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Nanoisozymes: Crystal Facet-Dependent Enzyme Mimetic Activity

of V.05 Nanomaterials

Sourav Ghosh, Punarbasu Roy, Naiwrit Karmodak, Eluvathingal D. Jemmis, and Govindasamy Mugesh*

Abstract: Nanomaterials with enzyme-like activity (nanozymes)
attract significant interest owing to their applications in biomedical
research. Particularly, redox nanozymes that exhibit glutathione
peroxidase (GPx)-like activity play important roles in cellular
signalling by controlling the hydrogen peroxide (H.O,) level. Herein
we report, for the first time, that the redox properties and GPx-like
activity of V,0Os nanozyme depends not only on the size and
morphology, but also on the crystal facets exposed on the surface
within the same crystal system of the nanomaterials. These results
suggest that the surface of the nanomaterials can be engineered to
fine-tune their redox properties to act as “nanoisozymes” for specific
biological applications.

Hydrogen peroxide (H2O;) plays crucial roles in redox biology
and cell signalling."! Cellular redox dynamics is regulated by
feedback pathways that maintain the level of H,O, below the
toxic threshold. However, excessive amounts of H,O, induce
oxidative stress, resulting in damage to biomolecules such as
DNA, proteins, and lipids.? In the long term, these damages
lead to various disorders, such as neurodegeneration, HIV
activation, cardiovascular diseases, cancer, and aging etc.®! The
antioxidant enzyme glutathione peroxidase (GPx) plays key
roles in maintaining the redox homeostasis and protect the cells
from oxidative damage.! A significant variation in the
concentration of H,O; required to initiate a particular biological
response has been observed for different cell types. Therefore,
multiple forms of GPx enzymes (isozymes) are known to control
the intracellular as well as extracellular H;O. levels using
glutathione (GSH) as cofactor. Recent studies reveal that the
peroxide-reducing ability of GPx4 isozyme prevents the iron-
mediated ferroptosis, a novel form of non-apoptotic cell death.”
At lower concentrations, H,O, oxidizes cysteine residues on
proteins to the corresponding sulfenic acids and initiates redox

biology (Figure 1).! When the concentration of H;O, is very high,

the cysteine residues undergo irreversible oxidation to produce
protein sulfinic and sulfonic acid species, which are biomarkers
of oxidative stress. Further, the cysteine-containing
peroxiredoxins (Prx), which are known to fine-tune the H,0,
levels, are inactivated by high levels of H,O, as the thiol group in
these proteins undergo overoxidation to sulfinic acid.®™® In
addition, elevated level of H.O, leads to the formation of
hydroxyl radicals (OH-), which together with other reactive
oxygen species (ROS) such as peroxynitrite (ONOO™) and
hypochlorous acid (HOCI) damage biomolecules (Figure 1)./
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Figure 1.
regard to cellular responses. Modified from Ref. [6] (Grx: glutaredoxin, Trx:
thioredoxin, TrxR: thioredoxin reductase, Prx: peroxiredoxin).

Nanomaterials that mimic the function of redox enzymes
have attracted significant interest.!” Recently, we reported that
V205 nanowires can protect cells from oxidative damage by
exhibiting GPx-like activity in the presence of GSH.®! This study
revealed that the potentially toxic V,Os can be turned into
cytoprotective antioxidant by reducing the size of the material. It
has been shown that bulk V,0s or vanadium (V) complexes are
highly toxic to the cells and modulation of the redox property of
vanadium in the nano-form is crucial for its protective role.
Previous studies showed that the catalytic performance of a
nanomaterial, in general, can be altered by controlling the shape,
size and surface coating.”! The surface reactivity and redox
behaviour depend greatly on the atomic arrangement of surface
atoms and the number of dangling bonds on crystal facets.!"”
However, the identification of enzyme-like active sites on nano-
V,0s5 has been difficult and it is unclear whether the GPx activity
of this material depends on its size, shape and/or crystal facets.
As maintenance of a desired redox activity is a challenging task,
a detailed atomic-level understanding of nanozyme surfaces is
crucial to design materials suitable for biomedical applications.
In this paper, we report on the synthesis of orthorhombic V,0s5
nanocrystals in different morphologies and show for the first time
that alteration in the crystal facets within the same crystal
system produces nanoisozymes capable of fine-tuning the
desired redox activity. We also describe the nature of
catalytically active species involved in the surface reactions
using in-situ Raman spectroscopy.

