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Introduction

Vaishwik Patel, ©2° Linta Jose,® Gilles Philippot,® Cyril Aymonier, 2 °

Talgat Inerbaev, Luke R. McCourt, (2 ¢ Michael G. Ruppert,® Dongchen Qi,"
Wei Li," Jiangtao Qu, 2 ¢ Rongkun Zheng, (2 ¢ Julie Cairney,® Jiabao Yi,?
Ajayan Vinu (2 *@ and Ajay S. Karakoti (=) *@

Nanoceria has evolved as a promising nanomaterial due to its unique enzyme-like properties, including
excellent oxidase mimetic activity, which significantly increases in the presence of fluoride ions.
However, this significant increase in oxidase activity has never been utilised as a signal enhancer for the
detection of biological analytes partly because of the lack of understanding of the mechanism involved in
this process. In this study, we show that the surface oxidation state of cerium ions plays a very crucial role in
different enzymatic activities, especially the oxidase mimetic activity by engineering nanoceria with three
different surface Ce**/Ce>* compositions. Using DFT calculations combined with Bader charge analysis, it is
demonstrated that stoichiometric ceria registers a higher oxidase mimetic activity than oxygen-deficient
ceria with a low Ce*"/Ce® ratio due to a higher charge transfer from a substrate, 3,3'.5,5'
tetramethylbenzidine (TMB), to the ceria surface. We also show that the fluoride ions can significantly
increase the charge transfer from the TMB surface to ceria irrespective of the surface Ce**/Ce" ratio. Using
this knowledge, we first compare the fluoride sensing properties of nanoceria with high Ce* and mixed
Ce™/Ce® oxidation states and further demonstrate that the linear detection range of fluoride ions can be
extended to 1-10 ppm for nanoceria with mixed oxidation states. Then, we also demonstrate an assay for
fluoride assisted detection of glutathione, an antioxidant with elevated levels during cancer, using nanoceria
with a high surface Ce**/Ce®* ratio. The addition of fluoride ions in this assay allows the detection of gluta-
thione in the linear range of 2.5-50 ppm with a limit of detection (LOD) of 3.8 ppm. These studies not only
underpin the role of the surface Ce**/Ce®* ratio in tuning the fluoride assisted boost in the oxidase mimetic
activity of nanoceria but also its strategic application in designing better colourimetric assays.

higher exposure to fluoride ions, slow excretion, and high
adsorption in the human system result in dental fluorosis,

Fluoride ions have significant importance in human biological
systems. They are associated with the prevention of dental
caries, promotion, and growth of teeth, nails, bones, and hairs,
and are beneficial in the treatment of osteoporosis. However,
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kidney diseases, and gastric problems." The World Health
Organisation (WHO) and the United States Environmental
Protection Agency (USEPA) have set the normal permissible
limits of fluoride ions in drinking water at 1.0-1.5 ppm and
2-4 ppm, respectively.” Excessive fluoride exposure in humans
arises from the consumption of fluorine-contaminated water,
and an estimated 70 million people are affected by chronic
exposure to high levels of fluoride ions.? Fluoride ions are also
present in various fertilizers, resulting in their long-term accu-
mulation in soil and groundwater.® Thus, it is important to
detect and monitor the concentration of fluoride ions in various
water sources. At present, fluoride ions are detected in the labora-
tory by using ion-selective electrodes or other techniques such as
UPLC-MS,” LC-MS/MS,® HPLC,” ion chromatography,® ion specific
electrodes,” ICP-OES,' electrochemical sensors," microfluidic
MOF sensors,"* chemiluminescence® or fluorescence.** These
methods require access to specialised instruments and require
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trained resources for their implementation, which is challenging
for monitoring the concentration of fluoride ions at various
sources of consumption. Thus, there is a need for the develop-
ment of a sensitive and selective point of care (POC) detection of
fluoride ions. In this regard, colourimetric detection of ions is
one of the simplest and most user-friendly detection techniques
capable of a qualitative and quantitative assessment of fluoride
in drinking water. Several inorganic nanoparticles such as gold,
silver or metal ion supplemented gold nanoparticles, or gra-
phene oxide have been studied for the colourimetric detection of
fluoride ions.">'® Researchers have also fabricated fluorescence
based paper diagnostic tools for the visual detection of fluoride
ions."”'® Although these materials show broad fluoride detec-
tion ability, the application of these materials is restricted due
to their limited selectivity, low sensitivity and smaller range of
detection of fluoride ions."®

Cerium oxide has recently gained significant attention in the
colourimetric detection of fluoride ions among various materials.
In its nano-sized form, the surface of cerium oxide nanoparticles
(nanoceria) contains a mixture of Ce** and Ce*" cations propor-
tional to the number of surface oxygen vacancies.”*>* The
relative abundance of these oxidation states on the surface
and its ability to switch between two different oxidation states
imparts nanoceria with multiple biological enzyme mimicking
activities.>>** Nanoceria has been shown to depict superoxide
dismutase (SOD),*® catalase,” oxidase,®® and phosphatase
enzyme-like activities® that can be used for the development
of colourimetric sensors. Among these, oxidase-like activity has
been used extensively for the detection of various analytes of
biological and environmental significance, such as dopamine,**°
malathion,®" alkaline phosphatase,”® and cholesterol.**?**
Recently, it was discovered that the oxidase mimetic activity of
nanoceria can be modulated in the presence of fluoride ions.>*>”
This has led to the rapid development of colourimetric fluoride
sensing technology based on nanoceria and its hybrids.>?%3°
Liu and co-workers and others reported fluoride detection using
the oxidase mimetic activity of nanoceria,>® cerium zirconate
nanocages,” and iron-ceria composites supporting the ability of
nanoceria to interact with fluoride ions.>® It must be noted that
despite the high specificity and increased oxidase-like activity in
the presence of F~, the usage of CeO, in colourimetric biosensors
is restricted because CeO, itself can oxidise the TMB dye and
cause colour change. Hence, ceria-based fluoride sensing is not
truly colourimetric at present because it is difficult to distinguish
the colour change in the presence of fluoride ions and the
detection is generally reported based on the rate of change of
colour. Furthermore, the high initial oxidase activity of nanoceria
limits the upper detection limit of fluoride ions and cannot be
used for direct field sampling. Thus, there is a huge scope of
improvement for tuning the nanoceria activity to increase the
detection range of fluoride ions. Despite a number of reports, the
mechanism surrounding the boost in the oxidase mimetic activity
of nanoceria is still a matter of debate. Several mechanisms such
as a facet dependent activity,"® higher electronegativity or hard
Lewis base nature of F~***> and recently, the increase in oxygen
vacancy upon adsorption of the F  ions on the surface
of

nanoceria®® have been postulated. Despite these studies, detailed
elucidation of the mechanism remains elusive. Surprisingly, the
role of the oxidation state that is fundamental to the redox
reactions has not been explored in detail for elucidating the oxidase
mimetic activity or its boost in the presence of fluoride ions.

