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1 | INTRODUCTION

Nanomedicines

are gaining considerable attention for

The therapeutic effectiveness of anticancer drugs, including nanomedicines, can be
enhanced with active receptor-targeting strategies. Epidermal growth factor receptor
(EGFR) is an important cancer biomarker, constitutively expressed in sarcoma
patients of different histological types. The present work reports materials and
in vitro biomedical analyses of silanized (passive delivery) and/or EGF-functionalized
(active delivery) ceria nanorods exhibiting highly defective catalytically active sur-
faces. The EGFR-targeting efficiency of nanoceria was confirmed by receptor-binding
studies. Increased cytotoxicity and reactive oxygen species (ROS) production were
observed for EGF-functionalized nanoceria owing to enhanced cellular uptake by
HT-1080 fibrosarcoma cells. The uptake was confirmed by TEM and confocal micros-
copy. Silanized nanoceria demonstrated negligible/minimal cytotoxicity toward
healthy MRC-5 cells at 24 and 48 h, whereas this was significant at 72 h owing to a
nanoceria accumulation effect. In contrast, considerable cytotoxicity toward the can-
cer cells was exhibited at all three times points. The ROS generation and associated
cytotoxicity were moderated by the equilibrium between catalysis by ceria, genera-
tion of cell debris, and blockage of active sites. EGFR-targeting is shown to enhance
the uptake levels of nanoceria by cancer cells, subsequently enhancing the overall

anticancer activity and therapeutic performance of ceria.
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which allow them to act as anticancer agents and for treatment of other
diseases.>™ Cerium oxide nanoparticles or nanoceria (CeO,.,), an oxide

disease of the most abundant rare-earth element cerium,’ possesses remarkable

management, particularly cancers. Nanoparticles have been investigated
as candidates for drug delivery owing to their small sizes and high sur-
face area to volume ratios, which facilitate adsorption and functionaliza-

tion.? Further, some nanoparticles have intrinsic therapeutic properties,

intrinsic anticancer properties owing to its pH-dependant redox activity
that allows it to switch between Ce®* and Ce*" oxidation states,®’
thereby mimicking the activities of superoxide dismutase (SOD) and cat-

alase (CAT) enzymes.s’9 These characteristics enable it to act as a
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prooxidant, inducing the production of reactive oxygen species (ROS) at
acidic pH conditions (~6.4) of the tumor microenvironment (TME) and
as an antioxidant, suppressing the ROS production at basic physiological
pH conditions (~7.4).2°*' Thus, ceria generates ROS-mediated toxic

effects on cancer cells'?13

while potentially protecting healthy cells and
circumventing the unintended side effects of conventional cancer
treatments.

Nanoceria commonly occurs in three morphologies: cubes, octa-
hedra, and rods.> Shape is a key factor that can have a profound influ-
ence on the biodistribution and pharmacokinetics of the

nanoparticles,*4-1¢

where the cellular uptake levels of these three
morphologies by fibrosarcoma cells has been observed to be in the
order rods > cubes > octahedra.” Further, higher peroxidase activity
has been reported for nanoceria rods relative to cubes, owing to the
former's greater concentrations of Ce®* and charge-compensating
0%~ vacancies.?” Size is another critical factor that determines the
pharmacokinetic properties and the overall therapeutic performance
of nanomedicines.?®"2° Of the various nanoparticle size ranges that
have been fabricated, smaller sizes exhibit greater cellular uptake,
where maximal cellular uptake has been reported to be for nanoparti-
cle dimension in the 10-60 nm range.? 2% These observations sug-
gest that nanorods of length <60 nm may enhance bioavailability
through increased cellular uptake.

Although ceria can act as an excellent anticancer agent, it is
important to ensure its bioavailability at the tumor site in order to
achieve the desired therapeutic effectiveness. One of the key issues
that have hindered the successful translation of nanomedicines from
laboratory scale to clinical scale is the insufficient accumulation of
drugs at the tumor site.>*?> There are two major mechanisms for the
required delivery of drugs to the tumor site. With passive delivery of
unfunctionalized nanoparticles, the nanoparticles rely solely on the
enhanced permeation and retention (EPR) effect to enter the tumor
cells.2® With active delivery of nanoparticles, they are functionalized
with biological ligands that recognize and bind to specific receptors on
the surfaces of tumor cells.*® This latter approach can yield significant
improvements in the bioavailability of drugs at the tumor site.'®2”
Biological ligands that have been used for functionalization include
peptides, proteins, aptamers, antibodies, and small molecules.?® Fur-
ther, the targeted delivery of nanomedicines also aids in avoiding the
unintentional interaction of drugs with healthy cells, thus minimizing
possible side effects.?’

Cancer cells overexpress a wide range of receptors, referred to
as biomarkers,*° which can serve as excellent candidates for targeted
cancer therapies.3%2 Of the various biomarkers confirmed in several
cancers, epidermal growth factor receptor (EGFR) has been reported
as a promising target in many malignancies.>*3* The estimated
expression levels of EGFR in normal cells is 40,000-100,000 recep-

35,36

tors per cell, while an overexpression of more than 10° recep-

tors per cell was detected in the malignant cells.>”%¢ EGFR is a

promising target especially in sarcoma,® ¢

where patients exhibit
significant molecular tumor heterogeneities, making it difficult to
select a potential therapeutic target. While there are many publica-

tions on EGFR targeting as a strategy for the treatment of numerous

cancers,>3#1744 there are only a few publications reporting it as a tar-
geting agent in sarcoma treatment.**"*” In a recent study by Yang
et al,*® immunohistochemical analysis revealed an expression of
EGFR/HER1 in 78% of a patient population of 46 with soft tissue
sarcoma of different histological types. This promising work shows
the potential for targeting of EGFR in the treatment of soft tissue
sarcomas.

Although previous work has reported the use of EGF for the tar-
geted therapy of cancer,**~>! the present work appears to be the first
to report the fabrication of EGF-functionalized nanoceria with the aim
of enhancing the cellular uptake of nanoparticles and improving the
anticancer properties of ceria. Moreover, while the previous studies
report the fabrication and application of ceria nanorods in cancer,”>2
the current study employs an active delivery strategy with the aim of
receptor-targeted delivery of nanorods, thereby making this work the
first report of the fabrication of EGF-functionalized ceria nanorods.
This approach has widespread applicability as several cancers are
EGFR-positive.>>>2 Further, whereas previous work”>? reports ROS-
mediated anticancer effects of nanoceria alone, the present work
extends this approach by examining receptor-targeted nanoceria in
EGFR-positive cancer. Although the model is human fibrosarcoma, the
present work has applications beyond fibrosarcoma because most
cancers are EGFR-positive %%

Consequently, the present work reports for the first time an
investigation into the fabrication of EGFR-targeted ceria nanorods
aimed at enhancing the receptor-mediated uptake of nanoceria and
subsequent ROS-mediated destruction of fibrosarcoma cells with the
aim of facilitating possibilities for EGFR-targeted diagnosis and ther-
apy of EGFR-positive cancers using nanoceria-based formulations. To
these ends, nanoceria was fabricated, characterized, and functiona-
lized with EGF protein. The ROS-mediated anticancer effects of
EGF-functionalized nanoceria were contrasted with the non-
functionalized nanoceria using cell viability testing, ROS measurement
assays, cellular uptake studies using inductively coupled plasma mass spec-
trometry (ICP-MS) and TEM imaging, and western blotting studies. The
uptake of EGF-nanoceria also was confirmed using confocal microscopy.

