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ABSTRACT

In recent years, lanthanide (Ln**)-doped upconverting nanoparticles (UCNPs) have
emerged as efficient and versatile bioimaging as well as therapeutic tools. In general,
these nanoparticles can be excited with near-infrared (NIR) light and emit higher-energy
photons spanning the ultraviolet (UV), visible and NIR ranges via a multiphoton process
known as upconversion. The multiphoton excitation occurs through a plethora of 4f
excited electronic energy states, which have long lifetimes (micro- to millisecond).
Compared with conventional fluorophores, UCNPs possess several advantages including
reduced autofluorescence background, remarkable tissue penetration, and low
cytotoxicity. Driven by these factors, Ln**-doped UCNPs could serve as excellent
candidates for numerous biological applications. In this thesis, our work is mainly
focused on the development of novel nanostructures combining UCNPs with other

modalities for bioimaging and therapeutic applications.

In the first part, we develop novel hybrid nanomaterials that exploit the interesting optical
properties of both UCNPs and gold nanorods (GNRs), and bring them together onto a
single nanoplatform. It is well known that GNRs are good candidates for photothermal
therapy (PTT) where cancer cells are destroyed by optical heating. In order to generate a
temperature increase in diseased cells, GNRs absorb light causing electrons to undergo
transitions from the ground state to the excited state. The electronic excitation energy
subsequently results in an increase in the kinetic energy, which leads to overheating of

the local environment around the light absorbing species. Therefore, local cells or tissues



could be destroyed by the heat produced. In addition, UCNPs can be applied as
nanothermometers based on the temperature dependent luminescence where their
luminescence intensity ratios (LIR) vary as a function of temperature. Thermal sensing
with UCNPs could therefore be used for controlling the photothermal treatment, which

would minimize collateral damage in healthy tissues surrounding the hyperthermia target.

In detail, Part | is divided into two sections based on two different nanostructures
(Section | and Section I1). In Section I, we developed a novel core/shell nanostructure
using a multistep strategy consisting of a GNR core with an upconverting shell of
NaYF4Er*, Yb* (GNR@UCNPS). The absorption of GNR was tuned to ~660 nm,
which was resonant with the upconverted red Er** emission emanating from the “Fgp
excited state. Upon laser irradiation, UCNPs converted NIR light to UV/visible photons
via energy transfer, which could then be absorbed by GNRs and converted into heat.
Meanwhile, the intensity ratio of the upconverted green emission showed remarkable
thermal sensitivity, which was used to calculate the temperature change due to rapid heat
conversion from the GNR core. Doxorubicin (DOX), a model anticancer drug, was
selected to load into the GNR@UCNPs. In terms of the drug release profile, it was shown
that the release of DOX was significantly enhanced at lower pH and higher temperature
caused by photothermal effect. This multifunctional nanocomposite, which is well suited

for bioimaging and local heating, shows strong potential for use in cancer therapy.

In section Il, we developed another novel multifunctional nanocomposite consisting of
GNRs, silicon dioxide (SiOy), and NaGdF4:Er**, Yb** UCNPs (GNR@SiO,@UCNPS),

with highly integrated functionalities including luminescence imaging, PTT and



photodynamic therapy (PDT) capabilities. PDT is a light-activated clinical treatment,
which causes the controlled death of diseased cells, such as tumor cells. It is based on a
process in which a light sensitive drug called a photosensitizer is introduced in the cells,
and is subsequently excited with light at an appropriate wavelength. The absorbed energy
is transferred to the molecular oxygen present in the surroundings, generating reactive
oxygen species (ROS) whose presence can trigger the death of the cells. Regarding this
novel nanostructure, the surface plasmon resonance (SPR) of GNRs was tuned to 980 nm,
which overlapped with the Yb*®* absorption. Under exposure of laser irradiation, UCNPs
and GNRs could be excited simultaneously resulting in the generation of heat by the
GNR with the ability to detect the temperature increment from the NaGdF4Er®*, Yb**
UCNPs as above. In addition, it is worth noting that luminescence enhancement was
observed when compared with bare UCNPs due to the localized field created by the
GNRs. Finally, a photosensitizer, zinc phthalocyanine (ZnPc), was loaded into the
mesoporous silica. Under laser irradiation, UCNPs absorbed NIR light and converted it to
visible light, subsequently activating the photosensitizer to release singlet oxygen for
future applications in PDT. Therefore, such multifunctional nanocomposites, which are
well suited for bioimaging, photothermal and photodynamic effects and show strong

potential in cancer therapy.

Part 11 is focused on the hybrid nanocarrier consisting NaGdF,:Er®*, Yb** UCNPs that
were encapsulated in the aqueous core of liposomes and the potential of the obtained
nanocarriers for drug delivery was shown by co-loading DOX. Liposomes, which
composed of a lamellar phase lipid bilayer, are considered as good candidates for drug

delivery, since their structure is similar to that of cell membranes. They can be selectively
"



trapped by tumor tissues due to the high permeability of tumor vasculature toward
liposomes in combination with the lack of proper lymphatic drainage. Therefore,
liposomes have been introduced as suitable nanocarriers for UCNPs. Under 980 nm
excitation, a decrease of the green upconversion emission of the UCNPs was observed
when DOX was co-loaded with the UCNPs in the liposome nanocarrier. This quenching
effect was assigned to the energy transfer between the donor UCNP and the acceptor
DOX, and most importantly, it allowed for the spectral monitoring of the DOX loading
and release from the liposome nanocarriers. Thus, the drug loading, release, and spectral
monitoring properties of the obtained liposome nanocarriers were thoroughly
characterized allowing us to assess their potential as bioimaging and therapeutic

nanocarriers.
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Chapter 1 Introduction

1.1 Basics

1.1.1 Lanthanide ion-based luminescent nanomaterials

Lanthanides refer to the series of metallic chemical elements with atomic numbers 57
through 71 located at the sixth period and 111B group in the periodic table, ranging from
lanthanum to lutetium. These lanthanide elements, along with the other chemical similar
elements scandium and yttrium, are also known as the rare earth elements. Historically,
the term “rare earth” was first named by the chemist Johan Gadolin in 1794 [1]. The rare
earths were so named because of their low concentration in minerals, which were rare.
However, some of the elements are neither “rare” nor “earths” [2, 3]. The lanthanides
were first discovered in 1787 when a mineral was found in a town called Ytterby in
Sweden [4]. The mineral was later separated into the various lanthanide elements. After
that, Professor Gadolin obtained yttria (an impure form of yttrium oxide) in 1794 from
the mineral [1]. Subsequently, with the development of lanthanide chemistry over two
centuries, these elements have been applied in different fields including chemical

industry, agriculture, and biomedicine [5-8].

The lanthanides have similarities in their electronic configuration, which presents most of
their physical similarities. A summary of the electronic configurations of the lanthanides
is shown in Table 1.1. These elements have electrons in the f orbital, which are different
from the main group elements. After Lanthanum, the electron starts to fill the 4f sub-shell

before the 5d sub-shell, due to the energy of the 4f sub-shell falls below that of the 5d



sub-shell. Some of the lanthanides, such as Yb*, Th*" and Ce**, may exist in the 2+, 4+
oxidation states, owing to the fact that the f orbital is fully, half occupied or empty, while
the most common and stable lanthanide ions (Ln**) are the 3+ oxidation state. This is
because the 3+ oxidation state leaves the ions in the 4f sub-shell and the ionization energy
of the f electrons is large, which could be considered core-like. This stability also
indicates that modification through chemical methods is highly difficult. Since the 6s and
5d electrons are drawn closer towards the nucleus resulting in the well-known lanthanide
contraction effect, the f electrons exhibit poor nuclear charge shielding behavior. The f
electrons are the poorest for shielding, while the s electrons are the best. The 5s% and 5p°
electrons penetrate the f sub-shell and as the nuclear charge increases, an increase in the
contraction is also observed. The shielding of the f electrons by their s and p counterparts
has a direct impact on the magnetic and spectroscopic properties especially in the fact
that they are highly uninfluenced by the ligands coordinating the lanthanide atoms. In
addition, the crystal field splitting is significantly less in comparison to that of the d block
elements. As a result, the bands in the electronic spectra of the lanthanides are very sharp

showing narrow emission profiles.

Electronic Configuration Metallic radius | lonic radius 3+
z Name Symbol outsidethe Ln | [Xe]core Ln®* | pm M* pm Calour of Ln
57 | Lanthanum La 5d%6s? - 187 106 Colourless
58 | Cerium Ce 4f'5d'6s? 4t 183 103 Colourless
59 | Praseodymium Pr 41%6s? 4f 182 101 Green
60 | Neodymium Nd 4f'6s? 4 181 100 Lilac
61 | Promethium Pm 41565 4 - 98 Yellow
62 | Samarium Sm 41%6s? 4f° 179 96 Yellow
63 | Europium Eu 417657 4f° 204 95 Pale pink
64 | Gadolinium Gd 4f75d'%6s? 47 180 94 Colourless
65 | Terbium Tb 41%s? 418 178 92 Pale pink
66 | Dysprosium Dy 4f1%s? 4f° 177 91 Yellow
67 | Holmium Ho 4f16s? 410 176 89 Yellow
68 | Erbium Er 4112652 4ttt 175 88 Rose pink
69 | Thulium Tm 4f836s? 412 174 87 Pale green
70 | Ytterbium Yb 41652 48 194 86 Colourless
71 | Lutetium Lu 4f150'6s? 414 174 85 Colourless

Table 1.1 Ground state electronic configurations of the lanthanide elements [9, 10]
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Lanthanides possess intrinsic luminescence that originates from f—f electron transitions in
the 4f sub-shell and offer unique properties for optical imaging. Recently, much attention
has been given to lanthanide luminescence when doped in inorganic hosts, in particular
when the host has particle sizes in the nanometer regime. Typically, this occurs upon
direct excitation into an excited state followed by emission and return to the ground state
again. A suitable excitation source, which wavelength is resonant with the energy gap

separating the ground and excited states, is required.

A promising method to achieve lanthanide emission is through a process known as
upconversion. In brief, upconversion is a process where low energy near-infrared (NIR)
excitation light is converted to higher energies covering a broad wavelength region from
the ultraviolet (UV) to the visible to the NIR (with wavelengths shorter than the
excitation source). In this process, upconversion is achieved by absorbing energy through
two or more excitation photons to generate one emission photon, and it is characterized
by the emission of light at shorter wavelengths than the excitation wavelength [11]. In
particular, unlike two-photon luminescence (TPL), absorption of the photons is sequential
and not simultaneous [12]. In the latter case, it requires excitation with costly ultrafast
(femtosecond) pulsed lasers. The upconversion process benefits from real intermediate
excited states possessing long lifetimes typically in the ps to ms range [13]. This allows
for the sequential and step-wise absorption of NIR photons to achieve excitation of the

final energy state followed by the generation of a higher energy photon.



Upconversion is well known to occur via three major mechanisms namely excited state
absorption (ESA), cross-relaxation (CR) upconversion, and energy transfer upconversion

(ETU). They are highlighted briefly below.

1.1.2 Upconversion luminescence

1.1.2.1 Excited state absorption (ESA)

ESA is an upconversion process, which involves only a single ion and is the successive
absorption of two photons by a single Ln*" ion. As shown in the Figure 1.1, if an
incoming photon of a wavelength resonant with the energy gap separating ground state G
and excited state E1, it will bring the ion to an intermediate excited level (E1) from the
ground state (G). This phenomenon is referred to as ground state absorption (GSA). After
that, due to the long lifetime of E1, a second photon promotes it to the upper emitting
level (E2). The transition of electrons from E2 back to G results in the emission of a
photon having higher energy than either of the photons absorbed. This is the least
efficient upconversion mechanism, and this phenomenon occurs in materials having low
lanthanide dopant concentrations since the distance separating them is too large for any

effective interaction.