In this study, we depict a clear correlation between the
surface oxidation state of nanoceria and its oxidase mimetic
activity by engineering nanoceria with different surface oxida-
tion states. Using first-principles calculations, we demonstrate
that the TMB oxidation by nanoceria proceeds by the charge
transfer from TMB to the nanoceria surface that increases
with a decrease in surface Ce** concentration and the addition
of fluoride ions. The theoretical predictions were validated
experimentally by synthesizing nanoceria particles with three
different ratios of surface Ce**/Ce"" following three different
synthesis protocols. It has been found that the oxidase mimetic
activity decreased with increasing Ce*" concentration and dimin-
ished completely for particles with the highest surface Ce**/Ce**
concentration. The addition of fluoride ions increased the
oxidase mimetic activity of nanoceria with the lowest Ce**/Ce**
concentration but could not completely restore the diminished
oxidase activity of nanoceria with the highest Ce**/Ce*" ratio. We
also demonstrate colourimetric detection of fluoride ions based
on nanoceria with mixed surface Ce**/Ce** concentrations that
show a significantly lower oxidation of TMB on its own. However,
the oxidation is boosted in the presence of fluoride ions resulting
in a visible colour change. Finally, we integrated the fluoride-
based boost in the oxidase mimetic activity of nanoceria for
designing an assay for the detection of glutathione, a cancer
biomarker. This is the first time that the boosting ability of an
analyte has been used in the sensitive detection of another analyte
using nanoceria. By tuning the surface oxidation state of Ce ions,
selective sensing of fluoride and glutathione was achieved with a
lower detection limit of 0.6 ppm and 3.5 ppm, respectively.

Materials and methods
Materials

The materials used for the synthesis and testing of the enzymatic
activity of nanoceria, such as ammonium cerium(wv) nitrate (ACN)
(=99.99%), cerium(m) nitrate hexahydrate (CNH) (99.99%), hydro-
gen peroxide (H,O,) (30% w/w), ammonium hydroxide (25%),
cytochrome C (>95%), xanthine oxidase (>0.4 units per mg
protein), hypoxanthine (99%), catalase (>10000 units per mg
protein), tris HCl (reagent grade, >99.0%), diethylene tri-
aminepentaacetic acid (DTPA) (99%), TMB (99%), sodium fluoride
(99%), sodium hydrogen phosphate (99.998%), sodium chloride
(=99.0%), sodium bromide (>99.0%), copper sulphate (>99.0%),
ammonium nitrate (>99.0%), and reduced glutathione (>98.0%)
were purchased from Sigma Aldrich and used as received.

Synthesis of nanoceria with different surface oxidation states

Three different synthesis processes were selected for the synthesis
of nanoceria with different surface oxidation states. At first,
nanoceria with a higher surface Ce**/Ce*" oxidation state ratio



was synthesized using a wet chemical method following our
previously well-established and characterised protocol.**™*® In
brief, 5 mM CNH was treated with 30% H,0, and mixed
thoroughly. The mixture was kept under ambient temperature
and allowed to age for 15-21 days. Colour transformation from
yellowish orange to colourless solution depicts the predomi-
nance of the Ce®" oxidation state. This nanoceria was labelled
as CeO-RT, representative of the predominance of the reduced
form of cerium ions (Ce*") on the surface. The thermal hydro-
lysis method was selected for the synthesis of nanoceria with a
low Ce*" oxidation state, which generally yields ~10-15%
surface Ce®* concentration. Briefly, 100 mM ACN was hydro-
lysed by 5 N NH,OH at 65 °C. The synthesised particles were
purified by dialysis to remove unreacted precursor ions and
increase the pH of the solution to 3.0.*” These particles were
labelled as CeO-TH, representative of the predominance of the
oxidized form of cerium ions (Ce*") on the surface. Nanoceria
with a mixed oxidation state was prepared with a supercritical
flow process temperature following previously established pro-
tocols with slight modification.*®*° In brief, a 10 mM ACN
solution was prepared by dissolving the precursor in absolute
ethanol. This solution was later injected with a high-pressure
pump into a five-meter-long tubular reactor (1/8” inch stainless
steel). The reactor was heated at 300 °C and pressurized at
25 MPa to reach the supercritical conditions of ethanol (T, =
240.8 °C; Peyie = 6.1 MPa).*® The flow rate was adjusted to have a
residence time of 55 seconds in the hot and pressurized zone of
the reactor. Downstream, the medium was quenched with an
ice bath, and the nanoceria was recovered in suspension upon
depressurization through a back pressure regulator valve. The
powder was later filtered and dried. The particles synthesized
by this method were labelled as CeO-SC, representative of the
mixed oxidation states relative to the CeO-RT and CeO-TH
nanoparticles used in this study. Note that the use of ACN or
CNH as precursors and ammonia and hydrogen peroxide as
oxidizing/hydrolysis agents results in the synthesis of particles
without any organic functional groups on the surface. Thus, all
the properties observed in this study can be ascribed directly to
nanoceria and the relative oxidation states of the cerium ions
on the surface.

