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Abstract

Oxygen-deficient metal oxides have seen increased application in the field of free radical biology, whereby their electronic
structure imparts unique antioxidant properties. In this work, we use the facile, one-step, cost-effective method of spray
pyrolysis to synthesize oxygen-deficient lanthanum oxide (La,O;_,), nanoparticles. Structural and morphological characteri-
zation revealed the formation of an aggregate of La,0;_, nanocrystals in the form of hollow spheres. Photocatalytic activity
(PCA) was benchmarked against commercial La,0 and Evonik Aeroxide® TiO, P25 via dye degradation experiments and
a significant pH dependence of PCA is reported. Furthermore, chemical assays based on the Fenton reaction verified the
scavenging properties of the synthesized materials towards reactive oxygen species (ROS), with increased scavenging of
hydroxyl ("OH) and superoxide (O,™) radicals observed at pH 4.8. Biological assays (in vitro), with a 24 h incubation period
in the presence of the La,0;_, nanoparticles, were conducted upon a non-malignant human keratinocyte cell line (HaCaT).
The La,0;_, nanoparticles showed no toxicity when compared with the control over a significant concentration range. Bio-
compatibility with the non-malignant HaCaT cell line suggests the future application of La,0;_, as a doping material for
inorganic oxides used as UV filters or as an antioxidant to mitigate oxidative stress by scavenging free radicals in conditions
such as melanoma and inflammation.

Graphic abstract

5 I zno (Sigma)
I'a203-x ..3203 1204 [ La,0(Sigma)
) _ 1 [ La,03., (Spray Pyrolysed)
O .y e guoi I (Control) .
2 02 8 100
. , b F 7, , R® 80+
NP with lattice 5 z
. ; = 60+
strain & defects J i © g
Z 404
[
* s
HO. - ) - HZO 20
/ e \\ |
& \/ 9=
Q@& Q‘Q\V ‘,&QV q‘&\v %‘9\\( 569\\/ m“g\v &g\\/ 5‘9\\/ o°é°\
BN < S < &S B 2 ©
Lazos_x La(OH)3 1’(\0 159 1“0 \?9? &9’ \79 &?5. 09,* \?9

Keywords Spray pyrolysis - Oxygen deficient - Reactive oxygen species - Photodegradation - Radical scavenging

< Konstantin Konstantinov
konstan @uow.edu.au

Extended author information available on the last page of the article

* @ Springer


http://orcid.org/0000-0003-4919-6385
http://crossmark.crossref.org/dialog/?doi=10.1007/s40097-020-00356-8&domain=pdf

348

Journal of Nanostructure in Chemistry (2020) 10:347-361

Introduction

Reactive oxygen species (ROS) are essential for maintain-
ing a healthy and normal life; however, an excessive pro-
duction of ROS can cause irreversible damage to lipids,
proteins, and DNA, leading to cell mutation and apoptosis.
An excess of ROS has also been implicated in various
neurodegenerative, respiratory, cancerous, and digestive
disease conditions [1-3]. The excessive presence of ROS
is indicative of an issue with the natural bodily antioxidant
system [4, 5]. To support the underperforming antioxidant
system, a material system with ROS scavenging/antioxi-
dant properties is imperative. ROS scavenger materials can
be organic or inorganic, and they function in different ways
either by preventing or slowing down the autoxidation of
the oxidisable molecules [6—11]. Inorganic oxide nano-
structures have been a focus of current research because
of their interesting and unique chemical and structural
properties, unusual redox, and catalytic properties along
with high surface area, chemical and mechanical stabil-
ity, and biocompatibility [12-14]. Many metal oxide-based
nanostructures are now essential constituents in cancer
diagnosis and therapy, medical implants, neurochemical
monitoring, cell labelling, and separation, and in targeted
drug delivery [15-21]. The ROS scavenging capabilities of
inorganic oxides depend upon the catalytic performance of
metal oxide nanoparticles, which can be tailored by modi-
fying the size, morphology, lattice defects, oxygen vacan-
cies, and oxidation state of the material. This is particu-
larly important in rare-earth (RE) metal oxides whereby
the number of oxygen vacancies and oxidation state of the
metal ion can influence its antioxidant behaviour [22, 23].
Also, considering the electronic configuration of RE ele-
ments, the outer shell 6s orbital is always filled and filling
of the 4f shell increases with increasing atomic number,
whilst the 5d! configuration appears in La, Ce, Gd, and
Lu only [24-26]. The “lanthanide contraction” which is
a progressive ionic radius contraction from La™ (1.08
A) to Lu™ (0.85 A) is also a unique feature of RE. Both
electronic configuration and lanthanide contraction impart
unique properties for their modern high tech applications
[27-30].

Synthesis of biocompatible metal oxide nanostructures
with oxygen and lattice defects by innovative and facile
methods is crucial to exploit their properties for commer-
cial applicability. Spray pyrolysis is a facile single-step
synthesis process for producing nanostructures with con-
trolled particle size and morphology. This is a continuous
flow process with high yield, low cost, time saving, and
high chemical flexibility. In addition, it can be performed
in the absence of precipitating agents or surfactants and
can produce highly crystalline materials without the need
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for additional drying or calcination [31-33]. Briefly, this
method involves the preparation of a precursor solution,
which atomized through a nozzle into droplets and sub-
sequently passed through a vertical heated furnace. The
droplets undergo a series of physical phase changes within
a quick succession including evaporation, precipitation,
drying, thermal decomposition, and sintering. The final
diameter of the spray pyrolysed particles can be roughly
determined from the droplet size and the solute concentra-
tion in the solution. The morphology of the particles can
be controlled by modifying various parameters such as the
solution preparatory conditions, flow rate, precursor type,
furnace temperature, relative vapour pressure, and additive
chemistry in the solution [34, 35, 48].

