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Abstract: Cerium oxide nanoparticles (CONPs) have a unique surface redox chemistry that appears
to selectively protect normal tissues from radiation induced damage. Our prior research exploring
the biocompatibility of polymer-coated CONPs found further study of poly-acrylic acid (PAA)-coated
CONPs was warranted due to improved systemic biodistribution and rapid renal clearance. This
work further explores PAA-CONPs’ radioprotective efficacy and mechanism of action related to
tumor microenvironment pH. An ex vivo TUNEL assay was used to measure PAA-CONPs’ protection
of the irradiated mouse colon in comparison to the established radioprotector amifostine. [18F]FDG
PET imaging of spontaneous colon tumors was utilized to determine the effects of PAA-CONPs on
tumor radiation response. In vivo MRI and an ex vivo clonogenic assay were used to determine pH
effects on PAA-CONPs’ radioprotection in irradiated tumor-bearing mice. PAA-CONPs showed
excellent radioprotective efficacy in the normal colon that was equivalent to uncoated CONPs and
amifostine. [18F]FDG PET imaging showed PAA-CONPs do not affect tumor response to radiation.
Normalization of tumor pH allowed some radioprotection of tumors by PAA-CONPs, which may
explain their lack of tumor radioprotection in the acidic tumor microenvironment. Overall, PAA-
CONPs meet the criteria for clinical application as a radioprotective therapeutic agent and are an
excellent candidate for further study.

Keywords: radioprotective therapeutic agent; cerium oxide nanoparticles; PET imaging; MRI;
polymer coating; redox chemistry; biodistribution; pharmacokinetics

1. Introduction

Despite advances in cancer treatment using radiation therapy (RT), this modality of
treatment is inherently limited by damage to normal tissues surrounding the targeted
cancer. Side effects from normal tissue damage can drastically decrease the quality of life of
patients undergoing therapy [1–4]. Therapies that prevent collateral normal tissue damage
during RT, known as radioprotectors, can significantly benefit patients by enhancing the
therapeutic index and improving patient quality of life without sacrificing tumor control
probability [5].

The use of radioprotectors in the clinic has been limited due to the limited number
of compounds having the required properties for appropriate use in humans [6]. Firstly,
radioprotectors must protect normal tissues from radiation damage while preserving
radiation’s therapeutic effect on the tumor. They must also have a toxicity profile that is
not worse than the expected side effects from radiation treatment. Finally, they must have
an appropriate means of administration, i.e., oral or i.v., and be able to concentrate in the
normal tissues that would be exposed to radiation. Very few compounds have met these
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criteria and have been FDA-approved for use in humans to prevent radiation induced side
effects. One of these compounds is amifostine, a thiol derivative that acts as an antioxidant
and may also have actions to induce hypoxia and condense DNA to reduce radiation
damage, though mechanisms are not completely understood [7]. While amifostine has
been shown in the clinic to decrease side effects during head and neck cancer radiation, it
requires large doses and has a significant side effect profile on its own, which has prevented
its widespread adoption [6,8,9].

Cerium oxide nanoparticles (CONPs) are a radioprotective therapeutic candidate with
a long history of documented low toxicity and safe use in industrial and biomedical appli-
cations, including use in glass polishing, automotive catalytic convertors, UV absorption,
wound dressings, and as antibacterial/antiviral agents [10–15]. CONPs have shown great
promise in their application in medicine as free radical scavenging antioxidants, showing
effective reduction of disease progression and protection of tissues from oxidative and
inflammatory damage, as demonstrated in neuronal, ocular, heart, and numerous other
tissues [16–22]. This antioxidant activity stems from their unique surface chemistry con-
sisting of two oxidation states, Ce3+ and Ce4+, with oxygen vacancies, which allows them
to mimic the catalytic activity of enzymes such as superoxide dismutase (SOD), catalase,
oxidases, and peroxidases [22–25]. CONPs have also been shown to up-regulate the activity
of antioxidant enzymes such as SOD and peroxidase [26,27]. In effect, these properties of
CONPs allow them to reduce the oxidative damage that is ubiquitous in disease pathology.
Conversely, CONPs have also shown intrinsic application as anti-cancer agents, produc-
ing cytotoxic effects in several tumor types related to pro-oxidative effects and affecting
pathways linked to inflammation and apoptosis [22,28–32].

Among the many applications of their radical scavenging properties, one of the
most promising is protecting normal tissues during radiation therapy. CONPs have been
shown under many conditions to be excellent radioprotectors of several normal tissue
types [26,33–41]. For example, in similar studies assessing radioprotection of normal cell
culture lines, CONPs were able to increase the cell viability of fibroblasts by 20% following
6 MV photon irradiation to 4 Gy and of epithelial cells by 27% following 18 MV photon
irradiation to 3 Gy [33,34]. Ex vivo studies have also shown this protection of normal tissue.
CONPs administered intraperitoneally (i.p.) to mice prior to irradiation of the abdomen
to 20 Gy using 160 kV photons had a decrease in apoptotic colon crypt cells compared
to control [26]. CONPs given i.p. to mice before irradiation of the thorax to 18 Gy using
6 MV photons were able to significantly reduce neutrophile aggregation and lung tissue
collapse [35]. A similar study of mice treated with i.p.-injected CONPs prior to 15 Gy thorax
irradiation with 320 kV photons showed that CONPs decreased lung structural damage,
collagen deposition, inflammation, and vascular damage compared to control mice [36]. In
this same study, survival at 160 days from irradiation increased from 10% in untreated mice
to 90% in CONP-treated mice. Another study showed that mice exposed to a lethal dose of
7 Gy photon irradiation had increased survival if they were administered CONPs i.v. or i.p.
15 min before or after irradiation, indicating CONPs may also have some radiomitigating
effects [37]. These studies show the vast potential of CONPs as radioprotectors to reduce
the side effects of radiation therapy.

