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ABSTRACT

The use of zinc oxide (ZnO) and titanium oxide (TiO,) nanoparticles in ultra-
violet (UV) filters can cause serious health issues due to their genotoxicity and
cytotoxicity effect. Recent research on cerium oxide (CeO,) nanoparticles has
demonstrated their biocompatible nature, excellent antioxidant and ultraviolet—
visible (UV-Vis) absorption properties. CeO,-based nanocomposite materials or
nano-architectures can offer uniform absorptive properties, therapeutic skin
effect and easy skin application. In this study, cerium oxide-polyethylene glycol
(CeO,-PEG) nano-architecture was prepared by hydrothermal processing with
the aim to improve stability, antioxidant properties, and enhance UV absorption
for UV filtering applications. The morphology study of the developed
nanocomposite revealed the formation of polymer bands with well-dispersed
CeO; nanoparticles. The nanocomposite structure has exhibited excellent UV
absorption in the UV range 200400 nm due to decrease in optical band gap in
comparison to the naked CeO, NPs. The evaluation of the photocatalytic activity
(PCA) of the nanocomposite structure against P25 photocatalyst and ZnO
nanoparticles showed no dye (crystal violet) degradation on UV irradiation.
Hence, PCA assay verified the absence of ROS generation and increased stability
of the nanostructure under UV irradiation. The investigation of antioxidant
properties of the Ce-PEG nanocomposite by a dichlorofluorescein (DCF)-based
assay revealed sufficient intracellular ROS scavenging in comparison to
N-acetylcysteine (NAC) and H,O, only assays. In vitro toxicity evaluation of Ce-
PEG nanocomposite towards non-malignant human keratinocyte cell line
(HaCaT) revealed a non-significant cell mortality ~ 10% of control at a dosage
of 50 mg L™'. The nanocomposite structure also exhibited excellent UV
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protection for HaCaT cells under UV irradiation conditions compared to P25.
Our findings suggest that the developed nanocomposite combined the antioxi-
dant and UV absorption properties of CeO, and skin emollient role of (PEG),
and hence offered a novel biocompatible and multifunctional structure for
sunscreens and therapeutic skin product.
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Introduction

Extensive exposure to UV light can cause detrimental
effects such as erythema (sunburn), premature skin
ageing, skin wrinkles, cornea, actinic keratosis, solar
elastosis, and liver spots [1, 2]. UV radiation is a part
of electromagnetic spectrum, and divided into UVA
(400-315nm), UVB  ((315-280) and UVC
(280-100 nm) categories [2, 3]. UVC do not reach the
earth surface as it is blocked by ozone layer. UVA
and UVB are most prevalent radiations on earth
surface that interact with biological matter. Exposure
to UVB radiation cause long-term skin damage such
as wrinkles and ageing. They also cause indirect
damage to DNA. UVA radiation have deep skin
penetration and directly cause DNA damage, genetic
mutation and hence cancer [4]. UV rays generate ROS

through activation of intracellular chromophores and
photosensitization [5-7]. Overproduction of ROS
cause oxidative stress that leads to many pathological
conditions. Apart from direct/indirect DNA damage,
UV radiation also cause other changes in the body
such as imbalance in inflammatory response. To
protect against the damaging effect of UV radiation,
sunscreens/UV filters containing active inorganic
and organic ingredients are used that provide pro-
tection through scattering, absorption and reflection
of UV rays. Sunscreen is very effective to protect
against UV-related pathologies, e.g. sunburn, actinic
keratosis, carcinomas and melanomas [8]. The sun-
screen formulation contains nanosize particles of
inorganic oxide (typically TiO, and ZnO) to impart
higher UV absorption and transparent look after
application. However, there are concerns in the use of
TiO, and ZnO in sunscreens due to their higher
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photocatalytic activity when exposed to UV radia-
tion. Reactive oxygen species are produced due to
electron/hole (e”/h™) generation upon UV irradia-
tion [1, 9, 10]. Oxide nanoparticles (INPs) with reac-
tive surfaces also react with polymeric ingredients to
generate ROS. These ROS degrade the organic
ingredients of a sunscreen and reduce the UV pro-
tection duration and efficiency [1, 11, 12]. Ginzburg
et al. reported recently that nanosize ZnO degraded
the sunscreen mixture after exposure to UV radiation
and exhibited higher toxicity in embryonic zebrafish
assay [11].

The production of ROS can cause oxidative stress
in cells that leads to cellular organelle damage and
premature cell death. Nanoparticles penetration into
skin can cause ROS generation and cytotoxic effect.
Studies showed a minimal epidermal penetration in
healthy skin [13, 14]. However, transdermal pene-
tration can increase in case of wound, sunburn and
ape-stripped skin [13]. The cytotoxic effects in human
body usually appear due to long or continuous
exposure to NPs.

