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Lanthanides, known as the “vitamin of industry”, have been playing a pivotal role in a
wealth of advanced materials and modern technologies including catalysts, magnets, lasers,
economical lighting, and solar-energy conversion. With the development of nanoscience,
lanthanide nanoparticles have been attracting increasing research interest as a new form of the old
materials since 2000. These nanoparticles not only bring properties previously thought impossible
in bulk lanthanide materials, but also raise concerns and challenges (e.g. quenching) that were not

considered towards practical applications. This dissertation is dedicated to understanding and
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tackling these challenges with designed colloidal lanthanide nanoparticles. Particularly, the first
theme explains how the dopants in the nanoparticle matrix contribute to the size and shape of
nanoparticles (doping). The second theme explores the growth behavior of core-shell nanoparticles
with controlled interfacial strains (epitaxy). The third theme introduces how to address the
quenching challenges and enhance the photoluminescence on nanoparticles with the optimized
doping and epitaxy (photon management). We show that the optimized lanthanide nanoparticles
have record-high emission efficiency, provide insight for future nanoparticle designs, and can be
used as a promising toolset for a wide ranges of research topics including bioimaging, therapeutics,
photocatalysis, and optical energy conversion.

Chapter of introduction starts with the fundamental physics and chemistry of lanthanides,
discusses the unique features of colloidal lanthanide nanoparticles, summarizes the cutting-edge
research directions in the lanthanide nanoparticle field, touches on the current daunting challenges
in the field, and justifies the theme for this doctoral dissertation.

Chapter 1 reveals the interdependence of surface and concentrating quenching dynamics in
lanthanide-doped nanoparticles. We show that the major quenching mechanism for nanoparticles
with high doping levels is the energy migration to surface defects, as opposed to the commonly
accepted cross-relaxation between neighboring dopants.

Chapter 2 analyzes the critical effect of the doped epitaxial shells in enhancing the
upconversion luminescence in one of the most widely studied system—Yb**/Er®* co-doped B-
NaYF4 nanoparticles. We show that the core nanoparticles coated with the inert epitaxial shell
have the highest emission intensity and luminescence quantum vyield, and the both emission

intensity and quantum yield monotonously drops with the increasing doping level in the shell.
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Chapter 3 develops a photocatalysis/photodynamic therapy platform by engineering the
spectral feature of the upconversion nanoparticles. The nanoparticles can be excited by the
biobenign 808 nm laser at extremely low irradiance, and emit visible red light centered at 654 nm
that further activates the highly efficient photosensitizers ZnPc.

Chapter 4 develops a class of multimodal imaging contrast agents that work for optical
imaging, magnetic resonance imaging, and computed tomography with high performance.
Importantly, the optical emission, MRI relaxivity, and CT contrast are simultaneously enhanced
by tuning the interfacial layer thickness in the heteroepitaxial structure, overcoming the
conundrum that putting two imaging functions on the single entity often compromises the overall
performance.

Chapter 5 introduces a surface-engineering strategy to enhance the MRI contrast
remarkably approaching the known theoretical limit. Using monodispersed and ultrasmall NaGdF4
nanoparticles and dual-solvent exchange-induced micellization, we demonstrate that the modified
nanoparticles can be steadily dispersed in water, individually encapsulated, and does not coagulate.
These features enhance the interaction between Gd** magnetic centers and the surrounding water

protons and we obtain a MRI relaxivity as high as ~80 mMs,
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Introduction

0.1 What are Lanthanides?

Lanthanides are a series of fifteen elements with atomic numbers ranging from 57 to 71 in
the periodic table—lanthanum (La, #57), cerium (Ce), praseodymium (Pr), neodymium (Nd),
promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium
(Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu, #71).12
Alternatively, these fifteen elements along with the two chemically similar elements sitting in
diagonal of La in the periodic table, yttrium (Y, #39) and scandium (Sc, #21), are often referred
together as rare earth elements or rare earth metals (Figure 0.1). They were first discovered in the
late 18" century in Ytterby, a small village in Sweden (Figure 0.2). Several scientists and inventors
including Gadolin, Berzelius, and Klaproth have contributed significantly to the discovery and
purification of these metals from the earth minerals.? This series of elements were first named as
‘rare earth’ because they were purified from reasonably rare, low-abundance minerals in Europe.
However, this was later proved misleading because these elements were in a practically unlimited
abundance in the earth crust of East Asia, particularly in China. The term lanthanide was adopted,
originating from the first element of the series, Lanthanum (La) to represent the series of the
elements. In contemporary science and technology, the terms of lanthanides and rare earths are

usually interchangeable and by default refer to the total seventeen elements.



H Rare Earth Elements He
Li || Be BIICIIN]OI||F ||Ne
Na||Mg ALIISI|L P IS ] C]Ar

K [|CallSe|] Ti || V || Cr||Mn]| Fe [|Co|| Ni ||Cul|Zn]|Ga||Ge|| As || Se|] Br || Kr
Rb (| Sr . Zr |INb[|Mo|| Tc || Rul|Rh || Pd ||Ag||Cd || In || Sn]|Sb (] Te Xe
Cs||Baf| * [|Hf[| Ta|] W]|Re]||Os|| Ir || Pt [|Au]||Hg]] TI ||Pb|| Bi || Po|] At]|Rn

Fr||Ra || ** || Rf ||Db]|Sg[|Bh || Hs || Mt|| Ds||Rg || Cn]fuut|] FI [{Uup|| Lv [|Vus]{Uuo

La |[Ce| Pr Nd Pm Sm Eu Gd .......
Bk || Cf || Es

AclIThfPall U |INp|| PullAm||Cm

Fml|Md||No]| Lr

Light Rare Earth Element . Heavy Rare Earth Element

Figure 0.1 The seventeen elements in the periodic table.
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the entrance of Ytterby mine, Ytterby, Sweden.



0.2 Basic Physical and Chemical Properties of Lanthanides

Lanthanides are classified as inner transition metals with partially filled 4f electron
configurations in the periodic table, and they are different from conventionally known transition
metals whose d orbitals are partially filled. This is the most fundamental property of lanthanide
ions (typically +3), and it enables several important features that set lanthanide ions apart from
other transition metal ions and make lanthanides unique in the industry. 37 Y3* and Sc3* do not
have any f orbitals, so they are often used as host materials to allow other lanthanides be doped in.
Four important characteristics of lanthanide trivalent ions (Ln®") are listed below.

(1). There are fourteen electrons in total to occupy the 4f orbitals (Table 0.1). With the
degree of fillings in the orbitals, there are numerous possible electron configurations, and they can
be further split into many energy sublevels (Figure 0.3) with the influence of Coulombic
interactions, spin-orbital coupling, and crystal field perturbation (very weak).® Using first principle
calculation, all the possible 4f energy levels in lanthanide ions can be roughly summarized in
Figure 0.4, with the energy gap spanning from 0 — 2 x 10° cm™. The 4f for La* is empty while for
Lu®* is full. Therefore both of these two ions do not allow and optical transitions.® For other thirteen

lanthanide ions, their electrons can be promoted to higher energy upon absorption of photons.



Table 0.1 Electron configuration and all possible energy levels in lanthanide trivalent ions.®

Total Total
Atomic | Ground Ground number. of Excited number_ of
number | 0" configuration | state 2s+1L; states In configuration states in
ground excited
configuration configuration
57 La®* 4f0 1S, 1 - -
58 ce* 4ft 2Fsp 14 5d 10
59 Pr3* 4f2 3H, 91 4f15d 231
60 Nd3* 4f3 *or 364 4f25d 1274
61 Pm3* 44 ®l 1001 4f35d 4641
62 Sm3* 4f° ®Hs/ 2002 4f5d 12012
63 Eudt 4f° Fo 3003 4f55d 23023
64 Gd®* 4f7 8371 3432 4554 33462
65 Th¥* 418 "Fe 3003 4f'5d 37323
66 Dy3* 4f° ®Hasp 2002 4f85d 32032
67 Ho®* 4f10 %lg 1001 4f95d 21021
68 Er3* 4f11 152 364 4f105( 10374
69 Tm3 4f12 3He 91 4fli5( 3731
70 Yb3* 4f13 2F112 14 41254 924
71 Lud* 414 15, 1 411354 141
2S+1
el o 2841
2s+1 ,~  |10°cm’ LU
—— - T
R N T £ 7 g
/ B Pe)
3 104 cm™” -7 A
L, 2 o
Central field  meYom—_ -7
(H,) Coulombic field e ——
(H,,)  Spin-orbital coupling Crystal field
(Hso) (Ver)

Figure 0.3 The 4f" electronic configuration splits into many energy sublevels due to the strong
effects of the Coulombic interaction and spin-orbital coupling as well as very weak crystal-field
perturbation.®
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Figure 0.4 First Principle calculation of the possible 4f energy levels in lanthanide ions
highlighting the abundancy of major energy levels.®

(2). For the thirteen lanthanides rather than La®*" and Lu®*, they can absorb excitation at
different energies and relax the energy through the emission of photons. When X-rays are absorbed
and visible photons are emitted on lanthanide ions, it is known as scintillation. However, in most
cases, the lanthanides are excited by ultraviolet (UV) or visible light and emit visible or near-
infrared (NIR) light, and this is known as photoluminescence. The wavelengths of UV to NIR light
lies within 200-2000 nm, corresponding to 102 — 10* cm™ in wavenumbers.2 Therefore, the lower
part of the energy levels in Figure 0.4 is often studied and it is known as the classical Dieke diagram

(Figure 0.5).2° Due to the rich energy levels, the emission bands for the lanthanide ions cover the

UV to NIR spectrum (Figure 0.6).1
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Figure 0.6 Wavelength of the main emissive transitions of the trivalent lanthanide coordination
compounds in the UV to NIR range.!
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Figure 0.7 Electron filling in different orbitals. (a) The order of filling in orbitals and (b) the
simplified energy level diagrams.

(3). Electrons fill the orbitals from the lowest to the highest energy (Figure 0.7a). The
energy of 4f orbital is higher than that of 5p and 6s orbitals, and they are only occupied after both

5p and 6s have been filled (Figure 0.7b). The 4f orbitals are shielded by 5p and 6s orbitals, do not



participate chemical bond formation, and unlike 5d orbitals in lanthanides, are weakly influenced
by the crystal field splitting (Figure 0.8). Therefore, the optical transitions, including the absorption
and emission maximum and their colors, usually stays the same for a specific type of lanthanide

ions wherever they are doped (Figure 0.9).
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»
>

Figure 0.8 Simplified scheme showing the breaking/splitting of degeneracies of electron orbital
states in 5d and 4f orbitals of lanthanides when they are doped into different types of inorganic
host materials and are affected by the different surrounding charge distribution in various crystal
field.®
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Figure 0.9 Comparison of lanthanides (upper panel) and d-block transition metals (lower panel).

(4). The 4f electrons are shielded from the surrounding chemical environment and the
lanthanide element nuclei. Therefore, upon absorption of an incident photon, the promotion of an
electron into a 4f orbital of higher energy from lower energy within the 4f shell does not perturb
much the binding pattern between the lanthanide ions and the surrounding crystal field. As a result,
the internuclear distances remain almost the same in the excited state, which generates very narrow
emission bands (Figure 0.10). This is very different from organic fluorophores with broad emission

peaks and provides very pure emission colors, benefiting emission multiplexing.
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Figure 0.10 Configurational coordinate diagram for emission from (left) an organic fluorophore
and (right) a lanthanide ion.®

(5). The intra-4f optical transitions are parity-forbidden, and therefore the excited electrons
have relatively longer lifetime (us to ms) at the excited states, giving possibility for persistent
luminescence, multiphoton absorption, and anti-Stokes emission. Notably, the multiphoton
absorption and anti-Stokes emission in lanthanide ions can be different from the previous
mechanisms such as second harmonic generation (SHG) and two-photon absorption (TPA) (Figure
0.11). In SHG and TPA, two photons need to be absorbed simultaneously to reach the higher
energy, and therefore it necessitates the extremely high excitation irradiance from lasers (usually
femtosecond pulsing lasers). In lanthanide-based systems, the electron is able to absorb one photon,
be excited to the first excited state, sequentially absorb the second photon to reach the second
excited state, and finally emit. This is known as upconversion (UC) (Figure 0.11) and requires
much lower excitation irradiance, which has received considerable research interest in the past
decade. Also, the long lifetime of the luminescence from lanthanides evokes their use in time-
resolved spectroscopies.*?

10
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Figure 0.11 (from left to right) schematic illustrations of second harmonic generation (SHG), two-
photon absorption (TPA), and upconversion (UC). GS, ground state; ES, excited state; VS, virtual
state.

(6). Photobleaching refers to the destructions of a light-emitting entity (usually organic
fluorophores) and permanent loss of light-emitting capability by high-intensity light irradiation. It
is often caused by cleaving of covalent bonds or non-specific reactions between the fluorophores
and surrounding molecules or within the fluorophores themselves. Such permanent, irreversible
change leads to the transition of the light-emitting entity from singlet state to the triplet state and
stops them from fluorescing. Photobleaching is a major challenge particularly for long-term
imaging when green fluorescence proteins or typical organic fluorophores are used as imaging
probes. However, in lanthanide-based luminescent materials, lanthanide ions are good quenchers
to the triplet states (Figure 0.12).12 Therefore, the detrimental triplet states can be eliminated, and
the photobleaching is significantly suppressed when lanthanide-based materials are under high-

intensity light irradiation. Therefore, lanthanide-based optical probes can be used for long-term

monitoring of various targets with high accuracy and reliability.

11
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Figure 0.12 Triplet states are quenched by lanthanide trivalent ions when they are brought to close
proximity.*3

(7). The 4f electrons make the lanthanide trivalent ions highly paramagnetic.
Paramagnetism refers to the susceptibility of materials to external magnetic field, and it is caused
by the angular moment of the unpaired electrons.’*® As repeatedly stated above, the unpaired
electrons occupy the 4f orbitals, and they behave like free electrons, making orbital and spin
angular momentum together contributing to magnetic moment significantly higher than that of
most other transition metal ions.'® Among all lanthanides, Gd®** has the highest paramagnetism
because it has seven unpaired electrons in the 4f orbitals, the most of all ions in the periodic table.
Therefore, lanthanide ions respond to external magnetic fields more dramatically, and it also
inspires a variety of applications such as magnets and magnetic resonance imaging contrast

agents.?%-?’
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0.3 Applications of Lanthanides in Industry

Lanthanides did not find any exciting applications in the span of more than a hundred years
since its discovery, and it was dramatically changed when Carl Auer Freiherr von Welsbach, an
Austrian inventor developed lanthanide-based flint and gas mantle around the 1900s. The flint was
composed of a trace amount of Ce, and it was considered as the inspiration of ignition source or
lighters (ferrocerium) later, while the gas mantle was composed of La, Ce, Nd, and Sm, and it is
now widely used in portable lanterns and lamps. Since then, lanthanide materials have evoked
considerable interest in both academia and industry due to their unique properties.

Since its discovery and the early applications demonstrated a century ago, it has been
realized that the lanthanides have particular merit in optics related applications, i.e. they can be
effective toolset to manage photons in various ways. In modern industry, lanthanides are a vital
piece of many advanced technologies and platforms. Some of the well-developed applications can
be found in Table 0.2. Among all these applications, three representative applications using

lanthanide materials, i.e. lighting, lasers, and telecommunications are highlighted below.
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Table 0.2 Applications of each lanthanide element in industry?3

Element Current Uses

Sc Structural alloys, medical lasers, metal-halide lamps

Phosphors, catalysts, propane gas mantles, oxygen sensors, structural metal

Y alloys, structural ceramics, thermal barrier coatings, microwave filters
Ni-M-H rechargeable batteries, lighter flints, electron emitters, fiber-optic
La - L . ) .
glasses, scintillators for radiation detection, abrasives, steels, welding
Structural metal alloys, polishing, fuel cracking catalysts, self-cleaning ovens,
Ce - . . e
automotive catalytic converters, phosphors, pigment stabilization
Pr Pigments, magnets, structural metal alloys, lighting, welders’ goggles, fiber-

optic amplifiers, catalysts, lighter flints

Nd Pigments, magnets, lasers, cryocoolers, fertilizers, rear-view mirrors

Sm Magnets, cancer treatment, nuclear reactor control rods, IR absorbers

Eu Phosphors

Cancer treatment, neutron radiography, MRI contrast agents, neutron

Gd shielding, structural metal alloys

Tb Phosphors, magnets (vs. Dy), magnetostrictive actuators, SOFCs (vs. Y)

Magnetostrictive actuators, thermal neutron absorbers, lasers, IR sources,

Dy metal-halide lamps, radiation dosimeters, catalysts, adiabatic refrigeration,

Ho Magnetic flux concentrators, neutron absorbers, lasers, fiber-optics

Lasers, optical amplifiers, medical lasers, neutron absorbers, vanadium alloys,
pigments for artificial gemstones, cryocoolers

Portable X-ray sources, lasers (especially in surgery), radiation dosimeters,
fluorescent anticounterfeiting banknote dyes

Er

™m

Yb Gamma-ray sources, stainless steels, lasers, fiber-optics

Lu Metal alloys, catalysts, cancer treatment

0.3.1 Lighting
Since Thomas Edison's pioneering work, the incandescent light bulb had dominated the
lighting market for a century before it was replaced in the 1970s by fluorescent lamps with

improved lighting efficiency. The inner side of the fluorescent lamps was usually coated with
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lanthanide-containing phosphors (Figure 0.13). The lanthanide phosphors were typically
composed of Eu, Th, and Ce for tunable red, green, and blue luminescence under the 245 nm
excitation from mercury, and the combination can be tuned to emit white luminescence for
efficient lighting (Figure 0.14).28 However, its application was played down due to the
environmental concern of mercury. With the development of GaN blue light-emitting diodes
(LEDs) as the alternative of mercury excitation, the lanthanide-based phosphors have revived as

the lighting options and their emission efficiency has been significantly improved.

Incandescent Light-emitting
Fluorescent lamps .
lamps diodes
1970 1995 2012
4 IGE 3 55y 1,
\ 4 m
1920 Eu'/il T Ce Eyl/m
. - i Power efficiency > Th'!
5-10% 25-40% 40-60% 60-80%
18 Im/W 60-80 Im/W 90-110 Im/W 120-180 Im/W

Figure 0.13 The impact of lanthanides on solid-state lighting, particularly improving lighting
efficiency. Efficiencies in this figure are "typical" values for these devices in the market. Luminous
efficiency (Im/W) refers to an input electric power of 100 W.?°
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Figure 0.14 The historical development of three generations of solid state white-light emitting
devices since 1970.2

0.3.2 Lasers

The active materials of solid state lasers are among the very early applications of
lanthanides with high purity since the purification procedures were well developed. Lanthanide
cations are ideally applied as the active material for solid-state lasers with emission spanning from
UV, visible to the NIR region (Table 0.3).

With no doubt, one of the most widely used lanthanide-based lasers is the Nd-YAG
(yttrium aluminate garnet as the host media, doped with 1% of Nd** as the active ions, usually
Nd:Y3AIls012) laser with the strong emission line at 1060 nm in the NIR region. This wavelength
(or frequency) can be facilely doubled (532 nm, green), tripled (355 nm, purple), or quadrupled
(266 nm, UV) resulting in multi-line lasers for excitation of luminescence spectra. These lasers are
essential to various aspects of our daily lives from slide presentations, manufacturing, optical

tweezers, and medical surgeries to military laser designators.
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Table 0.3 Common laser-active rare earth ions

wavelengths -3

and host media and important emission

Lanthanide lon Common host media Important emission wavelengths
NG YAG, YVOu, YLF. silica 1.03-1.1 um, 0.9-0.95 pm, 1.32-1.35
pum
Yb3* YAG, tungstates, silica 1.0-1.1 um
Ert YAG,; silica 1.5-1.6 um, 2.7 um, 0.55 um
Tm3* YAG, silica, fluoride glasses 1.7=2.1 pm, 1.45-1.53 pm, 0.48 pm, 0.8
um
Ho%* YAG, YLF,silica 2.1 um, 2.8-2.9 ym
pr3+ silica, fluoride glasses 1.3 pm, 0.635 pm, 0.6 pm, 0.52 pm,
0.49 um
YLF, LiCAF, LiLuF, LiSAF
3+ ’ ’ ’ ’
Ce and similar fluorides 0.28-0.33 pm

0.3.3 Telecommunications

Telecommunication is the transmission of information or intelligence of any nature by wire,

radio, optical or other electromagnetic systems. In modern telecommunication systems,

information is transported by light that is guided in silica optical fibers. Despite its excellent

transparency, the signals are usually attenuated over distance (~100 km) and need amplification

for accurate transmission. A well-developed amplification system is the erbium-doped fiber

amplifiers (EDFASs), and it has been deployed over all world since its first proposal in 1987 (Figure

0.15). All Er®* have a typical emission peak around 1530 nm upon excitation at various

wavelengths, and this wavelength falls well within the third communication window (or C band,

1530-1565 nm) featuring lowest attenuation losses and longest transmission range.
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Figure 0.15 Simplified workflow for erbium-doped fiber amplifiers (EDFAs).?

0.4 Colloidal Nanoparticles: General

Colloids are defined as, particularly in chemical sciences, mixtures in which one substance
is dispersed throughout another substance. Therefore, the colloids are composed of two different
phases, the solute and the solvent. To be qualified as colloids, the mixture must not settle towards
phase separation or would take a very long time for the settling to be observed. Typical colloids in
daily life include milk, coffee, blood, ink, and soap water, etc.

To fulfill the requirement of long-time suspension instead of settlement, the solutes usually
have a size between 1-1000 nm. Particularly, the colloids are specified as nanocolloids or colloidal
nanoparticles if the sizes of the solute fall between 1 and 100 nm. More often, the colloidal
nanoparticles are suspended in a various liquid solvent, and all the discussion below refers to
colloidal nanoparticles dispersed in either organic or aqueous solvent by default.®2-*3 The colloidal
nanoparticles are particularly interesting because (i) their nanoscale sizes bring numerous novel
electrical, optical, magnetic, mechanical, and thermal properties that can only be observed at this
scale, (ii) nanoparticles in the solvent are more easily to synthesize and fabricate with high
uniformity, and (iii) these nanoparticles dispersed as the form of suspension in the solvent are more

convenient to characterize and engineer for surface modification.3** As a result, the colloidal
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nanoparticles including a broad range of materials such as metals, metal oxides, semiconductors,

silica, titania, and polymers have been the cutting-edge research topics for several decades.®”*°
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Figure 0.16 Bandgap structure of semiconductor nanoparticles (left) and localized surface plasmon
resonance of noble metal nanoparticles (right).*64

Two major classes of colloidal nanoparticles are transition metal-based semiconducting
nanoparticles (CdSe, PbS, InP, etc. usually referred as quantum dots)*® 4353 and noble metal-based
plasmonic nanoparticles (Au, Ag, Cu, etc.).#- 525 Semiconductor nanoparticles have highly
tunable, size-dependent band gap structures (Figure 0.16) generating tunable photoluminescence
covering a broad range of the spectrum. Noble metal nanoparticles have tunable, size- and shape-
dependent localized surface plasmon resonances (LSPR) (Figure 0.16) also spanning from UV to
NIR region. In either case, the development of synthesis strategies enables the scientists to create
a plethora of nanoparticles of various sizes, shapes, and assemblies, and these nanoparticles have

been tailored to fit for myriad applications such as manufacturing, biomedicine, energy,

environment, and catalysis, etc.3* 3% 47.55-63
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0.5 Colloidal Lanthanide Nanoparticles
0.5.1 Why Colloidal Lanthanide Nanoparticles

The semiconductor- and noble metal-based nanoparticles have received considerable
research interest and significantly contributed to different research topics, particularly light
manipulation and photon management. However, the size- and shape-dependent optical properties
can also be a double-edged sword because it might bring new challenges in practical applications.
For example, significantly different sizes (2-10 nm) must be precisely controlled to obtain
photoluminescence at different wavelengths, and it is difficult to collectively process nanoparticles
with different sizes. Also, the susceptibility to surface oxidation in some nanoparticles such as PbS
or Ag might alter their optical properties. Therefore, there is a demand to develop new toolsets that
manipulate light in various ways but are insensitive to the physiochemical parameters such as sizes,
shapes, and chemical environment. As stated above, lanthanides are such a class of materials, and
lanthanide-based nanoparticles can be the new toolset that fulfills the requirements.t 126465 On the
other hand, with the versatility of lanthanide in modern industry and the development of
nanoscience, it is natural to consider narrowing down the sizes of lanthanide bulk materials to the
nanoscale and discovering new properties. The research on colloidal lanthanide nanoparticles is
relatively new, and it has only been popular in the past ten to fifteen years.

One of the most heavily studied properties of lanthanide-based nanoparticles is
upconversion (UC) (Figure 0.11), one type of anti-Stokes emission that usually refers to converting
low energy photons to high energy photons under sequential instead of simultaneous absorption
of multiple photons. 12 UC processes are a missing piece of the photoluminescence research and

are a powerful platform to benefit studies from bioimaging to anticounterfeiting and solar energy
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conversion.% %669 UC processes are possible and most convenient in lanthanide-based materials
because of the unique properties of lanthanides discussed above, such as multiple ladder-like
energy levels, insensitivity to chemical environment, and long lifetime at the intermediate energy
levels. The research interest in UC has been steadily growing when nanoscale lanthanide materials,
i.e. lanthanide nanoparticles emerged because nanoparticulate form enables the precise control and

tuning of different dopants and make studying interactions of lanthanide ions more convenient.

0.5.2 Basics of Colloidal Lanthanide Nanoparticles

There are several fundamental properties pertinent to all lanthanide nanoparticles that need
to be touched on before the discussion goes into detail.

(1). Lanthanide nanoparticles are usually composed of a host matrix that are optically inert
ions such as Sc**, Y3, La®*, Gd**, and Lu®" and optically active dopants of different doping
concentration.*2

(2). There are two major types of optically active dopants involved in the
photoluminescence—sensitizers and activators. Sensitizers such as Nd** and Yb®*, have relatively
higher absorption cross-sections. Activators such as Eu**, Tb%", Ho**, Er**, Tm*" have well-spaced
energy levels that are suitable for sequential photon absorption. A sensitizer-activator pair could
benefit from both and generate bright photoluminescence especially when their energy levels are
matched.”

(3). One of the most frequently used host matrix for lanthanide doping and luminescence
is sodium yttrium tetrafluoride (NaYF4) because of their relatively low phonon energy and low

non-radiative energy loss.'? There are two different crystalline phases for NaYFs, cubic (o) and

hexagonal (), and hexagonal phase promotes the lanthanide luminescence efficiency more than
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the cubic phase with the same doping condition.”*"2 This is because hexagonal phase NaYF4 is a
more asymmetric host and symmetry breaking enhances the parity-forbidden intra-4f transitions
in the lanthanide dopants.

(4). In lanthanide colloidal nanoparticles, the epitaxial growth behavior can be controlled
much more precisely and conveniently, generating core-shell nanoparticles or multilayer
heteroepitaxial nanoparticles with distinctly defined structures with different dopants.” This
makes lanthanide nanoparticles a much more versatile platform to investigate the fundamental
photophysical processes and interactions between different lanthanide ions, which is challenging

for lanthanide bulk materials.

0.5.3 Synthesis of Colloidal Lanthanide Nanoparticles

Prior to lanthanide nanoparticles, colloidal nanoparticles based on other materials have
been designed and fabricated through many different strategies. One of the most well-developed,
versatile, and reliable approaches is the thermal decomposition method, and it was proposed by
Hyeon et al. in 2004.7 In this approach, the metal precursors are mixed with high-boiling point
solvent such as 1-octadecane, oleic acid, and oleylamine, etc., heated to high temperature (~300
°C) to generate colloidal nanoparticles under supersaturation conditions.”®® This method was later
adopted to synthesize lanthanide-based nanoparticles using lanthanide trifluoroacetate, acetate or
chloride as the metal precursors, and have enabled a broad family of lanthanide-based
nanoparticles with various lanthanide dopants.3-82

In 2006, Yan et al. systematically investigated the growth behavior of both cubic and
hexagonal phase sodium lanthanide tetrafluoride (NaLnFs, Ln = La to Lu) nanoparticles, which

was the first comprehensive “synthesis tutorial” in the field.®® Using a combination of different
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metal precursors (Ln(CFsCOO)s and Na(CFzCOQ)), coordinating solvent/ligands, reaction
temperature, and reaction time, they demonstrated how different phases of nanoparticles formed
and progressed by overcoming multiple energy barriers in the solution (Figure 0.17). It was
revealed that the light lanthanides (Nd, Pr, etc.) tended to directly form as hexagonal phase while
the heavy lanthanides (Y, Er, Tm, Yb, etc.) firstly form as cubic phase and transform to hexagonal
phase with prolonged heating.84®° This work provides an insightful yet general overview of

NaLnF4 nanoparticles with dopants across the whole lanthanide series, and it is of fundamental

importance to all the synthesis work done in this thesis.
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Figure 0.17 Schematic illustration of the free energy for the controlled synthesis of NaLnFs
nanocrystals (I: Pr and Nd; II: Sm to Tb; 11I: Dy to Lu, Y).%

In 2008, Zhang et al. developed an efficient strategy to synthesize NaYFs nanoparticles
doped with various combination of sensitizers and activators, and significantly improved the yield

of the hexagonal phase products.® Different from the commonly used Ln(CF3COO)s and
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Na(CFsCOO), they used LnClz, NaOH, and NH4F with well-matched stoichiochemistry (Figure
0.18), which greatly simplified the synthesis process and made the reaction more user-friendly
because there were no more excess toxic fluorides at high temperatures. This strategy had received
great attention, quickly became the mainstream synthesis protocol for lanthanide nanoparticles,

and is the major synthesis method used in this thesis.

Figure 0.18 TEM images of NaYF4:Yb, Er nanospheres ((A)—(C), at different magnifications),
nanoellipses (D), and nanoplates ((E)—-(G), at different magnifications) and Fourier transform of
the TEM image in G (H).%

In 2010, Liu et al. discovered the doping-dependent size and phase transformation for
NaLnF4 nanoparticles, which is one of most critical discovery in modern colloidal lanthanide
nanoparticles.’? They showed that lanthanide ions with smaller atomic number have larger ionic
radii and larger polarizability, favoring the formation of symmetry-breaking hexagonal phase
NaLnFs nanoparticles (Figure 0.19). While the nanoparticles majorly composed of heavier

lanthanides prefer the cubic phases, they can be readily transformed to hexagonal phases with 10-

20% doping of lighter lanthanide ions in the nanoparticle matrix.
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Figure 0.19 (a, b) Schematic presentation of cubic- and hexagonal-phase NaLnFs structures,
respectively (RE, rare earth). In the hexagonal phase, an ordered array of F ions offers two types
of cation sites (asymmetric): one occupied by Na* and the other occupied randomly by Ln** and
Na*. (c). General trend of phase transition from cubic to hexagonal as a function of ionic radius
(or polarizability) of the lanthanide dopant ions. (d). X-ray powder diffraction patterns of the
NaYF4:Yb/Er (18/2 mol%) nanocrystals obtained in the presence of 0, 15, 30, 45 and 60 mol%
Gd** dopant ions, respectively. Diffraction peaks corresponding to cubic NaYF4 are marked with
square boxes. A gradual decrease in diffraction peak intensities for cubic phase is observed as a
function of increased Gd**dopant content.”