- E2
hv
VN —
- E1l
hv
VN\N—
G

Figure 1.1 Schematic representation of the excited state absorption process.
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1.1.2.2 Cross-relaxation (CR) upconversion and energy transfer upconversion (ETU)
There exist two upconversion mechanisms, which involve energy transfer between two
neighbouring ions in close proximity where one ion acts as a donor of energy, while the
second acts as an acceptor of energy. The first, CR upconversion, two identical ions in
close proximity are both excited from the ground state (G) to intermediate excited state
(E1) by GSA, then energy transfer occurs through a non-radiative process in which one

ion returns to the ground state while another is promoted to the upper emitting level (E2)

(Figure 1.2).
3 E2
S N
..-" E1
A I A
|
hv : hv
V\\— : LV A e
'
Y- \ 4 G
lon |
Donor

Figure 1.2 Schematic representation of the cross-relaxation upconversion process.

The second, ETU, occurs in co-doped materials, which involves the successive energy
transfer from a donor ion to an acceptor ion. In this upconversion process, donor ions are
excited to their intermediate states via GSA. Then, a non-radiative energy transfer from
donor ions to the acceptor ions results in the promotion of the latter to its intermediate
state. A second transfer subsequently occurs and promotes the acceptor ions to the

emitting state (Figure 1.3).
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Figure 1.3 Schematic representation of the energy transfer upconversion process.

1.1.3 Composition of UCNPs

UCNPs generally consist of an inorganic host doped with Ln** ions, in which the distance
between Ln*" ions should be below ~10 A to allow energy transfer, which constitutes the
most efficient mechanism of upconversion. The amount and type of dopants, size and
phase of nanoparticles can be tuned to achieve multiple emissions over a wide spectral

range [14].

1.1.3.1 Host for UCNPs

Host materials should optimally be highly transparent in the visible and NIR regions, as
well as be characterized by low energy phonons to minimize host absorption losses and
maximize the luminescence output. In that regard, the best materials known to date
belong to the “fluorides family”, because fluorides usually exhibit low phonon energies
(<500 cm™), high chemical stability and thus are often used as host materials for

upconversion processes [15]. Based on this, NaREF, such as NaYF,4[16-19], NaGdF, [20,



21], NaLuF, [22] has been the most popular host for lanthanide-doped UCNPs due to
their relative low phonon energy and excellent chemical stability [23]. To date, there are
two phase structures of NaREF,; UCNPs, namely (a-) cubic phase and (B-) hexagonal
phase. Generally, it is accepted that (B-) hexagonal phase is the most efficient phase due

to their unique crystal structure [24].

1.1.3.2 Sensitizers for UCNPs

Regarding the ETU process, the sensitizer should possess a high absorption cross-section
for the excitation wavelength and energy levels matching those of activator. In this case,
Yb** is the best choice. This is because the energy level of Yb*" is quite simple, with only
one excited state (°Fsy,) that is in resonance with 980 nm wavelength light. Hence, a 980
nm laser is applied as the excitation source to match the 2F,,—2Fs), transition of Yb®".
From Figure 1.4, we can find this energy gap between ?F7, and ?Fsy, is resonant with the
energy gaps between several excited states of commonly used activator ions, such as Er**
etc. Therefore, Yb*®* can be considered as an excellent sensitizer to donate energy to other

ions.

1.1.3.3 Activators for UCNPs

According to the ETU process, the acceptors should be characterized by energy levels
homogeneously distributed, with an energy separation between them equivalent to the
sensitizer emission. Once sensitizers are excited, activators are likely to extract energy
from nearby excited sensitizers to promote transitions to higher energy levels. Based on
these considerations, Er**, Tm*" and Ho>* (especially Er** and Tm?**) are ideal ETU

activators owing to the unique ladder-like arrangement of their energy levels [25].
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Among the commonly used activators, Er** shows the highest upconversion efficiency,
due to similar energy gaps from “*ls, to *ly1, (first transition) and *li1, to “F7;, (second
transition) (Figure 1.4). In Yb**-Er** co-doped UCNPs, the green and red emissions are
most commonly observed under 980 nm laser irradiation. This mechanism is shown in
Figure 1.4, where the green and red emissions emanate from the ?Hiuj, *Sz—>*115, and
*Fo—>*115 transitions, respectively. Upon the laser irradiation, Yb** absorbs NIR
photons with the generation of the 2F7,—>Fs, transition. Subsequently, the *l;1, energy
level of Er** is resonant with the *Fs, level of Yb**resulting in a very efficient energy
transfer process, while Yb** drops back to its 2F7, ground state. Due to the energy level
match, the Er®* can be populated to the higher excited state (*F, *For state) through
similar resonant energy transfer from the sensitizer. After multiphonon relaxation to the
2Hy1, and “*Sgp, green emissions corresponding to 525 and 545 nm are observed to
radiative decay from the ?Hy1, and *Sg, excited states to the *lisp ground state.
Alternatively, the red emission at 655 nm arises from the “Fq2 State, which is attributed to
either multiphonon relaxation from the higher *Ssp, state or exciting Er** ions from the

%1132 State to the *Fo, State via energy transferring from the 2Fe;, of YB3,
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Figure 1.4 Energy level diagram for UCNPs in Yb*'/Er®" and Yb*/Tm?* [26].
1.2 Synthesis of UCNPs

The controlled synthesis of monodispersed UCNPs is necessary for extended bioimaging
and therapeutic applications. To date, several methods including thermal decomposition
(thermolysis) [27, 28], hydrothermal/sovothermal [29, 30], microwave [31, 32], etc., have
been developed. Among all these methods, thermal decomposition with metal
trifluoroacetate precursors has been recognized as a common route to synthesize high
quality monodisperse UCNPs with small size and narrow size distribution. Thermal
decomposition refers to a chemical decomposition caused by heat. This method was first

used for synthesis of highly monodisperse LaFs in 2005 [33]. LaF3 triangular nanoplates



(2.0 x 16.0 nm) were synthesized by trifluoroacetate precursors (CF3;COO)s;La in
octadecene/oleic acid solvent. The approach was later modified and first extended to the
synthesis of NaYF, nanoparticles in 2006 [27]. The NaYF, nanoparticles vary in size
from 10 to 50 nm in this work. Metal trifluoroacetates were used as precursors,
octadecene used as high-boiling-point organic solvent and oleylamine was used as both
solvent and surfactant to prevent the aggregation of nanoparticles. In this thesis, thermal
decomposition method is adapted for the synthesis of UCNPs based on our group’s

previous work [34].

In recent years, the synthesis of hollow UCNPs has also been developed. Based on the
hollow structure, the interior cavities of UCNPs can be applied as effective tools for
storage and delivery of therapeutic agents. The synthesis route of hollow UCNPs is
generally divided into three categories, including hard templating synthesis, soft
templating synthesis and self-templating synthesis [35]. In our group, we mainly focus on
the formation of hollow structure of UCNPs through the self-templating method. Xu et al.
utilized this method to synthesize GdPO,:Eu®" hollow spheres [36], and the Gd element
was also replaced by Yb in the following research [37]. This method was further

optimized, and a-NaYF4 hollow spheres were fabricated [38, 39].

1.3 UCNPs for bioapplications

Optical imaging techniques have been developed for biological applications. However,
conventional fluorophores such as organic dyes or semiconductor quantum dots (QDs)
require excitation with high energy radiation in the UV or visible region and emission

at longer wavelengths [40, 41]. Excitation at these wavelengths incurs a set of
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drawbacks including low penetration depth into biological tissues due to diverse
absorption and scattering processes, the risk of photon induced tissue damage due to the
phototoxicity of UV light, photobleaching restricting their temporal use (in organic dyes)
and autofluorescence of the background resulting in low contrast. Consequently, there is
specific need to develop novel optical bioprobes that overcome these limitations and
eventually allow for reliable and efficient optical deep tissue in vivo bioimaging. Thus,
UCNPs are very promising as a luminescent probe for biological applications [42-44].
The main advantage of UCNPs is the ability to be excited by NIR photons and emit range
from the UV to the visible to the NIR. Compared with normal UV excited bio-probes, for
example QDs, conventional organic dyes, the development of UCNPs that can be both
excited as well as emit in the NIR “biological window” (700-1000 nm) could potentially
overcome the limitations of traditional fluorophores. In fact these nanoparticles possess
several advantages, which include (1) significantly reduced background autofluorescence
from the biological structures; (2) remarkable penetration depths in vivo; and (3) low
cyto- and phototoxicity to the biological specimen under study. For these reasons, Ln**-

doped UCNPs could serve as excellent candidates for numerous biological applications.

UCNPs have demonstrated significant potential in bio-imaging and cancer therapy
applications. In bio-imaging, UCNPs have been used for in vitro imaging [45], in vivo
imaging [46, 47] and more recently, combination with some other bio-imaging
techniques such as positron emission tomography (PET) [48] and diffuse optical
tomography (DOT) [49]. UCNPs have also been studied for cancer therapy where their
luminescence has been harnessed for applications such as photodynamic therapy [50, 51],

photothermal therapy [52, 53] and drug delivery [54-56].
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1.3.1 UCNPs for in vitro and in vivo bioimaging

Since the first successful synthesis of UCNPs around 2001 by Dang and co-workers [57],
UCNPs have been widely applied to cell and small-animal imaging. Regarding in vitro
imaging, water dispersibility and cytotoxicity is a big issue for the effective use of
UCNPs. Shan et al. attempted to prepare hydrophobically ligated NaYF,; UCNPs with
amino and carboxyl groups, and their cellular cytotoxicity, cellular imaging were
investigated [58]. Also, Vetrone et al. studied intracellular imaging of HeLa cells by
using polyethylenimine (PEI) capped NaYF,:Er'*, Yb* UCNPs. The results showed
redistribution of UCNPs inside the cell as the incubation time increased, which could

have promising applications for real time imaging of cellular dynamics [59].

With regards to in vivo imaging, it was first reported that Caenorhabditis elegans were
injected with UCNPs by Lim et al. [60]. In their studies, it was observed that there was
strong luminescence in the intestines of the worms, and no cytotoxicity was detected over
a 24 h period. However, the UCNPs used in this study were relatively large and the
upconversion emission was weak. These drawbacks hinder the further applications of
UCNPs for bioimaging. In 2008, Zhang et al. [61] selected rats as models and injected
UCNPs subcutaneously. Upon laser irradiation, stronger upconversion luminescence was
observed, when comparing with the control group with conventional inorganic QDs,
which was also injected subcutaneously. It was further confirmed that NIR excitation
provided a higher penetration depth and a higher signal-to-noise ratio than UV excitation
because the excitation wavelength is located in the “biological window” of the biological

tissues. In addition, it is also worth noting that these subcutaneously injected UCNPs

12



would be only trapped underneath the skin and did not participate in blood circulation. In

fact, UCNPs intravenously injected would be more significant and clinically valuable.

Besides the bioimaging utilizing the upconversion emission, multimodal bioimaging is
also studied through the combination of UCNPs and other optical image probes. For
example, the computed tomography (CT), ultrasound imaging, magnetic resonance
imaging (MRI) and PET could be integrated with UCNPs into one single nanoparticle for
multimodal imaging [62-64] (Figure 1.5). These studies demonstrated that UCNPs could

be potential candidate for multimodal bioimaging.

