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Abstract

Computed tomography (CT) is an x-ray based medical imaging technique commonly used for
non-invasive gastrointestinal tract (GIT) imaging. lodine and barium based CT contrast agents are
used in the clinic for GIT imaging, however, inflammatory bowel disease (IBD) imaging is
challenging since iodinated and barium based CT agents are not specific for sites of inflammation.
Cerium oxide nanoparticles (CeNP) can produce strong x-ray attenuation due to cerium’s k-edge
at 40.4 keV, but have not yet been explored for CT imaging. In addition, we hypothesized that the
use of dextran as a coating material on cerium oxide nanoparticles would encourage accumulation
in IBD inflammation sites in a similar fashion to other inflammatory diseases. In this study,
therefore, we sought to develop a CT contrast agent, /.e. dextran coated cerium oxide nanoparticles
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(Dex-CeNP) for GIT imaging with IBD. We synthesized Dex-CeNP, characterized them using
various analytical tools and examined their /n vitro biocompatibility, CT contrast generation and
protective effect against oxidative stress. /n7 vivo CT imaging was done with both healthy mice and
a dextran sodium sulfate induced colitis (DSS-colitis) mouse model. Dex-CeNP’s CT contrast
generation and accumulation in inflammation sites were compared with iopamidol, an FDA
approved CT contrast agent. Dex-CeNP was found to be protective against oxidative damage. Dex-
CeNP produced strong CT contrast and accumulated in the colitis area of large intestines. In
addition, >97 % of oral doses were cleared from the body within 24 hrs. Therefore, Dex-CeNP can
be used as a potential CT contrast agent for imaging GIT with IBD, while protecting against
oxidative damage.

Graphical Abstract

Dextran Healthy Colitis
V 2
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Computed tomography (CT), used in conjunction with contrast agents, is invaluable for
imaging the cardiovascular system!~3 and gastrointestinal tract (GIT).48 lodinated small
molecules and barium sulfate suspensions are used in the clinic for GIT imaging.*-5:°
However, the image quality of iodine-enhanced CT is poor for imaging the abdomen in
overweight and obese patients,0: 11 and is not ideal for imaging inflammatory bowel disease
(IBD) due to its non-specificity. Moreover, iodinated CT agents are found to be extravasated
when administered to patients.12 Therefore, it is expected that small molecule based CT
agents, when administered orally, can be absorbed through the GIT and surrounding tissues,
thus interfering with diagnosis. In addition, patients with IBD may receive many CT scans
over the course of their lives and will therefore accumulate radiation exposure.13 Therefore,
patients with IBD would benefit from an alternative CT contrast agent for GIT imaging that
could mitigate the effects of radiation exposure.

Nanoparticles have been the focus of much attention for their use as CT contrast agents,3
since it is relatively easy to synthesize them with different sizes and coatings, which can
provide specificity to different types of disease sites.1417 Nanoparticle based CT contrast
agents should not diffuse through intact GIT due to their large size compared with the
cellular junctions in the walls of these organs, but have potential to accumulate in sites of
inflammation, where cellular junctions are disrupted, as found in IBD. Despite the
theoretical potential of nanoparticle based CT contrast agents for IBD imaging, there have
been no such studies reported to date, to the best of our knowledge. Gold nanoparticles have
been proposed as CT contrast agents, since they are inert, non-toxic, easy to synthesize, and
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produce strong CT contrast.l 18: 19 However, the relatively high cost of gold might be a
challenge for their translation into the clinic.

Cerium oxide nanoparticles could be alternative CT contrast agents. Cerium has a k-edge at
40.4 keV, slightly higher than that of iodine (33.2 keV), and well matched to the x-ray beams
used in medical imaging,? therefore it should produce strong CT contrast. In addition to this,
dextran coating on cerium oxide nanoparticle surfaces should provide stability in aqueous
media, biocompatibility, and specificity towards inflammation sites.2%: 21 Moreover, cerium
oxide nanoparticles have been proposed as an artificial reactive oxygen species (ROS)
scavenger, since they can neutralize free radicals.22-25 X-ray irradiation induces free radical
generation in the exposed cells or tissues, which can cause damage.2% 27 Cerium oxide
nanoparticles have been shown to protect cells from radiation induced toxicity22 as well as
animals from several external stress sources.28-31 They also show strong anti-apoptotic
effects,32 33 improve many serious oxidation related pathologies?8-39 and promote wound
healing.28 Moreover, cerium is inexpensive and, to the best of our knowledge, has barely
been explored as a basis for CT contrast agents.