With this strategy, the synthesis condition is much less stringent, and the hexagonal phases

of lanthanide nanoparticles across the whole series can be easily synthesized with almost the same
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synthesis parameters. This work laid the foundation for all the discussion about doping in this

thesis.
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Figure 0.20 (A—C) TEM of NaYF4:Yb3*/Er®* (15/2%) core NCs, 15 s after injection of sacrificial
o-NaYFs NCs and after 10 min self-focusing NaYFsYb*'/Er¥* (15/2%) core-shell NCs,
respectively, and (D) size distribution of the NCs.#’

In 2012, van Veggel et al. proposed a strategy to synthesize lanthanide nanoparticles with
well-defined core-shell architectures using Ostwald ripening-based self-focusing (Figure 0.20).%
Ostwald ripening is the “coalescence” of nanoparticles, typically as the growth of bigger
nanoparticles (smaller surface-to-volume ratio and lower energy) at the expense of smaller

nanoparticles (larger surface-to-volume ratio and higher energy) to lower the overall energy of the

entire system. Ostwald ripening is a common phenomenon for various types of colloidal
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systems,®-8 put it has not been deliberately used as a strategy to grow nanoparticles until this
particular work. In this work, the hexagonal nanoparticles were first synthesized as the
thermodynamically stable cores with sizes of 16 nm, and cubic phase Kkinetically stable
nanoparticles with sizes of 6.5 nm dispersed in volatile solvents (hexane) were rapidly injected
into the reaction solution at high temperature. Upon mixing, the cubic phase nanoparticles were
dissolved and deposited onto the hexagonal phase cores to form core-shell structures with sizes of
20 nm because the cubic phase nanoparticles are less stable. This work is the major reference for

all the epitaxial work (core-shell, multilayer structures) done in this thesis.

0.5.4 Characterization of Colloidal Lanthanide Nanoparticles

Due to the small sizes and large surface-to-volume ratios of colloidal lanthanide
nanoparticles, the effect of surface on the photoluminescence of lanthanide-based nanoparticles
are much more prominent. Colloidal lanthanide nanoparticles have much weaker luminescence
than their bulk counterpart because of the possible presence of more surface defects and easy
accessibility of quenchers in the surrounding of nanoparticles to the excited states. This is one of
the most daunting challenges in research field after the focus of lanthanides has been shifted to the
nanoscale. Liu et al. investigated the size-dependent optical properties of sensitizer and activator
co-doped core nanoparticles and show that the luminescence intensity decreases proportionally to
the size reduction from 25 nm to 10 nm (Figure 0.21).°° When the core nanoparticles were coated
with epitaxial shells at the same thickness, all groups of core-shell nanoparticles had increased
luminescence intensity. Notably, the enhancement factor after epitaxial shell growth in the smallest
nanoparticles was the highest, which indicates that the shells contribute most to the mostly

quenched small nanoparticles. This work demonstrates the direct evidence of size-dependent
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optical properties for both core and core-shell nanoparticles, and is the foundation to most of the

discussion about core-shell structures in this thesis.
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Figure 0.21 The effect of epitaxial shell in enhancing the luminescence of lanthanide-doped
nanoparticles with different sizes.%

With the understanding of surface-dependent luminescence quenching, there is another
issue associated with quenching and doping in the lanthanide-doped nanoparticles. Doping
inevitably increases the cross-relaxation of excitation energy between neighboring ions and also
possibly drains the excitation energy to the surface defects. In either way, the luminescence
intensity drops significantly with the increasing doping concentration and it is referred as
concentration quenching. It has been generally accepted that the doping concentration of activators
(Ho®*", Er®*, Tm*, etc.) in most of the lanthanide-based nanoparticles should be kept below 5% to
maintain bright emission.!: % 27.65-70.91-93 gepyck et al. investigated the luminescence as a function
of the doping concentration of activators (Er®*) and the excitation power density at 980 nm laser
(Figure 0.22).%* They found that the nanoparticles with 20% activators doping were dimmer than
that with 2% doping at low excitation power density (several W/cm?), but the former ones were

much brighter than the latter ones at significantly elevated power density (106 W/cm?). This
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suggests that the concentration quenching can be alleviated with increased irradiance and the limit
of 5% doping can be overcome.
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Figure 0.22 (a) Luminescence intensity of single 8 nm nanoparticles with 20% (blue) and 2% (red)
Er®*, each with 20% Yb®*, plotted as a function of excitation intensity. Inset: zoom-in regions. (b-
d) Confocal luminescence images taken at points shown in (a) of single nanoparticles of 20%
(blue) and 2% (red) Er3*.%

Even if the surface quenching and concentration quenching effect is excluded, the
luminescence in lanthanide-doped nanoparticles is still an extremely inefficient process because it
is parity-forbidden. This results in very weak luminescence intensity and significantly limits the
use of lanthanide-doped nanoparticles for practical applications although there are plentiful unique
useful features for these nanoparticles. Different strategies have been devised to enhance the
luminescence intensity and a natural thought process is to enhance the emission by designing the

nanoparticles that can absorb more incident light. In 2009, Capobianco et al. proposed a strategy

called “active-core/active-shell” to enhance the luminescence intensity of the lanthanide-doped
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nanoparticles where they doped certain amount of extra sensitizers (Yb®") in the shell of core-shell
nanoparticles, adding extra absorption of incident light to the Yb*'/Er** co-doped core
nanoparticles (Figure 0.23).%° This work stimulates many relevant research because it showed that
different lanthanide dopants can be separately positioned into different layers of multilayer

nanoparticles and contribute to the optical transitions.
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Figure 0.23 Schematic illustrations of the simplified energy levels in the active-core/active-shell
approach where more incident photons are absorbed through the sensitizers in the shell.%

With more control over the core-shell nanoparticle design, dopants rather than the routinely
used Yb3* have also been incorporated into the shell layer of the core-shell structures to tailor the
optical properties. Nd®* is one of the mostly studied dopants in the shell in recent years rather than
Yb®* because of two interesting features. First, Nd®** has a high absorption peak centered at 808
nm, and 808 nm is a better candidate than the commonly used 980 nm for biological applications
because 808 nm is attenuated much less than 980 nm by water. Second, the absorption cross-
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section of Nd®* at 808 nm is about ten times higher than that of Yb3* at 980 nm possibly leading
to brighter luminescence. Yan et al. studied doping of 10% Nd** in the shell and showed that the
core-shell nanoparticles can be facilely excited at 808 nm with much less heating induced by the
laser irradiation (Figure 0.24).%® This makes lanthanide-doped nanoparticles more relevant for

biological/biomedical applications.®”-°
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Figure 0.24 Comparison of water absorption at 980 nm and 808 nm. TEM image and the simplified
energy level diagrams of the Nd**-doped nanoparticles.%

0.5.5 Applications of Colloidal Lanthanide Nanoparticles
Because of the versatile yet easily tunable optical properties, lanthanide-doped

nanoparticles have been attractive for many optics-related studies and applications where photons
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need to be properly “managed”.®” %1% For example, photon management is critical to biomedical
applications such as photoluminescence imaging and photodynamic therapy while central to solar
light harvesting in energy applications. Some of these applications can be completed with
lanthanide bulk materials but could be improved with the nanoscale counterpart, while some of

them can only be done with the judiciously designed colloidal lanthanide nanoparticles.
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Figure 0.25 Schematic illustration of the lanthanide-doped nanoparticles and their energy levels
emphasizing the emission > 1000 nm, falling into the biological imaging window (upper left).
Setup for imaging of living mice using lanthanide-doped nanoparticles as the optical probe (upper
right). Comparison of attenuation of different wavelength through the phantom tissues with
different thickness (lower panel).!

Scattering and attenuation of light through tissue is a major challenge in bioimaging
towards obtaining high-resolution and high contrast biomedical images carrying precise

information. This issue can be mitigated by using light with longer wavelength, mainly

wavelengths longer than 800 nm, and it is referred as NIR biological window for bioimaging.19*
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112 However, it is not easy to design materials that can be excited and emit in the biological window.
Lanthanides-doped nanoparticles, with the ladder-like energy levels, provide possibility for putting
both the excitation and emission wavelength in the biological imaging window.'%° Particularly,
Yb*/Er®* co-doped nanoparticles can be excited at 980 nm and emit at 1525 nm, and they were
used as biological imaging probes to generate images in vivo with high contrast and high resolution
(Figure 0.25).19%113-115 The images obtained from this longer wavelength had much better quality
than those from the shorter 808 nm emission, and it also enabled the imaging through several
millimeters of phantom tissue.

Another typical example showing the potential of photon management using lanthanide-
doped nanoparticles is photodynamic therapy (PDT). PDT is a powerful platform to treat various
diseases (especially multidrug resistant diseases) using the highly oxidative single oxygen
generated from photosensitizers via light irradiation.!'1!’ Photosensitizers are usually excited by
visible light and the visible excitation light has very limited penetration depth through tissues,
making PDT incompetent in treating diseases deep beneath the skin. Lanthanide-doped
nanoparticles converts NIR light with deep tissue penetration depth to visible light and makes the
photosensitizers indirectly activatable by NIR light, making it possible using PDT to treat diseases
deep beneath the skin.!*8122 Zhang et al. developed a NIR-light-activated PDT system using
mesoporous silica coated Yb**/Er®* co-doped nanoparticles and incorporated photosensitizers zinc
phthalocyanine (ZnPc) into the silica (Figure 0.26).'2 In their system, the
nanoparticles/silica/ZnPc composites can be excited by 980 nm NIR light and generate singlet

oxygen in vivo to kill the cancer cells in living mice.
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Figure 0.26 (a,b). TEM images of the mesoporous silica-coated lanthanide-doped nanoparticles.
(c). Luminescence spectra of nanoparticles under 980 nm excitation and the absorption spectra of
ZnPc. (d). Schematic illustration of mesoporous-silica-coated, ZnPc-incorporated system
generating singlet oxygen under 980 nm excitation.?*

The solar cell is another research area where photon management is the central topic. Solar
cells with a band gap can only collect photons with energy higher than the band gap and convert
the photons to electric energy that can be stored.'?>1?° One of most studied solar cell system is

based on crystalline silicon and it has a band gap of 1.12 eV (~1107 nm).*3® Therefore, photons

with wavelengths longer than 1107 nm cannot be absorbed by the solar cell and do not contribute
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to the photocurrent generation. However, there is a significant portion of photons in the solar
spectrum that are beyond the 1.12 eV limit, and it is believed that the efficiency for the solar cells
can be dramatically improved if these photons can be harvested. Lanthanide-doped nanoparticles
absorb multiple low energy photons and emit high energy photons, and it can contribute to sub-
band-gap photon harvesting when the upconverted emission is above the bandgap of the crystalline

silicon solar cells.64 131-140
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Figure 0.27 Schematic illustration of the improved bifacial solar cells with the upconverting
contributions from the Er¥*-doped lanthanides. The Er®* ions absorb the ~1500 nm photons in the
solar spectrum that cannot be utilized in conventional solar cells and upconvert them into 980 nm
photons that are above the 1.12 eV band gap.'*

Fischer et al. designed Er®*-doped core-shell nanoparticles and incorporated them with the

conventional bifacial solar cells to improve the optical response of the whole system (Figure

0.27).1*! In the core-shell nanoparticle, Er®* dopants absorb two ~1500 nm photons (below the
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band gap) and upconvert them into one 980 nm photon (above the band gap) that can be taken by

the silicon solar cells.

0.6 Major Challenges in the Field

With all the synthesis, characterization, and applications shown above for lanthanide-doped
nanoparticles, the major challenges still lies in the precise control of the nanoparticles with well-
defined structures in the colloidal synthesis and understanding of the photophysical processes
taking place between different dopants. Several representative challenges are listed as follows:

(1). Uniform, concentric, and quasi-isotropic lanthanide-doped core-shell nanoparticles.
Uniform epitaxial shells on top of the core nanoparticles are important in tuning the optical
properties of core-shell nanoparticles and irregular shell structures increase the complexity and
unpredictability of the system. The well-confined excitation energy could be drained easily to
surface quenchers through the thinner part in the irregular shell structures.

(2). Surface quenching. Surface quenching persists for all nanoparticles that emit light and
is particularly relevant for lanthanide-doped nanoparticles because there are multiple metastable
intermediate energy levels that are susceptible to surface quenching. Reducing surface quenching
makes it dramatically easier putting lanthanide-doped nanoparticles in applications.

(4). Concentration quenching. Overcoming concentration quenching has been the Holy
Grail in research about lanthanide-doped nanoparticles for long. Examples shown in the previous
section described strategies to overcome this limitation, but it is heavily relied on pulsing laser
with extremely high irradiation, which is unpractical for many scenarios. It is quietly demanding
to develop certain approaches that make the heavily doped nanoparticles emit with low power

excitation.
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(3). Sensitization. Sensitization is often considered to be inevitable because lanthanide
optical transitions are intrinsically weak. Sensitization limits the choice of excitation wavelengths
and many more applications are expected if the lanthanide-doped nanoparticles can be excited with

more available wavelengths.

0.7 Scope of this thesis

In this thesis, with the understanding of the state-of-the-art work and major challenges in
the field, I will tailor the colloidal synthesis of lanthanide-doped nanoparticles, investigate how
they grow in solution, and develop robust approaches to synthesize nanoparticles with uniform,
concentric, and isotropic structures. With the synthesized nanoparticles, | study the optical tuning
of various parameters including excitation, emission, sensitization, and relaxation, and understand
how they collectively influence the optical output of the nanoparticles. With the controlled
structures and optical properties, | showcase several examples how lanthanide-doped nanoparticles
can be a powerful multifunctional platform in managing photons, benefiting a broad spectrum of
applications.

Chapter 1 reveals the interdependence of surface and concentrating quenching dynamics in
lanthanide-doped nanoparticles. We show that the major quenching mechanism for nanoparticles
with high doping levels is the energy migration to surface defects, as opposed to the commonly
accepted cross-relaxation between neighboring dopants. With an inert epitaxial shell growth onto
the core nanoparticles, erbium (Er®") concentrations as high as 100 mol% in NaY (Er)F4/NaLuF4
core/shell nanocrystals enhance the emission intensity of both upconversion and downshifted
luminescence across different excitation wavelengths (980, 800, and 658 nm), with negligible

concentration quenching effects.
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Chapter 2 analyzes the critical effect of the doped epitaxial shells in enhancing the
upconversion luminescence in one of the most widely studied system—Yb**/Er®* co-doped B-
NaYF4 nanoparticles. We show that doping (usually sensitizers) in the shell has two opposing
effect—absorbing more incident light and draining more excitation energy to the surface sites, and
the latter one overwhelms the former one. Therefore, the core nanoparticles coated with the inert
epitaxial shell have the highest emission intensity and luminescence quantum vyield, and the both
emission intensity and quantum yield monotonously drops with the increasing doping level in the
shell.

Chapter 3 develops a photocatalysis/photodynamic therapy platform by engineering the
spectral feature of the upconversion nanoparticles. The nanoparticles can be excited by the
biobenign 808 nm laser at extremely low irradiance, and emit visible red light centered at 654 nm
that further activates the highly efficient photosensitizers ZnPc. Two major challenges associated
with the optical features in previous such platforms, excitation at 980 nm and emission at 540 nm
are simultaneously addressed by using this new class of nanoparticles. We show that with our
platform singlet oxygen can be effectively generated to rapidly kill cancer cells and dissociate solid
cell spheroids.

Chapter 4 develops a class of multimodal imaging contrast agents that work for optical
imaging, magnetic resonance imaging, and computed tomography with high performance. The
contrast agents are composed of three distinct layers with three different functional lanthanide ions
in a heteroepitaxial nanoparticle. Importantly, the optical emission, MRI relaxivity, and CT
contrast are simultaneously enhanced by tuning the interfacial layer thickness in the heteroepitaxial
structure, overcoming the conundrum that putting two imaging functions on the single entity often

compromises the overall performance.
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Chapter 5 introduces a surface-engineering strategy to enhance the MRI contrast
remarkably approaching the known theoretical limit. Using monodispersed and ultrasmall NaGdF4
nanoparticles and dual-solvent exchange-induced micellization, we demonstrate that the modified
nanoparticles can be steadily dispersed in water, individually encapsulated, and does not coagulate.
These features enhance the interaction between Gd** magnetic centers and the surrounding water
protons and we obtain a MRI relaxivity as high as ~80 mM1s™,

Chapter of introduction, is unpublished work. Sha He and Adah Almutairi. The dissertation

author was the primary investigator and author of this material.
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Chapter 1
Direct Evidence for Coupled Surface and Concentration Quenching Dynamics in Lanthanide-

Doped Nanocrystals

1.1 Abstract

Luminescence quenching at high dopant concentrations generally limits the dopant
concentration to less than 1-5 mol% in lanthanide-doped materials, and this remains a major
obstacle in designing materials with enhanced efficiency/brightness. In this work, we provide
direct evidence that the major quenching process at high dopant concentrations is the energy
migration to the surface (i.e. surface quenching) as opposed to the common misconception of
cross-relaxation between dopant ions. We show that after an inert epitaxial shell growth, erbium
(Er*") concentrations as high as 100 mol% in NaY (Er)F4/NaLuF core/shell nanocrystals enhance
the emission intensity of both upconversion and downshifted luminescence across different
excitation wavelengths (980, 800, and 658 nm), with negligible concentration quenching effects.
Our results highlight the strong coupling of concentration and surface quenching effects in
colloidal lanthanide-doped nanocrystals, and that inert epitaxial shell growth can overcome
concentration quenching. These fundamental insights into the photophysical processes in highly-
doped nanocrystals will give rise to enhanced properties not previously thought possible with

compositions optimized in bulk.

1.2 Introduction

Lanthanide-doped nanocrystals have generated significant interest for broad range of

applications from bioimaging, photovoltaics, to displays.!* Using selective combinations
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/compositions of lanthanide dopants, various photophysical processes such as quantum cutting,
downshifting, and upconversion can be realized in this class of materials.>'® A common limitation
for realizing practical application is the limited brightness of lanthanide-doped nanocrystals and
the challenges associated with enhancing luminescence efficiencies. One critical limitation of
lanthanide-doped nanoparticles is that the concentration of emitters is generally restricted to low
dopant (emitter ion) concentrations generally in the range of 1-5 mol%. Increasing the dopant
concentration results in decrease of luminescence intensity, commonly referred to as
“concentration quenching”. Despite the fact that the origins of concentration quenching in
lanthanide-doped materials are still under debate,” these guidelines and the optimized
concentrations from bulk materials are commonly adopted in lanthanide-doped nanocrystals.!!!2
Only recently, efforts to achieve high dopant concentrations are being addressed especially in

1314 and Gargas et al.'®> independently

lanthanide-doped upconversion nanocrystals. Zhao et al.
demonstrated the use of high excitation irradiance (~10° W cm™) as a way to overcome
concentration quenching at high dopant concentrations. Similarly, Liu and coworkers
demonstrated the sub-lattice clustering of dopant ions as a pathway to achieve high dopant
concentrations.'® More recently, Prasad and coworkers used organic dye sensitization as a route to
alleviate concentration quenching.!” However, mechanistic investigations to understand the
origins of concentration quenching and ways to overcome them especially with nanocrystalline
materials are not fully addressed.

Two common explanations for concentration quenching are deleterious cross-relaxation
between dopant ions in close proximity,'! and/or enhanced energy migration via resonant energy

transfer to the defects (i.e. the surface).!> While the latter has only gained attention in the last

decade with the development of colloidal nanocrystals, historically the cross-relaxation between
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dopant ions is commonly regarded as the major cause of concentration quenching as observed in
bulk materials. In this work, we address this fundamental question on the origins of concentration
quenching in nanocrystalline materials, and demonstrate that the major quenching process at high
dopant concentrations is predominantly due to energy migration to the surface and not cross-
relaxation between dopant ions.

In colloidal nanocrystals, increasing the dopant ion concentration results in increased
energy migration to the surface as the inter-ionic distance shortens.!* This suggests that the
concentration quenching effects should be strongly coupled to the surface effects in
nanocrystalline materials. In lanthanide-doped nanocrystals, the emission intensity decreases
disproportionately with nanocrystal volume due to the fact that a significant fraction of the dopants
lie within the characteristic distance for energy migration.'*!® Recent advances have established
that the epitaxial growth of a shell spatially isolates the core, passivates surface defects, and
reduces surface quenching.!’?? In this context, we reasoned that the growth of thick (~10 nm)
high-quality epitaxial shell should decouple both the surface and concentration quenching effects
and allow for higher dopant concentrations within the core than those optimized in bulk
compositions. Moreover, the ability to localize high dopant concentration in the core and confine
the excitation energy with a high-quality shell should allow for novel mechanistic understanding
of the photophysical processes that have not been previously possible with bulk materials or core

only nanostructures.

54



1.3 Results and Discussion

15
Size (nm)

o

12 15 18 - 2 15 18
Size (nm) Size (nm)

Figure 1.1 Transmission electron microscopy (TEM) images and size distribution of representative
core nanocrystals (a) NaYF4:5% Er®*, (b) NaYF4:25% Er®*, (c) NaYF4:50% Er®*, and (d) NaErFa.

In this work, erbium (Er’") is used as the active dopant ion for its rich energy level system
that offers multiple excitation and emission pathways spanning the visible to the near-infrared
(NIR) wavelengths. To systematically study and compare the effect of epitaxial shells on highly
doped nanocrystals, we synthesized hexagonal phase (B) NaYF4 core NCs with varying Er**
dopant concentrations (5, 25, 50, and 100 mol%),?! followed by growing an inert thick (~10 nm)

NaLuF epitaxial shell (see experimental details for synthesis).!*?* All core NCs were similar in
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size (~ 15 nm), and after shell growth the core-shell NCs were found to be about ~35-38 nm, with

an average shell thickness of about 10 nm as shown in Figure 1.1 and 1.2, respectively.

Size (nm)

Size (nm) Size (nm)
Figure 1.2 Transmission electron microscopy (TEM) images and size distribution of representative

core-shell nanocrystals (a) NaYF4:5% Er®* / NaLuFs, (b) NaYF4:25% Er®* /NaLuF4, (c) NaYF4:50%
Er3* / NaLuF4, and (d) NaErFs /NaLuFa.
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Figure 1.3. (a) Schematic illustration of the core-shell nanocrystals structural composition. (b)
Representative transmission electron microscopy (TEM) image of the NaErF4-NaLuF4 core-shell
nanocrystals. (c) Energy level diagram of erbium showing the multiple excitation pathways, and
the multiple emission levels leading to upconverted or downshifted emission. (d) Upconversion
and downshifted emission photographs of the colloidal dispersion of NaErF4-NalLuF4 core-shell
nanocrystals at variable excitation wavelengths.

A schematic representation of the core-shell structure and transmission electron
microscopy (TEM) image of 100 mol% Er-doped NaYF4 core (i.e. NaErF4) with a NaLuF4 shell
is shown in Figure 1.3 a and b respectively. Representative scanning electron microscopy (SEM),
high resolution (HR)-TEM, and powder X-ray diffraction (XRD) analysis shown in Figure 1.4 and
1.5 further confirmed the high uniformity, crystallinity, and hexagonal phase of the synthesized
core-shell nanocrystals. Upconversion and downshifted luminescence at various excitation fluxes

for the erbium dopants as shown in the energy level diagram (Figure 1.3c) were systematically

investigated for these doped core and core-shell nanostructures. Figure 1.3d shows the dispersion
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photographs of the same dispersion of core-thick shell nanocrystals at variable excitation fluxes

and emission pathways studied in this work.

Figure 1.4 Scanning electron microscopy (SEM) image of NaErFs/NaLuF4 core-shell
nanocrystals demonstrating high size uniformity. Inset: High resolution transmission electron
microscopy (HR-TEM) image of a single core-shell nanocrystal confirming high crystallinity.
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Figure 1.5 Representative powder X-ray Diffraction (XRD) pattern of the NaYF4:25% Er®*
/NaLuF4 core/shell nanocrystals confirming the hexagonal phase, indexed to JCPDS file #28-

1192.

We first investigated the upconversion emission properties of the core nanocrystals under 980
nm continuous-wave (CW) diode laser excitation. Consistent with concentration quenching the
upconversion emission intensity decreases with increasing erbium concentration in the core
nanocrystals (Figure 1.6). The visible green (*Hi12—*1152 and *S32—*152), and red (*Fon—"11512)
emission bands are strongest for the 5 mol% Er**-doped nanocrystals, and decrease with increasing

erbium concentration, while being completely quenched in the heavily doped (100 mol% Er** or

NaErF4) nanocrystals.
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Figure 1.6 (a) Upconversion emission spectra of the core nanocrystals with variable Er®* dopant
concentrations under 980 nm CW laser diode excitation, (b-c) Luminescence decay of the *Foy
level at 650 nm of the core nanocrystals with variable erbium dopant concentration and their
corresponding lifetime values. Note that the 100% Er** core sample has no measurable
luminescence and so the lifetimes could not be obtained as there was no measurable counts on the
detector.

Surprisingly, after a thick (~10 nm) NaLuF4 epitaxial shell growth on these nanocrystals
we find that the upconversion emission increases monotonically with increasing erbium
concentration, with the brightest being the heavily doped (100 mol% Er*") nanocrystals (Figure
1.7a). The enhanced upconverted emission with increase in dopant concentration is observed
clearly in the digital photographs of the colloidal dispersion of the core-shell NCs (Aexc: 980 nm)
shown in Figure 1.7b. The enhanced luminescence from the 100 mol% Er**-doped (NaErFs-

NaLuF4) core-shell nanocrystals from a completely quenched core only structure (NaErFs),

establishes that surface quenching and concentration quenching are strongly coupled, and
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highlights the role of epitaxial shell in decoupling these effects. Note that we do not provide an
enhancement factor for the brightest core-shell structure, as the core is completely quenched with

no observable/measurable emission.
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Figure 1.7 (a) Upconversion emission spectra of the core-shell nanocrystals with variable Er**
dopant concentrations in the core (NaYF4:X mol% Er**, X: 5, 25, 50, and 100 mol%), Inset shows
the green emission bands. (b) Upconversion emission photos of colloidal dispersion of core-shell
nanocrystals (Aexc: 980 nm), showing the enhanced emission with increase in dopant concentration.
Luminescence decay of the *Fop level at 650 nm with variable erbium dopant concentration and
their corresponding lifetime values of the (c) core nanocrystals, and (d) core-shell nanocrystals.
Since concentration and surface quenching would decrease the lifetime of emitting states,
we examined the time-resolved population of the red emitting (“Fo2) level under 980 nm excitation
for the core and core-shell nanocrystals. For the core nanocrystals, the luminescence lifetime
decreased from 225 to 31 ps as the dopant concentration increased from 5 to 50 mol% (Figure 1.7c¢,

with full lifetime curves in Figure 1.8), and was completely quenched for the 100 mol% core

nanocrystals. This concentration dependence in lifetime is consistent with the increased probability
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of energy migrating to the surface as the dopant concentration increases and the inter-ionic distance

shortens.'?
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Figure 1.8 Luminescence decay of the “Sa/, level at 540 nm of the core-shell nanocrystals with
variable erbium dopant concentration in the core and their corresponding lifetime values.
However, these measurements do not exclude cross-relaxation as a mechanism for
concentration quenching, since cross-relaxation would also reduce the luminescence lifetimes at
high emitter concentrations. To distinguish between the two mechanisms, we measured the
lifetimes of the thick-shell nanoparticles, thereby eliminating energy migration to the surface. In
contrast to the sharp concentration dependence and ps lifetimes of the cores, all of the core-shell
nanocrystals exhibit long luminescence lifetimes greater than 1 ms with surprisingly little
dependence on concentration (Figure 1.7d). While the lifetime increased from 224 ps to 2.9 ms for
the 5 mol% Er**-doped nanocrystals after shell growth, the 100 mol% Er**-doped nanocrystals
increased from a completely quenched (dark) state to 1.5 ms after shell growth. The similar decay
time of ~1.5 ms for the 25, 50, and 100 mol% Er**- doped samples after shell growth, demonstrates
that, even under high dopant concentrations that in principle favor rapid cross relaxation, no

“concentration quenching” is observed in the lifetime or the emission of core-shell nanocrystals.
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This suggests that cross-relaxation is not the dominant mechanism for concentration quenching.
In contrast, when energy migration to the surface is suppressed by the growth of a thick shell, the
heavy “concentration quenching” observed with the original cores is deactivated. These dual
observations lead to the conclusion that energy migration to surface defects, not cross-relaxation
is the major luminescence quenching pathway at high dopant concentrations.

Similar behavior is observed for the time-resolved population of the green emitting level
(*S32—*11512) under 980 nm excitation (Figure 1.8). As expected the lifetime values of this level
(*S312) were slightly shorter than the strongly red-emitting level (*Fo).>* Remarkably, for the
brightest heavily doped (100 mol% Er*") core-shell nanocrystal, we determined the upconversion
quantum yield under 980 nm excitation to be 5.2£0.3% at only 10 W cm™ irradiance (see
experimental section for details). This further confirms the unique ability of epitaxial shell in
overcoming concentration quenching, providing access to the benefits of high-dopant
concentrations (i.e. more emission centers) without the disadvantages of quenching in high-

surface-area nanocrystalline structures.
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Figure 1.9 (a) Upconversion spectra of the core-shell nanocrystals with variable Er** dopant
concentrations in the core (NaYF4:X mol% Er*", X: 5, 25, 50, and 100 mol%) excited at 800 nm,
Inset shows the emission photos of colloidal dispersion of core-shell nanocrystals showing the
amplified emission with increase in dopant concentration. (b) Luminescence decay of the *Fo
level at 650 nm of the core-shell nanocrystals with variable erbium dopant concentration and their
corresponding lifetime values.
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To demonstrate the generality of this unique observation, we explored the upconversion
emission properties of these core-shell nanocrystals under a second excitation wavelength. The
transition from erbium ground state (*I;s») to the *lo» manifold (Figure 1.3c) allows for direct
excitation of the erbium at 800 nm, which lies in the NIR-I bioimaging window. Recent interest
in excitation energy tuning in upconversion nanocrystals, especially using neodymium (Nd**)-
sensitization has focused on 800 nm excitation, for its biocompatibility, and minimal heating
effects as compared to the conventional 980 nm excitation.”>>* Here, too, we observe a strong
upconversion enhancement with increasing Er’*-dopant concentration in the core-shell
nanocrystals, with the brightest being the heavily doped (100 mol% Er**) core with a thick (~10
nm) NaLuF4 shell (Figure 1.9a). Similar to the 980 nm excitation, the upconversion showed
stronger monotonic enhancement of the red emission band with increasing dopant concentration
(see inset Figure 1.3a for digital photographs of the upconversion emission). The luminescence
decay curves of the red emitting level (*Fo>—*1152) upon 800 nm excitation shown in Figure 1.9b,
once again exhibit long lifetimes that are independent of dopant concentration at high Er**-
concentrations (25, 50, and 100 mol%), confirming the generality of our observations (Figure 1.9b).
The enhanced upconverted emission observed at two separate excitation wavelengths from a core
nanocrystal (100 mol% Er*") that is completely quenched, demonstrate the unique potential of the
epitaxial shell in overcoming concentration quenching. Note that the epitaxial shells grown here

are isotropic to the core, providing high-quality spatial confinement of the core from surface effects.
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Figure 1.10 (a) Energy level diagram of Er** showing the excitation (808 nm) and the downshifted
emission (1550 nm) levels. (b) Emission spectra of the core-shell nanocrystals with variable Er**
dopant concentrations in the core showing downshifted infrared emission between 1450-1650 nm
under 808 nm excitation. (¢) Downshifted emission images from colloidal dispersion of core-shell
nanocrystals (Aexc: 808 nm) in the range of 0.9-1.7 pm, showing emission enhancement with
increase in dopant concentration.
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Figure 1.11 (a) Energy level diagram of Er*" showing the excitation (658 nm) and the downshifted
emission (1550 nm) levels. (b) Emission spectra of the core-shell nanocrystals with variable Er**-
dopant concentrations in the core showing downshifted infrared emission between 1450-1650 nm
under 658 nm excitation, and (¢) Downshifted emission images from colloidal dispersion of core-
shell nanocrystals (Aexc: 658 nm) in the range of 0.9-1.7 um, showing emission enhancement with
increase in dopant concentration.

