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Ceria nanoparticles with a size less than 5 nm have been identified as an
effective antioxidant that can scavenge reactive oxygen species (ROS)
and reactive nitrogen species (RNS) by redox cycles between Ce*"
(reduced) and Ce*' (oxidized) states on their surface. Moreover, the
catalytic activities of ceria nanoparticles are regenerative. For these
reasons, they are very attractive for the development of potential
therapeutics for various diseases induced by ROS-mediated oxidative
stress. In chapter 1, ceria nanoparticle in medical application is

introduced.

Chapter 2 describes mitochondria-targeting ceria nanoparticles as
antioxidants for Alzheimer’s disease. Mitochondrial oxidative stress is a
key pathologic factor in neurodegenerative diseases, including
Alzheimer’s disease. Abnormal generation of ROS, resulting from
mitochondrial dysfunction, can lead to neuronal cell death. Ceria (CeO»)
nanoparticles are known to function as strong and recyclable ROS
scavengers by shuttling between Ce** and Ce*' oxidation states.
Consequently, targeting ceria nanoparticles selectively to mitochondria
might be a promising therapeutic approach for neurodegenerative
diseases. Here, I report the design and synthesis of Triphenylphosph-

onium (TPP)-conjugated ceria nanoparticles that localize to



mitochondria and suppress neuronal death in a 5XFAD transgenic
Alzheimer’s disease mouse model. The TPP-conjugated ceria
nanoparticles mitigate reactive gliosis and morphological mitochondria
damage observed in these mice. Altogether, our data indicate that the
TPP-conjugated ceria nanoparticles are a potential therapeutic candidate

for mitochondrial oxidative stress in Alzheimer’s disease.

In chapter 3, I describe ceria nanoparticle systems for selective
scavenging of mitochondrial, intracellular, and extracellular reactive
oxygen species in Parkinson’s disease. Oxidative stress induced by ROS
is one of the critical factors that involve in the pathogenesis and
progression of many diseases. However, lack of proper techniques to
scavenge ROS depending on their cellular localization limits a thorough
understanding of the pathological effects of ROS. Here, I demonstrate
the selective scavenging of mitochondrial, intracellular, and extracellular
ROS using three different types of ceria nanoparticles (NPs), and its
application to treat Parkinson’s disease (PD). Our data show that
scavenging intracellular or mitochondrial ROS inhibits the microglial
activation and lipid peroxidation, while protecting the tyrosine
hydroxylase (TH) in the striata of PD model mice. These results indicate

the essential roles of intracellular and mitochondrial ROS in the



progression of PD. I anticipate that our ceria NP systems will serve as a

useful tool for elucidating the functions of various ROS in diseases
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Chapter 1. Introduction: Ceria Nanoparticles in

Medical Applications

1.1 Introduction

Excessive production of ROS and RNS results in the increased oxidative
stress, which plays a key role in the pathogenesis of many serious
diseases, including ischemic stroke, retinal degenerative diseases, sepsis,
cancers, vascular diseases, as well as neurodegenerative diseases.!!!
Ceria nanoparticles with a size less than 5 nm have been identified as an
effective antioxidant that can scavenge ROS and RNS by redox cycles
between Ce*" (reduced) and Ce*" (oxidized) states on their surface. This
Ce’" and Ce*" redox switching, like the redox metal ion mechanism in
metalloenzymes, enables the ceria nanoparticles to react in ways similar
to two essential antioxidant enzymes: superoxide dismutase and
catalase.!**! This reactivity successfully applied to protect cells in vitro
against superoxide (O?") and hydrogen peroxide (H20.), which are two
predominant forms of ROS, via the superoxide dismutase- and catalase-
mimetic activities of ceria nanoparticles, respectively. Furthermore, the
catalytic activities of ceria nanoparticles are regenerative. >l For these

reasons, they are very attractive for the development of potential



therapeutics for various diseases induced by ROS-mediated oxidative

stress.[>3:0]

1.2 Ceria nanoparticles for neurodegenerative disease

therapy

One of the major applications of ceria nanoparticles is the treatment of
neurodegenerative diseases. For example, Alzheimer’s disease and
Parkinson’s disease are manifested by progressive neuronal cell loss,
abnormal protein aggregation in the brain, and mitochondrial oxidative

stress.[78]

Oxidative stress is known to be responsible for the
mitochondrial dysfunction and the neuronal cell death, which
consequently lead to the pathogenesis of these diseases. Therefore,
reducing the oxidative stress using the regenerative ROS-scavenging
activities of ceria nanoparticles can provide a unique treatment
opportunity. Recent studies successfully demonstrated the use of ceria
nanoparticles to protect neuron cells against superoxide and hydrogen
peroxide in vitro and in vivo. For example, ceria nanoparticles targeting
mitochondrial ROS were reported as a potential therapeutic for AD.!

