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ABSTRACT: Although enzyme-like nanomaterials have been extensively
investigated over the past decade, most research has focused on the peroxidase-
like, catalase-like, or SOD-like activity of these nanomaterials. Identifying
nanomaterials having oxidase-like activities has received less attention. In this
study, we demonstrate that platinum nanoparticles (Pt NPs) exhibit catechol
oxidase-like activity, oxidizing polyphenols into the corresponding o-quinones.
Four unique approaches are employed to demonstrate the catechol oxidase-like
activity exerted by Pt NPs. First, UV−vis spectroscopy is used to monitor the
oxidation of polyphenols catalyzed by Pt NPs. Second, the oxidized products of
polyphenols are identified by ultrahigh-performance liquid chromatography
(UHPLC) separation followed by high-resolution mass spectrometry (HRMS)
identification. Third, electron spin resonance (ESR) oximetry techniques are used
to confirm the O2 consumption during the oxidation reaction. Fourth, the
intermediate products of semiquinone radicals formed during the oxidation of polyphenols are determined by ESR using spin
stabilization. These results indicate Pt NPs possess catechol oxidase-like activity. Because polyphenols and related bioactive
substances have been explored as potent antioxidants that could be useful for the prevention of cancer and cardiovascular
diseases, and Pt NPs have been widely used in the chemical industry and medical science, it is essential to understand the
potential effects of Pt NPs for altering or influencing the antioxidant activity of polyphenols.

KEYWORDS: platinum nanoparticles, heterogeneous catalysts, enzyme mimetics, catechol oxidase-like activity, oxidation of polyphenols

1. INTRODUCTION
Nanomaterials possess many unusual physical and chemical
properties, including a large surface area per unit of volume,
quantum confinement, surface plasmon resonance, and super-
paramagnetism, which are very different from the properties
exhibited by the same materials in bulk form.1−6 Exploiting
these unique properties has led to many groundbreaking
findings in catalysis, photonics, optoelectronics, chemical/
biological sensing, and medicine.7−17 One area of intense
scientific interest is nanomaterials that exhibit enzyme-like
activity.18−22 Although natural enzymes exhibit highly efficient
catalytic activity, high substrate specificity, and high selectivity
in biological reactions, most natural enzymes are proteins,
which means that their catalytic activities may be destabilized
by environmental conditions and subject to denaturation and
digestion.23 Purification and immobilization of natural enzymes
can be labor-intensive and time-consuming, requiring complex

and expensive technology such as chromatography and
electrophoresis.24−26 In contrast, nanomaterials could become
stable, easy to prepare, and less costly enzyme mimetics,
providing that materials can be identified which provide high
catalytic efficiency, specificity, and selectivity.
To date, a wide range of nanomaterials have been identified

as enzyme mimetics,27−35 including metals,36−38 metal oxides
and sulfides,39−42 and carbon-based nanostructures.43−46 These
nanomaterials seem to encompass an infinite number of
potential structures; however, it is possible to imagine several
unifying and classifying principles. Generally, the enzyme-like
activities of nanomaterials can be divided into four categories:
(i) peroxidase-like, (ii) oxidase-like, (iii) superoxide dismutases
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(SOD)-like, and (iv) catalase-like enzyme activities.18,47 It has
been reported that carboxyl-modified graphene oxide possesses
intrinsic peroxidase-like activity.46 Other nanoparticles (NPs)
that could be competitive candidates to replace SOD and
catalase are CeO2 and Co3O4 NPs.20,40 Sometimes, a single
nanomaterial can exhibit more than one enzyme-like property
and those enzyme-like activities may change depending on
external conditions. For example, nanomaterials containing
precious metals, such as Au and Ag NPs, show peroxidase-like
activities under acidic conditions, but catalase-like activities
under alkaline conditions.48,49 Platinum (Pt) NPs exhibit
peroxidase-like activity under acidic conditions, but catalase-
like activity under neutral and alkaline conditions; they show
significant SOD-like activity under neutral conditions, but not
under acidic conditions; they show 1O2 scavenging activity both
under neutral and alkaline conditions.50 Although significant
efforts have been expended to develop enzyme-like nanoma-
terials over the past decade, most nanomaterials research has
focused on achieving peroxidase-like, catalase-like, or SOD-like
activity. One very promising area has received less attention:
identifying nanomaterials having oxidase-like activities.
Polyphenol oxidases are of interest due to their ubiquity and

their effects on the polyphenols widely found in natural
products, which have long been postulated to be beneficial to
human health.51,52 Early biochemical investigations in 1895
considered the oxidation of phenolic compounds to quinones
and their subsequent polymerization to be the major path for
melanin formation.51 In humans, areas of increased accumu-
lation of melanin in skin or the redistribution of epidermal
melanin can cause dark or light patches that may be considered
aesthetically displeasing.53 In plant materials, the polymer-
ization of polyphenols causes the enzymatic browning of fruits
and vegetables, resulting in changed nutritional and organo-
leptic properties, diminished storage life, and product value.54

