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ABSTRACT: Polyvinylpyrrolidone-stabilized iridium nano-
particles (PVP-IrNPs), synthesized by the facile alcoholic
reduction method using abundantly available PVP as
protecting agents, were first reported as enzyme mimics
showing intrinsic catalase- and peroxidase-like activities. The
preparation procedure was much easier and more importantly,
kinetic studies found that the catalytic activity of PVP-IrNPs
was comparable to previously reported platinum nanoparticles.
Transmission electron microscopy (TEM) and X-ray photo-
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electron spectroscopy (XPS) characterization indicated that PVP-IrNPs had the average size of approximately 1.5 nm and mainly
consisted of Ir(0) chemical state. The mechanism of PVP-ItNPs’ dual-enzyme activities was investigated using XPS, Electron
spin resonance (ESR) and cytochrome C-based electron transfer methods. The catalase-like activity was related to the formation
of oxidized species Ir(0)@IrO, upon reaction with H,0,. The peroxidase-like activity originated from their ability acting as
electron transfer mediators during the catalysis cycle, without the production of hydroxyl radicals. Interestingly, the protective
effect of PVP-IrNPs against H,0,-induced cellular oxidative damage was investigated in an AS49 lung cancer cell model and
PVP-IrNPs displayed excellent biocompatibility and antioxidant activity. Upon pretreatment of cells with PVP-IrNPs, the
intracellular reactive oxygen species (ROS) level in response to H,O, was decreased and the cell viability increased. This work
will facilitate studies on the mechanism and biomedical application of nanomaterials-based enzyme mimic.
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1. INTRODUCTION

As an important transition-metal element, iridium has attracted
much interest these years for apphcatlon in catalysis,'
fluorescent labehng, molecular sensmg, 8 OLED," and
biocompatible coatings of coronary stents.'’ In the field of
catalysis, iridium-based catalyst has been recognized as an
outstanding candidate because of its high activity, stability and
stereoselectivity.'>~** Among all the noble metal-based electro-
catalysts, only iridium has been found displaying high activities
for both oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) under acidic condition."> In
particular, iridium-based nanomaterials have shown different
physical and chemical properties from the bulk counterparts
based on thelr hlgh surface-to-volume ratio and high density of
active sites."®"” This promotes the exploration of the new
properties and potentials of iridium-based nanomaterials.
Recent development in inorganic nanomaterials promoted
the arising of nanoscaled enzyme mimics,"®"® so-called
nanozymes, mainly due to their higher stability and intrinsic
catalytic activity comparable to natural enzymes. Since the first
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report on Fe;0, nanoparticles possessing intrinsic peroxidase-
like activity in 2007,%° an increasing number of nanomaterlals
such as metal oxide,*"*” transition metal chalco%emde 2
carbon nanostructures,zé"25 metal nanoparticles™®2°
others®>*! has been exploited as enzyme mimics. Among
them, noble metal-based nanozymes have received tremendous
interests which displayed substantial advantages in easier
preparation procedures, size/surface facet- tunable catalytic
activities and high stablhty To date, gold, 32 sﬂver, platmum,34
palladlum, 3% ruthenium,* silver/platinum,*® and palladium/
gold*-based nanozymes have been investigated and used for
antibiotics detection,* glucose sensing,33 oxygen-stress reduc-
tion,>* glucose oxidation,® cancer cell detection®” and so on. In
particular, Pt-based nanozymes were quite fascinating candi-
dates due to their small size, excellent catalytic activity and
good biocompettibilit}r.28’34’38’39 Unfortunately, the preparation
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process of these small-sized Pt-based nanozymes was usually
tedious and time-consuming, because expensive template
molecules (ferritin, lysozyme or polyamidoamine dendrimer),
strict control of reaction conditions and complex purification
procedures were generally necessary. Early study has reported
that the size of iridium nanoparticles was smaller than platinum
nanoparticles under the same synthetic conditions, which was
attributed to slower nucleation and growth of iridium.** This
prompted us to consider the feasibility of iridium nanomaterials
acting as nanozymes. Moreover, to the best of our knowledge,
iridium-based nanozyme has not been reported yet, although
early study have found that Ir metal powder without any surface
stabillization agents could decompose H,0, as Pt metal powder
did.