In this study, Triphenylphosphonium (TPP) was conjugated onto the

ceria nanoparticles to allow the localization of the nanoparticles in



mitochondria. The TPP-conjugated ceria nanoparticles were injected into
the subicula of transgenic AD mice (5XFAD). After two months, much
less mitochondrial damage and neuronal cell death were observed in the
mice treated with the TPP-conjugated ceria nanoparticles compared with
the sham group, indicating that the TPP-conjugated ceria nanoparticles
could protect mitochondria from oxidative stress by scavenging
mitochondrial ROS. Although these findings are promising, the inability
of most nanoparticles to cross the blood—brain barrier (BBB) due to their
relatively larger size than small molecules remain an obstacle for

noninvasive treatment of neurodegenerative diseases.

1.3 Ceria nanoparticles for Ischemic stroke therapy

Ischemic stroke is caused by a blockage or serious reduction of blood
supply to the brain, accompanied by the dysfunction of brain tissues.[!"!
A cascade of events that increase ROS production occur during the
process. Moreover, a considerable amount of hydrogen peroxide and
other reactive species such as hydroperoxyl radicals are converted from
superoxide anions in acidic condition owing to the accumulation of lactic
acid from energy depletion.!”) Therefore, reducing cerebral oxidative

stress by decreasing the excessively produced ROS can be an effective



strategy for the ischemic stroke therapy. In a recent study, ceria
nanoparticles coated with phospholipid-PEG (PLPEG-ceria) were
shown to protect neuron cells from ischemic stroke injury in an in vivo
rat model.'') The PLPEG-ceria nanoparticles showed good colloidal
stability with reduced nonspecific binding and maintained their
regenerative ROS-scavenging activities in blood plasma. This study
induced brain ischemia through extensive breakage of BBB, which
allowed the intravenously injected PLPEG-ceria nanoparticles to reach
the brain. After the permeation of the nanoparticles into the brain tissues,
the infarct volume, oxidative stress, and population of apoptotic cells

were significantly decreased compared with those of the control group.

1.4 Ceria nanoparticles for retinal degenerative disease

therapy

Ceria nanoparticles have also been used to treat retinal degenerative
diseases.['?! Since the retina consumes a very large amount of oxygen, its
microenvironment contains relatively high levels of oxygen, which can
be a source of ROS generation. Moreover, the presence of abundant
photosensitizers, light exposure, and the high energy demand all promote

a highly oxidative microenvironment in the retina, producing ROS that



can be detrimental to the photoreceptor cells. Therefore, protecting
photoreceptor cells from the oxidative stress in the retina is critical for
the prevention and treatment of retinal degenerative diseases, including
inherited retinal degeneration, diabetic retinopathy, macular
degeneration, and retinal detachment.['”) Chen et al. investigated the
protective effect of ceria nanoparticles on retinal functions and
photoreceptor cells against light-induced damages using an albino rat
model, where ceria nanoparticles were injected intravitreally.['*! Retinal
function was found to be preserved in ceria nanoparticle-treated rats,
demonstrating that reducing ROS levels in the retina by using ceria
nanoparticles is an effective approach for treating retinal degenerative

diseases.

1.5 Ceria nanoparticles for cancer therapy

Elevated levels of ROS in most cancer cells have been thought to be
closely associated with many cancer-related processes, such as
tumorigenesis, proliferation, and metastasis.'¥l However, excessively
high levels of ROS are detrimental to the cancer cells themselves by
inducing apoptosis, not to mention to the normal cells.!"* This explains

why cancer cells also express increased levels of antioxidant proteins to



maintain their delicate intracellular redox homeostasis. Such a double-
sided role of ROS in cancer suggests that the modulation of ROS levels
or the redox state using ceria nanoparticles can be an effective strategy
for anticancer therapy. It is worth noting that ceria nanoparticles can
work in different capacities. For example, dextran-coated ceria
nanoparticles were used as a prooxidant to inhibit tumor growth and
invasion of melanoma in vitro and in vivo by inducing ROS-mediated
apoptosis.['! The prooxidant activity could be promoted selectively in
melanoma cells due to the tumor microenvironment, while no increase
of ROS was observed in human dermal fibroblasts. Another study, on the
other hand, reported the use of ceria nanoparticles as an antioxidant,
where significantly reduced production of ROS suppressed the
angiogenesis of ovarian cancer cells and inhibited the tumor growth in

an in vivo mouse model.['°]

Ceria nanoparticles can also act as a radiation sensitizer for cancer
cells as demonstrated in a pancreatic cancer radiation therapy.l'”) The
study showed that the low-pH condition of the cancer cells promoted the
superoxide dismutase-mimetic activity of ceria nanoparticles over

catalase-mimetic activity. As a result, pretreatment with ceria



nanoparticles enhanced the production of radiationinduced ROS, leading

to the apoptosis of tumor cells and inhibited tumor growth.