However, other oxidations of polyphenols can be beneficial,
and even considered essential to the quality of a product. In the
processing of black tea, coffee, and cocoa, oxidation enhances
the quality of the beverages, making products more flavorful
and providing distinct organoleptic properties.51,52 As the
oxidation of polyphenols has diverse and significant biologic
roles, the possibility that certain nanomaterials could exhibit
oxidase-like properties must be investigated and understood,
especially because it is likely that the exposure of animals,
plants, and humans to nanomaterials will increase.
In this study, we report the first evidence that Pt NPs exhibit

catechol oxidase enzyme-like activity. Scheme 1 illustrates the
catalytic activities of Pt NPs, which can catalyze the oxidation of
o-diphenols to o-quinones, but cannot catalyze the hydrox-
ylation of monophenols to o-diphenols. Five of the most
widespread polyphenolic dietary supplements, quercetin, L-
tyrosine, L-dopa, (−)-epicatechin, and caffeic acid, were used as
substrates for investigating the enzyme-like activity of Pt NPs.
We investigated these oxidation processes using UV−vis
spectroscopy, ultrahigh-performance liquid chromatography/
high-resolution mass spectrometry (UHPLC/HRMS), and
electron spin resonance (ESR) spectroscopy. Our findings
provide important insights that could inform future applications
of Pt NPs, which are already being used by the chemical
industry in medical science and in consumer products such as
dietary supplements and cosmetics.

2. MATERIALS AND METHODS
2.1. Chemical and Materials. Pt NPs (5, 30, and 70 nm), coated

with sodium citrate, were purchased from Nanocomposix Inc. (San
Diego, CA) and used as received. 3-Carbamoyl-2,5-dihydro-2,2,5,5-
tetramethyl-1H-pyrrol-1-yloxyl (CTPO), quercetin, L-tyrosine, 3,4-
dihydroxy-L-phenylalanine (L-dopa), (−)-epicatechin, caffeic acid, and
mushroom tyrosinase were purchased from Sigma-Aldrich (Saint
Louis, MO).

2.2. Characterization. Transmission Electron Microscopy (TEM).
TEM images were captured on a JEM 2100 FEG (JEOL) transmission
electron microscope at an accelerating voltage of 200 kV located at the
NanoCenter, University of Maryland, College Park, MD. To observe
the morphological evolution of the Pt NPs after catalysis reaction, 1
mg/mL Pt NPs (5 nm) and 5 mM quercetin dissolved in ethanol were
mixed in 1 mL of 10 mM pH 7.0 phosphate buffer solution (PBS) for
30 min and twice centrifuged (12000 rpm, 5 min). After the
supernatants were decanted, 20 mL of water was added to redisperse
the precipitates. The samples for TEM analysis were prepared by
adding drops of the redispersed colloidal solutions onto standard
carbon-coated copper grids, which were then air-dried at room
temperature.

UV−vis Spectroscopy. UV−vis absorption spectra were obtained
using a Varian Cary 300 spectrophotometer. To monitor the evolution
of each polyphenol during the oxidation catalyzed by Pt NPs or
mushroom tyrosinase, we selected the following polyphenols:
quercetin, L-tyrosine, L-dopa, (−)-epicatechin, and caffeic acid, which
were mixed with either Pt NPs or mushroom tyrosinase in 10 mM pH
7.0 PBS at ambient temperature. Spectra were recorded at 2 min
intervals for a total of 30 min. To compare the enzymatic kinetics of Pt
NPs and mushroom tyrosinase, we measured the absorption intensity
of solutions containing different concentrations of quercetin and either
Pt NPs or mushroom tyrosinase at 478 nm. Measurements were
recorded at 0.2 min intervals for a total of 5 min. The kinetic
parameters were calculated using the Michaelis−Menten equation
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×
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, where v is the reaction rate, [S] is the concentration of substrate, Vmax
represents the maximum rate achieved by the system at maximum
(saturating) substrate concentrations. The Michaelis constant Km is
the substrate concentration at which the reaction rate is half of Vmax.

