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ABSTRACT: Reactive oxygen species (ROS) play an essential
role in the progression of many chronic diseases like athero-
sclerosis and rheumatoid arthritis. For decades, antioxidant
compounds have always been considered as potential treatments
for these ROS-related diseases. Concomitantly, noninvasive
imaging systems such as magnetic resonance imaging (MRI)
have also been widely used in the diagnosis of diseases, especially
atherosclerosis. In this study, we investigated the feasibility to
develop chitosan nanococktails containing both nanoceria and
superparamagnetic iron oxide nanoparticles for ROS-related
theranostics. Nanoceria utilized as therapeutic modules capable
of ROS scavenging and iron-oxide nanoparticles utilized as imaging
agents for MRI have been synthesized separately. Subsequently, two versions of theranostic chitosan nanococktails containing both
nanoceria and iron oxide nanoparticles (Chit-IOCO and Chit-TPP-IOCO) were successfully synthesized via two different
mechanisms, electrostatic self-assembly, and ionic gelation. In vitro studies such as cytotoxicity, MRI, and ROS scavenging were
performed. These theranostic nanococktails demonstrated effective ROS scavenging and MRI contrast as a potential platform for
treatment and diagnosis of ROS-related diseases. Results indicated that both Chit-IOCO and Chit-TPP-IOCO can reduce the ROS
level of the lipopolysaccharide-stimulated macrophage J774A.1 to the baseline level. Chit-IOCO was less toxic to the cells than Chit-
TPP-IOCO. In addition, Chit-IOCO exhibited higher MRI relaxivity than Chi-TPP-IOCO (308 and 150 mM−1 s−1, respectively),
indicating that Chi-IOCO was more effective than Chit-TPP-IOCO as an MRI contrast agent in macrophages. Taken together, Chit-
IOCO nanococktail demonstrates outstanding potential for treatment and diagnosis of ROS-related diseases. Potentially, this
nanococktail can be easily modified to include new modules, allowing future application of personalized medicine.
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1. INTRODUCTION

Reactive oxygen species (ROS) are ubiquitous in animals as
they are products of aerobic metabolism.1 There are two
unpaired electrons on the outer periphery of the oxygen atom.
Different ROS can be generated by increasing the electrons
around the oxygen.2 Common examples include hydrogen
peroxide (H2O2), superoxide anion (•O2

−), peroxide (•O2
−2),

and hydroxyl radical (•OH).3 It has been established that
excessive levels of ROS can damage cells and gene structures
which lead to the development of many diseases.4,5

Inflammatory diseases such as atherosclerosis6−8 and rheuma-
toid arthritis9 are very typical type of ROS-related diseases.10

ROS can be produced by active macrophages and are enriched
in plaques in atherosclerosis.11 As the disease progresses, ROS
can accelerate the growth and instability of plaques.12

Eventually, the plaques rupture and form the thrombus,
leading to fatal diseases such as stroke and ischemic heart

diseases.13,14 In rheumatoid arthritis, ROS such as hydrogen
peroxide are mainly produced by chondrocyte cells. These
ROS can destroy proteins, DNA, and lipids in joints which
ultimately leads to the damage of the cartilage.9,15 Therefore,
the regulation of ROS is a promising approach of treatment in
inflammation-related diseases.
In the past few decades, hundreds of anti-ROS compounds

have been discovered.16,17 Antioxidants cannot persistently
scavenge ROS after reacting with the oxygen free radicals.
Therefore, larger doses or multiple injections of antioxidants
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are required to treat chronic inflammatory diseases.18 Recently,
the anti-ROS property of cerium oxide has been investigated
and confirmed by several studies.19,20 Cerium oxide nano-
particles are unique due to its convertible surface valence
unlike other antioxidants. Both trivalent cerium atoms (Ce3+)
and tetravalent cerium atoms (Ce4+) are on the surface of
cerium oxide.21 Ce3+ on the surface works as an analogue of
superoxide dismutase. It can transform superoxide radicals into
oxygen and hydrogen peroxide (Ce3+ + O2

−• + 2H+ → Ce4+ +
H2O2). Ce

4+ produced by this reaction can scavenge hydrogen
peroxide and generate hydrogen ions and water, eventually
eliminating ROS. Due to the absorption of hydrogen electrons,
Ce4+ is then converted into original Ce3+ (Ce4+ + H2O2 →
Ce3+ + H+ + H2O).

22 Hence, this irreplaceable anti-ROS
property allows cerium oxide to be utilized as a potential ROS
scavenger for ROS-related diseases.23,24

Modern diagnostic approaches for ROS-related diseases are
indispensable in current research and treatment.25 Super-
paramagnetic iron oxide nanoparticles (SPIONs) have been
widely employed as contrast agents for molecular magnetic
resonance imaging (MRI).26,27 SPIONs have lower biological
toxicity and stronger proton relaxation than conventional
paramagnetic gadolinium MRI contrast agents.28 Multiple
SPION-based nanomaterials have been developed for imaging
and detection of ROS-related or inflammatory diseases,29,30

cardiovascular diseases,29,31−42 and cancerous diseases.43,44

In this study, we investigated the feasibility to develop
chitosan nanococktails containing both nanoceria and iron
oxide nanoparticles for ROS-related theranostics. Such nano-
systems are expected to provide both therapeutic effect
(scavenging ROS) and diagnostic capability (detecting ROS-

overexpressed areas or disease sites). The combination of
therapeutic agents with imaging materials also allows tracking
of the therapeutics and their biodistribution. Here, we
synthesized poly(acrylic acid)-coated iron oxide (IO-PAA)
nanoparticles and trisodium citrate coated cerium oxide (CO-
TSC) nanoparticles as our functional modules. We then
utilized chitosan, a natural biopolymer extracted from the
shells of marine organisms,45 as a nontoxic carrier of both IO-
PAA and CO-TSC to prepare theranostic nanomaterials.
Theranostic chitosan nanoparticles (Chit) containing IO-PAA
and CO-TSC were prepared by two different approaches: (1)
self-assembly between the positively charged chitosan and the
negatively charged IO-PAA and CO-TSC nanoparticles and
(2) ionic gelation between chitosan and tripolyphosphate
(TPP), a cross-linker (Scheme 1). The resulting Chit-IOCO
and Chit-TPP-IOCO nanoparticles were characterized in vitro
to assess their cytotoxicity, anti-ROS, and MRI contrast
capabilities.