Characterization

The optical properties, indicative of the oxidation state of
cerium ions in nanoceria suspensions, were studied by measur-
ing the absorbance of the as-synthesized nanoparticles using a
PerkinElmer Lambda 365 UV-Visible spectrophotometer with a
150 nm min~' scan rate. The particle size in the solution
following the synthesis was analysed by a FEI Themis Z
double-corrected S/TEM operating at 300 kV accelerating voltage.
For TEM measurements, the as-synthesized particles in solution
were directly drop casted on a holey carbon coated copper grid.
The photoluminescence (PL) activity of the particles was mea-
sured with a PerkinElmer LS 55 fluorescence spectrometer
instrument. For fluorescence measurements, the particles were
excited at a wavelength of 255 nm, and emission was observed in
the range of 300-450 nm (max emission at ~ 355 nm). The X-ray

diffraction (XRD) patterns were obtained by using a Panalytical
Empyrean diffractometer operated with CuKal (1.5405 A) and
Ko2 (1.5444 A) radiations along with a voltage of 40 kV and tube
current of 40 mA to identify the crystallinity of the particles
synthesized by different methods. The presence of surface
oxygen vacancies was confirmed by Raman spectroscopy (Horiba
XploRA Confocal Raman microscope) by using a 532 nm laser
light for sample excitation. Data were collected at room tem-
perature with 2400 grooves/mm grating. The surface oxidation
states of cerium ions in different nanoceria before and after
incubation with fluoride ions were studied by X-ray photo-
electron spectroscopy with a Kratos AXIS Supra photoelectron
spectrometer using a monochromatized Al K, X-ray source.

Assessment of enzyme mimicking activities of nanoceria

SOD mimetic activity was carried out by following the method
developed by Korsvik et al>® This method is based on the
reduction of cytochrome C, stimulated by superoxide radicals
generated in the assay by the reaction of xanthine oxidase and
hypoxanthine. Nanomaterials with SOD mimetic activity neutra-
lize the superoxide radicals and prevent the reduction of ferri-
cytochrome C to ferrocytochrome C, which can be monitored
by measuring its time-dependent change in the absorbance. The
reduction of cytochrome C by various nanoceria preparations
at a concentration of 250 pM was analyzed by measuring
the absorbance of ferrocytochrome C at 550 nm in 96 well plates
with a final volume of 100 pL using a Varioskan LUX microplate
reader (Thermo Fisher). Catalase was added to the assay to
remove the oxidative by-products formed by the reaction of
nanoparticles with superoxide radicals.

The catalase mimetic activity of nanoceria was assessed
by following the method developed by Pirmohmmad et al.?”
Nanoceria catalysed degradation of H,0, into H,O and O, is
monitored by measuring the reduction in the absorbance of
H,0, at 240 nm using a PerkinElmer Lambda 365 UV-Visible
spectrophotometer. Tris-HCI was added to maintain the pH of
the reaction system (~6.8) and DTPA was used as a chelating
agent to arrest the oxidation state of the nanoparticles and
testing was carried out using a 250 pM concentration for all
three types of nanoparticles. The oxidase mimetic activity of the
nanoceria samples was assessed by following the method
described by Asati et al.>® Briefly, an increase in the absorption
of the oxidized TMB (blue colour) following a single point
oxidation of 1 mM TMB (colourless) at acidic pH (0.1 M acetate
buffer) by nanoceria was analysed by monitoring the absor-
bance at 652 nm using a Varioskan LUX microplate reader.

Assessment of fluoride ions and glutathione

Biosensing of fluoride and glutathione was carried out by using
the oxidase mimetic activity of nanoceria described above. In
brief, the oxidase activity of different nanoceria samples,
specially CeO,-TH and CeO,-ST, was assessed in the presence of
different fluoride concentrations (0.5, 0.75, 1.0, 2.0, 4.0, 6.0, 8.0
and 10.0 ppm) and further repeated for consistency. In all
samples, fluoride was added to the assay with TMB followed by
the addition of nanoceria. Glutathione, a well-known antioxidant,
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was used to quench the oxidase mimetic activity of CeO,-TH and
this was used as an indirect assay for sensing glutathione.
The oxidase mimetic activity of CeO,-TH (500 uM) in the presence
of different concentrations of glutathione (1, 2.5, 5.0, 10.0, 15.0,
20.0, 25.0, 40.0, and 50.0 ppm) was measured to determine the
linear range of response. Fluoride ions were then added at a fixed
concentration of 1 ppm in the assay to increase the higher range
of detection of glutathione. The concentration of respective
analytes was assessed based on the change in the oxidase mimetic
activity in the presence of fluoride ions and glutathione.

DFT calculations

All calculations were carried out with the plane-wave based
Vienna ab initio simulation package (VASP).’>*' The geometry
optimisation of the electronic ground state was performed
using local density (LDA+U) approximation. On-site Coulomb and
exchange interaction were treated by a single effective parameter
Uege = U — J.>> Plane waves energy cut off of 500 €V, projected
augmented wave (PAW) method,’® and U.g = 5 eV was used. It was

previously shown that this method most accurately describes the

process of vacancy formation in nanoceria.>* >’

