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Novel iron phosphates microflowers which show SOD-like and

peroxidase-like mimic activities were prepared, suggesting

potential applications as a biocatalyst and a biosensor for H2O2.

Peroxidase and superoxide dismutase (SOD) are both enzymes

that act as natural antioxidants to defend oxidative stress

related to reactive oxygen species (ROS) such as O2
��, OH�

and H2O2. Peroxidases are a large family of enzymes that

typically catalyze oxidation of many organic substrates to

reduce their toxicity. For instance, peroxidase can activate

the oxidation, by hydrogen peroxide, of various metabolites

and toxins. It does so according to the reaction in eqn (1).

SODs are a class of enzymes that catalyze the dismutation of

O2
�� into O2 and H2O2, which may be written as the reaction

in eqn (2).

H2O2 + H2R - 2H2O +R (1)

2O2
�� + 2H+ - H2O2 + O2 (2)

Although the exact mechanism of these reactions is not very

clear, peroxidase and SOD are regarded as antioxidants by

protecting cells against damage from ROS, which may be

important in Parkinson’s and Alzheimer’s disease, cardio-

vascular disease and tumor development.1

Being protein-based macromolecules, natural enzymes have

disadvantages in that they are unstable against denaturation

or protease digestion and hence their preparation, purification

and storage are usually time-consuming and expensive. Recent

progress in pushing these limits with enzyme mimics remains

outweighed by substantial trade-offs in enzyme-like activities,

physical stability, large-scale feasibility, and/or difficulty and

expense of fabrication. Many artificial organic molecules includ-

ing hemin,2a porphyrin,2b molecularly imprinted hydrogels2c and

DNAzyme2d have been developed as peroxidase mimics.

Since the surprising discovery that Fe3O4 nanoparticles

possess intrinsic peroxidase-like activity,3a nanomaterial-

based enzyme mimics have garnered increasing interest due

to their favorable reactivity, easy fabrication and low-cost

storage superior to organic molecules. Subsequently, FeS

nanosheets,3b CeO2 nanoparticles,3c carbon nanotubes,3d

graphene oxide,3e Au nanoparticles,3f,g BiFeO3 nanoparticles
3h

and CoFe2O4 magnetic nanoparticles3i were found to have

peroxidase, oxidase or SOD mimetic activities.

Iron phosphates (FePOs), are a well-known catalyst that

selectively catalyzes the oxidative dehydrogenation of satu-

rated carboxylic acids4 and are of research interest for many

applications in catalysis. In the present work, we report the

facile preparation of iron phosphate microflowers that show

peroxidase-like and SOD-like activities. The reaction between

H2O2 and 3,30,5,50-tetramethylbenzidine (TMB) was found to

be catalyzed by the prepared FePOs microflowers, indicating

the peroxidase-like activity of the products. Furthermore the

inhibition of oxidation of pyrogallol by the prepared micro-

flowers suggested that they can also serve as an SOD mimic.

The XRD pattern of the products (Fig. S1, ESIw) shows the
presence of two phases of iron-phosphate compositions. The

peaks marked by rectangles can be indexed to Na4.55Fe(PO4)2-
H0.45O (JCPDS card No. 52-1393) and those marked by

asterisks can be indexed as the FeH3P2O8
�H2O, which is in

good agreement with the values in the standard card (JCPDS

card No. 46-0197). For FeH3P2O8
�H2O compound, the

redox state of the Fe element is +3 whereas it is +2 for

Na4.55Fe(PO4)2H0.45O. Consequently the products are

regarded to have a mixed valence Fe element, which may be

further identified by the mixed color of the products (inset of

Fig. S1w), i.e., yellow-greenish grey accompanied with brown.

SEM image in Fig. 1 shows that the products have flower-

like morphology assembled by straight 1-dimensional nano-

structures with a diameter of 80–100 nm and length up to

several micrometers.

The redox reaction between TMB and H2O2 was carried out

to study the peroxidase mimetic activity of the FePOs

Fig. 1 SEM image of FePOsmicroflowers. The inset is high-magnification

SEM image with a scale bar of 100 nm.
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microflowers. In solution, colorless TMB forms a blue product

when allowed to react with catalase or peroxidase enzymes.

The resulting color change can be read on a spectrophoto-

meter at a wavelength of 370 or 650 nm.

