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ABSTRACT

Azobenzene Photoswitching in a Supported Lipid Bilayer Using LiYFs Upconverting

Nanoparticles for Biological Applications

Paola Andrea Rojas Gutiérrez, Ph.D.
Concordia University, 2019

Medical sciences have begun to focus their attention on the use of nanomaterials to
improve diagnosis and treatment with the ultimate goal of moving into personalized medicine.
The need to develop more efficient drug delivery systems motivated the development of the
nanomaterial proposed in this thesis based on lanthanide doped upconverting nanoparticles
(UCNPs).

Upconverting nanoparticles have the attractive optical property of higher energy light
production from lower energy excitation. Upon near infrared (NIR) excitation, LiYF4:Tm**/Yb*"
upconverting nanoparticles produce emission in the ultraviolet (UV), visible and NIR. Surface
modification of the nanoparticles with a supported lipid bilayer composed of phospholipids and
cholesterol provided water dispersiblility and colloidal stability to LiYF4:Tm?®'/Yb**
upconverting nanoparticles, while protecting the emission of the nanoparticle from water-derived
quenching. Additionally, the supported lipid bilayer provided a drug-loading feature. Different
electron microscopy techniques were used to characterize the supported lipid bilayer on the
surface of the LiYF4:Tm*"/Yb** upconverting nanoparticles and steady-state spectroscopy was
used for the characterization of the emission of the nanoparticles.

The development of a dynamic photo-responsive supported lipid bilayer was achieved
with the incorporation of an azobenzene-derivative lipid in the supported lipid bilayer at the
surface of LiYF4Tm*'/Yb*" upconverting nanoparticles to photo-control the drug release.
Azobenzene is a photoswitching molecule that changes from its stable frans-isomer to the cis-
isomer under UV irradiation. Upon NIR excitation, UV emission is obtained in situ from

LiYF4:Tm?®'/Yb®" upconverting nanoparticles and transferred to the azobenzene-derivative lipid,

il



triggering the photoswitching and disrupting the supported lipid bilayer. The dye Nile red was
loaded in the supported lipid bilayer as a model drug and its photo-control release was studied.
Upon 30 minutes of NIR irradiation, LiYF4:Tm>"/Yb*" upconverting nanoparticle transferred
23% of its energy to the azobenzene-derivative lipid, leading to 40% release of the dye
encapsulated through the disruption of the photo-responsive supported lipid bilayer. Studies on
the Forster resonant energy transfer (FRET) between LiYF4#:Tm*"/Yb*" upconverting
nanoparticles and the azobenzene-derivative lipid showed that the energy transfer mechanism is
mainly radiative (via reabsorption of light). Measurements on the absolute quantum yields of the
individual emissions bands of LiYF4:Tm?*"/Yb>" determined that the quantum yields of the each

of the emission bands are significantly different.

Cellular studies of this nanomaterial were conducted using alveolar lung carcinoma cells
(A549) where the cellular uptake, cytotoxicity, endocytosis mechanisms and trafficking inside
the cells were studied. The cellular uptake was studied as a function of the surface properties of
LiYF4Tm*'/Yb*", and as a function of incubation time using ICP-MS for the quantification of
the nanoparticle internalization. Through inhibitory studies of the cellular endocytosis
mechanism it was found that the clathrin-mediated, caveolae-dependent and an energy-
independent pathway were the main internalization mechanisms. Additionally, the trafficking
and photo-controlled release of the nanomaterial was studied using confocal microscopy taking
advantages of the optical properties of LiYF4:Tm**/Yb>" upconverting nanoparticles and the
fluorescence of the dye Nile red. It was observed that the nanomaterial was trafficked to different
organelles including the endoplasmic reticulum, Golgi apparatus, lamellar and lipid bodies. Upon
NIR stimulation of the nanomaterial inside the lung cancer A549 cells, a fast release of Nile red,

a model hydrophobic drug was produced from the photo-responsive supported lipid bilayer.

The studies herein contribute to the development of photo-responsive nanomaterials
using lanthanide upconverting nanoparticles and enrich the understanding of the nanoparticle-

cell interactions for the development and design of nanomedicines.
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Chapter 1

General Introduction

The concept of nanotechnology started with the visionary ideas of Richard Feynman in 1959,
explained during his lecture “There’s Plenty of Room at the Bottom”.! He proposed the
development of small machines, which could potentially be developed at the atomic scale.! He
even visualized their use in medicine as a way to cure heart diseases by introducing a small
“mechanical surgeon” inside a blood vessel to go into the heart and solve a problem.! He
proposed to scientists listening to his lecture to consider designing objects that could manoeuvre
at the cellular level.! However, it was not until 1974 that Norio Taniguchi proposed the term
“Nano-Technology” during a conference in Tokyo.? The term was then popularized by Eric

Drexler in 1986 with his book “Engines of Creation: The Coming Era of Nanotechnology”.?

The vision of Feynman inspired the scientific community to start developing the field of
nanotechnology, which has proven to be a powerful tool in many different fields including
medicine. Nano-sized materials (nanomaterials) are on the size scale of many biological
molecules that can gain entry to different tissue and cellular compartments, they are usually
defined to be at least smaller than a 100 nm along one axis.* Nanomedicine focuses attention on
the use of nanomaterials to improve diagnosis and treatment of diseases with the ultimate goal of
moving into personalized medicine, where person-specific treatments can be developed.” It
aims to enhance bioavailability, efficacy and controlled drug release during and after therapy,

while reducing side effects.””’

In 1962, while studying cell membranes and using phospholipid to model them, Alec
Bangham was the first person to observe a liposome: closed bilayers composed of phospholipids
in aqueous media.’ Since this discovery, liposomes have been useful to study cell membranes in
biophysical research. Later, in 1971, Gregory Gregoriadis proposed liposomes as drug delivery
systems.!®!! However, it was not until 1995 that the first liposome-based drug delivery system
was approved by the Food and Drug Admiration (FDA) for cancer treatment.'? This drug
delivery system, called Doxil, was the first nanomedicine.'? Doxil carries the cancer drug

doxorubicin and have shown to be superior than the free drug by decreasing cardiac toxicity and



some cases have shown to improve antitumour therapeutic effect.!?

Nowadays there are several
clinically approved nanoscale drug delivery systems that have shown to reduce the toxicity of
chemotherapeutics, however the therapeutic efficacy has not always been enhanced, and the

t.!13 Moreover, even though most advances in

treatments do not always work for every patien
nanomedicine have been focused towards cancer treatment,”!*!> the field is also developing
treatments for other diseases such as arthritis,'® atherosclerosis,'” diabetes,'® and

cardiomyopathy. "

Nanoparticle-based drug delivery systems can also be designed with stimuli-responsive
features to produce drug release under exogenous stimuli such as photo-irradiation, heat,
ultrasound or X-rays.”?° The design of these nanomaterials could provide control of the drug
release and reduce spontaneous and/or premature drug leakage due to internal uncontrollable
biochemical changes such as pH, redox potential and enzyme degradation. Nanoparticles with
optical, electrical or magnetic properties can be used to develop nanomaterials with potential use
in nanomedicine with exogenous stimuli.?*?! Additionally, nanoparticles offer a high surface
area to volume ratio that can be used with subsequent surface modification to provide different
physicochemical properties that could control the interactions of nanoparticles with cells and

organs.*?

Light is non-invasive and offers control both spatially and temporally when compared to
other exogenous stimuli. Lanthanide-based nanoparticles have attracted attention as
nanomaterials with great potential for biological and medical applications due to their optical
properties.”*»** Lanthanide doped upconverting nanoparticles (Ln-UCNPs) consist of a crystalline
inorganic host matrix doped with lanthanide ions. These nanoparticles have the ability to absorb
and convert near-infrared (NIR) light to visible/UV/NIR light efficiently through an
upconversion process. They present high photo-stability, multi-wavelength emissions and large
anti-Stokes shifts that leads to many unique advantages such as low background auto-
fluorescence, deep light penetration depth in tissues and minimal photo-damage to living
organisms.? Additionally lanthanide-based nanoparticles can be doped with paramagnetic ions

such as Gd*" to develop materials with both optical and magnetic properties.’® Recently,



lanthanide-based nanoparticles synthesized with ions with high atomic number such as Lu** have

shown radioluminescence properties.?’®

With respect to biological applications, Ln-UCNPs could be used to optimize treatments
such as chemotherapy and photodynamic therapy (PDT) while decreasing the side effects of
conventional cancer therapies. For example, Ln-UCNPs can be used to develop nanoparticle-
based drug delivery systems with photo-irradiation stimuli to either control the drug release or
activate a drug using NIR light.?>*° Additionally, taking advantage of the different properties that
lanthanide-based nanoparticles offer, there is the potential to develop materials which can both
act as bioimaging probes and drug delivery systems. The potential for Ln-UCNPs to be dual-
purpose nanomedicines, which could diagnose and treat diseases simultaneously could

revolutionize how medical treatments are performed today.



1.1 THEORY

1.1.1 The Lanthanides

The lanthanides (Ln) are the series of elements in the periodic table with atomic numbers 57
(lanthanum, La) to 71 (lutetium, Lu). Scandium and yttrium are also often included in the group
due to their similar properties, and thus are collectively referred to as the lanthanoids. Their
discovery goes back to 1787 when Carl Axel Arrhenius discovered a black stone and named it
Ytterbite after Ytterby (Sweden), the place where the stone was found. Shortly after, in 1794,
Johann Gadolun extracted yttrium oxide from Ytterbite and named it Yttria, which was the first
lanthanoid compound to be isolated. However, it was not until 1828 that Friedrich Wohler was
able to first isolate the yttrium element.>! All of the lanthanoids were discovered during the 19™

century except for promethium, which is radioactive and was only discovered in 1945.%!

The electron configuration of the lanthanides ranges from [Xe] 5d'6s* for lanthanum to
[Xe] 4/1*5d"'6s* for lutetium. The most prevalent (and usually the most stable) configuration for
the lanthanides is the 3+ oxidation state, which leaves the trivalent ions with an electronic
configuration of [Xe] 4/ (i.e. [Xe] for La, [Xe] 4/ for Ce to [Xe] 4f* for Lu).3? The 4f electrons
have a poor nuclear shielding ability which causes the outer-shell electrons (5s, 5p) to be more
attracted to the nucleus, producing the lanthanide contraction effect (reduction in size when
increasing atomic number).>? In addition, the 4f orbitals are protected from external influences by
the 552 and 5p° filled orbitals, which extend out further from the nucleus than the 4f orbitals. In
other words, the 4f electrons are shielded from the external chemical environment. It is due to the
shielding property that the lanthanide ions retain their free ion-like emission even when they are
in a crystal field.*> Materials containing lanthanide ions are known to exhibit sharp and narrow
emission bands similar to the ones observed in gas spectra, because the 4/—4f transitions are not
affected to a significant extent by crystal field splitting when they are incorporated into a

material .32



In principle, the 4f —4f electric dipole transitions for lanthanide ions are forbidden
according to Laporte’s parity selection rule (electronic transitions must be accompanied by a

change in parity).>?

However, Van Vleck in 1937 discovered that the electric dipole transitions of the 4f"-
states could have an admixture component of the 4f ™'5d configuration inducing an opposite
parity and allowing the transition.*> The admixture of the 5d states with the 4f states is induced
by the odd parity components of the crystal field.>? In asymmetrical crystal fields the optical
transition probabilities increase because the perturbation between states of opposite parity is
greater, allowing the parity-forbidden 4f/—4f electric dipole transitions to occur.’> On the other
hand, the magnetic dipole transitions are allowed and are not that affected by the crystal field

symmetry.3 2

The 4f electronic states of the trivalent lanthanide ions are usually denoted by the Russell-
Saunders notation with the symbol 5*1L;.3* In this notation, S is the total spin (2S5 + 1 is the spin
multiplicity), L is the total orbital angular momentum and J is the total angular momentum (J= L
+ §). Although the optical properties of the trivalent lanthanide ions do not change significantly
with the chemical environment, the crystal field can induce some splitting of the energy levels.

The maximum splitting occurs at (2J + 1) if J is an integer or (J + 1/2) if J is a half integer.

The trivalent lanthanide ions have electronic states with a ladder-like energy structure,
and the parity-forbidden 4f—4f transitions exhibit long lifetimes (from milliseconds to
microseconds). These two properties have made it possible to develop lanthanide-based materials
which exhibit an interesting optical phenomenon known as upconversion, which has been used
for a wide variety of applications. For example, these materials have been used in

35,36

optoelectronics, display technology,’’ solar energy harvesting,®® and biomedical

applications.>



1.1.2 Lanthanides Upconverting Nanoparticles

Lanthanide upconverting nanoparticles (Ln-UCNPs) exhibit an anti-Stokes process. These
nanoparticles absorb low energy excitation, typically 980 nm, and emit high energy light via a
multiphoton sequential absorption process known as upconversion. This process is contrary to
fluorescence, which follows the Stokes law —the excitation photons are at higher energy than the
emitted photons.

The emission wavelengths from Ln-UCNPs can be tuned by selection of an appropriate
combination of trivalent lanthanide ions, dopant concentrations, and the host material. Fluorides
host materials have been the overwhelming choice for upconversion since they have low energy-
lattice phonons, which decrease the non-radiative relaxation and as a result increase the

efficiency of upconversion emissions.?’

1.1.2.1 Upconverting mechanisms

Four main upconversion mechanisms have been established: excited state absorption (ESA),
energy transfer upconversion (ETU), cooperative upconversion, and photon avalanche.*’ Herein,
excited state absorption and energy transfer upconversion, which are the two most efficient

mechanisms, will be discussed.

1.1.2.1.1 Excited state absorption (ESA)

The excited state absorption mechanism involves the sequential absorption of at least two
photons by one ion via the excitation of the ion to real, intermediate metastable energy levels,
from where it can radiatively decay.*'** Figure 1.1 depicts the ESA mechanism, where the ion X
in the ground state (QG) is excited by an incoming photon resonant with energy equivalent to the
energy gap between the ground state and the excited state (E1) thus promotes ion X to the first
excited energy level (E1). A second photon, resonant with the energy gap between the first and
the second excited state (Ei—E>), is absorbed and promotes the ion X to the second excited
energy level (E2). From this excited energy level (E2) the ion X decays radiatively to the ground

state (G), releasing a photon of higher energy than the incoming photons used to excite the ion X



(upconversion). Most of the lanthanides have similar energy gaps between their excited sates
(ladder-like structure) that allow this kind of mechanism using just a single pump source of
photons with the same energy. However, using multiple sources of excitation could be possible

when the energy gaps between the excited states are different.*!
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Figure 1. 1 The excited state absorption (ESA) mechanism

1.1.2.1.2 Energy Transfer Upconversion (ETU)

In 1966, Frangois Auzel revolutionized the upconversion field when he proposed the 1 ' addition
de photons par transferts d'energie (APTE) in the Yb**, Er’* coupled system which, was later
termed energy transfer upconversion.***} Auzel demonstrated for the first time the possibility of
upconversion from near infrared light to visible light using a the above mentioned coupled
system in a glass.** He proposed that the energy transfer between two lanthanide ions in their
excited states was possible. Before this, the energy transfer process was only considered with
ions in the ground state.*® These co-doped materials have shown to have a better upconversion
efficiency than the other upconversion mechanisms.*’

In the energy transfer upconversion mechanism, two ions are involved, referred to as a

donor ion and an acceptor ion. The donor (or sensitizer) ion is excited with a pumping source and



then it transfers the energy to a second different ion called the acceptor (or activator), exciting
the latter. This energy transfer process from the donor to the acceptor can then continue n-times
through n-excited states of the acceptor ion, until the acceptor decays radiatively.*’ This process
requires the acceptor ions to possess metastable states that act as population reservoirs to
facilitate the energy transfer process. As well, the sensitizer ion requires a high absorption cross-
section to facilitate its excitation.*? Figure 1.2 shows the basics of the ETU mechanism. First, an
incoming photon of an energy resonant with the energy gap of the donor (ion X) excites the ion
X from the ground state to its exited state (G—Ei). The excited ion X transfers its energy (1-ET)
to the acceptor ion (ion Y), promoting it from the ground state to the first exited energy level
(G—E)). A second donor ion X that is in its excited state can transfer energy (2-ET) to the
already excited ion Y, promoting it from the first excited energy level to the second excited
energy level (E1—Ez). lon Y decays radiatively from the second excited energy level to the
ground state (E2—@G), emitting a photon with higher energy than the incoming photons used for
the excitation (upconversion). It should be noted that the ESA and ETU processes could occur

simultaneously, and are not mutually exclusive processes.
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Figure 1. 2 Energy transfer upconversion (ETU) mechanism.

1.1.3 Energy transfer

As discussed previously for the ETU mechanism, an ion in the excited state can return to the
ground state by transferring its energy to another ion. However, in order to produce the energy
transfer between the ions, certain interactions are required. Herein, the ions will be called D (for

donor) and A (for acceptor), and their excited states will be represented with (*).



lon D lon A

Figure 1. 3 Energy transfer between ion D (donor) and A (acceptor) at distance R. The energy
level diagram, resonant between ions D and A, and the Hamiltonian interaction (#p,) between

the initial D* A and final A* D states.

Figure 1.3, represents two ions that are separated by a distance R. Ion D* is in the excited state
and ion A is in the ground state. First, in order to transfer energy from D* to A, there has to be a
resonance between the ions D and A. In other words, the energy difference between the ground
state and the excited state of D and A has to be the same.* Experimentally, this could be
observed when the emission spectrum of D overlaps with the absorbance spectrum of A. Second,
there has to be an interaction between both ions, which could either be an exchange type, or a
multipole-multipole type of interaction (i.e. electric dipole-dipole).*> The exchange interaction
depends on the wavefunction overlap (overlap of the atomic orbitals of both ions), which
decreases exponentially with the distance between the ions. In the case of the multipole-
multipole interactions, the intensity of the optical transition determines the strength of the
interaction. However, it is difficult to determine exactly the type of interaction which is

occurring.*’

10



46,47

Dexter and Forster, who worked separately on the theory of the energy transfer

process during the 1950s, developed an equation to calculate the energy transfer rate (Wer):

Wer === (D" AlHp4 DA [ gp (v) - ga() dv (1.1)

The matrix component is the Hamiltonian interaction between the ions during the initial
D*A state and the final DA* state, which is dependent on the distance between the ions. The
integral component represents the spectral overlap between the emission spectrum of the donor

gp(v) and the absorbance spectrum of the acceptor g,(v) as function of the frequency.0:4347:48

When the excited ion D* decays to the ground state, it could occur via a radiative or non-

radiative process (Figure 1.4).
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Figure 1. 4 Energy transfer processes between two ions D (donor) and A (acceptor). a) Resonant

radiative transfer. b) Resonant non-radiative transfer.

The resonant radiative energy transfer process (Figure 1.4 a) occurs when D* decays emitting a

photon, which is absorbed by A. The energy transfer results in the excitation of A from the

11



ground state to the excited state, which is followed by the emission of a photon by A* as it
radiatively decays.****? In order to facilitate the energy transfer process, the acceptor has to be
within the travel-distance of the photon emitted by the donor. In other words, the ions do not
need to be in close proximity as the radiative transfer process may permit long-range energy
diffusion, but it would dependent on the shape of the sample.*’ Also, because the donor first
emits a photon and then the photon is reabsorbed by the acceptor, the lifetime of the donor would
not change because the population decay rate of the donor excited state is not affected. However,
due to the spectral overlap between the donor and the acceptor, the intensity of the emission
spectrum of the donor may change with the concentration of the acceptor because more light is

being absorbed by the acceptor species.*’

The probability of a resonant radiative energy transfer process can be expressed as follows:

Wer(R) = ;245 -/ 90 () g4 () dv (12)

4T T

where g, the absorption-integrated cross-section of the acceptor and 7 is the lifetime of the
donor. As there is no physical interaction between the donor and the acceptor, the expression
depends on the photon density that the acceptor can absorb at a distance R from the photon flux
that the donor emits.*>* Thus, in this kind of process its important to notice that the energy

transfer rate will vary with the distance between the donor and the acceptor as R™2.

On the resonant non-radiative energy transfer process, D* that is in the excited state, will
transfer energy to the ion A, without emitting a photon, through an interaction (i.e. electric
dipole-dipole) between both ions (Figure 1.4 b).*%44748 That energy transfer results in the
excitation of A from the ground state to the excited state, which is followed by the emission of a
photon by A*. This interaction will shorten the lifetime of the donor, as the transfer process can
be regarded as an additional relaxation pathway of the donor excited state (D*). This energy
transfer process is highly dependent on the distance between both ions. In the case of an electric
dipole-dipole interaction, the energy transfer rate varies with the distance between the donor and

the acceptor as R™®. The rate of transfer can be expressed as follows:

12



Wegr = i(%)6 (1.3)

where R, is the Forster radius. R, is the critical distance where the radiative rate is equal to the
non-radiative energy transfer. Then, if the distance between the ions D and A is greater than R,
(R > Ry), the energy transfer will be most likely occur via a radiative process. While if the
distance between the ions D and A is smaller than Ry (R < Rj), the probability to have a non-

radiative energy transfer process is greater.*#>

The quantum yield of the energy transfer process at the Forster radius is the fraction of
the photons absorbed by the donor that are transferred non-radiatively to the acceptor.**->* This
quantum yield is known as the Forster resonant energy transfer efficiency (Errer) and can be

expressed as follows:**->°

d
Epper =1 — q,L; (1.4)

where @ is the quantum yield of the donor, and @4 is the quantum yield of the donor in the
presence of the acceptor. Those quantum yields, which are the amount of photons emitted per

photons absorbed, can be expressed as follows:

—_Wp
Po = G (1.5

— Wp
Ppa = (Wp+WEgr+Wny) (1.6)

where W), is the radiative decay of the donor, W,,, is the rate of non-radiative decays and Wgr is
the rate of the FRET transfer. Substituting equations (1.5) and (1.6), into the equation (1.4) the

FRET efficiency can be expressed as follows:

WEgT
E = ——ET 1.7
FRET ™ w4+ Wer+Whp, (1.7)

as discussed above, the rate for a non-radiative energy transfer between a donor and an acceptor
with a dipole-dipole interaction can be expressed in terms of the Forster radius. The FRET

efficiency can be written as follows:

13
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Ro®+R6

(1.8)

Epger =

The FRET efficiency can be measured experimentally via the donor emission intensities or

lifetimes in the presence and absence of the activator:

1
EFRET =1- IL; (1-9)
Eppgr = 1 — TLDA (1.10)

where I, and I, are the integrated areas under the emission curves of the donor alone, and the
donor in the presence of the acceptor, respectively. In a similar way, 7, and 74 are the lifetimes

of the donor, and the donor in the presence of the acceptor, respectively.

The use of the FRET efficiency with the Forster radius has enabled the calculation of the
distance between a donor and an acceptor. In molecular biology, the FRET efficiency has been
used as a “spectroscopy ruler” to measure the distance between macromolecules.*” The Férster
radius between two molecules interacting via an electric dipole-dipole interaction has been

defined as follows:**52

Ry = 0.02108 (k?dpn~*Jp )Y  [nm] (1.11)

Jon = j fo (D) a(D)A*dA
0

where k2 is the spatial orientation factor between the donor and the acceptor, n is the refractive
index of the surrounding media, @, is the quantum yield of the donor, and /4 is the normalized
spectral overlap integral of the emission spectrum of the donor f,(1) and the absorption
spectrum in terms of the absorption molar coefficient of the acceptor &4(1), and A is the
wavelength. The spatial orientation factor (x?) can vary between 0 and 4, depending on the
position of the donor and the acceptor transition dipole moments. When the dipole moments
between the donor and acceptor are at 90° (perpendicular) the value is zero, but when they are

aligned at 0° (collinear) the value is 4.°° However, due to the long lifetimes of lanthanides (from

14



microseconds to milliseconds) it is most likely that the donor and the acceptor would be rotating
during the donor excited state, which bring x?to a value of 2/3 (dynamic averaging).*’

The FRET transfer between two molecules has been reported up to distances of 10 nm.>

For instance, using a lanthanide complex (donor) attached to one extreme of a DNA fragment,
and a fluorescence dye (acceptor) at the other extreme, it was possible to measure the change of
the DNA configuration in the presence of a protein for distances of up to 10 nm.>* UCNPs can be
used as an optical probe since the emissions produced can be used to transfer energy to different
molecules. The distance between the nanoparticle and the molecule as well as their spectral
overlap are important parameters for the energy transfer process. FRET efficiency measurements

has been use widely to characterized the energy transfer process in this kind of systems.

1.1.4 Phospholipid bilayers

Phospholipids are biological amphiphilic molecules with two distinct regions of different
polarity. The hydrophilic region composed of a phosphoric acid derivative group is called the
head group, while the hydrophobic region composed of hydrocarbon chains is called the tail
(Figure 1.5). Glycerophospholipids have a glycerol backbone with hydrocarbon chains at sn-1
and/or sn-2 position and the phosphate head group at the sn-3 position. Glycerophospholipids are
commonly name by a shorthand designation that comes from the corresponding fatty acid
derivative and the head group name. For example, 1,2-dioleoyl-sn-glycero-3-phosphocholine is
named after oleic acid and its shorthand designation is DOPC (Appendix A contains the name of
some shorthand designation of common lipids). When these molecules are dissolved in water at a
concentration greater than a value known as the critical micelle concentration, they
spontaneously form aggregates, which are organized structures of self-assembled molecules

driven by their local interactions.
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Figure 1. 5 Illustration of a phospholipid with double hydrocarbon chains.

The self-assembly of phospholipids into organized well-defined structures is driven by the free
energy and the geometry of the molecules, and the thermodynamics of the system.>®> There are
competing opposing forces in the phospholipid molecule when it is dissolved in water, around
the head group the hydrophilic interactions with the aqueous environment tend to increase, while
around the hydrophobic tail the interactions tend to decrease. As water molecules cannot form
hydrogen bonds with the hydrocarbon tails to minimize the interaction, the water molecules
reorganize in an ordered “cage” around the hydrocarbon tails (Figure 1.6).°° This produces a
decrease in the entropy of the system. In order to minimize the free energy, the hydrophobic tails
aggregate in such a way to optimize the surface area per head group at which the total interaction
free energy per phospholipid molecule is minimized (Figure 1.6).>> This process is known as the
hydrophobic effect. Depending on the molecular shape of the phospholipid molecule, different

self-assembled structures can be formed.
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Figure 1. 6 Illustration of the hydrophobic effect. Left) Illustration of the rearrangement of water

=0
=0 e

Lipid
Bilayer

&

==

";)s::

molecules when a phospholipid molecule is dissolved in water. Right) Self-assembly of
phospholipids into a lipid bilayer, the head group optimized the interaction with water molecules

while the hydrocarbon tails aggregate and minimize the interactions with the water molecules.

Israelachvili in 1992 proposed the packing parameter, a non-dimensional number, based on the
geometrical features of the phospholipid molecular shape.’’” This number indicates the self-

assembled structures that a particular phospholipids molecule could produce.’

The packing parameter () can be defined as:

7):<a3a (1.12)

where v is the volume of hydrocarbon tails, a, is surface area at the water-hydrocarbon
interface, and [, is the critical hydrocarbon chain length. For example, lipids with single chain
and large head groups (P < 1) have a cone-like packing shape that results in the self-assembly of
spherical and cylindrical micelles. Lipids with small head groups and long tails (P > 1) have an

inverted cone-like packing shape and self-assemble in inverted micelles. Lipids with double-
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chain (P ~ 1) present a cylinder-like shape and usually self-assemble in lamellar structures that

could be of the form of bilayer or liposome (Figure 1.7).
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Figure 1. 7 Illustration of the packing parameter for different molecular shapes of lipids and the

corresponding self-assembled structures.

There are different forces that generate a lateral pressure in the bilayer that keeps it assembled.
The head group region has a repulsive component coming from entropic, steric and electrostatic
interactions between the head groups.’® The interfacial region, between the head group and the
tails, has an attractive force due to the hydrophobic effect.’® The tail region has an overall
repulsive component arising from entropic and steric interactions between the hydrocarbon
chains and a small attractive component from van der Waals interactions.® The head groups and
the hydrocarbon tails produce a positive lateral pressure while the interface produces a negative
pressure.’® If the lateral pressure at the head group region is different from the one at the

hydrocarbon tails region it generates a torque and the bilayer will tend to curl.’®*® The bending
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energy of a lipid bilayer will depend on the “spontaneous curvature” which results from an
imbalance in the lateral pressure between the head group and the tails without compromising the

interfacial region.’%

If the interfacial region is affected the structural stability of the bilayer will
be affected.’®>® One way to alter the lateral pressure on the bilayer is using phospholipids with a
different size between the head group and the hydrocarbon tails. For example, small head groups,
such as phosphatidic acid (PA) and phosphatidyl-ethanolamine (PE) or large head groups such as

phosphatidylinositol (PI) could generate spontaneous curvature on the bilayer.*

Figure 1. 8 Illustration of the lateral pressure in a lipid bilayer. Pink, black and green arrows
represent the lateral pressure at the interfacial, hydrocarbon tails and head group regions

respectively. (T, torque).

Lipids can present different phases depending on the temperature, pressure, hydration and their
structural properties. The two main phases for lipids in lamellar structures are the gel solid phase
(Lp) and the fluid liquid phase (L) (Figure 1.9).°%%° In the gel phase, the hydrocarbon tails are
stiff, fully extended, and packed, they can be either parallel to the bilayer, normal (Lg) or tilted
(Lp).>%%" In the fluid phase, the hydrocarbon tails are packed but disordered and do not tilt. The
transition temperature (Tm) is the temperature at which the lipid undergoes the phase transition
from the gel phase to the fluid phase. Each type of phospholipid has its characteristic transition
temperature, however it changes drastically with the unsaturation of the hydrocarbon tails; it is

also affected (to a lesser extent) by the length of the hydrocarbon tail and the phosphate head
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group. In general, at room temperature phospholipids with unsaturations in the hydrocarbon tails
are in the fluid phase, while saturated phospholipids (depending on the length of the tail) are in
the gel phase. The main reason is because the hydrocarbon chain with unsaturation kinks prevent

tight packing, and the transition temperature is below 0 °C.
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Gel: solid (L) Fluid: Liquid (L,)
Figure 1. 9 Illustration of the phase behavior of lipid bilayers.

Incorporation of cholesterol inside lipid bilayers has shown to affect the packing and fluidity of
the bilayer.®! Cholesterol inside a bilayer tends to pack with the hydroxyl group close to the
phosphate head group and with the sterol rings close to the hydrocarbon tails. When it is
introduced in bilayers in the gel phase, it induces disorder and fluidized the bilayer. In contrast,
in bilayers in the fluid phase, it induces order and rigidifies the bilayer (Figure 1.10).61:%? The
stiff sterol ring structure of cholesterol induces the hydrocarbon chains to orient perpendicular to
the plane of the bilayer.%® In the case of a fluid phase bilayer, the sterol rings produce a
hydrophobic stabilization increasing the van der Waals interactions between the adjacent
hydrocarbon chains, while in bilayers in the gel phase it decreases these interactions.®’% In
addition, cholesterol has shown to increase the distance between the phosphate head groups,
which in a bilayer with charged lipids helps to stabilize the electrostatic repulsions in the head
group.’®® The maximum solubility of cholesterol in a lipid bilayer composed with lipids in the
liquid phase, such as DOPC 1is 67 mole%, above this limit concentration cholesterol

precipitates.®*
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Figure 1. 10 Illustration of the condensation effect of cholesterol (chol) in a fluid phase lipid
bilayer.
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1.2 LITERATURE REVIEW

1.2.1 The LiYF4: Tm*/Yb* UCNPs

LiYF4 emerged in the 1960s as an alternative crystalline host material to CaWO4 to study the
emission bands of lanthanides ions and assign the transitions between the 4f states.®>®® When
Ln*" ions substitute the Ca>" ions a charged compensation is necessary, while substituting Ln>*
ions for Y>* in LiYF4 charge compensations is not required.®>%® LiYF4 proved to be an attractive
material for solid-state lasers, for which this material was mainly used for several decades. It was
not until 2009 that our laboratory synthesized UCNPs with LiYF4 as the host material for the first
time using the thermal decomposition method.®” LiYF4 has low phonon energies (424-566 cm™
1,58 and a tetragonal crystal structure that allows the co-dopants Tm** and Yb** ions to produce
strong upconversion in the UV, visible and NIR upon 980 nm excitation (Figure 1.11).5” Other
host materials such as NaYF4 which have a cubic or a hexagonal crystal structure do not produce
as strong UV emissions as the ones obtained with LiYF4.®” This could be due to the low
symmetry of the tetragonal crystal structure that produces a greater crystal field splitting
allowing more radiative transitions. For this reason, LiYF4 is a particularly interesting host
material for UCNPs when strong UV emissions are desired.

LiYF4:Tm*"/Yb>" UCNPs exhibit two emission bands in the UV region, at 350 and 368
nm, and a weaker emission band at 290 nm. These bands are assigned to *Po—>Hs, *Po—>F4, and
'D,—3Hs transitions respectively. In the visible region, there are two blue emission bands
centered at 450 and 480 nm, and a red emission band at 650 nm. These bands are assigned to
'Dy—3F4, 'G4—>Hs and 'Gs—>F4 transitions, respectively. In the NIR region, an emission band

centered at 800 nm is present corresponding to the transition *Hs—*He (Figure 1.11).
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Figure 1. 11 Upconversion emission spectrum of LiYF4#:Tm*"/Yb’" (0.5% Tm>", 25% Yb>")

UCNPs in toluene excited at 980 nm.

The LiYF4 is a particularly desirable host matrix for upconversion because the energy transfer
process from Yb** to Tm** produce high energy emission in the UV, which requires the multiple
photons. The energy transfer upconversion mechanism to produce the UV emission at 290 nm
and 350 nm requires the population of the *Po energy level of Tm*" which is achieved upon
absorption of 5 incident NIR (980 nm) photons. The population of the 'Da, 'Ga, and *Ha energy
levels requires 4, 3, and 2 incident photons, respectively, to produce the upconverted emissions.
Mabhalingam et al., proposed a phonon-assisted energy transfer mechanism in order to populate

the 3Py energy level (Figure 1.12).%
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Figure 1. 12 Energy level diagram depicting the possible energy transfer upconversion

mechanism for LiYF4:Tm>"/Yb>" UCNPs.
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1.2.1.1 Biological applications of LiYF4:Tm3*/Yb3* UCNPs

Ln-UCNPs are attractive luminescent materials with considerable potential for biological
applications. They present excellent photostability, narrowband photoluminescence, efficient
anti-Stokes emission and long lifetimes.%’ In addition, lanthanides present low toxicity.”® For
example, lanthanide chlorides present a medium lethal dose (LDso) values for oral administration
of 5000-7650 mg/Kg/bw and for intraperitoneal injection of 440-585 mg/Kg/bw.”! For in vitro
and in vivo applications, one main advantage of these materials is that they utilize NIR
excitation, which has a deeper tissue penetration in comparison to UV and visible light.”* Also,
NIR light exhibits low scattering within tissues, and does not induce auto-fluorescence of tissues,
increasing the signal-to-noise ratio.”> Due to these properties, Ln-UCNPs have been used for
widespread investigations in different biological application such as bioimaging,”® biosensing,*

drug delivery,?” photodynamic therapy,*’ and nanothermometry.”

In the particular case of LiYF4+:Tm*"/Yb** UCNPs, taking advantage of the emissions
spanning such an extensive region, different emissions could potentially be used for different
applications in the development of biological probes. For instance, the NIR emission at 800 nm
could be useful for bioimaging, and the high energy emissions (i.e. the UV and blue) provides
the opportunity to photo-control organic molecules via energy transfer.

When utilizing the high energy emissions of Tm?®" for photo-control of organic
molecules, the efficiency of the energy transfer must be carefully considered. For the energy
transfer process, in the LiYF4:Tm?>"/Yb*" UCNPs the Tm>" ions act as the donor and the organic
molecule as the acceptor. As discussed previously, this phenomenon will depend on the distance
between the Ln-UCNP (donor) and the organic molecule (acceptor), and the spectral overlap
between the emission spectrum of the donor and the absorption spectrum of the acceptor. In our
laboratory we have shown that this energy transfer process occurs from the UV and blue
emissions of LiYF4:Tm*"/Yb** UCNPs to organic molecules. For instance, energy transfer upon
980 nm excitation from LiYF4:Tm?>"/Yb>" UCNPs to the photosensitizer Foscan® results in the
production of singlet oxygen via the blue emission of the nanoparticle for application in

photodynamic therapy. Also, upon 980 nm excitation, energy transfer from the UV emission of
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the nanoparticle to organic molecules has been used to induce photo-cleavage and
photoswitching reactions.”®’”” These investigations demonstrate the potential of these
nanoparticles for use in the development of materials and systems for photo-mediated biological

applications using NIR excitation.

1.2.2 Photoswitching

This is a reversible light-induced phenomenon in which molecules are transformed or “switched”
between two states that have different absorption spectra.’®’® Photoswitching has been observed
in molecules that undergo either opening/closing or isomerization, such as in the case of

spiropyran and azobenzene molecules, respectively.

1.2.2.1 Azobenzene

Bandara and Buredette provide an excellent review of the properties of azobenzene and its
derivatives.”” The absorption spectra of cis- and trans-azobenzene are different, however, they
have some similarities. The trans-isomer has a strong n-n* transition near 320 nm and a weak n-
n* band at 440 nm; the cis-isomer has a stronger n-n* transition at 450 nm and a less intense nt-
m* transition at 280 nm (Figure 1.13 a).%° The trans—>cis isomerization can be induced by UV
light excitation and the cis—trans isomerization can be induced either by visible light, or it can
occur spontaneously in the dark due to the thermodynamic stability of the trans-isomer. The
photo-isomerization occurs at a faster rate than the thermal isomerization; this is an advantage
because it is possible for the cis-isomer to exist for a period of time following irradiation before
it switches back to the trans-isomer. Additionally, azobenzene shows photo-stability and it does
not decompose under irradiation for prolonged periods of time.”” Upon isomerization, there is a
change in the dipole moment from 0 Debye (trans-isomer) to 3 Debye (cis-isomer) and a change
in the configuration of the molecule.’! The trans-azobenzene has a planar structure with a Can
symmetry and the cis-azobenzene has a non-planar structure with a C, symmetry. That produces

a change in the length of the molecule from 9.0 A (trans-isomer) to 5.5 A (cis-isomer) (Figure
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1.13 b).3! This change the geometry of the azobenzene molecule upon isomerization has been
applied in the photo-control of biomolecules, such as the folding of peptides,® and in lipids to
induce permeability in membranes.®> However the need of UV light to induce the switching has

limited its uses in in vivo applications.
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Figure 1. 13 Absorption sepectra of frans- and cis-azobencene molecule. b) chemical structure

of trans- and cis-azobezene molecule. Figure (a) redrawn from Beharry and Wolley.
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1.2.3 Surface modification of nanoparticles

Because nanoparticles possess a high surface-to-volume ratio, their surface can be used as a
scaffold for a nanoplatform, which can be chemically modified or “engineered” according to the
desired application. Most synthetic protocols for the formation of high-quality Ln-UCNPs is
performed using the thermal decomposition which produces nanoparticles that are capped by
hydrophobic ligands. For biological applications, water dispersiblity, colloidal stability and
biocompatibility are some of the most important requirements for the nanoparticles. In addition
to these, solvent interactions with the surface of Ln-UCNPs has been shown to compromise the
upconversion emission.** For instance, water molecules have high phonon energies from the O-H
stretching vibrations, which can cause luminescence quenching.®* Therefore, the surface
modification of Ln-UCNPs can also be engineered to protect the optical properties of the

nanoparticles in addition to acting as a nanoplatform for biological applications.

Several surface modification strategies for Ln-UCNPs have been reported in the
literature, but they can be generally classified in two main groups, type-add and type-ex.%’ The
type-add surface modification involves the addition of an amphiphilic molecule or silica to the
already-existing capping ligand at the surface of the nanoparticle.®® In contrast, the type-ex
surface modification involves the complete exchange of the original capping ligand at the surface

of the nanoparticle with a hydrophilic molecule.®

In the type-add modification, the hydrophobic part of the amphiphilic molecule interacts
via van der Waals interactions with the capping ligand to produce the surface coverage. For
instance, molecules or polymers such as DSPE-PEG2k and poly(maleic anhydride) modified with
dodecylamine (PMA), have been used in this approach to render NaYF4 UCNPs water
dispersible.®> On the other hand, in the type-ex surface modification, first the capping ligand is
removed from the surface of the nanoparticle and a hydrophilic molecule is grafted to the surface
of the nanoparticle via electrostatic interactions. For example, oleate (the most commonly
encountered capping ligand in Ln-UCNP synthesis) is grafted electrostatically via the
carboxylate group to the positively charged surface of the Ln-UCNPs.*® The surface of the

nanoparticle has an overall positive charge due to the positive charge of Ln*" ions and their
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positions at the surface of the nanoparticle.®® Different acid treatments have been proposed to
achieve the removal of the oleate capping ligand. For instance, our laboratory proposed the
removal of the oleate from the surface of the nanoparticles with an acidic solution of HCI at pH 4
to protonate the oleate and disrupt the electrostatic interaction with the surface.®® Another well-
known procedure is the removal of oleate with nitrosonium tetrafluouroborate (NOBF34), which
produces nitrous acid (HNO,) and fluoroboric acid (HBF4) in situ. ¥ These procedures protonate
the capping ligand to facilitate its removal from the surface of the nanoparticle. The second step
of the type-ex surface modification requires the functionalization of small molecules or polymers
containing negatively charged groups to the positively charged surface of the nanoparticle via
electrostatic interactions. For example, citrate, and poly(acrylic acid) (PAA) have been used in
this approach to render the nanoparticles water dispersible.®> Additionally, another type-ex
approach is the layer-by-layer (LbL) procedure.®> The LbL consists of a sequential surface
modification with polymers of different charges. The first step involves the surface modification
using a negatively charged polymer, followed by the addition of a positively charged polymer
(second layer), after which it could continue with many layers alternating negative to positively
charged polymer layers. Usually between 2 to 5 layers of polymers are added using this
procedure to produce water dispersability and control the surface properties of the nanoparticle,
such as the surface charge.’%® Also, it has been reported as a method to improve
biocompatibility if one of the layers is more cytotoxic it can be “hidden” by the external layers if

those are less cytotoxic.®®

1.2.4 Supported lipid bilayers coatings

Another approach to modify the surface of nanoparticles is via the use of supported lipid bilayers
(SLB), which are continuous lipid membranes adsorbed on the surface of a solid substrate.®” The
surface modification with supported lipid bilayer using phospholipids on the surface of the
nanoparticles could provide a greater biocompatibility to nanoparticles because of the natural
properties of the lipids. In addition, due to the membrane-like behavior, the SLB could reduce

the water penetration rate and also provide a space for the encapsulation of hydrophobic drugs. It
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also allows for further surface modifications through the head groups of the phospholipids. In the
next section, before describing how supported lipid bilayers are formed, the properties of

phospholipids in lipids bilayers will be discussed.

1.2.4.1 Formation of supported lipid bilayers

The formation of SLB from the deposition of liposomes on top of a solid support was
first proposed by McConnell’s group in 1982 to study cell-cell interactions.”® The mechanism of
the SLB formation is via the adsorption, deformation and rupture of liposomes on the surface of
the solid support.”’ When a liposome is deposited onto a solid support, it adsorbs to the surface
and the contact area between the liposome and the support increases due to adhesion forces. The
process continues until the liposome deformation passes its limit and breaks, then it spreads,
forming the SLB (Figure 1.14). The spreading and coalescence of neighboring patches of
bilayers on the support occurs thorough hydrophobic interactions at the edge of the bilayers,
which have “active edges” due to the exposure of the hydrophobic core of the lipid bilayer to the

aqueous environment.”!
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Figure 1. 14 Illustration of the formation of a supported lipid bilayer from the deposition of
liposomes. Step 1: deposition of liposome on a solid support. Step 2: deformation and adhesion
of the liposome on the solid support. Step 3: Liposome rupture and spreading to form the

supported lipid bilayer.
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The main force involved in the formation of SLB is the electrostatic interaction that leads to a
strong attraction and adhesion between the bilayer and the solid support.”? For example, one
study on the formation of a SLB at the surface of a negatively charged silica support showed that
liposomes with positive charged lipids (DOTAP) have a strong electrostatic interaction with the
silica.”® However, they did not form a homogeneous bilayer assembly on the silica support.”?
They found that elevated charge density of DOTAP do not provide sufficient lateral organization
to produce the SLB assembly at the surface of the silica support.”* In contrast, liposomes with
mixtures of zwitterionic and negatively charge lipids (DOPC:DOPS (4:1)) allowed the assembly
of the SLB with a good surface coverage. Additionally, they found that an increase in the
negative charge lipid ratio inhibited the adsorption of the SLB on the negatively charged silica
support.”?

Mornet et al. investigated the formation of SLB on the surface of silica nanoparticles
(SNPs) as a function of time in order to complete the surface coverage of the nanoparticle.”*
Using the same liposome formulation as in the previous study (DOPC:DOPS (4:1)), but mixing
them with SNPs (110 nm), they found that the liposomes first adsorbed and deformed when they
were in contact with the surface of the nanoparticle.”* After some deformation of the liposome, it
breaks, creating a patch of SLB at the surface of the nanoparticle. The process continues through
the adsorption and deformation of different liposomes at the surface of the nanoparticles creating
different patches of SLB at the surface of the nanoparticle.”* The coalescence of neighboring
patches of SLBs fuse via an active edge effect producing an homogeneous surface coverage of
the nanoparticle.”’** Using cryo-TEM, they observed that the surface coverage with SLBs was
homogeneous even if the nanoparticle surface has some imperfections.”* Additionally, they also
found that the electrostatic interaction between the SNPs and the liposomes was critical for the

SLB formation, as well as the curvature of the nanoparticle.**

When decreasing the size of a spherical nanoparticle, the curvature at the surface
increases. Therefore, the lipid bilayer must bend in order to adsorb to the surface of the
nanoparticle. In extreme conditions with high curvature there is an increase in the void volume

between the lipids of the outer leaflet, which decrease the hydrophobic interaction and therefore
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affects the packing quality of the lipid bilayer. Studies have shown that lipids could reorganize to
decrease the void volume to minimize water interaction with the hydrophobic core of the
bilayer.”>*® Ahmed et al. studied the effect of the curvature of spherical nanoparticles on the
SLB formation.”>?® They investigated SNPs with sizes between 100 and 5 nm and found that the
packing of the SLB with DPPC changed when decreasing the size of the nanoparticle. They
found in smaller-sized nanoparticles (15 nm) an increase in the acyl-chain organization, which
was explained by lipid interdigitation in the bilayer.”® This phenomenon decreases the void
volume and improves the hydrophobic interaction between the acyl-chains of both leaflets, but
decreases the bilayer thickness. However, in nanoparticles of 5 nm size the SLB did not cover
completely the surface due to the high curvature of the nanoparticles. Instead, the authors
observed the formation of aggregates, they hypothesized that these aggregates were nanoparticles

connected with each other through SLB that acted as bridged structures.”®

Savarala et al., study the SLB formation as function of lipid/SNPs surface area ratio.”’
They found that the formation of SLB with a completed coverage onto the nanoparticle surface
was only obtained if the surface area of the lipid and nanoparticles was at least in a 1:1 ratio or in
an excess of lipid.”” However, for lipid deficit of up to 0.4:1, the nanoparticles were partially
covered with SLB, but still stable in solution for a few days. For lower lipid ratios, the

nanoparticles precipitate, producing SLB bridged structures between 2-5 nanoparticles.”’

Different strategies have been reported for the formation of SLBs on the surface of
nanoparticles.”® The most common method involves the incubation or extrusion of nanoparticles
with previously-prepared liposomes in aqueous solution as described above. However, using this
method an ultrathin water layer is adsorbed between the SLB and the nanoparticle.”” For a SLB
using DMPC lipids on silica beads the water layer was measured to be 17 £ 5 A.*” One
alternative to prevent the adsorption of water between the nanoparticle and the SLB is by using
the “hydration of a dry lipid thin film” method, similar to the preparation of conventional
liposomes. The nanoparticles are dispersed with the lipids in an organic solvent and form the dry
lipid thin film by evaporation of the solvent. Following by hydration, extrusion or sonication the

SLB is formed on the surface of the nanoparticles.!%%1°!
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Modification of the surface of lanthanide upconverting nanoparticles with SLB could
provide greater biocompatibility and act as a barrier against water in order to prevent the

luminescence quenching caused by the high phonon energies of water.

1.2.5 Azobenzene-modified lipids inside lipid bilayers

Azobenzene-modified lipids have been incorporated in the lipid bilayer of liposomes to photo-
control the release of the encapsulated molecules under UV irradiation.’*19271% When
azobenzene-modified lipids photoswitches (frans— cis) inside the lipid bilayer under UV
irradiation, it disrupts the packing of the lipid bilayer and produces the release of the

encapsulated hydrophilic molecules from the aqueous core of the liposome (Figure 1.15).
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Figure 1. 15 Illustration of liposome with azobenzene-derivative lipid for the photo-control

released of hydrophilic molecules. Redrawn from Morgan et. al.1?
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Different lipid compositions in combination with azobenzene-modified lipids have been
used to prepare photo-responsive liposomes. It has been shown that formulations with gel-phase
lipids requires at least 6 mole% of the azobenzene-modified lipid while in combination with
fluid-phase lipids at least 20 mole% is required in order to disrupt the bilayer of the liposome and
produce the release of the encapsulated molecules.!®*1% Additionally, the incorporation of
cholesterol to induce a liquid-ordered phase has shown to increase the disruption effect of the
bilayer under azobenzene switching.!%”1% There are reported formulations of up to 70 mole% of
azobenzene-modified lipids.!%!%* However, the main challenge for these types of liposomes is to
prevent leakage of the loaded drug over long periods of time when the mole% of azobenzene-

modified lipids is increased.®?