Various in vitro and in vivo studies on cytotoxic
behaviour of ZnO and TiO, NPs have been per-
formed. Cytotoxicity study of ZnO NPs on different
cell line such as human neuroblastoma (SH-SY5Y),
human brain tumour (U87) and rat retinal ganglion
cells (RCG-5) indicated an increase in ROS produc-
tion, decreased cell viability, and mitochondrion and
cellular membrane damage [15-18]. In animal study
models, ZnO NPs-induced hippocampal pathological
and neurobehavioural changes induced cognitive
impairment and depressive behaviour [19, 20].
In vitro cytotoxicity study of TiO, NPs on various
cells lines such as human glial cells (U373), PC12 cell
line and human neuroblastoma (SH-SY5Y) reported
ROS augmentation, lipid peroxidation, cell mem-
brane damage and inhibition of cell proliferation
[21-24]. In vivo studies demonstrated a high burden
on liver, spleen and lungs for one year after intra-
venous administration [25]. Similarly, intranasal
administration for 90 consecutive days demonstrated
high oxidative stress level, DNA peroxidation, high
level of proteins, overproliferation of glial cells, tissue
necrosis and alteration of 249 gene expression [26].

The chemical/organic sunscreen can easily pene-
trate through skin and cause more damage than
physical sunscreens. There are several investigation
reports on presence of chemical sunscreens in human
body, detected through urine analysis. Philippat et al.
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reported a high concentration (average 200 ng mL ™,
and up to 13,000 ng mL™") of benzophenone-3 in the
urine of Californian females [27]. Other studies by
Calafat et al. and Bae et al. reported the presence of
benzophenone-3 in the human urine samples with
mean  concentrations of 229 ngmL~' and
0.05-8.65 ng mL™", respectively [28, 29]. The pres-
ence of chemical sunscreens such as benzophenone-3,
4-methylbenzyli-dine, octyl = methoxycinnamate,
octocrylene and 3-benzylidene camphor decrease the
cell viability and caused neurotoxicity [30-34]. They
also showed toxicity in different body tissues and
cellular organelles [35].

To minimize sunscreen degradation and ROS
generation, the surface of the NPs must not be reac-
tive towards the organic ingredients of a sunscreen
and should be stable. There is more probability of
aggregation in a sunscreen with physically dispersed
NPs. The binding of NPs with polymer chains in the
matrix can minimize the agglomeration. The stabi-
lized nanocomposite with well-dispersed oxide NPs
can reduce the ROS generation and exhibit excellent
and uniform UV protection. Antioxidants or ROS
scavenger materials can also be incorporated in the
sunscreen formulation to supress the formation of
ROS. Similarly, commercial chemical ingredients of a
sunscreen must have reduced reactivity and stabi-
lized surface to minimize skin penetration and
interaction with the cells. The stabilized /unreactive
surfaces of the NPs and the organic components can
be achieved in a composite material synthesized
under controlled processing parameters and selective
organic and inorganic reagents.

Inorganic antioxidants such as CeO, offer great
advantage as an active ingredient in the sunscreen
formulation because of requisite biocompatibility,
and excellent antioxidant and UV absorptive prop-
erties [1, 36]. It has been reported in various pub-
lished studies that CeO, NPs exhibit enzyme
mimicking activity like superoxide dismutase, and
peroxidase due to its reversible switching between
Ce™ and Ce™ oxidation states, and can effectively
scavenge ROS and nitric oxide radicals [37-39].
Recently, it has been reported that CeO, NPs can
protect neurocytes and myocardial cells against
damaging effect of ROS by scavenging them [40—42].
Li et al. have found that CeO, NPs caused no
apparent toxicity towards human skin fibroblast cells,
and reduced the intracellular ROS level. Further, it
inhibited the senescence-associated B-galactosidase
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condition, associated oxidative stress and DNA
damage [43]. Morlando et al. reported the synthesis
of CeO, nanodots encrusted TiO, nanocomposite,
which showed lower phototoxic effect towards
HaCaT cells in comparison with commercial TiOs,.
It also exhibited improved biocompatibility,
increased UV protection and minimal formulation
degradation [43].

Polyethylene glycol (PEG) has been used in the
processing of the various composite materials
because of its biocompatible properties and applica-
tion in cosmetics. It has been widely employed as
plasticiser, ointment, emollient and laxative agent in
pharmaceuticals [30, 31].

In this research article, a novel nanocomposite
structure of CeO, NPs dispersed in polymer matrix
(PEG) was synthesized by hydrothermal processing.
The structural, morphological, UV absorption and
biocompatibility of the nanocomposite structure were
studied to evaluate its applications in sunscreens. The
nanocomposite (Ce-PEG) exhibited improved bio-
compatibility, increased UV protection and ROS
scavenging (Fig. 1). As per knowledge of the authors,
the synthesized material has not been reported
elsewhere.

Figure 1 CeO, nanoparticles
stabilized polyethylene glycol
(PEG) nano-architecture with
excellent UV absorption, ROS
scavenging (extracellular and
intercellular ROS) and
emollient properties for
application in sunscreens.
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Experimental
Reagents
Cerium nitrate hexahydrate (Ce(NO3);.

6H,0, > 99.9%, Sigma-Aldrich), ethylenediaminete-
traacetic acid (EDTA, C;0H16N2Og, > 99.1%, Sigma-
Aldrich), polyethylene glycol 6000(ConHypn 20041~
> 99%, Sigma-Aldrich), ammonium hydroxide
(NH,OH, 28-30%, Sigma-Aldrich, triarylmethane
dye, crystal violet (CV, Cy5sH30CIN3, > 90%, Sigma-
Aldrich) and ethyl alcohol (CH;CH,OH, > 99.5%,
Chem-Supply, Australia) were purchased and used
without any further treatment.