There have also been several studies that have shown CONPs’ other important charac-
teristic as a radioprotective therapeutic candidate, which is their lack of radioprotection of
cancer cells. In the above-mentioned study, the protection of fibroblasts was compared to
that of a breast cancer cell line for which CONPs showed no radioprotection [34]. CONPs
not only appear to lack protection for cancer cells but may also be radiosensitizing, which
has been demonstrated in pancreatic cancer and leukemia cell lines [42,43]. One possi-
ble mechanism for CONPs’ selective radioprotection of normal tissues is that CONPs’
pH-sensitive redox properties may cause them to become inactive in an acidic tumor mi-
croenvironment [44,45]. Oxidative anti-cancer effects of CONPs have also previously been
shown to be pH-dependent with high activity in weakly acidic environments at pH 5.0–7.0
and negligible at a physiologic pH of 7.4 [46].
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While CONPs show enormous potential as a radioprotective therapeutic candidate
based on their radioprotective properties, a significant limitation of CONPs is their tendency
to aggregate in aqueous and biofluid solutions in the absence of surface modification. In
animal studies, i.v. injected uncoated CONPs show poor distribution and clearance due
to this aggregation, leading to sequestration in the lungs on the first pass and significant
uptake by the reticuloendothelial system with concentration in the liver and spleen, with
similar results seen with i.p. and subcutaneous administration [12,47–49]. To create more
biocompatible formulations of CONPs, many studies have shown the benefits of using
a biocompatible polymer surface coating, which can prevent CONP aggregation and
precipitation [44–46,48,50–53]. Polymer composites of CONPs have been well studied and
have expanded CONPs applications to include CONP-filled scaffolds for tissue engineering,
CONP infused hydrogels for wound healing/dressing, and Layer-by-Layer microcapsules
containing CONPs for drug delivery [13,21]. Polymer composites can not only reduce
CONP toxicity but can also allow for tunable surface properties, stimulated and targeted
drug release, and improved biodistribution [21,48]. Overall, the development of CONP-
polymer composites can have a synergistic effect, enhancing their potential compared to
either alone [15,21,46].

Our prior work explored coating CONPs with several polymer coatings to reduce their
size and increase their biocompatibility [48,49]. Radionuclides such as 141Ce and 89Zr for la-
beling to enable in vivo SPECT/PET imaging and ex vivo gamma counting to demonstrate
improved biodistribution and clearance after i.v. injection in mice. Of the polymer-coated
CONPs, PAA-CONPs were found to have the most promising biocompatibility in terms of
biodistribution and pharmacokinetics [48]. Prior characterization of the PAA-CONPs used
in the current study showed their size by TEM measurement to be ~1 nm, hydrodynamic
size at ~4 nm, and zeta potential of ~−9.0 mV. By comparison, uncoated CONPs had a
TEM size of ~5 nm but a hydrodynamic size of ~160 nm due to aggregation and a zeta
potential of ~−22 mV. In vivo PET imaging and ex vivo biodistribution of 89Zr-doped
CONPs revealed PAA-CONPs’ ultrasmall size allowed for renal clearance of greater than
75% at 4 h while retaining excellent distribution to normal tissues without excess lung,
reticuloendothelial, or tumor uptake.

Prior data has also addressed concerns about the interaction of PAA-coated CONPs
with components of blood, which has the potential to lead to protein coating and affect
CONPs’ cellular interactions [54]. Plasma samples from mice injected with 89Zr-doped PAA-
CONPs were taken 2 h after injection and run through HPLC under conditions identical to
CONPs in aqueous solution with monitoring at 254 nm. While there were some distal peaks
likely representing the development of protein corona on a portion of the PAA-CONPs, the
primary peak seen from PAA-CONPs in aqueous solution remained the dominant peak
and was confirmed with the concurrent detection of the radioactive 89Zr signal [42]. These
results suggest the majority of PAA-CONPs were devoid of significant protein corona
after exposure in vivo, similar to a prior study of PAA-CONPs incubated in cell culture
media [50]. Another study showed there was protein adsorption to PAA-CONPs in bovine
serum albumin solution and cell culture media with fetal bovine serum, but this did not
significantly impact their hydrodynamic size, and they showed 90% retention of SOD and
catalase mimetic properties [55].

Other studies have been performed using PAA-coated CONPs that have also shown
promising results. PAA-coated CONPs have been previously shown to retain enzymatic
mimetic properties, reduce intracellular reactive oxygen species (ROS), and show no cy-
totoxic effect in osteoblasts at high doses [52]. A study of several surface-coated CONPs,
including PAA, revealed no interference with their ability to react with H2O2, and smaller-
diameter nanoparticles were more reactive toward H2O2 [53]. PAA-coated CONPs have
also been used as a platform to functionalize CONPs with a targeting ligand using con-
jugation of glycine-arginine-aspartic acid (cRGD) to increase their uptake in endothelial
cells, which did not impact their enzymatic properties and showed anti-inflammatory
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properties [56]. Based on this promising prior work, further investigation of PAA-CONPs
as a radioprotective therapeutic candidate is warranted.

As mentioned previously, prior studies have shown that polymer coated CONPs
appear to retain the autocatalytic ability of uncoated CONPs. However, it remains to be
demonstrated how efficacious coated CONPs are in comparison to uncoated CONPs in
terms of radiation protection in vivo. Due to the immense potential of polymer-coated
CONPs as a more biocompatible formulation, this work tests the radioprotective efficacy
of PAA-CONPs compared to uncoated CONPs and the established radioprotective agent
amifostine. In this study, we selected normal colon tissue to test these radioprotective
properties due to its high and acute radiosensitivity related to damage to mucosal stem
cells in the crypts of Lieberkuhn [1,26].

To further explore the mechanisms of CONPs radioprotection, and especially their
lack of protection against tumors, we designed experiments to test their redox properties at
varying pH. By testing PAA-CONPs’ pH-dependent redox properties in aqueous solution
as well as in vivo, we aim to further characterize the mechanisms by which CONPs may
preferentially protect normal tissues. We expect this better understanding of CONPs’
mechanisms of action will help inform future studies and determine the most appropriate
clinical applications for CONPs.

