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ABSTRACT In this work, peroxidase-like activity of ultrasmall tungsten oxide nanoparticles including those sta-
bilized with polyvinylpyrrolidone (PVP) was assessed using two independent approaches: the colorimetric
method, which is based on the analysis of 3,3,5,5-tetramethylbenzidine (TMB) oxidation, and the luminol-
enhanced chemiluminescence method. It was demonstrated that bare tungsten oxide nanoparticles effec-
tively catalyze the decomposition of hydrogen peroxide. In turn, the PVP-stabilized nanoparticles possess
lower catalytic activity, which can be attributed to a decrease in the number of available active centres on the
nanoparticle surface.
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1. Introduction

In recent years, it has been demonstrated that certain inorganic nanomaterials are capable of participating in biochem-
ical processes, performing functions analogous to those of natural enzymes [1,2]. Such materials have been identified as
a distinct class called nanozymes. Among them, nanoparticles of transition and rare earth metal oxides with switchable
redox state are of particular interest. A number of studies have demonstrated that nanoscale oxide nanoparticles, includ-
ing Fe30y4 [3,4], CeO2 [5-7], MnO; [8], and TiO, [9], exhibit oxidoreductase-like activity rendering them perspective
regulators of free-radical reactions or even redox-metabolism in cells. Extended insights into enzyme-mimetic properties
of inorganic nanoparticles could facilitate their application in both medical and ecological contexts.

One of the materials exhibiting high redox activity is tungsten oxide nanoparticles [10]. WOj3 is a semiconductor
material demonstrating photochromic, electrochromic and photocatalytic properties [11-14]. Tungsten oxide nanoparti-
cles effectively absorb ultraviolet radiation being able to show reversible coloring-bleaching cycles as a result of partial
reduction of W1 and oxidation of WT4/W5 states [15, 16]. Oxidants, such as NOs or H5O», can also facilitate the
redox transitions of tungsten ions, thus tungsten oxides can act as probes for these species [17, 18]. The coordination of
WOj3 nanoparticles with OH- or NHy-groups of certain organic stabilizers has been demonstrated to enhance the rate of
the redox transitions, to intensify the color changes and to facilitate the cycling of coloration-decoloration processes [19].

WOs3-based materials have gained considerable attention as coatings for electrochemical sensors used for the detec-
tion of gases [14,20] and biomolecules [21,22]. It has been demonstrated that tungsten oxide possesses antibacterial and
antifungal properties, being selectively toxic to human cancer cells [23-25]. This issue paves the way for new applications
of tungsten oxide nanomaterials in medicine, including healing and disinfecting of wounds.
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Recent research has demonstrated that nanoscale tungsten oxide is able to catalyze the decomposition of hydrogen
peroxide, thus performing similar to the natural enzyme —peroxidase [26,27]. This fact broadens the understanding of
the biochemical activity of tungsten oxide nanoparticles, facilitating their consideration as a potential theranostic agent.
However, the recent criticism on the probing the enzyme-like activities of inorganic nanoparticles [28,29] challenges their
extended analysis by independent analytical methods including the use of classic enzyme kinetic modeling for the correct
assessment of the biocatalytic characteristics of nanomaterials.

Our previous report demonstrated that photochromic tungsten oxide nanoparticles, obtained by ion exchange from
sodium tungstate, probably catalyze the decomposition of hydrogen peroxide [19]. In this study, we focused on this effect
and investigated the possible peroxidase-like activity of ultrasmall WO,, particles by two independent assays: colorimetric
assay using 3,3’,5,5 -tetramethylbenzidine; and chemiluminescence analysis of luminol oxidation by hydrogen peroxide.

2. Materials and methods
2.1. Synthesis and characterization of tungsten oxide nanoparticles

Ultrasmall tungsten oxide nanoparticles were prepared by ion-exchange method [11] using Na;, WO, (Rushim, CAS
10213-10-2) solution and strongly acidic cation exchange resin (Amberlite, IR120). Briefly, the ion exchange resin in
protonated form was placed in a separating funnel (filling volume 100 mL), then 50 mL of 20 mM sodium tungstate
solution was passed through this column. The obtained colloid solution was divided into two parts. To the first, 0.67 g of
polyvinylpyrrolidone (PVP k-30, Sigma, CAS 9003-39-8) was added, the sol was transferred to a flask and stirred for 4 h
at 90 oC. After stabilization, a clear colloidal solution of WO, was obtained. The second part was used as synthesized.