In addition to high catalytic activity, good water dispersibility
and excellent biocompatibility are also important factors of an
ideal enzyme mimic for practical application."®"? Polyvinylpyr-
rolidone (PVP) is a low cost, commercial available,
biodegradable and water-soluble polymer* and has been
frequently used in stabilizing noble metal nanomaterials.>>*
Moreover, PVP can weakly stabilize metal nanOE‘articles
through multiple coordination of the N—C==0 sites,”" which
is very important for substrates accessory during enzyme
catalysis. Third, neutral polymer PVP can bind organic
molecule at the hydrophobic sites on the random-coiled
chain,* maybe beneficial for catalysis. Inspired by this, PVP-
stabilized iridium nanoparticles (PVP-IrNPs) were prepared in
the present work in one-pot reaction by using a green alcoholic
reduction method, in which toxic reducing agent NaBH, was
avoided. The results demonstrated that PVP-IrNPs had both
intrinsic catalase- and peroxidase-like activities. The steady-state
kinetics assay and catalytic mechanism of PVP-IrNPs were
investigated in details. Moreover, the biocompatibility of PVP-
IrNPs and their potential acting as antioxidant enzyme mimic
was also verified in an AS49 lung cancer cell model.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. IrCl;-3H,0 (99.9%, metal basis),
3-carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-yloxy (CTPO, 99%) and
Rhodamine B was obtained from Alfa Aesar. Catalase from bovine liver
(2000—5000 U mg™"), peroxidase from horseradish VI (250—330 U
mg™'), cytochrome C from horse heart (>99.0%), 2’,7’-dichloro-
fluorescein diacetate (DCFH-DA), 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium Bromide (MTT), KH,P0,(>99.0%),
Na,HPO,(>99.0%) and KCl (>99.0%) were purchased from Sigma-
Aldrich. 3,3',5,5'-tetramethylbenzidine (TMB), polyvinylpyrrolidone
(PVP, average MWS58000, K29—32), iridium standard solution (1000
ug mL™" Ir in 2.0 M HCI solution) and spin traps 5,5-dimethyl-1-
pyrroline N-oxide (DMPO, 97%) were purchased from Aladdin
Industrial Corporation. Hydrogen peroxide (30%), anhydrous ethanol,
hydrochloric acid (36%), nitric acid, sulfuric acid (98%) were
purchased from Guangzhou Chemical Reagent Factory and used as
received. Catalase assay kit was obtained from Beyotime Institute of
Biotechnology. Millipore water (18.2 MQ) was used throughout the
experiments.

2.2. Synthesis of PVP-IrNPs. PVP-stabilized colloidal iridium
nanoparticles were synthesized from the alcoholic reduction of
precursor IrCl; solution in the presence of PVP, according to former
procedures with some modifications.'”*® In a typical synthesis, an
aqueous solution of IrCl; (8.4 umol, 4 mL) was added dropwise into a
vigorously stirring 4 mL of ethanol solution containing PVP (18.6 mg,
168 pmol as monomeric unit). Followed by stirring for 12 h at room
temperature, a clear pale yellow solution was obtained and then
refluxed at 100 °C in air for 6 h. The resulting brown solution was
evaporated to completely remove the solvents and the black solid was
redissolved in water. The concentration was adjust to 2.5 mg mL™"
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containing 0.189 mg mL ™" iridium according to ICP-MS results and
stored at room temperature for direct use.

2.3. Characterization. TEM images and TEM-based energy-
dispersive X-ray (EDX) measurements were taken on a JEOL JEM-
2010HR transmission electron microscope, with accelerating voltage
of 200 kV. Samples for TEM measurements were deposited on a
carbon film supported by 300-mesh copper grids. The surface analysis
was performed by X-ray photoelectron spectroscopy (XPS) using a
Thermo-VG Scientific ESCALAB 250 spectrometer. Photoelectrons
were generated by mono Al Ka X-ray radiation of energy 1486.6 eV
and the calibration was based on the C Is with the binding energy at
284.8 eV. Samples for XPS analysis were prepared by depositing
aqueous solutions of PVP-IrNPs or IrCl;-PVP onto a piranha solution-
and aqua regia-treated silicon wafer and drying in air at room
temperature for 1 day. All spectral peaks were deconvoluted by the
XPSPEAK version 4.1 software with a Shirley background subtraction
and fitted by Gaussian—Lorentzian functions. The concentration of
iridium was measured using a Thermo inductively coupled plasma
mass spectrometry (ICP-MS) XSERIES 2. Samples for ICP-MS
analysis were prepared by dissolving PVP-IrNPs in boiling aqua regia
for 3 h, diluting with ultrapure water and filtering with 0.22 pm
membrane (Jinteng, China). Catalase kinetics assay and cell viability
test were performed on Tecan infinite M200 pro spectrophotometer
(Switzerland). Absorption spectra and peroxidase kinetics assay were
carried out on a Varian Cary 300 UV—vis spectrometer. ROS
determination was performed on confocal laser microscopy (LSM 710,
Carl Zeiss, Gottingen, Germany).

2.4. Electron Spin Resonance Experiment. All ESR measure-
ments were carried out using a Bruker EMX A300 spectrometer at
ambient temperature. Sample solutions (S0 uL) were put in glass
capillary tubes with internal diameters of 1 mm and sealed. The tubes
were inserted into the ESR cavity and measured at selected times.

ESR parameter settings were as follows: modulation amplitude 1 G,
scan range 100 G, microwave power 20 mW and time constant 163.84
ms for detection of spin adducts using spin traps DMPO and
modulation amplitude 0.04 G, scan range 5 G, and microwave power 1
mW and time constant 5242.88 ms for ESR oximetry using CTPO.