2. Materials and Methods
2.1. Synthesis of Coated and Uncoated CONPs

The synthesis of coated and uncoated CONPs was completed using methods described
previously [48]. All reactants were purchased from Sigma-Aldrich, St. Louis, MO, USA.
Briefly, CONPs with and without polymer coating were synthesized in a single pot co-
precipitation reaction with a solution of cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O,
16.7 mM, 150 µL) added to a solution of ammonium hydroxide (NH4OH, 1.45 M, 150 µL).
Prior to addition to ammonium hydroxide, poly(acrylic acid) (PAA, Mw ~1800, 2.5 mg) was
added to the cerium salt solution for polymer coating, while no additions were made for
uncoated CONPs. The solutions were stirred for >20 h at room temperature, and unreacted
reactants were removed by filtering four times through 30,000 and 3000 MWCO filters (Mil-
liporeSigma, Burlington, MA, USA) for uncoated and PAA coating, respectively. The cut-off
solution was collected and diluted with deionized water. Concentration was measured by
inductively coupled plasma-optical emission spectrometry (ICP-OES) measurement on a
Vista-MPX CCD Simultaneous ICP-OES (Varian, Palo Alto, CA, USA).

2.2. Spontaneous Colon Tumor Model

All animal experiments were performed according to the policies and guidelines of
the Animal Care and Use Committee (IACUC) at Virginia Commonwealth University, and
the procedures followed were in accordance with institutional guidelines and humane
care. Colorectal cancer was induced in adult female C57BL/6 mice (NCI, Rockville, MD,
USA). Mice were i.p. injected with 15 mg/kg of the carcinogen azoxymethane, followed
by three cycles of colitis induction with DSS in drinking water (2% w/v) over 10 weeks, as
previously described [57].

2.3. Mouse Irradiation

Two systems were used for the irradiation of mice. A Cesium-137 (137Cs) source was
used for whole body mouse irradiation (Gammacell 40 research irradiator, MDS Nordion,
Toronto, ON, Canada), with mice receiving a single whole body dose of 10 Gy. The small
animal radiation research platform (SARRP, Xstrahl Inc., Suwanee, GA, USA) was used for
localized stereotactic mouse irradiation to 10 Gy in a single fraction. SARRP irradiation
of the mouse colon was performed on anesthetized mice (2% isoflurane in oxygen) using
220 kV photons at 13 mA targeted to the midline mouse colon. Onboard imaging using
cone beam CT (65 kV, 1 mA) allowed for tissue density calculation for dosimetry and
anatomic delineation of tissues. Beams were targeted from the mouse rectum to 3 cm
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cranial using 2 orthogonal beam positions at each of 3 isocenters 1 cm apart using a 1 cm
square collimator. The first isocenter was selected to cover the entire rectum, and each
subsequent isocenter was placed exactly 1 cm cranially. Two orthogonal beams were used
at each beam location at 45◦ and −45◦ to prevent high surface dose deposition and avoid
attenuation of the beam by the spine. SARRP irradiation of xenograft tumor-bearing mice
with tumors on their rear flanks was performed on anesthetized mice using a single beam
position at 0◦ and a 1 cm square collimator.

2.4. CONP, Amifostine, and Sodium Bicarbonate Treatment

CONPs were administered to mice at a dose of 1 mg/kg (cerium mass) in 200 µL saline
by tail vein injection. Amifostine (Sigma-Aldrich, St. Louis, MO, USA) was administered to
mice at a dose of 400 mg/kg in 200 µL of saline by tail vein injection. This dosing was based
on a prior clinical trial that showed protection by amifostine in non-Hodgkin’s lymphoma
patients who were administered a dose of 740 mg/m2, which approximately converts to
400 mg/kg in mice [9]. For irradiated mice, CONPs and amifostine were injected 2 h prior
to treatment. Sodium bicarbonate was administered to mice with 700 µL of 1 M sodium
bicarbonate solution by oral gavage. Based on the response of tumor pH in the literature,
mice were administered sodium bicarbonate three hours prior to irradiation [58].

2.5. Ex Vivo Normal Colon Tissue Analysis

A fluorescent terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay (ApopTag Fluorescein In Situ Apoptosis Detection Kit, MilliporeSigma, Burlington,
MA, USA) was used to measure apoptosis in mouse colon tissue. Mice were separated
into groups of control, irradiation only (n = 3), PAA-CONP pre-treatment plus irradiation
(n = 6), and uncoated CONP pre-treatment plus irradiation (n = 3). Amifostine pre-treated
animals were also irradiated to compare CONPs to an established radioprotective drug
(n = 3). Following SARRP irradiation of the mouse colons, all mice were sacrificed at 4 h
based on prior research showing this time point has maximally evident apoptosis in mouse
colons [59]. The mouse colons were then excised and frozen in an optimal cutting tempera-
ture (OCT) compound as a “swiss roll”, as previously described [60]. Colon cryosections
were created at 6 µm on a cryostat (Leica Biosystems, Deer Park, IL, USA), placed on a
microscope slide, and preserved at −20 ◦C until staining. The slides were stained using
the ApopTag assay and counterstained with DAPI (MilliporeSigma, Burlington, MA, USA)
for nuclear staining in Vectashield mounting media (Vector Laboratories, Inc., Newark,
CA, USA). Analysis of colon slides was completed in ImageJ 1.54d (NIH, Rockville, MD,
USA) by using threshold quantification of staining area after artifact removal. The ratio of
apoptosis staining to nuclear staining was used to determine the apoptotic index.

2.6. In Vivo PET/CT [18F]FDG Imaging of Spontaneous Colon Tumors

To evaluate the effects of CONPs on tumor response to radiation, [18F]FDG PET
imaging was used before and after SARRP irradiated spontaneous colon tumor bearing
mice using a pre-clinical PET/CT system (Siemens Healthcare, Malvern, PA, USA). Mice
were separated into groups of control, irradiation only, PAA-CONP pre-treatment plus
irradiation, or uncoated CONP pre-treatment plus irradiation (n = 3). An initial scan
of spontaneous colon tumor-bearing mice provided a baseline of metabolic activity in
the tumors. One day after [18F]FDG PET imaging, the colons were irradiated on the
SARRP. Two weeks after irradiation, [18F]FDG PET imaging was repeated to determine
tumor response.