To determine the possible effect of the stabilizer (PVP) on the peroxidase-like activity, we prepared 40 mM PVP
aqueous solution (control).

Powder X-ray diffraction (XRD) patterns were collected using Bruker D8 Advance diffractometer (USA) with CuKa-
radiation in the 26 range of 5-50° with a step of 0.02° and counting time at least of 0.2 s per step.

Analysis of particle size distribution by dynamic light scattering (DLS) and (-potential measurements were carried
out using a Photocor Compact-Z analyzer (Russia) equipped with a 636.65 nm laser at 20 oC. The correlation function
for each sample was obtained by averaging 10 curves, each of which was accumulated for 20 s. The hydrodynamic radius
of aggregates was determined by the regularization method using DynalS software.

FTIR-spectra were recorded in the wavenumber range of 400—4,000 cm ™' with a spectral resolution of 2 cm ™! using
an InfraLUM FT-08 infrared spectrometer (Russia).

The optical absorption spectra were recorded using quartz cuvettes (10.0 mm optical path length) in a 200-600 nm
range, at 0.1 nm steps, on an SF-2000 spectrophotometer (Russia) with a deuterium-halogen light source.

2.2. Analysis of peroxidase-like property by luminol-enhanced chemiluminescence method

The peroxidase-like activity of the WO, sols was investigated using the chemiluminescent method which is based
on the registration of luminol oxidation by hydrogen peroxide in a phosphate buffer solution (100 mM, pH 7.4) at 37 oC.
Luminol (5-amino-1,2,3,3,4-tetrahydro- 1,4-phthalazindione, Sigma 123072) and hydrogen peroxide (Aldosa, CAS 7722-
84-1) were added to the buffer solution sequentially until concentrations of 50 uM and 10 mM were reached, respectively.
Chemiluminescence signal was recorded in 2 ml plastic cuvettes using a 12-channel chemiluminometer DISoft Lum-1200
(Russia) and analyzed using the PowerGraph software v.3.3 (Russia).

2.3. Analysis of peroxidase-like property by colorimetric method

Peroxidase-like activity was investigated by the reaction of TMB (3,3’,5,5’-tetramethylbenzidine hydrochloride,
Sigma 87750) oxidation by hydrogen peroxide in an acetate buffer (0.2 M, pH 4.00) at 37 oC.

A solution of TMB (40 mM, 0-150 ul) in an aqueous solution of 6M acetic acid, and hydrogen peroxide (2 M,
37.5 ul) were added sequentially to the buffer solution. The mixture was incubated at 37 oC for 2 min, then WO,, sol
(20 mM, 75 pl) was added. The total volume of the mixture was 1.5 ml. The coloration (from colorless to blue) kinetics
of the obtained solution was recorded every 2 sec for 5 min in the wavelength range of 450-800 nm with a step of 1 nm
using an Ocean Optics QE65000 spectrometer (USA) using an HPX-2000 xenon lamp equipped with a 450 nm UV-filter.

3. Results and discussion

Transparent sols of tungsten oxide nanoparticles with or without polyvinylpyrrolidone (PVP) as a stabilizing agent
were obtained using an ion exchange technique. The concentration of the sols was measured gravimetrically to be 20.4
and 19.6 mM, respectively.

The particle size distribution was determined using dynamic light scattering (Fig. 1a). The unstabilized WO,, nanopar-
ticles demonstrated a monodisperse size distribution, with an average hydrodynamic diameter of 4.8 nm and a (-potential
of =20 mV. The solution of bare WO, possessed low aggregation stability and precipitated within 72 h. Thus, all the exper-
iments with this material were performed in few hours after the synthesis (freshly prepared samples). In the WO, @PVP
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sol, three fractions of particles were present with average hydrodynamic diameters of 1.6, 7.3 and 52 nm. The zeta poten-
tial of the sol was about —2 mV, while the sol exhibited excellent colloidal stability (more than several months) indicating
the steric stabilization by a polymer layer.

Fig. 1b shows the diffraction pattern of the dried tungsten oxide sol stabilized by PVP. The material is mostly amor-
phous, the observed broad peak in the small angle region (26 <10°) can be attributed to the scattering on ultrasmall WO,
nanoparticles according to the previous reports [11,30].

