
Enhanced Peroxidase-mimicking Activity of Plasmonic Gold-
modified Mn3O4 Nanocomposites through Photoexcited Hot
Electron Transfer
Xiaoxuan Han, Rong Liu, Hui Zhang, Quan Zhou, Wei Feng,* and Ke Hu*[a]

Abstract: Enzyme-mimicking artificial nanomaterials often
termed nanozymes have broad applications in many fields,
including biosensing, pollutant degradation and cancer diag-
nosis. Herein, we introduce a plasmonic gold nanoparticle-
modified Mn3O4 nanozyme (Mn3O4-Au). Visible or near infrared
light excitation into the plasmonic absorption band of the
surface-bound gold nanoparticles enhances the catalytic

oxidation of tetramethylbenzidine (TMB). The mechanism of
light-enhanced peroxidase activity is proposed based on the
Mn3O4 conduction band mediated hot electron transfer from
photoexcited gold nanoparticles to H2O2 which undergoes
further oxygen-oxygen bond cleavage to yield hydroxyl radical.
The surface decoration of plasmonic gold nanoparticles
endows Mn3O4-Au to be a light-regulated nanozyme.

Introduction

Owing to the characteristics of tuneable catalytic activity and
environmental adaptability, nanozymes have been growingly
exploited by researchers.[1] Until now, metal oxide-based nano-
zymes, especially iron,[2] copper,[3] and manganese oxides,[4] have
been extensively investigated.[5] Some reports proved that the
catalytic activity of nanozymes was closely related to the size,[2b]

morphology,[6] surface modification,[5] composition, external
energy[4e] and surface microenvironment of nanomaterials.[5]

Moreover, the hybrid nanomaterials with unique interfacial
interactions were constructed for further enhancing the enzy-
matic activity.[7] For example, the decoration of Pd NPs on the
surface of CoFe2O4 nanotubes showed the higher catalytic
activity of H2O2 than the individual Pd NPs and CoFe2O4

nanotubes.
[8] Obviously, the fabrication of metal-oxide-based

hybrid nanozymes is an effective means. While the enzymatic
activity was promoted, catalytic control becomes the remaining
challenge.

To make nanozyme activities tunable, a special “trigger” is
needed to adjust the catalytic performance of nanozymes.[9]

Using the light, an energy source, nanoparticles absorbed the
photon to reach an excited state for achieving challenging
photo-chemical reactions.[10] As an external stimulus, photo-
irradiation has the properties of non-invasiveness, high temporal
and spatial resolution, controllable intensity and wavelength,
which can precisely control the catalytic activity. Au nanoparticles
(NPs) had unique plasmonic tunability, which effectively adjusted
the catalytic activity under the light illumination. Localized

surface plasmon resonance generated energetic hot electrons
and holes, then the hot electrons with enough energy trans-
ferred to react.[11]

Here, we proposed the light-controlled Mn3O4-Au nanozymes
with plasmonic Au NPs modified on the surface of Mn3O4. Upon
visible or near IR light excitation into the plasmonic absorption
band of Au NPs, hot electrons injected into Mn3O4 to promote
the generation of hydroxyl radicals (·OH) by single electron
reduction of H2O2. The participation of ·OH increased the rate of
TMB oxidation dramatically. The electron transfer of the light-
excited Mn3O4-Au nanocomposites improved the peroxidase-
mimicking activity.

Results and Discussion

Materials Characterization

Mn3O4-Au nanocomposites were prepared by epitaxial growth of
manganese oxide on the surface of the gold seed under
hydrothermal condition.[11e] The transmission electron micro-
scopic (TEM) image (Figure 1A) of Mn3O4-Au nanocomposites
showed a uniform composite structure with Mn3O4 core about
170 nm diameter and small Au NPs of 20 nm diameter decorated
on the surface, which is consistent with the results obtained in
DLS (Figure 1B). As shown in Figure 1C, X-ray diffraction (XRD)
patterns were performed to differentiate hybrid nanomaterials
from Au and Mn3O4 alone. The lattice parameters were obtained
from the diffraction peaks matched with the PDF card of the
Mn3O4 (JCPDS# 24-0734) and Au (JCPDS# 04-0784). The diffrac-
tion peaks at 38.40° (1 1 1) and 44.50° (2 0 0) correspond to the
centered cubic fcc structure and the planes monitored at 28.81°
indexed at (1 1 2), 32.63° at (1 0 3) and 50.45° at (1 0 5) were
related to the tetragonal crystalline structure of Mn3O4. The UV-
vis spectroscopy of Mn3O4-Au nanocomposites shows the
absorption band centred at around 530 nm, which is attributed
to the plasmonic absorption of the Au NPs (Figure 1D, Figure S1).
Element mapping further confirmed the composition of Mn3O4-
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Au nanocomposites with Mn, O, and Au elements (Figure S2).
The Mn and O elements were distributed in the central particle,
and the Au elements were distributed around the nanoparticles.
Hence, the above results indicated that the Mn3O4-Au nano-
composites were successfully prepared. The Mn3O4-Au (S) nano-