1.2.6 Nile red

Nile red (9-diethylamino-5SH-benzo[a]phenoxazin-5-one) is a hydrophobic, solvatochromic
fluorescent dye, which is highly sensitive to the polarity of its local microenvironment. The
emission of Nile red varies from blue (484 nm for n-hexane) to red (638 nm for
pentafluorophenol) depending on the polarity of the environment.!% Nile red is poorly soluble in
water and its fluorescence is quenched as a result. However, it is very soluble in lipids where it
exhibits a strong fluorescence. Because of these properties, it has been widely used as a
histochemical stain in cells and as a hydrophobic model drug for the study of potential drug
delivery systems. Herein the fluorescence mechanism of Nile red and its biological applications
will be discussed.

Nile red is a neutral molecule, which is planar along the benzo[a]phenoxazine conjugated
system except for the diethylamino group at the 9-position. The diethylamino group has free
rotation along the ethyl groups. In the excited state the molecule exhibits a large increase of its
dipole moment. This has been attributed to a twisted intramolecular charge transfer (TICT).'!
The intramolecular charge transfer occurs from the amino group that acts as the donor to the oxo
group in the conjugated system that acts as the acceptor.!!” In the excited state, the C-N bond

between the conjugated system and the diethylamino group twist, producing an overlap of the
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molecular orbitals of the donor and the acceptor.!'® This overlap hybridizes the donor/acceptor

electronic states, allowing the intramolecular charge transfer to occur.'!”
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Figure 1. 16 Chemical structure of Nile red from the ground state to the two possible excited
states, the planar intramolecular charge transfer (PICT) state and the twisted intramolecular

charge transfer (TICT) state. Blue: donor group, red: acceptor group.

The solvatochromic property of Nile red occurs due to the stabilization of the excited state. Polar
solvents with large dipole moments stabilize the TICT state to a greater degree than non-polar
solvents. Therefore, in polar solvents the emission of Nile red is red-shifted, producing larger
Stokes shifts while in non-polar solvents the emission is blue-shifted. It should also be noted that
in polar environments the fluorescence quantum yield of Nile red is low, while in non-polar
environments it is high.''! This is because the TICT state of Nile red presents a polarity-

dependent activation energy. Solvents with high polarity better stabilize the TICT state and
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therefore decrease the activation energy required on the process.!!! However, that increases the
rate of non-radiative processes from the TICT singlet states to the low-lying triplets and as a
consequence decrease the fluorescence quantum yield of Nile red.!!! Protic solvents have also
shown to decrease the quantum yields due to hydrogen-bonding effect.!!! In addition, due to its
low solubility in water, Nile red forms micelle-like aggregates, which have also shown to quench
the emission of the dye.!'> Those aggregates dramatically decrease the polarity of the dye’s
microenvironment, which inhibits the TICT process.!!! Also, self-quenching of the emission of
the dye in those aggregates has been proposed as explanation for the decreased fluorescence in

water.' 13

1.2.6.1 Biological Studies of Nile red

In 1985, Greenspan and Fowler carried out an extensive study on the emission and excitation of
Nile red in different lipid and protein environments.''* Table 1.1 summarizes some of their
results. Using vesicles containing lipids they found that Nile red exhibits a red emission at 628
nm in the presence of the phospholipid DMPC (dimyristoyl phosphatidylcholine). However, in
the presence of binary mixtures of DMPC with neutral lipids such as cholesterol and
triacylglycerol the emission of Nile red was blue-shifted to a more yellow emission at 605 nm
and 576 nm respectively.!'* When the emission and excitation of the dye were studied in the
presence of lipoproteins, both the emission and excitation progressively blue-shifted in
lipoproteins containing higher concentration of neutral lipids. In high density lipoproteins Nile
red emitted at 610 nm, while in very low density lipoproteins it emitted at 576 nm.''* When they
evaluated the emission of Nile red in hydrophilic proteins such as Gelatin and Inmunoglobulin
G, emission from the dye was not observed.''* However in the presence of Albumin, which
contains hydrophobic pockets, the dye emitted at 620 nm, but the emission was 10-to-100 fold
lower than when it was in the presence of lipids or lipoproteins.!'* Finally, they evaluated the
emission of Nile red in adipocytes and microsomal membranes, which are triacylglycerol and
phospholipid rich environments, respectively. As expected, in the presence of adipocytes, the
emission and excitation of the dye blue-shifted (Aem 582 nm, Aex 521 nm) while in the microsomal

membrane red-shifted (Aem 624 nm, Aex 540 nm).!!*
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These results clearly shows how Nile red emission is affected by the polarity of the near
microenvironment in biological systems. Systems containing phospholipids produce a red-shift
in the emission and excitation, a larger Stoke shift and decrease the intensity of Nile red in

comparison to systems containing neutral lipids, which exhibits a lower polarity.

Table 1. 1 Fluorescence of Nile red in different biological components. Values obtained from

Greenspan and Fowler study.!!* The Stoke shift was calculated from their values.

Composition Emission Excitation Relative Stoke-shift
[nm] [nm] Fluorescence [nm]
Intensity
Lipids DMPC 628 549 19 79
vesicles DMPC:Chol (1:0.8) 605 549 22 56
DMPC:Trygl (66:1) 576 529 23 47
Proteins Albumin 620 553 3 67
HDP 610 543 27 67
LDL 584 531 33 53
very LDL 576 530 33 46
Cell Microsomal membrane 624 540 25 84
extract Adipocyte 582 521 - 61

* Chol: cholesterol, Trygl: Triacylglycerol.

Halder et al., carried out more specific studies of Nile red in the presence of different
phospholipids and cholesterol by studying the emission of Nile red encapsulated in the lipid
bilayer of large unilamellar vesicles (LUV).!"> It was determined that the emission of Nile red in
the presence of phospholipids was independent of the type of head group, charge of head group,
or length of the hydrocarbon tail.''> However, the emission of Nile red was dependent on the
saturation of the hydrocarbon chain. This study was performed exciting Nile red at an excitation
wavelength of 550 nm. The emission of Nile red was blue-shifted in the presence of saturated
lipids (624 nm) in comparison to unsaturated lipids (632 nm).!!*> Additionally, the blue-shift was
larger when the saturated lipids were in the gel phase (617 nm) than in the fluid phase (624
nm).'"> This effect occurs because bilayers composed of saturated lipids are more rigid than
when they are composed of unsaturated lipids. Also, saturated lipids in the gel phase can present

an all #rans conformation of the hydrocarbon chain that provides a more restricted environment
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to the Nile red. The restricted microenvironment around the Nile red decreases the stabilization
of the TICT state, thereby producing the blue-shift.

The localization of Nile red inside the lipid bilayer was studied using DOPC vesicles
containing different amounts of cholesterol. Mukherjee ef al. found that Nile red preferentially
localize in the interfacial region of the membrane, between the headgroup and the hydrocarbon
chain, but near the phospholipid headgroup.!'® When the membrane is rigidified with cholesterol,
the localization of Nile red changes to a relatively deeper interfacial region towards the
hydrocarbon chains.''® A deeper localization of Nile red towards the hydrocarbon chains in the
bilayer provides a more restricted microenvironment with lower dipole moment around the dye,
which decreases the stabilization of the TICT state. Those findings correlate with their
observations that the emission of Nile red progressively blue-shifts with increasing the
cholesterol concentration.''®

The strong sensitivity of Nile red to different lipid-polar microenvironments coupled with
its strong fluorescence in hydrophobic environments has lead to the extensive use of Nile red for
the identification of different lipid compositions inside cells and tissues. For example, Nile red
has been used as a histochemical stain for the identification of lipid bodies inside cells.'!”-!?!
Greenspan et al., found that lipid bodies inside the cells present a gold-yellow emission.'!” The
yellow emission of Nile red in the lipid bodies was attributed to the composition of these
organelles containing triacylglycerol and cholesteryl esters.'!” Additionally, Brown et al., were
able to identify the intracellular accumulation of phospholipids in lysosomes present in
Niemann-Pick disease by using Nile red.!*? They found that Nile red produces a bright orange
emission in these lysosomes, which contain a high amount of a phospholipid called
sphingomyelin.'?> Additionally, because the orange emission was easily discernible from the
yellow emission observed in lipid bodies, they were able to differentiate both organelles through
the use of Nile red.!??

Nile red due to its strong fluorescence in hydrophobic environments and low solubility in
water has been used as a hydrophobic model drug in the development of different drug delivery

systems. The applications of Nile red in drug delivery systems have contribute to study the drug
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encapsulation capacity, as well as, the release of the drug from the delivery systems, and the
localization of the drug delivery systems inside organs and cells.

Nile red has been used to study the release efficacy from nanocarriers with stimuli-
responsive properties to heat, ultrasound, pH or redox-active environments.'>*"!?> For example,
Nile red was loaded inside a redox-responsive mesoporous organo-silica nanoparticles
containing disulphide bridges (ss-NPs) to elucidate the redox-responsive property.'?> The ss-NPs
were dispersed in an aqueous solution containing reduce glutathione (a peptide capable of
reducing disulphide bonds) with a layer of ethyl acetate on top of the aqueous media.'?® As a
function of time, the ss-NPs dispersed in the aqueous media breaks down releasing the dye,
which dissolve into the organic layer due to its low water solubility.!® Evaluating the
fluorescence of Nile red in the organic solution as a function of time they observed an increase in
the intensity of the dye, elucidating the redox-responsive release capacity of the ss-NPs.!

Nile red has also been used to study the penetration of nanocarriers in organs such as the
skin, the cornea and the organ of Corti for dermal, ocular and inner ear drug delivery,
respectively.!?6"13 For example, excised human abdominal skin was treated with nanostructured
lipid carriers (NLC) loaded with Nile red to study the intradermal accumulation of the NLCs. As
Nile red presents a strong emission in lipophilic environments, using laser scanning confocal
microscopy (LSCM) they were able to follow the accumulation of the NLC in the stratum
corneum, viable epidermis, dermis and hair follicle.'?’

Moreover, Nile red has been also used to elucidate the uptake and intracellular
distribution of nanoparticles in cells."*'"** For example, Nile red was encapsulated in the
hydrophobic core of polymer nanoparticles sensitive to reactive oxygen species (ROS).'** The
authors conjugate the polymer with the dye Alexa Fluor® 647 (Alx647), thus after
internalization of the nanoparticle inside the cells they were able to image the polymer under 640
nm excitation and the Nile red under 485 nm excitation.'** These experiments, allowed the
authors to study the uptake and the co-localization of the dye with the polymer nanoparticles

labelled with Alx647 inside human fibroblast and prostate cancer cells.!>*
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Since 1985, Nile red has been used as dye in biological applications. Research on Nile
red has lead to an understanding on its fluorescence mechanism that is extremely sensitive to the
polarity of the nearby microenvironment due to its TICT state. It exhibits a strong fluorescence
in hydrophobic environments but it is quenched in water. Due to these properties and its
biocompatibility with biological systems this dye has been successfully use on the studies of

cells, tissues, and nowadays drug delivery systems

1.2.7 Cellular Uptake of Nanoparticles

Understanding how nanoparticles are internalized inside the cells is crucial for the design of drug
delivery systems. The first interaction between nanoparticles and cells occurs with the plasma
membrane. The plasma membrane protects the cellular organelles from the environment and
regulates the entry and exit of substances through channels receptors and transporters. To be able
to traffic nanoparticles inside the cell, they must first pass through the cell membrane. This
internalization process of nanoparticles into the cell can occur by five different endocytosis
mechanisms: clathrin-mediated endocytosis, caveolae-dependent endocytosis, clathrin/caveolae
independent endocytosis, phagocytosis, and macropinocytosis. Each endocytosis mechanism
could determine the fate of nanoparticles inside the cell, and with that opens the possibility to
target suborganells inside the cell.'**> By triggering the nanoparticle to be taken up by certain
endocytosis mechanisms, the drug delivery could be selective, effective and safer than current
medicinal treatments. A summary of these cellular mechanisms is presented here, but several

detailed reviews about this topic can be found in the literature.!3¢-138

1.2.7.1 Endocytosis Mechanisms

Clathrin-mediated endocytosis is the main mechanism cells utilize to uptake nutrients from the
environment, such as cholesterol.!3* This mechanism can be activated via a receptor specific or
non-receptor specific interaction.'*® The activation through a non-receptor specific interaction
could occur via indirect binding such as hydrophobic or electrostatic interactions. However, the

activation process of this pathway is still not well understood. The formation of the clathrin-
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vesicle is a complex process that involves over 50 different proteins that organize and assemble
in a synchronized fashion into a basket-shape vesicle (Figure 1.17).!*° Clathrin is one of the main
proteins that has a triskelion shape and helps with the assembly of the vesicle. The process starts
with the formation of a “coated pit” in which different cytosolic proteins including clathrin and
clathrin-adaptor proteins cluster and binds to the plasma membrane.!*’ The coated pit induces the
bending of the membrane, which continues to grow by co-assembling with other proteins
forming a complex structure to be able to stabilize the membrane curvature that would
encapsulate the nanoparticle.'*” The dynamin, a membrane scission protein, binds at the neck of
the curvature releasing the clathrin vesicle with the nanoparticle encapsulated into the cytosol.
Finally the complex clathrin-coating disassembles allowing the vesicle to be trafficked inside the

138,140

cell.'*® This vesicle could have a size between 60-150 nm, and this vesicle leads to the

formation of early endosomes that could become degradative lysosomes. !
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Figure 1. 17 Illustration of the clathrin-mediated endocytosis mechanisms of nanoparticles.

Image adapted from Behzadi et al. review with ©BioRender.!¢
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The caveolae-dependent endocytosis mechanism is involved in many cellular processes such as
regulation of lipids, proteins, and membrane tension.'*! The caveolae are small plasma
membrane bulb-shape invaginations with a diameter of 50-80 nm.'** Thus, only smaller sized
nanoparticles are likely to be uptaken by this pathway. The activation process is not well
understood however, it has been postulated that lipids and cholesterol are involved in this
process. It starts with the formation of nanodomains of caveolins and cavin proteins that cluster
with lipid rafts at the plasma membrane.'** Caveolin binds to cholesterol and cavin to negatively
charged lipids (i.e. PS and PI(4,5)P2 lipids) to assemble together into a polyhedron structure.'#?

This polyhedral structure called the caveolae vesicle could internalize nanoparticles.
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Figure 1. 18 Graphical depiction of the caveolae-mediated endocytosis mechanisms of
nanoparticles. Image created with ©BioRender. Inset: illustrates the assembly between caveolins
and cavins to build the polyhedral structure that forms the caveolae. Caveolin proteins assemble

into flat spherical oligomers that then link with cavin trimmer proteins.



Then, the dynamin protein mediates the scission and release of the caveolae into the cytosol.!*¢

After internalization of the nanoparticle into the cell, the caveolae can deliver the content into
caveosomes escaping the lysosomes degradative route.'*? In contrast, the caveosomes can deliver
to the endoplasmic reticulum and Golgi apparatus via routes that are not completely

understood.'®

The clathrin/caveolae independent endocytosis mechanisms occur in cells that do not contain
clathrin or caveolae proteins, such as human hepatoma 7 cells (HuH?7).'** However, many
pathways of endocytosis could be used at the same time by the cell and some of them have
shown to be clathrin or caveolae independent. Some of these endocytosis processes could be
dynamin-dependent or dynamim-independent and are usually assisted by the actin protein
polymerization machinery.'* Dynamin-dependent endocytosis forms small vesicles (< 0.2 pm),
while the dynamin-independent pathway could be involved in the formation of larger
micrometer-sized endocytosis vesicles.!** These mechanisms utilize different pathways to
internalize the cargo that depends on hormones and protein receptors and specific lipid

compositions 4146

Phagocytosis is a process in which the cell membrane engulfs substances through a receptor-
initiated response. It mainly occurs in specialized cells such as macrophages, neutrophils and
dendritic cells, however, it could occur in fibroblast, epithelial, and endothelial cells to a lesser
extent.!®® The phagocytosis process starts first by the opsonization (adsorption) of antibodies or
proteins, called opsonins, at the surface of the nanoparticle, usually while travelling through the
blood stream.!*® These opsonins at the surface of the nanoparticle act as ligands, activating
phagocytosis via a ligand-receptor interaction to trigger the engulfment of the nanoparticle. The
ligand-receptor interaction activates the actin protein polymerization machinery to be able to
extend the plasma membrane around the opsonized nanoparticle and produce the engulfment.'*’

Usually the phagosome (vesicle) takes the shape of the nanoparticle that has been ingested. This

process can take between 30 minutes to hours.!*® Also, studies have shown that this process is
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more common with larger nanoparticles (i.e. 0.5-2 um).!*%!3® Particles larger than 5 um are

thought to be uptaken by a different molecular mechanism.'#’
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Figure 1. 19 Illustration of the phagocytosis endocytosis mechanisms of nanoparticles. Image

redraw it from Behzadi et all. review with ©BioRender.'3°

Macropinocytosis is an endocytosis mechanism that does not involve interaction with ligands
and can be initiated spontaneously or in response to the stimulation of the growth factor
receptor.!¥’” The process involves the formation of ruffles (sheet-like extensions of cell
membrane), which are assisted by the actin protein polymerization machinery.'*” The ruffles
build a cup structure that engulfs the cargo with extracellular fluid and combines back with
another portion of the cell membrane.'*” Then, after both sides of the ruffles fuse, the vesicle
separates from the membrane into the cytoplasm. These vesicles are called macropinosomes and
have a size between 0.2-10 um.!*’ After internalization, depending on the cell type, the
macropinosome could traffic and fuse with degradative lysosomes or it could recycle back the

content to the cell surface.!3®
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Figure 1. 20 Illustration of the macropinocytosis endocytosis mechanism of nanoparticles.

Image created with ©BioRender.

1.2.7.2 Inhibition trafficking through the plasma membrane

In the field of cell biology and medicinal chemistry, there has been important progress made in
the development of small molecules that inhibit intracellular membrane trafficking.'*!> Small
molecules could target specific molecules, protein domains or inactivate enzymes in order to
block pathways in a dose-dependent fashion.!*’ Different molecules have been found to inhibit
certain cellular endocytosis mechanisms, which have been used to study the internalization of
viruses, the effects of drugs, and recently the uptake mechanisms of nanoparticles. The following

section summarizes the most common inhibitors used in nanoparticles studies.
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The clathrin-mediated endocytosis pathway can be inhibited with sucrose or chlorpromazine.
Sucrose in a high concentration (i.e. 0.45 M) produces a hypertonic solution that prevents the
association of the clathrin proteins.'*! Chlorpromazine is a cationic amphiphilic drug that has
been shown to alter the plasma membrane dynamics. It disrupts the binding of the AP-2 clathrin-
adaptor into the plasma membrane, inhibiting the formation of the clathrin-coated pits.!>>!> Both
sucrose and chlorpromazine, disable the clathrin lattice preventing the formation of the clathrin
vesicles and as a result blocks the clathrin-mediated endocytosis pathway.

The caveolae-depended endocytosis mechanism can be blocked using cholesterol binding
agents such as nystatin,'>* filipin,'>® and methyl-B-cyclodextrin.!*!37 Depletion of cholesterol
has been shown to inhibit the caveolae pathway because cholesterol binds to Caveolin-1 in a 1:1
molar ratio for the formation of the bulb-shaped caveolae vesicle.'*? Macropinocytosis can be
blocked by three different ways which prevent the membrane ruffling for the engulfment of the
extracellular material.'® (1) Inhibitors of the actin protein polymerization, which block the
remodeling of the cytoskeleton (i.e. Cytochalasin D),!>® (2) inhibitors of the sodium hydrogen
(Na'/H") exchangers, which increases the acidification of the submembrane and produces

dysfunctions in the membrane (i.e. amiloride compounds),!®

and (3) phosphatidylinositol-
3kinase (PI3K) blockers, which inhibit the membrane fusion between the ruffles that forms the

macropinosome (i.e. Wortmannin). ¢!

1.2.8 Effects of the physicochemical properties of the nanoparticles on the cellular

uptake

The interaction of the nanoparticles with the cellular membrane depends on different
physicochemical features of the nanomaterial such as the size, shape, charge, surface chemistry
and even the flexibility or porosity of the material. However, the interaction of the nanoparticles
with the cells may occur through different pathways which are unique to the cell line being
studied because the metabolism, and cell membrane composition (lipids and receptors) differs

between cell types which are specialized in different physiological functions. Thus, a discussion
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of the interactions of nanomaterials with cells necessitates that the type of cell line used in the

experiments must be specified, as described in the following sections.

1.2.8.1 Size effects

Chaudhuri et al. studied the effect of nanoparticle size on cellular uptake through a
computational study of spherical particles coated with a ligand.'®? They found that the minimum
radius of a particle required to be wrapped completely by the cell membrane depends on the
adhesion strength between the ligand-receptor interaction and the cell membrane rigidity.!®? In
other words, it depends on the energy released from the ligand-receptor binding and the energy
required for bending the membrane.!%> Additionally, the bending process of the cell membrane
depends on domains with some phase separation such as lipid rafts that decrease the rigidity of
the membrane.'®?

Chithrani et al., compared the cellular uptake of spherical gold nanoparticles with
different diameters (14 nm up to 100 nm), finding that the optimal size to achieve the highest
cellular uptake in cervical cancer (HeLa) cells is approximately 50 nm.'®* Similar results were
obtained studying the internalization of calcium oxalate nanoparticles of different size (50, 100,
and 1000 nm) into renal epithelial (Vero) cells.!> The 50 nm size nanoparticles had the lager
cellular uptake in comparison to the other two sizes studied.'®> In agreement with these results,
Jiang et al. studied the cellular uptake of gold nanoparticles of different size (2-200 nm)
modified with the cancer drug Herceptin on breast cancer cells (SK-BR-3).!% They found that
gold nanoparticles with sizes between 40 and 50 nm had a greater internalization compared to
the smaller or larger nanoparticles.'®® They conclude that large particles will require higher
energy for the cell membrane to wrap them completely, and small particles do not have the
ability to bind multiple receptors to induce the engulfment.'®

Additionally, Zhu et al., found that the nanoparticle size can stimulate different
endocytosis mechanisms in the cell and, as a result, affect the cellular uptake.'®” They evaluate

the cellular uptake of three different size of silica nanoparticles using HeLa cells, finding that the
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cellular uptake was size-dependent (55.6 >167.8 > 307.6 nm).'¢” However, they also found that
different endocytosis mechanisms were activated for different nanoparticle sizes. The 55.6 nm
size nanoparticles were uptaken by the clathrin-mediated endocytosis, caveolae-dependent
endocytosis, and a non energy-dependent mechanism, as the nanoparticles were also uptaken at 4
°C.'7 The middle size nanoparticles (167.8 nm), were uptaken by the clathrin-mediated and
caveolae-mediated pathway, while the large nanoparticles (307.6 nm) were mostly uptaken by
the clathrin-mediated pathway. !¢’

In addition to the size of the nanoparticles, if the nanoparticles have a tendency to
aggregate, they can interact with the cell in a different fashion, thereby affecting the cellular
uptake. For instance, Albanese and Chan studied the effect of nanoparticle aggregation on the
cellular uptake of gold nanoparticles using HeLa and lung cancer cells (A549).!%® They found
that aggregated nanoparticles exhibited a 25% decrease in uptake compared to dispersed
nanoparticles and that the aggregated-nanoparticles were internalized by different mechanisms

compared to single particles of the same size of the aggregate.!s®

Most of the studies agree that the size of approximately 50 nm is the optimal size to have the
greatest cellular uptake using spherical nanoparticles in different cell lines. However, when it

comes to more complex morphologies, the uptake becomes more complicated.

1.2.8.2 Shape effects

Scientists have been able to develop many different nanoparticle shapes of different materials;
some authors even refer to the vast variety of shapes as a “zoo” of nanoparticles.'®® Figure 1.21
shows some of the most basic shapes of nanoparticles, such as rods, worms, triangles, stars and
hexagons. Different studies have found that the geometry can influence the uptake mechanism
and also the fate of the nanoparticles inside the cells. However, there are still discrepancies about
what kind of shape is the best for the cellular uptake, because it is not an easy variable to study.
When it comes to discussing the effect of the shape of a nanomaterial on the cellular uptake,

several variables are involved. The following section will discuss the shape with respect to the
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aspect ratio, the size, the curvature of the edges, and even the orientation of the nanoparticle with

respect to the cell membrane.

A

Spheres  Rod/Cylinder ~ Worn-like

Triangle Star Hexagon

Figure 1. 21 Illustration of some nanoparticles shapes

Spherical and rod-shaped nanoparticles

Chithrani et al. studied the cellular uptake of spheres and rods of gold nanoparticles in two
different sizes using HeLa cells. They compared two samples of spherical nanoparticles (14 and
74 nm, aspect ratio 1 for both) with two samples of nanorods (14Xx40 and 14X74 nm, aspect ratio
3 and 5). They found that spherical nanoparticles had a greater uptake than the nanorods. Also,
nanoparticles with lower aspect ratio present a higher cellular uptake.'®* Qui et al., also evaluated
the effect of the aspect ratio of four different nanorods with respect to the cellular uptake using
gold nanorods in breast cancer cells (MCF-7).!7° They found that nanoparticles with lower aspect
ratio had a greater cellular uptake (3330 > 40x21 > 50x17 > 55X 14 nm, aspect ratios: ~ 1, 2,
3, and 4 respectively).!”

Contradictory results have been found with silica nanoparticles from those found with
gold nanoparticles when studying sphere and rod shape nanoparticles. Meng et al., studied the

cellular uptake of rods and sphere-shaped mesoporous silica nanoparticles using HeLa and A549
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cells.'” They compare the cellular uptake of three different nanorods (120x70, 175X75 and
280x60 nm, aspect ratio: 1.7, 2.3, and 4.6 respectively) with a spherical nanoparticles of 110 nm
size.!”! They found that all nanorods had a greater uptake than the spherical nanoparticles.
Furthermore, the nanorods with the intermediate length and aspect ratio of 2.3 were the ones
with the highest and most rapid uptake.!”! Shao et al. also studied the shape effect of spheres vs.
rods on the cellular uptake of magnetic mesoporus silica nanoparticles using human
hepatocellular carcinoma (HepG2) cells.!”> They compared the cellular uptake of two different
nanorods (150%x300 and 100x400 nm, aspect ratio 2, and 4 respectively) with spherical
nanoparticles of 250 nm size.!”? They found as well that the nanorods had a larger cellular uptake
than spherical nanoparticles. However, contrary to the previous study, they found that greater
cellular uptake occurred at higher aspect ratios of the rods.!’> They suggested that nanoparticles
with larger aspect ratio have a greater cellular uptake due to a larger contact area with the
membrane surface.!”? It is worth mentioning that in both of the studies discussed on silica
nanoparticles, all nanorods had one dimension smaller than the diameter of the sphere
nanoparticle, which may have facilitated the cellular internalization of the nanorods over the

spherical nanoparticles.

Herd et al., determined that the orientation of nanoparticles with different geometries could align
in different fashions with respect to the plasma membrane, thereby altering the degree of cellular
uptake. They studied the cellular uptake of spheres (214 nm), rods (214X428 nm, aspect ratio 2)
and worm-like (232x1348 nm, aspect ratio 5.8) silica nanoparticles using murine leukemia
macrophages (RAW 264.7) and A549 cells.!”® They found that the cellular uptake of these
nanoparticles had a time-dependent pattern. Spherical nanoparticles were internalized more
quickly than rods and worm-like nanoparticles, but after 24 hours, all nanoparticles reached an
equilibrium on their cellular uptake.!” In addition, they evaluated the endocytosis mechanisms
and found that the spherical nanoparticles were primarily internalized via the clathrin-mediated
pathway, while rods and worm-like nanoparticles were uptaken mostly by macropinocytosis.!'”?

However, they found that some rods and worm-like nanoparticles were also uptaken by the

50



clathrin-mediated pathway, which is unusual due to the size of those nanoparticles.!”® They argue
that the orientation of the rods and the worm-like nanoparticles, when interacting with the cell
membrane, was along their smallest side as to enable cellular uptake via the clathrin-mediated

pathway.!”3

Other nanoparticles shapes

Xie et al., studied the cellular uptake of triangle, star, and rod shaped gold nanoparticles by
RAW 264.7 cells.!” These three kind of nanoparticles had similar sizes (~ 50 nm), however, the
authors found that the endocytosis mechanism was dependent on the shape of the nanoparticles,
and therefore affected the degree of cellular uptake.!”* The nanotriangles exhibited the greatest
cellular uptake, followed by the nanorods and then the nanostars.!” All three shapes were
uptaken by the clathrin-mediated endocytosis mechanism.!’”* However, the nanorods were also
dependent on the caveolae-mediated mechanism, while the nanotriangles were highly dependent
on the macropinocytosis and other dynamin-dependent pathways. The activation of multiple
endocytosis pathways by the nanotriangle was attributed to the greater degree of uptake than the
other two morphologies.'” The authors speculate that the nanostars require a higher binding
energy in order to activate the membrane bending for their cellular uptake due to their multiple
spikes.!”

Tree-Undom et al., studied the effect of the nanoparticles shape-curvature with respect to
the nanoparticle-membrane interaction using NaYFs UCNPs and DOPC liposomes. They used
spheres (27 nm), elongated spheres (25X38 nm) and hexagonal prisms (96X64 nm) with a
fluorophore at the surface of the nanoparticles to study their association with large unilamellar
liposomes using a confocal microscope. They observed that the nanoparticles with the highest
association to the liposome membrane were the elongated spheres, followed by the spheres, and
with minimal association, the hexagonal nanoparticles. They explain that the elongated spheres,
when associated with the membrane along their long side, produce a smaller membrane
curvature than the spheres or hexagonal nanoparticles, which requires the least energy to induce
the cellular uptake, and therefore can be uptaken most efficiently. Furthermore, they studied the

cellular uptake of these nanoparticles with human melanoma (A-375) cells, finding the cellular
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uptake was greatest for the elongated spheres, followed by spheres and then hexagonal
nanoparticles, confirming the importance of the nanoparticle shape-curvature in the cellular

uptake.

Computational studies

A computational study on the translocation of nanoparticles with different shapes across a lipid
bilayer found that the penetration depends on the shape and initial orientation of the nanoparticle
with respect to the lipid bilayer, as previously discussed with respect to the findings of Herd et
al.'” The computational study determined that penetration is more difficult when the contact
area between the nanoparticle and lipid bilayer increases.!”®> For instance, they found that in
spherical particles, the penetration becomes more difficult when increasing the volume of the
nanoparticle because the degree of contact with the bilayer is larger.!”> However, with
anisotropic nanoparticles, the penetration was found to be almost independent of the volume of
the nanoparticle, and could even become easier with increasing volume if the nanoparticles are
perpendicular with respect to the lipid bilayer.!” For example, when an ellipsoidal particle
penetrates the lipid bilayer perpendicularly, the translocation becomes easier than when it
penetrates parallel to the lipid bilayer due to the lower degree of contact, resulting in a less time-
consuming process (Figure 1.21).17°

Another molecular dynamics calculation analyzed the energy required for a membrane to
wrap around a nanoparticle.'® They study the curvature energy of a membrane and the adhesion
energy of the membrane-nanoparticle interaction with respect to the nanoparticle shape (sphere,
rods, cubes with different aspect ratio and edge curvature).!® They found that the aspect ratio
and size of a nanoparticle are not sufficient to determine the cellular uptake; however
geometrical parameters related to the curvature of the nanoparticle could change the wrapping
behavior quality for the endocytosis of the nanoparticle. For instance, they found that
nanoparticles with morphologies containing sharp angles (cubic-like) requires a greater
deformation of the membrane to be able to wrap the lateral sides of the nanoparticle. In addition,
they found that the aspect ratio and the curvature of the edges of nanorods influence on how they

orient with respect to the membrane for endocytocis.'® Nanorods with high aspect ratios and
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round tips prefer to enter with the long side first parallel to the membrane in a ‘“submarine
mode”.!® While nanorods with small aspect ratios and flat tips enters first by the tips and then

along the long side in a perpendicular way with respect to the membrane in a “rocket mode”.!®
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Figure 1. 22 Illustration of the translocation of an ellipsoidal nanoparticle through a lipid bilayer
starting with two different orientations. The illustration is based on the molecular dynamics
calculations found by Yang and Ma.'”® In their results its possible to observe that the lipid

membrane bends while the nanoparticle translocates.!” Image created with ©BioRender.

Computational and experimental studies have helped researchers to understand that the initial
orientation of the nanoparticle, the angles between the faces of the material, and the curvature of
the edges are as important as the size and the aspect ratio of the nanoparticle. Most of the studies
on gold nanoparticles have been done on nanoparticles below 100 nm, while in silica
nanoparticles the studies mostly evaluate nanoparticles greater than 100 nm. It is possible that in
larger nanoparticles, those variables may have a greater effect on the cellular uptake. The studies

on sphere vs. rod shaped gold nanoparticles indicate that spheres have greater cellular uptake
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than rods. However, the studies with silica nanoparticles and NaYF4 UCNPs indicate that is not
always the case, as the curvature and the orientation affects the uptake. Also, it is not always true
that at smaller aspect ratio, the greater the uptake. The aspect ratio together with the curvature of
the edges could lead to different orientations of the nanoparticle with respect to the membrane,
thereby affecting the uptake. Additionally, if the aspect ratio is small and the nanoparticles have
a cubic-like shape, the wrapping of the nanoparticle by the cell membrane is more difficult and
therefore the uptake is less efficient. Finally, studies suggest that different geometries activate

different endocytosis mechanisms, but the reasons are still unknown.

1.2.8.3 Charge effect

The surface charge of the nanoparticles has also been shown to play an important role in the
cellular uptake. The plasma membrane is constituted by hundreds of different lipids, and has an
asymmetric distribution of lipids in the inner and outer leaflets of the membrane.!”® The inner
leaflet of the cell membrane has a higher concentration of negatively charged lipids, while the
outer leaflet has a higher concentration of neutral and positively charged lipids.!’® The plasma
membrane contains 30% of PS lipids and 0.3% of PIP, negative charge lipids that produce a
negative surface potential of -25 mV.!”7!7® Additionally, the cell interior has an overall negative
charged compared to the extracellular environment that is enriched with Ca®>" and Na ions.!”’
The electrostatic interaction between the plasma membrane and extracellular species, such as
proteins, has been shown to drive different cell signaling processes for the regulation of
physiological activities.!”® Thus, it can be said that cellular uptake is strongly affected by the
degree of electrostatic interaction between the membrane and the species interacting with it.
Studies on nanoparticles with different surface charges have shown that the surface charge does
affect the cellular uptake rates and produces different cytotoxicity effects.!” Different surface
charges can be achieved by controlling the properties of the ligands at the surface of the
nanoparticle.

Neutral nanoparticles (using zwitterionic molecules or non-charged functional groups)

have shown to have a lower cellular uptake compared to charged nanoparticles.'®® This could be
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due to lower affinity with the cell membrane.!®® Additionally, non-charged groups such as OH-
increase the hydrophilicity creating a hindrance effect and therefore decreasing its interaction
with proteins and the cell membrane.'®® Neutral nanoparticles have shown to present a lower
uptake by phagocyte cells, but they can be uptaken by non-phagocyte cells without distinction
between normal and carcinoma cells. '8!

Positively charged nanoparticles have been shown to have a higher cellular uptake than
negatively charged nanoparticles due to a stronger electrostatic interaction with the cell
membrane.!8>!3% Generally, this can be explained by the greater attraction of the positively
charged nanoparticles with the overall negatively charged plasma membrane. However, the
stronger the interaction of the positively charged nanoparticles with the cell membrane, the
greater the disruption of the membrane due to the increased uptake, and therefore greater toxic
effects are observed.!”>!3% Additionally, because of the strong electrostatic interaction with the
cell membrane, positively charged nanoparticles have not shown predilection by cell type on
their uptake. Positively charged nanoparticles can be uptaken by phagocytes and non-phagocytes
at the same rate.'®

Negatively charged nanoparticles have been shown to have a lower cellular uptake than
positive charged nanoparticles. A computational study showed that negatively charged
nanoparticles present a higher energy barrier due to electrostatic repulsion with the negatively
charged membrane.'¢ That energy barrier is translated into a low adhesion and translocation of
the nanoparticle through the membrane due to weaker interaction with the cell membrane. '8 It is
possible that the internalization of negatively charged nanoparticles occurs by the depolarization
(shifts towards more positive membrane potential) of nanodomains on the cell membrane to
favors their cellular uptake.!”” Negatively charged nanoparticles have shown to be uptaken by
both phagocytic and non-phagocytic cells. Interestingly, however, it has been observed that there
may be greater uptake in some carcinoma cells than in normal cells.!®>!¥” For example, cerium
oxide nanoparticles were modified with three different surface coatings to evaluate the charge
effect on the uptake of the nanoparticles by healthy (cardiac myocytes H9c2 and human

embryonic kidney HEK293) and carcinoma cells (lung cancer cells A549).'%5 The cerium oxide
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nanoparticles were coated with polyacrylic acid, aminated-polyacrylic acid and dextran for a
negative, positive and neutral surface charge, respectively.!®® They found that positively charged
and neutral nanoparticles were internalized in both types of cells, while negatively charged
nanoparticles were only uptaken by the carcinoma cells.!® Li et al., also observed this
phenomenon using UCNPs with different surface charges.'®” These findings suggest that the
surface charge may impart some selectivity of nanoparticle uptake between cancer cells and

healthy cells.

Guller et. al., modified the surface on NaYF4 UCNPs with the positively charged polymer PEI
(polyethylenimine) and then using a layer by layer approach modified the surface of the PEI-
coated nanoparticles with a second polymer, but this time with different negative charges. They
found that the positively charged nanoparticles with PEI were more cytotoxic than the other
nanoparticles with the negatively charged polymers.®® In general, studies have shown that
nanoparticles with a positively charged surface could be more toxic than negatively charged and
neutral nanoparticles.!” Liu et. al, have found that after internalization, positively charged

nanoparticles associated better with mitochondrias, producing a greater cytoxicity.'®’

1.2.9 Alveolar Lung Carcinoma Cells A549

The cell line A549 is composed by alveolar type I and type II carcinoma epithelial cells for the
lung distal. Studies of the endocytosis mechanism and trafficking of nanoparticles in this cell line
could give a better understanding of the nanoparticle-cell interactions for the development of

novel nanomedicines for lung distal diseases, including lung cancer.

The type I cells are squamous flat cells (0.2 pm thick) with an approximately surface area
of 5000 um? per cell covering the 95% of the alveolus. They do not present many organelles, but
present several vesicles to carry molecules intracellular. The thin morphology of these cells is

thought to allow free gas exchange at the alveolar surface and act as a microbial barrier.
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However, they do not have the capacity to undergo mitosis then they have to be replaced by their
progenitor the type II cells.188

Type 1I cells are cuboidal with a surface area of 250 um? per cell covering only 5% of the
alveolus.189 They are highly metabolic a difference from type I cells. They contain microvilli, a
large nucleus, abundant mitochondria and lamellar bodies, extensive endoplasmic reticulum and
Golgi apparatus. The lamellar bodies are the most characteristic organelle of the type II cells.
This organelle is important for the assembly, storage and secretion of pulmonary surfactant. This
kind of cells are the key on the functionality of the alveolus by controlling the production and

homeostasis of surfactant and generation of cell type 1.188

Type | Type Il

Figure 1. 23 Illustration of type I (squamous) and type II (cuboidal) cells. Images created with
©BioRender.

Human alveolar cells can contain between 200-500 lamellar bodies with sizes between 100-2400
nm and a pH ~5.5.190 This organelle stores lipids and surfactant proteins without degradation to
be secreted after into the lumen in order to keep the surfactant homeostasis inside the alveoli.
The lipids and surfactant proteins stored inside the lamellar bodies comes from recycled material

of the alveoli lumen and from new biosynthesized material. The recycle material comes via
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endocytic pathways and the new materials are synthesized in the reticulum endoplasmic,
transport to the Golgi and then transported to the lamellar bodies. Both surfactant materials are
combined and transported in multilamellar vesicular bodies to the lamellar bodies. 191

The internal membranes of the multilamellar vesicle bodies are involved in the
biosynthesis of the lamellar bodies. This membrane contains a high amount of cholesterol, which
is important for the packing and organization of the surfactants inside the lamellar bodies.192
However, there is no evidence that cholesterol is biosynthesized internally in this kind of cell.
Therefore, it is postulated that all the cholesterol comes from the circulation via the recycling
pathway and its levels are regulated independently from phospholipids.192 Orgeig and Daniels
studied the distribution of cholesterol and phopholipids inside the lamellar bodies by
radiolabelling [*H]cholesterol and phospholipids ([!*C]choline).193 They found that 76% of the
cholesterol forms part of the lamellar bodies membrane while the remaining is distributed in the

core, in contrast the phospholipids are equally distributed inside the lamellar bodies.193

The major pulmonary lipids are DPPC (41%), unsaturated PC (25%), PG (9%), other
phospholipid (4%), cholesterol (8%) and other neutral lipids (5%).188  PC lipids are more
commonly found in the outer leaflet on the cell membrane involved in the membrane cell
signaling. Acidic phospholipids (PG and PI) are thought to suppress viral infection and
inflammatory in the lungs.188 Neutral lipids such as cholesterol are important to maintain the
fluidity and packing of the surfactant film.188 The 10% of the total lipid composition correspond
to serum proteins and four surfactant proteins. SP-A and SP-D are hydrophilic proteins while SP-

B and SP-C are the hydrophobic proteins.188
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1.3 STATEMENT OF THE PROBLEM

There is a lot of excitement in the nanomedicine field to revolutionize how medicine is practiced
today, however there is currently a low clinical translation of nanomaterials into actual
nanomedicines in order to improve the patient outcomes.'*!** The complex interactions between
nanomaterials and biological systems remain in their initial stages of understanding.'® Studies on
nanoscience could lead into a better understanding of the nanomaterial properties and the bio-
nano interactions. For example, physicochemical characterization of the properties of the
nanomaterials combined with the study of the effects of these properties in a cellular

environment would provide a better understanding of the nanoparticle-cell interaction.

In order to utilize nanoparticles in biological applications, it is important to engineer
nanomaterials, which are biocompatible and colloidally stable in aqueous and biological media.
One of the major advantages of liposome-based drug delivery systems is the high
biocompatibility due to the nature of phospholipids, which are the main building block of these
types of systems.'®> Phospholipids are the major component of cell membranes and can be used
to mimic biological structures. Combinations of nanoparticles with lipids could provide novel
nanoparticle-based drug delivery systems while taking advantages of the properties of both

nanoparticles and lipids.

In the work reported herein, a surface coating using a supported lipid bilayer on
lanthanide upconverting nanoparticles (LiYF4:Tm**/Yb*") was developed. Optimization of the
surface coating through different charged lipids was studied in order to produce a continuous
surface coating that rendered the nanoparticles water dispersible and protected the emission of
the nanoparticle from water-derived quenching. Incorporation of an azobenzene-derivative lipid
in the supported lipid bilayer produced a dynamic and multifunctional surface coating where a
hydrophobic model drug was encapsulated and the properties of the bilayer were photo-
controllable via energy transfer from the upconverting nanoparticle. The energy transfer

mechanism to photo-control the lipid bilayer and produce the release of the model drug was
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thoroughly studied via steady-state and time-resolved photoluminescence spectroscopy. The
encapsulation and release profile of the model drug were characterized. Cellular studies of this
novel nanomaterial were conducted using alveolar lung carcinoma cells (A549) where the
cellular uptake, cytotoxicity, endocytosis mechanisms and trafficking inside the cells were
studied. Photo-controlled release of the model drug from the nanoparticle-based delivery system
uptaken by the A549 cells was achieved using NIR photo-irradiation. These studies enrich the
understanding of photo-stimulated nanomaterials using Ln-UCNPs and demonstrate the
possibility for a novel biocompatible nanoparticle-based drug delivery system for hydrophobic
and/or lipophilic drugs using Ln-UCNPs with a supported lipid bilayer with potential use as a

nanomedicine.
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1.4 OUTLINE

This section outlines the format of this manuscript-based thesis

Chapter 1: General Introduction

This chapter provides a general introduction about lanthanides and lanthanide upconverting
nanoparticles and the theory about upconversion, energy transfer and phospholipid bilayers. It
provides the literature review with the necessary background information to read this thesis
starting with the development of LiYFs upconverting nanoparticles and its biological
applications. This discussion is followed by the different surface modification approaches on Ln-
UCNPs and the formation of supported lipid bilayers, with specific emphasis on nanoparticles.
This chapter also provides a discussion on the azobenzene photoswitching mechanism and its
applications in lipid bilayers. It covers the Nile red fluorescence mechanism and its biological
applications as a model drug in the studies of drug delivery systems and as a stain in cells.
Additionally, this chapter includes a description on the different endocytosis mechanisms of
nanoparticles and a review on the effect of the physicochemical properties (size, shape and
surface charge) of nanoparticles on cellular uptake. Finally, a brief overview of the alveolar lung

cancer cell line A549 is presented.

Chapter 2: “Formation of a Supported Lipid Bilayer on Faceted LiYF,:Tm3*/Yb*

Upconversion Nanoparticles”

This chapter discusses the formation of a supported lipid bilayer on diamond-shaped
LiYF4+Tm*/Yb*" upconverting nanoparticles. The surface modification was characterized by
different transmission electron microscopy techniques where the formation of a non-
interdigitated supported lipid bilayer with a continuous coverage of the nanoparticle was

observed, despite the acute angles in the morphology of the nanocrystals. The effectiveness of
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the surface coverage was dependent on the negatively charged lipid composition. Additionally,
the supported lipid bilayer yields water dispersible Ln-UCNPs and protects the emission of the
nanoparticle from quenching with phonon energies from the water. This novel system is
envisioned as a nanoparticle-based drug delivery system for encapsulation of hydrophobic drugs

inside the supported lipid bilayer.

Chapter 3: “A Route to Triggered Delivery via Photocontrol of Lipid Bilayer Properties

Using Lanthanide Upconversion Nanoparticles”

Motivated by the previous studies, this chapter discussed the formation of a dynamic
multifunctional supported lipid bilayer on LiYF4:Tm>*/Yb*" upconverting nanoparticles. The
supported lipid bilayer provides encapsulation and controlled release of small hydrophobic drugs
using a photo-irradiation stimulus. The physicochemical properties of the lipid bilayer are photo-
controlled with the introduction of an azobenzene-derivative lipid molecule in the supported lipid
bilayer via energy transfer from the Ln-UCNPs. The energy transfer from the Ln-UCNP to the
azobenzene derivative lipid was found to be dominated by a radiative reabsorption mechanism.
Additionally, the NIR photo-controlled released and encapsulation of a hydrophobic drug was
proof by using the dye Nile red as a model drug.

Chapter 4: “Absolute Upconversion Quantum Yields of Blue-Emitting LiYFs:Tm3*/Yb3*

Upconverting Nanoparticles”

This chapter discusses the characterization of the absolute upconversion quantum yields of the
individual emission bands of LiYF4:Tm*"/Yb*". The effect on the excitation power densities and
wavelength, and sample temperature on the quantum yields were also evaluated. This project
was developed in collaboration with multiple laboratories where the reproducibility of the

quantum yield measurements was demonstrated.
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Chapter 5: “Cellular Uptake, Cytotoxicity and Trafficking of Supported Lipid Bilayer

Coated Lanthanide Upconverting Nanoparticles in Alveolar Lung Cancer Cells”

This chapter discusses the investigation on the cellular uptake and trafficking of diamond-shaped
LiYF4Tm*/Yb*" upconverting nanoparticles in human alveolar lung cancer cells (A549). The
cellular uptake and cytotoxicity of LiYF4:Tm?>"/Yb>* UCNPs with different surface properties
was also evaluated. The surface coating with the supported lipid bilayer produced negligible
cytotoxicity on A549 lung cancer cells. Oleate-caped and oleate-free LiYF4:Tm>*/Yb*" produce a
lower but still significant cytotoxicity to A549 lung cancer cells. Additionally, the quantification
on the cellular uptake of the nanoparticles using ICP-MS showed different amount of
nanoparticles internalized due to the different surface properties. Using inhibition studies of the
endocytosis mechanisms and cellular imaging with confocal microscopy the internalization of
the nanoparticles with a supported lipid bilayer was studied, finding that the nanoparticles
internalized via clathrin-mediated and caveolae-dependent endocytosis mechanisms, and also
through a non-energy dependent mechanism. The nanoparticles were observed to be trafficked to
the endoplasmic reticulum, Golgi apparatus, lamellar and lipid bodies. Additionally the photo-
triggered released of the model drug, Nile red, from the nanoparticles inside the A549 lung
cancer cells was demonstrated using NIR photo-irradiation stimulus. The results were discussed
in terms of the physicochemical properties (size, shape, and surface charge) of the nanoparticle

in order to be able to understand the nanoparticle-cell interactions.

Chapter 6: “Thermal Properties of Lipid Bilayers Determined Using Upconversion

Nanothermometry”

This Chapter discusses the characterization of LiYF4:Er**/Yb** with a supported lipid bilayer as
a luminescent nanothermometry probe for thermal sensing bio-applications. The thermal
conductivity of the lipid bilayer at the surface of the nanoparticles was measured and the

temperature gradients across the lipid bilayer were detected using the luminescence properties of
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the nanoparticles. In addition, a lumped model was developed to measure the directional heat
transfer between the nanoparticle, lipid bilayer and the surrounding environment. This project
was developed in collaboration with professor Luis D. Carlos at University of Aveiro in
Portugal.