In this study, we report that dextran coated cerium oxide nanoparticles (Dex-CeNP, Figure 1)
can be used as a CT contrast agent for GIT imaging with or without IBD and can protect
cells from oxidative damage. Dex-CeNP was synthesized via a precipitation method and was
characterized via several analytical tools. Their CT contrast generation property was
investigated with a clinical CT scanner. /n vitro biocompatibility was tested with four
different cell types and their ability to protect cells against oxidative damage was
investigated. The /n vivo properties of Dex-CeNP were investigated with healthy mice and
dextran sodium sulfate induced colitis (DSS-induced colitis) mice v/ia CT imaging. The
biodistribution of Dex-CeNP was studied in healthy and DSS-colitis mice. Localization of
Dex-CeNP in the large intestine of DSS-colitis mice was investigated v/a electron
microscopy. Last, histopathological analyses on the stomachs, small intestines and large
intestines of the mice were used to probe the safety of Dex-CeNP.

Results and Discussion

Synthesis and Characterization

Dex-CeNP was formed via precipitation of cerium salts after addition to ammonium
hydroxide in the presence of dextran. Dex-CeNP were well suspended in phosphate buffered
saline (PBS) and had a UV-visible absorbance peak at 290 nm (Figure 1B and C). The core
and hydrodynamic diameter of Dex-CeNP were found to be 4.8 + 1.2 nm (Figure 1D) and
17.5 £ 0.7 nm respectively. As expected, the hydrodynamic diameter was found to be larger
than the core diameter due to the dextran coating. The zeta potential of Dex-CeNP was
found to be -8 + 0.7 mV, which is similar to the surface potential observed for other dextran
coated nanoparticles.2%: 34 High resolution transmission electron microscopy (HR-TEM)
revealed the crystalline lattice structure of the cerium oxide core (Figure 1D, white boxed
area). In addition, the powder x-ray diffraction (XRD) pattern included several characteristic
diffraction peaks of cerium oxide nanocrystals (Figure 1E). The cerium oxide cores in Dex-
CeNP were found to be face centered cubic (FCC) crystals since the XRD pattern showed
the presence of (111), (220), (311), and (331) planes.3®
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FT-IR confirmed the presence of the dextran coating in the purified nanoparticles (Figure
1F). The characteristic peaks of dextran in the spectrum of Dex-CeNP were found to match
well with those of free dextran (Figure 1F). Notably, the intense peaks at 3392 cm™1, 2924
cm™1, and 1153 cm~2 corresponded to the O-H stretching of the hydroxyl group, the
stretching of the C-H bond, and the C-O-C vibration of the glycosidic bridge between
saccharide units, respectively.36: 37

CT contrast generation properties

The CT contrast generation properties of Dex-CeNP were investigated using a clinical CT
scanner (Siemens SOMATOM Force). lopamidol (an FDA approved CT contrast agent) and
gold nanoparticles were used as controls. The phantom was scanned with four different tube
voltages, /7.e 80, 100, 120 and 140 kV. A representative Dex-CeNP phantom image scanned
at 80 kV is presented in Figure 2A. The CT attenuation of Dex-CeNP was found to be
linearly correlated with the mass concentration of cerium (r2= 0.99) for each tube voltage
used (Figure 2B). The CT attenuation rates of different agents, 7.¢. Dex-CeNP, cerium
nitrate, iopamidol, and gold nanoparticles are presented in Figure 2C.

Dex-CeNP produced greater CT attenuation when scanned at 80 kV compared to 100, 120
or 140 kV and the attenuation values found were similar to those for cerium salt. The CT
attenuation rate decreased with increasing tube voltage, which was expected since the
average beam energy moves further away from cerium’s k-edge, 7.e. 40.4 keV, as the tube
voltage increases. When compared with iopamidol, Dex-CeNP produced a slightly greater
CT attenuation rate at each tube voltage used (Figure 2C). This is because iodine has a
slightly lower k-edge value (/.e. 33.2 keV) than cerium and is therefore always further from
the average of the beam energy. However, in the case of gold nanoparticles, the CT
attenuation rate was found to increase with increasing tube voltage (Figure 2C), in
agreement with previous observations,18 and was higher than that produced by Dex-CeNP at
140 kV. When scanned with a Molecubes microCT (Figure S1), we found an attenuation rate
of 47.9 HU.ml/mg, which is very similar to the attenuation found from the clinical scanner
at 80 kV, 7.e. 44.0 HU.ml/mg. Moreover, we scanned a phantom of Dex-CeNP with a
clinical-scale spectral photon counting CT (SPCCT) system and found that specific Dex-
CeNP imaging could be done with this system (Figure S2).

