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ABSTRACT: While great progress in nanozyme-enabled analytical chemistry has Antioxidant species
been made, most current nanozyme-based biosensing platforms are based on .
peroxidase-like nanozymes. However, peroxidase-like nanozymes with multi-
enzymatic activities can influence the detection sensitivity and accuracy, while the
use of unstable hydrogen peroxide (H,0,) in a peroxidase-like catalytic reaction
may result in the reproducibility challenge of sensing signals. We envision that
constructing biosensing systems by using oxidase-like nanozymes can address
these limitations. Herein, we reported that platinum—nickel nanoparticles (Pt—Ni
NPs) with Pt-rich shells and Ni-rich cores possessed high oxidase-like catalytic
efficiency, exhibiting a 2.18-fold higher maximal reaction velocity (v,,,,) than
initial pure Pt NPs. The oxidase-like Pt—Ni NPs were applied to develop a
colorimetric assay for the determination of total antioxidant capacity (TAC). The
antioxidant levels of four bioactive small molecules, two antioxidant nanomaterials, and three cells were successfully measured. Our
work not only provides new insights for preparing highly active oxidase-like nanozymes but also manifests their applications for TAC
analysis.

H INTRODUCTION degraded.”® The use of unstable H,0, in biosensing assays
significantly compromises the high stability of peroxidase-like
nanozymes, resulting in the reproducibility challenge of sensing
signals. Second, peroxidase-like nanozymes generally possess
multienzymatic activities (e.g., catalase- or oxidase-like
activities), which may influence the detection sensitivity and
accuracy. When peroxidase-like nanozymes are used for
catalyzing H,0, to oxidize a colorless substrate (e.g., TMB)
to form a colored product, a strong background signal is
generated even in the absence of H,0, due to their oxidase-
like activities, which greatly influences the detection
sensitivity.””” In addition, when nanozymes possess both
peroxidase- and catalase-like activities, a decreasing colori-
metric signal may be obtained because H,O, is decomposed by
their catalase-like activities."*

Oxidase-like nanozymes can activate molecular oxygen to
oxidize reducing substrates in the absence of H,0,.*** We
envision that constructing biosensing platforms by using
oxidase-like nanozymes can avoid the use of unstable H,O,
and provide more reliable and robust output signals. On the

Nanozymes are functional nanomaterials with enzyme-like
activities, which are regarded as next-generation artificial
enzymes due to their distinct advantages (e.g., ease of storage,
high stability, and low cost) over natural enzymes as well as
conventional molecular and polymeric enzyme mimics.'™
Emerging from their nanoscale sizes, nanozymes possess large
surface areas for bioconjugation, self-assembly abilities, and
multifunctionalities.”*” By combining the enzyme-like activ-
ities with their physiochemical properties, nanozymes exhibit
broad applications ranging from bioanalysis, biomedical
imaging, and disease therapeutics to agriculture and environ-
mental protection.l’z’g_13 Among different nanozymes, enor-
mous efforts have been devoted to developing peroxidase
mimics due to their §reat potential for constructing
bioanalytical platforms.”'*'° Peroxidase-like nanozymes can
catalyze H,0, to oxidize reducing substrates (e.g, 3,3’,5,5'
tetramethylbenzidine dihydrochloride, TMB) to generate
colored products. Based on highly active peroxidase-like
nanozymes, in vitro detection and in vivo bioanalysis have
been performed, and various analytes, including small

molecules, biomacromolecules, exosomes, and cells, were Received: December §, 2022
successfully detected by nanozyme-enabled detection plat- Accepted: March 20, 2023
forms, V214151727 Published: March 27, 2023

