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Novel iron oxide-cerium oxide core-shell nanoparticle as a potential

theranostic material for ROS related inflammatory diseases

Abstract

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are key signaling
molecules that play an important role in inflammation and progression of many diseases such
as cardiovascular disease, especially atherosclerosis. ROS are in particular a significant factor
in the development of rheumatoid arthritis and other autoimmune diseases such as allergies. In
this study, novel Fe304/CeO- core-shell theranostic nanoparticles capable of reacting with ROS
and of being detected by MRI were synthesized and thoroughly characterized. In vitro studies,
such as measurement of cell uptake, magnetic resonance imaging, toxicity and ROS scavenging
were conducted. The results indicate that the novel Fes04/CeO; theranostic nanoparticles are
effective at scavenging ROS and show excellent magnetic resonance (MR) imaging
performance. These theranostic nanomaterials, therefore, show great potential for the treatment

and diagnosis of ROS-related inflammatory diseases.

Keywords: ROS-related inflammatory disease, theranostics, iron oxide, cerium oxide,

magnetic resonance imaging.
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Introduction

Inflammatory diseases comprise a group of diseases that involve the body’s immune system.
Diseases such as rheumatoid and atherosclerosis affect many millions of people every year.
For example, atherosclerosis, the most prevalent cardiovascular diseases, may cause ischemic
heart disease and cerebrovascular disease (stroke).! In 2013, ischemic heart disease and
cerebrovascular disease are claimed to be the world’s first and third cause of death, causing
137 and 110 deaths per every 100,000 people respectively.? Also, more than half of patients
with rheumatoid arthritis are incapable of holding a full-time job as a direct consequence of the

disease.?

Reactive oxygen species (ROS) production is one of the main reason for the progression of
many inflammatory diseases. ROS includes hydrogen peroxide (H.O2), superoxide, and
hydroxyl radicals as well as their reactive products; those molecules contain a high level of
reactive oxygen described as harmful products of metabolism.* H,O2 is the most important
ROS in redox signaling among those. In addition, it is the most studied and the best-
characterized member of ROS.® Due to their oxidization capability, ROS are able to damage
important molecules in our bodies, such as lipid peroxidation, DNA mutation, and protein
dysfunction.> 8 Therefore, ROS are key signaling molecules that play an important role in the
progression of inflammatory disorders. In addition to their potential harm, it is reported that

ROS are regulators of cell signaling and immune responses.’

There are four kinds of ROS in the inflammation diseases, the most important of which is
NADPH oxidase-derived ROS that relates to both atherosclerosis® & and rheumatoid arthritis®.
Besides, there are also mitochondrial-derived ROS® °, uncoupled nitric oxide synthase-derived
ROS' and xanthine oxidoreductase derived ROS! in inflammatory diseases. Under the

inflammatory conditions, the oxidative stress produced by polymorphonuclear neutrophils such
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as macrophages leads to the formation of inter-endothelial junctions, accelerating the migration
of inflammatory cells across the endothelial barrier, which makes the situation worse in
atherosclerosis and rheumatoid arthritis patients.!? 12 In atherosclerosis, ROS is produced by
macrophages and endothelial cells during the process of the plaque, and it is the key factor of
the accumulation of oxidized low-density lipoprotein in the intima of the blood vessel.1* 1 In
rheumatoid arthritis, the relevant ROS including nitric oxide (NO) and superoxide anion (O%)
is produced by chondrocytes followed by the generation of derivative radicals, such as
hydrogen peroxide (H202).1% 17 Therefore, an effective antioxidant compound, which can
reduce ROS in the inflammatory cells, could be a key factor for the treatment of chronic

inflammatory disease.

Cerium compounds have been used as traditional drugs for inflammation over the last two
hundred years. The first publication of cerium used as drugs can trace back to 1850s. Originally,
the trivalent ions of cerium were used to treat bacterial infections, sepsis and inflammatory
responses in patients with fire burns.'® In 2007, Korsvik et al. demonstrated that higher levels
of Ce3* than Ce** on the surface of the particle are more likely to act as superoxide dismutase,
which accelerates the dismutation of superoxide radical to O, or H20,.%° This ability of anti-
superoxide radical is supported by another study claiming that high Ce**/Ce*" ratio of
nanoparticles contributes more superoxide dismutase activities than low Ce3*/Ce** ratio. 2° The
potential mechanism of the unique regeneration antioxidant property of cerium oxide is
illustrated in figure 1A, which results from the switch between Ce3* and Ce** on the surface of
the nanoparticle.?! 22 Therefore, cerium oxide nanoparticles with their unparalleled antioxidant

properties are potential radical scavengers and redox cycling antioxidants.

Superparamagnetic iron oxide nanoparticles (SPIONSs) are small synthetic particles with Fe;O3
or Fe3O4 cores. SPIONSs usually range between 10 nm and 100 nm in diameter and are excellent

contrast agents for the magnetic resonance imaging.?> SPIONs are usually coated with
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biocompatible polymers, such as polyethylene glycol, limiting their interaction with substances
in the surrounding environment and enhancing their stability in physiological conditions.? In
ROS related inflammatory diseases, molecule markers such as chemokines, cytokines and other
adhesion molecules, take part in the inflammation process.? Recently, in atherosclerosis,® iron
oxide nanoparticles functionalized with binding ligands that target atherosclerosis biomarkers
have been widely studied as molecular magnetic resonance imaging (MRI) of atherosclerosis.”
18 SPIONSs can be a potential imaging agent for diagnosing inflammatory diseases as well as

monitoring treatment of these diseases.