In vitro biocompatibility

In vitro biocompatibility of Dex-CeNP was investigated in human hepatocellular liver
carcinoma (HepG2), human fibroblast (BJ5ta), human colorectal adenocarcinoma
(C2BBel), and murine macrophage (J774A.1) at 1 and 24 hrs. The 24 hrs timepoint is
particularly relevant, since almost all of the agent was cleared by 24 hrs /n vivo (see later).
The effect of Dex-CeNP exposure on the viability of these cells was measured and is
presented in Figure 3. No substantial adverse effect was observed for any cell type or
condition examined.

Protective effect of Dex-CeNP against oxidative damage

Cerium oxide nanoparticles have been shown to act as artificial ROS scavengers22: 23, 38
since cerium ions can switch between Ce3* and Ce** oxidation states.24 30 39. 40 The
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Ce3*/Ce** redox couple has been shown to catalyze the reduction of hydrogen peroxide to
form water and oxygen in a catalase-like fashion.3% 40 A schematic of the oxidation-
reduction cycle of cerium oxide nanoparticles is presented in Figure 4A. We explored the
protective effect of Dex-CeNP with two different cell types using hydrogen peroxide as an
oxidative toxic chemical. We found that hydrogen peroxide alone significantly lowered cell
viability. However, when the cells were treated with both Dex-CeNP and hydrogen peroxide,
no difference in cell viability was found between control and treatment groups, indicating
that Dex-CeNP protected the cells from oxidative damage induced by hydrogen peroxide
(Figure 4B and C).

In vivo CT imaging

Due to the promising /n vitro results, we were motivated to explore the feasibility of imaging
IBD using Dex-CeNP as a CT imaging probe. /n vivo CT imaging with Dex-CeNP or
iopamidol was performed with healthy and DSS-induced colitis mice. Representative CT
images of healthy mice before and after treatment with Dex-CeNP or iopamidol are
presented in Figure S3A. Quantitative analyses of the CT contrast from the stomach, small
intestine and large intestine are presented in Figure S3B. Tables of statistical comparisons
are included in the supporting information. Strong contrast was observed in different
sections of the GIT at different time points. We found that there was no substantial
difference in the CT contrast observed for Dex-CeNP compared to iopamidol in healthy
mice, indicating the potential of Dex-CeNP for GIT imaging (Figure S3).

On the other hand, a different result was observed for DSS-induced colitis mice that received
Dex-CeNP or iopamidol. Representative CT images of DSS-colitis mice before and after
treatment with Dex-CeNP or iopamidol and their quantitative analyses are presented in
Figure 5A and B, respectively. The change in CT attenuation in the large intestine was found
to be significantly greater when colitis mice received Dex-CeNP compared to iopamidol,
except at 5 and 30 minutes post-administration (Figure 5B). This may be due to differences
in the way that iopamidol (a small molecule) and Dex-CeNP (a nanoparticle) diffuse within
the diseased tissue.

When comparing healthy and colitis mice that received Dex-CeNP, higher CT attenuation
was observed in the large intestine of colitis mice at 60 and 120 minutes post-administration.
Moreover, no CT contrast was observed in the large intestine of the healthy mice at 24 hrs
post-administration, but marked attenuation was observed for colitis mice (Figure 6A,B).
This finding from microCT should translate to very similar contrast for clinical CT scans
performed at 80 KV, since the contrast generation of Dex-CeNP is almost equivalent between
the two types of scanner (Figures 2 and S1). We did not find cerium in the large intestine of
healthy mice via ICP-OES measurements; however, a significant amount of cerium was
found in the large intestine of colitis mice (Figure 6C). Note that these values were obtained
by performing ICP-OES on entire large intestines. Concentrations of cerium will be higher
in the focal areas of diseased tissues. Furthermore, we investigated localization of Dex-
CeNP in the large intestine of colitis mice via TEM. These micrographs revealed that Dex-
CeNP accumulated in the large intestine of DSS-colitis mice that received Dex-CeNP
(Figure 6D), which is not surprising, as dextran has an affinity for inflammatory disease
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sites.*1 Also, it has been shown that activated macrophages in sites of inflammation actively
uptake dextran nanoparticles via binding to macrophage scavenger receptors.41-43