For this study, we synthesized V,0s nanocrystals in four
different morphologies — nanowires (VNw), nanosheets (VSy),
nanoflowers (VN;) and nanospheres (VS;). The scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) images confirmed the formation of four
distinguishable morphologies of V,0s nanocrystals (Figure 2a-d
and Figure S1). The energy dispersive spectroscopy (EDS) and
X-ray mapping confirmed the presence and distribution of
vanadium (V) and oxygen (O) in all four materials (Figures S2

This article is protected by copyright. All rights reserved.
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and S3). The crystalline nature of the nanomaterials was
confirmed by powder X-ray diffractometer (XRD) (Figure S4) and
the diffraction peaks were indexed to standard V.05
orthorhombic phase (JCPDS = 41-1426, space group Pmmn).l'"!
To gain insight into the nature of bonding between the metal and
oxygen atoms in the orthorhombic V.05 crystals, FT-IR and FT-
Raman spectra were recorded (Figure S5 and S6, Table S1 and
S2). In the Raman spectra, the peak at 993 cm™” corresponds to
the terminal (V=0) resulting from unshared oxygen atom of the
V,0s5 crystal. The binding energies (BE) and full width at half
maxima (FWHM) for the V2ps» and V2p1, peaks determined by
X-ray photoelectron spectroscopy (XPS) analysis as well as the
difference in the BE between O1s and V2ps, orbitals (~12.7eV)
confirm that vanadium exists in +5 oxidation state in all four
morphologies (Figure S7, Table $3).1'?
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Figure 2. a-d) SEM and TEM (inset) images of VN,, VS;, VN; and VS,
respectively. e) Reduction of H,O, by GSH in the presence of nanomaterials,
glutathione reductase (GR) and NADPH. f) A comparison of the GPx-like
reactivity in the presence of three different peroxides, H,O,, tert-butyl
hydroperoxide (t-BuOOH) and cumene hydroperoxide (CuOOH). Assay
conditions: nanozymes (20 ng.pL’*), NADPH (0.2 mM), GSH (2 mM), GR (~1.7
units) peroxide (0.2 mM), in phosphate buffer (100 mM, pH 7.4) at 25°C. g)
Michaelis-Menten plot with varying concentration of H,O, (0-400 pM) for all
four nanozymes. h) Trend in Vm. and surface area among the four
nanozymes.

The reduction of H,O; by the nanomaterials was monitored
spectrophotometrically in the presence of GSH using glutathione
reductase (GR) coupled assay.®” The rates of the reactions
were determined by following the decrease in the absorbance of
NADPH at 340 nm (Figure 2e). As shown in Figure 2f, all four
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materials were found to be highly efficient in catalysing the
reduction of HyO,. A comparison of the activities of the
nanomaterials with three different peroxides, H,O,, t-BuOOH
and CuOOH, indicates that these materials are very selective to
H.0, as substrate. Interestingly, the nanosphere (VS;) exhibited
the highest activity in the series and the rate of reduction of H,O,
by VS, was found to be almost two times higher than that of the
nanowires (VN,), indicating that the nanozyme activity of V,Os is
morphology dependent. Similar activities were observed when
H,O, was generated in situ using a glucose-glucose oxidase
enzyme system (Figure S9).

