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ABSTRACT

Cancer imaging is very important in cancer diagnosis, prognosis, and therapy effectiveness
monitoring. Among all the imaging techniques, fluorescence imaging is becoming an important
set of tools in biomarker-guided diagnosis, staging, typing, and prognosis of cancer. However, in
vivo fluorescence imaging suffers from suboptimal signal-to-noise ratio and shallow detection
depth, caused by the strong tissue autofluorescence under external excitation and by the
scattering and absorption of short-wavelength light in tissues. In this dissertation, we tackle these
limitations by using a new, novel type of optical nanoprobes, LiGasOs:Cr’" (LGO:Cr)
nanoparticles with very-long-lasting near-infrared (NIR) persistent luminescence and unique
NIR photostimulated persistent luminescence (PSPL) capability. This allows optical imaging to
be performed in an excitation-free and hence autofluorescence-free manner. The LGO:Cr
nanoparticles were fabricated by a sol-gel method, followed by calcination at high temperature.
LGO:Cr nanoparticles pre-charged by ultraviolet light can be repeatedly (>20 times) stimulated
in vivo, even from deep tissues, by short-exposure (~15 seconds) to a white light-emitting-diode
flashlight, giving rise to multiple NIR PSPL that expands the tracking window from hours to 10

days. Our studies reveal promising potential of these nanoprobes in cell tracking and tumor



targeting, exhibiting exceptional sensitivity (~5 cells) and penetration (see through a mouse body)

that far exceed those afforded by conventional fluorescence imaging.
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CHAPTER 1
INTRODUCTION

1.1 Luminescence basics

Luminescence is the emission of light by a substance through a process not caused by heat.'”
It is thus a form of cold body radiation. The excitation of luminescence is usually achieved with
external irradiation, chemical reactions, electrical energy, subatomic motions, or crystallographic
changes.3 A luminescent material, also called a phosphor, is a solid which converts certain types
of energy into electromagnetic radiation over and above thermal radiation.” In this section, the

different types of luminescence are introduced and discussed.

1.1.1 Photoluminescence

Photoluminescence is a process in which materials absorb external photons, resulting in an
excitation to a higher energy state, and then releasing that energy in the form of light.”” In
inorganic phosphors, photoluminescence is generally grouped into two basic types: intrinsic
luminescence and extrinsic luminescence.® The intrinsic luminescence center is native to host
materials and involves band-to-band recombination of electron-hole pairs. Intrinsic luminescence
may also be associated with lattice defects within the materials. Extrinsic luminescence is the
most common form of luminescence and is attributed to the presence of trace impurities. This
type of origin is referred to as "impurity centers" (also called activators or emitting centers).
When foreign atoms, or impurities, are introduced into a host, the optical properties of the

material will be conferred. This is because impurities will create localized energy levels in the



forbidden band of the host, which allow them to give rise to the appearance of optical transitions
whose energy is lower than the band gap of the host. Due to these energy levels that are not
present in the host, various emission wavelengths corresponding to the transitions from various
levels will occur. Therefore, doping is the strategy to engineer the optical properties of
semiconductors or insulators. Transition metal ions and rare earth ions are the two types of

commonly used dopants.

Figure 1.1 Photoluminescent materials containing activator ions (A) and sensitizing ions (S). a,
Direct excitation of the activator. b, Indirect excitation followed by energy transfer from the
sensitizer or host to the activator. (This figure is reproduced from reference 5 with the permission
of Springer.)

The absorption of light energy, which is used to excite the luminescence, takes place by
either the host lattice or by intentionally doped impurities. In most cases, the emission takes
place on the activator ions. When the activator ions show too weak absorptions, a second kind of
impurities can be added as sensitizers, which absorb the energy and subsequently transfer the
energy to the activators.™ This process involves the transport of energy through the luminescent
materials, as shown in Figure 1.1.

Figure 1.2 shows typical excitation and emission spectra of photoluminescent materials.” The

absorption and emission probability for photons depends on the atomic energy levels of

2



activators. The locations of the energy levels of activator ions are affected by the crystal field of
host materials. In addition, the relative strength of different absorption and emission lines are

generally defined by local symmetry of the host lattice.

Excitation spectra

Intensity (a.u.)

Wavelength (nm)

Figure 1.2 General excitation and emission spectra for photoluminescent materials. (This figure
is reproduced from reference 5 with the permission of Springer.)

In contrast to inorganic phosphors where luminescence is affected by their lattice structures,
organic phosphors (e.g., organic dyes) are usually aromatic compounds where the luminescence
is based on localized m-electron systems.'® Photoluminescence from organic compounds can be
classified into two categories: luminescence from electronically excited singlet (S;) or triplet (T;)
states. Emission from singlet excited states, called "fluorescence," is commonly observed in
conventional organic compounds. Emission from triplet excited states, called "phosphorescence,"
is rarely observed in conventional organic compounds at ambient temperatures due to the small
radiative decay rate of phosphorescence. The process of fluorescence and phosphorescence can

be explained by the simple Jablonski diagram (also called diagram of electronic transitions), as



shown in Figure 1.3.”'" The lifetime of fluorescence is very short (<10 ns) and the lifetime of

phosphorescence is usually longer than 10 ns.

1: vibration relaxation
2: intersystem crossing
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Figure 1.3 Jablonski diagram illustrating the processes of fluorescence and phosphorescence.
The straight-line arrows and dashed-line arrows represent optical transition and electron transfer
processes, respectively. (So: ground states; S;: first singlet excited states; S;’: first singlet excited
states at higher vibrational sublevels; T;: first triplet states; hvgx: excitation light; hvgm: emission
light.)

Photostimulated luminescence (PSL, also called as optically stimulated luminescence) is also
an example of photoluminescence. When a storage phosphor is exposed to high-energy radiation,
such as x-ray or ultraviolet (UV) light, part of the excitation energy is stored in the phosphor by

capturing charge carriers (electrons or holes) in traps, which are generally lattice defects or

12-14

impurities. The stored energy in photostimulable storage phosphors is released as PSL by

12,14-17

low-energy light (photon) illumination. They have been used in a plethora of important

applications in the fields of dosimetry and x-ray imaging.'®'®



1.1.2 Persistent luminescence

Persistent luminescence, also called afterglow, is an optical phenomenon where a material is
emitting, for an appropriate time, from minutes to many hours, after the irradiation (excitation)
source has been switched off at room temperature.”'” Persistent luminescence is nominally an

isothermal case of thermoluminescence.”

Thermoluminescence is emitted by thermal
stimulations after storage phosphors expose to irradiation.” In persistent luminescent materials,
two kinds of active centers are generally involved: emitting centers and traps.® Emitting centers
are capable of emitting radiation after being excited. Traps usually do not emit radiation, but

store excitation energy by trapping charges and release them gradually to the emitting centers

due to thermal or other physical stimulations. Figure 1.4 shows a simplified schematic model of
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Figure 1.4 Schematic diagram of typical persistent luminescence mechanism. G, E, and D
represent the ground state, emission state, and delocalized state, respectively.

2+ . .
the commonly accepted Eu”" persistent luminescence process based on an electron transfer

assumption.”’ Under the excitation, electron from the ground-state (G) of the emitting centers is



pumped to the delocalized state (D) lying in the conduction band of the host. The delocalized
electron is captured by and stored in electron traps, which are generally lattice defects or
impurities and locate close to the bottom of the conduction band. After ceasing the excitation, the
captured electron escapes back to the D state owing to thermal or other physical stimulations,
followed by nonradiative relaxation to the £ state and then radiative return to the G state,

accompanying with persistent luminescence emission.

1.1.3 Other examples of luminescence

In addition to excitation by radiation, luminescence can also be generated by chemical
reactions (chemiluminescence), mechanical energy (triboluminescence), electrical energy
(electroluminescence), sound  waves  (sonoluminescence), efc.®  For  example,
chemiluminescence occurs when the vibronically excited product of an exoergic reaction relaxes
to its ground state with light emission. It can be simply defined as chemical reactions that emit
light.** Bioluminescence is light produced, within a living organism, by a chemical reaction that
requires an enzyme known as luciferase, a substrate (luciferin) and oxygen for the chemical

reaction. Some luciferases require other cofactors such as ATP and Mg”" for full activity.” In

other words, Bioluminescence is a chemiluminescence that takes place inside a living organism.

1.2 Optical Bioimaging

Bioimaging techniques can be grouped by the energy used to derive visual information (X-
rays, positrons, photons or sound waves), and the spatial resolution that is attained (macroscopic,
mesoscopic or microscopic).”* Macroscopic imaging techniques that provide anatomical and

physiological information are now in widespread clinical and preclinical uses. These techniques



include magnetic resonance imaging (MRI), positron emission tomography (PET), computed
tomography (CT), ultrasound imaging and single-photon emission computed tomography
(SPECT).**?® They are often used to survey whole body for disease and to do cross-sectional
imaging, particularly for research on deep-seated organs. However, the high cost of these
techniques and a number of technological barriers impair their widespread use.”’

Macroscopic optical imaging techniques are used to probe more local processes and can
readily make use of multiple labels, or signal-emitting tags that are attached to a molecule of
interest. It is becoming an essential tool in biomedical research and drug development, owing to
its advantages of high-throughput, non-invasive, non-radioactive, easy-to-operate, and cost-
effective.”!

Most optical imaging techniques work by tracing fluorescence signals from optical probes.
Despite its dominance in analyzing cells and tissues in vitro, however, fluorescence imaging
technique is minimally used for in vivo clinical applications because of its poor signal-to-noise
(S/N) ratio and general shallow detection depth (< 1 cm).”’ These drawbacks are mainly
associated with tissue autofluorescence and optical scattering. Autofluroescence is caused by the
fluorescence from tissue due to the constant external irradiation. The autofluorescence mainly
depends on tissue absorption. When light travels out of tissues, the light is attenuated by tissues,

27,30,32

especially for visible light. In addition, optical scattering occurs due to mismatches in

refractive index of the different tissue components, ranging from cell membranes to whole

3334
cells.”™

In cellular level, sizes of subcellular organelles range from less than 100 nm to 6 pm.
Most of organelles interact with light whose wavelength is similar to the size of organelle,

leading to Mie scattering.”



To reduce autofluorescence, tremendous efforts have been spent on finding near-infrared
(NIR) optical probes, because windows of the first and second NIR region (NIR I, 650-950 nm,
and NIR II, 1000-1350 nm) has a relatively low level of tissue absorption, as shown in Figure
1.5.% To minimize scattering interference, numerous mathematical models and techniques were

established and have been used in optical imaging.*’~*

However, optical imaging is still
developing, especially for in vivo deep-tissue bioimaging, because it is still hard to achieve most

clinical applications.
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Figure 1.5 Absorption coefficients (on a log scale) of oxygenated whole blood, deoxygenated
whole blood, skin, and fatty tissue (Fat) as a function of wavelengths. (This figure is reproduced
from reference 36 with the permission of Multidisciplinary Digital Publishing Institute.)

1.3 Probes for optical bioimaging

The commonly used optical probes can be classified into two groups: fluorescent probes and

self-luminescent probes. The fluorescent probes include organic dyes,*”* fluorescent proteins,*'”

44-47 37,48

# quantum dots, and upconverting nanoparticles.®’ The

single-walled carbon nanotubes,
self-luminescent NIR probes include hybrid nanoparticle®® and persistent luminescent

nanoparticles.?’



1.3.1 Fluorescent probes
1.3.1.1 Organic dyes and fluorescent proteins
Organic dyes. Fluorescent organic dyes include various derivatives of coumarin, pyrene,

naphthalene, fluorescenin, rhodamine, boron-dipyrromethene (BIDIPY) and cyanine.’' The
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Figure 1.6 Examples of commercially available fluorescent dye families. Absorbance and
emission maxima along with spectral regions covered by a particular dye family are labeled as
(absorbance (nm)/emission (nm)). Tetramethylrhodamine (TMR), carboxytetramethylrhodamine
(TAMRA), and carboxy-X-rhodamine (ROX) are all rhodamine-based dyes. FITC: fluorescein
isothiocyanate. (This figure is reproduced from reference 52 with the permission of John Wiley
and Sons.)
fluorescence emissions from these derivatives cover ultraviolet, visible, and NIR region from
384 nm to 800 nm (Figure 1.6).> However, only few organic dyes have been used in practical
medical diagnosis. For example, indocyanine green (emission peaking at 800 nm) is a Food and
Drug Administration (FDA)-approved NIR probe for fluorescence retinal (ophthalmologic)
angiography.”

Fluorescent proteins. Green fluorescent proteins (GFP) were found in the jellyfish
Aequorea victoria. Martin et al. first reported a complementary DNA for the Aequorea victoria
GFP producing a fluorescent product when expressed in prokaryotic (Escherichia coli) or

eukaryotic (Caenorhabditis elegans) cells.*” Now according to their colors and chromophore
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structures, over 150 distinct GFP-like proteins have been reported, which are classified into
seven groups,” "’ including Cyan or Green, Yellow (Zoanthus), Red (DsRed-type), Red (Kaede-

type), Red (KFP-type), mOrange (in vitro evolution), and non-fluorescent.
GFP-derived mRFP1-derived Evolved by SHM
P
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Figure 1.7 Monomeric or tandem dimeric fluorescent proteins. The photo of fluorescent proteins
was taken under different excitation wavelengths and cutoff filters. (Image from Roger Y. Tsien’s
Nobel Lecture on 8 December 2008)

Before 2009, the emissions of these fluorescent proteins used in mammals cover from blue
light to red light in visible spectral region, as shown in Figure 1.7.>” However, deep optical
imaging in mammalian tissues and whole mammals requires NIR fluorescent proteins.*® Shu et
al. used bacterial phytochrome photoreceptors (BphPs) as a template to obtain infrared
fluorescent proteins, IFP1.4, in mammalian cells in 2009.*! Later, mutations of BphPs resulted in
the generation of infrared fluorescent proteins: Wi-Phy (emission peaking at 719 nm) and iRFP
(emission peaking at 670-720 nm).>® IFP1.4 and iRFP were previously used for whole-body
imaging.® IFP1.4 required injection of biliverdin to become fluorescent, but iRFP efficiently
incorporated endogenous biliverdin, making iRFP as easy to use as conventional GFP-like FPs.

iRFP was applied for live imaging of livers and tumors in mice.
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Inherent drawbacks for organic fluorophores (organic dyes and fluorescent proteins) include
a short Stokes shift, poor photochemical stability, susceptibility to photobleaching and
decomposition under repeated excitation, which limit their applications.*** However, organic
dyes are still popular due to their low cost, wide availability, and ease of use. Fluorescent

proteins are still the most popular tool to trace and visualize in vivo molecular activities in

cells.?®

1.3.1.2 Quantum dots
Quantum dots (QDs) are zero dimensional nanocrystals made of semiconductor materials.
Compared with fluorescent dyes, QDs show size-dependent emission, which enables ease of

tuning emission by simply controlling their size.® Figure 1.8 shows the emission wavelengths of
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Figure 1.8 Representative QD core materials scaled as a function of their emission wavelengths
superimposed over the spectrum. (This figure is modified from reference 61 and 62.)

colloidal QDs made of ZnS, CdSe, CdTe, PbS, PbSe and InAs, covering a wide spectral range
from UV to NIR."** For biological applications, the best QDs are core-shell nanocrystals. For
example, the CdSe core of CdSe/ZnSe QDs are caped with a layer of ZnSe, which passivates the

core surface, protects the core from photooxidation, and improves the fluorescence quantum
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yield of the QDs. Due to their wide absorption spectra, QDs with different emission wavelengths
excited by a single light source can emit various color fluorescence; therefore, QDs have a great
potential for multicolor molecular imaging.®"** Although the unique properties of QDs attribute
to high photostability and size-tunable light emission, QDs containing Class A elements (Cd and

Hg) and Class B elements (As and Se) are toxic and can cause organ damage.45

1.3.1.3 Single-walled carbon nanotubes

Single-walled carbon nanotubes (SWCNTs) were found to have NIR light emission between
930nm and 1550 nm (Figure 1.9).% This makes them the ideal second NIR (1000-1350 nm)
probes especially suitable for deep-tissue in vivo imaging. However, the biggest obstacle in
realizing the potential of SWCNTs as NIR probes is producing SWCNTs with high quantum
efficiency and good biocompatibility.*® To overcome this issue, Welsher et al. came up with a
strategy of first debundling and solubilizing the hydrophobic, pristine SWCNTs in sodium
cholate by sonification, followed by surfactant exchange to displace the sodium cholate with
pegylated phospholipid.** The resulting water-soluble SWCNTSs exhibit several emission peaks
across from 900 to 1500 nm when excited at 808 nm.*’ In vivo circulation and biodistribution of
the SWCNTSs can be monitored for about two minutes after tail-vein injection SWCNTs in
athymic nude mice. High-resolution optical imaging of mice organs was obtained by dynamic
contrast-enhanced imaging with principal component analysis (PCA), as shown in Figure 1.10.%
Later, both high spatial (~30 um) and temporal (<200 ms per frame) resolution for in vivo small-

vessel imaging were achieved at 1-3 mm deep in a mouse model of the hind limb.®
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Figure 1.9 Contour plot of fluorescence intensity versus excitation and emission wavelength for
a sample of SWCNTs suspended in an aqueous solution. The white oval drawn marks a region
that contains discrete peaks, arising from the E;; transitions (¢;— v; emission, NIR fluorescence),
excited by E,; absorption (vo, — ¢, excitation). (This figure is reproduced from reference 63 with
the permission of American Association for the Advancement of Science.)
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Figure 1.10 Dynamic contrast-enhanced imaging with SWCNTs through PCA. (This figure is
reproduced from reference 37 with the permission of National Academy of Sciences.)
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1.3.1.4 Upconverting nanoparticles
Upconverting nanoparticles are usually fluoride (e.g., NaYF4,, KMnF;, and CakF,)

nanoparticles doped with lanthanide ions.*%

The typical lanthanide dopants are the following
ion pairs (sensitizer/activator): Y6 /Er’", YO /Tm® and Yb*'/Ho . Through the combination of

host materials and lanthanide dopants, upconverting nanoparticles can exhibit wavelength

68-70 69-73

selective emissions, which can be UV.® visible (blue, green, red), or NIR emission,
under longer NIR (~980 nm) excitation.

For example, Liu ef al. doped Gd** ions into NaLuF, host materials to get pure hexagonal-
phase NaLuF4.” The resulting NaLuF,:Gd*",Yb*", Tm’" nanoparticles with sub-10 nm sizes can
emit at 800 nm under 980 nm excitation. Both the excitation and emission are located in the NIR
spectral range, enabling great tissue penetration depth of up to ~2 cm and low

4,75
autofluorescence.’*’

However, the quantum efficiency of lanthanide-based upconverting
nanoparticles in water is relatively low. For example, the quantum efficiency of sub-10 nm
NaLuF,:Gd>",Yb*",Tm*" nanoparticles is only ~0.47%."* It requires high power continuous-wave
laser (100 mWem™ power density) as an excitation source to induce the upconversion. Moreover,

water, the most significant component in animal and human body, strongly absorbs 980 nm light.

. . .. . . 76
Increasing the laser power and irradiation time can cause remarkable overheating effects.

1.3.2 Self-luminescent probes
To minimize or ideally completely remove the tissue autofluorescence, an ideal imaging
probe is the one that can self-luminesce NIR light without the need of external light excitation.

Such probes can yield a higher signal to noise ratio and a deeper penetration depth for animal
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imaging than the fluorophore-based optical probes. Two types of self-luminescing NIR probes

were recently developed: hybrid nanoparticles and persistent luminescent nanoparticles.