Lanthanum (La), like cerium, is also an abundant RE ele-
ment and finds use in a wide field of applications in the form
of lanthanum oxide including: precision optical glasses,
chemical catalysts [36—38], electrode materials, light-emit-
ting materials, laser materials, and hydrogen storage mate-
rials. It is also being investigated for use in: targeted drug
delivery within the body, fluorescence dyes, binding agent
for several proteins, calcium channel suppression, and anti-
microbial and phosphate removal agents based on the dif-
ferent nanoparticle morphologies that can be taken [39-42].

Considering the biocompatible nature of La,0; and its
wide range of biological applications, it is worth to explore
its role as a ROS scavenger. A limited research data is avail-
able on La,O; for targeted use in UV protection and as an
antioxidant. Oxygen-deficient oxide nanostructures have
proven efficient ROS scavengers and therapeutics. In this
study, a novel spray pyrolysis synthesis method is employed
to tailor the defect-rich oxygen-deficient (La,05_) nano-
structure. The characterization, photodegradation chemi-
cal assays, and cytotoxicity study on non-malignant human
keratinocyte cell line (HaCaT) of the synthesized structure
are also presented to evaluate its potential application in the
field of free radical scavenging in various disease conditions
such as melanoma.

Experimental methods
Reagents used

Lanthanum oxide (La,0;,>99.9%, Sigma-Aldrich),
nitric acid (HNO;, 68-70%, Sigma-Aldrich), iron sul-
phate heptahydrate (FeSO,7H,0, >99%, Sigma-Aldrich),
crystal violet (dimethylamino)phenyl) methylium chlo-
ride) (C,5H;oN;Cl, >90%, Sigma-Aldrich), hydro-
chloric acid (HCl, 36.5-38%, Sigma-Aldrich), sodium
acetate (C,H;NaO,,>99%, Sigma-Aldrich), citric acid
(CcHgO7,>99.5%, Sigma-Aldrich), hydrogen peroxide
(H,0,, 30% w/w, Sigma-Aldrich), AEROXIDE® TiO,
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P25 (Evonik, denoted DP25), and zinc oxide nanopowder
(Zn0,>97%, Sigma-Aldrich, < 100 nm) are purchased and
used without any further treatment. Deionized (DI) water
was used throughout the experiment for solution preparation.

Synthesis of La,0;

For the synthesis of La,0;_, nanostructure by spray pyroly-
sis method, 2 g commercial lanthanum oxide (La,0;) was
mixed with 100 mL of DI water in a glass beaker. The solu-
tion was stirred on a magnetic stirrer for 30 min before
10 mL of concentrated HNO; was added to dissolve the
La,0O;. After the complete dissolution of La,0;, the solu-
tion was sprayed through a spray pyrolysis system. The spray
pyrolysis system consists of peristatic pump, vertical tube
furnace (height 1.4 m), collection chamber, and exhaust
gas treatment unit shown in Fig. 1. The solution spray rate
was maintained at 7.5 mL min~! during the synthesis. Two
samples were prepared by spraying the solution through
the spray pyrolysis system at 800 °C and 950 °C tempera-
ture, respectively. Both samples were collected in an air-
tight glass vial and stored in a desiccator to avoid the slow
spontaneous conversion into lanthanum hydroxide La(OH),
due to the hygroscopic nature of La,0;. The identification
numbers and synthesis conditions for samples are given in
Table 1.

Characterization

The crystal phase composition of the prepared samples was
characterized by X-ray diffraction (XRD, Enhanced Mini-
Materials Analyser, MA, GBC scientific) with scanning
angle 26 ranging between 20 and 80 degree (°) at 40 kV and
20 mA, scan rate 1.5° min~!, and step size 0.02° using mon-
ochromatic CuKa radiation (A= 1.5405 A). The morphology
of the samples was examined using the field-emission scan-
ning electron microscopy (FE-SEM, JSM 7500F, JEOL).
The samples were prepared for examination by coating the

Carrier Gas
Solution/Suspension Spray
_— Nozzle

Fig.1 Schematic of spray
pyrolysis system and process
mechanism Spray

flow Droplets

T2 Furnace

Collection

chamber/cyclone

Table 1 Sample identification number (ID), synthesis method, and
processing temperature

Sample ID Synthesis/supplier Processing temperature
C-La,0; Commercial (Sigma- As supplied
Aldrich)
S800-La,O;  Spray pyrolysis 800 °C
$950-La,05, Spray pyrolysis 950 °C

particles with platinum (Pt) on a carbon tape attached to
aluminium (Al) base.

High-resolution transmission electron microscopy (TEM,
JEM-ARM200F, JEOL) was also performed to analyse the
crystal structure. The TEM specimens were prepared by
drop-casting sample suspensions on carbon-coated copper
grids and allowing to dry.