Results and discussion

Surface and bulk properties of nanoceria particles (CeO-RT,
CeO-TH and CeO-SC) with different surface Ce**/Ce** oxidation
state ratios were characterized with various tools including
powder XRD, HRTEM, and UV-Visible, photoluminescence
and Raman spectroscopy to determine the particle size, crystal-
line state, presence of surface oxygen vacancies, and relative
oxidation states and the results are shown in Fig. 1. The
crystallite size of nanoceria particles synthesized using all three
methods was analysed by high-angle annular dark-field
(HAADF) imaging under STEM mode and was found to be
within the 3-5 nm range, as shown in Fig. 1a-c. It is apparent
that the size of CeO-RT and CeO-TH particles is slightly smaller
(3-4 nm) as compared to that of CeO-SC (4-5 nm). All the
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Fig. 1 Characterization of nanoceria prepared by different methods. STEM-HAADF images indicate nanosized (a) CeO-RT, (b) CeO-TH, and (c) CeO-SC;
(d) XRD results indicate the structural similarity between the samples; (e) PL data indicate the higher luminescence intensity of CeO-RT as compared to
CeO-SC and CeO-TH; (f) Raman spectra of the samples indicate the F,4 phonon and the defect peak; UV-Visible spectra and autocatalytic activity of
(g) CeO-RT, (h) CeO-TH, and (i) CeO-SC.
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samples depicted good crystallinity with visible lattice fringes
corresponding to the (111) planes of cerium oxide. The crystal-
linity of the samples was further analysed by XRD. The XRD
diffraction patterns of all three samples show almost similar
peaks corresponding to the fluorite lattice of cerium oxide
(Fig. 1d). The major peaks located at 20 values of 28.5, 33.1,
47.2 and 56.3 degrees, correspond to the (111), (200), (220) and
(311) crystal planes, respectively, confirming that all samples
depict the formation of nanocrystalline cerium oxide. The PL
study was carried out to compare the electronic properties of
different samples. Ce** ions show an inherent 5d — 4f electro-
nic transition, which is observed as a characteristic peak
around 355 nm using an excitation wavelength of 255 nm.>®
This PL peak is exclusive to the presence of the Ce*" oxidation
state in nanoceria. It can be observed from Fig. 1e that the
CeO-RT shows a characteristic PL peak centred at 355 nm. In
comparison, no PL peak is observed for CeO-TH while CeO-SC
shows a weak PL peak upon excitation. Thus, it is evident from
the PL measurements that CeO-RT exhibits a higher ratio of
Ce**/Ce*" while CeO-TH possesses a minimal ratio of Ce*'/Ce**
ions. In comparison, CeO-SC shows some PL activity, suggesting
that the surface Ce®*/Ce"" ratio is lower than CeO-RT but higher
than CeO-TH.

Raman spectroscopic measurements were conducted to
confirm the presence of surface oxygen vacancies in the samples.
Cerium oxide shows a prominent Raman peak at 465 cm '
corresponding to the F,, phonon mode due to the symmetrical
stretching of the oxygen anions around the cerium cations. This
Raman mode is sensitive to the sub-structure and disorder
around the oxygen ions and results in a blue shift of the peak
for nanoceria as compared to bulk cerium oxide concomitant
with the decrease in the phonon lifetime. The Raman spectral
investigations show that CeO-RT, CeO-TH and CeO-SC depict
broad Raman peaks at 455.4 cm™ ', 456.5 ¢cm™ " and 458.6 cm™ ",
respectively (Fig. 1f). The blue shift in the peak positions con-
firms the nanocrystalline nature of the samples. In addition to
the sharp and major phonon peak (~465 cm™ "), the presence of
a small peak between ~570 and 600 cm ' is ascribed to the
presence of oxygen vacancies in the ceria lattice. It is observed
from Fig. 1f that CeO-RT and CeO-SC samples depict a broad
peak in this region, confirming the presence of surface oxygen
vacancies, while the CeO-TH sample depicts a minor peak,
suggesting that this sample contains fewer surface oxygen
vacancies.>>%°

At first, the redox activity of nanoceria was tested by following
the cyclic reversibility of the oxidation states of nanoceria
following their exposure to hydrogen peroxide using UV-Vis
spectroscopy. Nanoceria has been shown to react reversibly with
hydrogen peroxide in a slow, time-dependent manner via the
formation of an intermediate cerium-oxo-peroxo compound that
clearly shows a change in the optical absorption spectra based
on the particle size and Ce*"/Ce*" ratio.***>®'"% The UV-Vis
spectra of CeO-RT, CeO-TH and CeO-SC following their inter-
action with hydrogen peroxide (0.1 mL) are shown in Fig. 1g-i.
It is observed that CeO-RT shows a A,.x at 255 nm while both
CeO-TH and CeO-SC show a Apyax ~ 300 nm, suggesting that
the

CeO-RT particles contain a higher ratio of Ce**/Ce*" as compared
to the other two particles. The effect of the addition of H,O, on
the formation of the cerium-oxo-peroxo complex was followed by
time-dependent absorbance measurements as well as by visibly
observing the changes in the colour of the suspension (ESI-17).
It is observed that the addition of H,0O, induces a colour change
in all three samples that slowly changes back to the original
colour after 14-21 days of incubation (ESI-1t). The change in
colour is consistent with the previous reports®"®® and is ascribed
to the formation of the metastable cerium-oxo-peroxo compound
and its slow decomposition in solution with the evolution of
oxygen. This also results in the transition of surface Ce**/Ce*" to
primarily Ce"" and regeneration of the original Ce**/Ce** concen-
tration in a cyclic manner. The time-dependent changes in the
UV-visible absorption spectra of the samples are shown in
Fig. 1g-i. It is observed that the addition of H,O, results in an
increase in the absorbance value for all the samples in the 300-
500 nm region of the spectrum, confirming the formation of the
cerium-oxo-peroxo compound though the maximal change is
observed for CeO-RT followed by CeO-SC and the smallest
change is observed for the CeO-TH. Upon aging for 21 days,
the absorbance in the 300-500 nm range disappeared, and
the original spectrum of the nanoceria sample is regenerated,
indicative of the amount of surface Ce*'/Ce"" ratio in these
samples. Unlike CeO-RT and CeO-TH, CeO-SC showed a notably
slow regeneration of its original spectrum as well as the emer-
gence of a characteristic peak at 255 nm in addition to the
300 nm peak, revealing that the regenerated surface has a higher
ratio of Ce*"/Ce*" as compared to the pristine surface before the
addition of H,0,. These results suggest that all three ceria
samples show reversible redox activity with hydrogen peroxide
and are suitable to depict enzyme mimetic activity. The optical
absorbance spectra are consistent with the PL, Raman and XPS
data, suggesting the presence of a high, low and mixed Ce**/Ce*"
ratio in CeO-RT, CeO-TH and CeO-SC samples.