2. METHODS
2.1. Materials. All chemicals were reagent grade and utilized

without further purification unless specified. Iron(II) ammonium
sulphate, hydrochloric acid (reagent grade, 37%), ammonium
hydroxide solution (30% NH4OH in H2O), cerium nitrate
hexahydrate, ammonium cerium nitrate, sodium acetate trihydrate,
acetic acid, low-molecular-weight chitosan, TPP, hydrogen peroxide,
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS),
horseradish peroxidase (HRP), 2′,7′-dichlorodihydrofluorescein diac-
etate (DCF-DA), sodium dodecyl sulfate, and lipopolysaccharide
(LPS) were purchased from Sigma-Aldrich. Bovine serum albumin
was purchased from Bovogen Biologicals Pty Ltd. Trisodium citrate
(TSC) was purchased from Chem-supply. Hydrogen peroxide

Scheme 1. Image Illustrating the Synthesis of Chit-IOCO and Chit-TPP-IOCOa

a(1) Chit-IOCO nanoparticles were prepared via the electrostatic self-assembly method between the positively charged chitosan and the negatively
charged IO-PAA and CO-TSC. CO-TSC was first dialyzed against 1 L of Milli-Q water for 30 min. Then, a mixture solution (0.5 mL) of IO-PAA
and CO-TSC was pumped (0.2 mL/min) into 4.5 mL of filtered (0.45 μm) chitosan (pH 4.8) to form the chitosan-IOCO nanoparticles. (2) Chit-
TPP-IOCO nanoparticles were prepared via the ionic gelation method between chitosan and TPP (a cross-linking reagent), which encapsulates IO-
PAA and CO-TSC within its nanogel structure. CO-TSC was first dialyzed against 1 L of Milli-Q water for 30 min. After that, a mixture solution
(2.5 mL) of IO-PAA (0.15 mg), CO-TSC (0.15 mg), and TPP (3.15 mg) was pumped (0.2 mL/min) in 5 mL of 0.1% (w/w) filtered (0.45 μm)
chitosan (pH 4.8) with continuous stirring for 1 h to form the chitosan-TPP-IOCO nanoparticles.
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(H2O2) was purchased from EMSURE Merck. Water used in all
experiments is Milli-Q water. Phosphate-buffered saline (PBS), RPMI
1640 medium, fetal bovine serum, penicillin−streptomycin solution,
L-glutamine, and PrestoBlue cell viability reagent were purchased from
Thermo Fisher Scientific.
2.2. Synthesis of Iron Oxide Nanoparticles. The IO-PAA

nanoparticles were prepared by the coprecipitation method.30 Briefly,
200 mg of PAA was dissolved in 50 mL of Milli-Q water. The PAA
solution was purged with nitrogen for 30 min and then heated at 130
°C to reflux using an oil bath. A mixture of 0.51 mM FeCl3·6H2O
(0.1378 g) and 0.25 mM (NH4)2Fe(SO4)2·6H2O (0.099 g) was
dissolved in 1 mL of 37% concentrated HCl. The mixed solution was
then quickly added into the hot PAA solution. After stirring for 5 min,
15 mL of 30% concentrated ammonia solution was added into the
mixture, followed by refluxing the solution for 2 h. The resulting
solution was concentrated using a 50k molecular weight cutoff
Amicon filter (Millipore, Inc.). The concentrated solution was then
dialyzed against 5 L of water at pH 10 for 1 day and pH 7 for 3 days.
The PAA-coated iron oxide nanoparticles were collected and stored at
4 °C.
2.3. Synthesis of Cerium Oxide Nanoparticles. Cerium oxide

nanoparticles were prepared by the coprecipitation method.
(NH4)2Ce(NO3)6 (0.685 g) and CH3COONa (2.5 g) were dissolved
in deionized water (17.5 mL), and then, CH3COOH (2.5 mL) was
added to the solution. After stirring at room temperature for 1 h, the
mixture was heated at 100 °C in an oil bath with condensation reflux
for 2 h. Finally, yellow precipitates were separated by centrifugation
(6000g) for 10 min, washed twice with deionized water, and then
resuspended in 5 mL of H2O.
The TSC-coated cerium oxide nanoparticles (CO-TSC) were then

prepared by mixing 100 mg of cerium oxide nanoparticles with 0.1 M
TSC in 15 mL of H2O for 24 h. The stirred mixture was then filtered
by a 100k molecular weight cutoff Amicon filter (Millipore, Inc.) at
10,000g for 1 min to remove the large agglomerates. The CO-TSC
nanoparticles were stored in 0.1 M TSC solution before use. The
nanoparticle solution was dialyzed against water using 10k MWCO
SnakeSkin tube before further use and tests.
2.4. Synthesis of Chi-IOCO. Chit-IOCO nanoparticles were

prepared via the ionic gelation method using IO-PAA and CO-TSC as
the cross-linking reagents. CO-TSC was first dialyzed against 1 L of
Milli-Q water for 30 min. Then, a mixture solution (0.5 mL) of IO-
PAA and CO-TSC was pumped (0.2 mL/min) into 4.5 mL of filtered
(0.45 μm) chitosan (pH 4.8) to form the chitosan-IOCO nano-
particles. Different concentrations of chitosan, IO-PAA, and CO-TSC
with different pumping speeds and incubation times were used to
optimize the nanocomposite. The mixture was then centrifuged at
10,000g for 30 min followed by sonication for total 5 min (cooling
down on ice every 30 s of the sonication, 50% amplitude). Iron and
cerium concentrations were measured by inductively coupled plasma
optical emission spectrometry (ICP−OES).
2.5. Synthesis of Chit-TPP Nanoparticles. Chit-TPP nano-

particles were prepared via the ionic gelation method using TPP as
the cross-linking reagent. Briefly, TPP (2.5 mL) was pumped (0.2
mL/min) into 5 mL of 0.1% (w/w) filtered (0.45 μm) chitosan (pH
4.8) to form the chit-TPP nanoparticles. Different concentrations of
TPP and incubation times were used to optimize the nanoparticles.
The mixture was then centrifuged at 10,000g for 30 min followed by
sonication for total 5 min (cooling down on ice every 30 s of the
sonication, 50% amplitude).
2.6. Synthesis of Chit-TPP-IOCO Nanoparticles. Chit-TPP-

IOCO nanoparticles were prepared via the ionic gelation method
using IO-PAA, CO-TSC, and TPP as the cross-linking reagents. CO-
TSC was first dialyzed against 1 L of Milli-Q water for 30 min. After
that, a mixture solution (2.5 mL) of IO-PAA (0.15 mg), CO-TSC
(0.15 mg), and TPP (3.15 mg) was pumped (0.2 mL/min) in 5 mL of
0.1%(w/w) filtered (0.45 μm) chitosan (pH 4.8) with continuous
stirring for 1 h. The stirred mixture was then centrifuged at 10,000g
for 30 min followed by sonication for total 5 min (cooling down on
ice every 30 s of the sonication, 50% amplitude). Iron and cerium
concentrations were measured by ICP−OES.

2.7. Characterization of Nanoparticles. Transmission electron
microscopy (TEM) images were collected on a JEOL-JEM-1010
transmission electron microscope operating at an accelerating voltage
of 120 kV. The samples on the copper grid were stained with
phosphotungstic acid (10 mg/mL, pH adjusted to 7.3 by sodium
hydroxide) for 30 s to visualize chitosan, and the remaining acid
solution was removed gently by a piece of tissue. The hydrodynamic
size, size distribution, and zeta potential (ZP) of the nanoparticles
were measured using a Zetasizer Nano ZS (Malvern) analyzer.
Fourier transform infrared spectroscopy (FTIR) spectra were
collected using a Nicolet 5700 FT-IR spectrometer. The surface
composition of the cerium oxide nanoparticles was analyzed by X-ray
photoelectron spectroscopy (XPS) using a Kratos Axis Ultra
photoelectron spectrometer.