Analysis of [18F]FDG PET images was completed in Inveon Research Workplace 4.1
(Siemens Healthcare, Malvern, PA, USA). Regions of interest (ROIs) were created in the
coronal plane outlining the colon tumors, careful to avoid inclusion of the bladder due to
the high urine content of [18F]FDG. Tumor volumes were determined using a threshold
standardized uptake value (SUV) of 2.5 for all images, which corrects for the injected dose
and body weight of the animal and excludes surrounding [18F]FDG tissue uptake.
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2.7. CONP Autocatalytic Activity

To determine the effect of pH on the autocatalytic activity of PAA-CONPs, solutions
were prepared at 0.5 mg/mL in buffered solutions of pH 7.4, 7.0, and 6.6. Using previously
described methods, the solution absorption at wavelength 420 nm was measured before
and immediately following the addition of 7.5 mM H2O2 using a multiwell plate reader
(Beckman Coulter DTX880, Brea, CA, USA) (n = 4) [48]. Increased optical density (O.D.) at
420 nm wavelength is an indicator of the presence of stable ceric peroxides on the surface of
CONPs [22,51]. Therefore, the change in optical density (O.D.) at 420 nm after reaction with
H2O2 is a surrogate for the redox capacity of the nanoparticles, with lower O.D. indicating
decreased ability to react with H2O2.

2.8. Xenograft pH Measurement

Athymic nude mice (NCI, Rockville, MD, USA) were implanted subcutaneously with
2.5 million HCT-116 colon cancer cells in matrigel in their rear flanks. A micro pH electrode
probe with a needle tip (ORION® Needle Tip Micro Combination pH Electrode, Thermo
Fisher Scientific, Waltham, MA, USA) was used to determine the pH of the xenograft
tumors with and without sodium bicarbonate pre-treatment (n = 4). Mice were anesthetized
(2% isoflurane in oxygen) and the needle probe was inserted into the tumors for direct
measurement of pH. Mice were sacrificed immediately following the measurement of pH.

2.9. MRI Imaging of Xenograft Tumors

A 7 T pre-clinical MRI scanner (Bruker, Billerica, MA, USA) was used to take T2-
weighted scans using a 72 mm volume coil of HCT-116 xenograft bearing athymic mice
before and 2 weeks following irradiation under several conditions. During scans, mice were
anesthetized with 2% isoflurane in oxygen, and cardiac and breath rate monitoring was
used to monitor vitals. Mice were separated into groups of control, irradiation only, sodium
bicarbonate pre-treatment plus irradiation, PAA-CONP pre-treatment plus irradiation, and
sodium bicarbonate and PAA-CONP pre-treatment plus irradiation (n = 3). Using ImageJ
and the plugin VolumEst, the tumor volume was determined, and the percent change in
volumes before and after irradiation was calculated [61].

2.10. Clonogenic Assay of Xenograft Tumors

An ex-vivo clonogenic assay of HCT-116 xenografts was used to determine tumor
response to irradiation. Xenograft bearing mice were separated into groups of control, PAA-
CONP treatment only, irradiation only, sodium bicarbonate pre-treatment plus irradiation,
PAA-CONP pre-treatment plus radiation, and sodium bicarbonate and PAA-CONP pre-
treatment plus irradiation (n = 3). Mice were given a whole-body radiation dose of 10 grays
from the 137Cs source. Immediately after irradiation, tumors were excised, minced, and
incubated in a solution of 0.25% trypsin and 0.002% DNase I in FBS-free DMEM/high
glucose media at 37 ◦C for 20 min. After incubation, cells were pelleted, counted, and
plated at 500 or 5000 cells per dish in 10 cm2 dishes for non-irradiated and irradiated
tumors, respectively. Dishes were incubated for 14 days for colony growth, after which
dish media was removed and the colonies were fixed with methanol/acetic acid for 10 min
and stained with crystal violet (0.5%). Colonies of greater than 50 cells were counted, and
plating efficiency was calculated for each dish. Percent cell survival was calculated based
on the plating efficiency of untreated xenografts, which was normalized to 100%.

2.11. Statistical Methods

Statistical analysis was performed using a two-tailed Student’s t-test. A p value of
<0.05 is considered statistically significant. Microsoft Excel 2016 (Microsoft, Redmond, WA,
USA) was used for all statistical analyses.



Pharmaceutics 2023, 15, 2144 7 of 15

3. Results
3.1. Normal Mouse Colon Response to Irradiation with PAA-CONP, Uncoated CONP, and
Amifostine Pre-Treatment

Apoptotic indices were calculated for normal colon tissue from untreated control mice,
irradiated mice, and mice pre-treated with PAA-CONP, uncoated CONP, and amifostine
prior to irradiation and are presented in Figure 1. The apoptotic index was significantly
increased in all irradiated animals compared to non-irradiated controls (p < 0.01). Compared
to irradiation alone, all of the pre-treatments with PAA-CONP, uncoated CONP, and
amifostine showed similar significant decreases in the apoptotic index of over 50% (p < 0.05).
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Figure 1. Effect of CONPs and amifostine on apoptosis in irradiated mouse colons. (A) Fluorescent
imaging of mouse colons stained for nucleus (DAPI) and apoptosis (ApopTag) reveals the localization
and extent of apoptosis. Control colons show little apoptosis staining, while irradiated colons
show significant apoptosis in the region of colon crypt stem cells. (B) Calculation of the apoptotic
index reveals low-level apoptosis in control colons, the highest apoptosis in the irradiated colons,
and significant decreases in apoptosis in the colons of mice pre-treated with CONPs or amifostine,
indicating significant radioprotection under these conditions. (Mean ± SEM, n = 3–6, * p < 0.05 vs.
Control, ** p < 0.05 vs. IR Only).

3.2. [18F]FDG PET Imaging of Colon Tumor Response to Irradiation with PAA-CONP and
Uncoated CONP Pre-Treatment

Changes in the volume of spontaneous colon tumors over the course of 2 weeks were
calculated based on [18F]FDG PET imaging of untreated control mice, irradiated mice, and
mice pre-treated with PAA-CONP and uncoated CONP prior to irradiation. Figure 2 shows
that irradiation caused significant tumor regression in all animals compared to control
(p < 0.05). Tumor volume changes were not statistically significant between irradiated mice
versus either of the CONP treatments, though uncoated CONPs showed a trend toward
poorer tumor control (p = 0.07 vs. irradiation alone).
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Figure 2. [18F]FDG PET measured effects of CONPs on spontaneous colon tumor response to
radiation. (A) Representative [18F]FDG PET images of a mouse bearing spontaneous colon tumors
before and 2 weeks after stereotactic irradiation of the colon to 10 Gy. Images demonstrate the
decreased [18F]FDG uptake in tumors after irradiation, indicating decreased metabolic activity and
response to irradiation. (B) Irradiated tumors showed a decrease in functional tumor volume, but
only PAA-CONP pre-treatment showed the same level of tumor control compared to irradiation
alone. (Mean ± SEM, n = 3, * p < 0.05 vs. Control).