Ultrahigh-Performance Liquid Chromatography/High-Resolu-
tion Mass Spectrometry (UHPLC/HRMS) Analysis of Quercetin
Oxidation Products. Our UHPLC/HRMS system consisted of an
Accela 1250 LC pump and an Accela open autosampler (Thermo
Fisher Scientific, San Jose, CA, USA) coupled with a Q Exactive

Scheme 1. Schematic Illustration of the Catechol Oxidase-
like Activities of Pt NPs
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quadrupole-orbitrap mass spectrometer (Thermo Fisher Scientific,
Germany). The data was acquired and processed by Xcalibur 3.0.63
and Qual Browser, respectively.
The chromatographic separations were carried out using a Waters

Acquity UPLC HSS T3 reversed phase analytical column (1.8 μm, 100
mm × 2.1 mm i.d., Waters, Milford, MA, USA). The column oven
temperature was set at 40 °C, and the autosampler temperature was
set at 6 °C. The components were eluted by a 15 min gradient
program at a flow rate of 0.40 mL/min with an injection volume of 5
μL. The mobile phase was A = 10 mM ammonium formate and 0.1%
formic acid in water and B = 10 mM ammonium formate and 0.1%
formic acid in methanol. The gradient parameters: 0−0.5 min, 5.0% B;
0.5−9.0 min, from 5.0% B to 95.0% B; 9.0−12.0 min, 95% B; 12.0−
13.0 min, from 95% B to 5% B; and 13.0−15.0 min, 5% B.
The Q Exactive was tuned and calibrated before the measurements

with Pierce ESI positive and negative ion calibration solutions
(Rockford, IL, USA). The instrument was operated in negative ESI
full MS−dd-MS2 (high-resolution data-dependent product scan)
acquisition mode.55 The source parameters were sheath gas flow
rate set at 60, auxiliary gas flow rate at 30, sweep gas flow rate at 2,
spray voltage at −2.75 kV, capillary temperature at 350 °C; S-lens RF
level at 50, and auxiliary gas heater temperature at 350 °C. For the full
MS scan, the mass resolution was set at 70 000 full width at half-
maximum (fwhm) at m/z 200 in the range m/z 50−750. For the dd-
MS2 scan, the mass resolution was set at 35 000, isolation window at
4.0 m/z, and NCE (normalized collision energy) at 10. Data-
dependent acquisition of product scan mass spectra was initiated
automatically using an inclusion list, which consists of mass (m/z),
formula, species, charge, polarity, start time, end time, and optimal
NCE values of precursor ions that are of interest. The inclusion list is
provided in Table S1. The product scan (dd-MS2 scan) was triggered if
the given precursor ion defined in the inclusion list was detected
within the 10 ppm mass error window and reached the intensity
threshold (106 within 100 ms inject time).
Electron Spin Resonance (ESR). All ESR measurements were

carried out using a Bruker EMX ESR spectrometer (Billerica, MA) at
ambient temperature. 50 μL aliquots of control or sample solutions
were put in glass capillary tubes with internal diameters of 1 mm and
sealed. These capillary tubes were inserted into the ESR cavity, and the
spectra were recorded at selected times. Other settings: 0.04 G field
modulation, 5 G scan range, and 1 mW microwave power for ESR
oximetry using spin label CTPO and 0.3 G field modulation, 20 G scan
range, and 1 mW microwave power for detection of semiquinone
radicals.

3. RESULTS AND DISCUSSION

3.1. Oxidation of Quercetin Catalyzed by Mushroom
Tyrosinase and Pt NPs. Quercetin is a polyphenol widely
distributed in many fruits, vegetables, leaves, and grains.56

Mushroom tyrosinase, a well-known oxidase, catalyzes the
hydroxylation of monophenolic compounds to o-diphenols and
the subsequent oxidation of o-diphenols to o-quinones in the
presence of O2.

57 To discover whether or not Pt NPs can
exhibit oxidase-like activity, we investigated whether the
oxidation of quercetin could be catalyzed by Pt NPs. For
comparison, oxidation of quercetin catalyzed by mushroom
tyrosinase was also studied in parallel.
First, the oxidation process was monitored by UV−vis

spectroscopy. As shown in Figure S1a, the UV−vis absorption
spectrum of quercetin presented distinct absorption peaks at
256, 269, and 376 nm. These peaks can be retained for more
than 1 month, indicating the good stability of quercetin
exposed to air. When mushroom tyrosinase was added, the
spectrum of quercetin changed. The original absorption peaks
diminished, while a new absorption peak at 335 nm appeared
and increased as a function of time (Figure 1a). These UV−
visible absorption results are consistent with previous reports.58

The mechanism for the oxidation of quercetin catalyzed by
mushroom tyrosinase is summarized in Figure 1c: First,
quercetin is oxidized into two isomeric quinones, with the
structures shown as intermediate 1 and intermediate 2. These
o-quinones are unstable, and rapidly react with water to form
intermediates 3 and 4, which upon tautomerization, generate a
relatively more stable oxidized product, intermediate 5. On the
basis of this mechanism, the remaining solution after oxidation
should be a mixture of these intermediates, whereas the
spectrum of each intermediate overlaps together to form the
final spectrum shown in Figure 1a.58