2.8. Anti-H2O2 Capability of Nanoparticles. Nanoparticles of
different concentrations ([Ce]: 0, 20, 40, 60, 80, and 100 μg/mL;
[Fe]: 18.2, 36.4, 54.6, 72.8, and 91.0 μg/mL; [chitosan]: 828.6,
1657.1, 2485.7, 3314.3, and 4142.9 μg/mL) were treated with 0.1
mM H2O2 in a 96-well plate for 1 h at 37 °C with shaking at 200 rpm.
0.01 unit of HRP was added into each reaction followed by 10 min
incubation at RT. 8.7 mM of ABTS was then added into the reaction,
and the absorbance of samples at 405 nm was measured by an
EnSight Multimode Plate Reader (PerkinElmer) microplate reader.
The absorbance of 0 μg/mL sample was determined as 0% ROS
scavenging.

2.9. MRI. The T2 relaxation time and MRI of the nanoparticles
(Fe: 0.03, 0.06, 0.12, 0.25, and 0.5 mM) were acquired using a Bruker
9.4 T MRI scanner running Paravision 6.0.1. T2-weighted relaxivity
(r2) is 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). T2 values were
calculated using a 2D multislice multi echo spin echo sequence using
TR = 2630 ms, 32 echoes (5−160 ms), 0.117 × 0.117 mm in-plane
resolution. The acquisition time was 11 min.

2.10. Cell Culture. Macrophage J774A.1 cells were attained from
the American Type Culture Collection. The cells were maintained in a
nontreated 100 × 20 mm cell culture dish containing RPMI 1640 with
fetal calf serum (10%), penicillin (100 U/mL), and L-glutamine (1%)
and cultured in an incubator at 37 °C with 5% CO2.

2.11. Biocompatibility of the NanoparticlesCytotoxicity
Study. Macrophages were detached by 2 mL of cold 1× PBS when
the cell confluence reached approximately 85%. Then, the cells were
seeded into a 96-well plate at a density of 10,000 cells/well. After 24 h
of incubation, the cells were treated with different concentrations of
cerium in different nanoparticles Chit-IOCO, Chit-TPP, and Chit-
TPP-IOCO (Ce: 0, 0.1, 0.5, 1.0, 5.0, 10.0, and 20.0 μg/mL). After 24
h nanoparticle treatment, the cells were treated with 1× PrestoBlue
cell viability reagent for 30 min to detect viability and proliferation of
macrophage cells by fluorescence intensity. The fluorescence intensity
was measured by an EnSight Multimode Plate Reader (PerkinElmer)
with an excitation wavelength of 560 nm and an emission wavelength
of 590 nm. The fluorescence of the 0 mg/mL sample was determined
as 100% viability of the macrophages.

2.12. In Vitro ROS Scavenging Cell-Based Assay. Macrophage
J774A.1 cells were seeded into a 96-well plate at a density of 10,000
cells/well. After 24 h of incubation, the cells were separately treated
with 1 μg/mL LPS along with different nanoparticles in different
concentrations of cerium (0, 0.1, 0.5, 1.0, 5.0, and 10.0 μg/mL). After
an additional 24 h of incubation, macrophages were treated with
DCF-DA (25 μM) for 10 min in the incubator at 37 °C and 5% CO2.
The fluorescence intensity was measured by an EnSight Multimode
Plate Reader (PerkinElmer) (ex/em: 485/535 nm), and fluorescence
images were taken by a Nikon ECLIPSE Ti microscopy system with a
Photometrics CoolSNAP HQ2 camera and a Nikon INTENSILIGHT
C-HGFIE fluorescent light source.

2.13. In Vitro Cell MRI. Macrophages J774A.1 were seeded into a
6-well plate at a density of 300,000 cells/well. After 24 h of
incubation, the cells were treated with Chit-IOCO or Chit-TPP-
IOCO with 5 and 10.0 μg/mL concentrations of cerium for 24 h.
Subsequently, the cells were washed with PBS three times. The cells
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were then detached and centrifuged at 200 g for 5 min. The cells were
subsequently resuspended with 200 μL of warm 1% low-gelling
temperature agarose, and 50 μL was quickly transferred into the
prepared phantom vessel (Scheme S1). The T2 relaxation time was
measured using the same parameters described above (Section 2.9).
2.14. Statistical Analysis of Data. Data are presented as mean

standard deviation. One-way ANOVA was used in the analysis of
significant difference. A p value of <0.05 was considered significant.
Graphs were plotted using GraphPad Prism 8.

3. RESULTS AND DISCUSSION
3.1. Characterization of Iron Oxide Nanoparticles.

SPIONs have been employed as MRI contrast agents in several
studies. SPIONs can provide a stronger MRI signal and have
lower toxicity than the gadolinium-based contrast agents.46,47

In this study, the IO-PAA nanoparticles were successfully
synthesized using a coprecipitation method. The TEM images
(Figure 1A) showed that the IO-PAA nanoparticles are around
5−8 nm in diameter. The hydrodynamic size of IO-PAA was
around 15 nm with a polydispersity index (PDI) of 0.22. The
surface ZP of the IO-PAA particles was negative (−29.21 mV)
due to the PAA coating layer (Figure 1B). This property is
beneficial for the following synthesis of the theranostic
chitosan-based material. Dynamic light scattering (DLS)
plots (Figure 1C) show the size distribution of IO-PAA.
3.2. Characterization and Optimization of Cerium

Oxide Nanoparticles. Cerium oxide nanoparticles were
synthesized using (NH4)2Ce(NO3)6 and CH3COOH.48

Cerium oxide nanoparticles were then coated with TSC,
resulting in negatively charged cerium oxide nanoparticles
(CO-TSC) which were used as the therapeutic module in the
following theranostic chitosan-based nanocomposite. Figure
2A(i) shows that CO-TSC have a homogeneous size of 3 nm.
Figure 2A(ii) shows the size distribution of CO-TSC. Figure
2A(iii) indicates that CO-TSC had an average hydrodynamic
size of around 5 nm with a low PDI of 0.15. Figure 2A(iii) also
confirms that CO-TSC were negatively charged. However, it
was observed that CO-TSC was not stable in water solution as

some aggregation formed after 24 h (Figure S1). CO-TSC
nanoparticles were stable in TSC solution and showed no
significant change in particle size and surface charge (Figure
2B). Therefore, CO-TSC were stored in TSC solution to keep
their size and ZP stable before further use.
XPS was employed to determine the different oxidation

states of cerium which is related to the anti-ROS bioactivity of
cerium oxide nanoparticles.49 As shown in Figure 2C, only
tetravalent cerium (Ce4+) oxidation states are present in
cerium oxide nanoparticles. After coating with reductive TSC,
both trivalent cerium (Ce3+) and tetravalent cerium (Ce4+)
oxidation states were detected on the surface of CO-TSC
nanoparticles (20% of Ce3+). Previous studies demonstrated
that cerium oxide nanoparticles with around 20% of surface
Ce3+ had anti-ROS activity.22 Therefore, it is expected that the
synthesized CO-TSC with 20% of Ce3+ could be a potential
anti-ROS module that can be loaded into chitosan nano-
particles. Its anti-ROS capability was investigated and
described in the following sections.

