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A B S T R A C T   

In this study, modular two-in-one nano-cocktails were synthesised to provide treatment of inflammatory diseases 
and also enable tracking of their delivery to the disease sites. Chitosan nano-cocktails loaded with treatment 
module (cerium oxide nanoparticles) and imaging module (iron oxide nanoparticles) were synthesised by 
electrostatic self-assembly (Chit-IOCO) and ionic gelation method (Chit-TPP-IOCO), respectively. Their MRI 
capability, anti-inflammatory and anti-fibrosis ability were investigated. Results demonstrated that Chit-IOCO 
significantly reduced the expression of TNF-α and COX-2, while Chit-TPP-IOCO reduced IL-6 in the LPS- 
stimulated macrophages RAW264.7. Cytotoxicity studies showed that the nano-cocktails inhibited the prolifer-
ation of macrophages. Additionally, Chit-IOCO exhibited higher in vitro MRI relaxivity than Chit-TPP-IOCO, 
indicating that Chit-IOCO is a better MRI contrast agent in macrophages. It was possible to track the delivery 
of Chit-IOCO to the inflamed livers of CCl4-treated C57BL/6 mice, demonstrated by a shortened T2* relaxation 
time of the livers after injecting Chit-IOCO into mice. In vivo anti-inflammatory and blood tests demonstrated 
that Chit-IOCO reduced inflammation-related proteins (TNF-a, iNOS and Cox-2) and bilirubin in CCl4 treated 
C57BL/6. Histology images indicated that the nano-cocktails at the treatment doses did not affect the organs of 
the mice. Importantly, the nano-cocktail reduced fibrosis of CCl4-treated mouse liver. This is the first reported 
data on the anti-inflammation and anti-fibrosis efficacy of Chit-IOCO in C57BL/6 mouse liver inflammation 
model. Overall, Chit-IOCO nanoparticles have shown great potential in MR imaging/detecting and treating/ 
therapeutic capabilities for inflammatory diseases.   

1. Introduction 

Hepatopathy refers to a group of hepatic diseases that disrupts 
normal liver function. Hepatitis particularly has threatened human 
health since a long time ago. A recent study confirmed that the earliest 
hepatitis could be traced back to a mummy 4500 years ago [1]. Statistics 
from the World Health Organization (WHO) revealed that 325 million 
people worldwide have been infected by chronic hepatitis B virus (HBV) 
or hepatitis C virus (HCV) by 2017 [2]. Bilirubin and alanine trans-
aminase (ALT) are two important biochemical indicators [3] that are 
commonly used for biochemical detection of liver dysfunction in the 

liver inflammatory model [4]. Additionally, several cytokines are 
overexpressed during the progression of liver inflammation and fibrosis. 
Briefly, hepatic stellate cells are activated from its quiescent state when 
liver tissue is inflamed. This triggers the recruitment and activation of 
leukocytes and Kupffer cells (stellate macrophages) to regulate the 
behaviour of stellate cells by producing cytokines and other inflamma-
tory mediators to resolve inflammation. These activated macrophages 
are characterised by increased expression of reactive oxygen species 
(ROS) and proinflammatory cytokines, including tumor necrosis factor- 
α (TNF-α), interleukin 6 (IL-6), and inducible NO synthase (iNOS). 
Subsequently, these pro inflammatory cytokines converts stellate cells to 
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myofibroblasts and collagen produced by these myofibroblasts eventu-
ally causes liver fibrosis [5,6] (Fig. 1). Besides, cyclooxygenases 2 (COX- 
2) is involved in the synthesis of prostaglandin E2 (PGE2) and acceler-
ates the progression of inflammation [7]. In addition, IL-6 is a critical 
pro-proliferation factor in hepatitis to help the regeneration of liver 
tissue [8]. 

Cerium oxides displayed anti-ROS ability [9] due to its convertible 
surface valence whereby both trivalent cerium atoms (Ce3+) and tetra-
valent cerium atoms (Ce4+) are on the surface of cerium oxide [10]. 
Cerium oxide nanoparticles can reduce the gene expression of a series of 
inflammation-related cytokines (TNF-a, Cox-2 and iNOS) in the liver of 
carbon tetrachloride (CCl4)-inducted rats [11,12]. Additionally, it was 
reported that cerium oxide nanoparticles can protect monocrotaline- 
induced liver damage [13]. 

Superparamagnetic iron oxide nanoparticles (SPION) are widely 
used as MRI contrast agents in the diagnosis of various diseases in both 
preclinical [14–30] and clinical studies [31]. Typically, Resovist® 
(Bayer Healthcare, SHU-555A, 120 to 180 nm) and Feridex I.V.® (Berlex 
Laboratories, AMI-25, 60 nm) were two famous commercial iron oxide- 
based MRI contrast agents that paved the way for liver imaging in 
clinical practices. Feridex I.V.® was withdrawn from the market due to 
the lack of clinical users, economic reasons and lower MR imaging ef-
ficiency than gadolinium [32,33]. Nonetheless, several studies revealed 

that the toxicity of gadolinium limits its applications in clinical trans-
lation [34]. Therefore, there is an unmet need for suitable MRI based 
contrast agents which led to the development of several ultrasmall 
superparamagnetic iron oxide nanoparticles (USPIONs). USPIONs with 
a size of less than 50 nm showed promising MRI contrast ability, 
excellent biocompatibility and demonstrated great potential as a diag-
nostic tool for nanotheranostics [35]. 

In this study, modular two-in-one chitosan nano-cocktails containing 
both iron oxide and cerium oxide were developed for the treatment of 
inflammatory diseases. The nano-cocktails were designed to also allow 
the tracking of material delivery to the target site. Two different syn-
thesis methods including electrostatic self-assembly (Chit-IOCO) and 
ionic gelation methods (Chit-TPP-IOCO) were employed. These syn-
thesis approaches were chosen to allow ease of production, an important 
factor required for easy commercialisation and clinical translation. 
Cerium oxide nanoparticles (CO) and iron oxide nanoparticles (IO) were 
used as the treatment module and MRI imaging contrast agents 
respectively. Tripolyphosphate (TPP) was used as the crosslinker agents 
for chitosan gelation in the gelation method. We investigated the in vitro 
anti-inflammatory and MRI contrast ability of the nano-cocktails in 
RAW264.7 cells. Importantly, in vivo MRI contrast ability, anti- 
inflammatory and anti-fibrosis efficacy and biocompatibility of the 
nano-cocktails in CCl4-induced liver inflammation mice model were 

Fig. 1. Schematic representation of the progression of liver 
fibrosis and liver inflammation. Hepatic stellate cells are 
activated from its quiescent state when liver is effected by 
toxicant, high-fat diet, alcohol or infections. This triggers 
the recruitment and activation of leukocytes and Kupffer 
cells (stellate macrophages) to regulate the behaviour of 
stellate cells. These activated macrophages are charac-
terised by the increased expression of reactive oxygen spe-
cies (ROS) and proinflammatory cytokines. Specifically, 
ROS stimulates the secretion of cyclooxygenase (COX) 
through the p38 mitogen-activated protein kinase (p38) 
pathway. It can also increase the expression of inducible NO 
synthase (iNOS) through c-Jun N-terminal kinase (JNK) 
pathway. Additionally, tumor necrosis factor-α (TNF-α) and 
interleukin 6 (IL-6) are overexpressed by the ‘inhibitor of 
nuclear factor-κB (IκB) kinase’ (IKK) complex pathway. 
Subsequently, these pro inflammatory cytokines transfer the 
stellate cells to myofibroblasts. Collagen produced by 
myofibroblasts eventually cause liver fibrosis.   
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evaluated. 