Biodistribution

The biodistribution of Dex-CeNP was investigated in both healthy and DSS-induced colitis
mice at 24 hrs post oral administration. The amounts of cerium in several organs, /.e.
stomach, small intestine, large intestine, liver, spleen, heart, and kidneys, were measured via
ICP-OES as presented in Figure S4. As can be seen, the biodistribution of Dex-CeNP in
healthy mice was found to be slightly different to that observed in colitis mice. In the case of
healthy mice, cerium was not found in any organ investigated, except the stomach, which
had retained less than 0.04 % ID/g, indicating almost total clearance of Dex-CeNP at 24
hours, in agreement with the 7n vivo CT imaging results (Figure S3). However, small
quantities of cerium were found in stomachs, small intestines and large intestines of colitis
mice (0.4 %, 0.6 % and 1.4 %, respectively), each of which was statistically significantly
greater than the values found in healthy mice (Figure S4). In addition, a very small amount
of cerium was found in the spleen of the colitis animals (less than 0.1 % of the dose).
Overall, 97.6 % of the dose was cleared from colitis animals at 24 hours. These ICP-OES
results supported our observations from /n vivo CT imaging that Dex-CeNP accumulated in
the large intestine of colitis mice at 24 hrs post administration.

Histopathology

Histological changes in the stomach, small intestine and large intestine were investigated at
24 hrs post Dex-CeNP administration via H&E staining. Representative tissue micrographs
are presented in Figure 7. No adverse effect was observed at 24 hrs post administration of
Dex-CeNP. No obvious changes in cellularity or architecture were found in the tissues of the
mice that received Dex-CeNP compared to the control mice (that received PBS), indicating
the biocompatibility of Dex-CeNP.

Dex-CeNP generates strong CT contrast /n vitroand /n vivo, is biocompatible, protects cells
from oxidative damage, and was cleared from the body within 24 hrs post administration
without posing any serious adverse effects. The dextran coating resulted in improved water
solubility, stability in physiological buffer and biocompatibility. Cerium oxide nanoparticles
have been shown to protect against oxidation by scavenging free radicals generated from
cells exposed to radiation. CT is an x-ray imaging technique that is more predominantly
used for imaging GIT than to other medical imaging techniques. Cerium oxide nanoparticle
CT contrast agents could also protect cells from x-ray radiation induced oxidative damage.
Dex-CeNP was found to preferentially accumulate in sites of inflammation in the large
intestine, a property that would make it very useful for imaging IBD with CT. Current CT
contrast agents used in the clinic (/.e. iodinated small molecules) do not possess the
aforementioned characteristics, 7.e. specificity towards inflammation sites and protection
against oxidation. Therefore, Dex-CeNP was found to be an effective CT contrast agent for
imaging the GIT with IBD, and have potential to protect cells from radiation induced
oxidative damage. In addition, Dex-CeNP represent a good candidate for an emerging CT
modality, /.e. photon counting CT.
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CT is a widely available and low cost imaging technique that is commonly used for
abdominal imaging.** Compared with other techniques, such as MRI or nuclear imaging, it
is rapid, has high spatial resolution and suffers fewer issues with bowel motion. In particular,
MRI has issues for imaging the GIT due to tissue-gas interfaces.> Colonoscopy requires
sedation and an onerous preparation procedure involving a clear liquid diet and taking
laxatives.*8 Therefore, CT imaging agents specific for colitis imaging could be particularly
valuable.

Previously, Wu et a/. reported imaging colitis via intravenous injection of macrophages
labeled with either iron oxide nanoparticles or In-111, which allowed imaging via MRI and
SPECT, respectively.*” Compared to the approach reported herein, as mentioned above, MRI
and SPECT have drawbacks for imaging the GIT.4> Moreover, the need to isolate cells, label
them and inject them is cumbersome compared to an orally administered agent.
Alternatively, there have been reports of fluorescence or luminescence based nanoparticle
agents for colitis imaging.8-50 While promising, optical imaging using external scanners is
limited to structures less than 1 cm from the skin. Fluorescence imaging using devices
similar to colonoscopy systems could be possible, but would also require the onerous prep of
colonoscopy and such systems are not currently widely available. Therefore, the approach
described herein, 7.e. combining an orally administered agent with widely available CT
imaging, has advantages compared with these previous reports.

Some studies have shown that cerium oxide nanoparticles have adverse effects on cells in
vitro or small animals.51 52 However, it is worth noting that those studies were carried out
with uncoated cerium oxide nanoparticles.>1: 52 Indeed, coating nanoparticles with a
hydrophilic, biocompatible polymer such as dextran can improve biocompatibility. Dextran
is not only very biocompatible but has also already been used in FDA approved
nanoparticles.20: 34 Therefore, the dextran coating of these cerium oxide nanoparticles is
likely the reason for the improved cytocompatibility compared to some other studies.

CT is an x-ray based medical imaging technique that can cause free radical generation, with
the possibility of adverse effects.28: 27 In particular, IBD patients may receive many CT
scans over their lifetimes. Since Dex-CeNP possesses ROS scavenger properties, using Dex-
CeNP as a CT contrast agent could be beneficial for these patients. Despite the widespread
study of nanoparticles as contrast agents for CT, surprisingly, there have been no prior
reports of nanoparticle CT contrast agents used for IBD imaging. Therefore, our findings
provide important advances in the nanoparticle CT contrast agent field. In addition, Dex-
CeNP have good potential for clinical translation due to their favorable clearance profile.