Despite the remarkable progress, several challenges faced by
the peroxidase-like nanozyme-based bioanalytical platforms
remain to be addressed. First, H,O, is destructive and easily
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other hand, the catalytic activities of oxidase-like nanozymes
largely determine the sensing performance of the as-developed
biosensors because they measure the rate of signal generation.
Therefore, the rational design of highly active oxidase-like
nanozymes is needed for highly sensitive and robust detection.
Several nanomaterials, such as CeO, nanoparticles (NPs), Pt
NPs, Pd NPs, and Co;0,, were found to have oxidase-like
activities."”*"**7>® Even so, the catalytic activities of these
nanozymes were still moderate when compared with their
natural counterparts. Recently, several studies confirmed that
the oxidase-like activities of some nanomaterials (e.g., metal
halides and MOFs) could be activated by using light as an
external stimulus.”’ ~*° However, the use of additional light
irradiation increased the complexity of the bioassays.

Among different oxidase-like nanozymes, metal NPs (e.g., Pt
and Pd) with small sizes exhibited higher oxidase-like
activity.”*>*>*" Previous studies demonstrated that doping
other elements into the lattice of noble metal nanoparticles
could be an effective method to enhance their catalytic
activities, which may be attributed to the regulation of the
metal nanoparticles’ geometric and electronic structures.*' ~**
Therefore, we reason that doping other transition metal
elements into noble metal nanoparticles may offer an
opportunity for enhancing the oxidase-like activities of metal
nanoparticles. In addition, the incorporation of transition
metals into noble metal nanoparticles can decrease the use of
noble metals and the overall cost of metal nanoparticles.

Herein, we systematically studied the effect of doped Ni on
the oxidase-like activity of Pt nanoparticles by varying the
molar ratios of nickel and platinum. We demonstrated that
platinum—nickel NPs (Pt—Ni NPs, molar ratio = 1:1) with Pt-
rich shells and Ni-rich cores possessed the highest oxidase-like
activity, which exhibited a 2.18-fold higher maximal reaction
velocity (v,,,,) than initial pure Pt NPs. As a proof-of-concept
demonstration, Pt—Ni NPs were employed to develop a
bioanalysis platform for the total antioxidant capacity (TAC)
evaluation. TAC is not only a critical indicator of the
antioxidant capacity of food but can also be used for
monitoring the oxidative stress level in biological systems.***°
Using the as-developed biosensing platform based on oxidase-
like Pt—Ni NPs, the antioxidant levels of four bioactive small
molecules, two antioxidant nanomaterials, and three cells were
successfully measured.

B EXPERIMENTAL SECTION

Chemicals and Materials. Sodium acetate (NaOAc),
ascorbic acid (AA), o-phenylenediamine (OPD), sodium
hydroxide (NaOH), benzyl alcohol, hydrochloric acid (HCI),
ammonia—water (NH;-H,0, 25—28%), and benzoic acid were
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). TMB, polyvinylpyrrolidone (PVP, M,
80000), 2,2'-azinobis (3-ethyl benzothiazoline-6-sulfonic
acid) ammonium (ABTS), hydrofluoric acid (HF), and
nickel(II) acetylacetonate (Ni(acac),) were purchased from
Aladdin Chemical Co., Ltd. Platinum(II) acetylacetonate
(Pt(acac),), tetrapropylammonium hydroxide (TPAOH),
and §,5-dimethyl-1-pyrroline N-oxide (DMPO) were pur-
chased from J&K Scientific Co., Ltd. Nb,AIC powder was
obtained from Forsman Scientific Co., Ltd. (Beijing, China).
Dopamine hydrochloride and 6-hydroxy-2,5,7,8-tetramethyl-
chromane-2-carboxylic acid (Trolox, the hydrosoluble ana-
logue of vitamin E) were purchased from Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). All aqueous solutions
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used in the experiments were prepared with deionized water
(18.2 MQ-cm, Millipore).