&1
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**Most of the contents of this chapter were published in the article,
"Large-Scale Synthesis and Medical Applications of Uniform-Sized

Metal Oxide Nanoparticles." (Advanced Materials 2018,1704290)
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Chapter 2. Mitochondria-targeting ceria
nanoparticles as antioxidants for Alzheimer’s

disease

2.1 Introduction

Alzheimer’s disease (AD) is one of the most common types of dementia
and affects approximately 10% of people aged 65 years or more. The
major pathological indicators of AD comprise the accumulation of
amyloid beta (AP) plaques and neuro fibrillary tangles in the brain.!!-
Although numerous studies imply the presence of crosstalk between A
and various molecular signaling pathways, the exact mechanism how A3
potentiates AD pathogenesis has not been fully elucidated yet.>!
Additionally, AB-induced mitochondrial dysfunction also has been
known to be a possible cause of AD through abnormal production of
reactive oxygen species (ROS), such as superoxide anion, hydroxyl
radical, and hydrogen peroxide.”*! Mitochondria are elongated
membrane organelles that are found in the cytoplasm of cells and have a
diameter and a height of 0.5-1 pum and 1-10 um, respectively.

Mitochondria supply cells with adenosine triphosphate (ATP) through an

11



oxidative phosphorylation process to maintain cellular energy
homeostasis. ROS byproducts generated during this process can cause
mitochondrial dysfunctions, such as DNA mutation and promotion of
intrinsic apoptosis pathways.[*!!) Although the molecular basis of the
impaired mitochondrial functions in AD is still far from being
comprehended, several previous studies revealed that the production of
ROS is involved with the interactions of AP peptides in mitochondria
with resident proteins, such as cyclophilin D, alcohol dehydrogenase,
and ATP synthase.['*!*] Since this kind of ROS-induced mitochondrial
dysfunction precedes the AP plaque buildup in the brain, the hallmark of
AD,I3181 therapeutic agents that can protect mitochondria against
oxidative stress from ROS would be very useful for the prevention and
early stage treatment of AD. For example, some mitochondria-specific
antioxidants, including MitoQ and SS31, are known to work effectively
against AD-related oxidative stress and synaptic dysfunctions.!!’-1°]
Ceria (CeO2) nanoparticles less than 5 nm are known to exhibit ROS-
scavenging activity in a recyclable way by reversible binding of oxygen
atoms and shuttling between the Ce*" (reduced) and Ce*" (oxidized)

20-22

states on their surface.???! They have been successfully applied to

protect cells against superoxide and hydrogen peroxide, which are two

12



predominant forms of ROS, using their superoxide dismutase-mimetic
and catalase-mimetic activities, respectively.l?*??! Various therapeutic
potentials of the ceria nanoparticles also have been demonstrated for
neuro- and cardio-protection, wound healing, and treatment of chronic
inflammation, cancer, and ocular disorders.?>?’) In particular, small ceria
nanoparticles (<5 nm) showed enhanced therapeutic efficiency due to

20]

their large surface-to-volume ratio.”! For example, 3-nm ceria

nanoparticles have been shown to protect the brain against ischemic

271 Here, 1 describe the design and synthesis of

stroke in rats.!
triphenylphosphonium-conjugated ceria nanoparticles (TPP-ceria NPs)
that localize to mitochondria and suppress neuronal death in a SXFAD
transgenic AD mouse model. TPP is a lipophilic cation that is capable of
targeting mitochondria by taking advantage of negative mitochondrion
membrane potential.[**3% The TPP-ceria NPs mitigate the reactive
gliosis and morphological mitochondria damage observed in the mouse
model. Altogether, our data indicate that the TPP-ceria NPs are a

potential therapeutic candidate for treating mitochondrial oxidative-

stress-induced damage in AD.

13



2.2 Experimental Section

2.2.1 Synthesis of Ceria NPs.

Ceria NPs were formed by hydrolytic sol—gel reactions. Briefly, 0.43 g
of cerium(III) acetate (1 mmol) and 3.25 g of oleylamine (12 mmol) were
dissolved in 15 mL of xylene. The mixture solution was stirred
vigorously for 12 h at room temperature and then heated to 90 °C with a
heating rate of 2 °C/min under vacuum. Deionized water (I mL) was
rapidly injected into the heated solution to initiate the sol—gel reaction,
as indicated by a color change from purple to cloudy yellow. The reaction
solution was then incubated at 90 °C for 3 h until it became transparent,
and then was cooled to room temperature. Ceria NPs were precipitated
by adding 100 mL of acetone, harvested by centrifugation, and then
resuspended in chloroform to a final concentration of 10 mg/mL. I
measured the size of total 591 ceria nanoparticles in three TEM images.

The average size was 3.0 = 0.8 nm.