2 | MATERIALS AND METHODS

2.1 | Materials

Cerium nitrate  hexahydrate (Ce(NO3)s-6H,0), 3-amino-propyl-
triethoxysilane (APTES), ethanol (C,HsOH), methanol (CH3OH), human
epidermal growth factor (hEGF), fluorescein-5-isothiocyanate (FITC), cell
counting kit 8 (CCK-8), 2,7'-dichlorodihydrofluorescein diacetate
(DCFH-DA), sodium dihydrogen phosphate (NaH,PQO,), disodium hydro-
gen phosphate (Na,HPO,), RIPA buffer, immobilon-P PVDF membrane,
bovine serum albumin (BSA), donkey antirabbit IgG antibody, glutaralde-
hyde (CsHgO,, Electron Microscopy Sciences, USA), procure 812 resin
(Electron Microscopy Sciences, USA), lead citrate (ProSciTech, Australia),
uranyl acetate (Electron Microscopy Sciences, USA), osmium tetroxide

(OsQ,4, Electron Microscopy Sciences, USA), triethanolamine (TEOA,
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reagent grade, 99 wt%), 1.0 mM P-benzoquinone (BQ, reagent grade,
98 wt%) and 75 mM isopropyl alcohol (IPA, reagent grade, 99.7 wt%)
were purchased from Sigma-Aldrich, Australia. AntiEGFR phospho
Y1068 antibody was purchased from Abcam, Australia and
PD-MidiTrap G-25 was purchased from Cytiva, Australia. Sodium
hydroxide (NaOH), ammonium chloride (NH4CI), sodium carbonate
(Na>COg3), and sodium bicarbonate (NaHCO3) were purchased from
Chem-Supply, Australia. Nitric acid was purchased from RCl Labscan
Limited, Australia. Protease inhibitor cocktail was purchased from Roche
Diagnostics, Australia and phosphatase inhibitor, EGF Receptor rabbit
mAb antibody and B-Actin rabbit mAb antibody were purchased from
Cell Signaling Technology, USA. RPMI 1640 medium, DMEM medium,
penicillin-streptomycin solution, L-glutamine, Trypsin-EDTA, Dulbec-
co's phosphate buffered saline (DPBS), Hank's balanced salt solution
(HBSS), fetal bovine serum (FBS), Hoechst 33342 solution, 16% w/v
paraformaldehyde (PFA; methanol-free), micro BCA protein assay kit,
NuPAGE 4%-12% bis-tris gels, and SuperSignal West Pico PLUS Chemi-
luminescent Substrate were purchased from Thermo Fischer Scientific,
Australia. HT-1080 and MRC-5 cell lines were purchased from American
Type Cell Culture (ATCC), USA.

2.2 | Synthesis of nanoceria

Rod-shaped cerium oxide nanoparticles were synthesized using a pre-
viously described hydrothermal technique.® In the synthesis process,
8.6844 g of Ce (NOj3)3-6H,0 and 24 g of NaOH were added to a
100 mL Pyrex beaker to achieve concentrations of 0.5 M and 15 M,
respectively, in 40 mL deionized (DI) water. The solution was stirred
for 30 min at room temperature using a magnetic stirrer. The solution
was transferred to a 50 mL Teflon-lined autoclave reactor for hydro-
thermal reaction at 60°C for 48 h (heating rate 5°C/min). After syn-
thesis, the nanoparticles were separated from the medium by
centrifugation at 5000 rpm (2935 x g) for 20 min and decanting. The
nanoparticles then were cleaned by the following steps applied
repeatedly 16-18 times by alternate resuspension in 25 mL of DI
water and 25 mL ethanol, sonication for 10 min, centrifugation at
5000 rpm (2935 x g) for 20 min, and decanting. This extent of wash-
ing was required for complete removal of Na. The nanoparticles finally
were transferred to an opaque glass container, air-dried at 60°C for
12 h in an oven, and readied for long-term storage by sealing with a
screw-cap lid.

2.3 | Functionalization of nanoceria

Nanoceria was coated using APTES as a linker for the conjugation of
EGF/EGF-FITC. Silanization was performed by dropwise addition
of 1.5 mL APTES to 100 mg of nanoceria suspended in 25 mL of etha-
nol, sonication for 10 min, and magnetic stirring for 24 h, as described
elsewhere.>* The APTES-coated nanoparticles were cleaned by the
following steps applied repeatedly 5 times by resuspension in 25 mL
ethanol, sonication for 10 min, centrifugation at 5000 rpm (2935 x g)
for 20 min, and decanting. The nanoparticles finally were transferred

Y sk WILEY-L_2

to a clear glass container, air-dried at 60°C for 12 h in an oven, and
readied for short-term storage by sealing with a screw-cap lid.

The conjugation of EGF onto the APTES-modified nanoparticles
was done according to the variant of a protocol described else-
where.>> This which involves the mixing of APTES-coated nanoparti-
cles with the peptide in the presence of 10 vol% ethanol. This allows
the binding of the carboxyl groups of the peptide with the amine
groups of APTES through covalent attachment.>® 100 mg of APTES-
coated nanoceria were suspended in 10 vol% ethanol in DPBS, which
were conjugated by the addition of 50 ug of EGF in order to achieve
an EGF working concentration of 16 nM. The suspension was mixed
using a rotary tube mixer (WiseMix RT-10, Korea) at 20 rpm at 4°C
for 14-16 h. After functionalization, the EGF-functionalized nanopar-
ticles were separated from the medium by ultracentrifugation (Optima
XPN Beckman-Coulter, USA, SW 41 Ti swinging-bucket rotor) at
30,000 rpm (154,000 x g) for 10 min at 4°C and decanting. Subse-
quent purification involved the following steps applied twice by resus-
pension in variable amounts of 10 vol% ethanol in DPBS according to
the nanoparticle amount, ultracentrifugation at 30,000 rpm for 10 min
at 4°C, and decanting. The particles obtained after purification were
resuspended in Milli-Q water, lyophilized (Christ Alpha 1-4 LDplus,
Germany; —54°C, 1-4 x 10~¢ kPa) and stored at —20°C for further
use. Since the potential desorption of proteins from nanoparticles
happen in the liquid state, it is assumed that the desorption does not
occur during the period in which the materials are frozen.

FITC-labeled EGF was obtained according to a variant of a pro-
cess described elsewhere®® and then conjugated to APTES-nanoceria
for confocal imaging studies. EGF was labeled with FITC by mixing
FITC and EGF in 1:10 weight ratio in a solution of 0.1 M carbonate
buffer at pH 9.0 using a rotary tube mixer at 20 rpm at 4°C under dark
conditions for 14-16 h. This was followed by the addition of 1 M
NH,4Cl in order to inactivate the residual FITC. The FITC-labeled pro-
tein was purified using a Sephadex G-25 column and stored at —20°C
for long-term use. For subsequent conjugation to the APTES-

nanoceria, the immediately preceding process was used.