X-ray photoelectron spectroscopy (XPS) was conducted
to further distinguish the phases based on shifts in bind-
ing energy. XPS was performed using the SPECS PHOI-
BOS 100 analyser installed in a high vacuum chamber with
the base pressure below 10~% mbar, Al Ka radiations with
photon energy hv=1.487 keV used as the X-ray excita-
tion source at a high voltage of 12 kV and power of 120 W.
The XPS spectra of binding energy were obtained at a pass
energy of 20 eV in the fixed analyser transmission mode.
Casa XPS software package version 2.3.15 was used to ana-
lyse the XPS data.

Thermo-gravimetric analysis (TGA) was performed to
assess the mass loss due to the presence of hydroxide or
nitrate phases. The measurements were taken by using TGA/
DSC1, Mettler Toledo at a heating rate of 5° min~! in a
continuous flow of air (100 mL min~!) up to a temperature
of 830 °C. The percent mass loss was plotted against tem-
perature for each sample.

Brunauer-Emmett-Teller (BET) surface area and Bar-
ret-Joyner-Halenda (BJH) pore size distribution were
determined using the surface area and porosity analyser
(Micromeritics Tristar II 3020). Before analysis, samples
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were dried for 24 h at 120 °C under vacuum in the sam-
ple tubes. All the measurements were performed at liquid
nitrogen temperature, and the gaseous nitrogen (N,) was
used as adsorbate.

UV-Vis absorption spectra were obtained from diffuse
reflectance measurements performed on the powder sam-
ples in the 200—-800 nm wavelength range using a UV-3600
spectrophotometer (Shimadzu) coupled with an integrat-
ing sphere attachment (ISR-3100, Shimadzu). The optical
band gaps of the samples were determined from the Tauc
plots obtained from the data based upon the following gen-
eral expression [43, 44]:

(ahv)" = A(hv — E,) 6))

where a is absorption coefficient, 4 is Planck’s constant, v
is the photon’s frequency, A is the proportionality constant,
and E, is the optical band gap. The value of the exponent, n,
depends upon the nature of the transition in the semiconduc-
tor material from conduction to valence band, and can vary
between 0.5 and 3.

To assess the ROS scavenging and photocatalytic prop-
erties of the synthesized materials, crystal violet (CV) dye
degradation was measured in the presence and absence
of P25. The solution of C-La,O; and spray paralysed
S$950-La,0;_, were prepared by sonication. A separate sus-
pension of P25 at a concentration of 5 mg L™! in DI water
was also prepared. Aliquots of sample and P25 suspensions
were transferred to a quartz beaker and diluted to 100 mL
to yield final concentrations of 10 mg L~! and 5 mg L™},
respectively. The resultant suspension was then sonicated
further for 5 min. Crystal violet solution (500 mg L™}
was added to the above-prepared solution. The suspen-
sion was then irradiated with UV light in a Rayonet UV
photochemical reactor (RPR-200) for 60 min, with small
aliquots collected every 10 min to assess the CV degrada-
tion by UV-Vis spectroscopy. P25 and CV were used as
controls for the photodegradation and scavenging assay.
The results of dye degradation were compared between
irradiated and non-radiated samples against controls by
measuring the absorbance at 1=590 nm to determine the
protective/scavenging mechanism of the La,O;.,.

A Fenton reaction-induced free radical scavenging
assay was also performed to confirm the ROS scavenging
properties of S950-La,05_, nanostructure. Stock solutions
of 50 mM of FeSO,7H,0, 50 mg L' of CV, 250 mg L!
scavenger solution (sample), and 0.1 M sodium acetate
(C,H;NaO,) buffer (pH 3.5 and 4.8) were prepared. Test
solutions ~10 mL were made from the stock solutions of
FeSO,7H,0, C,H;Na0,, CV, H,0, and DI water in the
volume ratio 0.1, 0.8, 1, 1, and 7.1 mL, respectively. The
pH of the test solution was adjusted by the addition of
dilute HCL/NaOH solution.

* @ Springer

Before the addition of H,0,, the solution was stirred for
2-3 min and an aliquot was collected as the zero control.
Then, the required volume of H,0, was added to initiate
the reaction and aliquots are collected at 05, 10, 20, 30, and
40 min to measure the absorbance at =590 nm. The same
procedure was adopted in the presence of S950-La,05 , and
C-La,0, by mixing in a concentration 10 mg L™".

Cell culturing and in vitro cell viability assays

The adherent immortalized human keratinocyte cell line
(HaCaT) used in this study was provided by Dr. J. Guy
Lyons (University of Sydney). The identity of the cells was
verified by “Short Tandem Repeat Profiling (Garvan Insti-
tute of Medical Research)”. The cell cultures were grown
and maintained in T75 cm? tissue culture flasks (Greiner
Bio-One) with Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS, Bovogen Biologicals), 1% (v/v) penicillin/
streptomycin (Thermo Fisher Scientific), and 2 mM Glu-
taMAX™ (Thermo Fisher Scientific). The T75 cm? with
cell cultures were incubated at 37 °C with 5% (v/v) CO, and
subculture every 3—4 days when the confluence level of the
cells reached > 90%. The cells were routinely checked for
negative mycoplasma (MycoAlert Mycoplasma Detection
Kit, Lonza).