As shown in Figure 1b, the products produced by the
oxidation of quercetin in the presence Pt NPs have UV−visible
absorption spectra identical to the products catalyzed by
mushroom tyrosinase (Figure 1a). These identical UV−visible
absorption spectra suggest that Pt NPs exhibit oxidase-like
activity similar to mushroom tyrosinase and the reaction
products are the same mixture of intermediates shown in Figure
1c as well.
To confirm this assumption, we analyzed the oxidation

products of quercetin in the presence of Pt NPs using UHPLC-
HRMS. The extracted ion chromatograms and product scan
mass spectra are shown in Figure 2 and Figure S2. From the
results, it can be seen that (i) the UHPLC-HRMS peak eluted
at 7.54 min had a deprotonated molecular ion [M − H]− at m/
z 301.0354 (Figure S2b), which can be attributed to the
recovered substrate quercetin; (ii) the UHPLC-HRMS peak
eluted at 8.33 min had a deprotonated molecular ion [M − H]−

at m/z 299.0198 (Figure S2c), which could correspond to the
products intermediate 1 or intermediate 2 shown in Figure 1c;
and (iii) the UHPLC-HRMS peak eluted at 5.02 min had a
deprotonated molecular ion [M − H]− at m/z 317.0304
(Figure S2a), which could correlate with the product
intermediate 3, intermediate 4, or intermediate 5 shown in
Figure 1c. The calculated mass accuracies were all less than 1
ppm for proposed precursor ions of quercetin, intermediate 1
or 2, and intermediate 3, 4, or 5. The results of UHPLC-HRMS
analysis reveal that the oxidation products of quercetin

Figure 1. Evolution of UV−vis absorption spectra for quercetin in the
presence of 2.7 μg/mL mushroom tyrosinase (a), and 1.4 μg/mL Pt
NPs (5 nm) (b) in 10 mM phosphate buffer (pH 7.0). Quercetin was
dissolved in a water/ethanol mixture (9:1; V/V) to the final
concentration of 0.05 mM. The spectra were recorded at 2 min
intervals for a total of 30 min. (c) Mechanism for the oxidative
degradation of quercetin catalyzed by mushroom tyrosinase.
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catalyzed by Pt NPs and those catalyzed by mushroom
tyrosinase are similar.
As one would expect from a catalyst, NPs with smaller

diameters should exhibit higher catalytic activity under the
same mass concentration, due to their higher surface area per
unit of volume. We found (see Figure S3a) that 5 nm Pt NPs
do show the highest catalytic activity, whereas the catalytic
activity of 70 nm Pt NPs shows the weakest catalytic activity.
However, surface area per unit of volume was not the only
determining factor: solvents and substrates also played
important roles. We will discuss this idea in more detail later.
Importantly, our TEM analyses show that Pt NPs are not

consumed during these reactions: their size remains the same
before and after addition, no matter what size they are (Figure
S3b−e). On the basis of these results, we can conclude that Pt
NPs possess oxidase-like activity similar to the activity of
mushroom tyrosinase, which can catalyze the oxidation of
quercetin. To the best of our knowledge, this is the first work
that demonstrates the oxidase-like activity of Pt NPs.
We also investigated the effect of quercetin concentration on

the catalytic reaction rate; results are shown in Figure 3. As the
concentration of quercetin increases, the catalytic reaction rates
of both Pt NPs and mushroom tyrosinase increase. The enzyme
kinetic constant Km (Michaelis constant) and Kcat (catalytic
constant) are obtained to evaluate the enzyme’s efficiency. Kcat
is calculated according to Kcat = Vmax/[E], where [E] is the Pt
NPs or mushroom tyrosinase concentration and Vmax is the
maximum reaction velocity. The Km and Vmax for quercetin can
be obtained from the double reciprocal plots of initial reaction
rates over a range of quercetin concentrations (Figure 3).
Catalytic parameters for the Pt NPs and mushroom tyrosinase
are summarized in Table 1. For enzymes, Km is an indicator of
enzyme affinity to the substrate whereas Kcat represents the
enzyme activity. A smaller Km indicates a higher affinity whereas
a larger Kcat suggests a higher enzyme activity. As shown in
Table 1, the Km of mushroom tyrosinase for quercetin is 26.23
μM (smaller than the apparent Km (54.37 μM) of the Pt NPs),
which indicates the affinity of quercetin for Pt NPs is lower

than that of mushroom tyrosinase. However, the Kcat of Pt NPs
and mushroom tyrosinase are 244.82 and 12.13 s−1 respectively,
showing that Pt NPs are more efficient in catalyzing the
oxidation of quercetin than mushroom tyrosinase. This Kcat
result may not provide a direct reflection of the actual catalytic
efficiency of Pt NPs and mushroom tyrosinase, as the activity of
mushroom tyrosinase may be constrained by the high
concentration of ethanol required in the quercetin solution,
which partially deactivates the enzyme. Nonetheless, these
kinetic parameters indicate that Pt NPs exhibit high stability,
especially under extreme conditions.