3.3. pH-Dependent Redox Reaction of PAA-CONP

PAA-CONPs in buffered solutions of pH 7.4, 7.0, and 6.6 demonstrate decreased
redox capacity with decreasing pH and are presented in Figure 3. PAA-CONPs showed
a significant 7.6% decrease in O.D. (surrogate for redox capacity) at pH 7.0 versus pH 7.4
(p < 0.05) and a further significant decrease of 48% at pH 6.6 versus pH 7.4 (p < 0.00005).

The efficacy of sodium bicarbonate oral gavage to change tumor pH was tested by
using a needle pH electrode to probe HCT-116 xenograft tumors on untreated control mice
and mice pre-treated with sodium bicarbonate oral gavage. Tumor pH values for untreated
mice ranged from 6.57 to 7.19, with an average pH of 6.93. Tumor pH for mice pre-treated
with sodium bicarbonate ranged from 7.20 to 7.33, with an average pH of 7.24, significantly
higher than the pH of tumors from untreated mice (p < 0.00001).

3.4. Sodium Bicarbonate and PAA-CONP Pre-Treatment Effects on Irradiated Xenograft Tumors

A comparison of the change in tumor volume of HCT-116 xenograft tumors, measured
by MRI, between untreated control, and several irradiation conditions is presented in
Figure 4. Irradiation caused decreased growth in all groups, though this was statistically
significant only for tumors treated with irradiation alone and those pre-treated with sodium
bicarbonate alone or PAA-CONP alone followed by irradiation (p < 0.05). When combined,
sodium bicarbonate treatment followed by PAA-CONP treatment and then irradiation
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showed a trend toward increased tumor growth compared to the other irradiation groups,
though this was not statistically significant.
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Figure 3. Impact of pH on PAA-CONPs’ redox reaction with H2O2. PAA-CONPs’ absorbance,
monitored at 420 nm, was measured before and after addition of H2O2 in pH buffered solutions of
pH 7.4, 7.0, and 6.6 to determine redox capacity (increased O.D. at 420 nm indicates formation of
stable surface ceric peroxides). Compared to pH 7.4, PAA-CONPs showed decreased redox capacity
at pH 7.0 and an even further decrease at pH 6.6, indicating a strong correlation between pH and
CONP redox capacity. (Mean ± SEM, n = 4, * p < 0.05 vs. pH 7.4, ** p < 0.00005 vs. pH 7.4).
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Figure 4. Effects of PAA-CONP and bicarbonate administration on tumor volume as measured from
T2-weighted MRI. (A) Representative T2-weighted MRI slices from a mouse with HCT-116 colon
cancer xenografts on the right and left flanks with the left flank irradiated show less tumor growth
and increased edema (white) in the irradiated tumor at 2 weeks. (B) Tumor volumes were measured
in ImageJ from MRI scans prior to and 2 weeks following irradiation using the plugin VolumEst.
While tumors irradiated under all conditions showed a decrease in tumor growth compared to control,
this was not statistically significant when mice were co-administered bicarbonate and PAA-CONP.
(Mean ± SEM, n = 3, * p < 0.05 vs. Control).
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A comparison of cell survival of HCT-116 xenograft tumors between untreated control
and several irradiation conditions is presented in Figure 5. PAA-CONP-treated xenograft
tumors showed no significant effect of PAA-CONP on tumor growth versus control (not
shown, p = 0.21). Irradiated xenografts showed a significant decrease in cell survival
under all conditions compared to control (p < 0.0005). For irradiated xenografts, both
sodium bicarbonate and PAA-CONP pre-treatment caused a further decrease in cell survival
compared to irradiation alone (p < 0.05). When mice were pre-treated with both sodium
bicarbonate and PAA-CONP, this decrease was absent, the tumor showed similar survival
as irradiation alone (p = 0.41), and the survival was significantly increased compared to
both sodium bicarbonate alone and PAA-CONP alone (p < 0.05).
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Figure 5. Effects of PAA-CONP and bicarbonate administration on the cell survival of irradiated
xenograft HCT-116 tumors. Irradiated tumors showed significantly decreased cell survival compared
to controls. Tumors from mice treated with PAA-CONP or bicarbonate before irradiation showed a
further decrease in cell survival compared to tumors that were only irradiated. When treated with
both bicarbonate and PAA-CONP, tumors showed an increase in cell survival compared to irradiated
tumors treated with either alone. (Mean ± SEM, n = 3, * p < 0.0005 vs. Control, ** p < 0.05 vs. IR Only,
*** p < 0.05 vs. IR + Bicarb and IR + PAA-CONP).

4. Discussion

Expanding on prior work that showed the increased biocompatibility of PAA-CONPs,
this work explores the radioprotective properties of PAA-CONPs compared to uncoated
CONPs and the established radioprotective therapeutic agent amifostine. Both uncoated
CONPs and PAA-CONPs were able to significantly reduce apoptosis in irradiated normal
mouse colons with efficacy comparable to amifostine. These results indicate the PAA-
coating does not interfere with the surface redox properties of CONPs, and PAA-CONPs
are able to yield the same efficacy for radioprotection as uncoated CONPs. Being the most
critical aspect of a radioprotective drug, the protection of normal tissue, it is encouraging
to see that both formulations showed this property at the same level of radioprotection as
amifostine. Notably, this effect was seen at a much lower total dose of CONPs (1 mg/kg of
cerium weight) compared to amifostine (400 mg/kg).

