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ABSTRACT: Following an inspiration from the fine structure of natural
peroxidases, such as horseradish peroxidase (HRP), an artificial
peroxidase was constructed through the self-assembly of diblock
copolymers and hemin, which formed a functional micelle with
peroxidase-like activity. The pyridine moiety in block copolymer
poly(ethylene glycol)-block-poly(4-vinylpyridine) (PEG-b-P4VP) can
coordinate with hemin, and thus hemin is present in a five-coordinate
complex with an open site for binding substrates, which mimics the
microenvironment of heme in natural peroxidases. The amphiphilic
core−shell structure of the micelle and the coordination interaction of the polymer to the hemin inhibit the formation of hemin
μ-oxo dimers, and thereby enhance the stability of hemin in the water phase. Hemin-micelles exhibited excellent catalytic
performance in the oxidation of phenolic and azo compounds by H2O2. In comparison with natural peroxidases, hemin-micelles
have higher catalytic activity and better stability over wide temperature and pH ranges. Hemin-micelles can be used as a detection
system for H2O2 with chromogenic substrates, and they anticipate the possibility of constructing new biocatalysts tailored to
specific functions.
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1. INTRODUCTION

Enzymes are extremely efficient at catalyzing a variety of
reactions with high substrate specificity, activities, and yields
under mild reaction conditions.1 Because of these advantages,
enzymes have been widely applied as biological catalysts in
environmental, industrial, medical, and biosensing fields.
However, the disadvantages of natural enzymes cannot be
ignored, for example, their low operational stability, high cost,
high sensitivity to the environment, and recovery and recycling
difficulties, which may limit their further applications. There-
fore, the development of artificial enzymes that can overcome
the disadvantages of natural enzymes are highly desired.2 Many
attempts have been made to construct artificial enzymes to
copy or even surpass the functions of natural enzymes. Artificial
enzymes are based on the principles of enzyme action, such as
the initial binding interaction between the substrate and the
enzyme, the activation of the bound substrate by properly
positioned catalytic groups, and transition-state stabilization.3

Generally, even simple metal complexes can act as enzyme
mimics, and more sophisticated supramolecular structures
endow the catalytic center with preferable stability and
continuous activity.4 By employing the principles of enzyme
action and the advantages of supramolecular chemistry, a
number of supramolecular artificial enzymes were prepared on
the basis of various supramolecular materials including
macrocycles (such as cyclodextrins and calixarenes), container

molecules (such as cavitands and capsules), self-assembled
nanometer-sized objects (for example, micelles, vesicles,
nanoparticles, nanotubes, and nanogels) and others.5

Peroxidases form a large family of enzymes that catalyze
oxidation reactions with hydrogen peroxide (H2O2) or alkyl
peroxide. Horseradish peroxidase (HRP) is an important heme-
containing peroxidase, and it employs an α-helical protein
binding heme as a cofactor.6 Heme is a ferrous porphyrin, and
it acts as the catalytic active center of HRP. The peptide chains
in HRP create a hydrophobic microenvironment for heme, and
they also provide some important amino acid residues, such as
histidines, which may improve the catalytic activity and
efficiency of heme. In aqueous media, the hydrophobic
interaction of heme with polypeptides and the coordination
interaction of histidine to heme are both important for creating
a stable conjugate.7 Heme-containing peroxidases are currently
used for a wide range of applications such as electrochemical
sensors, wastewater treatment and immunohistochemistry.6