Chapter 7

This chapter provides the conclusions of the worked presented in this thesis.

Chapter 8

This chapter presents some suggestions for future work.
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Formation of a Supported Lipid Bilayer on Faceted LiYF4:Tm3*/Yb3* Upconversion

Nanoparticles
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Scheme 2. 1 Upconversion Nanoparticles: Formation of a supported lipid bilayer on faceted
LiYF4Tm*/Yb*" Upconversion Nanoparticles (Cover Picture on Part. Part. Syst. Charact.
12/2016, Page 859)1%¢

“Supported lipid bilayers mimic cell membranes and may be an alternative method to produce
water dispersible nanoparticles with high biocompatibility and provide the possibility of drug
encapsulation inside the lipid bilayer. On page 865, J. A. Capobianco and co-workers apply this
approach to lanthanide-doped upconverting nanoparticles that convert low energy light (NIR) to
UV and visible”.
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2.1 Abstract

Scheme 2. 2 Graphical table of content of Formation of a “Supported Lipid Bilayer on Faceted
LiYF4:Tm?>"/Yb*" Upconversion Nanoparticles.”

Lanthanide-doped upconverting nanoparticles (Ln-UCNPs) convert low energy near-infrared
(NIR) absorbed light to ultraviolet, visible and NIR emissions. For biological applications, water
dispersibility, bio-compatibility and high colloidal stability must be achieved. Enveloping
nanoparticles with supported lipid bilayer (SLB) is an alternative method to solve this problem.
In the present work we show the formation and characterization of a SLB on LiYF4:Tm?*"/Yb**

UCNPs.
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2.2 Introduction

Lanthanide doped nanomaterials have garnered significant attention, particularly in the past two
decades, predominantly due to their versatile optical properties. Of great interest is the fact that
the lanthanides can emit light under a multiphoton excitation process, where they are able to
convert low energy light such as near-infrared (NIR) to ultraviolet and visible emissions in a
process known as upconversion. At the nanoscale, lanthanide-doped upconverting nanoparticles
(Ln-UCNPs) have ushered the way for developments of novel applications ranging from display
devices and optical sensors, bio-imaging and diagnostic optical probes to drug delivery and
therapeutics.?>!°1% The driver behind the biological applications has been the developments of
synthetic routes to produce colloidal lanthanide-doped upconverting nanoparticles. However,
several other requirements must be met before Ln-UCNPs achieve their full promise and
potential that they hold for their ultimate use in biological applications.”® These include water
dispersibility, bio-compatibility, high colloidal stability under biological conditions, and the
possibility of functionalization with appropriate targeting agents. To date, fluoride based
nanoscale upconverting materials such as hexagonal and cubic NaY(Gd)F4 and tetragonal LiYF4
have been synthesised doped with the two more popular lanthanide ions Er** or Tm?*,67:199:200
The current synthetic route for the preparation of the high quality Ln-UCNPs is based on oil-
phase methods. This yields hydrophobic Ln-UCNPs, which have no intrinsic aqueous
dispersibility and lack functional moieties for subsequent biological functionalization. Thus, they
require post synthetic treatments to render them hydrophilic and give them biological activity.
Encapsulation to produce water dispersible Ln-UCNPs has been demonstrated but usually yields
two major drawbacks. First, the brightness of the emission is considerably reduced and secondly
the intensity ratio between certain transitions changes, for example between the *Hi12/*S3» —
11512 transitions of Er** green upconverted luminescence and the red emission from the *Fop —
152 transition. The gap between these two states can be bridged efficiently by high-energy
vibrational groups present on the surface. For example, hydroxyl (OH) groups generate high-
energy vibrational modes at 3200-3660 cm™', which contribute to the increase of the *Fo.» excited

state population by increasing the probability of multiphonon relaxation from the 2Hi1/2/*S3/ to
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*For, resulting in a change of the ratio of the Igreenred.”*® Therefore, both the decrease in
brightness and the intensity ratio between transitions of Ln-UCNPs in water compared to the
hydrophobic Ln-UCNPs are affected and can be attributed to the nonradiative decay of the
electronically excited states of the dopant lanthanide ions caused by surface ligands and water
molecules.

Approaches for encapsulation (and hence protection of the surface from water) vary and
in a recent manuscript Wilhelm et al. introduced an appropriate terminology, Type-ex and Type-
add, to describe the procedures used to convert the surface from hydrophobic to hydrophilic.®®
Type-ex involves the exchange of the oleate ligand by a hydrophilic ligand including both small
molecules and polymers. Whereas, Type-add is the addition of an amphiphilic layer, a
mesoporous or silica coating or an appropriate polymer while maintaining the original
hydrophobic capping ligand (e.g. oleate). Capobianco et al. proposed the removal of the oleate
capping ligand using a straightforward and simple acid treatment to obtain water-dispersible
ligand-free Ln-UCNPs, which facilitates the direct conjugation of electronegative groups such —
SH, -COOH, -NH: and -OH in aqueous solution.®® Lipid-polymer monolayers have also been
used to cover the surface of the nanoparticles by hydrophobic interactions between the capping
ligand and the lipid chain while the hydrophilic polymer bonds to the lipid head rendering the
nanoparticles water dispersible.?’! 2

Approaches to creating supported lipid bilayer (SLB) coatings to nanoparticles usually
follow a type-add approach, using the organic film as the inner leaflet. SLB coatings have been

94,204

successfully added to silica, calcium phosphate,'” metallic (Au and Ag),2520

207208 and magnetic (Fe203) particles.””” Often these coatings comprise

quantum/carbon dots
interdigitated leaflets (also referred to in the literature as micellar complexes and pseudo
“monolayers”) with film thicknesses of 2-3 nm. However such films may yield less
encapsulation capacity for hydrophobic active ingredients than a non-interdigitated bilayer. PEG
lipids are often used as stabilizers and these films have recently been applied to lanthanide-doped
UCNPs (NaGdF4).2 The large PEG headgroup provides increased coverage for the less tightly-

packed, lower curvature outer leaflet, however the PEG may also alter the release and diffusion
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characteristics for encapsulated active ingredients as well as the nanoparticle interaction with
cells and biomolecules, as PEGs are frequently used to limit cell adhesion and protein
interactions with surfaces.?!

Most reports of lipid bilayer coatings are for spherical nanoparticles. One of the
challenges with Ln-UCNPs is their crystal morphology, which in general is not spherical. Such a
coating has been reported for highly irregular TiO; particles, however the inner leaflet was
chemically attached to the TiO; surface and for hexagonal plates of NaYF4 in which an
interdigitated, PEG stabilized film was created.?’!*!' Herein we report of the formation of a non-
interdigitated lipid bilayer coating on highly-faceted, diamond-shaped, LiYF4sTm*"Yb*
nanoparticles with acute angles (Figure 2S.1-2S.4, Supporting Information) without the use of
PEG-stabilizers. We reasoned that this approach could provide a potential solution to the
problem of decrease in brightness of the Ln-UCNPs. In addition, the supported phospholipid
bilayer renders the Ln-UCNPs water dispersible and provides excellent biocompatibility since

phospholipids mimic the composition and functionality of the cell’s external membrane.

2.3 Results and Discussion

Figure 2.1 shows the proposed nanostructure composed of: the LiYF4:Tm**/Yb*" nanoparticle
with a bilayer coating comprising residual oleate, 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-
phosphate (DOPA), 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (DOPC) and
cholesterol. Cholesterol was added to decrease the water-permeability of the coatings as it is
known to create a tighter packing in lipid films comprising unsaturated fatty acid chains.?!? The
hydrophobic tail of the lipid DOPA interacts with the oleate already on the surface of the Ln-
UCNPs via hydrophobic van der Waals interactions. The negative charge on the headgroup of
the lipid DOPA interacts electrostatically with the positive charge on the surface of the Ln-
UCNPs. In contrast to the usual picture painted of an oleic acid capped film providing complete
surface coverage of the Ln-UCNPs, thermal gravimetric analysis showed a weight loss of only

1.78% (Figure 2.S5, Supporting Information). This represents 3.8 x 10'7 molecules of oleate on
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Figure 2. 1 Schematic illustration showing the nanoconstruct synthesized from oleate-capped
LiYF4+:Tm**/Yb*" upconverting nanoparticles and a supported lipid bilayer DOPA, DOPC and

cholesterol.

the surface and a surface coverage of approximately 40%, corroborating the likelihood for
presence of DOPA in the inner leaflet, driven by electrostatic interactions. The excess lipid
interacts via hydrophobic interactions with the monolayer of lipid on the Ln-UCNPs to produce
the SLB. The role of the lipid DOPC is to prevent repulsion between the negatively charged head
groups of DOPA. We will provide evidence that DOPA, DOPC and cholesterol forms a
supported lipid bilayer encapsulating the LiYF4:Tm*'/Yb*'nanoparticles, despite the faceted
form of the nanoscale particles.

Transmission electron microscopy (TEM) provides high spatial resolution and has been
and is applied extensively to determine the structure, size and morphology of materials of

nanoscale dimensions. Not withstanding the fact that high spatial resolution is achieved using
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TEM, low mass elements such as carbon, oxygen, nitrogen and phosphorus, which make up the
supported lipid bilayer, lead to low contrast and hence difficulties in imaging. The imaging
contrast in TEM is due to the electrons as they pass through the sample and regions with high
atomic number scatter more electrons than low atomic number areas of the same thickness.
Typically a thin amorphous carbon film is utilized to support the sample under the electron
beam. Because the carbon film is similar in thickness and composition to the supported lipid
bilayer, imaging it against the carbon film background is challenging. In addition, the interaction
of high-energy electrons with organic molecules on the surface of the nanoparticles can lead to
the formation of amorphous carbonaceous material.>!?

The deposition of additional carbonaceous material was directly observed in a series of
experiment that examined the TEM images as a function of time and beam current density for
samples deposited on lacey carbon grids. Using the lacey carbon grids increases the likelihood
that the nanoparticles are found in the “holes”, which limits the exposure of the carbon surface to
the electron beam. Figure 2.2a shows the nanoconstruct found in a hole with one of its edges
protruding over the hole and irradiated at minimum current density. The particle is clearly
surrounded by a continuous organic layer, the thickness of which is approximately 3.8 + 0.4 nm.
Figure 2b is taken 60 seconds later at 2 times the current density and shows no significant
increase in the organic coating surrounding the particle. Figure 2.2c shows the same particle
imaged at 4 times the current density, measured directly following the previous image (Figure
2.2b). After 120 seconds of exposure at this current density, one can already observe a
significant increase in the film thickness. This procedure is repeated at 9 times the original
current density and the coating continues to exhibit growth (Figure 2.2d).

We attribute this increase in thickness of the layer surrounding the nanoparticle to
organic molecules on the surface of the sample being imaged that diffuse toward the edge. In
addition, if the electron beam has a diameter that is larger than the nanoparticles being imaged
the beam will also illuminate the grid, which will contribute to the diffusion of carbon material
towards the edge at higher current densities. However, this effect was not observed on the oleate-

capped LiYF4:Tm?"/Yb* nanoparticles, which we attribute to the lower (40%) organic coverage
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of the nanoparticle surface (Figure 2S.5). Thus precautions must be taken to ensure that the

layers observed are not artifacts of the measurement itself.

ik ]
-]

Figure 2. 2 TEM images of the same SLB-LiYF4:Tm?®"/Yb** UCNP on a lacey carbon grid
varying the electron beam current density and the exposure time. Images a-d are taken
sequentially: a) image taken with low current density, SLB thickness 3.8 + 0.4 nm, a) image
taken after an additional 60 s exposure at 2 times the current density, SLB thickness 4.1 + 0.4
nm, c) image taken after an additional 120 s exposure at 4 times the current density, SLB
thickness 9.1 = 0.6 nm, d) image taken after an additional 120 s exposure at 9 times the current

density, SLB thickness 12.6 + 0.7 nm.
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Two techniques have been developed to overcome the lack of contrast and to mitigate electron
induced damage and film growth. One is the method of negative staining and the other is cryo-
electron microscopy (cryo-TEM). Negative staining mitigates electron induced sample damage
by coating the surface with reagents containing heavy atoms. Uranyl formate is one of the most
commonly used to enhance the contrast.'* Cryo-TEM involves imaging a sample that has been
frozen either at liquid nitrogen or liquid helium temperature. At low temperature the extent of
radiation damage is reduced, thus imaging can be carried out at much higher electron doses,
which enhances the resolution.?'

Figure 2.3a-c shows TEM images of the LiYF4:Tm**/Yb*" nanoparticles coated with a
with a lipid mixture comprising DOPA, DOPC and cholesterol (64:7:29 mole %) after vortexed
and extruded 41 times after extrusion through a polycarbonate membrane (200 nm). They are
deposited on a carbon coated grid and then stained with uranyl formate. We observe a mixture of
liposomes, nanoparticles encapsulated in liposomes and nanoparticles surrounded by what
appears to be a supported lipid bilayer (Figure 2.3a-c, respectively).

In order to remove the free liposomes and the nanoparticles encapsulated in the interior of
liposomes the solution was additionally centrifuged for 30 minutes at 12000 rpm and for 20
minutes at 5000 rpm. The supernatant was removed and the pellet was rehydrated with HEPES
buffer (I mL, pH 7.4). In Figure 3d the negative stain TEM images are shown. The contrast in
the image is due to increased electron scattering from nanoparticles covered by the stain. The
bright layer surrounding the nanoparticles demonstrates that the lipid layer covered by the uranyl
formate scatters the electrons less. Thus, the image reveals that the oleate-capped
LiYF4Tm*/Yb*" UCNPs are surrounded by a continuous layer of material (bright area) that
adheres to the rough surface of the nanoparticles, separated from the nanoparticle edge by
approximately 4.7 + 1.0 nm. This distance is in excellent agreement with the known thickness of

a lipid bilayer.***!2
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Figure 2. 3 Negative stain-TEM images of the nanoconstruct preparaed with the lipid mixture
(DOPA, DOPC, cholesterol 64:7:29 mole %). a-c) oleate-capped LiYFs Tm>*/Yb*" UCNPs after
vortex and extrusion with the lipid mixture. a) Mixture of liposomes, encapsulated nanoparticles
and nanoparticles with a supported bilayer, b) Oleate-capped LiYFs Tm*"/Yb’>* UCNPs
encapsulated in a liposome, c) Oleate-capped LiYFs Tm**/Yb** UCNPs coated with a supported
lipid bilayer, d) Oleate-capped LiYF4:Tm?>"/Yb** UCNPs coated with a supported after micro-

centrifugation.
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Additional evidence supporting the formation of the lipid bilayer can be seen in Figure
2.4a,b,c that demonstrates the effect of defocus on the contrast in cryo-TEM. The images were
obtained after extrusion only, which allows us to also observe the liposomes formed. As the
defocus is increased from Figure 4a-c the most obvious change is an increase in the contrast. The
liposomes are more apparent in the under focus images Figure 4b,c. However, in the near focus
image Figure 4a, the lack of contrast makes it difficult to discern the thickness of the lipid
bilayers. The thickness of the lipid bilayers in the defocus images was measured to be
approximately 4.0 = 0.4 nm for the liposomes. The same effect resulting from defocus is
observed for the nanoconstruct, which clearly shows the supported lipid bilayer in the defocus
images (Figure 2.4b and 2.4d). The supported lipid bilayer is approximately 4.4 + 0.4 nm, which
is in excellent agreement with the thickness of the lipid bilayer found for the liposome.

The upconversion luminescence spectrum, Figure 2.5a (iii), of the oleate capped
nanoparticles, upon irradiation with 980 nm light exhibited the characteristic emission peaks of
Tm**ions in the UV, visible and NIR regions. The upconverted UV emissions at 295, 353 and
368 nm are assigned to the *Po — 3Hs, *Po — F4 and 'D, — *Hj transitions, respectively. The
blue emissions at 450 and 480 nm, the red emission at 650 nm and the NIR at 800 nm, are
assigned to the 'D2 — 3F4, 'G4 = *Hs, !G4 — °F4 and *Hs4 — *Hp transitions respectively. To
investigate the effect of the supported lipid bilayer on the upconversion spectra of the
LiYF4:Tm?®'/Yb*" nanoparticles, measurements were carried out on the nanoconstruct dispersed
in H20 as well as in D20 upon 980 nm excitation and are presented in Figure 2.5a (ii, 1). We
observed that the upconversion intensity (spectra normalized with respect to the NIR of the
oleate spectrum) is enhanced for the nanoconstruct dispersed in D,O compared to that in H2O.
This result is not unexpected and provides evidence of the isotope effect that reduces the
nonradiative pathways. The overall intensity of the nanoconstruct dispersed in H>O is higher than
the oleate capped nanoparticles in non-polar solvents as previously reported.®>212% This may be
due to limited solubility of water in toluene (0.033%).[2”) The comparison of the spectra in DO
and H>O is indicative that the films are still somewhat permeable to water, despite the addition of

cholesterol to increase the chain ordering.?'®
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Figure 2. 4 Cryo-TEM images of oleate-capped LiYF4 Tm?>*/Yb*" UCNPs coated by a supported
lipid bilayer after extrusion and free liposomes. Images obtained using different defocus levels a)
-1 pm, b) -3 um, c¢) -7 pm, d) Expanded view of nanoconstruct in image c¢ (defocus -7 pm).

Thickness of supported lipid bilayer, 4.4 + 0.4 nm
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Figure 2. 5 a) Emission spectra of (i) Nanoconstruct DOPA:DOPC:Chol (64:7:29 mole %) in
D;0, (i) Nanoconstruct DOPA:DOPC:Chol (64:7:29 mole %) in H>O, (iii) Oleate-capped
LiYF#Tm*"/Yb>* UCNPs in toluene. b) Emission spectra of (iv) Nanoconstruct
DOPA:DOPC:Chol (64:7:29 mole %) in H2O, (v) Nanoconstruct DOPA:DOPC:Chol
(35.5:35.5:29 mole %) in H20, (vi) Nanoconstruct DOPC:Chol (71:29 mole %) in H2O, (vii)
Oleate-capped LiYF4:Tm?*"/Yb?>" UCNPs in toluene. Excitation wavelength, 980 nm.

To assess the effectiveness of the SLB in providing a more efficient coverage of the
surface of the nanoparticles, the ratio of DOPA:DOPC was varied, while keeping the amount of
cholesterol constant. The effect of changing the ratio of DOPA:DOPC on the overall charge of
the nanoconstruct was investigated via zeta potential measurements. The zeta potential is a
measure of the magnitude of electrical repulsive forces between particles and it is predictive of
colloidal stability. Particles with zeta potential values greater than +25 mV or less than -25 mV
typically have high degree of stability. This is described by the classical DLVO (Derjaguin,
Landau, Verwey, Oberbeek) theory of colloidal interactions that predicts that in the absence of

van der Waals attraction, the interaction between like-charged colloidal particles is repulsive.
217,218
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Table 2.1 shows the measured zeta potentials of the nanoconstruct as a function of the
DOPA:DOPC ratio (the cholesterol content is maintained at 29 mole %). The value of the zeta
potential for the oleate-free nanoparticles is +22 mV in excellent agreement with the literature
value, which indicates a stable colloidal system that is the absence of coagulation.®® In the
presence of only zwitterionic DOPC and neutral cholesterol, the particles adopt a relatively
neutral zeta potential (0.7 mV). The presence of DOPA in the nanoconstruct induces a negative
zeta potential that becomes more negative as the proportion of negatively charged DOPA
increases (relative to the DOPC and cholesterol lipid components). At neutral pH the
phosphatidic acid headgroup of the lipid DOPA is negatively charged thus it interacts with the
positive charge present on the surface of the nanoparticles that is present because only 40% of
the surface is capped by the oleate ligand. The second layer of the lipid interacts via hydrophobic
interactions with the first lipid monolayer (inner leaflet) on the Ln-UCNPs to produce a
supported lipid bilayer. High negative values of the measured zeta potential, -52 mV and -54
mV, are obtained with 64% DOPA and 71% DOPA, respectively.

Table 2. 1 Zeta potential values for LiYF4:Tm?>"/Yb** UCNPs nanoconstructs with different
DOPA:DOPC lipid ratios the proportion of cholesterol in the mixture remains constant at 29

mole %.

LiYF4:Tm?3*/Yb3* DOPA DOPC Cholesterol C-potential STDEV

UCNPs mole % mole % mole % [mV]

Oleate-free - - - 22 1.0
DOPC:Chol 0 71 29 1 0.2
DOPA:DOPC:Chol 35.5 35.5 29 -8 0.6
DOPA:DOPC:Chol 64 7 29 -52 0.8
DOPA:Chol 71 0 29 -54 1.8

To investigate the effect of the changing the proportion of negatively charged DOPA
ratio on the upconversion spectra, measurements were carried out on the oleate capped

nanoparticles dispersed in toluene as well as aqueous dispersions of nanoparticles coated with
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lipid bilayers formed with variation in the DOPA:DOPC ratio (Figure 2.5b and Figure 2S.8
Supporting Information). Comparing the spectra reveals that the upconversion intensity
decreases as the DOPA:DOPC ratio decreases. The decrease in the upconversion intensity may
be explained by two factors. First, as the DOPC concentration increases the degree of stability of
the colloidal solution decreases as described by the classical DLVO theory, resulting in
aggregation, which induces precipitation of the nanoconstruct that may decrease the number of
nanoparticles in the path of the laser beam. Secondly, it appears that formation of a continuous
supported lipid bilayer is hindered at high DOPC compositions, as is shown in the negative stain
TEM images in Figure 2S.7 Supporting Information. As the proportion of DOPC increases, the
SLB does not form as well on the nanoparticle surface and there is more free lipid on the TEM
grid. This is likely a direct consequence of the 40% oleate coverage on the Ln-UCNP surface
such that as the amount of DOPC increases (to the exclusion of DOPA), so does the amount of
DOPC in the inner leaflet. Wang and Liu noted that when DOPC had to reorient to enable a
fusion of the phosphate to a TiO: surface, the resulting steric repulsion hindered SLB
formation.’!! Yao et al. had also reported difficulty forming a pure DOPC bilayer on NaGdF4
UCNPs, especially with small size nanoparticles (down to 4 nm) due to curvature.’” Here, we
postulate that the destabilization of the DOPC SLB is due to the repulsion of the exposed
positively charged choline with the positive charge present on the nanoparticle surface, either
directly or by forcing a reorientation of the headgroup to expose the negatively charged
phosphate thus inducing steric repulsion. The less well-formed bilayer presumably allows more

water to interact with the surface resulting in the quenching of the Ln-UCNPs emission.

2.4 Conclusions

In this work, we have demonstrated that a type-add approach can be used to coat Ln-UCNPs
with supported lipid bilayers, despite a low initial coverage of oleate on the surface. The method
yielded water dispersible Ln-UCNPs that were easily separated from excess liposomes. The SLB
was sufficiently continuous to protect the Ln-UCNPs from water-derived quenching of the

emission, although the effectiveness of the film was a function of composition with a greater
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proportion of negatively charged lipids in the film yielding better formed layers. The film
thickness suggests that it is a non-interdigitated lipid bilayer rather than a monolayer or micellar
complex which is anticipated to provide better encapsulation capacity for hydrophobic active
ingredients. Finally, the film appears continuous despite the acute angles present due to the

crystal morphology.

2.5 Supporting Information (Experimental)

2.5.1 Synthesis of oleate-capped LiYF4:Tm3*/Yb3* (UCNPs)

Thulium oxide (Tm203, 99.99+ %), ytterbium oxide (Yb203, 99.99%), yttrium oxide (Y203,
99.99+ %), triflouroacetic acid (CF;COOH, 99%), lithium trifluoroacetate (CF3COOLIi, 98%),
oleic acid (technical grade, 90%), and 1-octadecene (technical grade, 90%) were all purchased
from Sigma-Aldrich and were used without further purification. LiYF4:Tm**/ Yb** UCNPs were
synthesized via the thermal decomposition, which was comprised of a two-step process.’” In the
first step, a mixture of water/trifluoroacetic acid (10 mL, 1:1) was added to a 3-neck round-
bottom flask containing Tm>03 (0.0024 g, 6.25 x 10 mol, 0.5 mole % Tm>**), Yb,0s (0.1232 g,
3.13 x 10 mole, 25 mole % Yb*"), and Y203 (0.2103 g, 9.31 x 10™* mol), the cloudy solution
was heated (80 °C) under reflux until it was clear. The resulting solution was then dried at 60 °C
to form the trifluoroacetate lanthanide precursors. In the second step, CF3COOLi (0.2999 g, 2.50
x 103 mol) was added to the dried precursor solids along with oleic acid (20 mL) and 1-
octadecene (20 mL) and the mixture was degassed for 30 min at 120 °C. Then the temperature
was increased at a rate of 10 °C/min to 315 °C under an argon atmosphere. The reaction mixture
was maintained at 315 °C under stirring for 60 min under an argon atmosphere. After cooling to
room temperature, absolute ethanol was added to the reaction solution to precipitate the
LiYF4:Tm?®", Yb*" UCNPs, which were subsequently isolated via centrifugation (3000 rpm, 15

min). The pellet was washed with a 1:3 hexane/ethanol mixture twice to remove any impurities.
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2.5.2 Synthesis of oleate-capped LiYF4:Tm3*/Yb3* (UCNPs) with supported lipid
bilayer

1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphate (DOPA) and 1,2-di-(9Z-octadecenoyl)-sn-
glycero-3-phosphocholine (DOPC) were purchased from Avanti Polar Lipids Inc., cholesterol
(99+ %), was purchased from Sigma-Aldrich and chloroform (ACS grade) was purchased from
Fisher Scientific. Deuterium oxide (D20 99.9%) was purchased from Cambridge Isotope
Laboratories, Inc. HEPES was purchased from Bioshop ®. Sodium acetate (99+%) was
purchased from Sigma-Aldrich. All water used for the experiments was ultrapure (18.2 MQ-cm)
obtained from a Barnstead system.

Oleate-capped LiYF4#:Tm?", Yb®>" (UCNPs) with a supported lipid bilayer were
synthesized following the below procedure which is a variation of the hydration dry lipid film
method used to prepared liposomes.’**® Typically stock solutions of DOPA, DOPC and
cholesterol in chloroform (10 mM) were prepared from which mixed lipid solutions comprising
different ratios of DOPA, DOPC and cholesterol were prepared (5 mM). The concentration of
cholesterol was maintained at 29 mole% in all samples. The amount of cholesterol was selected
to induce sufficient condensation of the alkyl chains to limit water permeability and yet be far
enough from the miscibility limit of cholesterol in the lipids. The latter is important to prevent
crystallization and phase separation of cholesterol (usually 60 mol% cholesterol) should the
proportion of lipid adsorbed on the surface vary slightly from the initial lipid mixture.?!>2!°

In summary, oleate-capped LiYF4:Tm*'/Yb** UCNPs (2 mg) were dispersed in
chloroform (1% m/v) and sonicated (10 minutes at 70W), after the lipid mixture solution were
added (700 uL). The mixture of nanoparticles and lipids was sonicated (10 minutes) and then the
solvent was evaporated under reduce pressure to form the dry lipid film. This cycle was repeated
3 times by solvating the mixture using chloroform (1 mL) in order to increase the interaction
between the lipids and the surface of the nanoparticle. After the last cycle, the dry lipid film with
the nanoparticles was left it under vacuum to remove all solvent traces (45 minutes). The dry
lipid film was hydrated for an hour with HEPES buffer (1 mL, 5mM HEPES, 5mM sodium
acetate, 30mM NaCl, pH adjusted to 7.4 with NaOH). Subsequently it was vortex, sonicated and
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extruded (41 times) through a 200 nm polycarbonate membrane filter. The sample was
centrifuged (30 minutes at 12000 rpm, and for 20 minutes at 5000 rpm), the supernatant was
removed and the pellet was rehydrated with HEPES buffer (1 mL) to obtain oleate-capped
LiYF4:Tm?*", Yb** (UCNPs) with a supported lipid bilayer. The same protocol was followed for

samples in D>0.

2.6 Supporting Information (Characterization)

2.6.1 Characterization of oleate-capped LiYF4:Tm3*/Yb3* UCNPs

Figure 2S.1 shows the X-Ray power diffraction (XRPD) of the oleate-capped LiYF4:Tm?**/Yb*"
UCNPs and the calculated standard of JCPDS pattern. The peak positions correspond closely to
the reported pattern of tetragonal LiYF4 (JCPDS no. 81-2254).

Counts
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Figure 2S. 1 Calculated standard (A) and experimental (B) XRPD Patterns of LiYFs A)
Reference Pattern JCPDS File No. 81-2254, and B) Oleate-capped LiYF4:Tm?*"/Yb*>"UCNPs.
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High transmission electron microscopy (HRTEM) was used to evaluate the morphology and
particle size distribution (PSD) of the prepared nanoparticles. Approximately 300 particles were
evaluated to obtain the distribution. The oleate-capped LiYF4#:Tm*"/Yb** UCNPs showed a
diamond-like morphology with an average size of 97 nm (£14 nm) long diagonal length and a

small diagonal length of 59 nm (+8 nm).

Figure 2S. 2 Transmission electron microscopy image of oleate-capped LiYF4:Tm*"/Yb>"
UCNPs (1 mg/ml on toluene). Inset: high resolution TEM image showing the lattice fringes of
the atoms in the crystals. The distance between the adjacent planes (d-spacing) was measured to

be 4.6 A, which is accordance with the (101) plane for tetragonal phase LiYFa.
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The particle size distribution was obtained by counting 300 nanoparticles. Assuming a square
base bipyramidal shape we calculate the surface area and volume of the nanoparticle to be 8847
nm? and 56737 nm® respectively. From the reported density for LiYFs bulk material (3.995

g/cm?®) it was possible to calculate the mass of the nanoparticle to be 2.27x107!7 g.6°
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Figure 2S. 3 Particle size distribution of oleate-capped LiYF4:Tm?*"/Yb** UCNPs obtained from

the long diagonal. Average particle size was determined to be 97+14 nm.
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Field Emission Scanning Electron Microscopy (FE-SEM) was used to elucidate the faceted
morphology of the oleate-capped LiYF4: Tm**/Yb®> UCNPs.

Figure 2S. 4 Field Emission Scanning electron microscopy of oleate-capped

LiYF4:Tm*"/Yb*>" UCNPs. The nanoparticles show a square bipyramidal structure.
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2.6.2 Determination of the amount of oleate on the oleate-capped LiYF4:Tm3*/Yb3*
UCNPs

Thermogravimetric analysis (TGA) of oleate-capped UCNPs showed a mass loss of 1.78%
between (280°C and 480°C) where the oleic acid (OA), which is bonded by weak
electrostatically interactions was desorbed.!”*2!” For the total mass of 10.01mg of oleate-capped
nanoparticles evaluated, the weight loss represents 3.8 x10'7 molecules of OA. The oleate
molecule has been reported to have a surface area of 0.4 nm??? thus the nanoparticle surface

coverage is approximately 40%.
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Figure 2S. 5 Thermogravimetric analysis curve of oleate-capped LiYF4:Tm**/Yb*" UCNPs.
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2.6.3 Evaluation of carbonaceous material deposition using TEM (lacey grids) on
oleate-capped LiYF4:Tm3*/Yb3* UCNPs

The possible deposition of carbonaceous material on oleate-capped LiYF4:Tm?*"/Yb** UCNPs
was directly studied in a series of experiments that examined the TEM images as a function of
time and beam current density. Figure 2S.6a shows an oleate-capped LiYF4:Tm*"/Yb** UCNPs
found partially in a hole and overlapping with the carbon portion of the lacey carbon grid
irradiated at minimum current density. From this image it is difficult to ascertain the organic
material (oleate molecules) around the nanoparticle. Figures 2S.6b shows the image of the same
nanoparticle after 50 seconds of irradiation at 2 times the current density. Figure 2S.6c is taken
170 seconds at 4 times the current density, measured directly following the previous image and
Figure 2S.6d is taken after 260 seconds at 9 times the current density. The images at different

times and power density do not show any discernable changes thus demonstrating no additional

formation of a carbonaceous material around the nanoparticle.

Figure 2S. 6 TEM images of an oleate-capped LiYF4:Tm>"/Yb*>" UCNPs on a lacey grid varying
the current density and the exposure time of the electron beam. The images were taken
sequentially in the following order a) Initial scan with the lowest current density b) After 50 s of
exposure at 2 times the current density c) After 170 s of exposure at 4 times the current density
d) After 260 s of exposure at 9 times the current density. No significant carbonaceous growth is

observed.
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2.6.4 Estimation of the SLB- LiYF4:Tm?3*/Yb3* UCNPs concentration and surface

coverage

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements were performed to
determine the concentration of nanoparticles and lipid after the surface modification with the
supported lipid bilayer. Phosphorous and Yttrium were evaluated in order to calculate the lipid
and nanoparticles concentration, respectively. CertiPUR™ Phosphorous 1000 mg/L  ICP
standard from EMD chemicals Inc and Multi-element solution 10 mg/L (Ce, Dy, Er, Eu, Gd, Ho,
La, Lu, Nd, Sc, Sm, Tb, Th, Tm, Y, Yb) from Spex CertiPrep were used to prepare the
calibration curve for P and Y respectively in 5% of HNOs3 solution (HNO3, Trace metal grade

from Fisher). Both calibration curves were prepared between 0.01 ppm and 5 ppm.

The volume of 250 pL of each sample were first digested using 900 pL of concentrated
HCI (Trace metal grade from Fisher) with 100 puL of H>O> (Ultratrex® Ultrapure reagent from
Avantor Performance Materials, Inc.) and heated at 100 °C for 24 h under reflux, then samples
were dried and re-dispersed in 2 mL of 5% HNOs;. After digestion, the samples were injected and
analyzed. For the determination of the Yttrium concentration samples were diluted additionally

10 times in 1 mL of solution.

Table 2S. 1 ICP-MS results of the concentration of yttrium present in the samples and the

concentration of nanoparticles after the surface modification with the SLB.

Y LiYF4:Tm3*/Yb3* LiYF4:Tm3*/Yb3*
LiYF4:Tm3*/Yb3* UCNPs [pmm] [md] [mg/mL]
Oleate 2.87 0.007 0.55
DOPA:DOPC:Chol (64:7:29) 5.69 0.014 1.10
DOPA:DOPC:Chol (35.5:35.5:29) 4.87 0.012 0.94
DOPA:Chol (71:29) 5.85 0.014 1.13
DOPC:Chol (71:29) 3.98 0.010 0.77
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From the ICP-MS results the concentrations (ppm) of Y and P were calculated. The
results are shown in Table 2S.1 and 2S.2 respectively. The concentration of the nanoparticles
were subsequently calculated assuming one mole of LiYF4 doped 25 mole% with Yb** and 0.5
mol% Tm*" for each mole of Y present. To estimate the amount of SLB coverage, it was
similarly assumed that for each mole of P there is one mole of phospholipid (DOPA or DOPC),
which comprises 71% of the total lipid (cholesterol makes up the remaining 29%). Assuming
that an unsaturated lipid such DOPC has a surface area of 0.49 nm? and cholesterol 0.40 nm? for
a bilayer with a 30% of cholesterol content ,[*! the total surface area of lipid and cholesterol (Sa

Lip/Chol) Was calculated (Table 28S.2).

Table 2S. 2 ICP-MS results for the amount of phosphorous present in the samples and

calculation of the surface area for lipid and cholesterol.

P Lipid Cholesterol Sa Lip/chol X108
LiYF4:Tm3*/Yb3* UCNPs [ppm] molecules molecules [nm?]
x1016 x1016
DOPA:DOPC:Chol (64:7:29) 0.79 34 1.4 2.2
DOPA:DOPC:Chol (35.5:35.5:29) 0.48 2.1 8.4 1.3
DOPA:Chol (71:29) 0.68 29 1.2 1.9
DOPC:Chol (71:29) 1.91 8.2 3.3 5.3

To approximate the amount of lipid needed to coat the particles with a SLB, one needs to
account for both the inner and outer leaflets of the SLB. The surface area of a nanoparticle is
approximately 8847 nm? (see section 2.6.1), however only 60% of the surface area can be
covered by lipids to form the inner leaflet of the bilayer as 40% is covered by oleate (see section
2.6.2). To calculate the surface area required for the outer leaflet of the bilayer, the dimensions
must be adjusted to account for the thickness of the inner leaflet which was assumed to be 2.3
nm and therefore the dimensions for the outer leaflet.!*) Using this approach, the surface area for

the outer leaflet was estimated to be approximately 10230 nm?. Then the total lipid needed to
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cover the nanoparticle with a SLB (Sa ieaflets) 1 the sum of the 60% of the inner leaflet with the

surface area of the outer leaflet, found it to be approximately 15538 nm?.

Table 2S. 3 Calculations for the surface coverage of the lipid bilayer per nanoparticle.

Number of Sa Lipichol X101®  Saleafiets X106 Coverage

LiYF4:Tm3/Yb% UCNPs UCNPs x1012 [nm?] [nm?] [%]
DOPA:DOPC:Chol (64:7:29) 1.2 2.2 1.9 117
DOPA:DOPC:Chol (35.5:35.5:29) 1.0 1.3 1.6 84
DOPA:Chol (71:29) 1.2 1.9 1.9 98
DOPC:Chol (71:29) 0.85 5.3 1.3 406

It must be noted that these are very rough approximations of surface coverage and the
values obtained for all lipid layers, with the exception of DOPC:Chol (71:29), are reasonable and
suggest good particle surface coverage in agreement with the negative stain TEM images that
show UCNPs are surrounded by a continuous layer of material (bright area, Figure 2S.7). For
DOPC:Chol (71:29) a surface coverage estimate of 406% is obtained which implies a significant
excess of lipid. This excess lipid can clearly be observed in the negative stain TEM image
(Figure 2S.7d). Additionally, the {-potential results for the DOPC:Chol (71:29) SLB were found
to be neutral (+1mV). According to the theory of colloidal interactions this lack of surface charge

may produce agglomeration making it more difficult to remove the excess lipid.
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Figure 28S. 7 Negative stain TEM images of the nanoconstructs with different lipid ratios after
extrusion, vortex and micro-centrifugation. a) DOPA:DOPC:Chol(64:7:29 mole %) b)
DOPA:DOPC:Chol (35.5:35.5:29 mole %) c¢) DOPA:Chol (71:29 mole%) LiYF4+Tm** Yb*
UCNPs d) DOPC:Chol (71:29 mole %).
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Figure 2S. 8 Emission spectra of the nanoconstruct with different DOPA:DOPC ratio in aqueous
solution. a) DOPA:Chol (71:29 mole%) b) DOPA:DOPC:Chol (64:7.5:29 mole%) c) Oleate-
capped LiYF4:Tm?*/Yb** UCNP in toluene.
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2.6.5 Upconversion mechanism for LiYF4:Tm3*/Yb3* UCNPs
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Figure 2S. 9 Upconversion mechanism for LiYF4:Tm**,Yb** UCNPs
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2.6.6 X-Ray power diffraction (XRPD)

The patterns for LiYF4: Tm**/Yb** UCNPs were collected at room temperature using a Scintag
XDS-2000 diffractometer equipped with a Si(Li) Peltier-cooled solid state detector, CuKa
source at a generator power of 45 kV and 40 mA, divergent beam (2 mm and 4 mm) and
receiving beam slits (0.5 mm and 0.2 mm). Scan range was set from 15-90° 20 with a step size of

0.02° and a count time of 2 sec. A quartz zero background insert disk was used as sample holder.

2.6.7 High Resolution Transmission Electron Microscopy (HRTEM)
The micrographs of LiYFs: Tm*"/Yb** were collected using a Jeol JEM-2100F microscope

operating at 200 kV capable of imaging resolution of 0.1 nm. Samples were prepared by
dropping sample solutions (1 mg/mL in toluene) onto a 300-mesh Formvar/carbon coated copper
grid (3 mm in diameter) followed by the evaporation of the solvent. Also 300-mesh Lacey
carbon copper grids were used, in this case the sample were prepared by dipping the grid in the

solution followed by evaporation of the solvent.

2.6.8 Field Emission Scanning Electron Microscopy (FE-SEM)

The FE-SEM image was obtained using a Hitachi SU8230 microscope operating at 0.7 kV.
Samples were prepared by dropping sample solutions (1 mg/mL in toluene) onto a 300-mesh
Formvar/Carbon coated copper grid (3 mm in diameter) followed by the evaporation of the

solvent.

2.6.9 Thermogravimetric Analysis (TGA)

The thermograms for the oleate-capped LiYF4:Tm?*'/Yb** UCNPs were recorded using an
Exstar6000 Thermal Instrument from Seiko. The samples were kept under an argon atmosphere.

The heating rate was set at 10°C min™! between 25 °C and 700 °C.

2.6.10 Negative-stain Transmission Electron Microscopy (TEM)

Negative stain images were obtained using a Tecnai 12 Biotwin TEM microscope (FEI Electron

Optics) equipped with a Tungsten filament at 120 kV and AMT XR80C CCD Camera System.
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Samples were prepared by dropping 5 puL of sample solution (1 mg/mL) onto 200-mesh carbon
coated SPI grid and leaving it to be adsorbed during 1 min before drying it softly with a filter
paper. Immediately after, they were stained with 5 pL of 1.5% uranyl formate in SM NaOH

solution, after 1 min the excess solution was removed using a filter paper.

2.6.11 Cryogenic Transmission Electron Microscopy (cryo-TEM)

Cryo-TEM images were obtained using a FEI Titan Krios 300 kV Cryo-STEM equipped with
FEI Phase Plate, Falcon 2 Direct Detection Device (DDD; FEI Inc.), and Gatan Imaging Filter
(GIF2002). C-flat holey carbon sample support grids R2/2 for cryo-TEM (Protochips, USA)
were used to prepare the sample. The grid were first glow discharged to converts the
hydrophobic carbon layer into hydrophilic. 3 pl of sample was added to grids the excess fluid
was blotted, and then the sample was flash frozen hydrated by plunging into a bath of liquid
ethane using FEI Vitrobot Mark IV Grid Plunging System (FEI Electron Optics). The grids were
then stored in liquid nitrogen until observation. Images were taken at magnification of 22.5kx

(pixel size 3.69 A) and defocus level ranging from —1.0 to —7.0um, under low dose conditions.

2.6.12 Upconversion Luminescence Spectroscopy

The upconversion visible emission spectra of the oleate-capped LiYF4:Tm?®"/Yb** and SLB-
LiYF4: Tm**/Yb*" UCNPs were obtained upon 980 nm excitation, using a Coherent 6-pin fiber-
coupled F6 series 980 nm laser diode (power of 615 mW), coupled to a 100 um (core) fiber. For
the upconversion studies, the samples (0.55 mg/mL in water, toluene and D>O) were placed in 1
cm path-length quartz cuvettes (Hellma, QS). The upconverted visible emissions were collected
at right angle with respect to the incident beam and subsequently dispersed by a 1m Jarrell-Ash
Czerny-Turner double monochromator with an optical resolution of ~0.15 nm. The visible
emissions were detected by a thermoelectrically cooled Hamamatsu R943-02 photomultiplier
tube. A preamplifier, model SR440 Standard Research Systems, processed the photomultiplier
signals and a gated photon counter model SR400 Standard Research Systems data acquisition
system was used as an interface between the computer and the spectroscopic hardware. The

signal was recorded under computer control using the Standard Research Systems SR465
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software data acquisition/analyzer system. The UV emissions were collected using a Spex

Minimate 1’4 m monochromator and detected with an Oriel 70680 photomultiplier tube.

2.6.13 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS measurements were performed to determine the nanoparticles concentration after the
surface modification with the supported lipid bilayer. The samples were analyzed using an
Agilent 7500ce ICP-MS equipped quartz scott-type spray chamber, an off-axis Omega lens ion
focusing, an octopole reaction system with a quadrupole mass spectrometer analyzer. It was

operated at 3SMHz.

2.6.14 (C-Potential

The surface charge of the oleate-free LiYF4:Tm**/Yb*>" and SLB- LiYF4+:Tm?®'/Yb** UCNPs
samples were measured using a Zetasizer Nano-S (Malvern Instruments Ltd, Worcestershire,
UK). All experiments were carried out using a disposable folded capillary cell (Malvern). For
each experiment, 10 measurements comprising of 20 runs were recorded. For each sample,
experiments were repeated three times. The concentration of the samples was 0.15 mg/mL in

ultrapure water using 0.7 mL.
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2.7 Author’s Notes And Significance Of This Paper

This publication on the surface modification of LiYF4:Tm>"/Yb*>" upconverting nanoparticles
with a supported lipid bilayer is groundbreaking in the field of lanthanide upconverting
nanoparticles. Biological applications of lanthanide upconverting nanoparticles require coatings
that yield water dispersible and biocompatible nanoparticles, but at the same time protect the
emission of the nanoparticles. Here the supported lipid bilayer acts a soft-matter shell protecting
the emission of the nanoparticle from quenching with the high-energy vibrational modes of the
OH groups of water. The vibrational modes of the OH groups are well known to produce the

depopulation of the electronic states via non-radiative mechanisms.

Motivated by the previous results and taking advantages of the optical properties
LiYF4+:Tm**/Yb*" upconverting nanoparticles, the subsequent chapter provides the development
of a photo-responsive supported lipid bilayer at the surface of the nanoparticle. Incorporation of
an azobenzene-derivative lipid in the supported lipid bilayer provide a route to trigger the
delivery of a hydrophobic model drug via energy transfer with LiYF4+:Tm*"/Yb*" upconverting

nanoparticles upon NIR photo-irradiation.
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Chapter 3

A Route to Triggered Delivery via Photocontrol of Lipid Bilayer Properties Using

Lanthanide Upconversion Nanoparticles
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3.1 Abstract

Scheme 3. 1 Graphical table of content of “A Route to Triggered Delivery via Photocontrol of
Lipid Bilayer Properties Using Lanthanide Upconversion Nanoparticles.”

Soft matter shells for nanoparticles provide an alternative approach to the more traditional
inorganic core-shell nanoconstructs. In the latter, functionality and biocompatibility often
requires the addition of a hydrophilic organic coating. Herein, a supported lipid bilayer serves as
a soft matter shell that has the physicochemical properties that enable a dynamic system capable
of providing biocompatibility, encapsulation and release of small molecule active agents. Direct
coupling of the conformal, supported lipid bilayer containing an azobenzene-derivatized lipid
with an upconversion nanoparticle provides the means to photocontrol the bilayer properties,
generating a multifunctional coating. The close contact of the bilayer with the nanoparticle
surface eliminates problems associated with Brownian motion for the energy transfer; the
mechanism of energy transfer was determined to be dominated by radiative reabsorption using
time-resolved photoluminescence. Release of an encapsulated dye was achieved with
significantly lower proportions of azobenzene-derivatized lipid than has been reported for UV-
triggered release from liposomes. This work highlights the potential of the described

nanoconstruct for light controlled delivery applications, especially in a biological context and in
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vivo applications, for which NIR excitation is of paramount importance for low toxicity and

deeper tissue penetration.

3.2 Introduction

The interaction of nanoparticles with lipid membranes has been widely studied in recent years,
with an emphasis on understanding the impact of such interactions on cell membrane stability,
integrity and function. However, lipid bilayers also provide a simple means to coat nanoparticles
to produce an inherently biocompatible, soft matter shell. Such supported lipid bilayers retain
many of the characteristics of natural membranes including their lateral fluidity and
impermeability to ionic species.??!?** Frequently these bilayers are used as a protective coating
for spherical particles, in particular silica micro- and nanoparticles, providing biocompatibility
and making the particles as cell mimetics.??® Coating such a bilayer around a drug-loaded
mesoporous silica particle has been suggested for long-circulation, slow release drug carriers;**
the close contact of the bilayer to the solid support enables electrostatic interactions that can
yield increased stability, and therefore shelf-life, over liposomal formulations. Triggered release
has been also achieved in a similar nanoconstruct combining mesoporous silica and a chemically
reducible bilayer.??” Recently, metal-organic framework (MOF) nanoparticles were coated with a
supported lipid bilayer to prevent premature drug release. The authors emphasized the
importance of developing mechanisms for triggered release that can be incorporated into the
lipid bilayer.??