Multifunctional nanoparticles PET imaging of mouse

! Functional molecule
T eg FALAA orOA

In vivo upconversion imaging of mouse

Bright field Upconversion luminescence j§ Overlay

’A

Figure 1.5 UCNPs-based multimode bioimaging [64].
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1.3.2 UCNPs for photodynamic therapy

Photodynamic therapy (PDT) is a type of light-activated clinical treatment in which a
light sensitive drug, called a photosensitizer, is used to cause the controlled death of
viruses or diseased cells, such as cancer cells. In this process, the photosensitizer is first
introduced in the cells, and then excited with light at the appropriate wavelength
(depending on the specific photosensitizer but will generally be in the visible range). The
absorbed energy is transferred to the molecular oxygen present in the surroundings,
generating reactive oxygen species (ROS) whose presence can trigger the death of the
cells [65, 66]. Although PDT is a promising therapeutic modality, already being used for
numerous clinical cancer treatments, some limitations still persist, such as the need of UV
or visible light to excite the photosensitizers. UV and visible light exhibit a limited
penetration depth into and subsequently propagation out of biological samples not
allowing for deep-tissue imaging. Recently, however, the combination of PDT drugs with
UCNPs has attracted increased attention. NIR-excited UCNPs can emit UV/visible
photons that can be used to activate the photosensitizers in close proximity and
subsequently generate ROS to kill the surrounding cancer cells. Thus, the application of
UCNPs will allow the use of NIR excitation wavelengths, increasing the penetration
depth in biological tissue from ~2 mm (in the case of standard PDT) to a few centimeters.
This would, for instance, allow the treatment of deeper carcinoma and extend the
versatility of this therapeutic modality [67, 68]. Moreover, the possibility of specific
targeting cancer cells of PDT compounds could be monitored by UCNPs localizing the

diseases though fluorescence imaging.
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Up to now, several studies have successfully combined UCNPs and PDT molecules, most
of them using NaYF4Er*, Yb* as the upconverting material and different surface
modifications to create a PDT system, with either one photosensitizer [69], or more, in
which case their absorption bands match different upconverted emissions of the UCNPs
[51]. The first work combing UCNPs and PDT was published by Zhang et al. [65]. In
their study, UCNPs were coated by a silica layer where PDT molecules were
incorporated and their results demonstrated the concept works. However, depending on
the photodynamic drug selected, other dopant ions could also be considered as good
alternatives. Indeed, it has been demonstrated that an improvement of energy transfer
between the UCNP and the PDT compound can be achieved using additional lanthanide
ions as dopants. Following this idea, X.M. Liu et al. prepared core-shell NaYF,
nanoparticles with Tm**/Yb** in the core (mainly emitting blue light) and Er**/Yb*" in
the shell (mainly emitting green light). They used the emitted light to activate
monomalonic fullerene (CgoMA), a novel PDT drug that stands out because of its high
quantum yield to form reactive species, and that has a broad absorption band. CoMA was
covalently conjugated to the UCNPs by a crosslinking reaction between the amino group
of the UCNPs and the carboxyl group of CgMA. In this work, the efficiency of the
resulting structure in vitro as well as the increased effect obtained thanks to the addition
of Tm**/Yb* dopants to the UCNPs was demonstrated [70]. To date, the fast progress of
UCNPs-based PDT and in vitro successful results also motivated the start of in vivo
treatments and long-term toxicity experiments using these nanostructures [51] (Figure

1.6).
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Figure 1.6 Schematic diagram showing UCNPs-based targeted PDT in a mouse model of melanoma

intravenously injected with UCNPs [51].

1.3.3 UCNPs for photothermal therapy

Photothermal therapy (PTT) is a treatment strategy based on the damage that high
temperatures can produce in cells (Figure 1.7), i.e. it uses heat to Kkill cancer cells [71].
Like PDT, PTT also has the advantage of allowing for the selectivity of cancer cells, so
that surrounding healthy cells and tissue would not be subjected to harmful effects [72].
In order to generate a temperature increase in the cells, a highly efficient mechanism is to
transfer it from a light source, more conveniently a laser (due to its high power,
monochromaticity and easy position control), through optical absorption. Therefore,
nanoparticles with a high optical absorption coefficient and thermal dissipation rate

would increase the PTT efficiency.
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Figure 1.7 Two main strategies to bring upconversion to photothermal therapy: an UCNP is
decorated with metal nanopatrticles (left side of the particle) or a metal shell is grown around it (right
side of the particle). When the UCNP is excited in the NIR, the subsequent emitted light can be
absorbed by the metal and thus, be transformed into heat. On the right side of the figure, a scheme of

the effect of different temperatures in cells is added [73].

Noble metals, such as gold or silver, are considered as excellent candidates for PTT due
to their strong surface plasmon resonance (SPR) absorption that can be followed by light
emission and, more importantly here, heat release. SPR is the resonant oscillation of
conduction electrons at the metal interface stimulated by incident light. These
nanoparticles often have the SPR in the visible range, although for certain morphologies
it can get down to the NIR. Particularly, gold nanospheres, that are especially convenient
due to ease of synthesis, have the SPR absorption band located in the green/yellow
spectral range, though the exact wavelength can be tuned by changing the particle size.
Consequently, Er** doped UCNPs that emit green light after NIR excitation, can be used

to excite gold nanoparticles and thus to bring the advantages of NIR excitation (higher
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penetration depth and minimized heat transfer along the laser path) to PTT. Also, the PTT
nanoparticle-based approach could be further improved with the addition of UCNPs
allowing for imaging the location of the cancer cells or monitoring cellular events, which

IS not possible using only the metal nanostructures.

This option has been explored by several groups [74]. A particularly nice example was
given by Qian et al. that prepared gold decorated UCNPs (NaYF;Er®,
Yb*/NaYF/silica (core/shell/shell)) applying a reverse microemulsion method [75].
They observed that the total emission intensity of gold decorated UCNPs decreased
compared with that of simple UCNPs. Absorption of the luminescence from gold
nanoparticles, which triggered a temperature increase, was indeed one of the reasons for
this emission decrease. However, a second effect was also pointed out to explain the
intensity decrease: NIR light penetration into the particles could be smaller due to the
presence of gold, so the excitation light reaching UCNPs would be weaker. Nevertheless,
in vitro data illustrated that BE(2)-C cancer cells were effectively killed after irradiation
with the laser at 980 nm, proving that UCNPs can be used as antennas for the radiation.
The decrease of emission intensity can be avoided through, as when a gold nanostructure
is excited to its plasmon resonance, it generates an electromagnetic field in its
surroundings that can actually enhance the emission intensity of the particles in this area.
However, the emission enhancement strongly depends on the design of the nanostructure
[76]. Na Niu et al., for instance, developed mesoporous upconversion nanocomposites
with 5 nm diameter gold nanoparticles integrated onto the surface. Meanwhile, an
anticancer drug, doxorubicin (DOX) was selected and loaded in the mesoporous structure.

In their case, upon laser irradiation, enhancement of upconversion intensity was observed
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owing to the effect of the plasmonic field created by the gold nanoparticles. In addition,
the green emission generated by the upconversion nanocomposite could be used to trigger
photothermal effect through energy transfer to the gold nanoparticles, as well as rapid

drug release [77].

1.3.4 UCNPs for drug delivery

Another area of recent application of upconversion in therapy is targeted drug delivery.
Current drug delivery systems are based on different nanostructures (nanoparticles,
liposomes, micelles, dendrimers, nanoemulsions, etc.) [78] with a size distribution in the
range between 10 and 100 nm to prevent the clearance by the reticulo-endothelial system
[79] and thus, keeping them in the bloodstream for a longer time [80]. The properties of
these nanostructures can be improved, though, through optical tagging, to visualize their
distribution in vivo, and thus, monitor the efficacy of the treatment. For this reason,
UCNPs have emerged as an interesting element in drug delivery nanosystems,
participating in monitoring drug location and studying the interaction with other cellular

components.
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Figure 1.8 Schematic representations of the UCNPs-based drug delivery systems: (A) mesoporous

shells, (B) hollow spheres, and (C) PEG grafted amphiphilic polymer.
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Generally, drug delivery systems consist of a porous shell to load the drug and slowly
release it in a rate normally regulated by diffusion or, alternatively, by the erosion of the
shell. Because of the biocompatibility of silica materials, silanization is to date one of the
most popular techniques for surface modification. In the case of UCNPs, a common
strategy is to encapsulate them in a mesoporous silica shell, where the drug can be loaded
through capillarity (Figure 1.8A). With the help of this shell, the potential application of
UCNPs would be extended. The UCNP core can act as a luminescence imaging probe,
and the porous shell can load drugs for localized therapy. An example is the work by
Yang et al. using LaFs:Er¥*/Yb* UCNPs with a silica shell and Ibuprofen as the model
drug, which was observed to be totally released after 72h [81]. It is stated that this type of
shell exhibits a high surface area, and the loading and drug diffusion capabilities are
controlled by the size of the pores, which are advantageous properties to design a drug
carrier. Moreover, it has been shown through intracellular analysis that this nanomaterial
IS non-toxic, which motivates further research following this path [82]. Parallel
nanoplatforms have been developed using the NaYF, host material instead. Also in this

case, drug storage and in vitro release was demonstrated [83, 84].

An alternative strategy to the use of mesoporous silica shells is the use of hollow spheres
made out of UCNPs encapsulating the drug (Figure 1.8B). The first challenge to follow
such structures is the preparation of the hollow spheres, and thus, several techniques have
been proposed. For example, the group of J. Lin followed a self-sacrificing method to
prepare upconversion hollow spheres [37]. They synthesized core-shell structured

Yb(OH)CO3;@YbPO,:Er** hollow spheres (~380 nm size), and showed that DOX

loaded spheres, that release the drug in 24 h, maintain the Er** luminescence and have
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more cytotoxicity than free DOX on HelLa cells [37]. Applying a surface-protected
“ctching” and hydrothermal ion-exchange process, Yb(OH)COs:Yb**/Er** spheres can be
used as templates to form hollow mesoporous NaYF,:Yb**/Er** nanospheres, a more
efficient upconversion material whose surface can be later modified with folic acid for
targeted delivery [39]. A similar evolution of the structure was observed in a study by
Ruichan et al., where GdF; hollow shells were successfully prepared without any

surfactant and catalyst [85].

In addition to UCNPs coated with mesoporous silica and to the use of upconverting
hollow spheres, a third strategy has been applied for drug delivery with upconversion.
This is, to coat the UCNPs with an amphiphilic polymer (Figure 1.8C), which allows to
transfer hydrophobic UCNPs into the biological environment. The group of Z. Liu
prepared polyethylene glycol (PEG) grafted amphiphilic polymer encapsulating UCNPs,
modified the surface with folic acid to improve cancer targeting, and loaded DOX via
physical adsorption [54]. In agreement with the results found working with hollow
spheres, they found that drug release is affected by environmental pH, it being larger in
acidic media. Following this path and aiming for controlled drug delivery, pH-sensitive
polymers attracted the attention of the community and some nanoplatforms using them
have been recently developed. Good examples are the use of TWEEN 80 [86] or
poly(acrylicacid)-modified UCNPs [87], both showing optimal properties as carriers and
pH dependent drug release. An alternative for controlled drug release is the use of a light-
responsive copolymer. After excitation at 980 nm, the UCNP emitted UV light that
triggered the light-responsive amphiphilic copolymer shell uncaging the upconversion

nanocomposites, resulting in the release of anticancer drugs [88]. Recently, liposome,
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which used to deliver cytotoxic drugs or genes, provides a multitude of innovative
approaches for pharmaceutical and biomedical applications based on the encapsulation of
nanostructures, such as QDs, metallic nanoparticles, or iron oxide [89-92]. In our group,
we also developed the liposomes co-encapsulated NaGdF,:Er®*, Yb* UCNPs and the

anticancer drug DOX for simultaneous bioimaging and therapeutic applications [93].

