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ABSTRACT This study investigated the redox properties of cerium oxide nanoparticles (CeO, NPs) and their
conjugates with superoxide dismutase (SOD) or horseradish peroxidase (HRP) as well as the UV-induced
modulation of these properties. UV exposure non-monotonically decreased the SOD-like property of the bare
CeO; NPs. The CeO- conjugates with enzymes were analyzed both immediately after preparation and after
being aged for 3 h. Chemiluminescence assays showed the synergistic effect for the CeO,-SOD conjugates
which showed high SOD activity. Additionally, CeO, NPs enhanced the stability of the conjugated SOD under
UV exposure thus demonstrating a photoprotective function. The CeO,-HRP conjugates demonstrated lower
prooxidant activity compared to the bare enzyme, however higher stability under UV irradiation. The effect of
UV radiation on CeO--HRP conjugates was found to be multidirectional and depended on the incubation time
of the CeO, NPs with the enzyme. The results demonstrated that CeO,-enzyme conjugates offer tunable dual
functionality and UV light could be an important parameter affecting their redox properties. The latter effect
should be taken into account for designing advanced cosmeceutical formulations.
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1. Introduction

Cerium dioxide nanoparticles (CeOy NPs) are now regarded as one of the most promising next-generation biomimetic
agents. Their appeal stems from a unique combination of physicochemical properties and a broad range of enzyme-
mimetic activities [1-3]. Significant research efforts are now directed toward engineered hybrid organic-inorganic mate-
rials that allow modulating the properties of nanoscale cerium dioxide using various biocompatible compounds including
proteins, enzymes, amino acids, etc. [4—10]. The immobilization of biologically active molecules on the surface of CeO4
NPs provides a functional platform for the targeted delivery of drugs and various bioactive ligands, as well as enhancing
therapeutic efficacy through synergistic interactions and prolonged activity [11, 12].

Reactive oxygen species (ROS) such as the superoxide anion radical (-O5 ™) and hydrogen peroxide, are essential
for normal physiological functions [13, 14]. In living systems, they play a crucial role in maintaining homeostasis and
facilitating cellular signaling. However, their overproduction can result in a cellular damage by inducing oxidative stress.
Living systems counteracts oxidative stress through production of antioxidants, e.g. enzymes, such as superoxide dismu-
tase (SOD), catalase, glutathione peroxidase, etc. Notably, SOD plays a critical role by regulating the balance between
intracellular oxidative processes and antioxidant defense system [15].

The ability of nanoscale cerium dioxide to mimic SOD was among the first enzyme-like properties discovered for
CeOs NPs [16-19]. It is well established that the SOD-like activity of CeOs NPs depends on a multitude of factors.
These include synthesis conditions [20], redox state of surface cerium atoms [16, 17,21], particle size and shape [19,22,
23], surface functionalization [24-26]. The SOD-like activity depends also on the presence of phosphate species [27],

© Sozarukova M.M., Filippova A.D., Ratova D.-M. V., Mikheev 1.V., Proskurnina E.V., Baranchikov A.E.,
Ivanov V.K., 2025



792 M.M. Sozarukova, A.D. Filippova, D.-M.V. Ratova, 1.V. Mikheev, E.V. Proskurnina, ...

pH [19, 28, 29], temperature [30], etc. To enhance the catalytic activity, hybrid materials are being created based on
cerium dioxide conjugated with antioxidant and prooxidant enzymes, such as SOD, catalase, and peroxidase [5,22,31].
Interestingly, the dismutation of superoxide anion radicals catalyzed by both native SOD or SOD mimetics though results
in a pronounced antioxidant outcome, however it simultaneously leads to the accumulation of hydrogen peroxide being
another type of ROS.

Despite the significant progress in understanding the biocatalytic properties of CeOs NPs and their hybrids with
biomolecules, the ability to control their redox activity using external physical factors remains underexplored. In this
context, ultraviolet (UV) radiation is of particular interest [32,33]. As a potent exogenous agent, UV radiation serves not
only as a convenient tool for controlled exposure but also as a physical model of oxidative stress [34]. The mechanism
of UV-action on living systems is multifactorial involving both the production of free radicals and direct damage of
biomolecules [35,36].