3.3. Optimization of the Nanococktail Synthesis.
3.3.1. Chit-IOCO. The newly synthesized Chit-IOCO nano-
particles were prepared by mixing the negatively charged IO-
PAA and CO-TSC with positively charged chitosan in solution.
The concentrations and ratios were optimized to obtain
theranostic chitosan nanomaterials with good size, ZP, and
high loading of CO-TSC and IO-PAA. In addition, the
reaction time, loading speed, and concentration of chitosan
solution were also varied to optimize the materials. It is ideal to
have Chit-IOCO nanoparticles with size around 100 nm and
ZP higher than 20 mV for greater cell uptake in the in vitro and
in vivo studies. The TEM images (Figure 3A(i)) showed that
the final Chit-IOCO nanoparticles are around 100 nm in
diameter. Nanoclusters of IO-PAA and CO-TSC are seen in
the image. It is therefore suggested that the formation of Chit-
IOCO is via the self-assembly of the positively charged
chitosan and the negatively charged IO-PAA and CO-TSC and
that there is no gelation formation. The hydrodynamic size of

Figure 1. Characteristics of IO-PAA. (A) TEM images of IO-PAA (scale bar: 100 nm). (B) Nanoparticle size and ZP measured by Zetasizer ZS. ZP
data showed that IO-PAA nanoparticles are negatively charged. (C) DLS size distribution of the IO nanoparticles.
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Chit-IOCO was around 150 nm with a low PDI of 0.13
(Figure 3A(iii)). DLS size intensity plots (Figure 3A(ii))
demonstrated that the optimized IO-PAA has a narrow size
distribution. Figure 3B(i) shows that the size of Chit-IOCO
nanoparticles was less affected by the loading speed of the IO-
PAA and CO-TSC mixed solution. Thus, a pumping speed at
0.2 mL/min was employed in further optimization steps.
Figure 3B(ii) depicts that the size of the final Chit-IOCO
nanoparticles increases as the stirring time of the mixture
increases. A 1 h stirring time was optimal and chosen for all
subsequent syntheses to control the size of the nanoparticles at
around 100 nm. In addition, higher chitosan solution
concentrations increased the size of Chit-IOCO nanoparticles.
The higher surface charge may be due to larger amounts of
chitosan involved in the formation of nanoparticles. 0.8 mg/

mL concentration of the chitosan was chosen to be used in the
later synthesis for smaller particle size and higher ZP (Figure
3B(iii),(iv)). The concentration of IO-PAA and CO-TSC used
in the synthesis of Chit-IOCO was another critical condition
for the final size of Chit-IOCO. Figure 3B(iv) shows that the
particle size of Chit-IOCO was proportional to the
concentration of IO and CO-TSC; hence, the particle size
could be controlled by increasing or decreasing the
concentration of IO and CO-TSC. Concentrations of 0.06
mg/mL of IO and 0.06 mg/mL of CO-TSC were chosen for
further studies. Overall, it was demonstrated that the size of
Chit-IOCO nanoparticles was greatly affected by the reaction
time, chitosan concentration, and concentration of IO CO-
TSC, while it was less affected by the pumping speed.

Figure 2. Characteristics of CO-TSC. (A) Size and ZP of CO-TSC. (i) TEM image of CO-TSC, (ii) DLS size distribution of CO-TSC, and (iii)
ZP and PDI of CO-TSC. (B) Stability studies of CO-TSC in TSC solution. Size and ZPs of the CO-TSC nanoparticles were measured in TSC
solution at days 1, 2, 3, and 6. (C) XPS of cerium oxide nanoparticles. The Ce3+/Ce4+ ratio is an important characteristic that is related to the
antioxidant activity of the cerium oxide nanoparticles. The graph shows the Ce scans of cerium oxide nanoparticles. The XPS result indicated that
there is no Ce3+ in cerium oxide nanoparticles but 20% of Ce3+ in CO-TSC.
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We also tested the effect of the ratio of IO-PAA and CO-
TSC (IO/CO) on the synthesis. The results of DLS (Figure
3B(v)) suggested that different IO/CO ratios did not influence
the size of Chit-IOCO nanoparticles. Thereafter, IO/CO at

1:1 was chosen to equally include both imaging and treatment
agents in the theranostic materials. Overall, the Chit-IOCO
nanococktails were successfully synthesized via the electrostatic
self-assembly method. Since Chit-IOCO can be easily adjusted

Figure 3. Characteristics and optimization of IO-PAA and CO-TSC loaded chitosan nanoparticles (Chit-IOCO). (A) Characteristics of IO-PAA
and CO-TSC loaded chitosan nanoparticles (Chit-IOCO). (i) TEM image of Chit-IOCO, (ii) DLS size distribution of Chit-IOCO, (iii) ZP, PDI,
and mass percentage of components. (B) Optimization of Chit-IOCO. (i) Size of the Chit-IOCO nanoparticles after synthesis with different
pumping speeds of IO-PAA and CO-TSC mixture into chitosan solution. (ii) Size of the Chit-IOCO nanoparticles after synthesis with different
incubation times. (iii) Size of the Chit-IOCO nanoparticles after synthesis with different chitosan concentrations. (iv) ZP of the Chit-IOCO
nanoparticles after synthesis with different chitosan concentrations. (v) Size of the Chit-IOCO nanoparticles after synthesis with different
concentrations of IO-PAA and CO-TSC. (vi) Size of the Chit-TPP nanoparticles after synthesis with different IO-PAA/CO-TSC ratios.
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with different IO/CO ratios if required, it is feasible to
manipulate the materials for different purposes. It is possible to
use a single module to synthesize chitosan nanoparticles for
only one purpose. Similarly, another module can be added into
the system to enhance treatment or imaging capabilities. For
example, we can add TSC-coated gold nanoparticles as a
module for thermodynamic therapy.50

3.3.2. Chit-TPP. Chit-TPP nanoparticles were prepared by
mixing the negatively charged TPP with positively charged
chitosan solution.51 As shown in Figure S2A, the Chit-TPP
nanoparticles were positively charged with the hydrodynamic
size of around 110 nm with a PDI of 0.23. Figure S2B shows
the size distribution of the optimized Chit-TPP nanoparticles.
Here, the effects of TPP concentration and reaction time on
the Chit-TPP nanomaterial size were investigated. Figure
S2C,D shows that both the concentration of TPP and reaction
time had no significant effects on the size of Chit-TPP
nanoparticles. Therefore, the TPP concentration of 0.42 mg/
mL and 1 h stirring were selected as the ideal parameters in the
synthesis of Chit-TPP and later Chit-TPP-IOCO. Chit-TPP
nanoparticles were used as a non-cerium control for the Chit-
TPP-IOCO nanoparticles in viability studies.
3.3.3. Chit-TPP-IOCO. As TPP is a widely used cross linker

for chitosan nanoparticles,52 here, we attempted to employ
TPP as a cross linker to prepare Chi-TPP-IOCO with the aim
to investigate whether TPP could improve the formation of the
nanococktails. Based on previous exploration of the synthesis
conditions, the mixture solution containing TPP (0.42 mg/
mL), IO-PAA (0.06 mg/mL), and CO-TSC (0.06 mg/mL)
was pumped (0.2 mL/min) into chitosan solution (0.67 mg/
mL) and then stirred for 1 h to synthesize Chit-TPP-IOCO
nanoparticles. TEM image shows that Chit-TPP-IOCO
nanoparticles were approximately 60 nm in size (Figure 4A).
Interestingly, opposite to Chit-IOCO, in Chit-TPP-IOCO,
clusters of IO and CO nanoparticles cannot be seen in the
image, but a solid structure is observed. It is therefore