1.3.2.1 Hybrid nanoparticles

Bioluminescent proteins, such as R. reniformis luciferase, usually emit visible
bioluminescence in the presence of oxygen and substrate (luciferin) without photo-irradiation.
With the need of NIR light-emitting probes for in vivo deep-tissue bioimaging, Xiong et al.
reported hybrid nanoparticles as self-luminescing NIR probes based on bioluminescence
resonance energy transfer (BRET).”” BRET is the energy transfer from a bioluminescent protein
to a receptor, such as QDs’””” or semiconductor polymer nanoparticles.”® Though conceptually
interesting, the applications of these BRET-based technologies in translational research is limited
because of the concerns regarding the probe’s in vivo stability, the inherent toxicity of heavy
metals of the QDs, the dependence of imaging duration on the half-lives of the proteins, and/or

the high sensitivity of the probes to environmental changes.”

1.3.2.2 Persistent luminescent nanoprobes

In 1996, Matsuzawa et al. reported the first generation of modern persistent luminescent
material, the Eu”" and Dy’" co-doped SrA1,0,.” Up to now, there are persistent materials for
each of the main visible colors with the representative ones including Sr,MgSi,O7:Eu*", Dy’
(blue, ~25 h afterglow), SrA1204:Eu2+,Dy3+ (green, ~30 h afterglow), and Y2028:Eu3+,Mg2+,Ti4+
(red, ~5 h afterglow), as shown in Figure 1.11."°2"%  Although about 300 visible persistent

materials have been developed, the research and development of persistent materials in the NIR
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region (~700-2500 nm) are lacking, even though there are growing demands for applications as

optical probes for in vivo deep-tissue bioimaging.*’

Figure 1.11 Image of persistent luminescence of visible emitting phosphors. Blue emitting
SlrgMgSi207:Eu2+,Dy3+ (E), green emitting SrA1204:Eu2+,Dy3+ (C), and red emitting
Y,0,S:Eu’", Mg, Ti*" (S) phosphors in dark. (This figure is reproduced from reference 19 with
the permission of the Electrochemical Society.)

The first persistent luminescent CaO,QZnO,gMgo.9Si206:Euer,DyH,anJr nanoparticles as self-
luminescing probes for in vivo bioimaging were introduced by de Chermont ez al. in 2007.>” The
nanoparticles, emitting persistent 690 nm light after UV irradiation, open a new avenue for
biomedical imaging, enabling imaging technique to be performed with a high signal-to-noise
(S/N) ratio and a deep detection depth, and thus providing promising prospect for the wide
deployment of biomedical imaging technique for clinical applications. However, the further
development of the nanoparticles for bioimaging was restricted by the short persistence time (<1
h).>"*! Therefore, there is an urgent need for functional NIR-emitting persistent luminescent
nanoparticles with long persistent luminescence for long-term targeted tumor imaging in vivo."

Recently, Cr’*-doped gallate-based NIR persistent phosphors received considerable attention
due to their novel optical properties.'®*!** Since 2010, our group reported several representative

series of Cr**-doped gallate systems, which can emit very-long (up to several hundreds of hours)

NIR persistent luminescence, including La;GasGeOy4:Cr’",*° Cr’*-doped zinc gallogermanates
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(Zn-Ga-Ge-0:Cr’")***” and Cr3+-doped lithium gallates (Li-Ga-0:Cr’")'"**¥ in the forms of bulk
materials. Later, several similar material systems (such as ZnGa,04:Cr’ " and MgGazO4:Cr3+) but

: : . 81,89-94
with shorter persistence time were also reported.”

Despite the significant progress of bulk
long persistent phosphors, the persistence time of their corresponding nanomaterials is too short,
which limits the application of persistent luminescent nanoparticles in in vivo bioimaging. The
longest observation time for subcutaneously injected persistent luminescent nanoparticles was 15
h,*! while the in vivo distribution of intravenously injected nanoparticles was followed in real-

time for only 0.5 to 7.5 h.*”*! Such a short time span is barely sufficient for tracking molecules,

not to mention cell tracking, where a tracking window of days or even weeks is expected.”

1.4 Preparation of oxide phosphors

The traditional technique used to produce persistent oxide phosphors in the forms of solid
ceramics or micro-scale powders is a high-temperature solid-state reaction method. In the solid-
state reaction, metal oxide powders as precursors directly react to form the final products at high

18,87,96

temperature. For example, NIR persistent Zn;Ga,Ge,0;0:Cr’* phosphor was synthesized by

mixing stoichiometric amounts of ZnO, Ga,0s, GeO, and Cr,O3; powders and then sintering at
1350 °C to form a solid ceramic.®’ In the synthesis of oxide persistent luminescent nanoparticles,

four methods were usually used, including co-precipitation,’’ sol-gel method,'®*"** hydrothermal

91,99 100

synthesis,” " and combustion methods.

The co-precipitation method produces the nanoparticles through insoluble species formed
under high supersaturation conditions. A large number of small particles are formed during
nucleation and then grow by Ostwald ripening and aggregation until reaching supersaturation

101,102

conditions to induce precipitation. To synthesize SrAlLO4:Eu’" Dy’ persistent
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nanoparticles, co-precipitation occurs when metal nitrate salts (Sr(NOs),, AI(NOs);, Eu(NOs3)3,
Dy(NO3);) mix with oxalic acid in base aqueous solution (pH = ~10).”” The dry precipitates
were then calcinated at 1000 °C in air, following heat treatment in a reducing atmosphere of 5%
Hy/N,.'” Co-precipitation reactions are usually performed at low reaction temperatures (<100
°C), and the induced precipitation is usually the result of a chemical reaction. As such, any
reaction conditions influencing the mixing process, such as rate of reactant addition and stirring
rate, must be considered.'” The complicated process results in a lower homogeneity of the
precipitated nanoparticles, compared with the sol-gel methods discussed below.

The sol-gel method is a wet-chemical technique that uses a chemical solution as a precursor
to produce an integrated network (gel) of discrete particles or polymers. The precursors are
prepared by desirable compounds with specific stoichiometric ratios.'>'**'%” The liquid phase
is removed from the gel to convert polymer network containing metal compounds into an oxide
network via drying process. The dry gel is calcinated in order to get crystalline phases and to
improve the optical properties. To prepare SrAl,04:Eu*",Dy’" persistent nanoparticles, aluminum
complexes were first prepared by refluxing aluminum isopropoxide in 2-methoxyethanol and
then mixed with metal nitrates (Sr(NOs),, Eu(NOs)3;, Dy(NOs)3) in a aqueous solution containing
ethylacetoacetate, which acted as chelating agent to form stable metal complexes.”® The sol was
stirred and kept in an ice bath to activate the gel formation. The gel was dried at 120 °C and then
calcinated at 1200 °C to form powder. Finally, SrAl,O4:Eu®",Dy’" phosphor with persistent
luminescence was obtained after reducing the calcinated powder in an atmosphere of H,/N; at
1300 °C.

Hydrothermal synthesis is a versatile low temperature route for synthesizing metal oxide

nanoparticles. In hydrothermal synthesis, the reaction is performed under high vapor pressure
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(generally in the range from 0.3 to 4 MPa) and at temperatures above the boiling point of water

102,108,109

(generally in the range from 130 to 250 °C). Under these hydrothermal conditions, the
solubility of precursors in water increases significantly, enabling reactions to take place at low
temperature. This technique allows obtaining good crystalline nanoparticles. To obtain
GdzOZS:EuH,Ti‘H,Mg2+ persistent nanophosphors, metal nitrates (Gd(NOs);, Eu(NO3)3) as

191 The Teflon contanier

precursors in a base aqueous solution were sealed in a Teflon container.
was then kept in a sealed, stainless steel capsule at 200 °C to produce white precipitants. The dry
precipitants reacted with sulfur powder, MgCO; and TiO; at 800 °C in a reducing enviroment to
obtain Gd,0,S:Eu’", Ti*" Mg** powder.

Combustion synthesis method was accidentally discovered in 1988 in Prof. Patil’s lab in
India.'"’ In combustion synthesis, fuel and oxidizer are required. For the combustion synthesis of
oxide nanoparticles, metal nitrates (such as zinc nitrate for ZnO) are used as oxidizer, and
hydrazine based compound or glycine are commonly used as the fuels. Stoichiometric

compositions of metal nitrates and fuels are calculated based upon propellant chemistry.''" T

na
typical combustion process, the fuel and oxidizer are dissolved in a minimum amount of water in
a Pyrex dish which is then introduced into a muffle furnace or on a top of a heat plate maintained
at 400-500 °C. The solution boils, foams and ignites to burn with flame (at about 1400 = 100 °C)
to yield voluminous, foamy oxide. The entire combustion process lasts for less than 5 minutes
(the burn with flame just lasts tens of seconds). The combustion process is self-propagating, i.e.,
once ignited it goes to completion without supply of additional heat. The major advantages of the

combustion method are improvement in processing time, energy saving, the ability in atomic

level doping of impurity ions in the host lattices, and the fine particle nature of the products. This
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technique has been use to synthesize Eu®", Dy’" and Er’" co-doped SrAl,O4 NIR persistent
nanoparticles.'*

In the fabrication of oxide persistent luminescent nanophosphors, calcination at high
temperature is needed to improve the luminescence properties and crystallinity of the materials.
While the calcination improves the persistent luminescence properties, it also leads the
aggregation of nanoparticles. To obtain small size nanoparticles, wet grinding, a simple physical
way to break down the aggregates, is frequently used. In the process of wet grinding, the
aggregated powder is suspended in a liquid media, and then mechanical forces (from a grinding
mill or mortar/pestle) are applied to tear apart the aggregates suspended in the liquid. Due to the
dispersing effect of the liquid media, it avoids the particle re-aggregation and obtain fine-size

112,113

nanoparticles. Now, wet grinding is becoming a popular method to increase the yield rate of

persistent luminescent nanoparticles after synthesis,'**"#!-%2

1.5 Surface modification of metal oxide nanoparticles

Nanoparticles are becoming the indispensable tools for medicine, biology and
pharmaceutical industries, because of their unique size dependent properties such as electrical,
magnetic, mechanical, optical and chemical properties, which largely differ from those of their
bulk counterparts.''*'"> Since nanoparticles have much higher surface energy than the sub-
micron sized particles, nanoparticles have an extremely high tendency of adhesion and
aggregation. To improve the dispersion and biocompatibility of nanoparticle, surface
modification or encapsulation is generally used to alter the physical, chemical and mechanical

properties as well as surface structures of nanoparticles.
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This section intends to give an overview of the major functional groups that tend to react
with metal oxide surfaces and some of protocols reported in the literature for the coating or

encapsulating of metal oxide nanoparticles. Metal oxide nanoparticles were mainly modified or

117-119 120,121

encapsulated by organic ligands,''® polymers, and liposomes.
1.5.1 Organic ligands

The most suitable compounds for modifying metal oxide nanoparticles include silanes,
phosphonoates and carboxylates. Silanes, such as alkoxysilane, hydrogenosilane, and
chlorosilane, are organofunctional alkoxysilane molecules. Since abundant hydroxyl groups exist
on the surfaces of metal oxides, the alkoxy groups of silanes can be attached and displaced by
hydroxyl groups to form a covalent -Si-O-Si bond. For example, silanization of metal oxide
nanoparticle surfaces with tetraethyl orthosilicate (TEOS) led to silica coated nanoparticles. It is
easy to introduce amino functional groups to metal oxide surfaces by replacing the TEOS with 3-

122

aminopropyl triethoxysilane. “© Phosphonates binding to surfaces of metal oxides forms

123,124

phosphorus-oxygen-metal (P-O-M) linkages. Phosphonic acids and phosphoric acids can

easily functionalize surfaces of metal oxides, such as TiOz,lzs'127 A1203,128’129 SnOg,BO’131
ZnO'*? and Fe,03,"* through P-O-M bonds. Carboxylates are also often used to modify metal

134

oxide nanoparticles. ”" Xie et al. reported a very simple method to turn hydrophobic magnetic

nanoparticles into hydrophilic ones by ligand exchanges with dimercaptosuccinic acid, which

provides the particles with additional functionality.'*

The dimercaptosuccinic acid first forms a
stable coating through its carboxylic chelate bonding and further stabilization of the ligand shells

is attained through intermolecular disulfide cross-linkages between ligands under ambient
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conditions. The remaining free thiol groups of DMSA ligand are used for the attachment of

target specific antibodies.

1.5.2 Polymers

The adsorption of polymeric dispersant is one of the simplest surface modification techniques
to improve the dispersion stability of nanoparticles in liquid media. The polymeric dispersants
are divided into two groups: natural polysaccharides and synthetic polymers.

The most common nature polysaccharides used in surface modification is dextran.''”''®
Dextran easily meets the strict criteria of nontoxicity, nonimmunogenic, nonantigenic and
biodegradability in the requirements of biomedical applications.''” In addition, total bonding
energy of hydrogen-bonds over the length of dextran can be very high because of the large
number of hydroxy groups per molecule, although single hydrogen bond are relatively weak.'*
This helps to chelate and then stabilize metal oxide nanoparticles. Dextran-stabilized magnetic
nanoparticles are obtained by coprecipitation from aqueous solutions containing iron oxide
precursors and dextran.''**

To disperse nanoparticles into aqueous media with synthetic polymers, three kinds of
polymeric dispersants, including anionic, cationic and nonionic polymers, are widely used to
generate steric repulsive force from the polymer chains and to increase the surface charge.*’ For

138-144
d,

anionic polymers, various derivatives of polycarboxylic acids, polyacrylic aci and

145
1

polyvinyl alcohol'* are used to disperse many kinds of oxide nanoparticles such as BaTiO3,"*

TiO,,'* ALO;,"*'* and Fe,05.'* In cationic polymers, polyethylenimine (PEI) is a popular

7

dispersant for stabilizing of ALO;'** and TiO,"’ nanoparticles. Pluronics are a family of

poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) tri-block copolymers used
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as nonionic polymers in biotechnological and pharmaceutical industries for their unique abilities
(i.e., low toxicity and minimal immune response).'* Polyvinylpyrollidone (PVP) is also a
nonionic polymer which has been used in various medical applications, due to its high water-
solubility and non-toxicity.'* These two nonionic polymers have been used for thermal synthesis

of iron based magnetic nanoparticles.'*’

1.5.3 Liposomes

Encapsulation of magnetic nanoparticles in stealth liposomes seems to be a promising
approach to improve the applicability of magnetic nanoparticles in biomedical applications.
Liposomes can be considered as a special class of vesicles, in which the building blocks units are
lipids. Martina et al. developed magnetic fluid-loaded liposomes by encapsulating maghemite
nanocrystals within unilamellar vesicles of egg lipids (phosphatidylcholines) and polyethylene
glycol (PEG)."*"*! Magnetic fluid-loaded liposomes with hydrodynamic size of ~195 nm were
capable of encapsulating up to 1.67 mol of iron per mol of lipid. /n vivo evaluation in mice using
magnetic resonance angiography demonstrated that these magnetic fluid-loaded liposomes were
still present in blood 24 h after the intravenous injection, confirming their long circulating

behavior.
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1.6 Motivations

To overcome the limitations encountered in optical imaging and yield a robust modality for
fluorescent probes in vivo, ideal probes should possess the following characteristics. (1) It is self-
luminescent and long-lasting; that is, the luminescence signal from the probe can be detected in

18,50 oy +
" This can

vivo for a considerable long time (>1 week) without continuous external excitation.
permit the complete removal of the autofluorescence and hence the background noise originating
from in situ excitation. (2) The emission is in the tissue optical window (i.e., 650-900 nm or
1000—1350 nm), in which light attenuation is largely due to scattering rather than absorption.*® (3)
It has high chemical stability and photostability in aqueous environment.*'*' (4) Tt is

151

biocompatible in physiological condition. " (5) It has functional groups for site-specific cell

192 (6) Its size can be tuned and controlled.”’ (7)

labeling in an easy and transfection-free manner.
It is available in a reproducible quality and can be produced in large volume."' It is anticipated
that fluorescent probes with these characteristics can enable imaging to be conducted on a
conventional imaging system in a bioluminescence mode with minimized background, excellent
S/N ratio, great penetration depth, high spatial resolution, long-term tracking (or long circulating
half-life), and cell- or tumor-specific targeting. However, no currently available probes meet all
these characteristics.

The work presented in this dissertation aims to synthesize novel photostimulable NIR
persistent luminescent nanoparticles, LiGasOg:Cr’" (LGO:Cr), which satisfy almost all the
requirements for an ideal optical probe listed above. The LGO:Cr nanoparticles emit intense,
long-lasting NIR persistent light after the removal of the excitation. This allows the nanoparticles

to be tracked in vivo without external excitation, permitting the complete removal of the

autofluorescence. The resulting imaging is bestowed with a significantly improved S/N ratio,
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allowing for detection in rather deep-tissues with high sensitivity. The emission (peaking at 716
nm) is in the tissue transparency window. This can further increase the detection depth.
Remarkably, the UV-pre-irradiated LGO:Cr nanoparticles can be repeatedly stimulated by long-
wavelength light, e.g., white light emitting diode (LED) flashlight), which allows for
longitudinal (days or even weeks) monitoring/tracking of the LGO:Cr labeled cells in vivo. These
novel photostimulable NIR persistent luminescent nanoprobes provide promising potentials for

cancer diagnosis and cell therapy research.
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CHAPTER 2
PRELIMINARY UNDERSTANDING OF PHOTOSTIMULATED NIR PERSISTENT
LUMINESCENCE OF CHROMIUM-DOPED LITHIUM GALLIUM OXIDE

2.1 Introduction

Photostimulated luminescence, PSL, is introduced in Section 1.1.1. Briefly, the optical
information written by X-ray or UV irradiation on an imaging plate is read out as a visible PSL
signal under the stimulation of a low-energy light (such as a red laser) with appropriate
wavelengths in conventional photostimulable storage phosphors.

Photostimulable storage phosphors such as BaFBr:Eu®", have been widely used as imaging
plates for optical information write-in and read-out in dosimetry and X-ray imaging. The optical
information write-in and read-out processes require optically illuminating the phosphor plate

. 15,16
twice. ™

The first exposure by an x-ray beam or a UV light “writes” a latent image in the form
of trapped electrons on the phosphor plate. The number of trapped electrons is proportional to the
amount of radiation absorbed locally and the latent image is optically readable within a certain
time frame (usually within 8 h for practical use) after the exposure. The second illumination with
a light of appropriate wavelength, typically an intense light with low energy (e.g., red He-Ne
lasers), “reads” the image in the form of higher energy visible PSL signal (e.g., violet-blue

emission for BaFBr:Eu”" phosphor).'"""2

Most of the trapped electrons are extracted during the
read-out process, and the residual electrons remaining on the phosphor plate can be erased

through illumination with bright fluorescent light so that the plate can be used again. Therefore,

the photostimulable storage phosphors which exhibit the PSL phenomenon can be used as
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erasable and rewritable optical memory media for many advanced optical storage applications.
For example, the best-known and the most commercially successful photostimulable storage
phosphor so far is BaFBr:Eu”", which is being widely used as the imaging plates in computed
radiography.'"'

Unlike the transient PSL, here we introduce a new optical read-out form, photostimulated
persistent luminescence (PSPL) in the NIR, from a LiGasOs:Cr'" (LGO:Cr) phosphor. An
intense PSPL signal with an emission peaking at 716 nm can be repeatedly obtained in a period

of more than 2000 h when a UV light (250-360 nm) pre-irradiated LGO:Cr phosphor is

repeatedly stimulated by a light between 380—-1000 nm.