2. Methods 

2.1. Materials 

Iron (II) ammonium sulfate, 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, tripolyphosphate (TPP), 
poly(acrylic acid) (PAA), lipopolysaccharides (LPS) were purchased 
from Sigma-Aldrich. Bovine serum albumin (BSA) was purchased from 
Bovogen Biologicals Pty Ltd. Trisodium citrate (TSC) was purchased 
from Chem-supply. Carbon tetrachloride (CCl4) was purchased from 
AnalaR®. Virgin olive oil and fat free instant skim milk powder were 
purchased from local market Coles. Phosphate-buffered saline (PBS) was 
purchased from ThermoFisher Scientific. Tris (hydroxymethyl) amino-
methane (Tris base), Triton X-100, sodium dodecyl sulfate (SDS), NaCl 
(sodium chloride), ethylenediaminetetraacetic acid (EDTA), sodium 
pyrophosphate decahydrate, sodium fluoride, sodium orthovanadate, 
Alanine Transaminase (ALT) Activity Assay kit, Bilirubin Assay Kit and 
Protease Inhibitor Cocktail were purchased from Sigma-Aldrich. Preci-
sion Plus Protein™ Kaleidoscope™ Prestained Protein Standards, 30% 
Acrylamide/Bis Solution, Immun-Blot Low Fluorescence PVDF Mem-
brane, ammonium persulfate and tetramethyl ethylenediamine were 
purchased from Bio Rad. Anti-mouse IL-6, anti-mouse TNF-α, anti- 
mouse COX-2, anti-mouse iNOS and anti-mouse β-actin were pur-
chased from Abcam. 

2.2. Synthesis of the nano-cocktails 

Iron oxide nanoparticles, cerium oxide nanoparticle, Chit-TPP, Chi- 
IOCO and Chit-TPP-IOCO were synthesised as described in our previous 
studies [9] and as below. 

2.2.1. Synthesis of iron oxide nanoparticles 
The IO-PAA nanoparticles were prepared by the co-precipitation 

method [26]. Briefly, 200 mg of PAA was dissolved in 50 ml of MilliQ 
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 two hours. The resulting solution 
was concentrated using a 50 K molecular weight cut-off Amicon filter 
(Millipore, Inc.). The concentrated solution was then dialysed against 5 
L of water at pH 10 for one day and pH 7 for three days. The PAA-coated 
iron oxide NPs were collected and stored at 4 ◦C. 

2.2.2. Synthesis of cerium oxide nanoparticles 
Cerium oxide nanoparticles (CONP) were prepared by the co- 

precipitation method. (NH4)2Ce(NO3)6 (0.685 g) and CH3COONa (2.5 
g) were dissolved in deionised 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 deionised water then resus-
pended in 5 ml of H2O. 

The TSC coated cerium oxide nanoparticles (CO-TSC) were then pre-
pared by mixing 100 mg of CONP with 0.1 M TSC in 15 ml of H2O for 24 
h. The stirred mixture was then filtered by 100 K molecular weight cut- 
off 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 dialysed against 
water using 10k MWCO Snakeskin tube before further use and tests. 

2.2.3. Synthesis of Chi-IOCO 
Chit-IOCO nanoparticles were prepared via self-assembling between 

the positively charged chitosan and the negatively charged IO-PAA and 
CO-TSC nanoparticles. (Fig. S1) CO-TSC was firstly dialysed against 1 l 
of MilliQ 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 nanoparticle. Different 
concentration of chitosan, IO-PAA and CO-TSC with different pumping 
speeds and incubation times was optimised to prepare the nano-
composite. The mixture was then centrifuged at 10,000g for 30 min 
followed by sonication for 5 min (cooling down on ice every 30 s of the 
sonication, 50% amplitude). Chit-IOCO nanoparticles were freeze- dried 
and the concentration was measured by the balance. Iron and cerium 
concentrations were measured by inductively coupled plasma optical 
emission spectrometry (ICP-OES). 

2.2.4. Synthesis of chitosan-tripolyphosphate (Chit-TPP) nanoparticle 
Chit-TPP nanoparticles were prepared via the ionic gelation method 

using tripolyphosphate (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 nanoparticle. Different 
concentrations of TPP and incubation times were used to optimise the 
nanoparticle. 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). 

2.2.5. Synthesis of Chit-TPP-IOCO nanoparticle 
Chit-TPP-IOCO nanoparticles were prepared via the ionic gelation 

method using IO-PAA, CO-TSC and tripolyphosphate (TPP) as the cross- 
linking reagents (Fig. S1). CO-TSC was firstly dialysed against 1 l of 
MilliQ 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) into 5 ml of 0.1% (w/w) filtered (0.45 μm) chitosan (pH 
4.8) with continuously stirring for 1 h. The stirred mixture was then 
centrifuged at 10,000g for 30 min followed by sonication for 5 min 
(cooling down on ice every 30 s of the sonication, 50% amplitude). Chit- 
IOCO nanoparticles were freeze dried and the concentration was 
measured by the balance. Iron and cerium concentrations were 
measured by inductively coupled plasma optical emission spectrometry 
(ICP-OES). 

2.3. Characterisations of the 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 30s to visualise chitosan and the remaining acid 
solution was removed gently by a piece of tissue. The spectroscopy of 
iron and cerium in the nanoparticle was obtained via energy-dispersive 
X-ray spectrometry (EDS) coupled with scanning TEM at an accelerating 
voltage of 100 kV (JEOL-JEM-1010). EDS mapping images was scanned 
for 5 min. Iron and cerium concentrations were measured by inductively 
coupled plasma optical emission spectrometry (ICP-OES). 

2.4. Biocompatibility of Chit-TPP, Chit-IOCO and Chit-TPP-IOCO 
nanoparticles - cytotoxicity study 

Macrophage RAW 264.7 was attained from the American Type Cul-
ture Collection (ATCC). The cells were maintained in a non-treated 100 
× 20 mm cell culture dish containing DMEM with fetal calf serum 
(10%), penicillin (100 U/ml) and L-glutamine (1%) and cultured in an 
incubator at 37 ◦C with 5% CO2. 

RAW 264.7 cells were detached by 2 ml of cold 1 × PBS when the cell 
confluence reached approximately 85%. Then cells were seeded into 96- 
well plate at a density of 10,000 cells/well. After 24 hour incubation, the 
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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-hour nanoparticle treatment, 
cells were then treated with Calcein AM and Ethodium homodimer-1 
fluorescence dye to detect live and dead macrophages. The fluores-
cence intensity was measured by EnSight™ Multimode Plate Reader 
(PerkinElmer) with an excitation wavelength of 494 nm and an emission 
wavelength of 517 nm for Calcein AM and Ex/Em = 528/617 nm for 
Ethodium homodimer-1. Cells treated with 0 μg/ml of nanoparticles 
were used as the positive control (100% of viability). Cells treated with 
30% of methanol for 30 min were used as the negative control (0% of 
viability). Fluorescence images and bright-field images of macrophages 
were taken by Nikon ECLIPSE Ti2 fluorescence microscopy with Nikon 
Transmitted Light LED Lamphouse (TI2-D-LHLED) light source and 
CoolLED pE-4000 fluorescent light source. The fluorescence of 0 mg/ml 
sample was determined as 100% viability of the macrophages. 

2.5. Haemocompatibility of Chit-IOCO and Chit-TPP-IOCO nanoparticles 

270 μl of whole blood was treated with 30 μl of different concen-
trations of cerium in different nanoparticles Chit-IOCO and Chit-TPP- 
IOCO at pH 7.4. 1% Triton X-100 treated group was used as a positive 
control and PBS treated group was used as the negative control. After 1 
hour incubation at 37 ◦C, the mixture solution was centrifuge at 14,000g 
for 20 min. The supernatant plasma was collected. The absorbance at 
545 nm was measured by BMG LABTECH FLUOstar Omega. Images were 
taken by iPhone X. 