The IR spectra of the PVP powder and the dried WO, @PVP sol are shown in Fig. 1c-d. Both spectra show absorption
bands related to characteristic vibrations of polyvinylpyrrolidone. The absorption bands of O-H stretching vibrations
overlap with the absorption band of N-H stretching vibrations of PVP, forming a wide band in the region of 3,500-
3,100 cm~!. The bands corresponding to stretching and bending vibrations of CH, group are observed in the regions
of 2,900 cm ™! and 1,300-1,200 cm™*, respectively. Bands in the region 1,480-1,390 cm ™! were attributed to the N-C
stretching vibrations. The absorption bands in the region of 500—1,000 cm™'refer to skeletal vibrations of PVP: (C—C)
933 cm™!, §(CH,) 843 cm ™!, §(N-C=0) 648 cm ™!, 574 cm~'. The IR spectrum of the dried WO, @PVP sol also shows
absorption bands related to the valence vibrations of WO3 bonds (W=0) 955 cm™ !, (O-W-0) 820 cm™ !, 795 cm ™!,
which agrees well with the recently reported data [30,31].

The WO, @PVP sols exhibit a rapid change in color from transparent to blue under UV irradiation, due to the
reduction of W6 by PVP [32]. Such a reduction mechanism was also observed in heteropolynuclear molybdenum
complexes with PVP under UV irradiation [33]. Fig. 2 shows photographs and UV-visible spectra of the WO, @PVP sol
before and after 30 sec of UV irradiation at 365 nm. The UV-vis spectrum of the irradiated sol shows a broad absorption
band with a maximum at 630 nm, corresponding to reduced tungsten oxide species. The mechanism of reduction was
discussed recently [11, 19]. It should be noted that the unstabilized sol does not demonstrate any coloration even after
prolonged irradiation (more than 20 min). It can be concluded that upon interaction of tungsten oxide nanoparticles with
PVP, a complex with charge transfer is formed which promotes the reduction of tungsten ions and slows down their further
oxidation in aqueous solution.

The peroxidase-like activity of both tungsten oxide sols was investigated using chemiluminescence method, with
luminol as a probe molecule. The experiments were carried out in a 0.1 M phosphate buffer solution (pH 7.4) at 37 oC.
The decomposition of hydrogen peroxide results in the formation of hydroxyl radicals, which are capable of oxidizing
luminol, thereby yielding luminescence signal. The nanoparticles can affect the decomposition process thus enhancing
the chemiluminescence, which could be used to assess their catalytic activity.

Fig. 3(a—) shows the chemiluminescence curves after the addition of WO, @PVP or the bare WO, sol or PVP
solution to luminol-hydrogen peroxide mixture. As can be seen from the Fig. 3a, the addition of WO, @PVP sol at
concentrations of 10.2-510 M to the solution increases the luminescence intensity in a dose-dependent manner. It can
be concluded that upon the increase in the concentration of the catalyst, the rate of ROS generation increases, too.

In turn, the addition of bare WO, nanoparticles to the reaction mixture results in a short increase in the intensity
of the luminescence, which can be attributed to the very fast generation of hydroxyl radicals (Fig. 3b). After an initial
flash-like stage, the luminescence intensity descends to a stationary level in approximately three minutes. It is reasonable
to assume that the observed burst of luminescence is due to the high amount of the reaction centres on the nanoparticles’
surface.

To confirm that it is the WO,, nanoparticles that exhibit peroxidase-like activity, the luminescence kinetics of luminol
was recorded upon addition of a PVP solution in the concentration range 10 uM-8 mM. Fig. 3c shows that the addition
of PVP results only in a slight increase in luminol-associated luminescence intensity, which indicates the absence of any
catalytic activity inherent in the polymer.

The integral chemiluminescence intensity (Fig. 3d) shows a dose-dependent correlation of the rate of hydrogen per-
oxide decomposition in the presence of the tungsten oxide nanoparticles in the concentration range of 10.2-510 pM.
In addition, the integral luminol luminescence intensity upon addition of the bare WO, sol is nearly 10 times higher
compared to the PVP-stabilized WO, sol.