1.4 UCNPs for other applications

1.4.1 UCNPs for thermal sensing

In recent years, luminescence nanothermometry has emerged as a novel technique which
is used to detect the local temperature of a living cell with sub-micrometric spatial
resolution. Luminescence is the emission of light from a given substance, which depends
on the properties of electronic states. These, in turn, depend on the local temperature and
thus the relationship between temperature and luminescence properties can be exploited
to achieve thermal sensing from the spatial and spectral analysis of the luminescence.
Luminescence nanothermometry can be obtained based on the particular parameter of
luminescence which is analyzed, the examples encompass temperature-dependent
emission intensity and/or lifetime of organic dyes [94, 95], semiconducting QDs [96-101]

and UCNPs [102-107], etc.

To date, there are several examples demonstrating that the intensity of the intra-4f
transitions and of the lifetime of a particular 4f excited state are temperature dependent.
Therefore, UCNPs can be considered as promising candidates used for nanothermometry.
The upconversion luminescence mostly depends on the energy separation between the

energy levels of the lanthanide ions. If this energy separation is small, then the electrons
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will thermally populate and re-distribute among energy levels with similar energy,

according to the Boltzmann distribution:
—AE
R=Cxexpt——
p¢ T )

where R represents the luminescence intensity ratios between the emissions with
proximity of energy levels, C is a constant, AE is the energy gap between the two excited
states, k is the Boltzmann constant and T is the temperature. Based on the Boltzmann
distribution, if the two energy states are very close to each other, small temperature
changes can induce large population re-distributions. The most studied UCNP-based
thermometer uses the Yb**/Er** ion pair [108-112]. The Yb*" ions were excited under
laser irradiation at 980 nm, followed by energy transfer to nearby Er** ions [25]. Finally,
green emission occurring from the 2Hy1; and *Sg, excited states to the “l15, ground state
as well as red emission from the *Fg, excited state to the “I15, ground state is observed.
Since the states of two green emissions are very close in energy (typically separated by
only several hundred cm™), the lower energy Sy, state will thermally populate the higher
2H,,5, state. As the temperature of the surroundings increase, the probability of the lower
(“Ssp) state thermally populating the higher (*Hi1,) state increases causing a change in
the relative intensities of the two emission bands (*Hi1,—"l1s; and *Sz,—*l1552). Thus, by
exploiting the intensity ratio of these two emissions, it is possible to use Er®*-doped
materials as ratiometric thermal sensors. Single-cell thermal sensing based on
NaYF4Er¥, Yb** UCNPs was demonstrated by Vetrone et al. [59]. It was reported that
UCNPs could homogeneously distribute in living cells without causing any remarkable

toxicity [113]. Intracellular thermal sensing was achieved by incubating UCNPs in living
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HeLa cells, which were exposed to laser irradiation. The optical transmission image of a
single HelLa cell is shown in Figure 1.9A when different voltages were applied to a
metallic plate in physical contact with the cell. Cell temperature was obtained from the
changes of the relative intensities of luminescence bands (see Figure 1.9B). Based on the
proper analysis of these changes, intracellular temperature in the 25-45<C range with a

sub-degree resolution as a function of the applied voltage could be monitored.
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Figure 1.9 (A) Intracellular temperature as a function of the applied voltage, (B) luminescence

emission spectra under laser excitation as obtained at two different temperatures [106].

1.4.2 UCNPs for photocatalysis in emerging energy applications

Aside from the application of UCNPs in biology and nanomedicine mentioned above,
they have also recently been studied for implementation for use in alternative energy
applications such as photovoltaics [114, 115] or photocatalysis [116-118]. The latter is a
chemical reaction between organic species and free radicals generated from
photocatalysts under light irradiation from the UV to NIR. It is a significant technology

which can meet goals of sustainable energy development via unlimited access to clean
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solar energy. The basic mechanism of photocatalysis is shown in Figure 1.10 based on a
semiconductor to generate free radicals (e.g. *OH and <O%). To date, the energy
conversion efficiency which is an ongoing research process is far from satisfactory since
they only respond to a relatively small fraction of the solar photons with energy higher
than the threshold bandgap (Ey) of the system. To boost the conversion efficiency, the
outstanding optical properties of UCNPs have generated increasing interest for
photocatalyst application. UCNPs have the ability to convert lower energy NIR excitation
light to higher energy photons, covering a broad wavelength region from the UV to the
visible to the NIR via the previously discussed upconversion process. The converted UV
or visible emission can be recaptured and reused by photon acceptors, such as oxide
semiconductors. In addition, they can transform two (or more) sub-bandgap NIR photons

into one usable above-bandgap photon, hence minimizing non-absorption energy losses

[115, 119].
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Figure 1.10 Energy transfer mechanism accounting for enhanced photocatalytic processes in

semiconductor catalysts modified with UCNPs [119].
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The first report for upconversion materials used for photocatalysis can be dated back to
2005, when Wang et al. developed the first visible photocatalyst, based on a combination
of Er,Oz upconversion materials with TiO, [120]. From then on, significant progress has
been made. To date, several studies have been demonstrated that by hybridizing with
UCNPs (e.g., NaYF4;Tm**, Yb*"), conventional oxides, e.g., TiO,, becomes NIR light
active in photocatalysis, as the NIR illumination was converted into UV photons by
UCNPs [121-123]. During this process, excellent photocatalytic activity was achieved via
energy transfer between the UCNPs and TiO,, and thus allowing the efficient realization
of upconversion effects in photocatalysis. Recently, bismuth ferrite (BiFeOs), which is
one of the most important multiferroic materials, has been considered as a good candidate
for photocatalysis [124-128]. With a bandgap of ~2.0-2.6 eV (vs 3.0-3.2 eV for TiOy),
BiFeO3; (BFO) exhibits excellent response both to UV and visible light [129, 130].
Therefore, an appropriate combination of UCNPs with BFO is expected to yield efficient
photon harvesting from the visible to NIR spectral ranges for application. In our group,
we prepared UCNP@BFO core@shell hybrid nanostructures for visible-NIR
photocatalysis and demonstrate that they are active for the photodegradation of organic
compounds under visible and NIR irradiation [131]. The good response of the BFO shell
is highly beneficial to capture visible light in a wide spectral range, and the intimate
contact between the UCNP core and BFO shell results in the UCNPs and BFO acting as
energy donors and energy acceptors, respectively, where the upconverted green emission
is partially absorbed by the BFO. The efficient non-radiative energy transfer occurs
between UCNP and BFO, thus opening the door to broad-spectrum highly active

photocatalysis. While this work is not included in the thesis, this material can also have
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applications in biomedicine as UCNPs@TiO, hybrid nanomaterials have been used for

applications in PDT [132, 133].
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Chapter 2 Research Objectives

2.1 Our objectives

This thesis is divided into two parts with two corresponding objectives:

Part I: Multifunctional nanocomposites combining UCNPs and GNRs

So far, UCNPs have been shown to be efficient and versatile tools for bioapplications.
One of the most interesting applications is the use of UCNPs as optical
nanothermometers. The majority of UCNP nanothermometers are based on the
temperature dependent luminescence where their luminescence intensity ratios vary as a
function of temperature. These types of nanothermometers open the door for therapeutic
possibilities for many diseases, where a local temperature increases to thermally induced
death. Based on this, these nanothermometers are envisioned to combine with local
nanoheaters whose principle role is to cause contained temperature increases in order to
induce cell death. During this process, GNRs are considered as excellent candidates for
nanoheaters, owing to their strong, tunable SPR absorption between 650 and 1200 nm,
especially when the plasmon is located in the NIR, making it compatible for in vivo
applications. The GNRs absorb light causing electrons to undergo transitions from the
ground state to the excited state. The electronic excitation energy subsequently results in
an increase in the kinetic energy, which leads to the overheating of the local environment
around the light absorbing species. Therefore, local cells or tissue could be destroyed by
the heat produced. Recently, PTT using the localized SPR bands of gold nanoparticles
and the UCNPs has been reported. However, there are still some considerable challenges

and issues that need to be addressed. For example, the surrounding healthy cells could be
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damaged due to the temperature increase along with the diseased cells. Therefore, care
must be taken to obtain accurate control over the local temperature increment so as to not
expose the surrounding healthy cells to this localized heating. To accomplish this, the
nanoheaters could be coupled with a nanothermometer but must be located in the same
cellular space. Hence, they should be transported together in the same vehicle. Thus,
thermal sensing with UCNPs could be used for controlling the PTT treatment, which
would minimize collateral damage in healthy tissues surrounding the hyperthermia target.
Therefore, the nanocomposite could not only be well suited for bioimaging, but also can
potentially be used for applications where a thermal gradient must be generated and
monitored by a thermometer. In particular, a molecular drug could be also loaded in these
nanocomposites, and the drug release behavior could be enhanced by the heat generated
from the GNRs. This would result in a multi-pronged or multi-modal nanocomposite

capable of delivering two therapeutic modalities.

Therefore, the objectives for this part are as follow:

1.  Preparing and characterizing novel multifunctional nanocomposites combining
UCNPs and GNRs.

2. Investigating the luminescence intensity ratio of UCNPs as a function of
temperature and using it to detect temperature changes of nanocomposites under
laser irradiation.

3. Comparing the UCNPs luminescence before and after combining GNRs and
analyzing the GNRs influence on luminescence changing.

4.  Model drugs were selected and loaded into the nanocomposites, drug release

profiles were evaluated.
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Part 11: Multifunctional liposomes encapsulated UCNPs and doxorubicin (DOX)

Liposomes are artificially prepared nanocarriers composed of a lamellar phase lipid
bilayer. They are considered as good candidates for drug administration due to the fact
that their structure is similar to that of cell membranes. Great potential for dramatically
enhanced biocompatibility, reduced toxicity and improved therapeutic efficacy has been
reported for liposome-based drug delivery. Recently, in the context of liposome-based
nanocarriers, research reports have shown that the encapsulation of nanostructures, such
as QDs, metallic, or iron oxide nanoparticles within liposomes provides a multitude of
innovative approaches for pharmaceutical and biomedical applications. However, their
use as delivery systems for various types of nanoparticles is still in the research stage. In
particular for liposome encapsulated UCNPs, the data are still scarce, and further studies
on the design, characterization, and application of liposome encapsulated UCNPs are
required to develop their application in biomedicine. Therefore, we constructed a
liposome co-encapsulated UCNPs and DOX, which combined optical imaging and
therapeutic modalities. Both UCNPs and DOX were distributed in the internal aqueous
phase of the liposomes because of their hydrophilic nature. Meanwhile, because there is a
partial spectra overlap between the absorption spectrum of DOX and the upconverted
green emission of the UCNPs in the wavelength region from 510 to 570 nm, the UCNPs
and DOX molecules act as energy donors and energy acceptors, respectively.
Luminescence resonance energy transfer (LRET) would occur based on the close
distance between UCNPs and DOX, which could further used for highly sensitive, real-

time drug release monitoring system. Therefore, this liposome nanocarrier encapsulated
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with UCNPs and DOX could be used for multimodal biomedicine, involving the

simultaneous detection and therapy of disease.

Therefore, the objectives for Part Il are:

1. Preparing and characterizing liposome encapsulated UCNPs and DOX.

2. Investigating the UCNPs luminescence and analyzing the influence of UCNPs
luminescence by DOX loading.

3. Using the luminescence intensity of UCNPs to monitor drug release by

quantitatively investigating LRET from UCNPs to DOX.