XPS analysis was conducted to quantify the oxidation states
of cerium in all the samples. The core level Ce 3d photoelectron
spectra from all the samples are shown in the ESI-2.1 The Ce 3d
core-level spectra consist of multiple peaks arising from the
spin-orbit coupling of Ce 3d;/, and Ce 3ds/, orbitals as well as
the presence of various shake-up and shake down peaks. It is
known that the peaks corresponding to Ce*" ion appear around
882, 888, 898, 900, 907 and 916 eV, whereas peaks around
880, 884, 899 and 903 eV indicate the predominance of Ce**
ions. XPS analysis indicates that CeO-TH shows a predominant
presence of Ce*" ions while CeO-RT exhibits a dominant
presence of Ce*" ions on the surface. The surface Ce** concen-
tration of the CeO-SC sample, on the other hand, is lower than
CeO-RT but higher than the CeO-TH sample. The curve-fitting
of the spectra was conducted and the amount of Ce*" in the
samples was estimated based on ((1 — (area of Ce®*" oxidation
state/area of total Ce oxidation states)) x 100). The concen-
tration of the surface Ce** ions was found to be 34%, 88% and
80% in the CeO-RT, CeO-TH and CeO-SC samples, respectively
(ESI-31). Hence, based on the characterisation data, the samples
synthesized by three different methods show different amounts
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of surface Ce**/Ce"" ratio and are ideal candidates to test the
effect of oxidation states on the enzymatic activity of nanoceria.

Assessment of the enzyme mimetic activities

The effect of different surface Ce®*'/Ce™* ratios in the three
samples on the enzyme mimetic activity was assessed using
SOD, catalase and oxidase mimetic assays. The assessment of
enzymatic activities was conducted using well-established cell-
free ex vitro methods. The SOD mimetic activity tests the ability
of nanoceria to scavenge superoxide radicals generated by the
hypoxanthine/xanthine oxidase system. The reduction of ferri-
cytochrome C by superoxide radicals is marked by a change in
the colour of the solution from reddish-orange to pink and can
be measured using a multi-well plate reader at 550 nm. A time-
dependent increase in the absorbance at 550 nm reflects the
presence of a higher concentration of superoxide radicals
(blank in Fig. 2a). It is observed from Fig. 2a that CeO-RT and
CeO-SC prevent the reduction of ferricytochrome C, depicting a
high SOD activity, while CeO-TH shows only mild SOD activity
as compared to the blank sample. The SOD activity of nanoceria
is directly related to the surface Ce*"/Ce*" concentration and
nanoceria with a high Ce*"/Ce*" ratio is known to have high
SOD activity.

Thus, it can be concluded that both CeO-RT and CeO-SC
have a higher surface Ce**/Ce*" ratio as compared to CeO-TH,

which is consistent with the characterisation data. Furthermore,
the catalase mimetic activity of samples was analysed by following
previously developed protocols.®® It is observed in Fig. 2b that
CeO-TH and CeO-SC show a high catalase activity while the
CeO-RT sample did not have any catalase activity. Our and
other groups have shown that nanoceria with low Ce**/Ce**
ratios demonstrate a high catalase activity, although recent
studies have indicated that nanoceria with mixed oxidation
states on the surface also show a high catalase activity. These
results suggest that CeO-RT with a high Ce**/Ce** ratio cannot
decompose H,0, as compared to CeO-TH, which has a low
Ce*'/Ce** ratio. The high catalase activity depicted by CeO-SC
shows that this sample probably has mixed oxidation states
that are higher than CeO-TH but lower than CeO-RT. These
results also support previous studies where mixed oxidation
state nanoceria has been shown to depict higher catalase
mimetic activities.®"%”

The role of oxidation states on the oxidase mimetic activity
was also tested by measuring the direct oxidation of TMB by
different samples of nanoceria. TMB dye possesses two amine
groups and can undergo two-point oxidation. Oxidation of one
amine group results in a colour change from colourless to blue
while it changes to yellow if both the amine groups are
oxidized. The single point oxidation of TMB and the rate of
oxidation can be evaluated by measuring the time-dependent
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(concentration of nanoparticles: 250 pM).
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increase in the absorbance of TMB oxidation at 652 nm. As
depicted in Fig. 2¢, CeO-TH shows the highest oxidase mimetic
activity, followed by CeO-SC, which shows a mild activity, while
CeO-RT does not show any oxidase mimetic activity. Thus, our
experimental data reveal that the oxidation state of cerium ions
on the surface of nanoceria is the most important factor, which
is clearly depicted by the lack of oxidase mimetic activity in the
CeO-RT sample with the highest Ce**/Ce*" ratio. This result is in
direct agreement with the theoretical charge transfer analysis
(described later), which showed a reduction in the charge
transfer from TMB to cerium oxide slab with increasing Ce**
concentration. The increase in surface Ce®* concentration
increases the overall electron density over the nanoceria surface,
thereby reducing its ability to accept electrons from (or oxidize)
the TMB. It is interesting to note the difference in the oxidase
mimetic activity of CeO-SC and CeO-TH. Even though the Ce**
concentration in CeO-SC is only slightly higher (~18%) as
compared to CeO-TH (~10%), its oxidase activity decreases
drastically, suggesting a large influence of Ce®*" ions on the
oxidizing ability of nanoceria. The most interesting enzyme
mimicking behaviour among all samples is noted for CeO-SC
as it shows excellent SOD, catalase, and mild oxidase mimetic
activities. The mild oxidase-like activity of this sample suggests
that even though CeO-SC possesses both Ce** and Ce*" ions on
the surface, there are neither enough surface Ce*" ions to
completely block the oxidase mimetic activity nor enough Ce*"
ions to depict a high oxidase mimetic activity. Note that all three
nanoceria samples were synthesized using chemically similar
precursors (cerium nitrate hexahydrate and ammonium cerium
nitrate) and the oxidizing/hydrolysing agents used in the study
(H,0, and ammonia) are good leaving agents. Hence, the effect
of the enzymatic activity can be ascribed directly to the surface
oxidation states of cerium ions without the influence of
adsorbed impurities. Based on the results, CeO-TH and CeO-
RT were selected for testing the effect of fluoride ions on their
oxidase mimetic activity and sensing ability for fluoride ions.