To understand the substrate binding at the surface of the
four nanomaterials, we studied the effect of H,O, and GSH on
the reaction rates and determined the kinetic parameters such
as Michaelis constant (Kv), maximum velocity (Vmax) using
various concentrations of H,O, (0-400 uM) and GSH (0-6 mM)
under steady-state conditions. While a typical enzymatic
Michaelis-Menten kinetics was observed for both the substrates
(Figure 2g and Figure S10), the kinetic parameters obtained
from the corresponding Lineweaver-Burk plots (Figure S11, S12
and Table S4) indicate that there are significant differences in
the substrate binding. For H,0,, the Ky (uM) and Vmax (uM.min™")
values obtained for VN, (44.4 + 1.7 and 192.3 * 6.6), VS, (57.3 £
3.8 and 233.1 + 16.3), VN; (92.5 + 3.4 and 340.1 + 21.3), and VS,
(143.7 £ 2.3 and 458.7 + 19.6), respectively, indicate that the
surface of the nanowires (VN,) is saturated at lower
concentration of H;O,, whereas a relatively higher
concentrations of H,O, are required for the saturation of the
surface on nanosheets (VSy). On the other hand, much higher
concentrations of H,O, are required for the saturation of
surfaces on nanoflowers (VN;) and nanospheres (VS,)."™
Interestingly, the Ky and Vpgax values mentioned above for
different morphology do not correlate with their surface area
(Figure 2h). The surface area and pore diameter determined by
the Brunauer-Emmett-Teller (BET) method (Figure S13) indicate
that VS, with a relatively smaller surface area (9.7 mig™”)
exhibits much higher activity as compared to VN,, with a larger
surface area (32.9 m%.g™).

The nanomaterials are capable of mediating multiple cycles
of H,0O; reduction without loss of catalytic activity (Figure S14).
The SEM and TEM experiments on nanomaterials isolated from
the reaction mixture after the catalysis indicate that the materials
are highly stable with no alterations in their morphology or
surface (Figure S15). The activities obtained for the
nanomaterials kept as dispersion in water for six months were
identical to that of the freshly synthesized materials (Figure
S16b). Further, the supernatant obtained after centrifugation of
dispersed nanozymes at 6000 rpm for 20 min did not show any
noticeable activity (Figure S16a), indicating that the intact
surfaces and not leached metal ions are responsible for the
observed activity.

The initial rates observed for various control reactions
indicate that the nanozymes efficiently reduce H;O, only in the
presence of GSH and GR. (Figures 3a and S17). To understand
the intermediates involved in the catalytic cycle, several in-situ
FT-Raman spectra were recorded in the presence of VS, (Figure
3b). The FT-Raman spectrum of pure VS, showed a peak at 993
cm” for V-oxo (V=0) bond, which was not changed upon
treatment with GSH, NADPH, and/or GR, suggesting that the V-
oxo bond in the material is unaltered in the reducing conditions.
This is in agreement with our earlier report that the vanadium(V)
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center in V,0s nanowires is not reduced by GSH.® In contrast, a
significant decrease in the intensity of V=0 peak was observed
when H,O, was added to the reaction mixture. This led to a
rapid generation of a new peak at 1150 cm™, which can be
assigned to the overtone peak for V-peroxido species.!"™! These
observations indicate that the reaction of V=0 species with H,O,
is the first step of the catalytic cycle. Interestingly, a complete
conversion of the V=0 species to the V-peroxido intermediate
was observed within 300 sec (Figure 3b). FT-Raman
spectroscopic experiments with a sequential addition of H,O-»
and GSH indicate that the V-peroxido species is the
predominant intermediate in the catalytic cycle (Figure 3c and
S19), which is further confirmed by time-dependent FT-IR of
VN, in the presence of H,O, (Figure S20). A comparison of the
reactivity of the V=0 bond with H,O, using the four different
morphologies indicates that the formation of V-peroxido
intermediate is most favoured on the surface of VS, and rate of
its formation follows the order VS, > VN; > VS, > VN, (Figure
3d-g and S18), which correlates well with their GPx-like activity.