composites were synthesized in a similar way and showed a one-
to-one structure (Figure S3).

Kinetic Analysis of Nanozyme Activity

To calculate the peroxidase-mimicking activity of Mn3O4-Au (S)
nanocomposites, Mn3O4-Au nanocomposites and Au NPs, the
colorimetric method based on TMB oxidation was used. By this
way, H2O2 oxidizes colourless TMB under the catalysis with a
characteristic absorption peak of TMBox at 652 nm. In acidic
conditions (pH=4.5), nanozyme as the catalyst split H2O2 into
·OH and H2O. Without the TMB, the ·OH adsorbed on the surface
of the nanozyme tightly and initiated the reverse reaction until
the reaction equilibrium state was formed. Based on the
hypothesis, the kinetic parameters were obtained. The reaction
kinetic parameter was calculated according to the Michaelis-
Menten Equation:

v ¼
vmax � S½ �
KM þ S½ � (1)

Where n is the initial reaction velocity, vmax is maximal
reaction velocity, KM is the Michaelis constant and S½ � is the
substrate concentration. In addition, vmax and KM can also be
obtained by the Hanes-Woolf plot:

S½ �
v ¼

S½ �
vmax
þ

KM

vmax
(2)

in which the slope of a straight diagonal line is 1/vmax, and the
intercept of the vertical axis is KM/vmax. The catalytic constant
kcat =vmax/[E], where [E] is the catalyst concentration. Catalytic
efficiency h=kcat/KM.

As shown in Figure 2, with the increase of the concentration
of H2O2, the initial reaction rate (n0) was increased obviously at
the preliminary stage. Nevertheless, owing to the saturation of
the active sites on the surface of Mn3O4-Au nanocomposites, the
v0 reached the maximum when the dose of substrate was high
enough, which is similar to the catalytic process of natural
enzymes. Derived from this phenomenon, the Michaelis-Menten
equation was used to fit of the n0 and H2O2 concentration. The
kinetic parameters (KM, vmax, kcat, kcat/KM) were obtained based on
the formula 1 and showed in Table 1. In the dark, the KM of Au
NPs was about 10 times higher than that of Mn3O4-Au nano-
composites, while the KM of Mn3O4-Au (S) nanocomposites and
Mn3O4-Au nanocomposites had no obvious changes. It was
induced by the higher affinity of Mn3O4 to H2O2. After the
irradiation of 532 nm laser, collisional electron transfer led to the
enhancement of the KM. Besides, in the dark, all parameters of
the Mn3O4-Au (S) nanocomposites and Mn3O4-Au nanocompo-
sites were roughly the same. In contrast to the catalysis of
nanozyme which always showed a static binging of substrates,
the photocatalysis process need more substrate to avoid the
recombination of electrons and holes, which was consistent with
the change of the specificity constant h (kcat/KM). The decrease of
the kcat/KM indicates the increase of diffusion effect. An obvious

Figure 1. Morphology, size, composition, and optical properties of Mn3O4-Au
nanozymes. (A) TEM image of Mn3O4-Au nanocomposites (scale
bar=200 nm). (B) Hydrodynamic size distribution of Mn3O4-Au nanocompo-
sites measured by DLS. (C) X-ray diffraction patterns of the nanoparticles
(a. Mn3O4-Au nanocomposites, b. PDF card of Mn3O4, c. PDF card of Au).
(D) UV-vis spectra of Au NPs and Mn3O4-Au nanocomposites.