2.2.2 Synthesis of DSPE-PEG-TPP and FITC-Conjugated DSPE-

PEG.

3-CTPP (8.6 mg, 20 umol), N-(3-(dimethylamino)propyl)-N'-ethylcarb-

odiimide hydrochloride (EDCI, 11.5 mg, 60 pmol), N-hydroxysuc-

14



cinimide (NHS, 6.9 mg, 60 umol), and triethylamine (20 pL) were
dissolved in 1 mL of chloroform. The solution was stirred vigorously for
2 h at room temperature. Then, it was added to a second solution of 50
mg of DSPE-PEG-NH2 dissolved in 2 mL of chloroform. The solution
mixture was stirred for 24 h at room temperature. The conjugation was
analyzed on a MALDI TOF-TOF 5800 system installed at the National
Center for Interuniversity Research Facilities (NCIRF) at Seoul National
University. To produce FITC-conjugated DSPE-PEG, 7.8 mg of FITC
(20 umol), 20 pL of triethylamine, and 50 mg of DSPE-PEG-NH2 were
dissolved in 10 mL of chloroform, and the solution was stirred

vigorously for 24 h at room temperature.

2.2.3 Synthesis of Water-Dispersive TPP-Ceria NPs.

DSPE-PEG-TPP (25 mg) and ceria NPs (8 mg) were mixed in 25 mL of
chloroform. The solution was evaporated using a rotary evaporator and
dried under vacuum at 80 °C for 1 h. Eight milliliters of deionized water
was then added into the flask, and sonication was performed. The
transparent, light-yellow suspension was filtered by a syringe filter of 0.2
um pore size. To remove the free DSPE-PEG-TPP, I purified the TPP-

ceria NPs thoroughly by treating the obtained NPs sequentially using

15



high-speed ultracentrifugation at 450000g for 2 h, filtration using an
Amicon centrifugal filter with a cutoff molecular weight of 50 kDa, and
dialysis using a Slide-A-Lyzer dialysis cassette with a 10 kDa molecular

weight cutoff (Thermo, Rockford, IL, USA) for 24 h.

2.2.4 Synthesis of Water-Dispersive FITC-Conjugated TPP-Ceria

NPs and FITC-Conjugated Ceria NPs.

Water-dispersive FITC-conjugated TPP-ceria and FITC-conjugated ceria
NPs were obtained by the same procedures for the preparation of water-
dispersive TPP-ceria and ceria NPs except that a mixture of FITC-
conjugated DSPE-PEG and DSPE-PEG was used (1:50 ratio of DSPE-

PEG-FITC to DSPE-PEG-TPP).

2.2.5 Synthesis of Water-Dispersive Iron Oxide, FITC-Iron Oxide,

TPP-Iron Oxide, and FITC-TPP-Iron Oxide NPs.

Water-dispersive TPP-iron oxide NPs, iron oxide NPs, FITC-conjugated
TPP-iron oxide NPs, and iron oxide NPs were obtained by the same
procedures for the preparation of water-dispersive TPP-ceria and ceria
NPs. Iron oxide NPs with 3, 10, and 18 nm size were synthesized

according to the previous publication. I measured a total of 100 iron

16



oxide nanoparticles in one TEM images. The average sizes were 3.0 +

0.6, 10.0 £ 0.8, and 18.0 = 0.4 respectively.

2.2.6 SOD Activity Assay and Catalase Activity Assay.

The superoxide scavenging activity was assessed using a SOD assay kit
(Sigma-Aldrich). First, ceria NPs and TPP-ceria NPs were diluted in 200
uL of WST-1 (water-soluble tetrazolium salt, (2-(4-iodophenyl)3-(4-
nitrophenyl)-5-(2,4-disulfo-phenyl)-2H-tetrazolium, monosodium salt)
to get NP solutions with cerium concentrations of 0, 0.093, 0.187, 0.375,
0.75, and 1.5 mM, and the resulting NP solutions were added to each
well in triplicate. SOD coupling reactions were initiated by the addition
of 20 pL of xanthine oxidase solution and incubated at 37 °C for 20 min.
Absorbance at 450 nm, which is proportional to SOD activity, was read
using a microplate reader (Victor X4, PerkinElmer, Waltham, MA, USA).
An amount of 50 U/mL SOD was defined as the activity of the enzyme
that inhibits the reduction reaction of WST-1 with superoxide anion by
50% in experiments quantifying SOD-mimetic activity. Three repeated
sets of measurements were performed. The catalase activity of ceria and
TPP-ceria NPs was measured by an Amplex Red hydrogen

peroxide/peroxidase assay kit (Molecular Probes Inc.). In the presence

17



of catalase activity, Amplex Red reagent (10-acetyl-3,7-
dihydroxyphenoxazine) reacts with hydrogen peroxide to yield a red
fluorescent resorufin oxidation product. For this, ceria or TPP-ceria NPs
were diluted in 1x reaction buffer containing 100 uM Amplex Red
reagent and 2 mM hydrogen peroxide, with different cerium
concentrations of 0, 0.25, 0.5, and 1 mM. Then, 50 pL of the above
solution was added to microplate wells in triplicate. The microplate was
protected from light and incubated at room temperature for 30 min. The
absorbance at 490 nm was then measured with a microplate reader. One
mU/mL HRP worked as the 100% control when measuring the catalase-

mimetic activity. All the measurements were performed in triplicate.