Methods

Synthesis of Ce-PEG nanocomposite was carried out
by hydrothermal processing. For synthesis, solution
A was prepared by dissolving 1 g of Ce(NO5);-6H,O
in 10 ml of DI water by magnetic stirring for 30 min.
Solution B was prepared separately by dissolving
2 mg of EDTA in 10 ml of DI water. After complete
dissolution of EDTA, 15 ml of PEG (15% w/v solu-
tion) and 2 ml of NH,OH solutions were added into
the beaker and sonicated for 10 min. After formation
of clear solution, the two solutions were mixed and
magnetically stirred at 60 °C for 20 min. The resul-
tant solution was then sealed into a Teflon-lined
autoclave (50 ml) and maintained at 180 °C for 24 h
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inside an oven. After processing, the autoclave was
cooled down to room temperature and precipitated
particles (precursor) were collected by centrifuging at
6420xg for 10 min. The obtained precipitate was
dried at 70 °C for 12 h inside an oven. After drying,
the product was stored inside a cleaned glass vial.
The obtained sample was also calcined under inert
atmosphere (Ar gas) at 500 °C in a tube furnace to
verify the oxidation state of cerium.

The process of hydrolysis and amination resulted
in the formation of PEG bis(amine), which linked the
cerium NPs (CeO, and Ce,O3) to form Ce-PEG bis
amine (abbreviated as Ce-PEG nanocomposite) com-
posite, Figure S1. Schematic of the nanocomposite
preparation is shown in Fig. 2.

Characterization

X-ray diffraction (XRD) patterns of the samples were
obtained using an Empyrean diffractometer, Malvern
Panalytical with selected scanning angle 20 = 10-80
degree (°) at 40 kV and 40 mA, scan rate 1.5 ° min~},
and step size 0.02° using a monochromatic CuKa
radiation (1 = 1.5405 A) as emission source. The
morphology of the Ce-PEG nanocomposite structure
was observed by field emission scanning electron

microscopy (FE-SEM, JSM 7500F, JEOL Ltd).

Figure 2 Schematic for the
preparation of Ce-PEG
composite using hydrothermal
processing.

Solution A

Ce(NO5)3-6H,0

Aqueous
solution

Sonication for 30 min
60 °C

Final Product

O
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Platinum (Pt) coating was applied to the particles on
carbon tape attached to an appropriate size alu-
minium (Al) base.

The crystal morphology and the lattice fringes of
the samples were observed and analysed using a
high-resolution transmission electron microscopy
(TEM, ARM200F, JEOL Ltd). For TEM specimens
preparation, first, NPs suspensions were prepared by
sonication, and then, 2-3 drops of suspension were
poured on to carbon tape, and allowing it to dry.

X-ray photoelectron spectroscopy (XPS) was
employed to determine the oxidation sate of Ce and
other species on the surface of the samples. The
spectra were recorded using a NEXA XPS (Thermo
scientific™) with Al Ko radiations (hv = 1.487 keV)
as X-ray excitation source under high vacuum
< 107® mbar. Avantage data analysis (Thermo scien-
tific™) software package was used to analyse the
XPS data.

UV-Vis absorption spectra were collected using a
UV-1800 series spectrophotometer (Shimadzu) in the
200-800 nm wavelength range. Samples were sus-
pended in CH;CH,OH by sonication (Branson 3800
brand, Ultrasonic Corp.) before UV absorption mea-
surement. The optical band gap (Eg) of the samples
was evaluated from the UV measurements using the
Tauc relation [1, 44]:

Solution B

EDTA (CyoH16N,05) +
Polyethylene glycol +
NH,OH + DI water

B

Sonication for 10 min Sonication for 20 min
60 °C 60 °C

-

Solution A + Solution B

Centrifuging, washing

and drying

Hydrothermal processing 24 h
180 °C
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(ahv)"'= A(hv — Ey) (1)

where o is absorption coefficient, & the Planck’s con-
stant, v the photon’s frequency, A the proportionality
constant and Eg the optical band gap. The value of the
exponent (1) can vary between 0.5 and 3, depending
upon the transition from the conduction to valence
band in a semiconductor material.

Photocatalytic activity

The photocatalytic activity of the synthesized
nanostructures was determined from the degradation
of the crystal violet dye with reference to P25 pho-
tocatalyst. A photochemical reactor (model RPR-200,
Rayonet) lined with phosphor-coated lamps (300 nm
and 350 nm wavelength) and fitted with 50 W
(W) lamps was used for the dye degradation exper-
iments. The chamber temperature was maintained at
25 4 2 °C during the experiment. A 100 ml suspen-
sion containing NPs (10 mg L") and dye (5 mg L™
in a quartz beaker was stirred for 5 min inside the UV
reactor and then irradiated for a period of 60 min
with 10 ml aliquots were collected periodically every
10 min. The process was repeated for NPs
(5 mg L"), control and P25 (5 mg L") for reference
photocatalytic activity measurement. The degrada-
tion of dye after irradiation was measured using a
UV-Vis spectrophotometer (Shimadzu) in the
200-800 nm wavelength range. The changes in
absorption were calculated from the average peak
absorbance at 4 =590 nm of three samples at the
respective time interval. The plots of relative
absorption and degradation kinetics were used to
evaluate the photocatalytic activity.