Next, we reasoned that suppression of both concentration and surface quenching in core-shell
structures could also enhance the emission of Stokes, or downshifted emission in heavily-doped
nanocrystals. Er’**-doped nanocrystals emit NIR light centered at 1,550 nm via radiative
relaxation from the first Er** excited state (*I1312) to the ground state (*I;s2) (Figure 1.3c). This
emission band lies within the NIR-II biological window (1,000-1,700 nm) that is currently being
explored for bioimaging,® as it offers reduced tissue scattering and autofluorescence.?*’
Moreover, this emission band has critical importance for optical amplifiers as it overlaps with the

minimal loss window (telecommunication window) in silica fibers.?® However, due to

concentration quenching, studies to date have been limited to erbium dopant concentrations below
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2-5 mol%.'%?° We first investigated the downshifted NIR emission (1,550 nm) from the core-shell
nanocrystals excited at 808 nm (*I;sp—"Io12) (see Figure 1.10a for energy level diagram).

The emission intensity at 1,550 nm exhibited a strong enhancement with increasing Er**-
dopant concentration (Figure 1.10b), with the heavily doped (100 mol% Er*") core-shell
nanocrystals as the brightest. The NIR emission images of the colloidal dispersion of core-shell
nanocrystals (Figure 1.10c) excited at 808 nm clearly illustrate the enhanced emission at high
dopant concentrations, demonstrating the ability of epitaxial shell to enhance the downshifted
emission from heavily doped nanocrystals. Similar enhancement of downshifted NIR emission
(1,550 nm) with increase in dopant concentration is also observed on excitation at 658 nm
(*I1sn—*Fo), and we again find the heavily-doped core-shell (100 mol% Er*" in core) to be the
brightest (Figure 1.11). These results provide direct evidence of achieving enhanced emission from
a lanthanide-doped structure with a high active dopant concentration reaching 100 mol%, and

establishes the unique role of inert epitaxial thick shell.
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Figure 1.12 (a-d) TEM images of core (NaErF4) and NaErFs/NaLuF4 core-shell nanocrystals with
increasing shell thickness, and corresponding nanocrystal size distribution.
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To validate the role of the inert/undoped shell in suppressing surface and concentration
quenching, we attempted to reactivate energy migration pathways by modulating the shell
thickness, and by introducing dopants into the shell using the 100 mol% Er** doped nanocrystals
(NaErF4) as core. First, core-shell nanocrystals with an undoped/inert NaLuF4 shell having
variable shell thickness (d ~2.5, 5, and 8 nm) were synthesized (see Figure 1.12, and Materials and
Methods for synthesis details).

In 100 mol% Er** core nanocrystals, all of the erbium centers are effectively coupled to the
surface, completely quenching the upconverted luminescence at 980 nm excitation (Figure 1.13a-
b, d: 0 nm). After shell growth, we observe a consistent increase in upconversion emission intensity
with increasing shell thickness (Figure 1.13a-b), illustrating that the epitaxial shell decouples the
erbium centers coupled to the surface (Figure 1.14 shows upconversion directly from the core-
shell reaction flask). The strong coupling of surface and concentration quenching processes with
increase in dopant concentration in the core is clearly evident on comparing the 5 mol% and 100
mol% Er** doped core-shell nanocrystals with different shell thickness (Figure 1.13c). The
emission intensity of the 100 mol% Er**-doped nanocrystals with a thin 2.5 nm shell is already
three times higher than the 5 mol% Er**-doped nanocrystals with a thick 10 nm shell, note that as
a core, 5 mol% doped nanocrystals are the brightest and 100 mol% doped nanocrystals are
completely quenched (dark). Taken together, our findings highlight the striking interdependence
of surface and concentration effects, and demonstrate the role of epitaxial shell in decoupling these

effects to achieve enhanced photophysical properties from heavily-doped nanostructures.
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Figure 1.13 (a) Upconversion emission spectra of NaErF4 core (d: 0 nm), and NaErFs4-NaLuF4
core-shell nanocrystals with increasing shell thickness, Aexe: 980 nm. (b) Integrated emission
intensity as a function of shell thickness, and upconversion emission photos of colloidal dispersion
of core-shell nanocrystals as a function of shell thickness. (c) Normalized integrated emission
intensity of NaYF4: Er**(5 mol%)-NaLuF4 core-shell nanocrystal with a shell thickness of d: 10
nm and NaErFs;-NaLuF; core-shell nanocrystal with a shell thickness of d: 2.5 nm, and the
respective upconversion emission photos of the colloidal dispersion.
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e
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Figure 1.14 Digital photographs of the NaErFs-NaLuF4 core-shell reaction mixture at various
stages of the reaction and the observed red upconversion emission using a handheld 980 nm laser
(400 mW) pointer from the reaction mixture after 20 min ripening.

Finally, we hypothesized that if energy migration to the surface was the origin of
concentration quenching, doping the epitaxial shell would reactivate quenching pathways and
quench the emission.  Core-shell nanocrystals with variable ytterbium (Yb®") dopants
concentrations (10, and 20 mol%) in the shell and 100 mol% Er*" in the core, were used to study
upconversion emission at 980 nm excitation (Figure 1.15). Doping ions in separate layers is a

common strategy in conventional platforms to enhance the photophysical processes,*!' and to avoid

deleterious cross-relaxation between the active emitter and sensitizer ions.
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Figure 1.15 TEM images of core-shell nanocrystals with dopants in shell (a) NaErFs-NaLuF4:10%
\N(gi’; (b) NaErFs-NaLuF4:20% Yb®", (c) NaErFs-NaLuF4:2% Nd**, and (d) NaErFs-NaLuF4:10%

The overlap of *Fs» level of Yb** with *I;1» level of Er*" (Figure 1.16a) allows for
sensitizing upconversion at 980 nm excitation. Yb>* doping in the shell resulted in luminescence
quenching with increasing dopant concentration (Figure 1.16b), resulting from the coupling of the
core Er** ions to the surface through the Yb>" centers in the shell. Similarly, doping neodymium
(Nd**) in the shell quenched the upconversion emission under 800 nm excitation, even at very low

(2 mol%) dopant concentration in the shell (Figure 1.16c-d). The reactivation of concentration

quenching by introducing dopants in the shell and also by modulating the shell thickness further
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highlights the critical importance for an inert and thick epitaxial shell to overcome concentration

quenching.
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Figure 1.16 (a) Energy levels of core Er*" and sensitizer Yb*" in the shell showing possible energy
transfer upon 980 nm excitation. (b) Upconversion emission spectra NaErFs-NalLuF4 core-shell
nanocrystals with variable Yb*" doping in the shell. (c) Energy levels of core Er** and sensitizer
Nd*" in the shell showing possible energy transfer upon 800 nm excitation. (d) Upconversion
emission spectra NaErFs-NaLuF; core-shell nanocrystals with variable Nd** doping in the shell.
We have thus provided here four independent results that together offer definitive evidence
that “concentration quenching” is inexorably coupled to and a consequence of energy migration to
surface defects. The four supporting evidences are: (1) the concentration dependent quenching of
highly doped cores, (2) the strong enhancement of intensity with shell growth, (3) the lack of
concentration dependence of the excited state lifetimes in core-shell nanocrystals, and (4) the

reactivation of concentration quenching by doping the shells/reducing the shell thickness. Taken
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together these results provide a new fundamental insight on the excited state energy dynamics that
is unique to core-shell nanostructures, and provide a unique pathway to achieve high dopant
concentrations with negligible quenching effects that are not achievable in bulk or core only

structures.

1.4 Conclusions

In summary, our results provide new fundamental insights on energy migration, dopant
concentration and surface effects in lanthanide-doped nanocrystals. First, the brightest core
nanocrystals do not necessarily produce the brightest core-shell structures upon epitaxial growth,
which is counter-intuitive. In fact, the brightest core-shell structure is completely “dark™ or
quenched as a core-only structure, highlighting the strong coupling of surface/concentration effects
in nanocrystalline materials. Second, the luminescence decay curves of the heavily doped core-
shell nanocrystals unequivocally demonstrate that the major deactivation pathway at high dopant
concentrations is the energy migration to the surface as opposed to cross-relaxation between
neighboring ions. Third, the enhancement of multiple photophysical processes from heavily doped
(100 mol%) core-shell nanocrystals demonstrated here clearly establishes that concentration
quenching can be overcome with inert epitaxial shell growth. This unexplored regime of spatially
confined heavily doped nanostructures establishes a new paradigm in modulating/enhancing the
photophysical processes in lanthanide-doped structures, and open new opportunities towards
exploring unique nanoscale compositions that do not necessarily depend on compositions

previously optimized in bulk.
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1.5 Materials and Methods

Chemicals

Yttrium(III) acetate hydrate (99.9%), erbium(IIl) acetate hydrate (99.9%), neodymium(III)
oxide (99.9%), ytterbium(III) oxide (99.9%), sodium trifluoroacetate (98%), oleic acid (90%), 1-
octadecene (90%), Oleylamine (70%) were purchased from Sigma-Aldrich. Lutetium(III) oxide
(99.9 %) from Alfa Aesar, sodium hydroxide from Fisher Scientific, ammonium fluoride from

Spectrum. All chemicals were used as received.

Synthesis of core nanocrystals

Hexagonal phase (B) NaYFs4 (X mol% Er*") (X—5, 25, 50) doped nanocrystals were
synthesized following previously reported procedure with slight modifications from calculated
amounts of Y(CH3CO,)3.xH>0, and Er(CH3CO2)3.xH,O to a total of 1.0 mmol.*? In a typical
synthesis, acetate salts (1.0 mmol), oleic acid (6 mL), and 1-octadecene (17 mL) were taken in a
100 mL flask and heated to 120 “C under vacuum for 1 h and cooled to room temperature. To this
solution at room temperature, methanol solution (10 mL) of ammonium fluoride (4 mmol) and
sodium hydroxide (2.5 mmol) was added and stirred for 1 h. The reaction vessel was then heated
to 70 °C to remove methanol and subsequently heated to 300 °C (~10°C/min) under argon and
maintained for 60 min to obtain the erbium doped core NaYF4 nanocrystals. (The shell growth was
then performed directly on the core nanocrystals using sacrificial nanocrystals; see section core-
shell synthesis below). Hexagonal phase (B) NaErF4 nanocrystals were synthesized as described
for the (B) NaYF4 doped nanocrystals except that, Er(CH3CO2)3.xH20 (1.0 mmol), oleic acid (4.5

mL), and 1-octadecene (15 mL) were used.
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Synthesis of sacrificial nanocrystals as shell precursors

Cubic (o) NaLuF4 nanocrystals were synthesized based on a previously reported procedure
with slight modifications.** In a typical synthesis Lu>O3 (1 mmol) was mixed with 20 mL of 50 %
aqueous trifluoroacetic acid and refluxed at 95 °C overnight to get a clear solution. The
trifluoroacetate precursor (Lu(CF3COQ)3) was then obtained as dry powder after removing excess
trifluoroacetic acid and water at 65 °C. Sodium trifluoroacetate (2 mmol) was added to the lutetium
trifluoroacetate precursor along with oleic acid (6 mL), oleylamine (6 mL), and 1-octadecene (12
mL) and heated to 120 “C under vacuum for 30 min to get a clear solution. The solution was
subsequently heated to 300 °C (~20 °C/min) under argon and vigorously stirred until the reaction
mixture turned turbid. Once turbid the reaction was left for another 5 min and then cooled to room
temperature. The nanocrystals were precipitated by addition of ethanol, collected by centrifugation
(1900 g, 5 min), washed with ethanol and dispersed in hexane. Cubic (o)) NaLuF4 (X mol% Nd**)
(X: 2, 10) doped nanocrystals were synthesized as described for the undoped cubic NaLuF4, using
Lu203 and Nd»Os in respective molar ratios. Cubic (o) NaLuF4 (X mol% Yb*") (X: 10, 20) doped
nanocrystals were synthesized as described for the undoped cubic NaLuF4, using Lu,0O3 and Yb20O3

in respective molar ratios.

Synthesis of core-shell nanocrystals

Hexagonal phase (B) NaYFs (X mol% Er*") (X—5, 25, 50, 100) core / NaLuF4 shell
nanocrystals were synthesized following a previously reported method based on self-focusing by
ripening.>* To the core nanocrystals synthesized as described above, after 1 h at 300 °C, sacrificial
nanocrystals (0.5 mmol, a-NaLuF3) in 1-octadecene (1 mL) was injected and ripened for 12 min,

followed by five more sacrificial nanoparticle injection (0.5 mmol each) and ripening cycle of 12
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min each to yield core-shell NCs. After the final injection and ripening cycle (total ~3 mmol) the
solution was cooled down to room temperature and the core-shell nanocrystals were precipitated
by addition of ethanol, collected by centrifugation (1900 g, 5 min), and washed with ethanol before
dispersing them in chloroform (10 mL).

Hexagonal phase () NaErFs4 core / NaLuFs (X mol% Nd*) (X: 2, 10) doped shell
nanocrystals were synthesized as described above using sacrificial (0-NaLuF4:X mol% Nd**
doped/ X: 2, 10) nanocrystals were used as shell precursors. Hexagonal phase () NaErF4 core /
NaLuF4 (X mol% Yb*") (X: 10, 20) doped shell nanocrystals were synthesized as described above
except that, sacrificial (a-NaLuF4:X mol% Yb*" doped/X: 10, 20) nanocrystals were used as shell
precursors.

Hexagonal phase (B) NaErF4 core / NaLuF; shell nanocrystals with variable shell thickness
were synthesized as described above for NaErF4 core / NaLuF4 shell nanocrystals. To the core
nanocrystals synthesized as described above, after 1 h at 300 °C aliquot of the reaction mixture (1
mL) was retrieved as core nanocrystals and, sacrificial (0.5 mmol, a-NaLuF4) in 1-octadecene (1
mL) was injected and ripened for 12 min, followed by five more sacrificial nanoparticle injection
(0.5 mmol each) and ripening cycle of 12 min each to yield core-shell NCs. Core-shell nanocrystals
with variable shell thickness was obtained by removing reaction mixture (1 mL) after every two
injection and ripening cycle, totaling an injection of ~ 1 mmol shell sacrificial nanocrystals for
every shell thickness. After the final injection and ripening cycle (total ~3 mmol) the solution was
cooled down to room temperature and the core-shell nanocrystals were precipitated by addition of
ethanol, collected by centrifugation (1900 g, 5 min), and washed with ethanol before dispersing
them in chloroform (10 mL). The obtained reaction aliquots with core and core-shell nanocrystals

with variable shell thickness were purified as described above and dispersed in chloroform (1 mL).
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Characterization

Hexane dispersions of the nanocrystals were drop cast on a carbon-coated (400 mesh Cu)
grid and air-dried before imaging. Size and size distribution analysis from the TEM images were
obtained by measuring approximately 50 crystals. High resolution transmission electron
microscopy (HR-TEM) images were obtained from a FEI Sphera microscope operating at 120 kV.
Scanning electron microscopy (SEM) images were obtained from a FEI SFEG-UHR (Ultra high
resolution) microscope. Hexane dispersions of the nanocrystals were drop cast on a silicon wafer
and dried under vacuum before imaging. Powder X-ray diffraction (XRD) patterns were collected
using a Bruker D8 Advance equipped with a 1-D Lynxeye silicon strip detector and Cu radiation
(Ka radiation, A=1.54178 A) using a step size of 0.02° and scan rate of 0.25 s per step. The sample
was spun during collection to limit preferred orientation peaks. Upconversion emission spectra
were obtained using a Fluorolog modular spectrofluorometer (Horiba) coupled with a 980 or 800
nm CW diode laser (Thorlabs) at an irradiance of 50-60 W c¢m. Absolute upconversion quantum
yield was obtained using a Horiba Jobin Yvon Fluorolog-3 spectrometer and a calibrated
integrating sphere using a 980 nm CW diode laser operating at 10 W cm™. A neutral density filter
on the excitation side (Thorlabs, NDUV10A, OD:1.0) was used, along with a short-pass filter on
the emission end (Semrock, FF01-750/SP-25). The colloidal nanocrystal dispersion in toluene and
solvent alone as blank were taken in a cylindrical quartz cuvette and used for determining the
upconversion quantum yield. Emission spectra of the nanocrystal dispersion and the blank solvent
were collected at 10 W cm™2 between 500-750 nm, along with the spectra of the scattered excitation
light (970-990 nm) and corrected for detector sensitivity. The absolute quantum yield (QY) of the
sample was determined from the integrated intensity of the emission (em) and scattering (EXx)

spectrum, and calculated from QY = (lem,ncs - lem,blank)/(lex.blank - lex,nes). Average QY was obtained
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from five successive measurements, were one measurement refers to the sample emission spectra,
and then collecting the sample scattered excitation light spectra, this is followed by replacing the
sample with the solvent blank reference and collecting the excitation light spectra scattered by the
solvent followed by emission spectra of the blank. The absolute QY for these each measurement
was determined as described above and averaged. Lifetime measurements was obtained from
Edinburgh FLS980 spectrometer with single monochromators and multichannel scaling (MCS)
mode. The maximum pulse duration was 360 5. The excitation laser for 800 nm was a CNI laser
(MLL-H-800-2.5W), and for 980 nm was a CNI laser (MLL-111-980-2W). On the emission end, a
short-pass filter was used (Semrock, FF01-750/SP-25), and an excitation single-band bandpass
filter for the 800 nm laser (FF01-794/32-25). Average excited state lifetimes were determined from
bi-exponential fits and calculated using tavg = (A1T1?+A2122)/(A1T1+A212). Emission spectra of the
downshifted emission in the NIR spectral region was collected with an Acton SP2300i
spectrometer equipped with an InGaAs linear array detector (Princeton OMA-V) and using an 808
or 658 nm laser excitation. NIR fluorescence images of the downshifted emission were obtained
using 2D InGaAs array (Princeton Instruments) with 350*256 pixel using 808 or 658 nm laser
excitation at 1 or 5 ms exposure respectively.

Chapter 1, in full, is a reprint of the material as it appears in J. Am. Chem. Soc. 2017.
Noah J. J. Johnson, Sha He, Shuo Diao, Emory M. Chan, Hongjie Dai, Adah Almutairi, American
Chemical Society Press, 2017. The dissertation author was the primary investigator and author of

this paper.
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Chapter 2
On the Critical Role of Optically Inert Epitaxial Shell in Enhancing Upconversion Luminescence

of Core-Shell Nanoparticles

2.1 Abstract

Lanthanide-doped upconversion nanoparticles (UCNPs) suffer from the intrinsically weak
optical transitions, and various strategies have been developed to enhance the optical emission.
Designing core—shell UCNPs featuring “active shell”, i.e. doping sensitizers in the shell has been
one of the most prevalent strategies because it increases the absorption of excitation light. However,
how the active shell affects the overall upconversion processes besides increasing absorption is
poorly characterized and investigated. Herein, by tuning the doping level (0 — 100 mol%) of
sensitizers (Yb®") in the shell of core—shell UCNPs, we systematically characterized how active
shells affect the overall upconversion emission efficiency. We show that sensitizers (Yb**) doped
in the shell enable significant migration/bridging of excitation energy to the surface while
absorbing more excitation light. The former factor overwhelms the latter one, and the overall
upconversion luminescence intensity monotonically decreases with the increased doping level of
sensitizers in the shell, which is contradictory to the commonly accepted concept of using active
shell to enhance upconversion luminescence. The UCNPs coated with inert shell (NaLuF), even
with the least absorbance of excitation light, have the brightest upconversion emission because the
surface quenching pathways are effectively cut off. Our results highlight the critical role of
optically inert shells in dramatically enhancing upconversion emission where active shell with

higher absorbance cannot achieve. The findings give rise to the fundamental understanding of the
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photophysical process in the core—shell UCNPs and should provide guidance in designing highly

luminescent core—shell NPs for various applications.

2.2 Introduction

Lanthanide-doped colloidal nanoparticles (NPs) have been attracting increasing research
interest in myriad research fields because of their versatile yet tunable optical properties.! With
the unique 4f manifold in lanthanide trivalent cations, NPs co-doped with various lanthanide ions
can be excited and emit at a broad spectrum of wavelengths ranging from ultraviolet (UV) to near
infrared (NIR) regime.’>* One of the most attractive features of the lanthanide-doped NPs is
upconversion (UC), i.e. anti-stokes shift photoluminescence.’ With the ladder-like energy levels
and relatively long lifetime on the intermediate energy levels, lanthanide-doped NPs absorb
multiple low-energy photons, usually near-infrared (NIR) photons under low irradiance, and
convert them into high-energy photons, mostly as visible or ultraviolet (UV) emission. This unique
property brings numerous advantages to the existing optics research platforms.®® For example,
upconversion nanoparticles (UCNPs) with NIR light excitation brings much less background
interference and penetrates deeper into tissue for bioimaging, overcoming the limitations of
conventional bioimaging nanoprobes.”!> UCNPs can also enhance the performance of
conventional solar cells by harvesting sub-bandgap photons from solar spectrum to supra-bandgap
photons for enhanced photocurrent generation with the same irradiation.!> #1® Together with
sharp emission bands, long luminescence decay lifetime, and excellent photostability, lanthanide-
doped UCNPs have found a broad range of optics-related applications including lasing, lightning,

and photon management.!”"!®
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Despite these prospects, UC is intrinsically an inefficient process, and the upconverted
luminescence is usually extremely weak, which greatly limits its application in practical settings.
Various strategies have been explored to enhance the upconverted luminescence intensity of
UCNPs either by increasing the absorbance or by mitigating the quenching of emission. Increasing
the doping concentration of optically active lanthanide ions, usually sensitizers (Yb>*, Nd**) in the
UCNPs!%? enhances the absorption of excitation light, but it also raises the possibility of energy-
migration-induced luminescence quenching. Coating epitaxial shell on the core NPs is another
dominant strategy to enhance the photoluminescence because it reduces the possible migration of
excitation energy to the surface sites and defects. The combination of these two strategies, known
as the active-shell approach,?! features coating epitaxial shell doped with sensitizers on the
luminescent core NPs to enhance the optical emission. For example, it has been demonstrated that
the NaYF4:Yb/Er@NaGdF4:Yb/Nd core-shell UCNPs have brighter UC luminescence than
NaYF4:Yb/Er core NPs upon excitation at various wavelengths (980 nm, 808 nm).?* This approach
has gained a lot of research attention because of its simplicity and effectiveness in harvesting more
incident light and contributing to the enhanced emission intensity.*>28

However, for photoluminescent colloidal NPs such as semiconducting quantum dots, gold
nanoclusters, and lanthanide-doped UCNPs, etc., a large fraction of atoms/ions are on the NP
surface and lie within the characteristic distance of energy migration.?’=° The energy at the excited
states upon absorption of incident photons is susceptible to surface quenching, which significantly
decreases the luminescence intensity. It has been established that proper shielding of excitation
energy in the core NPs from surface quenching using epitaxial shells effectively reduces surface
quenching and enhances the emission intensity.’!*? Doping extra optically active ions in the

epitaxial shell has been proved to reintroduce the quenching pathways to the excited energy in the
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core NPs.333% In the case of lanthanide-doped UCNPs with active shell, the possibility of bridging
excitation energy to the surface sites via sensitizers doped in the shell, or the negative effect of
active shells, is usually not considered and well characterized besides the known contribution of
increasing absorption of incident light.>! We reasoned that the overall contribution of active shell
to the luminescence of UCNPs could be more complicated, and both of the positive and negative
factors of active shells need to be systematically characterized to evaluate how doping in the shell
determines the luminescence intensity of UCNPs and to obtain insight in designing highly emissive

core—shell UCNPs.

2.3 Results and Discussion

Herein, using hexagonal phase (B)-NaYF4:Gd/Yb/Er as core NPs and NaLuF4:Yb (x mol%)
(0 < x < 100) as the epitaxial shells with tunable doping concentrations, we systematically
investigated how doping sensitizers in the shell (resulting in active shell versus inert shell) affects
the UC luminescence of core—shell UCNPs by considering both absorption of excitation light and
energy migration to the surfaces (Scheme 2.1). We show that sensitizers (Yb**) doped in the shell
enable significant migration/bridging of excitation energy in the core to the surface while
absorbing more incident light. The former factor is more dominant than the latter one, and the
overall UC luminescence intensity monotonically decreases with the increased doping level of
sensitizers in the shell. This, however, is contradictory to the commonly accepted conception that
active shell design enhances UC luminescence intensity. The core—shell UCNPs with active shell
coating (NaYbF4) have the lowest emission intensity although with the highest absorbance to
incident light (980 nm). On the contrary, the UCNPs with inert shell coating (NaLuF4), although

with the least absorbance to 980 nm excitation, have the brightest UC luminescence due to the
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effective cutoff of the quenching pathways from the core NPs to the surfaces sites. To highlight,

we emphasize the critical role of inert epitaxial shells in enhancing UC luminescence of core—shell

@ oo

Upconversion

UCNPs.

Active Shell Core NPs Inert Shell
S Y " WY P NP kSt T
Vv Absorbing More Excitation % Absorbing Less Excitation
x Bridging Energy to Surface Vv Isolating from Surface

Scheme 2.1 Lanthanide-doped core and core-shell UCNPs. In the center, core UCNPs are
susceptible to surface quenching and thus have weak luminescence. On the left, an epitaxial
coating of the active shell (NaYbF4) onto the core enhance the absorbance of excitation light to
the NPs but also bridge more excited energy to the surface quenchers, therefore not greatly
enhancing the UC luminescence. On the right, an epitaxial coating of the inert shell onto the core
isolates the excited energy in the core from surface quenchers and therefore enhance the UC
luminescence, although not promoting the absorbance of the NPs.

We took a well-established protocol®® to synthesize core—shell UCNPs with the same
compositions B-NaYF4:Gd(10%)/Yb(18%)/Er(2%) in the core, but different compositions -
NaLuF4:Yb (x mol%, 0 < x < 100) in the shell (See Materials and Methods for details). f-NaYF4
NPs co-doped with the sensitizers Yb®>" and the activators Er’* are one of the most efficient UC
system known to date and have been commonly used as the model system for mechanistic

investigations of various UC processes.>” Gd*" is doped into the NP crystal lattice to facilitate the

formation of hexagonal phase and to control the size of the NPs.*® The pB-
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NaYF4:Gd(10%)/Yb(18%)/Er(2%) core NPs had diameters around 16 nm (Figure 2.1a), which is

in perfect agreement with previously reported results.
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Figure 2.1 TEM images of the (a) NaYF4:Gd/Yb/Er core UCNPs, (b) core@NaLuF4, denoted as
“1”, black dot, (c) core@NaLuF4:Yb(10%), denoted as “2”, red dot, (d) core@NaLuF4:Yb(20%),
denoted as “3”, blue dot, (e) core@NaLuF4:Yb(50%), denoted as “4”, green dot, and (f)
core@NaYbFs, denoted as “5”, magenta dot, core—shell UCNPs. Simplified energy levels of the
(g) core/inert shell UCNPs and (h) core/active shell UCNPs. (i) Shell thickness of the each core-
shell UCNPs. (j) UC luminescence spectra in the visible light range of each core-shell UCNPs
when excited at 980 nm. (k) Comparison of the absorbance (black) and integrated emission
intensity (blue) of each core-shell UCNPs.

We chose NaLuF4:Yb (x mol%, 0 <x < 100) as the shell epitaxially grown on core NPs
because both NalLuF4 and NaYbF4 have smaller crystal lattices than the core, and therefore they
can grow uniformly and concentrically on the core NPs.** Uniform core-shell architectures are

critical to accurate optical characterization in this study because they rule out the possibility of

structural deformation-induced luminescence changes.
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Figure 2.2 Ionic concentration of the dopants in the (a) core and (b) shells of the core-shell UCNPs
shown in Figure 2.1.

Also, the fact that the sensitizers (Yb*") in the core and shell lattice are the same allows us
to study the energy transfer between core and shell, and possibly provides more insight in how the
doping in the shell can affect the excitation energy in the cores. We elevated the doping
concentration of Yb** in the shell from 0% to 10%, 20%, 50%, and finally to 100% while
compensating them with optically inert Lu** ions (Figure 2.1 b—f). The elemental concentration of
different dopants in each sample were confirmed with inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (Figure 2.2). The core-shell architectures are all uniform, and the shell
thicknesses of all five samples are found between 1.7 nm and 1.9 nm regardless of the shell
compositions (Figure 2.1i), indicating that this class of core—shell UCNPs are suitable for
investigating how the doping levels as the only factor can affect the UC luminescence.

First, we characterized the steady-state emission of five core—shell UCNPs respectively by
exciting them with a 980 nm NIR diode laser (corresponding to the transition 2F7, — 2Fs; in Yb**)
and recording their upconverting luminescence spectra in the visible range from 480 nm to 720
nm. All five samples have two major emission peaks centered at 540 nm and 654 nm (Figure 2.1j),

corresponding to the transitions *S3» — 1152 and “Fo — 1152 of Er** (Figure 2.1g, h), respectively.
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This suggests that the doping level of sensitizers in the shell does not affect the position of emission
peaks from the activators in the core, again demonstrating the suitability of this system in
investigating the change of luminescence intensity. However, different from the previously
reported findings that core—shell NPs with 10% — 20% doping of Yb*" in the shell (i.e. active shells)
have the highest emission intensity,?! we observed a monotonic decrease of the UC emission
intensity with the increasing doping level of the active ions (Yb*") in the shell (Figure 2.1j). The
B-NaYF4:Gd(10%)/Yb(18%)/Er(2%)@NaLuFs core—shell NPs (inert shell) have the highest
emission intensity and the intensity drastically dropped by half with only 10% Yb*" doping
introduced in the NaLuFs shell (B-NaYF4:Gd(10%)/Yb(18%)/Er(2%)@NaLuF4:Yb(10%))
(Figure 2.1k). When the doping concentration of Yb*" is increased to 100% to form completely
optically active shell (NaYbF4) on the core with maximized absorbance, the overall emission
intensity is only one-tenth of that for the core NPs with completely inert shells (NaLuF4). Notably,
even the UC emission intensity monotonically decreased, the absorbance of the core—shell NPs
increased by almost 10 times from inert shell (NaLuF4) to active shell (NaYbF4) samples (Figure
2.1k), which reflects the increasing doping level of Yb*" in the shell (Figure 2.2). This striking
negative correlation between the absorbance and emission in core—shell UCNPs clearly
demonstrated that doping sensitizers to construct active shells on the core NPs is not the

appropriate approach to elevating emission brightness of core—shell UCNPs.
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Figure 2.3 (a) Internal UCQY of the core-shell UCNPs with 980 nm excitation at different power
densities. Luminescence decay lifetime of (b) *Fs; energy level in the Yb** (excited at 980 nm,
emitting at 1000 nm), (c) *S3/2 energy level in the Er** (excited at 520 nm, emitting at 540 nm), (d)
*Fop, energy level in the Er** (excited at 620 nm, emitting at 654 nm), of the core-shell UCNPs.
We next characterized the internal quantum yield (QY) of UC luminescence for all five
samples to gain more insight into the correlation between absorbance and emission in core—shell
UCNPs (See Materials and Methods for details). Internal UC QY is the number of emitted higher
energy photons versus the absorbed lower energy photons, and it is used to assess the upconverting
efficiency of different systems by correlating the absorbance and emission of UCNPs. !> 1516 We

tuned the power density of excitation laser (980 nm) from 9 W/cm? to 35 W/cm? and found that

all five samples have increasing QY with elevating excitation flux (Figure 2.3a), which confirms
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the nonlinear nature of UC emission processes.>®> The core—shell NPs with inert shells (NaLuFa)
have the highest internal QY across the whole tuned range of excitation power density (0.014% at
9 W/cm? excitation and 0.05% at 35 W/cm? excitation). With only 10% Yb*" doping in the shell
to make it “optically active” and absorb more 980 nm excitation light, the QY of the -
NaYF4:Gd(10%)/Yb(18%)/Er(2%)@NaLuF4:Yb(10%) core—shell NPs at the highest excitation
flux (35 W/cm?) irradiance drastically dropped by 72% from 0.05% to 0.014%, almost identical to
the QY of the inert shell (NaLuF4) sample at the lowest excitation irradiance (9 W/cm?) (Figure
2.3a, green dotted line). This is direct evidence for the assertion that doping in the shell is
detrimental to the UC efficiency. The decreasing QY with increasing doping levels corroborates
the changes of the steady-state emission intensity we observed above and clearly demonstrated
that the inert shell of core—shell UCNPs is critical in enhancing the UC luminescence intensity.
Moreover, when we normalized the all the QY values within the group of same excitation
power density and examined how the doping in the shell affects the QY at the same excitation
power density, we found that the QY for the inert-shell UCNPs (core@NaLuF4) is almost 100
times higher than that of the active shell UCNPs (core@NaYbFs), regardless of the excitation
power density (tuning from 9 — 35 W/cm?, Figure 2.4a). This enhancement factor around 100
matches well with the decrease of absorbance by 10 times (inert shell versus active shell) and
increase of emission by 10 times (Figure 1k), and further suggests that the inert shell (NaLuF4) is

critical in achieving high QY of the luminescence.
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Figure 2.4 (a) Internal UCQY enhancement by normalizing the QY of core@NaYbF4 to 1. (b)
red-to-green ratio of all five core-shell UCNPs.