2.2 Thesis organization

This thesis is divided into seven chapters and organized as follows:

Chapter 1 Introduction: briefly introducing the basic concepts of the background;
Chapter 2 Research objectives: presenting the motivation and main goals of this thesis;
Chapter 3 Experiments and characterization: describing experimental details of synthesis
processes of GNRs, UCNPs and liposomes. The main characterization techniques are
also described in this chapter;

Chapter 4 GNR@UCNPs multifunctional nanocomposites used for photothermal
therapy and drug delivery, and the publication related to this chapter is

Y. Huang, F. Rosei, F. Vetrone. A single multifunctional nanoplatform based on
upconversion luminescence and gold nanorods. Nanoscale, 2015; 7(12): 5178-85 [53].
Chapter 5 GNR@SiO,@UCNPs multifunctional nanocomposites used for photothermal

and photodynamic therapy, and the publication related to this chapter is
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Y. Huang, L. L. P&z, P. H. Gonz&ez, D. Jaque, F. Rosei, F. Vetrone. Upconverting
nanoparticles used as multifunctional nanocomposites combining with photothermal and
photodynamic effects. In preparation.

Chapter 6 Liposome encapsulated UCNPs and DOX used for bioimaging and drug
delivery, and the publication related to this chapter is

Y. Huang, E. Hemmer, F. Rosei, F. Vetrone. Multifunctional liposome nanocarriers
combining upconverting nanoparticles and anticancer drugs. J. Phys. Chem. B. 2016;
120(22): 4992-5001 [93].

Chapter 7 Conclusions and perspectives: concluding the main results and discussing

some prospective potential investigations in future work.

Most of work in this thesis was done by Yue Huang, however, some parts were
conducted through collaboration. More specifically, cellular assays were performed by
Luc ® Labrador P&z, Dr. Patricia Haro Gonzdez working with our collaborator Prof.
Daniel Jaque’s group at Universidad Auténoma de Madrid. UCNPs used in chapter 6
were provided by Dr. Eva Hemmer in our group, who also assisted with the PL

measurements.

Following the main body of this thesis is an appendix containing a summary of this thesis

in French according to INRS policy.
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Chapter 3 Experiments and Characterizations

In this chapter, experimental details for the synthesis, characterization of GNRs, UCNPs
and liposomes are described. The first section mainly introduces the synthesis of GNRs at
different SPR absorption (660 nm and 980 nm), and then GNRs were coated with a layer
of silica. The second section focuses on the synthesis of UCNPs using different methods.
In order to obtain the UCNPs nanoshell, we first used the hydrothermal method to
prepare UCNPs and further coated the GNRs in the core to form the GNR@UCNPs
core@shell structure nanocomposites (chapter 4). We also synthesized the UCNPs via the
thermal decomposition method. Moreover, the oleate-capped UCNPs were further
transferred to water through ligand exchange, and the oleate ligand was replaced by the
sodium citrate molecule. The last section focuses on the liposome preparation. We
prepare the liposomes using the thin-film hydration method and encapsulate the water
dispersible UCNPs in the aqueous core of the liposomes, DOX was further loaded into

the liposomes via an ammonium sulfate gradient method.

3.1  Materials

The lanthanide chlorides (LnClz (99.99%), Ln =Y, Yb, Er), lanthanide oxides (Ln,O3
(99.99%), Ln = Gd, Yb, Er), trifluoroacetic acid (99%), sodium trifluoroacetate (98%),
oleic acid (90%), 1-octadecene (90%), hydrogen tetrachloroaurate (I11) hydrate
(HAUCI4+3H,0), silver nitrate (AgNOs3, >99%), L-ascorbic acid (CgHgOs, >99%), 5-
bromosalicylic acid (>98.0%), zinc phthalocyanine (ZnPc, 95%), doxorubicin
hydrochloride (DOX) were purchased from Alfa Aesar. Cetyltrimethylammonium

bromide (CTAB), sodium tetrafluoroborate (NaBF;), sodium salicylate (99%),
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polyethylenimine (PEI), urea [CO(NH.);], sodium borohydride (NaBH;, 99.99%),
oleylamine (70%), cholesterol (=99%), fetal bovine serum (FBS), phosphate buffered
saline (PBS, pH=7.4), 3-aminopropyltriethoxysilane (APTES, 99%), 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABDA), Triton™ X-100 were purchased
from Sigma Aldrich. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, >99%) was
acquired from Avanti Polar Lipids. Ultrapure deionized water (Millipore system) was
used throughout the experiments. All the starting chemicals in this work were used

without further purification.

3.2  Methods

3.2.1 Experimental details relevant to GNRs and GNRs@SiO,

3.2.1.1 Synthesis of GNRs

The seed solution for GNRs was prepared as reported previously [134]. A 5 mL of 0.5
mM HAuCI;+3H,0 was mixed with 5 mL of 0.2 M CTAB solution. After that, 0.60 mL
of ice-cold 0.010 M NaBH, was added under vigorous stirring, which resulted in a color
change from yellow to brownish-yellow. The seed solution was kept at room temperature

before use.

For the growth solution preparation, 0.36 g of CTAB together with defined amounts of
additives was dissolved in 10 mL of deionized water. When this solution was kept at
30 €, 4 mM AgNO;3 was added and kept undisturbed for 15 min. Subsequently, 10 mL
of 1 mM HAuUCI, was added. After 15 min of slow stirring, 0.064 M ascorbic acid was

slowly added to the mixture. The final step was the addition of 32 pL of the seed solution
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to the growth solution causing a gradual color change of the solution. The temperature of

the growth solution was kept constant at 30 <C during the entire procedure.

3.2.1.2 Synthesis of porous silica coated GNRs (GNR@SiIO5)

To remove excess CTAB surfactant, the synthesized GNRs were washed by
centrifugation to remove excess CTAB. The sample was dispersed in 10 mL of deionized
water. After that, 100 pL of 0.1 M NaOH was added. Following this step, three 30 pL
injections of 20% TEOS in methanol were added under gentle stirring at 30 min intervals.

The mixture was reacted for 2 days.

3.2.2 Experimental details relevant to UCNPs

3.2.2.1 Synthesis of UCNPs via hydrothermal method

3.2.2.1.1 Synthesis of Y(OH)COs:Er®, Yb* precursors

The monodisperse Y(OH)COs:Er®*, Yb* colloidal nanospheres were prepared via a urea-
based homogenous precipitation process. In total, 1 mmol of LnClz (Y : Yb:Er=78:20:
2) and 2 g of urea were dissolved in 100 mL of deionized water. The above solution was
homogenized under magnetic stirring for 10 min. Subsequently, the mixture was heated
to 90 <T for 2 h with vigorous stirring. Finally, the obtained Y(OH)COs:Er**, Yb**
nanospheres were collected and washed with deionized water and ethanol several times.
The preparation of GNR@SiO,@Y(OH)COs:Er**, Yb* was similar to the above
procedure except for the addition of 0.05 g of GNR@SIO, (synthesized previously) to the

starting lanthanide chloride/urea solution.
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3.2.2.1.2 Synthesis of NaYF4:Er®*, Yb** UCNPs hollow nanoshells

The obtained Y(OH)COs:Er®*, Yb** nanospheres were dispersed in 20 mL of deionized
water using an ultrasonic bath. Then, 0.25 g PEI was added into the above solution
followed by ultrasonication and stirring. After that, 1 mmol of NaBF, was added into the
above mixture with continuous stirring for 10 min and the obtained solution was
transferred to a 25 mL Teflon autoclave (VWR) and kept at 110 <C for 3.5 h. The
resulting dispersions were separated by centrifugation, washed with water, and then dried
at 80 T for 12 h. A similar procedure was performed to prepare GNR@UCNPSs
nanocomposites by  replacing  Y(OH)COs:Er**,  Yb**  samples  with

GNR@SiO,@Y(OH)CO3:Er**, Yb**.

3.2.2.2 Synthesis of UCNPs via the thermal decomposition method

3.2.2.2.1 Synthesis of (CF3COQ)sLn (Ln = Gd, Yb, Er) precursors

In a typical synthesis of the lanthanide trifluoroacetate precursors, 0.975 mmol (353.4 mg)
Gd,03, 0.25 mmol (98.5 mg, 20 mol% doping rate) Yb,O3 and 0.025 mmol (9.6 mg, 2
mol% doping rate) Er,O; were mixed in a 100 mL three-neck round-bottom flask with 5
mL distilled water and 5 mL trifluoroacetic acid, followed by refluxing under magnetic
stirring at 80 <C until a clear solution was obtained. Subsequently, the temperature was
reduced to 60 <TC in order to evaporate the residual trifluoroacetic acid and water. The

dried precursor was isolated in form of a colorless powder.

3.2.2.2.2 Synthesis of NaGdF4:Er®*, Yb* UCNPs
For the synthesis of NaGdF,;Er**, Yb®* UCNPs, 2.5 mmol (340 mg) sodium

trifluoroacetate as well as 20 mL 1-octadecene, 10 mL oleic acid and 10 mL oleylamine
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were added to the obtained (CF;COO)sLn precursor. Subsequently, the mixture was
degased for 30 min at 100 <C under vacuum and under magnetic stirring. The reaction
mixture was then heated to 240 <C under stirring and gentle argon flow and maintained at
this temperature for 2 h. Subsequently, the solution was allowed to cool to room
temperature and the resultant oleate-capped UCNPs were precipitated with ethanol and
collected by centrifugation. The obtained product was washed three times with

hexane/ethanol (4:1) and dispersed in 5 mL hexane as stock solution.

3.2.2.2.3 Oleate-citrate ligand exchange

In order to obtain water dispersible UCNPs, ligand exchange was carried out as
previously described in the literature [135]. 60 mg of oleate-capped NaGdF4:Er®*, Yb*
UCNPs obtained from the previous step were dispersed in 5 mL of hexane, and mixed
with 5 mL of a 0.2 M trisodium citrate buffer (adjusted to pH 4). The mixture was kept
on a shaker for 3 h, and subsequently transferred into a separation funnel, from which the
aqueous phase containing the UCNPs was collected. The UCNPs were precipitated with
acetone (1:5 aqueous:organic ratio), collected by centrifugation and re-dispersed in 5 mL
of trisodium citrate buffer (adjusted to pH 7). The dispersion was placed on the shaker for
an additional 2 h. Finally, the UCNPs were precipitated with acetone, washed three times
with acetone and water, collected by centrifugation and dispersed in 2 mL water for

further experiments.
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3.2.3 Preparation of liposome encapsulated UCNPs and DOX

3.2.3.1 Preparation of liposome encapsulated UCNPs

Liposomes were prepared by a thin-film hydration method according to the literature
[136]. For the blank liposomes, a mixture of 0.025 mmol of DOPC and 0.0125 mmol of
cholesterol was dissolved in a 5 mL solution of chloroform and methanol (4:1 v/v). In the
subsequent drying step (30 min at 40 <C), which was carried out in a rotary evaporator
(Biichi, Switzerland), the lipid film was formed. The obtained lipid film was flushed with
argon and maintained overnight in a desiccator to remove any residual traces of
chloroform. In the following step, the lipid film was hydrated by use of 2 mL of PBS,
followed by vortexing and sonication at 30 <C for 10 min, resulting in a homogeneous

suspension of blank liposomes.