The viability of the HaCaT cell line was evaluated in the
presence of nanoparticles using the MTS assay kit (CellTi-
ter 96®AQueous One Solution Cell Proliferation Assay Kit,
Promega). In this assay, 100 pL of the cells were seeded
in a 96-well plate at a concentration 14—16x 10° cells/well
and incubated at 37 °C with 5% (v/v) CO, for 24 h to adhere
the cell to the bottom of the wells. The nanoparticles being
tested on the HaCaT cell line were exposed first to UV light
for 20 min, and then suspended in the same cell culturing
media at concentration 500 mg L™! by sonication for 1 h.
This suspension was further diluted to yield concentra-
tions of 50 mg L~ and 5 mg L=!. The nanoparticle suspen-
sions were added to the cells at concentration 0, 5, 50, and
500 mg L~! and incubated the cells further at 37 °C with
5% (vIv) CO, for 24 h. After 20 h of nanoparticles addition,
a 20 pL of MTS reagent was added to each well and waited
for 4 h for colour development. After 48 h of total incuba-
tion time, the plate was centrifuged at 3000 RPM for 10 min
and 75 pL aliquots from each well were transferred to a new
plate, and then, plate was read using a microplate reader
(SpectraMax 384 Plus, Molecular Devices) at A =490 nm.
Each assay was performed in a set of three for each tested
material and repeated in three separate experiments. The
obtained data were plotted in the form of cell viability (% of
control) for each sample concentration. Statistical data for
the nanoparticles treatments and control were evaluated by
one-way ANOVA Tuckey’s post hoc test using the software
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Prism 7.02 (GraphPad Software, USA). For analysis, value
of p <0.05 was considered as significant.

Results and discussion

XRD patterns of the synthesized samples (S800-La,O; and
5950-La,05_,) and commercial sample (C-La,O;) are shown
in Fig. 2. Sample S800-La,0; did not fully converted into
the oxide form, but rather exhibited a mixture of oxide,
hydroxide, lanthanum nitrate, and lanthanum hydroxide
nitrate due to the lower furnace temperature and fast pro-
cessing during synthesis. Increasing the temperature up to
950 °C resulted in complete decomposition of the nitrate
precursor into lanthanum oxide (Table 2).

The strongest peak for S950-La,0;_, appears at 30.16°
and is assigned to the (011) plane of La,0;, whilst other
peaks are assigned to the lattice planes (100), (002), (012),
(110), (013), (200), (112), and (021), matching to the hex-
agonal crystalline phase of La,0; (PDF#04-008-7342),
space group P-3m1 (164), and cell parameters: a=3.9300
A,b=3.9310 A, and c=6.1200 A.

The average crystallite size is determined using
Debye—Scherrer’s equation [45, 46]:

kA
" Bcosf )

where D =average crystallite size perpendicular to the
reflecting planes (nm), k= shape factor (usually 0.9 for
spherical crystallite), 4 =X-ray wavelength (nm), = full
width half maximum (FWHM) of the peak (radians), and
0=Bragg’s angle (degree). The measured FWHM and crys-
tallite size for all the samples are given in Table 2. Sample
S950-La,0;_, showed smaller crystallite size of 24.80 nm
as compared to C-La,05 (57.31 nm) and S800- La,0,
(26.02 nm).

Table 2 Constitutive substance/phases of lanthanum, FWHM, and
crystallite size of C-La,0;, S800-La,0; and S950-La,0;

Sample Phases FWHM (°)  Crystal-
lite size
(nm)
C-La,04 La,05;+La(OH), 0.3020 57.31
S800-La,0; La,0;+La(OH);+La(  0.4720 26.02
OH),NO; +La(NO3),
S$950-La, 05,  La,04 0.4880 24.80

The peak shift was calculated based on the most intense
peak of lattice plane (011) as shown in Fig. 2b. The refer-
ence (PDF#04-008-7342) peak from (011) plane exists at
20=130.005°, whilst for samples C-La,05 and S950-La,0;_,,
it presents at 260 =30.07° and 20=30.16°, respectively.

Major peak shift is observed in S950-La,0;_, as com-
pared to C-La,O; with respect to the reference. In C-La, 05,
the peak shift is caused by the presence of the hydroxide
phase brought about by moisture absorption due to its hygro-
scopic nature. In the case of S950-La,0;_,, the observed
peak shift can be linked to the vacancy doping and other
structural defects.

The structural morphology of the samples (C-La,O;,
S800-La,0; and S950-La,0, ) was studied by FE-SEM,
as shown in Fig. 3. The structure of C-La,0; consists of
agglomerates of irregular-shaped large particles. Due to
irregular shape and large agglomerates, it is difficult to cal-
culate the particle size for this sample. FE-SEM images for
S$800-La,05 and S950-La,0;_, depict round-shaped hollow
particles of varying sizes. In the case of S800- La,O;, parti-
cle surfaces are intact and no cracking is observed, whereas
S950-La,0;_, showed the crack initiation on the surface of
the hollow spheres. The main reason for the particle sur-
face disintegration is due to the fast heating, cooling condi-
tions, and high temperature, as the spray pyrolysis sintering
cycle is usually very short. The particle-size distributions of
S800-La,O5 and S950-La,0;_, are shown the Fig. 3d, e. The
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Fig.3 SEM images (a, b, and
¢) of C-La,03, S800-La,05 and
5950-La, 05 ,, (d) hollow sphere
morphology of S950-La,05_,,
and particle-size distribution

(e) and (f) for S800-La,0O5 and
$950-La,05_,, respectively

mean particle diameters of S800-La,05 and S950-La,0;_,
are 3.003+0.1 um and 3.549+0.1 um, respectively. A hol-
low morphology of the spheres is usually obtained if the
solution has less solute concentration. A rapid evaporation of
volatiles due to the large temperature gradient causes super-
saturation of the solute near the droplet surface. In short, a
large temperature gradient, higher solute concentration on
droplet surface, and rapid evaporation resulted in larger hol-
low spheres even with surface disintegration.