The limitations of this study include the use of a small animal model of colitis as opposed to
a larger animal model, which may better mimic human disease. Moreover, while we did not
observe adverse effects from these agents, studies where repeated and higher doses are used,
as well as longer term studies will be needed to definitively determine safety /in vivo. In
addition, protective effects against oxidative damage were not studied /7 vivo. Such topics
will be the subject of future work. Furthermore, given the ROS scavenger properties of these
nanoparticles, evaluation of their potential role as a theranostic agent for inflammatory
diseases, such as colitis, will be of interest.
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Conclusions

We successfully synthesized water soluble and biocompatible Dex-CeNP, which produced
strong CT/SPCCT contrast and protected cells against oxidative damage /n vitro. In vivo
imaging results showed that Dex-CeNP produced strong CT contrast in the GIT and
accumulated in tissues affected by colitis. ICP-OES and TEM confirmed the accumulation
of Dex-CeNP in the large intestine of colitis mice at 24 hrs post administration. Notably,
99.9 % and 97.6% of oral doses were cleared from the body within 24 hrs in healthy mice
and colitis mice, respectively. Therefore, Dex-CeNP has potential as a CT contrast agent for
GIT imaging as well as imaging IBD.

Materials and Methods

Dex-CeNP synthesis

Dex-CeNP was synthesized viaa precipitation method using ammonium hydroxide based on
a protocol published elsewhere.3% 53 In brief, 1 ml of 1 M cerium nitrate hexahydrate
(Sigma-Aldrich, St. Louis, MO) was dissolved in 2 ml of 0.1 M dextran solution (Dextran
T-10, Pharmacosmos, Holbaek, Denmark). Next, the mixture of cerium nitrate and dextran
solution was added dropwise to a 20 ml glass vial containing 6 ml of concentrated
ammonium hydroxide solution (28-30%, Sigma-Aldrich,) while stirring. Then the reaction
mixture was heated to 90 °C for 1 hour. After 1 hour of heating, the reaction mixture was
allowed to cool to room temperature and stirred overnight. The nanoparticle suspension was
then spun at 4000 rpm for 10 minutes to remove large aggregates. The supernatant was
transferred to ultra-filtration tubes (MWCO 100 kDa) for further washing with DI water.
After several washes with DI water, the solvent was changed to PBS and then stored at 4 °C
for future use.

Characterization

Hydrodynamic Diameter and Zeta Potential—The hydrodynamic diameter and zeta
potential of Dex-CeNP was measured using a Nano-ZS 90 (Malvern Instrument, Malvern,
UK). In brief, Dex-CeNP was diluted with DI water (75ul of Dex-CeNP from stock solution
was diluted to 3 ml with DI water). From the diluted samples, 1.5 and 1 ml were used for the
hydrodynamic diameter and zeta potential measurements, respectively.

Electron microscopy—Electron microscopy (EM) of Dex-CeNP was performed using a
JEOL 1010 microscope operating at 80 kV. Diluted Dex-CeNP was dropped onto the EM
grid (FCF-200-Cu, Electron Microscopy Sciences, Hatfield, PA) and the liquid was allowed
to dry before microscopy was performed. High-resolution electron micrographs were
collected using a JEOL 2010F microscope operating at 200 kV from Dex-CeNP mounted
onto 200 mesh Cu grids with lacy carbon films.

UV-visible spectroscopy—UV-visible spectra of Dex-CeNP were recorded using a UV-
visible spectrophotometer (Thermo-Fisher Scientific, USA). In brief, UV-visible spectra
were obtained from 1 ml of diluted Dex-CeNP.
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Powder X-ray diffraction—The X-ray diffraction (XRD) pattern of dried Dex-CeNP was
recorded using a Rigaku GiegerFlex D/Max-B X-ray diffractometer in the range of 20° to
90°. The instrument was operated at 45 kV and 30 mA using a radiation wavelength of 1.54
and a scan rate of 2° per minute.

Fourier transform infra-red spectroscopy—~Free dextran and Dex-CeNP were
characterized using Fourier transform infra-red spectroscopy (FT-IR, JASCO FT/IR-480
PLUS, Easton, MD, USA) performed in transmission mode. The samples were processed by
grinding with dry KBr and pressed into thin pellets.