To encapsulate NaGdF4:Er®*, Yb* UCNPs in liposomes, the lipid film was hydrated with
60 mg of UCNPs in 2 mL of PBS, followed by vortexing and sonication as described
earlier. The final suspension (UCNPs encapsulated in liposomes) was further purified by
centrifuging at 4,000 rpm for 10 min to remove non-entrapped UCNPs followed by

filtering through a 0.22 pum pore size membrane to discard any larger residues.

3.2.3.2 Loading of the DOX into the liposome

DOX was loaded into the liposome nanocarrier via an ammonium sulfate gradient
method [137]. Briefly, the previously prepared lipid film was hydrated by adding 250
mM ammonium sulfate with or without 60 mg of UCNPs, sonicated with a bath type
sonicator at 30 <C, followed by passing it through a Sephadex G-50 column for desalting.

The sample was then mixed with 0.005 mmol of DOX (5:1 lipid:DOX molar ratio) and
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incubated at 30 <C for 30 min. Non-entrapped DOX was removed by a Sephadex G-50
column, while non-entrapped UCNPs was removed by slow centrifugation. Finally, the
loading efficiency of DOX was determined by using absorption spectroscopy at a

wavelength of 480 nm after lysis of the liposome using 1% Triton™ X-100.

3.3  Characterization

3.3.1 Transmission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDX).

TEM is used to directly observe the morphology and size of the nanostructures. The
chemical composition of the nanomaterials can be easily identified using EDX, inside a
TEM apparatus. In order to perform these measurements, a small drop of solution
containing the nanomaterials was deposited onto a Cu grid coated with a thin (5-50 nm in
thickness) carbon film, and excess solution was wicked away by a filter paper. The grid
was subsequently dried in air and observed with a JEOL-2100F TEM (Université de
Montré&l, Montrél, Canada). Meanwhile, the EDX spectra was measured at different
locations on the sample. Particle size was determined by measuring more than 50

individually dispersed particles identified in TEM images.

3.3.2 X-ray diffraction (XRD)
XRD is a method used for determining the atomic and molecular structure of a crystal, in
which the crystalline atoms cause a beam of X-rays to diffract into many specific

directions. Incident X-rays are scattered by a crystalline sample according to Bragg’s law:

(Eq.3.1) nA=2dsing
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where 4 is the wavelength of the X-ray beam, 4 is the incident angle, and d is the distance
between crystal planes. The value for d is dependent on the Miller indices h, k and I. In
this thesis, the measurements of powdered samples were analyzed by XRD (Bruker D8

Advanced Diffractometer, Cu Ko radiation).

3.3.3 UV-Visible spectroscopy

A UV-Visible spectrophotometer (Varian 5000) was used to measure the absorption
spectra of GNRs to identify their SPR peak features at room temperature in 10 mm
PMMA semi-microcuvettes. The scan speed was set to 600nm/min. For the measurement
of GNRs samples, all spectra were collected over the range of 400-1200 nm. All

experimental data was corrected for background absorption by water.

3.3.4 Luminescence spectroscopy

Luminescence spectroscopy is used to measure the luminescence properties of UCNPs
under 980 nm laser excitation which using a Thorlabs fiber-coupled laser diode
(maximum power 330 mW). The laser beam was focused on the sample using a lens to
obtain a spot with a Gaussian intensity distribution with a 0.4 mm diameter. The emitted
light was collected by a lens in a 90< configuration, and then transferred to a

spectrophotometer (Avaspec - 2048L - USB2) using an optical fiber.
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A single multifunctional nanoplatform based on upconversion luminescence and

gold nanorods

Yue Huang, Federico Rosei, Fiorenzo Vetrone

Nanoscale, 2015, 7, 5178-5185.

As introduced in Chapter 1, UCNPs have emerged as efficient and versatile optical
nanoprobes with potential in biological applications. This stems primarily from their
ability to convert NIR excitation light to higher energy photons spanning the UV-visible-
NIR regions. Over the last few years, there has been intense research for their
applications as luminescent nanothermometers, spawned by our initial manuscript on
NaYFsEr*, Yb* as non-invasive and non-contact optical nanothermometers for living
cancer cells. This came about as several of the luminescent transitions of the lanthanides
are sensitive to temperature. Similarly, GNRs with their LSPR have been actively studied
for applications in photothermal treatment of various cancers due to their great ability to
convert optical light to heat. Yet, one of the major drawbacks of this technique is the
propensity to destroy healthy cells in the surroundings due to the lack of control over the
temperature, i.e. real-time temperature monitoring. In this paper, we combine the positive
attributes of both nanomaterials, the GNRs for optical heating and the UCNPs for
temperature monitoring, a novel multifunctional core/shell nanocomposite based on gold

nanorods (GNRS) in the core and a nanoshell of upconverting NaYF4:Er®*, Yb** material.
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The GNRs in the core were prepared using the seeded growth method possessing an
LSPR at ca. 660 nm, which overlaps well with the red upconversion luminescence from
the “Fo, excite state of the Er** ion. A temperature gradient can be created via the
absorption of the upconverted red light from the GNR core. Given the remarkable
thermal sensitivity of the upconverted green luminescence of the Er** ion, the
temperature change owing to rapid heat conversion from the GNR could be determined
using the luminescence intensity ratios (LIR) of the two green emission bands of the Er**

ion.

Finally, to further illustrate the notion of multimodality, a model anticancer drug was
loaded in this nanocomposite and the drug release efficiency was evaluated. It is worth
noting that the release efficiency could be enhanced by the photothermal effect (when the
laser was on), especially at low pH values, which is favorable in a tumor

microenvironment.
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Chapter 5

Multifunctional nanocomposites based on upconverting nanoparticles with

combined photothermal and photodynamic effects

Yue Huang, Luc & Labrador P&z, Patricia Haro Gonzdez, Daniel Jaque, Federico Rosei,
Fiorenzo Vetrone

In preparation.

As introduced in Chapter 1, UCNPs are well known for their ability to emit photons of
shorter wavelength than the excitation light, which covering a broad wavelength region
from the UV to the visible to the NIR via a process commonly referred to as
upconversion. These outstanding optical properties of UCNPs have resulted in increasing
interest for their bioimaging and therapeutic applications. Recently, it was reported that
UCNPs have the ability to form the luminophores for sensing temperature, which
temperature exerts an individual effect on the intensity of each emission peaks of UCNPs
(depending on dopant ions). Thus, the use of UCNPs as nanothermometry has been
highlighted. In addition, GNRs have been intense studied as ideal nanostructures for
cancer thermotherapy because of their highly photothermal conversion efficiency. In this
paper, we tried to construct a novel multifunctional nanocomposite combining both
nanomaterials together. GNRs were used for temperature heating, and UCNPs were

applied for real-time temperature monitoring.

The GNRs were prepared and coated with mesoporous silica shell, the SPR was tuned to

ca. 980 nm which overlaps well with the Yb** absorption. Under laser irradiation, both
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UCNPs and GNRs could be simultaneously excited. GNRs create a localized
electromagnetic field that enhanced the emission intensity from UCNPs. In addition, the
temperature could be measured via thermally sensitive luminescence from the LIR of the

two green emission bands of Er**.

Then, Zinc phthalocyanine (ZnPc), a photodynamic molecule, was further loaded into the
porous silica layer. Upon excitation by the laser, luminescence quenching occurred after
ZnPc loading, especially the red emission dropped by 54%. It might attribute to the
overlap of red emission of UCNPs at 660 nm and the absorption of ZnPc at 665 nm, the
energy transfer from the UCNPs to ZnPc molecule, which further activate the ZnPc to

release reactive oxygen species (ROS) to kill cancer cells.

Finally, cellular experiments were performed, the results of the absence of cytotoxicity
and cellular imaging in the incubated cell make it excellent biocompatible

nanocomposites.
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Abstract

Lanthanide-doped upconverting nanoparticles (UCNPs) are well known in biological
applications due to their unique optical properties by converting near-infrared (NIR) light
to visible light. Combining with a variety of therapeutic models based on the UCNPs has
become a new concept to get diagnostics and therapies in the field of cancer treatment.
Herein, we develop a novel multifunctional nanocomposite consisting of UCNPs, gold
nanorods (GNRs) and photosensitizers, with highly integrated functionalities including
luminescence image, photothermal effect and photodynamic effect. Under exposure of
laser irradiation, UCNPs and GNRs could be excited simultaneously, owing to the
surface plasmon resonance (SPR) of the GNRs was overlap with the Yb®" absorption at
980 nm. The ratio of intensity of green emission of UCNPs is sensitive to temperature,
which can be used to calculate the temperature change due to heat production from the
GNRs. Furthermore, the luminescence enhancement is observed when compared with
bare UCNPs, this is because localized field created by the GNRs influence the
luminescence intensity of UCNPs. Finally, a photosensitizer, zinc phthalocyanine, was
loaded into the mesoporous silica. Upon the laser irradiation, UCNPs absorbed NIR light
to convert to visible light, subsequently activate the photosensitizer to release singlet
oxygen for killing cancer. Therefore, such multifunctional nanocomposite, which not
only well suited for bioimaging, but also providing photothermal and photodynamic
effects, shows strong potential in cancer therapy.
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1. Introduction

In recent years, lanthanide (Ln**)-doped upconverting nanoparticles (UCNPSs) have been
investigated for a plethora of applications in biomedicine. In particular, significant
research has focused on their use as multifunctional nanoplatforms with combined
therapeutic and diagnostic (theranostic) modalities [1-3]. The rising interest in UCNPs
stems from their unorthodox excitation schemes where these nanoparticles can be excited
with near-infrared (NIR) light and ultimately emit higher energy photons spanning the
ultraviolet (UV), visible and NIR regions via a multiphoton excitation process, known as
upconversion [4, 5]. The upconverted (or anti-Stokes) luminescence of UCNPs is
advantageous when compared with conventional fluorescence (Stokes) from other
nanomaterials for several reasons. The NIR excitation light causes minimal photodamage,
induces practically no autofluorescence background, and can penetrate tissues to a much
greater extent [6, 7]. As an added benefit, some of the upconverted Ln** emission bands
are sensitive to the surrounding temperatures allowing them to be effectively used
thermal nanoprobes (nanothermometer). One of the most well-known examples of an
optical nanothermometer exploits the temperature sensitive green emissions of the Er**
ion. The two emission bands emanating from the 2Hy1/, and *Ss); excited states of Er** are
sensitive to temperature and the relative intensity of these bands change as a function of
temperature. Consequently, Er**-doped UCNPs have been used as non-contact, non-

invasive optical nanothermometers for living cells [8, 9].

In parallel to research on UCNPs, a significant body of work has focused on applying the
heat generation capabilities of certain nanostructures, such as noble metal nanoparticles,

for the photothermal therapy of cancer (also known as hyperthermia). Metal nanoparticles
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possess a high optical absorption coefficient and thermal dissipation rate, which is
desired for high efficiency photothermal therapy (PTT) since they could efficiently
convert photon energy into heat following laser irradiation of their surface plasmon
resonance (SPR), the resonant oscillation of conduction electrons at the metal interface,
subsequently resulting in the controlled death of surrounding cells [10, 11]. Among metal
nanostructures for PTT, gold nanorods (GNRs) are considered to be one of the most
promising and versatile platforms [12-14]. GNRs with fine-tuned optical properties show
excellent photothermal conversion effects and generate localized hyperthermia, since
GNRs have higher surface-to-volume ratio which more efficiently involved in heating
process [15]. However, the use of excess cetyltrimethylammonium bromide (CTAB) as
bilayer stabilizer around the surface of the GNRs during the preparation of GNRs would
restrict their clinical application, because of the cytotoxicity caused by CTAB [16].
Therefore, surface functionalization of GNRs has been investigated for a wide variety of
nanomedicine-based diagnostic and therapeutic approaches [17]. Mesoporous silica is
one of the excellent options and has been successfully used to encapsulate GNRs. This
mesoporous coating not only reduces the cytotoxicity and aggregation of GNRs, but also
imparts drug (or cargo) loading ability and also provides an excellent scaffold for

subsequent surface functionalization [18, 19].