2.6. Western blot analysis for in vitro assay 

Macrophage RAW264.7 cells were seeded into 6-well plate at a 
density of 200,000 cells/well. After 48 h incubation, cells were sepa-
rately treated with (1) cell culture medium, (2) 1 μg/ml of LPS, and (3) 1 
μg/ml of LPS with the nanomaterials at different concentrations for 24 h. 
Cells were then lysed with lysis buffer for 15 min on ice followed and 
centrifuged at 10,600g for 10 min at 4 ◦C. The supernatant was collected, 
and the protein concentration was detected by the micro BCA assay kit. 
Around 30 μg of protein for each sample was mix with 5× protein 
loading buffer then denatured at 95 ◦C for 10 min followed by imme-
diately added into 12.5% SDS-PAGE gel. After SDS-PAGE, the proteins 
were transferred to a Mini LF PVDF membrane. Membranes were then 
washed by 1 × TBST for 5 min (20 mM of Tris, 150 mM of NaCl, 0.1% 
(w/v) Tween® 20 detergent) (3 times) followed by blocking with 5% 
light milk (5 g in 100 ml of 1xTBST) for 1 h, and incubated overnight 
with primary antibody (against IL-6, TNF-α, COX-2, iNOS or β-actin) 
overnight at 4 ◦C. After incubation, membranes were then washed for 5 
min by 1 × TBST (3 times) then incubated with secondary antibodies 
anti-rabbit HRP at room temperature for 1 h. After 3 times washing with 
1 × TBST, the chemiluminescent images of LF PVDF membrane were 
taken by Bio-Rad ChemiDoc MP and Fujifilm LAS-3000. The gray values 
of chemiluminescence bands were analysed by ImageJ. 

2.7. In vitro cell MRI 

Macrophages RAW264.7 were seeded into a 6-well plate at a density 
of 300,000 cells/well. After 24 h incubation, cells were treated with 
Chit-IOCO or Chit-TPP-IOCO in cerium concentrations of 5 μg/ml and 
10.0 μg/ml for 24 h. Subsequently, cells were washed with PBS for 3 
times. The cells were then detached and centrifuged at 200g for 5 min. 
The cells were subsequently resuspended with 200 μL of warm 1% low- 
gelling temperature agarose and quickly transferred 50 μl into the pre-
pared phantom vessel. T2 values were calculated using 2D Multi slice 
multi echo (MSME) 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. 

2.8. Animal study 

Animal study was conducted at the University of Queensland (Bris-
bane, Australia). Care and use of laboratory animal followed the na-
tional guidelines and were approved by the institutional animal care and 
ethics committees of the University of Queensland. 6 weeks old C57BL/6 
mice (Animal Resources Centre, ARC, Western Australia) were treated 
with Chit-IOCO via tail vein injection in three concentrations based on 
cerium (0 μg/10 g, 1 μg/10 g and 3 μg/10 g in PBS). Then C57BL/6 mice 
were treated with CCl4 (5 μl/10 g, diluted to 10% in olive oil) twice a 
week for 4 weeks via intraperitoneal injection to induce liver fibrosis 
and liver inflammation. Olive oil-treated mice were used as baseline 
control. Mice were placed in 12 hour light/dark cycle, temperature at 
(30 ± 0.5) ◦C, and relative humidity of (55 ± 0.5) % and had free access 
to food and water. The weight of the animals was measured at day 1, 2, 
6, 9, 13, 16, 20, 23, 28 after injection of the nano-cocktails. 

2.9. In vivo MRI 

Anaesthetised mice were placed in a preclinical MRI system, 
comprising a 300 mm bore 7 T ClinScan, running Siemens VB17. A 40 
mm ID mouse body MRI rf coil was used to acquire the images. The 
following images were acquired. 

1. Localiser images – Three orthogonal gradient echo images were ac-
quired with the following parameters: TR = 23 msec, TE = 4.43 
msec, field of view 100 × 100 mm, slice thickness = 1 mm, matrix =
256 × 256, flip angle = 25◦, bandwidth = 260 Hz/Px, total scan time 
= 18 s.  

2. 2D T2 spin echo images – respiratory gated 2D spin echo image were 
acquired using the following parameters: TR = 1200, TE = 12.7, 
25.4, 38.1, 50.8, 63.5 msec, concatenations = 2, field of view 30 ×
30 mm, slice thickness = 1 mm, number of slices = 26, slice gap = 0 
mm, image matrix = 128 × 128, resolution = 234 × 234 μm, flip 
angle = 90◦, fat saturation enabled.  

3. 2D T2* gradient echo images – respiratory gated 2D gradient echo 
image were acquired using the following parameters: TR = 1000, TE 
= 4, 8, 16, 24 msec, concatenations = 8, field of view 35 × 35 mm, 
slice thickness = 1 mm, number of slices = 8, slice gap = 0 mm, 
image matrix = 128 × 128, resolution = 273 × 273 μm, flip angle =
20◦, fat saturation enabled. 

Relaxation time were determined from the T2 and T2* images auto-
matically generated by the operating system. Region of interest (ROI) 
were placed in homogeneous regions of the liver away from major 
vessels and boundaries. 

2.10. Organs and blood collection 

Animals were euthanised at day 28 (the next day after the final in-
jection of CCl4). 700–800 μl of blood were collected by cardiac puncture. 
Blood was kept on ice for 30 min to allow clotting then centrifuged at 
4000g for 30 min at 4 ◦C. 200 μl of supernatant serum was collected and 
stored at − 20 ◦C for further test. ALT levels were detected by ALT ac-
tivity assay kit and instructions followed as per manufacturer protocol. 
Total bilirubin level was measured by bilirubin assay kit as per manu-
facturer instructions. Liver, spleen, lung, kidney and heart organs were 
collected after the collection of blood. Liver for inflammatory cytokines 
analysis were weighed and homogenised for 5 min in lysis buffer on ice 
(lysis buffer: 20 mM Tris-HCl, 1% Triton X-100, 0.1% SDS, 50 mM NaCl, 
2.5 mM EDTA, 1 mM Na4P2O7⋅10 H2O, 20 mM NaF, 1 mM Na3VO4, 1% 
(V/V) Protease Inhibitor Cocktail at pH 7.4). Organs were stored in 4% 
paraformaldehyde (PFA) solution for histology. 
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2.11. Western blot analysis for samples from in vivo study 

The homogenised livers were centrifuged for 10 min at 4 ◦C. After 
that, bottom fragments of livers and top fatty layer were removed. Only 
middle layer of protein solution was collected for western blot. The 
protein concentration was detected by micro BCA assay kit. Around 100 
μg of protein for each sample was mix with 5× protein loading buffer 
then denatured at 95 ◦C for 10 min followed by immediate addition into 
12.5% SDS page. After SDS-PAGE, the cells were transferred to a Mini LF 
PVDF membrane. 

Membranes were then washed by 1 × TBST (20 mM of Tris, 150 mM 
of NaCl, 0.1% (w/v) Tween® 20 detergent) for 3 times followed by 
blocking with 5% light milk (5 g in 100 ml of 1 × TBST) for 1 h, and 
incubated overnight with primary antibody (against IL-6, TNF-α, COX-2, 
iNOS or β-actin) at 4 ◦C. After overnight incubation, membranes were 
then washed by 1 × TBST (5 min) for 3 times then incubated with sec-
ondary antibodies (anti-rabbit HRP) at room temperature for 1 h. After 
which, wash with 1 × TBST (5 min) for 3 times. Chemiluminescence 
images of LF PVDF membrane were taken by Fujifilm LAS-3000. The 
gray value of chemiluminescence bands was analysed by ImageJ. 