2.4 | Characterization of nanoparticles

The morphological characteristics (size and shape) of
nanoparticles were analyzed using transmission electron microscopy
(TEM; FEI Tecnai G2 20 TEM, USA; 200 kV). The nanoparticles
(~0.5 mg) were dispersed in 0.5 mL of methanol, sonicated for 3 min,
loaded on copper grids, and dried at 37°C for 24 h before imaging.
The mineralogy of nanoceria was determined by x-ray diffraction
(XRD; Philips X'Pert Multipurpose x-ray Diffractometer (MPD),
Netherlands; CuKa, step size 0.02° 26, scanning speed 5.5° 26 min~%)
and laser Raman microspectroscopy (Renishaw inVia Raman micro-
scope, UK; 35 mW, helium-neon green laser, 514 nm). The chemical
bonding natures of the nanoceria, APTES-nanoceria, and
EGF-nanoceria were assessed using Fourier transform infrared spec-
troscopy (FTIR) with attenuated total reflectance (ATR) (PerkinElmer
Spectrum Two FT-IR spectrometer, USA; resolution 4 cm~) and ther-
mogravimetric analysis (TGA; NETZSCH STA 449F1, Germany;
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temperature range 25 to 500°C in air, 200 mL/min flow rate, alumin-
ium crucible). The surface chemistry of the nanoceria, APTES-
nanoceria, and EGF-nanoceria was examined using x-ray photoelec-
tron spectroscopy (XPS; Thermo Fisher Scientific,c ESCALAB 250Xi
spectrometer, UK; AlKa, 13.8 kV, 8.7 mA, spot size 500 um). For the
suspensions of APTES-nanoceria and EGF-nanoceria, the hydrody-
namic size distributions and the zeta potentials were measured using
dynamic light scattering (DLS; Malvern Zetasizer Nano ZS, UK;
10 mW, 633 nm He-Ne laser). Although the suspensions were soni-
cated for 3 min prior to measurement, the nanoparticles were agglom-
erated. The photocatalytic nature of nanoceria was analyzed using the
methylene blue (MB) degradation assay.>” 8 mg of nanoparticles were
added to 8 mL of MB dye solution in a 50 mL Pyrex beaker, followed
by adding 10.0 mM concentrations of triethanolamine, 1.0 mM
P-benzoquinone, and 75 mM isopropyl alcohol. The testing was done
using magnetic stirring at 300 rpm for 15 min while in the dark in a
light-obstructed black box. The sample was exposed to 365 nm UV
irradiation from a UV lamp (8 W, 3UV-38, UVP) while being magneti-
cally stirred at 300 rpm for different times up to 1 h in the black box.
The UV-Vis testing was done on the solution following nanoparticle

removal by centrifugation.

25 | Cell culture

Human fibrosarcoma cells (HT1080) were cultured in RPMI medium,
supplemented with 10 vol% FBS, 1 vol% penicillin-streptomycin, and
2.0 mM L-glutamine, and incubated at 37°C under 5 vol% CO, atmo-
sphere. The human fibroblast cell line (MRC-5) was cultured in DMEM
medium, supplemented with 10 vol% FBS, 1 vol% penicillin-strepto-
mycin, and 2.0 mM L-glutamine, and maintained at 37°C under 5 vol
% CO, atmosphere.

2.6 | Dose-dependent cytotoxicity of nanoceria
The dose-dependent cytotoxicity of nanoceria on fibrosarcoma cells
was assessed by a cytotoxicity assay using the CCK-8. CCK-8 assay is

a standard test>8-¢?

used to measure cell viability based on the activ-
ity of the dehydrogenase enzyme present in the cells, which reduces
the pink CCK-8 reagent WST-8 [2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4disulfophenyl)-2H-tetrazolium, monosodium
salt] to the orange formazan reaction product.®? HT1080 cells were
seeded in a 96-well plate at a seeding density of 1000 cells/well with
100 pL RPMI per well and incubated for 24 h. The medium in each
well was replaced with different concentrations of APTES-nanoceria
suspensions prepared in RPMI medium, ranging from 100 to
500 pg/mL (100, 200, 300, 400, and 500 pg/mL). The nanoparticle
suspensions were ultrasonicated for 3 min prior to addition to the
cells so as to disperse the nanoparticle agglomerates. The success of
this de-agglomeration process was shown by the absence of sedimen-
tation over the following 3-5 min. The medium in the control wells
were replaced simultaneously with fresh RPMI medium. Six wells
were used for each concentration. The plates then were incubated for

48 h. After incubation, 10 uL of CCK-8 reagent were added to each
well and incubated for 3 h. RPMI (100 pL) mixed with CCK-8 reagent
(10 uL) were used as the blank. The optical absorbance at 450 nm
was determined using a microplate reader (CLARIOstar plus, BMG
LABTECH, Germany). Nanoceria control wells were employed in the
present work in order to determine the absorbance of nanoparticles
alone at 450 nm; any absorbance from the nanoparticles was
deducted from the absorbance values obtained for the test wells

before calculating the percent cell viability.

2.7 | Cell viability assay

HT1080 cells were seeded in three 96-well plates at a seeding density
of 1000 cells/well and incubated for 24 h. The medium was removed
and replaced with 100 pL of fresh RPMI in the control wells and with
100 pL of functionalized/nonfunctionalized nanoceria in the test wells
at 200 pg/mL concentration. The nanoparticle suspensions were
ultrasonicated for 3 min prior to addition to the cells so as to disperse
the nanoparticle agglomerates. The success of this de-agglomeration
process was shown by the absence of sedimentation over the follow-
ing 3-5 min. Six wells per test sample were used. The plates then
were incubated for 24, 48, or 72 h. After the respective incubation
periods, CCK-8 reagent (10 pL) was added to each well, incubated for
3 h, and the optical absorbance at 450 nm was measured.

2.8 | Testing the effect of cell debris on the active
sites of nanoceria

In order to generate cell debris, HT1080 cells were seeded in a
96-well plate at a seeding density of 4000 cells/well and incubated
for 24 h. The medium was removed and replaced with 100 pL of 1X
DPBS and the plate was incubated for a further 4 h in order to kill the
cells. The cell debris were collected and diluted with RPMIL. In order to
perform the cell viability assay, HT1080 cells were seeded in three
96-well plates at a seeding density of 4000 cells/well and incubated
for 24 h. The medium was removed and replaced with 100 pL of fresh
RPMI in the control wells and with 100 pL of nanoceria (non-functio-
nalized) in six test wells at 200 pg/mL concentration. 50 pL of
400 pg/mL nanoceria and 50 pL of cell debris suspension was added
to the remaining six test wells in order to make a final concentration
of 200 pg/mL. The nanoparticle suspensions were ultrasonicated for
3 min prior to addition to the cells so as to disperse the nanoparticle
agglomerates. Six wells per test sample were used. The plates then
were incubated for 48 h. After the incubation time, CCK-8 reagent
(10 pL) was added to each well, incubated for 3 h, and the optical
absorbance at 450 nm was measured.