The surface properties of cerium dioxide which is a wide-bandgap semiconductor, can be modified upon exposure
to ultraviolet light. These changes can involve the alterations of its surface hydroxylation [37]. An example of a similar
phenomenon is titanium dioxide (TiO3), which exhibits UV-induced superhydrophilicity [38,39]. Given that the enzyme-
like properties of nanoscale cerium dioxide are largely governed by surface chemistry, UV irradiation is hypothesized to
be an effective tool for modulating the catalytic activity of CeO, NPs. However, the effects of UV irradiation on the redox
activity of both bare CeO5 NPs and their enzyme conjugates remain virtually unexplored. Specifically, the UV-modulation
of their interaction with key cellular enzymes, such as superoxide dismutase and peroxidase, by UV exposure has not been
assessed.

This study provides an investigation of the effects of UV irradiation on the redox activity of bare CeO, NPs and
their conjugates with enzymes. The activity was assessed towards key reactive oxygen species — the superoxide anion
radicals and hydrogen peroxide — by the chemiluminescence method. The CeO- conjugates were studied with different
oxidoreductase enzymes, superoxide dismutase or horseradish peroxidase (HRP). For the first time, it was shown that UV
irradiation can not only suppress, but selectively and dose-dependently modulate the enzyme-like activity of nanoparticles.
The findings of this study demonstrate the significant potential of nanoscale cerium dioxide for application in advanced
cosmetic preparations.

2. Materials and methods
2.1. Materials (chemicals)

The following reagents were used in this work: ammonium cerium(IV) nitrate ((NH4)2[Ce(NOs3)g], chem. pure,
Lankhit), isopropanol (high purity, Aldosa), superoxide dismutase from bovine erythrocytes (Cu/Zn type, > 97 % , S7446-
15KU, Sigma-Aldrich), horseradish peroxidase (RZ> 1.0, a > 110 U/mg, DIA-M).

2.2. Synthesis of bare CeO- nanoparticles and preparation of ceria-enzyme conjugates

Bare CeO; nanoparticles were prepared by thermohydrolysis of an aqueous ammonium cerium(IV) nitrate solution,
following a reported procedure [40]. Briefly, cerium salt (2.33 g) was dissolved in 23 mL of water. The resulting solution
(0.185 M) was maintained at 95 °C for 24 h. Following centrifugation to isolate the yellow precipitate from the mother
liquor, the product was washed three times with isopropyl alcohol and redispersed in deionized water. Finally, the sol was
boiled for 3 h to eliminate isopropanol residuals.

Cerium dioxide was functionalized with two enzymes: superoxide dismutase (CeO2-SOD conjugate) and horseradish
peroxidase (CeO5-HRP conjugate). The functionalization was performed by gradually adding the CeO- sol to an aqueous
solution of the enzyme. This process achieved a final molar ratio CeOs : enzyme 10000 : 1. Two types of CeO2 conjugates
with SOD and HRP were analyzed: as prepared (0 h pre-incubation) and incubated under stirring for 3 h. All the samples
were stored in dark. For physicochemical characterization, the enzyme-conjugated CeOx sols were dried at 25 °C.

2.3. Materials characterization

The concentration of the initial ligand-free cerium dioxide sol was determined gravimetrically.

The X-ray powder diffraction analysis (XRD) of ceria samples was performed using a Bruker (Billerica, MA, USA)
D8 Advance diffractometer (CuKe radiation). Data were collected over a 26 range of 20 — 100° with a step size of 0.02°
and a counting time of 0.2 seconds per step. Phase identification was performed using the ICDD PDF2 database. The
crystallite size (coherent scattering domain size) was estimated using the Scherrer equation; peak profiles were fitted to
pseudo-Voigt functions.

The optical absorption spectra were recorded in quartz cuvettes using an SF-2000 spectrophotometer (Spectr, Saint
Petersburg, Russia). Measurements were conducted in the range of 200 — 600 nm with a 1 nm step size.