Nanotechnology has taken the most important place in the development of theranostics which
exhibits not only effective therapy but also imaging for many diseases such as cancer and
inflammatory disease.?” 2 Basically, theranostic nanoparticles are capable of loading large
amounts of therapeutic and imaging agents as well as banding functional targeting ligands at
the surface, which can increase the therapeutic and imaging efficacy while reducing off-site
toxicity.2® Functionalization of theranostic nanoparticles can modulate the drug release related
to the internal environment in our bodies such as temperature, enzymes, the potential of
hydrogen (pH) value and redox potential.*® The half-life time of the theranostic nanoparticles
can be enhanced by modification of the surface by hydrophilic polymer such as poly (acrylic
acid) (PAA).? Theranostic nanomaterials combine both diagnostic and therapeutic capabilities

in one dose, and also allow the tracking or monitoring of drug delivery to the disease site.

In this study, we have synthesized a novel theranostic nanoparticle comprising an iron oxide
(core) and cerium oxide (shell) (Figure 1B) as a potential theranostic nanomaterial for ROS
related inflammatory diseases. This innovative nanomaterial simultaneously provides both
diagnostic capability via iron oxide (MR imaging agent) and therapeutic functionality via
cerium oxide (anti-ROS capability) in one dose. This combination is also expected to allow the

5
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tracking of cerium oxide delivery to the disease site and enable its biodistribution evaluation.
The characterization studies indicated that these iron oxide-cerium oxide core-shell
nanoparticles (IO@CO) are good contrast agents for MRI. In vitro studies showed that our
nanoparticles have the significant anti-ROS ability with good cell uptake and low cytotoxicity.
These I0@CO nanoparticles could be a potential agent for diagnosis and treatment of ROS-related

inflammatory diseases such as atherosclerotic plaques and rheumatoid arthritis.

A

Scavenging superoxide radical ‘

Ce¥' + 0+ 2H' D Cet' + Hy0,

Ce* ROS H,0,, 0,* Ce¥

Ce* + H,0, ¥ Ce* +H' + H,0

IScavcnging H,0, while regenerating surface |

/A Poly (acrylic acid)

Figure 1. Regenerative antioxidant property of cerium oxide and simulation structure of iron oxide/cerium
oxide core-shell nanoparticles (I0O@CO) (A) Regenerative antioxidant property of cerium oxide shows that
cerium ions are capable of scavenging superoxide radical when the trivalent cerium ions change to tetravalent
cerium ions?%. On the other hand, it has the ability of scavenging H,O. when tetravalent cerium ions become

trivalent cerium ions. (B) Simulation structure of iron oxide/cerium oxide core-shell nanoparticles (I0@CO).

Experimental section

Materials

Iron chloride, sodium oleate, polyoxyethylene (5) nonylphenyl ether (Igepal CO-520), cerium
nitrate hexahydrate, urea, poly (acrylic acid) (PAA, Mw=1800), Hydrogen peroxide (H205),
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), horseradish peroxidase (HRP)
and 2',7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) were purchased from Sigma-
Aldrich. Water used in all experiments was Milli-Q water. Phosphate-buffered saline (PBS),
RPMI 1640 Medium, fetal calf serum, penicillin-streptomycin solution, L-glutamine, non-
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essential amino acids solution (100X) and TrypLE™ Express were purchased from
ThermoFisher Scientific. Ethodium homodimer-1 fluorescence dye was purchased from

Molecular Probes™.
Synthesis of iron-oleate complex

Iron-oleate complexes were synthesized according to previous report®. Typically, 44.6 g of
sodium oleate (120 mmol, >82%) and 10.8 g of iron chloride (FeCls-6H20, 40 mmol, 98%)
was dissolved in a mixture solvent composed of 80 ml ethanol, 60 ml distilled water and 140
ml hexane. The resulting solution was heated to 70°C and kept at this temperature for four
hours. When the reaction was completed, the upper organic layer containing the iron-oleate
complex was washed three times with 30 ml distilled water in a separatory funnel. After

washing, hexane was evaporated off, resulting in iron-oleate complex in a viscos liquid form.
Synthesis of iron oxide nanoparticle

Fe304 nanoparticles with core size of 10 nm were synthesized according to a previous report
with slight modifications®2. Typically, 3.6 g (4 mmol) of freshly prepared iron oleate and 3.39
g (4 mmol) of oleic acid were dissolved in 25 ml of 1-octadecence. The resultant solution was
degassed for 10 min using argon and then was heated to 310°C for 1 hour under argon
protection. The preparation was terminated by cooling the reaction mixture to room
temperature (RT). The nanoparticles were washed three times by precipitation with ethanol and

redispersion in cyclohexane.
Synthesis of iron oxide/cerium oxide core-shell nanoparticles (I0@CO)

Synthesis of IO@CO1 (NaOH used as precipitation agent). Reverse micelle systems were
used to synthesize IO@CO nanopatrticles. Firstly, the FesO4/Ce(NO3)s reverse micelle solution
was prepared as follows. 0.96 g Igepal CO-520 (2.185 mmol) (sonication for 30min after