29 | Measurement of cellular ROS

Cellular ROS generation levels in cancer cells were measured using

7,52

the DCFDA assay as described elsewhere with a few
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modifications. HT1080 cells were seeded as described immediately
above and treated with 200 pg/mL of functionalized or nonfunctiona-
lized nanoceria and incubated for 24, 48, or 72 h. The nanoparticle
suspensions were ultrasonicated for 3 min prior to addition to the
cells so as to disperse the nanoparticle agglomerates. The success of
this de-agglomeration process was shown by the absence of sedimen-
tation over the following 3-5 min. After the respective incubation
periods, the cells were washed with 1X DPBS and then 1X trypsin
(100 pL) was added to each well. The plate was incubated for 5 min
and then 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) in
HBSS (10 uM) were added in order to achieve a final concentration of
5 uM, followed by incubation for 40 min. The fluorescence intensities
at 485 and 535 nm then were determined.

210 |
nanoceria

Quantification of cellular uptake of

ICP-MS is a highly sensitive technique employed in the quantification
of cellular uptake of metal or metal oxide nanoparticles®® and thus
was used to quantify the cellular uptake of nanoceria. HT1080 cells
were seeded in 24-well plates at a seeding density of 4000 cells/well
and incubated for 24 h. The RPMI in the wells was replaced with
200 pg/mL of functionalized or nonfunctionalized nanoceria and incu-
bated for 24, 48, or 72 h. The nanoparticle suspensions were ultraso-
nicated for 3 min prior to addition to the cells so as to disperse the
nanoparticle agglomerates. The success of this de-agglomeration pro-
cess was shown by the absence of sedimentation over the following
3-5 min. Six wells per test sample were used. After the respective
incubation periods, the nanoceria suspension was discarded and the
cells were washed thrice with 1X DPBS. Trypsin (500 plL) was added
and the plates incubated for 5 min. Trypsinized cells then were
digested completely using concentrated nitric acid. The cerium con-
tent in each sample was quantified using inductively coupled plasma
mass spectrometry (ICP-MS; PerkinElmer quadrupole NexION, USA).
Untreated cells were used as controls for quantification.

211 | Western blotting tests

HT1080 cells were seeded at a seeding density of 0.5 x 10° cells per
well in 6-well plates. Three such plates were seeded in order to study
the receptor stimulation after 5, 30, or 60 min. The RPMI in the wells
was replaced with serum-free RPMI and the plates were incubated for
14-16 h. The cells then were treated with serum-free RPMI with or
without 200 pg/mL EGF-nanoceria and incubated for 5, 30,
or 60 min. The nanoparticle suspension was ultrasonicated for 3 min
prior to addition to the cells so as to disperse the nanoparticle agglom-
erates. The success of this de-agglomeration process was shown by
the absence of sedimentation over the following 3-5 min. The
medium was removed and the cells were washed thrice with cold
DPBS before being lysed at 4°C with lysis buffer containing protease
inhibitor cocktail and phosphatase inhibitor. The protein concentra-
tion was quantified for each sample using the Micro BCA protein

Y sk WILEY-L__®

assay kit. Equal amounts of protein were loaded onto 4-12 wt% bis-
tris gels and transferred to PVDF membranes following electrophore-
sis. The membranes were blocked with gentle agitation for 1 h using
5% (w/v) BSA in TBST (tris-buffered saline with tween-20) and incu-
bated for 14-16 h with primary antibodies against phosphorylated
EGFR (phospho Y1068), EGFR and R-actin. The membranes Then
were washed with TBST for three 5-min intervals and incubated (1 h
at 25°C with gentle agitation) with donkey antirabbit 1gG antibody
conjugated with horseradish peroxidase (HRP). The membranes were
washed with TBST for three 5-min intervals and visualized with
enhanced chemiluminescence reagents (ECL) using an ImageQuant
LAS 4000 Biomolecular Imager (GE Healthcare, UK).

212 | Imaging of cellular uptake of nanoceria
using transmission electron microscopy

HT1080 cells were seeded in 24-well plates at a seeding density of
10,000 cells/well, with sterilized cover slips placed inside each well.
Following incubation for 24 h, the RPMI medium in the wells was dis-
carded and the cells were treated with functionalized or nonfunctio-
nalized nanoceria at a concentration of 200 ug/mL and incubated for
1, 2, 5, or 30 min. The nanoparticle suspensions were ultrasonicated
for 3 min prior to addition to the cells so as to disperse the nanoparti-
cle agglomerates. The success of this de-agglomeration process was
shown by the absence of sedimentation over the following 3-5 min. The
nanoparticle suspension was discarded from each well and the cells were
washed thrice with 1X DPBS. The cells were fixed overnight at 4°C in a
fixative comprised of 2.5% (w/v) glutaraldehyde in 0.2 M sodium phos-
phate buffer (pH 7.4). Fixed cells were rinsed with 0.1 M sodium phos-
phate buffer and post-fixed in 1% (w/v) osmium tetroxide in 0.2 M
sodium phosphate buffer using a BioWave Pro+ Microwave Tissue Pro-
cessor (Ted Pella, USA). After rinsing with 0.1 M sodium phosphate
buffer, the samples were dehydrated in a graded ethanol series (50, 70,
80, and 90 vol% ethanol OH for 10 min each followed by 100 vol% eth-
anol twice for 10 min each). They then were infiltrated with resin
(Procure 812, Electron Microscopy Sciences, USA) and polymerized in an
oven at 60°C for 48 h. Ultrathin sections (70 nm) were cut using a dia-
mond knife (Diatome, Switzerland) and collected onto carbon-coated
copper-slot TEM grids. The grids were post-stained using uranyl acetate
(2% w/v) and lead citrate. Two grids for each sample were imaged by
TEM (JEOL 1400, Japan; 100 kV).

213 | Imaging of cellular uptake of nanoceria
using confocal microscopy

For confocal imaging studies, HT1080 cells were seeded in 12-well glass-
bottom plates at a seeding density of 40,000 cells/well and incubated for
24 h. Triplicate wells were used for each test. After 24 h of incubation,
the RPMI in the wells was replaced with 200 pg/mL FITC-tagged EGF-
conjugated nanoceria and the plates were incubated for 5 min, 30 min,
or 5 h. The nanoparticle suspension was ultrasonicated for 3 min prior
to addition to the cells so as to disperse the nanoparticle agglomerates.
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The success of this de-agglomeration process was shown by the
absence of sedimentation over the following 3-5 min. After incubation,
the cells were washed three times with 500 pL of 1X DPBS and stained
with 500 pL of Hoechst 33342 DNA stain which was diluted in the ratio
1:1000 using RPMI. The cells were washed with 500 pL of DPBS and
fixed with 500 uL of 4% (w/v) PFA solution. After fixation, the cells
were washed thrice with 500 pL of DPBS. The cells were imaged using
confocal laser scanning microscopy (Zeiss LSM 800, Germany) using a
Plan-Apochromat 20X/0.8 M27 and excitation/emission wavelengths
were at 488/400-700 nm/1.13 AU for FITC and 405/400-
510 nm/1.21 AU for Hoechst with a Notch filter applied for both chan-
nels at the respective excitation wavelengths. High resolution images
were obtained using a Plan-Apochromat 63X/1.40 Oil DIC M27 and
excitation/emission wavelengths were at 488/400-700 nm/0.82 AU
for FITC and 405/400-510 nm/0.88 AU for Hoechst with a Notch filter

applied for both channels at the respective excitation wavelengths.