Figure 2. Plots of the initial reaction velocities as a function of the H2O2

substrate concentrations for nanozymes of Mn3O4-Au (S) nanocomposites
(A,B), Mn3O4-Au nanocomposites (C,D) and Au NPs (E,F) (pH=4.5). (The
error bars were the standard deviations of 5 independent measurements.)
Overlaid in red are non-linear curve fittings based on Michaelis-Menten
kinetic model shown in equation 1.
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increase of kcat under illumination could be found, which is
resulting from the light-induced electron transfer from nano-
materials to H2O2. Under the 532 nm laser irradiation, the catalyst
activity of the Mn3O4-Au nanocomposites enhanced significantly,
which was proved by the kcat of Mn3O4-Au nanocomposites with
three times higher photon absorption than that of Mn3O4-Au (S)
nanocomposites.

TMB as another substrate was used to quickly scavenge ·OH
and induce the separation of intermediate product. As shown in
Figure 3 and Table 2, the kinetic parameters were also not
significantly different between the Mn3O4-Au (S) nanocomposites
and Mn3O4-Au nanocomposites in the dark. Under 532 nm laser
irradiation, the vmax and kcat of Mn3O4-Au nanocomposites
increased by 3-fold, while those of Mn3O4-Au (S) nanocomposites
were within experimental error the same. The above phenomen-
on is consistent with that of H2O2. The collective kinetic results
exhibit that compared with Mn3O4-Au (S) nanocomposites, the
peroxidase-mimicking catalytic activity of Mn3O4-Au nanocompo-
sites that comprise more Au NPs per Mn3O4 NP is significantly
improved under light conditions. Besides, both the Mn3O4-Au
nanocomposites and horseradish peroxidase (HRP) were tested
at 25–60 °C or pH 2–11 and measured under the same
conditions. Compared with the HRP, Mn3O4-Au nanocomposites
has better stability over wide ranges of pH and temperature
(Figure S4).

Photocatalysis Reaction Process of Mn3O4-Au
Nanocomposites

On the basis of the kinetic results, a possible catalytic mechanism
was proposed. Under the visible light irradiation, the hot
electron-hole pairs were produced by Au NPs. These photo-
generated hot electrons are known to have very short lifetimes
on the scale of picoseconds. Fortunately, as the Au NPs were
attached on the surface of Mn3O4 nanoparticles, the hot electrons
from Au NPs injected into the conduction band of Mn3O4 which
suppressed rapid hot electron relaxation and recombination
within Au NPs. The conduction band minimum of Mn3O4 was
previously determined to be � 0.9 V[12a] while the redox potential
of the one electron reduction of H2O2 was 0.8 V vs. NHE.[12b] The
driving force for photoreduction of H2O2 is as large as 1.7 V. We
propose that the injected electrons were mediated by the
conduction band of Mn3O4 and further transferred to H2O2 to
induce the O� O bond dissociation of H2O2 to ·OH and OH� as

Table 1. Fitting and derived parameters from Hanes-Woolf plots of the Mn3O4-Au (S) nanocomposites, Mn3O4-Au nanocomposites and Au NPs with H2O2 as
the substrate.

H2O2 Mn3O4-Au (S) Mn3O4-Au Au NPs
dark light dark light dark light

KM (mM) 0.065 0.63 0.050 2.1 1.2 1.9
nmax (10� 8 Ms� 1) 2.5 4.6 2.3 18 0.34 0.52
kcat (103 s� 1) 5.9 11 5.6 43 0.80 1.2
h (107 M� 1 s� 1) 9.1 1.8 11 2.1 0.068 0.066

Figure 3. Plots of the initial reaction velocities as a function of the TMB
substrate concentrations for nanozymes of Mn3O4-Au (S) nanocomposite-
s (A), Mn3O4-Au nanocomposites (C) and Au NPs (E) under dark and light
conditions. Overlaid in red and black under dark and light conditions (A,C, E)
are non-linear curve fittings based on Michaelis-Menten kinetic model
shown in equation 1. Data linearization of the Michaelis-Menten equation to
Hanes-Woolf plots of Mn3O4-Au (S) nanocomposites (B), Mn3O4-Au nano-
composites (D) and Au NPs (F) based on equation 2 are also shown.