UV-Vis spectra (Fig. 2A) monitoring the reaction system

containing TMB, H2O2 and FePOs microflowers clearly shows

an increase of absorbance at 370 and 650 nm, and the blue

color correspondingly developed (inset of Fig. 2A), indicating

the peroxidase-like activity of the FePOs microflowers. Fig. 2B

shows the calibration curve of the absorbance at 650 nm

against H2O2 concentration. The curve was linear in a range

from 1 � 10�5 M to 5 � 10�5 M with a detection limit of

10 nM, indicating a potential novel strategy to detect H2O2

concentration. Such enzyme mimetic capability may be

ascribed to the reversible switching of the Fe3+/Fe2+ redox

couple present in the FePOs products, which occurs in the

reaction centers of a number of peroxidase enzymes5 and some

iron-based compounds such as Fe3O4 nanoparticles,3a FeS

nanosheets3b and Prussian blue.6

The steady-state kinetic assays were carried out at room

temperature in TMB-H2O2-FePOs reaction system (for detailed

process see ESIw). Catalytic parameters were determined by

fitting the absorbance data to the Michaelis–Menten equation

(eqn (3)).

dv ¼ vmax½S�
Km þ ½S�

ð3Þ

In this equation, v is the rate of conversion, vmax is the

maximum rate of conversion, [S] is the substrate concen-

tration, and Km is the Michaelis constant.

Initial absorbance against time plots shown in Fig. S3.w
indicate typical Michaelis–Menten kinetics displayed by the

TMB-H2O2 reactions catalyzed by the FePOs microflowers.

The slopes of these plots are calculated as initial reaction rates

as different concentrations of substrate. By plotting reaction

rate against concentration (Fig. 3), and using nonlinear

regression of the Michaelis–Menten equation, the catalytic

parameters of Km and vmax were obtained (Table S1w).
The Km value of the FePOs microflowers with H2O2 as the

substrate was 0.317 mM, which is lower than that reported for

horseradish peroxidase (HRP, 3.7 mM), indicating that the

FePOs microflowers have a higher affinity for H2O2 than

HRP. Compared with that of HRP, the Km value of FePOs

microflowers with TMB as the substrate is significantly higher.

Although the exact molar mass of FePOs microflowers is

unknown, the Kcat/Km value of FePOs microflowers with

H2O2 as substrate is calculated to be 10 to 100 times of that

for HRP. This enhancement was consistent with the lower Km

value of FePOs taking H2O2 as a substrate. However, the

Kcat/Km value of FePOs microflowers with TMB as substrate

was significantly smaller than that for HRP, corresponding to

the larger Km value of FePOs with TMB as substrate. These

results indicate that FePOs microflowers exhibit greater cata-

lytic efficiency than HRP considering H2O2 as a substrate but

lower efficiency for TMB.

The SOD mimetic activity of FePOs microflowers was

assayed spectrophotometrically by measuring the inhibition

of auto-oxidation of pyrogallol, according to the method of

S. Marklund and G. Marklund.7 Pyrogallol can be auto-

oxidized under alkaline condition and the auto-oxidation

product has an absorption peak at 320 nm, whereas the

process may be greatly inhibited by an SOD.

Fig. S5w shows the UV-Vis spectra of pyrogallol in time-

scan mode at 320 nm with and without the prepared FePOs

microflowers upon reaction for 15 min. The absorption

changes against time plots (Fig. 4A) clearly demonstrated

the inhibition effect on oxidation of pyrogallol by the FePOs

products, thus indicated the SOD activity of the FePOs. As in

the peroxidase mimetic capability, the expected conversion of

Fe2+/Fe3+ is also implicated in the SOD mimetic capability of

FePOs. As shown in the color change images (inset of Fig. 4B),

the pyrogallol solution in 0.1 M Tris-HCl finally became

yellow-brown after auto-oxidation of pyrogallol (bottle 3)

but turned purple in the presence of the FePOs microflowers

(bottle 2). Since Fe3+ ions are well-known to form purple

Fig. 2 (A) Typical UV-Vis spectra of TMB-H2O2-FePOs reaction

system in timescan mode (2 mL of 2.5 mM TMB, 25 mL of 10 mM

H2O2, 50 mL of 400 mg ml�1 FePOs, 425 mL of ultrapure water).

(B) Linear calibration plot between the absorbance at 650 nm and

concentration of H2O2. The inset of (A) shows different colors of

(1) TMB-H2O2 mixed solution without FePOs microflowers,

(2) FePOs microflowers without TMB and (3) TMB-H2O2 mixed

solution with FePOs microflowers.