With inspiration from the structures of natural peroxidases,
much attention has been devoted to mimicking peroxidase.
Efforts to produce heme-containing artificial peroxidase are
focused on the design of the scaffolds, carbon nanotubes,8
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synthetic peptides,9 nanosheets of Fe−Ni layered double
hydroxide,10 graphene hybrid nanosheets11,12 and supra-
molecular hydrogel13 were all confirmed to be excellent
scaffolds for heme; they successfully achieved the deaggregation
and stable dispersion of heme in a specific medium. It is
difficult for heme to maintain high catalytic activity in aqueous
media because of its low solubility and high tendency to form
μ-oxo dimers or self-aggregate. Despite these problems, it is
necessary to transition the peroxidase mimics from the organic
phase to the water phase because of their wide range of
applications in biochemistry. Scolaro et al. reported an artificial
peroxidase that was soluble in aqueous solution. An acid−base
interaction between hemin and poly(amidoamine) (PAMAM)
dendrimers provides the supramolecular noncovalent perox-
idase systems. These dendrimers provide a charged scaffold that
effectively prevents hemin from aggregating or forming μ-oxo
dimers.14 Dong et al. reported a novel polypyrrole/hemin
nanocomposite that was prepared by combining a pyrrole
monomer with a hemin molecule through chemical oxidation
polymerization. The resulting nanocomposite was well
dispersed in aqueous solution with the help of an effective
surfactant, and it exhibited intrinsic peroxidase-like catalytic
activities.15 In addition to its stability in aqueous solution,
another point should be mentioned that has long been
neglected when building artificial peroxidases, which is the
peptidic microenvironment of heme. Xu et al. reported on a
hydrogel nanoenzyme model of peptide nanofiber, which they
made by mixing hemin and histidine into molecular hydrogel as
formed by the self-assembly of two derivatives of amino acids.
These supramolecular hydrogels protect monomeric hemin by
preventing degradation and dimerization, and they facilitate the
catalytic process by providing nanoporous diffusion channels,
which allows substrate transport.13 The hydrogel network and
amino acid residues provide a microenvironment for the
artificial peroxidase that is similar to that of the natural enzyme.
Based on an analysis of previous studies, an ideal heme carrier
should provide an inner hydrophobic environment and an
outer hydrophilic scaffold, which can simultaneously stabilize
heme in aqueous media and inhibit its aggregation. In addition,
the carrier should contain histidine residues or analogs, which
can provide the necessary coordinating groups for heme to
achieve specific functions.
Polymeric assemblies can serve as excellent carriers for some

functional chemicals because of their high stability in aqueous
media. The micelle, which is the most common form of
polymeric assemblies, has a hydrophobic core that can load
some hydrophobic biomolecules, and it has a hydrophilic shell
that can stabilize the system in aqueous media.16,17 The
structure of the micelle is similar to that of the structural
organization of globular proteins. Until the present, many
functional micelles containing biomolecules have been
constructed; however, it is rare to see micelles used as a
platform to develop artificial enzymes with peroxidase-like
activity and a similar microenvironment.18−21 Our research
group has long been devoted to cooperative macromolecular
self-assembly toward polymeric assemblies with multiple and
bioactive functions.22 Thus, we are trying to build an artificial
peroxidase through the self-assembly of diblock copolymers and
hemin, which forms a functional micelle with peroxidase-like
activity, as shown in Scheme 1. The hemin-micelle exhibited
excellent catalytic activity during the oxidation of phenolic
compounds and azo-compounds in which H2O2 acted as the
oxidant. In comparison with natural peroxidase, the artificial

peroxidase constructed by self-assembling a block copolymer
and hemin exhibited higher catalytic activity and better stability.
In addition, the hemin-micelle is easy to prepare and preserve,
and its cost is much lower than that of natural peroxidases. The
artificial peroxidase constructed from hemin-micelles can be
used as a detection system for H2O2 and as biocatalysts tailored
to specific functions.

2. MATERIALS AND METHODS
2.1. Materials. Poly(ethylene glycol) monomethyl ether (CH3O-

PEG45−OH) (Mn = 2000 g/mol) was purchased from Fluka. CuCl
and 4-vinylpyridine were purchased from Sigma-Aldrich and purified
according to ref 23. Tris [2-(dimethylamino) ethyl] amine
(Me6TREN) was synthesized according to ref 23. Hemin (98%) was
purchased from Energy Chemical (Shanghai, China). Orange II (an
analytical standard) and 3, 3′, 5, 5′-tetramethylbenzidine (98%) were
purchased from Heowns Business License (Tianjin, China). Catechol
(99%), ε-(benzyloxycarbonyl)-L-lysine (98%) and ε-caprolactone
(99%) were purchased from J&K Chemical Company (Beijing,
China). Stannous octoate (Sn(Oct)2) (96%) was purchased from Alfa
Aesar. Horseradish peroxidase (HRP) (250 U/mg) was purchased
from Sanland. All the reagents were used without further purification.
All aqueous solutions were prepared with ultrapure water (>18 MΩ)
from a Millipore Mill-Q system.