Fourier transform infrared (FTIR) spectra were obtained on an InfraLUM FT-08 spectrometer (Russia) employing
the attenuated total reflection (ATR) technique. Spectra were recorded in the 400 — 4000 cm ™' range with a spectral

resolution of 1 em™?.
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Dynamic light scattering (DLS) and zeta potential measurements were performed at 20 °C and at 36 °C using a
Photocor Compact-Z analyser (Photocor, Moscow, Russia). The correlation function for each sample was collected by
averaging 10 individual 20 sec runs. The hydrodynamic diameter of the particles was determined using a regularization
algorithm (DynalS software).

2.4. UV-exposure procedure

The samples (absorbance < 0.2, V' = 2 ml) were irradiated in glass vessels (5 ml) using a Bio-Link UV irradiation
system (Vilber Lourmat, Collégien, France) at 312 nm (UV source 5 x 8-watt lamps). The samples were irradiated with
doses of 50 or 100 mJ/cm?. The samples were irradiated from above, the height of liquid sample was approximately 3 cm.

2.5. Analysis of SOD-like activity

The SOD-like activity of the materials was analyzed using a method based on the detection of lucigenin chemilumi-
nescence during its oxidation by superoxide anion radicals (-+O5 ). The superoxide anion radicals are generated by the
oxidation of xanthine to uric acid in the presence of oxygen [41,42].

Aliquots of aqueous solutions of xanthine (20 M, #X0626, Sigma), lucigenin (20 M, #393824, J&K, San Jose, CA,
USA), and the test sample were rapidly added into a cuvette containing a phosphate buffer solution (100 mM, pH 7.4).
The background signal was recorded for 30 — 60 s, then xanthine oxidase (¢ = 8.8 mU/mL, #X1875-25UN, Sigma) was
added. All experiments were conducted in triplicate. The chemiluminescence intensity was measured at 37 °C using a
Lum-1200 (DISoft, Moscow, Russia) 12-channel chemiluminometer. The results were processed using the PowerGraph
software (version 3.3).

2.6. Analysis of prooxidant activity

The prooxidant activity of the materials was analyzed towards hydrogen peroxide in the presence of luminol (5-
amino-1,2,3,4-tetrahydro-1,4-phthalazinedione, 3-aminophthalic acid hydrazide) [31,43].

Aliquots of HoO2 (10 mM, #H1009, Sigma) and luminol (50 uM, #A8511, Sigma) were rapidly introduced into
a cuvette containing phosphate buffer solution (100 mM, pH 7.4). The background signal was recorded for 60 — 90 s.
After the chemiluminescence intensity reached a constant value, an aliquot of the test sample was added. All experiments
were conducted in triplicate. Chemiluminescence was measured using a Lum-1200 (DISoft, Moscow, Russia) 12-channel
chemiluminometer. The results were processed using PowerGraph software (version 3.3).

3. Results and discussion
3.1. Characterisation of CeOy-based nanomaterials

Powder X-ray diffraction analysis (XRD) revealed that the crystalline phase in the bare CeOs sol and CeO- conjugates
with SOD and HRP enzymes corresponded to single-phase cerium dioxide (space group F'm3m, PDF2 00-034-0394)
(Fig. 1(a)). The cerium dioxide crystallite size (~ 2.8 nm) remains virtually unchanged after enzyme immobilization.