adding into cyclohexane) and 0.6 mg Fe304 nanoparticles were dispersed in 10.5 ml of
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cyclohexane and gently stirred for 2 h at RT. After 2 h, 0.04g Ce(NOz3)3*6H20 (0.92 M) was
dispersed in 100 ul water, and the solution was labeled as mixture A. Then 100 pl of mixture
A was added to above solution and the mixture was vigorously stirred for 2 hours. Secondly,
the NaOH reverse micelle solution was prepared as follows. 0.48 g Igepal CO-520 (1.0925
mmol) (sonication for 30min after adding into cyclohexane) was dispersed in 5.25 ml of
cyclohexane. Then, solution B containing 50 ul NaOH ag. (1.5 M) was added to above mixture
and the solution was vigorously stirred for 2h at RT. The two reverse micelle solutions were
blended and incubated overnight at RT with stirring at 250 rpm. After 24 h, the poly(acrylic
acid) reverse micelle solution was prepared as follows. 0.48 g Igepal CO-520 (1.0925 mmol)
(sonication for 30min after adding into cyclohexane) was dispersed in 5.25 ml of cyclohexane.
Next, 2 mg poly(acrylic acid) dissolving in 50 ul water was added to the reaction solution, and
the solution was stirred vigorously for 2h at RT. After 2h, the poly(acrylic acid) reverse micelle
solution was added to the mixture of two reverse micelle solutions that had been incubated
overnight. The mixture containing three reverse micelle solutions was stirred overnight at 250
rpm. After that, the nanoparticles were precipitated by adding 2 ml methanol and separated by
high speed centrifugation (20,000 rpm, 15 min, 22°C). The precipitate was washed twice with
1 ml ethanol and subsequently washed once with a mixture of water and ethanol (500 ul: 500
ul). The resultant nanoparticles (IO/CONP1) were washed by dialysis, and then concentrated

and redispersed in 100 ul water. Scheme 1 illustrates the synthesis protocol of IO@CO1)
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Cyclohexane Fe;0, @ CeO,
nanoparticle

. : Fe;0,4 O—;,L: Igepal (CO-520) -0 :hydrophilic group ~1-_:lyophilic group :H,0

3 :Ce(NO,);*6H,0 A : NaOH 1%_‘: poly(acrylic acid) @ : CeO, E:Cyclohexane

Scheme 1: Image illustrating the synthesis of IO@COL. The protocol including (1) Igepal CO-520 and FesO.
nanoparticles were dispersed in cyclohexane and stirred for 2h at RT. Ce(NO3)3*6H,0 was added into the above
solution and stirred for another 2h at RT. (2) Igepal CO-520 and NaOH were dispersed in cyclohexane and stirred
for 2h at RT. The first and second solutions were mixed and incubated overnight at RT with stirring. (3) lgepal
CO-520 and poly(acrylic acid) were stirred for 2h at RT and added into mixed solution above. The mixture was
then incubated overnight at RT with stirring. After incubation, nanoparticles were washed and redispersed in water.
Synthesis of IO@CO2 (urea used as precipitation agent). Firstly, the Fe304/ Ce(NO3)s/
(NH2)2CO reverse micelle solution was prepared as follows. 0.96 g Igepal CO-520 (2.185
mmol) (sonication for 30min after adding into cyclohexane) and 0.6 mg Fe304 nanoparticles
were dispersed in 10.5 ml of cyclohexane and gently stirred for 2h at RT. After 2h, 0.005g
Ce(NO3)3+6H20 (0.58 M), 0.0075g (NH2)2CO (6.2 M) were dispersed in 20 ul water, and the
solution was labeled as mixture A. Then 20 pl of mixture A was added above solution, and the
solution was vigorously stirred for 2 h. After 2h, the mixture was heated at 60°C overnight with
gentle stirring. After 24 h, the poly(acrylic acid) reverse micelle solution was prepared as

follows. 0.48 g lIgepal CO-520 (1.0925 mmol) (sonication for 30min after adding into
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cyclohexane) was dispersed in 5.25 ml of cyclohexane. Next, 2 mg poly(acrylic acid)
dissolving in 50 ul water was added to the reaction solution, and the solution was stirred for 2h
at RT. The two reverse micelle solutions were mixed together and vigorously stirred for 2h.
Then, the stirring speed was reduced to 250 rpm and the reaction solution was incubated
overnight at RT with gentle stirring. After that, the following steps were the same as that of
IO/CO1, including precipitation, washing, dialysising and concentrating. Finally, the
nanoparticles (I0@CQO2) were redispersed in 100 ul water. Scheme 2 illustrates the synthesis

of I0O@CO2.

Fe;0; @ CeO,

Cyclohexane :
nanoparticle

. : Fe;0, % : Igepal (CO-520) — @ :hydrophilic group 14 _:lyophilicgroup ' :H,0

X : Ce(NO;);°6H,0 4 :(NH;),CO “qu: poly(acrylicacid) O : Ce0, [:]:Cyclohexane

Scheme 2: Image illustrating the synthesis of IO@CO2. The protocol including (1) Igepal CO-520 and FesO.
nanoparticles were dispersed in cyclohexane and stirred for 2h at RT. Ce(NO3)3*6H>0 and (NH2).CO were added
and stirred for another 2h at RT. (2) The solution was incubated for 24h at 60°C with stirring. After that, Igepal
CO0-520 and poly(acrylic acid) were stirred for 2h at RT and then added into solution above and stirred for another

2h. The synthesised nanoparticles were washed and redispersed in water.

10
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Characterisation of nanopatrticles:

Transmission electron microscopy (TEM) images were collected on a JEOL-JEM-1010
Transmission Electron Microscope operating at an accelerating voltage of 100 kV.
Hydrodynamic size, size distribution and zeta potential (ZP) of the nanoparticles were
measured using a Zetasizer Nano ZS (Malvern). The iron and cerium concentrations of IO@CO
were determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES)
(Optima 8300DV ICP-OES from Perkin Elmer). Fourier Transform Infrared Spectroscopy
(FTIR) spectra were collected using a Nicolet 5700 FT-IR. The surface composition of the
nanoparticle was analyzed by X-ray Photoelectron Spectroscopy (XPS) using a Kratos Axis
Ultra photoelectron spectrometer. T: relaxation time of nanoparticles was recorded on a
Avance 400 MHz spectrometer. T relaxation time and magnetic resonance imaging (MRI) of
nanoparticles were measured with a Bruker 9.4T MRI scanner. T2-weighted relaxivity (r2) are
generally defined as the slope of the linear regression generated from a plot of the measured

relaxation rate (1/T2) versus the concentration of the contrast agent (iron, Fe).
Anti-ROS capability of IO@CO nanoparticles

Nanoparticles of different cerium (Ce) concentrations (Opg/ml, 0.0028pug/ml, 0.028ug/ml
0.28ug/ml, 2.8ug/ml, 5.6ug/ml, 11.2ug/ml) were treated with 0.1mM H20: in 96-well plate for
1h at 37°C with shaking (200 rpm). 0.01 unit of HRP was added into each reaction followed
by 10 min incubation at RT. 8.7mM of ABTS was then added into the reaction and the
absorbance of samples at 405 nm was measured by microplate reader Tecan X200. The

absorbance of Opg/ml sample was determined as 0% ROS scavenging.