The level of radioprotection observed with uncoated CONPs was comparable to PAA-
CONPs. This is slightly surprising based on prior biodistribution results of uncoated
CONPs and PAA-CONPs, with PAA-CONPs showing uptake in mouse colons that is over
5 times greater than uncoated CONPs at the same administered dose [48]. However,
this may be due to a threshold dose for protection that is significantly lower than that
administered in this study. Further testing of radioprotection across several doses would be
needed to determine a dose-response curve and ascertain if PAA-CONPs can outperform
uncoated CONPs at lower doses.
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[18F]FDG PET imaging of spontaneous colon tumors before and after irradiation with
PAA-CONPs and uncoated CONPs pre-treatment showed that both did not prevent tumor
regression after irradiation. However, pre-treatment with uncoated CONPs resulted in
less tumor regression than pre-treatment with PAA-CONPs or irradiation alone. While not
statistically significant, this trend may indicate some radioprotection by uncoated CONPs,
which may impact tumor control and clinical outcomes. PAA-CONP treatment, however,
showed the same level of tumor regression compared to irradiation alone, indicating it
showed no protection of the tumor. This property makes them ideal for clinical application
to ensure their action as a radioprotective drug does not adversely affect tumor control
during radiation therapy.

A study of the pH-related redox properties of PAA-CONPs revealed that a modest
change in pH environment causes PAA-CONPs to have a significant decrease in their ability
to react with radicals in solution. With this drastic decrease in redox capacity in solution, it
is reasonable to expect that CONPs have their redox properties compromised in an acidic
tumor microenvironment. Indeed, the pH range seen on probing of HCT-116 xenografts
demonstrates the tumor microenvironment can reach pH as low as 6.6, a pH that appears
to reduce CONPs’ redox capacity by nearly 50% in solution.

pH normalization with sodium bicarbonate treatment was validated on pH probe
tumor measurements, which showed tumors reached a near physiologic pH of over
7.2 compared to a pH of 6.9 in untreated tumors. MRI tumor volume measurements
before and 2 weeks after irradiation revealed a trend that a pH-normalized tumor mi-
croenvironment seems to prevent tumor control at the same level as irradiation without
manipulation of the pH of the tumor microenvironment. This may indicate that the normal-
ized pH allows PAA-CONPs to regain some of their radioprotective properties, leading to
poorer tumor control after irradiation. The lack of statistical significance when comparing
MRI tumor volume changes with and without bicarbonate pre-treatment is likely due to
the confounding of the volume measurements by the presence of edema and necrosis.
Edema was seen in the 2 week follow up images of all irradiated tumors and can be seen
as bright white in the T2-weighted image in Figure 4A at 2 weeks after irradiation. The
likely presence of necrosis in the tumors after irradiation would also contribute to the total
volume calculation. Both edema and necrosis would add to the calculated tumor volume,
but not represent viable tumors, making it more difficult to extract the true tumor response
from the data.

By also performing this pH normalization study using ex vivo clonogenic plating,
the limitations of MRI were eliminated, and statistically significant trends were able to
be identified. The cell survival data confirms that the trend seen on MRI of PAA-CONPs
regaining radioprotection at a normalized pH is statistically significant. Pre-treatment
with both bicarbonate and PAA-CONPs led to increased cell survival compared to either
treatment alone. These results further demonstrate the likelihood of pH playing a significant
role in the mechanisms behind CONPs lack of radioprotection of tumor tissue. While there
are likely more mechanisms involved in the lack of radioprotection of tumor tissue by
CONPs, these results show that further study of the effects of pH change on CONPs’
radioprotection is warranted to further elucidate their mechanism of action.

Interestingly, the clonogenic plating assay also showed that both sodium bicarbonate
and PAA-CONP produced radiosensitization, with both being associated with significantly
decreased cell survival compared to irradiation alone. Radiosensitization by bicarbonate
exposure may warrant further study, as bicarbonate treatment has been previously shown
to be associated with decreased metastases in a prostate cancer mouse model, though not in
melanoma [62]. As mentioned earlier, radiosensitization by CONPs has been demonstrated
previously in pancreatic cancer and leukemia cell lines [42,43]. The absence of radiosen-
sitization CONPs in the [18F]FDG PET data from irradiated spontaneous colon tumors
may indicate this property is only present in certain tumor types or under certain tumor
microenvironment conditions. A study of CONPs anchored to graphdiyne and used in
cell culture and xenograft tumors has suggested that O2 production from CONPs’ catalase-
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mimic activity may alleviate hypoxia and increase radiation effectiveness in tumors [63].
Further study will still be needed to further determine the CONP properties and tumor
characteristics that can lead to reliable radiosensitization by CONPs.

5. Conclusions

This research suggests that PAA-CONPs have similar radioprotective efficacy as the
established radioprotective therapeutic agent amifostine by showing equivalent protection
of normal mouse colon tissue. This work also demonstrates that PAA-CONPs do not
show protection of tumor tissue in both spontaneous and xenograft colon tumor models
using in vivo [18F]FDG PET and MR imaging and an ex vivo clonogenic assay. This lack
of radioprotection in tumors seems to be related to their reduced redox potential when
exposed to the lower pH of the tumor microenvironment. Building on prior research,
the results of this study demonstrate that PAA-CONPs appear to meet all the criteria of
an ideal radioprotective therapeutic agent. While further toxicity studies are warranted,
prior research has shown CONPs have a limited toxicity profile, and the dose of CONPs
used in this study was well tolerated with no clinically evident adverse effects seen in
treated mice. Further dose-response investigation is also warranted, but our study shows
that CONPs exhibited their radioprotective effects at a dose much less than the dose of
amifostine used, which was chosen to be comparable to the therapeutic dose in humans.
With their low-dose efficacy, excellent biodistribution, and favorable pharmacokinetics
with rapid renal clearance, the overall toxicity of PAA-CONPs may be much less than that
seen with amifostine while affording the same radioprotective effects and not interfering
with tumor control during radiation therapy. Overall, PAA-CONPs appear to be excellent
radioprotective therapeutic candidates worthy of future study.