The catalase activity of PVP-IrNPs was first evaluated in the H,0,/
UV system. It is well-known that H,O, produces hydroxyl radical
under UV irradiation. Spin trap DMPO was used to trap the *OH to
form the stable DMPO/*OH spin adduct, which yields the typical four
lines ESR spectrum with relative intensities 1:2:2:1.The effect of PVP-
IrNPs on the system was studied and compared to that of catalase.
Tubes containing SO0 mM DMPO, 5 mM H,0, and various
concentrations of PVP-IrNPs or catalase in phosphate buffer (pH =
7.0) were exposed to UV light (355 nm) for 10 min and immediately
characterized. ESR spin label oximetry is a quantitative approach to
measure oxygen content using the water-soluble spin label CTPO. 0.1
mM CTPO solution was mixed with different concentrations of H,O,
in phosphate buffer and bubbled with nitrogen for 15 min. Followed
by addition of 125 ug mL™' PVP-I'NPs or 2 U mL™" catalase and
incubation for S min, the ESR spectrum was immediately recorded.

ESR was also used to investigate the interaction mechanism of PVP-
IrNPs with H,O, using spin trap DMPO, which can trap short-lived
*OH. The hydrogen peroxide solution (S mM) was mixed with
DMPO (50 mM) in HCI-KCl buffers (pH = 1.2) and the reaction was
initiated by addition of various concentrations of PVP-IrNPs (3.125—
62.5 pug mL™'). After 5 min incubation in the dark at room
temperature, the ESR spectrum was immediately recorded.

2.5. Catalase-like Activity Assay. The catalase-like activity assays
were carried out at 37 °C using catalase assay kit according to the
manufacturer’s instructions. Ten uL of PVP-IrNPs solution (625 ug
mL™}, containing 47.25 ug mL™" Ir) or catalase solution (10 ug mL™")
were added to SO uL Teorell-Stenhagen buffer (T-S buffer, 33 mM
citric acid, 33 mM phosphoric acid, 23 mM boric acid, pH = 7.0) in
the presence of varied concentrations of H,O,. After 5 min reaction,
the solution was diluted SO times by T-S buffer and then the residual
H,0, was monitored at 520 nm using Tecan infinite 200 pro
spectrophotometer. In order to study the effects of pH and
temperature on the activities of PVP-IrNPs and catalase, the
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concentration of H,0, was fixed at 50 mM, while pH and temperature
range are 3—12 and 4-75 °C, respectively. The apparent kinetic
parameters were calculated using the Lineweaver—Burk plot, 1/V =1/
Vinact Kt/ (Vinax C), where V is the initial velocity, V., is the maximal
reaction velocity, C is the concentration of the substrate and Ky, is the
Michaelis—Menten constant.

2.6. Peroxidase-like Activity Assay. The kinetic assays were
carried out at room temperature in 500 uL of phosphate buffer with
625 ng mL ™ PVP-IrNPs (47.25 ng mL ™ Ir) or 1 ng mL™* peroxidase
in the presence of H,0, and TMB. The steady-state kinetic analysis of
PVP-IrNPs with H,O, as the substrate was performed by varying the
concentrations of TMB at fixed H,0, concentration and vice versa in
phosphate buffer (25 mM, pH 4.5) at room temperature. To study the
effects of pH and temperature on the activities of PVP-IrNPs
compared to that of peroxidase, the reaction were carried out pH 2—
10 and 25—75 °C, in the presence of 50 mM H,0, and 500 M TMB.
All the reactions were monitored in timescan mode at 652 nm
belonging to oxidized TMB product using a Cary 300 UV-—vis
spectrophotometer and all operations were done at room temperature
and in the dark. The apparent kinetic parameters were calculated based
on the Michaelis equation V=V, C/(Ky+C), where V is the initial
velocity, V.., is the maximal reaction velocity, C is the concentration
of the substrate, and K, is the Michaelis—Menten constant.

2.7. Rhodamine B Oxidation Experiment. Degradation of
Rhodamine B is often used to verify peroxidase-like abilities to catalyze
H,0, to oxidize organic molecule through production of hydroxyl
radicals.*® In our experiment, 15 uL of H,0, aqueous solution (S mM)
was added into a mixture solution of Rhodamine B (50 M) and PVP-
IrNPs (varied concentrations) to initiate the reaction. Followed by 3.5
h incubation in the dark at room temperature, the resulting solution
was diluted 2-fold for UV—vis absorbance characterization. The peak
absorbance of Rhodamine B lies at 550 nm.

2.8. Cytochrome C Electron Transfer Experiment. Cyto-
chrome C (Cyt C) is an active reactant in electron transfer process and
has been used to understand electron transfer mediator role of Co;0,
nanoparticles.*’ In our experiment, varied amounts of PVP-IrNPs were
added into a phosphate buffer solution (25 mM, pH = 4.5) containing
400 uM Cyt C. Followed by 1 h incubation in the dark at room
temperature, the resulting solution was characterized by UV—vis
absorbance spectrometer. In order to know whether Cyt C was
oxidized by dissolved oxygen, we pumped the stock solutions of Cyt C,
PVP-IrNPs solution and buffer simultaneously with pure N, for 0.5 h
and repeated above experiments.