Besides the intensity of the UC emission peaks, the ratio between different emission peaks
is also an interesting feature to investigate. Particularly for the B-NaYF4 NPs co-doped with Yb**
and Er’", the red-to-green ratio, i.e. the peak intensity integrated from the red region (600 — 700
nm) versus the green region (500 — 600 nm) is an important factor in demonstrating the efficiency
of UC emission. The typical emission peaks in the red regions (*Fo/2 — *I152) are three-photon UC
and are less likely to occur than the two-photon UC processes in the visible green regions (*S3» —
M1152).%4! In general, the red-to-green ratio increases when the laser excitation power density
increases and introduces more incident photons for UC. Therefore, the increase of red-to-green
ratio is usually a sign of improved UC emission efficiency. We observed that the increase of green-
to-red ratio upon elevating the laser excitation power density (9 — 35 W/cm?) only occurs when
the core UCNPs are coated with the optically inert shells (NaLuF4) (Figure 2.4b). When the Yb**
are doped in the shell to make them “optically active”, the red-to-green ratio drops significantly,
indicating the thee-photon red UC emission is not as favored as compared to the two-photon green

emission. The decrease of red emission compared to the green emission with the doping of
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sensitizers in the shell can be explained by the resonance energy transfer between the Er*" and the
Yb*" in the shell. With more Yb>" doped in the shell to form active shells, the excitation energy at
the excited states of Er*" are more susceptible to the surface quenching, leaving emission from that
state much less favored.

To further understand how the varied doping concentration of Yb*" sensitizers in the shell
affects the UC emission intensity, we characterized the luminescence decay lifetime at the first
excited states of Yb*>" (°Fs)2) and the two typical emissive states (*Sss, *Fop) of all five core—shell
UCNPs. Luminescence decay lifetime is known to be sensitive to surface quenching and indicates
the fate of excited energy at different energy levels in the lanthanide-doped UCNPs.***** We first
examined the lifetime of the *Fs level in Yb*" (excited at 980 nm, emitting at 1000 nm) which
indicates how the energy dissipates after being excited from ground state “F72 level in Yb*". With
the increase of Yb®" doping level in the shell, more “leaking” sites were built in the shell for the
excited energy confined in the core NPs migrating to the surface quenchers and the lifetime value
was significantly shortened (Figure 2.3b), in perfect agreement with the monotonous decrease in
the UC steady-state emission intensity (Figure 2.1j) and internal QY (Figure 2.2a) we showed
above. In comparison, the decay lifetime for the energy levels *S32, “Fo in Er** (corresponding to
emission wavelengths at 540 nm and 654 nm) also show a similar decreasing trend, but the trend
was much less significant than that of 1000 nm emission level in the Yb’". These data
unambiguously demonstrated that the UC emission intensity is largely dependent on the shielding
of first excitation state (°Fs» of Yb*>*) and shielding the first excitation state is critical to improving
the emission intensity. Doping Yb*" in the shell to construct active shell in core—shell NPs
inevitably exposed the first excitation state to surface quenching and therefore significantly

jeopardize the emission intensity.
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Figure 2.5 Downshifting luminescence. (a-b) energy levels of the dopants in the core and shells
and their energy transfer pathway. (c) Luminescence decay lifetime of 1530 nm emission upon
excitation at 1500 nm.

Next, we reasoned that the downshifting luminescence in the Er** (*I;32 — *Iys/2, emission
at 1530 nm) could also be affected by the shell composition because the optical transition in Yb**
we investigated above (*Fs;, — F7)2, excitation at 980 nm and emission at 1000 nm) is also, in fact,
downshifting luminescence. The change of downshifting luminescence should also give us insight
on how the excitation energy migrates between the dopants in the core—shell structures. The
downshifting luminescence at 1530 nm from Er’* lies within second-infrared bioimaging
window** and the telecommunication window* and has been recently explored on core—shell
NPs.*> We expected the lifetime at *I;32 exhibits a similar profile, that is significant decrease with

the increased doping of sensitizers in the shell, as the lifetime at the *Fs» of Yb*" shows in Figure
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2.3b. However, in contrary to what we predicted, the lifetime at *I;3» remained unchanged with
the increased doping level of sensitizers in the shell, indicating that the transition of *I132 — *Iis52
is independent of the shell composition change (Figure 2.5c). As we compared the energy levels
in Er** and in Yb**, we found that the transition (excitation at 1500 nm and emission at 1530 nm)
in Er’** is lower than the energy gap between the *Fsp» and 2F75 in Yb*" (1000 nm), therefore,
the NaYbF, is actually “optically inert shells” to this optical transition. This once again attests that
shielding the first excitation state is critical in maintaining the long lifetime of the excited state
and enhanced luminescence intensity.

However, when the same 1530 nm emission (*I;32 — “I152) was generated by the 980 nm
excitation, the emission behavior is different from what has been investigated above. There is a
significant decrease in the lifetime at the *I132 level (1530 nm emission) when it was indirectly
excited from the *I;1/2 level (980 nm) (Figure 2.6¢). The excitation energy at the *I;1/2 level in Er**
in the core NPs can be easily transferred to the *Fs/ level in the Yb*" through resonance energy
transfer and subsequently transferred to surface quenchers in the surroundings. The emission
behavior at the same energy level is different depending on where it is excited, demonstrating the

critical role of optically inert shell without doping in enhancing luminescence in core—shell NPs.
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Figure 2.6 Downshifting luminescence. (a-b) energy levels of the dopants in the core and shells
and their energy transfer pathway. (c) Luminescence decay lifetime of 1530 nm emission upon
excitation at 980 nm. (d) Luminescence QY of the 1530 nm emission.

To further demonstrate that shielding the excitation energy level with the inert epitaxial
shell is crucial to enhance the UC emission intensity, we grew an extra layer of inert shell (NaLuF4)
on top of the core@active shell UCNPs to form core@active shell@inert shell (B-
NaYF4:Gd(10%)/Yb(18%)/Er(2%)@NaYbFs@NaLuF4, or core@Yb@Lu core-shell-shell)
UCNPs and examined their optical properties (Figure 2.7a). Because the shell in this core-shell-
shell sample has a mixed composition (inert shell on top of the active shell), we expected that the
steady-state emission intensity, internal QY, and the luminescence decay lifetime of this particular
type of UCNPs should all lie within the range of the brightest (core@NaLuF4) and dimmest

(core@NaYDbF4) samples.
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Figure 2.7 (a) Schematic illustration of the core/inert shell, core/active shell, and core/active
shell/inert shell UCNPs. (b) UC luminescence spectra of the three samples excited by 980 nm. (c)
Internal UCQY of the three samples excited at 980 nm with various excitation power densities. (d-
f) Luminescence decay lifetime of 2Fs), energy level in the Yb>" (excited at 980 nm, emitting at
1000 nm), *S3/» energy level in the Er** (excited at 980 nm, emitting at 540 nm), “Fo» energy level
in the Er*" (excited at 980 nm, emitting at 654 nm).

However, surprisingly, the core-shell-shell UCNPs has much higher emission intensity
than either the core/active shell or the core/inert shell UCNPs (Figure 2.7b). Particularly, the red
visible UC emission of the core-shell-shell UCNPs is enhanced by 110 times than that of the
core@NaYbF4 sample, and by 25 times than the core@NaLuF4 sample. We also characterized the
internal UCQY of three samples and found that the QY of the core-shell-shell UCNPs (2.0% at 35
W/cm?) is 4600 times higher than that of the core@NaYbF4 UCNPs (4x10%) (Figure 2.7c) given
that they have the same absorbance provided by the NaYbF4 shell layer. Comparing the core-shell-

shell sample with the core@NaLuF4 sample, the former one has both higher absorbance and high

luminescence QY, which is different from the negative correlation between absorbance and
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emission intensity we obseve above (Figure 2.1k). Higher doping concentration of sensitizers only
brings higher emission intensity when all the sensitizers are properly shielded from the surfaces.
This again demonstrates that for core/multishell UCNPs, the utmost shell should be kept optically
inert (without dopants) to maximize the emission efficiency.

Luminescence decay lifetime of the core-shell-shell UCNPs at different emitting levels
(*Fsp level in the Yb*", 4S3 level in the Er’**, Fo level in the Er*") also attests the critical
contribution from the utmost undoped NaLuFj4 shell (Figure 2.7 d—f). With the coating of NaLuF4
shell on top of the core@NaYbF4 core-shell NPs, all lifetime profiles changed to very slow rising
and slow decay, indicating that the excitation energy retain at the excited states and have higher
probability of converting to higher energy photons instead of being transferred to surface
quenchers. Taken together, the steady-state emission profile, internal QY, and lifetime analysis
conclusively proved that the epitaxially inert shell is of critical importance to the UC emission
intensity from NPs.

Knowing that both Yb*" and Lu** in the shell have smaller ionic radii than most of the
dopants in the core of UCNPs and make growing the uniform shells easy, we also compared the
contribution from structrual uniformity resuling from Yb** and Lu** to the UC emission intensity.
To proceed this, we deliberately prepared core—shell UCNPs with irregular shells first (Figure 2.8a)
and used either Yb** (Figure 2.8b) or Lu** (Figure 2.8¢) to transform the irregular shells to regular
shells. As we discussed above, Gd*" has a larger ionic radius than Y** and exert compressive strain
on the core-shell interface resulting in non-concentric shells on the core NPs (Figure 2.8a). The

core@NaGdF4 UCNPs had a wide, bi-mode size distribution (10.6£2.9 nm, 18.5 4.1 nm, Figure

2.8d) but nevertheless decent UC emission intensity in the visible range upon 980 nm excitation

as shown in the cuvette photo (Figure 2.8g). Both Yb** and Lu** have smaller ionic radii than that
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of Gd**, and doping Yb** and Lu®" can exert tensile strain on the core-shell interfaces leading to
uniform and concentric shells (Figure 2.8e and 2.f). Upon transforming the irregular shells to
regular shells on the core NPs, it is generally expected to enhance the UC emission intensity
because of the improved shielding of luminescence centers from surface quenching. TEM images
confirmed that both core@NaGdF4:Yb(50%) (Figure 2.8b and 2.8¢) and core@NaGdF4:Lu(50%)
(Figure 2.8c and 2.8f) UCNPs had uniform, quasi-spherical morphologies and similarly narrow,

single-mode size distribution (18.9 1.2 nm, 19.0+ 1.4 nm). However, the emission intensity of

the core@NaGdF4:Yb(50%) is much weaker than that of core@NaGdFs NPs (Figure 2.8h),
highlighting the detrimental effect of introducing extra sensitizers into the shell on UC emission,
although with more uniform shells to better “wrap” the luminescent centers in the cores. In
comparison, the core@NaGdF4:Lu(50%) NPs has significantly improved emission over the
core@NaGdF4 and core@NaGdF4:Yb(50%) NPs (Figure 2.81), demonstrating the inert shell, upon
being grown properly to form uniform, concentric shells, can remarkably enhance the UC emission

where the active shell cannot although forming silimar concentric shells.
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Figure 2.8 TEM images of the (a) NaYF4+:Gd/Yb/Er@NaGdFs core@NaGdF4, (b)
core@NaGdF4:Yb(50%), and (c) core@NaGdF4:Lu(50%) core-shell UCNPs. Size distribution of
the (d) core@NaGdFs, (e) core@NaGdF4:Yb(50%), and (f) core@NaGdF4:Lu(50%) core-shell
UCNPs. Cuvette images of the (g) NaYF4:Gd/Yb/Er@NaGdFs core@NaGdFs, (h)
core@NaGdF4:Yb(50%), and (i) core@NaGdF4:Lu(50%) core-shell UCNPs. (j) Comparison of
absorbance and emission intensity of the three different samples. (k) Luminescence lifetime of the
three different samples.

Importantly, we also note here that the significant increment in luminescence emission
intensity from core@NaGdF4 NPs to core@NaGdF4:Lu(50%) NPs (Figure 8j) is not caused by
increased absorption of excitation because either Gd or Lu does not absorb at 980 nm. This can be
confirmed by the quantification of absorbance for both UCNPs at 980 nm. In contrast, the
core@NaGdF4:Yb(50%) UCNPs have significantly improved absorbance at 980 nm because of
Yb** doping but decreased emission, highlighting again that doping extra sensitizers in the shell,
even though it assists forming uniform and concentric shell, is not the proper way to enhance the
UC luminescence. The discrepancy resulting from doping Yb*" or Lu**, which can also be

confirmed by the luminescence lifetime (Figure 2.8k), shed light on the fact that Lu*" enhances the
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luminescence better than Yb*' not because of the smaller ionic radius, but because it does not have

any energy levels, or its optical “inertness”.

2.4 Conclusions

In summary, we have conslusively demonstrated that the doping in the shell is critical to
enhancing the UC luminescence intensity in lanthanide-doped core-shell UCNPs. The NPs with
the inert shell coating have the highest emission intensity, and it decreases proportionally with the
increase of doping concentrations of Yb** sensitizers in the shell. Steady-state emission spectra,
luminescence QY, and luminescence decay lifetime together unambiguously proved this striking
negative correlation between absorbance and emission. The dim luminescence of core-active-shell
UCNPs can be easily enhanced by overcoating another layer of inert epitaxial shell. Our results
highlight the critical role of inert epitaxial shell in enhancing the UC luminescence of core-shell
UCNPs and that shielding the luminescent centers from surface quenching is more crucial than

increasing the absorbance of incident light.

2.5 Materials and Methods
Chemicals

Yttrium acetate hydrate (99.9%), gadolinium acetate hydrate (99.9%), ytterbium acetate
hydrate (99.9%), erbium acetate hydrate (99.9%), ytterbium oxide, gadolinium oxide,
trifluoroacetic acid (TFA), 1-octadecene (>90%), oleic acid (>90%), oleylamine (>70%), sodium
trifluoroacetate, sodium hydroxide, methanol, chloroform, ethanol, and toluene were all

purchased from Sigma. Ammonium fluoride was purchased from Spectrum. Lutetium oxide
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(anhydrous, 99.9%) was purchased from Alfa Aesar. All chemicals were used as received

without further purification unless specified.

Synthesis of B-NaYF4:Gd(10%)/Yb(18%)/Er(2%) core nanoparticles
B-NaYF4:Gd(10%)/Yb(18%)/Er(2%) core nanoparticles were synthesized according to a
previously published procedure with slight modifications. In a typical synthesis, yttrium acetate
hydrate (0.7 mmol), gadolinium acetate hydrate (0.1 mmol), ytterbium acetate hydrate (0.18 mmol),
erbium acetate hydrate (0.02 mmol) were mixed with 1-octadecene (15 mL) and oleic acid (6 mL),
followed by being heated at 120 °C under vacuum for 45 min. After it was cooled to room
temperature, a methanol solution (10 mL) with ammonium fluoride (4 mmol) and sodium
hydroxide (2.5 mmol) was added and stirred for another 45 min. The mixture was quickly brought
to 300 °C and kept for 60 min with gentle argon flow protection. After the solution was cooled to
room temperature, the core nanoparticles were obtained by adding excess ethanol, washing, and

finally dispersed in 5 mL chloroform for further use.

Synthesis of a-NaLuF4:Yb (x mol%) (x = 0, 10, 20, 50, 100) sacrificial shell nanoparticles
Shell nanoparticles were synthesized according to our previously published procedure.
Briefly, in total 1 mmol of lutetium oxide and ytterbium oxide with different ratio were dissolved
with aqueous TFA solution (50%) overnight at 95 °C oil bath to obtain a clear solution, and dried
at 70 °C to yield white powders as lutetium/ytterbium trifluoroacetate. The white powders were
mixed with 1-octadecene (12 mL), oleylamine (6 mL) and oleic acid (6 mL), heated to 120 °C,

kept for 30 min, then to 300 °C, kept for 25 min to obtain the shell nanoparticles. The shell
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nanoparticles were rinsed, dispersed in 10 mL hexane, and stored at 37 °C incubation chamber for

further use.

Synthesis of B-NaYF4:Gd/Yb/Er@NaLuF4:Yb (x mol%o) core-shell nanoparticles (x = 0, 10,
20, 50, 100)

Core-shell nanoparticles were synthesized accordingly our previously published procedure.
In a typical synthesis, 3 mL hexane dispersion of the a-NaLuF4:Yb (x mol%) (x = 0, 10, 20, 50,
100) shell nanoparticles were mixed with 1 mL 1-octadecene, the hexane was removed by gentle
argon flow, the shell nanoparticle dispersion was injected into the B-NaYF4:Gd/Yb/Er core
nanoparticle solution after it has been heated at 300 °C for 60 min. After 10-12 min ripening, the
solution was cooled to room temperature and washed to obtain core-shell nanoparticles with the

same composition in the core but different compositions in the shell.

Synthesis of B-NaYFa:Gd/Yb/Er@NaYbFs@NaLuF4 core/active shell/inert shell hetero-
epitaxial nanoparticles

Core/active shell/inert shell nanoparticles were synthesized following procedure described
above. The a-NaYbFs; and o-NaLuFs nanoparticles were subsequently injected into the core

solution and ripened.

Characterization

The photoluminescence spectra was recorded on. The luminescence decay lifetime was

examined at. The quantum yield was measured . The elemental concentration of nanoparticles were
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determined by ICP-AES. We followed one of our previously published protocol for the
measurement of luminescence quantum yield (QY). *!
Chapter 2, is unpublished work by Sha He and Adah Almutairi. The dissertation author

was the primary investigator and author of this material.
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Chapter 3
Leveraging Spectral Matching between Photosensitizers and Upconversion Nanoparticles for

808 nm-Activated Photodynamic Therapy

3.1 Abstract

Upconversion nanoparticles (UCNPs) are promising platforms to enhance the performance
of photodynamic therapy (PDT) of cancer. When coupled with UCNPs, the photosensitizers in
PDT are indirectly activated by near-infrared (NIR) excitation that allows for deeper tissue
penetration and reduced attenuation. To achieve maximum performance, the upconverted emission
peak of the UCNPs and absorption band of the photosensitizers need to overlap significantly.
However, the spectral mismatch between the upconverted emission maximum of UCNPs
(predominantly in the green) and absorption maximum of most available photosensitizers (in the
red) greatly limits the therapeutic efficacy of the current UCNP-PDT platforms. Here we report a
UCNP-PDT platform that offers strong spectral overlap between the UCNP emission under bio-
benign 808 nm NIR excitation and photosensitizers (zinc phthalocyanine, ZnPc) absorption. The
spectrally matched UCNP red emission is 40 times stronger than the green, and is independent of
laser power density across a wide range (0.6 — 3.4 W/cm?) that is suitable for biological systems.
The spectrally matched UCNP-PDT platform enables rapid generation (5 min) of cytotoxic singlet
oxygen via NIR excitation at extremely low laser power density (0.6 W/cm?). Using this platform,
we show that the actively growing HeLa cancer cell spheroids can be suppressed by PDT,
demonstrating the suitability and effectiveness of the spectrally matched platforms for cancer

therapeutics.
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3.2 Introduction

Photodynamic therapy (PDT) is a promising strategy for cancer treatment over traditional
approaches because it is more selective, less invasive, and overcomes multidrug resistance.!® The
strategy involves activating photosensitizers with light irradiation, usually visible light, to generate
cytotoxic singlet oxygen ('O.) that kills cancer cells.! Despite the advantages of PDT, commonly
used photosensitizers have extremely low water solubility resulting in poor accumulation at tumor
sites.” More importantly, the visible activating light in PDT has limited tissue penetration and
significant attenuation by biological medium leading to poor therapeutic efficacy.® Nanoparticles
(NPs) such as quantum dot,’ gold,'” and silica'!"!? load the photosensitizers as cargos and enhance
their accumulation at tumor sites by taking advantage of their large surface-to-volume ratio,
tunable surface chemistry, and targeting capability.” °!> However, they do not address the
fundamental limitation of attenuation and poor penetration of visible activating light, making it
still challenging for clinical viability of these platforms.®

Lanthanide (Ln)-doped upconversion nanoparticles (UCNPs) are a class of NPs that emit
ultraviolet (UV) or visible light under near-infrared (NIR) light excitation.!s"!” NaYFs-based
UCNPs co-doped with Yb**/Er’** are one of the most efficient upconverting systems known to date
and have been investigated widely to improve the performance of conventional PDT.!® Yb**/Er**
co-doped UCNPs convert NIR excitation (980 nm) that has deeper tissue penetration into visible
emission, and this locally emitted light subsequently activates the photosensitizers coated on the
UCNPs."-2* However, the use of 980 nm excitation has recently raised concerns as it overlaps with
the strong 980-nm-centered absorption band of water.?5-2 Water is abundant in most biological
samples across different scales from cells, cultured tissues to small animals and the human body.

Thus, the 980 nm laser excitation is significantly attenuated through the biological medium and
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the laser alone without any photothermal agents can induce unselective local heating effect that
causes localized tissue damage.? This overlap greatly limits the adaptation of 980 nm excited
UCNPs for PDT application, and there is an increasing effort to find suitable UCNP-PDT

platforms that are biologically relevant to fully leverage the immense potential of NIR light for

cancer therapeutics.
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Figure 3.1 Energy level diagram of the conventional Nd**-doped NPs. They absorb the 808 nm
excitation via Nd®* in the shell, transfer the excitation energy to Yb®*, and to activators (Er**) for
dominant green upconversion emission (540 nm) that does not match the absorption maximum of
photosensitizer ZnPc. The excitation energy is susceptible to surface quenching due to the doping
in the shell.

Recent efforts in improving UNCP-PDT have focused on Nd** co-doped Yb**/Er** UCNPs
that allow for excitation at bio-benign 808 nm and dramatically reduce the laser induced heating
effect.?’3¢ However, these novel UCNP-PDT platforms excitable with 808 nm do not address two

major challenges that are critical towards realizing their clinical utilization. First, Nd** ions are

usually doped in the shell of the UCNPs and bridge the excitation energy in the core to the surface
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sites.>33¢ Excitation at 808 nm is absorbed by Nd** in the shell and transferred to Yb**/Er*" in the
core for upconversion via a cascading process (Figure 3.1). Both cases lead to unfavorable
quenching pathway for the upconversion emission.” Thus, the upconversion emission for the
Nd**-doped UCNPs is usually weaker than the pristine Yb**/Er** co-doped UCNPs.*-3¢ Excitation
at 808 nm with higher power density/flux is required to achieve the same therapeutic outcome,
which also inevitably reintroduces the laser-induced heating effects due to the high laser power.
Second, and more importantly, all reported UCNP-PDT platforms with 808 nm excitation
regardless of the excitation power density have a strong green emission (540 nm, *S3» — *Iys2 of

31)31-36 where most of

Er*"), and very minimal/negligible red emission (654 nm, *Fo;» — *Ii5» of Er
the photosensitizers absorb (Scheme 3.1a). Most of the red emission in these designs is quenched
by energy migration to surface sites.>**? To highlight, most of the highly efficient photosensitizers,
such as zinc phthalocyanine (ZnPc), chlorin €6 (Ce6), and methylene blue (MB) have major
absorption band in the red spectral region (600 to 700 nm) (Scheme 3.1a) and therefore require
strong visible upconverted red emission to activate them effectively.'*'* Punjabi er al. attempted
to address the mismatch by increasing the doping level of Yb>" in the UCNPs to amplify the red
emission. The upconverted red emission band matched with the absorption of the photosensitizer
protoporphyrin IX, but it was still limited to 980 nm excitation.** To date, UCNP-PDT platforms
have not been tailored to simultaneously have excitation with 808 nm at biologically relevant low

power (~0.6 W/cm?), and a strong red upconverting emission spectrally matching the absorption

of photosensitizers.
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Scheme 3.1 The characteristics of the UCNP-PDT platforms. (a) Comparison between spectrally-
mismatched platforms featuring green upconversion and spectrally-matched platforms featuring
red upconversion emission. The red upconversion emission matches the absorption maximum of
photosensitizers. Inset: digital photographs of cuvettes with UCNP samples. Conventional green-
emitting UCNPs (left) and red-emitting UCNPs in this study (right) with 808 nm excitation. (b)
Comparison of temperature increase in the gel phantoms irradiated by 980 nm laser and 808 nm
laser at the same power density for 10 min. (¢c) Comparison of upconversion emission change from
the red-emitting UCNPs upon 980 nm and 808 nm excitation in this study immersed in water at
variable excitation distance (d = 0, 1, 3, 5 cm from left to right).
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Figure 3.2 Energy level diagram of the B-NaErFs@NaLuF4 CS-NPs in this study. They absorb
the 808 nm excitation and emit dominant red upconversion (654 nm) at Er**. The red emission
matches with the absorption maximum of photosensitizer ZnPc. The excitation energy is not
susceptible to surface quenching due to the undoped shell.

Herein we report a B-NaErF4@NaLuF4 core-shell (CS) UCNP/ZnPc-based PDT platform
to simultaneously address the limitations mentioned above. This UCNP-PDT platform has
completely matched spectral profile between the UCNP and photosensitizer in the visible red band
(Scheme 3.1a), has no overheating effects (Scheme 3.1b), and the UCNP emission under 808 nm
remains largely unaffected even after passing through a ~5 cm block of water as compared to the
980 nm excitation (Scheme 3.1c¢), highlighting their relevance to biological setting. In this platform,
the CS-NPs are directly excited at 808 nm through the ground-state-absorption (*Iis» — *Io2) and

43-44 without

excited-state-absorption (*lo, — *Gi1/2, “Ii32 — #S312) of activators (Er*") in the core
any previously used sensitizers (Yb**, Nd*").%-*® The undoped thick expitaxial shell (NaLuF4)

confines the excitation energy within the core and away from surface quenchers. Both features

assist to achieve strong upconverted emission (Figure 3.2). Moreover, the independence of
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upconversion emission to concentration quenching in CS-NPs as we have shown in our previous
work,* allows Er’* luminescent centers at high doping concentration (100% molar ratio in this
study compared to 0.5%-2% in conventional designs'® 33-3) that is beneficial for localized

photosensitizer ZnPc activation.
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3.3 Results and Discussion
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Figure 3.3 Characterization f-NaErFs@NaLuFs CS-NPs. (a) TEM image and size distribution
(inset) of the CS-NPs. (b) High-resolution TEM image of single CS-NP confirming its high
crystallinity. The size of lattice fringe is 5.2 A. (c) FFT diffractogram and (d) powder XRD pattern
of the CS-NPs confirming the hexagonal phase by indexing to JCPDS file # 27-0689. The black
arrow in (d) indicates the shift of peaks towards the high angle. (e) Energy level diagram of the
Er¥* in the CS-NPs. (f) Upconversion emission spectra of CS-NPs in the visible region (475 nm —
725 nm) with 808 nm laser excitation. Inset: digital photograph of the cuvette containing CS-NPs

with laser excitation.
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Figure 3.4 EDX spectra of (a) NaErF4 core and (b) NaErFs@NaLuF4 CS-NPs showing only Er in
the core while both Er and Lu in the CS-NPs.

We synthesized highly crystalline and uniform B-NaErFs@NalLuFs CS-NPs (Figure 3.3 a-
b) by following previous reports on self-focusing via ripening.***¢ Kinetically-stable o.-NaLuFa4
NPs were prepared and used as sacrificial precursors for the overgrowth of the epitaxial NaLuF4
shell. After B-NaErF4 core NPs have formed in the high-temperature solution, a-NaLuF4 NPs were
rapidly injected into the solution and B-NaErFis@NaLuF4 CS-NPs formed via Ostwald ripening

(see Materials and Methods for experimental details).
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Figure 3.5 (a) TEM images, (b) size distribution, and (c) XRD pattern of NaErF4 core NPs.

Energy Dispersive Spectroscopy (EDS) confirmed the element composition of the core and
CS nanostructures (Figure 3.4). Transmission electron microscopy (TEM) images revealed that
both the core and CS-NPs are highly monodispersed and hexagonal with average sizes of 17.0 nm
(Figure 3.5) and 32.8 nm (Figure 3.6 and 3.7), respectively. The corresponding fast Fourier
transform (FFT) diffractogram of the CS-NPs indicated their hexagonal phase (Figure 3.3c).
Powder X-Ray diffraction (XRD) pattern confirmed that the NaLuF4 shells adapt the crystal lattice
of NaErF4 cores and uniformly grow around them (Figure 3.3d), which is critical to enhancing the

upconversion emission under low power excitation.*’
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Figure 3.6 Low-magnification TEM images of (a) NaErF4 core and (b) NaErFs@NaLuF4 CS-NPs
showing their excellent uniformity and monodispersity.
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Upconversion emission properties of the as-synthesized (-NaErFs; core NPs and B-
NaErFs@NaLuF4 CS-NPs were obtained by exciting them with an 808 nm continuous wave diode
laser (3 W/cm?) (see Materials and Methods for details). The B-NaErF4 core NPs do not have any
observable/measurable emission due to the dominant surface quenching at high dopant
concentration (100 mol% Er*").** B-NaErFs@NaLuF4 CS-NPs have two major emission peaks
centered at 540 nm and 654 nm corresponding to transitions *Ss;» — *Iys2 and *Fop — *I152 of Er**
respectively (Figure 3.3e, f). Thick, uniformly grown epitaxial NaLuF shell effectively suppressed
the surface quenching and enhanced the upconversion emission of both peaks compared to the
cores. The integrated emission intensity at 654 nm (red) is approximately 40 times stronger than
that of 540 nm (green), giving a discernible red emission from the CS-NP colloidal dispersion
(Figure 3.3f, inset). The 654 nm emission intensity versus excitation power density reveals a
double logarithmic increment, indicating that the transition *Fo» — *I;5,2 originated from a two-

photon upconversion process of the 808 nm excitation (Figure 3.8).

121



7.0

6.5 Slope = 1.87

6.0 4

5.5

Log(Upconverting Red Emission) (a.u.)

2.1 24 2.7 3.0

Log[Laser Power (mW)]

Figure 3.8 The log-to-log plot of red upconversion emission peak intensity (integrated through 600
— 700 nm) to the 808 nm laser excitation power.
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Figure 3.9 TEM image of B-NaYF4:Yb(18%)/Er(2%)@NaLuF4:d(lO%) NPs.