Table 2. Fitting and derived parameters from Hanes-Woolf plots of the Mn3O4-Au (S) nanocomposites, Mn3O4-Au nanocomposites and Au NPs with TMB as
the substrate.

TMB Mn3O4-Au (S) Mn3O4-Au Au NPs
dark light dark light dark light

KM (mM) 0.49 0.16 0.41 0.51 0.61 0.81
nmax (10� 8 Ms� 1) 1.8 1.4 1.7 5.7 0.050 0.042
kcat (103 s� 1) 4.0 3.3 4.0 14 0.12 0.13
h (107 M� 1 s� 1) 0.88 2.1 0.95 2.7 0.20 0.16
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shown in Scheme 1. Finally, holes of the Au NPs were filled by
OH� anions, water molecules or other electron donors in the
aqueous environment.[13]

The apparent quantum yield (AQE) of the photo-enhanced
peroxidase-mimicking catalytic reaction was calculated according
to the formula 2 and showed in Figure 4A. Compared with the
Au NPs alone, AQE in Mn3O4-Au nanocomposites was signifi-
cantly improved, which may be attributed to the efficient
electron transfer from Au NPs to Mn3O4. In order to further
confirm if the enhanced peroxidase mimicking photocatalysis
was originated from plasmonic excitation of surface decorated
gold nanoparticles, the Mn3O4-Au (S) nanocomposites were
excited by different wavelengths with the same number of
photons. When switching λex from 532 nm to 405, 450, 655 and
808 nm, the reaction became significantly slower (Figure 4B).

Indeed, the AQE at different wavelengths of excitation
carefully followed the plasmonic absorption spectrum of Au NPs
(Figure 4C). DMPO was chosen as a spin trap to form the spin
adduct which can confirm the existence of hydroxyl free radicals

(·OH). Electron spin resonance (ESR) spectra has four lines with
relative intensities of 1 :2 :2 :1. It further confirmed that ·OH was
produced in the reaction. After 532 nm laser irradiation, the
increase of ESR signal indicated a higher production of ·OH
during the reaction and proved that the light promoted the
production of reactive oxygen species (ROS) (Figure 4D).

Conclusion

To summarize, we synthesized plasmonic Au NP-coated Mn3O4-
Au nanozymes with superior photo-enhanced peroxidase-mim-
icking activities. Based on this phenomenon as well as fitting of
the Michaelis-Menten kinetic model, the reaction mechanism of
this nanozyme was proposed. The hot electrons generated by
visible light are transferred from Au NPs to Mn3O4, which
promotes the decomposition of H2O2 into hydroxide ions and
hydroxyl radicals. In this way, peroxidase substrate like TMB can
be oxidized at a rate dictated by light as an external control. The
binary nanocomposite materials based on plasmonic Au sensiti-
zation to a known nanozyme like Mn3O4 open a door to even
higher reactivities of nanostructured enzyme mimics.

Experimental Section

Materials

Manganese (II) acetate tetrahydrate (Mn(CH3COO)2
.4H2O, 98%), Gold

(III) chloride trihydrate (HAuCl4
.3H2O, 99%, Au:50%), 3,3’,5,5’-

tetramethyl benzidine (TMB, 10 mM, 98%) and H2O2 (30%) were
obtained from Adamas. Poly(vinyl pyrrolidone) (PVP, Mw=

40,000 g ·mol� 1) and horseradish peroxidase (HRP) were purchased
from Sigma-Aldrich. Hydrazine hydrate aqueous solution was
acquired from Chinese Medicines Group Chemical Reagent Co. Ltd.
Acetate buffer was purchased from Coolaber. All the chemicals were
analytical grade and used without further purification. All aqueous
solutions were prepared with doubly distilled water.

Instrumentations

UV-vis spectra were measured by a UV-vis spectrophotometer
(Agilent Cary 60). The X-ray diffraction (XRD) pattern for Mn3O4-Au
nanocomposites was obtained on a Bruker D2 PHASER X-ray
diffractometer using Cu Kα (λ=1.5418 Å) as the source. Dynamic
light-scattering (DLS) measurements were performed on a Nano ZS
Malvern Zeta sizer instrument (Zetananosizer ZS-90). The morpho-
logical microstructure was characterized by JEM-1400, JEOL trans-
mission electron microscopy (TEM) model, operated at 120 kV. HR
scaning electron microscopy (SEM) measurements were conducted
on Tecnai G2 F20 S-Twin HR-SEM (FEI, Hillsboro, OR, USA). The ESR
spectrum was implemented by a BrukerEMX plus model spectrom-
eter operating at X-band frequencies (9.8 GHz) at ambient temper-
ature. pH values were measured by a pH meter (Mettler Toledo,
FiveEasy Plus). All the experiments were performed at room temper-
ature.