Inductively coupled plasma optical emission spectroscopy—Inductively coupled
plasma optical emission spectroscopy (ICP-OES) was used to measure the cerium
concentrations in Dex-CeNP batches and also within tissue samples according to a protocol
published elsewhere.16 In brief, 10 pl of Dex-CeNP from the stock was placed in a 15 ml
tube, and then 1 ml concentrated nitric acid followed by 200 pl hydrogen peroxide (30%)
was added to tube. After complete dissolution of Dex-CeNP, the final volume in the tube
was adjusted to 10 ml with DI water. The cerium concentration was measured using an ICP-
OES system (Spectro Genesis ICP, Kleve, Germany).

Dex-CeNP phantom imaging with computed tomography

A Dex-CeNP phantom was constructed according to a protocol published elsewhere.>* In
brief, several concentrations from 0.5 to 10 mg/ml of Dex-CeNP, cerium nitrate hexahydrate
(both normalized to the mass of cerium), iopamidol, and gold nanoparticles were made in DI
water. From the stock of each concentration, 300 pl of each agent was placed into small
plastic tubes and the tubes were secured in a plastic rack with parafilm. Next, the rack was
placed in a plastic container, which was filled with water to 21 cm in height. The phantom
was scanned with a clinical CT scanner (Siemens SOMATOM Force 192-slice, Erlangen,
Germany). CT images were acquired at 80, 100, 120 and 140 kV tube voltages, with a slice
thickness of 0.5 mm, matrix size of 512 x 512, and field of view 37 x 37 cm. The x-ray tube
current was 360 mA for each tube voltage and convolution kernel Br 40d was used. The
images were analyzed using Osirix MD 64 bit software. The CT attenuation value in
Hounsfield units (HU) for each sample tube was recorded from three different slices and
averaged for each concentration. The data are presented as average CT attenuation values in
HU and CT attenuation rates (HU.ml/mg) of different agents. Error bars represent the
standard deviations. Samples were also scanned with a microCT system (Molecubes, Ghent,
Belgium). CT images were acquired using the following parameters, slice thickness 100 pum,
field of view 100 mm, tube voltage 50 kV, tube current 100 pA, and iterative reconstruction
kernel. Images were analyzed as above. Spectral photon-counting CT images were acquired
at 120 kV tube voltage, 100 mAs tube current and reconstructed with a slice thickness of
0.25 mm. A maximum-likelihood based material decomposition of the attenuation was used
to generate two spectral material images, /.e. cerium and water, both scaled in mg/ml,
allowing measurements of the concentration of each specific material. Conventional images
were also reconstructed for HU visualization such as for conventional CT. Further technical
details concerning the SPCCT system are provided in a previous study.®®
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In vitro cell viability

Cell Culture—HepG2 (human hepatocellular liver carcinoma), BJ5ta (human fibroblast),
C2BBel (human colorectal adenocarcinoma, epithelial) and J774A.1 (murine macrophage)
cells were purchased from ATCC (Manassas, VA, USA). HepG2 cells were maintained in a
culture medium of Eagle’s Minimum Essential Medium (EMEM, Gibco, Grand Island, NY
USA), 10% FBS, 45 1U/ml penicillin and 45 1U/ml streptomycin (Gibco). BJ5ta cells were
maintained in a culture medium containing 4 parts of Dulbecco’s Modified Eagle’s Medium
(DMEM), 1 part of medium 199, 10 % fetal bovine serum (FBS) (Gibco) and 0.01 mg/ml of
hygromycin B (Sigma-Aldrich). C2BBel and J774A.1 cells were maintained in a culture
medium of DMEM, 10% FBS, 45 1U/ml penicillin and 45 IU/ml streptomycin (Gibco), with
10 pg/ml human transferrin (Sigma-Aldrich) added to the C2BBel culture medium. The
cells were grown at 37 °C in 5% CO» humidified incubator.

Cell viability assay—The cytotoxicity of Dex-CeNP was analyzed using the MTS
((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-
tetrazolium)) assay (CellTiter 96 cell proliferation assay kit; Promega, Madison, WI, USA).
The assay was performed in 96 well flat bottom microplates (Corning, NY, USA), according
to previously published methods.® Three independent experiments were performed for each
concentration. The percentage of relative cell viability was calculated compared to control
and the data presented as mean = standard deviation (/= 3).