Author Contributions: Conceptualization, P.R.M., S.G. and J.Z.; MRI methodology, V.V. and P.R.M.;
PET imaging methodology, S.G. and P.R.M.; irradiation and cell study methodology, C.R. and P.R.M.;
formal analysis, P.R.M.; writing—original draft preparation, P.R.M.; writing—review and editing,
P.R.M., J.Z., S.G., C.R. and V.V.; project administration, J.Z.; funding acquisition, P.R.M. and J.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Society of Nuclear Medicine and Molecular Imaging (SN-
MMI) Predoctoral Molecular Imaging Scholar Grant, supported by the Education and Research Foun-
dation for Nuclear Medicine and Molecular Imaging (EFNMMI). This research was also funded by the
National Cancer Institute/NIH/DHHS, grant numbers 1F30CA186613-01A1 and 5F30CA186613-02.

Institutional Review Board Statement: All animal experiments were performed according to the
policies and guidelines of the Institutional Animal Care and Use Committee (IACUC) at Virginia
Commonwealth University, and the procedures followed were in accordance with institutional
guidelines and humane care. Experiments were performed under protocol numbers AD20170
and AM10185.

Informed Consent Statement: Not applicable.

Data Availability Statement: No publicly archived datasets were produced from the data collected
for this study. Original data are available from the corresponding author upon request.

Acknowledgments: The authors would like to thank Li Wang for technical assistance and support in
experimental work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. O’Reilly, M.; Mellotte, G.; Ryan, B.; O’Connor, A. Gastrointestinal Side Effects of Cancer Treatments. Ther. Adv. Chronic Dis. 2020,

11, 2040622320970354. [CrossRef]
2. Dilalla, V.; Chaput, G.; Williams, T.; Sultanem, K. Radiotherapy Side Effects: Integrating a Survivorship Clinical Lens to Better

Serve Patients. Curr. Oncol. 2020, 27, 107–112. [CrossRef] [PubMed]
3. Brook, I. Late Side Effects of Radiation Treatment for Head and Neck Cancer. Radiat. Oncol. J. 2020, 38, 84–92. [CrossRef]

https://doi.org/10.1177/2040622320970354
https://doi.org/10.3747/co.27.6233
https://www.ncbi.nlm.nih.gov/pubmed/32489253
https://doi.org/10.3857/roj.2020.00213


Pharmaceutics 2023, 15, 2144 13 of 15

4. Hauth, F.; De-Colle, C.; Weidner, N.; Heinrich, V.; Zips, D.; Gani, C. Quality of Life and Fatigue before and after Radiotherapy in
Breast Cancer Patients. Strahlenther. Onkol. 2021, 197, 281–287. [CrossRef]

5. Liu, L.; Liang, Z.; Ma, S.; Li, L.; Liu, X. Radioprotective Countermeasures for Radiation Injury (Review). Mol. Med. Rep. 2023,
27, 66. [CrossRef]

6. Obrador, E.; Salvador, R.; Villaescusa, J.I.; Soriano, J.M.; Estrela, J.M.; Montoro, A. Radioprotection and Radiomitigation: From the
Bench to Clinical Practice. Biomedicines 2020, 8, 461. [CrossRef] [PubMed]

7. Kouvaris, J.R.; Kouloulias, V.E.; Vlahos, L.J. Amifostine: The First Selective-Target and Broad-Spectrum Radioprotector. Oncologist
2007, 12, 738–747. [CrossRef]

8. Brizel, D.M.; Wasserman, T.H.; Henke, M.; Strnad, V.; Rudat, V.; Monnier, A.; Eschwege, F.; Zhang, J.; Russell, L.; Oster, W.; et al.
Phase III Randomized Trial of Amifostine as a Radioprotector in Head and Neck Cancer. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol.
2000, 18, 3339–3345. [CrossRef]

9. De Souza, C.A.; Santini, G.; Marino, G.; Nati, S.; Congiu, A.M.; Vigorito, A.C.; Damasio, E. Amifostine (WR-2721), a Cytoprotective
Agent during High-Dose Cyclophosphamide Treatment of Non-Hodgkin’s Lymphomas: A Phase II Study. Braz. J. Med. Biol. Res.
Rev. Bras. Pesqui. Medicas E Biol. 2000, 33, 791–798. [CrossRef] [PubMed]

10. Dahle, J.T.; Arai, Y. Environmental Geochemistry of Cerium: Applications and Toxicology of Cerium Oxide Nanoparticles. Int. J.
Environ. Res. Public Health 2015, 12, 1253–1278. [CrossRef]

11. Emam, M.H.; Elezaby, R.S.; Swidan, S.A.; Loutfy, S.A.; Hathout, R.M. Cerium Oxide Nanoparticles/Polyacrylonitrile Nanofibers
as Impervious Barrier against Viral Infections. Pharmaceutics 2023, 15, 1494. [CrossRef]

12. Kalyanaraman, V.; Naveen, S.V.; Mohana, N.; Balaje, R.M.; Navaneethakrishnan, K.R.; Brabu, B.; Murugan, S.S.; Kumaravel, T.S.
Biocompatibility Studies on Cerium Oxide Nanoparticles—Combined Study for Local Effects, Systemic Toxicity and Genotoxicity
via Implantation Route. Toxicol. Res. 2019, 8, 25–37. [CrossRef]

13. Sadidi, H.; Hooshmand, S.; Ahmadabadi, A.; Javad Hosseini, S.; Baino, F.; Vatanpour, M.; Kargozar, S. Cerium Oxide Nanoparticles
(Nanoceria): Hopes in Soft Tissue Engineering. Molecules 2020, 25, 4559. [CrossRef]

14. Qi, M.; Li, W.; Zheng, X.; Li, X.; Sun, Y.; Wang, Y.; Li, C.; Wang, L. Cerium and Its Oxidant-Based Nanomaterials for Antibacterial
Applications: A State-of-the-Art Review. Front. Mater. 2020, 7, 213. [CrossRef]

15. Muzata, T.S.; Gebrekrstos, A.; Orasugh, J.T.; Ray, S.S. An Overview of Recent Advances in Polymer Composites with Improved
UV-Shielding Properties. J. Appl. Polym. Sci. 2023, 140, e53693. [CrossRef]

16. Stephen Inbaraj, B.; Chen, B.-H. An Overview on Recent in Vivo Biological Application of Cerium Oxide Nanoparticles. Asian J.
Pharm. Sci. 2020, 15, 558–575. [CrossRef] [PubMed]