Cell cultures

Adherent HaCaT (human keratinocyte) cell line
(PMID: 2450098) was employed in this study for
cytotoxicity evaluation. The identity of the HaCaT
cells was verified by STRP (short tandem repeat
profile at Garvan Institute of Medical Research,
Australia). The cell cultures were grown and main-
tained in 75 cm? tissue culture flasks (Greiner Bio-
One) supplemented with Dulbecco’s modified Eagle
(DMEM) (Thermo Fisher Scientific) media, 10% (v/v)
foetal bovine serum (FBS, Bovogen Biologicals, Aus-
tralia), which was heat-inactivated before use. Cells
were incubated at 37 °C with 5% (v/v) CO, and
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passaged using 0.5% trypsin solution (Thermo Fisher
Scientific) when the cells approached confluency
every 3—4 days. Negative mycoplasma test of cells
was routinely checked using the MycoAlert™
detection kit (Lonza Biosciences).

Cell viability study

Cytotoxicity of Ce-PEG nanocomposite and Ce-NPs
was evaluated using the MTS assay kit (Promega
CellTiter 96™). In this assay, 100 pL of cells at a
concentration of approximately 15 x 10* cells per
well were seeded in a flat-bottomed 96-well plate and
incubated at 37 °C with 5% (v/v) CO, for 24 h to
enable cell adhesion. Firstly, NPs were sterilized by
exposing them to UVC light for 20 min, then sus-
pended in a cell culture media at concentrations of
50 mg L' and 5 mg L™ by sonication for 1 h. Then,
the prepared NPs suspensions were added to
respective cells containing wells at concentrations of
0, 5 and 50 mg L' and further incubated at 37 °C
with 5% (v/v) CO, for 24 h. After 20 h incubation
time with NPs, MTS reagent (20 pL) was added to
each well of the respective plates and then incubated
for 4 h to enable the colour development. Then, the
plates were centrifuged at 750xg for 10 min and a
volume of 75 pL of the supernatant was transferred to
the corresponding wells of a new flat-bottomed
96-well plate and the plate was read at 4 = 490 nm
using a microplate reader (SpectraMax Plus 384 type,
Molecular Devices, USA). Each assay was performed
in triplicate and repeated in three separate experi-
ments (n = 3). The assays performed using the cells
only were used as a negative control, whereas assays
in the presence of ZnO NPs (< 100 nm, Sigma-
Aldrich) and P25 were referred as positive controls.
The viability (% of control) was obtained from the
plots of the absorption data for each tested
concentration.

The photo-induced toxicity on exposure to UVA/
UVB radiation in the presence of Ce-PEG nanocom-
posite, Ce NPs with reference to TiO, (P25) and
control (cell only) was also evaluated. The cells were
grown in a 96-well plate at a concentration
15-18 x 10* cells per well in a similar fashion as
described in the procedure for cell viability assay
without UV radiation exposure. The tested samples
suspensions (50 mg L™') were prepared in Dul-
becco’s phosphate buffered saline (DPBS, without
Ca*?, Mg supplemented with 2% FBS by
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sonication for 1 h. After 24 h incubation period, the
media from the wells was removed and replaced
with NPs suspensions to make a total volume of
100 pl per well. The cells were incubated further for
1 h to allow the interaction of NPs/nanocomposite
with cells. After 1 h, the cells were exposed to light
source for a period of 15 min at an intensity of 6 mW
cm™? using a 300 W sunlamp (Ultra-Vitalux,
OSRAM). During the exposure, the cell containing
plates were placed on ice to avoid the heat-induced
damage. After UVA/UVB exposure, the media from
the cells was removed and a fresh media of 100 pL
was added to each well, and cells were incubated for
24 h. After this period, cell viability was assessed in
the same fashion as performed in the assay without
UV irradiation.

Statistical analysis (One-way ANOVA with Tuck-
ey’s post-hoc test) was performed on each assay
using the software Prism 7.02 (GraphPad software
Inc., USA). For analysis, a value of p <0.05 was
considered significant. The viability data of synthe-
sized cerium nanostructures were compared with
ZnO NPs and P25 because of their similar applica-
tions as UV filters.