Protective effect of Dex-CeNP against oxidative damage

The protective effect of Dex-CeNP against oxidative damage was investigated in two
different cell types, 7.e. C2BBel and BJ5ta cells. The assay was performed in 96 well flat
bottom microplates. In brief, 10,000 cells in 100 pl of cell culture media were added to each
well of a 96 well plate, and then the 96 well plate was incubated in a CO, incubator for 24
hrs. After 24 hrs, the cells were washed with sterile PBS gently, and incubated with Dex-
CeNP, hydrogen peroxide or Dex-CeNP/hydrogen peroxide for 30 minutes. After 30
minutes, the cell culture media from each well was discarded, the cells washed with sterile
PBS, 100 pl of fresh cell culture media added to each well, and then incubated in a CO,
incubator for 24 hrs. At this point, cell viability was measured using the MTS assay
(described above in the “cell viability assay’ section). The percentage of relative cell
viability was calculated compared to control and the data presented as mean + standard
deviation (7= 3). The exposure concentration of hydrogen peroxide was 0.075 % and 0.0125
% for C2BBel and BJ5ta cells respectively, while the Dex-CeNP exposure concentration
was the same for both cell types, 7.e. 0.5 mg/ml. The exposure concentration of hydrogen
peroxide was different for C2BBel and BJ5ta cells, as their sensitivity to hydrogen peroxide
was found to be different.

In vivo characterization of Dex-CeNP

Animal experiments—/n vivo experimental protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Pennsylvania and were
carried out in accordance with all national or local guidelines and regulations. 7 weeks old
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C57BL/6 male and female mice were purchased from Jackson laboratory (Bar Harbor,
Maine, USA).

Acute dextran sodium sulfate colitis model—Acute dextran sodium sulfate colitis
(DSS-colitis) in mice was developed using dextran sodium sulfate (DSS) according a
published protocol.%8 On day 1, mice were weighed and numbered. The water supply of the
mouse cages was filled with 2 % (w/v) DSS (molecular weight: 36,000-50,000 Da, MP
Biomedicals, Irvine, CA) to induce colitis. Control mice received the same drinking water
without DSS. On day 3, the remaining DSS solution was removed from the cage water
bottles, which were refilled with fresh DSS solution. On day 5, the remaining DSS solution
was removed from the cage water bottles and was refilled with fresh DSS solution. On day
8, the remaining DSS solution was replaced by autoclaved water. After 8 days of DSS
treatment, the mice developed colitis in their large bowel.

In vivo imaging—/n vivo imaging experiments were performed with a microCT
(Molecubes, Gent, Belgium). Imaging experiments were performed using mice with and
without colitis (7= 6 per group, in each group 3 male and 3 female mice were used). In
brief, mice with or without colitis were scanned with microCT, and then either Dex-CeNP or
iopamidol was administered via gavage. The dose for Dex-CeNP or iopamidol was 250 mg
Ce or | /kg body weight. After Dex-CeNP or iopamidol administration, mice were scanned
at 5 minutes, 30 minutes, 60 minutes, 120 minutes, and 24 hrs. CT images were acquired
using the following parameters, slice thickness 100 um, field of view 100 mm, tube voltage
50 kV, tube current 100 pA, and iterative reconstruction kernel. The CT images were
analyzed using Osirix MD 64 bit software. The attenuation values in Hounsfield units (HU)
for stomach, small intestine and large intestine were recorded from three different slices and
averaged. The data is presented as the change in attenuation compared to pre-injection scan
(mean £ SD). Error bars are standard deviations.

Biodistribution—The biodistribution of Dex-CeNP was investigated in mice with or
without DSS-induced colitis and in each group 6 mice (3 male and 3 female) were used. At
24 hrs post Dex-CeNP administration, the mice were sacrificed and perfused viathe left
ventricle with 20 ml PBS. The liver, spleen, heart, stomach, small intestine, and large
intestine were collected. The stomach, small intestine and large intestine were flushed with
PBS to remove food materials. Next, the mass of each tissue was recorded, and the organs
were cut into small pieces. These tissue samples were transferred to glass tubes; 1 ml of
concentrated nitric acid was added to each tube and then incubated in an oven at 75 °C for
16 hrs. Next, 200 pl of concentrated hydrogen peroxide (30%) was added to each tube to
dissolve cerium oxide nanoparticles. After addition of hydrogen peroxide, the tubes were
incubated at 37 °C for another 2 hrs. Next, the volume in each tube was made to 10 ml with
DI water, prior to analyze the cerium concentration with ICP-OES. The result was presented
as mean + SD. Error bars are standard deviations.

Electron microscopy on tissue samples—Large intestine tissue samples from DSS-
induced colitis mice were acquired at 24 hrs post administration of Dex-CeNP. Tissues were
washed with cold PBS and then fixed in 2.5 % glutaraldehyde and 2 % paraformaldehyde in
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0.1 M sodium cacodylate buffer (pH 7.4) overnight at 4 °C. After subsequent buffer washes,
the samples were fixed with 2 % osmium tetroxide for 1 hr at room temperature. After 1 hr,
samples were rinsed with DI water prior to en bloc staining with 2 % uranyl acetate. Next,
samples were dehydrated using graded ethanol series. The tissue was then infiltrated and
embedded in EMbed-812 (Electron Microscopy Sciences, Fort Washington, PA). The
embedded tissue samples were sectioned using a DIATOME diamond knife. Thin sections
were stained with uranyl acetate and lead citrate, and examined with a JEOL 1010 electron
microscope.