suggested that the formation mechanisms of Chit-IOCO and
Chit-TPP-IOCO are different. Chit-IOCO is formed by
electrostatic self-assembly, while Chit-TPP-IOCO is formed
by ionic gelation, which encapsulates IO-PAA and CO-TSC
within its nanogel. It is well-known that chitosan forms
hydrogel in the presence of TPP. The hydrodynamic size of
Chit-TPP-IOCO nanoparticles was 125 nm with the surface
ZP of 30.2 mV (Figure 4B). Figure 4C shows the size
distribution of Chi-TPP-IOCO.
FTIR spectrometry was used to corroborate the loading and

coating of the above NPs. As shown in Figure S3A, peaks at
2898 cm−1 showed C−H bonds, 1705 cm−1 indicated CO
bonds, 1400 cm−1 showed C−O bonds, 1104 to 1163 cm−1

showed C−C bonds, and at 555 cm−1 were Fe−O bonds.
According to the PAA and iron oxide structure and infrared
spectroscopy, PAA was successfully coated on the IO-PAA
nanoparticles. For CO-TSC, peaks at 3444−3233 cm−1

showed O−H bonds, 1584 cm−1 indicated CO bonds,
1400 cm−1 showed C−O bonds, 1064 cm−1 and 849 cm−1

showed C−C bonds, and at 450 cm−1 were Ce−O bonds. The
peaks of the chemical bonds (O−H, C−O and C−C) of TSC
are present in the FTIR spectra of CO-TSC nanoparticles,
indicating that TSC was successfully coated on the nano-
particles (Figure S3B). The next section of the FTIR study was
concerned with Chit-TPP. The characteristic bonds53 at 3259,
2861, 1626, 1536, 1445, 1374, and 1307 cm−1 are assigned to
O−H bonds, C−H bonds, CO bonds, N−H bonds,
stretching vibration of N−O−P, CH−OH, bonds and CH2−
OH bonds, respectively (Figure S3C). Chit-TPP was formed
by electrostatic interaction between the positive amine groups
of chitosan and the negative phosphate group of TPP. Thus,
N−O−P bonds found in Chit-TPP nanoparticles suggested the
successful synthesis of Chit-TPP. For the Chit-TPP-IOCO
nanoparticles (Figure S3D), Fe−O bonds, Ce−O bonds, and
N−O−P bonds were found in the FTIR spectra, which

Figure 4. Characteristics of Chit-TPP-IOCO. (A) TEM images of Chit-TPP-IOCO nanoparticles (scale bar, 100 nm). (B) DLS size distribution of
the Chit-TPP-IOCO nanoparticles. (C) Nanoparticle size and ZP measured by DLS Zetasizer and mass percentage of components.
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Figure 5. MRI of Chit-IOCO and Chit-TPP-IOCO nanoparticle phantoms. (A) Scheme of MR scan position. (B) MRI images of Chit-IOCO
phantoms. Chit-IOCO were diluted to different concentrations of iron followed by imaging using a 9.4 T MRI. (C) MRI images of Chit-TPP-
IOCO phantoms. Chit-TPP-IOCO were diluted to different concentrations of iron followed by imaging using a 9.4 T MRI. (D) Relaxation rate
plotted against iron concentration of Chit-IOCO. (E) Relaxation rate plotted against iron concentration of Chit-TPP-IOCO.

Figure 6. ROS scavenging study of nanoparticles in buffer. (A) Proposed scheme of CO-TSC reaction with H2O2. (B) ROS scavenging study of
CO-TSC nanoparticles in buffer. (C) ROS scavenging study of IO-PAA nanoparticles in buffer. (D) ROS scavenging study of Chit-TPP
nanoparticles in buffer. (E) ROS scavenging study of Chit-IOCO nanoparticles in buffer. (F) ROS scavenging study of Chit-TPP-IOCO
nanoparticles in buffer. Different concentrations of the nanoparticles were treated with H2O2, followed by HRP treatment. Then, ABTS was added
into each reaction, and absorbance was measured by a PerkinElmer plate reader. The absorbance of the 0 μg/mL sample was determined as 0%
ROS scavenging. * Compared with [Ce]-0 μg/mL control: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. # Compared with [Ce]-0.1 μg/
mL 2 h control: #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001.
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indicated that IO-PAA and Ce-TSC nanoparticles were
successfully loaded in the Chit-TPP-IOCO nanoparticles.
Overall, it was found that the size and ZP of Chit-TPP-

IOCO were similar to those of Chit-IOCO nanococktails. Both
Chit-IOCO and Chit-TPP-IOCO were synthesized with an
irregular shape. Chit-IOCO, however, could load a larger
amount of IO-PAA and CO-TSC compared to Chit-TPP-
IOCO (Figures 3A(iii) and 4C). The difference in
biocompatibility, anti-ROS, and MRI contrast ability of the
nanococktails with or without TPP will be investigated in the
following studies.
3.4. Chit-IOCO is a Better MRI Contrast Agent than

Chit-TPP-IOCO. Chit-IOCO and Chit-TPP-IOCO nano-
particles with different iron concentrations were prepared for
MRI phantoms (Figure 5A). The signal intensity of T2-
weighted MR images of both chitosan nanoparticles decreased
when the concentration of iron oxide increased. Notably, T2-
weighted MR images (Figure 5B,C) show that Chit-IOCO
exhibited stronger T2 contrast than Chit-TPP-IOCO and may
serve as more sensitive T2 contrast agents. Figure 5D,E shows
that Chit-IOCO had a higher transverse relaxivity (r2) than
Chit-TPP-IOCO (308 and 149 mM−1, s−1, respectively). Chit-
IOCO showed a steeper slope of relaxation rate than Chit-
TPP-IOCO, which could result from the higher iron oxide
loading and the lower percentage of chitosan coating content
in Chit-IOCO compared to Chit-TPP-IOCO (Figures 3A(iii)
and 4C). The difference in the loading of IO-PAA and CO-
TSC in Chit-IOCO and Chi-TPP-IOCO could result from the
difference in their synthesis methods. In the electrostatic self-
assembly method, the positive charged chitosan directly
interacted and wrapped around the negative charged IO-PAA
and CO-TSC, self-assembling into Chit-IOCO due to
electrostatic interactions. In the ionic gelation method, TPP
induced the formation of chitosan nanogel and encapsulated
IO-PAA and CO-TSC within its structure, forming Chit-TPP-
IOCO. Nanogels hold a great amount of water due to the
presence of hydrophilic functional groups and limited the
number of IO-PAA and CO-TSC that could be encapsulated
within their network. The nanogel structure of Chit-TPP-
IOCO was also thought to affect its MRI relaxivity as IO-PAA
particles were encapsulated within the nanogel structure. On
the other hand, due to the self-assembly nature of Chito-
IOCO, IO-PAA particles could be positioned within and also
on the surface of the nanococktail structure. More Fe3+ on the
surface of single Chit-IOCO can enhance relaxivity by

providing more efficient transfer of magnetization to the
surrounding water protons. A previous study showed that
transverse relaxivity of iron oxide nanoparticles decreased with
increasing coating thickness.54 The transverse relaxivity (r2) we
obtained with Chit-IOCO is 308 mM−1 s−1 at 9.4 T, which is
comparable to those of clinical iron oxide contrast agents such
as Feridex (r2 = 307 at 9.4 T, r2 = 93 at 3 T), FeREX (r2 = 284
at 9.4 T, r2 = 160 at 3 T), and Resovist (r2 = 143 at 3 T).55

Moreover, our nanoparticles are superior than MC03F, an
MRI contrast agent in the clinical trial (r2 = 72 at 9.4 T).55

Hence, based on these findings, we infer that our nanococktails
showed MRI contrast capability similar to commercial MRI
agents.”