Instrumentation. Transition electron microscopy (TEM)
imaging was performed on a JEM-2800 (JEOL, Japan)
transmission electron microscope at an acceleration voltage
of 200 kV. Powder X-ray diffraction (XRD) patterns were
measured by a Bruker D8 advance diffractometer at 2°/min
using Cu Ka radiation. Absorption spectra were collected using
a spectrophotometer (UV-3600 Plus, Shimadzu). The
absorption of the 96-well plate at 652 nm was recorded by a
microplate reader (Molecular Device, USA). High-angle
annular dark-field scanning TEM (HAADF-STEM) and the
corresponding energy-dispersive spectroscopy (EDS) elemen-
tal mappings were performed on an FEI Titan™ G2 60-300
TEM equipped with an acceleration voltage of 300 kV and an
EDS detector, respectively. Electron paramagnetic resonance
(EPR) spectra were recorded on a Bruker A300 spectrometer
(X-band). X-ray photoelectron spectra (XPS) were obtained
by using a PHI 5000 Versa Probe XPS microscope (Ulvac-Phi,
Japan). Inductively coupled plasma optical emission spectros-
copy (ICP-OES) measurements were performed on an Optima
5300DV analyzer.

Synthesis of Pt—Ni NPs. The Pt—Ni nanoparticles were
synthesized as follows. Briefly, 60.63 mg of Pt(acac), (0.15
mmol), 39.60 mg of Ni(acac), (0.15 mmol), 300 mg of
benzoic acid, 80 mg of PVP, and 30 mL of benzyl alcohol were
mixed by vigorous magnetic stirring. Then, the aqueous
solution was sonicated for 30 min to obtain a clear solution.
After sonication, the resultant solution was transferred into a
Teflon-lined autoclave and heated at 180 °C for 12 h. The
resulting products were precipitated by acetone and washed
with an ethanol—acetone mixture six times. Finally, the
obtained products were redispersed into distilled water for
further use.

Pt NPs and Pt—Nij ;3 NPs were synthesized using the same
procedures described above except that the amounts of Pt and
Ni precursors were different: 60.63 mg of Pt(acac), (0.1S
mmol) for Pt NPs; 60.63 mg of Pt(acac), (0.15 mmol), and
13.20 mg of Ni(acac), (0.05 mmol) for Pt—Nij ;.

To prepare Pt—Ni, NPs, 30.31 mg of Pt(acac), (0.075
mmol), 39.60 mg of Ni(acac), (0.1S mmol), 150 mg of
benzoic acid, 40 mg of PVP, and 15 mL of benzyl alcohol were
mixed by vigorous magnetic stirring. The other procedures
were the same as the synthesis of Pt—Ni NPs.

Synthesis of Nb,C Nanosheets (NSs). The Nb,C NSs
were obtained by HF etching and TPAOH intercalating.*” The
Nb,AIC powder was stirred in 50% HF aqueous solution for 72
h, and the powder was washed multiple times using water with
centrifugation at 11000 rpm for S min until the pH was
neutral. The precipitate was redispersed and stirred in 25%
TPAOH aqueous solution for 36 h at room temperature.
Subsequently, the precipitate was obtained by centrifuging the
solution at 11000 rpm for 5 min. Then, the precipitate was
redispersed in water and sonicated for 20 min. The solution of
Nb,C nanosheets was dialyzed in water for 8 h to remove
excess TPAOH. Finally, the Nb,C NSs were obtained by
collecting the supernatant after centrifuging the solution at
3500 rpm for 30 min.

Synthesis of Polydopamine NPs. Two milliliters of NH;-
H,0, 40 mL of ethanol, and 90 mL of deionized water were
mixed by magnetic stirring. Then, 0.5 g of dopamine
hydrochloride dissolved in 10 mL of H,O was added into
the above mixture and stirred for 24 h. Then, the resulting
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Figure 1. Characterization of Pt—Ni NPs. (a) TEM image of Pt—Ni NPs. Inset: photograph of the Pt—Ni NP aqueous suspension. (b) HAADF-
STEM image and EDS elemental mapping images of Pt—Ni NPs. (c, d) EDS line scan was performed on an individual NP shown in (c) along the
direction indicated by the arrow. (e) Powder X-ray diffraction patterns of Pt and Pt—Ni NPs. (f) { potentials of Pt and Pt—Ni NPs. Each error bar

shows the standard deviation of three independent measurements.