UV-visible spectroscopy revealed an absorption band between 280 — 300 nm for the enzyme-modified ceria sols
(Fig. 1(b)), which is characteristic of nanoscale CeO, with a band gap of 3.3 eV. The modified ceria sols show no
absorption band at ~ 250 nm. This band corresponds to the 4f! — 5d" transition of Ce3*. Therefore, Ce*™ was not
reduced to Ce®" during the functionalization of CeO, with enzymes.
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FI1G. 1. (a) X-ray diffraction patterns of bare CeOs NPs and ceria conjugates with SOD and HRP;
(b) electron absorption spectra of CeOz-based nanomaterials
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The ceria sols were characterized by DLS at 20 and 36 °C, these temperatures correspond to sample storage and
chemiluminescence measurement conditions, respectively (Fig. 2). The unstabilized CeOs sol exhibited a nearly monodis-
perse particle size distribution with a mean diameter of 14 nm and a minor fraction of larger agglomerates (~ 140 nm).
Modification of the nanoscale CeO- with SOD did not induce significant changes in the particle size distribution; the mean
aggregate diameter remained at 15 — 16 nm (Fig. 2(a,b)). In contrast, modification with HRP induced some changes, and
the formation of two aggregate fractions with sizes of 11 and 27 nm was registered (Fig. 2(a,b)). Fig. 2(c) shows the
particle size distribution in the aqueous solutions of the bare enzymes. The SOD solution contains three particle fractions
with average hydrodynamic diameters of 3, 24, and 270 nm. Similarly, three distinct fractions with average sizes of 4,
60, and 430 nm were identified in the HRP solution. It is important to note that the enzyme concentrations (superoxide
dismutase and horseradish peroxidase) in the modified ceria sols were 1 uM, which is 30 times lower than the enzyme
concentration in their individual solutions (30 pM). At such low concentrations, the contribution of the bare enzymes to
light scattering of the CeO, conjugates could be regarded as negligible.

Electrokinetic measurements revealed that modification of CeO, NPs with enzymes significantly changed their elec-
trical properties. A notable increase in (-potential was observed, rising from +25 mV for the bare CeOy NPs to +33 mV
for the CeO2-SOD conjugate and to +36 mV for the CeO2-HRP conjugate. This increase in (-potential indicates en-
hanced colloidal stability of the modified nanoparticles. Interestingly, this finding is somewhat counterintuitive as the
enzyme-modified ceria sols possessed higher pH (4.5 for CeO2-SOD and 5.6 for CeO5-HRP) than that of the bare CeO4
sol (pH 2.1) and thus a decrease in the absolute (-potential value could be expected [44]. However, the observed change
in (-potential value supports well the successful immobilization of enzymes on the surface of the CeOy NPs. In the recent
report, the hemolymph serum of Mytilus galloprovincialis was shown to form a protein corona on the surface of commer-
cial CeOy NPs [45]. The corona consisted of SOD and shifted the (-potential value of the NPs from a highly negative
—84 mV to —10 mV.

The ceria sols were analyzed by DLS after one month of storage in a dark environment at 4 — 8 °C. The unmodified
CeO, sol showed no change in its primary particle size (13 nm), but its larger agglomerates shrank by more than half,
to 63 nm (Fig. 2(a,d)). The CeO2 sol modified with SOD exhibited three distinct particle sizes: 14, 65, and 350 nm
(Fig. 2(d)). The size of the key particle fraction in the CeO2-SOD conjugate (14 nm) remained stable during storage.
Notably, ceria sol modified with HRP had a more uniform particle size distribution after storage, with average sizes of 15
and 100 nm (Fig. 2(d)).

The DLS method was also used to investigate the aggregation behavior of CeQO, particles in the sols after UV ir-
radiation. For the experiment, two UV doses were chosen, 50 mJ/cm? and a higher dose of 100 mJ/cm?. Exposure
to a low-dose UV radiation (50 mJ/cm?) resulted in a slight broadening of the particle size distributions in all the sols.
However, the overall profile of the size distributions and the average aggregate sizes remained unchanged (Fig. 2(a,e)).
In contrast, exposure to the higher UV dose (500 mJ/cm?) induced significant aggregation of the particles. Specifically,
in the CeO5-HRP conjugate the average aggregate size doubled to 30 nm, and the presence of larger agglomerates up to
550 nm was observed (Fig. 2(a,f)).

The FTIR spectra of bare CeO, NPs, enzymes, and the conjugates are shown in Fig. 3.