The marriage of these two optically excited nanostructures onto a single nanoplatform
could lead to additional functionalities. For instance, controlling temperature in
hyperthermia applications is a critical factor preventing healthy cells from also being
destroyed (and consequently inducing severe side effects) [20]. Thus, coupling the

nanoheaters with a “built-in” nanothermometer would minimize the possibly of
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destroying healthy tissue surrounding the hyperthermia target and accordingly, the
patient’s side effects. In addition, when UCNPs and GNRs are in close proximity, it was
demonstrated that their interaction could influence the luminescence intensity of UCNPs.
For example, if the SPR of GNRs was tuned to the excitation frequency of UCNPs, the
local field would become much larger and the luminescence intensity will be enhanced
[21]. For this enhancement to occur, the distance between plasmonic metal nanoparticles
and UCNPs is critical and using SiO, as spacer, for example, would influence the

luminescence intensity [22, 23].

We developed a novel class of multifunctional nanocomposite based on the combination
of UCNPs with GNRs, prepared through layer by layer. The GNR core is decorated with
NaGdF4Er®*, Yb** UCNPs and the two species are separated by as silica (SiO,) shell.
This multifunctional nanocomposite is ideal for controlled photothermal heating since
both the nanoheaters (GNRs at the core) and the nanothermometers (UCNPs decorated on
the surface) can be excited at 980 nm. To add additional functionality, zinc
phthalocyanine (ZnPc), a model photodynamic therapy (PDT) drug, was loaded into the
mesoporous layer, which has been shown to have high cytotoxic efficiency in cancer cells
due to singlet oxygen generation following light excitation [24, 25]. ZnPc and its
analogues are usually excited with visible light, which limits its deployment in clinical
cancer treatment due to the limited penetration depth of the excitation light. UCNPs can
overcome this inherent drawback since they can convert NIR light to visible light, which
can then be absorbed by the photosensitizer (ZnPc), to release singlet oxygen for killing
cancer cells. Here, we investigate the Iluminescence properties of these new

GNR@SiO,@UCNPs nanoplatforms and study their ability for controlled
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photoheating/nanothermometry and photodynamic effects. Finally, the cytotoxicity and
cellular uptake of this nanocomposite were further investigated. The multifunctional
nanocomposite developed here could not only be well suited for bioimaging, but also

multi-pronged cancer therapeutics through the combination of PTT and PDT effects.
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2. Experimental Section

2.1 Materials

The lanthanide oxides (Ln,O3 (99.99%), Ln = Gd, Yb, Er), trifluoroacetic acid (99%),
sodium trifluoroacetate (98%), oleic acid (90%), 1-octadecene (90%), hydrogen
tetrachloroaurate (I11) hydrate (HAuCls+3H,0), cetyltrimethylammonium bromide
(CTAB, 98%), silver nitrate (AgNOs, >99%), L-ascorbic acid (CgHgOs, >99%), 5-
bromosalicylic acid (>98.0%), zinc phthalocyanine (ZnPc, 95%) were purchased from
Alfa Aesar. Sodium borohydride (NaBH4, 99.99%), 3-aminopropyltriethoxysilane
(APTES, 99%), 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA), Triton™ X-
100 were purchased from Sigma Aldrich. Ultrapure deionized water (Millipore system)
was used throughout the experiments. All the initial chemicals in this work were used

without further purification.

2.2 Synthesis of (CF3;COO)sLn (Ln = Gd, Yb, Er) precursors

In a typical synthesis of the lanthanide trifluoroacetate precursors, 0.975 mmol (353.4 mg)
Gd,03, 0.025 mmol (9.6 mg, 2 mol% doping rate) Er,Os, and 0.25 mmol (98.5 mg, 20
mol% doping rate) Yb,O3 were mixed in a 100 mL three-neck round-bottom flask with 5
mL distilled water and 5 mL trifluoroacetic acid, followed by refluxing under magnetic
stirring at 80 <C until a clear solution was obtained. Subsequently, the temperature was
reduced to 60 <C in order to evaporate the residual trifluoroacetic acid and water. The

dried precursor was isolated in form of a colorless powder.

2.3 Synthesis of NaGdF4:Er®*, Yb*" UCNPs
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For the synthesis of NaGdF4;Er**, Yb* UCNPs, 2.5 mmol (340 mg) sodium
trifluoroacetate as well as 20 mL 1-octadecene, 10 mL oleic acid and 10 mL oleylamine
were added to the obtained (CFsCOQ)s;Ln precursor. Subsequently, the mixture was
degassed for 30 min at 100 <C under vacuum and under magnetic stirring. The reaction
mixture was then heated to 240 <C under stirring and gentle argon flow and maintained at
this temperature for 2 h. Subsequently, the solution was allowed to cool to room
temperature and the resultant oleate-capped UCNPs were precipitated with ethanol and
collected by centrifugation. The obtained product was washed three times with

hexane/ethanol (4:1) and dispersed in 5 mL hexane as stock solution.

2.4 Oleate-citrate ligand exchange

In order to obtain water dispersible UCNPs, ligand exchange was carried out as
previously described in literature [26]. 60 mg of oleate-capped NaGdF,:Er®*, Yb3*
UCNPs obtained from the previous step were dispersed in 5 mL of hexane, and mixed
with 5 mL of a 0.2 M trisodium citrate buffer (adjusted to pH 4). The mixture was kept
on a shaker for 3 h, and subsequently transferred into a separation funnel, from which the
aqueous phase containing the NaGdF4.Er**, Yb* was collected. The UCNPs were
precipitated with acetone (1:5 aqueous:organic ratio), collected by centrifugation and re-
dispersed in 5 mL of trisodium citrate buffer (adjusted to pH 7). The dispersion was
placed on the shaker for an additional 2 h. Finally, the UCNPs were precipitated with
acetone, washed three times with acetone and water, collected by centrifugation and

dispersed in 2 mL water for further experiments.

2.5 Preparation of gold nanorods (GNRs)
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The seed solution for GNRs was prepared as reported previously [27]. A5 mL of 0.5 mM
HAuUCI, was mixed with 5 mL of 0.2 M CTAB solution. After that, 0.60 mL of ice-cold
0.010 M NaBH,4 was added under vigorous stirring, which resulted in color changed from

yellow to brownish-yellow. The seed solution was kept at room temperature before use.

For the growth solution preparation, 0.36 g of CTAB together with 0.044 g of 5-
bromosalicylic acid was dissolved in 10 mL of deionized water. When this solution was
kept at 30 <C, 0.60 mL of 4 mM AgNO; was added and kept undisturbed for 15 min.
Subsequently, 10 mL of 1 mM HAuCI, was added, and 0.084 mL HCI (37 wt.%) was
added. After 15 min of slow stirring, 80pL of 0.064 M ascorbic acid was slowly added to
the mixture. The final step was the addition of 32 L of the seed solution to the growth
solution causing a gradual color change of the solution. The temperature of the growth

solution was kept constant at 30 C during the entire procedure.

2.6 Preparation of silica coated GNRs (GNRs@SiO,)

To remove excess CTAB surfactant, the synthesized GNRs were washed by
centrifugation and the sample was dispersed in 10 mL of deionized water. After that, 100
L of 0.1 M NaOH was added. Following this step, three 30 | injections of 20% TEOS
in methanol were added under gentle stirring at 30 min intervals. The mixture was

reacted for 2 days.

2.7 APTES functionalized GNR@SiO,
The solution of GNR@SiO,was centrifuged and suspended in ethanol, and then 20 pL of
APTES was added and mixed by gentle shaking for another 6 h to accomplish the

aminolization. Finally, this sample was centrifuged and washed with ethanol.
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2.8 UCNPs attachment to GNR@SiO;

The APTES functionalized GNR@SIO, was added dropwise to the solution of UCNPs
under vigorous stirring. After 2 h, the final products (GNR@SiO,@UCNPs) were
centrifuged out, and then redispersed either in ethanol or water for further

characterization.

2.9 Measurement of singlet oxygen (10,)

The 'O, production is detected by singlet oxygen sensors such as 9,10-anthracenediyl-
bis(methylene) dimalonic acid (ABDA) [28], different samples in phosphate buffer (0.1
M, pH 7-7.4) was mixed with ABDA (1 mM) and placed in a cuvette. The solution was
irradiated by a 980 nm laser for different periods of time, and the generation of 'O, results

in the bleaching of ABDA absorption at 380 nm.

2.10 Cellular viability

The cell viability was investigated in HeLa cells. The cells were seeded onto 96-well
plates with a density of 1x10* cells per well and incubated for 24 h. After cell attachment,
different samples were added to the wells and subsequently incubated at 37 <C for an
additional 48 h. Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay [29].

2.11 Cellular imaging
Following incubation of cancer cells on glass-bottomed dishes containing culture medium
at 37 <C for 24 h, different samples were added to each dish and incubated for another 2 h

at 37 <T. The medium was then removed and cells were washed with ice cold PBS

61



followed by fixing with 4% paraformaldehyde in PBS. After fixing, the fluorescent

images of the cells were analyzed with a 980 nm diode laser.

2.12 Characterization

The crystalline phase of all nanostructures under investigation was analyzed by X-ray
diffraction (XRD, Bruker D8 Advanced Diffractometer, Cu Ka radiation). The
morphology and size distribution of the GNRs and UCNPs were determined with a
Philips CM200 high resolution transmission electron microscope (HR-TEM), equipped
with an energy-dispersive X-ray (EDX) unit. The UV-Visible (UV-VIS) spectra were
obtained using a UV-VIS spectrometer (Varian 5000). Luminescent measurements were
carried out under 980 nm excitation using a laser diode. The laser beam was focused on
the sample using a lens to obtain a spot with a Gaussian intensity distribution with a 0.4
mm diameter. The emitted light was collected by a lens in a 90° configuration, and then
transferred to a spectrophotometer (Avaspec-2048L-USB2) using an optical fiber.
Cellular imaging was investigated by using a home-made confocal microscope under
diode laser excitation at 980 nm. The collected luminescence at 660 nm was collimated
and after passing several filters was spectrally analyzed by a monocromator (iH320,

Horiba) attached to a high sensitivity Si CCD camera (Synapse, Horiba).
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3. Results and discussion

3.1 Preparation and characterization of GNR@SiO,@UCNPs

To prepare a novel multifunctional nanocomposite based on UCNPs and GNRs with
combined optical, photodynamic and photothermal properties useful in theranostics, the
nanocomposite was prepared through layer-by-layer. Moreover, the mesoporous silica
(SiOy) layer separating the UCNPs decorated on the surface and the GNR core has a dual
role. First, it acts as a spacer between the plasmonic nanostructure (GNR) and the
fluorescent species (UCNPs) leading to minimal luminescence quenching and potentially,
plasmonic enhancement. Second, the pores could be loaded with photosensitizer
molecules capable of converting the upconverted visible radiation to reactive oxygen
species (i.e. '0,) adding another modality to the nanoplatform. To accomplish this, a
multistep synthetic method was proposed and summarized in Scheme 1, and described in
detail in the Experimental section. Firstly, NaGdF4:Er**, Yb* UCNPs were synthesized
by the previously described thermal decomposition method [30]. As seen in the Fig.1A,
the synthesized UCNPs were monodisperse and uniform with an average diameter of
approximately 6.5 nm. The HR-TEM image of the UCNPs is shown in the Fig. 1B and
the lattice fringes can be clearly observed with a spacing of ~0.275 nm, ~0.317 nm
assigned to the {200}, {111} plane of cubic (o-) phase NaGdF,Er**, Yb** UCNPs,
respectively. This result is consistent with XRD studies (Fig. 2B) which confirmed that
the UCNPs crystallized in the a-phase, and no impurity crystalline phase was found in the
diffraction pattern. Separately, GNRs were prepared according to previously published
protocol [31] and their morphology as well as size were shown by means of TEM (Fig.