Cell culture

Macrophage J774A.1 was attained from the American Type Culture Collection (ATCC). The

cells were maintained in non-treated 100x20mm cell culture dish containing RPMI 1640 with
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fetal calf serum (10%), penicillin (100 U/mL) and L-glutamine (1%) and cultured in an

incubator at 37 °C with 5% CO:..

Cell uptake of IO@CO nanoparticles

When cell confluence reached approximately 90%, the cells were detached using cold PBS
(4°C) by pipette. Then cells were transferred to 24-well plate at a density of 40000 cells/well.
After 48 h incubation, cells were separately treated with different concentrations of I0@CO1
and IO@CO?2 ([Ce]: Oug/ml, 2.8ug/ml and 5.6pg/ml). After an additional 24 h incubation, cells
in the 24-well plate were washed by 1xPBS and then lysed by 8% HNOz and the lysis solutions
were diluted to 2% HNOs for Inductively coupled plasma mass spectrometry (ICP-MS)
(Agilent 7900 with collision cell technology) analysis. ICP-MS was used to detect the content

of Fe and Ce in macrophages treated with different concentrations of the nanoparticles.

In vitro MRI

When cell confluence reached approximately 90%, the cells were detached using cold PBS
(4°C) by pipette. Cells were then transferred into 96-well plate at a density of 5000 cells/well.
After 48 h incubation, cells were separately treated with different concentration of IO@CO1
and 10@CO2 ([Ce]: 2.8ug/ml). After an additional 24 h incubation, cells were washed with
PBS twice and the fixed by paraformaldehyde (PFA). The cells were detached by TrypLE
Express and centrifuged for MRI. To prepare the MRI samples, cells were centrifuged at 2009
for 5min in a 1.5ml eppendorf tube and resuspended in 10ul of 0.5% agarose solution to make
the cell-containing gel. After the solidification of the cell pellet, 0.5% agarose gel was added
at the top of the cells pellet and the 1.5ml eppendorf tube was placed in the 50ml centrifuge
tube containing 0.5% agarose gel (Scheme 3). MRI samples were prepared as shown in scheme

3 followed by imaging using 9.4T MRI. T relaxation time was also recorded.

12

Page 12 of 36



Page 13 of 36

Journal of Materials Chemistry B

Scheme 3: Image illustrating the preparation of cell

samples for MRI
0.5% Agarose

Cell 5ample in 10ul U

0.5% Agarose I Cytotoxicity study

0.5% Agarose - J774A.1 cells seeded into 96-well plate at a density
of 5000 cells/well. After 48 h incubation, the cells were treated with different concentrations
of IO@CO1 and 10@CO2 ([Ce]: Oug/ml, 0.07pug/ml, 0.14pg/ml 0.28ug/ml, 0.56pug/ml,
1.4pg/ml, 2.8ug/ml, 5.6pg/ml, 10pg/ml, 15ug/ml, 20ug/ml). Cells were then treated with
Ethodium homodimer-1 fluorescence dye to detect dead macrophages. The fluorescence
intensity was measured by microplate reader Tecan X200 with excitation wavelength of 528
nm and emission wavelength of 617 nm. The fluorescence of Oug/ml sample was determined
as 100% macrophage viability. Fluorescent images and bright-field images of macrophages
were also taken by Olympus 1X51 fluorescence microscopy with Olympus TH4-200 visual

light source and CoolLED pE-300 fluorescent light source.
In vitro ROS scavenging cell-based assay

Macrophage J774A.1 cells were seeded into 96-well plate at a density of 5000 cells/well. After
48 h incubation, cells were separately treated with different concentrations of IO@COL1 and
I0@CO2 ([Ce]: Opg/ml, 0.014pg/ml, 0.056pg/ml, 0.14ug/ml and 1.4ug/ml). After an
additional 24 h incubation, macrophages were stimulated by 1.5mM H2O; for 1 hour in the
incubator at 37°C and 5% CO:.. Intracellular ROS levels were detected by incubating the cells
with 25uM DCF_DA for 45 min in the incubator at 37°C and 5% CO.. The fluorescence

intensity was measured by Tecan X200 (ex/em: 485/535nm) and fluorescence images were

13
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taken by Olympus IX51 fluorescence microscopy with CoolLED pE-300 fluorescent light

source.
Statistical analysis of data

Data are presented as mean + standard deviation (SD). One-way ANOVA was used in the
analysis of significant difference. A p value < 0.05 was considered significant. Graphs were