In the IR spectra of cerium dioxide, the broad bands at 3600 — 3100 cm ™" and 3200 — 2500 cm ™" correspond to the
O-H stretching vibrations of adsorbed water and the stretching vibrations of surface hydroxyl groups, respectively [46].
The determination of absorption bands of the protein carbon backbone or amide groups is challenging due to overlapping
with the strong water absorption bands. Nevertheless, the spectra of HRP and SOD reveal several weak bands in the
3000 — 2840 cm™* range (v(C-H)) and a band at 3270 cm™' (W(N=H) of secondary amides) [47]. A band in the 1570 —
1515 cm™! range, attributed to N-H bending vibrations of secondary amides (amide II), is observed in the spectra of both
the bare enzymes and their conjugates with CeOs. Bands characteristic of -CHy— deformation vibrations were registered
in the 1470 — 1400 cm ™~ range. The absorption band for the C=O stretching vibration (amide I) is ~10 cm ™! redshifted in
the IR spectra of the CeO5-SOD (1626 cm™ 1) and CeO5-HRP (1626 cm™ 1) conjugates relative to the bare enzymes (1635
and 1638 cm™!). These shifts support the successful formation of CeO-enzyme conjugates by indicating the interaction
between the nanoparticles and the proteins.

3.2. Chemiluminescence assay

3.2.1. SOD-like activity. Analysis of the SOD-like activity was performed by monitoring chemiluminescence in the
presence of lucigenin, a selective probe for superoxide anion radical generation [41,42].

The effect of UV irradiation was investigated on the redox behavior towards the superoxide anion radicals Oy~ of
bare CeO, NPs, SOD enzyme, and CeO,-SOD conjugates immediately after the mixing of components and incubated
for 3 h. Fig. 4(a) shows experimental chemiluminescence curves recorded upon the addition of xanthine oxidase to the
mixtures containing xanthine, lucigenin, and the analysed materials. These curves were recorded for the samples which
were not subjected to UV-irradiation, or the UV-irradiated samples. As can be seen, in the presence of the analysed
materials a decrease in lucigenin-dependent chemiluminescence is observed. The decrease in the chemiluminescence
intensity is proportional to the concentration of superoxide anion radicals and could be used to quantify the SOD-like
activity.
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To quantify the SOD-like activity, the relative degree of chemiluminescence suppression, ASy , was calculated from
the chemiluminograms (Fig. 4(b)) using the relation:

(S = 5)
So
where Sy and .S are the light sums (integral intensity) for the control experiment (without the addition of sample) and for

the experiment with the analysed sample.
The CeO2-SOD conjugates showed nearly 2.5 times higher efficacy in scavenging superoxide anion radicals than

bare CeO2 NPs and 1.5 times higher efficacy than SOD enzyme (Fig. 4(b)). This observation can be attributed to the
synergistic interactions between the components [5,20,31].
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FI1G. 4. (a) Chemiluminograms illustrating the SOD-like activity of bare CeOy NPs, bare SOD and
CeO3-SOD conjugates, (b) histograms of the relative degree of chemiluminescence suppression (A Sk
for the samples

The effect of UV irradiation on the SOD-like activity of bare CeO-, NPs is multidirectional. Exposure to a dose
of 50 mJ/cm? suppressed the activity approximately threefold. Conversely, a higher dose of 100 mJ/cm? produced a
weaker effect, the activity reduced by one and a half times (Fig. 4(b)). This indicates that the SOD-like activity of bare
CeO, NPs can be modulated by UV exposure. The observed non-linear response for bare CeOy NPs to UV irradiation
could be discussed in terms of photochemistry of oxide semiconductors, e.g. TiO5 [38,39,48]. In particular, this effect
can be due to the competition between the surface photooxidation (resulting in surface passivation) at low doses and
the photoreduction (resulting in surface activation) at high doses. These competing processes can affect the surface
hydroxylation of nanoscale cerium oxide which is expected to govern its enzyme-like activity [37]. A dose of 50 mJ/cm?
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presumably promotes the oxidation and desorption of surface hydroxyl groups, while a higher dose of 100 mJ/cm? induces
the photoreduction of surface Ce*™ cations and facilitates surface re-hydroxylation. Recently, the UV exposure has been
shown to increase the concentration of subvalent Ce>t ions in parallel with arise in the catalytic activity of CeOy NPs [49].
Thus, UV irradiation has been regarded as a novel strategy for modulating the catalytic activity of nanoscale ceria through
annealing-free defect engineering [49].

UV irradiation was found to suppress the SOD-like activity of both SOD enzyme and the CeO2-SOD conjugates
(Fig. 4(b)). The UV-induced decrease in the activity is summarized in Table 1. These data are also illustrated in Fig. 5.