Intercellular ROS measurement

The adhered HaCaT cell culture after 24 h of passage
were treated with CeO, NPs and Ce-PEG nanocom-
posite at a concentration of 50 mg L™ in a flat-bot-
tom 96-well plate and incubated further for 24 h.
After 48 h mark, the cells were washed with Dul-
becco’s phosphate-buffered saline (DPBS, Thermo
Fisher Scientific) and incubated with fresh culture
medium containing 0.5 mM H,O, or/and 0.5 mM N-
acetylcysteine amide (NAC) for 1 h. Then, cells were
washed with DPBS and incubated with 20 pl of
0.5 mM 2',7'-dichlorodihydrofluorescein diacetate
(H,DCFDA) dye for 30 min in the dark. Finally, the
cells were washed thrice with DPBS to remove the
extracellular dichlorofluorescein (DCF) dye, and a
volume of 100 pL. of DPBS was added to each well
and the dye fluorescence was measured using a plate
reader (FLUOstar OPTIMA FL BMG LABTECH) at
excitation/emission ~ (Ex/Em)  wavelength  of
490/520 nm. Blank reading was subtracted from the
respective cell containing wells readings of each
individual assay. Each assay was repeated in three
separate experiments in triplicate manner, and mean
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values were plotted as the change in DCF intensity
(% of control).

Results and discussion

The XRD patterns of Ce-PEG nanocomposite and
cerium oxide (CeO,) sample are shown in Fig. 3a,
b.The XRD peaks for Ce-PEG bands are centered at
20 = 14.65°, 15.08°, 19.16°, 23.25°, 26.19°, 26.92°,
27.85°,30.90°, 32.67°, 36.13°, 39.69°, 42.94° and 45.15°,
which is consistent with PEG XRD data given in the
previous research reports [45-47]. Also, peaks corre-
sponding to CeO, and Ce;O; were indexed with
reference to powder diffraction file (PDF) cards (#01-
089-8436) and (#96-101-0280), respectively, as shown
in Fig. 3a. It can be seen (Fig. 3a) that peaks are not
sharp, and indicating the growth phase of CeO, and
Ce,O; particles. The average crystallite size was cal-
culated by Scherrer equation [48, 491

. K;\.
~ BcosO

(2)

where D = average crystallite size (nm), K = shape
factor (usually 0.9 for spherical crystallite, A = X-ray
wavelength (0.15406 nm), f = full width half maxi-
mum (FWHM) of the peak, and ¢ = Bragg’s angle (°).

The average crystallite size of Ce-PEG sample and
calcined Ce NPs using Scherrer formula were calcu-
lated as 51.5nm and 6.42 nm, respectively. The
crystallite size for these samples was also verified by
William-Hall (W-H) method (Figure S2), which were
estimated as 43.8 nm and 5.6 nm, respectively. The
difference between crystallite size of nanocomposite
and calcined sample resulted due to contribution of
crystalline part of PEG. Calcination of the sample was
performed to quantify the size of individual Ce NPs.

The XRD peaks in the calcined sample were
indexed using the CeO, reference patterns shown in
Fig. 3b. Due to smaller crystallite size and broader
nature of the peaks, the peaks cannot be clearly
indexed to distinguish between CeO, and Ce,Os.
Further, XPS analysis was carried out to verify the
oxidation states and their atomic per cent on the
surface of calcined sample.

The presence of Ce™ and Ce™ on the surface of
the sample can be determined using XPS. The
deconvolution of core level spectra Ce 3d and O 1s
was performed to determine the Ce*®/Ce** ratio in
the sample as shown in Fig. 3c, d. In general,
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Figure 3 a XRD pattern of Ce-PEG composite and reference PEG pattern, b XRD pattern of Ce-NPs with reference to CeO, pattern,
¢ deconvoluted Ce-3d spectrum of Ce NPs, d deconvoluted Ols region of Ce NPs spectrum.

deconvolution of Ce 3d into 10 peaks is accepted
model for the analysis. The sum of the peak areas was
determined for each Ce'® and Ce'™ state and the
percentage of Ce™ was calculated by [50]:

[Ce™]

31 _
[Ce™] = [Ce+3]+[Ce+4]

x 100 (3)
where [Ce*®] and [Ce™] indicate integrated peak
area obtained from the peak deconvolution corre-
sponding to Ce™® and Ce™ states. It can be seen from
Fig. 3c that peak deconvolution resulted in three
doublet pairs of 3d orbital with spin states of j = 3/2
or 5/2 attributed to tetravalent (Ce**) oxidation state
and two doublet pairs linked to trivalent state (Ce™),
also in agreement with previous report by Morlando
et al. [1].

The computed FWHM, atomic%, CPS at the
respective binding energies of Ce*® and Ce™ states
are given in Table S1. The atomic% was calculated
from the area of the respective peak. The atomic%
contents (40.32%) of Ce™*? in the calcined sample were
obtained from its total peaks area after deconvolu-
tion. A higher Ce*?/Ce** contents on the surface of
cerium oxide catalyst provide higher superoxide
dismutase (SOD)-like activity. A disproportionate
amount of superoxide (O, ") is damaging to body
tissues and cells. Superoxide dismutase (enzyme)
help to catalyse the superoxide into H,O, and O,, and
reduce the damaging effect on cells and tissues.
Various in vitro studies have shown SOD-like activity
of cerium NPs, and proceed in the following fashion
[51-53]:
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Ce" +0; +2H" — Hy,O, + Ce™
Ce™ + 0, — O, +Ce'?