2.9. Cell Culture and Viability Assay. A549 human lung cancer
cells were obtained from Experimental Animal Center of Sun Yat-Sen
University (Guangzhou, China). Cells were cultured in RPMI 1640
(Roswell Park Memorial Institute 1640, Gibco BRL) medium
containing 10% FBS (fetal bovine serum, Gibco BRL), 100 pg mL™
streptomycin and 100 U mL™" penicillin (Gibco BRL). The cells were
seeded in 96-well plate at 8000 cells per well in a humidified incubator
at 37 °C with an atmosphere of 5% CO, and 95% air. After overnight
incubation, the cells were treated with varied concentrations of PVP-
IrNPs diluted with RPMI 1640 medium containing 10% FBS. After
incubation for 20 h, 20 uL MTT in PBS (5 mg mL™") was added to
each well. The cells were incubated for another 4 h. At the end of the
incubation time, the medium was removed and the formed formazan
was dissolved in DMSO (150 uL). The cell viability was evaluated by
measurement of the absorbance at 595 nm (Infinite F200, Tecan,
Switzerland). The protective effect of PVP-IrNPs on AS49 cells against
H,0,-induced oxidative damage was also checked by MTT assay. After
incubation of A549 cells with varied concentrations of PVP-IrNPs for
24 h, the medium was carefully removed and washed once with PBS.
Upon addition of 1 mM H,0, into each wells, the cells were incubated
another 1h in an incubator at 37 °C and 5% CO,. Followed by
washing with PBS once again, the cells were added new RPMI 1640
medium containing MTT before further viability assay.

2.10. Determination of Intracellular ROS. The intracellular
ROS was determined by the DCFH-DA assay.>* Briefly, A549 cells
were seeded into 35 mm dishes at a density of about 1.5 X 10° cells per
well and incubated overnight at 37 °C and 5% CO,. Upon treatment
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without or with 250 ug mL™' PVP-IrNPs for 20 h, the cells were
carefully rinsed twice with PBS and incubated with SO uM DCFH-DA
in FBS-free RPMI 1640 medium for 15 min in the dark. The cells were
further rinsed twice with PBS and then exposed to 1 mM H,0, in PBS
for 45 min at 37 °C. The cells were carefully rinsed again and the
intracellular ROS levels were determined with confocal laser
microscopy with excitation wavelength at 488 nm.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of PVP-IrNPs.
PVP-IrNPs were prepared using a modified alcoholic reduction
strategy based on the previous report by Kobayashi'” and
Hirai* et al. The synthetic procedure is simple and green, as it
avoids the utilization of NaBH, which is harmful to organisms
and environment (Figure 1A). The generation of colloidal

A CH3CH,OH/H,0
IrCl; + Wwo¥
reflux, 6h
2007 o_N Polyvinylpyrrolidone (PVP)
——1IrCl3 (a)
~ 4] IrCl3-PVP (b)
A\ ——PVP-IrNPs (c)
LR 5
< 3 alblc
3
o o
c
82
5
3
2 1
04 T T T T
300 450 600 750
Wavelength (nm)
D E ——Raw data
= —— Fitting
t 30 m 8 Background
z s —Ir(0) 4f7)p
2 ——Ir(0) 4f,
H @, 6 512
2 2 < —— I9*.0IN 4f7)5
2 24 +
H H ——I9*.0IN 4fg),
§ 10 H )
e E

63 60 57 54

Binding energy (eV)

09 12 15 18 66

Diameter (nm)

21 69

Figure 1. Presented are (A) Synthetic scheme (B) UV-—vis
absorbance, (C) TEM images, (D) size distribution analysis from
200 random nanoparticles and (E) High resolution XPS Ir 4f scan of
PVP-IrNPs. Insets in (B) were optical images of aqueous solutions of
IrCl,, mixture of IrCl; and PVP without heating (IrCl;-PVP) and PVP-
IrNPs.

IrNPs was visualized during the reflux (see inset of Figure 1B),
where the color of the reaction mixture changed from pale
yellow to light brown, indicating the transitions from the
initially formed IrCl;-PVP to the final product PVP-IrNPs.
UV—vis spectrum of IrCl;-PVP showed two absorption hump
peaks at about 330 and 400 nm, similar to IrCl; solution.
Following thermolytic reduction, these absorption peaks
disappeared and a new peak appeared at 280 nm (Figure
1B), further indicating the formation of PVP-ItNPs."* Trans-
mission electron microscopy (TEM) analysis clearly showed
that the as-synthesized PVP-I'NPs were of quasi-spherical
shape and apparent agglomeration was not observed (Figure
1C). This could be rationalized as the stabilizing effect of PVP
based on the steric hindrance. Energy dispersive X-ray (EDX)
spectrum verified the presence of iridium in the PVP-stabilized
nanoparticles (Supporting Information Figure S1). To obtain a
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reliable size distribution, we carried out a statistical analysis of
200 nanoparticles according to TEM results and found that the
diameters of PVP-IrNPs mainly distributed in the 1-2 nm
region with the average size of approximately 1.5 nm (Figure
1D), similar to previously reported PVP-protected Ir nano-
particles."”