2.2.7 Cell Viability Assays.

SH-SYS5Y and HT22 were seeded at 10000 cells per well in a 96-well
plate and cultured for 24 h. Ceria or TPP-ceria NPs were diluted in cell
media and added to triplicate microplate wells containing increasing
cerium concentrations (0, 0.125, 0.25, 0.5, and 1 mM), The microplate
was incubated at 37 °C for 24 h, and 20 pL of 5 mg/mL of 3-[4,5-
dimethylthialzol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) was

added to each well. The microplate was incubated at 37 °C for 4 h, and

18



then the medium was replaced with 200 uL of dimethyl sulfoxide per

well. Cell viability was determined by measuring absorbance at 595 nm.
2.2.8 Mitochondrial ROS-Scavenging Activity Analysis.

SH-SYSY, HT22, and U373 cells were seeded at 1 x 10° per well in a
24-well plate and cultured for 24 h. Ceria or TPP-ceria NPs were diluted
in cell media with 0.1 mM of cerium concentrations and added to wells
containing 5 uM AP. The plate was incubated at 37 °C for 12 h, at which
point the medium was removed and cells were incubated with 1 mL of 5
pM MitoSOX cell media at 37 °C for 10 min. Then, the cells were
washed three times with DPBS, harvested by trypsinization, and fixed in
3% formaldehyde for 10 min. Fixed cells were collected by
centrifugation and resuspended in 0.5 mL of PBS for flow cytometry
analysis on an Accuri C6 flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) with a 473 nm laser and 575 nm filter. Relative
mitochondrial ROS-scavenging activity was determined by the

fluorescence intensity of MitoSOX.
2.2.9 Nanoparticle Subcellular Localization.

SH-SYSY and HeLa cells (1x 10°) were seeded in 2 mL of media in a

confocal dish and incubated for 24 h. The media were then replaced with
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2 mL of media containing 0.5 uM MitoTracker Orange CMTMRos
(Invitrogen-Life Technologies, Carlsbad, CA) and 0.5 uM LysoTracker
Blue DND-22 (Invitrogen-Life Technologies, Carlsbad, CA) for 30 min
at 37 °C. Cells were washed three times with DPBS and then cultured in
cell media containing FITC-conjugated ceria or TPP-ceria NPs and 1
mM cerium at 37 °C for 12 h. NP movement and subcellular localization
were monitored by confocal microscopy with an LSM-780 microscope
(Carl Zeiss, Oberkochen, Germany). Colocalization coefficients were
obtained by analyzing the microscopic images with ZEN2012 software

(Carl Zeiss, Oberkochen, Germany).

2.2.10 Animal Model.

The 5XFAD transgenic mouse model develops severe amyloidal plaques
and exhibits an AD-like phenotype. For our analyses, SXFAD mice
overexpressing the human amyloid precursor protein 695 isoform
(APP695) harboring three familial AD (FAD) mutations (Swedish:
KM670/671NL; Florida: 1176 V, and London: V7171) and human
presenilin 1 (PSEN1) containing the M146L and L286 V mutations under

the transcriptional control of the mouse Thyl promoter were purchased
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from Jackson Laboratories (Bar Harbor, ME, USA). Six month old

5XFAD and B6/SJL littermate control mice were used for tissue analysis.

2.2.11 Stereotaxic Injections.

Wild-type + saline (LT + sham), transgenic + saline (Tg + sham), and Tg
+ FITC-conjugated TPP-ceria NPs (Tg + TPP-ceria) treatment mice
groups (4 months old) were anesthetized with isofluorane and placed in
a stereotaxic frame (myNeuroLab, St. Louis, MO, USA). Unilateral
subicular injections (—4.16 mm AP, 3.25 mm ML, and —4.0 mm DV) of
saline or TPP-ceria NPs were performed using a stereotaxic apparatus,
as described by the Paxinos and Watson atlas. Mice were injected with
saline or TPP-ceria NPs using a Hamilton microsyringe (3 pL, 0.5
puL/min, 26 gauge syringe). To examine the therapeutic effects of TPP-
ceria, immunofluorescence and biochemical analyses were performed 2
months after surgery. Animal treatment and maintenance were approved
by the Ethics Review Committee for Animal Experimentation in Seoul

National University.