The deconvolution of Ols region of XPS spectrum
was performed to determine the oxygen species
present on the surface of the cerium NPs, Fig. 3d.
After adequate peak fitting, a BE value 529.05 eV was
obtained for O1 peak, which is consistent with
reported value of Ce™ state of cerium [50, 54]. The
second deconvoluted peak (O2) was obtained at BE of
530.09 eV, matched to the reported value of Ce™®
state [50]. A small shoulder peak was also obtained at
BE of 531.45 eV which can be linked to either organic
phase or oxygen deficiency phase [55]. Further, C 1 s
region of CeO, spectrum was deconvoluted to anal-
yse the oxidation states of carbon in the structure,
Figure S3. The obtained convoluted peaks C1, C2 and
C3 at BE value 284.8 eV, 286.1 eV, and 288.30 eV
correspond to C-C, C-O, and C-H (metal hydrocar-
bon) oxidation states, respectively, which confirmed
the presence of organic impurities in the calcined
sample.

The morphology of the Ce-PEG nanocomposite
structure using SEM imaging is shown in Fig. 4a.
SEM image observations revealed the formation of
thin 14 pm size bands of the structure. However, it
is difficult to resolve cerium NPs using SEM. Further,
HR-TEM imaging was performed to analyse the
structure at high resolution. It can be seen from dark-
and bright-field TEM images Fig. 4c, d, f, g that cer-
ium NPs with size range 10-40 nm are embedded in
the structure. Also, TEM imaging, Fig. 4c, f shows the
thin band-structure of Ce-PEG nanocomposite. HR-
TEM image in Fig. 4e clearly showed the lattice
fringes of cerium NPs in the PEG matrix. Selected
area diffraction pattern (SAED) of the nanocomposite
structure is shown in Fig. 4h. Diffused and circular
ring pattern indicated the amorphous and polycrys-
talline nature of the nanocomposite, which confirmed
the embedded NPs of cerium in PEG matrix. The
diffraction spots also vary in brightness due to con-
tribution of cerium and partly PEG crystallinity.
Energy-dispersive x-rays spectroscopy (EDS) maps
showed the presence of cerium in the Ce-PEG struc-
ture (Fig. 4b).

UV-Vis absorption measurement of Ce-PEG
nanocomposite in the wavelength range of
200-800 nm was performed in comparison to CeO,
NPs to assess the optical behaviour of the
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nanocomposite. The synthesized structure offered
higher absorption as compared to CeO, NPs as
shown in Fig. 5a. Higher UV-Vis absorption of the
nanocomposite structure was resulted due to uni-
form distribution and high dispersibility in the
solution. Band gap (Eg) values of the samples were
determined from their UV-Vis absorption values
using Tauc plots and are shown in Fig. 5b. The
measured E; value of 3.35 £ 0.03 eV of CeO, is in
agreement with the reported value [1]. A lower value
of E; (278 £0.03 eV) was obtained for Ce-PEG
nanocomposite. Due to lower E; value, the
nanocomposite material exhibited high UV-Vis
absorption than CeO, NPs.

The photocatalytic properties of the synthesized
nanostructures were evaluated by dye degradation
experiment with reference to P25 and ZnO NPs
(positive control, over a time period of 60 min,
Fig. 5c. The degradation of CV alone was used as a
negative control (control). UV-Vis absorption maxi-
mum values for the performed degradation experi-
ments are given in Table S2.

The degradation kinetics of the nanostructures
were assessed from the plot of irradiation time (min)
and In(Cy/C) as shown in Fig. 5b. These are pseudo-
first-order rate reactions described by the Langmuir—
Hinshelwood model. Rate constants (k) min~"' were
determined from the linear plot of In(Cy/C) versus
irradiation time using the expression [49]:

In (%) =kt (4)

where t is the irradiation time (min), C is the initial
concentration and C is the concentration at different
irradiation times (mg 17").

Both sample (Ce-PEG nanocomposite and CeO,
NPs sample) did not exhibited any significant dye
degradation with reference to P25 and ZnO NPs
(reference samples). Ce-PEG sample only exhibited
5% dye degradation compared to control and refer-
ence samples, Fig. 5c. This showed absence of ROS
formation by the nanocomposite materials during
irradiation, and hence, it showed good stability under
UV-Vis environment, which play critical role in UV
protection. From the degradation kinetic, it can be

seen that P25 has highest degradation rate
5.07 x 107 £ 0.0026 followed by ZnO
1.68 x 102 4+ 0.0012  compared to  Ce-PEG

@10 mg L™ (94 x 10 4+ 0.0077) and CeO, NPs
@10 mg L' (432 x 10™* £ 0.00317), and even lower
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[CIEDS of Ce-PEG composite|

< b

Figure 4 a SEM image of Ce-PEG nanocomposite, b EDS map, ¢, d dark-field and f, g bright-field TEM images, e HR-TEM image of

lattice fringes, and h SAED pattern of Ce-PEG nanocomposite.

rate were recorded at 5 mg L' concentration of Ce-
PEG and CeO, NPs, given in Table S3. Degradation
assay exhibited the ROS scavenging capabilities of
the Ce-PEG nano-architecture in similar fashion as
witnessed for CeO, NPs. This validated the stability
of the nanocomposite structure in UV-Vis
environment.