17. Danish, S.M.; Gupta, A.; Khan, U.A.; Hasan, N.; Ahmad, F.J.; Warsi, M.H.; Ali, A.M.A.; Zafar, A.; Jain, G.K. Intranasal Cerium
Oxide Nanoparticles Ameliorate Cognitive Function in Rats with Alzheimer’s via Anti-Oxidative Pathway. Pharmaceutics 2022,
14, 756. [CrossRef]

18. Heckman, K.L.; DeCoteau, W.; Estevez, A.; Reed, K.J.; Costanzo, W.; Sanford, D.; Leiter, J.C.; Clauss, J.; Knapp, K.; Gomez, C.; et al.
Custom Cerium Oxide Nanoparticles Protect against a Free Radical Mediated Autoimmune Degenerative Disease in the Brain.
ACS Nano 2013, 7, 10582–10596. [CrossRef] [PubMed]

19. Zhou, X.; Wong, L.L.; Karakoti, A.S.; Seal, S.; McGinnis, J.F. Nanoceria Inhibit the Development and Promote the Regression of
Pathologic Retinal Neovascularization in the Vldlr Knockout Mouse. PLoS ONE 2011, 6, e16733. [CrossRef]

20. Niu, J.; Azfer, A.; Rogers, L.M.; Wang, X.; Kolattukudy, P.E. Cardioprotective Effects of Cerium Oxide Nanoparticles in a
Transgenic Murine Model of Cardiomyopathy. Cardiovasc. Res. 2007, 73, 549–559. [CrossRef] [PubMed]

21. Shcherbakov, A.B.; Reukov, V.V.; Yakimansky, A.V.; Krasnopeeva, E.L.; Ivanova, O.S.; Popov, A.L.; Ivanov, V.K. CeO2 Nanoparticle-
Containing Polymers for Biomedical Applications: A Review. Polymers 2021, 13, 924. [CrossRef]

22. Shcherbakov, A.B.; Zholobak, N.M.; Ivanov, V.K. 8—Biological, Biomedical and Pharmaceutical Applications of Cerium Oxide. In
Cerium Oxide (CeO2): Synthesis, Properties and Applications; Metal Oxides; Scirè, S., Palmisano, L., Eds.; Elsevier: Amsterdam, The
Netherlands, 2020; pp. 279–358. ISBN 978-0-12-815661-2.

23. Yang, Y.; Mao, Z.; Huang, W.; Liu, L.; Li, J.; Li, J.; Wu, Q. Redox Enzyme-Mimicking Activities of CeO2 Nanostructures: Intrinsic
Influence of Exposed Facets. Sci. Rep. 2016, 6, 35344. [CrossRef]

24. Korsvik, C.; Patil, S.; Seal, S.; Self, W.T. Superoxide dismutase mimetic properties exhibited by vacancy engineered ceria
nanoparticles. Chem. Commun. 2007, 10, 1056–1058. [CrossRef]

25. Lord, M.S.; Berret, J.F.; Singh, S.; Vinu, A.; Karakoti, A.S. Redox Active Cerium Oxide Nanoparticles: Current Status and Burning
Issues. Small Weinh. Bergstr. Ger. 2021, 17, e2102342. [CrossRef]

26. Colon, J.; Hsieh, N.; Ferguson, A.; Kupelian, P.; Seal, S.; Jenkins, D.W.; Baker, C.H. Cerium Oxide Nanoparticles Protect
Gastrointestinal Epithelium from Radiation-Induced Damage by Reduction of Reactive Oxygen Species and Upregulation of
Superoxide Dismutase. Nanomed. Nanotechnol. Biol. Med. 2010, 6, 698–705. [CrossRef]

27. Si, S.; Li, L.; Wang, Z.; Wu, Y.; Shan, G.; Xu, B.; Qin, Y.; Duan, R.; Song, S. Cerium Oxide Nanoparticles Reduce X-ray
Irradiation-Induced Damage to the Immune Cells by Upregulation of Superoxide Dismutase and Glutathione Peroxidase. Nanosci.
Nanotechnol. Lett. 2019, 11, 1464–1469. [CrossRef]

28. Datta, A.; Mishra, S.; Manna, K.; Saha, K.D.; Mukherjee, S.; Roy, S. Pro-Oxidant Therapeutic Activities of Cerium Oxide
Nanoparticles in Colorectal Carcinoma Cells. ACS Omega 2020, 5, 9714–9723. [CrossRef]

https://doi.org/10.1007/s00066-020-01700-1
https://doi.org/10.3892/mmr.2023.12953
https://doi.org/10.3390/biomedicines8110461
https://www.ncbi.nlm.nih.gov/pubmed/33142986
https://doi.org/10.1634/theoncologist.12-6-738
https://doi.org/10.1200/JCO.2000.18.19.3339
https://doi.org/10.1590/S0100-879X2000000700009
https://www.ncbi.nlm.nih.gov/pubmed/10881054
https://doi.org/10.3390/ijerph120201253
https://doi.org/10.3390/pharmaceutics15051494
https://doi.org/10.1039/C8TX00248G
https://doi.org/10.3390/molecules25194559
https://doi.org/10.3389/fmats.2020.00213
https://doi.org/10.1002/app.53693
https://doi.org/10.1016/j.ajps.2019.10.005
https://www.ncbi.nlm.nih.gov/pubmed/33193860
https://doi.org/10.3390/pharmaceutics14040756
https://doi.org/10.1021/nn403743b
https://www.ncbi.nlm.nih.gov/pubmed/24266731
https://doi.org/10.1371/journal.pone.0016733
https://doi.org/10.1016/j.cardiores.2006.11.031
https://www.ncbi.nlm.nih.gov/pubmed/17207782
https://doi.org/10.3390/polym13060924
https://doi.org/10.1038/srep35344
https://doi.org/10.1039/b615134e
https://doi.org/10.1002/smll.202102342
https://doi.org/10.1016/j.nano.2010.01.010
https://doi.org/10.1166/nnl.2019.3021
https://doi.org/10.1021/acsomega.9b04006


Pharmaceutics 2023, 15, 2144 14 of 15
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