2.2 Energy level structure of Cr’* ions in phosphors

Cr’* was recently adopted as an emitting center in NIR persistent phosphors. The Cr’" ion
(with electronic configuration of [Ar]3d°) has three electrons occupying the outermost 3d
electron orbits of the ions. When Cr’" ions are doped into solids, spectroscopic properties are
considerably changed. These changes are explained in terms of crystal field theory, which
assumes anions (ligands) surrounding the metal ion as point electric charges."

For free ions, the energies of the five 3d orbitals are identical. However, when the ions are
doped into crystals, crystal field theory shows that the splitting of 3d energy level depends
strongly on the symmetry of the crystallographic site. For example, when the Cr’" ions are in the
sites with octahedral symmetry, the energy level is split into two groups: E and 75, as shown in

Figure 2.1.
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Figure 2.1 Energy level splitting of d-orbitals in octahedral (O,) symmetry. Dg represents the
interaction of the d electrons with the electrostatic fields of the ligands.

Figure 2.2 shows the Tanabe—Sugano diagrams for 3d° configurations. The level energies (E)
from the ground level are plotted against the crystal field energy (Dg). Both E and Dg are in
units of B (Racah parameter). The left-hand side of the diagram corresponds to the free ion case

(Dq = 0), and the split components resulting from the crystal-field are shown on the right side.
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Figure 2.2 Tanabe-Sugano diagram of 34° ion in octahedral field. (This figure is reproduced
from reference 153 with the permission of Wiley.)
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25+1
S states, where

The term symbols for free-ion states of transition metal ion are labeled as
S is the total spin quantum number and L is the total orbital angular momentum. These term
symbols are called Racah parameters, such as 4F, 4P, ’G, 2F, as shown in Figure 22193 Crystal

field energy levels are labeled as >

X, where X can be A for orbital singlet, E for a doublet and
T for a triplet. For instance, the ground state of a free ion of & configuration is ‘F, and the *F
state is further split into a ‘As ground state and two excited states (*T, and *T}) in an octahedral
crystal field. The other excited states of the free ion also split into different A, T and E levels.
Emission from Cr’* ion can change from a sharp line to a broad band, depending on the
crystal field strength around it in the host lattice. When the Cr’* ion locates in a strong octahedral
crystal field (Dg/B >2.3), the first excited level will be the ’E term, which give a narrow sharp

luminescence line. In a weak octahedral crystal field (Dq/B <2.3), the *T, term will become the

lowest excited level which gives a broadband emission ranging from 650 nm to 1200 nm.

2.3 Synthesis and characterizations of LiGa508:Cr3+ bulk materials

Synthesis of LGO:Cr bulk materials. LGO:Cr phosphors in the forms of solid ceramic
discs were synthesized by a solid-state reaction method.'® Stoichiometric amounts of Li,CO;3,
Ga,03 and Cr,03 powders were ground to form a homogeneous fine powder (the Cr content in
the LGO:Cr phosphor demonstrated here is 1 atom%). The mixed powder was then prefired at
800 °C in air for 2 h. The prefired material was again ground to fine powder suitable for sintering.
The prefired powder was pressed into discs with diameters of 15 mm and 40 mm using a 16-ton
hydraulic press. The discs were then sintered at 1300 °C in air for 2 h to form a solid ceramic.
The 15-mm-diameter discs were used as-is. Some 40-mm-diameter discs were cut into 15 x 15

mm?” plates for deliberate imaging experiments.
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Characterization of LGO:Cr bulk materials. The spectral properties (excitation and
emission spectra, decay curves, persistent luminescence emission and excitation spectra,
thermoluminescence curves and PSPL write-in and read-out spectra) of the LGO:Cr discs were
measured using a Horiba FluoroLog-3 spectrofluorometer equipped with a 450 W xenon arc
lamp and a R928P photomultiplier tube (250-850 nm). All spectra were corrected for the optical
system responses. Appropriate optical filters were used to avoid stray light in all spectral
measurements.

Thermoluminescence curves were recorded using a homemade measurement setup
(temperature range, —196-280 °C; heating rate, 4 °C/s). The typical measurement system
consists of a programmable temperature controller, a heater, a photomultiplier tube, and a
computer. Constant heating rate is accurately maintained by the programmable temperature
controller and is recorded as x-axis. The luminescence from the sample is detected by the
photomultiplier tube and recorded as y axis.

NIR persistent luminescence and PSPL photos of the samples were taken in a dark room
using a Pentax digital SLR camera which was connected to an ATN PVS-14 Generation III night
vision monocular. The monitoring and imaging experiments were conducted in a dark room.
Before all the spectral measurements and imaging, the samples were heat-treated in a muffle
oven at 400 °C for 20 min to completely empty the electron traps.

Four light sources were used to activate the LGO:Cr discs for spectral measurements and
imaging: a 450 W xenon arc lamp (in a FluoroLog-3 spectrofluorometer), a 4 W 254 nm UV

lamp, and a YAG:Ce-based white LED flashlight (85 lumens).
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2.4 Luminescence properties of LiGaSOg:Cr3+ ceramics
2.4.1 Photoluminescence and super-long persistent luminescence in the NIR

Cr3+-doped LiGasOg (LGO:Cr) was studied in the 1970s but neither NIR persistent
luminescence nor NIR PSPL was reported."” Figure 2.3 shows the normalized
photoluminescence emission and excitation spectra of a LGO:Cr phosphor disc at room
temperature. Under excitation at 400 nm, the material exhibits a narrow-band emission (red
curve in Figure 2.3) peaking at 716 nm. This NIR emission is characteristic of Cr’" ions and can

be attributed to the spin-forbidden *E — “A, transition. The associated broad background

Excitation=<—| — Emission

Intensity (arb. units)

300 400 500 600 700 800
Wavelength (nm)

Figure 2.3 Photoluminescence of LGO:Cr phosphor discs at room temperature. Normalized
excitation and emission spectra for photoluminescence. The emission spectrum is acquired under
400 nm light excitation and the excitation spectrum is obtained by monitoring 716 nm emission.

emission ranging from ~650 nm to ~850 nm originates mostly from the phonon sidebands of the

’E — “*A, transition."*

The photoluminescence excitation spectrum monitored at 716 nm
emission covers a very broad spectral region (from ~250 to ~660 nm, black curve in Figure 2.3

and consists of three main excitation bands originating from the inner transitions of Cr’",

including the 300 nm band originating from the ‘A, — “T;(*P) transition, the 415 nm band
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originating from the *A; — *T(*F) transition, and the 605 nm band originating from the ‘A —
*T,(*F) transition.

Besides the intense NIR photoluminescence, the excitation of UV light can also induce very-
long-lasting NIR persistent luminescence in LGO:Cr phosphor with a persistence time >1000 h.
Figure 2.4 shows the persistent luminescence decay curve of a LGO:Cr phosphor disc monitored
at 716 nm after irradiation by 300 nm UV light for 20 min. The recording lasted for 120 h. As
can be seen, the persistent luminescence intensity drops quickly in the first several hours and
then decays slowly. After 120 h of persistent emission, the persistent luminescence intensity is
still significantly high, indicating that the NIR persistent luminescence should last much longer
than 120 h. The upper inset of Figure 2.4 shows a persistent luminescence emission spectrum
recorded at 1 h after the stoppage of the 300 nm UV light irradiation. The profile of the persistent
luminescence emission spectrum is almost identical to that of the photoluminescence emission
spectrum (Figure 2.3), indicating that the NIR persistent luminescence originates from the
Cr’*emitting centers.

However, unlike the NIR photoluminescence which can be effectively excited by a wide
range of wavelengths (~250-660 nm) (Figure 2.3), the NIR persistent luminescence in LGO:Cr
cannot be induced by low-energy visible light irradiation. To evaluate the effectiveness of
different excitation wavelengths (energies) for persistent luminescence, we measured the
persistent luminescence decay curves monitored at 716 nm after the excitation of monochromatic
light with different wavelengths between 250-600 nm in 10 nm steps, recorded the persistent
luminescence intensity at 10 s after the stoppage of each excitation (/jos), and plotted the
intensity /os as a function of the excitation wavelengths, as the ball curve shown in the bottom

inset of Figure 2.4. It is clear that the NIR persistent luminescence can be effectively achieved by
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UV irradiation between 250-360 nm (250 nm is the low limit of the xenon emission in the

FluoroLog-3 spectrofluorometer), and the effectiveness increases as the excitation moves to

shorter wavelengths.
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Figure 2.4 Persistent luminescence of a LGO:Cr phosphor disc at room temperature. NIR
persistent luminescence decay curve monitored at 716 nm after irradiation by 300 nm light for 20
min. The upper inset shows the persistent luminescence emission spectrum recorded at 1 h after
the stoppage of the irradiation. The bottom inset is the persistent luminescence excitation
spectrum obtained by plotting the persistent luminescence intensity (/;os) monitored at 716 nm as
a function of the excitation wavelengths over the 250-600 nm spectral range. The persistent
luminescence intensity at time of 10 s after the stoppage of the irradiation is noted as /,os. Each
data point was /;¢s obtained from each room temperature persistent luminescence decay curve of
the LGO:Cr phosphor disc irradiated by monochromatic light at the selected excitation
wavelength. The disc was irradiated for 5 min at each measured wavelength using a xenon arc
lamp.
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The very-long-lasting NIR persistent luminescence of the LGO:Cr phosphor disc was also

visually evaluated using a night-vision monocular in a dark room. Figure 2.5a—f shows the

10 min

Figure 2.5 Persistent luminescence and PSPL images of a LGO:Cr phosphor disc at room
temperature. a—f, NIR persistent luminescence images of phosphor discs. Images were taken at
different persistent luminescence times (10 min to 1080 h) after irradiated by a 254 nm lamp for
1 min. g—h, NIR PSPL images of phosphor discs. Starting from the 1008 h time point, the
phosphor disc was stimulated by a white LED flashlight. The PSPL images were taken at 10 s
after ceasing the white LED stimulation. The imaging parameters are: a, b, g and h, manual/ISO
400/10 s, c—e, manual/ISO 800/30 s, and f, manual/ISO 1600/30 s.

changes of NIR emission “brightness” with a natural decay time up to 1008 h for the LGO:Cr
disc after exposure to a 4 W 254 nm UV lamp for 1 min. Figure 2.5a—f clearly shows that the
LGO:Cr phosphor discs can be effectively activated by the 254 nm UV lamp and 1 minute of UV
irradiation can result in 1008 h of persistent NIR emission. Remarkably, after 1008 h of natural
decay, short (~20s) white LED stimulation can recover, the luminescence signal from the
decayed LGO:Cr disc, as the images shown in Figure 2.5g-h. It should be noted that, as the
PSPL phenomenon that will be discussed below, the energy stored in the LGO:Cr phosphor disc
during excitation is not completely released even after 1008 h room-temperature decay. Thus, the
actual persistent luminescence decay time of the LGO:Cr phosphor at room temperature should

be longer than 1008 h.
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2.4.2 Photochromism

In irradiating the LGO:Cr phosphor discs using a 254 nm UV lamp in room light
environment, we observed that the body color of the LGO:Cr sample changed from greenish to
reddish, as the digital pictures shown in Figure 2.6a,b. This UV irradiation induced coloration
phenomenon is long lived at room temperature, lasting for more than one month (the samples
need to be stored in the dark); however, it can be quickly bleached by external stimulations, such
as through illumination with bright fluorescent light or through heating at around 400 °C. This
coloration/bleaching process can be repeatedly carried out without leaving any permanent
changes to the optical performance of the LGO:Cr samples. The change of body color due to UV
irradiation is qualitatively reflected by measuring the diffuse reflectance absorption on the
samples with and without UV irradiation, as the spectra shown in Figure 2.6c. Compared with
the non-irradiated sample (curve 3), the spectra of the UV-irradiated sample (curves 1 and 2)
contain an additional green absorption band peaking at ~500 nm, as the dash-line curve and dot-
dashline curve shown in Figure 2.6c. The presence of the additional green absorption band,
together with the strong absorption of the material to blue light, make the UV-irradiated LGO:Cr
discs appear to be reddish in room light condition.

Since the repetitive coloration/bleaching processes do not cause permanent change to the
samples, the coloration phenomenon can be attributed to the formation of photochromic

155,156
centers,

which may result from the trapping of photogenerated electrons by the deep-level
lattice defects (such as oxygen vacancies adjacent to the chromium ions) in LGO:Cr. Also, since
the fading of coloration is accompanied by the decrease of persistent luminescence intensity at

room temperature, the deep-level lattice defects used to form the photochromic centers may also

act as deep electron traps responsible for the long persistent luminescence.
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Figure 2.6 UV-irradiation-induced coloration and changes in diffuse reflectance absorption of
LGO:Cr phosphor plates. a, Digital image of a 15 x 15 mm* LGO:Cr phosphor plate with its
center covered by an 8 x 8 mm? black paper in room light environment. Scale bar, 5 mm. b, The
same plate as the one in a after exposed to a 254 nm UV lamp for 5 min. The paper was removed
after the irradiation. ¢, Diffuse reflectance absorption spectra acquired on LGO:Cr plates with
and without UV irradiation. Curve 1 and curve 2 were recorded on a 300 nm-light-irradiated
plate (for 20 min) with delay times of 10 s and 120 h, respectively. Curve 3 was acquired on a
bleached plate (without UV pre-irradiation). The dash-line curve is the difference between curve
1 and curve 3. The dot-dash-line curve is the difference between curve 2 and curve 3.

To further understand the properties of electron traps and photochromic centers in LGO:Cer,

we conducted thermoluminescence measurements on phosphor discs undergoing different delay
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Figure 2.7 Thermoluminescence spectra of a LGO:Cr phosphor disc. Thermoluminescence
curves monitored at 716 nm emission over 20-280 °C. The samples were pre-irradiated by 300
nm UV light for 20 min. The dot-dash-line curve and solid-line curve were acquired at delay
times of 10 s and 120 h, respectively. The dash-line curve was acquired on a 120 h-decayed disc
after stimulation by 400 nm light for 100 s.

times, as shown in Figure 2.7. The dot-dash-line curve in Figure 2.7 shows the
thermoluminescence curve acquired immediately (delay time, 10 s) after the stoppage of 300 nm
light irradiation (for 20 min). The curve consists of two broad bands with maxima at 150 °C and
220 °C, which correspond to the shallow and deep traps, respectively. When the delay time
increases to 120 h (the solid-line curve in Figure 2.7), a majority of the shallow-trap band
disappears and the deep-trap band still exists, indicating that it is the deep traps that are

responsible for the super-long persistent luminescence at room temperature. Since the photo-

stimulation method has been frequently used to study the photochromic centers in storage
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phosphors,'? we then conducted photostimulated thermoluminescence measurements on the
decayed LGO:Cr samples. The dash-line curve in Figure 2.7 shows the thermoluminescence
curve of a 120 h-decayed LGO:Cr disc after being exposed to 400 nm illumination for 100 s.
Compared with the 120 h-decayed sample without photostimulation, the 400 nm-light
stimulation significantly changes the thermoluminescence curve profile, i.e., the deep-trap band
intensity decreases while the shallow-trap band reappears. This means that after the 400 nm light
photostimulation, some of the electrons in the deep traps are photo-released and the emptied
shallow traps are refilled. (Note that the phenomenon of electron transfer from deep traps to
shallow traps under external stimulation was also recently observed in some

mechanoluminescent materials."””"*®

2.4.3 Photostimulated persistent luminescence

The photostimulation induced electron trap redistribution, especially the refill of the shallow
traps, suggests that photostimulation can affect the persistent luminescence behaviors of the UV
pre-irradiated LGO:Cr phosphor. To verify this assumption, we illuminated a 120 h-decayed
LGO:Cr disc with 400 nm light for 100 s and measured its persistent luminescence decay curve
(monitored at 716 nm), as the brown curve shown in Figure 2.8. Figure 2.8 clearly shows that the
400 nm light illumination increases the persistent luminescence intensity and thus a new PSPL
phenomenon occurs. For comparison, we also conducted the same measurement on a completely
bleached (i.e., without UV pre-irradiation) LGO:Cr disc, as the grey curve shown in Figure 2.8.
No persistent luminescence was observed in the bleached sample after the 400 nm light
illumination, which is consistent with the persistent luminescence excitation spectrum shown in

the bottom inset of Figure 2.4. The inset of Figure 2.8 is the PSPL emission spectrum of the 120
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h-decayed disc, which was recorded at 10 s after the stoppage of the stimulation. The profile of
the PSPL emission spectrum is almost identical to that of the photoluminescence emission

spectrum (Figure 2.3) and the persistent luminescence emission spectrum (upper inset of Figure

2.4).
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Figure 2.8 PSPL decay curves of a LGO:Cr phosphor disc monitored at 716 nm. The brown
curve was acquired on a 120 h-decayed disc (pre-irradiated by 300 nm light for 20 min), while
the grey curve was recorded on a bleached disc (without UV pre-irradiation). The inset is the
PSPL emission spectrum of the 120 h-decayed disc, which was recorded at 10 s after the
stoppage of the stimulation. The wavelength of the stimulation light is 400 nm.
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The NIR PSPL phenomenon in LGO:Cr is analogous to the visible PSL in conventional
photostimulable storage phosphors, indicating that the LGO:Cr phosphor has the potential to be
used as a new type of erasable and rewritable optical memory media for optical information
write-in and read-out. For the measurement in Figure 2.8, the write-in and read-out sources are
300 nm UV light and 400 nm visible light, respectively. To precisely determine the range of
write-in and read-out energies needed for the NIR PSPL in LGO:Cr, we plotted PSPL write-in
and read-out spectra by measuring PSPL decays over a wide range of wavelengths between
250-660 nm. In plotting the PSPL write-in spectrum, we irradiated a bleached LGO:Cr disc
using monochromatic UV light between 250—-380 nm in 10 nm steps and recorded the persistent
luminescence decay curves with and without a 400 nm light stimulation. We defined the PSPL
intensity as the difference between the persistent luminescence intensities of each set of decays
with and without photostimulation at the time of 10 s after the stoppage of the stimulation. The
PSPL write-in spectrum was then obtained by plotting the PSPL intensities as a function of the
write-in wavelengths (250—-380 nm), as the ball curve shown on the left panel of Figure 2.9. The
write-in spectrum reveals that in order to induce NIR PSPL in LGO:Cr, the write-in wavelength
should be shorter than 360 nm, and within the measured wavelengths of 250—-360 nm the shorter
the excitation wavelength the more effective the write-in process is. Moreover, by comparing
Figure 2.9 with the bottom inset of Figure 2.4, it can be found that the PSPL write-in spectrum is
identical in shape to the persistent luminescence excitation spectrum even though they were
obtained by different methods and their physical meanings are different (The PSPL write-in
spectrum shows the energy required to fill the deep traps, while the persistent luminescence

excitation spectrum reveals the energy needed to photoionize the localized electrons from Cr’” to
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the conduction band). The coincidence of these two spectra clearly indicates that the filling of the
deep traps accompanies the photoionization of Cr’* in LGO.