Photoresponsive molecules provide one mechanism for controlled release of molecules.
For example, phototriggered release has been reported using azobenzene as “a gatekeeper”
within the pores of mesoporous silica.?”” However, azobenzene has limited uses for in vivo
applications due to the cytotoxicity of UV light required for photoswitching and the limited
tissue penetration of UV or blue light.”> One approach to overcome this limitation has involved
chemical modification of the azobenzene moiety to shift the absorption to longer
wavelengths.?*%23! However, as highlighted by Woolley et al.,>*° these chemical modifications

can generate potential issues that include altering thermal relaxation rates (leading to a smaller
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fraction of the cis-isomer at steady state) and changing the relative energies of the cis- and trans-
ground states. An alternative approach was proposed by Liu et al. who demonstrated that
conjugation of azobenzene to mesoporous silica coated lanthanide upconversion nanoparticles
(Ln-UCNPs) enabled light-controlled release of a drug from the pores as a result of azobenzene
switching.?*?> On the other hand, the necessity to use a silica coating and chemical conjugation
can be avoided by directly incorporating the azobenzene derivative into a biocompatible lipid
membrane. Yao et al. encapsulated phospholipid coated Ln-UCNPs in the interior of a liposome
where the outer liposome contains a single-chained azobenzene surfactant.** However,
freestanding bilayers can undergo physical changes that affect the stability of such liposomal
formulations.”** Photoswitching enabled release of water-soluble drugs that were co-
encapsulated with the nanoparticles in the inner compartment of the liposome. In this approach,
both the Ln-UCNPs and the drug are freely diffusing in the inner compartment.”** This requires
close proximity of the Ln-UCNP, liposome wall (where the azobenzene disruption occurs) and
drug, for the emitted light to enable drug translocation and release. We have previously
demonstrated energy transfer from an Ln-UCNP to a photoswitchable molecule (bis-spiropyran)
and a photosensitizer (Foscan® that enables production of singlet oxygen).?** In the case of the
former, the energy transfer efficiency is reduced by half when the bis-spiropyran is freely
tumbling in solution compared to direct conjugation onto the Ln-UCNP surface.”® Therefore, in
order to avoid the effect of Brownian motion on the energy transfer, we have devised a simple
nanoconstruct comprising an Ln-UCNP with a supported lipid bilayer coating that contains an
azobenzene-derivatized lipid that is in close contact with the Ln-UCNP surface. We have
previously shown that the bilayer coating is sufficient to avoid significant water quenching
without the need for a core-shell structure.**

Photoresponsive molecules provide one mechanism for controlled release of molecules.
For example, phototriggered release has been reported using azobenzene as “a gatekeeper”
within the pores of mesoporous silica.’?* However, azobenzene has limited uses for in vivo
applications due to the cytotoxicity of UV light required for photoswitching and the limited

tissue penetration of UV or blue light.”? One approach to overcome this limitation has involved
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chemical modification of the azobenzene moiety to shift the absorption to longer
wavelengths.??%%! However, as highlighted by Woolley et al.,?*° these chemical modifications
can generate potential issues that include altering thermal relaxation rates (leading to a smaller
fraction of the cis-isomer at steady state) and changing the relative energies of the cis- and trans-
ground states. An alternative approach was proposed by Liu et al. who demonstrated that
conjugation of azobenzene to mesoporous silica coated lanthanide upconversion nanoparticles
(Ln-UCNPs) enabled light-controlled release of a drug from the pores as a result of azobenzene
switching.?32 On the other hand, the necessity to use a silica coating and chemical conjugation
can be avoided by directly incorporating the azobenzene derivative into a biocompatible lipid
membrane. Yao et al. encapsulated phospholipid coated Ln-UCNPs in the interior of a liposome
where the outer liposome contains a single-chained azobenzene surfactant.*> However,
freestanding bilayers can undergo physical changes that affect the stability of such liposomal
formulations.?** Photoswitching enabled release of water-soluble drugs that were co-
encapsulated with the nanoparticles in the inner compartment of the liposome. In this approach,
both the Ln-UCNPs and the drug are freely diffusing in the inner compartment.?** This requires
close proximity of the Ln-UCNP, liposome wall (where the azobenzene disruption occurs) and
drug, for the emitted light to enable drug translocation and release. We have previously
demonstrated energy transfer from an Ln-UCNP to a photoswitchable molecule (bis-spiropyran)
and a photosensitizer (Foscan® that enables production of singlet oxygen).?** In the case of the
former, the energy transfer efficiency is reduced by half when the bis-spiropyran is freely
tumbling in solution compared to direct conjugation onto the Ln-UCNP surface.”® Therefore, in
order to avoid the effect of Brownian motion on the energy transfer, we have devised a simple
nanoconstruct comprising an Ln-UCNP with a supported lipid bilayer coating that contains an
azobenzene-derivatized lipid that is in close contact with the Ln-UCNP surface. We have
previously shown that the bilayer coating is sufficient to avoid significant water quenching
without the need for a core-shell structure.*

Herein, we report the photoswitching of the azobenzene modified lipid analogue, di(6-

{[4-(4-butylphenyl)azo]-phenoxy}-hexyl)phosphate (hereafter referred to as AZO-lipid) via
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energy transfer from LiYF4#Tm*"/Yb** (0.5% Tm?', 25% Yb*") UCNPs (see Scheme 3.2).
Moreover, we show the incorporation of the AZO-lipid into a supported lipid bilayer (SLB)
encapsulating the LiYF4#Tm*"/Yb** UCNPs. The supported lipid bilayer mimics the cell
membrane, renders the nanoparticles water-dispersible and biocompatible, and prevents water-
derived quenching of the emission.?*® In addition, the bilayer offers protection from in vivo
reduction and/or hydrolysis of the azobenzene, that have been reported as potential drawbacks.*’
The photoswitching of the AZO-lipid inside the supported lipid bilayer using 980 nm excitation
and energy transfer from the Ln-UCNP highlights its potential for biological applications such as
drugs delivery that can be controlled with light. One of the major challenges of the
pharmaceutical industry is the development of new formulations that can deliver hydrophobic
drugs, which comprise the majority of drugs developed. As such, this delivery system is
designed to encapsulate hydrophobic drugs in the hydrophobic core of the supported lipid bilayer
and as a proof-of-principle, Nile red, a hydrophobic drug model, is encapsulated within the

nanoconstruct, AZO-SLB-UCNPs, and subsequently released via remote triggering using 980

nm excitation.
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Scheme 3. 2 Illustration of the nanoconstruct AZO-SLB-UCNPs with Nile red encapsulated.
Upon 980 nm irradiation AZO-lipid photoswitches via reabsorption of the upconverting light

from the UCNP producing the release of Nile red due to the disruption of the supported lipid

bilayer.
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3.3 Results and Discussion

Tetragonal LiYF4:Tm*"/Yb** upconversion nanoparticles (Ln-UCNPs) were selected because of
their strong UV and blue emissions (*Po—>Hs (290 nm), *Po—>F4 (353 nm) and 'D,—*He (368
nm)) of Tm?*" ions,®” which overlap with the broad absorption band corresponding to the m-m*
transition at 350 nm of azobenzene, providing the potential for energy transfer. Additionally, the
tetragonal structure of LiYF4 yields 8 identical {101} faces that all have equal surface energies
(0.82 J m?) and thus identical interactions with the physisorbed lipids.?*®?* This surface
topography promotes formation of a uniform coating. Excitation using 980 nm light has the
advantages of deep tissue penetration, no known phototoxicity, and reducing autofluorescence.”
Ln-UCNPs using Nd** as dopant ions are also good candidates since their excitation is in the first
biological window,?****! however, more complicated multiple shell strategies are needed to
achieve strong UV emission. Moreover, modulation of the 980 nm laser beam (chopping or using
a pulsed laser) significantly decreases any potential heating effects.?*>?* In a recent review, Wu
and Butt stated that the intervals between pulses, even for femtosecond lasers, is sufficient to
efficiently reduce any thermal effects, i.e. to produce an athermal process.”** The use of pulsed
frequencies at similar power densities of 980 nm light to those used here (13 W c¢cm™), have
already been employed for treatment in humans of traumatic brain injury.>* Chemical
conjugation of the azobenzene moieties into the alkyl chain of a lipid enables its facile
incorporation into a supported lipid bilayer. Such azobenzene-derivatized lipids have been used
for photocontrolled release of dyes from liposomes.?*19271% These studies demonstrated that the
release is less sensitive to the composition when both acyl chains are derivatized with
azobenzene.!%® Therefore, the azobenzene derivative, AZO-lipid, in which both chains contain
the azobenzene moiety, was prepared following the synthetic route proposed by Kuiper and

confirmed by NMR and ESI-mass spectrometry (Figure 3S.1, in the Supporting Information).?*
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Figure 3. 1 a) trans- and cis-isomers of AZO-lipid. b) Overlap of the absorption spectrum of
trans- AZO-lipid (black) and cis-AZO-lipid (red) (2.6x10°M in propylene glycol and ethanol
mixture 1:1) with the photoluminescence spectra of LiYF4:Tm>"/Yb*" UCNPs (blue) excited at
980 nm (0.1 wt% in propylene glycol and ethanol mixture 1:1).

The trans-AZO-lipid isomer shows a strong m-n* transition at approximately 350 nm and
a weak n-* band at 450 nm; the cis-AZO-lipid isomer has a stronger n-n* transition at 450 nm
and a less intense n-n* transition at 320 nm (Figure 3.1b). The photoswitching of the trans-
AZO-lipid to the cis-isomer, required for configuration change (Figure 3.1a), can be directly
triggered using UV irradiation, with a photo-stationary state being achieved after 30 seconds
(Figure 3S.2a), in the Supporting Information). In order to avoid the problems associated with
UV irradiation in biological systems and to assess the potential for photoswitching via energy
transfer from a Ln-UCNP, the overlap of absorption of the synthesized AZO-lipid with the
emission of the Ln-UCNPs was confirmed (Figure 3.1b).

The energy transfer from the Ln-UCNPs to the AZO-lipid was evaluated using only the
AZO-lipid analogue conjugated to the surface. This surface modification was achieved using the
as-synthesized nanoparticles with a size of 91 + 12 nm with respect the long diagonal and a
tetragonal crystal structure (Figure 3S.3, in the Supporting Information). Previously we

demonstrated that the surface of the LiYF4#Tm*"/Yb** UCNPs is 40% covered by oleate
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molecules, to be referred to as oleate-UCNPs, which leaves 60% of the surface available for
modification.?*® The AZO-lipid is co-adsorbed at the surface of the oleate-capped nanoparticles
(to be referred to as AZO-UCNPs) by incubating the nanoparticles with AZO-lipid molecules in
chloroform. The adsorption of the AZO-lipid occurs via electrostatic interaction of its negatively
charged phosphate head group with the positively charged surface of the nanoparticles.
Conjugation of the AZO-lipid at the surface of the oleate-capped nanoparticles was confirmed
using FTIR spectroscopy (Figure 3S.4, in the Supporting Information). ICP-MS (Table S1 and
S2, in the Supporting Information) and absorption spectroscopy (Figure 3S.5, in the Supporting
Information) were used to determine that there are approximately 1.15 x 10* (£ 0.05 x 10%
molecules of AZO-lipid on the surface of each nanoparticle.

The energy transfer from the LiYF4:Tm?*"/Yb** UCNPs to the conjugated AZO-lipid was
then confirmed by photoluminescence spectroscopy. Figure 3.2a shows the upconversion
photoluminescence spectra of the oleate-UCNPs (0.64 mg/mL in propylene glycol and ethanol
mixture 1:1) and the AZO-UCNPs (0.64 mg/mL in propylene glycol and ethanol mixture 1:1). A
decrease in the photoluminescence intensities of the peaks centered at 290 nm, 353 nm, 368 nm
and 450 nm is observed for the AZO-UCNPs in comparison to the oleate-UCNPs. From the
emission spectra it is evident that the peaks centered at 368 nm and 353 nm are the principle
contributors of the energy transfer from the LiYF4:Tm>"/Yb?>" UCNPs to the azobenzene moiety
since these emission peaks show the best overlap with the n- ©* transition (absorption band) of
the trans-AZO-lipid. The energy transfer efficiency from the LiYF4:Tm?®"/Yb** UCNPs to the
AZO-lipid conjugated at the surface was calculated to be 40%, using eq 3.1:

E=1-(pa/lp) (3.1

where E is the energy transfer efficiency, I, is the area under the curve (*Po—>Hg, *Po—>>F4,
and 'D,—>F4) for the normalized photoluminescence intensity of the AZO-UCNPs and Ip is the
area under the curve (*Po—>Hs, *Po—>>F4, and 'D,—>F4) for the normalized photoluminescence

intensity of the oleate-UCNPs.
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Figure 3. 2 a) Photoluminescence spectra of oleate-UCNPs (black) and AZO-UCNPs (red) using
980 nm excitation. b) Absorbance spectra of AZO-UCNPs (0.64 mg/mL) dispersed in ethanol
and propylene glycol (1:1) as a function of the 980 nm irradiation time.

To ensure that only the thermodynamically stable isomer, trans-AZO-lipid, was present on the
surface of the LiYF4:Tm**/Yb** UCNPs, the dispersion was stored in the dark for three days.
Figure 3.2b shows the absorption spectra of AZO-UCNPs as a function of 980 nm irradiation
time and clearly demonstrates a decrease in the intensity of the n-n* band (¢trans-AZO-lipid) and
an increase in the intensity of the n-n* band (cis-AZO-lipid), confirming the light-induced
isomerization. Additionally, the peak maximum for the n-n* transition exhibits a hypsochromic
shift as the proportion of cis-AZO-lipid increases (i.e. the peak represents a weighted average of
the trans- and cis-isomers). The shift of the n-n* transition is ascribed to the large dipole moment
change from 0 D in the trans-isomer to 3.0 D in the cis-isomer.?*” The percentage of AZO-lipid
(see Table 1) that undergoes trans—»cis isomerization due to 980 nm excitation of the
LiYF4+:Tm**/Yb*" UCNPs and subsequent energy transfer can be estimated using eq 3.2:

At—Acis

Y%cis, = 1 — x 100 (3.2)

trans—Acis
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where %cis; is the percentage of AZO-lipid in the cis-configuration, 4, is absorbance at 350 nm
for a given irradiation time, Asuns 1S the absorbance at 350 nm when all molecules are in trans-
configuration and A.;s is the absorbance at 350 nm when all molecules are in cis-configuration
(Airans and Acis are taken from the spectra in Figure 3S.6, in the Supporting Information). After
5.5 h irradiation, a photo-stationary state was obtained because the absorbance band of the cis-
AZO-lipid at 450 nm overlaps the emission transitions ('D>—>F4 and 'Gs—>He) of the Tm>" ions
in LiYF4:Tm?**/Yb** UCNPs inducing a cis—trans isomerization that switches AZO-lipid back
to the trans-isomer due to a stronger n-n* band for the cis-isomer than the trans-isomer.

We have previously reported the formation of a supported lipid bilayer (SLB) on the
surface of LiYF4:Tm*/Yb*" UCNPs comprising residual oleate, 1,2-di-(9Z-octadecenoyl)-sn-
glycero-3-phosphate (DOPA), 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (DOPC)
and cholesterol.?*¢ Using a similar strategy, AZO-lipid molecules were incorporated in the

supported lipid bilayer on the surface of LiYF4:Tm**/Yb**UCNPs.

Table 3. 1 Percentage of the cis-isomer formation as function of time upon 980 nm excitation of

the nanoparticle

Time Absorbance cis-
(h) at 350 nm %
0.5 0.80 27
1.5 0.63 52
25 0.55 64
3.5 0.52 70
45 0.46 79
5.5 0.43 83
6.5 0.43 83
75 0.43 83
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Bilayer disruption by azobenzene has been found to be highly dependent on cholesterol
content.!?”1% The presence of a cholesterol-induced liquid ordered phase enhances the release
compared to liposomes comprising only liquid disordered phases that have a greater capacity to
reorganize and accommodate the change in chain volume upon photoswitching.!?” The extent of
release has been correlated to the fraction of liquid-ordered phase present.!?” On the other hand,
while a critical amount of azobenzene is required for efficient release, a high concentration can

limit liposome stability.!%®

Our previous work demonstrated that a 64:7:29 ratio of
DOPA:DOPC:Chol formed a stable bilayer coating.>*® A proportion of DOPA was replaced by
AZO-lipid, since they both carry a negatively charged phosphate head group that interacts with
the positively charged surface of the LiYF4:Tm*"/Yb*"UCNPs, with the other lipid proportions
remaining constant. The AZO-lipid comprised 14 mol% of the total added lipid (equivalent to 19
mol% of the phospholipid), namely a composition of DOPA:DOPC:Chol:AZO-lipid
(50:7:29:14) was used. The supported lipid bilayer was prepared using the same procedure as

described previously 23

except that the hydration of the dry lipid film was carried out in darkness
at 50 °C to ensure the AZO-lipid molecules were in the trans-configuration. It was determined
that there are approximately 6000 molecules of AZO-lipid per nanoparticle, corresponding to
approximately 16 mol% of the phospholipid content of the supported lipid bilayer per
nanoparticle (Section 3.6.5, in the Supporting Information). This value is, within experimental
error, in agreement with the ratio initially used.

Incorporating AZO-lipid into the supported lipid bilayer led to a decrease in the
photoluminescence intensities of the Tm?>" transitions centered at 290 nm, 353 nm, 368 nm and
450 nm, relative to the supported lipid bilayer without the presence of AZO-lipid (Figure 3.3a).

The energy transfer efficiency (eq 3.1) was determined to be 23%, which is lower than the

efficiency (40%) obtained for the AZO-lipid conjugated on the LiYF4:Tm*"/Yb**UCNPs.
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Figure 3. 3 a) Photoluminescence spectra of SLB-UCNPs (blue) and AZO-SLB-UCNPs
(orange) excited at 980 nm. b) Absorbance spectra of AZO-SLB-UCNPs as function of the
irradiation time with 980 nm. All measurements are made with a nanoparticle concentration of

0.61 mg/mL.

This is clearly correlated with the number of AZO-lipid molecules at the surface, i.e. 6000
incorporated in the supported lipid bilayer coating in comparison to 11500 conjugated directly to
the nanoparticle surface. Although the supported lipid bilayer contains approximately half the
number of AZO-lipid molecules, leading to a lower energy transfer efficiency, this must be
balanced with the potential loss of liposomal stability if the proportion of AZO-lipid in the
supported lipid bilayer were to be increased.'*

Although Tm*" ion photoluminescence quenching was evident for both SLB-UCNPs and
AZO-UCNPs, the mechanistic origins of this energy transfer are not accessible from steady-state
photoluminescence spectra, which reflect contributions from all radiative and non-radiative
quenching mechanisms. Using time-resolved spectroscopy, we have previously found that
energy transfer from Ln-UCNP donors can be attributed to both radiative energy transfer

(reabsorption, 2 distance dependence) and non-radiative Forster resonance energy transfer
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(FRET, ¢ distance dependence).?*® The strong distance dependence of FRET and the very low
photoluminescence quantum yields for upconversion photoluminescence limit the availability of
FRET donors to Tm>" ions close to the LiYF4:Tm?*"/Yb?>" UCNP surface. Only these ions are in a
sufficient proximity to the AZO-lipid for FRET. Taking into account the particle size of our
LiYF4:Tm*"/Yb*" UCNPs (ellipsoids of ca. 52 x 91 nm — vide supra), the majority of Tm>** ions
will not be able to transfer their energy via FRET to AZO-lipid and it can be expected that
reabsorption plays an important role in LiYF4:Tm?*"/Yb*>" UCNP-to-AZO-lipid energy transfer.
To evaluate the contribution of FRET, photoluminescence decays of LiYF4:Tm?*"/Yb** UCNPs
and SLB- LiYF4:Tm>"/Yb*" UCNPs with and without AZO-lipid (Figure 3S.7, 3S.8 and 3S.9, in
the Supporting Information) were recorded and analyzed by multiexponential decay fitting
(Table 3S.4 and 3S.5, in the Supporting Information). Average rise and decay times of the
'D,—%He (368 nm) (and partly *Po—>F4 (353 nm)) photoluminescence transition (365 + 13 nm
bandpass filter) and the resulting FRET efficiencies are shown in Table 2. Similar to the steady-
state photoluminescence measurements, the energy transfer efficiencies are higher for the
LiYF4:Tm?*"/Yb>" UCNPs without the SLB. However, the difference is approximately 4-fold,
whereas it was only 2-fold for the steady-state energy transfer. This larger difference can be
explained by the stronger distance dependence of FRET (~®) compared to reabsorption (~2) in
combination with the longer Tm*'-donor-to-AZO-lipid-acceptor distances when the
LiYF4Tm*/Yb*" UCNPs are coated with the SLB (not all AZO-lipids are located in the inner
leaflet of the bilayer). In addition to the relative differences, the absolute energy transfer
efficiency values are significantly smaller for FRET (9% vs. 40% without and 2% vs. 23% with
the SLB). As mentioned above, the particle size of the LiYF4:Tm**/Yb*" UCNPs restricts FRET
to only a small part of Tm*" ions and the majority can be quenched only by reabsorption.
Moreover, the FRET efficiency is independent of the number of donor-acceptor pairs and
therefore the larger amount of AZO-lipid for the LiYF4:Tm**/Yb** UCNPs without SLB (11500
vs. 6000) only influences the reabsorption.

The strong distance dependence of FRET can be used to estimate the photoluminescence

quantum yield of the FRET donors, namely the emitting lanthanide ions (in our case Tm**) close
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to the LiYF4#:Tm>"/Yb*" UCNP surface (i.e. those that can participate in FRET). Due to the
multistep excitation and de-excitation processes generally involved in lanthanide upconverting
nanoparticles, the surface-ion quantum yields can be quite different from that of the entire
upconverting nanoparticle. When taking into consideration the spectral overlap of
LiYF4:Tm*"/Yb?>" UCNP emission and AZO-lipid absorption (Figure 3S.10, in the Supporting
Information), and surface-to- AZO-lipid distances of ca. 1.7 nm for the monolayer (Figure 3S.11,
in the Supporting Information) and ca. 2.3 nm on average for the bilayer (Figure 3S.12, in the
Supporting Information), a Tm** ion photoluminescence quantum yield of 0.03% would
correspond to FRET efficiencies of 0.087 and 0.021 (Table 3S.6, in the Supporting Information),
respectively. These values are in excellent agreement with those found within the time-resolved
photoluminescence analysis (Table 3.2). The surface Tm>" ion quantum yield is approximately
300 times larger than the estimated overall LiYF4:Tm*"/Yb*" UCNP quantum yield of 0.0001%,
which would have led to negligible FRET efficiencies (below 0.1% even for the close Tm**-to-
AZO-lipid distance). Although the surface Tm?®" ion quantum yield value may not be exact when
taking into consideration our low FRET efficiencies, the correlation of distance estimations and
time-resolved FRET analysis clearly shows the importance of distinguishing between the

photoluminescence properties of the surface and core emitting ions in Ln-UCNPs.

Table 3. 2 Average rise and decay times from time-resolved photoluminescence of

LiYF4:Tm*"/Yb>" UCNPs and SLB-UCNPs with and without AZO-lipid.

Coating- Rise Decay Decay Average

LiYF4:Tm?3*/Yb3* time time 1 time 2 Decay time Errer
UCNPs (us) (us) (us) (us)
Oleate 240 +30 490+50 1200 + 120 530 + 60
AZO 250+30 44050 1000 %100 480 + 50 0.092 £ 0.012
SLB 260+ 30 470+£50 1200 120 500 £ 50
AZO-SLB 27030 45050 1100+%120 490 + 50 0.022 + 0.004
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Decay curves and fitting procedures can be found in (SI). Decay time 1 corresponds to the

surface-emitting Tm>" ions; decay time 2 corresponds to the core-emitting Tm>" ions

The absorption spectra of AZO-SLB-UCNPs dispersed in an aqueous solution and irradiated at
980 nm as a function of time is shown in Figure 3.4b. The decrease in the intensity of the n-*
transition confirms the trans—cis isomerization of AZO-lipid in the supported lipid bilayer via
the upconverted UV emission of the LiYF4#:Tm*7/Yb>* UCNPs and the formation of a
photostationary state after 5.5 hours of irradiation. The intensity changes in the n-n* transition
are difficult to observe as the AZO-SLB-UCNPs system has a lower concentration of AZO-lipid
compared to AZO-UCNPs. This is a result of the background absorption from the nanoparticles
and the SLB both of which absorb in this region (Figure 3S.13, in the Supporting Information).
The n-n* transition of the AZO-lipid has a low molar extinction coefficient of 2422 mem™,
which can be obscured by this background, an effect also observed for azobenzene derivatives in
mesoporous silica-coated Ln-UCNPs and Ln-UCNPs encapsulated in liposomes.?*??** Although
there is no change to the time to reach a photostationary state, the n-n* transition is blue shifted
to 337 nm when the AZO-lipid is incorporated into the supported lipid bilayer. This
hypsochromic shift can be caused by a change in environment polarity or aggregation of the
AZO-lipid.'®2* Such aggregation has been observed in self-assembled monolayers of
azobenzene-derivatized long chain thiols and liposomes comprising azobenzene modified
lipids.'%%?3% An azobenzene absorption wavelength between 330 and 340 nm has been reported to
correspond to dimeric chromophores,>! which correlates well with the di-substitution in AZO-
lipid or weak H-aggregation (clustered azobenzenes but not phase separated azobenzene
nanodomains).!®

In the bilayer, the local order induced by the inclusion of cholesterol could
conformationally restrict the AZO-lipid promoting possible intra and/or intermolecular
aggregation of the AZO-lipid. It has been reported that the frans—cis isomerization of
azobenzene induces a volume change of 0.12 nm??? It has previously been shown that self-
assembled monolayers of single component alkanethiol derivatized azobenzenes do not have

enough free volume to permit photoswitching but the required free volume can be created using
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mixed monolayers (on both planar substrates and colloidal particles).> Additionally,
physisorbed films on solid substrate and Langmuir monolayers at the air water interface,>*?>°
wherein the molecules are not covalently bonded to a specific surface site, have additional
degrees of freedom that enable switching. More importantly, photoswitching of azobenzene
derivatized lipids has been demonstrated in fluid bilayers where, but only when monomeric and
dimeric forms, rather than extensive H-aggregation ([ Jmax approximately 300 nm), are present.'®?
The use of DOPC and DOPA ensures a fluid bilayer matrix in which 14 mol% AZO-lipid is
embedded, providing the free volume necessary to permit photoswitching.

To examine the nanoconstruct as a potential delivery vehicle, the capacity to encapsulate
and release Nile red, (9-diethylamino-5H-benzo[a]|phenoxazin-5-one) was evaluated. Nile red is
a fluorescent dye, which is highly sensitive to the polarity of its local environment. In polar
solvents such as water its fluorescence is quenched. Additionally, its emission maximum shifts
from red to yellow depending on the hydrophobicity of its environment. Nile red was
encapsulated within the hydrophobic core of the supported lipid bilayer with and without the
presence of AZO-lipid.

The amount of Nile red encapsulated within the supported bilayer can be estimated as 40
molecules per nanoconstruct with the AZO-lipid and 172 molecules without AZO-lipid (Figure
S3.14, Table S3.7, in the Supporting Information). Additionally, when both Nile red and AZO-
lipid are present in the bilayer, the amount of AZO-lipid incorporated is also reduced from
approximately 6000 molecules per nanoparticle to approximately 3000 molecules per
nanoparticle (equivalent to 12 mol% of the phospholipid) (Table 3S.2, in the Supporting
Information). Both Nile red and AZO-lipid compete for the same free space in the bilayer and
the bulkier side chains of the AZO-lipid may therefore restrict the available space for Nile red
encapsulation and vice-versa. The nanoconstruct containing Nile red in the absence of AZO-lipid
was irradiated with 980 nm laser for up to 4.5 hours and no release of the dye was observed
confirming that AZO-lipid is required to induce the triggered release (Figure 3S.15, in the
Supporting Information).
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Figure 3. 4 a) Fluorescence spectra of Nile red embedded in the AZO-SLB-UCNPs as a function
of the 980 nm irradiation time (excitation of the dye at 553 nm). b) Release profile of Nile red as

a function of time fitted to a single exponential function.

The triggered release of Nile red from the supported lipid bilayer was monitored using
the fluorescence spectra of Nile red as a function of time upon 980 nm excitation of the
nanconstruct. The fluorescence quenching (Figure 3.4a) of Nile red clearly demonstrates that the
dye was released from the supported lipid bilayer to the surrounding aqueous environment. The
release profile shown in Figure 4b demonstrates that 50% of the encapsulated Nile red was
released after 1 hour of irradiation. The amount released reaches a plateau after approximately 3
hours with a release of 65%. Fitting a single exponential to the release profile generates a time
constant of 38 minutes (Eq 3S.1, in the Supporting Information), which represents the time to
reach 50% of the plateau value. As discussed in relation to the photostationary state, the
cis—trans isomerization switches back to the trans-isomer due to the overlap of the n-n* band of

the cis-isomer with the blue emission of the nanoparticles. The lipophilicity and relatively low

117



water solubility of Nile red may also contribute to the incomplete release of the dye. The
absorption spectra of the AZO-lipid show the same profile (Figure 3S.16, in the Supporting
Information) as in Figure 3.4b confirming the phototriggered frans—cis isomerization.

Previous work has demonstrated that dyes encapsulated in the aqueous interior of a
liposome can be released via azobenzene switching. Kuiper and Engberts determined that more
than 20 mol% azobenzene derivatized lipid was required to release calcein dye from DOPC
liposomes and that the photoswitching was only possible in these liposomes when the
azobenzene was either in a dimeric form or loosely, but not extensively, aggregated.'®
Moreover, achieving comparable levels of dye release to that observed here required more than
50 mol% of the azobenzene lipid. Earlier work has shown that the release mechanism, in this
case for encapsulated carboxyfluorescein,>>® is highly dependent on the lipid phase. In fluid
phase liposomes, release occurs due the formation of small defects leading to a slow leakage
through the membrane. In gel phase liposomes, the photoswitching led to a complete liposome
rupture. In the current work we have demonstrated that we have the low-aggregation states and
fluid phase needed to enable photoswitching and slow release of the hydrophobic dye, Nile red.
However, for the AZO-supported lipid bilayer, addition of 14 mol% AZO-lipid (yielding 12
mol% of the phospholipid content) was able to induce significantly more dye release than was
previously reported for liposomes. This may be attributed to several factors. First, the
incorporation of cholesterol into the bilayer increases the lipid packing density and may enhance
the impact of the photoswitching on the release. Additionally, the Nile red dye is embedded
within the bilayer itself, not encapsulated within the inner aqueous phase. Thus, defects induced
in the outer membrane alone can enable release whereas for dyes that must cross the bilayer, the
total bilayer permeability must be altered and leakage requires defects in both leaflets of the

membrane.
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3.4 Conclusions

We have demonstrated that LiYF4:Tm**/Yb*" UCNPs that are excited with 980 nm can be used
to photoswitch an azobenzene-derivatized lipid incorporated into the soft matter shell of the
nanoparticles. In the case of a supported lipid bilayer, the isomerization, which induces a volume
change in the bilayer, enables release of molecules embedded within the hydrophobic core of the
bilayer. We show that a large proportion of an encapsulated dye, Nile red, can be released with a
relatively low proportion of AZO-lipid incorporated into the supported lipid bilayer. The
incomplete dye release was attributed to a combination of the partition coefficient for Nile red
and the influence of the reverse cis—trans isomerization. Time-resolved spectroscopy revealed
that the energy transfer mechanism is predominantly radiative (reabsorption) with a minor
contribution of non-radiative FRET. This has implications for that go beyond our nanoconstruct
for future design of “donors” and “acceptors”, whereby the FRET distance and molecular
orientation do not play a significant role. The photoswitching of an AZO-lipid within a supported
lipid bilayer excited at 980 nm inducing an energy transfer from LiYF4:Tm*/Yb*>" UCNPs
highlights the potential of this AZO-SLB-UCNP nanoconstruct for light controlled delivery
applications, especially in a biological context and in vivo applications, for which NIR excitation

is of paramount importance for low toxicity and deeper tissue penetration.
3.5 Experimental Section

3.5.1 Synthesis of AZO-lipid

Butylaniline (97%), phenol (99.0+ %), carbon tetrachloride (99.9%), and pyridine (anhydrous,
99.8%) were purchased from Sigma-Aldrich; 6-bromohexanol (97%), trimethylamine (99%), and
phosphorous trichloride (98%) were purchased from Alfa Aesar. All reagents were used without
any further purification. The AZO-lipid was synthesized following the synthetic route proposed
by Kuiper.?*® 4-butyl-4’-hydroxy-azobenzene was synthesized by a diazotization and an azo

coupling reaction of butylaniline and phenol. The product was purified by column
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chromatography using a (4:1) mixture of toluene and acetone with a 91% of yield. Using the
Williamson reaction, 6-bromohexanol was added to the 4™ position of the azobenzene (ABZ) by
a nucleophilic substitution of bromine, forming an ether bond and producing 6-{[4-(4-
butylphenyl)azo]-phenoxy}-hexan-1-ol. The product was purified by column chromatography
using a mixture of (1:1) hexane and diethyl ether obtaining a 52% yield. Subsequently, ABZ
dialkyl phosphonate was synthesized via the Arbuzov reaction using phosphorous trichloride and
pyridine. The product was purified by recrystallization from ethanol obtaining a 20% yield. To
produce the ABZ dialkyl phosphate (HO-PO(OR)2) molecules from the ABZ dialkyl
phosphonate (H-PO(OR).), the following synthetic route was used; *'P NMR was used to
monitor the reaction via observation of the substitution of the hydrogen in the phosphonate group
for the hydroxyl group. Specifically, the phosphonate (*'P NMR 7.80 ppm) was treated with
carbon tetrachloride and triethylamine to produce trichloromethyl esters (*'P NMR -12.84 ppm).
Following evaporation of the solvent, the mixture was treated with acetic acid to produce the
anhydride compound (*'P NMR -0.37 ppm). Subsequently through a mild acidic hydrolysis Di(6-
{[4-(4-butylphenyl)azo]-phenoxy} -hexyl)phosphate was obtained (*'P NMR 1.46 ppm), referred
to as AZO-lipid. The product was purified by recrystallization from ethanol with an 82% yield

obtaining a yellow powder.

3.5.2 Synthesis of oleate-LiYF4:Tm3+/Yb3+ (UCNPs)
Thulium oxide (99.99+ %), ytterbium oxide (99.99%), yttrium oxide (99.99+ %), triflouroacetic
acid (99%), lithium trifluoroacetate (98%), oleic acid (technical grade, 90%), and 1-octadecene

(technical grade, 90%) were all purchased from Sigma-Aldrich and were used without further

purification. Oleate-LiYF4:Tm**, Yb** (0.5% Tm>", 25% Yb>") UCNPs were synthesized via the

thermal decomposition, as described in detail previously.**

3.5.3 Synthesis of AZO-UCNPs

As synthesized oleate-LiYF4:Tm>"/Yb** UCNPs (2 mg) dispersed in chloroform (1% m/v) were
incubated with a solution of AZO-lipid in chloroform (300 uL, 6 mM), followed by sonication

(10 minutes at 70W) and evaporation of the solvent. This cycle, sonication/evaporation, was
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repeated 5 times by solvating the mixture (nanoparticles and AZO-lipid) using chloroform (1
mL) in order to increase the interaction between the unattached AZO-lipid and the surface of the
nanoparticle. The AZO-lipid LiYF4:Tm?>"/Yb*" UCNPs were washed 5 times with ethanol to
remove the free AZO-lipid and recovered via centrifugation (5000 rpm, 10 min). We obtained
yellow nanoparticles confirming the modification of the surface with AZO-lipid. Finally, the

modified nanoparticles were dispersed in a mixture of ethanol and propylene glycol.

3.5.4 Synthesis of the nanoconstruct AZO-SLB-UCNPs
1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphate  (DOPA) and 1,2-di-(9Z-octadecenoyl)-sn-
glycero-3-phosphocholine (DOPC) were purchased from Avanti Polar Lipids Inc., cholesterol
(99+ %), was purchased from Sigma-Aldrich and chloroform (ACS grade) was purchased from
Fisher Scientific. AZO-lipid was synthesized as previously described above. HEPES was
purchased from Bioshop®. Sodium acetate (99+ %) was purchased from Sigma-Aldrich. All
water used for the experiments was ultrapure (18.2 MQ-cm) obtained from a Barnstead system.
Oleate-LiYF4:Tm*"/Yb** UCNPs with a supported lipid bilayer were synthesized
following the procedure reported previously with minor modifications for the incorporation of
AZO-lipid.?*¢ Stock solutions of DOPA, DOPC, AZO-lipid and cholesterol in chloroform (10
mM) were prepared from which mixed lipid solutions comprising with defined mole ratio of
DOPA, AZO-lipid, DOPC and cholesterol (50:14:7:29) were prepared (4.4 mM). The oleate-
LiYF4#Tm*"/Yb>* UCNPs (2 mg) were dispersed in chloroform (1% m/v) and sonicated (10
minutes at 70W) to ensure the nanoparticles were completely dispersed. Then the dispersed
nanoparticles were incubated with the lipid mixture solution (1 mL). The mixture of
nanoparticles and lipids was sonicated (5 minutes at 70W) and then the solvent was evaporated
under reduced pressure to form a dry lipid film. This cycle (sonication/evaporation) was repeated
3 times by solvating the mixture using chloroform (1 mL) in order to increase the interaction
between the lipids and the surface of the nanoparticle. After the last cycle, the dry lipid film with
the nanoparticles was left under vacuum to remove all traces of solvent (1 hour). The dry lipid
film was hydrated overnight at 50 °C with HEPES buffer (1 mL, 5 mM HEPES, 5 mM sodium
acetate, 30 mM NaCl, pH adjusted to 7.4 with NaOH) for the samples containing the lipid AZO-
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lipid and at room temperature for the other samples. Subsequently it was vortexed (10 min),
sonicated (2 minutes at 70 W) and extruded (41 times using Avanti® Mini-extruder) through a
polycarbonate membrane filter (200 nm). The sample was centrifuged (30 minutes at 12000 rpm
then 20 minutes at 5000 rpm) to remove free lipids and liposomes, the supernatant was removed
and the pellet rehydrated with HEPES buffer (1 mL) between the centrifugation steps. After the
last rehydration of the pellet, oleate-LiYF4:Tm?*"/Yb** UCNPs with a supported lipid bilayer

were obtained.

3.5.5 Nile red embedded in SLB-UCNPs

9-diethylamino-5H-benzo[a]phenoxazin-5-one (Nile red) was purchased from Sigma-Aldrich
(98+ %) and a solution in chloroform was prepared (3.2 mM). The embedding of the Nile red
inside the supported lipid bilayer was done with the following modification to the procedure
described above. In the third cycle of sonication/evaporation, the nanoparticles and lipid mixture
were solvated in chloroform (1 mL) and then a Nile red solution (56 pL, 4 mol% of the total lipid
used for the SLB) was added to the mixture. Two additional cycles of sonication/evaporation and
hydration with 1mL of chloroform were performed. After the last cycle, the dry lipid film with
the nanoparticles was left under vacuum to remove all traces of solvent (1 hour). The rest of
procedure was followed as described above. The nanoconstruct was obtained after centrifugation
step where free lipids and liposomes where eliminated, the samples were filter using a PTFE

membrane filter (0.2 um) to remove any free dye.
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3.6 Supporting information

3.6.1 Characterization of AZO-lipid

H-M
(m) | N{(s) [ D(m)
4.04 | 3.34 | 2.68

Ba
58

\ | e 1

80775 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
& (ppm)

..................................................

180 160 140 120 100 80 60 40 20 0 -20 -40

C & (ppm)
X105 [L51 Scan (14.20-14.77 min, 37 Scans) Frag=160.0v B-Azophate-02 LC.d
4] 771.42475
@ 3
[ ]
8 2 771.42730
O J
& 773.43005

766 767 768769 770 771772 773774 775776 777 778 779780
Mass to charge (m/z)

Figure 3S. 1 Characterization of the synthesized AZO-lipid. A) '"H NMR with proton environments
labelled with letters correspondingly marked in the molecular structure. '"H NMR (500 MHz, CDCl;, §):
0.95 (t, /= 7.2 Hz, 6 H), 1.38-1.82 (m, 24 H), 2.68 (m, 4 H), 3.34 (s, 1 H), 4.01-4.07 (m, 8 H), 6.97-6.99
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(m, 4 H), 7.27-7.30 (m, 4 H), 7.79-7.89 (m, 8 H). B) *'P NMR (202 MHz, CDCls, §): 1.46 (s). C) HRMS
(ESI) m/z: [M + H]" calculated for C44HgoOsN4P, 771.42475; found, 771.42450.

3.6.2 Characterization of trans- and cis-isomerization of AZO-lipid in solution

The photoswitching of the AZO-lipid was investigated using UV/Vis absorption spectroscopy. A
solution of 2.4 x 10> M of AZO-lipid in a mixture of ethanol/propylene glycol (EtOH/PG) (1:1)
was kept in the dark for three days to obtain the trans-stable isomer; the cis-isomer was produced
when the solution was exposed to 365 nm light. The trans-AZO-lipid has a strong n-n* band
near 350 nm and a weak n- * band at 450 nm; the cis-isomer has a stronger n- n* 450 nm band
and a less intense n-n* band at 320 nm.

The trans—cis isomerization of AZO-lipid was produced when exposed to 365 nm light.
A photo-stationary state was obtained after 30 seconds of irradiation with a standard UV lamp. In
order to assess the cis—»trans thermal relaxation, the solution was irradiated for 30 min with 365
nm light to produce the cis-isomer after which the solution was then kept in the dark at room
temperature (RT) and allowed to relax back to the trans-isomer. The absorbance of the solution,
was measured as a function of time kept in the dark to ascertain the time required for thermal
relaxation to the frans-isomer (Figure S3.2 B and C). The cis—trans isomerization of AZO-lipid
follows first order kinetics with a half-life of 23 hours at room temperature. At 50 °C the half-life
of cis—trans isomerization was found to be 18 min. To ensure that the AZO-lipid is in the trans-
configuration, it was kept in the dark for at least three times longer than its half-life. For instance,
at room temperature the samples were kept in the dark for 3 days. At 50°C one hour in the dark
is required to ensure the frans-isomerization. The latter is important for the hydration of the lipid

film during the formation of the SLB with the trans-AZO-lipid.
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Figure S3. 2 A) Absorption spectra of the trans—cis photoisomerization as function of the
irradiation time using 365 nm lamp. B) and C) Thermal relaxation of cis—trans isomerization of

AZO-lipid at room temperature and at 50 °C, respectively.

3.6.3 Characterization of oleate-LiYF4:Tm3*/Yb3* UCNPs using TEM and XRPD
The oleate-LiYF4:Tm?>*/Yb** UCNPs (Figure 3S.3A) showed a diamond-like morphology with

an average size of 91 nm (+ 12 nm) long diagonal length and a small diagonal length of 52 nm (+

5 nm). The particle size distribution was obtained by counting 300 nanoparticles (Figure 3S.3B).
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The X-ray powder diffraction confirms the tetragonal crystal structure of the nanoparticles
(Figure 3S.3C). Assuming a square base bipyramidal shape we calculate the surface area and

2 and 41219 nm® respectively. From the reported

volume of the nanoparticle to be 7249 nm
density for LiYF4 bulk material (3.995 g/cm®) it was possible to calculate the mass of the

nanoparticle to be 1.65x1073 mg.%
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Figure 3S. 3 A) TEM image of oleate-LiYF4:Tm**/Yb*" UCNPs. B) Particle size distribution
with respect the long diagonal, 91 &+ 12 nm. The particle aspect ratio is 1.75 (the short diagonal is
52 + 5 nm). C) XRPD pattern of oleate-LiYF4:Tm**/Yb**UCNPs in black and the standard
reference pattern of LiYF4 (JCPDS File No. 81-2254) in blue.
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3.6.4 Characterization of AZO-UCNPs

The characterization of the surface modification of LiYF4:Tm?*"/Yb*" UCNPs with AZO-lipid
(AZO-UCNPs) was characterized by FTIR spectroscopy (Figure 3S.4). The oleate-UCNPs
exhibit C-H stretching bands at 2923 and 2852 cm™ and the asymmetric and symmetric
stretching bands of the carboxylate at 1560 and 1464 cm™ respectively (Figure 3S.4a). The
spectra for both the free AZO-lipid (Figure 3S.4b) and AZO-UCNPs (Figure 3S.4c) show C-O,
P-O-R bands that overlap at 1250 cm™ and phenyl-N= stretching band at 1141 cm™. The free
AZO-lipid has the P-OH stretch at 1012 cm™ however it exhibits the PO; symmetric stretching
bands at 1109 and 1013 cm™ (the asymmetric stretch of PO} overlaps at 1250 cm™) when
physisorbed to the surface of the nanoparticle, confirming the successful conjugation of AZO-

lipid.
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Figure 3S. 4 FTIR spectra of a) oleate-UCNPs b) AZO-lipid c) AZO-UCNPs.
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3.6.5 Determination of the concentration and surface coverage of the modified

nanoparticles using ICP-MS and absorption spectroscopy

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements were performed to
determine the concentration of nanoparticles and lipid after the surface modification.
Phosphorous and yttrium were evaluated in order to calculate the lipid and nanoparticles
concentration, respectively. CertiPUR™ Phosphorous 1000 mg/L ICP standard from EMD
chemicals Inc and Multi-element solution 10 mg/L (Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Sc, Sm,
Tb, Th, Tm, Y, Yb) from Spex CertiPrep were used to prepare the calibration curve for P and Y
respectively in 5% of HNOj3 solution (HNOs3, Trace metal grade from Fisher). Both calibration
curves were prepared in the concentration range between 0.01 ppm and 5 ppm.

100 pL of each sample were first digested using 1000 mL of concentrated HCI1 (Trace
metal grade from Fisher) with 100 pL of H20O> (Ultratrex® Ultrapure reagent from Avantor
Performance Materials, Inc.) and heated at 115 °C for 12 h under reflux. The samples were then
dried and re-dispersed in 2 mL of 5% HNOs3. After digestion, the samples were injected and

analyzed. For the determination of the yttrium concentration, samples were diluted 20 fold.

Table 3S. 1 ICP-MS results of the concentration of yttrium present in the samples and the

concentration of nanoparticles after the surface modification.

Y LiYF4:Tm?3+/Yb3* LiYF4:Tm3*/Yb3* No. NPs x
-Coating [pmm] [mg] x 103 [mg/mL] 10"
LiYF4:Tm3*/Yb3* UCNPs 5% 5% +5% +5%
Oleate (PG/EtOH) 3.30 6.38 1.59 8.62
AZO (PG/EtOH) 1.33 2.56 0.64 3.88
SLB (DOPA:DOPC:Chol) 2.07 4.00 0.89 5.42
AZO-SLB 1.96 3.78 0.61 3.69
SLB-NR 0.64 1.23 0.27 1.67
AZO-SLB-NR 0.56 1.09 0.24 1.48
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Table 3S. 2 ICP-MS results of the concentration of phosphorous present in the samples and the

number of molecules containing phosphorous per nanoparticle after the surface modification.

P molecules molecules/NPs AZO-lipid
-Coating [pmm] x 10-15 x 104 [%]
LiYF4:Tm3*/Yb3* UCNPs 1+ 8% 1+ 8% 1 8%
AZO (PG/EtOH) 0.11 4.1 1.1 -
SLB (DOPA:DOPC:Chol) 0.68 28.3 5.2 -
AZO-SLB 0.34 13.7 3.7 16+5
SLB-NR 0.15 5.7 3.4 -
AZO-SLB-NR 0.11 3.9 2.6 1216

From the ICP-MS results, the concentrations (ppm) of Y and P were calculated. The
results are shown in Table 3S.1 and 3S.2, respectively. The concentrations of the nanoparticles
were subsequently calculated assuming one mole of LiYF4 doped 25 mol% with Yb** and 0.5
mol% Tm?** for each mole of Y present. To calculate the number of nanoparticles in 100 pL, it
was assumed that the mass of one nanoparticle is 1.65x10°mg (see section 3.6.3). These
concentrations were used to determine the dilutions required to measure the emission spectrum at
equal nanoparticle concentrations.

To estimate the amount of lipid at the surface of the nanoparticles, it was assumed that
for each mole of phosphorous, there is one mole of phospholipid (DOPA, DOPC or AZO-Lipid),
which comprises 71% of the total lipid (cholesterol makes up the remaining 29%). The
percentage of AZO-lipid incorporated within the SLB was calculated from the amount of AZO-
lipid obtained from the absorption spectrum (Table 3S.3) and compared to the total amount of
phosphorous per nanoparticle. These values are within the experimental error of the theoretical

value of AZO-lipid incorporated in the SLB (14 mol%).
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3.6.5.1 Absorption spectroscopy

UV-Vis spectroscopy was carried out in order to determine the concentration and number of
AZO-lipid molecules on the surface of LiYF4:Tm?**/Yb*>* UCNPs. A calibration curve of AZO-
lipid in a mixture of EtOH/PG (1:1) was established (range 4.2 x 10° M to 2.6 x 10> M) and the

absorbance at 350 nm was determined after keeping the samples in the dark for three days.
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Figure 3S. 5 A) Absorption spectra of the trans-AZO-lipid at different concentrations (range 4.2
x 10 M to 2.6 x 10 M) in propylene glycol and ethanol (1:1). B) Calibration curve of trans
AZO-lipid. The trans-AZO-lipid was obtained after keeping all samples in the dark for three
days.

Table S3 shows the amount of AZO-lipid conjugated to the nanoparticle or incorporated within
the SLB of the nanoconstruct. These results were calculated using the absorption spectrum of a
150 pL sample with a nanoparticle concentration calculated by ICP-MS (Table 3S.1). The
concentration of AZO-lipid was calculated from the absorbance maximum of the n-n* transitions
at 350 nm and using the calibration curve showed in Figure S5. Subsequently, calculating the

number of nanoparticles in 150 pL of sample it was possible to approximate the number of
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AZO-lipids per nanoparticle, as well the number of azobenzene moieties (2 moieties per each
AZO-lipid molecule).

Table 3S. 3 Amount of AZO-lipid conjugated to the nanoparticle or incorporated within the SLB

of the nanoconstruct calculated from absorption spectroscopy.

-Coating Conc. Molecules AZO-lipid /NPs ABZ /NPs
LiYF4:Tm3*/Yb3* UCNPs [M] x 10 x 101° x10* x104

AZO (PG/EtOH)* 2.21 2.0 1.2+0.1 24+0.2
AZO-SLB 1.53 3.2 0.6+0.1 1.2+0.2
AZO-SLB-NR 0.75 0.7 0.3+0.1 0.6+0.2

*Concentration of nanoparticles was diluted to 0.18 mg/mL

3.6.6 Reference absorption spectra for the AZO-UCNPs

The absorption spectra of the trans- and cis-AZO-UCNPs was characterized (Figure 3S.6). To
obtain the trans-AZO-UCNPs, the solution of the modified nanoparticles was stored in the dark
for three days while the cis-AZO-UCNPs was obtained by irradiating the solution at 365 nm for

30 min.