The HR-TEM images S800-La,O; and S950-La,0;_,
are shown in Fig. 4a, d, respectively. TEM micrographs of
S$950-La,0;_, showed the presence of loosely held nanocrys-
tals in large hollow spheres. It is linked to the fast chemical
decomposition and reaction, where growth and sintering

Fig.4 HR-TEM micrographs
and SAED pattern, (a, b,)
and (c) of S950-La,0;_, and
(d, e,) and (f) of S800-La,0;,
respectively

* @ Springer
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cation to form the suspension of the nanocrystals. The fast
processing method also increased the chances of defect for-
mation in the form of vacancies or oxygen deficiencies in the
synthesized structure. The lattice d-spacing was calculated
from the HR-TEM image, which is shown in Fig. 4b, c. The
calculated value of d-spacing for S950-La,05_, is 0.29 nm,
corresponding to (011) lattice plane of the La,0O; crystal
phase. The selected area electron diffraction (SAED) pattern
for S950-La,0;_, (Fig. 4c) depicts the lattice plane fringes
for the La,0O; crystal phase, corroborating with the XRD
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results. On the other hand, it is difficult to resolve the atomic
planes and to get the SAED pattern for S800-La,O5 due to
incomplete conversion of this sample into oxide as shown
in Fig. 4e, f, respectively. TEM micrograph of S800-La,0;,
Fig. 4d, showed the beam damage during analysis, which
confirmed the presence of lanthanum hydroxide La(OH),
in the sample.

The presence of hydroxide and nitrate impurities in the
samples was also confirmed by TGA measurements shown
in Fig. 5. In case of C-La,0;, about 3.8% weight loss was
observed over 40-830 °C thermal range, linked to the minute
water absorption at the surface as evidenced by the hydrox-
ide impurity observed in XRD pattern of the respective
sample. For S9500-La,0;_,, about 5.8% weight loss was
resulted over the entire thermal range with no sharp drop in
mass, linked to the combined effect of drying and sintering
of nitrate or hydroxide traces, although XRD did not show
any prominent evidence of hydroxide or nitrate phase in
this sample. A major weight-loss event is observed in S800-
La,05 between 460 and 590 °C temperatures. This is the
transition period for the formation of different nitrate-based
phases from lanthanum nitrate: La(NO3); —LaONO; — L
a;0,NO;[47, 48]. Also, La(OH); converts into lanthanum
hydroxide oxide (LaOOH) at =330 °C, and further decom-
poses into pure oxide La,O; phase at temperatures above
490 °C [49]. Both these decomposition events are linked to
the observed mass loss, which further validates the mixed-
phase composition of S800-La,0O; suggested from the XRD
and TEM results.

To further analyse surface defects and verify the XRD
results of the commercial and synthesized samples, XPS was
carried out. The binding energy (BE) of the obtained XPS
spectra was corrected using the C 1 s peak reference value

~ e [—CLao,
S ——$800-La,0,
E ——S950-La,0,
=2 d
[ 804
=

70+

60

» ) L L - ) . ) - ) 2 ) ¥ 1 . )
100 200 300 400 500 600 700 800
Temperature (°C)

Fig.5 Thermo-gravimetric analysis of samples (C-La,O;, S800-
La,)O; and §950-La,05 )

of 284.8 eV. The positions after peak deconvolution and fit-
ting of La 3d (La 3ds,,, 3d;/,) and O 1 s regions of C-La,0;,
S800-La,0; and S950-La,0;_, are shown in Fig. 6, and their
respective BE values given in Table 3.

When comparing the deconvoluted 3d region (3ds,, and
3d,, doublets) spectra, Cy, C, and C, peaks of S950-La,0;_,
are present at lower binding energies than respective peaks
of S800-La,0; and C-La,O; (Table 3). According to litera-
ture, separation between bonding (C,) and antibonding (C,)
peaks/satellites increases from the hydroxide/mixed phase to
the pure oxide phase, and relative intensities of these peaks
exhibit a similar trend due to strong hybridization in the
oxide phase [50-52]. Sample S950-La,0;_, showed greater
separation between the bonding and antibonding peaks as
compared to C-La,05 and S800-La,O; Hence, the analysis
of 3d region proves that S950-La,0;_, has defect-rich oxide
phase structure.