2.2.12 Immunostaining.

Mice were anesthetized with a mixture of Zoletil (Virbac, Carros, France)

and Rompun (Bayer Korea, Seoul, Korea) and perfused with 4%
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paraformaldehyde solution in PBS. Brains were subsequently fixed in
0.1 M phosphate buffer containing 4% paraformaldehyde for 20 h at4 °C
and incubated in a 30% sucrose solution in 0.05 M PBS for 72 h prior to
sectioning into 30 pum slices using a freezing cryostat (Leica, Wetzlar,
Germany). For immunolabeling, tissue sections were incubated at 4 °C
overnight with anti-NeuN antibody (1:1000; Millipore, Billerica, MA,
USA), anti-GFAP antibody (1:1000; Invitrogen, Carlsbad, CA, USA),
and anti-Ibal antibody (1:500; Wako, Tokyo, Japan). For AP
immunofluorescence, tissue sections were pretreated with 70% formic
acid for 20 min prior to incubation with biotin-labeled 4G8 antibody
(1:2000; Covance, Princeton, NJ, USA). Stained tissue sections were
then incubated with Alexa 594-conjugated streptavidin, donkey anti-
mouse Alexa 594, goat anti-rat Alexa 594, and goat anti-rabbit Alexa 647
(all 1:500; Molecular Probes) for 1 h at room temperature and
counterstained with 4’-6diamidino-2-phenylindole (DAPI, 1:5000;

Sigma-Aldrich) for 10 min prior to imaging.

2.2.13 Quantification of Immunoreactivity.

For quantification of immunoreactivity, three sections (100 nm apart)

from each mouse brain were taken from similar regions. Five random
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acquisition areas were considered for each brain section. Stained NeuN-
positive cells were counted using Image-Pro Plus (Media Cybernetics,
Bethesda, MD, USA). To quantify biotin-4G8, GFAP, and Iba-1-positive
area, the immunofluorescence region in the subiculum areas was

analyzed using the ImageJ software (National Institutes of Health, USA).

2.2.14 Quantification of Cerium Ion Concentration after

Administration of TPP-Ceria NPs in Brain Tissue.

Determination of cerium content in the contralateral and ipsilateral side
of the brain was performed by inductively coupled plasma mass
spectrometry analysis (ELAN 6100, PerkinElmer SCIEX). Brain tissue
was dissolved in aqua regia. The resulting solutions were diluted in
HNO; (2%, 2 ppb, 1:300 v/v). Elemental analysis was performed using
an inductively coupled plasma mass spectrometer (ELAN 6100,

PerkinElmer).

2.2.15 Preparation and Imaging the Brain Tissue Using TEM.

Brain tissues from SXFAD mice were sequentially fixed overnight in a
mixture of cold 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2)
and 2% paraformaldehyde in 0.1 M phosphate or cacodylate buffer (pH

7.2) before being embedded in epoxy resin. The embedded samples were
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loaded into capsules and polymerized at 38 °C for 12 h and then at 60 °C
for 48 h. Thin sections were made using an ultramicrotome (RMC MT-
XL; RMC Products, Portsmouth, NJ, USA) and collected on a copper
grid. Appropriate areas for thin sectioning were cut to 65 nm thickness
and stained with saturated 4% uranyl acetate/4% lead citrate prior to
TEM before examination with a transmission electron microscope (JEM-

1400, JEOL) at 80 kV.

2.2.16 Statistical Analysis.

Quantitative data were analyzed statistically with Student’s t tests or

ANOVA by Prism 6 (GraphPad, San Diego, CA, USA).
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2.3 Result and Discussion

2.3.1 Synthesis and Characterization of TPP-Ceria Nanoparticles.
Two sets of biocompatible ceria nanoparticles were synthesized using a

27311 and transferred to water by

modified reverse micelle method,!
coating with either 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-
[methoxy(po -lyethylene glycol)-2000] (DSPE-PEG) (designated as
ceria.  NPs) or  TPP-conjugated  1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-
PEG-TPP) (designated as TPP-ceria NPs), which was obtained by
conjugating carboxyl group of (3-carboxypropyl) triphenylphosphonium
bromide (3-CTPP) with an amine group in DSPE-PEG-NH2 (Figure 2.1a
and Figures 2.2—2.4). Transmission electron microscopy (TEM) reveals
uniform nanoparticles with a 3 nm core diameter (Figure 2.1b). After
transfer to water, hydrodynamic diameter and {-potential of ceria and
TPP-ceria NPs increase from 11 to 22 nm and change from —23 to 45
mV, respectively. The observed size and surface potential changes

confirm the successful conjugation of TPP onto the nanoparticles (Figure

2.1c, d and Figure 2.5). The hydrodynamic diameters of the TPP-ceria
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NPs in phosphate buffered saline (PBS), Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS), and human blood
plasma are monitored for 1 month. The measured hydrodynamic
diameters in those three different media remain almost constant during
the period, ~24+3, ~23+£2,and ~26 =2 nm in PBS, DMEM with
10% FBS, and human blood plasma, respectively (Figure 2.6), indicating