Absorbance (arb. u.)

300 350 400 450 500 550
Wavelength (nm)

Figure 3S. 6 Absorption spectra of the trans- (black) and cis- (green) forms of the AZO-UCNPs
in propylene glycol and ethanol (1:1).
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3.6.7 Photoluminescence decay
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Figure 3S. 7 Photoluminescence decays of comparable systems with and without AZO-lipid. A)
oleate-UCNPs (black) and AZO-UCNPs (red), B) SLB-UCNPs (blue) and AZO-SLB-UCNPs

(magenta). C) All four systems with normalized intensities.
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Figure 3S. 8 Photoluminescence decays of oleate-UCNPs (red) and AZO-UCNPs (green) and
the fitted decay curves (black). Fitting ranges were 0.08 to 5.0 ms (A), 0.08 to 6.0 ms (B), and
0.08 to 7.0 ms (C).
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Figure 3S. 9 Photoluminescence decays of SLB-UCNPs (red) and AZO-SLB-UCNPs (green)
and fitted decay curves (black). Fitting ranges were 0.08 to 5.0 ms (A), 0.08 to 6.0 ms (B), and
0.08 to 7.0 ms (C).

The FRET efficiencies were calculated using Erggr = 1 — Tpa/TpEprer = 1 — Tpa/Tp, With
Tpa being the average decay time in the presence of azobenzene and 7, being the average decay
time in the absence of azobenzene. The average decay time was calculated by the following
equation: T = (A; X171 + 4, X 13) /(A1 + A)t = (A1 X1, + Ay X 13) /(A1 + A,) where A4; is
the amplitude of the decay components in the multi-exponential fit. (Table 3S.4 and 3S.5).
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Table 3S. 4 Rise and decay times taken from the fits of the photoluminescence decay curves in

Figure 3S.8.

Average
y _ -Coating Rise D_ecay D_ecay .De_cay E
Fitting range LiYF4:Tm3*/Yb3* time Time1 Time2 lifetime FRET

[ms] UCNPs [us] [Us] [Us] [Us]

0.08-5 Oleate 240 480 1200 517
AZO 260 430 1000 471 8.9

0.08-6 Oleate 240 500 1200 534
AZO 250 450 1000 490 8.2

0.08-7 Oleate 230 500 1200 532
AZO 250 450 1000 490 8.0

Table 3S. 5 Rise and decay times taken from the fits of the photoluminescence decay curves in

Figure 3S.9.

Average
Fitting . -Coating Rise D(_ecay Dfacay _Depay Errer
range LiYF4:Tm3*/Yb3* time time time lifetime
[ms] UCNPs [us] [us] [us] [us]
0.08-5 SLB 270 450 1200 482
AZO-SLB 280 430 1100 464 3.8
0.08-6 SLB 260 470 1200 502
AZO-SLB 270 460 1100 494 1.5
0.08-7 SLB 260 480 1200 511
AZO-SLB 260 470 1100 504 1.4
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Figure 3S. 10 Spectral overlap of oleate-UCNPs photoluminescence (blue) and AZO-lipid
absorption (black). The overlap integral was calculated between 280 nm and 400 nm (J = 5.88 x
10" M cm™ nm*) and between 280 nm and 520 nm (J = 4.45 x 10" M! cm™! nm?) using the
equations given on the right. Forster distances (Ro) were calculated using the equations given on
the right and using k?>=2/3 (dynamic averaging), n=1.35 (aqueous buffer) or n=1.45 (organic
solvent), and different values for the donor photoluminescence quantum yield (®p), which is the

quantum yield of the emitting Tm>" ions.
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Figure 3S. 11 The distance from the LiYF4#Tm*/Yb>" UCNPs surface to the azobenzene
moieties is approximately 1.7 nm. This was approximated assuming C-C and C-O bond angles of
109.5 °, a C-C bond length of 154 pm, a C-O bond length of 143 pm and a diameter of the
phosphate group of 786 pm.?>’

RRITTR R RmENE
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Figure 3S. 12 Within the SLB, azobenzene moieties can be found in both leaflets of the bilayer.
The supported lipid bilayer has been reported to have a thickness of 4.7 nm 2. For the
azobenzene moieties that are at the surface of the nanoparticle (inner leaflet) the distance to the
LiYF4:Tm*"/Yb*>" UCNPs surface is 1.7 nm (Figure 3S.11). For the azobenzene moieties that are
in the outer leaflet of the bilayer, the distance was estimated as 2.9 nm. This distance was
calculated as the thickness of the inner leaflet plus the distance of the 4 carbons of the butyl tail
of the AZO-lipid (2.35 nm + 0.5 nm). The average distance is 2.3 nm.
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Table 3S. 6 Taking into consideration the estimated LiYFs:Tm?"/Yb*" UCNPs-to-azobenzene
distances (Figures 3S.11 and 3S.12) and the Forster distances in the 280 to 400 nm spectral
overlap range for the appropriate index of refraction (Figure 3S.10), the FRET efficiencies of

0.092 and 0.022 (Table 3.2) correspond to a photoluminescence quantum yield of the emitting

Tm?>" ions of ca. 0.03%.

dex o 4 donor-acceptor FRET
UCNP-to- overlap range | 280 - 400 nm distance efficiency
azobenzene Op (%) R (nm) R (nm) E rrer
distance: 1 2.1 1.7 0.78
ca. 1.7 nm 0.1 1.4 1.7 0.24
0.05 1.3 1.7 0.17
0.03 1.2 1l 0.087
0.01 0.96 1.7 0.031
dex o donor-acceptor FRET
overlap range | 280 - 400 nm distance efficiency
UCNP-to- Dp (%) Ry (nm) R (nm) E rreT
1 2.2 2.3 043
aquenzene 0.1 1.5 2.3 0.071
distance: 0.05 13 2.3 0.032
ca. 2.3 nm 0.03 1.2 23 0.021
0.01 1.0 2.3 0.0067

3.6.8 Background absorption of the oleate-LiYF4:Tm3*/Yb3* UCNPs

The inherent absorption of the oleate-LiYF4:Tm>"/Yb*>" UCNPs can introduce a background
absorption in a concentration-dependent manner. In order to minimize this effect, the

concentration was kept below 1 wt% for all measurements.
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Figure 3S. 13 Absorption spectra of oleate-LiYF4:Tm**/Yb** UCNPs in propylene glycol and

ethanol (1:1) at different nanoparticle concentrations (wt %).

3.6.9 Nile red embedded in SLB-LiYF4:Tm3*/Yb3* (UCNPs)

The amount of dye embedded in the nanoconstruct was quantified by fluorescence spectroscopy.
A calibration curve of Nile red in methanol was established (range 2.9 x 107 M to 1.5 x 10™ M)
by exciting the solutions at 553 nm and recording the intensity at the maximum 338 nm (Figure

3S.13).

A MeOH B
900 - —— 29107 o0 ] RP=0.998
—4.8x107M
. 800 ——8.0x107M £ 80
= 7004 ——9.8x10°M c 70
. . J
E 600 - —1.2%107°M (C%
S 0 —1.3x10°M © 4o |
= ] —1.5x10°M
@ 400 | ——2.0x10°M 2901
T 200 —3.0x10°M D 40
< —5.0x10°M
200 1.0x10°M £ 304
100 - N 5
1.5x10°M 20
07 T T T T T T 1 T T T T
600 650 700 750 800 850 900 3.0x107  6.0x107 9.0x107  1.2x10°

Concentration (M
Wavelength (nm) (M)

Figure 3S. 14 A) Fluorescence spectra of Nile red as a function of concentration in methanol.

Excitation at 553 nm. B) Calibration curve for Nile red.
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Table 3S.7 summarizes the amounts of Nile red embedded within the supported lipid bilayer of
the nanoconstruct determined using the calibration curve for excitation at 553 nm (Figure
3S.14B). The nanoparticle concentration in the sample was calculated using ICP-MS (Table

3S.1), enabling the number of Nile red molecules per nanoparticle to be estimated.

Table 3S. 7 Amount of Nile red embedded in the supported lipid bilayer of the nanoconstruct

calculated from fluorescence spectroscopy.

-Coating Conc. Molecules NR /NPs
LiYF4:Tm3*/Yb3* UCNPs [M] x 107 x 1012

SLB-NR 4.76 43 172
AZO-SLB-NR 0.92 8.3 40

3.6.10 Control experiment: Nile red embedded within SLB-UCNPs

351
30+
25+
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Figure 3S. 15 Fluorescence spectra of Nile Red embedded within SLB-UCNPs as function of
the irradiation time at 980 nm excitation (in the absence of AZO-lipid). The Nile red emission

was recorded at 553 nm.
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3.6.11 Photoswitching of the AZO-lipid within the SLB-UCNPs with embedded Nile

red

Absorbance (arb. u.)

300 400 500 600
Wavelength (nm)

Figure 3S. 16 Absorption spectra of AZO-SLB-UCNPs with embedded Nile red as a function of

irradiation time at 980 nm excitation.

The Nile red release in Figure 3.5b was fitted to a single exponential release function
where y is the % of dye released upon 980 nm irradiation time, A is the amplitude and ¢ is the

time constant. The time constant was found to be 0.64 = 0.06 h (38 min).

y =y, + ACX/O (3S.1)
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3.6.12 Beam Profiling

A beam profiler was used to measure the beam irradiation area in order to calculate the power
density. The set-up consisted of a Logitech HD PRO C920 Webcam, where the front optical
lenses were removed exposing the photovoltaic sensor of the webcam. Beam profilers using
webcams have been previously reported.?>2% Two neutral density filters ND 25 (2.6 mm of
thickness, Hoya Corporation) were placed in front of the laser beam (before reaching the
photovoltaic sensor). The digital images taken with the webcam with the exposed photovoltaic
sensor were calibrated using a microscope micrometer calibration ruler such that an image of
size 3.8 x 2.85 mm correlated to 640 x 480 pixels. The beam profile image was taken using the
same set-up for the sample, while placing the webcam at the same distance from the sample
(Figure 3S.18). ImageJ was used for data analysis using the contour plotter plugin to define

isolines at the desired beam power intensity from which the area was calculated.?*

A 10cm 10cm B 10cm 10cm
II ] 1 II ] |
Laser Chopper Focal Sample Laser ND Focal Webcam
Lens Filter Lens

Figure 3S. 17 A) Set-up used to irradiate the sample with the 980 nm laser. B) Set-up to obtain

the beam profile using the webcam.
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Figure 3S. 18 Handheld Sky-laser beam profile. A) Beam image in grey scale taken with the
webcam. B) Beam profile calculated with ImageJ across image A. Inset: laser beam shape on an
infrared sensor with the rectangular shape of the beam shown in yellow. C) Surface plot of the

beam profile (from A) generated using ImageJ.

Figure 3S. 19 Different power intensity isolines of the 980 nm Sky-laser beam. Images were
generated using ImageJ from picture A and analyzed with the contour plotter plugin. Isolines at
A) 50 % (HPBW), B) 86.6 % (1/€?), C) 86 % (D86), and D) 37% (1/e), intensity of the maximum

beam power.
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The area inside the isolines on Figure 3S.19 was calculated using ImageJ. Four different
criteria were used to define the cross-sectional area to calculate the power densities. The half-
power beam width (HPBW) is the cross-section area where the power is at 50% of the beam
maximum intensity. 1/e? is the cross-section area where the maximum intensity of the beam
drops 13.5% (1/€?). D86 in the cross-sectional area where the intensity of the beam is 86%. 1/e is
the cross-sectional area where the intensity of the beam is 1/e (0.368) times the maximum
intensity. The power of the laser was 0.8 W, measured using a laser power and energy meter
(Solo P/E, Gentec-E). The power densities at different percentages of the maximum intensity of

the beam are reported on Table S8.

Table 3S. 8 Power density of the Sky-laser 980 nm laser using different beam width definitions

at different percent intensity of the maximum beam intensity.

Intensity Area Power Density
Model [%] [cm?] [W/ cm?]
1/e 37 0.060 13
HPBW 50 0.050 16
D86 86 0.029 28
1/e? 86.5 0.029 28

3.6.13 Liquid Chromatography- Mass Spectrometry (LC-MS)

AZO-lipid mass analysis was performed using a Agilent Technologies time-of-flight liquid
chromatography-mass spectrometer (TOF LC/MS) operating in positive mode electrospray
ionization (ESI). The column used was Atlantis dC18, 2.1 x 50 mm, 3 [Im particle size from
Waters. The eluents used were water and acetonitrile both containing 0.1% of formic acid. The
gradient used ranged from 70% to 95% acetonitrile over 8 min for a total run of 20 min. The

flow rate was of 0.5 mL min"'.
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3.6.14 Nuclear Magnetic Resonance (NMR)

Characterization of the AZO-lipid synthesized was done using proton and phosphorous NMR
("H-NMR) (*'P-NMR) using a 500 MHz Varian VNMRS-500 in deuterated chloroform. The
chemical shifts are reported in parts per million (ppm) and referenced to tetramethylsilane (TMS)
signal for '"H-NMR. The multiplicity is given as s = singlet, d = doublet, t = triplet, q = quartet

and m = multiplet.

3.6.15 Transmission Electron Microscopy (TEM)

The micrographs of LiYF4:Tm?®'/Yb’" UCNPs were collected using a Jeol JEM-2100F
microscope operating at 200 kV capable of imaging resolution of 0.1 nm. Samples were prepared
by dropping sample solutions (I mg/mL in toluene) onto a 300-mesh Formvar/carbon coated

copper grid (3 mm in diameter) followed by the evaporation of the solvent.

3.6.16 X-Ray Powder Diffraction (XRPD)

The patterns for LiYFs: Tm**/Yb** UCNPs were collected at room temperature using a Scintag
XDS-2000 diffractometer equipped with a Si(Li) Peltier-cooled solid state detector, CuKa
source at a generator power of 45 kV and 40 mA, divergent beam (2 mm and 4 mm) and
receiving beam slits (0.5 mm and 0.2 mm). Scan range was set from 15-90° 26 with a step size of

0.02° and a count time of 2 sec. A quartz zero background insert disk was used as sample holder.

3.6.17 Attenuated total reflection (ATR-FTIR)

The surface modification of the nanoparticle with AZO-lipid was characterized using ATR-
FTIR. The samples were dried under vacuum prior to the analysis. The ATR-FTIR
measurements were carried out using a Nicolet iS5 FT-IR spectrometer with a Thermo Scientific
iD5 diamond ATR and equipped with Omnic software v.9. Analysis is carried out using a 4 cm™!

resolution and a scan count of 100.
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3.6.18 UV-visible Absorption Spectroscopy

UV-visible absorption spectra of AZO-lipid, AZO-UCNPs in a mixture of propylene glycol and
ethanol (1:1) and AZO-SLB-UCNPs and AZO-SLB-UCNPs with embedded Nile red in SmM
HEPES buffer were placed in 1 cm path-length, 100 pL quartz cuvette (Hellma® Analytics, QS).
The absorption spectra were recorded using a Cary 100 Bio UV-Vis spectrophotometer. For the
measurements as function of irradiation time with 980 nm excitation, a portable 980 nm laser
(0.8 W) from Sky-laser was used. The laser was chopped at 4 kHz using a 30 slot optical chopper
blade controlled by a SR540 chopper controller from Stanford Research Systems Inc. The
samples were placed in the spectrophotometer only after excitation with the 980 nm laser. A
handheld UV lamp at 365 nm (UVGL-58, from UVP LLC) 6 W Hg lamp with power density 1.2

mW/cm? was used for experiments involving UV irradiation.

3.6.19 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS measurements were performed to determine the nanoparticles concentration after the
surface modification with the supported lipid bilayer, AZO-lipid and embedded Nile red. The
samples were analyzed using an Agilent 7500ce ICP-MS equipped quartz Scott-type spray
chamber, an off-axis Omega lens ion focusing, an octopole reaction system with a quadrupole

mass spectrometer analyzer operated at 3MHz.

3.6.20 Upconversion Photoluminescence Spectroscopy

The upconversion visible emission spectra of the oleate-LiYF4:Tm*/Yb**, AZO-lipid-UCNPs,
SLB-UCNPs and AZO-SLB-UCNPs were obtained upon 980 nm excitation, using a Coherent 6-
pin fiber-coupled F6 series 980 nm laser diode (power of 450 mW), coupled to a 100 um (core)
fiber. For the upconversion studies, the samples (concentrations between 1- 0.24 mg/mL in
HEPES buffer and a mixture of propylene glycol and ethanol 1:1) were placed in 1 cm path-
length quartz cuvettes (Hellma® Analytics, QS). The upconverted UV and blue emissions were
collected at right angle with respect to the incident beam and subsequently dispersed by a Spex

Minimate 14 m monochromator and detected with an Oriel 70680 photomultiplier tube. A
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preamplifier, model SR440 Stanford Research Systems, processed the photomultiplier signals
and a gated photon counter model SR400 Stanford Research Systems data acquisition system
was used as an interface between the computer and the spectroscopic hardware. The signal was
recorded under computer control using the Stanford Research Systems SR465 software data

acquisition/analyzer system.

3.6.21 Photoluminescence Decays

Photoluminescence decays of oleate-LiYF4:Tm?>*/Yb*" and AZO-lipid-UCNPs (in a 1:1 mixture
of propylene glycol and ethanol) and SLB-UCNPs and AZO-SLB-UCNPs (in 5 mMm HEPES, pH
7.4) were measured using a 365 = 13 nm bandpass filter (Semrock) on a time-resolved
fluorescence plate reader from Edinburgh Instruments equipped with a 2 W 980 nm laser from
Changchun New Industries and a PM-1 laser modulator box from Edinburgh Instruments for
controlled pulsed excitation (100 Hz). For all samples, volumes were 150 pL and concentrations
were 100 pg/mL. FAST software (Edinburgh Instruments) was used for multi-exponential decay

(and rise) time fitting.

3.6.22 Fluorescence Spectroscopy

Fluorescence spectra of Nile red in methanol and SLB-UCNPs and AZO-SLB-UCNPs with
embedded Nile red in 5SmM HEPES buffer were placed in 1 cm path-length, 100 pL quartz
cuvette (Hellma® Analytics, QS). The fluorescence intensity was recorded using a Cary Eclipse
Fluorescence Spectrophotometer using 553 nm excitation. For the measurements as function of
irradiation time with 980 nm excitation, a portable 980 nm laser (0.8 W) from Sky-laser was
used. The laser was chopped at 4 kHz using a 30 slot optical chopper blade controlled by a
SR540 chopper controller from Stanford Research Systems Inc. The samples were placed in the

spectrophotometer only after excitation with the 980 nm laser.
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3.7 Author’s notes and significance of this paper

This publication explored the development of a dynamic, multifunctional supported lipid bilayer
at the surface of LiYF4:Tm*/Yb** upconverting nanoparticles that has been proposed as a
nanoparticle-based drug delivery system. The supported lipid bilayer provides space for the
encapsulation of small hydrophobic/lipophilic drugs and the physicochemical properties of the
bilayer are photo-controlled via energy transfer from the nanoparticle through a photoswitchable
azobenzene-derivative lipid. The energy transfer process mechanism between the nanoparticle
and the azobenzene moiety was found to be mostly radiative via reabsorption of light with a
minor component of FRET. Those findings are of great importance in the field because it is
usually reported that the energy transfer process between donors and acceptors using Ln-UCNPs
is via FRET without providing the lifetime measurements. The results in this publication showed
that the FRET contribution is low, however the energy transfer from the nanoparticle to the
acceptor in this case, the azobenzene moiety, was still possible via reabsorption of light. These
results provide the fundamental understanding on how this NIR controlled nanoparticle-based

drug delivery system works.

Inspired in the development of this dynamic multifunctional supported lipid bilayer we also
proposed the development of a NIR photo-responsive hydrogel using azobenzene molecules and
LiYF4Tm*/Yb*" upconverting nanoparticles. Hydrogels are a class of macroscopic materials
that have gained attention in biomedical applications as matrices for bone and tissue regeneration
that can be injectable or implantable to treat different diseases.?’! Supramolecular hydrogels (a
class of hydrogels) have stimuli-responsive properties in which, through non-covalent
interactions, the material can undergo a reversible gel-sol transition.?é? In collaboration with my
lab colleague Gabrielle Mandl, we developed a novel NIR photo-responsive hydrogel by a guest-
host interaction between azobenzene and [-cyclodextrin. The complexation between f-
cyclodextrin and the frans-azobenzene is strong due to hydrophobic interactions with the internal

cavity of B-cyclodextrin, however the cis-azobenzene does not associate with B-cyclodextrin due
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to the higher polarity of this isomer.?®® The results of this project are published in RSC
ChemCom journal as “4 NIR-responsive Azobenzene-based Supramolecular Hydrogel Using
Upconverting Nanoparticles” and are of great interest in the development of photo-responsive
hydrogels for biological applications in which the use of UV light is undesirable.?** We invite the

reader to look into the publication for more details.

Both systems developed work though the photoswitching of the azobenzene moeties via energy
transfer with of LiYF4:Tm>"/Yb** upconverting nanoparticles. We proposed in Chapter 3 that the
energy transfer mechanism was mostly through reabsorption of light with a minor contribution of
FRET. We explaind trhough the chapter that the low FRET component could be due to the
distance-dependence between the Tm>" ions (core ions vs. surface ions) and the azobenzene
moiety and possibly due to low quantum yields of the UV and blue emissions of
LiYF4:Tm*'/Yb®". Driven by the curiosity to determine the quantum yield values of
LiYF4:Tm?*'/Yb>", the subsequent chapter presents the first multicenter study on the absolute
upconversion quantum yields, and provides the first quantum yield values for LiYF4:Tm**/Yb**

upconverting nanoparticles.
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Absolute Upconversion Quantum Yields of Blue-emitting LiYF4:Yb3, Tm* Upconverting

Nanoparticles
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4.1 Abstract

The upconversion quantum yield (@uc) is an essential parameter for the characterization of the
optical performance of lanthanoid-doped upconverting nanoparticles (UCNPs). Despite its
nonlinear dependence on excitation power density (Pex), it is typically reported only as a single
number. Here, we present the first measurement of absolute upconversion quantum yields of the
individual emission bands of blue light-emitting LiYF4:Yb*", Tm** UCNPs in toluene. Reporting
the quantum yields for the individual emission bands is required for assessing the usability of
UCNPs in various applications that require upconverted light of different wavelengths, such as
bioimaging, photocatalysis and phototherapy. Here, the reliability of the @yc measurements is
demonstrated by studying the same batch of UCNPs in three different research groups. The
results show that whereas the total upconversion quantum yield of these UCNPs is quite high —
typically 0.02 at a power density of 5 W-cm 2 — most of the upconverted photon flux is emitted
in the 794 nm upconversion band, while the blue emission band at 480 nm is very weak, with a
much lower quantum yield of ~6 x 107 at 5 W-cm 2. Overall, although the total upconversion
quantum yields of LiYF4:Yb**,Tm** UCNPs seems satisfying, notably for NIR bioimaging, blue-
light demanding phototherapy applications will require better-performing UCNPs with higher

blue light upconversion quantum yields.
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4.2 Introduction

Lanthanoid-doped upconverting nanoparticles (UCNPs) have attracted much attention over the

last two decades as a result of their wide range of potential applications in bio-imaging and

248,265-267 269-272 273-275

biosensing, drug delivery,®®  phototherapy, optical thermometry,

276-278 photovoltaics,?” or security.?®” These nanomaterials show multiple sharp

photocatalysis,
emission bands in the visible region of the spectrum upon sequential absorption of two or more
near-infrared (NIR) photons, a non-linear process known as photon upconversion (UC).
Typically, UCNPs have a crystalline fluoride host lattice, such as NaYF4, doped with one or
more lanthanoid ions. Most commonly, Yb*" ions, capable of absorbing NIR light around 980
nm, are used as sensitizers, while secondary dopants, e.g. Er’*", Tm>", or Ho*' ions, are
introduced in the crystal lattice as emitting activators, depending on the desired emission
wavelength(s).?81"283 Compared to other upconverting systems, such as triplet-triplet annihilation
upconversion (TTA-UC), UCNPs show long (ms) luminescence lifetimes, high photostability,
insensitivity towards molecular oxygen, and no photoblinking.?**?% In bio-imaging and
phototherapy the use of NIR excitation is highly beneficial as it eliminates background
fluorescence and reduces scattering, with the advantage of increased penetration depth of the
excitation light.”?

Initially, the main drawbacks of UCNPs were their low absorption cross-section and low
internal upconversion photoluminescence quantum yields (@uc); high excitation power densities
(Pexe > 20 W-cm™2) were often required to effectively trigger photochemical reactions using
UCNPs.? In response to this shortcoming, a multitude of innovative strategies have been
developed to increase the brightness of UCNPs, such as the application of core-shell structures or
decoration of the surface with dyes to increase light absorption.?*!?87-28% Ag a result of these
efforts, 10- to 500-fold enhancement of the luminescence intensity has been reported, which
appears to bring UCNPs to the efficiency level of other UC systems, such as those based on
triplet-triplet annihilation upconversion (TTA-UC) that typically require Pex on the level of

-2 290-292 Yet

mW-cm still, the daily practice requires several W-cm 2 of NIR light to obtain

significant effects in phototherapy using UCNPs, in particular when large amounts of blue or UV
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light are required. The aim of this collaborative paper was to investigate where this apparent
discrepancy comes from; for example, why do systems containing UCNPs that show ~ 2%
overall @yc still require long irradiation times (> 2 h) and high Pexc to trigger blue-light sensitive
photoreactions?

For a long time, most studies have focused on reporting upconversion intensities relative
to other batches of UCNPs prepared in the same research laboratory. The broad range (from the
UV to the NIR) and anti-Stokes nature of UCNP emission render the determination of quantum

yields relative to a reference, such as an organic dye, very difficult,?”?

thereby eliminating the
method commonly used for the determination of the quantum yields of molecular dye solutions
or dispersions of semiconductor quantum dots.?** Furthermore, the lack of upconverting
reference materials makes it a priori difficult to compare upconverting quantum yield values
reported by different laboratories. Recently, the number of studies involving absolute
measurements of @yc has increased, in particular for Er- or Ho-doped UCNPs. This provided not
only a few benchmark values, but also shone light upon the effect of excitation power density,
particle size, and shell coating on the upconversion quantum yield.?>>% To the best of our
knowledge, the highest upconversion quantum yields for UCNPs were reported for 40-nm
LiLuF4:Yb*" Er¥* UCNPs (®uc= 0.050) and LiLuF4Yb*", Tm*" UCNPs (®uc = 0.072).3%
However, even when absolutely measured ®yc values are provided, the methodologies for
determining them are not always identical, and Pyc values are not seldom given as a single
number without specific mention of the power density used for the measurement — probably for
the sake of simplicity.

Whilst some studies reported on the relative intensities of thulium(IIl) emission

lines,273’306’307

these studies did not provide absolute @yc values. Furthermore, as the NIR
emissions in Tm-doped materials are known to be multiple orders of magnitude more intense
than the blue emissions,?**3%3% the efficiency of the blue emission bands cannot be deduced
from their overall @yc,*'? and thus remains essentially unknown. This situation, coupled to the
lively discussions within the European COST Action 1403 on upconverting materials,

encouraged us to assess the ®@yc of the individual upconversion bands of LiYF4:Yb** Tm?**
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UCNPs. LiYF4 was selected as it has been proposed as a very efficient host lattice for Tm-based
UC nanomaterials, but its efficiency had not yet been studied with absolute methods.®” In order
to also assess the challenges and factors governing the reliability of such measurements, we
independently determined the @yc of the UCNPs in three European research groups (in Leiden,
Karlsruhe, and Berlin) using absolute integrating sphere setups of different complexity. We
discuss herein the setups, methodologies, and data from the three groups, to identify which
parameters must be controlled for providing accurate and reliable @yc values. The effects of

power density, temperature, and excitation wavelength on the @yc values are also discussed.

4.3 Results and Discussion

The tetragonal LiYF4:Yb*", Tm*" (25% Yb**, 0.5% Tm>") UCNPs were synthesized as
reported following a two-step thermal decomposition procedure.®’-**® Using transmission
electron microscopy (TEM) it was shown that these oleate-capped UCNPs have a diamond-like
morphology with an average size of 87 + 9 nm along the long diagonal and 50 = 4 nm along the
short diagonal. A second batch of LiYF4 nanoparticles was synthesized without the lanthanoid
dopants. These undoped nanoparticles showed a morphology and size (87 £ 6 nm by 48 + 3.5
nm) similar to the doped UCNPs, and served as a blank sample for some of the ®uc
determinations (vide infra). Powder X-ray diffraction (XRD) spectra, TEM images and size
distributions are shown in the Supporting Information (SI; Figure 4S.1-4S.3). Under NIR light
excitation the UC emission spectrum of the Tm-doped UCNPs is clearly dominated by an
emission band around 794 nm (Figure 4.1). This emission stems mainly from the thulium *Hs —
3He transition, with a small contribution from the !G4 — *Hs transition. In addition, several blue
and red Tm-based emission features are present, most notably around 451 nm ("D, — 3F4), 480
nm ('Gs — *Hg), and 649 nm (‘G4 — °F.). These emissions bands are caused by three- and four-
photon upconversion processes, and are multiple orders of magnitude less intense than the 794

nm emission band, resulting predominantly from a two-photon process.
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Figure 4. 1 (a) Emission intensity (/uc) of LiYF4:Yb*", Tm*" (25%, 0.5%) UCNPs in toluene (10
mg-mL ') recorded in Leiden at various Pex (1.0-60 W-cm ™2, dere = 969 nm, T = 293 K).
Comparable results were obtained in Karlsruhe and Berlin (Figure 4S.6). (b) Simplified energy

level diagram depicting the energy transfer upconversion mechanism in Yb,Tm-based UCNPs,

and the observed 4f—4f transitions.

The efficiency of the upconversion process in LiYF4:Yb** Tm*" UCNPs in toluene

dispersion was assessed by measuring @yc absolutely, as defined by Equation 5.1.

number of photons emitted dp-em
UC™ number of photons absorbed dp-abs

In this equation, gp-m is the upconverted emission photon flux (in photons-s™') and gp-as
is the photon flux absorbed by the sensitizer species (in photons-s!). The assessment of ®yc was
performed independently by the Leiden, Karlsruhe and Berlin research groups, using their

respective standard methods and instrumentation. All three groups employed measurement
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setups comprising of integrating spheres and fiber-coupled CCD spectrometers. Continuous
wave (CW) laser diodes were used as the excitation source in all setups, although varying
slightly in excitation wavelength. In Leiden, a 969 nm laser diode was employed, whereas
excitation in Karlsruhe and Berlin was performed at 980 and 976 nm, respectively.
Measurements in Leiden were performed using the method described by Boyer and Van

Veggel 2%

An sample of LiYF4 UCNPs of similar size and morphology but without dopant was
utilized as blank to ensure correction for the scattering properties of the UCNPs. In Karlsruhe,
the three-measurement (3M) method previously described by De Mello et al. was used.>!!3!2
Rather than measuring a blank sample, in this method correction for scattering and the
absorption of scattered photons is achieved by performing a series of three measurements,
namely (a) irradiation of the empty sphere, (b) irradiation of the sample inside the sphere, but not
directly in the path of the excitation beam (indirect excitation), and (c) irradiation of the sample
inside the sphere and directly in the beam path (direct excitation). The measurement method
utilized in Berlin is similar to the method employed in Leiden, and has been described
previously.?” In all systems, absorption and emission measurements were conducted separately
in order to cope with the significant difference in intensity between the excitation light and the
UC emission. ®yc values were measured at a high UCNP concentration (up to 40 mg:-mL™") to
ensure sufficient absorption (3—6%) of the excitation light. A full description of all three

measurement setups is given in the SI (Sections 5.5.3-5.5.7), and the resulting @yc values are

reported in Table 4.1 and 4S.1.
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Table 4. 1 Upconversion photoluminescence quantum yields (@uc) for LiYFa:Yb*',Tm**

UCNPs. Leiden data points for Pex = 0.07, 1.0 and 50 W-cm 2 were measured relative to the
absolute value at 5.0 W-cm2; 7= 293 K. The full data sets are shown in Table 4S.1.

Pexc [W.cm™] | @yc 451 Duc 480 Duc 649 Duc,794 Duc total
= 0.07 nd. nd. nd. 0.009(3) _ 0.009(3)
1.0 6(2)x 107 2A(7)x 105 1.1(4)x 105 0.019(6)  0.019(6)
5.0 72)x 10 7(2) x 105 3.3(10)x 10 0.026(8)  0.026(8)
50 23(7)x 104 2.8(9Q)x10%  1.4(5)x 10 0.035(11)  0.035(11)
Karlsruhe®  0.20 n.d. n.d. n.d. 0.009(1)  0.009(1)
0.95 n.d. n.d. n.d. 0.017(2)  0.017(2)
5.0 16(10)x 10°  6.3(18)x 10°  n.d. 0.025(3)  0.025(3)
135 45(14)x 105 12(2)x10%  67(19)x 105  0.0293)  0.029(3)
P 55 3.0 x 106 448(2)x 105  2.54(3)x 105 00188  0.0189(5)
48 9.08(5)x 105 165(1)x 104  848(5)x 105 00255  0.0260(6)
212 7.4 x 104 515(3)x 10* 263 x 107 00310  0.034(2)
395 137x10°  878(2)x 104  424(1)x10% 00325  0.0371(7)

Dexe = 969 nm; Plexe = 980 nm; VAexe = 976 nm; n.d.: not determined. Uncertainties on the final digit
are presented in parentheses.

The total internal upconversion photoluminescence quantum yield (@uc i), determined by the
integration of the UC spectra from 430 to 860 nm, at an excitation power density of 5.0 W-cm >
was determined to be 0.026 + 0.008 in Leiden, which is in good agreement with the value found
in Karlsruhe (0.025 £+ 0.003), and slightly above the value found in Berlin (0.0189 £ 0.0005, Pexc
= 5.5 W-cm2). As explained above, it would be tempting to use DPuc o as the sole way to
quantify the efficiency of the UCNPs. However, in most applications only a fraction of the
emission spectrum can be used. For example, if a dye or light-activated compound only absorbs
blue light, then the 794 nm emission is not useful. Therefore, it can be much more relevant to

report the @yc values for the individual emission bands, as shown in Table 4.1 and 4S.1. For
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example, at a Py of 5 W-cm 2, the blue emission bands around 451 and 480 nm account only for
0.02-0.06% and 0.2-0.3% of the total UC emission, respectively, while 99.4% of the UC
emission stems from the 2-photon NIR emission band around 794 nm. As a NIR-to-blue
upconverting system at this Pey., these UCNPs are thus best characterized by their blue emission
quantum yield (Ducsue) of 4.8—7.9 x 107, rather than by their more encouraging total emission
quantum yield (Duc i) of 0.019-0.026.

Another difficulty in reporting and comparing upconversion quantum yields is that @yc is
highly dependent on the power density of the excitation beam, as upconversion is a non-linear
multiphoton process. At low Pe., the observed emission intensity, luc, is proportional to P”,
where P is the excitation power density, and n is the so-called slope factor, indicative of the
number of photons involved in the process.’!*!* Hence, on a log-log plot, Iyc is proportional to
n, where n is the slope of the linear least-squares curve through the data points (S.4 and 5S.7). As
Py increases, saturation of the intermediate excited states occurs, and n slowly reduces to 1. As
the upconversion quantum yield, @uc, is proportional to P it becomes constant at high Pey; a
regime often referred to as the saturation regime. Ideally, @yc is measured in this saturated
regime, where the value is maximal, and less dependent on P... However, as Yb,Tm-doped
UCNPs show multiple emission bands, each with their own power dependency, it is impossible
to determine a single saturation point for the whole system. Furthermore, complete saturation of
all these emission bands will not be observed unless extremely high Pe are used (> 400
W-cm?). Such irradiation conditions are not available with all experimental setups, and
generally speaking irrelevant for the intended applications of UCNPs, so that @yc reported in

many articles, including ours, is typically Per.~dependent.
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Figure 4. 2 P... dependence of @yc of the thulium emission bands at (a) 451 nm, (b) 480 nm, (c)
649 nm, and (d) 794 nm in LiYF4:Yb*>", Tm*" UCNPs in toluene, measured in Leiden (black

diamonds), Berlin (blue circles), and Karlsruhe (red triangles).

The Pex. dependency of the upconverted emission of the LiYF4:Yb*", Tm** UCNPs
(Figure 4.2 and Table 4.1) was examined for the four dominant emission bands. Using the three
different spectroscopic setups, we were able to examine the Pe.. dependence over three to four
orders of magnitude, a larger range than typically possible for most setups. In Karlsruhe and
Berlin, @yc values were obtained absolutely, following the same protocol described above. In
Leiden, limitations in the output power stability of the laser diode precluded direct ®uc
measurements at high Pe.. Thus, the emission intensity was measured relative to the emission

intensity at 5.0 W-cm 2, and subsequently converted to a ®yc value using the absolute ®uc
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values determined at 5.0 W-cm 2. Importantly, despite the differences in setup design and
measurement protocols, the results from the different groups are in very good agreement.

In spite of this good overall agreement we did observe that the @yc values obtained on
the Berlin setup are typically somewhat lower than those obtained in Leiden and Karlsruhe
(Figure 4.2). We believe that this may, in part, be attributed to the difference in beam profile
used between the setups. Whereas the measurements in Berlin were performed using a top-hat
beam profile that provides excellent homogeneity in space of the power density, the other setups
employed more commonly used near-Gaussian beam profiles. As a result of the Gaussian beam
profile, the Pex is not homogeneous throughout the sample, and thus, at many points in the
sample, it deviates from the reported average Pex. Due to the multiphotonic nature of the
upconversion process, these deviations lead to variations in upconversion efficiency throughout
the sample that have been shown to potentially result in a higher apparent (i.e. spatially
averaged) @uc, especially in the unsaturated Pe.-regime.?’

For the two-photon *Hs — 3He emission band at 794 nm, the onset of the saturation
regime was observed around 0.1 W-cm 2, whereafter the slope factor n dropped from 2.5 to
about 1.1 (Figure 4.2d, 4S.4 and 4S.7¢). Contributions from the three-photon !G4 — *Hs process
to the 794-nm emission band may explain the fact that n > 2.0 for low Pey, as well as the
incomplete saturation (n > 1.0) at higher Pex..>*” No saturation is found for the three major visible
bands, and the slopes in Figure 2a-c are virtually constant. Close examination of the four-photon
blue emission band at 451 nm (‘D2 — °F) reveals that the slope is reduced from n = 2.8 to 2.0 as
Pey is increased to 395 W-cm 2 (Figure 4S.7e). This suggests that the first excited thulium state
is saturated, but also indicates that the higher excited states in the thulium ions involved are far
from saturation. Similarly, the three-photon emission features around 480 nm ('Gs — *He) and
649 nm ('Gs — 3F4), both show a slope factor of 1.6, that changes relatively little over the
studied Pex range. As Pe in this study was limited to 395 W-cm 2, no saturation values for
Duc 451, Pucso, and Duceq9 can be given. Instead, in Table 4.1 and Figure 4.2, @yc for these

emission bands are given for various values of Pe. Additionally, the lifetime of the

downconverted Yb** emission at 998 nm (*Fs> — °F7,2) was measured in Karlsruhe (Figure
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4S.12), and, as expected, was found to decrease upon an increase of Py, from 0.69 ms (Pexc
=10 W-cm ) to 0.38 ms (Pexc = 220 W-cm ).

Although the relative contributions of the visible emission bands increase for higher Pex,
at 395 W-cm 2 the 794 nm emission still makes up 88% of the total emission, with the blue
emission bands accounting for 2.4% (480 nm) and 3.7% (451 nm) of the total emission,
respectively. The maximal @yc measured for the total emission is 0.0371(7) (Berlin, Pexe =
394.9(6) W-cm2), while all the individual visible light emission showed quantum yields between
1 x10*and 1.4 x 1073 (Figure 4.2 and 4S.7, Table 4.1 and 4S.1). In comparison, Mousavi et al.
recently reported a @yc 794 of 0.0039 at 14 W-cm 2 for NaYF4:Yb*", Tm*" (25%, 0.3%) UCNPs,
which makes it tempting to conclude that the LiYF4 host lattice used in this work (@uc 794 =
0.022-0.029 at 15 £ 2 W-cm?) is more efficient, at least for NIR-to-NIR upconversion.?*?
However, the use of a different solvent (cyclohexane versus toluene), different dopant
concentrations, and the smaller size of the NaYF4 particles (¢ = 32 nm) preclude a direct
comparison between the two values.

When high power densities are used for obtaining blue light, the temperature of the
upconverting sample may rise. Thus, the effect of temperature on the relative UC efficiency was
examined, performing emission spectroscopy in a temperature-controlled cuvette holder.
Although an optimum of the @ucww was found around 18 °C (Pucim = 0.026), and upon
heating the sample to 60 °C a 10% reduction in the overall emission was observed, no strong
dependence of @uyc i on the temperature was found (Figure 4S.11 and Table 4S.2). Thus, the
temperature is of minor importance for upconversion quantum yields of LiYF4Yb*",Tm**
UCNPs, compared to the influence of other factors such as the surface coating or the nature of

the solvent.?36->%°
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Figure 4. 3 (a) Normalized excitation spectrum recorded in Karlsruhe of LiYF4:Yb*',Tm?
UCNPs in toluene (10 mg-mL™") for 480 nm and 794 nm emission bands. Spectra were corrected
for the small difference in Pexe, assuming n = 1.1 (794 nm) and 1.6 (480 nm). (b) Upconverted
emission spectra recorded in Karlsruhe of LiYF4:Yb*",Tm** UCNPs in toluene (10 mg-mL™") at

various excitation wavelengths (Pex. = 4.11 W-cm 2 (960 nm), 4.15 W-cm 2 (980 nm)).

Finally, as the @yc studies in Leiden and Karlsruhe were performed using different
excitation wavelengths (969 and 980 nm, respectively (see Table 4.1)), also the influence of this
parameter on the emission intensity and @yc was assessed. Figure 4.3a depicts the integrated
emission intensity of the NIR and blue emission bands as a function of excitation wavelength
(excitation spectrum), which is in good agreement with the absorption spectrum of the
LiYF4:Yb* Tm* UCNPs (Figure 4S.10). Only small differences in emission intensity can be
observed between exciting at 969 and 980 nm. However, the sharp peak in the excitation
spectrum in Figure 4.3a around 960 nm implies that the UC emission is far brighter at this

excitation wavelength, compared to the conventional 980 nm excitation. An explanation of these
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results can be found by looking at the fine structure of the 2F72 — Fs;2 transition in Yb** ions.
Under the influence of the crystal field, the Yb>" energy levels split into a number of so-called
Stark splitting levels (four and three levels for *F72 and *Fs, respectively), resulting in several
absorption bands corresponding to the 2F72(n=0) — 2Fs2(n=0",1",2") electronic transitions. The
absorption between 970 nm and 990 nm is attributed to the 0—0" transition, whereas the
absorption bands near 960 nm and 930 nm correspond to the 0—1" and 0—2" transitions,
respectively.?!> The relative intensity of these transitions is strongly influenced by the symmetry
of the host lattice. Here, the tetragonal LiYF4 host (scheelite structure) favors the 0—1’
transition, in contrast to the hexagonal NaYF4 host, for which the 0—0" transition is dominant.
The preference towards the 0—1" transition has been demonstrated before for LiYF4 single
crystals doped with Yb*" ions.?!>31® Thus, in order to achieve maximal upconversion brightness,
evaluation of the optimal excitation wavelength is crucial for every new host material. In the case
of LiYF4, the emission intensities of the NIR and blue UC bands increased considerably upon
960 nm excitation, by a factor of ~3 for the NIR emission and ~ 6 for the blue emission
compared to 980 nm excitation at the used excitation power density (Figure 4.3b). Considering
the good agreement between the excitation spectrum depicted in Figure 4.3a and the absorption
spectrum in Figure 4S.10, we assume that the observed increase in UC emission intensity is

caused by the increased absorption at 960 nm, rather than by a significant increase in @yc.

4.4 Conclusions

In this work, we have presented the first multicenter absolute measurement of
upconversion photoluminescence quantum yields (@uc) of UCNPs, and provided the first @yc
values for LiYF4:Yb*",Tm*" UCNPs. These measurements have been performed independently
by three research groups, but using the same batch of nanomaterials. In spite of the quite
different setups and methods used in the three labs, strikingly similar values were obtained,
which underline that these measurements can give reproducible results not only when using

state-of-the-art setups such as those available in Karlsruhe and Berlin, but also using relatively
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inexpensive, modular spectroscopy setups such as the one in Leiden. Importantly, upconversion
quantum yield values are given for the individual upconversion bands of LiYFs:Yb** Tm?**
UCNPs. By doing so we illustrate, as done recently for Yb,Er-doped UCNPs,>72%302 the
strikingly large difference in intensity between the different emission bands of these UCNPs.
Although Tm-doped UCNPs are usually described as blue-emitting UCNPs, @yc of the blue
emission bands are as low as 1 x 107 at 5 W-cm 2, while the NIR band at 794 nm has an
excellent @yc of ~ 0.02 at 5 W-cm 2. This discrepancy is especially important when selecting
upconverting materials for different applications.®!” In security or bioimaging applications where
the 794 nm emission is used, Puc s is a good measure for the efficiency of LiYF4:Yb*, Tm?"
UCNPs, because the upconverted emission spectrum is strongly dominated by the 794 nm band.
However, in phototherapeutic applications where only the blue thulium emission is used, for
example in the activation of blue-light sensitive anticancer compounds,?*® the actual efficiency of
these UCNPs is one to three orders of magnitude lower than @uyc . Thus, reporting only the
latter would give a misleading evaluation of the amount of excitation light needed to obtain a
measurable photochemical effect via NIR-to-blue upconversion. The low efficiency of the blue
upconverted emission in Tm-based UCNPs provides a good explanation why these systems are
still difficult to apply in for example blue light-triggered phototherapy,”® and justifies the need
for further material research aimed at increasing the upconversion quantum yields of UCNPs in

the blue region of the spectrum.
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4.5 Supporting information
4.5.1 Nanoparticle synthesis (Experimental)

4.5.1.1 Materials and general methods

Thulium oxide (Tm203, 99.99+ %), ytterbium oxide (Yb203, 99.99%), yttrium oxide (Y203,
99.99+ %), trifluoroacetic acid (CF3COOH, 99%), lithium trifluoroacetate (CF3COOLi, 98%),
oleic acid (technical grade, 90%), and 1-octadecene (technical grade, 90%) were all purchased
from Sigma-Aldrich and were used without further purification. All other solvents were obtained

from major chemical suppliers and used as received.

4.5.1.2 Synthesis of LiYF4:Yb3*,Tm3* upconverting nanoparticles

LiYF4:Tm?*",Yb** UCNPs were synthesized via thermal decomposition, which was comprised of
a two-step process.®”>3® In the first step, a mixture of water/trifluoroacetic acid (10 mL, 1:1) was
added to a 3-neck round-bottom flask containing Tm>O3 (0.0024 g, 6.25 x 107 mol, 0.5 mol%
Tm*"), Yb203 (0.1232 g, 3.13 x 107* mol, 25 mol% Yb>"), and Y,Os3 (0.2103 g, 9.31 x 107*
mol). The cloudy solution was heated (80 °C) under reflux until it was clear. The resulting
solution was then dried at 60 °C to form the trifluoroacetate lanthanide precursors. In the second
step, CF3COOLi (0.2999 g, 2.50 x 10 mol) was added to the dried precursor solids along with
oleic acid (20 mL) and 1-octadecene (20 mL) and the mixture was degassed for 30 min at 120
°C. The temperature was increased at a rate of 10 °C'min' to 315 °C under an argon
atmosphere. The reaction mixture was maintained at 315 °C under stirring for 60 min and under
an argon atmosphere. After cooling to room temperature, absolute ethanol was added to the
reaction mixture to precipitate the LiYF4:Tm?>",Yb** UCNPs, which were subsequently isolated
via centrifugation (3000 rpm, 15 min). The pellet was washed with a 1:3 hexane/ethanol mixture
twice to remove any impurities. After purification, the sample was stored and shipped as a solid

under a layer of ethanol.
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4.5.1.3 Synthesis of LiYF4 undoped nanoparticles

LiYF4 undoped nanoparticles were synthesized by the same method as described for the doped
nanoparticles in section 5.5.0, using only Y203 (0.2103 g, 9.31 x 10~* mol) in the first step to
form the yttrium trifluoroacetate precursor instead of a mixture with thulium and ytterbium

oxides. The second step of the synthesis was followed as described in section 5.5.1.2.
4.5.2 Nanoparticle Characterization

4.5.2.1 X-ray Powder Diffraction (XRPD)

Figure 4.S1 shows the X-Ray powder diffraction (XRPD) of the oleate-capped LiYF4:Tm** Yb*"
UCNPs, undoped oleate-capped LiYF4 UCNPs and the calculated standard of the JCPDS pattern.
The peak positions correspond to the reported pattern of tetragonal LiYF4 (JCPDS no. 81-2254).
The patterns for both doped and undoped LiYFs nanoparticles were collected at room
temperature using a Bruker D2 Phaser XRD System equipped with a LYNXEYE one-
dimensional X-ray diffraction detector, based on Bruker AXS’ compound silicon strip
technology. Scan range was set from 15 —90° 20 with a step size of 0.5° and a count time of 1 s.