The remarkable change in the reactivity of V=0 bond and
the overall catalytic activity indicate that the crystallographic
orientation of the atoms on the surface or exposed facets on the
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Figure 3. a) Reaction rates at different assay conditions for VS;. b) Monitoring
the formation of V-peroxido intermediate by in-situ Raman spectroscopy
during GPx-like catlytic cycle of VS;. c) Monitoring changes in the intensity of
V=0 and V-peroxido peaks by in-situ Raman spectroscopy on the surface of
VS,: 1. VS, + H,0; after 10 sec, 2. VS, + H,0, after 300 sec, 3. VS, + H,0, +
GSH, 4. VS, + H,0, + GSH + H,0,. d-g) Time-dependent in-situ FT-Raman
spectroscopy recorded after the addition of H,O, (5 mM) to VN,,, VS, VN; and
VS,, respectively.
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surface play crucial roles. To understand the atomic
arrangements of the exposed facets, we recorded high
resolution TEM (HRTEM) and analysed the HRTEM images and
their corresponding Fast-Fourier-Transform (FFT) patterns and
obtained the direction of nanocrystal growth (zone axis) (Figure
4a-e and S21). The inter-planer distances and the angles
between the planes observed in the HRTEM images were found
to be in accordance with the crystal structure of V.05 (JCPDS =
41-1426). It is observed that VN,, consists only of {001} facet,
whereas the VS, nanocrystals consist of both {001} and {010}
facets, although the {010} is found to be a minor one. However,
the {010} becomes the major exposed facet in VN;, which also
consists of a minor {001} facet. Interestingly, two major facets
{100} and {010} are identified in VS, along with two additional
facets {-111}, {1-40}, which make the nanospheres different from
the other three morphologies. The HRTEM images recorded
after the reactions indicate that the exposed facets present on
the surfaces of four different morphologies were unaffected by
the catalysis (Figures 6b and S22).

Figure 4. HRTEM and Fast-Fourier-Transform (inset) pattern of a) VN,, b) VS,
c) VN;, d and e) VS,. f-h) Atomic arrangements of {100}, {001}, and {010}
crystal facets respectively.

As the reaction of nanomaterials with H,O; is a crucial step
in the catalytic cycle, we carried out quantum chemical
calculations using density functional theory (DFT) to understand
the reactivity of the exposed facets with H,O,. The reactivity was
compared by calculating the energy of H,O, adsorption (AE+)
and formation of V-peroxido intermediate (AE;) on the
surfaces." The total energy change (AEy) for the reaction of
H,O, on the surface was obtained as sum of AE; and AE,.
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Among several possibilities, the most favoured orientations of
H20; on these surfaces are shown along with AE4, AE; and AE
in Figure 5b-f. The other possibilities are provided in the
Supplementary Information (Figure S28, S29 and S30). One of
the oxygen atoms in H,O, was found to interact with the surface
vanadium atoms, whereas the hydrogen atoms interacted with
the oxygen atoms of V=0 and V-O-V groups. This led to an
elongation of the vanadium-oxygen bond lengths as well as the
O-H bond in H,O;, as shown in Figure 5. The formation of V-
peroxido species was not observed on {001} facet, which had
the lowest adsorption energy. In {001} facet, the vanadium is
coordinatively saturated, which is similar to that of weakly bound
layers of bulk V,0s (Figure 4g). The {100} and {010} facets had
higher AE; values and the formation of V-peroxido intermediate
was found to be exothermic in nature with {010} facet having the
highest AEi: value. In addition to the formation of V-peroxido
intermediate on the surface, the hydrogen atoms of H,O, formed
V-OH bonds, which can abstract a proton from second molecule
of H,0O, to eliminate a water molecule. The greater reactivity of
{100} and {010} facets is due to the unsaturated coordination
around the surface vanadium atoms. In these two facets, the
vanadium atoms present on the surface are connected to four
oxygen atoms (Figure 4f,h and S27). The difference in the
reactivity of the facets with H,O, can also be ascribed to the
variation in the surface formation energy (Ers), which is
calculated as EFS = (Esurface‘Ebulk)/Asurface (Esurface and Ebulk
correspond to the optimized energy of the surface and bulk V205
crystal, respectively and Agutace is the area of V.05 nano-
surfaces). For {100} an {010}, the Es values are 0.05 eV/A? and
0.08 eV/AZhigher than that of {001}. These observations suggest
that the {010} facet is the most reactive surface, whereas the
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Figure 5. a) Schematic representation of the reaction of H,O, and GSH on the
surface of orthorhombic V,0Os crystal. b, ¢ and e) Most favoured orientation for
interaction of H,O, with {001}, {100} and {010} crystal facets respectively. d
and f) V-peroxido intermediate on {100} and {010}, respectively.
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{001} facet is the least active one, which is in agreement with the
catalytic activity of VN, VSy, VNt and VS,.