3.5. Chit-IOCO and Chit-TPP-IOCO are Effective ROS
Scavengers. We used the H2O2−HRP−ABTS system to
assess the anti-ROS efficacy of the nanoparticles in the buffer.
Briefly, ABTS was oxidized by hydrogen peroxide (H2O2) in
the presence of HRP as a catalyst. As mentioned previously,
ceria can scavenge both H2O2 and superoxide radicals when
the cerium oxidation state changes between trivalence and
tetravalence. Therefore, we incubated our nanoparticles with
hydrogen peroxide, followed by the addition of HRP. Finally,
ABTS was added to detect ROS (Figure 6A). The result
indicated that the percentage of ROS level significantly
decreased at higher cerium concentrations and longer
incubation time (Figure 6B). The level of ROS decreased
sharply from 63 to 9% when the concentration of cerium
increased from 10 to 60 μg/mL with 2 h of incubation of the
nanoparticles. Subsequently, the level of ROS was maintained
approximately 8% when the concentration of cerium was
greater than 60 μg/mL. At 4 h of incubation, the level of ROS
declined rapidly from 40 to 2% when the cerium concentration
was between 10 and 40 μg/mL.
The anti-ROS capabilities of iron oxide and chitosan-TPP

nanoparticles were also investigated (Figure 6C,D). No
significant anti-ROS effect was observed in both iron oxide
and chitosan nanoparticles. However, after the addition of
cerium oxide, both nanococktails demonstrated a significant
decrease in the ROS level (Figure 6E,F). Figure 6E also
demonstrated that incubation with Chit-IOCO for 4 h had a
more profound anti-ROS efficacy in comparison to a 2 h
incubation for all concentration groups. Comparing Chit-
IOCO with Chit-TPP-IOCO at the cerium concentration of
100 μg/mL, Chit-IOCO-treated group showed lower ROS
remaining (25%) than the Chit-TPP-IOCO group (35%).

Figure 7. Cytotoxicity study of macrophage cells with Chit-TPP, Chit-IOCO, and Chit-TPP-IOCO nanoparticles. Macrophage cells were
incubated with different chitosan nanoparticles for 24 h. Cell viability was detected by the PrestoBlue cell viability kit. The fluorescence intensity
was measured by a PerkinElmer plate reader. (A) Viability of the macrophages after 24 h of incubation with Chit-IOCO. (B) Viability of the
macrophages after 24 h of incubation with Chit-TPP-IOCO. (C) Viability of the macrophages after 24 h of incubation with Chit-TPP. * Compared
with cells only control: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Overall, after loading of the anti-ROS cerium oxide modules,
our nanococktails obtained excellent anti-ROS performance.
The results also indicated that the loading of CO-TSC into the
nanococktails slightly reduced its anti-ROS efficacy, and Chit-
IOCO exhibited better performance than Chi-TPP-IOCO.
3.6. Chit-IOCO is More Biocompatible than Chit-TPP-

IOCO. The cytotoxicity of the developed nanomaterials was
investigated in macrophages. Macrophages were incubated
with different concentrations of the nanoparticles for 24 h,
followed by PrestoBlue treatment for 30 min. Resazurin inside
PrestoBlue was reduced to resorufin in the environment of live
cells. Finally, the fluorescence intensity of resorufin was
measured by a PerkinElmer plate reader. Notably, Figure 7A
demonstrates that Chit-IOCO nanomaterials, at concentra-
tions of cerium from 0.1 to 20 μg/mL, have negligible
cytotoxic effects in macrophages. Interestingly, results from
Figure 7B indicate that Chit-TPP-IOCO exhibits toxicity in
macrophages at a cerium concentration of 10 μg/mL and
higher.
Cytotoxicity test was conducted on Chit-TPP nanoparticles

with the same concentration of chitosan as Chit-TPP-IOCO to
determine if chitosan and TPP are contributing to the toxicity.

Here, we did not attempt to test the cytotoxicity of chitosan
and TPP alone. It is because chitosan solution or TPP solution
alone has physical and chemical properties different from those
in the nanoparticle form. Testing the respective cytotoxicity of
chitosan and TPP separately in solution will not demonstrate
an accurate representation of its true toxicity level in the
nanoparticle form. Results from Figure 7C demonstrate that
the viability of macrophages decreased to 21% as chitosan and
TTP concentrations increased, hence clearly indicating that
cytotoxicity is caused by chitosan and TPP. Therefore, ceria
did not contribute to the cytotoxicity.

3.7. Theranostics Aspect of Chit-IOCO and Chit-TPP-
IOCOCapabilities to Simultaneously Scavenge ROS
and Image Macrophages. Macrophages play a major role in
inflammatory and ROS-related diseases.56 They are cells that
produce excessive ROS when the immune system responds to
inflammation conditions such as atherosclerosis and rheuma-
toid arthritis. Toxic ROS can further accelerate the develop-
ment of the diseases.56 In our project, we aim to develop a
theranostic nanomaterial that can help detect the inflammatory
disease site and also suppress the progression of the disease. It
can be achieved by targeting macrophages (abundant cells in

Figure 8. ROS scavenging ability of Chit-IOCO and Chit-TPP-IOCO nanoparticles in macrophage cells. (A) Graphs showing the ROS level of the
cells treated with different nanoparticles at different concentrations. (i) Cells treated with Chit-IOCO nanoparticles showed a significant reduction
of ROS when the concentration of cerium reached 1 μg/mL. (ii) Chit-TPP-IOCO began to show significant ROS scavenging ability at the cerium
concentration of 0.5 μg/mL. (B) Fluorescence images showing the ROS level of the cells treated with or without nanoparticle. Images indicated
that both cells treated with Chit-IOCO and Chit-TPP-IOCO nanoparticles exhibited a significantly lower green fluorescence signal than the cells
treated with LPS. * Compared with cell only control: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. # Compared with LPS-stimulated
control: #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001. Scale bar: 100 μm.
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inflammation) and decreasing the ROS level in the macro-
phages, thus inhibiting subsequent pathology regulation
induced by toxic ROS. We have demonstrated that the
developed nanococktails are able to image macrophages and
scavenge ROS in these cells, potentially suitable for detecting
and treating ROS-related diseases.
3.7.1. Macrophage ROS Scavenging Capability. As

mentioned above, anti-H2O2 capability test showed excellent
anti-H2O2 capability of these nanococktails. In this part, in vitro
cell-based anti-ROS studies were conducted to evaluate the
scavenging of general ROS in LPS-stimulated macrophages. In
our anti-ROS efficacy studies, macrophages were chosen to be
the cell model as they have been reported as a major ROS-
producing cell in many ROS and inflammatory-related
diseases.57 LPS was selected as a stimulant in macrophages
because it has been well studied and widely used as an
accelerator of internal ROS such as H2O2 and superoxide.58