A PMMA background insert disk was used as sample holder.
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Figure 4S. 1 X-ray powder diffraction analysis of (A) calculated line pattern for tetragonal
LiYF4 shown for reference (JCPDS 81-2254), (B) undoped oleate capped LiYF4 nanocrystals
and (C) oleate-capped LiYF4:Tm** Yb* nanocrystals.

4.5.2.2 Transmission electron microscopy (TEM) and size distribution

Transmission electron microscopy was used to evaluate the morphology and particle size
distribution of the prepared nanoparticles. 300 particles of doped and undoped nanoparticles
were evaluated to obtain the size distribution. The oleate-capped LiYF4:Tm*",Yb** UCNPs
showed a diamond-like morphology with an average size of 87 nm (+ 9 nm) long diagonal length
and a small diagonal length of 50 nm (£ 4 nm). The oleate-capped LiYFs NPs showed a
diamond-like morphology with an average size of 87 nm (+ 6 nm) long diagonal length and a
small diagonal length of 48 nm (+ 3.5 nm). The micrographs were collected using a Jeol JEM-
2100F microscope operating at 120 kV capable of imaging resolution of 0.1 nm. Samples were
prepared by dropping sample solutions (1 mg.mL ™! in toluene) onto a 300-mesh Formvar/carbon

coated copper grid (3 mm in diameter) followed by the evaporation of the solvent.
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Figure 4S. 2 Transmission electron micrograph (left) of oleate-capped LiYF4:Tm**,Yb** UCNPs
(1 mg'ml™! in toluene). Histogram (right) of the particle size distribution obtained with respect to

the long diagonal 87 + 9 nm from the TEM images (average of ~ 300 nanocrystals).
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Figure 4S. 3 Transmission electron micrograph (left) of undoped oleate-capped LiYF4 UCNPs
(1 mg:ml ™! in toluene). Histogram (right) of the particle size distribution obtained with respect to

the long diagonal 87 + 6 nm from the TEM images (average of ~ 300 nanocrystals).
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4.5.3 Absolute quantum yield determination using the Leiden setup

4.5.3.1 Experimental setup

. T 4
v 74
3 i
9 6 9
1 |:| —‘

s ]

Scheme 4S. 1 Setup used for absolute quantum yield measurements. (1) laser source, (2)
collimating lens, mechanical iris and focusing lenses, (3) power meter (adjustable in position),
(4) integrating sphere with sample tube in the center, (5) filter holder, (6) 875-nm short pass filter
that can be installed or removed, (7) variable neutral density filter that can be installed or

removed, (8) CCD spectrometer, (9) optical fibers.

The integrating sphere setup used for determining the quantum yield of upconversion in Leiden
in depicted in Scheme 4S.1 The excitation source was a fiber-coupled CW 969-nm diode laser
(MDL-H-980-3W, CNI Laser, Changchun, China), coupled into a 200-um multimode optical
fiber, leading to a collimating lens (F220SMA-980, Thorlabs). After collimation, the light passed
a mechanical iris, and two lenses (f= 10 and 5 cm) to produce a ca. 2 mm beam (vide infra) with
200 mW optical power (Pexc = 5.0 W-cm™2). The excitation power was measured using a S310C
thermal sensor connected to a PM100USB power meter (Thorlabs). A PTFE-coated AvaSphere-
30-IRRAD integrating sphere (30 mm diameter, reflectance > 98%), fitted with three ports
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(entry, exit and sample port), and an AvaSpec-ULS2048L StarLine CCD spectrometer were
obtained from Avantes (Apeldoorn, The Netherlands). The integrating sphere and spectrometer
were calibrated together using an Avalight-HAL-CAL-ISP30 NIST traceable calibration lamp
from Avantes (9.5% relative uncertainty vs. NIST standard), so that the observed intensities are

'm™2). The filter holder was fabricated by our own

expressed as a photon flux (mol photons-s™
mechanical department, and held a NDL-25C-4 variable neutral density filter (Thorlabs) or an
OD4 875 nm short pass filter (Edmund Optics, York, United Kingdom, part no. 86-106, T430-ss0
am ~ 97.3 £ 1.3%). An Avalight-DHc (Avantes) deuterium-halogen lamp was used as a white
light source for the determination of the transmission functions of the filters used. The spectra

were recorded with Avasoft 8.5 software from Avantes, and further processed with Microsoft

Office Excel 2010 and Origin Pro 9.1 software.

4.5.3.2 Quantum yield calculation method

The upconversion photoluminescence quantum yield (@uc) is defined by (4S.1):

number of upconverted photons Qp-em

Pyc 4S.1)

~ number of low-energy photons absorbed a Qp-abs

Here, gp-em is the upconverted emission photon flux (in photons's™') and gp-ass is the photon flux

absorbed by the sensitizer species (in photons-s™!).

@yc can be calculated by (4S.2):

Az
[ lyc(yda

cpUC -

(48.2)
Qp-abs

Lnm™), and A; and A> are the

Here, Iuc() is the spectral luminescence intensity (in photons-s”
low- and high-wavelength boundaries, respectively, of either the entire upconverted emission

spectrum, or the 4f-4f transition of interest. gp-uss 1s determined by subtracting the spectral light
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intensity of the excitation source that has passed through the sample (Zlexc-sample, 1n
photons's 'nm™") from the spectral light intensity of the excitation source that has passed

Lnm™), and by integrating over the excitation

through a blank sample (lexc-piank, in photons-s-
wavelength range A3 to A4, see (4S.3). The blank sample consisted of a dispersion of undoped
LiYF4+ UCNPs of a similar size, dispersed in the same solvent at the same concentration as the

sample. Due to the lack of photo-active dopants, it did not absorb at the excitation wavelength.
Ay

Qp—abs = . (Iexc—blank (/1) - Iexc—sample (/1))61/1 (4S-3)
3

(4S.2) can then be expressed as (4S.4):
A
)le Iyc(Q)dA

A
,1: (Iexc-blank (/1) - Iexc-sample (/1))61/1

Dy = 4S.4)

The spectrometer and the integrating sphere were calibrated so that the observed intensities are

' nm™!']. Therefore,

directly proportional to the photon flux, i.e. I(4) o [mol of photons - s~
integrating these values over the relevant wavelength regions directly provided the flux of

photons that arrived at the spectrometer.

Because the intensity of the upconverted light is relatively low compared to that of the exciting
laser source the absorption and emission of the sample cannot be measured at the same time. In
other words, the laser light saturates the spectrometer, which prevents upconversion to be
measured simultaneously. To circumvent this problem, the absorption was measured using a
neutral density filter with known transmittance (typically Fum = 0.0015, 1e., ~ 99.85%
attenuation). This filter was placed between the integrating sphere and the spectrometer to
measure the absorbed photon flux. For the measurement of the upconverted emission, this filter
was replaced by an OD4 short pass filter (< 875 nm) to remove the excitation light. The

attenuation factor Flum was averaged over the wavelength range of the laser (950-990 nm).
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Additionally, the intensity of the upconverted emission measured was corrected for the minimal
absorbance of this light by the shortpass filter used. This was performed by dividing the
upconversion luminescence intensity by the transmission curve 7(4) of the short pass filter in the
wavelength range of the upconverted light. As the shortpass filter strongly absorbed light with a
wavelength shorter than 430 nm, this prevented the measurement of any ultraviolet emission by

this method. The accordingly corrected equation for @yc is (4S.5):

A (lyc (/1))
-] dA
b = f/h ( T(A) = Ap-em (4S.5)
ve f/14 Lexc-brani(A) — lexc-sample @) di dp-abs |
A3 F, attn

4.5.3.3 Experimental procedure

For each measurement, two UCNP dispersions (4% w/v in toluene, ~ 500 puL) were prepared and
dispersed thoroughly by sonication: one blank sample, containing undoped LiYF4 nanoparticles,
and the sample of interest, containing LiYF4:Yb*",Tm*" nanoparticles. An aliquot (50 pL) of
each sample was loaded into specially designed measurement tubes that were made of a quartz
EPR-tube bottom (= 7 cm length) fused to a NS-14 glass connector (+ 2 cm length), at the top of
which a septum was adapted. The tube precisely fitted into a hole made in the integrating sphere,

and was suspended in the center of the sphere, in the focal point of the excitation laser beam.

The laser diode was allowed to warm up for 10 minutes prior to the experiment to guarantee a
stable output. The measurements were always performed in the same order, i.e. (1) absorption
measurement of the blank, (2) absorption measurement of the sample, and (3) emission
measurement of the sample. In this way, the neutral density filter is not moved between the
measurement of the blank and sample, ensuring equal attenuation of the non-absorbed excitation

light for both spectra. Equally, the sample is not moved between the measurement of its
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absorption and emission. For the absorption measurements, the neutral density filter was placed
in the filter, and replaced by the 875 nm shortpass filter for the emission measurement. All three
spectra were recorded for a period of 10 minutes and subsequently averaged, in order to correct
for minor instabilities (< 1.5%) in the intensity of the incident laser beam. These instabilities are
a major contributing factor to the relative uncertainty in the reported quantum yield values.
Integration of the emission bands was performed by fitting the emission bands with one or more
Gaussian profiles, and integrating the area under these peaks. This treatment allowed
deconvolution of the various emission bands, even though the emission data could only be

recorded with a spectral resolution of 9 nm (slit size = 200 pum).

4.5.4 Relative excitation power dependence of the upconversion quantum yield
(Leiden)

Scheme 48S. 2 Setup used for excitation power and temperature dependence measurements. (1)
laser source, (2) collimating lens, (3) focusing lenses, (4) temperature-controlled cuvette holder,
(5) 875-nm short pass filter, (6) double collimator, (7) CCD spectrometer, (8) thermocouple
inserted into the sample, connected to a temperature logger (removed for power dependence

measurements), (9) optical fibers.
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Power dependence measurements were conducted with a custom-built setup shown in Scheme
4S.2. The excitation source was a fiber-coupled CW 969-nm diode laser (MDL-H-980-3W, CNI
Laser, Changchun, China), coupled into a 200-um multimode optical fiber, leading to a
collimating lens (F220SMA-980, Thorlabs, Dachau, Germany). After collimation, the light
passed a mechanical iris, and two lenses (f = 10 and 5 cm) to produce a ca. 2 mm beam (vide
infra). The excitation power was measured using a S310C thermal sensor connected to a
PM100USB power meter (Thorlabs). The focused beam passed through the center of a CUV-
UV/VIS-TC temperature-controlled cuvette holder (Avantes, Apeldoorn, The Netherlands),
typically set to 293.15 K. Temperature control was performed with the use of a TC-125
controller and T-app software from Quantum Northwest (Liberty Lake, WA, USA). The
emission spectra were collected at a 90° angle with respect to the excitation beam. The emitted
light passed through an OD4 875 nm short pass filter (Edmund Optics, York, United Kingdom,
part no. 86-106) and a double collimator into an optical fiber, which led to an AvaSpec-
ULS2048L StarLine CCD spectrometer obtained from Avantes. The spectrometer was calibrated
using an Avalight-HAL-CAL-ISP30 NIST traceable calibration lamp from Avantes, so that the

observed intensities are expressed as a photon flux (mol photons-s™).

Direct measurement of the quantum yield of the UCNPs at high excitation powers (> 10 W-cm ?)
was prohibited by the instability of the excitation laser, which was observed when the laser diode
was used at such excitation powers for the prolonged amounts of time necessary for direct
quantum measurements. Therefore, the power dependence of @yc was estimated by measuring
the upconverted emission in the temperature controlled cuvette holder setup (described above) at
a range of power densities between 0.024 and 60 W-cm™, and scaling @yc at 5.0 W-cm ™2 with
the ratio of the upconverted emission at P = 5.0 W-cm 2 and the P, of interest by using

Equation 4S.6:
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P _ #50W/cm2
Puc = Py

(4S.6)

The sample used for direct quantum yield measurements was diluted to a concentration of
10 mg'mL"" in toluene. About 500 pL of this dispersion were placed in a 104F-QS semi-micro
cuvette (Hellma Analytics, Miillheim, Germany). The cuvette was placed in the temperature-
controlled cuvette holder and allowed to equilibrate for at least 2 minutes prior to starting the
first measurement. Integration of the emission bands was performed by fitting the emission
bands with one or more Gaussian profiles, and integrating the area under these peaks. This
treatment allowed deconvolution of the various emission bands, even though the emission data

could only be recorded with a spectral resolution of 9 nm (slit size = 200 pum).
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Figure 48S. 4 Excitation power dependence of the upconverted emission intensity /uc, for the (a)
major and (b) minor thulium emission bands in LiYF4:Tm>",Yb** UCNPs in toluene as measured

on the Leiden setup; Aexe = 969 nm, T=293 K, [UCNP] = 10 mg:mL".
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4.5.5 Leiden setup beam profiling

A beam profiler was used for measuring the beam diameters of the laser beams in the
aforementioned setups and calculating the excitation power densities in W.cm 2. The beam
profiler consisted of a Trust Webcam Spotlight Pro, of which the front lens was pried off and
replaced by NE510A (OD = 1) and NE520A (OD = 2) absorptive neutral density filters
(Thorlabs). The focused laser beam, further attenuated using a variable neutral density filter (OD
~ 2.8, NDL-25C-4, Thorlabs), was pointed directly on the photovoltaic chip of the webcam (4.80
mm wide and 3.60 mm high). Then, 1/e* laser beam diameters in pixels were determined by
Beams, an open  source beam  profiling  software = downloadable  from

http://ptomato.name/opensource/beams/beams.html. The beam diameter in millimeters was

calculated by dividing the average beam diameter in pixels by the total number of horizontal
pixels and multiplying this with the chip width (4.80 mm). Figure 4S.5 depicts an example

output of the Beams software, in which the beam diameter of the laser beam was

277 px

x 4.80 mm = 2.08 mm.
640 px

Inclusion ra

0 100 200 300 400 500 600

Figure 48S. 5 Leiden laser beam diameter (lexe = 969 nm) visualized by the beam profiling setup
in combination with the Beams software package. Axes represent chip width and height in

pixels. Colors represent light intensity in increasing order from blue to red.
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4.5.6 Absolute upconversion quantum yield determination using the Karlsruhe

setup

A CW 980 nm laser diode (L980P200, Thorlabs), mounted in a temperature stabilized mount
(TCLDMO, Thorlabs) and driven by a laser diode controller (ITC4001, Thorlabs) was focused by
a lens (focal length = 75 cm) and directed into an integrating sphere (Labsphere) with a diameter
of 150 mm. The beam size on the sample, filled in a quartz cuvette with 5 mm optical path
(Hellma Analytics), was measured with a scanning slit optical beam profiler (BP209, Thorlabs)
to be equal to 0.9 x 1.3 mm (45). An optical fiber with a diameter of 1 mm (FP1000URT,
Thorlabs) was used for the collection of the emission from the integrating sphere and to transfer
this to the spectrometer (CCS200, Thorlabs). During the absorption measurement (measurement
of the laser for direct and indirect excitation of the sample and empty sphere), short integration
times, usually 20-50 times shorter than for UC detection, were used. All raw detected spectra
were recalculated to give power spectra using an integration time value. The linearity of the
signal versus the integration time of the CCD was controlled experimentally. The spectral
response of the whole detection system was calibrated using a calibration lamp (HL-3plus-INT-
CAL, Ocean Optics) and the correction was further applied to the power spectra. UCNP
dispersions were prepared in a manner similar to described in the previous Section 4.3 by the

Leiden group.

The quantum yield of upconversion (Puc) was calculated according to the 3M procedure

described in literature.’!!*!? The formula for the calculation is given in Equation 4S.7:

_PD-PI-(1-4)

= 48.7
uc 1 ES (4S.7)

where PD is the intensity of “photoluminescence direct” for the sample directly excited with the
incident beam, P/ is the intensity of “photoluminescence indirect”, i.e. emission, caused by the
diffusively reflected excitation radiation, first hitting the internal wall of the integrating sphere
and then the sample, ES is the intensity measured for the “empty sphere” (without a sample). 4 is

the absorption of the sample, which is calculated according to Equation 4S.8:
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A=1-1LD/, (4S.8)

Here, LD is the “laser direct” — intensity of the excitation source for direct excitation of the
sample, and LI is the “laser indirect” — intensity of the excitation source for indirect excitation.

The values are calculated from the measured spectral fluxes using Equation 4S.9 and 4S.10:

Az
PD, PI = f IPD,PI(A)dA (4S.9)
A
Ag
ES,LD,LI = f Ios .o (A)dA (45.10)
A3

Here, /; and 4> (and A3 and A4) are the low- and high-wavelength boundaries used for integration,
respectively, of either the entire UC emission spectrum, or the excitation beam spectral profile.

Because of the nonlinear intensity response of UC, the low absorption of the sample and a
relatively low efficiency of UC, the PI is negligible for most of UC samples and is usually

neglected for the subsequent calculations, simplifying the formula to:

PD
Dy = —— (4S.11)
A-ES

4.5.7 Absolute upconversion quantum yield determination using the Berlin setup

The measurement procedure and the technical details of the homebuilt integrating sphere setup,
which was used for the absolute quantum yield measurements done in Berlin have been
previously described in M. Kaiser et al.?’ Briefly, Pex-dependent ®yc values were obtained
absolutely with an existing custom designed integrating sphere setup,’!® modified to meet the
requirements of UC luminescence measurements. Its main parts are a highly stable 8 W 976 nm
laser diode (wavelength stability < 0.3 nm, power stability < 0.1 %), collimating and focusing

optics, and a laser clean filter, which is coupled via a 200 um-sized optical fiber into a BaSOs-
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coated integrating sphere (diameter of 15 cm) equipped with a Si-CCD detection system. The
intensity-weighted average emission wavelength of the laser diode was adjusted to match the
Yb>" absorption peak at 976.4 nm. To realize different beam profiles, lenses with focal lengths of
500 mm and 125 mm were integrated into the excitation light path, yielding a top-hat and a
nearly Gaussian beam profile, respectively. For the measurements provided here, a top-hat beam
profile was used. To enable precise tuning of the average Pe... for both beam shapes, two
automated filter wheels equipped with reflective neutral density (ND) filters of known
transmittance were placed between the laser diode and the integrating sphere.

Calibration of the integration sphere setup included calibration of the wavelength scale and range
of linearity of the detection system following previously described procedures,’!®32° The
wavelength-dependent spectral responsivity of the detection channel, including the integrating
sphere, optical fiber, monochromator, and detector were characterized with a calibrated spectral
radiance transfer standard (calibrated by the Physikalisch-Technische Bundesanstalt (PTB)) from
350-1050 nm using different bandpass filters. The spectral radiance transfer standard consists of
a halogen lamp mounted inside an integrating sphere to guarantee a diffuse spectral radiance
(Gigahertz-Optik GmbH). The reliability of the emission correction curve was controlled with
the aid of the BAM spectral emission standards FO03-F005.3*! The excitation beam profile
reaching the sample and its power density were determined with a calibrated power meter

(Gentec UP19K-1SS-H5-00).

@yc was obtained from the directly measured number of emitted photons per number of
absorbed photons at different Pe... considering solely emitted photons with A < 900 nm
(integration over all UC emission bands between 370 and 890 nm). For the detection of the
scattered excitation light required for calculating the number of absorbed photons in Equation
S1, the intense laser light was attenuated with an absorptive ND filter (attenuation factor of ca.
5600) to prevent detector saturation. With these filters, a Py range of 2 to 425 W-cm 2 can be
covered for these UCNPs dispersed in toluene. For the determination of the incident photon flux

mandatory for the calculation of the number of absorbed photons, the solvent employed for the
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UCNP dispersion was used as a blank. The absorption of the UCNP samples in toluene was
about 2% at the excitation wavelength of 980 nm. For the evaluation of the Pe.x-dependent @yc,
the emission intensities Iuc (Aem, Pexc) and the slope factors n(Pexc), we chose the following
spectral regions: 'Dy>3Fs: 433-462 nm, 'Gs>He: 462-500 nm, 'Is>°F3: 505-516 nm,
'G4=>3F4: 610-675 nm, *F2>°He: 675-720 nm, *F3>*Hg: 675-720 nm and *Hs=>>Hs: 720-890
nm. To obtain the number of emitted photons, the measured blank and spectrally corrected
luminescence spectra/intensity values and spectral UC intensities were multiplied with A/hco to

obtain spectral photon fluxes (s '-m ™) and luminescence quantum yields.
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Figure 4S. 6 Upconversion emission spectra with color-encoded emission bands of the optical
transitions 'D>>3F4 (451 nm), 'G4>°He (480 nm), 'I¢=>°F3 (511 nm), 'G4=>>F4 (645 nm),
3F2=>3He (686 nm),’F3>>He (704 nm) and *Hs=>>He (794 nm), measured at Pex. = 60 W-cm 2.
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Figure 4S. 7 Panel A and B: Excitation power dependence of the absolute quantum yield @uc of
the major (A) and minor (B) emission bands. Panel C and D: power density dependent relative
emitted intensities /uc of the major (C) and minor (D) emission bands. Panel E and F:

corresponding power density-dependent slope factors 7.
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4.5.8 Excitation power dependence of the upconversion quantum yield

(comparison of data from all three groups)
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Figure 4S. 8 P... dependence of @yc o of LiYF4:Tm** ) Yb** UCNPs in toluene, measured in

Leiden (black diamonds), Berlin (blue circles), and Karlsruhe (red triangles).
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Table 4S. 1 Upconversion photoluminescence quantum yields (®uc,) for LiYFa:Tm*" Yb**
UCNPs in toluene. The data points from Leiden were measured relative to the value at 5.0

W-cm 2 at 293 K.

Pexc [W.cm™] Duc, 451 Duc 480 Duc, 511 Duc,649 Duceserroa Puc,794 Duc,otal
Leiden  0.024 n.d. n.d. n.d. n.d. n.d. 1.8(5) x 1073 1.8(5) x 1072
a) 004 | nd. n.d. n.d. n.d. n.d. 3.2(10)x 10°  3.2(10) x 107

007 | nd. n.d. n.d. n.d. n.d. 9(3) x 1073 9(3) x 1073
013 | nd. 7(2) x 107 n.d. n.d. n.d. 0.021(7) 0.021(7)
035 | nd. 1.2(4)x10%  n.d. 8(3) x 107 2.0(6) x 107 0.019(6) 0.019(6)
056 | 4(1)x 107 15(5)x10°  n.d. 9(3) x 107 2.4(7) x 1075 0.018(6) 0.018(6)
0.98 6(2) x 107 24(7)x10°  nd. 1.1(3) x 107 2.4(8) x 1075 0.019(6) 0.019(6)
2.0 0(B)x 10  4(1)x 10 n.d. 1.8(6) x 105 2.7(9) x 1075 0.023(7) 0.023(7)
3.0 ( ) x 107 5(2) x 105 nd. 2.3(7) x 107 3.0(9) x 107 0.024(8) 0.024(8)
5.0 7(2) x 1078 7(2) x 1075 5(2) x 1077 3.3(10)x 105 3.5(11)x 10°  0.026(8) 0.026(8)
10 2(7)x 10° 1.0@3)x 104  1.0@)x10°  5(2)x 10 41(13)x 10°  0.028(9) 0.029(9)
15 2(10)x 105 1.2(4)x 104  1.4(4)x10°  6(2)x 10 42(13)x 10 0.029(9) 0.029(9)
20 5(2) x 1075 1.4(5)x 10*  3(1)x 107 7(2) x 1075 43(14)x 105 0.030(9) 0.030(9)
30 0(3) x 1074 1.9(6)x 104  7(2) x 10°¢ 9(3) x 10°5 49(16)x 10°  0.032(10) 0.032(10)
40 6(5) x 107 25@)x10%  14@3)x10°  1.2(4)x 10 54(17)x 10 0.034(11) 0.034(11)
50 3(7) x 107 28(9)x 10  16(5)x 105  1.4(4)x 107 57(18)x 10°  0.035(11) 0.035(11)
60 4(8) x 107 29(9)x10%  17(5)x 105  1.4(4)x 107 56(18)x 10°  0.034(11) 0.034(11)
Karls- 0.20 n.d. n.d. n.d. n.d. n.d. 9(1) x 1072 9(1) x 1073
ruhe 027 | nad. n.d. n.d. n.d. n.d. 0.011(1) 0.011(1)
b) 033 | nd. n.d. n.d. n.d. nd. 0.012(1) 0.012(1)
038 | nd. n.d. n.d. n.d. n.d. 0.013(2) 0.013(2)
048 | nd. n.d. n.d. n.d. n.d. 0.014(2) 0.014(2)
054 | nd. n.d. n.d. n.d. n.d. 0.014(2) 0.014(2)
0.61 n.d. n.d. n.d. nd. nd. 0.015(2) 0.015(2)
070 | nd. n.d. n.d. n.d. n.d. 0.016(2) 0.016(2)
095 | nd. n.d. n.d. n.d. n.d. 0.017(2) 0.017(2)
104 | nd. n.d. n.d. nd. nd. 0.018(2) 0.018(2)
1.21 n.d. n.d. n.d. n.d. n.d. 0.019(2) 0.019(2)
154 | nd. n.d. n.d. n.d. n.d. 0.020(2) 0.020(2)
21 n.d. n.d. n.d. nd. nd. 0.021(3) 0.021(3)
26 n.d. n.d. nd. nd. nd. 0.023(3) 0.023(3)
31 n.d. n.d. n.d. n.d. n.d. 0.022(3) 0.022(3)
38 n.d. 50(16) x 105 n.d. nd. nd. 0.023(3) 0.023(3)
5.0 1.6(10)x 105 6.3(18)x 105 n.d. nd. nd. 0.025(3) 0.025(3)
6.3 21(11)x 10 7.4(18)x 10  n.d. 3.3(20)x10°  nd. 0.026(3) 0.026(3)
8.7 n.d. n.d. n.d. n.d. n.d. 0.027(3) 0.027(3)
121 35(16)x 10°  1.1(2)x 10 nd. 53(24)x 10°  nd. 0.028(3) 0.028(3)
135 | 45(14)x10%  12@2)x10%  nd. 6.77(19)x 105 n.d. 0.029(3) 0.029(3)

D dore = 969 nM; ® Jexe = 980 nm; @ Aere = 976 nm; n.d.: not determined.
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Table 4S.1 (continue) Upconversion photoluminescence quantum yields (@uc;) for
LiYF4:Yb*", Tm*" UCNPs in toluene. The data points from Leiden were measured relative to the

value at 5.0 W-cm 2 at 293 K.

PexcW.cm™] | Puc, 451 Duc, 480 Duc,s511 Duc 649 Duc,686+704 Duc,794  Pucotal

Berin 55 3.02x10° 24802)x 10° 479 <107 2543)x10° 3.356(9) < 10° 00188 0.0189(5)

o) 17 1.83(1) x 1075 8.803)x 10° 1.4 x 10 4.64(1) x 1075 4.39(1) x 10°5 0.0222 0.022(2)
19 2.30(1) x 1075 968(1)x 10°  1.7(1)x 10 5.03(1) x 10 4.48(1) x 1075 0.0226 0.023(1)
2% 3.78(2) x 107 1.168(4) x 104 2.6 x 107 6.01(1) x 107 48x 10 0.0236 0.024(1)
36 6.12(1) x 107 142(1)x 104 4.1x10° 7.31(5) x 107 5.15(1) x 107 0.0251 0.0256(8)
4 7.65(1) x 107 155(1)x 104 5.2 x 107 7.99(7) x 107 5.29(1) x 1075 0.0256 0.0261(8)
45 7.59(6) x 107 152(2)x 104  52x10° 7.88(8) x 107 5.23(1) x 107 0.0254 0.026(2)
48 9.08(5) x 107 1.65(1)x 104  6.2x 10 8.48(5) x 107 53105 0.0255 0.0260(6)
58 1477(1) x 104 1.86(1)x 10* 8.3 x 107 9.67(5) x 107 5.5x 1075 0.0261 0.027(1)
80 1.913(3) x 104 2.36(1)x10*  1.40(1)x 105 1.224(6) x 10  5.97(1) x 10 0.0273 0.028(1)
112 | 2087(3)x 10 2.96(2)x 10*  2.29(1)x 10 1.53(1) x 107 6.37(3) x 10 0.0283 0.029(1)
131 | 3.7133)x 10  3.35@2)x 10  2.9x 107 1.73(1) x 107 6.63(3) x 107 0.0288 0.030(1)
149 | 4.75(1) x 10 396(3)x 10  3.86(2) x 105 2.04(1) x 10 7.22(2) x 107 0.0305 0.0323(2)
154 | 4.57(2)x 107 381(2)x 10*  372(2)x10°  1.962(7)x 10  6.98(2) x 105 0.0299 0.032(2)
212 | 74210 515(3)x 10* 63105 2631(8)x 10 7.8(1) x 10 0.0310 0.034(2)
295 | 1.03x 107 6.84(3) x 10  974(2)x 10°  3.406(9)x 10  8.89(2) x 10 0.0321 0.036(2)
345 | 1.19x 107 7.729(7)x 10 1.166(9) x 10  3.790(9) x 10*  9.37(2) x 10°° 0.0322 0.0363(5)
395 | 1.37x 107 878(2)x 10  1.390(6) x 107  4.24(1) x 104 9.97(2) x 107 0.0325 0.0371(7)

D Jexe = 969 nm; ® Aere = 980 nM; © Aexe = 976 nm; n.d.: not determined.

4.5.9 Excitation wavelength dependence of the upconversion emission intensity

(Karlsruhe)

The luminescence excitation spectra of the dispersed UCNPs were measured with a home-built
setup. Continuous-wave (CW) tunable Ti-Sapphire laser (Solstis, M squared) was used as an
excitation source. During a wavelength sweep the Pex. on the front surface of the sample was
measured (PM100D with S121C head, Thorlabs Inc.) and used afterwards for the correction of
the excitation spectrum. The luminescence was collected by an optical fiber and directed to a
calibrated CCD spectrometer (AvaSpec-ULS2048, Avantes). A dichroic filter (FES0750,
Thorlabs Inc.) was placed in front of the collecting edge of the optical fiber in order to block the
scattered excitation radiation. For each excitation wavelength the emission was integrated from
440 to 500 nm for the blue emission and from 750 to 850 nm for the NIR emission, respectively.

The spectra were normalized in such a way that similar Pe. (~5 W-cm™2) is used for each
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excitation wavelength. For simplicity, we assume that at the given range of the excitation power
density (1.0 — 10 W-cm2) the power coefficient # (in Juc ~ Pex.") is constant with n = 1.1 for 794
nm emission and » = 1.6 for 480 nm emission in agreement with Figure 4S.4. Since the optical
output power of our laser varies slightly (see Figure 4S.9) over this wavelength range, the raw
data were corrected according to Iuc(corrected) ~ IucC(measuredy/(Pexess)", followed by normalization of

the spectra.
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Figure 4S. 9 Optical output power density as a function of excitation wavelength for the laser

system used for excitation wavelength dependence measurements in Karlsruhe.
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Figure 4S. 10 NIR absorption spectrum of LiYF4:Tm?*,Yb** UCNPs in toluene (([UCNP] = 10

mg-ml™") measured in Leiden.
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4.5.10 Temperature dependence of the upconversion quantum yield (Leiden)

As integrating sphere setups do not feature temperature control, @yc at other temperatures than
293 K was estimated from measuring the upconverted emission in the temperature-controlled
cuvette holder setup (see Section 4.5.4) at a range of temperatures from 278 to 333 K and scaling
@yc at 293 K with the ratio of the upconversion emission at 293 K and the temperature of

interest (7)) by using Equation 4S.12:
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For these measurements, 1.8 mL of a 5 mg'mL™" of LiYF4:Tm?",Yb** UCNPs dispersion in
toluene were placed in a stirred 111-QS macro fluorescence cuvette (Hellma). The cuvette was
placed in the temperature-controlled cuvette holder, and cooled to 278 K. After equilibrating for

! while

10 minutes, the temperature was increased from 278 to 333 K with a rate of 1 K:min~
recording the upconverted emission spectra. During the experiment, the temperature of the
dispersion was monitored using a K-type probe submerged in the sample, and recorded on an
Omega RDXLA4SD thermometer. Integration of the emission bands was performed by fitting the
emission bands with one or more Gaussian profiles, and integrating the area under these peaks.
This treatment allowed deconvolution of the various emission bands, even though the emission

data could only be recorded with a spectral resolution of 9 nm (slit size = 200 um).
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Figure 4S. 11 Temperature dependence of the total upconversion quantum yield @uc o (solid
line, left axis) and of the upconversion quantum yield of the blue 480 nm band Puc 450 (dashed

line, right axis) of LiYF4:Tm** Yb*" UCNPs in toluene recorded in Leiden; Aexe = 969 nm, Peye =
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5.0 W-cm 2, [UCNP] = 5 mg:mL".

Table 4S. 2 Temperature dependence of the upconversion quantum yield of LiYF4:Tm** Yb**

Temperature (°C)

UCNPs in toluene recorded in Leiden; Aexc = 969 nm, [UCNP] = 5 mg-mL ..

T [°C]  Pucust Duc, 480 Duc 649 Duc 686 Duc0e Pucres  Pucotal
10 6.4x10°% 6.2x10° 3.0x10° 15x10° 21x10° 0.026 0.026
20 6.4x10% 6.5x10° 3.1x10° 15x10%5 21x10° 0.026 0.026
37 6.4x10% 6.6x10° 3.0x10° 1.6x10°5 22x10° 0.025 0.025
50 6.2x10% 65x10° 3.0x10% 1.7x105 23x10° 0.024 0.024
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4.5.11 Luminescence lifetime measurements (Karlsruhe)

For the photoluminescence lifetime measurements, time-correlated single photon counting
TCSPC and a multichannel scaling (MCS) card (Timeharp 260, PicoQuant) were used. The
modulation of the diode laser was performed via a built-in function generator in the laser
diode driver. In order to detect the rise and decay times of the emission, the TTL signal
from the laser diode controller was delayed by the use of a delay generator (DG645,
Stanford Research Systems). The spectral separation of the photoluminescence was
achieved via a double monochromator (DTMS300, Bentham) and the emission at 998 nm
was detected via a cooled InGaAs/InP avalanche photodiode ID220-FR (ID Quantique SA).
The sample was excited with a 940 nm laser diode using 15 ms long pulses followed by a
20 ms dark time. These pulses are of sufficient length to drive the population processes
into the steady state during the time in which the laser is on. After the laser is turned off

we monitor how the downconverted luminescence of Yb** decays with time.
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Figure 4S. 12 Luminescence decays of LiYF4Tm*,Yb** UCNPs excited at 940 nm for the
Yb**: 2Fs;—2F72 emission, detected at 998 nm; Per. = 220 W-cm ™2 (a) and 10 W-cm 2 (b).

Red lines are the single exponential fits. Data obtained in Karlsruhe.
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4.6 Author’s notes and significance of this paper

This publication is the first multicenter study on the absolute upconversion quantum yields, and
provides the first quantum yield values for LiYF4:Tm?"/Yb*" upconverting nanoparticles. This
study is of great contribution to the field as it shows that the measurements of quantum yields are
reproducible between different laboratories with different spectroscopy setups. Also, it shows
that the upconversion quantum yields of the individual emission bands are substantially different.
These results are important for the understanding of the energy transfer process reported in
Chapter 3 where it was proposed that the minor contribution of FRET on the energy transfer
process between LiYF4+:Tm**/Yb*>" and the azobenzene moiety was due to low quantum yields
and the distance between the donor (Tm>") and the acceptor (azobenzene moiety). Even though
the nanomaterial proposed in Chapter 3 produces the photoswitching of azobenzene mostly via
reabsorption of light, there is a need to increase the upconversion quantum yield of the emissions
in the visible and UV regions in Ln-UCNPs to produce more efficient energy transfer process via

FRET.

In Chapter 2 and Chapter 3 it was presented the development of a nanoparticle-based drug
delivery system using LiYF4#Tm?**/Yb®" upconverting nanoparticles with a supported lipid
bilayer that includes a photo-responsive property when the azobenzene-derivative lipid is
incorporated. The subsequent chapter discusses the cellular studies of this nanomaterial
developed using human alveolar lung cancer A549 cells. This study contributes for the
understanding of the nanoparticle-cell interactions, which is of great importance for the

development of nanoparticle-based nanomedicines.
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Chapter 5

Cellular Uptake, Cytotoxicity and Trafficking of Supported Lipid Bilayer Coated

Lanthanide Upconverting Nanoparticles in Alveolar Lung Cancer Cells

Published as:
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5.1 Abstract
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Scheme 5. 1 Graphical table of content of “Cellular Uptake, Cytotoxicity and Trafficking of
Supported Lipid Bilayer Coated Lanthanide Upconverting Nanoparticles in Alveolar Lung

Cancer Cells”

An understanding of the cellular uptake and trafficking of nanoparticles is important for the
design of efficient nanoparticle-based nanomedicines. Herein we compare the uptake and
cytotoxicity of diamond-shape, lanthanide upconverting nanoparticles (LiYF4:Tm*"/Yb**
UCNPs) with different surface properties. Coating the UCNP with a supported lipid bilayer
yielded negligible cytotoxicity on A549 human lung cancer cells, albeit with a lower, but still
significant, UCNP uptake compared to oleate-capped and oleate-free UCNPs. Using inhibition
studies and cellular imaging we demonstrate that the UCNPs are internalized by endocytosis and
energy independent pathways and trafficked to the endoplasmic reticulum, Golgi apparatus,
lamellar and lipid bodies. Upon incorporation of a photo-stimulus within the bilayer coating,

release of a Nile red as a hydrophobic drug model was demonstrated.
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5.2 Introduction

There is considerable interest in developing nanomaterials to improve diagnosis and treatment of
diseases. To achieve this goal, nanomedicine employs nanotechnology in order to enhance
bioavailability and increase efficacy of drugs while reducing their side effects.’ The cellular
uptake of nanoparticles is essential for their action and has been shown to be influenced by their
physical and chemical properties including size, shape, surface charge, hydrophobicity, chemical
composition, and even the hardness of the nanomaterial.!*>3?? These properties also govern the
trafficking and fate of the nanoparticles after internalization.!*>!37 Moreover, the mechanisms of
internalization and trafficking are cell-specific. For example, different cell species present
different uptake kinetics due differences in their plasma membrane composition and metabolic
activities.'® The understanding of these interactions will lead to more effective drug delivery
strategies, especially in the case of active (triggered) delivery rather than passive. The use of
remote triggers provides a mechanism to accelerate and control the drug release from the
nanoparticles and potentially increase the drug efficacy.

Employing light-triggered photoresponsive molecules provides a route to controlled drug
release. For biological applications, near-infrared (NIR) as the light source provides a number of
advantages including higher tissue penetration, lack of cytotoxicity, and improved detection
sensitivity due to the absence of autofluorescence.’>***323 Lanthanide upconverting nanoparticles
(Ln-UCNPs) are interesting materials that absorb low NIR energy excitation and emit high
energy light via a multiphoton process known as upconversion. Due to this property, Ln-UCNPs
have been proposed for a number of bioapplications such as imaging probes,’**** light-activated

delivery of therapeutics,” photodynamic therapy,’*3%

nanothermometry and thermal
treatments,” and biosensors for disease detection.*’ The human lung adenocarcinoma cell line
A549 used for this study are alveolar type I and II carcinoma epithelial cells of the distal lung 327.
The type I is responsible for the gas exchange in the alveoli and the type II controls the
homeostasis of the lung surfactant by the biosynthesis, recycle and storage of lipids.!'*® Type II
contains secretory vesicles known as lamellar bodies, which store and release lipids to prevent

the collapse of the lungs during the breathing cycle by regulating the surface tension.'®® Herein,
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we report in vitro cellular studies using the cell line A549 to assess the cellular uptake,
trafficking and cytotoxicity of the faceted, diamond morphology LiYF4:Tm*/Yb** UCNPs
coated with a supported lipid bilayer (SLB-UCNPs). We demonstrate that the SLB-UCNPs are
non-cytotoxic and can be used to deliver and release Nile red, representing a hydrophobic drug,

upon NIR excitation.

5.3 Experimental

5.3.1 Synthesis of Nanoparticles

Oleate-capped LiYF4Tm*"/Yb** (0.2% Tm?", 25% Yb*") upconverting nanoparticles were
synthesized via the thermal decomposition method.®” The oleate-capped UCNPs were coated
with a supported lipid bilayer composed of 1,2-di(9Z-octadecenoyl)-sn-glycero-3-phosphate
(DOPA), 1,2-di(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (DOPC), and cholesterol lipids
(64:7:29 mole ratio) (termed SLB-UCNPs).2® The oleate-free LiYF4Tm>"/Yb** (oleate-free
UCNPs) were obtained after treating oleate-capped UCNPs with hydrochloride acid (pH 2) to
protonate the oleate.’® Details of synthetic procedures and physical characterization of all
nanoparticles is provided in the Supporting Information section 5.6.1.

The dye, Nile red, was encapsulated into the SLB of the SLB-UCNPs as a representative
of a hydrophobiuc drug (S1.4).3?® For phototriggered release of the dye, a nanocarrier containing
azobenzene lipid analogue di(6-{[4-(4-butylphenyl)azo]-phenoxy}-hexyl)phosphate (AZO-lipid)
incorporated in the SLB was employed (5.6.1.5-5.6.1.6).3%® The concentration of the nanoparticle
dispersions was calculated using ICP-MS (Supporting Information Section 5.6.1.7).

5.3.2 Cellular Studies

Human alveolar carcinoma epithelial A549 cells were donated by Professor Norma Ybarra from
the Medical Physics Unit at the Cancer Research Institute, McGill University. Cells were

incubated at 37 °C with 5% CO> in cell culture media (Dulbecco’s modified Eagle medium,
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DMEM/F-12, Gibco®) supplemented with 10% fetal bovine serum (FBS) and 1% of antibiotic-
antimycotic solution from Gibco®. Cells were passaged at 70-90% confluent using trypsin

(0.25% trypsin-EDTA with phenol red, Gibco®).

5.3.3 Cellular Uptake, Uptake Mechanism and Trafficking of Nanoparticles

A dispersion of nanoparticles, 100 ug/mL, in cell culture media were prepared fresh from a
dispersion of SLB-UCNPs (1 mg/mL in HEPES buffer), oleate-free UCNPs (1 mg/mL in HEPES
buffer), oleate-capped UCNPs (10 mg/mL in DMSO), nanocarrier (1 mg/mL in HEPES buffer),
or nanocarrier with AZO-lipid (1 mg/mL in HEPES buffer). To investigate the uptake, the
endocytosis mechanism and the trafficking of the nanoparticles the following protocol was used:
A549 lung cancer cells were seeded at 170000 cell density, after 24 hours of incubation they
were co-cultured with the specified UCNPs at a concentration of 50 pg/mL (225 uM of Y) for
the specified time. After the incubation of the cells with the nanoparticles, the cell culture media
was removed and cells were washed twice with PBS to remove the excess of nanoparticles that
were not taken up by the cells. 6-well plates or 35 mm glass bottom dishes (for imaging) were
used to investigate the cellular uptake and trafficking of the nanoparticles. 24-well plates were
used to investigate the endocytosis mechanism. Samples containing AZO-lipid were handled in
minimal light conditions to prevent the photoisomerization and keep the AZO-lipid in the stable

trans-isomer.

5.3.4 Endocytosis Mechanisms

For the study of the endocytosis mechanisms the previous protocol was followed, however after
seeding the A549 lung cancer cells and incubating for 24 hours, the cells were washed twice with
PBS and pre-incubated for half an hour with the inhibitors at 37 °C or at 4 °C. The cellular
pathways inhibitors were prepared in cell culture media at the reported concentrations: sucrose
450 mM (Sigma-Aldrich),*?° amiloride hydrochloride 1 mM (Millipore Sigma),'®> ammonium
chloride 18.7 mM (Sigma-Aldrich),’* and methyl-beta-cyclodextrin 10 mM (Sigma-Aldrich).'®
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The nanoparticles were then added as described above and co-cultured with the A549 cells for 3

hours at 37 °C or 4 °C.

5.3.5 Cellular Uptake Quantification

For the quantification of the cellular uptake (in the absence and presence of endocytosis
inhibitors) the described protocol above was followed. However, immediately after the wash
with PBS of the excess of the nanoparticles that were not uptaken, in order to remove the cells
from the plates, the cells were trypsinized (250 or 100 puL) and the reaction was stopped with (1
mL or 0.5 mL) of cell culture media depending if the cells were seeded in a 6- or 24-well plate
respectively. Next, the cells were counted and the dispersions containing the cell with the

internalized nanoparticles were collected and stored for ICP-MS analysis (Section 5.6.1.7).

5.3.6 Cellular Studies with Laser Scanning Confocal Microscope (LSCM)

The cellular uptake, trafficking and the controlled released from the nanocarriers in A549 lung
cancer cells was studied using a Zeiss LSM780-NLO laser scanning confocal microscope. From
the described protocol above, immediately after of the removal of the excess of the nanoparticles
that were not internalized, cell culture media was added to keep the cells alive and they were
imaged on the same day at 37 °C. The nanoparticles and the dye were observed under a 980 nm
excitation source and an additional channel with an excitation source at 553 nm was used to
directly excite only the dye. Images using the single scan mode of the LSCM were obtained
using two different excitation sources (Aex 980 nm, Aem 450 nm) and (Aex 553 nm, Aem 620 nm).
For the lambda mode the images were obtained using one excitation source (Aex 980 nm, Aem 400-
700 nm). For the controlled dye released Z-stacks images were acquired during 15 minutes with
each laser. First the 980 nm laser was used and then the 553 nm laser, to image the nanoparticles

and the dye, respectively.
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5.3.7 Cellular Cytotoxicity

The cytotoxicity of the three surface-modified UCNPs nanoparticles on the A549 lung cancer
cells was determined using the XTT viability assay. The A549 lung cancer cells were seeded at
50000 cell density and pre-incubated for 24 hours in 96-well plates. The nanoparticles (oleate-
capped UCNPs, SLB-UCNPs and oleate-free UCNPs) were added at different concentrations
(from 12.5 pg/mL up to 100 pg/mL) and co-cultured from 24 hours up to 120 hours. The cell
media with the excess of nanoparticles was removed and the cells were washed with 250 pL of
PBS before their evaluation with the XTT viability assay. Each well was treated with a mixture
of 100 pL of cell culture media and 25 pL of activated XTT (2,3-Bis-(2-Methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide, disodium salt) solution (Biotium, Hayward, CA).
The activated XTT solution with PMS (phenazine methosulfate) was prepared following the
Biotium protocol.*** Afterwards the plates were incubated and the absorbance of the orange
product was measured at 475 nm and corrected with the absorbance of the background at 660 nm
using a microplate reader (TECAN infinite® 200 pro). Experiments under 120 hours of
incubation time were also seeded at 10000 cell density. A control experiment with the carrying

media (HEPES buffer) was performed to assess any cytotoxicity from it.

5.4 Results and Discussion

5.4.1 Cellular Uptake of the Nanoparticles

Figure 5.1 shows the uptake of the SLB-UCNPs by the A549 cells where Figure 5.1a is the
confocal, bright field image and Figure 5.1b shows the blue upconversion emission produced by
the SLB-UNCPs upon 980 nm excitation. Overlapping the bright field image and the image of
the blue emission of the SLB-UNCPs clearly demonstrates that the SLB-UCNPs are in the
cytoplasm rather than inside the nucleus (Figure 5.1c). Upon 980 nm excitation the Tm>" ions
emit at 450 nm (‘D2 — 3F4), 480 nm ('Gs — >Hg), and 650 nm ('Gs — 3F4) (Figure 5.1d). It

should be noted that at this excitation wavelength, autofluorescence from the cells is avoided.
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The lambda scan (Aex 980 nm, Aem 400-700 nm, Figure 5.1d, inset) confirms that the SLB-UCNPs
are co-localized with the cells. The 3D image obtained from the Z-stacks scans of the 450 nm
emission demonstrates that the nanoparticles are not only on the cell surface but are also

distributed within the cell, indicating that they have crossed the cell membrane (Figure 5.1¢).
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Figure S. 1 Confocal images of fixed A549 alveolar lung cancer cells after 4 hours of incubation
with SLB-UCNPs. a) A549 cells (bright field), b) SLB-UCNPs emission (Aex 980 nm, Aem 450
nm), c) merge of channels a and b. d) Emission spectra obtained with the lambda scan (Aex 980
nm, Aem 400-700 nm). e) Z-stacks of SLB-UCNP emission (Aex 980 nm, Aem 450 nm). ) Number
of SLB-UCNPs per cell as a function of the incubation time with A549 cells. Scale bar 20 um.

The number of nanoparticles per cell and the total mass of nanoparticles per cell is important to
understand the cell-nanoparticle interactions in order to more effectively develop nanoparticles
for biological applications. The uptake can also be followed by confocal microscopy where the
blue emission from the nanoparticles was detected within the first hour of incubation and
increases with incubation time (Figure 5S.3). However, while laser scanning confocal
microscopy provides a qualitative measure of the uptake of nanoparticles by cells, this can be
determined quantitatively using ICP-MS and a cell counter whereby the concentration of

lanthanide ions was determined and used to calculate the number of SLB-UCNPs inside the
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cells. The impact of incubation time (from 0.5 up to 24 hours) on the uptake of the SLB-UCNPs
by the A549 lung cancer cells is shown in Figure 5.1f. The uptake of the SLB-UCNPs follows an
exponential relationship with time reaching approximately 84000 nanoparticles per cell (~12.7
pmol(Y)/cell, ~14.4 pg UCNPs/cell) after 24 hours of incubation. This corresponds to a 20%

uptake of the total amount of nanoparticles incubated with the cells.