X-ray photon electron spectroscopy (XPS) was used to
identify chemical state and surface properties of as-synthesized
PVP-Ir'NPs. High resolution spectra in the Ir 4f regions
revealed two chemical state: Ir(0) characterized by 4f,,, and
4f;;, with binding energies of 60.63 and 63.53 eV,*
respectively; and Ir’*~O/N of 61.53 and 64.53 eV (Figure
1E).* Quantitative analysis of XPS indicated that the ratio of
Ir(0): Ir**—O/N was close to 2:1. The binding energy of all
iridium peaks for PVP-IrNPs was lower than 62.0 eV, ruling out
the nature of IrO,.*° High resolution spectra of O 1s regions
showed O=C—N (PVP) and Ir’*~0 (OH/O=C-N) at
531.21 and 532.33 eV, respectively (Supporting Information
Figure S2C). A new peak at 400.6 eV with lower electron
density than that of free PVP,”" indicated the coordination of
nitrogen atom of pyrrole group of PVP to iridium atoms in the
case of PVP-IrNPs (Supporting Information Figure S2D). In
contrast, IrCl;-PVP mixture showed quite different chemical
state (Supporting Information Figure S3). To sum up, PVP-
IrNPs were composed of Ir (0) and Ir** —O/N state (not IrO,)
and more importantly, pyrrole groups of PVP coordinated to
iridium nanoparticles through O and N atoms.

3.2. Catalase-like Activity of PVP-IrNPs. To evaluate the
catalase-like activity of water-stable PVP-IrNPs, two approaches
with respect to the reactant H,0, and the product O, were
conducted. The first method is a UV/H,0, system (ESR),
employing DMPO as the spin trap to investigate the interaction
of PVP-IrNPs with H,0,. It is known that *OH radical was
produced when H,0, was irradiated with UV light, and the
resultant spin adduct DMPO/*OH was ESR active. The H,O,
decomposition by catalase would reduce the UV-induced *OH
radical production from H,0O,.Therefore, the ESR signals of
spin adduct reflected the interactions of catalase with H,O,. As
shown in Figure 2 A and B, both natural catalase and PVP-
IrNPs reduced the *OH signal in a concentration-dependent
manner.

The second method is ESR spin oximetry monitoring the O,
production in the H,0, degradation reaction. The principle is
based on the bimolecular collision of oxygen molecule with a
spin probe (CTPO often used), so-called Heisenberg spin
exchange process,” in which the ESR hyperfine structure of
CTPO correlated with O, concentration. As shown in Figure
2C and D, the gradual diminution of hyperfine peak was
observed in both cases, indicating the enhanced production of
O, in the H,0, degradation reaction catalyzed by PVP-IrNPs
and catalase. Figure 2C and D showed that the PVP-IrNPs
displayed catalytic activity in a H,O, concentration-dependent
manner, similar to the case of catalase. Simultaneously, O,
bubbles were clearly observed by naked eyes (Figure 2E). We
also checked the interaction of Ir** or IrCl;-PVP with H,O, and
no bubbles were observed (data not shown). All these results
provided direct evidence supporting that PVP-IrNPs acted as a
functional mimic of catalase.

We also investigated the effect of pH and temperature on the
catalytic activity of PVP-IrNPs. Figure 3A and B showed that
the optimum condition for natural catalase was pH 8 and 37
°C. It can be explained that structure of natural catalase is quite
sensitive to pH and temperature and denatured enzyme
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Figure 2. Effect of PVP-IrNPs (A) and catalase (B) on the hydroxyl
radical production in a concentration-dependent manner in H,0,/UV
system. H,O, concentration-dependent oxygen production (ESR spin
label oximetry) catalyzed by PVP-IrNPs and catalase were shown (C)
and (D), respectively. Gas bubbles were observed after incubation of
H,0, and PVP-ItNPs/catalase in phosphate buffer (pH = 7) for 30
min (E): Control, 5 mM H,0,; PVP-IrNPs, 125 ug mL~' PVP-ItNPs
+5 mM H,0,; Catalase, 1 yug mL™" catalase + 5 mM H,0,.
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Figure 3. Effect of pH (A) and temperature (B) on the catalase
activity of PVP-IrNPs and natural enzyme. (C) Steady state kinetic
assay of catalase-like activity of PVP-IrNPs in Teorell-Stenhagen buffer
(pH = 7.0) at room temperature. (D) Double-reciprocal plots of
activity of PVP-IrNPs at fixed concentration of enzyme versus varying
concentration of H,0,.

inevitably leads to decreased activity. In contrast, catalase-like
activity of PVP-IrNPs continued to increase with rising pH and
temperature up to pH 12 and 75 °C (Figure 3A and B),
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Table 1. Kinetic Parameters of Catalase- and Peroxidase-like Activities of PVP-IrNPs and Other Reported Typical Enzyme

Mimic
enzyme [E] (m)* substrate Ky (mM) Vi (1073 mM s71) k.l (10° s71) key/area® (s™' nm™2) ref
catalase activity
PVP-IrNPs ~3.94 x 1077 H,0, 297 540 1.37 194 this work
Ft-PtNPs ~1.89 X 107 H,0, 21 840 446 406 28
Ac-G9/PtNPs 1x 1078 H,0, 126 825 8.25 241 38
peroxidase activity
PVP-IrNPs ~197 X 107 H,0, 266 0.385 0.196 277 this work
TMB 0.02 0.108 0.055 7.76
Ft-PtNPs ~4.24 X 107 H,0, 187 320 7.55 687 28
TMB 0.22 0.558 0.0132 12
Co50, 2.53 x 107 H,0, 174 0.189 0.0747 0.459 47
TMB 0.103 0.256 0.101 0.622
Fe,0, 114 x 1072 H,0, 154 0.0978 85.8 0.303 20
TMB 0.098 0.0344 30.2 0.107