2.12. Histopathology 

The organs were processed systemically for 9 h (70% of ethanol for 
45 min, 90% of ethanol for 45 min, 95% of ethanol for 45 min, 100% of 
ethanol for 45 min (3 times), xylene for 30 min (3 times) and paraffin for 
1 h (3 times)). After tissue processing, the samples were embedded in 
paraffin wax with the region of interest facing downwards. 4 μm sections 
were cut using a Leica RM2235 paraffin microtome and collected on to 
labelled SuperFrost Plus slides. Slides were submitted for haematoxylin 
and eosin staining on a Tissue-Tek Prisma autostainer, and coverslips 
added on the attached Tissue-Tek-Glas automated cover slipper. 

Histology images were taken by Leica DM IL LED inverted microscope 
with digital colour camera. 

2.13. Statistical analysis of data 

Data are presented as mean ± standard deviation (SD). One-way and 
two-way ANOVA was used in the analysis of significant difference. A p 
value ≤ 0.05 was considered significant. The graphs were plotted by 
GraphPad Prism 8. 

3. Results and discussions 

3.1. Synthesis and characterisation of the nano-cocktails 

In this study, we synthesised chitosan nano-cocktails containing both 
iron oxide and cerium oxide (ceria) by two different methods and 
evaluated their functionalities. Chitosan, an amino polysaccharide ob-
tained by alkaline deacetylation of natural abundant chitin [36], has 
been widely used for different applications such as cell culture [37] and 
drug carrier [38–40]. Here chitosan is employed to encapsulate both 
iron oxide and nanoceria. 

Chit-IOCO nano-cocktails were synthesised by electrostatic self- 
assembly method via mixing the negatively charged IO-PAA and CO- 
TSC with the positively charged chitosan in solution (Fig. 2A). TEM 
image showed that Chit-IOCO nano-cocktails are around 60 nm in 
diameter (Fig. 2B). The spectroscopy of iron and cerium from Chit-IOCO 
was obtained via EDS together with scanning TEM (Fig. 2C). Both iron 
and cerium peaks were observed on the spectrum, indicating the pres-
ence of iron oxide nanoparticles and nanoceria in Chit-IOCO. EDS 
mapping of Chit-IOCO (Fig. 2D) illustrated that iron and cerium are 
evenly distributed in the nanoparticles. The mass ratio (around 7:3 by 
EDS and around 1:1 by ICP) of cerium and iron within the nano-cocktail 

Fig. 2. TEM and EDS analysis of Chit-IOCO. (A) Simulation structure of Chit-IOCO. (B) TEM image of Chit-IOCO. (C) EDS spectrum of the Chit-IOCO nanoparticles. 
(D) Scanning TEM (STEM), EDS iron (Fe) mapping and EDS cerium (Ce) mapping of the Chit-IOCO. (E) Mass % by EDS, Atom % by EDS and Mass % by ICP of iron 
and cerium in total amount of iron and cerium in Chit-IOCO. 
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was shown in Fig. 2E. 
Chit-TPP-IOCO nano-cocktails were prepared by ionic gelation 

method. Tripolyphosphate (TPP) was used as a crosslinker for Chit-TPP- 
IOCO that encapsulated IO-PAA and CO-TSC within its network 
(Fig. 3A). Chit-TPP-IOCO with the length around 80 nm showed irreg-
ular shape under TEM (Fig. 3B). The spectroscopy of iron and cerium in 
the Chit-TPP-IOCO was obtained via EDS together with scanning TEM 
(Fig. 3C). The similar mass ratio (around 1:1) of cerium and iron within 
the nano-cocktail was founded in Chit-TPP-IOCO (Fig. 3E). Besides, both 
iron and cerium peaks were also observed on the spectrum, confirming 
the presence of iron oxide nanoparticles and nanoceria in Chit-TPP- 
IOCO. EDS mapping of Chit-TPP-IOCO (Fig. 3D) illustrated that iron 
and cerium are evenly distributed in the nanoparticles. However, the 
intensity of the EDS mapping of Chit-TPP-IOCO is not as strong as Chit- 
IOCO, indicating a higher loading of iron oxide and cerium oxide and a 
lower percentage of chitosan coating content in Chit-IOCO. The differ-
ence in the biocompatibility, anti-inflammatory ability and MRI contrast 
ability of these nano-cocktails with or without TPP will be investigated 
in the following studies. 

3.2. Chit-IOCO and Chit-TPP-IOCO displayed no significant toxic effect 
on macrophages and red blood cells 

RAW264.7 macrophages were incubated with different concentra-
tion of the nanoparticles for 24 h to test the cytotoxicity of the nano- 
cocktails on cells. Cells were then washed and subsequently treated 
with EthD-1 and Calcein AM. EthD-1 marked the dead macrophages 
nucleus with red fluorescence and Calcein AM showed green fluores-
cence by reacting with intracellular esterase in the live cells. The fluo-
rescence intensity was measured by FLUOstar Omega plate reader 
(Fig. 4A(i), (ii)) and cell images were taken by fluorescence microscopy 
(Fig. 4A(iii)). A decrease in fluorescence intensity of Calcein AM indi-
cated a lower cell number or a decrease in cell proliferation. It was found 

that Chit-IOCO had no significant effect on the proliferation of the cells 
at the concentrations of cerium from 0.1 μg/m to 10 μg/ml. At 20 μg/ml, 
Chit-IOCO significantly decreased the cell proliferation. Chit-TPP-IOCO, 
however, affected cell proliferation from a much lower concentration at 
1 μg/ml of cerium. Interestingly, no cell death was detected by EthD-1 in 
all nano-cocktail-treated groups, demonstrated by similar fluorescence 
intensities of EthD1 in all conditions compared to non-treated cell 
control. Therefore, the results suggested that the nano-cocktails could 
inhibit the proliferation of macrophages without causing cell death. This 
characteristic can be an advantage as it could help control the prolif-
eration of macrophages at the site of inflammation, thus control the 
development of inflammatory diseases. 

The haemocompatibility of the nano-cocktails was investigated as 
they were designed as injectable nano-cocktails. Human whole blood 
was incubated with different nano-cocktails at different concentrations 
of cerium for 4 h. PBS-treated group was used as a negative control and 
1% Triton-100X treated group was employed as a positive control. The 
absorbance of plasma at 545 nm was measured after centrifuging the 
samples at the end of the incubation. Fig. 4B(i), (ii) showed no hae-
molysis of human whole blood after treatment with either Chit-IOCO or 
Chit-TPP-IOCO. Similarly, Fig. 4B(iii) images indicated no colour 
changes in all of the nano-cocktails treated whole blood. Overall, these 
nano-cocktails showed no harmful effect on red blood cells. 

3.3. Chit-IOCO and Chit-TPP-IOCO reduced inflammatory cytokines in 
LPS-stimulated macrophages 

Tumor necrosis factor-α (TNF-α) [41], interleukin-6 (IL-6) [42] 
cyclooxygenase 2 isoform (COX-2) [43] and inducible nitric oxide syn-
thase (iNOS) [44] are inflammatory cytokines that can be produced by 
immune cells, such as macrophages and Kupffer cells in the liver. In our 
studies, we employed RAW 264.7 as the cell model because it is one of 
the most common macrophage cell lines used for inflammation-related 

Fig. 3. TEM and EDS analysis of Chit-TPP-IOCO. (A) Simulation structure of Chit-TPP-IOCO. (B) TEM image of Chit-TPP-IOCO. (C) EDS spectrum of the Chit-TPP- 
IOCO nanoparticles. (D) Scanning TEM (STEM), EDS iron (Fe) mapping and EDS cerium (Ce) mapping of the Chit-TPP-IOCO. (E) Mass % by EDS, Atom % by EDS and 
Mass % by ICP of iron and cerium in total amount of iron and cerium in Chit-TPP-IOCO. 
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diseases [45,46]. Currently, TNF-α is considered to be an important 
mediator of inflammation and apoptosis. High concentration of TNF-α 
may also induce tissue damage [47]. Besides, the secretion of COX-2 
enzyme is mainly stimulated by mitogens and other pro-inflammatory 
cytokines in the inflammation microenvironment [43]. Therefore, the 
expression of COX-2 at the disease lesion can reflect the level of 
inflammation [48]. Additionally, the elevated levels of IL-6 in the serum 
of patients were observed in inflammation-related diseases [49]. 
Moreover, iNOS is produced by activated macrophages and excessive 
production can cause toxicity and inflammation to cells [44]. Hence, 
nanoparticles that inhibit these proteins have great potential for the 
treatment of many chronic inflammatory diseases. 