Jin et al 3! studied the uptake of three polymer coated a-NaYF4:Er**/Yb** UCNPs of 50
nm size in HeLa cells obtaining an uptake of 0.6 pmol/cell, under similar conditions, a 20-fold
lower uptake than the SLB-UCNPs studies herein. The major difference between the two
systems is the shape of the nanoparticles. LiYFs UCNPs has a faceted diamond-shape
morphology that may facilitate the uptake. The energy required to envelop or wrap the
nanoparticle by the cell membrane depends on the adhesion strength between the nanoparticle
and the cell membrane, and the bending energy (rigidity) of the cell membrane.'®? The optimal
size to minimize the wrapping energy was shown to be 50 nm,'®? which is corroborated by
uptake studies employing different compositions of spherical nanoparticles (gold, silica, calcium
oxalate).'®* 197 Additionally, with non-spherical particles, variables such the aspect ratio and
angular edges on the nanoparticle, which lead to different apex angles, have been shown to
influence the uptake. For example, silica nanorods showed a greater uptake with increasing
aspect ratio, with an optimal aspect ratio range of 2.1 to 2.5.!”! Tree-Udom et al., observed a
correlation between membrane association and cellular uptake as a function of UCNP shape.
They found that the elongated spheres adsorb to membranes more favourably than spherical due
to the differences in membrane curvature required for the particles to bind to and indent the
membrane. In contrast, nanoparticles with morphologies containing angles of 90°, as is the case
of hexagonal or cubic shape particles, the adsorption and uptake were reduced, attributed to the
curvature that the membrane must undergo in order to wrap the nanoparticle.’*> The SLB-
UCNPs used herein have a short axis of 53 nm, which lies close to the optimal size of 50 nm, and
an aspect ratio of 1.74 both of which may contribute to facilitating the uptake, assuming the

nanoparticle enters with its long axis perpendicular to the cell surface.
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The physicochemical surface properties such as surface charge, hydrophobicity, chemical
functionality, of nanoparticles has shown to have significant impact on the cellular uptake. Thus,
to understand the role of the SLB on uptake, the oleic acid free LiYF4:Tm*"/Yb** (oleate-free
UCNPs) and oleate-capped UCNPs were also studied. The SLB-UCNPs present a negative
surface charge with a (-potential of -50 = 3.0 mV due to the negative charged lipid, DOPA, that
is the main component of the SLB. The oleate-free UCNPs present a positive surface charge with
C-potential of +12 + 0.3 mV whereas the oleate-capped UCNPs present a (-potential of -24 + 1.5
mV. Each of these nanoparticle types (oleate-capped UCNPs, SLB-UCNPs and oleate-free
UCNPs) were incubated for 4 hours with A549 lung cancer cells to investigate the impact of the
surface coatings on the cellular uptake of UCNPs. It was found that the oleate-free UCNPs have
the largest uptake by the cells with 35% (~2.9 x 10° UCNPs/cell), followed by the oleate-capped
UCNPs with 14% (~1.6 x 10° UCNPs/cell), and then the SLB-UCNPs with 5% (~4.1 x 10*
UCNPs/cell), percentages given relative to the total amount of UCNPs added (Figure 5.2a).

This clear difference in the uptake of the UCNPs by A549 lung cancer cells may be due
to their different surface charge properties. The increased uptake of positively charged
nanoparticles compared to negatively charged nanoparticles has been reported for gold and
silicon dioxide and attributed to the net negative charge of cell membranes.'8318433% Zhang et al.

showed that this was independent of particle morphology.***

The A549 cell viability in the presence of the different UCNPs was evaluated using a XTT
viability assay.**® Figure 5.2b shows that after 24 hours, no statistically significant effect on the
cell viability was observed for any of the UCNPs with respect to the control. However, there was
a small but statistically significant reduced viability of the cells with the oleate-free UCNPs and
oleate-capped UCNPs after 72 hours. On the other hand, the SLB-UCNPs did not show any
change in cell viability. It is well known that the lanthanides themselves are non-toxic.”® In such
cases where the material is non-toxic, cytotoxicity may derive from the intrinsic physical
properties shape and size or the surface coating.’?***>> Herein, we show that the diamond-shaped

UCNPs, all produce a low cytotoxicity effect on A549 lung cancer cells. The small differences in
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the viability of the A549 cells over time could be due to the faster uptake of oleate-free UCNPs
leading to a higher concentration inside the cell for the same incubation time.**® Alternatively, it
has also been reported that positive charged nanoparticles are more toxic than neutral and

negative charged ones.!”
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Figure 5. 2 a) Total cellular uptake of UCNPs (with respect to the amount of UCNP added) with
different surface modifications after 4 hours of incubation at 37 °C with A549 cells. Values
represent the mean standard deviation (n = 3); b) XTT assay for the cytotoxicity of UCNPs with
different surface modifications after 24 hours of incubation at 37 °C with A549 cells, after which
excess UCNPs were removed. Cells viability was followed after removal and times indicate total
time from initial incubation. Pink shows the control cells (no UCNPs) and the other colours are
as per 2a; c) XTT assay for the cytotoxicity of SLB-UCNPs nanoparticles as a function of
concentration after 72, 96, and 120 hours of incubation at 37 °C with the A549 cells, (* denotes a
different cell density). Cytotoxicity values were normalized with respect to the cells incubated
without nanoparticles and represent the mean standard deviation (n = 5). Pink: control cells
(without nanoparticles); grey: control with 100 unL HEPES buffer (without nanoparticles); white:
12.5 pg/mL SLB-UCNPs; light blue to dark blue 25, 50 and 100 pg/mL SLB-UCNPs,

respectively. For all data (e) denotes a statistically significant difference (P < 0.05).
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Having established the SLB-UCNPs showed negligible cytotoxicity at 50 pg/mL,
incubation of the A549 cells with the SLB-UCNPs was evaluated over a larger concentration
range (from 12.5 pg/mL up to 100 pg/mL) and longer timeframe (72, 96 and 120 hours of
incubation). During the first 72 hours of incubation of the SLB-UCNPs with the A549 lung
cancer cells did not produce a statistically significant cytotoxicity effect over the concentration
range studied (Figure 5.2¢). Only after 96 hours of incubation at concentrations of 50 pg/mL and
100 pg/mL was a statistically significant reduction in cell viability observed. Notably, even after
120 hours of incubation, the SLB-UCNPs exhibit a higher cell viability than either of the oleate-
free UCNPs and oleate-capped UCNPs at shorter times.

There is conflicting evidence in the literature with respect to the toxicity of oleate-capped
nanoparticles. Our previous work and herein, demonstrates a minimal toxicity for oleate-capped
UCNPs.*7 However, in an earlier work by Das et al., it was proposed that the intercalation of
PEG-oleate with the surface oleate generates a weakly bound outer layer that can dissociate from
NPs, resulting in significant toxicity by exposing the hydrophobic oleate-capped NPs to the
cell.**® In the SLB-UCNPs, the bilayer is sufficiently stable due to the increased hydrophobic
interactions that exist both within the plane of each bilayer leaflet as well as between the leaflets.
Moreover, the bilayer presents a the greater coverage of the surface compared to the oleate-
capped UCNPs, where the bilayer inner leaflet adheres to the UCNP surface via strong,
electrostatic interactions.?*® The latter arises due to that all the eight crystal faces of LiYF4 have

the same energy favoring a homogeneous surface coverage.

In order to employ the SLB-UCNPs as a nanocarrier for hydrophobic or lipophilic drug delivery,
their cellular uptake mechanism(s) and the fate of the nanoparticles inside the cell must first be
understood. Inhibitory studies of the uptake of the SLB-UCNPs by A549 lung cancer cells was
performed using different inhibitors of cellular uptake mechanisms. Figure 5.3, shows the
uptake of SLB-UCNPs when A549 cells were pre-incubated with an inhibitor for 30 minutes
prior to incubation with 50 pg/mL of SLB-UCNPs for 3 hours.
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Figure 5. 3 Effect of different inhibitors on A549 cell internalization pathways of SLB-UCNPs

after 3.5 hours of incubation at 37 °C. Values represent the mean standard deviation (n = 3).

Different inhibitors of the endocytosis pathways were employed, a hypertonic sucrose solution
which inhibits the clathrin-mediated endocytosis pathway,'*! methyl-B-cyclodextrin (Mp -CD)

142,156,157

which inhibits the caveolae-dependent endocytosis pathway, ammonium chloride which

inhibits pathways that involves the formation of lysosomes,>3%34°

and amiloride hydrochloride,
which inhibits the macropinocytosis endocytosis.'®

Clathrin-mediated pathways are known to occur for nanoparticles up to 200 nm in size,
while caveolae-dependent mechanisms are viable for nanoparticles up to 120 nm."¥”-!®” Figure
5.3 clearly shows the relative importance of these two pathways for SLB-UCNPs uptake.
Inhibiting either pathway reduces SLB-UCNP uptake, whereby inhibition of the clathrin-
mediated endocytosis has a greater impact. This is not unexpected as clathrin-mediated
endocytosis is known to be the major pathway to internalize cargoes inside the cells.!*
Moreover, this pathway has been reported for various nanoparticle types independent of their
surface charge,'*® and it has been demonstrated that positively charged lipoplexes internalize
only via the clathrin mediated endocytosis in A549 cells.**! For the caveolae-dependent

endocytosis, both cholesterol and negatively charged lipids such as DOPA, which are
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components of the SLB, have been demonstrated to play a role in the assembly of the caveolin
proteins required for the pathway.!4>34>343 There is evidence that negatively charged lipid-based
nanoparticles are internalized via both the caveolae-dependent and clathrin-mediated
mechanisms.??’

Ammonium chloride, is a lysosomotropic agent known to destabilize the formation of
lysosomes by increasing the intracellular pH.?***4" Inhibition of this pathway did reduce the
SLB-UCNP uptake by 50%, demonstrating the relevance of lysosome formation for the
internalization of nanoparticles. Trafficking to the lysosomes is a chlathrin-mediated, and not a
caveolae-dependent pathway.!*” On the other hand, inhibition of the macropinocytosis pathway
using amiloride hydrochloride did not yield a large reduction in SLB-UCNP uptake, which is
likely due to the small nanoparticle size.'®’

Additionally, low temperature (4 °C) experiments report on the energy dependence of the
cellular uptake of nanoparticles. This temperature effectively eliminates the endocytosis pathway
for uptake. Figure 5.3 clearly shows a significant reduction but not complete elimination of SLB-
UCNP uptake (reduced to 36% compared to no inhibition). Thus, the SLB-UCNPs enter the
A549 cells via energy-dependent pathways, which includes both the clathrin-mediated and the
caveolae-dependent endocytosis mechanisms but also to some extent, by an energy-independent
mechanism.'%” It was previously reported that A549 cells show a significant uptake of silica rods
via an energy independent, non-specific membrane association mechanism.!®’ This energy-
independent mechanism is highly dependent on shape and orientation.!”® For nanoparticles with
a similar aspect ratio to those used here (1.74), computational studies have shown that a
perpendicular orientation (apex first) facilitates uptake, termed a “rocket” model.'®” !> The SLB-
UCNPs studied present a unique diamond shape which appears to play an important role in the

internalization by this mechanism.

202



5.4.2 Trafficking of the Nanoparticles and Delivery of Nile Red

Figure 5. 4 Confocal images of live A549 lung cancer cells incubated with the nanocarrier
(SLB-UCNPs loaded with Nile red). The cells were seeded at 85000 cell density with a
nanocarrier concentration of 50 pg/mL in 35 mm plates. a,e) merged channels, b,f) SLB-UCNPs
(Aex 980 nm, Aem 450 nm), c,d) Nile red (Aex 553 nm, Aem 620 nm), d,h) A549 cells (bright field).
e-h) magnified view of the cell highlighted in a) for each channel. (n) nucleus, (mb) plasma

membrane. Scale bar: 10 pm.

In order to probe the capacity of the SLB-UCNPs as potential drug delivery vehicles
(nanocarrier), Nile red, used here as a hydrophobic drug model, was encapsulated into the SLB
via hydrophobic interactions.*?® This nanocarrier, was co-cultured with A549 lung cancer cells
for 4 hours. Figures 5.4a-d demonstrates that the nanocarrier is capable of transporting the dye
inside the cell as the emissions of both the SLB-UCNP and the Nile red co-localize in the same

regions. Figures 5.4e-h present a magnified view of the cell highlighted in Figure 5.4a. From the
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magnified view, it is clear that the nanocarrier is in the perinuclear region rather than localized in
the cytosol or the nucleus. The caveolae-dependent endocytosis traffics to the endoplasmic
reticulum (ER) and Golgi apparatus through the formation of caveosomes avoiding the traffic
into lysosomes.'* This may explain the accumulation of the nanocarrier in the perinuclear
region, where the ER and Golgi apparatus are found.>** Additionally, cells commonly use the
caveolae-dependent endocytosis for the regulation of lipids,'*' therefore the presence of the SLB

at the surface of the UCNPs may influence the trafficking to this region of the cell.

The Stokes shift of the Nile red emission, which varies from blue (Aem 484 nm, in n-hexane) to
red (Aem 638 nm, in pentafluorophenol) depending on the polarity of the environment,'® can be
used to localize the Nile red in different environments inside the cell. Nile red produces a yellow
emission in low density lipoproteins and neutral lipids such as triacylglycerol and cholesterol,
114345 while, in microsomal membranes (phospholipid-rich), high density lipoproteins and oleic
acid, Nile red exhibits a red emission.!!**% Nile red has been shown to have a yellow emission

7 and a red emission in lamellar bodies,**”**® which are produced by the A549

in lipid droplets,
cells. Both the SLB-UCNPs and Nile red can be excited using 980 nm excitation. The dye, Nile
red is excited by a 2-photon absorption process via a virtual state and the SLB-UCNPs via
upconversion. Incubation of the cells with Nile red (in the absence of the nanocarrier) served as a
control (Figure 5S.5a). The resulting emission bands at 620 nm (red emission) and 584 nm
(yellow emission) demonstrate two distinct environments with different polarities (Figure 5S.5b).

A representative confocal image taken using a lambda-scan configuration for the A549
lung cancer cells incubated with the nanocarrier (SLB-UCNPs loaded with Nile red) is shown in
Figure 5.5. Different regions of the cells are highlighted (arrows in Figure 5.5a) and the
corresponding spectra of each region show the characteristic emission of the Tm>" ions and the
Nile red (Figure 5.5b). The peak positions for the Nile red indicate different polarity

environments, while the intensity of the upconverting emission peaks of Tm>" ions reflects

qualitatively different amounts of UCNPs in each region (grey > pink > yellow). The Nile red
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quantum yield varies as a function of the polar environment thereby limiting any conclusion on

the relative concentration of dye at the different regions.'!!

T I 1 1
450 500 550 600 650
Wavelength (nm)

Figure 5. 5 a) Confocal image of live A549 lung cancer cells incubated with the SLB-UCNPs
loaded with Nile red for 4 hours (Aex 980 nm, Aem 400-700 nm). The cells were seeded at 85000
cell density with a nanocarrier concentration of 50 pg/mL in 35 mm plates. b) Emission spectra

from the corresponding highlighted regions (arrows on the confocal image). Scale bar: 10 um.

The spectra for the regions marked by the pink and grey arrows both exhibit a red emission from
the Nile red indicating that the dye is in a polar phospholipid-rich environment.!'* As previously
discussed, this reflects the accumulation of the SLB-UCNP in the ER and Golgi apparatus via the
caveolae-dependent endocytosis. In addition, internalization by either the clathrin-mediated
endocytosis or caveolae-dependent endocytosis mechanisms provide pathways for the SLB-
UCNPs to be trafficked to different organelles including the lamellar bodies.'®® '°! It may be that
the nanocarriers escape the trafficking into the lysosomes through the surfactant-recycling
pathway due to the presence of the SLB comprising negatively charged phospholipids and

cholesterol. There are regions with high accumulation of SLB-UCNPs (grey arrow) and those
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with lower accumulation of SLB-UCNPs (pink arrow). In each region, the spectra confirm that
the dye is co-localized with the SLB-UCNPs, however, it cannot be unequivocally determined
whether the dye remains associated with the SLB as the Golgi, ER and lamellar bodies also

present a polar phospholipid environment.!”® This will be discussed further in the next section.

The spectrum taken from the region indicated by the yellow arrow, exhibits a blue shift in the
Nile red emission indicating that the Nile red is now in a neutral lipid environment such as that
found in the lipid bodies. The ER is known to be in contact with the lipid bodies, which would
serve as a route for the SLB-UCNPs be trafficked to this organelle, whose role is to store
lipids.** Figure 5.6 summarizes the possible SLB-UCNPs internalization and trafficking
pathways within the cell. Notably, although the Nile red clearly partitions from the SLB into the
neutral lipid environment it is still co-localized with the SLB-UCNPs, albeit with low emission
intensity from the Tm?®" of the SLB-UCNP, suggesting that only a small proportion of the

nanocarriers are transported to these lipid bodies.
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Figure 5. 6 Illustration of the internalization pathways and possible trafficking of the SLB-
UCNPs in A549 lung cancer cells. The SLB-UCNPs may use clathrin-mediated and caveolae
dependent endocytosis and an energy independent uptake mechanism. After clathrin-mediated
endocytosis, the nanocarriers could be targeted to lysosomes for degradation or trafficked via the
MVB/PLB network to LBs. From the caveolae-dependent endocytosis the nanocarrier could be
trafficked to the Golgi apparatus and RE via caveosomes. Then, from the Golgi apparatus and
ER some nanocarriers, after a post-Golgi sorting vesicle, could use the surfactant-biosynthesis
pathway to be trafficked via the MVB/PLB network to LBs. At the same time, some of the SLB-
UCNPs are trafficked from the ER to lipid bodies. Green: (light and dark) surfactant lifecycle in
alveolar type II cells; blue: chlatrin-mediated endocytosis; red: energy independent uptake;
purple: caveolae-dependent endocytosis. LB: lamellar body, PLB: prelamellar (composite) body,
MVB: multivesicular body, ER: endoplasmic reticulum (figure generated using ©BioRender -

biorender.com).
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5.4.3 Near infrared controlled release Nile Red

An azobenzene lipid analogue di(6-{[4-(4-butylphenyl)azo]-phenoxy}-hexyl)phosphate (AZO-
lipid) was incorporated inside the SLB for near infrared triggered release of the dye from the
nanocarrier.>?® The radiative energy transfer from the Tm** of the SLB-UCNP to the AZO-lipid
induces trans — cis photoswitching of the azobenzene, which disrupts the lipid bilayer and thus
releasing the Nile red.

Dye release from the nanocarriers both with and without the AZO-lipid was evaluated via
irradiation using 980 nm light. Figure 5.7 shows confocal images of live cells incubated with the
nanocarriers in the x,y-plane as well as the z-axis profile obtained from the Z-stacks mode. In the
absence of AZO-lipid (Figure 5.7a-c) the blue emission of the SLB-UCNPs and the red emission
of the Nile red are both distributed throughout the z-direction and are highly co-localized as
indicated by the large proportion of white regions in the merged images. On the other hand,
when the AZO-lipid is present (Figure 5.7d-f) after 15 minutes of irradiation at 980 nm, the blue
emission of the nanoparticles and the red emission of the dye present different distribution
profiles. Importantly, the low proportion of white regions in the merged image indicates the
significantly reduced co-localization of the SLB-UCNPs and the Nile red, which appears to
diffuse away from the nanoparticles. Enzymatic degradation of the lipid bilayer could potentially
release the dye form the SLB-UCNP, however this process appears to be slow whereas a fast
release is triggered using 980 nm excitation for 15 minutes and this process requires the presence

of the photoswitchable molecule (AZO-lipid) embedded in the SLB.
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Figure 5. 7 Confocal images using the z-stacks mode on live A549 lung cancer cells incubated
with the nanocarrier with and without the AZO-lipid after 4 hour of incubation. a-c) Nanocarrier
without AZO-lipid in the SLB; d-f) Nanocarrier with AZO-lipid in the SLB. Black-background
images are from the x,y-plane of the cells; white-background images are their corresponding
images of the Z-stacks showing the z-axis profile. Blue represents the emission from the Tm**
ions (Aex 980 nm, Aem 450 nm), red represents the emission from the Nile red (Aex 553 nm, Aem 620
nm) and white represents regions for which the Tm** ions and Nile red exhibit significant co-

localization (merged images only).

5.5 Conclusions

Herein, we showed that UCNPs with a supported lipid bilayer coating are internalized to a lesser
extent than the oleate-capped and oleate-free UCNPs. Consequently, they exhibit negligible
cytotoxicity on A549 lung cancer cells while both oleate-free and oleate-capped UCNPs exhibit
a small but statistically significant cytotoxicity after 72 hours. This lack of cytotoxicity may be a
function of the lower uptake or the change in surface properties (charge and lipid composition)
upon coating with the lipid bilayer. In particular the use of a lipid coating may play a role in the
trafficking of the SLB-UCNP after internalization, while the size and shape appear to be
important in the internalization process. It is proposed that the diamond-shape morphology

facilitates uptake when the SLB-UCNP is oriented with the apex towards the cell i.e. with the
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long axis perpendicular to the plane of the membrane. This orientation favours membrane
association and subsequent wrapping of the SLB-UCNP for internalization via an energy
independent uptake mechanism. The dominant uptake mechanisms for SLB-UCNPS into A549
cells were found to be the aforementioned energy independent pathway as well as clathrin-
mediated and caveolae-dependent endocytosis.

To study the use of these SLB-UCNPs as potential photostimulated drug nanocarriers, we
encapsulated the dye Nile red as a hydrophobic drug model in the SLB at the surface of the
nanoparticles. Localization of the dye and the UCNP can be independently monitored using their
respective emissions which showed that, after internalization, the nanoparticles traffic to the
endoplasmic reticulum, Golgi apparatus, lysosomes, lipid and lamellar bodies. The Nile red was
found to co-localize with the UCNPs, suggesting minimal release in the absence of an active
release stimulus (i.e. with only through local biological triggers such as enzymatic degradation).
Capitalizing on the optical properties of the UCNPs, we incorporated a photoswitchable
molecule within the supported lipid bilayer to serve as a phototrigger upon NIR excitation of the
UCNPs. In this case, a fast release of the Nile red was observed. Moreover, the Nile red appears
to diffuse away from the UCNPs upon its photostimulated release. An understanding of the
uptake and trafficking of lipid bilayer coated UCNPs and cancer cells may lead to more efficient
nanoparticle-based nanomedicines specifically for pulmonary diseases on the distal lung. Drugs
delivery that targets the ER, Golgi apparatus and lamellar bodies could be encapsulated in the
SLB-UCNPs for chemotherapeutic treatment.

210



5.6 Supporting Information

5.6.1 Synthesis and characterization of the nanoparticles

5.6.1.1 Synthesis of oleate-LiYF4:Tm3*/Yb3* upconverting nanoparticles (oleate-

UCNPs)

Oleate-LiYF4:Tm?", Yb*" (0.2% Tm>*", 25% Yb*") UCNPs were synthesized via one-pot thermal
decomposition, as described in detail previously.®”?*¢ All reagents were purchased from Sigma-
Aldrich and were used without further purification: thulium oxide (99.99+ %), ytterbium oxide
(99.99%), yttrium oxide (99.99+ %), triflouroacetic acid (99%), lithium trifluoroacetate (98%),
oleic acid (technical grade, 90%), and 1-octadecene (technical grade, 90%). By ICP-MS it was
found that the dopant ion concentration of the nanoparticles was 0.2% Tm** and 29% Yb*".

The oleate-LiYF4:Tm**/Yb*" UCNPs have a faceted diamond-shape morphology with an
average size of 92 nm (£ 11 nm) with respect the long diagonal and 53 nm (£ 4 nm) with respect
the small diagonal and an aspect ratio of 1.74. The particle size distribution was obtained by
measuring 300 nanoparticles using Imagel. As previously shown,?*® the nanoparticles show a
square base bipyramidal shape, for which we can calculate the surface area and volume of the
average nanoparticle to be 7461 nm? and 43051 nm® respectively. From the reported density for
LiYF4 bulk material (3.995 g/cm?) it was possible to calculate the mass of the nanoparticle to be
1.72 x 10" mg.®> Additionally, the oleate UCNPs, have been shown to have a 40% of surface
coverage with oleate.?>® The oleate at the surface renders the nanoparticle hydrophobic with a {-

potential of -24 + 1.5 mV.
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Figure 5S. 1 a) Transmission electron microscopy image of oleate-LiYF4:Tm**/Yb*>" UCNPs (1
mg/mL in toluene). b) Particle size distribution of oleate-LiYF4:Tm**/Yb*" UCNPs with respect

the long diagonal.

5.6.1.2 Supported lipid bilayer LiYF4:Tm3*/Yb3* upconverting nanoparticles (SLB-

UCNPs)

Oleate-LiYF4:Tm?*"/Yb*" with a supported lipid bilayer (SLB-UCNPs) were synthesized as
described in detail previously.?*¢ 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphate (DOPA) and
1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (DOPC) were purchased from Avanti
Polar Lipids Inc., cholesterol (99+ %), and sodium acetate (99+%) was purchased from Sigma-
Aldrich, chloroform (ACS grade) was purchased from Fisher Scientific, and HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) was purchased from Bioshop®. All water used
for the experiments was ultrapure (18.2 MQ-cm) obtained from a Barnstead system.

These nanoparticles, referred to as SLB-UCNPs, present a soft matter shell that mimics the cell
membrane with a thickness of 4.7 nm.?® Negative stain TEM was used to characterized the

SLB-UCNPs as shown previously (Figure 5.52).23¢ The SLB-UCNPs present a negative surface
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charge with a C-potential of -50 £+ 3.0 mV due to the negatively charged lipid, DOPA, that is the

main component of the SLB.

Figure 5S. 2 Negative stain-TEM image of the SLB-UCNPs (1 mg/mL) stain with 1.5% uranyl

acetate. Withe layer around the nanoparticles represent the supported lipid bilayer.

5.6.1.3 Oleate-free LiYF4:Tm3*/Yb3* upconverting nanoparticles

The oleate at the surface of the nanoparticles was removed through an acid treatment.5¢
Typically, 100 mg of nanoparticles were dispersed in 5 mL of hexanes and stirred with 5 mL of
HCI at pH 2 solution. After 2 h of stirring, nanoparticles transfer from the organic layer to the
aqueous layer removing the oleate at the surface of the nanoparticles. Oleic acid free
nanoparticles were recovered from the aqueous layer through microcentrifugation. The oleate-

free UCNPs present a positive surface charge with (-potential of (+12 £ 0.3 mV).
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5.6.1.4 Nile red encapsulated in SLB-UCNPs (nanocarrier)

Nile red (9-Diethylamino-5Hbenzo[a]|phenoxazin-5-one) was purchased from Sigma Aldrich
(98%) and it was encapsulated via hydrophobic interaction with the lipids of the SLB as
previously reported,®?® with one modification: hydrating the lipids cakes with the HEPES buffer
for two days produced a higher yield of nanocarriers, as it facilitates the extrusion step and fewer
nanoparticles are trapped in the filters. A total of 4 mole% of Nile red with respect to the total

lipid in SLB was used.

5.6.1.5 Synthesis of AZO-lipid

Di(6-{[4-(4-butylphenyl)azo]-phenoxy}-hexyl)phosphate referred to as AZO-lipid was
synthesized using the protocol we described previously following the synthetic route proposed
by Kuiper.?*32% All reagents were used without any further purification: butylaniline (97%),
phenol (99.0+ %), carbon tetrachloride (99.9%), and pyridine (anhydrous, 99.8%) were
purchased from Sigma-Aldrich; 6-bromohexanol (97%), trimethylamine (99%), and phosphorous
trichloride (98%) were purchased from Alfa Aesar. The obtained yellow powder was
characterized by '"H NMR, *'P NMR and mass spectrometry. 'H NMR (500 MHz, CDCls, §):
0.95 (t,J=7.2 Hz, 6 H), 1.38 - 1.82 (m, 24 H), 2.68 (m, 4 H), 3.34 (s, 1 H), 4.01 - 4.07 (m, 8 H),
6.97 - 6.99 (m, 4 H), 7.27 - 7.30 (m, 4 H), 7.79 - 7.89 (m, 8 H). *'P NMR (202 MHz, CDCls, §):
1.46 (s). C) HRMS (ESI) m/z: [M + H]" calculated for CsHgoOeNsP, 771.42475; found,
771.42450.

5.6.1.6 Nanocarrier with AZO-lipid in the SLB

Nanoparticles with a supported lipid bilayer containing AZO-lipid and Nile red were prepared by
adding the AZO-lipid to the stock mixed lipid chloroform solution with the following mole ratio
50:14:7:29 (DOPA:AZO-lipid:DOPC:cholesterol) with or without Nile red (4 mole% of the total
amount of lipids).**® The samples were constantly covered with aluminum foil to prevent

exposure to light and therefore keep the AZO-lipid in the stable frans-isomer.
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5.6.1.7 Characterization of nanoparticle concentration using inductively coupled

plasma mass spectrometry (ICP-MS)

ICP-MS measurements were performed to determine the nanoparticle concentration after surface
modification (i.e. SLB, AZO-lipid in SLB, and nanocarriers with the Nile red encapsulated) and
after the uptake of the nanoparticles by the A549 cells. The samples were analyzed using an
Agilent 7500ce ICP-MS equipped quartz Scott-type spray chamber, an off-axis Omega lens ion
focusing, an octopole reaction system with a quadrupole mass spectrometer analyzer operated at

3MHz.

Yttrium was evaluated in order to calculate the nanoparticles concentration. Multi-element
solution 10 mg/L. (Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Sc, Sm, Tb, Th, Tm, Y, Yb) from Spex
CertiPrep were used to prepare the calibration curve Y in 5% of HNOj3 solution (HNO3, Trace
metal grade from Fisher). The calibration curve was prepared in the concentration range between

0.01 ppm and 5 ppm.

To calculate the concentration of the nanoparticles or the nanocarrier 100 pL of each sample
were first digested using 1000 pL of concentrated HCI (Trace metal grade from Fisher) with 100
uL of H2Oz (Ultratrex® Ultrapure reagent from Avantor Performance Materials, Inc.) and heated
at 115 °C for 12 h under reflux. To determine the nanoparticle uptake by the A549 cells, 200 uLL
of each sample were first digested using 1000 puL of concentrated HCI (trace metal grade from
Fisher) with 1000 puL of HNOs3 (trace metal grade from Fisher) and heated at 115 °C for 12 h
under reflux.

The samples were then dried and re-dispersed in 2 mL of 5% HNOs3 prior to injection and

analysis.
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5.6.2 Cell Studies

5.6.2.1 Uptake of nanoparticles by A549 lung cancer cells

To investigate the uptake of SLB-UCNPs by A549 lung cancer cells using laser scanning
confocal microscopy (LSMC) the nanoparticles were incubated as explained above. This time 35
mm glass bottom dishes were used and were incubated for specific times (from 0.5 h to 16 h).
After the incubation time the excess of nanoparticles was washed twice with 1 mL of PBS
buffer. Immediately afterwards the cells were fixed with 1 mL of 10% neutral buffered formalin
(Sigma-Aldrich). After 15 min, the formalin was removed and the cells were washed three times
with PBS. Finally, 1 mL of PBS was added to keep the cells hydrated. The fixed cells were

imaged within a day.
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Figure 5S. 3 Confocal images of fixed A549 alveolar lung cancer cells incubated with SLB-
UCNPs at different incubation times a) 0.5 h, b) 1.0 h, ¢) 4.0 h, and d) 16 h. (Aex 980 nm, Aem 450
nm). Scale bar 20 pm
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5.6.2.2 XTT Cell viability assay
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Figure 5S. 4 XTT assay for the cytotoxicity of SLB-UCNPs nanoparticles at different
concentration after 120 hours of incubation at 37 °C with A549 cells. The cells were seed at
50000 cell density with the specific nanoparticle concentration in 96-well plates. Concentration
is given in pg/mL. Cytotoxicity values were normalized against the cells incubated with no

nanoparticles and represent the mean standard deviation (n = 5). (e) denotes statistically

significant difference (P < 0.05).

120

218

Time (hours)

Control
Hepes
12.5
25

50

I 100




5.6.2.3 Control experiment for the emission of Nile red

Nile red presents different emission according to the polarity of the environment. We evaluated
the emission of the Nile red (in the absence of nanocarrier) inside the A549 lung cancer cells

where emissions at 584 nm and at 620 nm were observed.

584 nm
620 nm

450 500 550 600 650 700
Wavelength (nm)

Figure 58. 5 a) Confocal image of A549 lung cancer cells incubated with Nile red. b) Emission
spectra produced form the areas enclosed within the correspondingly coloured circle in a). Scale

bar 10 pym

5.6.3 Instrumentation

5.6.3.1 Laser Scanning Confocal microscope (LSCM)

A Zeiss LSM780-NLO laser scanning confocal with IR-OPO laser microscope was used for
imaging the samples. The microscope is equipped with 32 GaASp detectors array between 400-
700 nm. The infrared laser source is a CHAMELEON Ultra (II) with an OPO system that
operates between 680-1300 nm. Additionally, the microscope is equipped with lasers at 405 nm,
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458, 488 and 514 nm multiline, 553 nm and 633 nm. The microscope has a live cell chamber

with CO» and temperature controller.

The microscope was operated using two different excitation sources (980 nm and 553 nm). The
980 nm excitation was obtained from the CHAMELEON Ultra (II) system that was operated
with a 140 fs pulse (focusing mode-locked) and operated between 30-40% of the maximum
power (~1W). The 553 nm laser was operated at 4% of the maximum power. A 760+ nm
dichromic beam splitter was used together with filters between 410-695 nm for the 32 detectors.
With this set-up, the microscope can take images at particular wavelength (single scan) or
through a range of different wavelengths (lambda scan) while using a specific excitation source.
It is also possible to scan at different focal planes across the z-axis (Z-stacks scan) using the

single-scan mode. Zen 2.3 lite software was used to process the images.

5.6.3.2 Transmission electron microscopy (TEM)

The micrographs of LiYF4: Tm**/Yb** were took using a Jeol JEM-2100F microscope operating
at 200 kV. Samples were prepared by dropping 5 pL of sample with a concentration of 1 mg/mL
in toluene onto a 300-mesh Formvar/carbon coated copper grid (3 mm in diameter) followed by

the evaporation of the solvent.

5.6.3.3 Negative Stain TEM

Negative stain images were obtained using a Tecnai 12 Biotwin TEM microscope (FEI Electron
Optics) equipped with a Tungsten filament at 120 kV and AMT XR80C CCD Camera System.
Samples were prepared by dropping 5 pL of the sample (I mg/mL in toluene) onto a 200-mesh
carbon coated SPI grid. The drop was left on top of the grid for 1 minute before drying it softly
with a filter paper. Immediately afterwards, it was stained with 5 pL. of 2% uranyl acetate in 5 M

NaOH solution, after 1 minute the excess solution was removed using a filter paper.
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5.6.3.4 Cell counter

An Invitrogen Countess™ automated cell counter was used with trypan blue stain (0.4%)
(Thermo fisher scientific). Typically, 12.5 pL of sample was mixed with 12.5 puL of trypan blue
stain and added to the invitrogen countess cell counting chamber slides. Samples were measured

in duplicate.

5.6.3.5 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS was use to determine the nanoparticles concentration after the surface modification and
after the cellular uptake. The samples were analyzed using an Agilent 7500ce ICP-MS equipped
quartz Scott-type spray chamber, an off-axis Omega lens ion focusing, an octopole reaction

system with a quadrupole mass spectrometer analyzer operated at 3SMHz.

5.6.3.6 {-Potential

The surface charge of the nanoparticles after surface modifications was measured using a
Zetasizer Nano-S (Malvern Instruments Ltd, Worcestershire,UK). All experiments were
performed using a disposable folded capillary cells (Malvern). Each sample was measured in
triplicates. Each measurement comprised 10 measurements that each consist of 20 runs.
Typically 100 pl of a sample with a concentration of 1 mg/mL is dissolved in 0.7 mL of ultrapure

water. The concentration of the samples was ~0.15 mg/mL.

5.6.3.7 Multimode Microplate Reader

The absorbance of the XTT (cell viability assay) was measured using a Tecan infinite® 200 Pro
multimode plate reader. The 96-well plates were shaken for 30 seconds before analysis using an
amplitude of 1 mm. The absorption was measured at 475 nm and corrected for the background

absorption at 660 nm from the cell culture media.
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5.7 Author’s notes and significance of this paper

This publication provides the first cellular studies with the crystal host LiYF4 in upconverting
nanoparticles. The results herein are of main importance for the understanding of the interactions
of this nanomaterial for biological applications. This investigation studied and discussed the
physicochemical properties of the nanoparticle (size, shape, and surface charged) in order to
understand the nanoparticle-cell interactions. Cytotoxicity studies showed that the nanoparticles
with the supported lipid bilayer do not produce cytotoxicity for up to 72 hours in lung cancer
A549 cells. Studies on the cellular uptake, endocytosis mechanisms and trafficking of the
nanomaterial showed that the nanoparticles internalize through different endocytosis
mechanisms (clathrin-mediated, caveolae-dependent and energy independent) into the cell and
transit to different cell organelles. Additionally, studies on the photo-controlled release of Nile
red, as a hydrophobic model drug, encapsulated in the photoswitchable supported lipid bilayer
shows that the release can be mediated via energy transfer from the nanoparticles using NIR light
within in the cellular environment. These results show promising outcomes of this nanomaterial

as a nanoparticle-based drug delivery system for hydrophobic drugs.

Additionally, knowing that this nanomaterial is not cytotoxic and can internalize into
cells we foresee an additional application of this nanomaterial in fluorescence imaging to study
intracellular thermal properties. Chapter 6 explores the application of the nanomaterial developed
as a luminescent nanothermometer probe. Taking advantage of the design of the nanoparticles
with the supported lipid bilayer and the optical properties of lanthanide-doped upconverting
nanoparticles. In this case, LiYF4:Er’*/Yb*" UCNPs were synthesized with a supported lipid
bilayer. In this chapter the thermal properties of the supported lipid bilayer were characterized. In
addition, the possibility to use this nanomaterial for thermal sensing were studied by developing
a model to measure the directional heat transfer between the nanoparticle, the lipid bilayer, and
the surrounding environment. The use of this nanomaterial in fluorescence imaging will enable

the characterization of thermal properties of biological membranes and also the heat transfer
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between nanoparticles and its cellular or tissue environment. To our knowledge, this is the first
nanomaterial capable of measuring directly the thermal properties of biological membranes. This
application will be of main importance in cell biology and in the development of nanomaterials
for biological applications. This project was developed in collaboration with Professor Luis

Carlos at Aveiro University in Portugal.
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Scheme 6. 1 Graphical table of content of “Thermal properties of lipid bilayers determined using

upconversion nanothermometry”.

Luminescent nanomaterials have shown promise for thermal sensing in bio-applications, yet little
is known of the role of organic coatings such as supported lipid bilayers on the thermal
conductivity between the nanomaterial and its environment. Additionally, since the supported
lipid bilayer mimics the cell membrane, its thermal properties are fundamentally important to
understand the spatial variations of temperature and heat transfer across membranes. Herein we
describe a new approach that enables direct measurement of these thermal properties using a
LiYF4Er**/Yb** upconverting nanoparticle encapsulated within a conformal supported lipid
bilayer and dispersed in water as a temperature probe yielding the temperature gradient across
the bilayer. The thermal conductivity of lipid bilayer was measured as function of the
temperature, being 0.20+£0.02 W-m 'K at 300 K. For the uncapped nanoparticles dispersed in
water, the temperature dependence of the thermal conductivity was also measured in the 300—
314 K range as [0.63-0.69]20.11 W-m !-K"!. Using a lumped elements model, we calculate the
directional heat transfer at each of the system interfaces, namely nanoparticle-bilayer and
bilayer-nanofluid, opening a new avenue to understand the membrane biophysical properties as

well as the thermal properties of organic and polymer coatings.
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6.2 Introduction

Temperature is a fundamental intrinsic property of all systems that governs the physical,
chemical and biological properties and processes.>>* 332 With respect to cellular and molecular
biology, temperature can vary between cell types, environments and conditions, and as a result
exerts control over cellular processes, biochemical reactions and organization/structure.>>3-3%
Fluorescence imaging is a powerful method of intracellular thermometry owing to its
high spatiotemporal resolution, and various types of luminescent nanothermometers have

recently been developed for this purpose.®>’ " Examples include green fluorescence protein,*®!

363 364,365 366

small organic molecules,**? quantum dots,*** polymers and polymer dots”*® and lanthanide-
doped nanoparticles.>*’ % Moreover, intracellular temperature mapping has revealed the
existence of spatial variations in temperature within single cells.*®!3% However, extreme
temperatures are well-known to have adverse impacts on biological systems at both extremes, i.e.
both hypothermia and hyperthermia. These adverse impacts include cell death which has
additionally generated interest in heating as a mode of selectively, eradicating unwanted cell
types, for example cancer cells.>’*3”! In addition, several examples of luminescent materials have
been proposed for in vivo temperature sensing applications, including Ag>S nanodots to monitor

brain thermoregulation,’’?

and lanthanide-doped nanoparticles for 2D subcutaneous dynamic
thermal imaging.>”® The latter rely on the favorable optical properties of the lanthanide ions
which includes the well-described process of upconversion. Upconversion is an anti-Stokes
process by which near infrared (NIR) irradiation is converted into Ultraviolet-Visible and NIR
emissions. The lanthanide-doped upconverting nanoparticles (UCNPs) present additional
properties favorable to temperature sensing that include their resistance to photodegradation,
ability to withstand high temperatures, insolubility in water generating stable colloidal solutions
and chemical stability (e.g. lack of oxidation). In fact, UNCPs have emerged in the last decade as

accurate luminescent thermometers for diverse applications,*>287-374-376

such as understanding
heat transfer in nanofluids (defined as the colloidal suspension of nanoparticles),’”” and

monitoring the reverse quenching process in optoelectronic devices.*”®

226



Er** is commonly employed as the dopant for thermal sensing because of the thermally
coupled Hi1,2 and *S3/2 energy levels. The energy separation between the barycenter of these two
states is AE~700 cm™!, and, thus, their relative populations are temperature dependent following
the Boltzmann distribution. The rate of equilibration of these two states is on the order of 10'2
s~!, which then dominates over the radiative, non-radiative and energy transfer rates.

While different nanomaterials have been proposed for in vitro and in vivo temperature
sensing (as mentioned above), very little is known about the heat transfer properties between the
nanoparticle and its cellular or tissue environment. An important question is whether the addition
of an organic coating, to functionalize the nanoparticle for biocompatibility, water dispersibility
and targeting, impacts its ability to accurately sense the local temperature, specifically if the
transfer of heat from the external environment reaches the nanoparticle. If the coating comprises
a lipid bilayer, then this also provides valuable information about the transfer of heat across
cellular membranes. To date, the thermal conductivity across a lipid bilayer has only been

estimated using computational methodologies,>”* 38!

as the conventional experimental electric
methods (e.g. the 3w-method) cannot easily access this property. For example, Youssefian et al.
used computational methods to show that the thermal resistance was dependent on the
temperature gradient across the bilayer, albeit using relatively high temperature gradients up to
68 K 382

Wang and Atia highlighted the lack of suitable tools for determining thermal properties at
interfaces.®>*% Thus, the need to understand heat transfer and accumulation in biological
systems, arising from energy inputs to nanodevices, and the mechanisms of thermal management
were cited as key questions to be addressed. Frequently the heat transfer is inferred from
measurement of bilayer responses but, to our knowledge, were not directly measured or
quantified.’®! Herein we describe a new experimental approach that enables direct measurement
of the thermal properties of biological membranes using luminescence thermometry. The
approach relies on an accurate determination of the thermal gradient across the bilayer which is

only possible with the independent measurements of the core temperature inside the bilayer and

the external medium temperature. The conformality of the bilayer is essential, as it has been
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predicted using computational methods that the heat dissipation by structured water between a
solid surface and a lipid bilayer increases with the thickness of the water layer.*®" Thus, we
employ LiYF4:Er**/Yb** UCNPs encapsulated within a conformal supported lipid bilayer as
luminescent thermal probes in order to calculate the temperature gradient between the particle
and the surrounding medium. Moreover, we develop a steady-state temperature model based on
the lumped resistance of the components that completely describes the directional heat transfer at
each of the system interfaces, namely nanoparticle-bilayer and bilayer-aqueous medium, to
determine experimentally the thermal conductivity of the supported lipid bilayer and its
temperature dependence between 295 and 315 K. Additionally, the thermal conductivities of the
LiYF4:Er’*'/Yb* core and of the nanofluid with LiYF4Er**/Yb®" UCNPs are calculated.
Nanofluids are promising substitutes for conventional liquid coolants, due to a much higher

temperature-dependent thermal conductivity (at very low particle concentrations).>%3
6.3 Results and Discussion

6.3.1 Upconverting nanoparticles and lipid bilayer capped upconverting

nanoparticles

The oleate-capped LiYF4:Er**/Yb** UCNPs were synthesized using a thermal decomposition
method (see Experimental for details) and show a diamond-like morphology with an average
size of 86.4 + 9.5 nm (long diagonal) by 52.2 + 5.3 nm (short diagonal) with an aspect ratio of
1.7 (Figure 6.1a-c and Table 6S.1 in Supporting Information) obtained from transmission
electron microscopy (TEM, Figures 6S.1 and 6S.2). From the high resolution TEM image, the
distance between the lattice fringes was measured to be 4.6 A, which corresponds to the d-
spacing of the (101) planes in the tetragonal LiYF4 structure. LiYF4:Er**/Yb** UCNPs coated
with a supported lipid bilayer were prepared using a previously published procedure (see

Experimental for details).>3¢
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The absorption spectra of uncapped UCNPs and lipid bilayer capped UCNPs in water suspension
(1.0 g-L™") were measured (Figure 6S.5) and the corresponding molar extinction coefficients at
980 nm are determined to be 1.5500 = 0.0003 and 2.4500 + 0.0001 M ""cm™ for the uncapped
UCNPs and the lipid bilayer capped UCNPs, respectively (Eq. 6S.1). The absorption cross
section was also estimated, yielding values of (1.1600 £ 0.0002)x1072! and (1.1770 +
0.0008)x10~* nm? for the uncapped UCNPs and the lipid bilayer capped UCNPs, respectively
(Eq. 6S.2 and 6S.3).

The upconversion emission spectra were recorded in the 298—327 K range upon 980 nm
laser excitation (Figure 6.1d,e). A significant variation in the thermometric parameter A, defined
as the ratio between the intensity of the 2Hii1,—*Iis2 and *Sizn—*1is» transitions (Eq. 6.S4,
Figure 6.11), is observed for the uncapped and lipid bilayer capped UCNPs dispersed in H,O and
D,O (Figures 6S.6 and 6S.11). Adopting a strategy reported by some of us previously,*®* the
temperature of the suspensions was determined using A and Eq. 6S.5, knowing AE, the intensity
ratio in the limit of low excitation power (Ao) and the corresponding temperature (70). An
excellent agreement is observed between the temperature obtained from the immersed
thermocouple and that calculated using Eq. 6S.5 (Figure 6.1g), demonstrating that UCNPs can
operate as primary thermometers in all three nanofluids. The relative thermal sensitivity values at
300 K are 1.23, 1.26 and 1.27 %K ! for the uncapped UCNPs dispersed in H,O, the lipid bilayer
capped UCNPs dispersed in H>O, and the uncapped UCNPs dispersed in D-0O, respectively. The
corresponding temperature uncertainties are 0.26, 0.20 and 0.11 K (Egs. 6S.5, 6S.6 and details of
in Section 6.6.4).

Irradiating the nanofluids with NIR radiation (980 nm) we observe a typical transient
heating that is recorded by the immersed thermocouple as the temperature increase (A7) (Figure
6.2a,b). A dependence of AT on the laser power density (Pp), on the presence or absence of a
conformal lipid bilayer and on the solvent used is observed. Note that, in this work, we will not
discuss the transient regime and will focus on the temperature recorded in the stationary regime.

Comparing the steady-state maximum temperature increase (ATm) recorded for pure water with
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that of the individual nanofluids it is possible to determine the thermal conductivities of the
conformal lipid bilayer and nanofluid (and also their temperature dependences in the 291-315 K
interval), and to model the heat transport for distinct heating conditions, as will be detailed

below.

6.3.2 Determining the thermal conductivity of the nanofluids

For water, the experimental ATy, values were calculated using:*%’

_ C(LZAb
KAy

Py (6.1)

m

where a is the absorption coefficient at 980 nm, L is the laser pathlength, A4y is the laser beam
spot area, x,, is the thermal conductivity of water (the particle’s surrounding medium), and A; is
the cross-sectional area of the heat flux (see Tables 6S.1 and 6S.2).3% It should be noted that we
are assuming that x, is constant over the range of the maximal temperature increase (ATw),
following the model describing the temperature increment of metallic particles under NIR
irradiation.?%>-% Although there is a small temperature dependence of x, (in the temperature
increment of Figure. 6S.15, 10 degrees, the variation in xw is ~2%, Figure 6S.3), the
experimental results are in a good agreement with the AT, values obtained from Eq. 6.1 (Figure
6S.15), indicating that we can rationalize the water heating process in the temperature range

investigated using this model.
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Figure 6. 2 Temperature increase profiles induced by 980 nm laser irradiation at laser power
densities of (a) 125 and (b) 222 W-cm 2, measured by an immersed thermocouple. In the cooling
steady-state regime of the two water-based nanofluids the water’s absorption of the irradiating
laser pulses induces a ~0.5 degree temperature increment. (¢) Temperature increase induced by
laser excitation as function of the laser power density for uncapped UCNPs and lipid bilayer
capped UCNPs dispersed in water, measured by the immersed thermocouple. The lines serve as a
guide for the eyes only. (d) Thermal conductivity of the uncapped UCNPs dispersed in water as
a function of temperature. The line corresponds to the standard reference data of the water
thermal conductivity.38” Temperature profiles of the (e) uncapped UCNPs and (f) lipid bilayer
capped UCNPs dispersed in water, measured by the immersed thermocouple (circles) and
luminescent thermometer (squares).
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For the uncapped UCNPs dispersed in D>0O, the observed increase in temperature arises
from the UCNPs radiation-to-heat conversion, as D,O does not absorb significantly at 980 nm.>3?