solution was centrifuged and washed with H,O for several
times, which was then dried overnight.48

Oxidase-like Activity Measurements. Oxidase-like
activities of the nanoparticles were evaluated by steady-state
kinetics assays. Briefly, assays were conducted using TMB as a
substrate at 25 °C in a 96-well plate and recorded in a
microplate reader. A 0.2 M NaOAc buffer solution (pH 4.5)
was used as the reaction buffer, and S pug/mL nanoparticles
were used for their kinetics assays. Nanozymes were mixed
with different concentrations of TMB in the buffer solution,
and the absorbance of the reaction solution at 652 nm was
immediately measured by a microplate reader. Then, the
“absorbance versus time” curve was obtained, which can be
used to calculate the initial reaction velocity (v). The kinetics
constants (i.e, v, and K,) were obtained by fitting the
reaction velocity values and the substrate concentrations to the
Michaelis—Menten equation as follows:

)

p = maxlo
K, + [S] (1)

where v is the initial reaction velocity, [S] is the substrate
concentration, K is the Michaelis constant, and v, is the
maximal reaction velocity. The values of K, and v,,,, can be
calculated from the double reciprocal plots of eq 1.

Total Antioxidant Capacity (TAC) Determination. For
TAC assays, 25 uL of Pt—Ni nanozymes (100 ug/mL) was
added into 915 uL of NaOAc buffer (0.2 M, pH 4.0). Then, 50
uL of TMB (10 mM) and 10 uL of antioxidant small
molecules (i.e, ascorbic acid, glutathione, cysteine, and
Trolox) or antioxidant nanomaterials (i.e., Nb,C NSs and
polydopamine nanoparticles) were added. Then, the absorb-
ance of TMBox at 652 nm was recorded using a microplate
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reader after incubation for 6.5 min at room temperature. The
molar concentration of TMBox could be calculated by the
Lambert—Beer law:

A = ¢ebc

where A is the absorbance at 652 nm, b is the length of light
path, ¢ is the molar absorption coefficient (€45 n = 39 000
M™ ecm™), and ¢ is the molar concentration of TMBox.

The ATMBox was the relative change of TMBox in the
presence and absence of antioxidant analytes in the nanozyme
reaction systems. Then, the “ATMBox versus concentrations
of analytes” curve was plotted, and the slope was defined as
TAC of antioxidant analytes. Trolox-equivalent antioxidant
capacity (TEAC) of antioxidant nanomaterials could be
obtained by dividing their TAC with the TAC of Trolox,
which represented the molar amount of Trolox with equivalent
antioxidant activity per gram of nanoparticles.

Cell Culture, Lysate Preparation, and Antioxidant
Level Detection. HeLa cells, human umbilical vein
endothelial cells (HUVECs), and senescent HUVECs were
used in this work. HeLa cells were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM), while
HUVECs and senescent HUVECs were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium supplemented
with 10% FBS and 1% penicillin—streptomycin (10000 U/
mL) under an atmosphere of 5% CO, at 37 °C. A cellular
aging model was constructed by simulating HUVECs with 60
uM H,0, for 1 h. After 1 h, the cells were washed with PBS,
and the medium was replaced with normal medium.
Senescence-associated f-galactosidase staining was used to
check the cellular aging model. When the cell density reached

80%, 10° cells were collected and washed with ice-cold
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Figure 2. (a) Schematic catalytic reaction of oxidase-like activity of Pt—Ni NPs. (b) Absorption spectra of different reaction systems after catalyzing
oxidation in pH 4.5, 0.2 M NaOAc buffer for S min. (c) Absorption spectra of 1 mM ABTS, 2 mM OPD, and 1 mM TMB after catalyzing oxidation
with Pt—Ni NPs in pH 4.5 NaOAc buffer for S min. Inset: corresponding images showing the visual color changes of (I) ABTS, (II) OPD, and
(II1) TMB after the Pt—Ni NP-catalyzed reaction. (d) Absorption spectra of Pt—Ni NP-catalyzed TMB oxidation under air-, Ar-, and O,-saturated
conditions. (e) Effect of catalase on the oxidase-like activities of Pt—Ni NPs. (f) EPR spectra of Pt—Ni NPs + DMPO in NaOAc buffer and
methanol solution.