TABLE 1. Effects of UV irradiation on SOD-like activity of the samples.

Dose, mJ/cm? 50 100
Sample Reduction of SOD-like activity under UV irradiation, %
Bare CeO5 NPs 67 £7 34+9
SOD 20+ 2 11+3
CeO2-SOD conjugate 1241 17+2
Ce03-SOD conjugate (3 h) 31+1 40+£2
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F1G. 5. Effects of UV irradiation on SOD-like activity of bare CeO, NPs, SOD and CeO5-SOD conjugates

The antioxidant activity of the non-incubated CeO3-SOD conjugate was reduced in a lesser degree under 50 mJ/cm?
UV dose than under a 100 mJ/cm? dose, and their antioxidant activity was reduced to a lesser extent than that of the
individual enzyme (Fig. 4(b), Table 1, Fig. 5). These results suggest that CeO, NPs exert a photoprotective effect towards
the conjugated SOD, enhancing the operational stability of the conjugated enzyme under oxidative stress. Numerous
studies have reported pronounced photoprotective properties of nanoscale CeOs [33,50-52]. These protective effects
are most commonly attributed to a combination of two key mechanisms: the ability of CeOs NPs to effectively absorb
UV radiation and to mimic the functions of antioxidant enzymes, such as SOD and catalase, thereby reducing levels of
ROS formed under UV exposure. It has been demonstrated that the photodegradation of organic dyes such as methyl
orange [33], crystal violet [50] and rhodamine 6G [51] in the presence of CeOs nanoparticles is significantly lower than
in the presence of conventional photocatalysts such as titanium dioxide [50].

The immobilized SOD enzyme efficiently attracts superoxide anion radicals to the nanoparticle surface due to its high
affinity for this substrate [53,54]. This dramatically increases the local concentration of superoxide anion radicals around
the nanoscale cerium oxide. Consequently, any radicals that have not reacted with the SOD active site can be efficiently
scavenged by the CeO2 NPs. This process establishes a synergistic antioxidant cascade, in which the products of one
reaction become the substrates for the next reaction.

The CeO2-SOD conjugate aged for 3 h prior to irradiation showed a more pronounced reduction in SOD antioxidant
activity after UV-irradiation with 50 mJ/cm? and 100 mJ/cm? doses (Fig. 4(b), Table 1, Fig. 5). This effect is presumably
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attributed to substantial conformational changes in the SOD enzyme during the 3-hour incubation with CeOy NPs which
could make the enzyme susceptible to UV-induced damage. Thus, the catalytic activity of the CeO2-SOD conjugate under
UV radiation depends not only on the properties of the CeO- NPs but also on the structure of the immobilized enzyme.

3.2.2.  Prooxidant activity. The prooxidant activity of the samples was analyzed by monitoring chemiluminescence in
the presence of luminol, a probe sensitive to hydrogen peroxide and reactive chlorine species [55,56].

This study investigated the effect of UV irradiation on the redox behavior towards the hydrogen peroxide of bare
CeO; NPs, individual HRP enzyme, and CeO2-HRP conjugates, both immediately after mixing the components and after
the incubation for 3 h. Fig. 6(a) shows chemiluminograms for the samples which were not subjected for UV-irradiation
and the UV-irradiated samples. As can be seen, the analyzed samples enhance luminol-dependent chemiluminescence
indicating the generation of ROS and supporting the prooxidant properties of the studied materials.
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FIG. 6. (a) Chemiluminograms illustrating the prooxidant activity of bare CeOy NPs, HRP and CeO;-
HRP conjugates, (b) the light sums (prooxidant capacity) for the samples