As an optimum level of H,O, is required for the desired
redox biology and cell signalling and different isoforms of GPx
enzymes control the level of H,O, in a compartment-specific
manner, it was thought worthwhile to investigate the GPx activity
of the nanozymes at different ratios of GSH/H,05. It should be
noted that GSH is required for the cleavage as well as
regeneration of the V-peroxido species as shown in Figure 5a.
The initial reaction rates were measured by increasing the
concentration of H,O, (Figure 6a). When the concentration of
H.O, was 100- or 50-fold lower than that of GSH, all the
materials exhibited similar GPx-like activity. When the
concentration of H,O, was increased, a significant difference in
the catalytic activity was observed. Interestingly, the activity of
nanospheres (VS) increased rapidly with an increase in the
concentration of H,O, and at GSH/H,0O, ratio of 5, the activity
was found to be remarkably higher than that of nanowires (VNy).
In fact, the GPx activity of VN,, was almost unaltered over a
large range of H,O, concentrations. The response of VN; was
found to be similar to that of VS, indicating that these two
materials can exhibit high GPx activity at higher peroxide
concentrations and depleted GSH levels, i.e. oxidative stress
conditions. It should be noted that GSH has a significant role in
the maintenance of cellular redox state through changes in
thiol/disulphide  equilibrium  potential."™  The solid-state
electrochemical responses (cyclic voltammograms) of different
morphologies indicated significant shifts in their oxidation-
reduction potentials (Figure S26, Table S5).

ooy 292
(o0)

o
100 50 25 20 15 10 5
[GSHJ/[H,0,]

Figure 6. a) GPx activity of different nanozymes (20 ng.uL") at various
[GSH]/[H,0,] ratios in phosphate buffer, 0.1 mM, pH 7.4 at 25°C. The
concentrations of GSH, GR and NADPH were fixed at 2.0 mM, 1.7 Units and
0.2 mM, respectively. b) HRTEM and corresponding FFT (inset) of VS, after
catalysis.

These differences suggest that the extent of polarization of the
surface and migration of electrons between the atomic layers
depend on the crystal facet and morphology.''® Understanding
of the redox potentials of various morphologies is important from
the biological perspective as a 40 mV change in the reduction
potential of GSH in healthy cells causes growth arrest and a
further 50-70 mV change can lead to apoptotic or necrotic cell
death.["*

In conclusion, we report the synthesis and glutathione
peroxidase-like enzyme mimetic activity of orthorhombic V05
nanozymes in four different morphologies, nanowires (VN,),
nanosheets (VSy), nanoflowers (VNf) and nanospheres (VSp)
and show that the activity does not correlate with their surface
area. We demonstrate for the first time that the surface exposed
crystal facets within the same crystal system can alter the H,O,
reducing ability of V2,05 nanozymes. The activity depends on the

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

relative concentrations of H,O, and glutathione (GSH) and at
higher H,0, concentrations, the nanospheres exhibit remarkably
higher activity as compared to that of nanowires, indicating that
the crystal facets play crucial roles in the catalytic activity. The
variations in the GPx-like activity originate from the difference in
the rate of formation of a V-peroxido species on the surface. The
results described in this paper on the modulation of redox
reactions by altering the size, shape and crystal facets may
open up opportunities not only for the design and synthesis of
nanomaterials with enzyme-like activity, but also for the
development of nanomaterial-based isozymes (nanoisozymes),
which essentially catalyse the same chemical reactions, but
exhibit a compartment-specific activity in biological systems.
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