“[E] is the concentration of nanoparticles and estimated from the nanoparticle size and the amount of metal element according to the equation [E]
= (m/(4/3 7 (D/2)® pp))/Na,*® m is mass concentration of nanoparticles, D is average diameter of nanoparticles, py, is the density of corresponding
metal, and N, is the Avogadro constant. bk, is the catalytic constant per nanoparticle, where k., = V,,../[E]. “area is surface area per nanoparticle,

which is estimated from D according to equation area = 7 D*.

respectively. It should be noted that the effect of pH and
temperature on the self-decomposition of H,0O, has been offset.
The enhanced activity of PVP-IrNPs at higher pH value, may
be attributed to higher stability of PVP-IrNPs than natural
catalase, and lower redox potential of H,0,/0, at higher pH*’
(much easier catalytic decomposition of H,0, by iridium
nanoparticles in neutral and basic conditions). The increased
activity of PVP-IrNPs with elevated temperature can also be
explained by high stability of PVP-IrNPs and the Arrhenius
equation.”® Therefore, PVP-IrNPs are promising catalase mimic
particularly in high pH and high temperature conditions.

To calculate the enzymatic parameters, we studied the
steady-state kinetics of PVP-IrNPs by measuring the initial rates
as a function of H,0, concentration. The catalytic process
follows the typical Michiaelis-Menten reaction and the
corresponding Lineweaver—Burk plots can be obtained (Figure
3C and D). As shown in Table 1, The apparent Ky value of
PVP-IrNPs with H,O, was 297 mM, comparable with that of
the reported platinum nanoparticles (421 mM for Ft-PtNPs>®
and 126 mM for Ac-G9/PtNPs>®) but nearly three times higher
than catalase (71.6 mM),”® suggesting a relatively lower affinity
of PVP-ItNPs to H,O, in comparison to catalase. The relatively
smaller k., value of PVP-IrNPs (1370 s™') indicated slightly
lower catalytic activity than platinum nanoparticles, which
possessed relatively bigger k., values (4460 s~ for Ft-PtNPs>®
and 8250 s™! for Ac-G9/PtNPs*®). It should be noted that the
enzyme-like activity of nanoparticles mainly originated from the
catalytically active sites on the nanomaterial surface, therefore it
is expected that nanoparticle with larger size could expose more
active centers.”’” To eliminate the difference in activity caused
by various sizes, the catalytic efficiency was normalized by
particle surface area. It was found that the normalized catalytic
efficiency of PVP-I'NPs was comparable to the reported
platinum nanoparticles (194 s™" nm™ for PVP-IrNPs, 406 s™*
nm™? for Ft-PtNPs, and 241 s™' nm™ for Ac-G9/PtNPs),
indicating the potential of iridium nanoparticles acting as
catalase mimic.

XPS technique was used to investigate the reaction
mechanism of PVP-IrNPs with H,O,. Low concentration of
H,0, (50 mM) displayed negligible effect on the binding
energy of PVP-IrNPs (Supporting Information Figure S6A).

However, upon high concentration of H,0, treatment (Figure
4), the binding energy of Ir 4f shifted to higher level suggesting
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Figure 4. Ir 4f XPS spectra of PVP-IrNPs before and after S M H,0,
treatment.

decreased electronic density of iridium element. Spectra fitting
with Gaussian—Lorentzian functions revealed that IrO, species
formed on the surface of Ir(0) core upon H,0, treatment.>®
The Ir 4f level of Ir(0) core also shifted to slightly higher level,
which might be attributed to the presence of IrO, species on
the surface.*” The equation can be written as follows:

r(0)@Ir*—O0/N + H,0, — Ir(0)@IrO, + H,0

Combined with early assumption from the electrochemical
results that an incomplete monomolecular layer formed on the
surface of iridium electrode upon reaction with H,0,°* we
assumed that the formed oxidized species Ir(0)@IrO, then
catalyzed other H,0, molecules to produce oxygen and water.

3.3. Peroxidase-like Activity of PVP-IrNPs. To explore
the activity of PVP-IrNPs acting as peroxidase mimic, the
catalysis of peroxidase substrate TMB was tested in the
presence of H,0O,, as shown in Figure SA and B. It can be seen
that PVP-IrNPs can catalyze the oxidation of TMB by H,O, to
produce typical blue product, which had maximum absorbance
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Figure 5. (A) Schematic illustration of peroxidase activities of PVP-
IrNPs. (B) Time-dependent absorption at 652 nm in different reaction
systems: (a) PVP-I'NPs + TMB, (b) TMB + H,0,, and (c) PVP-
IrNPs + TMB + H,0,. The effect of pH (C) and temperature (D) on
the peroxidase activity of PVP-IrNPs and HRP.

at 652 nm, indicating the peroxidase-like activity of PVP-IrNPs
(Supporting Information Scheme S1). In contrast, TMB
showed negligible color change in the absence of PVP-IrNPs
or H,0,. Neither IrCly nor simple mixture solution of IrCl;-
PVP exhibited any activity (data not shown).The effect of pH
and temperature on the activity of PVP-IrNPs was also
checked. The result indicated the optimal pH of 4.5, the
same as that of native peroxidase (Figure SC). PVP-IrNPs had
relatively broader optimal temperature (35—5S °C) than

peroxidase (Figure SD), which was similar to other nano-

31,55
zymes.