plotted by GraphPad Prism 7.
Result and discussion

Synthesis and characterization of IO@CO nanoparticles

Recently, “core-shell nanoparticle” have attracted scientists’ attention in medical areas, such
as bio-modified FesOs@Au core-shell nanoparticles for targeting and multimodal imaging of
cancer cells®®, Fes04@Au core-shell nanocomposites probes for the detection of mutation of
DNA in aqueous solutions®4, and Fe@Fe,Os core-shell nanoparticles are selectively used for
the detection of damaged DNA%. In addition, Pt@Ce0,% and Au@Ce02%" nanocomposites
were used for a better interaction in biocatalysts. In our study, an iron oxide/cerium oxide core-
shell (IO@CO) nanoparticle was firstly synthesized by using reverse microemulsion
approaches. TEM images (Figure 2A) showed that the IO@CO nanoparticle comprises a 10
nm Fe304 core surrounded by spherical CeO. nanoparticles with approximately 2 nm diameters
assembling to form the shell. IO@CO1 (~55nm) was bigger than I0O@CO2 (~22nm) as the
central iron oxide nanocore of IO@CO1 was surrounded by more CeO: particles than IO@CO2.
IO@CO1 and IO@CO2 had hydrodynamic sizes of 55 nm and 22 nm, respectively, with low
polydispersity index (Pdl) (Figure 2B). The low magnification images (Figure S1) and DLS
size intensity graphs (Figure 2C) showed that IO@CO have a good distribution in water. Both

of the nanoparticles were highly negatively charged.

14
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Sample 10@COl I0@CO2
Size (mean value) 53.5£1.0 224408
Pdi (mean value) 0.259+0.008 0.281+0.089
Zeta potential -554+15 -53.9+04
10@CO1 DLS size intensity 10@CO2 DLS size intensity
53.53nm 22.41nm
107 ¢ ]
— 10@C02 Runt
A — 10@CO1 Runt
= : - lgm R::2 & 10 —106CO2 Run2
2" — 10@CO1Ru3 = — 10@C02 Run3
§ o $ .
£ £
24
0 y y v ' . 0 : i : \
0 200 400 600 800 1000 0 50 100 150 200
Miameter{nm] Miameter[nm]

15

Figure 2. Characteristics of IO@CO nanoparticles. (A) TEM images of Fe304, I0@CO1 and 10@CO2
nanoparticles. IO@COL1 showed a bigger size than IO@CO2 in accordance with data from DLS Zetasizer (scale
bar, 50 nm). (B) Nanoparticle size and zeta potential measured by DLS Zetasizer. Zeta potential data showed

both of these two nanoparticles were negatively charged. (C) The DLS size distribution of the nanoparticles.

Fourier Transform Infrared Spectroscopy (FTIR) spectra confirmed that the peaks of chemical
bonds (C-H, C=0 and C-O) of PAA were shown in IO@CO nanoparticles, indicating that PAA

was successfully coated on the nanoparticles (Figure 3). The carboxylic acid groups in PAA
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were the key factor that links between CeO- and FezO4. Clusters of CeO> were assembled in
the presence of PAA via interfacial interaction between PAA and oxide metal surfaces. This is
the interactions between proton-donating pendent COOH groups in PAA molecules and polar
OH groups at hydrated oxide surface sites®®. These CeO, clusters were then coated around
Fe304 core via the same interaction mechanism between free COOH groups on PAA molecules
and Fe3O4 surface. FTIR spectra IO@CO also showed a strong peak around 1500 cm-1 that
was from the iron-oleate complex. The C-O stretching at 1700cm™ in oleic acid formed a new

peak at around 1550cm™* after the formation of iron-carboxylate bonds®*.

120 120
CO Poly (acrylic acid) (PAA)
1004 - 100
(9
Q
5
£ 80- - 80
c
o \
=
* \ /
N’
60+ ‘ O‘:’C"OH N - 60
CC\
‘ HeH |, | ‘
Poly (acrylic acid) V \
71 T S — 40
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers(cm'1)

Figure 3. Infrared Spectroscopy of IO@CO nanoparticles and PAA tested by Fourier Transform Infrared
Spectroscopy (FTIR). IO@CO1, IO@CO2 and PAA powders were dried followed by FTIR measurement. Three
strong peaks around 2800cm™ showed carbon-hydrogen bonds. Three peaks near 1700cm™* indicated the existence
of carbon-oxygen double bonds. Three weak peaks observed at 1150cm were carbon-oxygen bands. According

to PAA structure and infrared spectroscopy, PAA was successfully coated on the nanoparticles.
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X-ray photoelectron spectroscopy (XPS) was employed to determine the different oxidation

state of cerium that is proportional to the bioactivity of the nanoparticle. As evident from Figure

4, both trivalence cerium (Ce®") and tetravalence cerium (Ce*") oxidation states were present

in nanoparticles (Figure 4A), which means these nanoparticles were able to be used for further

application in ROS quenching experiment. An additional result confirmed by XPS showed that

IO@CO2 had a higher ratio of Ce3* to Ce** than IO@CO1 (1:3 and 1:4, respectively) (Figure

4B).
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Figure 4. X-ray photoelectron spectroscopy (XPS) of IO@CO nanoparticles. Ce3*: Ce** ratio is an important

characteristic that relates to the antioxidant ability of the IO@CO nanoparticles. (A) The graph showing Survey
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and Ce scan of IO@CO1 and I0@CO2. (B) Table showing surface Ce®**, Ce**, and Ce®*": Ce** ratio of I0@CO1
and 10@CO2.

Subsequently, we tested whether IO@CO nanoparticle is a good MRI contrast agent. Phantoms
of 10@CO nanoparticle solutions with different iron concentrations were prepared. To-
weighted MR images of both IO@CO1 and IO@CO2 samples were getting darker or the MRI
signal of the samples decreased when the concentration of iron oxide increased. Figure 5A
showed that IO@CO2 had a stronger T contrast effect. Figure 5B and 5C also indicated that
IO@CO2 had a higher T2-weighted relaxivity (rz) than 10@CO1 (378 and 339 mM?, s?,
respectively). I0@CO2 showed a steeper slope of relaxation rate than IO@CO1, which could
result from the thinner surrounding CeO> layer. However, both IO@CO1 and IO@CO?2 are

good contrast agents and can be used in further in vitro MRI studies.
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Figure 5. MRI of IO@CO nanoparticle phantoms. (A) MRI images of IO@CO1 & 10@CO2 phantoms.
I0@COL1 and I0@CO2 were diluted to different concentrations followed by imaging using 9.4T MRI. (B) Graph
plotting the relationship of relaxation rate and iron concentration of IO@COL. (C) Graph plotting the relationship

of relaxation rate and iron concentration of |IO@CO2.