2.2. Apparatus. 1H NMR spectra were recorded on a Varian
UNITY-plus 400 M NMR spectrometer at room temperature with
tetramethylsilane (TMS) as an internal standard. The number-average
molecular weight (Mn) and weight-average molecular weight (Mw)
were measured by gel permeation chromatography (GPC) at 25 °C
with a Waters 1525 chromatograph equipped with a Waters 2414
refractive index detector. GPC measurements were performed by using
THF as eluents with a flow rate of 1.0 mL/min. Dynamic laser
scattering (DLS) measurements were performed with a laser light
scattering spectrometer (BI-200SM) equipped with a digital correlator
(BI-9000AT) at 532 nm. All samples were prepared by filtering
approximately 1 mL of solution through a 0.45 μm Millipore filter into
a clean scintillation vial and then characterizing them at 25 °C. The
zeta potential values were measured on a Brookheaven ZetaPALS
(Brookheaven Instrument, USA). This instrument employs phase
analysis light scattering at 25 °C to provide an average over multiple
particles. Transmission electron microscopy (TEM) measurements
were performed with a commercial Philips T20ST electron microscope
at an acceleration voltage of 200 kV. UV−vis absorption spectra were
measured on a UV-2550 UV−vis spectrophotometer (Shimadzu,
Japan).

Scheme 1. Schematic Illustration of the Formation of the
Hemin-Micelle and Catalytic Process
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2.3. Synthesis and Characterization of Diblock Copolymers.
The block copolymers poly(ethylene glycol)-block-poly(4-vinylpyr-
idine) (PEG-b-P4VP), poly(ethylene glycol)-block-poly(L-lysine)
(PEG-b-PLys) and poly(ethylene glycol)-block-poly(ε-caprolactone)
(PEG-b-PCL) were synthesized according to refs 24 25, and 26,
respectively. The polymer synthesis routes and characterizations are
shown in the Supporting Information.
2.4. Preparing Hemin/Block Copolymer Micelles.

2.4.1. Hemin/PEG-b-P4VP Micelles. The hemin stock solution (100
μg/mL) was prepared in NaOH solution (0.2 M) and vigorously
stirred for 12 h. The block copolymer PEG45-b-P4VP145 was dissolved
in anhydrous N,N-Dimethylformamide (DMF). The desired volume
of polymer solution was added dropwise to the hemin solution under
vigorous stirring. When the addition was finished, the stirring was
continued for another 12 h, followed by dialysis against 10 mM
phosphate buffer (pH 7.4) for 24 h to remove the free hemin that was
not loaded on the micelle and to adjust the pH to neutral. The mass
ratio of PEG-b-P4VP to hemin (defined as R) was varied from 0.5 to 4
by changing the volume of the polymer solution, which was added to
the same amount of hemin stock solution.
2.4.2. Hemin/PEG-b-PLys Micelles. The block copolymer PEG114-b-

PLys50 was dissolved in neutral water. The desired volume of polymer
solution was added to the hemin solution (100 μg/mL in 0.2 M
NaOH solution) under vigorous stirring, followed by dialysis against
10 mM phosphate buffer (pH 7.4) for 24 h, to adjust the pH to
neutral.
2.4.3. Hemin/PEG-b-PCL Micelles. The block copolymer PEG114-b-

PCL42 was dissolved in anhydrous DMF. The desired volume of
polymer solution was added dropwise to the hemin solution (100 μg/
mL in 0.2 M NaOH solution) under vigorous stirring, and when the
addition was finished, stirring was continued for another 12 h, followed
by dialysis against 10 mM phosphate buffer (pH 7.4) for 24 h to
remove the DMF and adjust the pH to neutral.
2.5. Catalytic Dynamics Study. The Orange II solution (0.25

mM in 10 mM phosphate buffer pH 7.4) was mixed with the same
volume of H2O2 solution (6.85 mM in 10 mM phosphate buffer pH
7.4) and hemin-micelles (with varied concentrations of hemin from
12.5 μg/mL to 100 μg/mL) at different pH values and temperatures.
The catalytic dynamics experiments were performed in time course
mode by monitoring the absorbance change at 484 nm, which was the
characteristic absorption peak of the Orange II substrate on the UV−
vis spectrophotometer.
The molar absorption coefficient (ε484 nm) of Orange II at 484 nm

was calculated by using a serious of standard curves at varied
temperatures. The initial rate of the reaction can be obtained by using
the following equation