In acquiring the PSPL read-out spectrum, the write-in wavelength was fixed at 300 nm, while
the read-out wavelengths were tuned between 380-660 nm in 10 nm steps. Using the same
method as above, we plotted the PSPL read-out spectrum, as shown on the right panel of Figure
2.9. The read-out spectrum reveals that the PSPL phenomenon can be induced by the entire
visible spectrum and that the shorter the stimulation wavelength the more effective the read-out
process is. It is worth noting from Figure 2.9 that there is no overlap between the PSPL write-in
and PSPL read-out spectra in the LGO:Cr phosphor. This is important because while the visible
light is reading the optical information written by the UV light, it does not write new information
into the material. In addition, the very broad write-in and read-out spectra allow one to easily
find suitable optical sources, such as inexpensive laser diodes and LEDs, for the optical

information write-in and read-out processes.
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Figure 2.9 Optical write-in and read-out spectra for PSPL in LGO:Cr phosphor discs. Optical

write-in spectrum: the ball curve in left panel; optical read-out spectrum: the triangle curve in
right panel.
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2.5 Luminescence mechanism of LiGaSOs:Cr3+ phosphors

The above results on PSPL phenomenon in LGO:Cr at room temperature indicates that the
PSPL write-in process fills the deep traps with electrons (i.e., forms the photochromic centers),
while the PSPL read-out process releases the captured electrons from the filled deep traps (i.e.,
the photochromic centers) to the conduction band, followed by the refill of the emptied shallow
traps. To gain insight into the interaction between the traps and the Cr’" emitting centers, we
conducted extended thermoluminescence measurements starting at liquid nitrogen temperature
(=196 °C, i.e., 77 K) and decay measurement at 77 K on LGO:Cr discs, as shown in Figure 2.10

and Figure 2.11, respectively.
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Figure 2.10 Low-temperature thermoluminescence in LGO:Cr phosphor discs.
Thermoluminescence curves recorded by monitoring at 716 nm emission over —196-280 °C
(77-553 K) on a LGO:Cr disc. The dash-line curve and solid-line curve were recorded after 300

nm UV light irradiations for 20 min at 77 K and at room temperature, respectively.

Figure 2.10 shows two thermoluminescence curves recorded over —196-280 °C (i.e., 77-553
K) after irradiating the samples with 300 nm UV light for 20 min at 77 K (dash-line curve) and at
room temperature (solid-line curve). (For the case of room-temperature irradiation, the sample

was quickly transferred to liquid nitrogen environment for measurement after the stoppage of the

42



irradiation.) In high-temperature region (from room temperature to 280 °C), the two curves
exhibits the same profile. In low-temperature region (from 77 K to room temperature), however,
the 77 K pre-irradiated sample shows an additional thermoluminescence band, while the room-
temperature pre-irradiated sample does not. This means that there exist low-temperature trap
levels in LGO:Cr, but these low-temperature traps are inactive (i.e., emptied) during room
temperature irradiation due to the thermal energy available at room temperature. This trap
information indicates that the low-temperature traps will not contribute to the persistent

luminescence at 77 K for the samples irradiated at room temperature.
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Figure 2.11 Low-temperature persistent luminescence measurements in LGO:Cr phosphor discs.
Persistent luminescence intensity (/) monitored at 716 nm as a function of time (¢) at 77 K for a
LGO:Cr disc pre-irradiated at room temperature. Inset shows the same data plotted as I versus ¢.

Figure 2.11 shows a decay curve measured at 77 K for a LGO:Cr disc pre-irradiated at room

temperature. Before immersing the sample into liquid nitrogen for the measurement, the sample
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was irradiated by 300 nm light at room temperature for 20 min. The interval between the
stoppage of the room-temperature irradiation and the starting of the low-temperature
measurement is 120 s. This decay curve was also plotted as a function of reciprocal persistent
luminescence intensity versus time, as the linear curve shown in the inset of Figure 2.9. The
presence of low-temperature persistent luminescence without the contribution from the low-
temperature traps and the linear dependence of the reciprocal persistent luminescence intensity

versus time are characteristics of a quantum tunneling process,>'%

meaning that at 77 K the
electrons captured in the deep traps can directly recombine with the nearby ionized Cr*" ions via
quantum tunneling, instead of going through the conduction band.® This tunneling process,
which is temperature independent, proceeds at a slow rate, which on the one hand leads to the
super-long-persistent luminescence at room temperature, and on the other hand maintains the
electron population in the deep traps for a long time for the PSPL process.

Based on the above results and discussions, we propose a mechanism to account for the
super-long NIR persistent luminescence and the new NIR PSPL phenomenon at room
temperature in LGO:Cr, as schematically shown in Figure 2.12."* To simplify the description, we
assign the shallow traps and the filled deep traps (i.e., the photochromic centers) in the PSPL
process as TRAP-1 and TRAP-2, respectively. Under UV (250-360 nm) excitation, the ground-
state electrons of Cr’" ions are photoionized to the conduction band (process 1). The conduction
electrons are subsequently captured by TRAP-1 (process 2) and TRAP-2 (process 3). In the
initial stage of the persistent luminescence process, the electrons captured in TRAP-1 escape

thermally via the conduction band (process 4) and recombine with the ionized Cr’" ions, which

dominates the initial intense persistent NIR emission. Several hours later, the release of electrons
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Figure 2.12 Schematic representation of NIR persistent luminescence and photostimulated NIR
persistent luminescence mechanisms in LGO:Cr. The straight-line arrows and curved-line arrows
represent optical transition and electron transfer processes, respectively.

through the conduction band can be neglected due to the depletion of TRAP-1. The NIR
persistent luminescence subsequently originates mainly from TRAP-2 via quantum tunneling
(process 5), giving weak but very-long NIR persistent luminescence. Under the stimulation of a
visible or NIR light for a short time at room temperature, some of the electrons in TRAP-2 can
be photo-released to the conduction band (process 6) and some of which refill the depleted

TRAP-1 (process 7), resulting in enhanced persistent luminescence, i.e., the PSPL phenomenon.

Since only some of the electrons in TRAP-2 can be photo-released after photostimulation (owing
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to short-time, moderate-intensity light stimulation, e.g., an 85-lumen white LED for 20 s in the

present study), the PSPL phenomenon can thus occur many times.

2.6 Summary

In summary, we have synthesized a novel Cr’*-doped LiGasOs (LGO:Cr) NIR persistent
phosphor that exhibits a super-long NIR persistent luminescence of more than 1000 h, which is
the longest persistent luminescence reported to date. Remarkably, the LGO:Cr phosphor is also a
superb photostimulable storage medium — the energy stored in the deep traps of the material can
be liberated by photo-stimulation as intense NIR persistent luminescence signal, for multiple
times over a very-long period of time (>2000 h), by short exposure (tens of seconds) to a white
LED illumination — a new phenomenon that we referred to as PSPL. This NIR LGO:Cr
phosphor can be used as a promising storage medium for long-time optical information storage
and read-out. It is expected to find many other technologically important applications in security
and medical diagnosis. For example, Since the LGO:Cr phosphor emits highly penetrating NIR
light and the UV pre-irradiated samples can be repeatedly stimulated by long-wavelength light
(visible and NIR light), the material in the form of nanoparticles may act as ideal optical probes

for long-time in vivo deep-tissue bio-imaging.
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CHAPTER 3
SYNTHESIS, CHARACTERIZATION AND SURFACE MODIFICATION OF CHROMIUM-
DOPED LITHIUM GALLIUM OXIDE NANOPARTICLES

3.1 Introduction

Bulk LGO:Cr phosphor exhibits a super-long NIR persistent luminescence (peaking at 716
nm) after minutes of UV irradiation and intense NIR PSPL with short exposure to a white LED
illumination, as presented in Chapter 2. These unique, novel optical properties suggest that
LGO:Cr material in the form of nanoparticles can act as ideal self-illuminating NIR optical
nanoprobes for long-term deep-tissue in vivo bioimaging. In this chapter, we report NIR persistent
luminescence and PSPL properties from LGO:Cr nanoparticles synthesized by a sol-gel method
followed by calcination. The LGO:Cr nanoparticles exhibit persistent luminescence and PSPL in the
~650—-850 nm wavelength range (peaking at 716 nm) with an persistent luminescence time of more
than ~100 h and an PSPL time of more than ~200 h at room temperature. For using LGO:Cr
nanoparticles in in vivo experiments, surface modification of LGO:Cr nanoparticles is achieved by
polymer coating (i.e., PEI and PVP) and silica coating. LGO:Cr nanoparticles are also conjugated

with cyclic Arg-Gly-Asp-p-Tyr-Lys [¢c(RGDyK)] peptides for in vivo targeted imaging.

3.2 Synthesis and measurements of LiGaSOg:Cr3+ nanoparticles
3.2.1 Synthesis of LGO:Cr nanoparticles
The LGO:Cr nanoparticles were synthesized by a sol-gel method followed by calcinations at

high temperature.'® The synthesis process is briefly described as follows. A solution was
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prepared by dissolving stoichiometric amount of 0.19 g lithium nitrate (LiNO;, 99%, Alfa Aesar),
5.0 g gallium nitrate (Ga(NOs)3, 99.999%, Alfa Aesar), and 1.65 mg chromium nitrate (Cr(NOs)s,
98.5%, Alfa Aesar) into 44 mL methanol. The solution was then stirred for several hours on a
magnetic stirrer. During the stirring process, a chelating agent, 5.0 mL acetylacetone (>99%, TCI
America), was added into the solution to form chelate complexes. Aqueous ammonium solution
(28 vol.%, J.T. Baker) was also added to stabilize the complexes and to adjust the pH of the sol
to 8.4. When a homogeneous sol was formed, the solution was heated to 90 °C for several hours
to form a dry gel. The dry gel was then calcinated in a muffle furnace at 1100 °C for 3 hours to
form LGO:Cr particles with desirable NIR persistent luminescent properties. Since most of the
as-calcinated particles are larger than 200 nm due to sintering, to obtain small nanoparticles in
large scale (gram scale), the as-calcinated particles were wet grinded using a ball milling
equipment (JBM-B035, Just Nanotech Co.) in 2-propanol medium. The grinded particles were
suspended in 5 mM NaOH,q by ultrasonication and then filtered by 0.1 pm membrane filters
(Supor-100, PALL life Sciences). The LGO:Cr nanoparticles suspended in the filtered

suspension were then collected by centrifugation for subsequent use.

3.2.2 Measurements of LGO:Cr nanoparticles

The crystal structure of the as-synthesized materials was measured using a conventional
powder X-ray diffractometer (XRD, PANalytical) with CuKa radiation (A = 1.5406 A). The
diffraction patterns were analyzed using Crystallographica Search-Match (Version 2.1.1.0,
Oxford Cryosystems Ltd.). The morphology and microstructure were studied using a
transmission electron microscope (TEM, Hitachi HF-3300 STEM). The composition of the as-

synthesized materials was analyzed using a inductively coupled plasma mass spectrometer (ICP-
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MS, VG PlasmQuad 3). For ICP-MS measurements, 3 mg sample was mixed with 30 ml of 2%
HNOj3,q) in a sealed sample vial, The sealed vial was heated at 120 °C until the sample dissolved
in the aqueous solution. The solution was cooled down to room temperature and then diluted by
200 times with 2% HNO3(,q) for measurement.

The optical properties of the as-synthesized nanoparticles were measured by using a Horiba
Fluorolog-3 spectrofluorometer, as mentioned in Section 2.4. The data acquired include
photoluminescence emission and excitation spectra, persistent luminescence emission spectra,
persistent luminescence decay curves, PSPL emission spectra and PSPL decay curves. To elicit
the PSPL signal, a white LED (Olight, SR51) was used as the stimulation source.

NIR persistent luminescence and PSPL photos of the samples were taken in a dark room
using a camera which was connected to a night vision monocular, as mentioned in Section 2.4.
250 mg LGO:Cr nanoparticles were pressed into a 20 mm-diameter disc. Before imaging, the
sample was irradiated by a 254 nm UV lamp for 15 min. NIR persistent luminescence photos
were then taken at different delay times (up to 96 h). After 96 h nature decay, the disc was
illuminated by a Olight SR51 white LED flashlight for 10 s, and NIR PSPL photos were taken at
10 s and 1 h after the flashlight stimulation.

The persistent luminescence performance of LGO:Cr nanoparticles at different pH was also
evaluated. LGO:Cr nanoparticles were dispersed in 1x PBS buffer solutions with pH values
ranging from 3.0 to 11.0. The particle concentrations were all at 0.1 mg/mL. After 24 h
incubation, the solutions were irradiated by a 254 nm UV lamp for 15 min. The intensities of the
NIR persistent luminescence (in photons per second) were then acquired on an IVIS Lumina II

imaging system.

49



3.3 Properties of LiG3508:Cr3+ nanoparticles

3.3.1 Structure and morphology of LGO:Cr nanoparticles

Figure 3.1 is the XRD pattern of the as-synthesized LGO:Cr nanoparticles. The pattern can
be indexed as cubic LiGasOs, consistent with PDF No. 76-199. TEM study shows that

nanoparticles have irregular shape with sizes ranging from 50 to 100 nm (Figure 3.2). The

G311

Intensity (arb. units)
(220)

(440)

30 40 50 60 70
2 Theta (degree)

Figure 3.1 XRD pattern of LGO:Cr nanoparticles.

concentration of as-prepared LGO:Cr nanoparticles for ICP-MS analysis was 50 ng/mL. Element
analysis using an ICP-MS system reveals that the concentrations of Li, Ga and Cr are 990, 71340

and 18.6 ppb, respectively (Table 3.1), which are at the same order of the designed

concentrations.
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Figure 3.2 TEM image of LGO:Cr nanoparticles. (Scale bar, 200 nm)

Table 3.1 Element analysis of LGO:Cr nanoparticles

Li(ppb) | Ga(ppb) | Cr(ppb)
LGO:Cr nanoparticles | 990+ 164 | 71340 £ 634 | 18.6 +2.8
Theoretic concentration 1435 72095 32.3

3.3.2 Optical properties of LGO:Cr nanoparticles

The LGO:Cr nanoparticles exhibit the similar optical properties as the LGO:Cr ceramics.
Figure 3.3 shows the normalized photoluminescence emission and excitation spectra of the
LGO:Cr nanoparticles. Under excitation at 400 nm, the LGO:Cr nanoparticles exhibits a narrow-
band emission peaking at 716 nm (Figure 3.3), which is attributed to the spin-forbidden °E —*A,
transition of Cr’" ions.'®'>* The associated broad background emission ranging from ~650 to
~800 nm originates mostly from the phonon sidebands of the °E —"A, transition.'”* The LGO:Cr
nanoparticles can be effectively excited by light of a broad range of wavelengths (from ~250 nm

to ~660 nm). This photoluminescence excitation spectrum consists of three main excitation
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bands originating from the inner transitions of Cr’*, including the 300 nm band originating from

the *A —*T| transition, the 415 nm band originating from the *A —*T| transition and the 605 nm

band originating from the *A —>4T2 transition.'>*
g g
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Figure 3.3 Normalized photoluminescence excitation and emission spectra of LGO:Cr
nanoparticles. The excitation spectrum was obtained by monitoring at 716 nm emission. The
emission spectrum was excited by 400 nm.

As their bulk counterpart (i.e., LGO:Cr solid ceramic), the LGO:Cr nanoparticles also exhibit
very long lasting NIR persistent luminescence after the removal of the excitation source. Figure
3.4 shows the persistent luminescence decay curve of LGO:Cr nanoparticles monitored at 716
nm after irradiation by a 254 nm UV lamp for 15 min. The recording lasts for 24 h. It is clear that
after 24 h of persistent emission, the persistent luminescence intensity is still significantly high,
meaning that the NIR afterglow should last much longer than 24 h. Indeed, when monitored
using a night-vision goggle, the NIR emission from the LGO:Cr nanoparticles can be clearly
observed even after 96 h natural decay, as shown in Figure 3.5a—c. The inset of Figure 3.4 is the
persistent luminescence emission spectrum recorded at 10 s after the UV irradiation. The profile
of the persistent luminescence spectrum is almost identical to that of the photoluminescence

emission spectrum (Figure 3.3), indicating that the NIR persistent luminescence originates from
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the Cr’* emitting centers. Note that, unlike the NIR photoluminescence which can be excited by
a wide range of wavelength (~250—660nm), the NIR persistent luminescence in LGO:Cr

nanoparticles can only be induced by UV light irradiation.'®
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Figure 3.4 NIR persistent luminescence decay curve of LGO:Cr nanoparticles. The decay curve
(red) was monitored at 716 nm after irradiation by a 254 nm UV lamp for 15 min. The bottom
curve is the background. The inset is the persistent luminescence emission spectrum recorded at
10 s after the UV irradiation.

When the persistent luminescence signal becomes weak owing to the emptying of the
shallow traps, short illumination by a white LED flashlight can stimulate the release of some of
electrons in the deep traps to refill the emptied shallow traps, resulting in the rejuvenation of the
persistent luminescence via a PSPL mechanism, as the NIR images shown in Figure 3.5."® The
PSPL phenomenon occurs only in the UV pre-charged LGO:Cr nanoparticles disc (the red curve

in Figure 3.6). Without the UV pre-irradiation, LGO:Cr nanoparticles stimulated by a white LED

illumination did not produce PSPL signal (the grey curve in Figure 3.6), because the energy of
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Figure 3.5 NIR images for persistent luminescence and PSPL in LGO:Cr nanoparticles disc at
room temperature. a—c, Natural decay of persistent luminescence to 96 h. d—f, NIR PSPL up to
192 h. Starting from the 96 h time point, the sample was stimulated daily by a white LED
flashlight. PSPL images (d—f) were taken at 10 s after the stimulation. Images (d1-f1) were
taken at 1 h after the stimulation.

the white light is too low to photoionize the localized electrons from Cr’* to the conduction band
to fill the traps. The resulting PSPL signal can last for up to 1 h, and the process can be repeated
multiple times (>10 times) over a period of about two hundred hours (Figure 3.5d—f). The upper

inset of Figure 3.6 shows the PSPL emission spectrum recorded at 10 s after the stimulation. The

profile of the PSPL emission spectrum is identical to that of the photoluminescence emission
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Figure 3.6 NIR PSPL decay curves and emission spectra of LGO:Cr nanoparticles. The red solid
curve was acquired on a 24 h decayed sample (pre-irradiated by a UV lamp), while the grey dash
line curve was recorded on a bleached sample (without UV pre-irradiation). The inset is the
PSPL emission spectrum of the 24 h decayed sample, which was recorded at 10 s after the
stimulation.

spectrum (Figure 3.3) and the persistent luminescence emission spectrum (upper inset of Figure
3.4), indicating that the NIR PSPL originated from the Cr’" emitting center. Overall, like their
bulk counterparts in Section 2.5, the LGO:Cr nanoparticles exhibit strong NIR

photoluminescence, very-long NIR persistent luminescence, and multiple NIR PSPL.
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Figure 3.7 Persistent luminescence performance of LGO:Cr nanoparticles at different pH.
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For bioimaging applications, the LGO:Cr nanoparticles have to be stable in biological
environments. To test the stability of LGO:Cr nanoparticles, we measured the persistent
luminescence intensities at different pH conditions. The LGO:Cr nanoparticles were found to be

stable over a broad range of pH from 3.0 to 11.0, as shown in Figure 3.7.

3.4 Surface modification and functionalization of LiGasOs:Cr3+ nanoparticles

The discussion in Section 1.5 shows that surface modification and encapsulation of
nanoparticles provides the opportunity to engineer the nanoparticle surface without aggregations.
Various types of nanoparticles, including inorganic, organic, metal, metal oxide and
semiconductor nanoparticles, can be modified and encapsulated by organic ligands and polymers
for diverse biomedical applications. This is also true for the LGO:Cr nanoparticles.