Histopathology—Histological investigation on tissue samples from stomachs, small
intestines and large intestines was performed at 24 hrs post administration of Dex-CeNP or
PBS (as a negative control). Tissue samples (/.e. stomach, small intestine and large intestine)
were harvested, washed with cold PBS, and then cut into small pieces. Next, samples were
fixed in 10% neutral buffered formalin, and then dehydrated with ethanol. After dehydration,
tissue samples were embedded in paraffin, sectioned, and then stained with hematoxylin and
eosin (H&E). After staining, images were acquired with a Leica DM4000B upright
microscope paired with a Spot RT/SE slider camera.

All the experiments mentioned above were performed in triplicate (three independent
experiments). Statistical analysis was carried out viatwo-sample Student’s #tests (unequal
variance) and ANOVA tests using STATA 16 software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Characterization of Dex-CeNP. A) Schematic depiction of Dex-CeNP. B) Photograph of
Dex-CeNP suspended in PBS. C) UV-visble spectrum of Dex-CeNP. D) Transmission
electron micrograph (TEM) of Dex-CeNP. HR-TEM of a Dex-CeNP is shown in the white
boxed area. E) XRD pattern of Dex-CeNP. F) Fourier transform infra-red (FT-IR) spectra of
dextran (blue line) and Dex-CeNP (red line).
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Figure2.

Contrast generation from a Dex-CeNP phantom scanned with a clinical CT system. A) A
representative Dex-CeNP phantom image acquired at 80 kV. B) X-ray attenuation versus
mass concentration of cerium when Dex-CeNP were scanned with different tube voltages.
Error bars are standard deviations. Some error bars are not visible as they are obscured by
the data point. C) X-ray attenuation rates of different contrast agents. Error bars represent
standard errors.
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Figure 3.

Effect of Dex-CeNP on the viability of A) BJ5ta cells, B) J774A.1 cells, C) C2BBel cells,
and D) HepG2 cells. Data shown as mean + SD. Three independent experiments were
performed (n=3).
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The protective effect of Dex-CeNP against hydrogen peroxide induced oxidative damage in
cells. A) Schematic showing cerium oxide nanoparticles neutralizing hydroxyl free radicals
vig an oxidation-reduction cycle. Dex-CeNP protected B) C2BBel and C) BJ5ta cells from
hydrogen peroxide exposure (0.075% and 0.0125%, respectively). Data presented as mean *
SD. Three independent experiments were performed (n=3). ** indicates statistically

significant difference at p< 0.01.
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Figure5.
In vivo CT imaging of DSS-induced colitis mice administered Dex-CeNP or iopamidol. A)

Representative micro-CT images of colitis mice, pre and post oral administration of Dex-
CeNP or iopamidol. ‘S’ indicates the stomach, ‘SI” indicates the small intestine, and ‘LI’
indicates the large intestine. The yellow dashed oval indicates Dex-CeNP accumulation in an
area of colitis. B) CT attenuation in the GIT arising from administration of either Dex-CeNP
or iopamidol. Y-axis scale is the same for each graph. For each treatment group six mice (3
male and 3 female) were used. * indicates statistically significant differences at p < 0.05.
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Figure6:
Dex-CeNP accumulated in the inflamed large intestines of DSS-colitis mice. A)

Representative CT images of healthy or colitis mice at pre and 24 hrs post oral
administration of Dex-CeNP. The yellow dashed oval indicates CT contrast from Dex-CeNP
accumulated in the colitis affected region at 24 hrs. B) Graph showing CT attenuation in the
large intestines of healthy and DSS-colitis mice at the 24 hr time point. C) Cerium content in
the large intestines of healthy and colitis mice at 24 hrs post administration of Dex-CeNP. In
B and C, the data are presented as mean + SD. D) Representative electron micrographs of a
large intestine from a DSS-colitis mouse showing accumulation of nanoparticles at 24 hrs.
For each treatment group six mice (3 male and 3 female) were used. ** indicates statistically
significant differences at p< 0.01.
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Figure 7.
Histology of stomachs, small intestines and large intestines of healthy mice at 24 hrs post

Dex-CeNP or PBS administration. Scale bar is 200 um. For each treatment group six mice (3
male and 3 female) were used.
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