ε
Δ = Δ
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where Abs is the intensity of the absorption peak, ε is the molar
absorption coefficient, b is the optical path (the light transmittance
thickness of cuvette), c is the concentration of the substrate, t is time,
and v is the initial rate.
The Michaelis−Menten constant (Km) and maximum initial velocity

(Vmax) were determined by using the Lineweaver−Burk model, which
is the double reciprocal of the Michaelis−Menten equation. The data
were analyzed by using the following equation
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where v is the initial rate and [S] is the substrate concentration. The
initial rates at different substrate concentrations were measured, and
the Km and Vmax can be obtained by making a linear fit between the
reciprocals of v and [S].
The percentage conversion (Y) can be obtained by using the

following equation:
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where A0 is the absorbance at time zero and A60 is the absorbance after
60 min of reaction.

The catalytic reaction in which HRP was a catalyst was also
performed. HRP stock solutions at different concentrations were
obtained by dissolving the desired volume of HRP in 10 mM
phosphate buffer (pH 7.4), and stored at 4 °C.

2.6. Chromogenic H2O2 Tests with TMB and Catechol.
Chromogenic tests of H2O2 were performed with two different
substrates, namely 3, 3′, 5, 5′-tetramethylbenzidine (TMB) and
catechol. The TMB solution (0.5 mM in 0.2 mM NaAc-HAc buffer,
pH 4.0) was mixed with the same volume of H2O2 solution (6.85 mM
in 10 mM phosphate buffer pH 7.4). Hemin-micelles (100 μg/mL
hemin in 10 mM phosphate buffer pH 7.4) at the same volume as the
TMB solution were added to the TMB and H2O2 mixture. The
characteristic absorption peak of oxyTMB at 652 nm was measured by
using UV−vis spectra. The color change was captured on the camera.
With regards to catechol, the detection solution was prepared by
mixing the same volume of catechol solution (0.25 mM in 10 mM
phosphate buffer pH 7.4) and hemin-micelles (100 μg/mL hemin in
10 mM phosphate buffer pH 7.4). Dilute H2O2 solution (30 mM in 10
mM phosphate buffer pH 7.4) was added dropwise to the detection
solution. The color change in the detection solution could be observed
in less than 1 min. UV−vis spectra were recorded every 2 min to
detect changes in the characteristic peaks.

3. RESULTS AND DISCUSSION

3.1. Micellization of PEG-b-P4VP and Hemin. Several
amino acids are known to serve as axial or proximal ligands to
heme proteins. Histidine, tyrosine, cysteine and lysine are
common axial ligands that coordinate heme. Peroxidases, such
as horseradish peroxidase and cytochrome c peroxidase, are
five-coordinate compounds with an open site for binding small
molecules such as H2O2 and some other substrates. In these
peroxidases, histidine is the axial ligand and can facilitate proton
transfer by promoting the formation of a hydrogen bond in the
catalytic center of the enzymes, which plays important roles in
modulating the structure and catalytic property.27,28 In our
previous investigation, poly(ethylene glycol)-block-poly(4-vinyl-
pyridine) (PEG-b-P4VP) has long been used as a block
copolymer to protect and stabilize metalloporphyrins in
aqueous media because of its excellent amphipathicity and
high coordination ability.24,29−31 The micelle was formed with a
hydrophilic PEG shell and a hydrophobic P4VP core, which can
be used as a supramolecular scaffold for some hydrophobic
biomolecules. In addition, the pyridine moiety in the P4VP
chain was an excellent substitute for the imidazole moiety in the
histidine, which can coordinate with heme and offer a similar
microenvironment to that of the histidine residue in heme
proteins.32,33 Thus, PEG-b-P4VP was used to build the scaffold
for the hemin, which was expected to mimic the heme
microenvironment in natural peroxidases.
Hemin is difficult to dissolve in acidic and neutral aqueous