Deconvolution of the O 1s region for each sample
shows the presence of two peaks Ol (larger peak) and
O2 (smaller peak), Fig. 6. For C-La,0;, peak Ol is at
531.56 eV BE, conforms to the BE values of lanthanum
hydroxide (ref.~531.4 eV) [50, 51, 53] and peak O2 at a
BE of 529.26 eV as a broader spectrum shows the pres-
ence of oxide phase (ref. ~528.4-530.5 eV) [50, 51, 53].
The peak O1 for S800-La,0; is at BE 532.01 eV which can
be attributed to the hydroxide nature of the sample. This
sample did not fully decompose into the oxide phase due to
lower processing temperature, and consists of a mixture of
lanthanum hydroxide, oxide, and nitrate phases. The peak
02 present at BE 528.15 eV appeared as a shoulder off the
main O1 peak, which represents the oxide phase, possibly
due to a thin layer/fine crystals at the surface. The peak O1
for S950-La,0;_, is present at BE 530.08 eV, which is lower
than the observed BE values of C-La,0; and S800-La,04
and conforms to the reported BE values of lanthanum oxide
in the literature. The peak O2 present at BE 532.75 eV, can
be attributed to adsorbed moisture, hydroxyl groups, or oxy-
gen-rich surface [51, 53]. However, XRD pattern does not
show prominent hydroxide peak in the spectra. The presence
of this peak can also be linked to the formation of defect
state in the oxide phase due to the different coordinated posi-
tion of the oxygen atoms. The existence of O2 peak at higher
BE is already reported in the literature, linked to the struc-
tural defects/variation from the standard reference values
[50]. XPS results successfully distinguished the oxide and
hydroxide nature of the samples based on the BE values in
the deconvoluted spectra and also verified the XRD results.

N, adsorption—desorption isotherms and corresponding
pore size distributions by BJH analysis are shown in Fig. 7
for C-La,0;, S800-La,0; and S950-La,0, ,, respectively.
All three isotherms can be classified as Type-III isotherms,
with no monolayer coverage but a multilayer coverage.
Almost no hysteresis is observed, and the isotherms opening
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Fig.7 BET N, sorption and desorption isotherms (a, b, ¢), and BJH pore size distribution (d, e, f) for C-La,0;, S800-La,0; and S950-La,0,_,,

respectively

towards lower pressure in case of C-La,0; and S800-La,0;
indicate the presence of porous particles/aggregates and
more macropores, whereas in case of S950-La,0;_,, the iso-
therm closes towards lower pressure suggesting the absence/
small volume of macropores and presence of rigid particles/
aggregates. BJH analysis of the pore size distribution indi-
cates the presence of mesopores >90% along with the pres-
ence of some macrospores in $950-La,0;_,. The absence of
micropores also confirmed the multilayer coverage in the
N, adsorption—desorption isotherm. The BET surface area,
BJH average pore width and BJH cumulative pore volume
are given in Table 4. A higher cumulative pore volume
(0.0860 cm®g™! and smaller average pore width (7.05 nm)
of S950-La,0;_, in comparison to C-La,0; and S800-La,05
confirmed its more porous nature and hence porous aggre-
gate of nanocrystals.

Table4 BET surface area, average pore width, and BJH cumulative

volume of samples

Sample BET surface Average pore BJH cumulative pore
area (m? g‘l) width (nm) volume (cm? g_'),
(BJH) adsorption
C-La, 04 3.7234 8.32 0.0635
S$800-La,0;  19.1301 9.15 0.0598
S$950-La,05, 16.1266 7.05 0.0860

The characterization of the samples has clearly demon-
strated the formation of single-phase hollow spheres con-
sisting of nanocrystals in S950-La,0;_, at 950 °C, whereas
lower temperature (800 °C) precursor did not decom-
pose completely into oxide phase. To further assess the
UV absorption and ROS scavenging properties, it is very
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meaningful to consider the single-phase S950-La,0;_, only
in comparison with the commercial C-La,O5;.

Diffuse reflectance measurements were performed so as
to ascertain the optical absorption properties of the sam-
ples, Fig. 8(a). Sample S950-La,0;_, showed higher UV
absorption in 200-360 nm range than the C-La,0;. The
optical band gaps calculated from the Tauc plots (Fig. 8b)
were determined to be 5.23 and 4.62 eV for C-La,05 and
S5950-La,0,_,, respectively. The decrease in the band gap
of S950-La,0;_, suggests the presence of defect state in the
structure. Based on the composition dependence electronic
structure, vacancy-induced defect state is formed at or near
the conduction band edge in large band semiconductor
materials [54]. Hence, an enhanced UV-Vis absorption for
S$950-La,0;_, was observed.

For the UV photodegradation experiments, two controls,
CV and CV + P25 were used to compare the photodegra-
dation of CV caused by the photo-mediated production of
ROS to that of the samples and, hence, evaluate the ROS
scavenging role of the S950-La,0;_, nanostructure. In the
presence of CV only, S950-La,0O;_, showed no significant
dye degradation even after 1 h exposure, and similar trend
shown by C-La,03, in comparison with the control. Hence,
it could be suggested that samples are not/least generating
free radical species or constituting any electron transfer to

degrade the dye solution. The other way around, the synthe-
sized sample may provide a protection against free radical
generation, i.e., may scavenge free radicals. The second set
of UV-Vis photodegradation experiments were performed
in the presence of P25 photocatalyst. Degradation results
for the control (CV +P25) and in the presence of C-La,0;
and S950-La,0;_, nanoparticles are plotted in Fig. 9(a).
Sample C-La,0; did not show any protection to the dye
solution against P25 photocatalysis, whereas S950-La,0;_,
demonstrated the highest protection/free radical scavenging
when compared with the control. This sample consists of
nanocrystals of single-phase La,0;_,, in the aggregate of
hollow spheres with retarded crystal growth and vacancies.
The rate constants of the chemical reactions were deter-
mined from the plot of irradiation time (min) and In(Cy/C)
as shown the Fig. 9(b). These are pseudo-first-order rate
reactions described by the Langmuir—Hinshelwood model
[55]. Rate constants (k) min~! were determined from the
linear plot of In(Cy/C) vs irradiation time using the expres-
sion [55, 56]:

Fig.9 UV-Vis photodegrada-
tion plots a change in relative 1.04
absorbance vs incubation time
(min) and b degradation kinet-
ics
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Table 5 Degradation reaction rate constant (k) with standard error
obtained by linear fit of data

Sample Rate constant k Standard error
(min~"
CV(Control) 8.22x 107 6.68x107
CV +C-La,0, 2.5%107 4.56x107°
CV +5950-La,0;_, 1.43x1073 9.45x107
CV+P25 4.97x1072 3.11x107
CV +P25+C-La,0, 5.11x1072 1.44x107°
CV +P25+5950-La,0, 1.27x 1072 3.63x 107

where ¢ is the irradiation time (min), C is the initial con-
centration, and C is the concentration at different irradiation
times (mg LY. In comparison to the control (CV only),
assay (P25 +CV), and C-La,0;+ P25+ CV have highest rate
constant as shown in Table 5.

In reduced pH environment, ROS are highly reac-
tive towards protein, DNA, and lipids causing significant
destruction of cells. High concentration of protons (down
to pH 5.4) and ROS (~1 mM H,0,) have been reported in
the inflamed tissues [57, 58]. To optimize pH conditions
according to inflamed tissues for efficient ROS scavenging,
a chemical assay was performed at pH 3.5 and 4.8. The assay
is based on Fenton reaction and performed in the presence
of H,0, and FeSO,.7H,0 in the acidic environment at the

mentioned pH values. The combination of Fe*? and H,0,
results in the formation of ROS ("OH, and HO,") through the
following reactions [59, 60]:

Fe™ + H,0, — Fe™ + HO" + OH~ )

Fe™ + H,0, - Fe'? + HO; 6)

The second reaction (Fe™+H,0,) is quite slow in com-
parison to the first reaction (Fe*?+H,0,), which results in
the depletion of an iron (Fe*?) source necessary for sustain-
ing the Fenton reaction. Free radicals generated during the
reaction react with the dye and cause its degradation. The
use of a free radical scavenger prevents/decreases the reac-
tion of the free radicals with organic matter by exploiting its
scavenging properties.

ROS scavenging capability based on dye degradation
assay at pH=3.5 and 4.8 is shown in Fig. 10. Without
the presence of scavenger and H,0,, no dye degradation
was observed as shown by the control (CV only) at both
pH values, 3.5 and 4.8 in Fig. 10a, b. After inclusion of
H,0, into the test solution, maximum degradation was
observed as shown by the trend line for CV +H,0,. The
degradations kinetics in the presence of C-La,05; and S950-
La,0;_, in comparison with control are shown by the assay
CV +H,0,+C-La,0; and CV +H,0,+ S950-La,0;_, in Fig
10c, d, respectively.
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It was observed that at pH 3.5, no significant ROS scav-
enging was observed. However, at pH=4.8, a significant
ROS scavenging effect was observed as shown in Fig. 10b.
Sample S950-La,0;_, showed the highest ROS scaveng-
ing at pH=4.8 as compared to the C-La,05. Also it is
noted that after 20 min of incubation, S950-La,0;_, con-
tinue to scavenge free radicals without any decrease in
dye absorbance. Sample C-La,0; also showed some ROS
scavenging effect possibly due to interconversion reactions
of La,0; and La(OH); (Eq. 7 and Eq. 8, respectively), and
this phenomenon can also be considered in S950-La,0;_,,
but higher scavenging effect of this sample is imparted
by the structural defects due to the processing conditions.
Generally, it can be observed from the graph that after
5 min of H,0, inclusion, ROS generation rate is higher
than ROS scavenging rate and, hence, more dye degrada-
tion observed. As H,0, is consumed with passage of time,
rate of ROS generation and scavenging balanced.

The presence of vacancies (oxygen deficiency, defects)
usually facilitates the free radical scavenging. As a result
of the imbalanced conditions of spray pyrolysis, it is
highly likely to develop a defect-rich La,0;_, structure
[61]. The oxygen vacancy formation requires the removal
of neutral oxygen atom by breaking the metal-oxygen
bond and redistribution of electrons after bond breakage
[54, 62]. There is tendency of La,05_, to change into stable
form La,0; by exposing the structure La,0O;_, to radia-
tions, temperature, suitable pH, and solution conditions:

hv
La203_x(aq)? La,0;. (6)

These electrons reduce the hydroxyl radical (*OH) into
water. Whereas the holes (h*) act as the charge neutral-
izer sites during the scavenging assay. The La*? ion fur-
ther reacts with OH™ to yield La(OH); and subsequently
a reverse reaction of La(OH); with OH™ to yield La,0,
[63, 64]:

3 -
La;;q) +30H,, ) — La(OH); @)
2La(OH); + 60H™ — La,05 + 6H,0. ®)

The second reaction kinetics is strongly dependent on pH
of the reaction media, as we noticed a higher ROS scaveng-
ing at pH 4.8 than pH 3.5.