2.14 | Biocompatibility of nanoceria (cell viability
assay - cancer cells vs. normal cells)

HT1080 cells and MRC-5 cells were seeded in 96-well plates and
treated with APTES-nanoceria suspension as described in the cell via-
bility assay protocol. RPMI medium (HT1080 cells) and DMEM
medium (MRC-5 cells) were used for the seeding and the preparation
of the nanoparticle suspensions. The nanoparticle suspensions in the
wells were discarded after incubation for 24 h and replaced with fresh
medium every 24 h. Untreated cells were used as controls. After incu-
bation for 24, 48, or 72 h, CCK-8 reagent was added and the optical
absorbance at 450 nm was measured.

2.15 | Statistical analysis

All statistical analyses were performed using GraphPad Prism soft-
ware and the data are represented in terms of the mean and the stan-
dard error of the mean (SEM; error bars). One-way analysis of
variance (ANOVA) or two-way analysis of variance was used for the
analysis; P values that were less than 0.05 were considered statisti-
cally significant: *p < .05, **p < .01, ***p < .001, and ****p < .0001.

3 | RESULTS AND DISCUSSION

3.1 | Fabrication, modification, and
characterization of nanoparticles

TEM direct imaging of hydrothermally synthesized nanoceria revealed
a rod-shaped morphology and extensive agglomeration. The differen-
tial shadowing of overlapping nanorods as shown in Figure S1
(Data S1) indicates the general absence of intergrowths, so the nanor-
ods are monodisperse and soft agglomerates formed only during
mounting using methanol. A summary of the average dimensions of
the nanoparticles determined from TEM images is given in Table 1.

The spread of these data is such that no conclusion concerning
the probable locations of the conjugated species can be made.

The mineralogical analyses by XRD and laser Raman microspec-
troscopy in Figure S2 (Data S1) confirm that hydrothermal synthesis

64-67 which crystallizes in the face-

yielded single-phase CeO,,
centered cubic fluorite structure.®® The Raman data reveal the pres-
ence of a detectable concentration of oxygen vacancies [V ], as
shown by the peak at 590cm™2.

The XPS analyses results and the FTIR spectra data of the nanopar-
ticles are explained in the Data S1 (Figures S3 and S4, and Tables S1
and S2). Coating with APTES and functionalization with EGF was further
confirmed using TGA analysis as shown in Figure S5 and explained in
the Data S1. The photocatalytic property of nanoceria was also tested
using the methylene blue degradation assay as shown in Figure Sé.

The DLS analyses shown in Figure S7 and Table S3 illustrate the
hydrodynamic diameters, which were interpolated visually from
the curves, and the zeta potentials of the nonfunctionalized
(APTES-nanoceria) and functionalized (EGF-nanoceria) materials.
Although the ceria morphology is nanorod, Figure 6 indicates that the
morphology of the agglomerates is spherical.

The average hydrodynamic diameters of APTES-nanoceria and
EGF-nanoceria were calculated from the digital output to be 134.3
+10.1 nm and 165.2 + 31.7 nm, respectively. The opposite surface
charges of these as well as the increase in average hydrodynamic diame-
ter is attributed to the functionalization by the negatively charged EGF
protein®® onto the surfaces of the APTES-nanoceria. The tendency to
agglomerate is consistent with these zeta potentials, which are less than

the well-known threshold of <30 mV for agglomeration.”®

3.2 | Dose-dependent cytotoxicity of nanoceria on
fibrosarcoma cells

In order to evaluate the impact of nanoceria dosage on the viability of
tumor cells and to determine the optimal nanoceria concentration that
can be employed for targeting, HT-1080 cells were exposed to APTES-
coated nanoceria (nonfunctionalized nanoceria) of different concentra-
tions varying in the range 100-500 pg/mL for 48 h. Figure 1 shows that
the viability of HT-1080 cells decreased logarithmically with increasing
nanoceria concentration, where the minimal dose that can induce ~50%
cell death (IC50 value) was in the range 200-300 pg/mL. Since visuali-
zation of the cells was significantly occluded at the higher concentration
of 300 pg/mL (53.1% cell death), the lower concentration of 200 pg/mL
(43.5% cell death) was used for all further testing.

3.3 | Enhanced anticancer activity of
EGF-functionalized nanoceria

The influence of EGF functionalization on the ability of nanoceria to
kill cancer cells was determined by performing a cell viability assay
after treating the HT-1080 cells with nanoceria or EGF-nanoceria for
24, 48, and 72 h. The cell viability results of Figure 2 show that the
cytotoxicity of nanoceria toward fibrosarcoma cells at all-time points
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TABLE 1  Average dimensions of nanoceria rods (100-120 measurements).

Dimension Pristine nanoceria
Length 83.9 £27.3 nm
Width 124 £ 1.6 nm

APTES-nanoceria EGF-nanoceria
92.2 +23.5nm

12.1 £ 0.9 nm

102.1 + 28.2 nm
10.2 £ 2.1 nm

Abbreviations: APTES, amino-propyl-triethoxysilane; EGF, epidermal growth factor.
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FIGURE 1 Impact of nanoceria concentration on viability of HT-

1080 cells (48 h), **** represents difference from control.

was superior for the EGF-nanoceria treated cells compared to the
APTES-nanoceria treated cells. However, the cytotoxicity decreased
with increasing time. This is attributed to the blockage of the catalyti-

cally active sites,”*"74

which generally are considered to be oxygen
vacancies.”>”® This blockage is likely to have been caused by the
organic cell debris created during necrosis and apoptosis.”””® This
conclusion is supported by the XPS analyses, which show the
unavoidable adventitious carbon that adsorbs on the surfaces of
solids,”? Figure S3 (Data S1) confirms the gradual adsorption of carbo-
naceous species while Figures S4a and S4b confirm the presence of
numerous organic species. The effect of cell debris on the activity
of nanoceria was confirmed further by performing a cell viability assay
using nanoceria in the presence or absence of cell debris, as shown in
Figure S8. The data suggest a decrease in the cytotoxicity of nano-
ceria with the presence of cell debris, as can be seen by the decreased
cell death induced by the nanoceria in the samples where cell debris
were present.

Further, the trends for both APTES-nanoceria and EGF-nanoceria
are exponential with time but the rate of decrease in cytotoxicity is
greater for the former. As these data show both extents of cell death
and the generation of debris, the absence of identical trends indicates
that the nature of the cell fragmentation upon death is different for each
type of nanoceria. That is, APTES-nanoceria appears to generate either
more debris or debris that contain ionic species more likely to be
adsorbed in the oxygen vacancies. Further, the decrease in cell viability

for EGF-nanoceria treated cells in comparison with APTES-nanoceria

treated cells was observed consistently at all the time points studied.
However, viability percentage of treated cells shows a decreasing trend
with respect to increasing time points. This might be due to the satura-
tion level of ROS generation already attaining around 48 h.