Preparation of Mn3O4-Au Nanocomposites

Briefly, Mn3O4-Au nanocomposites were synthesized as described
previously.[11e] PVP (20 mM) and HAuCl4

.3H2O (0.5 mM) were added

Scheme 1. Illustration of the working mechanism of peroxidase-mimicking
Mn3O4-Au nanozyme.

Figure 4. (A) AQE of Au NPs, Mn3O4-Au (S) nanozyme, Mn3O4-Au nanozyme.
(B) Absorption change of 532 nm, 405 nm, 450 nm, 655 nm, 808 nm as the
function of time of Mn3O4-Au catalysed TMB oxidation to the different
wavelength of light. (C) n0 in dark and under laser illumination at λex of 405,
450, 532, 655 and 808 nm. The initial concentrations of Mn3O4-Au nano-
zymes, H2O2, and TMB were fixed at 500 μM, 10 mM, 10 mM, respectively.
(orange curve: plasmonic absorption spectrum of Au NPs.) (D) ESR spectra of
·OH spin adduct generated by Mn3O4-Au nanozyme (a. in the dark, b. under
532 nm laser irradiation).
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to a 100 mL aqueous solution, refluxing (ca. 100 °C) for 10 min, and
then an aqueous solution of N2H4

.H2O was added quickly. The
reaction was continued for another 30 min. At this time, Au
nanoparticles were obtained. PVP and Mn (Ac)2

.4H2O were added to
a 90 mL aqueous ethanolic solution, refluxing (ca. 80 °C) for 10 min,
and then 10 mL solution of Au nanoparticles was added dropwise
over the course of 10 min. The reaction proceeded for another 2 h.
By adjusting the solvent ratio in the reaction, we obtained two
nanocomposites designated as Mn3O4-Au and Mn3O4-Au (S), where S
in the parentheses meant that less than a single gold nanoparticle
was on each Mn3O4 nanoparticle. The solvent ratios of the aqueous
ethanolic solution were H2O: ethanol=3 :1 and 1 :1, respectively.

Michaelis-Menten Kinetic Analysis

To examine the influence of light irradiation, Mn3O4-Au nano-
composites (0.05 mg/mL, 100 μL), H2O2 and TMB were added into
800 μL of 0.1 M acetate buffer with the light irradiation of 532 nm
(366 mW/cm2). The total volume of reaction system was kept at
1.2 mL. When using TMB or H2O2 as the substrate, the substrate
concentration all selected as 10 mM. The reaction was incubated at
37 °C. When the HRP was detected, Mn3O4-Au nanocomposites were
replaced by HRP, and the others remained unchanged. The initial
enzymic reaction velocity of TMB was obtained by monitoring the
absorbance at 652 nm for 2 min. The concentration of oxidized TMB
(TMBox) was calculated from Beer-Lambert Law. All kinetic measure-
ments were repeated 5 times and the error bars were the standard
deviations of 5 independent measurements.

The laser sources of 405 nm, 450 nm,532 nm,655 nm and 808 nm
output the same number of photos in the reaction. The number of
photos was calculated according to the following equation 3.

lP ¼
hcN
t (3)

where P is the power, λ is the wavelength, h is the Planck constant,
N is the number of photos, c is the speed of the light and t is the
time. Under illumination at the same time, the product of wave-
length and power was keeping the same, and the same number of
photons can be obtained.

We calculated the apparent quantum efficiency (AQE) using the
following equation:

AQE ¼
h� c� V � NA � v0 laser onð Þ � v0 laser offð Þ½ �f g

Pex � lex
(4)

Where h is the Plank constant, c is the speed of light in air, V is the
volume of the reaction system, and NA is the Avogadro’s number. v0

(laser on) is the initial reaction velocities under laser illumination and
v0 (laser off) is the initial reaction velocities in dark.
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