ROS scavenging capability of IO@CO nanoparticles
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Figure 6. ROS scavenging study of IO@CO nanoparticles. Different concentrations of the nanoparticles were
treated with H,O, followed by HRP treatment. Then ABTS was added into each reaction and absorbance was
measured by Tecan X200. The absorbance of Opg/ml sample was determined as 0% ROS scavenging. ***P<0.001.
Previous studies illustrated that cerium oxide nanoparticles had catalase mimetic activity, and
were able to reduce the level of hydrogen peroxide H,O2 %. Here we investigated whether our
IO@CO nanoparticles have ROS scavenging ability. We use the H20,-HRP-ABTS system to
test the anti-ROS capability of the nanoparticles. Briefly, ABTS (2,2-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) was oxidized by hydrogen peroxide (H202) in the
presence of horseradish peroxidase (HRP) as a catalyst. As mentioned previously, cerium oxide
can scavenge both H>O. and superoxide radical when the cerium oxidation state changes

between tervalence and tetravalence. Therefore, we incubated our nanoparticles with hydrogen
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peroxide followed by adding HRP. Finally, ABTS was added to detect ROS. We observed a
significant decrease in absorbance (directly proportional to ROS level) when the concentration
of cerium increased to 280ng/100ul and above (Figure 6). Moreover, the nanoparticles with Ce
concentration of 1120ng/100pl were able to scavenge nearly half of the ROS in the solution.

Our result showed that IO@CO nanoparticles have anti-ROS ability in the buffer solution.

Nanoparticle uptake in macrophage J774A-1
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A~ 1.0+
8 s e Ce o
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Ce:Fe 17.87 13.20 13.97 Ce:Fe 2.81 2.56 2.11

Figure 7. Cell uptake of IO@CO nanoparticles as determined by ICP-MS. (A) Graphs showing cell uptake
of IO@CO. Macrophage cells were incubated with IO@CO nanoparticles overnight. The cells were subsequently
lysed. Iron and cerium concentrations were detected by ICP-MS. The graphs showed that both IO@COL1 and

I0@CO2 were uptaken by macrophages. (B) Tables showing ratios of cerium to iron in the nanoparticle stocks

and in cells.
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Before conducting the in vitro cell-based studies, we sought to determine the macrophage
uptake of these nanoparticles to make sure our nanoparticles can work inside the cells.
Macrophages were used for our in vitro experiments as they are the cells responsible for ROS
production in inflammatory conditions.> 2 Macrophages were treated with the nanoparticles
of different concentrations. The cells were washed and lysed, followed by measuring the

cerium and iron concentration in the cell lysis buffer.

ICP-MS measurement (Figure 7) demonstrated that our nanoparticles had good macrophage
uptake. The results from both cerium and iron uptake in the cells indicated that these IO@CO
nanoparticles were successfully entered into the macrophage cells with considerable quantity.
When treated with higher concentrations of the nanoparticles, both cerium and iron uptake in
macrophages significantly increased. The ratios of Ce to Fe uptaken by the cells were compared
with the ratios of Ce to Fe in the nanoparticles (Figure 7B). For IO@CO1, the ratios in the cells
were detected lower than the ratio in the nanoparticle. For IO@CO2, the ratios in the cells
slightly less than the ratio in the nanoparticle. The decrease of the Ce/Fe ratio could be
explained by the loss of cerium oxide in IO@CO nanoparticles due to nanoparticle degradation
at low pH within the lysosome environment. Our degradation studies (Supporting Information
Figure S2) showed that the size of IO@CO nanoparticles slightly decreased at acidic pH
condition (pH5.5). This could be explained by the shrinkage of poly(acrylic acid) at low pH
environment due to the protonation of carboxylic groups®. The reduced size of the
nanoparticles could also be contributed by the dissolution of cerium oxide in acidic condition®®.
The reason why I0@CO1 exhibited larger decrease in Ce/Fe ratio in the cell, compared to
I0@CO2, is unclear but may be due to the higher loading of CeO, on IO@CO2, leading to a

more pronounced change of Ce/Fe ratios when CeO: is degraded.
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It was noted that the IO@CO nanoparticles were highly negatively charged (-55 mV) but able
to be taken by the cells. This can be explain as following. Basically, the cell membranes should
repulse the negatively charged 10@CO because of the large amount of negatively charged
domains on their surface. However, Wilhelm et al.®° indicated that with a repulsive force from
the negatively charged domains on the surface of the membranes, the negatively charged
nanoparticles will form into small groups then bind at the cationic sites on the surface.
Meanwhile, the existing nanoparticles on the cell surface can reduce the density of the surface
charge, which will benefit the adsorption of other nanoparticles. Therefore, the process of
adsorption of the nanoparticles on the cell surface and the formation of the particle clusters are
related to their cell uptake. Studies by Limbach et al. and Patil st al. on human lung cells also
indicated that cells rapidly absorb negatively charged ceria nanoparticles®®2, In addition,
Tabata et al. suggested that the lowest uptake of the nanoparticles in macrophages are related
to surface charge with a zeta potential of zero. In their study, negatively charged cell
membranes along with the cations in the cell culture medium such as Ca2+ and Mg2+ were
closely related to the cell uptake of both of their positively and negatively charged

microspheres®,
In vitro magnetic resonance imaging of IO@CO nanoparticle in macrophages