The viability of HaCaT cells in the presence of 50
and 5 mg L™ concentrations of Ce-PEG nanocom-
posite and CeO, NPs with reference to the negative
control (cells only) and positive controls (P25 and
ZnO NPs) is shown in Fig. 6. The treatment with Ce-
PEG showed highest cell viabilities of 90% and 94%

(of control) at 50 mg L' and 5 mg L™". Similar cell
viabilities (90% and 95% of control) at 50 mg L™" and
5 mg L' were observed in Ce NPs treated cells. The
lowest cell viability (23% of control) was recorded in
ZnO NPs (50 mg LY treated cells, which was
employed as positive control. In P25 assay, cells
treated at 50 mg L~" showed cell viability of 78% of
control, while all other treatments resulted in non-
significant cell viabilities compared to the control.
The obtained data sets from performed assays in
the presence of Ce-PEG nanocomposite and CeO,
NPs showed non-significant mortality with respect to
the control (positive and negative). Hence, HaCaT
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Figure S a UV—Vis absorption spectra for Ce-PEG composite and

Ce NPs, b Tauc plot for band gap determination, ¢ degradation
plots of Ce-PEG composite and Ce NPs at 5 and 10 mg L™'

cells viability data showed the biocompatible nature
of the Ce-PEG nanocomposite and could be
employed in UV filters and skin therapeutic
applications.

The cytotoxic data of HaCaT cells in UU-Vis irra-
diation experiment at optimum concentration
(50 mg 1”") of nanocomposite treated (irradiated)
cells compared to non-irradiated, control (non-irra-
diated cells only) and (P25) (negative control) are
shown in Fig. 6b. The reference P25 was selected for
UV-Vis experiment because of less toxicity than ZnO
for similar concentration. An overall decrease in cell
viability was witnessed in UV-Vis irradiated cells
compared to non-irradiated cells. A lowest cell via-
bility (25%) was observed in cells exposed to UV-Vis
irradiation =~ without nanocomposite protection
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concentrations with respect to control (dye only) and P25 (positive
control), and d degradation kinetics of assays performed for dye
degradation study.

compared to unexposed cells. Similarly, in the case of
P25 treated cells, a significant cell mortality was
observed. In this instance, UV-Vis exposure of P25
caused ROS generation at a rate exceeding the natural
scavenging by cellular processes. A higher level of
ROS caused the oxidative stress which resulted in cell
organelle damage, leading to cell death. Although
some UV protection was provided by P25 through
UV absorption, but increased ROS production out-
weighed the absorption effect. An increased in UV
protection was observed in CeO, NPs treated cells as
cell viability of 55% was resulted after UV-Vis
exposure. The highest UV protection (68% cell via-
bility) was observed in C-PEG treated cells compared
to control and unexposed cells. In the case of Ce-PEG
and CeO,, high UV protection was linked to
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Figure 6 a HaCaT cell viability after 24 h incubation with, Ce-
PEG composite, CeO, NPs, P25 and ZnO NPs at concentrations
50, 5 mg L™'. b HaCaT cell viability (% control) after treatment
with NPs/nanocomposite and exposure of 15 min UV radiation at
intensity of 6 mW cm > compared to unexposed cells. Cell
viability (% of control) is normalized absorbance value for each

concentration. One-way ANOVA and Tukey post-hoc tests were

prevalent ROS scavenging, as ROS scavenging was
witnessed in H,O,-based scavenging assay, Fig. 7.
Also, UV absorption by the Ce-PEG nanocomposite
enhanced the UV protection during irradiation.
Hence, Ce-PEG nanocomposite aided against photo-
induced ROS damage and oxidative stress by ROS
scavenging and UV shielding.

Intercellular ROS generation and scavenging of
CeO, NPs, Ce-PEG nanocomposite and NAC were
evaluated in the presence of H,O, with reference to
negative control and positive control (H,O,) is shown
in Fig. 7.

The ROS level was estimated from the measure-
ment of DCF fluorescence intensity. It can be seen
from Fig. 7 that H,O, only treated cells generated
highest level of ROS in cells, as there is no scaveng-
ing. In case of NAC assay, there is sufficient scav-
enging of ROS generated by H,O,, and the level of
ROS matches to negative control. Similarly, CeO,
NPs showed 59% lower ROS level than H,O, only
assay, and 5% lower than negative control. Highest
ROS scavenging was observed in case of Ce-PEG
nanocomposite, which showed 63% lower ROS level
than positive control and 15% lower than negative
control. The results showed that CeO, and Ce-PEG
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Control (unexposed)

[ Control (UV exposed)

[ Ce02 NPs treated (UV exposed)
I P25 treated (UV exposed)

[l Ce-PEG treated (UV exposed)
Il Ce02 NPs treated (unexposed)
Il P25 treated (unexposed)

f

[ Ce-PEG treated (unexposed)

applied to check the statistically different data sets, where
*rkkp < 0.0001, ***p < 0.001, **p <0.01 and *p < 0.05,
with reference to negative control and ####p < 0.0001,
1y < 0.001, "p <0.01 and *p <0.05 with reference to
corresponding non-irradiated cells. Each data set represents
mean £ SD of three experiments (17 = 3 per experiment).

nanocomposite efficiently scavenged the ROS gener-
ated by H,O, treatment.