phosphate-buffered saline (PBS) three times, and then the cell ratio of elemental Pt to Ni (Table S1). The analyzed atomic

precipitates were suspended in 200 pL of ice-cold cell lysis ratio of Pt and Ni was ~1:1, which was consistent with the
buffer (containing 100 uM PMSF solution). These cells were ratio of precursors (i.e., Pt(I) acetylacetonate and Ni(II)
disrupted by ultrasonication for 1 min on ice under a low acetylacetonate) added during synthesis (Table S1). To further
power. Then, the cell lysate was centrifuged at 12 000 rpm and elucidate the spatial distributions of Pt and Ni in Pt—Ni NPs,
4 °C for 25 min. The supernatants were transferred to sterile HADDF-STEM imaging coupled with EDS mapping was
tubes for the following assays. carried out. As shown in Figure 1b, a brighter contrast was

For TAC assays of three cells, 25 uL of Pt—Ni nanozymes observed in the shells of Pt—Ni NPs by the HADDF-STEM
(100 pug/mL) was added to 900 uL of NaOAc buffer (0.2 M, image, indicating that the structure of NPs may consist of a Ni-
pH 4.0). Then, 25 uL of cell Iysate (10’/mL) and 50 uL of rich core and a Pt-rich shell. EDS mapping of Pt—Ni NPs and
TMB (10 mM) were added. Then, the absorbance of TMBox the line scan profile of an individual NP further confirmed that

at 652 nm was recorded using a microplate reader after the elemental Pt and Ni were rich in the shell and core regions,
incubation for 4.5 min at room temperature. The ATMBox, respectively (Figures 1b—d and S3). Figure 1b exhibited that
the relative change of TMBox in the presence and absence of the distance of the adjacent fringes of Pt—Ni NPs was 0.219
cell lysate in the nanozyme reaction systems, could be nm, which was slightly smaller than face-centered cubic (fcc)
calculated from the absorbance at 652 nm. Then, the Pt(111) plane with 0.225 nm due to the doped Ni atoms. In
antioxidant levels of cells were indicated using ATMBox in addition, XPS measurements were carried out to characterize
the presence of 2.5 x 10° cells. the surface properties of Pt—Ni NPs (Figure S4). The atomic

ratio of Pt and Ni detected by XPS was ~3:1 due to the
structure of Pt—Ni NPs with a Ni-rich core and a Pt-rich shell,

W RESULTS AND DISCUSSION which was consistent with the EDS mapping results (Figures

Synthesis and Characterization of Pt—Ni NPs. A one- 1b and S4). As shown in Figure SS, high-resolution XPS
step reduction strategy was developed for preparing Pt—Ni spectra demonstrated that Pt 4f and Ni 2p peaks could be
NPs. Pt(II) acetylacetonate and Ni(Il) acetylacetonate with clearly observed and Pt on the surface of Pt—Ni NPs was in the
the same molar amounts were coreduced using benzyl alcohol form of Pt(0).*> XRD was performed to analyze the structural
as a solvent and reductant, benzoic acid as a nucleation changes after doping Ni into Pt NPs. As shown in Figure le,
inhibitor, and PVP as a coreductant and capping agent (see the the XRD pattern of pure Pt NPs exhibited a typical face-
Experimental Section for details). Figures la and S1, and S2 centered cubic (fcc) structure with the (111) diffraction peak.
exhibited the typical TEM images of the Pt—Ni NPs with a After forming Pt—Ni NPs, the fcc structure with the
diameter of about 6.2 nm. To decipher the composition of Pt— characteristic (111) diffraction peak remained. However,

Ni NPs, ICP-OES analysis was used to determine the atomic compared with Pt NPs, the (111) diffraction peak of Pt—Ni
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Figure 3. (a) Initial reaction velocity of different NPs as a function of TMB concentration. Each error bar shows the standard deviation of three
independent measurements. (b) Histograms comparing v,,,,, values of different NPs.