The peroxidase-like activity of nanoparticles is often determined by the colorimetric method using standard substrates
such as hydrogen peroxide and 3,3’,5,5’-tetramethylbenzidine (TMB) [34]. The catalyst accelerates the homolytic fission
of the O-O bond in hydrogen peroxide, resulting in the generation of free hydroxyl radicals. The rate of radical generation
is directly proportional to the rate of oxidation of TMB, which is converted to the colored (absorption at 652 nm) cation-
radical form by a one-electron process. The corresponding reaction is typically conducted in a buffer solution at pH
3-6. The optimal pH value is approximately 4, and the ionic strength of the buffer is 0.1-0.2 M [35]. Here, we should
emphasize that, in our experiments, the chemiluminescence and colorimetric measurements were conducted at different
pH, ~7 for chemiluminescence and ~4 for colorimetric. This difference is due to very low luminescence intensity
of luminol oxidation product (aminophthalic acid) at pH <6 and low rate of TMB coloration at pH >6. The rate of
decomposition of hydrogen peroxide varies with pH [36,37], but the underlying reaction mechanism is pH-independent,
thereby permitting a qualitative comparison of the two analytical methods.

The colorimetric experiments were carried out in a 0.2 M acetate buffer solution (pH 4.00) at a temperature of 37 oC.
The decomposition of hydrogen peroxide results in the formation of hydroxyl radicals, which are capable of oxidizing
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TMB, thereby causing its coloration. The incorporation of nanoparticles into the mixture may result in an enhancement
of coloration, which would demonstrate their catalytic activity. The UV-visible absorption spectra of the reaction mixture
were recorded at 2-second intervals, and the time dependence of the absorption intensity at 652 nm (the wavelength of
maximum absorption of the colored oxidation product of TMB) was determined (Fig. 4). To eliminate the influence of
ultraviolet radiation on redox processes at the surface of tungsten oxide nanoparticles, a light filter was installed in front
of the reaction mixture to block radiation with a wavelength shorter than 450 nm.

Bare WO, nanoparticles demonstrated dose-dependent catalytic activity in the hydrogen peroxide decomposition re-
action. In turn, the activity of WO, @PVP sols at the same concentration range is approximately 10-20 times lower than
the catalytic activity of the bare nanoparticles. These data are in good accordance with the results of the chemilumines-
cence analysis.

The time dependencies of the optical density of the reaction mixture (proportional to the concentration of the oxidized
form of TMB) containing the bare WO, nanoparticles (Fig. 5) were found to be fitted well to the Michaelis-Menten
equation

_ Vrax - [5]

- Kum+[S]
where v is the initial reaction rate, Vs 4 x is the maximum reaction rate, and K, is the Michaelis constant, which reflects
the affinity of a catalyst for the substrate, and [S] is the substrate (TMB) concentration. The correspondence of the
kinetics of substrate oxidation in the presence of inorganic nanoparticles to the Michaelis-Menten model confirms their
enzyme-like activity.

The following kinetic parameters were determined from the Michaelis-Menten equation (R? > 0.99). The Michaelis
constant was found to be (3.9 + 0.5) x 1073 M, the maximum reaction rate was determined to be (1.5 & 0.2) x 1077
M-s~!. The catalytic constant (k. ) is the rate constant defining the maximum number of substrate molecules undergoing
transformation per time unit. The k.,; for the WO, nanocatalyst amounted to 1.5- 10~ s~1. These kinetic parameters are
in line with those typically reported for various inorganic nanoparticles [38—40].
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A quantitative comparison of the results obtained by chemiluminescent and colorimetric methods is challenging due
to the impossibility of constructing a calibration curve which would correlate the rate of hydrogen peroxide decomposition
and the chemiluminescence intensity. Additionally, the analytical signal is significantly dependent on the pH of the buffer
solution. However, despite these limitations, the both methods demonstrate a high qualitative agreement.

4. Conclusions

Ultra-small non-stabilized and PVP-stabilized tungsten oxide nanoparticles were synthesized by the ion exchange
method and their peroxidase-like activity was evaluated using two independent assays: colorimetric and chemilumines-
cent. The results obtained demonstrate that the bare tungsten oxide nanoparticles exhibited a dose-dependent catalytic
activity. The oxidation of 3,3°,5,5’-tetramethylbenzidine (TMB) by hydrogen peroxide in the presence of the nanoparti-
cles is described by the Michaelis-Menten model. The calculated kinetic parameters were Kg = (3.9 4 0.5) x1073 M,
Varax =(1.5£02) x 107" M:s™! Mes™ and ke = 1.5:107% 571

The stabilization of the WO,, nanoparticles with PVP substantially decreases their peroxidase-like activity, which is
10-20 times lower than the catalytic activity of the bare WO, nanoparticles. This behavior may be attributed to a shielding
of the available active sites on the nanoparticles surface.
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