media, and it also has poor solubility in most organic solvents.
In alkaline water, it has relatively good solubility because of the
two carboxy groups on the hemin. The pKa of P4VP is 4.5−4.7,
which makes it insoluble in neutral and alkaline aqueous
media.34 It was difficult to dissolve the two components in the
same phase because of the large difference in their solubilities,
which increased the difficulty of self-assembly. We skillfully
adopted a two-phase method to prepare the micelle. The PEG-
b-P4VP that was dissolved in DMF was added dropwise to the
hemin/NaOH solution, the P4VP block was strongly hydro-
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phobic in alkaline solution and formed the hydrophobic core,
and the hydrophilic PEG chain dispersed around the core to
stabilize the system in aqueous media. The pyridine group in
P4VP can coordinate with the iron in the hemin core, and thus
the hemin was loaded on the P4VP core. The PEG chains along
with the P4VP-hemin core can act as protein pockets in natural
peroxidase, which brings about a special inclusion behavior
between the catalyst and the substrate. When the pH changes
from alkaline to neutral, the ionization degree of the carboxy
groups became smaller and hemin became more hydrophobic,
which made the structure of P4VP-hemin core more compact.
Figure 1A shows the hydrodynamic diameter distribution f

(Dh) and the TEM image of hemin-micelles with R (mass ratio
of PEG-b-P4VP to hemin) = 1. The DLS result indicates that
the micelle is reasonably monodisperse, and the average Dh is
approximately 88 nm. A TEM micrograph of the micelle
revealed that the hemin-micelle is a spherical particle, and the
diameter distribution of the micelle is approximately 60−80
nm. The Dh of the micelle as measured by DLS is larger than
that observed by TEM because the micelle became swollen in
water, whereas the TEM measurements were performed with
dried samples.
The surface structure of the micelle can be confirmed by zeta

potential analysis (Figure 1B). When the pH is above 5, the
hemin-micelle carries a clear negative charge. At a higher pH,
the absolute value of the charge remains at a high level, which is
much higher than that of the PEG-b-P4VP micelle without
loading hemin. The excess charge is attributed to the carboxy
groups of the hemin, which supports the idea that the hemin is
successfully loaded on the micelle.
3.2. Coordination Properties of Hemin-Micelles. The

coordination interaction was the primary driving force for
loading hemin on to the P4VP core and further self-assembling
it into a micelle, which greatly increased the stability of the
hemin in aqueous media. Figure 2 shows the UV−vis spectra of
hemin in alkaline solution (0.2 M NaOH solution) and in the
micelle (pH 7.4). The free hemin in alkaline solution displays a
Soret peak at 390 nm along with a shoulder at 365 nm, which
indicates the presence of a mixture of the hemin dimer
connected by μ-oxo bridges (μ-oxo dimer) and the monomeric
hemin hydroxide. In addition, a low-intensity band at 610 nm is
consistent with the Q-band value of the μ-oxo dimer.13,35

Therefore, the primary structures of hemin in alkaline solution
are the μ-oxo dimers and a small amount of hematins. The
presence of the μ-oxo dimer is unfavorable for the stability of

hemin in water, and it further influences the catalytic activity of
hemin. The Soret band of the hemin-micelle (409 nm) has a
red shift compared with that of monomeric hemin (approx-
imately 400 nm).36 The red shift is attributed to the
coordination interaction between the pyridine and the hemin,
and the Soret band of the hemin-micelle (409 nm) was similar
to that of the hemin-histidine complex.13,36 The analysis above
demonstrates that there are no μ-oxo dimers of hemin in the
hemin-micelle, and the low hemin concentration and the
coordination interaction between the pyridine and the hemin
inhibit the formation of the μ-oxo dimer.9

3.3. Catalytic Activity and Catalytic Dynamics. The
peroxidase-like activity of the hemin-micelle was assessed by
using Orange II and H2O2 as substrates. Orange II has one of
the simplest azo dye structures and has served as a model dye
for testing many biological and chemical treatments.37−39 The
azo structure can be destroyed by H2O2 with peroxidase as a
catalyst, as shown in Scheme 2. The proposed mechanism for
the reaction is shown in the Supporting Information. The
decreased absorbance caused by the decomposition of Orange
II was monitored by UV−vis spectrophotometer at 484 nm.
Figure 3 A shows the change in the UV−vis spectra along with
the reaction. In the absence of H2O2 or hemin-micelles, the
spectra remained unchanged. The absorption peak at 484 nm
decreased rapidly in the case of H2O2, Orange II and hemin-
micelles, which indicated the degradation of Orange II.