Lipopolysaccharide from the photosynthetic bacterium Rho-
dobacter sphaeroides (LPS-RS) was utilized as the inhibitor of
the LPS by targeting the toll-like receptor 4. In this ROS
scavenging study, macrophage cells were incubated with LPS
and different nanoparticles overnight in different concen-
trations of cerium, followed by treatment with DCF-DA for 10
min. ROS inside the cells were measured by the fluorescence
intensity of 2’, 7’ −dichlorofluorescein (DCF). A PerkinElmer
plate reader measured the fluorescence intensity, and
fluorescence images were taken using fluorescence microscopy.
Cells treated with Chit-IOCO nanoparticles displayed a
distinct reduction of ROS (21%) when the concentration of
cerium increased above 1 μg/mL. The eventual ROS level of
cells treated with Chit-IOCO at 10 μg/mL of cerium was
nearly the same as control cells without LPS stimulation (100%
scavenging) and LPS-RS group (Figure 8A(i)).
Chit-TPP-IOCO began to show a notable ROS scavenging

ability at a cerium concentration of 0.5 μg/mL or above
(Figure 8A(ii)). When the concentration of cerium of Chit-
TPP-IOCO was higher than 1 μg/mL, the ROS level of the
LPS-stimulated macrophages was close to those non-LPS-
treated cells. However, the low ROS level observed in
macrophages treated with Chit-TPP-IOCO at higher concen-
trations ([Ce] above 5 μg/mL) might be related to its
cytotoxicity (Figure 7). Nevertheless, the anti-ROS capability

of Chit-TPP-IOCO is nondebatable because at low concen-
trations ([Ce] below 5 μg/mL) where its cytotoxicity was not
detected, Chit-TPP-IOCO exhibited efficient anti-ROS
activity. Images acquired from the fluorescence microscope
(Figure 8B) demonstrated that the macrophages treated with
the nanococktails had a fluorescence intensity similar to that of
the cell control group, which was much lower than that in the
macrophages stimulated with LPS. Therefore, these results
demonstrated the promising ROS scavenging abilities of both
Chit-IOCO and Chit-TPP-IOCO cocktail.
The ROS scavenging of the nanococktails was attributed to

the cerium oxide nanoparticles. As mentioned above, the anti-
ROS effect of cerium oxide is affected by surface valence.
Cerium can exist in two oxidation states: trivalence Ce3+ and
tetravalence Ce4+. The proportion of surface trivalent cerium
has a significant influence on the anti-ROS effect of cerium
oxide.22 It was reported that nanoceria with approximately 22%
of the trivalent cerium on its surface offered better antioxidant
properties in comparison with 40% of the trivalent cerium.22,59

Correspondingly, the nanoceria used in our nanococktails have
a similar ratio of Ce3+/Ce4+ at around 1/4 or 20% of
Ce3+which demonstrated effective anti-ROS ability in macro-
phages.
Previous studies have also confirmed the antioxidant activity

of nanocerias.60 Schubert et al.61,62 first reported that
nanocerias were capable of increasing the viability of the
hydrogen peroxide-treated rat hippocampal nerve cells and
human breast fibrosarcoma cells. Hirst et al.19 then showed
that their nanoceria (5 nm) at the concentration around 1.4
μg/mL of cerium could significantly reduce almost 100% the
ROS level in the LPS-stimulated J774A.1 macrophage.
Furthermore, Xia et al.63 also tested the anti-ROS effect of
nanoceria in diesel exhaust particle-stimulated RAW 264 cells.
Their results indicated that nanoceria at the concentration of
20.35 μg Ce/mL scavenged around 40% of ROS in the cells.
However, no anti-ROS ability of these nanoceria was reported
at the concentration of 1 μg Ce/mL. In 2018, Chen and Xu64

investigated the anti-ROS ability of different concentrations of
cerium oxide nanoparticles in the LPS-treated RAW 264
macrophage. Their results indicated that their nanocerias at a
size of 285 nm did not have distinct anti-ROS ability until the
concentration of the cerium reached 81.4 μg/mL. In our

Figure 9. In vitro MRI of Chit-IOCO and Chit-TPP-IOCO nanoparticles in macrophage cells. (A) Graph showing the T2-weighted MRI signal of
J774A.1 incubated with or without Chit-IOCO in different concentrations of Fe. (B) Graph showing the T2-weighted MRI signal of J774A.1
incubated with or without Chit-TPP-IOCO in different concentrations of Fe. (C) T2-weighted MR images of J774A.1 incubated with Chit-IOCO
at different Fe concentrations. (D) T2-weighted MR images of J774A.1 incubated with Chit-TPP-IOCO at different Fe concentrations. Compared
with [Fe] 0 μg/mL: ***p < 0.001, ****p < 0.0001.
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current study, the nanococktails exhibited ROS scavenging
effect efficiently at a lower Ce concentration (1 μg/mL) in
LPS-treated J774A.1 cells compared to studies discussed
above. At 1 μg Ce/mL, Chit-IOCO scavenged 21% ROS
while Chit-TPP-IOCO reduced almost 100% ROS. Overall,
Chit-IOCO and Chit-TPP-IOCO nanococktails demonstrated
excellent anti-ROS scavenging ability in macrophages.
3.7.2. Macrophage MRI Capability. Iron oxide nano-

particles are a safe, reliable, and effective MRI contrast agent
and also show great potential in the diagnosis of various
diseases.29−40,42−44,65−68 It is also widely used as an MRI
imaging component in theranostic nanoparticles for cancer and
inflammatory diseases.69,70 Recently, iron oxide nanoparticles
in combination with high-density lipoproteins71 and prostacy-
cline72 have been reported as the theranostic nanoparticles for
atherosclerosis. Previous results (Figure 6) showed that both
Chit-IOCO and Chit-TPP-IOCO are reliable contrast agents
for MRI. The efficacy of macrophages labelled with Chit-
IOCO and Chit-TPP-IOCO as MRI contrast agents was
assessed using J774A.1 cells incubated with nanoparticles for
24 h prior to MRI. Macrophages labelled with Chit-IOCO
displayed a strong MRI T2 effect at an iron concentration of
29.6 μg/mL (Figure 9A,C). At a similar iron concentration,
macrophages treated with Chit-TPP-IOCO showed only
slightly higher relaxation rates than the nontreated group
(Figure 9B,D). Hence, significant MRI signal enhancement
cannot be observed in Chit-TPP-IOCO-treated macrophages.
This is due to the weaker T2-weighted relaxivity of Chit-TPP-
IOCO demonstrated in Figure 6B,C. Hence, the MRI signal of
Chit-TPP-IOCO is weaker at similar iron concentrations.
Overall, these results clearly demonstrate that Chit-IOCO is
more effective than Chit-TPP-IOCO as MRI contrast agents in
macrophages.
Our data shows that the developed nanococktails could

provide both anti-ROS ability for treatment and MRI
capability for detection (diagnosis) in one dose, confirming
their potential theranostic aspect. It was also demonstrated that
Chit-IOCO performed better than Chit-TPP-IOCO in general.
The results also imply that it is possible to detect the uptake of
the developed nanomaterials by MRI. Therefore, it would be
feasible to track the delivery and distribution of the materials
or ceria, the therapeutic component in these systems, via MRI
in vivo.