Another potential factor affecting the performance could be the
change in pH caused by (1) cell death and release of debris and/or
(2) cell division. In the former case, this would be likely to decrease
the pH owing to the lower pH in the TME. In the latter case, the pH
again would be likely to decrease as the metabolites released during
this process are known to be acidic.2° Since the production of the
ROS that are responsible for cancer cell apoptosis increases in acidic
environments,®! then this should decrease the cell viability with time,
which is opposite of the observations.

Finally, a third type of potential factor is the potential recovery of
the cancer cells.®2 However, recovery is enabled by the use of inade-
quate dosages of drugs and the present work was done using a concen-
tration approximating the IC50 value. As this cannot be considered to
be inadequate, then it is unlikely that the data reflect this effect.

Since the cytotoxicity of nanoceria is ROS-mediated,®3% the
nanoceria-induced generation of cellular ROS was measured after
treating the cells with APTES-nanoceria or EGF-nanoceria. There is
only a subtle border between the prooxidant and antioxidant nature
of nanoceria and it is strongly pH-dependant.®> Seminko et al.®®
have studied this pH-dependant ROS generation feature of nano-
ceria and reported the formation of different ROS types in hydrogen
peroxide-nanoceria water solutions with different pH values. Since
the present work aims at the potential improvement of ROS genera-
tion capability of EGF-functionalized nanoceria in cells, an assay that
can measure the cellular ROS levels was employed. The DCFDA
assay was used in order to measure the ROS production and the
level of ROS generation was compared for the nonfunctionalized
and functionalized nanoceria treated cells after 24, 48, or 72 h of
treatment. Figure 3 reveals the general observation that ROS gener-
ation, which is proportional to the fluorescence intensity, was supe-
rior for the EGF-nanoceria compared to that of the APTES
nanoceria. The additional detailed observations that can be made

about these data are as follows:

1. APTES-nanoceria and EGF-nanoceria exhibit greater ROS produc-
tion capabilities because they contain nanoceria, which generates
ROS through catalysis at the active sites.

2. Control cells undergo active proliferation over time, which results
in a gradual increase in the generation of ROS over time.
The significant increase in the ROS-production levels for the con-

trol cells between 48 and 72 h is attributed to the oxidative stress
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FIGURE 2 Influence of EGF functionalization on viability of HT-
1080 cells, *p < .05, **p < .01, ***p <.001, and ****p < .0001. EGF,
epidermal growth factor.

induced by the accumulation of acidic metabolites in the growth
medium, which was not changed, over time.

3. A counter-intuitive observation is the significant decrease in the
ROS levels for the APTES-nanoceria treated cells between 48 and
72 h. This phenomenon is attributed to the hydrolysis of the three
germinal Si-OEt groups of APTES (Graphical abstract), which gen-
erates three terminal silanol (Si-OH) groups, each O ion of which
can occupy an oxygen vacancy (i.e., active site).8%%”

4. There is a second potential mechanism to explain the decrease in
ROS levels. The occupation of an oxygen vacancy by an oxygen
ion neutralizes the 2+ charge of the oxygen vacancy (V$°). The
loss of these two electrons must be charge compensated by
the addition of two electrons from the environment. These elec-
trons can be provided by the ROS superoxide (*O, ), which is not
detected by the DCFDA assay that was used.®® The neutralization
of this ROS will suppress the formation of the ROS H,0,, which is
well known as the SOD reaction,®” which occurs in the acidic con-
ditions that were used, and is detected by the DCFDA assay that
was used.®8 This process explains the decrease in ROS.

5. However, regardless of the elimination of the active site V3 * by
occupation of O ion of the silanol group and/or neutralization of
the ROS by charge compensation by the ROS *O,~, there occurs a
continued production of ROS and cell death induced by nanoceria,
as evident from the cell viability results at 72 h, which reveal over-
all increases in ROS production for both APTES-nanoceria treated
cells and EGF-nanoceria treated cells.

6. Despite of the continued generation of ROS, cell death induced by
APTES-nanoceria is relatively low at 72 h, as shown in Figure 2.

300000

200000

100000

Fluorescence intensity

24 48 72
Time (h)
Control EGF-nanoceria treated

© APTES-nanoceria treated

FIGURE 3 Cellular ROS generation levels in APTES-nanoceria
treated and EGF-nanoceria treated HT-1080 cells, *p < .05, **p < .01,
***p <.001, and **** p <.0001. APTES, amino-propyl-triethoxysilane;
EGF, epidermal growth factor; ROS, reactive oxygen species.
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FIGURE 4  Cellular uptake levels of APTES-nanoceria and EGF-
nanoceria by HT-1080 cells measured by ICP-MS, ***p < .001. APTES,
amino-propyl-triethoxysilane; EGF, epidermal growth factor; ICP-MS,
inductively coupled plasma mass spectrometry.

This is attributed to the comparative rates of ROS production
(causing cell death) vs cell debris production (causing blockage of
active sites and suppression of cell death by catalysis), where the

latter exceeds the former.

519011 SUOWILIOD BATER.D) 3[qeotjdde 3 Aq pouBA0B 96 SOPILE YO ‘95N J0 Sa NI JoJ ARIGIT8UIIUO AB]1M UO (SUOTIPUOD-pUE-SWWLBILLCO"AB |1 ATe.q1Bu 1 Uo//'Sd) SUOTIPUOD PUE SWLB L aU 895 *[1Z0Z/T0/T0] U0 AiqIauliuo ABIV ‘SORM LIN0S MaN| Jo AISIBAIN Ad 959/ € WAZ00T OT/I0p/wWoo" A8 M AIq 1 pUIIUO//S1Y WoJ) PAPeojuMOq ‘0 ‘S96725GT



JOHNSON ET AL

7. ROS production for EGF-nanoceria treated cells at 72 h is signifi-
cantly greater than that for APTES-nanoceria treated cells. This is
consistent with the significantly decreased cell viability relative to
that of APTES-nanoceria treated cells. This is attributed
to (1) reduced blockage of active sites owing to the absence of the
Si-O group in EGF, (2) enhanced uptake from the receptor-mediated
endocytosis, and (3) further enhancement of the uptake owing to the

greater biocompatibility of EGF-functionalized nanoceria.

This discussion indicates that EGF as a biocompatible and stable
functionalizing agent represents an advantageous strategy for tar-
geted delivery of nanoparticles and subsequent cancer therapy.

Figure 4 shows the HT-1080 cellular uptake levels of nonfunctio-
nalized and functionalized nanoceria. The results demonstrate no sig-
nificant enhancement in the uptake of EGF-functionalized nanoceria
at 24 h although the two longer time points show significant enhance-
ment. The HT-1080 cells appear to have reached the maximal uptake
of EGF-nanoceria after 48 h, as indicated by the equivalence of the
data. In contrast, the uptake of APTES-nanoceria is exponential, which
indicates the slower uptake owing to passive delivery whereas the
EGF-nanoceria uptake is accelerated by active delivery owing to
the presence of the receptor-mediated endocytosis.”°

However, the cellular uptake and ROS production are semi-
dependent variables, where the latter depends on the former, but the for-
mer is essentially independent of the latter. That is, once uptake occurs,
then ROS production commences. As discussed above, following uptake,
the processes of overproduction of ROS, cell death, debris generation
and adsorption, and blockage of active sites can occur. These would
affect the population of cells capable of uptake of nanoceria, thus effec-
tively decreasing the uptake. Thus, this mechanism represents an alterna-
tive, which is noncontradictory, to that based on maximal uptake by cells.