The chemical assay clearly demonstrated efficient ROS
scavenging down to pH 4.8, lowering the pH below 4.8 value
quickly quenched the vacancies and rapidly converted the
La,0; to La(OH);, whereas at pH > 4.8, vacancies undergo
slow conversion by means of chemical interaction with ROS
along with the transformation of La,0; to La(OH);. Hence,
the assay showed that S950-La,0;_, nanoparticles can effec-
tively scavenge free radicals in the inflamed tissues in milieu

* @ Springer

to their reduced pH, and act as a potent therapeutic to reduce
oxidative stress.

The HaCaT cell line was chosen for cytotoxic study, as
it is composed of keratinocytes, the major cell type of the
epidermis, and the superficial layer of skin in intimate con-
tact with environmental contaminants. Also, exposure to UV
radiations generates excessive ROS that causes oxidative
damage to the skin, which may lead to inflammation, prema-
ture aging, and melanoma [43, 65, 66]. Cytotoxic study will
help to evaluate the suitability of the synthesized material
for use in skin products to provide protection and therapy.

Cell cytotoxic assay was performed using the pristine
Zn0 nanoparticles, C-La,0; and synthesized $950-La,0;_,
nanoparticles at 500, 50, and 5 mg L', as shown in Fig. 11.
The percentage of viable cells incubated with S950-La,0;_,
nanoparticles at the tested concentrations (500, 50, and
5 mg L") does not vary significantly to the viable cells
(control) determined without nanoparticles. Sample
C-La,0; showed no significant cytotoxic effect at concen-
trations 50 and 5 mg L~!, whereas a cell mortality about
20% of the control was observed at the higher concentra-
tion 500 mg L™!. The difference in cytotoxicity at higher
concentration (500 mg L") is linked to the morphological
difference and structural defects between S950-La,0;_, and
C-La,0;. Also, it was observed that the spherical particles of
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Fig. 11 HaCaT cell viability after 24 h incubation with nanoparti-
cles of ZnO, C-La,0;, and spray pyrolysed S050-La,O;_, at concen-
tration 5, 50, and 500 mg L~ Cell viability (% of control) refers to
normalized absorbance values for each concentration. Data represent
mean+SD of three experiments (n=3 per experiment). One-way
ANOVA and Tukey post hoc tests were performed to check the statis-
tically different data sets, where ****indicates p “0.0001, when com-
paring to the control only data sets, cell viability data sets of ZnO at
50 and 500 mg L~! are significantly different from the other data sets



Journal of Nanostructure in Chemistry (2020) 10:347-361

359

spray pyrolysed S950-La,0;_, consist of nanocrystals, easily
suspended into the cell culture media compared to C-La,04
upon sonication. Cell viability data sets for C-La,0; and
$950-La,0;_, at all concentrations (500, 50, and 5 mg L™1)
are significant to ZnO data sets at 500 and 50 mg L~!
concentrations.

Conclusion

La,05_, nanostructure was successfully synthesized by
simple and low-cost spray pyrolysis method without any
surfactant, precipitating agent, or supporting material. The
synthesized structures were characterized by XRD, XPS,
SEM, HR-TEM, TGA, and UV-Vis spectroscopy.

A hollow sphere-like morphology consisting of nanocrys-
tals in the oxygen-deficient oxide (La,05_,) nanostructure
was obtained at 950 °C as revealed by SEM and TEM char-
acterization. XPS studies confirmed the formation of defects/
oxygen vacancies in the nanostructure. Defects in S950-
La,0;_, nanostructure caused band gap (4.62 eV) reduc-
tion as compared to the commercial C-La,05 (5.23 eV),
which hence increased UV—Vis absorption shown by the
S$950-La,0;_,. Photodegradation experiments showed no
degradation of dye in the presence of the synthesized parti-
cles and dye only, whereas photodegradation in the presence
of P25 showed the potential ROS scavenging properties of
the nanostructure due to less dye degradation as compared
to the P25 only. Furthermore, as a supplementary evidence,
a pH-dependent chemical assay based on Fenton reaction in
the absence of UV light confirmed the potential scaveng-
ing effect of the spray pyrolysed single-phase S950-La,0;_,
structure. At pH 4.8, after 40 min of incubation time, ~20%
less dye degradation was observed as compared to pH 3.5.

Furthermore, the cytotoxicity data of the S950-La,0;_,
nanostructure towards HaCaT cell line even at high concen-
tration have demonstrated its biocompatible nature.

Hence, the photocatalytic degradation, and chemical and
biological assay results of the synthesized S950-La,0;_,
nanostructure potentiate its useful applications for the treat-
ment/prevention of various ROS-related disease conditions.
In case of skin-related disease such as ROS-driven tumour
(melanoma), the nanostructure is an ideal therapeutic for
mitigation and prevention of disease. Further study on syn-
thesis process, ROS scavenging control will advance its role
as a biocompatible additive with antioxidant properties, UV
protection, and suppression of organic degradation.
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