3.2. Oxidation of L-Tyrosine and L-Dopa Catalyzed by
Pt NPs and Mushroom Tyrosinase. Although we have
established that Pt NPs exhibit oxidase-like activity during the
oxidation of quercetin, the specificity of this catalytic activity is
still unclear. Polyphenol oxidase and catechol oxidase perform
different catalytic functions, so it is important to distinguish
between them. Polyphenol oxidases such as mushroom
tyrosinase can catalyze: (i) the o-hydroxylation of monophenols
to o-diphenols as well as (ii) the oxidation of o-diphenols to
produce o-quinones. In contrast, and by definition, catechol
oxidase can only catalyze the oxidation of o-diphenols to their
corresponding o-quinones, such as oxidation of quercetin into
intermediates 1, 2, and 5 shown in Figure 1c. It cannot oxidize
monophenols.
To determine whether Pt NPs are best described as

polyphenol oxidase mimetics or as catechol oxidase mimetics,
we compared how Pt NPs performed in oxidizing L-tyrosine
and L-dopa. The molecular structures of L-tyrosine and L-dopa

Figure 2. UHPLC-HRMS extracted ion chromatograms (mass
tolerance: 5.0 ppm) of oxidation products of quercetin catalyzed by
Pt NPs (5 nm): (a) [M − H]− of intermediate 3 or 4 or 5 (formula,
C15H10O8; exact mass, 317.030 29) (b) [M − H]− of quercetin
(formula, C15H10O7; exact mass, 301.035 38) (c) [M − H]− of
intermediate 1 or 2 (formula, C15H8O7; exact mass, 299.019 73).
Structurally similar intermediates 1 and 2 have similar chromato-
graphic and mass spectral characteristics. In addition, intermediates 3,
4, and 5 have similar chromatographic and mass spectral character-
istics.

Figure 3. Evolution of absorbance for quercetin at 376 nm in the
presence of 20 μg/mL Pt NPs (5 nm) (a) and 5.3 μg/mL mushroom
tyrosinase (b) with different concentrations of quercetin. Double
reciprocal plots for determination of kinetic constants for Pt NPs (c)
and mushroom tyrosinase (d). Quercetin was dissolved in a water/
ethanol mixture (9:1; V/V) with 10 mM phosphate buffer (pH 7.0).

Table 1. Kinetic Parameters of Pt NPs and Mushroom
Tyrosinasea

catalyst Ccat [nM] Km [μM] Vmax [μM s−1] Kcat [s
−1]

Pt NPs 23.65 54.37 5.79 244.82
tyrosinase 44.52 26.23 0.54 12.13

aCcat is the Pt NPs (or enzyme) concentration, Km is the Michaelis
constant, Vmax is the maximal reaction velocity, Kcat is the catalytic
constant.
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are shown in the inset of Figure 4a,b: L-tyrosine contains a
phenolic hydroxyl whereas L-dopa is an o-diphenol. Generally,

polyphenol oxidases can catalyze the oxidation of L-tyrosine to
L-dopa, and subsequently promote the oxidation of L-dopa to its
corresponding o-quinone. However, as described above,
catechol oxidase can only catalyze the oxidation of L-dopa to
corresponding o-quinone; it cannot trigger the oxidation of L-
tyrosine. On the basis of this mechanism, if Pt NPs can catalyze
the oxidation of L-tyrosine, we can conclude that Pt NPs
exhibits polyphenol oxidase-like activity. In contrast, if Pt NPs
are only able to oxidize L-dopa, then, Pt NPs should be
classified as mimicking catechol oxidase activity.
Figure S1b,c shows the UV−vis absorption spectra of L-

tyrosine and L-dopa. Their characteristic absorption maximums
are located at 275 and 281 nm, respectively. As shown in Figure
4a,c, in the presence of Pt NPs the UV−vis absorption spectra
of L-tyrosine remain unchanged, whereas the oxidation of L-
dopa is evidenced by the appearance of a new peak with a
maximum at 478 nm. Accompanying the changes in the UV−
vis absorption spectra, the original colorless solution of L-dopa
becomes orange within 20 min, whereas no color variation