For LGO:Cr nanoparticles, it is impossible to do surface modification during synthesis,
because high temperature calcination removed all organic residues on particle surfaces. The
reliable way to modify the LGO:Cr nanoparticles is to attach small organic ligands through
ligand exchange. During ligand exchange at the surfaces of nanoparticles, the incoming ligands
exchange outgoing surface ligands, which have the same charges and occupy the same number
of coordination site. Small organic ligands such as citrates, cysteine, dimercaptosuccinic acid,
cetyltrimethylammonium bromide have been used in metal oxide nanoparticles for stabilizing the
nanoparticles, but such kinds of small organic modifiers only stabilized LGO:Cr nanoparticles
for several hours, due to the weak interactions between these monodentate ligands and the
surfaces of LGO:Cr nanoparticles. Therefore, multidentate macro-molecules, including PEI, PVP,

human serum albumin (HSA), and permanent silica coating were adopted in this study.
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3.4.1 Polymer coated LGO:Cr nanoparticles

Experiments. Two polymers, polyethylenimine (PEI, MW = 25K) and polyvinylpyrollidone
(PVP, MW = 40K), were used to coat the LGO:Cr nanoparticles. 1 mg/mL LGO:Cr
nanoparticles suspension were prepared in 12.5 wt% PEl,q), 10 wt% PVP(,q) and 2.5 wt% PVP in
ethanol solutions. The suspension stability was monitored. The morphology of the coated
nanoparticles was measured using a field emission gun scanning electron microscope (FEG-SEM,
FEI Inspect F).

Results and discussion. LGO:Cr nanoparticles in 12.5 wt% PEI aqueous solution were
stable for at least 72 h. (Figure 3.8). SEM imaging (Figure 3.9) shows that PEI-coated LGO:Cr
(PEI-LGO:Cr) nanoparticles were well dispersed. This is because at high concentration of PEI,
the surfaces of nanoparticles adsorb positively charged PEI molecules. As a result, the repulsive
forces between the positively charged nanoparticles prevent them for aggregating.'® PVP is also
considered as popular polymeric dispersants to form PVP coating for stabilizing nanoparticles in

water. 149

The PVP coated nanoparticles later can conjugate with other molecules via ligand
exchange. In 10 wt% PVP aqueous solution, the LGO:Cr nanoparticle suspension was stable for

at least 48 h (Figure 3.10). In ethanol solution, however, only at least 2.5 wt% PVP was found to

keep LGO:Cr nanoparticles suspension stable for more than 96 h (Figure 3.11).

LIELIE

Figure 3.8 Stability of 12.5 wt% PEI encapsulated LGO:Cr nanoparticles in water.
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Figure 3.9 SEM images of LGO:Cr nanoparticles. a, LGO:Cr nanoparticles without coating. b,
PEI coated LGO:Cr nanoparticles. (Scale bar, 1 um)

Figure 3.11 Stability of 2.5 wt% PVP encapsulated LGO:Cr nanoparticles in ethanol.

3.4.2 Silica coated LGO:Cr nanoparticles

Experiments. The LGO:Cr nanoparticles (>200 nm) were coated with silica shells using a
sol-gel procedure. PVP coated LGO:Cr (PVP-LGO:Cr) nanoparticles prepared in Section 3.4.1
were treated with TEOS in a solution of 4% (v/v) aqueous ammonia in ethanol. PVP acted as a
dispersive agent in ethanol, and the PVP molecules left the surfaces of LGO:Cr nanoparticles
once the TEOS attached to the surfaces via ligand exchange. The silica shell thickness was
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determined by the reaction time and the amount of TEOS. The morphology of silica coated
LGO:Cr nanoparticles was studied using FEG-SEM (Zeiss, Sigma VP) and TEM.

Results and discussion. The average size of silica coated LGO:Cr nanoparticles is 211.9 +
52.1 nm (Figure 3.12a), when starting with LGO:Cr nanoparticles with size of ~200 nm. The
thickness of silica coating can be tuned from 1 nm to 10 nm by adjusting the reaction time and

the concentration of TEOS (Figure 3.12b and Table 3.2).

10 nm

Figure 3.12 Electron microscopy images of silica coated LGO:Cr nanoparticles. a. SEM image
of silica coated LGO:Cr nanoparirlces. b. TEM image of silica coated LGO:Cr nanoparticles.
The thickness of silica layer is indicated by a double arrow.

Table 3.2 The thickness of silica layer prepared in different reaction conditions

Silica Thickness (nm)
Reaction Time (h) 2 4 6
TEOS/LGO | 10| 13+04 22+04 3.1+1.0
(uL/mg) 25| 42+£07 6.2+1.0 7.6+ 1.8
50| 5.1+£1.6 84+1.2 134425
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3.5 Summary

We have synthesized novel photostimulable LiGasOg:Crt (LGO:Cr) nanoparticles by a sol-
gel method followed by calcination at 1100 °C. The LGO:Cr nanoparticles are crystalline and
have diameters in the range of 50—100 nm. The LGO:Cr nanoparticles exhibit long NIR (peaking
at 716 nm) persistent luminescence of more than 100 h after minutes of UV irradiation.
Remarkably, the LGO:Cr nanoparticles are also superb photostimulable storage medium — the
energy stored in the deep traps of the materials can be liberated by photo-stimulation as intense
NIR persistent luminescence signal, for multiple times over a long period of >200 h, by short
exposure (tens of seconds) to a white LED flashlight illumination through a PSPL mechanism.
The 716 nm persistent luminescence and PSPL emission is in the transparency window of tissues.
The LGO:Cr nanoparticles can be readily encapsulated by PEI and PVP polymers, coated by
silica shells. All these properties indicate that the LGO:Cr nanoparticles are the ideal nanoscale

optical probes for long-duration, deep-tissue bioimaging.
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CHAPTER 4

CELL UPTAKE OF CHROMIUM-DOPED LITHIUM GALLIUM OXIDE NANOPARTICLES
4.1 Introduction

The results in Chapter 3 show that the LGO:Cr nanoparticles are the ideal optical nanoprobes
for in vivo bioimaging applications. Before in vivo imaging, however, extensive in vitro
experiments are needed to evaluate the toxicity of the nanoparticles to cells, as well as the
capacity of cells to uptake the nanoparticles. The most common way to evaluate the toxicity of
nanomaterials is in vitro cytotoxicity study using different cell lines and different incubation
conditions. /n vitro cytotoxicity study can determine the viability of cells in a population based

on plasma membrane integrity and esterase activity.'°*'%®

The results can be examined by flow
cytometry, fluorescence microscopy, fluorescence microplate readers, and cells counting.

Mammalian cells can uptake and internalize nanoparticles via deformation of the membrane
and generation of membrane-bound carriers. This endocytosis process involves various
endocytic mechanisms, including phagocytosis and pinocytosis.'®

Phagocytosis in mammals is performed only by immune cells, such as dendritic cells, mast
cells, macrophages, and neutrophils. Immune cells can clear large pathogens, dead cells and cell
debris via phagocytosis, which is triggered by specific cell-surface receptors and Rho-family
GTPases.'” This process directs a cup-shaped membrane distortion that gradually engulfs the
particles. The distortion of the membrane ends with the formation of a phagosome, with shape

161-173

and size, dictated by the up-taken materials, as large as 5-10 um. The phagosome cargo

travels to a specific subcellular organelle. Pinocytosis can happen in almost any eukaryotic cell
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and is further sub-classified by the different membrane proteins and lipids into several
mechanisms, including clathrin-, caveolae-, RhoA-, CDC42-, ARF6-, and flotillin- mediated

167,174-178

endocytosis, except for macropinocytosis. Macropinocytosis, unlike the above

mentioned endocytosis mechanisms and phagocytosis, is an actin-regulated endocytoic process
that is not directly driven by the cargo or the receptors associated with it.'"!17

For increasing the cell uptake efficiency of nanoparticles, polycationic polymers such as
poly-L-lysine (PLL) and PEI are widely used as transfection agents in cell labeling and gene

transfection because they facilitate cell internalization.'**"'™

PLL, via electrostatic interactions,
can complex negatively charged superparamagnetic iron oxide nanoparticles such as FDA-
approved Feridex” and chaperon, and then facilitates the detection of the labeled stem cells’

migration by MRL'®

PEI with high positive charge density (2025 mEq/g) facilitates ionic
interaction with negatively charged molecules, via the protonation of amine groups taken from
the surrounding medium. Two types of PEI are used in transfection: branched PEI (mainly of
molecular weights 25 and 800 KDa) and linear PEI (22 kDa)."® ' Branched PEI has three kinds
of amine groups — primary, secondary and tertiary — with an amine ratio of 1:2:1, while linear
PEI amines are exclusively secondary. Thus, while linear PEI acquires its positive charge density
through the protonation of secondary groups, branched PEI possesses additional primary amine
groups for protonation. In addition to being most basic and also most reactive, the primary amine
groups are amenable to chemical modification and have been used to covalently attach different
types of molecules with the aim of conferring additional properties to the vector. Nucleic acid-
PEI binding slightly changes the PEI protonation profile, one-half to one-third of the amine
groups being protonated at physiological pH. Therefore, in contrast to PLL, PEI possesses a

great buffering capacity over a very wide pH range.'*®
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4.2 Cytotoxicity study of polyethylenimine coated LiGas0s:Cr’" (PEI-LGO:Cr)
nanoparticles
To understand the toxicity of nanoparticles, we need to accurately measure how they are
distributed in the body after exposure, and how they interact with pertinent organs and cells.
Ideally, biodistribution studies should be performed in vivo, but in vitro models are often needed

. . 8
for ethical and practical reasons.'™"'®

In present study, the cytotoxicity of the PEI-LGO:Cr
nanoparticles were evaluated on three cell lines: 4T1 murine breast cancer cells, RAW264.7
murine macrophage cells, and murine embryonic stem cells (ESCs).

Experiments. Purified PEI-LGO:Cr nanoparticles were dispersed in 1% phosphate buffered
saline (PBS, pH 7.4, 0.067 M, HyClone, Thermo SCIENTIFIC) as a stock solution. In preparing
the assays of 4T1 cells and RAW264.7 cells, the cells (2x10%/well) were added to the stock
solution of PEI-LGO:Cr nanoparticles with concentrations varying from 0 to 100 pg/mL, and co-
incubated in a 24-well plate for 24 h in RPMI-1640 medium with 10% fetal bovine serum. The
incubated cells were collected by trypsin treatment, followed by centrifugation and re-suspension
in 0.01 M PBS (1%, pH 7.4). A Trypan blue solution (0.4%, w/v) was then added into the
suspension and the dead cells were counted under a microscope using a hemacytometer. In
preparing the mouse ESCs assay, the cells (0.5x10%well) were cultured in 0.1% gelatin-coated
96-well plates using DMEM (Hyclone) medium supplemented with 10% FBS, 10% KSR
(Gibco), 1% non-essential amino acids, 4 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, 0.1 mM B-mercaptoethanol, and 1000 U/mL leukemia inhibitory factor (ESGRO,
Chemicon). The cells were maintained in a humidified cell culture incubator at 37 °C under 5%

CO,. After 12 h of incubation, the wells were replenished with fresh medium and treated with

various concentrations of PEI-LGO:Cr nanoparticles (0—100 pg/mL) for 72 h, followed by
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addition of WSTS solution for 1 h. The plates were read at 450 nm using an OPTImax microplate
reader (Molecular Devices), and the percentage of cell viability was then calculated. For all the
three types of cells, the measurement at each concentration of PEI-LGO:Cr nanoparticles was
repeated 3 times.

The impacts of PEI-LGO:Cr nanoparticles on the renewal and differentiation of mouse ESCs
were studied by analyzing three key biomarkers: Nanog, Nestin and Sox17 (Table 4.1). A stock
solution of PEI-LGO:Cr nanoparticles was first sterilized in an autoclave. Mouse ESCs

(0.5x10%*well) were cultured in 0.1% gelatin-coated 96-well plates using DMEM (Hyclone)

Table 4.1 Summary of information of the primers associated with cell pluripotency.

Primer Primer Sequence: Product size Purpose of maker
Forward (F) and Reverse (R) (bps)

Nanog F: GAGGAAGCATCGAATTCTGG 100 Self renewal
R: TGCAGAGCATCTCAGTAGCAG

Nestin F: AGGCGCTGGAACAGAGATT 131 Differentiation to
R: TTCCAGGATCTGAGCGATCT neural cells

Sox17 F: CTTTATGGTGTGGGCCAAAG 122 Differentiation to
R: GCTTCTCTGCCAAGGTCAAC endoderm

medium supplemented with 10% FBS, 10% KSR (Gibco), 1% non-essential amino acids
(NEAA), 4 mM L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, and 0.1 mM -
mercaptoethanol. The cells were maintained in a humidified cell culture incubator at 37 °C under
5% CO,. After 12 h of incubation, the wells were replenished with fresh medium and treated
with various concentrations of PEI-LGO:Cr (0—37.5 pg/mL) for 72 h. The cells were then
collected and subjected to RNA isolation (RNeasy min kit, QIAGEN), cDNA synthesis (iScript
cDNA synthesis kit, BioRad), and qRT-PCR amplification (iQ SYBR Green Supermix, BioRad)

using three specific primers, i.e., Nanog, Nestin and Sox17, to identify different mRNAs.
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Normalized qPCR-run CT values (iCycler, BioRad) were analyzed to yield relative mRNA
abundance compared to that of the untreated samples.

Results and Discussion. Both cell lines, including 4T1 and RAW264.7 cells, were exposed
to PEI-LGO:Cr nanoparticles at 0, 12.5, 25, 50, 100 pg/mL for 24 h; ESCs were exposed to PEI-

LGO:Cr nanoparticles at 0, 25, 50, 75, 100 pg/mL for 72 h. 4T1 cells’ viability (expressed as
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Figure 4.1 Viability assay with PEI-LGO:Cr nanoparticles. a, 4T1 murine breast cancer cells. b,
RAW264.7 murine macrophage cells. ¢, murine ESCs.

mean (%) =+ standard deviation (SD)) measured by cell counting under the optical microscope
was 100 £ 5.6%, 98.3 + 4.3%, 96.9 £ 6.1%, 94.2 + 5.6%, 88.6 £ 7.9%, respectively. (Figure 4.1a)

RAW264.7 cells’ viability was 100 + 10.6%, 100.8 + 9.2%, 100.8 + 7.7%, 95.3 + 8.3%, 83.3 +
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5.3%, respectively (Figure 4.1b). ESCs’ viability measured by colorimetric assays was 100 =+
3.2%, 95.2 £ 4.2%, 81.7 + 12.6%, 82.8 + 8.8%, 80.4 + 1.9%, respectively (Figure 4.1c). Both
4T1 and RAW264.7 cells exhibited >94% viability in the investigated concentration range (0—50
pg/mL) for 24 h exposure to PEI-LGO:Cr nanoparticles. Due to long term exposure (72 h) of
ESCs to PEI-LGO:Cr nanoparticles, ESCs cells only showed 80.4% viability at 100 pg/mL.
Although three cell lines shows the viability decreased as a function of nanoparticle
concentration, they all showed >80% viability in the tested concentration range up to 100 pg/mL
(equal to 200 uM).

Chen et al. reported only 600 nM cytotoxic concentrations for 72 h exposure of CdTe QDs
on HEK293 cells."® Other short term cytotoxicity tests of QDs were summarized in two
reviews.””*"! Due to deterioration of the QD lattices in cells, the liberation of free Cd*" ions can
cause significantly cytotoxicity, especially in long term tests."”> For the cytotoxicity of
upconversion nanoparticles, bone marrow-derived stem cells’ viability was 65.3% for 24 h
exposure with 100 pg/mL PEI-NaYF,:Yb’" Er’" nanoparticles.'”* In sharp contrast to QDs, ESCs
show no obvious cytotoxicity after exposure to 100 pg/mL (equal to 200 uM) PEI-LGO:Cr
nanoparticles for 72 h in this study. The demonstrated cells have a high tolerance to LGO:Cr
nanoparticles.

For ESCs, we also studied the impact of the LGO:Cr nanoparticle labeling on cell renewal

and differentiation by analyzing three key biomarkers: Nanog, Nestin and Sox17."*

Nanog,
Nestin and Sox17 were used as a pluripotency marker (self-renewal), a neuroectoderm marker
(differentiation to neural cells) and an endoderm marker (differentiation to endoderm),

respectively. RNA transcripts for three evaluated genes were all detected in the ESCs exposed to

0-37.5 pg/mL PEI-LGO:Cr nanoparticles for 72 h. The relative abundance of the analyzed
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transcripts, as shown in Figure 4.2, was normalized to 0 pug/mL PEI-LGO:Cr nanoparticles
exposure. The relative abundance values were expressed in arbitrary units, as mean = SD for
12.5 pg/mL, 25.0 pg/mL, and 37.5 pg/mL being, respectively, 1.35 +0.19, 1.12 £ 0.25, and 1.12
+ 0.25 for Nanog, 1.35 £ 0.20, 1.13 £ 0.20, and 0.94 + 0.14 for Nestin, and 0.75 + 0.44, 0.60 +
0.20, and 0.49 + 0.21 for Sox17. Expression of Nanog and Nestin did not evidence any statistical
difference on the quantitative level. This high level of expression of Nanog and Nestin in ESCs
demonstrated that PEI-LGO:Cr nanoparticles had no significant impact on self-renewal and
differentiation to neural cells. The relative abundance value of Sox17 decreased while increasing
the PEI-LGO:Cr nanoparticle concentration. However, the minor fluctuations at the expression
level of Sox17 suggested that ESCs could tolerate the PEI-LGO:Cr nanoparticles up to 37.5
pg/mL. In summary, PEI-LGO:Cr nanoparticles have low impact on cell pluripotency and
differentiation, which is in agreement with the low cytotoxicity of PEI-LGO:Cr nanoparticles in

cell viability assay.

4
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Figure 4.2 Impact of PEI-LGO:Cr nanoparticles on renewal and differentiation of mouse ESCs.
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Such good biocompatibility is not unexpected given that all the three constituting metal
elements — lithium, gallium and trivalent chromium — are known to have relatively low toxicity

195 4 trace amount of

profiles. Lithium is regarded as essential nutrients for the human body,
trivalent chromium in diet has no adverse effect to human health'”® and gallium-based probes,

for instance gallium-67 citrate, were once widely used for cancer diagnosis and staging in the

clinic.!’

4.3 Quantification of LiG3508:Cr3+ nanoparticles in RAW264.7 cells and 4T1 cells

To determine the amount of nanoparticles in cells, ICP-MS method and persistent
luminescence measurement were used.

Experiments. For ICP-MS measurement, the PEI-LGO:Cr nanoparticles labeled RAW264.7
cells were mixed with aqueous nitric acid and then heated to dissolve all nanoparticles. The more
detailed sample preparation was described in Section 3.2.2.

For persistent luminescence measurement, PEI-LGO:Cr nanoparticles labeled RAW264.7
cell or 4T1 cell suspension (4.0x10° cells/mL) was placed in a 96-well plate under irradiation by
a 254 nm UV lamp for 5 min. Each well contained 0.25 mL cell suspension. After stoppage of
the UV irradiation, persistent luminescence images were taken on an IVIS imaging system in the
bioluminescence mode. The exposure time is 1 min. The persistent luminescence from each well
was quantified using Living Image software (Version 4.3.1 SP1) at binning of 4, and smooth of
5%5.

Results and discussion. The amount of gallium element in each RAW264.7 cell was
quantified as 11.43 pg by the ICP-MS method. According to the chemical formula of LGO:Cr

nanoparticles (LiGa5Og:Cr3+), the total amount of LGO:Cr nanoparticles was estimated as 15.85
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pg per RAW264.7 cell. Persistent luminescence measurement shows that the amount of PEI-
LGO:Cr nanoparticles internalized in each RAW264.7 cell was about 2.3 times of that in 4T1
cell, as shown in Table 4.2.