Effect of oxidation state on the fluoride sensing

We evaluated the potential of fluoride ions to boost the oxidase
mimetic activity of nanoceria samples with different surface
oxidation states by measuring the activity in the absence and
presence of fluoride ions. Fig. 3a and b show the concentration-
dependent oxidase mimetic activity of nanoceria samples
(CeO-TH and CeO-SC, respectively) in the absence of fluoride ions.
It is observed that the oxidase mimetic activity increases with
an increase in the concentration of both nanoceria samples, as
reflected in the corresponding increase in the absorbance
values. As the concentration of nanoceria samples increases
in the assay, more surface Ce*" sites are available to oxidize the
TMB. Furthermore, the effect of increasing the concentration of
fluoride ions on the oxidase mimetic activity of the optimised
concentration (500 puM) of nanoceria was analysed for its
application as a fluoride sensor. It is noted that fluoride ions
cannot carry out the oxidation of TMB by themselves in the
concentration range tested in this study (ESI-4at). The concen-
tration of fluoride ions was varied between 1-10 ppm to stay

slightly above and below the WHO recommended limit of
4 ppm of fluoride ions in water. It is observed from Fig. 3c that
the oxidase mimetic activity of CeO-TH increases significantly
with an increase in the concentration of fluoride ions. However,
the activity is saturated beyond 2 ppm, and no further increase
in the reaction rate or the absorbance is observed for 3 and
4 ppm fluoride concentrations. In comparison, for the same
concentration of CeO-SC sample, a similar increase in the
oxidase activity is observed with an increase in the fluoride
concentration; however, in this case, the absorbance is not
saturated up to 10 ppm of fluoride (Fig. 3d). This observation
suggests that the CeO-TH is a better sample for detecting a
lower concentration of fluoride ions (0.5-2 ppm). However,
CeO-SC is better for detecting fluoride in a broader range from
1-10 ppm, especially in the range above the WHO recom-
mended limit. The linear range of detection of fluoride for
CeO-SC is shown in the ESI-4b.{ It was also observed that both
the samples showed high selectivity towards 4 ppm fluoride
ions, as depicted in Fig. 3e and f. From the inset (Fig. 3e and {), it
is also observed that CeO-SC is a better colourimetric sensor for
the visual detection of fluoride. Due to an inherently low oxidase
activity of CeO-SC, the TMB dye in the assay is not oxidized by
nanoceria alone and the solution is nearly colourless. However,
in the presence of 4 ppm fluoride ions the characteristic blue
colour of the oxidized TMB is much easier to detect. In contrast,
CeO-TH shows a visible colour change from blue to dark blue in
the presence of fluoride that is visually harder to detect (inset
image in Fig. 3e). The steady-state kinetics of the TMB oxidation
by CeO-SC and CeO-TH reaction in the presence and absence
of fluoride ions followed Michaelis Menten kinetics and the
kinetics parameters extracted from the Lineweaver-Burk plots®®
are depicted in the ESI-5.1 Enzyme kinetics data indicate that the
K, (Michaelis constant) value decreases from 0.56 and 10.99 to
0.18 and 1.2 after the addition of 4 ppm fluoride ions for CeO-TH
and CeO-SC, respectively. The decrease in K, values indicates
that fluoride ions increase the affinity of both CeO-TH and CeO-
SC towards TMB though the decrease in the K, value is
significantly higher for CeO-SC as compared to CeO-TH. A
corresponding increase in the Vi,.x values was also observed
from 2.6 x 107’ Ms *to5.4 x 10’ M s * for CeO-TH samples,
while it increased from 6.98 x 10 *M s ' t09.25 x 10 *M s '
for CeO-SC samples in the absence and presence of fluoride ions,
respectively. It can also be observed from Fig. 3c and d that even
though the fluoride ions can boost the oxidation of TMB by
nanoceria, a saturation of the activity is observed at lower
fluoride concentration (2 ppm) for CeO-TH which possesses
higher surface Ce*" ions. The oxidase assay contains about
1 mM TMB and hence the saturation in its enzymatic activity
cannot occur due to the complete consumption of the TMB dye in
the assay. The saturation of nanoceria activity is ascribed to the
adsorption of oxidized TMB product on the surface, which blocks
the access of the free TMB molecules to the active Ce*" sites.*’
Recently, Zhao et al. showed this effect by reacting nanoceria with
a high concentration of TMB and ABTS (2,2 Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)) dye as a substrate.*” It was
further shown that the adsorption of fluoride ions on the surface
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SC in the presence of different concentrations of fluoride ions; selectivity of sensing of (e) CeO-TH and (f) CeO-SC toward fluoride ions.

of nanoceria results in reversing the zeta potential of the
nanoceria to negative values. The electrostatic repulsion
between the negatively charged nanoceria surface and the
oxidized dye promotes its desorption which was cited as one
of the mechanisms for the observed boost in the oxidase
mimetic activity of nanoceria by fluoride ions. While these
results are obtained for nanoceria with a large number of
adsorbed fluoride ions by exposing nanoceria to a high fluoride
concentration (5 mM), our results obtained at significantly
lower concentrations (0.5-10 ppm) show that the mechanism
may also be influenced by the concentration of surface Ce**
ions in addition to the amount of adsorbed fluoride ions. The
zeta potential measurements also did not show any significant
differences in the samples (ESI-67). In the current experiments,

a saturation of the oxidase activity of a fixed concentration of
nanoceria (500 pM) in the presence of an increasing concen-
tration of fluoride ions suggests that desorption of TMB by
fluoride ions can not be the main mechanism of the observed
boost in its oxidase activity at this low concentration. If fluoride
ions promoted desorption, then the oxidase activity should
have increased with increasing fluoride concentration. We
hypothesize that the presence of slightly higher surface Ce*" in
CeO-SC may facilitate the desorption of the oxidized TMB from
the surface and further allow more TMB molecules to access the
surface by influencing the orientation of the adsorbing TMB
molecule. Thus, the activity CeO-SC with higher Ce*" is not
saturated at a higher fluoride concentration as it can accommo-
date relatively higher TMB molecules on its surface compared to
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CeO-TH. It is of note that Zhao et al. showed an increase in the
concentration of surface Ce** concentration after exposure to
5 mM fluoride, which may have also influenced their results.*?
The influence of fluoride ions on the oxidation state of CeO-SC
and CeO-TH before and after exposure to 4 ppm fluoride was
analysed by XPS. The cerium 3d core level X-ray photoelectron
spectra of CeO-TH and CeO-SC after treatment with fluoride ions
are shown in Fig. 4. The deconvolution of the spectra followed by
the quantification of surface Ce*" (ESI-3t) show a negligible
change in the concentration of Ce®* ions after exposure
to fluoride ions for both the samples. The Ce*" content in the
CeO-TH remained unchanged while it is changed from 20.33%
to 18.76% in CeO-SC after exposure to fluoride ions. The low
concentration of fluoride ions used in this experiment is unable
to cause a significant change in the oxidation states of surface
cerium ions. This suggests that the native Ce®*"/Ce** oxidation
state ratio is unchanged in these samples and may directly
influence the saturation kinetics of TMB oxidation instead of
fluoride ions. Our results unambiguously demonstrate that the
oxidation state of nanoceria has a significant role in the oxidase
mimetic activity of nanoceria and its increase in the presence of
fluoride ions. The fluoride ions can facilitate the charge transfer
from TMB to nanoceria owing to their high electronegativity.
DFT calculations were performed and analysed using Bader
analysis”® to understand the role of fluoride ions in the charge
transfer from TMB to the nanoceria surface.