- -

To compare our spectrally-matched platform with previously reported 808 nm-excited yet

spectrally-mismatched UCNP-PDT systems, we synthesized 3-NaYF4:Yb/Er@NaLuF4:Nd NPs
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3336 and investigated their upconversion

(Nd**-doped NPs) commonly used in other studies
emission properties. Nd**-doped NPs have similar sizes to our CS-NPs (Figure 3.9) and are excited
with 808 nm laser as well through the cascade energy transfer pathway (Figure 3.1). As shown in
Figure 3.10a, upon 808 nm laser excitation, Nd**-doped NPs have two major emission peaks also
centered at 540 nm and 654 nm respectively, but the emission intensity of 654 nm peak is only
one-eighth of the 540 nm peak. The emission maximum in the green regime is not matched with
the absorption maximum of the photosensitizer ZnPc (Figure 3.10a), clearly highlighting the
limitation of such spectral mismatched systems. In comparison, our CS-NP platform features a
654 nm peak 40 times stronger than 540 nm peak and spectrally matches the absorption maximum
of the ZnPc (Figure 3.10b). This enormous red-to-green ratio (/req/Igreen) sShow negligible change
with the variable excitation power density (3.4 W/cm? to 0.6 W/cm?), highlighting that spectral
matching with dominant red upconverting emission works at a range of laser excitation power
density (Figure 3.11). This is particularly important in correlating UCNP-PDT systems with
biologically-relevant excitation power densities and to potentially realize clinical translation

because tissue attenuation and scattering will vary the excitation laser intensity at different

penetration depths.
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Figure 3.10 Spectral matching between the UCNPs and the photosensitizers ZnPc. (a) Absorption
spectra of ZnPc and upconversion green emission spectra of Nd**-doped NPs with minimal overlap.
(b) Absorption spectra of ZnPc and upconversion emission spectra of f-NaErFs@NalLuF4 CS-NPs
with maximal overlap between them. (¢) Comparison of UC emission spectra between CS-NPs
alone and CS-NPs coated with ZnPc. (d) Intensity change of upconverted green emission and red
emission from the CS-NPs. Inset: digital photographs of CS-NPs (red) and CS-NP@ZnPc (yellow).
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Figure 3.11 The red-to-green ratio versus the 808 nm laser excitation at different pump power
density. The upconversion emission intensity in the red region was integrated through 600 — 700
nm while the green was integrated through 500 — 600 nm.
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Figure 3.12 Phase transfer of NaErFs@NaLuFs CS-NPs into water with ZnPc and DSPE-PEG
2000 surface coating. (a) TEM image showing that CS-NP@ZnPc@PEG are not aggregated after
phase transfer. (d) DLS of the CS-NP@ZnPc@PEG showing their low PDI.

To demonstrate the utility of this UNCP-PDT platform, we coated ZnPc onto the CS-NPs
and investigated their optical properties. Using PEGylated phospholipids (DSPE-PEG 2000) as

surfactants, we transferred the CS-NPs from chloroform to water through micellization,***

generating water-dispersible NPs with biocompatible PEGylated surfaces (see Materials and
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Methods for details). The hydrophobic ZnPc was encapsulated and stabilized between the DSPE-
PEG 2000 and the oleate intercalated layer on the surface of CS-NPs. Dynamic Laser Scattering
(DLS) measurements and TEM images confirmed that the ZnPc-coated PEGylated CS-NPs (CS-
NP@ZnPc@PEG) were well-dispersed in water without any aggregation (Figure 3.12). The small
hydrodynamic diameter of CS-NP@ZnPc@PEG (63 nm) indicated that all the coated ZnPc firmly
attached with the CS-NP, thereby the photosensitization of ZnPc via the upconverted red emission
is more efficient due to the reduced distance between the UCNP and ZnPc dye. The loading density
of ZnPc on CS-NPs was about 400 molecules per particle (see Materials and Methods for details),
much more than the previously reported encapsulation®® due to the large CS-NP surface area (32.8
nm in diameter and 3400 nm? in surface area). We measured the upconversion emission spectra of
CS-NP@ZnPc@PEG with 808 nm excitation and found that the intensity of red emission (*Fo/, —
*152) decreased by 89% while the green emission (*S3» — *I1s512) remained unchanged (Figure
3.10c, d). Therefore, the red-to-green ratio (/red/lgreen) Of the CS-NP@ZnPc@PEG drastically
dropped from 40 to 4 giving an overall yellow emission of the solution, in stark contrast with the
original red emission of CS-NPs alone (Figure 3.10d, inset). This clearly demonstrates the

effective re-absorption of the red emission by the ZnPc coated on the NP surfaces.
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Figure 3.13 Determination of singlet oxygen generation of ZnPc@PEG in the dark confirming that
ZnPc does not generate singlet oxygen without light activation.

We next examined the generation of cytotoxic singlet oxygen from the photosensitizer
ZnPc upon 808 nm laser excitation. 1,3-Diphenylisobenzofuran (DPBF) was used as a singlet
oxygen indicator as it reacts irreversibly with singlet oxygen and causes a decrease in its
absorbance centered at 430 nm, which can be monitored by UV-Vis spectroscopy.’! We first
confirmed that ZnPc alone without light exposure (either ambient light or laser light) does not
generate singlet oxygen in solution using DPBF over time (~ 1 h) (Figure 3.13). Then, DPBF was
added into freshly prepared CS-NP@ZnPc@PEG, CS-NP@PEG, and ZnPc@PEG aqueous
solution respectively. All three groups were irradiated with 808 nm continuous wave laser (0.6
W/cm?) in the dark for the same time, and the absorbance of DPBF was recorded every 5 min.
Immediately after laser irradiation for 5 min, we observed a decrease of absorbance in the CS-
NP@ZnPc@PEG group, indicating generation of singlet oxygen by photo-activated ZnPc in the
solution (Figure 3.14a). The absorbance of DPBF decreased from 100% to 36% over time (~1 h),

evidently suggesting that our platform generates singlet oxygen continuously under low power 808
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nm laser excitation. In contrast, no change in absorbance was recorded in either CS-NP@PEG or
ZnPc@PEG group over the same duration, further confirming that the singlet oxygen is induced

by the activation of ZnPc via upconverted red emission from the CS-NPs.
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Figure 3.14 in vitro PDT on HeLa cells. (a) Quantification of 'O, generation in solution with 808
nm excitation using DPBF as the indicator. (b) The viability of HeLa cells after incubation with
different groups and exposure to 808 nm laser irradiation for 20 min. (¢ — f) Intracellular
visualization of singlet oxygen using DCFH-DA as the green fluorescent indicator (Scale bar 40

um).

Next, we performed in vitro PDT on HeLa cells with CS-NP@ZnPc@PEG upon 808 nm
continuous wave laser irradiation. Intracellular uptake of photosensitizers is critical to PDT as
singlet oxygen generated inside the cells exerts highest oxidative stress to the pivotal organelles in
the cytoplasm.’? Therefore, we first incubated the HeLa cells with CS-NP@ZnPc@PEG and
confirmed that cells internalize them efficiently (see Materials and Methods for details). Both TEM

(Figure 3.15) and confocal microscopy images (Figure 3.16) clearly showed that the CS-
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NP@ZnPc@PEG were internalized in the cytoplasm of HeLa cells after 3 h incubation, and with

an increase of accumulation with prolonged incubation time (Figure 3.15).

Figure 3.15 TEM of HelLa cells with the intracellular uptake of the CS-NP@ZnPc@PEG with
incubation time of (a) 3 h, (b) 6 h, (c) 12 h, and (d) 24 h. With prolonged incubation time, there
was an increased intracellular accumulation of CS-NP@ZnPc@PEG but all the organelles stayed
intact, demonstrating the biocompatibility of CS-NP@ZnPc@PEG before singlet oxygen was
generated.
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Figure 3.16 Confocal microscopy images of HeLa cells with the intracellular uptake of the CS-
NP@ZnPc@PEG.
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Figure 3.17 Toxicity of CS-NP@ZnPc@PEG to Hela cells in the dark with different NP
concentration and different incubation time.

We then evaluated the cytotoxicity of CS-NP@ZnPc@PEG by incubating HeLa cancer
cells and RAW 264.7 cells (used as a representative normal cell line for control) with different NP
concentrations in the dark for variable time. Without laser irradiation or any other light exposure,
we found that the CS-NP@ZnPc@PEG were not toxic to HeLa cells (Figure 3.17) or RAW 264.7
cells (Figure 3.18) even after incubation with the NP concentration of 0.5 mg/mL for 24 h. This is

because CS-NP@ZnPc@PEG did not generate singlet oxygen in the absence of light. These data

130



further validate the biocompatibility provided by the PEGylated NP surfaces as shown above. Also,
when HeLa cells without the incubation of CS-NP@ZnPc@PEG were subjected to 808 nm laser
irradiation, they were still viable even at laser power density as high as 1.3 W/cm? (Figure 3.19).

These results again attest the biological relevance of 808 nm excitation compared with 980 nm.
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Figure 3.18 in vitro cell viability or RAW264.7 cells incubated with CS-NP@ZnPc@PEG at
different concentrations for 24 h. Triton X-100 was used as negative control.
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Figure 3.19 Cell viability under 808 nm laser irradiation with different power density to determine

the safe threshold for laser working in the PDT experiments.

However, when we exposed the HeLa cells incubated with CS-NP@ZnPc@PEG to 808
nm laser irradiation, they were effectively killed. As shown in Figure 3.14b, even at low NP
concentration (0.0625 mg/mL), ~25% of the HeLa cells lost their viability in the CS-
NP@ZnPc@PEG group after 808 nm laser irradiation at 0.6 W/cm?. In comparison, the groups
incubated with CS-NP@PEG or ZnPc@PEG did not show any significant cell death after laser
irradiation. This difference in cell viability confirms that 808 nm laser irradiation or ZnPc alone
were not responsible for the loss of viability. In other words, PDT in this platform was only
triggered by the concurrent presence of 808 nm laser, CS-NPs, and ZnPc. Taken together, these
results demonstrate that spectrally-matched UCNP-ZnPc platform allows effective killing of the

cancer cells by PDT at low power 808 nm excitation.
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Figure 3.20 Confocal microscopy images of HeLa cells showing intracellular visualization of
singlet oxygen in split and merged imaging channels (Scale bar 40 pum).

To gain more insight into the in vitro PDT process and validate that intracellular generation
of singlet oxygen is the primary cause of the death of cancer cells, we used 2°, 7’-
dichlorofluorescin diacetate (DCFH-DA) to visualize the intracellular presence of singlet oxygen
after CS-NP@ZnPc@PEG incubation and laser irradiation. DCFH-DA is a highly sensitive
fluorescent sensor for singlet oxygen and emits green fluorescence after being oxidized by singlet
oxygen, allowing in situ confirmation of singlet oxygen.>® After incubating HeLa cells with CS-
NP@ZnPc@PEG, CS-NP@PEG, or ZnPc@PEG and exposing them to laser irradiation for 20
min, we added DCFH-DA into the cell culture media and characterized their emission by confocal
microscopy. As shown in Figure 3.14 c-f and Figure 3.20, we observed distinct green fluorescence
in the cytoplasm of HeLa cells only in the CS-NP@ZnPc@PEG group, confirming the intracellular

abundance of singlet oxygen after laser irradiation. In contrast, the cells incubated with CS-
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NP@PEG or ZnPc@PEG did not show characteristic green emission in the cytoplasm. Therefore,
the presence of intracellular singlet oxygen is consistent with the decrease in cell viability that we
determined above (Figure 3.14b). These studies evidently correlate the generation of singlet
oxygen and the killing of cancer cells using spectrally matched UCNP-ZnPc platform.

Finally, to demonstrate the potential of this platform for cancer therapy, we cultured three-
dimensional (3D) HeLa cell spheroids and examined the PDT effect of spectrally matched UCNP-
ZnPc platform on the cancer spheroids (Figure 3.21a). An actively growing cancer cell spheroid is
an advanced model to simulate the in vivo tumor site regarding cellular communication and
development of extracellular matrices.”* We cultured HeLa cell spheroids up to an average size of
3 mm (Figure 3.21b) on top of the meniscus of agarose hydrogel and then incubated the spheroids

with CS-NP@ZnPc@PEG in the dark for 24 h (see Materials and Methods for details).
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Figure 3.21 PDT on cancer cell spheroids. (a) The schematic illustration of the PDT on HeLa
cancer cell spheroids. (b) Optical microscope image of a typical cell spheroids with a size of ca. 3
mm. (¢) TEM image of HeLa cells within the spheroids with internalized CS-NPs@ZnPc@PEG
(blue arrow). (d) Enlarged image of figure (c) showing the presence of NPs and an intact
mitocondria. (e) Cell viability in the cell spheroids incubated with CS-NPs@ZnPc@PEG only,
with both CS-NPs@ZnPc@PEG and 808 nm laser irradiation. The control group was with neither
incubation nor irradiation.* p<0.05. (f) Cell spheroid volume change after CS-NPs@ZnPc@PEG
incubation for the same time but laser irradiation for the different time. * p<0.05.

TEM images of sliced HeLa cell spheroids again confirmed that the CS-NP@ZnPc@PEG
were internalized by the HeLa cells in the spheroids (Figure 3.21c, d). We found that the most of
the cell organelles stayed intact and organized, indicating that the cells within the spheroids were

viable with the NP incubation in the dark. This was further confirmed by the non-significantly
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different viability between the cell spheroids incubated with CS-NP@ZnPc@PEG and the blank
control group (Figure 3.21¢).

However, after irradiated the cell spheroids at 0.6 W/cm? for 10 min after they internalized
with CS-NP@ZnPc@PEG, we found that the overall cell viability dropped to 35 % of their initial
value, significantly lower than either the black control or those with NP incubation but no laser
exposure (Figure 3.21e). This is clear indication of the effective PDT by CS-NP@ZnPc@PEG
under laser activation in the three-dimensional (3D) cell environment. Furthermore, we monitored
the volume changes of the cell spheroids after one-time laser exposure (0.6 W/cm?) for different
time. The growth of HeLa cell spheroids was significantly slowed after only Smin laser exposure
(Figure 3.21f), indicating that the cytotoxic singlet oxygen stayed within the cancer cells and
subsequently disabled the cellular functions. When the laser exposure time increased to 10 min,
the spheroid volume did not increase significantly even after seven days (Figure 3.21f), consistent
with the loss of cell viability we showed above (Figure 3.21¢). This clearly demonstrates that our
UCNP-PDT platform with the spectral matching feature can effectively treat tumors in different

biological settings with extremely low power 808 nm excitation.

3.4 Conclusions

In conclusion, we have presented an 808 nm-activated PDT platform by leveraging the
spectral match between red-emitting B-NaErFs@NaLuFs UCNPs and red-absorbing
photosensitizers ZnPc. The UCNP/ZnPc PDT platform generates 40 times stronger red emission
than green emission under bio-benign 808 nm excitation at extremely low yet biologically relevant
laser power density than other UCNP-PDT platforms reported to date (Table 1). High local

concentration of Er* activators (100 mol%) in the CS-NPs convert 808 nm to 654 nm, activates
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the photosensitizers ZnPc on the NP surfaces, and generates cytotoxic singlet oxygen because of
the spectral matching. Using 3D grown HelLa cell spheroids we show that tumor cells with a
“single” short irradiation (5 min) of low power laser (0.6 W/cm?) can be effectively treated using
the spectrally-matched UCNP-PDT platform. The strategy demonstrated in this study can be
widely explored further where UCNP-coated molecular photosensitizers can be potentially applied
to other diseases including macular degeneration, psoriasis, and atherosclerosis.>® Moreover,
coupling this platform with light-degradable polymers®®> or activatable polymers that respond to
inflammation,®® we highlight that low power bio-benign laser-activated therapeutic platforms will

become clinically viable to address a broad spectrum of medical challenges.

Table 3.1 Spectral features of the UCNPs and photosensitizers used in this work and other various
studies.

E)lci(ijt{a\ii)n UCNP Empax Lred/Igreen Photosensitizer Absmax | Reference
808 nm 540 nm <1 667 nm 34
980 nm 540 nm <1 660 nm 40
980 nm 654 nm ~2 667 nm 4
980 nm 654 nm ~2 640 nm 42
808 nm 654 nm ~40 667 nm This work

3.5 Materials and Methods

Chemicals
Yttrium acetate hydrate (99.9%), erbium acetate hydrate (99.9%), ytterbium acetate

hydrate (99.9%), neodymium oxide (99.9%), trifluoroacetic acid, 1-octadecene (>90%), oleic acid
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(>90%), oleylamine (>70%), sodium trifluoroacetate, sodium hydroxide, zinc phthalocyanine
(ZnPc), 1,3-Diphenylisobenzofuran (DPBF) (97%), 2,7-Dichlorofluorescin diacetate (DCFH-
DA) (97%), methanol, chloroform, ethanol, toluene were all purchased from Sigma. Ammonium
fluoride was purchased from Spectrum. Lutetium oxide (99.9%) was purchased from Alfa Aesar.
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[(polyethylene glycol)-2000] (DSPE-PEG-
2000) was purchased from Avanti Lipids. All chemicals were used as received without further

purification unless specified.

Synthesis of hexagonal (B)-NaErF4 core NPs

Briefly, 1 mmol of erbium acetate hydrate was dissolved in 1-octadecene (15 mL) and oleic
acid (4.5 mL) in a 100mL three-neck flask. The slurry was quickly heated to 120 °C under vacuum
and kept for 45 min to obtain a clear, pinkish-orange solution. The clear solution was cooled down
to room temperature, and a methanol solution (10mL) of ammonium fluoride (4 mmol) and sodium
hydroxide (2.5 mmol) was added into the flask. The mixture was stirred at room temperature for
45 min and subsequently heated to 70 °C to remove methanol. During the heating process, the
slurry became progressively transparent and more yellow. The solution was then quickly heated
to 300 °C (~ 15 °C/min) under a gentle argon flow and maintained at this temperature for 1 h.
Finally, the reaction mixture was cooled to room temperature naturally. The NPs were precipitated
by adding ethanol, and collected by centrifugation (1900 g, 5 min) and washed several times with

ethanol. The resulting pellet was then dispersed in chloroform for further studies.

138



Synthesis of cubic (a)-NaLuFs NPs (Sacrificial shell NPs)

In a typical synthesis, Lu.O3z (1 mmol) was dissolved in 50% trifluoroacetic acid aqueous
solution (20 mL), and the slurry was refluxed overnight at 95 °C to obtain a clear solution. The
clear solution was then put at 70 °C to remove the solvent, remaining ~2 mmol lutetium
trifluoroacetate (Lu (CF3COQ)s) as dry powder. To the dry powder, sodium trifluoroacetate (2
mmol) was added along with 1-octadecene (12 mL), oleic acid (6 mL), and oleylamine (6 mL).
The slurry was quickly heated to 120 °C under vacuum and maintained for 30 min to obtain a clear
yellow solution. The clear solution was subsequently heated to 300 °C rapidly (~15°C/min) under
a gentle argon flow and vigorously stirred until the solution became cloudy. The cloudy solution
was kept 300 °C for 15 min to obtain kinetically-stable a-NaLuF4 NPs. The synthesized NPs were
likewise cleaned, dispersed in hexane (10 mL) and stored at 37 °C for characterization and

subsequent synthesis.

Synthesis of a-NaLuF4:Nd(10%) NPs
a-NaLuF4:Nd(10%) were synthesized with the same protocol described above except that

Lu203 (0.9 mmol) and Nd2O3 (0.1 mmol) were used.

Synthesis of B-NaErFs@NaLuFs CS-NPs

As synthesized cubic phase NPs (a-NaLuF4 ~1.0 mmol) in hexane were mixed with 1mL
1-octadecene and hexane was removed under a gentle flow of argon. After the 3-NaErF4 core NPs
have been heated at 300 °C for 1 h, 1-octadecene dispersion of sacrificial shell NPs (a-NaLuFs)
was subsequently injected into the solution and allowed to ripen (12-15 min) to yield CS NPs.

Seven injection-and-ripening cycles were performed while carefully maintaining the reaction
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mixture at 300 °C to generate the thick shell (7.9 nm) in this study. Finally, the CS-NPs were

cleaned as described above.

Synthesis of B-NaYF2:Yb(18%)/Er(2%)@NaLuF4:Nd(10%) NPs (Nd3*-doped NPs)
Synthesis of Nd**-doped NPs were synthesized following the same protocol of synthesis
of B-NaErFs@NaLuFs CS-NPs described above except that starting with yttrium acetate (0.8
mmol), ytterbium acetate (0.18 mmol), erbium acetate (0.02 mmol), 1-octadecene (15mL) and
oleic acid (6mL). After the solution has been heated at 300 °C for 1 h, a-NaLuF4:Nd(10%) with
the same mole amount of a-NaLuF4 in B-NaErF4s@NaLuF4 synthesis was injected into the solution

to obtain Nd**-doped NPs.

Phase transfer of CS-NPs into water (CS-NP@QPEG)

5 mg as synthesized B-NaErFs@NaLuFs CS-NPs in chloroform was mixed with 20 mg
DSPE-PEG 2000 in a 20 mL screw-neck glass vial. The vial was left open overnight in a fume
hood at room temperature to slowly evaporate chloroform and leave an oily layer at the bottom.
The vial was mounted on a rotary evaporator (Buchi R-205) at 60 °C for 1 h to remove excess
chloroform completely. Distilled water (10 mL) was added to the vial, and the vial was sonicated
for 5 min to transfer the NPs into water. The solution was filtered twice through 0.22 pum sterile
polyethersulfone (PES) syringe filter (30 mm diameter, Low Hold-up volume, Olympus Plastics),
and subsequently centrifuged using a Optima L-80 XP from Beckman Coulter with 50.2 Ti rotor
ultracentrifuge operating at 45000 rpm (~184,000 g) at 4 °C for 1 h. The supernatant with excess
empty micelles was carefully removed, and the pellet was re-dispersed into 5 mL distilled water

and stored at 4 °C for further studies. We denote the obtained aqueous solution as CS-NP@PEG.
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When a higher concentration of the NPs in the solution is needed, the as-prepared aqueous solution
was concentrated by centrifugation (3000 g, 30 min) using a Vivaspin® 20 centrifugal concentrator
(100K MWCO, PES) using a Allegra® X-15R Benchtop centrifuge (Beckman, with a swing-out

bucket).

Loading photosensitizers onto the CS-NPs (CS-NP@ZnPc@PEG)

Along with 5 mg NPs and 20 mg DSPE-PEG 2000, 0.46 mg ZnPc were together added into
the chloroform solution in the vial and dried overnight. The rest of the procedures were the same
with that for the phase transfer of NPs protocols and we denote the aqueous solution as CS-

NP@ZnPc@PEG.

Transferring photosensitizers into water without CS-NPs (ZnPc@PEG)
0.46 mg ZnPc was mixed with 20 mg DSPE-PEG 2000 in the vial and the rest of the
procedures were the same as described above. We denote the aqueous solution as ZnPc@PEG and

this was used as control group.

Quantification of ZnPc loading

2 mg ZnPc was dissolved in 40 mL CHCIs as stock solution (0.05 mg/mL). 500 uL stock
solution was mixed with 25 mg DSPE-PEG 2000 and transferred to water following the same
procedure described above, resulting in an aqueous solution of ZnPc with a final concentration of
0.005 mg/mL. The absorption spectra of the ZnPc aqueous solution was recorded with UV-Vis

spectrometer (500 — 800 nm) at a series of dilution, and the absorbance at 670 nm was plotted
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against its concentration as the standard curve. The absorbance of CS-NP@ZnPc@PEG at 670 nm

was also measured, and the concentration of ZnPc was calculated accordingly.

Determination of singlet oxygen

ZnPc is extremely sensitive to light and experiments were done with extreme care in a dark
room. 2.7 mg DPBF was dissolved in 10 mL EtOH and aliquoted as the stock solution (~1 mM).
10 uL DPBF solution was added into 1 mL H20, solution of CS-NP@PEG, ZnPc@PEG, and CS-
NP@ZnPc@PEG in a glass vial, respectively. All solutions were gently stirred for 5 min before
being transferred to a quartz cuvette for UV-Vis spectrometry measurement. The solution was
continuously irradiated with an 808 nm continuous wave (CW) diode IR laser system (Dragon
Lasers) coupled with fiber optic (M35L01, Thorlabs) in a dark room. The absorbance of DPBF in
solution (between 350 nm and 600 nm) was measured every 5 min using a UV-Vis-NIR

spectrometer (Shimazu UV-3600).

Dark cytotoxicity of CS-NP@ZnPc@PEG

HelLa/Raw264.7 cells were seeded onto a 96 well plate with a population of 10* cells/well.
The cells were cultured under 5% CO- atmosphere at 37 °C with phosphate-free DMEM (Thermo
Fisher), supplemented with 10% Fetal Bovine Serum (FBS) (Omega Scientific), 1% sodium
pyruvate (Thermo Fisher), 1% Penicillin-streptomycin (Thermo Fisher). Cells were incubated 24
h to allow residing onto the plate. CS-NP@ZnPc@PEG with various concentrations were added
to the cells and incubated in the dark for different time (3 h — 24 h). After the incubation, the cells
were washed three times using phosphate-free DMEM and finally 100 uL phosphate-free DMEM

with 10% CCK-8 (Dojindo Molecular Tech) was added to each well for incubation of 3 h. Cell
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viability was determined by reading the absorbance at 450 nm using a plate reader (SpectraMax

M5, Molecular Devices).

Tolerance of HelLa cells to laser irradiance

HeLa cells were seeded onto 96 well plate with a population of 10* cell/well. The cells
were cultured under 5% CO> atmosphere at 37 °C with phosphate-free DMEM (10% FBS, 1%
sodium pyruvate, 1% Penicillin-streptomycin). Cells were incubated 24 h to allow firm adherence
onto the plate. After that, the cells were exposed to 808 nm laser irradiation for 20 min at different
power density. After irradiation, the cells were incubated for another 24 h and the cell viability

was determined by the same method described above.

In vitro PDT

HeLa cells were seeded onto 96 well plate with a population of 10* cells/well. The cells
were cultured under 5% CO. atmosphere at 37 °C with phosphate-free DMEM (10% FBS, 1%
sodium pyruvate, 1% Penicillin-streptomycin). Cells were incubated 24 h to allow firm adherence
onto the plate. Different concentration of CS-NP@PEG, CS-NP@ZnPc@PEG, ZnPc@PEG were
added to the cells and incubated for 24 h. Cells were then washed three times with phosphate-free
DMEM to remove excess NPs and incubated with 100 uL media. Each group was exposed to an
808 nm continuous laser irradiation for 20 min at a power density of 0.6 W/cm?. Control groups
were protected from light by sanitized black aluminum foil. After irradiation, the cell viability was

determined by the same method described above.
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Confocal laser scanning microscope imaging

Glass coverslip was put into 24 well plate, and 500 uL poly-L-lysine was added into the
well to immerse the cover slide. After 30 min incubation at 37 °C, the slide was rinsed twice with
cell culture media. HeLa cells were seeded into the well with a population of 50,000 cells/well.
After 24 h incubation, 500 ug/mL CS-NP@ZnPc@PEG was added into the well. After another 24
h incubation, cells were fixed with PFA (4%) at 37 °C for 15 min. The coverslip with fixed cells
was rinsed twice with PBS. A droplet of mounting media was cast onto a glass slide, and the
coverslip with fixed cells was flipped over and attached to the mounting media. Confocal

microscopy images were taken with a Leica SP5 confocal microscope.

Visualization of intracellular singlet oxygen

HeLa cells were seeded into a 2.5cm cell culture dish with a population of 10° cells and
incubated for 24 h before experiments. Different samples were added into the cell culture media
and incubated for another 6 h. After washing with media for three times, DCFH-DA was added
into the dish to a final concentration of 10° M and the cells were incubated for 20 min. After
irradiation with 808 nm laser for 20 min, the dish was taken to microscopy characterization
immediately. Images were taken with a confocal microscope (Olympus FV-1000) with a 488 nm

argon laser for excitation and emission at 510-540 nm.

Cell TEM
HeLa cells were seeded into a 5 cm cell culture dish with a population of 10° cells and
incubated 24 h before experiments. UCNP@ZnPc@PEG was added into the dish with a final

concentration of 500 ug/mL. After different incubation times, cells were fixed with 0.1 M sodium
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cacodylate (SC) buffer (pH 7.4) with 2% glutaraldehyde (v/v) to obtain a cell pellet. The cell pellets
were washed in 0.1 M SC buffer three times on ice, fixed with 1% osmium tetroxide in SC buffer
for 1h on ice, washed in 0.1 M SC buffer three times, washed with DI water. The pellet was

dehydrated with 50%, 70%, 90%, 2 X 100% ETOH, and finally dry acetone at room temperature.

Each of the dehydration steps took around 5-8 min. Finally, the cell pellet was embedded in
Durcupan and incubated in an oven at 60 °C for 48 h. The plastic slab was sectioned with a Leica
Reichert-Jung ultramicrotomes, and the thin slice was imaged with JEOL 1200 EX Il TEM

operating at 80 KV equipped with a 35 mm port digital camera.

PDT on tumor spheroids

HeLa tumor spheroids were cultured using liquid-overlay culture. Briefly, a 96-well
tissue culture plate was coated with autoclaved agarose (1% wi/v, 40 pL/well). HeLa cells were
seeded (100 cells/well) in phosphate-free DMEM medium (Life Technologies) supplemented with
10% FBS (Omega Scientific), 1 mM Sodium Pyruvate (Life Technologies), and 10 pg/mL
Ciprofloxacin HCI (Santa Cruz Biotech). Spheroids were grown for 14 days, with media being
changed every 2-3 days throughout the period. On day 14, spheroids were double washed with 100
uL media and incubated with 100 pg/mL of CS-NP@ZnPc@PEG, or fresh cell growth media as
control, for 24 h in the dark. Following the incubation, the spheroids were again double washed
with media and irradiated for 0, 5, 10 min of 808 nm laser light (Dragon Lasers, 0.6 W/cm?). The
spheroid size was measured by light microscopy (Nikon FV100) over the course of 7 days. To
quantify the live cells in the wells, we dissociated the spheroids 24 h after laser treatment by using
25% Trypsin-EDTA (Life Technologies), stained with Trypan Blue (Life Technologies), and

counted on an automated cell counter (TC20, Bio-Rad).
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TEM on tumor spheroids
The HeLa tumor spheroids were processed following the same procedure described above

to visualize the cellular uptake of CS-NPs@ZnPc@PEG in HeLa cells in the spheroids.

Characterization

The size and uniformity of the B-NaErFs core and B-NaErFs@NaLuFs CS NPs were
confirmed using transmission electron microscopy (TEM) (FEI, Technai G2 Sphera, operating at
120 kV). One droplet of the NP stock solution was diluted with 1 mL of hexane, and drop cast
onto a Pelco® carbon-coated 400 square mesh copper grid (Ted Pella, Inc.) and air dried for 1 hour
before imaging. Scanning electron microscopy (SEM) images and energy-dispersive X-ray
spectroscopy (EDX) analysis were performed on FEI SFEG UHR scanning electron microscope
(operating at 5 kV). The statistical analysis of the size was taken with measurement of at least 100
NPs on TEM images and presented as a mean =standard deviation. The crystal phase of NPs was
determined by powder X-ray diffraction (XRD) using Siemens KFL Cu 2K diffractometer with a
resolution of 0.02° and a scanning speed of 1°/min. Upconversion emission spectra of the B-NaErF
core and B-NaErFs@NaLuF4 CS NPs were collected with a Fluorolog modular spectrofluorometer
(Horiba) coupled with an 808 nm (L808P1WJ, Thorlabs) or 980 nm (L975P1WJ, Thorlabs)
continuous wave (CW) laser diode mounted on a temperature controlled laser diode mount
(TCLDMO9, Thorlabs) operating at 200 mW (power density 3 W/cm?). The slit for the collection
of the spectra was set to 1 nm and the integration time was set to 0.5 s. Upconverted emission was
collected perpendicular to the direction of excitation light. Dynamic light scattering (DLS)

experiments were performed using a Zetasizer Nano ZS (Malvern Instruments) at room
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temperature. Elemental concentration was determined by digesting the NPs in 70% HNO3 for at
least two days and analyzed using a Perkin Elmer Optima 3000 DV inductively coupled plasma
atomic emission spectrometer (ICP-AES).