Table 4.2 Quantification of persistent luminescence intensities of PEI-LGO:Cr labeled
RAW264.7 cells and 4T1 cells.

Cells RAW264.7 | 4TI
Total Flux (x10%) 8.21 3.57
Normalized 2.3 1

4.4 Thin-section TEM imaging of LiGasOg:Cr’* labeled 4T1 cells

The most common method for studying the biodistribution of nanoparticles in cells is
transmission electron microscopy (TEM) imaging.lgg’]98 TEM imaging requires extensive and
careful sample preparation in the entire process, including sample fixing, dehydrating, staining,
resin embedding, and ultra-microtome sectioning. TEM can provide excellent spatial resolution
(~1 nm), which is required to distinguish nanoparticles from cell structures.'”®

Experiments. 4T1 cells (1.0x10° cells/mL) were exposed to sterilized PEI-LGO:Cr
nanoparticles (100 pg/mL) and co-incubated in cell culture flask for 2 days using RPMI-1640
medium containing 10% fetal bovine serum. The cells were then collected by treatment with
trypsin. For successive culturing, the cells from the first generation were further cultured in
medium without the presence of additional PEI-LGO:Cr nanoparticles, till the third generation.
These three generations of cells and blank cells (without co-incubated with PEI-LGO:Cr
nanoparticles) were then subjected to thin-section TEM imaging. Cells were fixed with
Karnovsky’s EM fixative (2.5% glutaraldehyde and 2% paraformaldehyde in 80 mM phosphate
buffer, pH 7.3—7.4) for 12 h at 4 °C. Secondary fixation was conducted in 1% osmium tetroxide

with 1.5% potassium ferrocyanide in double distilled H,O for 1 h at 4 °C. Dehydration was

69



carried out in ethanol. Pure Epon-Araldite resin was added and infiltrated overnight at room
temperature. All resin was removed the next day, and fresh resin was added to the appropriate
depth. The sample was polymerized for 18 h. Ultrathin sections of cells were obtained by cutting
en face (parallel to the surface on which the cells were grown) using a ultramicrotome, and then
stained with uranyl acetate and lead citrate before viewing in the TEM.

Results and discussion. Figure 4.3 shows the thin-section TEM images of three generations of
4T1 cell labeled with PEI-LGO:Cr nanoparticles as well as a control cell (cells not incubated
with PEI-LGO:Cr nanoparticles). In the control cell (Figure 4.3a), a variety of organelles was
found, including the plasma membrane, the nucleus, the mitochondria and lysosome. In contrast
to the control cell, many nanoparticles were found in the cell’s endosomes/lysosomes (Figure
4.3b—d) for the 4T1 cells incubated with PEI-LGO:Cr nanoparticles.'”®'” The accumulation of
LGO:Cr nanoparticles in the cell endosomes/lysosomes, suggests that the particle uptake was
mainly mediated by endocytosis. These nanoparticles remained stable in the
endosomes/lysosomes, and were able to be carried over to the daughter cells up to the third
generations. The acidic lysosomal environment has no detectable impact on the particles’
morphology and, as the long-term in vitro and in vivo tracking results shown in Section 4.6 and
Section 5.3, respectively, the particles’ NIR performance. In fact, the LGO:Cr nanoparticles were
found to be stable over a broad range of pH from 3.0 to 11.0, as shown in Figure 3.7. For the first
generation of 4T1 cells labeled with PEI-LGO:Cr nanoparticles, we observed that pseudopods
extended from the cell surface, creating a phagocytic cup beneath the PEI-LGO:Cr nanoparticle
(Figure 4.4). These pseudopods could extend further, wrapping around the particle and pulling it

into the cell.'”>* Besides, TEM images also show that the PEI-LGO-Cr nanoparticles tended to
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aggregate to from nanoparticles clusters, a phenomenon that was observed by Zhou et al. with

iron oxide nanoparticles,®' and by Ahlinder ef al. with titania and goethite nanoparticles.'™

Blank 4Tt 189Gen. LGO:Cr4Tl1

X

5

Figure 4.3 TEM images of PEI-LGO:Cr labeled 4T1 cells from different passages. Blank 4T1
cells (without PEI-LGO:Cr co-incubation) and three generations 4T1 cells co-incubated with
PEI-LGO:Cr nanoparticles were fixed for thin section TEM. Scale bars, 2 um.

Figure 4.4 TEM image of first generation 4T1 cells labeled with LGO:Cr nanoparticles. Scale
bar, 500 nm.
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4.5 In vitro luminescence microscopic studies of PEI-LGO:Cr labeled cells

The thin-section TEM images in Section 4.4 provides direct evidence about the distribution
of LGO:Cr nanoparticles in the cells. Another powerful technique commonly used to study the
bio-distribution of nanoparticles in cells is bioluminescence microscopy.

Experiments. PEI-LGO:Cr labeled cells were fixed in ethanol solution and irradiated by a
254 nm UV lamp for 5 min. The persistent luminescence from the PEI-LGO:Cr labeled cells was
imaged using an Olympus LV200 bioluminescence microscope. A Cy5.5 emission filter
(HQ725/50M) was used for collecting the NIR persistent luminescence signals.

We also used living firefly luciferase-expressing 4T1 (f-luc-4T1) cells labeled with PEI-
LGO:Cr nanoparticles for bioluminescence imaging. The PEI-LGO:Cr-labeled f-luc-4T1 cells
were incubated with D-luciferin (150 pg/mL) for 10 min before the imaging. The emission filter
was set as “open” during collecting bioluminescence signals from the f-luc. The cells were then
irradiated by a 254 nm UV lamp for 5 min and the Cy5.5 emission filter was used when
collecting the NIR persistent luminescence signals. All images were processed using CellSens
Dimension software (Version 1.71, Olympus Corporation, Tokyo).

Results and Discussion. After charged by a 254 nm UV lamp, almost all the cells were
clearly visualized (Figure 4.5) owing to the strong NIR persistent luminescence from the
LGO:Cr nanoparticles and the complete elimination of the background noise in the imaging
system. The NIR signals lasted for at least 30 min before diminished below the detection
threshold. To our best knowledge, this is the first visualization and imaging of individual cells
based on persistent luminescence signals.

Owing to the narrow emission band in the NIR, the LGO:Cr nanoparticles can work along with

visible bioluminescence probes, like firefly luciferase (f-luc), for multiplexed imaging. To
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differentiate the LGO:Cr nanoparticles’ NIR persistent luminescence (~650—850 nm peaking at
716 nm) from the f-luc’s bioluminescence (~460—670 nm peaking at 557 nm)*”%, a Cy5.5 filter
was used when collecting the NIR signals (only 698—752 nm light can pass the filter). Indeed,
luminescence from both sources was clearly visualized, as the images shown in Figure 4.6.
While overlaps were observed across the scope, discrepancies were also found in many cells,
suggesting good discrimination of the two signals (Figure 4.6b,c). Notably, the intensity of the
NIR persistent luminescence from LGO:Cr nanoparticles is comparable to that of the

bioluminescence from f-luc; the latter is by far the most sensitive optical method for cell

202,203

tracking.

5 min 10 min 15 min 20 min

Figure 4.5 NIR persistent luminescence microscopic images of fixed 4T1 cells labeled with PEI-
LGO:Cr nanoparticles. a, Bright-field optical image of PEI-LGO:Cr labeled 4T1 cells. (Scale bar,
100 pm). Row b, NIR persistent luminescence images of UV pre-irradiated PEI-LGO:Cr labeled
cells. Row ¢, Merged images by overlapping a with the images in Row b.
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Figure 4.6 Luminescence microscopic studies of living f-luc-4T1 cells labeled with PEI-LGO:Cr
nanoparticles. a, Bright-field image. (Scale bar, 100 pm) b, Bioluminescence image of PEI-
LGO:Cr labeled 4T1-f-luc cells. ¢, NIR persistent luminescence image of UV pre-irradiated PEI-
LGO:Cr labeled 4T 1-f-luc cells. d, Merged image of b and c¢. e, Merged image of a, d.
4.6 In vitro NIR photostimulated persistent luminescence studies of PEI-LGO:Cr labeled

cells

The bioluminescence microscopic study in Section 4.5 shows that the NIR persistent
luminescence from PEI-LGO:Cr nanoparticles labeled 4T1 cells can be observed for up to 30
min. To increase the observation time of PEI-LGO:Cr nanoparticles, NIR emission via PSPL
process is studied in this section.

Experiments. PEI-LGO:Cr labeled and unlabeled 4T1 cells (2x10° cells in 1.5 mL ethanol
aqueous solution) were placed in a 24-well plate. Both the labeled and unlabeled 4T1 cells were

irradiated by a 254 nm UV lamp for 15 min. NIR persistent luminescence image of the PEI-

LGO:Cr labeled 4T1 cells was taken at 10 s after the removal of the UV irradiation using an
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IVIS Lumina II imaging system in the bioluminescence mode. At every 24 h, the two types of
cells were imaged by the IVIS system, followed by stimulation with a white LED flashlight
(Olight SR51, 900 Lumens) for 15 s with the flashlight being placed at 6 cm above the 24-well
plate. The NIR PSPL images were then taken at 10 s after the stoppage of the stimulation. The
imaging process lasted for 192 h. The images were processed using the Living Image software
(Version 4.3.1 SP1) at binning of 4 and smooth of 5x5.

Results and discussion. The NIR persistent luminescence of the PEI-LGO:Cr labeled 4T1

cells lasted for 90 min, as shown in Figure 4.7. The decay of the persistent luminescence was

5 min 15 min

30 min = 60 min =~ 90 min
- B ]

=2
©

Total Flux (p/s) (x107)
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Figure 4.7 Cell phantom studies of UV pre-irradiated PEI-LGO:Cr labeled 4T1 cells. a, NIR
persistent luminescence images. b, Quantification of total flux of the NIR persistent
luminescence signals at different instant in a. The color scale bar represents the luminescence
intensity in the unit of radiance, p/sec/cm?/st.
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clearly presented in pseudocolor images (Figure 4.7a) derived from mapping luminescence
intensity to a color. The total intensity of persistent luminescence was quantified as 8.13x10” p/s,
2.99x107 p/s, 1.13x107 p/s, 4.89x10° p/s, 2.80x10° p/s, 1.87x10° p/s and 1.089x10° p/s at 10's, 5
min, 15 min, 30 min, 45 min, 60 min and 90 min, respectively, after the removal of UV
irradiation (Figure 4.7b). The 2x10° PEI-LGO:Cr labeled 4T1 cells imaged by the IVIS system
only exhibit 90 min NIR persistent luminescence, due to the very low amount of LGO:Cr

nanoparticles (~13 pg) in cells.

LGO:Cr** labeled 4T1 Cells 4T1 Cells
Before PSPL PSPL Before PSPL PSPL

Time

(h)
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72 : ] i
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Figure 4.8 NIR PSPL images of 4TIl cells labeled and un-labeled with PEI-LGO:Cr
nanoparticles for 192 h monitoring. a,b, 4T1 cells labeled with PEI-LGO:Cr nanoparticles in a
24-well plate. c,d, Unlabeled 4T1 cells in a 24-well plate. Both the labeled and unlabeled 4T1
cells were pre-irradiated by UV irradiation. The PSPL images were taken by stimulation with a
white LED flashlight for 15 s. The images were taken on an IVIS Lumina II imaging system in
the bioluminescence mode. The exposure time is 2 min. The color scale bar represents the
luminescence intensity in the unit of radiance, p/sec/cm?/sr.
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At 24 h after the removal of the UV irradiation, no NIR persistent luminescence from the
PEI-LGO:Cr labeled 4T1 cells as well as the 4T1 control cells (without PEI-LGO:Cr labeling)
was detected by the IVIS imaging system, as shown in Figure 4.8. After stimulation with white
light, only PEI-LGO:Cr labeled 4T1 cells emitted intense PSPL signals. The monitoring
experiments on the PSPL signals showed that the PEI-LGO:Cr labeled 4T1 cells exhibit
enhanced NIR PSPL emission after each stimulation, and the PSPL signal can still be clearly
detected after 8 times of white LED stimulations and a total of 192 h decay (Figure 4.8). The
total intensity of the PSPL signals was quantified as 4.05x10° p/s, 1.13x10° p/s, 5.26x10° p/s,
4.54x10° p/s and 3.90x10° p/s at 24 h, 72 h, 120 h, 168 h and 192 h, respectively (Figure 4.9).

Such repeated NIR PSPL signals permit a very-long tracking window for bioimaging.

Total Flux (p/s) (x10°%)

O ) I I I
1 3 5 7 8

Tracking Time (Day)

Figure 4.9 Quantification of total flux of the NIR PSPL signals in Figure 4.8.
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4.7 Summary

Cytotoxicity studies show that the PEI-LGO:Cr nanoparticles are less toxic to a variety of
cell lines including 4T1 cells, RAW264.7 cells and ESCs. More than 80% of the tested cells
were survived after 24 h (4T1 cells and RAW264.7 cells) or 72 h (ESCs) of incubation with up
to 100 ng/mL PEI-LGO:Cr nanoparticles. The PEI-LGO:Cr nanoparticles also have low impact
to cell renewal and differentiation, which were verified by three key biomarkers: Nanog, Nestin
and Sox17. The cytotoxicity evaluation clearly show that the PEI-LGO:Cr nanoparticles are
fairly biocompatible and can be used as optical probes for in vivo bioimaging study.

Thin sectional TEM studies on the PEI-LGO:Cr nanoparticles labeled 4T1 cells show that the
PEI-LGO:Cr nanoparticles can be efficiently internalized by the cells and the internalized
nanoparticles can be transferred to daughter cells up to three generation in a 6 days of incubation.
The amount of PEI-LGO:Cr nanoparticles internalized in each cell is about 15.85 pg (pico-gram),
as determined by ICP-MS analyss. After UV irradiation, the PEI-LGO:Cr nanoparticles labeled
4T1 cells emit detectable NIR persistent luminescence, which can be readily detected by an
Olympus LV200 bioluminescence microscope for up to 30 min. This is the first visualization and
imaging of individual cells based on persistent luminescence signals. Moreover, the intensity of
the NIR persistent luminescence from the LGO:Cr nanoparticles is comparable to that of the
bioluminescence from f-luc, the most sensitive optical imaging probe for cell tracking. Finally,
by using the unique PSPL phenomenon, we have extended the in vitro tracking window for the

PEI-LGO:Cr nanoparticles labeled cells to up to 8 days (192 h).
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CHAPTER 5
IN VIVO BIOIMAGING AND TUMOR TARGETING USING CHROMIUM-DOPED

LITHIUM GALLIUM OXIDE NANOPARTICLES AS THE OPTICAL NANOPROBES
5.1 Introduction

In Chapter 4, we have shown that the LGO:Cr nanoparticles can function as both a self-
sustained NIR persistent material exhibiting an intense, super-long NIR persistent luminescence
and a new type of photostimulable material exhibiting repeatedly photostimulated NIR persistent
luminescence in in vitro cell experiments. Moreover, the ability to render LGO:Cr biocompatible
and non-toxic extends their applicability to in vivo targeting imaging and tracking. The key
concern regarding the in vivo applications of nanoparticles is to understand their
pharmacokinetics and biodistribution. Chemical and physical properties of the nanoparticles,
including size and surface chemistry, are important factors that determine their pharmacokinetics

and biodistribution.**

LGO:Cr nanoparticles as optical nanoprobes are subject to intravenous
administration, and reach the targeting sites through blood circulation. Therefore, the in vivo
behavior of the nanoparticles is further controlled by the size and surface condition of the
nanoparticles.

For in vivo applications, nanoparticles injected into the animals or human bodies are captured
by a reticulo-endothelial system (RES) or are filtered by kidney and excreted in urine.”*>>*
Nanoparticles with hydrodynamic diameters larger than 10 nm in bloodstream can be recognized

as invaders by opsonin proteins (in blood serum), seized by macrophages (e.g. Kupffer cells).

Due to the easier accessibility, most of the nanoparticles are uptaken by the macrophages in the
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liver and spleen. Between these two organs, there is a tendency that nanoparticles with the size of
larger than 200 nm prefer to be taken up by the spleen.””> And then nanoparticles are eventually
eradicated through the RES system.**'* Although opsonin proteins cannot recognize the sub-10
nm nanoparticles, sub-10 nm nanoparticles are easily cleared through urinary excretion.”*?'%2"

Therefore, developing nanoparticles with the size between 10 nm and 200 nm and without being

recognized by the opsonin proteins is necessary for intravenous injections.

5.1.1 In vivo targeting
Passive and active tumor targeting models are currently used to explain delivery of

214,215

nanoparticles to the tumor sites. In the passive targeting mode, nanoparticles preferentially

accumulate at tumor sites through an enhanced permeability and retention (EPR) effect.”'®*"
Tumors secret high concentration of vascular permeability factors (e.g., bradykinin, nitric oxide,
peroxynitrite, prostaglandins, vascular endothelial growth factor, matrix metalloproteinases,
kallikrein, and tumor necrosis factor) to accelerate the formation of new blood vessels
(neovascularization or angiogenesis) which supply oxygen and nutrients for tumor growth. This
results in leaky vasculature in most tumors. This tumor vasculature is hyperpermeable and allows

220-222

nanoparticles to access tumor tissue. Moreover, tumors lack an effective lymphatic

drainage system, which leads to nanoparticle accumulation.?' %

In the active targeting mode, the nanoparticles are conjugated with tumor-binding ligands.
These ligands as a targeting moiety help nanoparticles to recognize and enter into tumor cells via
endocytosis (discussed in Chapter 4.1). For example, a prostate-specific membrane antigen

(PSMA) has been identified as a cell surface marker for both prostate epithelial cells and

neovascular endothelial cells. Consequently, PSMA has been chosen as an attractive target for
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both imaging and therapeutic intervention of prostate cancer.””* Nanoparticles conjugated to
PSMA monoclonal antibodies, which recognize the extracellular domain of PSMA, can be used

as targeting probes for imaging of prostate cancer.”"”

5.1.2 In vivo cell tracking
In recent years, cell-based therapies have been emerging as a potential strategy to treat
different kinds of diseases, involving cancer, cardiac infarction, neurodegenerative diseases,

225

inflammation, immunological disorders, and stroke.””” This requires the administered cells (e.g.,

stem cells, immune cells and cancer cells) migrate expeditiously to the intended target in

225,226

sufficient numbers to provoke responses. Therefore, the ability to non-invasively track the

cells to their target sites would allow better understanding of the mechanisms of disease
development and intervention.”?” >
In preclinical in vivo studies of cell tracking, different fluorescent probes, including NIR

204,234
=" and

organic dyes (IRDye800CW>? and Vivotag680>), fluorescent proteins,”** luciferase
QDs,”* have been used to labeled cells to study cancer immunotherapy and inflammatory
diseases. In addition to optical imaging, cell tracking also succeeded in MRI with magnetic
nanoparticles labeled cells. However, only radionuclide scintigraphy, mainly using y camera or
SPECT, has been clinically established for cell tracking so far,”** owing to the long penetration
depth and high sensitivity.

To improve the detectable signals in in vivo optical nanoparticles-based cell tracking, loading
adequate amount of nanoparticles into cells and tuning optical properties of nanoparticles into

the biological transparency window are necessary. For loading nanoparticles into cells, a variety

of transfection agents (such as PLL and PEI) were effectively employed to enhance the uptake
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18018 The tuned optical performance of LGO:Cr

through the electrostatic interaction.
nanoparticles for in vivo applications were studied in the following sections. Later, LGO:Cr

nanoparticles were applied in in vivo imaging with mice models.