Following the uniform-temperature approximation (Section 6.6.5),°%¢ AT}, can be expressed as:

NO'p

AT, = ———
™ A Bprekp

Pp (6.2)

where N is the number of UCNPs exposed to the laser radiation, op is the nanoparticle absorption
cross-section at 980 nm, fp is the nanoparticle geometrical correction factor due to its faceted
structure (Eq. 6S.16), rp is the equivalent radius of a sphere with the same volume as the
nanoparticle, and xp is the thermal conductivity of DO (particle’s surrounding medium). We
also assumed xp to be constant over the measured temperature range (in the temperature
increment of Figure. 6S.15, 4 degrees, the variation in xp is ~1%, Figure 6S.4). Due to the
instability of the UCNPs dispersed in D>O under laser excitation, the measurements were only
performed for two laser power densities. Employing the values in Table 6S.2, the resulting
values predicted using Eq. 6.2 are in agreement with that obtained experimentally (Figure
6S.15), evidence that the UCNPs perform as radiation-to-heat converters.

As the water and the nanoparticles can both convert NIR radiation to heat and assuming
that both contribute independently to the measured temperature increase, A7 for the uncapped

UCNPs dispersed in water is expressed by the linear combination of Eq. 6.1 and Eq. 6.2:

AT, = L(%EAy  Now ), (6.3)
m Kf AS 4‘7Tﬁprp D '

where xr is the thermal conductivity of the nanofluid (uncapped UCNPs dispersed in water).
Using the experimental data of A7w vs. Pp (Figure 6.2¢c), xf was estimated for each Pp. A
temperature dependence of xr was observed (Figure 6.2d), which is typical for aqueous
nanofluids.*® The addition of the uncapped UCNPs (volume fraction of 0.06%) yields

approximately an 8% enhancement in the thermal conductivity with respect to water
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([0.609-0.638] = 0.004 W-m-K™!, in the temperature range 300-320 K, Figure 6.2d),**” in line
with those reported for nanofluids of metallic nanoparticles dispersed in water.® The
established experimental techniques for determining the thermal conductivity at room
temperature and its temperature dependence are contact electrical methods (e.g., transient hot
wire and 3-o methods, respectively),?¥7-*8%3% that use complicated experimental setups and data
treatment, and are limited to non-conductive nanofluids. The optical method described here, in
contrast, allows to easily measure the temperature dependence of the thermal conductivity of the
nanofluid, with the advantage of being applicable to virtually any transparent fluid independently

of its electrical conductivity.

6.3.3 Determining the thermal conductivity of the lipid bilayer

For the lipid bilayer capped UCNPs dispersed in water, the colloidal suspension temperature
increases due to the radiation-to-heat conversion by both the water and the UCNPs (the lipid
bilayer does not absorb 980 nm radiation) that are assumed to contribute independently to AT, as
described above (Figure 6.2c). The heat generated by the UCNPs is dissipated to its immediate
surrounding medium, which in this case is the lipid bilayer. Thus the thermal conductivity of the

lipid bilayer (xr) must be taken into account and can be estimated using Eq. 6.4:

1 (aLZAb Noy, ) Nop l 64)

Al = IK_f As * 4y, " 4mPprpky,
where oL and fL are the lipid bilayer absorption cross-section and geometrical correction factor
(Eq. 6S.17), respectively, and rL is the radius of a sphere with the same volume as the lipid
bilayer. These parameters are given in Tables 6S.1 and 6S.2.

In this model, we are assuming that if any heat was to be generated by the lipid bilayer, it
would be primarily dissipated through the water, due to the higher lipid bilayer contact surface

area with the water in comparison with that of the UCNP. Therefore, the lipid bilayer
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contribution in Eq. 6.4 is divided by the thermal conductivity of the nanofluid (xr). In this case,
we assume «r to be the same as that calculated for the uncapped UCNPs dispersed in water, due
to the low contribution of the lipid bilayer in the xr value. The heat generated by the UCNPs must
be dissipated through the lipid bilayer and, consequently, the UCNP contribution term in Eq. 6.4
uses the lipid bilayer thermal conductivity. The or value was calculated by subtracting the
absorbance values at 980 nm of the two samples (Figure 6S.5), which is equivalent to
considering that the absorption difference between the lipid bilayer capped UCNPs and the
uncapped UCNP is only due to the conformal lipid bilayer around the nanoparticle. From the
experimental data of ATy vs. Pp (Figure 6.2c), and taking into account the temperature
dependence of xr (Figure 6.2d), k1. was estimated for each Pp using Eq. 6.4. Figure 6.3a shows
the thermal conductivity of the lipid bilayer as a function of laser power density used in this
study. To the best of our knowledge, this is the first time that the in-situ thermal conductivity of a
lipid bilayer has been determined experimentally as function of temperature, for which there is
an excellent agreement between the experimentally determined value for x1. and the predicted
ones for lipid bilayers.>>*

As observed in Figure 6.3a, xr. does not follow a linear relationship with the laser power
density, clearly presenting two regimes: (i) for laser power densities lower than 150 W-cm 2, the
lipid bilayer thermal conductivity decreases, whereas (ii) for laser power densities above 150
W-cm?, it increases. This is due to the marked dependence of xi. on the temperature gradient
across the bilayer that was proposed by Nakano et al.**! based on simulations and determined
experimentally (for the first time) in the current work. To understand these results, it is essential
to recognize the role of the temperature gradient to which the lipid bilayer is subjected, that can
only be accessed by measuring the temperature using both the thermocouple and luminescent

thermometer.
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6.3.4 Understanding the role of the lipid bilayer coating on heat transfer

Figure 6.2e,f compare the temperature profiles recorded with the immersed thermocouple and
that calculated using the emission spectra and Eq. 6S.5. Within the experimental uncertainty of
both measurements, the values are similar for the uncapped UCNPs dispersed in H>O (Figure
6.2e) and DO (Figure 6S.16). For the lipid bilayer capped UCNPs the values measured by the
luminescent thermometer are higher than those of the thermocouple (Figure 6.2f), showing that
the lipid bilayer behaves as a thermal barrier between the UCNP and the water. The temperature
difference between the two thermometers depends on the laser power density used: for 150
W-cm 2 the temperature difference between the two thermometers is maximized (~1.9 K), and
for values higher than 222 W-cm™2 it is null within the experimental uncertainty. The
temperature gradient across the lipid bilayer 7p—T%, where Tp and T are the temperatures of the
UCNP’s core (measured by the luminescent thermometer) and the nanofluid (measured by the
immersed thermocouple), is shown in Figure 6.3c for laser power densities up to 250 W-cm 2.
The two regimes for the x1 dependence on the laser power density are also discerned in
Tp—T+. In regime (i) the lipid bilayer behaves as a thermal barrier, presenting a thermal resistance
between the nanoparticle and the water, which leads to increasing temperature gradients
(between the two thermometers) with increasing power density. A contributing factor to the
ability of the lipid bilayer to serve as a thermal barrier was provided in the computational studies
by Nakano,**! Youssefian,>” and Potdar,*! which predicted a discontinuity in heat transfer at the
interface between the two bilayer leaflets. In contrast, in regime (ii) the lipid bilayer thermal
conductivity increases since it is saturated in the amount of thermal energy it can accept/store
and therefore mitigates its ability to serve as a thermal barrier. In the saturation regime, the lipid
bilayer allows the heat exchange between the UCNP and the water, eventually leading to no

UCNP-water temperature gradient at a power density of 247 W-cm 2.
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Figure 6. 3 Thermal conductivity of the lipid bilayer as a function of (a) laser power density or
(b) temperature gradient between the upconversion thermometer and the immersed thermocouple
at the stationary regime. (c¢) Temperature difference in the stationary regime (7p—7%) for lipid
bilayer capped UCNPs dispersed in water, obtained experimentally (symbols) and calculated
using Eq. 6.8 (line). (d) One-dimensional lumped elements of the thermal circuit model for the
lipid bilayer capped UCNPs. The ground symbol denotes the reference temperature, and the
arrows represent the heat flows. Ra is thermal resistance describing the convective heat transfer
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Youssefian et al. used computational methods to predict that the thermal conductivity
would increase at higher temperature gradients due to the increased thermal resistance at the
interface of the two bilayer leaflets.®? At first glance this appear to contrast our results.
However, as in their work the temperature gradient was calculated considering the heat flow in
the opposite direction of that imposed in the model discussed here the two trends for the
temperature dependence of the thermal conductivity are, in fact, consistent.

Additionally, the thermal conductivity of the uncapped UCNPs (xp) can also be
determined by rationalizing the heat transfer process based on the one-dimensional lumped
elements model (Figure 6.3d).>*>2%% In this model, the UCNPs, lipid bilayer and water are
considered as independent heat sources denoted by gp, g and gy, respectively. The thermal
contact resistances are taken as negligible in comparison with the conductive thermal resistances,
denoted by Rp, Rr and Ry, for the UCNPs, lipid bilayer and water, respectively, which are given
by:

1 L
T 4mBprekp’  © AmPBrrikL’ f_ASKf (6.5)

Rp

The heat flow for UCNPs, lipid bilayer and water are given by:

qp = NopPp; q1, = NoyPp; qr = aLApPp - (6.6)

The heat generated within the UNCPs flows outward, crossing the lipid bilayer to the
surrounding medium, water (positive direction). Any heat originating in the lipid bilayer would
be divided into a fraction x; moving towards the water and the remaining (1—x1) moving towards
the particle’s core. Finally, heat released by the water is distributed amongst the bulk water
(fraction x2) and inwards to the lipid bilayer (1—x2). The values of x; and x> were calculated using

the thermal resistances:
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T R+ R. +R 2 R+ R.+R; (6.7)

Using the lumped elements model, the steady-state temperature gradient across the lipid bilayer

Tp—Tt can now be expressed as:

Tp — T¢ = qp(Rp + R + Re) + qux, (R, + Rp) — q1.(1 — x1)Rp
+qex2Re — qe(1 — x3)(Rp + Ry) (6.8)

Accordingly to this model and to the xrand & values estimated before, the UCNP core thermal
conductivity (xp) was calculated by fitting Eq. 6.8 with the experimental 7p—7 values (Figure
6.3¢c), yielding to a value of 7.23+£0.40 W-m 'K ™! which is in agreement with values known for

LiYF4 crystals at room temperature.***%

6.4 Conclusions

Herein we investigated the impact of an organic coating, specifically a supported lipid bilayer, on
the ability of the UCNPs to measure temperature. We developed a model to ascertain whether the
temperature measured by the nanoparticle using luminescence and that of the surrounding
medium using a thermocouple are the same, and to determine the temperature dependence of the
thermal conductivity of the lipid bilayer. LiYF4Er**/Yb®* UCNPs encapsulated within a
conformal supported lipid bilayer and dispersed in H2O or D>O work as primary thermometers
with a maximum thermal sensitivity of 1.27 %K' and a minimum temperature uncertainty of
0.11 K. For the uncapped UCNPs dispersed in water, the temperature increment induced both by
the water and the particles permitted to estimate the temperature dependence of the nanofluid
thermal conductivity, that show a up to ~8% enhancement, relatively to the values of pure water.

In the case of uncapped UCNPs, in either H>O or D>O, the good agreement between the
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thermocouple and the luminescent thermometer indicates full thermal equilibrium. On the other
hand, in the case of the lipid bilayer capped UCNP, a temperature gradient is observed and found
to depend on laser power density. The gradient arises due to both the water and the UCNP acting
as independent radiation-to-heat converters. We experimentally determined a lipid bilayer
thermal conductivity (0.20£0.02 W-m-K™! at 300 K) that decreases as a function of the
temperature gradient across the lipid bilayer, which until now has only been predicted using
numerical simulations. Furthermore, using a one-dimensional lumped elements model we
demonstrate that at low power densities the lipid bilayer can serve as a thermal barrier, limiting
the heat transfer between the UCNP and water. However, once a threshold power density (about
150 W-cm2) has been exceeded, the bilayer can no longer serve as a thermal barrier, and the
temperature differential between the two thermometers decreases until thermal equilibrium is
reached. This must be taken into consideration when using coated nanoparticles for
luminescence nanothermometry, especially in biological applications in which the UCNPs are
used to measure the intracellular temperature. In such cases, where a coated particle (or an
uncapped particle that acquires a protein corona) are used, the luminescent thermometer may not
accurately reflect the cell temperature. Moreover, as the supported lipid bilayer mimics the cell
membrane, the proposed method to estimate its thermal conductivity and understand its role on
heat transfer has significant implications due to the importance of understanding the spatial

variations of temperature and heat transfer across membranes.
6.5 Experimental Section

6.5.1 Materials

Oleate-capped LiYF4 nanoparticles doped with Er’** (0.6%) and Yb*" (29%) LiYF4:Er**/Yb**
UCNPs, were synthesized as described previously.®” The removal of the oleate was achieved via
treatment with HCI as described by Bogdan et. al.3¢ These uncapped UCNPs are dispersed in
either ultrapure water (18.2 MQ-cm obtained from a Barnstead system) or D20 (99.9% obtained
from Sigma-Aldrich). LiYF4:Er*"/Yb** UCNPs coated with a supported lipid bilayer were

prepared without removal of the oleate coating using a previously published procedure.*”) The
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lipids 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphate (DOPA) and 1,2-di-(9Z-octadecenoyl)-
sn-glycero-3-phosphocholine (DOPC) were purchased from Avanti Polar Lipids Inc. Cholesterol
(99+ %) and all synthetic reagents were purchased from Sigma-Aldrich. The lipid bilayer was
prepared in a 64:7:29 DOPA:DOPC:Cholesterol ratio in HEPES buffer. Assuming no loss of
oleate, the final bilayer composition was estimated to be Oleate:DOPA:DOPC:Cholesterol
(21:51:5:24).%3%¢

6.5.2 Upconverting nanoparticle structural and chemical characterization

The images of oleate-capped LiYF4:Yb**/Er’* UCNPs were collected using a Jeol JEM-2100F
microscope operating at 200 keV. The sample was prepared by dropping the nanoparticle
dispersion (1.0 g L™! in toluene) onto a 300-mesh Formvar/carbon coated copper grid (3 mm in
diameter) followed by evaporation of the solvent. Negative stain images were obtained using a
Tecnai 12 Biotwin TEM microscope (FEI Electron Optics) equipped with a Tungsten filament at
120 keV and AMT XR80C CCD Camera System. The sample was prepared by dropping 5 pL of
sample solution (1.0 g L™!) onto 200-mesh carbon coated SPI grid and leaving it to be adsorbed
during 1 minute before drying it gently with a filter paper. Immediately afterwards, it was stained
with 5 pL of 2% uranyl acetate solution and after 1 minute the excess of uranyl acetate solution
was removed using a filter paper.

ICP-MS measurements were carried out to determine the nanoparticle concentration after coating
the UCNPs with the supported lipid bilayer. The samples were analyzed using an Agilent 7500ce
ICP-MS equipped quartz Scott-type spray chamber, an off-axis Omega lens ion focusing, and
octopole reaction system with a quadrupole mass spectrometer analyzer operated at 3MHz.

Details of the methods can be found in ref.>*® and summarized in the Supplementary Information.

6.5.3 Visible-NIR absorption spectroscopy

Visible and NIR absorption spectra were recorded at room temperature, using a dual-beam
spectrometer Lambda 950 (Perkin-Elmer) with a 150 mm diameter Spectralon integrating sphere

over the range 200-1200 nm with a resolution of 1.0 nm. The baseline was recorded with two
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10 mm path-length quartz cuvettes (2 polished windows) containing the reference fluid, H.O or

D;0. The molar extinction coefficient was estimated from the Lambert-Beer law.

6.5.4 Dynamic temperature measurements

The pure water and the nanofluids were irradiated by a pulsed laser (BrixX 980-1000 HD) at 980
nm with power densities ranging from ca. 65 to 250 W-cm 2. In the heating regime, the water
and the nanofluids were irradiated during 600 s with a pulse frequency of 1.5 MHz, and the
consequent temperature increase was measured over time, using an immersed thermocouple (K-
type, 0.1 K accuracy) in the water and the nanofluids, and also by upconversion thermometry in
the nanofluids. For water, the cooling regime is achieved turned off the pulsed laser and the
consequent temperature decrease was measured with the above-mentioned thermocouple. For the
nanofluids, however, because the laser is required for the excitation of the nanoparticles the
cooling regime was achieved using a much lower pulsed frequency (0.25—0.50 Hz) and a
linewidth between 0.100 and 0.250 s, in order to allow the temperature decrease and its
measurement using upconversion thermometry and the thermocouple. In both regimes, the
emission spectra of the nanofluids were recorded by a portable spectrometer (MAYA Pro 2000,
Ocean Optics) with an integration time of 0.500 and 0.250 s, for the nanofluids with the
uncapped and lipid bilayer capped UCNPs, respectively. The integration time was chosen in

order to maximize the number of recorded spectra, and the spectrum signal-to-noise ratio.

6.5.5 Thermal conductivity

Using the steady-state maximum temperature increase recorded with an immersed thermocouple
for each of the individual nanofluids at different laser power densities, the thermal conductivities
of the nanofluid and the conformal lipid bilayer were estimated as function of temperature using
Eq. 6.3 and Eq. 6.4, respectively. Comparing the temperature values measured by the
thermocouple and by the luminescent thermometer in the capped UCNPs dispersed in water, and
considering the lumped elements model (Eq. 6.8), the thermal conductivity of the UCNP was

estimated.

242



6.6 Supporting Information

6.6.1 Determination of UCNP concentration and physical properties

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements were performed to
determine the concentration of the lipid bilayer capped UCNPs as reported previously.?*%32® The
concentration of yttrium was determined in order to calculate the UCNP concentration. A multi-
element solution 0.010 g-L™! (Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Sc, Sm, Tb, Th, Tm, Y, Yb)
from Spex CertiPrep was used to prepare the calibration curve of yttrium in 5% of HNO3
solution (HNOs, trace metal grade from Fisher). The calibration curve was prepared in the
concentration range 0.01 ppm to 10 ppm. 100 pL of sample was digested using 1000 [JL of
concentrated HCI (Trace metal grade from Fisher) with 100 pL of H,O» (Ultratrex® Ultrapure
reagent from Avantor Performance Materials, Inc.) and heated at 115°C for 12 h under reflux.
The samples were dried, re-dispersed in 2 mL of 5% HNO3, diluted 20-fold and then injected and

analyzed for yttrium concentration.
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Figure 6S. 1 (a) Particle size distribution with respect the long diagonal. The particle aspect ratio
is 1.65. The average particle size distribution is based on the analysis of 300 nanoparticles. (b)
TEM image of oleate capped LiYF4Er**/Yb** UCNPs. (c) HR-TEM of the oleate capped
LiYF4:Er’**/Yb** UCNPs showing the lattice fringes.
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Figure 6S. 2 Negative stain TEM image of LiYF4:Er**/Yb®>" UCNPs coated with a supported
lipid bilayer (highlighted by the yellow arrow). Stain: uranyl acetate at 2%.
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Figure 6S. 5 Visible NIR room temperature absorption spectra of uncapped UCNPs and lipid
bilayer capped UCNPs dispersed in water. The inset presents a magnification of the spectral
region, 875-1150 nm, showing the absorption band at 980 nm characteristic of the 2F7,—°Fsp

absorption of Yb*".

Through the absorption spectra, the nanoparticles molar extinction coefficient at 980 nm (g) was
determined by the Beer-Lambert Law, Eq. (6(6S.1):
A =¢cL (6S.1)

where 4 is the absorbance, ¢ the concentration of nanoparticles in the nanofluid and L is the
length of the light path (1 cm). The absorption cross section (c) was also estimated using Eq.
(6(6S.2):

== 6S.2
o= (65.2)
where o is the absorption coefficient, N is the atomic number density given by
PN
N="—"2L 6S.3
i (6S.3)

where p is nanoparticle density, Na is the Avogadro number, and M is the molar mass.
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Figure 6S. 6 Normalized emission spectra acquired upon 980 nm excitation (149 W-cm?) for
each of the nanofluids. The Er*" transitions are labeled. The ratios between the red and green
emissions are, respectively 2.17 and 1.57 for uncapped UCNPs dispersed in water and D,0, and

1.81 for the lipid bilayer capped UCNPs dispersed in water.

6.6.2 Photoluminescence setup

A Hellma Analytics quartz cuvette (104F-10-40) was filled with 0.80 mL of nanofluid (defined
as the colloidal comprising the upconverting nanoparticles with or without the lipid bilayer and
the corresponding solvent).

A pulsed laser (BrixX 980-1000 HD) operating at 980 nm was focused through an optical
lens (7.5 cm focal distance) to irradiate the LiYF4:Yb*"/Er’* nanofluid placed in a quartz cuvette.
To quantify the laser power density (Pp) delivered to the sample, the optical power and beam

profile at the focal point were measured using a power meter (FieldMaxII-TOP OP-2 Vis,

248



Coherent), a CCD camera (BC106N-VIS/M, Thorlabs) and neutral density filters (NE10B-B,
NE13B-B and NE20B-B, Thorlabs).

The detection system to collect the emission spectra uses an optical fiber (QP450-1-XSR,
Ocean Optics) connected to a portable spectrometer (MAY A Pro 2000, Ocean Optics) which is
controlled by a homemade MatLab® graphical user interface for real-time acquisition
(integration time of 0.500 s).

The conversion from wavelength to energy units and the Jacobian transformation of the
intensity values were performed as shown in Section 6S.3. The baselines of the emission spectra
were corrected, and the integrated areas of the *Hii2—*lis2 (I, 510-535 nm) and *S3o—*Iisp
(Is, 535-570 nm) transitions of the Er*" ions were obtained. The thermometric parameter A was

calculated for each recorded emission spectrum using:

A=2 (6S.4)

6.6.2.1 Thermometer calibration

The intensity to temperature calibration of the nanofluids used the BrixX 980-1000 HD laser
at frequency of 1.5 MHz in order to get approximately a continuous wave irradiation mode. The
emission spectra (and subsequently the corresponding thermometric parameter A) were recorded
in the temperature range 298-327 K and using an acquisition window of 50 s (100 readings).
The temperature is increased at one side of the cuvette holding the nanofluid by thermal contact
with a homemade Peltier system (0.1 K sensitivity) and recorded using an immersed
thermocouple (0.1 K accuracy, K-type, VWR). To ensure that the nanofluids reached the steady-
state temperature, a time interval of 900 s was allowed between consecutive temperature
measurements. The temperature (7) was determined from the emission spectra by applying the

following equation:*%*

249



% _ L ks (A) (6S.5)

where Ty corresponds to the temperature in the limit of null laser-induced heating, kg is the
Boltzmann constant, AE is the energy difference between the barycenter of the thermally coupled
energetic levels, and Ao the thermometric parameter at 7o. These parameters were calculated to
validate the LiYF4:Yb**/Er** nanoparticles in the nanofluids as primary thermometers.

The energy difference AE between the barycenter of the Hj12 and *S32 levels was estimated
from the high spectral resolution emission spectra recorded using a Fluorolog®® Horiba Scientific
(Model FL3-22) spectrofluorometer, with a TRIAX iHR320 single emission monochromator
(fitted with a 1200 grooves/mm grating blazed at 500 nm, reciprocal linear density of 2.6
nm/mm), coupled to a FL1073 Horiba photomultiplier, using the lateral face acquisition mode.
The excitation source was the BrixX 980-1000 HD laser at frequency of 1.5 MHz. The emission
spectra were corrected considering the instrumental response of the spectrofluorometer. From the
emission spectra, the AE was inferred by fitting the envelope of the *Hi12— “Iis» and *Si32 —
15,2 transitions using Gaussian functions. The barycenters of the Hii2 and *Si3» levels were
calculated by a weighted arithmetic mean using the fitted area and peak energy of each Gaussian
function. The energy gap AE was the difference between the barycenters of the transitions,
yielding values of 775 + 38 and 792 + 42 cm ' for the uncapped UCNPs in H>O and D-O,
respectively, and 785 + 36 cm™! for the lipid bilayer capped UCNPs in D,O (Figure 6S.7).
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Figure 6S. 7 Normalized emission spectra acquired with 980 nm excitation (125 W-cm2) used
to determine the energy gap, AE, of (a) uncapped UCNPs dispersed in water, (b) lipid bilayer
capped UCNPs dispersed in water, (c) uncapped UCNPs dispersed in D>O. The shadowed areas
correspond to the energy ranges considered for each transition, and AE results from the

difference between the barycenters of the transitions.

The Ao values were obtained from the intercept of the linear regression of A as function of the
laser power density (Pp), as shown in Figure 6S.8 and Figure 6S.9. The intercept corresponds to
Ao (A in the absence of laser excitation) when the sample temperature is 300 K (7o, measured by

the immersed thermocouple). The estimated Ao values are given in Table 6S.3.
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Figure 6S. 8 Upconversion emission spectra of (a) uncapped UCNPs dispersed in water, (b) lipid
bilayer capped UCNPs dispersed in water, and (c¢) uncapped UCNPs dispersed in DO upon

irradiation with 980 nm laser at different laser power densities.
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Figure 6S. 9 Dependence of the thermometric parameter A on the laser power density for all
nanofluids. The solid lines represent the best linear fit to experimental data (7>>0.99). The fitting

parameters are given in Table 6S.3.
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Figure 6S. 10 Temperature dependent upconverting emission spectra of uncapped UCNPs in
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Figure 6S. 11 Integrated emission intensities of the spectral regions /u (*Hi1o—*Tisn, 510—
533 nm, green) and Is (*S3n—*1152, 533—570 nm, blue) for (a) uncapped UCNPs dispersed in
water, (b) lipid bilayer capped UCNPs dispersed in water, and (c) uncapped UCNPs dispersed in

D,0, upon 980 nm excitation (67 W-cm2).
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6.6.2.2 Laser power density calculations

To calculate the laser power density, the optical power (Pr) and the beam profile were measured
by placing a power meter (FieldMaxII-TOP OP-2 Vis, Coherent) and a CCD camera (BC106N-
VIS/M, Thorlabs), respectively, in the position where the sample will be positioned during all
measurements. Through the 2D projection of the beam profile (inset of Figure 6S.12), the
intensity in each pixel was correlated to the optical power measured and divided by the pixel area
(6.45%6.45 pm?). Then, an average laser power density was computed considering only the

values higher than 36.8% (1/e, cut-off value for Gaussian beams), Figure 6S.12.
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Figure 6S. 12 Laser power density as a function of the laser power as defined in the laser control
software. The inset corresponds to the 2D projection of the beam profile for a laser power

density of 125 W-cm 2.

6.6.2.3 Jacobian transformation

In order to properly treat the data for quantitative analysis, the signal data was converted from

wavelength to energy units in all acquired spectra using Eq. (6S.6):
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1

- = 6S.6
Ax10~7 (65.6)

1

where E is the energy in units of cm™, and 4 is the wavelength in nm units. The Jacobian

transformation given below was used to rescale the intensity values as a function of energy units:

1(A

where /(E) and /(1) are the intensity as function of energy and wavelength, respectively.

6.6.3 Thermometric characterization of the luminescent thermometers

To assess the thermometer performance, two figures of merit were calculated, the relative
thermal sensitivity of the particles and the temperature uncertainty. The relative thermal
sensitivity S, indicates the relative change of A per degree of temperature change, and is defined

by:

| kBTZ (6S.8)

where AE is the separation between the thermally coupled energy levels, kg is the Boltzmann
constant, 7" is the absolute temperature and A is the thermometric parameter. The error related to

the sensitivity (3S;) was derived from the errors of the parameters used in the calculation, as

defined by:

(6S.9)
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where 0AE is the AE error. The temperature uncertainty 67 is the temperature resolution, i.e. the
smallest temperature change that can be detected in a given measurement. The uncertainty of the

thermometer temperature is given by:
ST = — — 76S.10
S ( )

where 0A/A is the relative error in the thermometric parameter.
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Figure 6S. 13 (a) Relative thermal sensitivity calculated using Eq. ((6S.8), the shadow area
corresponds to the respective error calculated using Eq. (6S.9). (b) Temperature uncertainty

calculated using Eq. (66S.10) for all nanofluids.
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6.6.4 Model for the stationary regime

As the UCNPs are under external illumination, they will function as controlled sources of heat.
To quantitatively analyze the increase of temperature in a single nanoparticle, the steady-state
heat transport equation can be solved using the heat generated from the absorption of light. In the

steady-state regime, the thermal diffusion equation is given by:

V- [k(r)VT(r)] = —p(r) (6S.11)

where 7(r) is the temperature distribution produced by an external heat source of power density
p(r) in an inhomogeneous medium characterized by a thermal conductivity which is position
dependent x(r), and r represents the position vector. Considering, a spherical nanoparticle of
radius R and the uniform-temperature approximation (i.e. in equilibrium, the temperature is
uniform inside the nanoparticle), Eq. (6S.11) produces a temperature increase profile AT outside

the particle given by a Coulomb potential:

ATNPi r< R
AT (r) = R 6S.12
(r) { Myp™, > F ( )

where r 1s the scalar distance to the nanoparticle center, A7np is the nanoparticle uniform

temperature increase, generated by the total absorption power Q, as depicted in Eq. (6S.13).

Q= jdrp(r) =oPp (6S.13)

where ¢ is the absorption cross section and Pp is the irradiance of the incoming radiation (power
per unit of surface). Relating this with the Coulomb potential produced by a uniformly charged
sphere in a homogeneous medium with an effective permittivity (x plays the role of the local

permittivity), A7np can be written as:
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(6S.14)

For non-spherical UCNPs, Baffou et al**® proposed to use a dimensionless geometrical

correction factor f such that the A7np is defined as:

P
ATyp = —2D (6S.15)
4t Bprpk

where rp is the radius of a sphere with the same volume as the particle. As the UCNPs have a
faceted structure, the geometrical correction factor fp was calculated assuming an ellipsoid

morphology, Eq. (6S.16):

Be = exp{\/1+ 0.04161n2(D/1.85d) + 0.092In(D/1.85d) — 1} (6S.16)

where D and d are the long and small diagonals of the nanoparticle, respectively.*®® For the lipid

bilayer, the geometrical correction factor was estimated assuming a ring structure, Eq. (66S.17):

D
B. = 1.021 + 0.17442 In? (E - 0.625) (6S.17)
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6.6.5 Lumped elements thermal circuit
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Figure 6S. 14 Contribution of each heat source (water, UCNP core and lipid bilayer) to the
temperature increase induced by laser excitation as function of the laser power density for lipid
bilayer capped UCNPs dispersed in water, measured by the immersed thermocouple. The lipid

bilayer contribution has a magnification of 10 for better visualization.

259



e Uncapped UCNPs (D,0)
H,0

10 -

/K
o
|

AT

0 PR R R U R
0 50 100 150 200 250
Power Density /W.cm=

Figure 6S. 15 Maximum temperature increase induced by laser irradiation for water and
uncapped UCNPs dispersed in D>O, measured with a thermocouple. The line corresponds to the
theoretical model described by Eq. (6.1) and (6.2) for water and uncapped UCNPs dispersed in
D;0, respectively. The shadowed areas correspond to the theoretical model error which is

derived from the uncertainty of the parameters used to calculate it.
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Figure 6S. 16 Temperature profiles of the uncapped UCNPs dispersed in D20.
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6.6.6 Tables

Table 6S. 1 Physical properties of uncapped LiYF4:Er**/Yb** UCNPs and lipid bilayer (LB)
capped LiYF4:Er**/Yb*>" UCNPs.

Quantity Value Units Ref
Average molar mass (LiYF4:Er 0.6%/Yb 29%) 172.14 g-mol™!
Size long diagonal 86.4+9.5 nm
" Size small diagonal 52.2+5.3 nm
S Volume one UCNP 4.01%1.2 1077 cm3
g Density (LiYFa) 3.995 g-cm3 [65]
§ Mass one UCNP 1.6010.5 1073 mg
§ Number of UCNPs exposed to the laser radiation 3.011+0.95 108
5 Absorption cross-section, op 1.1600£0.0002 102" m?
Geometrical correction factor, B 1.25+0.21
Equivalent radius, re 2.12+0.21 108 m
Average molar mass LB
557.10 g-mol™*
Ky (Oleate 20%: DOPA 51%: DOPC 5%: Chol 24%)
S Thickness LB 4.40+0.40 nm [236]
% Mass one LB 0.53 £0.08 108 mg
s Mass one LB-UCNP 2.13 £0.57 1073 mg
§ Volume one LB-UCNP 4.99+1.43 10~ cm3
;%‘ Number of LB-UCNPs exposed to the laser radiation  2.26+0.61 108
E LB absorption cross-section, o. 1.7000£0.0008 1028 m?
-‘_IE' LB geometrical correction factor, SL 2.5940.21
LB equivalent radius, n. 1.33+£0.10 108 m
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Table 6S. 2 Physical parameters of water, D>O and experimental set-up.

Parameter Value Units Ref.
Water absorption coefficient, a 50.2 m-" [397]
Cuvette pathlength, L 0.01 m

Beam spot area, A 8.01+0.01 109m?2

Cross-sectional area, As 1.76+0.02 105 m?

Water thermal conductivity, kw 0.615+0.004 [387]

W.m—1 .K—‘l
D20 thermal conductivity 0.575+£0.004 [398]

Table 6S. 3 Intercept (Ao) and slope (OA/OPp) resulting from the fit of straight lines to the

experimental data presented in Figure 6S.9

Sample Ao oA/IoPp (10-° cm?-W-")
Uncapped UCNPs in H20 0.169+0.001 6.5£0.3
Lipid bilayer capped UCNPs in H20 0.152+0.002 13.210.4
Uncapped UCNPs in D20 0.153+0.001 5.0£0.4
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Chapter 7

Conclusions

During the past two decades lanthanide upconverting nanoparticles have garnered significant
attention due to their versatile optical properties. The results presented in this thesis have
addressed solutions to the major challenges of Ln-UCNPs in order to bring this material into
biological applications. In this thesis, the development, characterization and the potential
biological applications of a nanomaterial using lanthanide upconverting nanoparticle

(LiYF4:Tm**/Yb*") with a supported lipid bilayer were investigated.

The surface modification on oleate-LiYF4 upconverting nanoparticles using a type-add
approach with a supported lipid bilayer was developed using a similar method to the hydration of
the dry-lipid film method often used in liposome preparation. The supported lipid bilayer on the
diamond-shape morphology of the nanoparticle was formed using liquid-phase lipids DOPA,
DOPC and cholesterol (64:7:29 mole% respectively). Cholesterol was incorporated in the
supported lipid bilayer to induce condensation of the acyl chains of the phospholipids and
minimize the water permeability through the lipid bilayer. The surface modification of the
nanoparticle with the lipid bilayer was formed via electrostatic interactions of the negatively
charged phospholipids with the positively charged surface of the nanoparticle, and therefore is
dependent on the negatively charged lipid composition. Additionally, LiYFs has a tetragonal
crystal structure that yields eight identical {101} faces with equal surface energies and thus
identical electrostatic interactions with the physisorbed lipids, enabling a homogeneous surface
covering. The supported lipid bilayer was characterized through transmission electron
microscopy where the thickness of the bilayer was measured to be 4.7 nm + 1 nm using negative
stain-TEM and 4.4 nm £+ 0.4 nm using cryo-TEM and was found to be consistent with the
thickness of a non-interdigitated lipid bilayer. This supported lipid bilayer yields biocompatible,

water dispersible nanoparticles and acts as a soft-matter shell, protecting the emission of the

263



lanthanide upconverting nanoparticles from water-derived quenching phenomena. In addition,
the supported lipid bilayer provides space for the encapsulation of small hydrophobic/lipophilic

drugs, transforming this nanomaterial into a potential nanoparticle-based drug delivery system.

Incorporation of an azobenzene-derivative lipid (di(6-{[4-(4-butylphenyl)azo]-phenoxy}-
hexyl)phosphate) in the supported lipid bilayer on LiYF4:Tm>"/Yb>" upconverting nanoparticles
yields a dynamic multifunctional lipid bilayer. The physicochemical properties of the supported
lipid bilayer can be photo-controlled via energy transfer from LiYF4:Tm>"/Yb*" upconverting
nanoparticles to the azobenzene-derivative lipid molecule while still providing space for the
encapsulation of small hydrophobic/lipophilic drugs. It was demonstrated that under NIR photo-
irradiation stimulates LiYF4#:Tm*"/Yb’" upconverting nanoparticles to photoswitch the
azobenzene-derivative lipid from the frans- to the cis-isomer, which produces a change in the
volume of the lipid bilayer. The change in volume of the azobenzene moiety disrupts the lipid
bilayer and induces the release of the encapsulated model drug, Nile red. Upon 30 minutes of
NIR irradiation 23% of energy was transfer from LiYF4:Tm*/Yb®" to the azobenzene moiety
producing the photoswitching and disrupting the supported lipid bilayer leading to 40% release
of the model drug encapsulated. Longer period of irradiation led to a maximum release of 65%
of the model drug encapsulated. Additionally, using time-resolved spectroscopy it was found that
the energy transfer mechanism from LiYF4:Tm*"/Yb*" to the azobenzene-derivative lipid was
predominantly radiative with a minor contribution of FRET. The latest was attributed to the low
photoluminescence upconversion quantum yield on the UV (*Po—>Hg, *Po—>F4, and 'D,—>Hp)
and blue ('D>—>F4 and 'Gs—>Hp) transitions and to the distance dependence between the Tm>*
ions and the azobenzene-derivative lipid with the possibility of FRET only with the Tm>" ions
close to the surface of the nanoparticle. Measurements on the absolute quantum yields of the
individual upconversion bands of the LiYF4#:Tm*'/Yb** reveal a large difference between
different transition bands. Even thought the NIR (*Hs—>Hs) band has an excellent quantum yield
(~ 0.02 at 5 W cm™), the blue emission bands ('D,—°F4 and 'Gs—>Hs) have a much lower

quantum yield (~1x10° at 5 W cm™). Additionally, excitation spectrum of LiYF4:Tm?**/Yb**
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revealed that the maximum absorption of Yb*" in the “F7,—Fs, transition corresponds to the
0 — 1’ transition at 960 nm due to the symmetry of the tetragonal host lattice that favours the
Stark splitting levels. In contrast, to the 0 — 0’ transition at 980 nm that is maximum in the

hexagonal NaYF4 host.

Cellular studies of the developed nanomaterial were performed using human alveolar
lung cancer A549 cells to understand the nanoparticle-cell interactions. The results herein are the
first cellular studies with the crystal host LiYF4 in upconverting nanoparticles. The cellular
uptake of the nanoparticles was characterized as function of surface properties and incubation
time using ICP-MS to quantify the concentration of nanoparticles that have entered the cell. The
results showed that positively charged nanoparticles (oleate free-LiYF4:Tm>*/Yb*") were uptaken
7-fold faster than negatively charged nanoparticles (SLB-LiYF4:Tm*"/Yb*"), this behaviour has
been observed in other kind of nanoparticles and it has been attributed mainly to a greater
attraction due to an overall negative potential in cells. The nanoparticles surface coated with the
supported lipid bilayer exhibited a decreased cellular uptake as it was mentioned above,
however, the uptake was still 20-fold greater when compared to other studies on UCNPs
(polymer-NaYFs, 50 nm). The greater cellular uptake was attributed to the morphology of the
nanoparticles (diamond-shape and size 92 X 53 nm) that may facilitate the association and
wrapping with the cell membrane in order to be internalized. Also, it was proposed that the
nanoparticles when oriented perpendicular with the apex towards the cell membrane required
less energy and could internalize via an energy-independent pathway. The main internalization
mechanisms for SLB-LiYF4:Tm?*/Yb*" into A549 cells were found to be the clathrin-mediated,
caveolae-dependent endocytosis and an energy-independent pathway. Cytotoxicity studies using
the XTT assay showed that the nanoparticles with the supported lipid bilayer coating yield
negligible apparent toxicity in A549 cells; this was attributed to the surface properties —lipid
composition and negatively charged surface. Thus demonstrating the biocompatibility of the

surface coating with the engineered supported lipid bilayer (DOPA, DOPC, and cholesterol).
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The cellular internalization, trafficking and NIR triggered delivery of the developed
nanomaterial were investigated using laser scanning confocal microscopy. Taking advantage of
the optical upconversion properties of LiYF4:Tm?>"/Yb? nanoparticles and the sensitivity of the
emission of Nile red to the polar microenvironment, the delivery and trafficking were elucidated
by co-localization of the emissions with the organelles in the cell. It was observed that the
developed nanoparticle-based delivery system (SLB-LiYF4#:Tm*/Yb’") with Nile red
(hydrophobic model drug) encapsulated, was able to carry the dye inside the A549 cells and
traffic to different organelles including the endoplasmic reticulum, Golgi apparatus, lysosomes,
lamellar and lipid bodies. The trafficking to different organelles inside the cell was attributed
mainly to the surface properties (lipid coating and charge) of the nanomaterial. Moreover, it was
demonstrated that under NIR photo-irradiation the developed nanoparticle-based delivery system
with the dynamic supported lipid bilayer (containing the azobenzene-derivative lipid, AZO-SLB-
LiYF4:Tm?*"/Yb>") inside A549 lung cancer cells produced a fast release of the model drug (Nile

red) in comparison to biological local triggers such as enzyme degradation.

The results presented in this thesis enrich the understanding of photo-stimulated
nanomaterials, using Ln-UCNPs and demonstrate the development of a novel biocompatible,
colloidally stable, nanoparticle-based drug delivery system for hydrophobic and/or lipophilic
drugs using a photoswitchable supported lipid bilayer with NIR photo stimulation. The
nanomaterial developed provides a solution to the delivery of hydrophobic drugs, which is one of
the major challenges in the pharmaceutical industry. Additionally photo-activation using NIR
light is of great importance for low toxicity and higher tissue penetration offering at the same
time control both spatially and temporally for drug release. This kind of photo-controlled therapy
may help to decrease the systemic toxicity of conventional medicines. The cellular studies herein
contribute on the understanding of the nanoparticle-cell interactions, which are of great

importance for the design and development of nanomedicines.
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Chapter 8

Future Work

The studies presented herein are the fundamental studies for the development of a photo-
mediated nanoparticle-based drug delivery system. However, there is still a long path to be able
to achieve applications of these systems in a clinical setting. The nanoparticle-based delivery
system proposed in this thesis was developed using the dye Nile red as a hydrophobic/lipophilic
model drug. Further investigation on the encapsulation, photo-release and cellular studies using a
drug are required to test the efficacy of this nanomaterial before moving into animal studies.

The versatility of the nanomaterial developed herein allows the encapsulation of different
small hydrophobic drugs into the lipid bilayer. Two different kind of drugs will be proposed to
test the efficacy of the nanoparticle-based delivery system one for chemotherapy with NIR-

control release and another one for NIR-activation photodynamic therapy (PDT).

8.1 Chemotherapy application

An excellent candidate molecule to study the chemotherapeutic effect is the drug f-Lapachone,
3,4-dihydro-2,2-dimethyl-2H-naphtho[ 1,2-b]pyran-5,6-dione  (Figure 8.1), which is an
orthoquinone originally extracted from the Red Lapacho tree from the Amazon rain forest. -
Lapachone has shown to have chemotherapeutic effects in different cancer types including lung
cancer.’®4% However, its medical applications have been limited due to its hydrophobicity that
causes low bioavailability (water solubility of 0.038 mg/mL).***45 Encapsulation of P-
Lapachone in the lipid bilayer of the nanocarrier developed in this thesis could be an alternative

to achieve the delivery of this drug.
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Figure 8. 1 Chemical structure of B-Lapachone

Additionally, the absorbance of P-Lapachone has a lower absorption coefficient than the
azobenzene-derivative lipid in the region of 300-400 nm. Within this region the n-n* absorbance
band of azobenzene-derivative lipid overlaps with the upconverted UV emission bands from the
nanoparticle at 353 and 368 nm (°Py — 3F4 and 'D> — 3Hg transitions respectively), which are
important for the photoswitching of the trans-AZO-lipid to cis-AZO-lipid inside the supported
lipid bilayer for the NIR-triggered release of the drug (Figure 8.2). Therefore, the drug B-
Lapachone should not affect the photoswitching property of the nanocarrier. Additionally, it has
been reported that B-lapachone exposure to A549 cells have inhibited the growth and caused
apoptosis in a dose-time dependent fashion.*”® Cytotoxicity studies using the same cell line
(A549) used in the studies presented herein could be expanded to include different cancer cell

line since the nanocarrier-cell interaction may be different.
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Figure 8. 2 Spectral overlap between the absorption spectra of Azobenzene-derivative lipid

(AZO-lipid), p-Lapachone and the emission spectrum of LiYF4:Tm?>"/Yb*" UCNPs excited at
980 nm.

8.2 Photodynamic therapy application

Photodynamic therapy is a treatment that uses a photosensitizer, which is activated by light, and
in the presence of oxygen produce the therapeutic effect. When the photosensitizer is excited at a
particular wavelength it can transfer the energy of its excited triplet state to the surrounding
molecular oxygen producing singlet oxygen which is cytotoxic to cells.*®® Conventional
photodynamic therapies use UV/visible light, which allows the treating of superficial tumours
only.**” Lanthanide upconverting nanoparticles have been proposed to activate photosensitizer
via energy transfer using NIR excitation.?’%3?> Activation of the photosensitizer using NIR light

could provide a higher tissue penetration and reduce the cytotoxicity effects of UV light.
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A good alternative of a photosensitizer drug that could be encapsulated inside the
supported lipid bilayer of the nanoparticle-based delivery system developed is the
benzo[a]phenoxazine analogue molecule showed in Figure 8.3. This molecule has a similar
molecular structure to the lipophilic dye Nile blue. In addition, it has an absorption band
maximum at 661 nm and a reported absolute quantum yield for singlet oxygen of 0.78,'* similar

to the one reported for the well-known photosensitizer Rose Bengal (0.76).4%

o
N . NN
)

Figure 8. 3 molecular structure of benzo[a]phenoxazine analogue with selenium substituted at

the 7-position.!!?

Therefore this molecule encapsulated in the nanoparticle-based delivery system could be a good
candidate for NIR photodynamic therapy via energy transfer with the upconverting
nanoparticles. However, LiYF4:Tm?®"/Yb** UCNPs is not the best candidate to activate this
photosensitizer via energy transfer because the absorption band of the photosensitizer at 661 nm
and the emissions bands of the Tm*" ions do not overlap sufficiently. An excellent alternative to
overcome this issue is using the co-dopant ion combination Er**/Yb*", which have shown to
produce a strong upconversion emission of the Er** ion at 655 nm (*Fon—*1152).2%° Thus, the
synthesis of LiYF4:Er**/Yb** upconverting nanoparticle will be suitable for the NIR-activation
via energy transfer of this photosensitizer. Figure 8.4. shows the emission of the synthesized
LiYF4:Er**/Yb* UCNPs with a emission at 655 nm (*Fox—"I152) ideal for the activation of the

photosensitizer with absorption band at 661 nm.
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Further surface modification with the supported lipid bilayer and encapsulation of the
photosensitizer will produce a novel nanoparticle-based delivery system with NIR-activation
photodynamic therapy. Also, characterization of the energy transfer between the nanoparticle
and the photosensitizer, as well as the singlet oxygen production, and evaluation of the

cytotoxicity will be require it to ascertain the efficacy.
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Figure 8. 4 Emission spectrum of LiYF4:Er*'/Yb*" (0.5% Er*" , 25% Yb**) UCNPs in toluene

excited at 980 nm.

Additionally, studies in microfluidics on this nanomaterial with unique morphology could help in
the understanding on how nanoparticles could flow in the blood vessels.*” Also, studies with
different cell lines will give a better understanding on the nanoparticle-cell interactions. These
studies will contribute in the understanding and development of nanoparticle-based delivery

systems and revolutionize nanomedicine.
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Appendix A

Table A. 1 Name for some shorthand designation of chains and head groups of lipids with the

corresponding acyl chain length and head group charge: negative (-), positive (+), zwitterionic

(+/-)
Chain n-system Common name (X name)
DM 14:0 Dimyristoyl (ditetradecanoyl)
DP 16:0 Dipalmitoyl (dihexadecanoyl)
DS 18:0 Distearoyl (dioctadecanoyl)
DO 18:1(n-9)  Dioleoyl (di(cis-9-octadecenoyl))
Head group Charge
PC +/- Phosphocholine
PE +/- Phosphoethanolamine
PS - Phosphoserine
Pl - Phosphatidylinositol
PA - Phosphate
TAP + Trimethylammonium-propane

Table A. 2 Name for shorthand designation of common lipids

Abbreviation

Common Name

DMPC
DPPC
DSPC
DSPE
DOPC
DOPS
DOPA
DOTAP

1,2-dimyristoyl-sn-glycero-3-phosphocholine
1,2-dipalmitoyl-sn-glycero-3-phosphocholine
1,2-distearoyl-sn-glycero-3-phosphocholine
1,2-distearoyl-sn-glycero-3-phosphoethanolamine
1,2-dioleoyl-sn-glycero-3-phosphocholine
1,2-dioleoyl-sn-glycero-3-phospho-L-serine
1,2-dioleoyl-sn-glycero-3-phosphate

1,2-dioleoyl-3-trimethylammonium-propane
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