occurs in the solution of L-tyrosine (insets of Figure 4b,d). As a
control, we also tested samples containing mushroom
tyrosinase in the solutions with L-tyrosine and L-dopa. As
expected, the oxidation of both L-tyrosine and L-dopa can be
catalyzed by mushroom tyrosinase, and the enhanced
absorption at 478 nm is exhibited in the corresponding UV−
vis absorption spectra (Figure 4b,d). Predictably, both of the
solutions change from colorless to orange (insets of Figure
4b,d). On the basis of these UV−vis absorption spectra and
photo images, we conclude that Pt NPs exhibit catechol
oxidase-like activity rather than polyphenol oxidase-like activity.
Furthermore, it worth noting that the oxidation products of L-
dopa catalyzed by Pt NPs possess the same UV−vis absorption
spectra and color as the oxidation products of L-tyrosine and L-
dopa catalyzed by mushroom tyrosinase, which implies that
even though their catalytic mechanisms may be different, the
catalytic oxidation products of these reactions probably possess
the same molecular structures. Figure 4e shows the absorbance
evolution of the solution containing L-dopa and different
concentrations of Pt NPs. As the concentration of Pt NPs
increases, the absorption intensity at 478 nm increases, which
indicates that the catechol oxidase-like activity of Pt NPs
functions in a concentration-dependent manner. This relation-
ship can also be observed when mushroom tyrosinase is used as
the catalyst for the oxidation of L-dopa (Figure 4f).
Because O2 is a reactant during oxidation, another avenue for

investigating the catechol oxidase-like activity of Pt NPs is ESR
oximetry in conjunction with the spin label CTPO.59 The ESR
spectra of CTPO exhibits three lines due to the hyperfine
interaction of the unpaired electron with the nitrogen nucleus.
Each of these lines is further split into another group of lines
because of proton super hyperfine interactions. The resolution
of the super hyperfine structure strongly depends on the O2
concentration of the sample solution. Increasing O2 concen-
trations result in the progressive diminution of the super
hyperfine structure. In our study, the first line of hyperfine
structure of the CTPO line is recorded at 3500 G. The O2
concentration is calculated from a calibration curve relating the
K parameter to O2 concentration (Figure S4). As shown in
Figure 5a, the ESR signal of CTPO in L-dopa solution exhibits a

Figure 4. Evolution of UV−vis absorption spectra for L-tyrosine in the
presence of 10 μg/mL Pt NPs (5 nm) (a), and 1.3 μg/mL mushroom
tyrosinase (b) in 10 mM phosphate buffer (pH 7.0). Evolution of
UV−vis absorption spectra for L-dopa in the presence of 10 μg/mL Pt
NPs (5 nm) (c), and 1.3 μg/mL mushroom tyrosinase (d) in 10 mM
phosphate buffer (pH 7.0). The final concentrations of L-tyrosine and
L-dopa were 0.25 mM. The spectra were recorded at 2 min intervals
for a total of 30 min. The evolution of spectra for L-dopa in the
presence of different concentrations of Pt NPs (5 nm) (e) and
mushroom tyrosinase (f) at 478 nm. L-Dopa was dissolved in water to
the final concentration of 0.35 mM. Insets of panels a and c show the
molecular structures of L-tyrosine and L-dopa. Inset of panel b shows
the photographic images of solutions containing L-tyrosine, L-tyrosine
and Pt NPs, L-tyrosine and mushroom tyrosinase (left to right). Inset
of panel d shows the photographic images of solutions containing L-
dopa, L-dopa and Pt NPs, L-dopa and mushroom tyrosinase (left to
right).