In this part, RAW264 cells were treated with LPS (1 μg/ml), with or 
without nanoparticles (Chit-IOCO, Chit-TPP, Chit-TPP-IOCO) in 
different concentrations of cerium or chitosan to investigate whether 
nanoparticles have anti-inflammatory effect in macrophage cells. The 
expression of inflammatory related proteins, including TNF-α, COX-2, 
IL-6 and iNOS, were measured by western blot. Fig. 5A showed that 
Chit-IOCO significantly inhibited the expression of TNF-α at cerium 
concentrations from 0.5 μg/ml. Chit-IOCO with cerium concentration of 
10 μg/ml demonstrated significant suppression (around 55%) of TNF-α 
secretion. Moreover, Chit-IOCO nanoparticles at the same concentration 
inhibited COX-2 expression by 25% (Fig. 5B). However, Chit-IOCO 
failed to inhibit IL-6 and iNOS production (Fig. 5C and D). In contrast, 
Chit-TPP-IOCO at a cerium concentration of 10 μg/ml substantially 
reduced IL-6 secretion by 50% (Fig. 5C). Nevertheless, Chit-TPP-IOCO 
had no significant effect on the reduction of TNF-α, COX-2 and iNOS 
proteins secretion (Fig. 5A, B and C). Also, Chit-TPP without loading of 
cerium oxide or iron oxide nanoparticles failed to inhibit the production 
of these four protein types (Fig. 5). 

According to the above results, Chit-IOCO was able to reduce the 
expression of the TNF-α and COX-2. Chit-TPP-IOCO was capable for 
down-regulating IL-6. However, Chit-TPP was not able to decrease the 
expression of the above four inflammation-related proteins. The anti- 
inflammatory ability of these nano-cocktails would be contributed by 
the cerium oxide components. 

The anti-inflammatory ability of cerium oxide had also been reported 
by other studies. Selvaraj et al. [50] showed that cerium oxide nano-
particles at the size of 140 nm reduced the overexpression of the in-
flammatory cytokines in LPS-stimulated RAW264.7. These nanoceria 
reduced approximately 20% of TNF-α, 20% of COX-2, 30% of IL-6 and 
30% of iNOS protein expression in active macrophages at the cerium 
concentration of 7 μg/ml. Hirst et al. [51] also showed that cerium oxide 
nanoparticles inhibited the expression of iNOS (25%) in LPS/IFN-γ 
stimulated J774A.1 macrophages at a cerium concentration of 1.72 μg/ 
ml. In our study, Chit-IOCO induced a notable down-regulation of TNF-α 
(55%) and COX-2 (25%) in LPS-stimulated RAW264.7 at the cerium 
concentration of 10 μg/ml. Chit-TPP-IOCO (10 μg/ml of cerium) 
induced around 50% reduction of the overexpressed IL-6. None of these 
nano-cocktails could inhibit the iNOS expression. Overall, these nano- 
cocktails were able to reduce the overexpression of the cytokines like 
TNF-α, COX-2 and IL-6. However, no inhibition on iNOS was observed. 
The reason why Chit-IOCO and Chit-TPP-IOCO showed different inhi-
bition profile is not clear and will require further investigation. Besides, 
further anti-inflammatory experiments with primary cells such as 
Kupffer cells and monocyte-derived macrophages will help to 

understand the anti-inflammatory mechanism of these nano-cocktails. 

3.4. Chit-IOCO showed better MRI contrast ability than Chit-TPP-IOCO 
in macrophages 

Previously we found that Chit-IOCO and Chit-TPP-IOCO have 
transverse relaxivities (r2) at 308 and 149 mM− 1 s− 1, respectively [9]. In 
this study, we evaluated the imaging capabilities of these nano-cocktails 
in RAW264.7 macrophages. Macrophages play a critical role in the 
initiation and resolution of inflammation. They are involved in the 
regulation of many inflammation-related cytokines, such as TNF-a and 
interleukins [52]. They are recruited, accumulated largely at inflam-
matory lesions and considered as good diagnostic targets of inflamma-
tion [53]. As expected, RAW264.7 treated with Chit-IOCO showed a 
strong MRI T2 effect at iron concentration of 29.6 μg/ml (Fig. S2A, C). At 
a similar iron concentration, macrophages treated with Chit-TPP-IOCO 
did not display higher relaxation rates than the non-treated group 
(Fig. S2B, D). These results clearly demonstrate that Chit-IOCO is more 
effective than Chit-TPP-IOCO as MRI contrast agents in macrophages. 

According to the above results, Chit-IOCO nano-cocktails showed 
higher loading of cerium oxide and iron oxide nanoparticles than Chit- 
TPP-IOCO. Besides, anti-inflammatory studies indicated Chit-IOCO 
inhibited two cytokines (TNF-α and COX-2), while Chit-TPP-IOCO 
only inhibited the expression of IL-6 in LPS-stimulated macrophages. 
Importantly, Chit-IOCO has excellent MRI imaging capabilities in mac-
rophages. However, no MRI T2 signal was detected in Chit-TPP-IOCO 
treated macrophages. Overall, in vitro anti-inflammatory and MRI 
contrast ability showed that Chit-IOCO nano-cocktails could be estab-
lished as a better candidate for the following in vivo studies. 

3.5. Chit-IOCO displayed no significant effect on the weight, liver and 
other organs of C57BL/6 

CCl4-induced C57BL/6 mice are employed in our study since they are 
one of the most widely used liver fibrosis models that close to human 
[54–56]. C57BL/6 mice were administered with or without different 
concentrations of Chit-IOCO, followed by intraperitoneal (i.p) injection 
of CCl4 or olive oil twice a week for four weeks. Mice weight was 
measured routinely before injections. No significant difference was 
observed in the weight changes in mice in different groups at day 27 
(Fig. 6A(i), (ii)). In general, mice in all treatment and control groups 
displayed an increase in weight over time. (Fig. S3). No significant dif-
ference was observed in the weight of the livers between groups treated 
with different concentrations of nano-cocktail- and non-treated group. 

Previous studies indicated that most chitosan nanoparticles (around 
100 nm) were accumulated in the liver after 4 h of the injection [57,58]. 
Small amounts of chitosan nanoparticles were also found in spleen, 
kidneys, and lungs, heart and bone [59]. After degradation of the chi-
tosan nanoparticles [60], the nanoceria and iron oxide nanoparticles 
could remain in the organs for weeks. A study showed that cerium oxide 
nanoparticles were mainly distributed to the liver and spleen, and a 
small amount of them was found in the kidneys and lungs. Another study 
also found that nanoceria could stay in the body for more than 5 weeks 
[61]. Similarly, iron oxide nanoparticles were also able to stay in the 
liver and spleen for more than 30 days [62,63]. Thus, it is necessary to 
investigate whether nanoceria could cause any damage to mice organs. 