4. CONCLUSIONS
In this study, we investigated the feasibility to develop chitosan
nanoparticles containing IO and CO for ROS-related
theranostics. Two different approaches were employed,
where Chit-IOCO and Chit-TPP-IOCO nanococktails were
successfully synthesized with nanoceria as the therapeutic
module and SPIONs as the imaging module. Characterization
data showed that the sizes of these nanococktails were 153 and
125 nm, respectively, with a low PDI (less than 0.2). In vitro
toxicity studies showed that Chit-IOCO had lower cytotoxicity
for macrophages than Chit-TPP-IOCO. MRI measurements
demonstrated that Chit-IOCO is a superior contrast agent of
MRI than Chit-TPP-IOCO. Nonetheless, results indicated that
both Chit-IOCO and Chit-TPP-IOCO nanoparticles display
effective anti-ROS behavior in the solution and in LPS-treated
macrophages. The excellent anti-ROS capacity of our Chit-
IOCO and Chit-TPP-IOCO nanococktails was due to the
appropriate proportioning of Ce3+. Taken all together, it was
concluded that the nanococktail synthesized by the electro-

static self-assembly method (Chit-IOCO) performed better
than the one synthesized by ionic gelation (Chit-TPP-IOCO).
Overall, we have established that Chit-IOCO as a

theranostic modular nanococktail can be utilized as a potential
platform for the simultaneous treatment and diagnosis of ROS-
related diseases in one dose. This research also put forward the
concept of modular nanoparticles. To achieve the aim of
theranostic nanoparticles in this study, we included CO-TSC
and IO-TPP as the treatment and diagnosis modules in this
modular nanoplatform. These, however, can be changed
depending on the purposes and requirements of future
personalized medicine. The loading of the modules can also
be adjusted easily. The synthesis procedure of these nano-
cocktails is relatively simple, allowing the advantage for future
scale up and potential clinical translation. Moreover, the
nanococktails can be further modified to specifically target
ROS-related cells such as macrophages. In the future, we will
test the anti-inflammatory activity of these newly developed
nanococktails in activated macrophages as it was shown in
previous studies that cerium oxide could reduce inflammation.
Further studies on in vivo anti-inflammatory activity will also be
conducted. The developed nanococktails containing both
cerium oxide and iron oxide nanoparticles have great potential
for simultaneous therapy and detection of ROS-related and
inflammatory diseases such as atherosclerosis and rheumatoid
arthritis.
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Knüchel, R.; Kiessling, F.; Lammers, T. Iron oxide nanoparticles:
Diagnostic, therapeutic and theranostic applications. Adv. Drug
Delivery Rev. 2019, 138, 302−325.
(70) Xie, J.; Jon, S. Magnetic nanoparticle-based theranostics.
Theranostics 2012, 2, 122.
(71) Nandwana, V.; Ryoo, S.-R.; Kanthala, S.; McMahon, K. M.;
Rink, J. S.; Li, Y.; Venkatraman, S. S.; Thaxton, C. S.; Dravid, V. P.
High-density lipoprotein-like magnetic nanostructures (HDL-MNS):
theranostic agents for cardiovascular disease. Chem. Mater. 2017, 29,
2276−2282.
(72) Oumzil, K.; Ramin, M. A.; Lorenzato, C.; Hémadou, A.;
Laroche, J.; Jacobin-Valat, M. J.; Mornet, S.; Roy, C.-E.; Kauss, T.;
Gaudin, K.; Clofent-Sanchez, G.; Barthélémy, P. Solid lipid nano-
particles for image-guided therapy of atherosclerosis. Bioconjugate
Chem. 2016, 27, 569−575.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c00141
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

O

https://doi.org/10.1161/RES.0b013e3182014899
https://doi.org/10.1161/RES.0b013e3182014899
https://doi.org/10.1016/j.addr.2019.01.005
https://doi.org/10.1016/j.addr.2019.01.005
https://doi.org/10.7150/thno.4051
https://doi.org/10.1021/acs.chemmater.6b05357
https://doi.org/10.1021/acs.chemmater.6b05357
https://doi.org/10.1021/acs.bioconjchem.5b00590
https://doi.org/10.1021/acs.bioconjchem.5b00590
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c00141?rel=cite-as&ref=PDF&jav=VoR


Supporting Information

S-1

Chitosan Nano-cocktails Containing Both Ceria and Superparamagnetic Iron 

Oxide Nanoparticles for Reactive Oxygen Species-Related Theranostics

Yuao Wu1,2, Run Zhang1, Huong D.N. Tran1,2, Nyoman D. Kurniawan4, Shehzahdi S. Moonshi1, 

Andrew K. Whittaker1,5, Hang T. Ta1,2,3*

1Australian Institute for Bioengineering and Nanotechnology, University of Queensland, St 

Lucia, Queensland 4072, Australia

2Queensland Micro- and Nanotechnology, Griffith University, Nathan, Queensland 4111, 
Australia

3School of Environment and Science, Griffith University, Nathan, Queensland 4111, Australia

4Centre of Advanced Imaging, University of Queensland, St Lucia, Queensland 4072, Australia

5ARC Centre of Excellence in Convergent Bio-Nano Science and Technology, The University of 
Queensland, Brisbane, Queensland 4072, Australia

* Correspondence: Hang T. Ta (h.ta@griffith.edu.au)

mailto:h.ta@griffith.edu.au


S-2

Scheme S1. Schematic Illustration of the Preparation of Phantom Vessel for MRI

Fig S1. Assessment of the stability of CO-TSC in water for 24 hours. Size of CO-TSC in water 

solution was measured by DLS.



S-3

Fig S2. Characteristics of Chit-TPP. (A) Size and zeta potential of Chit-TPP measured by 
Zetasizer. Zeta potential data showed that Chit-TPP nanoparticle was positively charged. (B) 
DLS size distribution of the Chit-TPP nanoparticles. (C) Size of the Chit-TPP nanoparticles after 
synthesis with different concentrations of TPP. Different concentration of TPP in 2.5 ml of H2O 
(0.67 mg/ml, 0.51 mg/ml, 0.42 mg/ml and 0.34 mg/ml) was pumping into 0.1% (w/w) of 
chitosan solution during synthesis. (D) Size of the Chit-TPP nanoparticles of different incubation 
time. Different concentration of TPP in 2.5 ml of H2O  (0.51 mg/ml), (0.42 mg/ml) was pumped 
into 0.1% (w/w) of chitosan solution (chitosan:TPP ratios of 1.3:1 and 1.6:1, respectively) and 
stirred for 0.5 h, 1 h, 2 h, 4 h, 24 h.



S-4

Fig S3. FTIR spectroscopy of nanoparticle and their relevant materials. (A) FTIR 
spectroscopy of PAA IO and IO-PAA. PAA, IO and IO-PAA powders were dried, followed by 
FTIR measurement. Peaks at around 2898 cm-1 showed C-H bonds, 1705 cm-1 indicated C=O 
bonds, 1400 cm-1 showed C-O bonds, 1104 to 1163 cm-1 showed C-C bonds and at 555 cm-1 
were Fe-O bonds. According to the PAA and iron oxide structure and infrared spectroscopy, 
PAA was successfully coated on the IO-PAA nanoparticles. (B) FTIR spectroscopy of TSC, CO 
and CO-TSC. (C) FTIR spectroscopy of chitosan, TPP and Chit-TPP nanoparticle. (D) FTIR 
spectroscopy of IO-PAA, CO-TSC, Chit-TPP and Chit-TPP-IOCO nanoparticles. 