Chapter 3, is unpublished work. Sha He, and Adah Almutairi. The dissertation author was

the primary investigator and author of this material.
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Chapter 4
Simultaneous Enhancement of Photoluminescence, MRI Relaxivity, and CT Contrast by Tuning

the Interfacial Layer of Lanthanide Heteroepitaxial Nanoparticles

4.1 Abstract

Nanoparticle (NP)-based exogenous contrast agents assist biomedical imaging by
enhancing the target visibility against the background. However, it is challenging to design a single
type of contrast agents that are simultaneously suitable for various imaging modalities. Simple
integration of different components into a single NP contrast agent does not guarantee the
optimized properties of each individual components. Herein, we describe lanthanide-based core—
shell-shell (CSS) NPs as triple-modal contrast agents that have concurrently enhanced
performance compared to their individual components in photoluminescence (PL) imaging,
magnetic resonance imaging (MRI), and computed tomography (CT). The key to simultaneous
enhancement of PL intensity, MRI r; relaxivity, and X-ray attenuation capability in CT is tuning
the interfacial layer in the CSS NP architecture. By increasing the thickness of the interfacial layer,
we show that (i) PL intensity is enhanced from completely quenched/dark state to brightly emissive
state of both upconversion and downshifting luminescence at different excitation wavelengths (980
and 808 nm), (ii) MRI 7, relaxivity is enhanced by fivefold from 11.4 mM!s™! to 52.9 mM-!s™! (per
Gd*") at clinically-relevant field strength 1.5 T, and (iii) the CT Hounsfield Unit gain is 70% higher
than the conventional iodine-based agents at the same mass concentration. Our results demonstrate
that judiciously designed contrast agents for multimodal imaging can achieve simultaneously
enhanced performance compared to their individual stand-alone structures, and highlight that

multimodality can be achieved without compromising on individual modality performance.
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4.2 Introduction

Multimodal imaging is the next frontier in precise medical diagnosis of various diseases
because it integrates the advantages of different imaging modalities while offsetting their
individual limitations.!® In particular, photoluminescence (PL) imaging offers high detection
sensitivity and multiplexing but suffers from limited penetration depth of light into tissues.! Both
magnetic resonance imaging (MRI) and computed tomography (CT) have unlimited detection
depth and render three-dimensional images, but suffer from moderate detection sensitivity and
lack of multiplexing.> MRI and CT are complementary because MRI lends high resolution on soft
tissues while CT excels at hard tissues. Therefore, the combination of PL, MRI, and CT gives rise
to medical images with high resolution, high sensitivity, and more information for medical
diagnosis without limit in detection depth of the target site.”"!!

Contrast agents (CAs) are commonly used in these imaging modalities to enhance the
visibility of the target site against the background.* ® 12! They can be engineered to accumulate
specifically at the disease site, delineate the contour of it with imaging signals, and provide more
accurate diagnostic information.?® In multimodal imaging, a multifunctional CA that works for
different modes is preferred over the combination of singly functional ones because separate
administration of different types of CAs for various modalities increases the risk of toxicity and
other side effects. Despite the potential advantages of such concepts, it remains challenging to
design multimodal CAs that simultaneously facilitate PL imaging, MRI, and CT with high
performance.?!-?

Lanthanide (Ln)-doped nanoparticles (NPs) have shown potential as multimodal imaging

CAs because of their diverse yet tunable optical and magnetic properties.”>>> With the unique 4/
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manifold of Ln trivalent cations (Ln*"), Ln-doped NPs upon excitation emit luminescence at
different wavelengths ranging from ultraviolet (UV) to near-infrared (NIR) regime.?%28 Along with
large anti-Stokes shift, low background interference, and excellent photostability, Ln-doped NPs
are superior CAs for PL imaging.?*! Ln*" such as Gd**, Dy**, and Ho*" are potent agents to relax
the water protons for MRI because they have either large number of unpaired electrons in the 4f
orbitals and/or large magnetic moment.?**? With atomic numbers ranging from 57 to 71, Ln-doped
NPs attenuate X-ray more strongly than most commercially available X-ray CT CAs (iodine-based,
atomic number 53).333* Although the physical properties are diverse and suitable for different
imaging applications respectively, the chemical properties of all Ln ions are quite similar making
it easy to incorporate several types of Ln ions into a single architecture for use as multimodal
CAs.>* This offers better stability and simpler synthesis than the post-synthetic modifications
typical of other multimodal CAs, i.e., coating a PL NP with gadolinium chelates or decorating
fluorescent dyes on iron oxide NPs 811:23-24.35-36 Eor these reasons, multimodal imaging platforms
using Ln-doped NPs as CAs—especially for combined PL, MRI, and CT imaging—have received
considerable research interest.?*

Despite the promise of Ln-doped NPs in multimodal imaging, it has been challenging to
integrate these imaging functions rationally and optimize every modality concurrently.?? The
overall performance of multimodal CAs in multimodal imaging does not equal to the simple
addition of imaging functions from every single component. The Ln-based PL/CT/MRI triple-
modal CAs could have weaker optical emission than the PL single-modal CAs and weaker
magnetic resonance relaxivity than the MRI single-modal CAs.*”* For example, the high-
efficiency PL emission in Ln-doped NPs usually relies on the doping and sparse distribution

(doping level < 20%) of relatively heavy ions (Yb*" and Er** or Tm*" or Ho®") in the host matrix
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composed of relatively lighter ions (NaYF4).*%” Therefore, NPs optimized for strong PL emission
would perform poorly in CT because CT requires heavier ions. In contrast, enhancing CT contrast
with high concentrations of heavy Ln ions would inevitably quench the PL in most cases.

This dilemma persists in Ln-based core—shell (CS) NPs. For instance, luminescent Ln-
doped core NPs are usually coated with NaGdF4 epitaxial shell making the CS NPs function as
PL-MRI dual-mode CAs.*® High-efficiency PL requires thick epitaxial shells on the core NPs
regardless of the core composition. When the thick shell is comprised of NaGdF4, many of the
Gd*" ions are not exposed to the NP surface and thus not all Gd** ions contribute to the relaxation
of water protons limiting their MRI performance.*-*° In short, it is challenging to design Ln-NP-
based multimodal CAs that have improved performance than their single mode performance,

without compromising on one or more modalities.
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4.3 Results and Discussion
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Scheme 4.1 (a) Schematic illustration for the B-Yb/Er@Lu@Gd hetero-epitaxial CSS NPs and
their use as CAs for photoluminescence (PL) imaging, magnetic resonance imaging (MRI), and
computed tomography (CT). (b) The overall performance for the CSS NPs is poor when the
interfacial NaLuF4 layer is thin because it allows surface quenching to PL, fast tumbling of the NP,
and attenuating fewer X-rays. The performance in three modalities is simultaneously enhanced
with a thick interfacial NaLuF4 layer because it eliminates surface quenching to PL, decelerates
tumbling of magnetic centers, and attenuates more X-rays.

Herein, we report the design and synthesis of B-NaYbo.2/ErosFs@NaLuFs@NaGdF4
(Yb/Er@Lu@Gd) hetero-epitaxial triple-layer core—shell-shell (CSS) NPs as triple-modal
imaging CAs (Scheme 4.1, upper panel) to address the limitations discussed above. The key to

overcoming the conundrum of simultaneously optimizing and enhancing all three modalities is to

modulate the interfacial NaLuF4 layer thickness in the CSS-NP architecture (Scheme 4.1, lower
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panel). While thicker interfacial NaLuF4 layer allows heavy atoms (Lu**) in the NP to attenuate
more X-rays for enhanced CT contrast, it also acts as a thick epitaxial shell that shields all
Yb**/Er** luminescent centers in the core from surface quenching, therefore enhancing the PL.
The thicker NaLuF; interfacial layer is also a larger substrate to decelerate the tumbling of all

paramagnetic Gd** centers in the outermost NaGdF4 thin layer, therefore enhancing the MRI.!-%*

Table 4.1 lonic properties of all four Ln®* ions incorporated in the CSS NPs in this study. The ionic
radius of lutetium is smaller than that of either erbium or ytterbium, allowing Frank—van der
Merwe growth mode of NaLuF4 shell on NaYb/ErF4 core towards thick yet highly uniform
epitaxial NaLuF4 shells on NaYb/ErFs4 cores. The ionic radius of gadolinium is larger than that of
lutetium allowing Stranski—Krastanov growth mode for a uniform thin NaGdFs shell on NaLuF.

Gadolinium (Gd)  Erbium (Er)  Ytterbium (Yb)  Lutetium (Lu)

ﬁ lonic Radii (Ay*** 1.193 1.144 1.125 1.117
Unit Cell Volume (A3) 113.0 108.1 105.7 104.1

Unit Cell Parameter
6.020 5.958 5.929 5.901

——c Unit Cell Parameter

¢ (A) 3.601 3.514 3.471 3.453

Importantly, we can enhance the PL further by growing thicker NalLLuF4 interfacial layer
without tuning the thin shell of NaGdF4. Therefore, all paramagnetic Gd** centers in the thin
NaGdF; layer are always fully exposed to surrounding water protons to maximize MRI relaxivity.
Also, these CSS-NP structures are possible because the crystal lattice size of the NaLuF4 in the
interfacial layer is smaller than that of NaYb/ErF4 in the core (Table 4.1) allowing favorable
tensile-strained shell growth.>® Thus, thick (ca. 10 nm) and uniform (roundness close to 1) epitaxial

shells can be successfully grown onto the cores, resulting in monodispersed NP architectures
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without structural deformation. To highlight, we show below that the structural uniformity is a
critical factor to realize simultaneous enhancement of the individual modalities within a composite

trimodal structure.

200 nm

Figure 4.2 TEM image and size distribution of the a-NaGdF4 NPs.

160



a-NaLuF, NPs o-NaGdF, NPs

“ “

29
L)

o Y

B-NaYb/ErF, NPs B-NaYb/ErF,@NaLuF, NPs -NaYb/ErF ,@NaLuF ,@NaGdF, NPs

Figure 4.3 Schematic illustration for the synthesis procedure for B-NaYb/ErFs@NaLuFs@NaGdF4
CSS NPs.

Table 4.2 Calculated molar equivalency of each Ln®* for the synthesis of Yb/Er core, Yb/Er@Lu
CS, and Yb/Er@Lu@Gd CSS NPs. On the synthesized Yb/Er core NPs with radii of 8.6 nm, we
designed to achieve 10 nm thick NaLuF4 shell and 0.6 nm NaGdF4 shell on the cores. NaLuF4
shell as thick as 10 nm effectively protects the excitation energy from surface quenching and
concentration quenching at high doping level of Yb** and Er®* in the core. NaGdF4 shell as thin as
0.6 nm exposes all Gd** ions to the NP surfaces and maximizes the MRI relaxivity. To achieve
this, 9.4 mmol of a-NaLuF4 and 0.96 mmol a-NaGdFs sacrificial NPs need to be ripened and
grown on the cores.

Samples Designed radius Designed layer Molar equivalency
(nm) thickness (nm) (mmol)
Yb/Er Core 8.6 8.6 1.0
Yb/Er@Lu CS 18.6 10.0 94
Yb/Er@Lu@Gd CSS 19.2 0.6 0.96

Highly uniform Yb/Er@Lu@Gd hetero-epitaxial CSS-NPs were synthesized following a

previously reported self-focusing procedure.’®7 Kinetically stable a-NaLuF4 and a-NaGdF4 NPs
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were synthesized and used as sacrificial NPs to grow shells on the B-NaYb/ErF4 core NPs. The a-
NaLuF4 NPs had an average diameter of 8.27 nm (Figure 4.1) while a-NaGdF4 NPs were 6.18 nm
(Figure 4.2). After thermodynamically stable B-NaYb/ErF4 core NPs were formed, a.-NaLuF4 and
o-NaGdF4 NPs were injected into the B-NaYb/ErF4 core solution to form CSS-NPs (Figure 4.3)

via Ostwald ripening (See Materials and Methods for details).

17.2 nm
Core-Shell 36.6 nm
Thickness of Lu layer: 9.7 nm

LTS
(b)
Core-Shell-Shell 37.8nm
Thickness of Gd layer: 0.6 nm
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Figure 4.4 (a) to (c) TEM images of the synthesized B-NaYb/ErF4 core, B-NaYb/ErFs@NaLuF4
CSand B- NaYb/ErFs@NaLuFs@NaGdFs CSS NPs. Inset: high-resolution TEM images showing
their lattice fringes. (d) Size distribution of the three samples measured from TEM images
respectively. (d) XRD pattern of the three samples respectively. The black arrows are showing the
slight shift of the peaks in the CS and CSS NPs versus core NPs toward the high angle.
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Figure 4.5 Low magnification TEM images of the core, CS and CSS NPs.

To obtain the CSS-NPs shown in Figure 4.4 a — ¢, ca. 9.4 mmol a-NaLuF4 NPs and 0.96

mmol a-NaGdF4 NPs were injected successively and ripened against 1 mmol B-NaYb/ErF4 core
NPs (See Table 4.2 for details). The size of the NPs grew from 17.2 nm (Yb/Er core) to 36.6 nm
after NaLLuFs shell growth (Yb/Er@Lu CS) and finally to 37.8 nm after of the NaGdF4 shell growth
(Yb/Er@Lu@Gd CSS) (Figure 4.4d), while perfectly retaining their quasi-spherical shapes
(Figure 4.5 and 4.6). Measured sizes from representative transmission electron microscopy (TEM)
images (Table 4.3) and element analyses from inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (Table 4.4) confirmed the molar ratio of each Ln*" in the CSS-NPs.

Energy-dispersive X-ray spectroscopy (EDS) confirmed the elemental composition of the core,
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CS, and CSS structures (igure 7). The very minimal shift of the peaks of CS and CSS NPs in the
X-ray Diffraction (XRD) pattern as compared to the core NPs confirmed that both shell layer
perfectly adapted the crystal lattice of the core NPs (Figure 4.4e). Two critical morphological
parameters—circularity and roundness—were calculated by characterizing the Feret diameters of
the core, CS, and CSS-NPs, respectively. Neither circularity nor roundness changed significantly
during NP growth from 17.2 nm to 37.8 nm further validating the shape uniformity across all three

structures (Figure 4.8).

Figure 4.6 Low magnification SEM image of the B-NaYb/ErFs@NaLuFs@NaGdFs CSS NPs
showing their excellent uniformity and monodispersity.
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Table 4.3 Calculated molar equivalency of compositions in the Yb/Er@Lu@Gd CSS NPs by
measuring the size of each sample on a representative TEM image. The molar ratio for (Yb+Er) /
Lu/Gdis1/9/0.93 and is consistent with the calculated amount in Table 4.2. We obtained 9
mmol out of the injected 9.4 mmol Lu and 0.93 mmol out of the injected 0.96 mmol Gd because
of the minimal loss in the ripening process.

Measured radius from Compositions Calculated molar
TEM images (nm) equivalency (mmol)
Yb/Er Core 8.6 Yb + Er 1.0
Yb/Er@Lu CS 18.3 Lu 9.0
Yb/Er@Lu@Gd CSS 18.9 Gd 0.93

Table 4.4 Elemental concentrations of different Ln®* in core, CS, and CSS NPs obtained from ICP-
AES, which is consistent with both Table 4.2 and Table 4.3.

Er** (mM) Yb** (mM) Lu®* (mM) Gd** (mM)
Yb/Er Core 241401 0.62+0.1 / /
Molar equivalency (Er®* +Yb*) /Lu**/Gd*=0.98/0/0
Yb/Er@Lu CS 147101 0.38+0.1 16.45+0.3 /
Molar equivalency (Er** +Yb*)/Lu®*/Gd*=1/8.89/0
Yb/Er@Lu@Gd CSS 2.07+01 0.54+0.1 23.29+04 2.31+0.1
Molar equivalency (Er®* +Yb*)/Lu*/Gd**=1/8.92/0.89
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Figure 4.7 Energy dispersive X-ray spectroscopy (EDS) of (a) p-NaYb/ErFs core, (b) B-
NaYb/ErFs@NaLuFs CS, and (c) B-NaYb/ErFs@NaLuFs@NaGdFs CSS NPs showing the

elemental composition of each structure. The peak of carbon and copper comes from the sample
grid of TEM.
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Figure 4.8 Morphological characterization of the (a) core, (b) CS, and (c) CSS NPs.

To assess the functional capabilities of these CSS-NP-based CAs, we first characterized
the PL properties to validate that the epitaxial NaLuF shell enhances the PL of the B-NaYb/ErF4
core. For the B-NaYb/ErF4 core NPs without the shell, the high concentration of both the sensitizer
and activator ions (Yb** 20%, and Er** 80% respectively) enhances the excitation energy migration
to the surface®’ and quenches all the possible emission pathways (Figure 4.9a). No detectable
emission peaks for the core NPs were observed across either the visible (450 — 750 nm) or the NIR
(750 — 900 nm) regime (Figure 4.9b) with excitation by a continuous wave diode laser at 980 nm.
Our attempts to increase the excitation power density of laser from 2.5 W/cm? to 40 W/cm? did

not result in any detectable emission from the core NPs either (Figure 4.10).
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Figure 4.9 Photoluminescent properties of the f-NaYb/ErFs@NaLuF4 CS NPs. (a) The simplified
energy level diagram of Yb**/Er®* showing multiple optical transitions migrate to the surface and
are quenched. The upconversion PL emissions are recovered after epitaxial deposition of the
NaLuF4 shell. (b) The PL spectra across the visible and NIR range of the B-NaYb/ErFs4 core
(orange) and B-NaYb/ErFs@NaLuFs CS (gray) NPs, showing three major emission peaks at 540
nm, 654 nm, and 808 nm. (c) Comparison of absorbance (orange) at 980 nm and integrated
emission intensity (gray) of B-NaYb/ErF4 core and B-NaYb/ErFs@NaLuF4 CS NPs.

However, after NaLuF4 epitaxial shells were grown onto the cores to form B-Yb/Er@Lu
CS-NPs, the excitation energy in the cores was sequestered from surface quenching (Figure 4.9a),
and all three major emission peaks, 540 nm (*Sz;z — *l1512), 654 nm (*Forz — *l1s2), and 808 nm
(*lor2 — *l1sr2) were immediately recovered (Figure 4.9b). Unlike the Yb/Er core NPs, the PL of
the CS-NPs increased two orders of magnitude when the 980 nm laser excitation power density

was elevated from 2.5 W/cm? to 40 W/cm? (Figure 4.10). While we denoted the emission intensity
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of the completely quenched cores at 2.5 W/cm? excitation as 1, the integrated emission intensity

of the CS-NPs at the same excitation power density demonstrated an enhancement factor of PL as

high as 2 x 107 (Figure 4.9c).
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Figure 4.10 (a) Power density-dependent PL intensity of Yb/Er core and Yb/Er@Lu CS NPs. There
is no emission peaks for the Yb/Er cores and we denoted the emission intensity as 1. (b)
Photographs of samples excited at 980 nm with variable laser power density.

The absorbance at 980 nm of both B-NaYb/ErF4 core and B-NaYb/ErFs@NaLuF4 CS NPs

remains the almost the same (0.088 for core and 0.089 for CS) (Figure 4.9¢c), highlighting the

critical contribution of the optically inert NaLuF4 shell in enhancing the PL by shielding the

luminescent centers (both sensitizers Yb** and activators Er*") in the core from surface quenching.
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Figure 4.11 PL spectra of NaYF4:Yb(20%)/Er(2%) NPs excited at 980 nm, showing major
emission in the visible green regime instead of visible red and NIR regime.
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Figure 4.12 Absorbance at 980 nm and integrated PL intensity of Er@Lu CS NPs and Yb/Er@Lu
CS NPs.

There are several other advantages in the B-NaYb/ErFs@NaLuF4 CS structures over other
PL CAs. With the NaLuFj4 shells, the major emission peaks are at 654 nm and 808 nm when excited
at 980 nm. Both emission peaks are within the biological imaging window,?% 3 and they function
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better than the dominant green emission at 540 nm seen in Yb>"(18%)/Er**(2%) co-doped NaYF4
NPs (Figure 4.11). Compared to the singly doped NaErFs@NaLuF4,”’ the NaYb/ErFs@NaLuF4
CS NPs here have enhanced absorbance of 980 nm excitation owing to larger absorption cross-

section of the sensitizer Yb*"— this results in brighter PL emission (Figure 4.12).
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Figure 4.13 Simplified energy level diagram of Yb**/Er** luminescent pair showing excitation at
808 nm.

With the high doping concentration of Er** (80%) in the core, the Yb/Er@Lu CS-NPs can
also be excited at 808 nm (Figure 4.13), another bio-benign wavelength in the biological imaging
window. Upon 808 nm excitation, they emit at visible regime (654 nm) via upconversion and at
the NIR regime (980 nm) via downshifting simultaneously (Figure 4.14) which cannot be easily
realized in conventional systems. In short, the NaLuF4 epitaxial shell enhances the PL of the

NaYDb/ErF4 cores at various excitation and emission wavelengths.
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Figure 4.14 PL spectra across the visible and NIR regime of the Yb/Er core NPs and Yb/Er@Lu
CS NPs with 808 nm excitation.

Next, we explored whether MRI modality is enhanced when incorporated into the same NP
structure without affecting the enhanced PL properties (Figure 4.15a). On depositing NaGdF4 shell
the size of the NP grew from 36.6 nm (Yb/Er@Lu CS) to 37.8 nm (Yb/Er@Lu@Gd CSS) while
the MRI 7, relaxivity increased from 0.1 mM's! (Figure 4.15a) to 52.9 mM s (per Gd**) (Figure
15b) at 1.5 Tesla (T). This is the highest MRI contrast at clinical field reported to date for
multimodal imaging CAs that includes an MRI modality.>* Comparing the high relaxivity reported
here for the CSS NP, we emphasize that only an ultrasmall Gd** NP with controlled surface coating
has reported higher relaxivity.”® For Yb/Er@Lu CS-NPs, an r; value of 0.1 mM™'s! is well within
the detection limit confirming that the Yb/Er@Lu CS with strong PL is silent in MRI. This is
because Lu*" does not have any unpaired electrons in the 4f orbitals but has extremely short
electron spin relaxation time (107!? s). In contrast, Gd*" ions have seven unpaired electrons and a
10°-fold longer electron spin relaxation time (10® s) than Lu*" (Table 4.5)—both of these factors
contribute to the high MRI relaxivity of Yb/Er@Lu@Gd CSS NPs compared to Yb/Er@Lu CS

NPs.%0
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Figure 4.15 MRI relaxivity of the B-NaYb/ErFs@NaLuFs@NaGdFs CSS NPs. (a) Schematic
illustration showing that the MRI-silent B-NaYb/ErFs@NaLuFs CS NPs gain MRI relaxivity upon
deposition of a thin layer of NaGdFs. (b) Relaxivity plot of o-NaGdFs and f-
NaYb/ErFs@NaLuFs@NaGdFs CSS NPs against Gd®* concentration at 1.5 T. (c) Concentration-
dependent phantom images of a-NaGdFs and B-NaYb/ErFs@NaLuFs@NaGdFs CSS NPs. (d)
Comparison of NP surface areas with Gd** and NP tumbling time.
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Figure 4.16 (a) r1 relaxivity of the Yb/Er@Lu CS NPs at the magnetic field strength of 1.5T. (b)
r1 relaxivity of the clinical Gd-DOTA MRI contrast agents at the magnetic field strength of 1.5 T.
(c) r1 relaxivity of the CSS NPs and a-NaGdFs NPs at the magnetic field strength of 7.0 T.

Table 4.5 Paramagnetic properties of all four Ln** ions incorporated in the CSS NPs in this study.

Gadolinium (Gd) Erbium (Er) Ytterbium (Yb) Lutetium (Lu)
4f orbital Half Filled Partially Filled Partially Filled Filled
Unpaired electrons 7 3 1 0
Environment of the Unpaired ) ) ) ) )
Elecirons |sotropic Anisotropic Anisotropic !
Electron Spin Relaxation 10@ 1013 1013 1013

Time (s)
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To study the advantage of the CSS structure in enhancing the MRI contrast, we compared
the relaxivity of the sacrificial a-NaGdFs NPs that were used to grow the NaGdF4 shell and the
final CSS structures (Figure 4.15b). The relaxivity of the a-NaGdFs NPs was lower than the CSS
NPs at about 11.4 mM's! (per Gd*"), while still being higher than the commercially available
MRI CAs, Gd-DOTA (3.3 mM's! per Gd**, Figure 4.16b). Concentration-dependent MRI
phantom images confirmed that the final Yb/Er@Lu@Gd CSS structures with a thin NaGdFs shell
had a fivefold enhancement of MRI relaxivity (52.9 mM !s™!) than the sacrificial o-NaGdFs NPs
(Figure 4.15c). When normalized to the same Gd*" ionic concentration (0.1 mM), the -
Yb/Er@Lu@Gd CSS-NPs with r; of 52.9 mM's! provided much shorter spin-lattice relaxation
time (180 ms) for water protons in the vicinity and much higher contrast against the background
than a-NaGdFs NPs (670 ms). The enhanced MRI relaxivity allows a much lower dosage of the
CAs in clinical scans. We also tested these materials in high field MRI (> 3 T) as it offers improved
signal-to-noise ratio compared to the clinical field (1.5 T).>* %! The CSS NP CAs exhibited an r;
value of 14.8 mMs™! at 7.0 T—the highest MRI relaxivity reported to date for contrast agents

integrating multiple modalities (Figure 4.16c).
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Figure 4.17 Hydrodynamic diameters (HD) of the a-NaGdFs and B-Yb/Er@Lu@Gd CSS NPs.

The relaxivity enhancement of the CSS NPs highlights three important advantages of the
CSS structure for MRI as compared to the a-NaGdF4 NPs. First, for the a-NaGdF4 NPs at ~ 6 nm
in diameter, approximately 80% of the Gd*" ions are anchored inside the a-NaGdF4 crystal

6263 without access to the surrounding water protons (water exclusion)—this effectively

lattice
exclude them from contributing to the MRI relaxivity. However, with a thickness of only 0.6 nm
(Figure 4.1d), the NaGdF4 thin shell in a CSS-NP is likely a monolayer because the lattice size of
the B-NaGdF, is almost exactly 0.6 nm (Table 4.1). This suggests that all of the Gd*" ions in the
CSS NPs are directly exposed to the surrounding water molecules and contribute to water proton
relaxation. Second, the surface area increased from 0.12 um? to 4.5 um? per particle for the CSS-

NP relative to the smaller a-NaGdF4 NPs (Figure 4.15d). This facilitates one single NP CA to

influence more water protons simultaneously.*->° Third, it has been well established that slow
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tumbling CAs relax water protons more effectively as opposed to faster tumbling CAs.>!"*

Comparing a-NaGdFs NPs to the CSS NPs, the hydrodynamic size increased from 13 nm to 46
nm (Figure 4.17). This significantly increased the tumbling time from 0.28 us to 12.7 ps (Figure
4.15d) and enhanced the MRI relaxivity.®* Thus the CSS structure enables water access to all
paramagnetic Gd>* centers while simultaneously acting as a slower tumbling substrate to achieve

larger relaxivity enhancement than that achievable with a stand-alone NaGdFs-based MRI CA.
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Figure 4.18 Comparison of image contrast between - NaYb/ErFs@NaLuFs@NaGdFs CSS NPs
and Hexarbix in the same CT construct. (a) The concentration-dependent phantom images and (b)
HU values against the concentration of the two types of CT contrast agents.

Next, we studied whether the CSS structure with both strong PL and high MRI also
generates high CT contrast. We expected the B-Yb/Er@Lu@Gd CSS-NP to have better X-ray
attenuation capabilities than other CT CAs commonly based on iodine because of the higher
atomic number of the Ln®" ions.>* While the interfacial NaLuF4 layer in the hetero-epitaxial CSS
structures enhances PL emission for the NaYb/ErF4 core and MRI relaxivity for the NaGdF4 outer
layer, it accounts for approximately 80% of the total mass of a single B-Yb/Er@Lu@Gd CSS-NP.
We prepared CSS-NPs in serial dilutions and compared their Hounsfield Unit (HU) values to the

commercially available iodine-based CT CAs (Hexabrix) at the same mass concentration (Figure
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4.18a). The contrast of water was measured to be 3 HU, close to the defined 0 HU in most studies.*’
Hexabrix (5 mg/mL) increased the contrast to 139 HU, while CSS-NPs at the same mass
concentration achieved a contrast of 237 HU—a gain of nearly 70% more than Hexabrix. When
the HU values of the CAs were normalized to the mass concentration of CAs (per mg/mL), the -
Yb/Er@Lu@Gd CSS-NP had a contrast of 41.7 HU/(mg/mL). In comparison, the mass
concentration-normalized signal from Hexabrix was only 29.5 HU/(mg/mL) (Figure 4.18b). This
again suggests that the same image contrast can be achieved with much lower concentrations of
CAs.

To verify that the interfacial NaLuF4 layer of the B-Yb/Er@Lu@Gd CSS-NP is critical in
achieving simultaneously enhanced PL emission, MRI relaxivity, and CT contrast, we synthesized
B-Yb/Er@Lu@Gd CSS-NPs with varying interfacial NaLuF4 layer thickness (Figure 4.19a, b, c).
By depositing different amount of sacrificial a-NaLuF4 NPs onto the B-NaYb/ErF4 core NPs
(Table 7), we obtained CSS-NPs with the interfacial NaLuF4 layer of thicknesses at 1.0 nm, 4.9
nm and 10.1 nm (Figure 4.194d, e, ). All three samples as confirmed from TEM (Figure 4.20) are

uniform, monodispersed and quasi-spherical (Figure 4.21).
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Figure 4.19 (a—c) TEM images of the B-NaYb/ErFs@NaLuFs@NaGdF4 CSS NPs with increasing
thickness of the interfacial NaLuFs layer. Size distribution analysis of the p-
NaYb/ErFs@NaLuFs@NaGdFs CSS NPs with the thickness of the interfacial NaLuF4 layer at (d)
1.0 nm, (e) 4.9 nm, and (f) 10.1 nm. (g) Cuvette images, MRI phantom images, and CT phantom
images of the B-NaYb/ErFs@NaLuFs@NaGdFs CSS NPs with the thickness of the interfacial
NaLuF4 layer at 1.0 nm, 4.9 nm, and 10.1 nm.
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Table 4.6 The amount of sacrificial a-NaLuFs and a-NaGdFs NPs used to synthesize B-
Yb/Er@Lu@Gd CSS NPs with increasing thickness of interfacial NaLuF4 layers. The amount of
the Yb/Er core NPs was kept at 1 mmol. The amount of a-NaGdFs NPs were calculated
accordingly to ensure that the thickness of the outmost NaGdFs layer in the pB-
NaYb/ErFs@NalLuFs@NaGdFs CSS NPs remained as 0.6 nm.

Amount of core NPs Injected amount of the sacrificial NPs
(mmol) (mmol)
B-NaYb/ErF4 a-NaLuF4 a-NaGdF4
Yb/Er@Lu1@Gd 1.0 0.45 0.3
Yb/Er@Lu2@Gd 1.0 3.0 06
Yb/Er@Lu3@Gd 1.0 10 1.0
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thickness of the interfacial NaLuF4 layer.
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Figure 4.21 Morphological characterization of the (a) core, (b) CS, and (c) CSS NPs with increased
interfacial NaLuF4 layer thickness.

Table 4.7 Molar equivalency of each component in the B-NaYb/ErFs@NaLuFs@NaGdFs CSS
NPs with tunable interfacial NaLuF4 layers. The obtained molar equivalency is consistent with that
in the Table 4.6.