Fig. 3 Kinetic analysis for FePOs microflowers with (A) H2O2 and

(B) TMB as substrates, respectively. A steady-state catalysis rate was

calculated from the initial slopes of absorbance vs. time curves.

Fig. 4 (A) Time-dependent absorbance changes at 320 nm of pyro-

gallol solution in 0.1 M Tris-HCl buffer with and without FePOs

microflowers (400 mg ml�1), (B) UV-vis spectra of (a) FePOs micro-

flowers in 0.1 M Tris-HCl buffer without pyrogallol and (b–e) UV-vis

absorption-time course curves of pyrogallol solution in 0.1 M

Tris-HCl with FePOs microflowers. The inset of (B) shows different

colors of (1) FePOs microflowers in 0.1 M Tris-HCl, (2) pyrogallol

solution in 0.1 M Tris-HCl with FePOs microflowers and (3) without

FePOs microflowers.
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complexes with polyphenol ligands, the SOD mimic mecha-

nism of the FePOs may probably follow the eqn (4).

Fe2+ + O2
�� + 2H+ - H2O2 Fe

3+ (4)

In this mechanism, Fe2+ ions are ascribed as reactive centers

which capture O2
�� and transform into Fe3+ ions. The formed

Fe3+ ions then complex with polyphenol ligands to give a

purple solution. The fact that an absorption band with lmax of

529 nm in UV-Vis spectrum (curve b, Fig. 4B) was immedi-

ately found after the addition of FePOs further identifies the

change in redox state of Fe ions. Previous research reported

that at slightly acidic pH (5–6.5) the iron(III) polyphenol

complexes displayed lmax in the ranges of 542–561 nm for

gallates due to the ligand-to-metal charge transfer (LMCT)

bands.8 The blue shift of lmax compared with literature values

may be due to the slightly larger pH (B6.8)8b in present work.

Moreover the absorption of this band increased over time

(curve c–e, Fig. 4B), suggesting that more and more Fe2+

transform into Fe3+. The conclusion that Fe2+ ions act as

reactive centers is in consistent with some polyphenol com-

pounds and their complexes with Fe2+ which are reported to

react with superoxide (O2
��) and show SOD-like behavior.8a,9

The catalytic activity of the FePOs microflowers was found

to dependent on pH and temperature. Data shown in Fig. S6w
demonstrate that being other conditions equal the UV-Vis

absorption at 650 nm increased most rapidly and reached the

highest level at pH 4.5 and 30 1C for the TMB-H2O2 reaction

catalyzed by the FePOs sample, consistent with the deepest

blue at pH 4.5 and 30 1C shown in insets of Fig. S6.w
Consequently, optimal pH and temperature were approxi-

mately pH 4.5 and 30 1C for peroxidase-like activity of the

FePOs microflowers. Data in Fig. S7w indicate that pyrogallol-
oxidation reaction can be inhibited by the FePOs sample all

over the pH range of 7.5–12 and temperature range of 20–70 1C,

suggesting that the SOD-like activity of FePOs was not

significantly influenced by the pH and temperature. We didn’t

investigate the effect of pH on the SOD-like activity of FePOs

for the pH lower than 7.5, since pyrogallol autoxidation

reaction usually occurs in the alkaline condition and we didn’t

observe detectable change of 320 nm absorption when the pH

value was lower than 7.

In summary, FePOs microflowers that exhibit both perox-

idase and SOD mimetic activities were fabricated via a facile

method. Expected conversion of Fe2+/Fe3+ is implicated in

the peroxidase and SOD mimetic capabilities. The oxidation

of peroxidase substrate TMB with H2O2 catalyzed by FePOs

microflowers was realized and provided a colorimetric assay

for H2O2. It was thoroughly observed that the peroxidase

activity of the FePOs microflowers showed typical Michaelis–

Menten kinetics exhibiting higher efficiency with H2O2 as a

substrate compared to HRP. The inhibition effect on oxida-

tion of pyrogallol accomplished by the FePOs microflowers

indicated the SOD activity of the FePOs. Further investiga-

tions demonstrated that Fe2+ ions act as reactive centers to

react with O2
�� and show SOD-like behavior. Inspired by the

facial fabrication, cost effectiveness and dual-enzyme mimetic

activities of peroxidase-like and SOD-like behaviors, we

expect that our FePOs microflowers will find potential

applications as a biocatalyst or an antioxidant for clinical

trials to fight ROS related diseases.
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