good colloidal stability of the TPP-ceria NPs in physiological conditions.
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Figure 2.1. Design, synthesis, and characterization of TPP-ceria

nanoparticles as a therapeutic mitochondrial antioxidant for Alzheimer’s

disease. (a) DSPE-PEG-TPP-coated ceria nanoparticles exhibiting ROS

recyclable scavenging activity. (b) TEM image of TPP-ceria NPs (scale

bar = 20 nm). (c,d) Hydrodynamic diameters and (-potentials of ceria

and TPP-ceria NPs. Error bars represent standard deviation
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DSPE-PEG(2000)-Amine (3-Carboxypropyl)triphenylphosphonium

o
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Figure 2.2. Scheme of DSPE-PEG-amine-TPP conjugation.
Triphenylphosphonium (TPP) was chemically conjugated to DSPE-

PEG-amine by EDC coupling.
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Figure 2.3. MALDI-TOF spectra of DSPE-PEG-TPP. The molecular
weight of DSPE-PEG increased following conjugation with TPP.
Molecular weight of TPP is 349.39 g/mol. The increased molecular

weight of main peak is approximately 350 g/mol.
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Figure 2.4. NMR spectra of DSPE-PEG-amine, TPP and DSPE-PEG-

TPP. A) DSPE-PEG-amine, B) TPP, C) DSPE-PEG- TPP.
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TPP-ceria NPs, C) Zeta potential of ceria NPs, D) Zeta potential TPP-

ceria NPs.
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2.3.2 Cellular and Mitochondrial Uptake of TPP-Ceria

Nanoparticles.

I studied the effect of nanoparticle size, surface coating, and surface
charge on cellular and mitochondrial uptake profile of the TPP-ceria NPs.
To visualize the nanoparticles under a confocal fluorescence microscope,
I first synthesized fluorescein isothiocyanate (FITC)-conjugated DSPE-
PEG (DSPE-PEG-FITC) and used it with a mass ratio of 1:50 DSPE-
PEG-FITC to DSPE-PEG-TPP to produce FITC-conjugated
nanoparticles. To investigate the effect of hydrodynamic size, I prepared
FITC-conjugated TPP-ceria NPs (FITC-TPP-ceria NPs) with different
hydrodynamic sizes by varying the mass ratio of DSPE-PEG-TPP and
DSPE-PEG-FITC to ceria NPs. When I use 3:1, 2:1, 1:1, 0.5:1, and
0.25:1 ratios, the produced FITC-TPP-ceria NPs show hydrodynamic
diameters of 22, 30, 43, 51, and 57 nm and (-potentials of 44, 41, 49, 48,
and 39 mV, respectively (Figure 2.7). The hydrodynamic diameter of the
FITC-TPP-ceria NPs increases as the relative amount of DSPE-PEG-
TPP and DSPE-PEG-FITC decreases. In experiments using SH-SY5Y
and HeLa cells, I observed that the FITC-TPP-ceria NPs obtained with a
mass ratio of 3:1 are localized to mitochondria, while the FITC-TPP-

ceria NPs obtained with lower mass ratios of 1:1 or 0.5:1 are localized
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mostly to lysosome (Figure 2.8). For the latter case, several ceria
nanoparticles seem to be associated together, resulting in the increased
hydrodynamic diameter. Those FITC-TPP-ceria NPs with larger
hydrodynamic diameter show low colloidal stability and tend to be
aggregated in physiological conditions. Therefore, they cannot be
delivered into mitochondria and are captured by lysosome despite their
positive surface charge of TPP. These results suggest that both small
hydrodynamic diameter and good colloidal stability of TPP-ceria NPs
play a key role in mitochondrial-targeting strategy. As a result, only TPP-
ceria NPs with a hydrodynamic diameter of 22 nm can penetrate
mitochondria efficiently. I also examined the effect of nominal size of the
core nanoparticles. Since the size of the ceria NPs (3 nm) is not readily
controllable in our current synthetic method, I synthesized iron oxide
nanoparticles instead as a core material because their size control is much
easier.*?! Specifically, 1 synthesized FITC-conjugated TPP-iron oxide
NPs (FITCTPP-iron oxide NPs) with three different core sizes (3, 10, and
18 nm) to investigate the effect of the core nanoparticle size on the
cellular and mitochondrial uptake. I also prepared the FITC-iron oxide
NPs with the same core size and without TPP conjugation. Their