5.2 Detection sensitivity and depth of LiGasO0s:Cr’" based bioimaging

The detection sensitivity of LGO:Cr nanoparticles was evaluated in a mouse model and was
compared with two commonly used optical probes, i.e., QDs and firefly luciferase. All the
animal studies were performed according to a protocol approved by the Institutional Animal
Care and Use Committee of the University of Georgia. The detection depth was studied in a pork

model.

5.2.1 Detection sensitivity of LGO:Cr based cell labeling

Experiments. To evaluate the detection sensitivity, elevated numbers (~5, 50, 100, 500, and
1,000) of PEI-LGO:Cr labeled RAW264.7 cells and PEI-LGO:Cr labeled 4T1 cells were
subcutaneously injected onto the back of a nude mouse. The cells were fixed and irradiated by a
254 nm UV lamp for 5 min before the injection. The images were taken on an IVIS imaging
system in the bioluminescence mode. The exposure time is 5 min. The NIR persistent
luminescence of PEI-LGO:Cr labeled RAW264.7 cells was quantified by Living Image Software
(Version 4.3.1 SP1) at the ROI of 38%, binning of 4, and smooth of 5x5.

Results and discussion. The detection sensitivity of PEI-LGO:Cr labeled RAW264.7 cells is
exceptional. As few as ~5 cells can be clearly visualized, as shown in Figure 5.1a. This
sensitivity is comparable to f-luc-based cell tracking,”” but several orders of magnitude higher

than that of QDs*® and organic dyes.**
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Figure 5.1 Detection sensitivity of PEI-LGO:Cr-based cell labeling. a, Elevated numbers (~5, 50,
100, 500, and 1,000) of PEI-LGO:Cr labeled RAW264.7 cells. b, Elevated numbers (50, 100,
500, and 1,000) of PEI-LGO:Cr labeled 4T1 cells. These pre-irradiated PEI-LGO:Cr-based cells
were subcutaneously injected onto the back of the nude mice.

Quantitative measurements of the persistent luminescence intensity of the PEI-LGO:Cr labeled

RAW264.7 cells revealed an excellent linear relationship between the total luminescence flux

and the number of cells measured (Figure 5.2). The detection sensitivity of the PEI-LGO:Cr
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Figure 5.2 Quantification of subcutaneously injected PEI-LGO:Cr labeled RAW264.7 cells in a
mouse model. The NIR persistent luminescence signals were acquired using an IVIS imaging
system.
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labeled 4T1 cells is about 50 cells, as shown in Figure 5.1b. The lower detection sensitivity of
the PEI-LGO:Cr labeled 4T1 cells compared with the RAW264.7 cells is because more PEI-
LGO:Cr nanoparticles were internalized in RAW264.7 cells than in 4T1 cells. The RAW264.7
cells are expected to contain more PEI-LGO:Cr nanoparticles than 4T1 cells, because
RAW264.7 cells (mouse macrophage) are programmed to engulf and digest any foreign

nanoparticles through the process of phagocytosis. "

5.2.2 Comparison of the luminescence between QDs and LGO:Cr nanoparticles

Experiments. To evaluate the luminescence performance between QDs and LGO:Cr
nanoparticles, 32 pg QDs (emission at 705 nm) and PEI-LGO:Cr nanoparticles were
subcutaneously injected into the back of nude mice. The imaging experiment was carried out on
an IVIS Lumina II imaging system in fluorescence mode for QDs and in bioluminescence mode
for PEI-LGO:Cr nanoparticles. In both modes, a Cy5.5 filter was used. The QDs were excited by
570 nm light while imaging. The exposure time for QDs-based imaging is 1 s. The PEI-LGO:Cr
nanoparticles were irradiated by a 254 nm UV lamp for 15 min before injection. The exposure
time for PEI-LGO:Cr nanoparticles-based imaging is 2 min. The S/N ratio was determined by
quantifying the luminescence intensity.

Results and discussion. As shown in Figure 5.3a, the total number of photons generated in
the LGO:Cr-based bioluminescence imaging is generally weak, about 3—5 orders of magnitude
lower than that generated by the same amount (32 pg) of QDs (Figure 5.3c). But due to the
elimination of the external excitation and along with it, the autofluorescence, the background
noise for the LGO:Cr-based imaging is at the minimum, producing an S/N ratio of 1740, which

is about one order of magnitude higher than the QDs-based imaging (Figure 5.3¢). The benefit of
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the absence of autofluorescence becomes overwhelmingly significant when the mouse was

viewed in the supine position (i.e., face up): the NIR persistent luminescence signals from the

LGO:Cr nanoparticles can be sharply visualized (Figure 5.3b), but the fluorescence signals from

QDs is submerged by the overwhelming autofluorescence signals from the skin and the intestine

(Figure 5.3d). The ventral view image in Figure 5.3b also revealed the exceptionally deep tissue
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Figure 5.3 Comparison of the luminescence intensity between QDs and LGO:Cr nanoparticles.
a,b, Dorsal and ventral views, respectively, of a nude mouse subcutaneously implanted with 32
png UV pre-irradiated PEI-LGO:Cr nanoparticles. ¢,d, Dorsal and ventral views, respectively, of
a nude mouse subcutaneously implanted with 32 pg QDs (emission at 705 nm). The QDs were
excited by 570 nm light while imaging. e, S/N ratios in b and d.
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penetration of the LGO:Cr nanoparticle-based imaging (the thickness of the hind limb of the
mouse in Figure 5.3¢ is about 15 mm), and such an ability of “seeing” through a small animal
has seldom been achieved optically. In addition to a clean background, the deep penetration is

also credited to the NIR luminescence to which the tissue is relatively more transparent.”

5.2.3 Comparison of the luminescence between firefly luciferase and LGO:Cr nanoparticles.

To demonstrate the higher tissue penetrating power of the NIR light over the visible light, we
compared the LGO:Cr-based imaging with the firefly-luciferase-based imaging under the same
bioluminescence imaging condition.

Experiments. 4T1 cells stably expressing firefly luciferase were labeled with PEI-LGO:Cr
nanoparticles. The dually labeled 4T1 cells were divided into two equal parts with each part
containing about 1.0x10° cells. One part was incubated with D-luciferin (150 pg/ml), and 10 min
later was subcutaneously injected onto the back of the left hind limb of a nude mouse for
imaging. The other part was irradiated by a 254 nm UV lamp for 15 min (without D-luciferin
incubation), and then subcutaneously injected onto the back of the right hind limb of a nude
mouse for imaging. All the images were acquired on an IVIS Lumina II imaging system in the
bioluminescence mode with the emission filter set as “open”, and with an exposure time of 2 min.
The total flux of luminescence was qualified by Living Image software (Version 4.3.1 SP1) at
binning of 4 and smooth of 5x5.

Results and discussion. Firefly luciferases emit green light (~557 nm) in the presence of
oxygen, ATP, Mg®" and luciferin at room temperature, but the emission shifts to red light (612

237

nm) at 37 °C in the mouse body.””" For mice bioimaging in this dissertation, all mice were placed
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Figure 5.4 Comparison of the luminescence intensity between f-luc and LGO:Cr nanoparticles.
a,b, Dorsal and ventral views, respectively, of a nude mouse subcutaneously implanted with f-
luc-4T1 cells labeled LGO:Cr without UV pre-irradiation. ¢,d, Dorsal and ventral views,
respectively, of a nude mouse subcutaneously implanted with f-luc-4T1 cells labeled LGO:Cr
with UV pre-irradiation. e, S/N ratios in b and d.

on a 37 °C warm stage to keep mice body temperature stable in the IVIS imaging system.
Therefore, the emission of f-luc-4T1 mixed with D-luciferin is 612 nm in the mouse body,

instead of the green emission (557 nm) of f-luc-4T1 mixed with D-luciferin at room temperature

as discussed in Chapter 4. (Figure 4.6) The signals of f-luc bioluminescence and LGO:Cr
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persistent luminescence are comparable when the animals were viewed from the dorsal side
(Figure 5.4a,c). In ventral view (Figure 5.4b,d), however, the intensity of the LGO:Cr persistent
luminescence is about one order of magnitude higher than that of the f-luc bioluminescence,

showing greater penetration of the NIR light than the visible light.

5.2.4 Imaging Depth

The deep penetration capability of the NIR persistent luminescence from LGO:Cr
nanoparticles is further demonstrated using pork as a model tissue.

Experiments. LGO:Cr nanoparticles were dispersed in water to form 0.3 mg/mL and 3
mg/mL suspensions. The two suspensions were irradiated with a 254 nm UV lamp for 5 min. 50
uL of the UV-irradiated suspensions, containing about 15 pg and 150 pg LGO:Cr nanoparticles,
were injected into two pieces of pork at 2.5 cm and 3.7 cm deep, respectively. NIR persistent
luminescence images were taken after the LGO:Cr nanoparticles injection. Then, the two pork,
injected with 15 pg and 150 pg LGO:Cr nanoparticles, were illuminated by an Olight SR51
white LED flashlight (900 lumens) for 15 s to elicit NIR PSPL signals, at the 30 min and 60 min
time point. NIR PSPL images were taken at 2 min after the LED stimulation. The images were
taken on an IVIS Lumina II imaging system in the bioluminescence mode with an exposure time
of 2 min.

Results and discussion. The NIR persistent luminescence signals from the LGO:Cr
nanoparticles injected into 2.5 cm and 3.7 cm deep of pork can be clearly detected in the IVIS
imaging system (Figure 5.5 and Figure 5.6). For the 15 pug UV pre-irradiated LGO:Cr
nanoparticles injected into 2.5 cm deep of a pork, the NIR persistent luminescence signals from

the LGO:Cr nanoparticles can be clearly detected by the IVIS imaging system for more than 30
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min (Figure 5.5a—d). For the 150 pg LGO:Cr nanoparticles injected into 3.7 cm of a pork, the

persistent luminescence signals remained detectable for about 60 min, as shown in Figure 5.6a—d.

Persistent luminescence

LI [ L LI L

2.5 2.0 1.5 1.0 0.6 x104

Figure 5.5 NIR persistent luminescence and PSPL signals from 15 pg LGO:Cr nanoparticles
injected into 2.5 cm depth inside the pork. a—d, NIR persistent luminescence images taken at 3—
30 min after the injection. e, Image of NIR PSPL signals taken at 2 min after the LED
stimulation.

Persistent luminescence

ml|llll|llll|
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Figure 5.6 NIR persistent luminescence and PSPL signals from 150 pg LGO:Cr nanoparticles
injected into 3.7 cm depth inside the pork. a—d, NIR persistent luminescence images taken at 5—
60 min after the injection. e, Image of NIR PSPL signals taken at 2 min after the LED
stimulation.

The effectiveness of white LED stimulation in eliciting PSPL signals from UV pre-irradiated
LGO:Cr nanoparticles was demonstrated using the present pork model. PSPL signals from 15 pg

LGO:Cr nanoparticles located at 2.5 cm deep and from 150 pg LGO:Cr nanoparticles located at

3.7 cm deep can be readily elicited by short-time white light illumination at the 30 min and 60
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min time points, as shown in Figure 5.5¢ and Figure 5.6e, respectively. These penetration depths
of > 2.5 cm are significantly greater than that afforded by fluorescence imaging (< 1 cm) and
bioluminescence imaging (< 2 cm),”’ as well as NIR-to-NIR upconversion luminescence imaging

(< 2 cm).74’238

5.3 NIR photostimulated persistent luminescence imaging of PEI-LGO:Cr nanoparticles-
labeled 4T1 cells

We have shown the use of NIR PSPL in longitudinal cellular imaging application in Chapter
4. Here we demonstrate the application of this novel PSPL phenomenon in long-duration in vivo
bioimaging.

Experiments. PEI-LGO:Cr labeled 4T1 cells (~2.5x107 cells) were irradiated by a 254 nm
UV lamp for 15 min, and then subcutaneously injected into the back of a nude mouse. The decay
of NIR persistent luminescence was monitored for 4 h (Figure 5.7a). From the 4 h time point, the
mouse was exposed every 30 min to a white LED flashlight (for 15 s) for a total of 15 times to
elicit NIR PSPL signals (Figure 5.7b). From the 72 h time point, the mouse was irradiated daily
by the LED flashlight (for 15 s), and PSPL images were taken at 10 s and 5 min after each
stimulation (Figure 5.7b). All images were acquired with IVIS imaging system in the
bioluminescence mode with an exposure time of 2 min.

Results and Discussion. As aforementioned, a major restriction of current persistent
luminescence-based imaging is its short observation window (up to 15 h for subcutaneous

21,70

injection and up to 7.5 h for intravenous injection) which needs to be significantly increased

in order to meet the demand of longitudinal imaging such as cell tracking which often needs a
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window of days or even weeks. This longitudinal tracking demand can be perfectly satisfied by
utilizing the unique PSPL phenomenon possessed by the LGO:Cr nanoparticles.

For LGO:Cr nanoparticles-bearing 4T1 cells (~2.5x107 cells) subcutaneously implanted into
a mouse, the initial NIR persistent luminescence signals remained detectable for more than 4 h
(Figure 5.7a). When the dimming animal was illuminated with a white LED flashlight for 15 s,
the NIR emission from the LGO:Cr nanoparticles in vivo was immediately recovered (Figure
5.7b—e). The resulting PSPL signal was detectable for up to 30 min in vivo and repeated 15 times
within 1 day (Figure 5.7b). At the 4 h time point, the quantified total fluxes of the NIR signals
before and after the LED stimulation are about 7.4x10° and 4.9x10° photons per second,
respectively, as shown in Figure 5.8. This means that the intensity of the NIR luminescence was
gained about 6.6 times after the first stimulation. After 15 times of white LED stimulations, the
intensity of the PSPL signal is still higher than that at the instant before the first stimulation. This
PSPL properly extends the tracking window from several hours to more than 10 days, as shown
in Figure 5.7c—e. Although the PSPL intensity dropped as the number of stimulations increased
(Figure 5.9), the PSPL signals remained detectable even on day 10, at which time a still high S/N
ratio of 24.6 was obtained. Note that an even longer tracking window, e.g., one month, is

expected if a less frequent stimulation scheme is adopted.'®
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Figure 5.7 Acquisition of NIR persistent luminescence and NIR PSPL signals from PEI-LGO:Cr
nanoparticles-labeled 4T1 cells. Pre-irradiated PEI-LGO:Cr nanoparticles labeled 4T1 cells

(~2.5X107 cells) were subcutaneously injected onto the back of a nude mouse. Row a, Decay of
NIR persistent luminescence to 4 h. Starting from the 4 h time point, the mouse was exposed to a
white LED flashlight to elicit NIR PSPL signals. Row b, PSPL images taken immediately (~10 s
delay) after 1, 3, 5, 10, and 15 times of stimulation. Row ¢—e, PSPL images. From the 72 h time
point, the mouse was irradiated daily by the LED flashlight (for 15 s), and imaged 10 s and 5 min
after each stimulation. c¢1, d1 and el are the images taken right before the stimulation. The
numbers at the upper right corners of the images in Row b, ¢2, d2 and e2 indicate the stimulation
times.
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Figure 5.8 Quantification of the intensities of the PSPL signals in Figure 5.7b. In Figure 5.7b,
only the PSPL images taken after 1, 3, 5, 10, 15 times of stimulations were shown. In this figure,
all the PSPL intensities for the 15 times of stimulations are given.
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Figure 5.9 Quantification of the intensifies of the NIR PSPL signals in Figure 5.7, covering 10
days and a total of 23 times of stimulations.
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5.4 In vivo NIR photostimulated persistent luminescence imaging of a mouse brain

The white LED flashlight can work as a non-invasive, safe, cheap and convenient switcher to
turn on the LGO:Cr nanoparticles in vivo. Owing to the good tissue penetration of the white light
and the high power of the Olight SR51 flashlight (900 lumens), the white LED stimulation is
expected to lighten up LGO:Cr nanoparticles located in the tissues deeper than the skin region.
This is verified by the imaging experiment in a mouse brain.

Experiments. About 25 ng PEI-LGO:Cr nanoparticles were irradiated by a 254 nm UV lamp
for 15 min and then were implanted into the brain of a mouse (the location of the nanoparticles is
about 2 mm beneath the head skin). At the 6 h, 72 h and 120 h time points, the mouse head was
illuminated by a white LED flashlight for 15 s, and then imaged (1 min delay) on an IVIS
imaging system in the bioluminescence mode with an exposure time of 2 min. The quantification
was achieved by analyzing the NIR PSPL signals within the region of interests (ROIs) using
Living Image software (Version 4.3.1 SP1).

Results and Discussion. As expected, intense NIR PSPL signals were repeatedly obtained
over a 120 h period (Figure 5.10). At the 6 h time point, the PSPL signals at 30 min after the
stimulation are still detectable by the IVIS imaging system (Figure 5.11). Although the PSPL

signals at the 120 h time point only lasted to 10 min, it is sufficient to acquire the images.
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Figure 5.10 Stimulation and acquisition of NIR PSPL signals from PEI-LGO:Cr nanoparticles
inoculated into the brain of a nude mouse. Images were taken at the 6 h, 72 h, and 120 h time
points.
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Figure 5.11 Quantification of the NIR PSPL signals in a mouse brain model in Figure 5.10. In

the actual experiment, PSPL images were taken at 1, 5, 10, 15 and 30 min after the stimulation at
the 6 h time point, and 1, 5 and 10 min after the stimulation at the 72 h and 120 h time points.
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5.5 Long-term in vivo cell tracking and tumor targeting
The long-term tracking window in vivo, together with the high cell labeling efficiency, the
high detection sensitivity and the deep-tissue imaging capability, makes the photostimulable

LGO:Cr nanoparticles very suitable for long-term in vivo cell tracking and active tumor targeting.

5.5.1 In vivo cell tracking

Experiments. We performed a proof-of-concept cell tracking study by intravenously tail
vein injecting PEI-LGO:Cr-bearing RAW264.7 cells into a 4T1 subcutaneous tumor model, and
tracking their migration in vivo. PEI-LGO:Cr nanoparticles were UV pre-irradiated by a 254 nm
UV lamp for 15 min, and then loaded into RAW264.7 cells for a 48 h incubation in the dark. The
labeled RAW264.7 cells (~1.0x10° cells) were intravenously injected under a safelight condition
to avoid energy loss caused by regular room-light illumination. Whole body luminescence
images were acquired before and after illuminating the mouse by a white LED flashlight (for 15
s) at 30 min, 24 h, and 72 h after the cell injection (Figure 5.12). All images were acquired on an
IVIS imaging system in the bioluminescence mode with an exposure time of 3 min.

After imaging, mice were sacrificed by cervical dislocation under deep isoflurane anesthesia.
Tumor, liver, lung, spleen, kidney, heart, and brain were harvested, UV-irradiated, and then
subjected to bioluminescence imaging using an IVIS imaging system (Figure 5.13). NIR
persistent luminescence images were acquired on an IVIS Lumina II imaging system in the
bioluminescence mode with the emission filter set as “open”, and with an exposure time of 5 min.
The fluxes (in photons per second) of luminescence from the organs and tumor before and after
the UV excitation were recorded on the IVIS system. Biodistribution of the NIR persistent

luminescence signals from the organs and tumor was calculated by the net flux of each organ as
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well as the tumor. The net flux was obtained by subtracting the flux obtained before UV
excitation from the flux obtained after UV excitation. The net flux of each organ and tumor was
then normalized to that of the liver.