Figure 1. (A) Hydrodynamic diameter distribution of the hemin-micelle in aqueous solution. Inset: the photograph (left) and TEM image (right) of
the hemin-micelle. Laser light (inset, left) was obtained by using a simple laser generator (650 nm, 5 mW). (B) Zeta potentials of the PEG-b-P4VP
micelle and PEG-b-P4VP/hemin micelle at various pH values at 25 °C.

Figure 2. UV−vis spectra of free hemin in 0.2 M NaOH aqueous
solution and hemin in the micelle (pH 7.4).
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It is well-known that enzymatic activity is dependent on the
substrate and the reaction conditions. Therefore, the catalytic
activity of the hemin-micelle may be dependent on the pH,
temperature, hemin concentration and substrate concentration.
The average molar absorption coefficient of Orange II was
calculated to be 12.2909 L/(mmol cm) according to the
standard curves (see Figure S5 in the Supporting Information).
The intensity change of the characteristic absorption peak can
be converted to the concentration change of the substrate, and
it is further converted to catalytic reaction rate parameters. The
catalytic activity was measured through two parameters, namely
the initial rate (v) and the conversion rate (Y), within 1 h.
Figure 3B-D shows the initial rate (v) of the degradation
reaction as being catalyzed by hemin-micelles and HRP with
the temperature, pH and concentration of the catalyst as
variables. The initial rate of hemin-micelle was higher than that
of HRP when the temperature was below 50 °C, or when the
pH was below 7.5. The initial rate of hemin-micelle was much
less sensitive to the temperature or pH change within the whole

range than that of the HRP. The initial rate was dependent on
the catalyst concentration, and the higher the concentration,
the quicker the initial rate. When the concentration was above
15 μg/mL, the initial rate of hemin-micelle formation was
higher than that of HRP. The conversion rate of hemin-micelles
was lower than that of HRP, which was the primary drawback
of the hemin-micelle in comparison with natural peroxidases
(see Figure S6 in the Supporting Information). However, the
hemin-micelle conversion was much less sensitive to temper-
ature or pH changes over the whole range. These results
demonstrated that the catalytic activity of hemin-micelles was
less affected by the temperature and pH changes than natural
peroxidases, which exhibited better resistance to the changes in
external environment conditions. The effect of the substrate
concentration on the catalytic activity of hemin-micelles was
also investigated. When the substrate concentration was
relatively low, the initial rate sharply increased with increased
H2O2 or Orange II concentration, and then it gradually slowed
down when the concentration went beyond a certain value,

Scheme 2. Degradation of Orange II by H2O2 with HRP as a Catalyst

Figure 3. (A) UV−vis spectra of Orange II during the reaction. Initial rates (v) of the degradation reaction catalyzed by hemin-micelle and HRP with
temperature, pH and concentration of catalyst as variables: (B) pH 7.4, c = 100 μg/mL, temperature was varied; (C) T = 37 °C, c = 100 μg/mL, pH
was varied; (D) pH 7.4, T = 37 °C, concentration of catalyst was varied.
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which was also observed for the peroxidase enzyme, as shown
in Figure S7 in the Supporting Information.40

To investigate the kinetic mechanism underlying the
peroxidase-like activity of hemin-micelles, the apparent
steady-state kinetic parameters for the peroxidase-like activity
were determined by changing the Orange II and H2O2
concentrations in this system. Figures S8 and S9 in the
Supporting Information show the fitted curves from the
Lineweaver−Burk equation of hemin-micelles and HRP. The
Michaelis−Menten constant (Km) and maximum initial velocity
(Vmax) can be obtained from the curves, as shown in Table 1.