In the last decades, SPIONs have been widely studied for imaging technology. For example,
Fong-Yu et al. indicated that aqueous dispersions of FesO4 nanoparticles had excellent ability
of imaging in the cell with low cytotoxicity.*® Ta et al has developed different iron oxide
nanoparticles for molecular MR imaging of cardiovascular diseases such as
atherothrombosis*'*6. After confirming I0@CO nanoparticles were good contrast agents, we
investigated the contrast ability of the nanoparticles inside macrophage J774A.1. Cells were
incubated for 24h with nanoparticles and subsequently fixed by paraformaldehyde. Then the
cell pellet was embedded in the 0.5% agarose gel followed by MRI measurement.
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The relaxation rates (Figure 8A) and MR images (Figure 8B) of the nanoparticle-treated cells
had a considerable enhancement than those without nanoparticle. Especially I0@CO2 had
much stronger MRI T, effect and a higher relaxation rate than 10@COL1. The stronger T»
contrast effect of IO@CO2 could result from its higher iron uptake as shown in cell uptake
study. These results showed that both IO@CO1 and IO@CO2 were able to image macrophage

cells; especially IO@CO2 had a more significant imaging contrast effect.
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Figure 8. In vitro MRI of IO@CO nanoparticles. Macrophage cells were incubated with IO@CO nanoparticles
overnight. The cells were subsequently fixed, suspended in 0.5% agarose gel and imaged by MRI. (A) Graph
showing relaxation rate of the non-treated cells, and cells treated with IO@CO1 and 10@COQO?2. The relaxation
rate of the nanoparticle-treated sample is higher than non-treated group (Control). (B) MRI images of the cells.
Both CO@I01 & CO@I02 nanoparticle-treated samples had significant imaging signal (dark color) than non-
treated group (control). In addition, cells incubated with IO@CO2 had the stronger negative MRI effect than the
cells incubated with IO@CO1. ***P<0.001.
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Biocompatibility of IO@CO nanoparticles

Before testing the ROS quenching ability of IO@CO nanoparticle in the cells, it is necessary
to investigate cytotoxic effect of these nanoparticles, even though it was reported that cerium
oxide nanoparticles had no toxic effect on macrophage cells.*® Macrophages J774A.1 (20,000
cells per well) were used to test the cytotoxic effect of the nanoparticles and were treated with
different concentrations of nanoparticles for 24 hours and 48 hours. Cells were then washed
and subsequently treated with EthD-1 that marked the dead macrophage nucleus and can be
detected by its red fluorescence. Cells were imaged by fluorescence microscopy (Figure 9B)
and fluorescence intensity was measured by plate reader (Figure 9A). There was no significant
difference between live cell control and nanoparticle-treated groups. Fluorescence images also
indicated a low cytotoxicity of the nanoparticles after 24-hour treatment. In two-day treatment,
macrophages treated with 10@CO2 still showed very good cell viability. However, we
observed a slight decrease in the viability of macrophages treated with high concentrations of
IO@COL. The result indicated that IO@CO1 had some toxic effects on macrophage cells,
while IO@CO2 had no cytotoxic effect in any concentrations and time periods tested in the

study.
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Figure 9. Viability/toxicity study of macrophage cells with nanoparticles. Macrophage cells were incubated
with I0@CO nanoparticles for one or two days. Dead cells were stained by EthD-1 and showed the red

fluorescence under fluorescence microscopy. The fluorescence intensity was measured by Tecan X200. (A) Graph
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showing the viability of the cells after one- or two-day incubation with the nanoparticles. It showed that cell
viability was around 90%-100% for all different concentrations of nanoparticles, except the cells that were treated
with IO@COL in very high concentrations. These cells showed approximately 70-80% of viability of cells. (B)
Fluorescence images of the cells taken on the first day of the nanoparticle treatment. It showed that the toxicity of

IO@CO nanoparticles was acceptable. **P<0.01, ***P<0.001.

In vitro cell-based assay of ROS scavenging capability

Reactive oxygen species have been related to a broad spectrum of inflammatory diseases such
as atherosclerosis and rheumatoid arthritis. In this decade, cerium oxide nanoparticles have
been confidently shown to have the ROS scavenging capability in vitro. David et al. in 2006
firstly showed that cerium oxide nanoparticle (with Ce®": Ce** ratio of 3:47) could protect rat
hippocampal nerve cell from hydrogen peroxide-induced cell death effectively® and it also
worked on human breast fibrosarcoma cell®*. In addition, in 2009 Suzanne et al. showed cerium

oxide nanoparticle could reduce ROS in macrophage J774A.1 cells significantly.*°

In our studies, we chose to use macrophage as our cell model as it has been reported as a major
factor in many inflammatory diseases®?>*. Due to higher toxicity of I0@CO1, I0O@CO2 was
chosen for in vitro cell-based assay of ROS scavenging effect. Macrophages were incubated
for 24 hours with different concentrations of nanoparticles and subsequently stimulated by
1.5mM H.0, After that, dichlorofluorescin diacetate (DCF_DA) was used to detect ROS levels
in the cells. H20: is the most studied and best-characterized member of ROS and it can be
regarded as the most important ROS in redox signaling. The fluorescence intensity (Figure 10A)
showed that compared to H2O- treated control group, the ROS level of the cells treated with
0.056 ng Ce/ml was significantly decreased. When Ce concentration rose to 0.14 pg/ml and
above, the ROS level of the treated cells was lowered to the ROS level of the control non-
stimulated cells. Fluorescence images (Figure 10B) of nanoparticle-treated macrophages

showed a similar fluorescence signal with non-stimulated cell control group and significantly
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weaker than the stimulated cell control group. These results confirmed the ROS scavenging

ability of our IO@CO?2 in vitro.
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Figure 10. ROS scavenging ability of IO@CO nanoparticles in macrophage cells. Macrophage cells were
incubated with IO@CO nanoparticles overnight followed by stimulated by H,O,. ROS inside the cells were
detected by DCF_DA. The fluorescence intensity was measured by Tecan X200 and fluorescence images were
taken by fluorescence microscopy. (A) Graph showing ROS level of the cells. Cells treated with low concentration
of nanoparticles showed a significant reduction of ROS when the concentration of cerium reached 14ng/100ul
and above. (B) Fluorescence images of the cells. The images showed that cells treated with different concentration
of nanoparticles and H,O, had significant lower green fluorescence signal than the cells treated with H,0,.