1C). It is clearly observed that GNRs with an average of 72 nm in length and 12 nm in
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diameter were synthesized successfully, yielding an aspect ratio of approximately 6:1. To
characterize their absorption properties, a key parameter in the photogeneration of heat,
their SPR was investigated using UV-VIS absorption. We observed that there are two
SPR absorptions around 525 and 972 nm, owing to the transverse absorption and
longitudinal absorption, respectively (Fig. 2A). Subsequently, the SiO; layer was grown
on the surface of the GNRs according to the previous protocol [32]. In this process, the
CTAB served as the organic template for the formation of the mesoporous SiO, layer
with a thickness of ca. 15 nm (see Fig. 1D), offering the opportunity for the loading of
the therapeutic photosensitizer molecules. Following the growth of SiO, layer, the
longitudinal SPR of the GNR@SIO; nanostructures exhibits a small red-shift (~11 nm),
and is now located at 983 nm (Fig. 2A). The electric fields distribution surrounding the
surface of the GNR and the GNR@SiO; was simulated and summarized in Fig. S1 in the

supporting information.

GNRs GNR@SIO, GNR@SiO,@JICNPs
Scheme 1 Schematic illustration of the synthetic procedure for the GNR@SiO,@UCNPs nanocomposite
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Fig. 1 (A) TEM and (B) HR-TEM images of the synthesized NaGdF,:Er®*, Yb® UCNPs. TEM images of the (C)
synthesized GNRs, (D)the SiO, coated GNRs, and (E) the hybrid SiO, coated GNRs decorated with NaGdF4:Er**, Yb**
UCNPs (GNR@SiO,@UCNPs).(F) HR-TEM image of the GNR@SiO,@UCNPs interface.

After functionalization of the SiO,-coated GNRs using amino-propyltriethoxylsilane
(APTES), they were mixed with citrate-capped UCNPs. At pH 6 of the colloidal solution,
the amino group of APTES was fully protonated (NH,"), whereas UCNPs possessed
negative charges (cit’). Hence, electrostatic forces between the UCNPs and APTES
functionalized SiO,-coated GNRs’ surface allowed for their surface decoration. Fig. 1E
shows the morphology of the SiO,-coated GNRs following attachment of UCNPs and the
interface between UCNPs and GNR@SIiO, was further characterized by HR-TEM. As
shown in Fig. 1F, two lattice fringes of the NaGdF.:Er**, Yb* UCNPs were visible, with
the spacing of ~0.275 nm corresponding to the {200} planes and the larger lattice spacing

of 0.317 nm matching the {111} crystal planes of o-NaGdF4:Er**, Yb* UCNPs. This
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attachment and the assembly of the hybrid nanocomposite composed of NaGdF; UCNPs
and GNRs could be further confirmed by XRD (Fig. 2B). The main diffraction peaks
coincide well with the pure a-phase NaGdF, crystal (JCPDS No: 27-0697) and face-
centered cubic (fcc) structure of metallic Au (JCPDS No: 04-0784). In addition,
compositional analysis by energy-dispersive X-ray microanalysis (EDX) indicated that
Na, Gd, F, Yb, Er, Au, Si elements are also detected in this nanocomposite (Fig. 2C),

further confirming this hybrid nanocomposite consisting GNR@SiO, and UCNPs.
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Fig.2 (A) Extinction spectra of GNRs and GNR@SIO,. (B) XRD pattern of (i) GNRs, (ii) a-NaGdF,:Er®*, Yb*, (iii)
hybrid nanocomposite of GNRs and NaGdF,:Er**, Yb**. The standard pattern of pure GNRs (JCPDS file No: 04-0784),
pure a-NaGdF, (JCPDS file No: 27-0697). The stars show the diffraction peaks of GNRs. (C) Elemental analysis of
hybrid of GNRs and NaGdF,:Er**, Yb*" by EDX.

3.2 Photoluminescence properties of the GNR@SiO,@UCNPs
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This upconversion mechanism through the energy state diagrams of Yb** and Er** is
illustrated schematically in Fig. S2 of the supporting information. It is well known that
NaGdF4Er**, Yb* UCNPs possess a large absorption at 980 nm and can be efficiently
excited via a continuous wave NIR laser. In this mechanism, the Yb** ions (the sensitizers)
are excited from the ground state (°F7;) to the excited state (°Fs;) and then undergo
subsequent energy transfers to the Er®" ions (the activators) in close proximity. This
excites the Er®" ions from the ground state (*l1s) to the first intermediate excited state
(*1112) and further to the *F7); excited state. Following multiphonon (non-radiative) decay,
the lower energy 2Hi1» and *Ss;, emitting states are populated, which produce the green
emission at 525 and 545 nm through radiative decay from the ?Hii, and “Ss, excited
states to the *lys, ground state, respectively. The red emission at around 660 nm is
produced from the radiative transition of the *Fgj; excited state to the ground state. As in
the red emitting states, the “Fo, excited state is populated via non-radiative decay from
the upper states, in this case “Hi/*Ss.. However, the *Fg, state can also be populated by
direct energy transfer. In this case, once the Er®" ion is excited to the *ly1, intermediate
state, it can also undergo non-radiative decay to the *ly3; excited state. A transfer of

energy from an excited Yb** ion in the 2Fs, state can then directly populate the “Fgy, state.

Previous reports have demonstrated that the upconverted emission intensity could
possibly be used to monitor changes in temperature of the environment [8, 9]. For Er**
ions, given that the difference in energy between the Hiy, and *Sg, excited states is only
several hundred wavenumbers (cm™), the lower energy “Ss, state could easily thermally
populate the upper H.15, state. This is generally referred to as the Luminescence Intensity

Ratio (LIR) technique. Therefore, the relative intensity ratio between the 2Hyip—"lss
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and *Sg—*115,, emission bands could be calculated based on the Boltzmann distribution

for thermometry applications

—AE
R=Cx exp(F) )

where R represents the LIR of the 2Hi1,—"l1512 and the *Sz,—*l15, C is a constant, AE is
the energy gap between the two excited states, k is the Boltzmann constant, and T is the
absolute temperature. Fig. 3A presents two upconversion emission spectra (excited at 980
nm) of the UCNPs at two different temperatures, 20 and 60 <C. Comparing both distinct
bands between 515-535 nm, and 535-570 nm, the ratio increases with temperature, and
this ratio increment also follows a linear relation with temperature, as can be observed in
the graph in Fig. 3B. In this case, the experimental determination of this ratio yields a
direct temperature measurement. Indeed, this increase in the ratio between the
corresponding emitting peak intensities could therefore employed for thermal sensing [8,
33]. Afterwards, based on this ratio, the same procedure was followed to estimate the

temperature of the GNR@SIO,@UCNPs hybrid nanocomposite sample.

From the detailed analysis of data in Fig. 3C, the ratio of the upconversion intensity
between the 515-535 nm and 535-570 nm emissions of the GNRs@SiO,@UCNPs
nanocomposites clearly increases when compared with that of the bare UCNPs at the
same conditions. The thermal change of the GNRs@SiO,@UCNPs nanocomposites
under NIR excitation was determined by the previously obtained linear regression
equation for the NaGdF,:Er**, Yb* UCNPs. Thus, the calculated temperature increase
reached 20.41K for the GNRs@SiO,@UCNPs nanocomposites. This heat was generated

by the absorption of the 980 nm excitation beam by the SPR of GNRs. This increase in
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the in situ temperature results in a variation of the green upconverted emission of the
UCNPs. In this nanocomposite, the GNRs could therefore easily be used as nanoheaters
when excited at 980 nm, while the UCNPs decorated on the surface of the SiO, shell
effectively behave as thermal sensors. Moreover, it is worth noting that the total emission
from the Er’* ions in the GNRs@SiO,@UCNPs nanocomposite was enhanced when
compared with bare UCNPs. This is due to the fact that when the SPR of the GNRs
overlaps with the excitation of UCNPs (*Fs), from Yb** and “l11/, from Er®* at 980 nm), as
shown in Fig. 3D, the energy harnessed by the plasmonic nanostructures (GNRs) could
be transferred to the electrons of the UCNPs, resulting in an increase in the their
absorption cross-section [21, 34]. Further to this, the SPR can have either enhancement or
quenching effects on the upconversion luminescence depending on the relative position
of the SPR from the excitation or emission of UCNPs and the distance separating the
UCNPs from the metal surface, that is to say, the thickness of the spacer layer between
the UCNPs and the surface of the GNRs [35]. There are three competitive effects that
contribute to this behavior: the plasmonic field causing luminescence enhancement, the
radiative decay rate from coupling of the upconversion emission with the SPR of GNRs
resulting in luminescence enhancement and the non-radiative energy transfer resulting in
luminescence quenching. In this study, the SPR (980 nm) of GNRs was far away from
the upconversion emission, therefore, the radiative decay rate played a negligible role. If
the fluorescent species (UCNPs) are close the metal surface, the upconversion
luminescence decreases as the non-radiative energy transfer is dominant. With the

increase of the distance between the two species (i.e. the thickness of the spacer layer in
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this SiO,), the plasmonic field enhancement becomes dominant leading to the observed

increase of the UCNP luminescence.
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Fig.3 (A) Upconversion luminescence spectra of UCNPs at two different temperatures. (B) The temperature
dependence of the ratio calculated from the luminescence spectra. Dots are experimental results and the red line is the
best linear fit. (C) Upconversion luminescence spectra of UCNPs and GNRs@SiO,@UCNPs. (D) Normalized
absorption spectra of UCNPs and GNRs.

3.3 Characterization of ZnPc loaded GNR@SiO,@UCNPs and photodynamic effect

A photosensitizer ZnPc was selected as candidate to be loaded into the mesoporous silica
and to deliver the desired photodynamic effect. A concentrated solution of ZnPc was
mixed with the GNR@SiO,@UCNPs together until ZnPc absorbed into the porous silica.
The ZnPc loading capacity was determined by the UV-VIS spectra and reached 1.8 %
(w/w). Meanwhile, the luminescence intensity of ZnPc loaded GNR@SiO,@UCNPs

under NIR laser irradiation was also investigated and it was observed that a quenching of
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the luminescence occurred after ZnPc was loaded into the GNRs@SiO,@UCNPs
nanocomposite (Fig. 4A). In fact, the red emission (‘*Fop—’lisp) of the
GNR@SiO,@UCNPs from Er** decreased by 54%, which was significantly more than
the decrease in green emission (29%). This quenching resulted from efficient energy
transfer between the UCNPs (energy donors) and the ZnPc molecules (energy acceptors)
due to the favorable spectral overlap between the red emission of the UCNPs at 660 nm
and the absorption of ZnPc at 665 nm (Fig. 4B). Also, it is worth noting that the ratio of
the green emission bands discussed above remains almost unchanged after ZnPc loading
in the GNR@SiO,@UCNPs nanocomposites indicating that the LIR technique can still

be used for thermal sensing after loading.

The capacity of singlet oxygen (*O,) production was assessed using ABDA as a probe
molecule to monit