From the chemiluminescence profiles, to quantify the prooxidant properties, the areas under the chemiluminescent
curves (light sums) were calculated, which are proportional to the number of generated radicals and correspond to the
prooxidant capacity of the samples. Fig. 6(b) shows the light sum bars. The most pronounced enhancement of the
chemiluminescence signal was observed for the individual HRP enzyme. It should be noted that the shape of the chemi-
luminescent curve for the individual HRP differed from the experimental curves for other samples (Fig. 6(a)), which
probably indicates different mechanisms of the prooxidant effect [20]. Analysis of the data (Fig. 6(b)) revealed that the
CeO5-HRP conjugates exhibited approximately 15 times higher prooxidant capacity compared to bare CeOs NPs. The
increase in peroxidase-like activity is consistent with previous reports on hybrid nanobiocatalytic systems [57, 58]. For
instance, the use of magnetite nanoparticles has been shown to significantly accelerate the hydrogen peroxide decomposi-
tion in the presence of HRP [58]. However, it is important to note that the HRP enzyme possessed lower activity upon the
immobilization onto the CeO, nanoparticle surface (Fig. 6(b)). Presumably, this may also be caused by conformational
changes in the enzyme structure and, as a result, steric hindrance to the access of the substrate to the active center.

To assess the effect of the UV radiation dose, the percentage decrease in the prooxidant activity of the analyzed
materials was calculated (Table 2). For clarity, these data are also presented in Fig. 7.

A UV dose of 50 mJ/cm? enhanced the prooxidant activity of bare CeO, NPs more significantly than a dose of
100 mJ/cm? (Fig. 6(b)). In contrast, the activity of the native HRP enzyme decreased in a dose-dependent manner
(Table 2), which is consistent with the recent reports [59, 60]. Notably, the CeO5-HRP conjugate (obtained without pre-
incubation) showed no significant change in activity after irradiation at 50 mJ/cm?. Conversely, UV-irradiation with a

TABLE 2. Effects of UV irradiation on prooxidant activity of samples

Dose, mJ/cm? 50 100
Sample Reduction of prooxidant activity under UV irradiation, %
Bare CeO2 NPs increase prooxidant activity | increase prooxidant activity
HRP 12+5 27+2
CeO--HRP conjugate — 5+1
CeO2-HRP conjugate (3 h) | increase prooxidant activity | increase prooxidant activity
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dose of 100 mJ/cm? resulted in a decrease in the activity. Compared to the native enzyme, the activity of HRP conjugated
with CeOs (obtained without pre-incubation) did not change significantly under irradiation with a dose of 50 mJ/cm?, and
decreased to a lesser extent at 100 mJ/cm? (Table 2). These results could indicate a photoprotective effect of CeOy NPs
toward HRP. This effect is probably due to the ability of CeO5 NPs to effectively absorb UV radiation and thereby protect
the protein molecule from direct photolytic damage.

Interestingly, for the CeO2-HRP conjugate pre-incubated for 3 h, the UV-irradiation with both 50 and 100 mJ/cm?
enhanced the peroxidase-like activity by an average factor of 1.5. This suggests that longer incubation promotes the forma-
tion of a more stable conjugate. Subsequent UV irradiation presumably modulates the redox properties of the nanoscale
CeOs surface, creating more efficient synergistic catalysis — for instance, by facilitating electron transfer between the
nanoparticle and the active site center of the enzyme.

4. Conclusions

The UV-tunable dual redox behavior of nanoscale CeOs and its hybrid materials with the SOD and HRP enzymes
was studied. Bare CeOy NPs have been shown to possess SOD-like activity, which significantly reduced upon applying
even low UV doses (50 mJ/cm?). The CeO,-SOD conjugates exhibited a 1.5-fold increase in the antioxidant activity
compared to SOD alone. UV irradiation reduced the SOD-like activity of the hybrid materials, while CeOy NPs provided
a pronounced photoprotective effect towards the enzyme.

In the presence of hydrogen peroxide, both bare CeOs NPs and their hybrids with HRP exhibited pronounced proox-
idant properties, which can further be tuned by UV irradiation. The interaction of HRP with CeOy NPs resulted in the
decrease of the activity of the enzyme however favored its stability under U V-irradiation.

These findings underscore the potential of nanoscale CeO, and its hybrids in biomedicine and catalysis, where ex-
ternal factors (e.g., via UV exposure) could alter the redox properties of the material. The methodology proposed in this
study can be extended to the other models of oxidative stress, such as exposure to ultrasound, X-ray radiation, or radio
waves.
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