 um.

The protocol includes staining microtubules to check if the cell was under normal
physiological status. I found HCI treatment as an essential step in the protocol, as HCI1
treatment can denature the double-strand DNA and expose the BrdU epitope, otherwise,
no signal (Figure 5-4) of DNA synthesis can be observed. Figure 5-5 shows the results
of BrdU labelling were similar to that of the EdU, and in particular, only mtDNA was
stained by BrdU in some cells (Figure 5-6), confirming the result of EdU labelled
mtDNA (Figure 5-2).
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Bright Field

sigma

BD

Figure 5-4 DNA synthesis labelled by BrdU with different antibodies. The Gray channel is Bright
Field, the Magenta channel is BrdU, the Yellow channel is TFAM, the Cyan channel is Microtubules.
TFAM was used to labelled newly synthesis mtDNA, microtubules were used to check the status of

Hela cells. BrdU incorporated DNA were stained by antibody from abcam (upper), sigma (middle),
and BD (bottom), respectively. Scale bar: 5 pm.
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Bright Field BrdU Merge

Figure 5-5 A typical successful labelling result of the mtDNA synthesis by BrdU. The Gray
channel is Bright Field, the Magenta channel is BrdU, the Yellow channel is TFAM, the Cyan
channel is Microtubules. TFAM was used to labelled newly synthesized mtDNA, microtubules were
used to check the status of Hela cells. Scale bar: 5

um.

Bright Field BrdU

Figure 5-6 mtDNA synthesis labelled by BrdU. The Gray channel is Bright Field, the Magenta
channel is BrdU, the Yellow channel is TFAM, the Cyan channel is Microtubules. TFAM was used to
labelled newly synthesis mtDNA, microtubules were used to check the status of Hela cells. Scale bar:

5 pum.
5.2.3.3.3 Dual label of mtDNA synthesis by EAU and BrdU across the cell cycle

To shed light on the mtDNA replication pattern, both EAU and BrdU were used to label
the mtDNA. The HeLa cells were treated with Nocodazole for 16 hours. After washing
with PBS, Hela cells were cultured in the medium and released for 6, 8, 10, and 12
hours. The cells were first labelled by EdU for the first 30 minutes and BrdU for the
next 30 minutes. Finally, the cells were fixed for the subsequent immunostaining

experiments and click-chemistry experiments.
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Figure 5-7 Dual labelling results of DNA synthesis by EdU and BrdU across the different phases
of cell cycle. The Gray channel is Bright Field, the Magenta channel is BrdU, the Yellow channel is
TFAM, and the Cyan channel is Microtubules. TFAM was used to label the newly synthesis mtDNA,

microtubules were used to check the status of Hela cells. Scale bar: 5 pm.

After releasing for 6 hours, most DNA replication exist in the mitochondria. It was hard
to observe nucleus DNA replication. With increasing the releasing time, the intensity of
nucleus DNA was stronger while the intensity of mtDNA was weaker. However, the
intensity of BrdU labelled cells after the second 30 minutes was higher than that of EQU
labelling results after the first 30 minutes for the releasing times of 6 and 8 hours
(Figure 5-7). The ratio of Igwu (the intensity of BrdU) and Ikqu (the intensity of EdU)
was defined to describe the pattern of mtDNA replication. According to the mtDNA

replication mechanism of strand-displacement mode, mtDNA synthesis starts from
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the origin On/Or (Figure 1-6, Figure 5-8A), there are three modes of EdU-BrdU
labelled mtDNA: (1) when the EdU labelling time equals to the mtDNA replication
origin, then the ratio of Igwu/ Irqu is around 1 (Figure 5-8B(1)). (2) When the EdU
labelling time is earlier than the mtDNA replication orgiin, then the labelling time of
EdU is shorter than 30 minutes, but the labelling time of BrdU is 30 minutes. Thus, the
ratio of Igru/ Iequ is bigger than 1 (Figure 5-8B(2)). (3) When the EdU labelling time is
later the mtDNA replication origin, then the labelling time of EdU is 30 minutes, but the
labelling time of BrdU is shorter than 30 minutes. Then the ratio of Iswu/ [gau is smaller
than 1 (Figure 5-8B(3)). The results in Figure 5-9 show that the ratio was more than 1
between 8 and 10 hours releasing time after being treated with Nocodazole. The ratio
was around to 1 in the 12-hour releasing time. The HeLa cells start to enter the S phase
after releasing for 12 hours. This suggests that mtDNA replication is synchronized with
the nuclear DNA replication, but this finding needs to be further verified by further
experiments. Though there might be two extreme cases, €.g. Igrqu is zero or Igqu is zero,
I haven’t observed either case in my experiments. Maybe I need to extend the releasing

time to 16, 20, and 24 hours.

B (1)

leau = lgrau

A Oy O,

P— leau < lgrau
Oy O,

—— leau > lgrau
Oy O,

S mtDNA labelled by EdU mtDNA labelled by BrdU

Figure 5-8 Illustration of human mtDNA replication patterns. A. Human mtDNA replication starts
from Op to Oy. B. (1) The time of adding EdU is same with the mtDNA replication origin On. (2) The
time of adding EdU is early than the mtDNA replication origin Op. (3) The time of adding EdU is
late than the mtDNA replication origin Og.
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Figure 5-9 The ratio of Iprav to Irau at different releasing time after 16-hour Nocodazole treatment.

n =40 ROI from 5 cells.

5.2.3.4 Conclusion

The obtained preliminary data show that the pattern (Ip:au/Iequ) of mtDNA replication
varies according to the different phases of the cell cycle. It would be highly interesting
if the thermal dynamics of mitochondria across the cell cycle can be monitored and
correlated to this result and study the relationship between the temperature variation and
the mtDNA replication pattern. Simultaneously monitoring the thermal dynamic and
mtDNA replication pattern across the cell cycle will help us to understand

mitochondrial function with new insights.
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