hydrodynamic sizes are 27, 31, and 41 nm for FITC-TPP-iron oxide NPs
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and 20, 27, and 37 for FITC-iron oxide NPs without TPP conjugation,
for the core sizes of 3, 10, and 18 nm, respectively. (-Potentials are
measured as 45, 47, and 60 mV for the FITC-TPP-iron oxide NPs and
—35, =37, and —44 mV for those without TPP conjugation, for the core
sizes of 3, 10, and 18 nm, respectively (Figure 2.7). I observe that FITC-
TPP-iron oxide NPs with core sizes of 3 or 10 nm are localized to
mitochondria, while all the other types of FITC-iron oxide nanoparticles
(18 nm TPP-iron oxide NPs and iron oxide NPs without TPP conjugation
regardless of the core size) remain mostly in cytoplasm in SH-SY5Y and
HeLa cells (Figures 2.9). Similar to ceria NPs, FITC-iron oxide NPs with
a 3 nm core are found in cytoplasm due to the absence of TPP. FITC-
TPP-iron oxide NPs with a 3 nm core can penetrate into mitochondria
because of their similar core size, hydrodynamic diameter, and (-
potential to TPP-ceria NPs. Interestingly, FITC-TPP-iron oxide NPs with
a 10 nm core also can be delivered to mitochondria efficiently, while
those with an 18 nm core cannot, suggesting that large nanoparticles are
hard to cross the mitochondria membrane even if they have a
hydrophobic layer and a positive surface charge of TPP. Our data indicate
that small core size (3 and 10 nm) is another key feature in our

mitochondria-targeting approach. To explore the effect of the surface
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charge and coating, I also synthesized FITC-conjugated amino-ceria NPs
using DSPE-PEG-NH2. The resulting FITC-conjugated amino-ceria
NPs exhibit a positive {-potential (+38 mV), which is similar to that of
the FITC-TPP-ceria NPs (+45 mV). I also prepared negatively charged
FITC-conjugated carboxylic ceria NPs (—21mV) using DSPE-PEG-
COOH. The hydrodynamic diameters of the FITC-conjugated amino-
and carboxylic-ceria NPs are 26 and 28 nm, respectively (Figure S6).
Although the measured hydrodynamic diameters are similar to those of
FITC-TPP-ceria NPs (22 nm) and FITC-TPP-iron oxide NPs with core
sizes of 3 or 10 nm (27 and 31 nm), both the FITC-conjugated amino-
and carboxylic-ceria NPs are found mainly in cytoplasm of SH-SYS5Y
and HeLa cells regardless of their surface charge (Figure 2.10). The
overall distribution of FITC-amino and FITC-carboxylic-ceria NPs in
cells is similar to that of nontargeted ceria NPs. It is noteworthy that
amine groups in FITC-amino-ceria NPs are hydrophilic, and thus the
NPs cannot be delivered to mitochondria even though they have (-
potential similar to that of TPP-ceria NPs. Therefore, it can be inferred
that hydrophobicity of TPP is critical for the mitochondrial-targeting
application. In summary, the key features of our TPP-ceria NPs for

mitochondria targeting are small core size (3 nm), small hydrodynamic
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diameter (22 nm), good colloidal stability, positive {-potential (+45 mv),

and hydrophobicity.
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Figure 2.7. Hydrodynamic diameters and zeta potentials of FITC

conjugated TPP-ceria NPs, iron oxide NPs, carboxyl-ceria NPs, amino-

ceria. NPs and ceria NPs. a) Hydrodynamic diameters of FITC

conjugated TPP-ceria NPs, iron oxide NPs, carboxyl-ceria NPs, amino-

ceria NPs and ceria NPs. b) zeta potentials of FITC conjugated TPP-ceria

NPs, iron oxide NPs, carboxyl-ceria NPs, amino-ceria NPs and ceria NPs.
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Figure 2.8. Representative confocal fluorescence microscopy images
showing the subcellular colocalization of FITC-conjugated TPP-ceria
with different mass ratio of TPP-DSPE-PEG to ceria NPs (green) in SH-
SYS5Y. SH-SYSY cells were stained with LysoTracker (blue) and
MitoTracker (red). Colocalization of FITC-conjugated TPP-ceria NPs
and mitochondria (red) is shown in merged images (scale bar = 20 um).

R is the colocalization coefficient between green and red fluorescence.
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Figure 2.9. Representative confocal fluorescence microscopy images
showing the subcellular colocalization of FITC-conjugated TPP-iron
oxide NPs with 3 nm, 10 nm, and 18 nm core size in SH-SY5Y. SH-
SYSY cells were stained with LysoTracker (blue) and MitoTracker
(red). Colocalization of FITC-conjugated TPP-iron oxide NPs and
mitochondria (red) is shown in merged images (scale bar = 20 um). R is

the colocalization coefficient between green and red fluorescence.
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Figure 2.10. Representative confocal fluorescence microscopy images
showing the subcellular colocalization of FITC-conjugated TPP-ceria,
FITC-conjugated ceria NPs, FITC-conjugated carboxyl-ceria NPs and
FITC-conjug