34 |
receptor

Interaction of EGF-nanoceria with EGF

Western blot analysis was performed in order to confirm the EGFR
binding specificity of EGF-functionalized nanoparticles. After the

treatment with nanoceria for 5, 30, or 60 min, the medium containing

Y sk WILEY-L2

the nanoparticles was discarded and the cells were washed thor-
oughly with DPBS. This washing step ensured the removal of residual
nanoparticles and therefore any possible desorbed EGF, thus ensuring
the interaction between the EGF conjugated to the nanoparticles and
the receptor, thereby providing a measure of the EGF-nanoceria
induced phosphorylation of EGFR. Figure 5 confirms the EGF-induced
phosphorylation of the receptor, as evidenced by the presence of
p-EGFR bands in the samples treated with EGF-nanoceria for 5 and
30 min. The diminishing of the band in the sample treated for 30 min
and the absence of p-EGFR band in the cell sample treated for 60 min
is attributed to the dephosphorylation of the receptor.”! The time-
dependence of these processes; which include receptor-binding of
EGF-nanoceria, phosphorylation, de-phosphorylation, and further
downstream signaling; is supported by the observation of the progres-
sively diminishing p-EGFR band intensities with time. The diminishing
of p-EGFR band intensities further confirms the absence of any free
EGF moieties in the nanoparticle formulation. The intensities of the
protein EGFR bands correlate with those of the p-EGFR in the
EGF-nanoceria treated cell lysates, thus confirming the stimulation of
EGFR by EGF-nanoceria. The EGF-nanoceria interacts rapidly with
the HT-1080 cell membranes, as evidenced by the intense band at
5 min. More broadly, the data confirm the EGFR-binding capability of
EGF-nanoceria. However, it is unexpected that the intensities of the
EGFR bands for the control and APTES-nanoceria are different at
5 min when the absence of EGF in both should have generated similar
intensities. This difference is attributed to the nanoparticle-mediated
receptor modulation, where the nanoparticles alone can modulate the

activity of the receptors.”??%

3.5 | Cellular uptake of nanoceria by
fibrosarcoma cells

The TEM imaging shown in Figure 6 demonstrates the cellular uptake
of nanoparticles by fibrosarcoma cells. The images from the early time
points of 1, 2, and 5 min indicate the presence of nanoparticles in the
vicinity of the cell membrane and the possible interaction with the cell
membrane. The latter is confirmed by the western blotting data of

Figure 5, as shown by the high-intensity band after 5 min of treatment

5 min 30 min 60 min

p-EGFR

B-actin M
EGFR 4 e

| ]

P r— . —
‘h .‘~~p‘ »

Bractin  —-———— e — f— — —

FIGURE 5 Western blot analysis of
cell lysates collected after treatment with Control
nanoparticle formulations.

APTES- EGF- Control APTES- EGF- Control APTES- EGF-
nanoceria  nanoceria nanoceria  hanoceria nanoceria nanoceria
treated treated treated treated treated treated
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FIGURE 6 TEM imaging of cellular uptake of nanoceria and EGF-nanoceria by HT1080 cells: (A) APTES-nanoceria - 1 min, (B) EGF-nanoceria
-1 min, (C) APTES-nanoceria - 2 min, (D) EGF-nanoceria - 2 min, (E) APTES-nanoceria - 5 min, (F) EGF-nanoceria - 5 min, (G) APTES-nanoceria
- 30 min, (H) EGF-nanoceria - 30 min. APTES, amino-propyl-triethoxysilane; EGF, epidermal growth factor.
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with the EGF-nanoceria. The images after 30 min of treatment illus-
trate the cellular uptake of both nonfunctionalized and functionalized
nanoceria, where the nanoparticles are enclosed within membrane-
bound vesicles, which are likely to be endosomes.”*?>

These images also indicate the following points:

1. The nanoceria is highly agglomerated.

2. The APTES-nanoceria agglomerates are smaller than the
EGF-nanoceria agglomerates, which is confirmed by the DLS data
of Figure S7 (Data S1) and Table 1.

3. The agglomerates increase in size with time, confirming that all of
the agglomerates are soft.

4. The agglomerates become more rounded with time, which is as
expected.

5. Since the DLS data did not indicate the presence of monodisperse
particles, their presence confirms that: (a) the agglomerates are
soft and (b) they can be broken up in both the physiological and
cell environments. As confirmed by TEM images, no intergrowths
are observed between the nanoparticles and therefore the nano-
particles can be considered to be monodisperse. Nevertheless,
they possess the tendency to agglomerate quickly in suspension,
which explains the absence of monodisperse particles in the DLS
data. Hence, the nanoparticles were subjected to ultrasonication
immediately prior to their addition to cells, thereby breaking up
the agglomerates and allowing their cellular uptake.

6. The rounded porous agglomerates of EGF-nanoceria, which are
encapsulated within vesicles, at 30 min are as large as >2 pum.

7. The porous nature of the agglomerates does not preclude their
catalytic activity because: (a) the individual nanoparticles are in
point contact and hence physisorbed only, (b) the soft agglomer-
ates can be broken up into individual nanoparticles, and (c) the high
surface areas of the individual nanoparticles remain available once
the nanoparticles are released from the vesicles and de-

agglomerated.

The confocal microscopy images for FITC-tagged EGF-nanoceria
at two magnifications shown in Figure 7 confirm the uptake of
EGF-nanoceria, as indicated previously in the data of Figure 4. These

images and those of Figure 6 also indicate the following points:

1. 5 min: The nanoparticles are present as large agglomerates on the
surfaces of the cells.

2. 30 min: The nanoparticles are partially de-agglomerated and par-
tially internalized.

3. 5h: The nanoparticles are highly de-agglomerated and partially
internalized.

While these data confirm the preceding comments made about
agglomeration and de-agglomeration, they also show that cellular
uptake occurs within 5 h. Moreover, these data serve as more direct
evidence for the demonstration of EGFR-mediated uptake of
EGF-nanoceria since the fluorophore was tagged with EGF, thereby

confirming the EGFR targeting potential of EGF-nanoceria.
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FIGURE 7 Confocal imaging of FITC-tagged EGF-nanoceria
(green), showing cellular uptake by HT-1080 cells (blue: Hoechst)
(each time point: top row = 20 X, bottom row = 63 X; scale bar:

20 um [20 X] and 10 um [63 X]; 20 X and 63 X images taken at
different fields of view (FoV), and hence the densities of nanoparticles
in each cell are not directly comparable). EGF, epidermal growth
factor; FITC, fluorescein-5-isothiocyanate.