In oxidase mimetic activity, the cerium ions on the surface
of nanoceria act as an oxidizing agent by accepting the elec-
trons from the TMB molecules resulting in the oxidation of the
latter. Thus, we compared the charge transfer from TMB to a
ceria surface with and without the surface oxygen vacancies.
For comparison, a CeO,(111) slab consisting of 9 atomic layers
and 144 atoms (48 cerium and 96 oxygen atoms) was designed
to create a stoichiometric ceria slab. This configuration was
selected since the ceria (111) surface is the most energetically
favourable.”"””> We considered a slab geometry with a vacuum
layer of thickness 15 A added to the simulation cell to
simulate a surface. The non-stoichiometric ceria slab contained

48 cerium atoms and 94 oxygen atoms. The two oxygen vacan-
cies were created by removing oxygen atoms (highlighted in
blue - in stoichiometric ceria slabs in Fig. 5), resulting in the
reduction of four surface cerium ions. In order to analyse the
interaction between the ceria slab and the TMB molecules, one
TMB molecule was placed on each side within the proximity of
the ceria and the resulting system was optimized to an equili-
brium position (Fig. 5a-c). Similarly, the charge transfer from
the stoichiometric ceria slab and the slab with oxygen vacancies
in the presence and absence of two F~ was also analysed. Two
possible cases were considered for the adsorption of F~ ions.
In the first, the equilibrium positions of the ¥~ ions were deter-
mined by optimizing the system’s geometry under consideration
(fully relaxed structure). In this case, the F~ ions were located at
a distance of 2.12 A above the surface Ce*" ions. In the second
case, the positions of F~ ions were fixed at a distance of 5 A
above the surface of cerium oxide (selective dynamics calculations).
The positions of other atoms were determined in the relaxation of
atomic coordinates. When F~ ions are adsorbed on the surface of
cerium oxide, the charge transfer is more significant since the
charge state of the F~ ion remote from the surface is —0.8 |e|, while
that of the adsorbed one is —0.7 |e|. Thus, the CeO, slab takes a
part of the electron density from the F~ ion, indicating that F~ ions
can mediate the electron transfer between ceria and TMB.

The charge distribution was analysed using Bader charge
analysis”® and the results are presented in Table 1. Fig. 5d
represents charge density differences [Charge (CeO,-TMB) —
{Charge(CeO,) + Charge(TMB)}] between the sum of the inde-
pendent charges of perfect CeO, slab and TMB molecules and
the TMB adsorbed on CeO,. Cyan colour represents a reduced
charge density in a specific region of space for the CeO, + TMB
structure compared with the same value for the sum of the
charge densities of the CeO, slab and TMB molecule, while
yellow represents an increased charge density. The increasing
cyan colour on the TMB molecule suggests a charge transfer
from the adsorbed TMB molecules to the stoichiometric cerium
oxide slab. However, the charge transfer reduces to almost half
(of the value obtained for a perfect slab) in the presence of
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Fig. 4 Deconvoluted 3d core level XPS spectra of (a) CeO-TH and (b) CeO-SC after exposure to low concentrations of fluoride ions.
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Fig. 5 Representation of the TMB adsorption on a stoichiometric (perfect) CeO,(111) slab (a and b) side view and (c) top view, the blue colour oxygen
were removed to create vacancies for creating non-stoichiometric (defective) ceria; (d) charge density difference for the favourable adsorption
configuration of TMB on the stoichiometric CeO,(111) surface calculated as q(CeO, + TMB)-[q(CeO,) + q(TMB)]. Yellow and cyan clouds represent

charge gain and loss, respectively.

oxygen vacancies on the surface of non-stoichiometric ceria.
This indicates that the presence of oxygen vacancies (conse-
quently increasing the surface Ce*"/Ce*") results in decreasing
the charge transfer or oxidation of TMB. In the ceria-TMB
system, charge transfer is carried out from the NH, groups of
TMB to the ceria slab. The charge is not localised on nearby
cerium ions, but the excess charge is uniformly distributed
across the surface. This observation is consistent with the
electron sponge effect postulated by Cafun et al. while studying
the catalytic decomposition of hydrogen peroxide over ceria
surfaces.”® It was reported that the redox partner is not a local
cerium site, and the electron density is delocalised over the
surface atoms during the catalytic decomposition reaction.
Furthermore, it is noted from Table 1 that the charge
transfer is enhanced in the presence of fluoride ions which clearly
indicates that F~ ions directly facilitate the charge transfer.

Interestingly, the charge transfer in the presence of F~ ions is
similar for both stoichiometric and defective ceria, suggesting a
strong influence of F~ ions in the oxidation of TMB irrespective of
the initial oxidation state of nanoceria which is also observed in
the experimental results. Our calculations clearly elucidate that
(a) the oxidation of TMB proceeds via charge transfer from TMB
to the ceria surface and (b) the charge transfer increases in the
presence of fluoride ions.