Fig. 4. In vitro biocompatibility of Chit-IOCO. (A) Cytotoxicity study of RAW 264.7 macrophages with Chit-IOCO and Chit-TPP-IOCO nanoparticles. RAW 264.7 
macrophage was incubated with different nano-cocktails for 24 h. Cells viability was detected by LIVE/DEAD Cell Viability (Calcein AM/Ethidium homodimer-1). 
The fluorescence intensity was measured by PerkinElmer plate reader. The fluorescent image was taken by Nikon ECLIPSE Ti2 IX51 fluorescence microscopy. (i) The 
viability of the RAW 264.7 after 24 hour incubation with Chit-IOCO. (ii) The viability of the RAW 264.7 after 24 hour incubation with Chit-TPP-IOCO. (iii) 
Fluorescence images of the cells taken on the first day of the nanoparticle treatment. * Compared with cells only control: **p < 0.01, ***p < 0.001, ****p < 0.0001 
(B) Haemocompatibility of Chit-IOCO and Chit-TPP-IOCO nanoparticles. Human blood incubated with different nano-cocktails for 4 h. PBS was used as negative 
control and 1% of Triton-X100 was used as positive control. The absorbance of the plasma at 545 nm was measured by FLUOstar Omega plate reader. (i) The 
haemocompatibility of the Chit-IOCO. (ii) The haemocompatibility of the Chit-TPP-IOCO. (iii) Images of the plasma after treated with different nanoparticles. (For 
interpretation of the references to colour in this figure, the reader is referred to the web version of this article.) 
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In our study, major organs (liver, spleen, kidney, heart and lung) were 
collected at day 28 after the administration of the Chit-IOCO. Thin 
sections were cut followed by staining with haematoxylin and eosin 
(H&E). Microscope images (Figs. 6B and S4) revealed no major differ-
ence between organs from control mice and Chit-IOCO treated mice. 
Also, no lesions were found in mice treated with different concentrations 
of Chit-IOCO. 

Successful translation of materials to clinical applications depends 
on favorable biocompatibility. Overall, Chit-IOCO demonstrated no 
significant effect on the weight of C57BL/6 mice and liver. It also dis-
played good tolerance to both low and high concentrations of cerium. 

3.6. Chit-IOCO decreased the inflammatory response in CCl4-induced 
C57BL/6 mice 

Liver dysfunction elicits excessive total bilirubin (TBIL) and ALT 

levels in the blood [4,64]. It was reported that TBIL and active ALT 
levels were higher in the CCl4 treated C57BL/6 than untreated mice 
[65]. In this haematological test, serum level of TBIL in CCl4-induced 
C57BL/6 mice was overwhelmingly greater than the untreated-mice 
which signifies successful inflammation induction in the liver. TBIL 
level was successfully reduced to the basal level as observed in CCl4 
induced mice upon the injection of Chit-IOCO NPs (Fig. 7A(i)). In 
corroboration to our data, a recent study also indicated that TBIL levels 
was reduced upon injection of cerium oxide NPs at a cerium concen-
tration of 0.82 μg/10 g and 1.62 μg/10 g in diethylnitrosamine (DEN) 
treated BALB/c mice [66]. No substantial increase of the active ALT was 
observed in CCl4 induced mice in our study. Hence, in Chit-IOCO-treated 
mice, a significant decrease in ALT level was not detected (Fig. 7A(ii)). 
In addition, serum levels of TBIL and active ALT were not affected by the 
injection of Chit-IOCO NPs in healthy mice (not treated with CCl4) 
which indicates good biocompatibility of our NPs at the therapeutic 

Fig. 5. Effect of Chit-IOCO, Chit-TPP-IOCO and Chit-TPP on the inflammatory protein secretion from LPS-stimulated macrophage RAW264 cells. (A) Effect of the 
nano-cocktails on the TNF-α protein secretion from LPS-stimulated macrophage RAW264 cells. (i) Graphs showing the TNF-α protein level of the cells treated with 
the nanomaterials in different concentrations of cerium or chitosan with the presence of LPS for 24 h. (ii) Chemiluminescent images of TNF-α protein and β-actin 
housekeeping protein. (B) Effect of the nano-cocktails on the LPS-stimulated COX-2 secretion from macrophage RAW264 cells. (i) Graphs showing the COX-2 protein 
level of the cells treated with the nanomaterials in different concentrations of cerium or chitosan with the presence of LPS for 24 h. (ii) Chemiluminescent images of 
COX-2 protein and β-actin housekeeping protein. (C) Effect of the nano-cocktails on the LPS-stimulated IL-6 secretion from macrophage RAW264 cells. (i) Graphs 
showing the IL-6 protein level of the cells treated with the nanomaterials in different concentrations of cerium or chitosan with the presence of LPS for 24 h. (ii) 
Chemiluminescent images of IL-6 protein and β-actin housekeeping protein. (D) Effect of the nano-cocktails on the LPS-stimulated iNOS secretion from macrophage 
RAW264 cells. (i) Graphs showing the iNOS protein level of the cells treated with the nanomaterials in different concentrations of cerium or chitosan with the 
presence of LPS for 24 h. (ii) Chemiluminescent images of iNOS protein and β-actin housekeeping protein. *Compare to LPS: *p < 0.05, **p < 0.01, ****p < 0.0001. 

Fig. 6. Chit-IOCO displayed no significant effect on the weight, liver and other organs of C57BL/6. (A) Chit-IOCO displayed no significant effect on the weight of 
C57BL/6 mice and liver. Mice were treated with different concentrations of Chit-IOCO (cerium concentration: 0 μg/10 g, 1 μg/10 g and 3 μg/10 g). Olive oil injected 
C57BL/6 mice were used as negative control. Olive oil + CCl4 injected mice were used as positive control. (i) Total weights of C57BL/6 mice at day 1 and day 27. (ii) 
Weight of livers of C57BL/6 mice at day 28. CCl4-induced and healthy control groups: 6–7 mice per group, Chit-IOCO control groups: 3 mice per group. (B) Histology 
(haematoxylin–eosin staining) of organs at 28 days after administration of Chit-IOCO. Mice were treated with or without Chit-IOCO at different concentrations of 
cerium. At day 28, liver, spleen, kidney, heart and lung of each mice were collected and followed by H&E staining. The histopathology images were then taken by 
Leica DM IL LED inverted microscope using a 10× objective. 
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doses injected (Fig. 7A). However, administration of a much higher dose 
of cerium oxide could be toxic to the mice. A study on CD-1® mice 
showed that a high concentration of cerium oxide nanoparticle (16 mg/ 
10 g) doubled the basal TBIL and ALT levels in normal mice [67]. 
Overall, haematological analysis indicated that these Chit-IOCO nano- 
cocktails successfully reduced the TBIL level in CCl4 -induced C57BL/6 
mice. Importantly, Chit-IOCO nano-cocktails at the therapeutic doses 
demonstrated excellent biocompatibility with no significant effects on 
basal TBIL and ALT levels. 

As discussed earlier, TNF-α, iNOS, COX-2 and IL-6 proteins are 
involved in the development of hepatitis. During the progression of liver 
inflammation, many cytokines are released by ROS-stimulated macro-
phages, Kupffer cells and hepatic stellate cells [68]. IKK, JNK and p38, 
are three major signaling pathways that are involved in the production 

of inflammatory cytokines [69]. IKK complexes regulate the nuclear 
factor-κB (NF-κB) pathway to secrete the expression of the TNF-α. It is 
considered to be an important mediator of humoral immune response 
and apoptosis [41]. Additionally, p38/RelA pathway was required for 
the activation of IL-6 under the regulation of IKK complexes [70]. It has 
been reported that iNOS play an important role in regulation of fibrosis 
and sclerosis and JNK pathway is involved in regulation of iNOS 
expression [71]. Moreover, prostaglandin E2 (PGE2) secreted by COX-2 
was regulated by the p38 pathway. The progression of the inflammation 
is affected by the level of PGE2. Hence, in this study, TNF -α, iNOS, COX- 
2 and IL-6 proteins were measured to assess the anti-inflammatory ef-
fects of these nano-cocktails. The expression levels of these proteins in 
the liver of C57BL/6 were measured by western blot analysis. As 
anticipated, Fig. 7B displayed an overexpression of TNF-α, iNOS and 