Peroxidase-like activity of PVP-IrNPs was evaluated by
steady-state kinetics analysis at pH 4.5 and room temperature.
Catalytic parameters were obtained by fitting the data to
Michiaelis-Menten equation (Figure 6A and B) and Line-
weaver—Burk equation (Figure 6C and D). As shown in Table
1, the Ky value of PVP-IrNPs (0.02 mM) was lower than
ferritin—platinum NPs (0.22 mM),”® Co;0, NPs (0.103
mM),” Fe;0, NPs (0.098 mM) and natural peroxidase
(0.434 mM),*® suggesting apparently higher affinity of PVP-
IrNPs to TMB. Such high affinity might be attributed to the
hydrophobic domain of PVP, which displayed similar role as
cyclodextrins with hydrophobic cavity in the reported esterase
mimic.’® On the other hand, the Ky, value of PVP-IrNPs for
H,0, was higher than that of the other enzyme mimic listed in
Table 1, indicating that higher H,0, concentration was
required to reach maximal reaction rate.

The catalytic efficiency k., (s7') was also calculated and
compared with other nanoparticles-based enzyme mimics in
Table 1. The catalytic efficiency was also normalized by particle
surface area.*” As shown in Table 1, the obtained k_,/area value
of PVP-IrNPs for H,0, is much higher than Co;0, and Fe;0,
NPs, though lower than platinum-based mimic, Ft-PtNPs
(identical to catalase activity mentioned above). However, the
peroxidase-like catalytic efficiency of PVP-IrNPs for TMB was
highest among Ft-PtNPs, Co;0, and Fe;O,. Therefore, PVP-
IrNPs indeed are promising peroxidase mimic.

3.4. Mechanism of Peroxidase-like Activity of PVP-
IrNPs. According to previous studies, the catalytic pathways of
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Figure 6. Steady state kinetic assay of peroxidase-like activity of PVP-
IrNPs in phosphate buffer (25 mM, pH 4.5) at room temperature. (A)
The H,0, concentration was S0 mM and TMB was varied. (B)TMB
concentration was fixed at 500 uM and H,0, was varied. (C, D) were
double-reciprocal plots of activity of PVP-IrNPs, corresponding to (A,
B).

peroxidase-like activity could be generally classified into the
electron transfer process, assigned to natural enzyme57 and
Co,;0, nanoparticles,* and the generation of hydroxyl radical,
assigned to iron oxide***® and gold nanoparticles.””* To
clarify the catalytic mechanisms of PVP-IrNPs, Rhodamine B
oxidation experiment was first performed to check the
production of-OH radical. As shown in Figure 7A, the
absorbance of Rhodamine B at 550 nm did not change upon
incubation with H,0, and increased concentrations of PVP-
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Figure 7. Mechanism of peroxidase-like activities of PVP-IrNPs. (A)
Interaction of rhodamine B with PVP-IrNPs, (B) ESR signals of
DMPO/*OH spin adduct when incubation of varied concentrations of
PVP-IrNPs with H,0, in the presence of DMPO. (C) Electron
transfer experiment between cytochrome C (Cyt C) and PVP-IrNPs.
(D) Proposed mechanism for the peroxidase-like activity of PVP-
IrNPs.
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IrNPs for 3.5 h, excluding the generation of-OH radical during
the catalysis.

ESR has been recognized as a direct method to characterize
the radical process during enzyme catalysis process.”** Figure
7B shows the ESR spectrum of samples containing DMPO,
PVP-ItNPs or H,0, in HCI-KCI buffer (pH = 1.2). No obvious
ESR signal attributed to DMPO/*OH spin adduct was
observed in the presence of PVP-IrNPs only. With increasing
concentration of PVP-IrNPs from 3.125 to 62.5 ug mL™", no
DMPO/*OH spin adduct was also observed in the presence of
H,0,. Instead, a new three-line ESR spectrum with relative
intensities of 1:1:1 was obtained, representative of the
degradation product of DMPO,*" which was quite different
from above results obtained in the PVP-IrNPs/H,0,/UV
system and previously reported PVP-AuNPs.*® The exact
mechanism of this phenomenon is not clear and needs further
study. Nevertheless, based on the knowledge that highly
reactive hydroxyl radical may lead to oxidative damage to lipids,
proteins and DNA, absence of *OH during decomposition of
H,O, suggested a great potential of PVP-IrNPs involved in the
antioxidant therapeutics.

To verify the PVP-IrNPs mediated electron transfer process
from TMB to H,0,, cytochrome C (Cyt C) was used to test
the accepting electron ability of PVP-IrNPs because Cyt C is an
active reactant in the electron transfer process.47 Interestingly,
upon increased concentration of PVP-IrNPs, absorbance at 520
and 550 nm gradually disappeared with the evolution of a new
peak at 530 nm (Figure 7C). The corresponding change from
reduced state to oxidized state for Cyt C clearly indicated
electron transfer from Cyt ¢ to PVP-IrNPs. It should be noted
that oxygen was not necessary for the electron transfer process,
because similar results were obtained in hypoxia solutions
following 0.5 h pumping of pure nitrogen.