We also analyzed the ability of nanoceria to detect fluoride ions
in real samples. This was achieved by analysis of the fluoride
concentration in toothpaste using CeO-SC. A commercial tooth-
paste, with a fluoride concentration in the range of ~1000 ppm
was dissolved in water and filtered to remove solid residual
impurities and diluted to below detection limit concentration.
The sample was spiked with different concentrations of fluoride
in the range of 1-5 ppm. The detection of fluoride was achieved

Table 1 Bader charge transfer analysis to understand the effect of surface Ce®*/Ce** oxidation states on the charge transfer from TMB in the presence
and absence of fluoride (showing charge for two adsorbed molecules of TMB)

Structure

Charge of ceria/|e| (Bader)

Perfect ceria/defective ceria (2 Oyac)
Perfect ceria + TMB
Perfect ceria + TMB + 2F

Defective ceria + TMB
Defective ceria + TMB + 2F

0

—0.174

—0.534 (Fully relaxed)

—0.324 (Selective dynamics, 5 A F~-Ce*" distance)
—0.084

—0.513 (Fully relaxed)

—0.346 (Selective dynamics, 5 A F~-Ce*" distance)
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following a similar protocol described above and the results are
presented in the ESI-7a.} A concentration dependent increase in
the absorbance of the samples was observed at 652 nm, suggesting
that the residual fluoride can be detected by CeO-SC, in real
samples. The toothpaste samples were further directly diluted
to achieve fluoride concentration in a similar range (without
spiking) and were detected by CeO-SC (ESI-7bt).

Biosensing of glutathione

The oxidase-like activity of nanoceria was further utilised for the
development of an assay for quantitative determination of a
biomolecule - glutathione, a cancer biomarker. We also explored
the use of F~ ions as a signal enhancer in this assay to increase
its detection range. Glutathione is a thiol group-containing
amino acid responsible for maintaining cellular redox homeo-
stasis. Glutathione generally exists in two states, reduced (GSH)
and oxidised (GSSG), and maintains redox homeostasis through
a dynamic equilibrium between its oxidised disulphide form and
reduced free thiol groups. Healthy cells generally possess a ratio
of >100 for GSH/GSSG; however, a ratio of 1 to 10 indicates
the oxidative stress in cells.”*”> Cancer cells express elevated
glutathione levels to suppress the excessive reactive oxygen
species (ROS) generated due to the excessive proliferation and
metabolic activity of cancer cells.”®”” Thus, the detection of
glutathione via appropriate assays using various nanomaterials
has gained significant attention in recent years’® as a cancer

detection method. Due to its broad antioxidative action, glu-
tathione can prevent the oxidation of TMB by nanoceria. A
reduction in the oxidation of TMB by nanoceria is directly
proportional to the amount of glutathione and can be used as
an indirect assay for its sensitive detection.

Fig. 6a shows the glutathione concentration-dependent
decrease in TMB oxidation by 500 uM CeO-TH. It is observed
that the addition of glutathione shows a proportional decrease
in the absorbance from oxidized TMB and the addition of as
low as 1 ppm glutathione results in a measurable reduction in
the absorbance. A good linear detection of glutathione was
observed from 1-20 ppm by endpoint absorbance analysis
(Fig. 6b). However, it is also noted from Fig. 6a that the
absorbance from oxidized TMB is totally quenched after the
addition of 20 ppm of glutathione, thereby decreasing the higher
range in which glutathione can be detected. It is noted that the
cellular glutathione concentration is typically in the range of
1-2 mM.”® Thus, detection of glutathione at a higher concen-
tration range is equally important. Based on the knowledge that
the addition of F~ ions can boost the oxidase activity of nano-
ceria, we explored the effect of the addition of 1 ppm fluoride
ions to this assay. Fig. 6¢ shows the glutathione concentration-
dependent decrease in the TMB oxidation by CeO-TH in the
presence of 1 ppm fluoride ions. It is noted that the addition of
1 ppm F ions increases the TMB oxidation, thus, a higher
concentration of glutathione is now required to quench the
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by glutathione, (c) in the presence of 1 ppm fluoride and (d) its linear range of detection.
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oxidation of TMB. The use of fluoride ions in this assay increased
the linear range of detection of glutathione to 50 ppm (Fig. 6d).
The limit of detection (LOD) of glutathione in the presence of F~
ions, calculated by the 3o/slope method (where o denotes the
standard deviation of the background variation) is 3.8 ppm with a
linear detection range of 2.5-50 ppm. This demonstrates that
fluoride ions can be used to increase the linear range of detection
of glutathione in the higher concentration regime.

Summary

This study has highlighted the effect of the oxidation state of
surface cerium ions of nanoceria on its oxidase mimetic activity
as well as the role of F~ ions in boosting this activity. Nanoceria
was synthesized using three different synthesis protocols resulting

in particles with three different surface Ce** concentrations

varying from ~66% to 10%. It was demonstrated that the CeO-

RT with a higher surface Ce** concentration is oxidase inactive,

and a slight increase in the concentration of surface Ce*" ions in

CeO-SC can quickly diminish the high oxidase activity demon-

strated by CeO-TH with higher surface Ce** ions. DFT calculations

coupled with Bader charge analysis showed that the charge

transfer from TMB to the nanoceria surface is higher in the case

of stoichiometric cerium oxide surfaces than that in non-

stoichiometric surfaces. It was found that F~ ions increased the

charge transfer from TMB to cerium oxide irrespective of the

initial surface cerium ion distribution. XPS calculations showed

that the addition of up to 4 ppm of F~ ions does not change the

surface Ce*"/Ce*" ratio in both CeO-SC and CeO-TH. Thus, con-
trary to previous reports, this study demonstrated that the ratio of

surface Ce**/Ce"" ions on the surface controls the oxidase activity

as well as the degree to which F~ ions can increase the oxidase

activity. Both CeO-SC and CeO-TH samples were able to detect F~

ions in water. CeO-SC with a higher surface Ce®" concentration

was able to detect F~ ions in a wider concentration range of
1-10 ppm as compared to 0.5-2 ppm for CeO-TH. The oxidase
activity of nanoceria was also used to design a glutathione
sensor and it was shown that the F~ ions can be used in this
assay to detect glutathione in a wider concentration range
of 2.5-50 ppm. These results show that a combination of
optimum surface Ce®*/Ce*" ratio and F~ ion concentration
can be used to selectively sense a range of analytes in a wider
concentration range.
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