Figure 5. (a) Evolution of ESR spectra for CTPO in aqueous solution
of L-dopa without catalyst, with 0.15 mg/mL Pt NPs (5 nm), and 10
μg/mL mushroom tyrosinase at different time intervals. L-Dopa was
dissolved in 10 mM phosphate buffer (pH 7.0) to the final
concentration of 0.5 mM. Kinetics of changes in O2 concentration
for solutions containing 0.5 mM L-dopa with different concentrations
of Pt NPs (with diameters of 5, 30, and 70 nm) (b), and mushroom
tyrosinase (c). L-Dopa was dissolved in 10 mM phosphate buffer (pH
7.0) to the final concentration of 0.5 mM.
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smooth profile without any super hyperfine structure, indicating
that there is sufficient dissolved O2 to cause loss of super
hyperfine splitting. However, once the Pt NPs are added, those
super hyperfine structures appear, accompanied by enhanced
signal intensity (Figure 5a). This appearance of super hyperfine
structures implies that the O2 concentration in the solution is
decreasing. Furthermore, the temporal ESR spectra evolution of
the solution containing L-dopa, CTPO, and mushroom
tyrosinase also exhibit a similar transition (Figure 5a). These
results provide direct evidence that Pt NPs exhibit catechol
oxidase-like activity, promoting the oxidation of L-dopa, which
requires the consumption of O2. As expected, the consumption
of O2 depended on the concentration of Pt NPs: as the
concentration of Pt NPs increased, the rate of O2 consumption
increased as well. The size of Pt NPs also has an effect on their
catechol oxidase-like activity toward L-dopa. As shown in Figure
5b, Pt NPs with diameter of 30 nm exhibited the most efficient
catalytic activity, compared to bigger (70 nm) and smaller (5
nm) Pt NPs, which differs from the results observed when
using quercetin as the substrate as mentioned above, surface
area per unit of volume of Pt NPs is an important factor but not
the only factor in determining their catalytic activities. Even
though 5 nm Pt NPs possess the highest surface area per unit of
volume, the solvents used with them (water for L-dopa and
water/ethanol mixture for quercetin) are different, the
interactions between Pt NPs and those substrates (L-dopa
and quercetin) may be different as well. Each added difference
will affect the final level of catalytic activities exhibited by Pt
NPs.
Previous research has shown that dopa-semiquinone radicals

will be formed in the early stage of L-dopa oxidation catalyzed
by mushroom tyrosinase.60 This provides a third means of
demonstrating the catechol oxidase-like activity of Pt NPs on L-
dopa: identifying the intermediate production of dopa-semi-
quinone radicals by ESR using spin stabilization. This approach
uses diamagnetic metal ions, such as Zn2+, to stabilize o-
semiquinone and related radicals. The characteristic ESR
spectrum of dopa-semiquinone radicals consists of eight lines
with equal relative intensities, as shown in Figure S5. Using the
same approach, but replacing mushroom tyrosinase with Pt
NPs, we detected the identical ESR spectrum with eight lines
(Figure S5). The presence of those eight lines in the ESR
spectrum represents the formation of Zn2+-complexed dopa-
semiquinone radicals, providing additional confirmation that Pt
NPs exhibit significant catechol oxidase-like activity in the
oxidation of L-dopa.
Recyclability is usually regarded as an advantage of NP-based

heterogeneous catalysts. Therefore, we investigated the
recyclability of Pt NPs. Figure S6 shows the absorbance of
the reaction solution at 478 nm as a function of reaction time in
four successive cycles of catalytic reaction, using L-dopa and 30
nm Pt NPs as substrate and catalyst. After every cycle of
reaction, Pt NPs were recovered from the reaction solution by
centrifugation and washed with deionized water. In the first
cycle, Pt NPs exhibited high catalytic activity, the absorbance of
reaction at 478 nm increased rapidly with reaction time.
However, the catalytic activity of Pt NPs dropped dramatically
in the following reaction cycles; only 30% of original catalytic
activity was retained during the fourth cycle.
This might be explained by the known effects that both

centrifugation and catalytic reactions have on destabilizing the
interactions between NPs and ligands. Those NPs that are not
covered with ligands will aggregate, dramatically reducing their

active surface areas and leading to lower catalytic activity.
Several approaches can be used to overcome this problem.
First, additional protective layers, such as silica, can be added to
the surface of NPs to improve their stability during catalytic
reactions. It is also possible to combine catalysts with magnetic
NPs and then recover these NPs using external magnetic fields
instead of centrifugation.

3.3. Oxidation of (−)-Epicatechin and Caffeic Acid
Catalyzed by Pt NPs and Mushroom Tyrosinase.
Although the above results provide powerful demonstrations
that Pt NPs exhibit catechol oxidase-like activity, if we wish to
verify that Pt NPs can catalyze the oxidation of most
polyphenols to their corresponding o-quinones, we need
more examples than quercetin and L-dopa. Therefore, we
selected of two the most common polyphenols consumed in
daily life, (−)-epicatechin and caffeic acid (found in tea and
coffee, respectively), as substrates for our next assays.
Figure S1d,e shows the UV−vis absorption spectra of

(−)-epicatechin and caffeic acid. From these spectra, it can
be seen that characteristic absorption maximum of (−)-epi-
catechin is located at 278 nm, but a new absorption peak at 433
nm appears and becomes larger as a function of time in the
presence of Pt NPs (Figure 6a). We compared this to the time

dependent changes in the absorption spectra of (−)-epicatechin
in the presence of mushroom tyrosinase, which exhibited a
similar change (Figure 6b). The distinct absorption peaks of
caffeic acid at 286, and 312 nm diminished over time after the
addition of Pt NPs (Figure 6c). As expected, when mushroom
tyrosinase is used as the catalyst instead of Pt NPs the same
spectral change of caffeic acid can be reproduced (Figure 6d).
By demonstrating the similar effects of catalysis by Pt NPs and
mushroom tyrosinase on the oxidation of (−)-epicatechin and
caffeic acid, we verify that the catechol oxidase-like activity of Pt
NPs is not simply specific to quercetin or L-dopa, but extends to