NPs changed to be wider and showed a clear shift toward a
higher Bragg angle due to the structure of Pt-rich shells and Ni-
rich cores. We also measured the {-potentials of Pt and Pt—Ni
NPs to be —13.26 and —6.08 mV, respectively, which would
facilitate their binding to a positively charged substrate (e.g.,
TMB) for catalysis (Figure 1f).

In addition to Pt—Ni NPs, NPs with various Pt/Ni atomic
ratios were obtained by changing the molar ratios of Pt and Ni
precursors (1:0, 1:0.33, and 1:2) during synthesis. ICP-OES
analysis demonstrated that the atomic ratios of these as-
prepared NPs were close to the molar ratios of added Pt(II)
acetylacetonate and Ni(II) acetylacetonate. Pt, Pt—Niy 35, and
Pt—Ni, NPs were obtained (Table S1). These as-prepared Pt,
Pt—Nij3;, and Pt—Ni, with irregular spherical shapes had
similar sizes with Pt—Ni NPs (Figures S6—S8).

Oxidase-like Activity Assays. After demonstrating the
successful synthesis of Pt, Pt—Ni, 33, Pt—Ni, and Pt—Ni, NPs,
we investigated their oxidase-like activities. Among the
different NPs, Pt—Ni NPs possessed the highest oxidase-like
activity (vide infra). Therefore, we first took Pt—Ni NPs as an
example to evaluate their oxidase-like activity by monitoring
the catalytic oxidation of a typical oxidase chromogenic
substrate TMB using absorption spectroscopy (Figure 2a).
As shown in Figure 2b, Pt—Ni NPs along with TMB generated
a deep-blue-colored oxidation product with a characteristic
absorption peak centered at 652 nm, confirming the excellent
oxidase-like activity of Pt—Ni NPs. In addition to TMB, two
other typical oxidase substrates (i.e, ABTS and OPD) were
selected to further confirm the oxidase-like activity of Pt—Ni
NPs. As shown in Figure 2¢, Pt—Ni NPs could also catalyze the
oxidation of ABTS and OPD with dissolved oxygen in solution,
producing a typical green color for oxidized ABTS and a yellow
color for oxidized OPD with characteristic absorptions.
Notably, under the same reaction conditions, the oxidized
product of TMB (ie, TMBox) was 51.87 uM, while only
20.86 uM ABTS was oxidized, which may be attributed to the
better binding of positively charged TMB with negatively
charged Pt—Ni nanozymes (Figures 1f and 2c). Moreover, the
pH-dependent oxidase-like activity of Pt—Ni NPs was
investigated, and they exhibited an optimal catalytic activity
at about pH 4 (Figure S9).

To elucidate the catalytic mechanism, we first measured the
O,-dependent catalytic activity of Pt—Ni NPs. As shown in
Figure 2d, the catalyzed oxidation of TMB enabled by Pt—Ni
NPs was significantly enhanced in an O,-saturated reaction
solution and obviously inhibited in an Ar-saturated reaction

solution, demonstrating that Pt—Ni NPs served as oxidase-like
nanozymes rather than oxidants to catalyze the oxidation of
TMB in the presence of dissolved oxygen in solution. On the
other hand, oxidase can activate molecular oxygen to oxidize
some reducing substrates to generate oxidized products and
H,0/hydrogen peroxide (H,0,)/superoxide radicals (O,"”)
by the following three possible reaction pathways:

pathl: A ,;+ O, + H,0 - A + H,0,

path2: A _;+ 0O, > A + H,0

path3: A 4+ 0, > A+ 0,

To demonstrate whether H,0, was involved in the catalytic
reaction, catalase, an enzyme that efficiently disproportionate
H,0, into O, and H,0, was added to the catalytic reaction
solution. As shown in Figures 2e and S10, catalase exhibited a
negligible effect on the oxidase-like activity of Pt—Ni NPs,
suggesting that H,O, was not an intermediate during the
catalytic reaction. EPR was used to detect free radicals by using
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the trapping
agent. No obvious signals of the 1:2:2:1 4-fold signal peak and
6-fold signal peak were observed, indicating that O,*” and
hydroxyl radicals (*OH) were not participating in the reaction
process (Figure 2f). Therefore, the above results suggested that
Pt—Ni NPs mediated the complete reduction of molecular
oxygen to water by path 2.

A comparison of the oxidase-like activities of Pt, Pt—Ni 33,
Pt—Ni, and Pt—Ni, NPs was carried out by quantifying their
catalytic efficiencies using apparent steady-state kinetic assays.
As shown in Figure 3a, typical Michaelis—Menten curves were
obtained by plotting the initial reaction velocities as a function
of TMB concentration. The kinetic parameters of Michaelis—
Menten constant (K,,) and the maximum initial velocity (v,,,,)
were calculated by converting the Michaelis—Menten curves
into double-reciprocal plots (Figure S11). A volcano relation-
ship could be obtained between the v,,,, values of different NPs
and the Ni content, and Pt—Ni NPs exhibited the highest
oxidase-like activity (Figure 3b and Table S2). In addition, a
previous study demonstrated that Ni NPs exhibited negligible
oxidase-like activity.”” A comparison between the oxidase-like
Pt—Ni NPs developed in this work and various reported
nanozymes in the literature was performed. Obviously, Pt—Ni
NPs possessed oxidase-like activity superior to that of most
previously reported nanozymes (Table 1). In addition to a
higher v,,,, it was noteworthy that Pt—Ni NPs showed a much
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Table 1. Comparison of Oxidase-like Activity of Pt—Ni NPs
with Other Typical Nanozymes

nanozyme substrate v, (uM/min) K, (mM) ref
Pt—Ni NPs TMB 18.36 0.021 this work
FeCoZn-TAC/SNC TMB 13.38 0.459 S0
Fe-N-C-400 TMB 20.28 0.269 S1
Fe SAs/Ns-pC-4 TMB 6.9 0.116 52
PSMOF TMB 8.34 0.165 38
nano-CeO, TMB 6 0.42 53
Mn/PSAE TMB 4.2 0.11 54
MSN-AuNPs TMB 7.08 0.225 SS

lower K, value, indicating a higher affinity toward TMB. The
stability of Pt—Ni NPs was also studied. After storing for one
year, the Pt—Ni NPs were still well dispersed and their oxidase-
like activity was only slightly decreased (Figure S12).

TAC Determination of Antioxidant Small Molecules
and Nanomaterials. Then, the optimized Pt—Ni NPs with
oxidase-like activity were used for TAC evaluation. Figure 4a
exhibited a schematic illustration of the sensing principle for
TAC measurement. The oxidase-like Pt—Ni NPs could
catalyze the oxidation of TMB to a blue-colored TMBox,
which could be inhibited by antioxidant substances due to their
competitive effects on the catalytic activity of Pt—Ni NPs. On
this basis, we developed a colorimetric method for TAC assays.
Four bioactive small molecules, including AA, glutathione,
cysteine, and 6-hydroxy-2,5,7,8-tetramethylchromane-2-car-
boxylic acid (Trolox, the hydrosoluble analogue of vitamin
E), were first selected as model antioxidant molecules to
demonstrate the detection ability of the Pt—Ni nanozyme-
based assays. The relative change of TMBox (i.e., ATMBox) in

the presence and absence of antioxidant analytes in the
nanozyme reaction systems could be calculated from the
absorbance at 652 nm. ATMBox could be plotted as a function
of antioxidant molecule concentration, and the corresponding
slopes were defined as their TAC levels (Figures 4b—e and
S13). As shown in Figure 4f, among the four bioactive small
molecules, cysteine exhibited the highest antioxidant capacity,
which was consistent with a previous report.