Ce-based nanocomposite structures have already
been widely investigated by various groups for the
development of efficient and biocompatible UV fil-
ters. Recently, Morlando et al. and Mueen et al. used
cerium NPs for surface encrustation of TiO, and ZnO
in order to improve the biocompatibility and reduce
photocatalytic activity [1, 2]. Our synthesized
nanocomposite structure exhibited higher biocom-
patibility and absence of ROS formation compared to
those encrusted nanostructures because of the
absence of ZnO and TiO,. In another study, Ce-NPs
were employed in the preparation of epoxy-based
nanocomposite thin films for UV protection, reported
by Dao et al. The reported structure can find appli-
cation as UV reduction thin films to protect from the
UV-induced damage [56]. Similarly, Wang et al.
incorporated the Ce NPs in cellulose matrix for the
development of transparent and hydrophobic thin
films as UV anti-shields [57]. In comparison to above
nanocomposite structures, a wide UV-Vis absorption
range (200-480 nm), biocompatibility, flexibility of
Ce-PEG nanocomposite structure were observed. In
addition, hydrothermally synthesized Ce-PEG
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Figure 7 Intracellular ROS in HaCaT cells using the CeO, NPs
and Ce-PEG composite in the presence of H,O, with reference to
the control (cells only) and positive control (H,O,), and amounts
of ROS were quantified by recording the DCF fluorescence
intensity using the microplate plate reader. One-way ANOVA and
Tukey post-hoc tests were applied to check the statistically
different data sets, where ****p < 0.0001, ***p < 0.001,
**p < 0.01 and *p < 0.05, with reference to negative control
and "p < 0.0001, "p < 0.001, #p < 0.01 and *p < 0.05
with reference to positive control. Each data set represents
mean £ SD of three experiments (17 = 3 per experiment).

nanocomposite offered ease of applicability, and
mixing with other skin protective formulations.

Conclusion

Hydrothermal processing of cerium and PEG in the
presence of ammonium solution under suitable con-
ditions of temperature and pressure formed the
nanocomposite with cerium NPs dispersed in the
matrix of PEG bands. The surface conjugation of
cerium NPs by PEG resulted due to amine active
component by oxygen linkage. XRD analysis showed
the formation of (110) directed growth of PEG bands
with embedded CeO, NPs. SEM characterization
revealed the band like structures of Ce-PEG
nanocomposite. High-resolution morphology analy-
sis by HR-TEM revealed the embedded CeO, NPs in
the Ce-PEG bands, and further study by SAED pat-
tern revealed the diffused and circular ring pattern
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which verified the amorphous and polycrystalline
nature of the nanocomposite. The nanocomposite
material indicated the presence of mixed valence
state of cerium (Ce™ and Ce™) as analysed by XPS
study of Ce3d region. The deconvolution of Ols
region provided the information about the presence
of three types of oxygen species which were linked to
Ce™ and Ce™ and organic impurities. The decon-
volution and peak fitting of C 1s regions showed
presence of three peaks linked to C-C, C-O, and C-H
(metal hydrocarbon) species at the surface of the
calcined sample, which confirmed the presence of
organic phase. An increased UV-Vis absorption was
observed for the Ce-PEG nanocomposite material
compared to CeO, NPs in 200-400 nm range. The
nanocomposite material (Ce-PEG) reported decrease
in band gap (2.76 £ 0.03 eV) with respect to CeO,
NPs (3.28 £ 0.03 eV). Photocatalytic behaviour study
by dye (CV) degradation assay exhibited no signifi-
cant dye degradation by CeO, NPs and Ce-PEG
nanocomposite compared to P25 photocatalyst.
In vitro antioxidant properties evaluation of the Ce-
PEG nanocomposite by DCF fluorescent-based ROS
assay using HaCaT cells in the presence of H,O,
exhibited sufficient ROS scavenging, whereby
observed the decreased ROS level (15% and 63%)
with reference to negative control and positive con-
trol, respectively.

The cytotoxic assay on non-malignant HaCaT cells
treated with Ce-PEG nanocomposite showed cell
viability 90% and 94% (of control) at 50 mg L™ and
5mg L', respectively. The higher viability sug-
gested the biocompatible nature of the Ce-PEG
nanocomposite. UV irradiation of HaCaT cell signif-
icantly reduced the cell viability through ROS gen-
eration and oxidative stress augmentation.
Particularly, in the case of irradiated P25 treated cells,
only 40% cell viability was observed. A high protec-
tion against UV radiation was observed in Ce-PEG
treated cells, and a viability of 69% was resulted.

Thus, Ce-PEG nanocomposite offered higher dis-
persibility of CeO, NPs in the polymer matrix that
constitute more uniform UV absorption properties.
The flexible, semitransparent nano-architecture
structure exhibited increased UV-Vis absorption,
biocompatibility and protection against damaging
effect of UV radiation. Thus, the synthesized
nanocomposite can be suitably used as UV filter,
antioxidant and skin therapeutic product due to
soothing nature of the PEG matrix. Further, the
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nanostructure can be explored for applications in the
field of drug delivery, imaging and regenerative
medicine.
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