All the above results proposed the mechanism of PVP-IrNPs
acting as peroxidase (Figure 7D). First, TMB binds to the
hydrophobic domains of PVP surrounding the IrNPs, the
amino group of which donates lone-pair electrons to IrNPs,
leading to increased electron density of PVP-IrNPs. Second,
electron-rich PVP-IrNPs transfer electrons to close-by H,0,,
which further accelerates the electron transfer process between
PVP-ItNPs and TMB. Finally, TMB is oxidized into blue
derivative and H,0, is reduced to water during this catalytic
cycle. This process is similar to the case of graphene oxide, a
peroxidase mimic.”* In a word, PVP-IrNPs act as peroxidase
mimic by promoting the electron transfer between TMB and
H,0,.

3.5. Effect of PVP-IrNPs on H,0,-Induced Cellular
Oxidative Damage. Hydrogen peroxide is a common reactive
oxygen species (ROS) produced in cellular metabolism, such as
glucose oxidation catalyzed by glucose oxidase (GOx)®* and
superoxide anion radical scavenging by superoxide dismutase
(SOD).®® In nature, catalase and peroxidase have been evolved
to protect cells against H,O,-induced oxidative damage.63
However, in Alzheimer’s disease or other pathological cases,
cells may reduce or even lose their abilities to decompose
H,0,, leading to serious DNA and protein structure damage.64
In our case, small-sized iridium nanoparticles with both catalase
and hydrogen peroxidase-like activities can be speculated to
protect cells against H,O,-induced oxidative damage. A549
human lung cancer cell was used as a cell model.

First, we evaluated the cytotoxicity of PVP-IrNPs against
AS49 cells by widely used MTT assay. After incubation of
different concentrations of iridium nanoparticles for 24 h, the
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cells treated with up to 250 ug mL™" PVP-IrNPs still kept the
viability more than 90% (Figure 8A), indicating good
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Figure 8. (A) Cytotoxicity of PVP-IrNPs on A549 cells by the MTT
assay. (B) The effect of PVP-IrtNPs as catalase and peroxidase mimic
on H,0,-induced cytotoxicity on AS49 cells. The data were
normalized to control values without PVP-IrNPs and H,0, treatment,
which were set as 100% cell viability. (C) The effect of PVP-IrNPs on
H,0,-induced ROS formation in A549 cells. The cells were incubated
with 250 yg mL™" PVP-IrNPs for 20 h and then treated with 1 mM
H,0, for 45 min. The intracellular ROS were detected after staining
with 50 uM DCFH-DA for 15 min. The scale bars represent 40 ym.

biocompatibility of PVP-IrNPs. Treating AS49 with 1 mM
H,0, for 45 min resulted in the death of more than half of cells
(Figure 8B). However, incubation of cells with varied
concentrations of PVP-IrNPs for 20 h before H,0, treatment
lead to significantly enhanced cell viability. Figure 8B showed
that PVP-IrNPs protected cells against H,O,-induced death in a
dose-dependent manner. We further used DCFH-DA, a ROS
fluorescence probe emitting green fluorescence upon oxidation
by ROS, to measure the intracellular ROS level. As indicated in
Figure 8C, only weak fluorescence can be seen in the control
and PVP-IrNPs treated cells. In contrast, bright green
fluorescence signals can be observed in H,0, treated cells,
suggesting higher intracellular ROS levels. But cells incubated
with PVP-IrNPs before H,O, treatment only displayed much
weaker emission. These result demonstrated that PVP-IrNPs
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could be used as a biocompatible antioxidant to reduce H,O,-
induced cellular oxidative damage.

4. CONCLUSIONS

In summary, PVP-IrNPs were synthesized using a simple green
method and the capability acting as catalase and peroxidase
mimic was demonstrated. PVP-IrNPs displayed small size
(~1.5 nm) and good dispersion. The dual enzyme-like activities
of PVP-IrNPs depended on the pH value of reaction medium,
showing higher catalase-like activity in neutral and basic pH and
higher peroxidase-like activity in slightly acid medium. Kinetics
studies found that the catalytic activity of PVP-IrNPs was
comparable to reported platinum nanoparticles, and it is worth
mentioning that much easier preparation procedures and low
cost stabilization agents were utilized. Mechanistic study
suggested that the catalase-like activity of PVP-IrNPs was
associated with formed oxidized species Ir(0)@IrO, upon
reaction with H,O,, while peroxidase-like activity originated
from their ability as electron transfer mediators during the
catalysis cycle, rather than the generation of hydroxyl radical.
Due to their good biocompatibility and antioxidant-like
properties, PVP-IrNPs were successfully applied to reduce
external H,O,-induced intracellular ROS level and protect cells
against H,0,-induced oxidative damage in an A549 lung cancer
cell model. This work will promote the mechanism study and
biomedical application of nanomaterials-based enzyme mimics.
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