Later, the tumors collected from the mice were then snap-frozen, cut into 6—8 um thick
sections, and mounted on a coverslip. After fixed in acetone at room temperature for about 2 h,
the sections were gently washed with 1x PBS (pH 7.4) for 3 times, irradiated by a 254 nm UV
lamp for 5 min, and subjected to bioluminescence histology study on a Olympus LV200

microscope (Figure 5.14).
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Figure 5.12 In vivo cell tracking with PEI-LGO:Cr labeled RAW264.7 cells. Whole body
luminescence images were acquired before and after illuminating the mouse by a white LED
flashlight (for 15 s) at 30 min (a), 24 h (b), and 72 h (c¢) after the cell injection. The tumor sites
are indicated by pink circles.

Results and discussion. Since the UV pre-irradiated LGO:Cr nanoparticles had already

experienced 48 h of decay in the incubation process at the instant of injection, the intensity of the

NIR persistent luminescence signals in vivo was too low to be detected by the IVIS imaging
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system (see the top row images in Figure 5.12). However, intense NIR PSPL signals can be
elicited by short-time (15 s) white LED stimulation. Imaging at 30 min after the injection
(bottom image in Figure 5.12a) revealed NIR PSPL signals all over the mouse body, with the
most intensive signals in the liver and the intestine. At 72 h, however, most signals were found in
the tumor area (bottom image in Figure 5.12¢). Such tropism is expected because macrophages
are an important player in tumor proliferation and angiogenesis, and are heavily recruited to
tumor sites,”’ as was observed by others.*****! After the 72 h imaging, the animal was sacrificed
to be used in ex vivo biodistribution study. The ex vivo biodistribution study revealed the
strongest NIR persistent luminescence signals in the tumor (Figure 5.13), consistent with the in
vivo results.

The tumor was further studied using a LV200 bioluminescence microscope. The
bioluminescence microscopy study showed inhomogeneous but strong presence of LGO:Cr
nanoparticles in the tumor, as shown in Figure 5.14. To our knowledge, the present study is the
first demonstration on harnessing persistent luminescence for in vivo cell tracking and ex vivo
histology examination. Moreover, the strong NIR PSPL signals from such deep organs as liver
and intestine further confirm that the LGO:Cr nanoparticles in the deep tissues can be readily
elicited to emit NIR PSPL by white light illumination. This capability combined with the high
penetration depth of the NIR light, suggests that the LGO:Cr-based imaging can be used for

whole mouse study.

98



Relative

Organs Normalized Percentage of Sta_nda.rd

Total Flux (%) Derivation

(RSD) (%)
Liver 100.0 2.5
Tumor 111.3 0.8
Lung 30.0 6.2
Spleen 13.6 2.2
Kidney 3.5 9.9
Heart 1.6 17.8
Brain 2.2 6.9

Figure 5.13 Ex vivo images and biodistribution of NIR persistent luminescence signals among
tumor and major mouse organs for cell tracking with PEI-LGO:Cr nanoparticles labeled
RAW264.7 cells in 4T1 tumor model. a, Background image of major organs, including liver (1),
kidneys (2), brain (3), spleen (4), lung (5) and heart (6), and tumor (7) before UV irradiation. b,
Image taken after the organs and tumor were irradiated by a 254 nm UV lamp for 15 min. The
signals were attributed to the NIR persistent luminescence from the LGO:Cr nanoparticles. c,

1.0

0.5

0.0

-1.0
x103

Biodistribution of the NIR persistent luminescence signals from the organs and tumor.
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Figure 5.14 Microscopic study of 4T1 tumors with/without PEI-LGO:Cr labeled RAW264.7
cells. Row a, Bright-field images of control 4T1 tumor and labeled 4T1 tumor (in two locations).
(Scale bars, 200 um). Row b, Bioluminescence images of 4T1 tumors. Row ¢, Merged images
by overlapping the same column images in Row a and Row b.
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5.5.2 In vivo active targeting imaging

Besides cell tracking, the LGO:Cr nanoparticles can also be used for tumor targeting if
appropriate surface chemistry for nanoparticle modification is applied. We adapted c¢(RGDyK)-
LGO:Cr nanoparticles for active targeting, since cRGD is a small peptide with high affinity
toward integrin o3, a tumor biomarker overexpressed on tumor vasculature as well as on tumor
cells of various types.**?
Experiments. To prepare ¢(RGDyK)-LGO:Cr nanoparticles for in vivo active targeting, the
LGO:Cr nanoparticles were first modified using PVP and HSA, and then conjugated with
c(RGDyK) peptides. The LGO:Cr nanoparticles were coated by human serum albumin (HSA)
proteins, because the albumin molecules possess certain functional groups (e.g., amino- and
carboxyl- groups) that can form covalent bonding with targeting molecules, c(RGDyK)

162163 The HSA-coated LGO:Cr nanoparticles were prepared using the following

peptides.
procedure. LGO:Cr nanoparticles were dispersed in ethanol to a concentration of 1 mg/mL. PVP
(MW = 40k) was added into the solution, and the mixture was magnetically stirred in dark for 48
h. The resulting PVP-LGO:Cr nanoparticles were collected via centrifugation and washed with
ethanol for 3 times. The purified PVP-LGO:Cr nanoparticles were added to a HSA solution (3
mg HSA/mL), and the mixture was incubated for 4 h. HSA proteins were adsorbed onto the
surface of LGO:Cr nanoparticles, and the product was collected by centrifugation and washed
with water for 3 times. For bioconjugation, the HSA-coated LGO:Cr nanoparticles were first
reacted with bis(sulfosuccinimidyl) suberate (BS?, Thermo Scientific) in a 50 mM borate buffer

solution (pH 8.0) for 30 min at room temperature. The particles were purified by centrifugation

and re-dispersed in PBS (pH 7.4). The c(RGDyK) peptide was added to the solution, and the
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reaction was conducted at room temperature for 2 h. The final products as c(RGDyK)-conjugated
LGO:Cr nanoparticles were purified by centrifugation and re-dispersed in PBS.

0.5 mg c(RGDyK)-LGO:Cr nanoparticles were irradiated by a 254 nm UV lamp for 15 min
before intravenous tail vein injection. Luminescence images were acquired before and after the
stimulation (for 15 s) by a LED flashlight at 6 h and 24 h after the injection (Figure 5.15). All
images were acquired on an IVIS Lumina II imaging system in the bioluminescence mode with
an exposure time of 3 min. After imaging, the mouse was sacrificed. The tumor and the different
mouse organs were collected and UV-irradiated, and then subjected to ex vivo biodistribution
study on an IVIS imaging system (Figure 5.16).

Results and discussion. Figure 5.15 shows a tumor targeting study where ¢c(RGDyK)-LGO:Cr
nanoparticles were intravenously injected into 4T1 tumor bearing mice (n = 3). The intensity of
the NIR PSPL signals in the 4T1 tumor region was much higher than other region several hours
post the injection. This suggests that the c(RGDyK)-LGO:Cr nanoparticles accumulated in tumor.
After imaging, ex vivo evaluation of NIR persistent luminescence from dissected organs and
tumor at 24 h post-injection revealed good accumulation of nanoparticles in the 4T1 tumor, as
shown in Figure 5.16. The ex vivo observation is consistent with the in vivo imaging study. It
should be noted that 24 h post-injection provided enough time for the nanoparticles to reach most
organs through blood stream circulation and diffusion.”®' It is anticipated that other targeting
molecules, either antibody-, peptide-, or aptamer-based, can be coupled onto LGO:Cr

nanoparticles to allow for targeting different specific biomarkers.

102



Before
PSPL

Figure 5.15 In vivo active tracking with c¢(RGDyK)-LGO:Cr nanoparticles. Whole body
luminescence images were acquired before and after illuminating the mouse by a white LED

flashlight (for 15 s) at 6 h (a), and 24 h (b) after the nanoparticles injection. The tumor sites are
indicated by pink circles.
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Relative
Organs Normalized Percentage of Sta_nda.rd
Total Flux (%) Derivation
(RSD) (%)
Liver 100.0 26
Tumor 1220 0.6
Lung 95 18
Spleen 13.4 204
Kidney 11.9 15.6
Heart 4 13.9
Brain 6.3 3

Figure 5.16 Ex vivo images and biodistribution of NIR persistent luminescence signals among
tumor and major mouse organs for active tumor targeting with c(RGDyK)-LGO:Cr nanoparticles
in 4T1 tumor model. a, Background image of major organs, including liver (1), spleen (2),
kidney (3), heart (4), lung (5) and brain (6), and tumor (7) before UV irradiation. b, Image taken
after the organs and tumor were irradiated by a 254 nm UV lamp for 15 min. The signals were
attributed to the NIR persistent luminescence from the LGO:Cr nanoparticles. ¢, Biodistribution

of the NIR persistent luminescence signals from the organs and tumor.
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5.6 Summary

We have developed a new type of optical nanoprobes, LGO:Cr NIR persistent luminescent
nanoparticles, with strong, long-lasting, and photostimulable NIR persistent luminescence that
allows for ultrasensitive, deep-tissue, and long-term tracking of cells and molecule objects in
vivo. This LGO:Cr-based imaging technique can be conveniently used on existing imaging
systems to improve the quality and capacity of optical imaging, and holds the following
promising prospects. Firstly, for cell tracking, LGO:Cr nanoparticles offers sensitivity and
penetration depths that are comparable or superior to bioluminescence which is by far the most
sensitive optical method. Unlike bioluminescence-based cell tracking that requires tedious and
sometimes challenging transfection to label cells as well as repeated injection of enzyme
substrates, cell labeling with LGO:Cr nanoparticles demands no more than simple incubation. In
addition, LGO:Cr-labeled cells can be examined histologically, an option that is not possible
with bioluminescence-based cell tracking because luciferase proteins cannot survive the process
of tissue fixation. Secondly, LGO:Cr-based imaging allows one to “see” through a mouse body,
breaking the dogma that optical imaging can only investigate superficial conditions. The
underlying impact can be tremendous. Taking cancer research as an example, orthotopic,
spontaneous and metastatic tumor models, which were previously studied by more expensive and
less available imaging tools such as PET, are now able to be investigated on an optical imaging
system. Such a transition would save massive cost and significantly expedite the process of basic
research and drug development.*' Thirdly, our cellular imaging results suggest great promise of
LGO:Cr nanoparticles in quantitative cell assays such as flow cytometry and immunostaining.
The advantages, aside from a clean background, also include the exceptional photo- and

chemical-stability of the LGO:Cr nanoparticles. Fourthly, owing to a deep penetration depth
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(>3.7 cm with 150 pg LGO:Cr nanoparticles) of the NIR luminescence, LGO:Cr nanoparticles
also have a perspective in clinical translation for, for instance, mapping lymph nodes, most of

which are about 3 cm beneath the skin of human beings‘243

This is possible due to the
biocompatibility of LGO:Cr, given that all the three comprising metals are relatively well

tolerated.
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CHAPTER 6
CONCLUSION

In this dissertation, a new, novel type of photostimulable NIR persistent luminescent
phosphor, LiGasOs:Cr'" (LGO:Cr), in the forms of solid ceramics and nanoparticles were
developed and investigated, and the applications of LGO:Cr nanoparticles as optical nanoprobes
in bioimaging were comprehensively studied. The studies show that the LGO:Cr phosphors are
not only superb NIR (peaking at 716 nm) persistent materials exhibiting a super-long persistent
luminescence of more than 1,000 h, which is the longest persistent luminescence reported to date,
but also remarkable photostimulable storage media exhibiting a new optical read-out form —
photostimulated persistent luminescence (PSPL) in the NIR. Owing to the high-penetrating
power of the NIR light in tissues and the very-long persistent luminescence and the unique PSPL
capability of the LGO:Cr nanoparticles, the LGO:Cr nanoparticles-based bioimaging offers a
excitation-free and thus autofluorescence-free imaging condition. The bioimaging studies reveal
promising potential of these LGO:Cr nanoprobes in cell tracking and tumor targeting, exhibiting
very-long imaging window (>10 days) and exceptional sensitivity and penetration that far exceed
those afforded by conventional fluorescence imaging.

The main conclusions of this dissertation are summarized as below.

New, novel Cr3+-d0ped LiGas03 (LGO:Cr) NIR persistent luminescent ceramics. The
LGO:Cr ceramics were fabricated by a solid-state reaction method, in which stoichiometric
amounts of Li,COs, Ga;O3 and Cr,O3 powders were sintered at 1300 °C in a high temperature

furnace in air. The LGO:Cr ceramic phosphors can be effectively activated by a broad range of
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wavelengths ranging from ~250 nm to ~660 nm and emit a narrow NIR photoluminescence band
(~650-850 nm peaking at 716 nm) attributed to the spin-forbidden Cr’* ’E — “A, transition.
After irradiation with a 254 nm UV lamp for a short time, e.g., | min, the energy stored in the
LGO:Cr phosphor can sustain a very long NIR persistent luminescence of more than 1000 h.
Remarkably, an intense NIR PSPL signal peaking at 716 nm can be repeatedly obtained in a
period of more than 2000 h when an UV pre-irradiated LGO:Cr ceramic is repeatedly stimulated
with a white LED flashlight.

Cr3+-d0ped LiGas0s (LGO:Cr) NIR persistent nanoparticles. The LGO:Cr nanoparticles
were synthesized by a sol-gel method using LiNO3, Ga(NO3)3 and Cr(NO3)3 as the precursors,
followed by calcinations at 1100 °C and then wet mechanical grinding. The particle sizes are in
the range of 50-100 nm. The LGO:Cr nanoparticles exhibit the similar NIR photoluminescence,
NIR persistent luminescence and NIR PSPL properties as their ceramic counterpart, except for a
shorter detectable persistent luminescence time (~100 h) due to the smaller particle volume. The
LGO:Cr nanoparticles are chemically stable over a broad range of pH from 3.0 to 11.0.

Easy surface modification and functionalization of LGO:Cr nanoparticles. The LGO:Cr
nanoparticles can be readily encapsulated with PEI and PVP polymers, coated with silica shells,
or conjugated with HSA proteins and ¢(RGDyK) peptides. The PEI- and PVP-encapsulated
LGO:Cr nanoparticles remain stable in aqueous solutions for more than 72 h and 48 h,
respectively. For silica coating, the thickness of the silica layer can be tune from 1 nm to 10 nm
by adjusting the reaction parameters. The ability to be conjugated with c(RGDyK) peptides
enables the LGO:Cr nanoparticles to be used for active tumor targeting.

Low cytotoxicity of LGO:Cr nanoparticles. The cytotoxicity of the PEI-LGO:Cr

nanoparticles were evaluated on a variety of cell lines, including 4T1 murine breast cancer cells,
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RAW264.7 murine macrophage cells, and murine ESCs. Although the viability of the three cell
lines decreased as the nanoparticle concentration increased, the evaluations showed >80%
viability in the tested concentrations up to 100 ng/mL after 24 h of incubation with 4T1 cells and
RAW264.7 cells, and 72 h with ESCs. In addition, the PEI-LGO:Cr nanoparticles also showed
low impact to cell renewal and differentiation using three key biomarkers: Nanog, Nestin and
Sox17.

Efficient internalization of PEI-LGO:Cr nanoparticles in RAW264.7 cells and 4T1 cells.
Thin sectional TEM study showed that the PEI-LGO:Cr nanoparticles can be efficiently
internalized by RAW264.7 and 4T1 cells via endocytosis of the cells, and the internalized
nanoparticles can be transferred to daughter cells up to three generations in a 6 days incubation.
The amount of LGO:Cr nanoparticles internalized by RAW?264.7 cells was quantified as ~15.85
pg per cell by the ICP-MS method, while the amount internalized by 4T1 cells was estimated as
~6.89 pg per cell by the persistent luminescence measurement.

In vitro cell imaging based on NIR persistent luminescence and NIR PSPL signals.
Individual 4T1 cells labeled with PEI-LGO:Cr nanoparticles were clearly visualized using an
Olympus LV200 bioluminescence microscope. This is the first visualization and imaging of
individual cells based on persistent luminescence signals. Significantly, the intensity of the NIR
persistent luminescence from the LGO:Cr nanoparticles is comparable to that of the
bioluminescence from firefly luciferase (f-luc); the latter is the most sensitive optical imaging
probe for cell tracking. Moreover, by making use of the unique PSPL property, the in vitro
tracking window for the PEI-LGO:Cr nanoparticles labeled 4T1 cells was expanded to 8 days

using an IVIS Lumina II imaging system.

109



Excellent detection sensitivity of LGO:Cr nanoparticle-based bioimaging. Due to the
elimination of the external excitation and along with it, the autofluorescence, the background
noise in animal bioimaging is at the minimum. This enables the PEI-LGO:Cr nanoparticle
labeled RAW264.7 cells to be visualized at an exceptionally high sensitivity of as few as ~5 cells.
This sensitivity is comparable to the f-luc-based cell tracking, but several orders of magnitude
higher than that of QDs and organic dyes.

The benefit brought by the LGO:Cr nanoparticles’ excitation-free imaging condition was
perfectly reflected in comparison experiments with QDs. It shows that with the same amount of
LGO:Cr nanoparticles and QDs, the LGO:Cr-based imaging yielded a S/N ratio about an order
of magnitude higher than the QDs-based imaging.

Deep detection depth of LGO:Cr nanoparticle-based bioimaging. Since the emission
(716 nm) of LGO:Cr nanoparticles is in the first tissue transparency window, the LGO:Cr
nanoparticle-based imaging exhibited deeper tissue penetration than the green-emitting f-luc-
based imaging. In the experiments using pork as the tissue model, detection depths of 2.5 cm and
3.7 cm were achieved when 15 pg and 150 pg LGO:Cr nanoparticles were injected into the pork,
respectively. Such penetration depths are significantly greater than those afforded by the
fluorescence imaging (< 1 cm), bioluminescence imaging (< 2 cm) and upconversion
luminescence imaging (< 2 cm).

Longitudinal in vive monitoring based on LGO:Cr nanoparticles’ PSPL property. For
LGO:Cr nanoparticles-bearing 4T1 cells (~2.5x10” cells) implanted into a mouse (the cells were
pre-irradiated by a 254 nm UV lamp before the injection), the initial NIR persistent
luminescence signals were detectable for about 4 h. The tracking window can be significantly

extended by making use of the LGO:Cr nanoparticles’ PSPL capability. Our imaging
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experiments showed that LGO:Cr nanoparticles pre-charged by UV light were able to be
repeatedly (>20 times) stimulated in vivo, even in deep tissues (such as in brain), by short-
exposure (~15 seconds) to a white LED flashlight, giving rise to multiple NIR PSPL that
extended the tracking window from hours to 10 days. Such a long tracking window is sufficient
for longitudinal in vivo cell tracking which needs a window of days or even weeks.

Long-term in vivo cell tracking and active tumor targeting. A proof-of-concept cell
tracking study was performed by intravenously tail vein injecting UV pre-irradiated PEI-
LGO:Cr-bearing RAW264.7 cells into a 4T1 subcutaneous tumor model, and tracking their
migration in vivo. Intense PSPL signals were detected in the tumor area 72 h after the injection,
showing significant recruitment of the PEI-LGO:Cr-bearing RAW264.7 cells in the tumor site.
This in vivo tracking result was confirmed by subsequent ex vivo biodistribution study and ex
vivo histology examination from the collected tumors.

LGO:Cr nanoparticles were used as tags of targeting molecules, c(RGDyK) peptide, for
cancer imaging. The c(RGDyK)-conjugated LGO:Cr nanoparticles were intravenously injected
into 4T1 tumor bearing mice, and showed good accumulation in the tumors 6 h after the injection.

The in vivo observation was consistent with the ex vivo imaging study of the collected tumors.
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