We further demonstrated the detection ability of Pt—Ni
nanozyme-based TAC assays for antioxidant nanomaterials.
Two antioxidant nanomaterials, Nb,C NSs and polydopamine
NPs, were prepared according to previous literature.*”**%°
Nb,C NSs with antioxidant properties for effectively
eliminating *OH, O,°”, and H,0, have been developed for
radiation protection in vivo.*’ XRD, SEM, TEM, and
absorption spectra demonstrated the successful synthesis of
Nb,C NSs, and their antioxidant levels were determined to be
7.76 (Figures Sa—d and S14—S16). In addition to Nb,C NSs,
polydopamine NPs were also reported for disease therapy.*®
Typically, polydopamine NPs can serve as robust antioxidants
to remove excess reactive oxygen species (ROS) for alleviating
the periodontal inflammation. Polydopamine NPs were
prepared by a classical Stober method, and their antioxidant
levels were 0.147 (Figures Se—g and S17). We also calculated
the Trolox-equivalent antioxidant capacity (TEAC) of Nb,C
and polydopamine NPs by normalizing their TAC values using
Trolox as a reference. TEAC was the molar amount of Trolox
with equivalent antioxidant activity per gram of nanoparticles.
Figure Sh showed that the Nb,C NSs had a significantly higher
TEAC than polydopamine NPs. These results validated that
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Figure 4. (a) Schematic illustration of the colorimetric assay for TAC biosensing based on Pt—Ni nanozymes. (b—e) Relative change of TMBox in
the presence and absence of antioxidant small molecules in the nanozyme reaction systems (i.e, ATMBox) as a function of the concentrations of
these molecules. Each error bar shows the standard deviation of three independent measurements. (f) Histograms comparing TAC levels of

different antioxidant small molecules.
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Figure S. (a) Powder X-ray diffraction patterns of Nb,AlC bulk and Nb,C NSs. (b) TEM image of Nb,C NSs. Inset: photograph of the Nb,C NS
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spectra for monitoring the catalytic oxidation of TMB in the presence of Pt—Ni nanozymes with various cells. (d) Histograms comparing TAC

levels of different cells.

TEAC may be an indicator for the future design of antioxidant
nanomaterials for the oxidative stress-induced disease therapy.

Antioxidant Level Evaluation of Cells. The Pt—Ni
nanozyme-based TAC detection platform was further
employed to determine the antioxidant levels in human
umbilical vein endothelial cells (HUVECs), HeLa cells, and

5943

senescent HUVECs (Figures 6 and S18). A cellular aging
model was successfully constructed by simulating HUVECs
with H,0, as determined by senescence-associated-f-galacto-
sidase (SA-f-gal) staining (Figure 6ab). As shown in Figure
6¢,d, HeLa cells exhibited stronger antioxidant capacity than
HUVECs, which could be attributed to the higher concen-
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tration of antioxidant substances (e.g., glutathione) in tumor
cells.*®*” Moreover, when compared with normal HUVECs:,
the decreased antioxidant level in senescent HUVECs could be
observed due to the elevated ROS level in these cells.”®

B CONCLUSIONS

In summary, we systematically studied the effect of doped Ni
on the oxidase-like activity of Pt nanoparticles. Pt, Pt—Nij 33,
Pt—Ni NPs, and Pt—Ni, NPs were successfully prepared by a
simple one-step reduction strategy. We have demonstrated that
Pt—Ni NPs consisting of Pt-rich shells and Ni-rich cores
exhibited the highest oxidase-like activity. The oxidase-like Pt—
Ni NPs were successfully applied to the determination of TAC
and the antioxidant levels of four bioactive small molecules,
two antioxidant nanomaterials, and three cells.
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