**P<0.01, ***P<0.001.
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Atherosclerosis, rheumatoid arthritis, allergies and other autoimmune diseases are basically
caused by chronic inflammation, which relates to disorder of inflammatory regulation or
switching off.> These inflammatory disorders have a strong relationship with the high level of
ROS in the lesions.% >° For example, atherosclerosis, taking the largest proportion in the CVDs,
is a complex disease that happens in the intima of arteries and can be progressive for many
years4. In the progression of atherosclerosis, ROS plays an important role in the oxidation of
low-density lipoprotein in the intima of the blood vessel by macrophage®. High level of the
ROS along with the cytokines released by dead macrophage attracts more macrophage to
accumulate into the atherosclerosis plague, making the situation worse.*® Similarly, in many
joint diseases, ROS and NO along with some pro-inflammatory factors such as prostaglandins
and cytokines are produced at sites of inflammation and are responsible for the progression of

the diseases.®’

Our result (Figure 6) showed that IO@CO had good anti-ROS ability in the buffer solution. In
vitro cell-based ROS scavenging results (Figure 10) indicated that IO@CQO2 could reduce the
ROS level in macrophage cells, implying that this nanoparticle can be a potential treatment
agent for inflammatory diseases such as cardiovascular disease and rheumatoid arthritis. The
anti-ROS capability could be due to the regenerative antioxidant property from cerium oxide®.
When the trivalent cerium ions change to tetravalent cerium ions, cerium ions are capable of
scavenging superoxide radical. On the contrary, when it comes back from tetravalent cerium
ions to trivalent cerium ions, cerium ions show the ability of scavenging H.O,. These
regenerative antioxidant capabilities are the major reasons that IO@CO nanoparticles can
reduce the ROS level in macrophage cells. Janet et al. recently showed that changing of
Ce®":Ce* ratio on the nanoparticle surface can alter the biological interactions of the
nanoparticle.>® In addition, it is shown that 22% of Ce** atom on the surface of nanoparticles
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will significantly contribute stronger activities of superoxide dismutase °. In our study, the
reliable antioxidant activity of the IO@CO nanoparticles owned to the ideal concentration of
Ce®" atom (20% and 26.9%) on their surface, which contribute the good ROS scavenging
ability of these IO@CO nanoparticles. In Bae et al. study®’, they developed hydrogen peroxide-
responsive antioxidant copolyoxalates containing hydroxybenzyl alcohol (HPOX) and vanillyl
alcohol (PVAX) nanoparticles , which showed a good H2O> scavenging ability around 40% to
60% after 24 hours treated with 1mg/ml of their nanoparticle. IO@CO has a good anti-H>O>
ability at 50% after only 1 hour treated with just 112pg/ml of cerium oxide of IO@CO. In in
vitro cell study, I0@CO2 showed more than 50% scavenge of ROS at 0.14pg/ml and 1.4pg/ml
of cerium oxide of IO@CO?2. In Liu et al®® study, the ROS scavenging ability of 1uM nano-
Ce0O2 (12 hour treatment) was around 20% in HepG2 cells that exposed to 0.6 mM H>O- for
12 hours. In our study, macrophage J774.A1 was treated with 10@CO2 for 24 hours followed
by 1 hour incubation with 1.5mM H20.. It showed a good the ROS scavenging around 73%

when the cerium concentration of IO@CO2 was 0.14pg/ml.
Conclusion

The presented data demonstrate a successful synthesis of iron oxide/cerium oxide core-shell
(10@CO) nanoparticle. I0O@CO nanoparticles were shown to be a good contrast agent under
MRI, and they also exhibited a good Ce®*:Ce*" ratio. In vitro studies showed that our
nanoparticles had good cell uptake, strong cell MRI, low cell cytotoxicity and good ROS
scavenging ability. The results showed that IO@CO nanoparticle could decrease ROS level in
the stimulated J774A.1 macrophages. The ROS scavenging ability of IO@CO in macrophage
makes this nanoparticle a potential treatment agent for ROS-related inflammatory diseases such
as atherosclerosis and rheumatoid arthritis. In addition, good MRI imaging capability of the
nanoparticle indicates its potential use for detecting and monitoring the treatment of

inflammatory diseases. In conclusion, IO@CO nanoparticles can be a potential theranostic
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agent for inflammatory diseases. In the future, we will conjugate our nanoparticle with
antibodies or binding peptides to target inflammatory markers. For example, vascular cell
adhesion molecule 1 (VCAM-1) is one of the important adhesion molecules secreted by the
inflamed endothelial cells especially those in atherosclerotic plaques*’. Therefore, VCAM-1 is
an effective biomarker to detect endothelial inflammation, improving the progress for both
early phase treatment and early stage detection of atherosclerosis and CVD. In rheumatoid
arthritis, Neutrophil Cytosolic Factor 1 can be a good biomarker of RA as it is highly expressed
in the inflammatory position of the rheumatoid arthritis patient.*® By employing an effective
targeting ligands, these nanoparticles can detect the early stage of atherosclerosis, rheumatoid
arthritis and other ROS related inflammatory diseases. In addition, further studies on the
applications of these nanoparticles in animal models of inflammatory diseases will be

conducted in the future.
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