Fig. 7. Chit-IOCO decreased the inflammatory response in CCl4-induced C57BL/6 mice. (A) Haematological analysis of blood from CCl4 -induced inflammatory liver 
in C57BL/6. Mice were treated with different concentrations of Chit-IOCO (cerium concentration: 0 μg/10 g, 1 μg/10 g and 3 μg/10 g). Olive oil injected C57BL/6 
mice were used as negative control. Olive oil + CCl4 injected mice were used as positive control. Blood samples were collected at day 28 via cardiac puncture. 
Purified serum samples were used for the bilirubin (TBIL) and alanine transaminase (ALT) level test. (i) Serum levels of TBIL in C57BL/6 mice at day 28. (ii) ALT level 
in the serum of C57BL/6 mice at day 27. ####p < 0.0001 compare to baseline mice. ****p < 0.0001 compare to CCl4 only-treated mice. CCl4-induced groups and 
healthy control group: 6–7 mice per group, Chit-IOCO control groups: 3 mice per group. (B) Chit-IOCO decreases the overexpression of inflammatory proteins in 
CCl4-induced C57BL/6 mice. The protein expression in the liver of C57BL/6 mice at day 28 was measured via western blot. (i), (ii), (iii) Graphs showing the iNOS, 
COX-2 and TNF-α protein levels normalised to β-actin, respectively. (iv) Images represent western blot for iNOS, COX-2, TNF-α and β-actin. #p < 0.05, ##p < 0.01 
compare to baseline mice, *p < 0.05, **p < 0.01, ***p < 0.001 compare to CCl4 only-treated mice. N = 5–6 mice per group. 
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COX-2 in CCl4-treated than in control mice. Importantly, Chit-IOCO 
administration resulted in a decrease in the expression of TNF-α, iNOS 
and COX-2 proteins. Also, the protein expression decreased as the 
cerium concentrations increased from 1 to 3 μg/10 g (Fig. 7B(i), (ii), & 
(iii)). Chemiluminescence images of protein bands (Fig. 7B(iv)) dis-
played a reduction in protein expression of TNF-α, iNOS and COX-2 in 
liver of Chit-IOCO injected CCl4-induced mice. As discussed earlier, 
these cytokines are involved in the inflammatory processes hence a 
decrease in protein expression of these cytokines is attributed to the anti- 
inflammatory ability of nanoceria in the nano-cocktails. Similarly, Oró 
et al. reported that cerium oxide nanoparticles inhibited the expression 
of the TNF-α, iNOS and COX-2 level in the liver of CCl4-induced rats at a 
cerium concentration of 0.82 μg/10 g [14]. Interestingly, in our study 
CCl4 treatment for 4 weeks did not result in an increase in IL-6 protein 
expression (Fig. S5). Therefore, a significant decrease of IL-6 protein 
expression was not observed in Chit-IOCO treatment group. In contrast, 
Tan et al. [72] showed an overexpression of IL-6 level (3-fold higher) in 
serum of CCl4-induced C57BL/6 (5 μl/10 g, 6 weeks). Another study by 
Huang et al. also indicated that the IL-6 level in the liver of CCl4-induced 
C57BL/6 (10 μl/10 g) was 3 times higher than healthy mice after 24 h 
treatment and returns to basal level after 5 days. Nonetheless, in our 
study, C57BL/6 mice might not be treated long enough (4 weeks) or the 
concentration (5 μl/10 g) of CCl4 was not high enough to trigger an 
overexpression of IL-6. 

The anti-inflammatory ability of cerium oxide is related to its anti- 
ROS ability as different signaling pathways of these inflammatory cy-
tokines were regulated by ROS [73,74]. Both macrophage and Kupffer 
cells are involved in the inflammatory and fibrotic response [75]. A 
study demonstrated that administration of nanoceria ([Ce] 5 μg/10 g) 
reduced oxidative stress (malonaldehyde (MDA) level) in CCl4-induced 
CD-1® mice [61]. Besides, it was also found that cerium oxide nano-
particle inhibited the TNF-α and MDA level in the blood of hypoxia- 
treated rabbits. Previously, we demonstrated that the developed nano- 
cocktails have anti-ROS capability [9]. In this study, the anti- 
inflammatory effect of ceria nanoparticles in liver of CCl4-induced 
C57BL/6 mice was explored for the first time. Overall, our results 
indicated that Chit-IOCO NPs have great potential in the reduction of 
inflammation in the CCl4-treated liver via downregulating the expres-
sion of TNF-α, iNOS and COX-2. 

3.7. In vivo MRI contrast ability of Chit-IOCO – it was possible to track 
the delivery of Chit-IOCO to the liver 

Ultrasmall superparamagnetic iron oxide nanoparticles (USPIONs) 
have been employed as MRI contrast agents with immense potential in 
the diagnosis of various diseases such as cancer and inflammatory dis-
eases [31,76]. Previously reported studies with USPIONs displayed 
reduced toxicity and longer circulation time in comparison to 
gadolinium-based MRI contrast agent [77,78]. Besides, USPIONs have 
better MRI contrast efficiency than the commercial MRI contrast agent 
Feridex I.V.® [79]. In our study, IONPs at the size of 10 nm were utilised 
as MRI contrast agents in the newly developed Chi-IOCO to detect the 
delivery of the nano-cocktails to the liver of C57BL/6 mice. Chit-IOCO 
NPs at different doses were intravenously injected into mice. T2 and 
T2* MR images were acquired for the liver region of C57BL/6 mice. No 
significant difference was observed in the T2 weighted relaxation time 
(Fig. S6) between pre- and 1-day post-injection of the Chit-IOCO NPs. 
However, the more sensitive T2* weighted imaging showed a decreased 
T2* relaxation time after injection of Chit-IOCO. In addition, the higher 
the injection dose of Chit-IOCO, the lower the T2* relaxation time in the 
liver due to the higher concentration of Fe administrated in mice and 
thus accumulated in the liver (Fig. 8B). Also, the T2* MR images ac-
quired illustrated a stronger contrast in the liver of mice treated with the 
higher concentration of Chit-IOCO (Fig. 8A). These results indicate that 
it is possible to track the delivery of Chit-IOCO to the mouse livers. 

A study by Rosales et al. reported that polymer coated iron oxide 

nanoparticles with a much higher iron concentration of 28 μg/10 g 
lowered the T2* relaxation time from 3.3 ms to 1.2 ms in the liver of 
C57BL/6 mice 15 min post-injection [80]. Moreover, another study re-
ported that glycyrrhetinic acid conjugated iron oxide (Fe3O4) nano-
particles with an iron concentration of 20 μg/10 g reduced T2 relaxation 
time in mice liver 30 min after injection. However, T2 relaxation time 
returned to basal level 7 h after injection [81]. In comparison to previ-
ously reported studies, the Chit-IOCO used here showed an effective T2* 
contrast ability at very low iron concentrations of 0.91 μg/10 g and 2.73 
μg/10 g. Importantly, the significant T2* contrast was observed one day 
post-injection of Chit-IOCO NPs. Moreover, chronic liver injuries cause 
dilation and leakage of small blood vessels [82]. It will cause the 
enhanced permeability and retention effect in inflammatory liver dis-
eases that enhance the nanoparticle distribution to the liver [83,84]. 
Overall, Chit-IOCO nano-cocktails showed outstanding potential as an 
MRI contrast agent. 