Radius Measured Thickness (nm) of Molar Equivalency (mmol)
(nm) | NaLuF4Layer | NaGdF,Layer Er Lu Gd
Yb/Er@Lu1@Gd 10.2 1.0 06 1.0 041 | 0.27
Yb/Er@Lu2@Gd 14.1 4.9 06 1.0 296 | 0.52
Yb/Er@Lu3@Gd 19.3 10.1 06 1.0 961 | 097
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Next, we studied the change of PL emission, MRI relaxivity, and CT contrast of these
samples as a function of NaLuF; interfacial layer thickness. First, when the thickness of interfacial
NaLuFj4 increased from 1.0 nm to 10.1 nm, the upconversion PL was enhanced approximately 13-
fold (Figure 4.19g and Figure 4.22). This increase is attributed to the improved shielding of Yb**
and Er’* luminescent centers from the surface by thicker NaLuF layers.’” Second, thicker NaLuF4
layer the MRI relaxivity was enhanced by the B-Yb/Er@Lu CS structures acting as the supporting
substrates for outer NaGdF4 layers. Increasing the interfacial NaLuF4 layer thickness slowed the
NP tumbling,>* ® thus enhancing the MRI relaxivity from 36.6 mM's! to 51.7 mM!s! (Figure
4.19g and Figure 4.22). Finally, as the thickness of the interfacial NaLuF4 layer is increased, the
mass fraction of Lu*" in a single CSS-NP increased from 25% to 84% (Figure 4.23) enhancing the
X-ray attenuation capability for CT (Figure 4.19g and Figure 4.22). These data confirm that the
interfacial NaLuF4 layer is a critical component in the imaging performance of CSS-NP and that
modulating the interfacial NaLuF4 layer promotes the performance of all three imaging modalities

simultaneously.
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Figure 4.22 Comparison of PL emission intensity, MRI relaxivity, and CT contrast with increasing
thickness of the interfacial NaLuF4 layer.
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Figure 4.24 (a—c) TEM images of the B-NaYb/ErFs@NaGdF4 CS NPs with increasing thickness
of the NaGdF4 layer at the absence of the interfacial NaLuF4 layer. Comparison of the (d) PL, (e)
MRI relaxivity, and (f) CT contrast of B-NaYb/ErFs@NaGdFs CS NPs and -
NaYb/ErFs@NaLuFs@NaGdFs CSS NPs (The absorbance of each sample remained the same
because each sample had the same Yb/Er content while Gd or Lu does not absorb light).

To elucidate the critical role of the interfacial layer further, we deliberately removed the
interfacial NaLuF4 layer in the hetero-epitaxial NP structures (Figure 4.24a — c¢) and evaluated the
performance of B-NaYb/ErFs@NaGdF4 (Yb/Er@Gd) CS-NPs as multimodal CAs. Because the
lattice size of NaGdF; is larger than that of NaYb/ErF4 (Table 4.1), depositing a NaGdF4 shell on
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the NaYb/ErF4 core results in a compressive strain of the crystal lattice® and shape deformation
in the CS structure as the thickness of the NaGdF4 shell grows (Figure 4.25). In stark contrast to
the B-Yb/Er@Lu@Gd CSS with circularity close to 1, the circularity of B-Yb/Er@Gd CS
decreased to 0.57 when approximately 9 mmol NaGdF4 was deposited on the B-Yb/Er cores

resulting in a non-uniform shell (Figure 4.26).

400 nm

ST LR

Figure 4.25 Low magnification TEM images of the Yb/Er@Gd1, Yb/Er@Gd2 and Yb/Er@Gd3
CS-NPs with increasing NaGdF4 shell thickness.

Without the uniform and quasi-spherical CS architecture, the optically active Yb**/Er**
luminescent centers were more susceptible to surface quenching because of the shortened distance

between them and the quenchers around the NPs;’’ therefore, the PL emission intensity of -

Yb/Er@Gd CS was less than 10% of that of B-Yb/Er@Lu@Gd CSS-NPs with the same absorbance
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at 980 nm and excitation at the same power density (Figure 4.24d). While the thick NaGdF4 shell
deformed the CS structures and resulted in quenching of PL, it on the other hand reintroduced the
limitation on MRI by preventing most of the Gd** paramagnetic centers from accessing
surrounding water protons. As a result, the »; MRI relaxivity of the B-Yb/Er@Gd CS-NPs
drastically dropped from 35.9 mM's! to 8.3 mMs! at 1.5 T with increased thickness of the
NaGdF4 layer (Figure 4.24¢). This value is even lower than that of the a-NaGdF4 sacrificial NPs
alone (11.4 mMs™!). More critically, we observed that the evolving trend for the PL emission
(increasing from 0.0005 to 0.28 x 10® cps) and MRI relaxivity (decreasing from 35.9 mM's™! to
8.3 mM!s!) was opposite when we increased the thickness of NaGdFs without the interfacial
NaLuF; layer (Figure 4.24d and 4.24¢). This suggests that the PL and MRI properties cannot be
optimized simultaneously without the NaLuF, interfacial layer in the CSS structures. Finally, the
CT contrast of the B-Yb/Er@Gd CS was clearly lower than that of B-Yb/Er@Gd@Lu CSS-NPs
because Yb, Er, and Gd all had smaller atomic numbers than Lu (Figure 4.24f). These results
conclusively show that the interfacial NaLuF4 layer in the B-Yb/Er@Gd@Lu CSS-NPs is a critical
component in simultaneously enhancing the PL emission, MRI relaxivity, and CT contrast of the

CSS-NP CA.

187



@ « by « R - °® o
] °@3. %ﬂ
1 a %°d g :ﬁ‘ﬂwﬁw
e
wn [Te] 2 @
M~ - -
51 o S - .
-‘? Feret Diameter = 17.2 nm ‘E‘ Feret Diameter = 27.2 nm
& o 8w 4
3 e 3o
5] @Gd1 o @Gd2
R_ i -Shell g\] | -Shell
° Circularity =0.73 ° Circularity = 0.66
Roundness = 0.85 Roundness = 0.88
< T T T e T T T
0 0.25 05 0.75 1 0 0.25 0.5 0.75 1
Roundness Roundness
(c) D o
e g o‘.uﬁ a? m§° ) 38
LIEN 28
9 @ 3
2 e 3 —
S| - N K
=
= Feret Diameter = 31.1 nm &
_ w )]
% p E 26
= [
e @Gd3 3
w [F]
g e -Shell L 20
Circularity = 0.57
Roundness = 0.88
o ; ; : 14
0 0.25 0.5 0.75 1
Roundness

Figure 4.26 Morphological characterization of the (a) core, (b) CS and (c) CSS NPs shown in
Figure 4. 24.
4.4 Conclusions

In conclusion, we report Ln hetero-epitaxial CSS-NPs-based multimodal imaging CAs that
show simultaneously enhanced performances in PL, MRI, and CT modalities, that is higher than
each individual contributing modalities alone. By carefully tuning the interfacial NaLuF4 layer in
the CSS architecture, we demonstrate enhancement of both upconversion and downshifting
luminescence by a factor of 107, compared to the core only structure. We also show that the
increase in interfacial layer thickness drastically reduces the NP tumbling time (0.28 ps to 12.7 us)
resulting in enhanced MRI relaxivity from 11.4 mM's"! to 52.9 mM!s at 1.5 T. The overall

composite CSS structure with the larger atomic number Lu in the interfacial shell show strong CT
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contrast that is 70% higher than the clinical iodine-based CT agents. The described design
successfully demonstrates that the performance of each modality can in fact be enhanced in a
composite structure rather than being compromised when integrated together. Such multimodal
CAs have immense potential impact on future medical diagnostics by earning more availability

for imaging in various modalities with a single type of CAs.

4.5 Materials and Methods
Chemicals

Erbium acetate hydrate (99.9%), ytterbium acetate hydrate (99.9%), yttrium acetate hydrate
(99.9%), gadolinium oxide (anhydrous, 99.9%), sodium trifluoroacetate (98%), trifluoroacetic
acid, 1-octadecene (>90%), oleic acid (>90%), oleylamine (>70%), sodium hydroxide, methanol,
chloroform, ethanol, and toluene were all purchased from Sigma. Ammonium fluoride was
purchased from Spectrum. Lutetium oxide (anhydrous, 99.9%) was purchased from Alfa Aesar.
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[(polyethylene glycol)-2000] (DSPE-PEG-
2000) was purchased from Avanti Lipids. Gadolinium (IlI) 1, 4, 7, 10-tetraazacyclododecane-
1,4,7,10-tetraacetate (Gd-DOTA) was purchased from Macrocyclics. Hexabrix (sodium and
meglumine ioxaglate) was purchased from Guerbet. All chemicals were used as received without
further purification unless specified.

We synthesized the hexagonal phase (B)-NaYhbo2/ErosFs@NaLuFs@NaGdFs hetero-
epitaxial core-shell-shell (CSS) nanoparticles (NPs) by following our previously published
procedure. In this procedure, cubic phase (a)-NaLuF4 (Figure 4.1) and NaGdF4 (Figure 4.2) NPs
were synthesized separately, cleaned, and injected into the B-NaYb/ErF4 core NPs reaction mixture

at high temperature to obtain CSS structures (Figure 4.3).
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Synthesis of cubic (a)-NaLuFs NPs (Sacrificial shell NPs)

Cubic NaLuF4 were synthesized according to our previously reported procedure. Briefly,
Lu203 (1 mmol) was dissolved in 50% aqueous trifluoroacetic acid (20 mL), refluxed overnight at
95 °C, and dried overnight at 70 °C remaining ~2 mmol lutetium trifluoroacetate as white powder.
Sodium trifluoroacetate (2 mmol), 1-octadecene (12 mL), oleic acid (6 mL), and oleylamine (6
mL) was added to the prepared lutetium trifluoroacetate with vigorous stirring. The obtained
yellow slurry was quickly heated to 120 °C under mild vacuum and maintained for 30 min to yield
a clear yellow solution. The clear solution was switched under a gentle argon flow, heated to 300
°C rapidly (~15°C/min), and maintained at 300 °C with vigorous stirring until the solution became
cloudy. The cloudy solution was kept 300 °C for ~12 min to obtain kinetically-stable a-NaLuF4
NPs with an average size of ~8.27 nm (Figure 4.1). The synthesized NPs were naturally cooled to
room temperature, precipitated by adding ethanol, collected by centrifugation (1900 g, 5 min), and
washed with ethanol for several times. The final pellet was then dispersed in hexane (10 mL) as

clear and colorless solution, and stored at 37 °C for further use.

Synthesis of cubic (a)-NaGdFs NPs (Sacrificial shell NPs)
Cubic (a)-NaGdFs were synthesized with the same protocol described above except that
Gd203 (1.0 mmol) was used. The final product were kinetically-stable a-NaGdF4 NPs with a size

of ~6.18 nm (Figure 4.2) dispersed in hexane (10 mL).

Synthesis of hexagonal (B)-NaYbo.2/ErosFs core NPs
B-NaYhbo2/ErogFs core NPs were synthesized following our previous protocol with slight

modification. Briefly, 0.8 mmol of erbium acetate hydrate, 0.2 mmol ytterbium acetate hydrate, 1-
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octadecene (15 mL), and oleic acid (4.5 mL) were mixed, quickly heated to 120 °C under mild
vacuum, kept at 120 °C for 45 min, and naturally cooled down to room temperature to yield a
pinkish orange solution. A methanol solution (10mL) of ammonium fluoride (4 mmol) and sodium
hydroxide (2.5 mmol) was added into the pinkish orange solution to yield a cloudy mixture. The
mixture was stirred for 45 min at room temperature and slowly heated (~ 30 min) to 70 °C to
remove methanol. The cloudy mixture became progressively clear during the heating process.
Afterwards, it was quickly heated to 300 °C (~ 15 °C/min) and maintained at 300 °C for 1 h. Finally,
the reaction mixture was cooled down and the NPs were precipitated by adding ethanol, collected
by centrifugation (1900 g, 5 min), and washed several times with ethanol. The resulting pellet was

then dispersed in chloroform (5 mL) for further studies.

Synthesis of hexagonal (B)-NaYFa4:Yb(18%)/Er(2%) NPs
B-NaYF4:Yb(18%)/Er(2%) NPs were synthesized using a similar setup except that 0.8
mmol yttrium acetate hydrate, 0.18 mmol of ytterbium acetate hydrate, 0.02 mmol ytterbium, and

6 mL oleic acid were used.

Synthesis of hexagonal (B)-Na Ybo2/ErosFs@NaLuF:@NaGdF4 Hetero-epitaxial NPs

As synthesized sacrificial a-NaLuF4 NPs (~ 1 mmol, see characterization section for details
about quantification) in hexane were mixed with 1 mL 1-octadecene, gently stirred, and placed
under a gentle flow of argon to remove hexane leaving NPs dispersed in 1-octadecene. After the
B-NaYDb/ErF4 core NPs have been heated at 300 °C for 1 h, 1-octadecene dispersion of sacrificial
a-NaLuF4 NPs was rapidly injected into the solution and allowed to ripen (12-15 min) to yield -

NaYb/ErFs@NaLuF4 core-shell (CS) NPs. To generate the thick shell in this study (9.7 nm thick
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NaLuF4 shell on NaYb/ErF4 core with diameter of 17.2 nm), repeated (< 9) injections and ripening
cycles ( ~ 9.4 mmol o-NaLuF4 in total, see Table 4.2 for calculation) were performed while
carefully maintaining the reaction mixture at 300 °C. After that, 0.96 mmol a-NaGdF4 NPs were
subsequently injected into the solution to yield hetero-epitaxial B-NaYb/ErFs@NaLuFs@NaGdF4
CSS NPs. Finally, the reaction mixture was naturally cooled to room temperature. The CSS NPs
were likewise precipitated by adding ethanol, collected by centrifugation (1900 g, 5 min), and
washed with ethanol for several times. The resulting pellet was then dispersed in chloroform (5

mL) for further studies.

Synthesis of hexagonal (§)-NaYb/ErFs@NaLuF:@NaGdF4 NPs with tunable thickness in the
interfacial NaLuF4 layer

The procedure was the same with the one above except that different amount of a-NaLuF4
NPs were injected into the 1 mmol B-NaYb/ErF4 core NPs solution at high temperature to obtain
B-NaYb/ErFs@NaLuFs@NaGdFs CSS NPs with increasing thickness of interfacial NaLuF4 layers.
The amount of sacrificial a-NaLuFs and a-NaGdFs NPs used in the synthesis of each sample

(Yb/ErG@LuUl@Gd, Yb/ErG@Lu2@Gd, and Yb/ErG@Lu3@Gd) were listed in Table 4.6.

Synthesis of hexagonal (B)-NaErFs@NaGdFs CS NPs
The procedure was the same with that used for the Yb/Er@Lu@Gd CSS NPs except that 9
mmol of a-NaGdF4 NPs were injected and ripened on the B-NaYb/ErF4 core NPs without the use

of a-NaLuF4 NPs.
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Characterization

The size and uniformity of the NPs were confirmed using transmission electron microscopy
(TEM) (FEI, Technai G2 Sphera, operating at 120 kV). One droplet of the NP stock solution was
diluted in 1 mL of hexane, drop cast onto a Pelco® carbon-coated 400 square mesh copper grid
(Ted Pella, Inc.), and air dried for 1 hour before imaging. Scanning electron microscopy (SEM)
images were obtained on FEI SFEG UHR SEM. The size distribution of the NPs was extracted

from a representative TEM image by measuring at least 100 NPs, and presented as average =+

standard deviation. The energy-dispersive X-ray spectroscopy (EDS) was performed with a Tecnai
G2 X-Twin (FEI Co.) instrument operating at 200 kV. Peaks in the EDS spectra were identified
by comparison to a library of peaks via FEI software. The phase of NPs was determined by powder
X-ray diffraction (XRD) using Siemens KFL Cu 2K diffractometer with a resolution of 0.02° and
a scanning speed of 1°min. The peaks in the XRD was reference to JCPDS file # 27-0689.
Dynamic light scattering (DLS) measurements were performed using a Zetasizer Nano ZS
(Malvern Instruments). Elemental concentration of all samples was determined by digesting the
NPs in 70% HNOs for at least two days and analyzing on a Perkin Elmer Optima 3000 DV
inductively coupled plasma atomic emission spectrometer (ICP-AES). All the photographs were
taken with a Nikon® D5100 digital camera equipped with an AF-S nikkor 18-55 mm, 1:3.5G-5.6G

lens.

Morphological Characterization
The morphological characterization was performed following a previously published
protocol. Briefly, a representative TEM image of the each sample was converted to 8-bit binary

image through the automatic threshold in ImageJ and outlined. Feret diameters, perimeters, and
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areas of NPs were measured automatically using the “analyzed particles” function in ImagJ. The
circularity and roundness for all NPs were calculated by ImageJ, via the following equations:

Roundness = 4Area/[ = (Feret diameter)?]

Circularity = 47 Area/(Perimeter)?

Where the Feret diameter is the major axis of the fitted ellipse that encloses one NP and
the perimeter is the length of fitted ellipse around one NP. Since all analyzed samples were larger
than 15 nm in diameters, we only collected the outlined NPs with areas larger than 176 nm? (7.52

x 3.14) to eliminate errors.

Photoluminescence Spectra

Photoluminescent (including both upconversion and downconversion) emission spectra of
different samples were collected with a FluoroLog modular spectrofluorometer (Horiba). The
samples were excited by either an 808 nm (L808P1WJ, Thorlabs) or 980 nm (L9800P200,
Thorlabs) continuous wave laser diode mounted on a temperature controlled laser diode mount
(TCLDMS9, Thorlabs). Emission in the visible range (400-700 nm) was recorded by the R928 PMT
on FluoroLog while the emission in the NIR range (700-1200 nm) was recorded by the R5509
PMT. The R5509 PMT was cooled with excess liquid nitrogen for at least two hours before spectra
recording. The integration time was set as 0.5 s. Emission was collected perpendicular to the
direction of excitation light. 200 uL chloroform solution of as-synthesized NPs was diluted with
toluene (2 mL) to obtain a clear dispersion in a quartz cuvette (path length 1 cm) aiming for
relatively low particle concentration suitable for optical measurements. Excitation power density
was changed by tuning the controller while maintaining the beam cross-section unchanged. All

spectra were corrected with the wavelength-dependent detector sensitivity provided by Horiba.
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Emission intensity was calculated by integrating the area under the curve using Origins Lab. The
dark counts were subtracted from the integrated emission intensity before determining the

enhancement factor.

Phase transfer of NP into water

For the CSS-NPs with diameter of 37.8 nm, 5 mg CSS-NPs (mass of one NP: ~ 1.69>1013
mg, number of NPs in 5 mg: ~3x103, ~0.05 nmol) in chloroform was mixed with 20 mg DSPE-
PEG 2000 (~7x10% nmol) in a 20 mL screw-neck glass vial. The high molar ratio of DSPE-PEG
2000 to CSS-NPs (~10°) is critical to achieve high MRI relaxivity. and it was kept for phase
transfer of all other NPs in this study.

The vial containing the NPs and DSPE-PEG 2000 was left open overnight in a fume hood
at room temperature to slowly evaporate chloroform leaving an oily layer at the bottom. The vial
was mounted back to a rotary evaporator (Buchi R-205) at 60 °C for 1 h to completely remove
excess chloroform. Distilled water (10 mL) was slowly added into the vial and the NPs were
transferred to water by sonicating the vial for 5 min (PEGylated NPs). The aqueous solution
containing the PEGylated NPs was filtered twice through the 0.22 um sterile polyethersulfone
syringe filters (30 mm diameter, Low Hold-up volume, Olympus Plastics) and the PEGylated NPs
were collected by using ultracentrifuge (Optima L-80 XP, Beckman Coulter) with the speed of
45000 rpm (~184,000q) at 4 °C for 1 h. The supernatant with excess empty micelles composed of
DSPE-PEG 2000 was carefully removed, and the pellet was re-dispersed into 5 mL distilled water
and stored at 4 °C for further studies. When a higher concentration of the NPs was needed, the as-

prepared aqueous solution was concentrated by centrifuge (3000g, 30 min) through a Vivaspin®
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20 Centrifugal Concentrator (100K MWCO, PES) at the Allegra® X-15R Benchtop centrifuge

(with a swing-out bucket).

Preparation of the aqueous DOTA solution
DOTA solution was prepared by dissolving 6.527 mg Gd-DOTA into 10 mL DI water to
obtain a stock solution of 1 mM and diluted to designated concentrations accordingly before

measurement.

MRI Relaxivity measurement at 1.41 Tesla

Longitudinal (T1) relaxation times of all samples were measured at a Benchtop Bruker
Minispec mg-60 relaxometer (60 MHz, 1.41 T at 37 <C). Aqueous dispersion all samples were
quantified by ICP-AES and tuned to 0.1 mM Gd®* ionic concentration as the stock solution. The
stock solution was diluted to different concentrations (0.05 mM and 0.025 mM) and 200 pL of
each sample was loaded into an NMR tube and measured respectively. For each measurement,
application parameters for the relaxometer were: First pulse separation = 10 ms, final pulse
separation = 10,000 ms, number of data points = 10, Delay sampling window = 0.05 ms, sampling
window = 0.02 ms, time for saturation curve display = 3 s. r1 MRI relaxivity was calculated by
plotting 1/T1 against the ionic concentration of Ln**, fitting the scatter plot, and finding the slope

of the fitting.

MRI Phantom studies at 7.0 Tesla
MR phantom images were obtained on a Bruker 7.0 T magnet equipped with Advance Il

Hardware and a 72 mm quadrature transmit/receive coil. All NPs and DOTA solution (200 pL)
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were loaded into the the 250 pL tubes and the tubes were immobilized into the agarose gel (1%
wt) slab (6.5 cm x 2 cm). The gel slab was scanned in the coil to obtain the cross-section images
of all tubes simultaneously. T relaxation time values at 7 T were determined by selecting regions
of interest (ROI) using the ParaVision Version 5.1 software, and the fitting parameters were TR =
250.0 ms, TE = 12.6 ms, echo = 1/1, FOV = 6.91 cm/3.12 cm, slice thickness = 2.0 mm/3.0 mm,
MTX = 256/116, FA =180 deg. r1 MRI relaxivity was also calculated by plotting 1/T1 against the

ionic concentration of Ln%*, fitting and scatter plot and finding the slope of the fitting.

Computed Tomography

CT contrast was determined on Micro-computed tomography scanner, Skyscan 1076
(Kontich, Belgium). Various aqueous samples in 250 uL tubes (including one tube filled with DI
water as control group) were immobilized on a styrofoam stage inside the scanner and exposed to
X-rays. Imaging was done at 36 um isotropic voxel size, applying an electrical potential of 50 kVp
and current of 200 pA, and using a 0.5 mm aluminum filter. A beam hardening correction
algorithm was applied during image reconstruction. The obtained image intensity of water was set
as 0 Hounsfield unit (HU) and air was set as -1000 HU to perform correlation between image
intensity and HU values of various samples. Hexabrix (Guerbet, IN) was used as commercial
contrast agent for comparison. A 2D orthogonal view of the full tube array was obtained using
Dataviewer (Skyscan). The mean attenuation value of each sample was obtained on the cylindrical
portion of the tube (5.33 mm height) and using a 3.88 diameter region of interest (ROI) which only
covered the solution region and avoided the inner edge of the tube. The analysis was performed

using CTAnN software (Skyscan).
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Surface area of the NPs
Surface area of the NPs (S) was calculated by the following equation
S = 4nr?
Where r is the average radius of the NPs measured from the TEM images.
For a-NaGdFs NPs, r = 3.1 nm, therefore S = 0.12 pm?;
For B-NaYb/ErFs@NaLuFs@NaGdF4 NPs, r = 18.9 nm, therefore S = 4.5 um?,
The surfaces of both a-NaGdFs NPs and B-NaYb/ErFs@NaLuFs@NaGdFs NPs were

completely cover by NaGdF..

Tumbling time of the NPs (zr)

Tumbling time of the NPs (=) was calculated by the following equation

w®=4nna’/3ksT

Where 1 dynamic viscosity = 107 pa-s, ksT = 4x10°%! J, a is the hydrodynamic radius of
the NPs determined by DLS, T =298 K.

Hydrodynamic radius of the a-NaGdF4 NP is 6.5 nm (Figure 4.17), therefore the z= = 0.28
us;

Hydrodynamic radius of the B-NaYb/ErFs@NaLuFs@NaGdFs NP is 23 nm (Figure 4.17),
therefore the = = 12.7 ps.

Chapter 4, is a reprint of the material as it appears in Nano Lett. Sha He, Noah J. J. Johnson,
Viet Anh Nguyen Huu, Esther Cory, Yuran Huang, Robert L. Sah, Jess V. Jokerst, and Adah
Almutairi, American Chemical Society Press, 2017. The dissertation author was the primary

investigator and author of this paper.
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Chapter 5
Compact Micellization: A Strategy for Ultrahigh T1 Magnetic Resonance Contrast with

Gadolinium-Based Nanocrystals

5.1 Abstract

Paramagnetic gadolinium (Gd**)-based nanocrystals (NCs) with a large number of
confined gadolinium ions can be expected to heavily enhance the longitudinal (T1) relaxation of
water protons compared to clinical gadolinium complexes with only a single paramagnetic center.
However, paramagnetic Gd*"-nanocrystals reported to date show only a modest T relaxivity of
~10 mM s per Gd** at 1.5 T, only about 3-times higher than clinical Gd**-complexes. Here we
demonstrate a strategy that achieves ultrahigh T; relaxivity that is about 25-times higher than
clinical Gd**-complexes by controlling the proximity of water protons to a paramagnetic
nanocrystal surface. Using NaGdFs NCs (~3 nm) coated with PEG-ylated phospholipid (DSPE-
PEG) micelles, we show that the distance of water protons to the NCs surface can be tuned by
controlling the NC-micelle sizes. Increasing the ratio of DSPE-PEG to NCs during micellization
decreases the size of NC-micelles, enhancing the proximity of water to the NC surface. Using this
strategy, we have achieved compact NC-micelles (hydrodynamic diameter, HD ~5 nm) with
ultrahigh T; relaxivity of ~80 mM's™! per Gd*>* at 1.41 T. The findings reported here demonstrates
a nanostructured Gd**-contrast agent (CA) that simultaneously achieves an ultrahigh T relaxivity
approaching theoretical predictions, extremely compact size (HD <5 nm), and a biocompatible
surface. Our results show the hitherto unknown ultrahigh T, relaxation enhancement of water
protons in close proximity to a colloidal gadolinium- NC surface that is achievable by precise

control of their surface structure.
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5.2 Introduction

Magnetic resonance imaging (MRI) is routinely used in medical diagnostics, where the
relaxation of water protons exposed to an external magnetic field is used to obtain
morphological/anatomical information with high resolution and unlimited tissue penetration.
Contrast agents (CAs) shorten the relaxation time of water protons, and gadolinium (Gd*")-
complexes are widely used clinically to enhance contrast.!* While theoretical models predict a
relaxivity enhancement of ~80-100 mM's' per Gd** at clinical field (1.5 T),’ clinical Gd**-
complexes in general have only a modest relaxivity of ~3-5 mM!s™! per Gd**. This results in a
high dosage of gadolinium (~15 mg/kg body weight) in clinical scans, raising safety concerns.®”’
The low relaxivity also limits their use in targeted imaging that requires large local concentration
of the CAs to observe contrast enhancement.® Thus strategies that enhance the relaxivity of Gd**-
based CAs is both fundamentally and clinically important.

While the relaxation of water protons around a Gd**-center is a complex interplay of
multiple factors,® strategies to enhance the relaxivity in general is focused on modulating the
number of gadolinium bound water (q), optimizing water residence time (tm), and enhancing the
rotational correlation time (tr).” In particular, the ability to enhance the rotational correlation time
by coupling Gd** to larger nanoscale structures have been intensely studied in various platforms
such as proteins, dendrimers, liposomes, micelles, nanoparticles, and nanogels.! 1922 Although
these strategies have demonstrated relaxivity enhancement, realizing ultrahigh relaxivities
approaching the theoretical predictions (> 50 mM™'s™! per Gd**) at clinical field (1.5 T) still remains
a challenge.?** To date it has not been possible to design Gd**-based nanostructures that

simultaneously have a compact size (hydrodynamic size (HD) < 5 nm, i.e. below the renal
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threshold for effective clearance),?® ultrahigh relaxivity, and a biocompatible surface, some of the
key requirements to realize clinical translation. Here, using colloidal NaGdF4 nanocrystals (NCs)
and PEG-ylated phospholipids, we demonstrate a compact micellization strategy that meets all
these key requirements.

The relaxation of water protons near a paramagnetic center is the sum of individual
contributions from the inner-sphere (IS), secondary sphere (SS), and outer sphere (OS) water
molecules.! > The water molecules that are directly bound to the metal center account for the IS,
and the water molecules that are diffusing in close proximity account for the SS and OS
contributions. While the individual contributions vary depending on the CAs structural
composition, it is known that outer sphere contributions around a single paramagnetic center can
be significant.”>?” In this context, Gd**-based NCs with a large number of confined paramagnetic
ions in a small volume can be expected to significantly affect the relaxation of water protons in
close proximity. For example, a 3 nm Gd**-based NC (NaGdF4) has ~200 Gd** ions of which 60-
80 are surface ions. A collective contribution from these ions should ideally influence the water
protons heavily at close proximity to yield large relaxivity values, however Gd**-based NCs
reported to date have only a modest relaxivity of <10 mM's™! per Gd**.2*-*¢ In this context, we
hypothesized that an ideally designed surface structure should address this conundrum, and open

possibilities to achieve higher relaxivities than that have been previously demonstrated.
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5.3 Results and Discussion
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Figure 5.1. (a) TEM image of as synthesized ultrasmall (3 nm) oleate-stabilized NaGdF4 NCs (b)
Representative negative-stained TEM image of DSPE-PEG coated NC-micelles, Inset: Schematic
illustration of a NaGdF4 NC confined within DSPE-PEG micelle. (¢) Hydrodynamic size of the
NC-micelles at variable NC to DSPE-PEG loading ratio measured by DLS. (d) Longitudinal T
relaxivity (per Gd*>*) of a clinical MRI contrast agent (Dotarem) and the NC-micelles at variable
NC to DSPE-PEG loading ratio, at 1.41 T. (¢) MRI phantom images of Dotarem and the NC-
micelles at identical Gd** concentration (60 pM), and water.

Highly uniform ultrasmall NaGdF4 NCs (3 nm) stabilized with oleate ligands as shown in
Figure 5.1a were synthesized following a reported procedure®! (see Figure 5.2 for size distribution
analysis, and TEM images of different NCs used in this study). High quality NCs with very low
size distribution requires the use of high temperature and high boiling solvents to precisely control
the nucleation and growth.>’*° Thus the synthesized NCs have to be transferred to water, and we

realized that this step should be critical towards achieving high relaxivity CAs. Coating

amphiphilic PEG-ylated phospholipids has been used with a wide range of hydrophobic NCs to be
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transferred to water.*>** As schematically shown in Figure 5.1b (inset), driven by hydrophobic
interactions the PEG-ylated phospholipids (DSPE-PEG-2000) absorb on the hydrophobic NCs
surface while the hydrophilic PEG is exposed to water, generating water dispersible NCs with a
biomimetic/biocompatible surface. Given that the relaxation of water protons in close proximity
to the NC surface (OS) is determined by the distance of closest approach,® we conceptualized that
it is critical to achieve a single NC confined within each micelles that are also extremely compact
in size. Multiple NCs confined within the micelles, or micelles with loosely packed PEG-ylated
lipids will significantly impact the proximity of the water proton to the NC surface and thus the
observed relaxivity.

In this context, we decided to use a solvent exchange method compared to the widely used
film hydration method to prepare DSPE-PEG coated NCs.*? In the solvent exchange process, the
hydrophobic NCs and the PEG-ylated phospholipids dispersed in an organic solvent (chloroform)
are first transferred to a miscible common solvent (DMSO), and then subsequently transferred to
water (see experimental details in SI), as compared to the abrupt phase transition in film hydration
process (thin solid film to water). The sequential steps performed entirely in solution allow for a
better control on the surface coating density and coating efficiency with the solvent exchange

process.*?
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Figure 5.2 Transmission electron microscopy (TEM) images and size distribution of oleate
stabilized NaGdF4 NCs, (A) 3 nm, (B) 4 nm, and (C) 5 nm NaGdF4:15% Ce®**/5% Tb*" NCs.