Figure 6. Evolution of UV−vis absorption spectra for (−)-epicatechin
in the presence of 5 μg/mL Pt NPs (30 nm) (a), and 2.1 μg/mL
mushroom tyrosinase (b) in 10 mM phosphate buffer (pH 7.0).
(−)-Epicatechin was dissolved in water to the final concentration of
0.25 mM. Evolution of UV−vis absorption spectra for caffeic acid in
the presence of 5 μg/mL Pt NPs (30 nm) (c), and 4 U/mL
mushroom tyrosinase (d) in 10 mM phosphate buffer (pH 7.0).
Caffeic acid was dissolved in water to the final concentration of 62.5
μM. The spectra were recorded at 2 min intervals for a total of 30 min.
The insets of panels a and c show the molecular structures of
(−)-epicatechin and caffeic acid.
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catalyzing the oxidation of many polyphenols to their
corresponding o-quinones.
Scheme 1 summarizes the catalytic activities of polyphenol

oxidase, catechol oxidase, and Pt NPs. Polyphenol oxidases,
such as mushroom tyrosinase, are classified into the Type 3
copper protein family, which contain a binuclear copper active
site coordinated by six histidines.61,62 On the basis of the
absence or presence of oxygen and the oxidation state of the
copper ions [Cu(II)/Cu(I)], there are four different forms
called deoxy-, oxy-, met-, and deact-tyrosinase. These forms are
interconvertible, such that each form can not only initiate the
hydroxylation of monophenols to o-diphenols but also catalyze
the subsequent oxidation of o-diphenols to o-quinones.63,64

Although catechol oxidase has the same active site, due to
differences in its crystal structure it can only catalyze the
oxidation of o-diphenols to the corresponding o-quinones.65,66

However, the catalytic mechanism by which Pt NPs act on o-
diphenols is totally different. Platinum is known to activate
alcohols and molecular oxygen under close to ambient
conditions and produce the corresponding carbonyl com-
pounds in high yields, followed by a classic dehydrogenation
mechanism.67 It is possible that the oxidation of o-diphenols
catalyzed by Pt NPs follow the same pathway. Recent studies
on phenols have shown that phenols substituted with electron-
releasing groups, such as hydroxyls, possess lower reduction
potentials compared with unsubstituted phenols.68 This may
explain why Pt NPs can catalyze the oxidation of o-diphenols
but not monophenols.

■ CONCLUSION

We have demonstrated for the first time that Pt NPs exhibit
catechol oxidase-like activity, catalyzing the oxidation of
polyphenols to corresponding o-quinones in the presence of
O2. Using UV−vis spectroscopy, UHPLC-HRMS analysis, and
ESR to monitor the oxidation of polyphenols, we confirmed
that Pt NPs are capable of oxidizing o-diphenols to o-quinones.
However, they are unable to catalyze the hydroxylation of
monophenols to o-diphenols, which confirms that the enzyme-
like activity exhibited by Pt NPs is more similar to that of
catechol than to polyphenol oxidase. Furthermore, we establish
that Pt NPs are more efficient in catalyzing the oxidation of
polyphenols (e.g., quercetin) than the natural enzyme mush-
room tyrosinase.
Manufacturers of dietary supplements and cosmetics are

increasingly interested in using Pt NPs and other nanomaterials
in their products. Therefore, it is extremely important to
understand the chemical and biological effects of Pt NPs and
how these effects may be altered by environmental conditions.
Platinum nanoparticles have been shown to mimic the catalytic
activities of peroxidases, oxidases, SOD, and catalases.50 Our
results demonstrate that Pt NPs also exhibit catechol oxidase
activity. Because oxidation of catechols underlies many
important biological functions, the catechol oxidase activity of
Pt NPs may alter the performance of products.
A number of existing dietary supplements and cosmetics

contain antioxidants having the catechol moiety. Through their
catechol oxidase activity, Pt NPs may diminish their antioxidant
properties and could thereby alter the performance of the
product or its long-term effects. In addition, because oxidation
of L-dopa is a critical step in the formation of melanin, Pt NPs
in skin care products may have effects on cutaneous
melanization (tanning). Our results will be valuable in

investigating these potentially significant effects of Pt NPs in
consumer products and guiding future applications of Pt NPs.
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