3.8. Chit-IOCO reduced liver fibrosis in CCl4-treated C57BL/6 mice 

Fibrosis of the liver results from wound healing process that is usu-
ally caused by chronic liver diseases. Hepatitis is a typical example, 
whereby inflammation fuels the excessive secretion and accumulation of 
extracellular matrix (ECM) proteins of hepatic stellate cells and fibro-
blasts to form liver fibrosis [85]. Advanced liver fibrosis can also 
develop into cirrhosis, causing irreversible damage. In this animal 
model, toxic damage of liver caused by the injection of the CCl4 and the 

Fig. 8. In vivo MRI contrast ability of Chit-IOCO. Mice were treated with 
different concentrations of Chit-IOCO. MRI T2* images were acquired before 
and after injection. (A) Graph showing the T2* - weighted MRI images of mouse 
livers before and after one day post injection of Chit-IOCO at different con-
centrations of Fe. Red cycle showed typical ROI regions. For each mouse, T2* at 
3 different ROIs were measured and averaged. Red arrows showed the reduc-
tion of T2* signal reduced by Chit-IOCO. (B) Graph showing liver T2* before 
and one day post injection of Chit-IOCO in different doses. Two-way ANOVA 
was used in the analysis of significant difference at region of interest (ROI) 
areas. N = 5–6 mice per group. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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efficacy of NPs in improving liver fibrosis was assessed. Histopathology 
images showed clear fibrogenesis in the liver of CCl4-treated mice 
receiving vehicle. (Figs. 9 and S7) Besides, large number of steatosis of 
hepatocytes can be discerned in the CCl4-induced mice (black arrows). 
Typically, hepatocytes with steatosis have lipid drops accumulated in 
the surrounding cytoplasm and a centralised nucleus [86]. Fibrosis of 
liver and steatosis of hepatocytes were significantly reduced with the 
administration of Chit-IOCO. In addition, a further reduction in liver 
fibrosis lesions were observed in liver of mice treated with a higher 
nano-cocktail concentration (3 μg Ce/10 g) (Fig. 9). Chit IOCO displayed 
both a reduction in inflammation and fibrosis of liver in CCl4 treated 
mice via a downregulation of inflammatory proteins in the liver. Over-
all, this is the first report demonstrating cerium oxide nanoparticle ef-
ficacy in reducing liver fibrosis in CCl4-induced C57BL/6 mice. 

4. Conclusion 

In this study, in vitro toxicity studies showed that Chit-IOCO and 
Chit-TPP-IOCO inhibited the proliferation of macrophages without 
causing cell death. Both nano-cocktails are haemocompatible. In vitro 
anti-inflammatory study showed that Chit-IOCO could inhibit the 
overexpression of TNF-α, COX-2 while Chi-TPP-IOCO could reduce IL-6 
production. Interestingly, MRI illustrated that Chit-IOCO is a better 
contrast agent than Chit-TPP-IOCO. Furthermore, in vivo MRI demon-
strated that Chit-IOCO is also an effective contrast agent for MR imaging 
of the liver. Haematological analysis indicated that Chit-IOCO reduced 
TBIL levels, indicating less inflammation in CCl4-induced mice treated 
with Chit-IOCO. Chit-IOCO displayed excellent anti-inflammatory 
capability by reducing the overexpression of TNF-α, iNOS and COX-2 
in CCl4 damaged liver. Moreover, histopathology images illustrated 

significant reduction of fibrotic areas upon administration of Chit-IOCO. 
Additionally, Chit-IOCO demonstrated good biocompatibility with no 
major difference of total body weight, liver weight, TBIL, ALT and his-
tology images between blank vehicle and Chit-IOCO-treated mice. Be-
sides, by conjugating with effective targeting ligands, Chit-IOCO could 
have the potential for other inflammatory diseases. For example, by 
employing specific antibody or peptide targeting vascular cell adhesion 
molecule 1 (VCAM-1) [87,88], a protein significantly expressed on 
atherosclerotic plaques, these nano-cocktails could be employed for 
theranostics of atherosclerosis. 

To the best of our knowledge, this is the first study demonstrating the 
anti-inflammatory and anti-fibrosis capabilities of Chit-IOCO in the liver 
of CCl4-induced C57BL/6 mice. Overall, our modular nano-cocktails 
displayed excellent potential for concurrent tracking of nanoparticle 
delivery and therapy of inflammatory diseases. The materials can also be 
employed as MRI contrast agent for the diagnosis of inflammatory dis-
eases if they are labelled with appropriate targeting ligands. These 
promising results of our in vivo studies provide high possibility of 
translation of these nano-cocktails to clinical trials. 
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Fig. 9. Improvement of liver fibrosis at 28 days after the administration of different concentrations of Chit-IOCO. Mice were treated with or without CCl4 and Chit- 
IOCO at different concentrations of cerium. At day 28, livers of each treatment groups were collected followed by H&E staining. The histopathology images were then 
taken by Leica DM IL LED inverted microscope using a 10× objective. Black arrows showed the position of micro-vesicular steatosis of hepatocytes. 
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Fig S1. Image illustrating the synthesis of Chit-IOCO and Chit-TPP-IOCO. (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 firstly dialysed against 1 l of milliQ 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 nanoparticle.  
(2) Chit-TPP-IOCO nanoparticles were prepared via the ionic gelation method between chitosan and 
tripolyphosphate (TPP) (a cross-linking reagent), which encapsulates IO-PAA and CO-TSC within their nanogel 
structure. CO-TSC was firstly dialysed against 1 L of milliQ water for 30min.  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 continuously string for 1 hour to form the chitosan-TPP-IOCO 
nanoparticle.  
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Fig S2. In vitro MRI of Chit-IOCO and Chit-TPP-IOCO nanoparticles in RAW264.7 cells. (A) Graph 

showing the T2-weighted MRI signal of RAW264.7 incubated with or without Chit-IOCO in different 

concentration of Fe. (B) Graph showing the T2-weighted MRI signal of RAW264.7 incubated with or without 

Chit-TPP-IOCO in different concentration of Fe. (C) T2-weighted MR images of RAW264.7 incubated with 

Chit-IOCO at different Fe concentrations. (D) T2-weighted MR images of RAW264.7 incubated with Chit-TPP-

IOCO at different Fe concentrations. * Compared with [Fe] 0µg/ml: ***p<0.001, ****p<0.0001 
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Fig S3. No effect of Chit-IOCO on the weight of C57BL/6 from day 1 to day 27. Mice were treated with 

different concentrations of Chit-IOCO (cerium concentration: 0 μg/10g, 1 μg/10g and 3 μg/10g). Olive oil 

injected C57BL/6 mice were used as negative control. Olive oil + CCl4 injected mice were used as positive 

control. 

 

 

 

Fig S4. Histopathology (haematoxylin–eosin staining) of organs at 28 days after administration of Chit-

IOCO. Mice were treated with or without Chit-IOCO at different concentrations of cerium. At day 28, liver, 

spleen, kidney, heart and lung of each mice were collected followed by H&E staining. The histopathology 

photos were then taken by microscopy using a 4x objective.  
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Fig S5. Western blot of IL-6 proteins in CCl4-induced C57BL/6 mice. The protein expression in the liver of 

C57BL/6 mice at day 28 was measured via western blot. Graphs showing the IL-6 protein level normalised to β-

actin. Images represent western blot for IL-6 and β-actin.  

 

 

 

 

Fig S6. In vivo MRI T2 contrast ability of Chit-IOCO. Mice were treated with different concentrations of 

Chit-IOCO (cerium concentration: 1 μg/10g and 3 μg/10g, iron concentration: 0.91 μg/10g and 2.73 μg/10g). 

MRI T2 images were acquired before and after injection. Graph showing the T2 - weighted MRI signal of mice 

before and one day post injection of Chit-IOCO in different doses. 



6 
 

 

Fig S7. Alleviation of the liver fibrosis at 28 days after administration of different concentrations of Chit-

IOCO. Mice were treated with or without CCl4 and Chit-IOCO at different concentrations of cerium. At day 28, 

the livers were collected followed by H&E staining. The histopathology photos were then taken by microscopy 

using a 4x objective.  
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