To prepare compact NC-loaded micelles we hypothesized that the concentration of DSPE-
PEG should be a critical factor. To test this hypothesis and to determine the ideal DSPE-PEG
concentration, we first investigated the micellization of DSPE-PEG alone at different
concentrations (13-267 uM, see experimental section for details) to generate empty micelles that
are within the size range of NCs (~ 3 nm). Dynamic light scattering (DLS) measurements of the
empty micelles (Figure 5.3) show that the micelle sizes decreased (HD diameter: 12.5 to 2.8 nm)
with increasing DSPE-PEG concentration (13 to 267 pM), and that compact micelles of ~3 nm

can be formed at high DSPE-PEG concentrations. Our observation of such extremely compact

210



micelles with increasing DSPE-PEG concentration is consistent with previous studies,* and

demonstrates that a high DSPE-PEG concentration is critical to achieve compact micelles.
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Figure 5.3 Hydrodynamic size of the DSPE-PEG-2000 empty micelles in water prepared at
different concentrations measured by DLS.

Based on this we studied the effect of increasing DSPE-PEG concentration in preparing
NC-loaded micelles. Using a fixed concentration of NCs (3 nmol), and varying the relative
concentration of DSPE-PEG (W/W ratio NC: DSPE-PEG, 1:5, 1:10, and 1:20, that corresponds to
~67, 134, and 267 uM DSPE-PEG-2000) we prepared DSPE-PEG coated NCs using the solvent
exchange protocol (see experimental details). A representative negative stained TEM image of
DSPE-PEG coated NC micelles is shown in Figure 5.1b. The hydrodynamic size of the DSPE-
PEG coated NC micelles decreased from ~14 nm to 6 nm on increasing the loading ratio of NC:
DSPE-PEG from 1:5 to 1:20 as shown in Figure 5.1c (see Table 5.1 for average size distributions),
confirming the possibility of achieving compact NC-micelles by manipulating the DSPE-PEG

concentration during micellization.
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Table 5.1 Average hydrodynamic diameter (HD) sizes (number-weighted) and polydispersity
index (PDI) of the micelles investigated in this study measured by DLS.

Hydrodynamic Diameter (HD) nm

[DSPE-PEG-2000]

13 M 67 uM 134 pM 267 uM
Empty Micelles
(HD) nm 128+ 0.3 57%1.2 2703 26%05
PDI 0.08 0.08 0.07 0.07

NCs : DSPE-PEG-2000

1:5 1:10 1:20 1:40

(HD) nm 13.6+0.5 9.5%+0.1 6.8+0.6 42101

PDI 0.07 0.08 0.06 0.07

Solvent Exchange
DSPE-PEG-3000 DSPE-PEG-5000 DMPE-PEG-2000

(HD) nm 6.9%0.5 9.9+0.1 46+0.1

PDI 0.07 0.06 0.05

NCs —4 nm NCs — 5 nm

(HD) nm 7117 9.2%£22

PDI 0.07 0.08

NCs : DSPE-PEG-2000

1:5 1:10 1:20
Thin-film Exchange (HD) nm 17.2%1.6 124106 9.5+0.6
PDI 0.07 0.08 0.07
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Figure 5.4. Representative concentration dependent T1 ionic relaxivity plots (1.41 T) of (A)
Dotarem, and NC-micelles prepared by solvent exchange with variable NCs to DSPE-PEG ratio
(weight/weight ratio) (B) 1:5, (C) 1:10, and (D) 1:20.

We next studied the Gd**-concentration dependent longitudinal (T:) relaxation rates of

these NC micelles and a commercial Gd**-complex (Dotarem) using a benchtop relaxometer (60

MHz, 1.41 T @37 °C). While the relaxivity of the clinical complex was only about 3 mM-'s™! (per

Gd*"), the relaxivity of the NC micelles increased from ~19 mM!s! to 60 mM!s! (per Gd*"),

with increase in DSPE-PEG loading ratio (Figure 5.1d) (see Figure 5.4 for concentration dependent

plots, and Table 5.2 for average values). The MRI phantom images of Dotarem, and the NC
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micelles at the same Gd*'-concentration (60 pM) shown in Figure 5.1e clearly confirm the

relaxivity enhancement achievable by controlling the NC-micelle size.
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Figure 5.5 NC-micelles with variable NCs to DSPE-PEG ratio (weight/weight ratio) prepared by
thin-film hydration method, (A) Hydrodynamic size of NC-micelles in water, and (B) Longitudinal
T relaxivity (per Gd®*) of the NC-micelles at 1.41 T.

We also find a similar DSPE-PEG loading ratio dependent relaxivity enhancement with the
widely used film hydration method (Figure 5.5 and 5.6), confirming the generality of our

observation. However, in all loading ratio the solvent exchange produced more compact micelles

and higher relaxivity (Figure 5.7) confirming the higher efficiency and control with this method.*?
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The striking correlation between the observed decrease in NC-micelle size and the
extremely large relaxivity enhancement, confirms the strong distance dependent outer sphere
relaxivity effect with these NCs. Moreover, the dipole-dipole interaction of the paramagnetic
center (Gd**) and the water protons is strongly distance dependent (1/r),” which explains the large

relaxivity amplification with compact micelles as it enhances the proximity of the water protons

to the NC surface.
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Figure 5.8 Sucrose gradient ultracentrifugation to remove empty micelles (A) Images of the (3 nm)
NC-micelles after gradient centrifugation under visible and UV light illumination (see comments
below), (B) Dispersion of 5 nm NaGdF4:15% Ce*/5% Th** NCs under UV illumination, and (c)
Images of the (5 nm) NC-micelles after gradient centrifugation under visible and UV light

illumination.
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Figure 5.9 Longitudinal Ty relaxivity (per Gd**) of the NC-micelles at 1.41 T (A) NC-micelles
prepared at 1:5 (NCs to DSPE-PEG weight/weight ratio) and after adding empty micelles prepared
at 250 uM DSPE-PEG concentration, and (B) NC-micelles of 5 nm NaGdF4:15% Ce*/5% Th3*
before and after sucrose gradient ultracentrifugation.

To validate the ability to control the water proton proximity to the NC surface and the
relaxivity using this strategy, we prepared NC-micelles at a higher loading ratio (NC: DSPE-PEG
1:40). The prepared NC-micelles were purified of empty micelles using sucrose gradient
ultracentrifugation (Figure 5.8 and 5.9) and analyzed. The obtained NC-micelles had a more
compact size (HD size: 4.2 nm) and enhanced relaxivity of ~80 mM™'s™ per Gd** that is about 25
times higher than the clinical CA (Figure 5.10a, b and 5.11 for concentration dependent plot). The

strikingly large relaxivity enhancement with the compact-NC micelles to that of the clinical CA is

clearly observed with the concentration dependent MRI phantom images shown in Figure 5.10c.
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Figure 5.10 (a) Hydrodynamic size of compact NC-micelles prepared from 3 nm NaGdF4 at NC
to DSPE-PEG loading ratio of 1:40 measured by DLS. (b) Longitudinal T relaxivity (per Gd**)
of a clinical MRI contrast agent (Dotarem) and the compact NC-micelles at low (1.41 T) and high
field (7 T). (c) Concentration dependent MRI phantom images of the compact Dotarem (left) and
compact NC-micelles (right) and their respective color contrasted images.
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Figure 5.11 Representative concentration dependent ionic relaxivity plots (1.41 T) of compact NC-
micelles (NCs to DSPE-PEG ratio weight/weight 1:40), (A) T1 relaxivity, and (B) T2 relaxivity.
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Figure 5.12 Stability of compact-NC micelles stored at 4 <C, (A) Hydrodynamic size of NC-
micelles in water, and (B) Longitudinal Ty relaxivity (per Gd**) of the NC-micelles at 1.41 T.

It is generally accepted that for clinical utility the final HD size of the NCs need to be below
5 nm, and our results demonstrate the possibility of achieving nanostructured Gd**-CAs with
ultrahigh relaxivity, and HD size below this threshold. These compact NC-micelles are stable over

time (Figure 5.12), and have an extremely low r2/r1 of 1.5 (see Figure 5.11 for T, relaxivity plot,
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and Table 5.2 for average values) highlighting their suitability as T: CA. Additionally, the
enhanced signal-to-noise ratio at high field (> 3T) and the reduced acquisition time has increased
interest in finding suitable CAs for high field MRIL.>° We find these compact NC-micelles to have
a relaxivity of ~25 mM's! per Gd** at 7 T, the highest reported for a Gd**-CA at such a high field
(Figure 5.10b and Figure 5.13). Taken together, these findings demonstrate the strong relaxivity

enhancement achievable with colloidal Gd**-NCs by controlling their surface structure.

Table 5.2 Average relaxivity values per Gd** of the micelles investigated in this study.

Relaxivity (r, ) mM-' s*! per Gd3* (r,) mM-1 s per Gd3*

Dotarem 3.2+0.2 (1.417) 27+05(7T)

NCs : DSPE-PEG-2000

1:5 1:10 1:20 1:40

19.3+2.7 31.2+1.0 58.8 4.6 78.2+4.6 (r;) 116.8+1.6 (r)

23.7%£1.0(77T)

Solvent Exchange

DSPE-PEG-3000

DSPE-PEG-5000

DMPE-PEG-2000

55.41+3.6

54025

69.4+ 3.6

NCs —4 nm

NCs — 5 nm

394+1.0

28605

Thin-film Exchange

NCs : DSPE-PEG-2000

1:5

1:10 1:20

16.1£0.6

24611

409+ 0.5

220




A B
4.0
o Equation y=a+bx
T | weight No Weighting
Dotaren 3.5 |Resicual Sum 12480364
0.6 7 Tesla | | of Squares
Adj. R-Square 0.99976
r; 2.7 mM-' s 3.0 4 Value Standard Error
0.5 4 . Intercept 0.64 0.01368
2 044 2
£ £ 201
0.3 1
Equation y=a+b* 1.5 1:40
Weight No Weighting
NCs : DSPE-PEG
| | Residual Sum 1.48178E-4
o= of Squares 1.0 4 7 Tesla
Adj. R-Square  0.96272 )
0.1 Value  Standard Erro 0.5 ry 23.7 mM-1s1
Intercept 0.35955 0.01496
B Slope 2.73476 0.37603 1
0.0 +——F——F— —— W77 T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.00 0.01 0.02 0.03 0.04 005 006 007 0.08 0.09
[Gd**] mM [Gd**] mM

Figure 5.13 Representative concentration dependent Ty ionic relaxivity plots (7 T) of, (A) Dotarem,
and (B) compact NC-micelles (NCs to DSPE-PEG ratio weight/weight 1:40).

To further study the amplified relaxivity enhancement with the compact NC-micelles, we
first evaluated the influence of PEG-phospholipid chain length as schematically shown in Figure
5.14a. Using DSPE-PEG with variable PEG length (PEG-2000, 3000, 5000) at same molar
concentrations, NC-micelles were prepared and analyzed (see Experimental details in Supporting
Information). Increasing the PEG chain length resulted in larger NC-micelles increasing from ~6
nm for DSPE-PEG-2000 to ~10 nm for DSPE-PEG-5000 (Figure 5.14b). While the NC-micelle
sizes increased with increasing the PEG chain length, the relaxivity of the NC-micelles remained
almost the same (Figure 5.14¢ and 5.15), clearly confirming that the relaxivity is independent of
the outer PEG chain length. The MRI phantom images of these NC-micelles at identical Gd**

concentration shown in Figure 5.14d further confirm this observation.
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Figure 5.14 (a) Schematic illustration of NaGdF4 NCs (3 nm) confined within DSPE-PEG micelles
with variable PEG chain length and their respective average HD size. (b) Hydrodynamic size of
the NC-micelles in water with variable DSPE-PEG-X length (X=2000, 3000, and 5000) measured
by DLS. (c) Longitudinal T; relaxivity (per Gd*") of the NC-micelles with variable PEG chain
length, at 1.41 T. (d) MRI phantom images (top) and color contrasted images (bottom) of the NC-
micelles with variable PEG chain length at identical Gd*" concentration (100 pM).
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Figure 5.15 Representative concentration dependent ionic relaxivity plots (1.41 T) of NC-micelles
with variable DSPE-PEG chain length, (A) DSPE-PEG-3000, and (B) DSPE-PEG-5000.

Considering that the relaxation of water protons with these NC-micelles is determined by
the distance of closed approach to the NC surface, which is the interdigitated surface oleate and
lipid layer, changing the outer PEG length does not significantly affect the relaxivity. We observe
that the slight decrease in relaxivity suggests a slight dilation of the micelle size due to the
crowding effect with increasing PEG chain length, however this do not significantly alter the
relaxivity and thus the proximity of water to the NC surface. The ability to achieve extremely high
relaxivity with various PEG-ylated phospholipids micelles further demonstrate the high degree of
control achievable with this strategy in modulating the distance of water protons to the NC surface
and also the generality of our method.

We next studied the influence of the size of NaGdF4 NCs (3, 4, and 5 nm) confined within
the DSPE-PEG-2000 micelles on the observed relaxivity as schematically shown in Figure 5.16a.
Increasing the NC size from 3 nm to 5 nm resulted in the HD size increase of the NC-micelles
from ~6 nm to 9 nm (Figure 5.16b). While the HD size increase of the NC-micelles is comparable

to the size increase observed with changing the PEG chain length (Figure 5.14b), the relaxivity
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values were however strikingly different for these NC-micelles. Increasing the inner core NC size
resulted in lower relaxivity values, and the relaxivity values decreased from ~60 mM's™! per Gd**
for the 3 nm core to ~30 mM!s! per Gd** for the 5 nm NCs (Figure 5.16c, and Figure 5.17 for
concentration dependent plots). The MRI phantom images in Figure 5.16d further confirm this size
dependent relaxivity, highlighting the importance of smaller NCs with larger surface to volume
(S/V) ratio in achieving enhanced relaxivity,?! and that the surface ions are the major contributors

to relaxivity enhancement.
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Figure 5.16 (a) Schematic illustration of NaGdF4 NCs confined within DSPE-PEG micelles with
variable core NC size (3, 4, 5 nm) and their respective average HD size. (b) Hydrodynamic size of
the NC-micelles in water with variable core size (NCs size =3, 4, and 5 nm) measured by DLS. (c)
Longitudinal T; relaxivity (per Gd*") of the NC-micelles with variable core size, at 1.41 T. (d)
MRI phantom images (top) and color contrasted images (bottom) of the NC-micelles with variable
core size at identical Gd** concentration (100 uM).
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Figure 5.17 Representative concentration dependent ionic relaxivity plots (1.41 T) of NC-micelles
with variable core NC size, (A) 4 nm, and (B) 5 nm.

To further evaluate the relaxivity of water protons in proximity to these ultrasmall NaGdF4
NCs, we prepared NC-Phospholipid-PEG micelles with different phospholipid chain length, C18
(DSPE-PEG), and C14 (DMPE-PEG) as shown in Figure 5.18a (see Materials and Methods for
details). As shown in Figure 5.18b, the HD sizes of these NC-micelles were comparable in size
(~4 nm), and decreasing the chain length did not decrease the NC-micelle sizes. This suggests that
the decrease in hydrophobic chain length result in slightly less propensity to form compact micelles,
resulting in slight dilation of the NC-micelles with decreasing phospholipid chain length. The
relaxivity values of these micelles were comparable and slightly lower than the compact-NC
micelles as shown in Figure 5.18c and 5.19, and further confirmed by the phantom images in
Figure 5.18d. Taken together, our ability to achieve extremely large relaxivity enhancement by
controlling the surface structure of these NC-micelles with variable lipid coatings clearly confirm
the ultrahigh T, relaxation enhancement of water protons achievable with colloidal Gd**-based
nanocrystals. Based on these results we propose two important criteria to achieve ultrahigh

relaxivity with Gd**-based NCs in general, (i) high quality extremely small NCs (< 5 nm) with a
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narrow size dispersion, and (ii) a surface coating strategy that achieves compact and individually
stabilized NCs in water. We emphasize that further decreasing the NC size, or utilizing a suitable
hydrophilic ligand that can achieve "individually" stabilized NCs should further enhance the
observed relaxivity, and relaxivity >100 mM's™! per Gd*" is achievable with colloidal Gd**-

based NCs.
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Figure 5.18 (a) Schematic illustration of NaGdFs+ NCs (3 nm) coated with phospholipid-PEG
micelles with variable hydrophobic chain length using DSPE-PEG-2000 (C-18) and DMPE-PEG-
2000 (C-14) as shown in their molecular structures. (b) Hydrodynamic size of the NC-micelles in
water coated with DSPE-PEG-2000 (C-18) and DMPE-PEG-2000 (C-14) measured by DLS. (c)
Longitudinal T; relaxivity (per Gd**) of the NC-micelles with different phospholipid-PEG coating,
at 1.41 T. (d) MRI phantom images (top) and color contrasted images (bottom) of the NC-micelles
and Dotarem at identical Gd** concentration (100 uM), and water for comparison.
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Figure 5.19 Representative concentration dependent ionic relaxivity plot (1.41 T) of NC-micelles
with DMPE-PEG-2000 coating.
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Figure 5.20 In vitro cell viability of HeLa cells incubated with compact NaGdF4:DSPE-PEG-2000
micelles at different concentrations for 24 h.

Finally, we evaluated the in vitro performance of these compact-NC micelles using HeLa
cells. The cell viability after incubation of these NCs even at high concentrations (100 uM, Gd®*)

remained high after 24 h, demonstrating minimal toxicity (Figure 5.20). We also observe that the
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cell morphology also was not affected at these concentrations (Figure 5.21). MRI images of the
NC-micelles incubated cells show the uptake and contrast enhancement overtime (Figure 5.22).
The ability to observe MRI contrast enhancement at such low gadolinium concentrations (< 20
iM) clearly demonstrate the ability to achieve targeted imaging at low contrast agent dosage. We
next quantified the cell uptake of these compact-NC micelles using ICP-AES elemental analysis.
We find them to be highly resilient to cell uptake even at elongated incubation times (Table 5.3),

as expected for nanocrystals coated with a bio-compatible non-ionic PEG surface.

Figure 5.21 Representative optical microscopic images of HelLa cells incubated for 24 h (A)
without, and (B) with NaGdF4:DSPE-PEG-2000 micelles at 100 pM [Gd*'].
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Figure 5.22 MRI phantom images (top) and color contrasted images (bottom) of the HeLa cells
incubated with NaGdFs NC-micelles with different incubation times.

Table 5.3 ICP-AES analysis summary of HeLa cells incubated with NaGdF4 NC-micelles.

Cell uptake - ICP-AES analysis summary

Incubation Time (h) 6 12 24

Gd?* Initial concentration =100 M Gd®* concentration from ICP (uM) 4.37 5.31 6.42

Initial volume (96 well plate) = 100 uL

Gd** in each well =10 mol Volume of cell pellet digested (uL) 50 50 50
Gd°* uptake amount (mol) 0.0219x10®*  0.0266x10° 0.0321x108
Gd** uptake percentage (%) 2.19 2.66 3.21

Further we evaluated the cell viability of RAW264.7 macrophage cells and find them to be
only minimally affected at high gadolinium concentrations (Figure 5.23), similar to previous
report.® Recent work by Shi and coworkers have demonstrated the high in vivo compatibility of

these class of nanostructures,® and we expect that our findings should allow for further enhanced
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in vivo performance and achieve targeted imaging simultaneously at a very low contrast agent

dosage.
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Figure 5.23 In vitro cell viability of RAW264.7 cells incubated with compact NaGdF4:DSPE-PEG-
2000 micelles at different concentrations for 24 h.
5.4 Conclusion

In summary, we have demonstrated a strategy to achieve extremely large T relaxivity (~80
mM st per Gd** @ 1.41 T) using NaGdF4 NCs. By modulating the PEG-ylated phospholipid
loading, we show that the NC-micelle sizes can be readily controlled to enhance the proximity of
water to the NC surface, directly enhancing the relaxivity. This work demonstrates a Gd**-based
nanostructured contrast agent that simultaneously have a compact size (HD ~5 nm) below the renal
clearance threshold, ultrahigh relaxivity approaching the theoretical predictions,® and a
biocompatible PEGylated surface. We expect that our findings will translate to realize targeted
MRI imaging with high precision that remains challenging to achieve to date. Finally, given the
general utility of PEG-ylated phospholipid coating for a wide range of colloidal NCs, the strategy

demonstrated here could be more widely employed to other NCs to achieve compact-sized NC
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coating, and also to precisely modulate and enhance their surface related properties at the

nanoscale.

5.5 Materials and Methods
Chemicals

Gadolinium chloride hexahydrate (99.999%), gadolinium(lll) acetate hydrate (99.9%),
cerium(l11) acetate hydrate (99.99%), terbium(l11) acetate hydrate (99.9%), oleic acid (90%), 1-
octadecene (90%), oleylamine (70%) were purchased from Sigma-Aldrich. 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] (ammonium salt)
(DSPE-PEG-2000), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethyl-
ene glycol)-3000] (ammonium salt) (DSPE-PEG-3000), 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N-[methoxy (polyethylene glycol)-5000] (ammonium salt) (DSPE-PEG-5000), and
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000]
(ammonium salt) (DMPE-PEG-2000) were purchased from Avanti Polar Lipids. Sodium
hydroxide from Fisher Scientific, ammonium fluoride from Spectrum, and all chemicals were used

as received.

Synthesis of NaGdFs nanocrystals (3 nm)

The synthesis was done following a previously reported procedure with slight
modifications. In a typical synthesis, gadolinium chloride hexahydrate (1.0 mmol), oleic acid (4
mL), and 1-octadecene (15 mL) were taken in a 100 mL flask and heated to 140 °C under vacuum
for 1 h and cooled to room temperature. To this solution at room temperature, methanol solution

(10 mL) of ammonium fluoride (4 mmol) and sodium hydroxide (2.5 mmol) was added and stirred
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for 1 h. The reaction vessel was then heated to 70 °C to remove methanol and subsequently heated
to 275 °C (~10°C/min) under argon and maintained for 40 min and then cooled to room temperature.
The nanocrystals (NCs) were precipitated by addition of ethanol, collected by centrifugation (1900

g, 5 min), washed with ethanol and dispersed in chloroform.

Synthesis of NaGdF4:Ce®**(15%)/Th3**(5%) doped NCs (5 nm)

They were synthesized using acetate salts in the respective molar ratio to a total of 0.75
mmol, oleic acid (8 mL), oleylamine (8 mL), and 1-octadecene (16 mL) in a 100 mL flask and
heated to 120 °C under vacuum for 45 min and cooled to room temperature. To this solution at
room temperature, methanol solution (10 mL) of ammonium fluoride (4 mmol) and sodium
hydroxide (2.5 mmol) was added and stirred for 30 min. The reaction vessel was then heated to 70
°C to remove methanol and subsequently heated to 300 °C (~10°C/min) under argon and
maintained for 15 min and then cooled to room temperature. The NCs were precipitated by addition
of ethanol, collected by centrifugation (1900 g, 5 min), washed with ethanol and dispersed in

chloroform.

Undoped NaGdF4 (4 nm)
NCs were synthesized as described above, except gadolinium acetate (0.75 mmol) was used

and the reaction was done at 300 °C under argon and maintained for 40 min.

Phospholipid-PEG micelles (Empty micelles)
Empty micelles were prepared using DSPE-PEG-2000 at different concentrations.

Chloroform dispersion (1 mL) of DSPE-PEG-2000 with variable amounts (150, 750, 1500, 3000
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ng) was prepared and to that 4 mL DMSO was added and the chloroform removed under vacuum
in a rotary evaporator for 1 h at 35 €. This gives a molar concentration of DSPE-PEG in DMSO
to be about 15, 70, 135, and 270 uM with increasing concentration. The DMSO solution was then
placed in a clean glass vial and 16 mL of water was added rapidly, followed by three rounds of
centrifugation using Vivaspin-20 centrifugal filters (50kDa MWCO, and 3000xg/30 min) to
replace the DMSO completely with water. The final concentrate was diluted to a total volume of

5 mL using deionized water, and filtered through a 0.2 um syringe filter.

Phospholipid-PEG coated NC-micelles through solvent exchange

Solvent exchange method was adapted from a reported protocol with modifications. The
dispersion of NCs in chloroform (1 mg/ mL) was first prepared based on ICP-AES analysis of the
original stock solution. In all the exchange experiments, the concentration of NCs (number of NCs)
was kept to ~3 nmol. For the 3 nm NCs, 150 pL of the NCs dispersed in chloroform (1 mg/ml)
was added to DSPE-PEG-2000 in chloroform (850 pL). The amount of DSPE-PEG in
chloroform was based on weight ratio of the NCs to the lipid (1:5, 1:10, 1:20, and 1:40). To the
NCs/DSPE-PEG mixture in chloroform, DMSO (4 mL) was added dropwise and left on a shaker
at room temperature for 30 min. The chloroform was then completely removed under vacuum in
a rotary evaporator for 1 h at 35 °C. The DMSO solution was then placed in a clean glass vial and
16 mL of water was added rapidly, followed by three rounds of centrifugation using Vivaspin-20
centrifugal filters (50kDa MWCO, and 3000xg/30 min) to replace the DMSO completely with
water. The final concentrate was diluted to a total volume of 5 mL using deionized water, and

filtered through a 0.2 pm syringe filter.
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For the phospholipid-PEG coating with different PEG chain lengths (DSPE-PEG-
2000/3000/5000), the amount of phospholipid-PEG was maintained at the same molar amount
(1.25 umol), which corresponds to weight ratio of the NCs to the DSPE-PEG-2000 (1:20). The
transfer protocol was followed as described above (for DSPE-PEG-3000 and DSPE-PEG-5000,
100kDa MWCO Vivaspin-20 centrifugal filters, and 3000xg/30 min was used).

For the undoped NaGdFs (4 nm) and NaGdF4:Ce* (15%)/Th*(5%) (5 nm) NCs, the
amount of NCs used was 3 nmol as before, ~350uL of the NCs dispersed in chloroform (1 mg/ml)
was added to DSPE-PEG-2000 in chloroform.  The weight ratio of the NCs to the lipid was 1:10.
The transfer protocol was followed as described above.

For the phospholipid-PEG coating with DMPE-PEG-2000, the amount of phospholipid-
PEG was maintained at the same molar amount as used in the DSPE-PEG-2000 coating, which
corresponds to weight ratio of the NCs to the DSPE-PEG-2000 (1:40). The transfer protocol was

followed as described above with no deviations.

Gradient centrifugation

Phospholipid-PEG coated NC-micelles obtained from the three rounds of centrifugal
filtration was diluted to 1 mL using deionized water. A sucrose step gradient was prepared
(Polyallomer centrifuge tubes, Beckman Coulter) with 1.5 mL steps of 5, 10, 15, 20, 25, 35, 45%
sucrose and the NC-micelles dispersion (1 mL) was added to the top, and centrifuged at 24,000
rpm (~100,000 g, SW41Ti rotor) for 18 h. For the 5 nm NaGdF4:Ce*"(15%)/Th*"(5%), the green
emission under UV (254 nm) irradiation was used to locate (Figure 5.8) and remove the NC-
micelles free of empty micelles. For the 3 nm NCs, the sucrose band around 5-10 wt% was

removed as NC-micelles (see comments below Figure 5.8). The sucrose dispersion of NC-micelles
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was subsequently dialyzed against water at 4 <C overnight (Float-A-Lyzer, 8-10 kDa, Spectrum
Labs). The NC-micelle solution was then concentrated using centrifugal filtration (50kDa MWCO,
and 3000xg/30 min), and diluted to 4 mL and filtered through a 0.2 um syringe filter. All NC-

micelle dispersions and empty micelles were stored at 4 <C immediately after preparation.

Phospholipid-PEG coated NC-micelles through film hydration

150 puL of the NCs (3 nm) dispersed in chloroform (1 mg/ml) was added to DSPE-PEG-
2000 in chloroform (25 mg/mL). The weight ratio of the NCs to DSPE-PEG-2000 was 1:5, 1:10,
and 1:20. The glass vial was left overnight in the fume hood to slowly evaporate chloroform and
then placed in a rotary evaporator at 50 °C for 20 min under vacuum. To the obtained thin film, 10
mL of water was added and sonicated for 1-2 min and placed in a rotary evaporator for 10 min

under vacuum. The dispersion was then filtered through a 0.2 um syringe filter.

Cytotoxicity studies

HeLa/RAW264.7 cells were seeded 12h prior to incubation on tissue culture treated 96-
well plates (Corning) at 10,000 cells/well in phosphate-free RPMI 1640 (MP Biomedicals)
medium (DMEM for the RAW264.7 cells), supplemented with 10% Fetal Bovine Serum (Omega
Scientific), 2 mM L-Glutamine (Thermo Fisher) and 1% penicillin/streptomycin (Thermo Fisher).
Compact DSPE-PEG coated NC-micelles with varying concentrations (0-100 uM Gd*") in cell
culture media (3 wells for each condition) were added to the cells and incubated for 24 h at 37 <C
in 5% COx. Finally, the cells were washed with cell culture media, and metabolic activity of cells

was tested using the alamarBlue assay (Thermo Fisher) according to kit instructions. To quantify
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viability, fluorescence (Aex = 560 nm, Aem = 585 nm) of each well was measured using a plate

reader (SpectraMax M5, Molecular Devices) 2 h after adding the alamarBlue agent.

Characterization

Transmission Electron Microscopy (TEM) images of the oleate-stabilized NCs was
obtained from a FEI Tecnai Spirit microscope operating at 120 kV. The hexane dispersion of the
NCs was drop cast on a carbon-coated (400 mesh Cu) grid and air-dried before imaging. Size and
size distribution analysis from the TEM images were obtained by measuring ~50 NCs. Negative-
stained TEM images of the DSPE-PEG coated NCs were obtained from a FEI Sphera microscope
operating at 200 kV. The NaGdF4:Ce3*(15%)/Th**(5%) (5 nm) NC-micelles purified by sucrose
gradient ultracentrifugation in water was drop cast on a glow discharged carbon-coated (400 mesh
Cu) grid dried under vacuum overnight, and stained with 2 wt% phosphotungstic acid before
imaging. Dynamic Light Scattering (DLS) measurements to determine the hydrodynamic
diameter sizes were performed using a Zetasizer Nano ZS (Malvern Instruments). Hydrodynamic
size data were obtained from number weighted size distribution analysis and reported as mean of
triplicate measurements of the same sample +s.d. Polydispersity index (PDI) were obtained from
the s.d. and mean size of each individual measurement and averaged. Gadolinium ion
concentration was determined using a Perkin EImer Optima 3000DV inductively coupled plasma
atomic emission spectrometer (ICP-AES), the NC and NC-micelle dispersions were digested in
70% HNO:s for at least two days before analysis. Similarly cells incubated with the nanocrystals
were digested with 70% HNOs for a week, diluted and analyzed by ICP-AES for determining the
gadolinium concentration. Longitudinal (T1) and transverse relaxation (T2) times of the NC-

micelle dispersions were obtained using a benchtop Bruker Minispec mq 60 relaxometer (60 MHz,
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141 T at 37 €). MR phantom images were obtained on a Bruker 7.0 T magnet equipped with
Avance Il hardware and a 72 mm quadrature transmit/receive coil. The NC-micelle dispersions in
200 pL tubes were immobilized in agarose gel and imaged. For cell images, the cells incubated
with the nanocrystals were detached from the culture plates, mixed with 2% agarose gel and
deposited into 200 L tubes. To that, 1% agarose gel was carefully deposited on top and then
imaged. T relaxivity values at 7T was determined by selecting regions of interest (ROI) using the
ParaVision Version 5.1 software, the fitting parameters were TR = 250.0 ms, TE = 12.6 ms, echo
=1/1, FOV =6.11 cm/3.09 cm, slice thickness = 2 mm/3 mm, MTX =256/116. The hydrodynamic
diameter (number-weighted) sizes and relaxivity values from triplicate measurements are tabulated
in Table 5.1 and 5.2 respectively.
Chapter 5, is a reprint of the material as it appears in ACS Nano. Noah J. J. Johnson, Sha

He, Viet Anh Nguyen Huu, and Adah Almutairi, American Chemical Society Press, 2016. The

dissertation author was the primary investigator and author of this paper.
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