3.6 | Cytotoxicity of nanoceria against tumor cells
and normal cells

The metabolic activity of cells is known to decrease the pH,”® which
can induce ROS generation and adsorption, followed by cell death.
However, unlike the previous testing protocols, these samples were
subjected to a change in medium every 24 h with the aim of maintain-
ing a physiological pH. Consequently, the ROS generation deriving
from the cell metabolism may be a cause of the logarithmic decrease
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in the viability of the normal fibroblast cells (MRC-5) shown in
Figure 8. This is likely to be a result of an accumulation effect of the
nanoceria following the charge-dependant uptake of APTES-
nanoceria, which is likely to have manifested through subcellular
redistribution of the nanoceria in the organelles. In support of this,
aminated positively-charged nanoceria have been found to be inter-
nalized by normal cells, thereby inducing subsequent toxicity through
lysosomal localization. Since lysosomes are acidic in nature, they
would trigger the pro-oxidant nature of nanoceria.”” It is remarkable
that the nanoceria induced minimal toxicity toward normal cells up to
48 h. Thus, when translating the system to in vivo conditions, the tox-
icity arising from the time-dependent accumulation effect and possi-
bly the pH effect as well would be likely to be negligible as exocytosis
and nanoparticle clearance mechanisms are relatively rapid and occur
in less than this time frame.”®??

Concerning the cancer cells the trend is different, where there is
a significant decrease in the cell viability all three time points. At the
first time point of 24 h, the cell viability decreased to 62+ 7%
(Figure 8), which is statistically distinguishable from the 44 + 8% of
Figure 2. In principle, these two sets of results should be identical
because the cell viability testing with (Figure 8) and without (Figure 2)
medium change applies only to the 48 and 72 h time points. Table 1
shows that the [Ce®*] increased by ~19% from October 2018 to

February 2022. As Ce** is known to be cytotoxic to cancer cells,”1%°
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FIGURE 8 Cytotoxicity of APTES-nanoceria toward normal cells
(MRC-5) and cancer cells (HT-1080), **p < .01, ***p < .001, and
****p < .0001. APTES, amino-propyl-triethoxysilane.

the aging of CeO, should decrease the cytotoxicity. Since the data in
Figure 8 were obtained on May 2021 and those in Figure 2 were
obtained on October 2021 earlier, then these results are not consis-
tent with the effect of aging on the [Ce3*]. This disagreement sug-
gests that the role of the active sites in the form of V§ *,”>”¢ which
are generated by 2(Ce** — Ce®*) reductions, for ROS generation from
the active sites (producing H,0,”) dominate the role of the ROS gen-
eration from the Ce®* — Ce** oxidation (producing *OH and *O,").
This is consistent with the observation that H,O, is the most long-
lived ROS! and so induces considerable cytotoxicity on cancer
cells. 102193 However, the effect of the medium is clear in that the cell
viability at 48 h decreased to 35+ 2%. (Figure 8), which is statistically
distinguishable from the 53 + 6% of Figure 2. After 72 h, the cell viabil-
ity decreased to 45+4% (Figure 8), which again is statistically distin-
guishable from 89 +1% of Figure 2. Since the statistically significant
decrease in cell viability in the HT-1080 cells is analogous to the trend
in the MRC-5 cells, then this suggests that the pH did not have a dom-
inant effect with the cancer cells. Thus, it is likely again that an alter-
native mechanism provides the dominant mechanism for the trend of
cell viability. In this case, it is likely to be the reduction in blockage
of catalytically active sites owing to the removal of cell debris during
change of medium. Thus, the catalyst surfaces remain less impeded

from the catalytic generation of ROS and associated cell death.

4 | CONCLUSION

Nanoceria has been fabricated by low-temperature (60°C) hydrother-
mal synthesis and coated using APTES linker and functionalized with
EGF or EGF-FITC. The nanoparticles were examined initially by miner-
alogical, morphological, structural, particuological, and chemical, char-
acterization. The nanoparticles consisted of rod-shaped nanoceria of
dimensions ~50 nm length and ~12 nm width. The suspension of
functionalized nanoceria in water resulted in the formation of multi-
modal soft agglomerates (<400 nm), where APTES coating yielded
positively charged nanoparticles and EGF functionalization
yielded negatively charged nanoparticles. The nanoceria surfaces were
highly defective, exhibiting [V§ *] of ~70%-80% of the theoretical
maximum (25%); aging over 41months increased the [V3°] from
~17% to ~20% owing to oxygen starvation during storage.

Further examination involved ligand-receptor interaction, cell via-
bility, ROS generation, cellular uptake (quantitative and qualitative),
and cytotoxicity toward normal cells. The specificity in the binding of
EGF-nanoceria with the EGF receptor (EGFR) was confirmed by west-
ern blot analysis. The EGFR-targeting efficiency and the overall anti-
cancer performance of EGF-nanoceria were confirmed by
comparative examination of APTES-nanoceria and EGF-nanoceria,
where the modes of delivery were passive for the former and active
for the latter. In comparison with APTES-nanoceria, EGF-nanoceria
exhibited enhanced cytotoxicity toward cancer cells, as indicated by
the cell viability results, which reflected increased ROS generation
levels. However, the percentage cell death decreased over time for

both functionalized and nonfunctionalized nanoceria. This is
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attributed to the blockage of active sites on the nanoceria surface by
cell debris. However, the ROS generation level for APTES-nanoceria
at 72 h was less than that for the control, which is attributed to the
elimination of the active site V§ * by occupation of O ion of the sila-
nol group and/or neutralization of the ROS by charge compensation
by the ROS *O, ™. The cellular uptake revealed a slower rate of uptake
by passive delivery for APTES-nanoceria compared to the faster rate
of uptake by active delivery for EGF-nanoceria, which maximized at
48 h. The uptake for both types was confirmed by TEM imaging. Fur-
ther, the FITC-labelling of EGF-nanoceria enabled the imaging of
uptake by sarcoma cells using confocal microscopy. The cytotoxicity
assay results for APTES-nanoceria revealed that nanoceria exhibited
negligible (24 h) and minimal (48 h) toxicity toward normal cells but
remarkable cytotoxicity toward cancer cells at all-time points. How-
ever, APTES-nanoceria at 72h induced considerable cytotoxicity
toward normal cells owing to a nanoparticle accumulation effect.
Although there is previous work reported the use of nanoceria to
target various receptors overexpressed in several cancers, such as the

104105 and the CD44 receptor,'® the present work

folate receptor
appears to provide the first report of the fabrication and functionaliza-
tion of nanoceria with EGF with the aim of targeting the EGF recep-
tor. This strategy to target EGFR in cancer has potential widespread
applicability as several cancers are reported to be EGFR-positive.333
The data obtained from the comparative studies for the EGFR-
targeted and non-targeted nanoceria reveal significant improvement
in the anticancer properties and potential therapeutic performance of
EGF-nanoceria through enhanced cellular uptake of nanoparticles,
increased generation of ROS, and resultant increased cytotoxicity of
nanoceria. Further, FITC-tagged EGF-nanoceria offers considerable
potential in the theranostic management of EGFR-positive cancers
since the binding of EGF-nanoceria to the receptor and the subse-
qguent detection of fluorescence provide the diagnostic potential in

the imaging of such cancers.
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