The smaller the Km value, the stronger the affinity is between
the catalyst and the substrate and the more efficient the catalyst.
The apparent Km values for hemin-micelles with Orange II or
H2O2 as the substrate were lower than that of HRP, suggesting
that hemin-micelles have a higher affinity for Orange II and
H2O2 than HRP.
The stability is another considerable problem aside from the

activity when investigating the performance of a catalyst. Both
the micelle and the protein create constitutionally stable
scaffolds for hemin, and the hemin can disperse in water at a
high concentration. With the natural enzyme, the tertiary
structure of protein is easily influenced by extreme environ-
mental conditions, such as high temperature and high pH. The
structural change in the protein may reduce the enzyme
activity. The block copolymer PEG-b-P4VP has a stable
chemical structure, which has a certain degree of resistance to
high temperatures and high pH values. The thermal stability
and pH stability were measured by detecting the concentration
change in the catalytic center within 1 h. Table 2 shows the

thermal stability and pH stability of hemin-micelles and HRP.
We can see that the hemin-micelle can maintain relatively high
stability at the higher temperature, and HRP becomes unstable
and loses most of its activity. In an alkaline environment,
hemin-micelles have higher stability than HRP, which ensures
the activity of the catalyst.
Taken together, these results demonstrate that hemin-

micelles retain intrinsic peroxidase-like activities that are the
same as natural peroxidases. Hemin-micelles also retain

excellent stability against extreme environmental conditions,
which is owed to the chemical stability of the block copolymer
and the strong coordination interaction between the polymer
and the hemin.

3.4. Effect of the Ratio between the Polymer and the
Hemin on Catalytic Activity. A group of hemin-micelles
were prepared with different mass ratios of polymer to hemin.
At higher polymer concentrations (higher R values), the
average diameters of the micelles gradually increased (see
Figure S10 in the Supporting Information). The UV−vis
absorption spectra of the micelles are shown in Figure 4A. The
intensity of the absorption peak at 409 nm gradually increased
with R changing from 0.5 to 4, which was attributed to the
increased loading volume of hemin on the micelle or the
change of the coordination state of hemin. The catalytic activity
of micelles with different R values was evaluated by using the
initial rates and conversions, as shown in Figure 4B. The
catalytic activity of micelles decreased with increasing R values.
From the results, we can see that the high polymer

concentration may enhance the loading volume of hemin on
the micelle, however, the catalytic activity was not correspond-
ingly enhanced. The catalytic center prefers a five coordinate
state, which has an open site for the substrate binding, and the
high polymer concentration was unfavorable for making
adequate contact between the substrate and the catalytic
center.7,27 However, when the mass ratio of PEG-b-P4VP to
hemin decreases to a lower value, the 4VP moiety is no longer
excessive compared with hemin monomer, the loading capacity
for hemin would decrease. The block copolymer offers a stable
scaffold for the hemin in aqueous media, low polymer
concentration would reduce the stability of the hemin-micelle.
Considering the factors above, R = 1 was adopted as a
reasonable mass ratio of polymer to hemin. In this state, the
corresponding mole ratio of 4VP moiety to hemin monomer
was 5.5:1, which guaranteed the high loading capacity of hemin-
micelle, along with high catalytic activity and high stability.

3.5. Role of Coordination Interaction in the Micelle-
Formation Process. To demonstrate the significance of the
coordination interaction between pyridine and hemin in the
micelle formation process, PEG-b-PLys/hemin micelles and
PEG-b-PCL/hemin micelles were also prepared, and the
macro-morphology of the three micelles and their Tyndall
phenomena are shown in Figure S11 in the Supporting
Information. The three micelles had the same concentrations of
block copolymer (100 μg/mL) and hemin (100 μg/mL) before
dialysis against the phosphate buffer (pH 7.4).
Regarding the PEG-b-PLys/hemin micelle, the self-assembly

was driven by electrostatic interactions among the anionic
carboxylate groups of hemin and the charged protonated
nitrogen atoms of PLys. The micelle was precipitated during
the dialysis from an alkaline solution to a phosphate buffer (pH
7.4). The PEG-b-PCL/hemin micelle was formed by the
hydrophobic interaction between the PCL and the hemin,
where there was no coordination interaction. Little precipitate
was formed during the dialysis, and most of the hemin was
evenly dispersed in solution. Figure S12 in the Supporting
Information shows the hydrodynamic diameter distributions of
the PEG-b-P4VP/hemin micelle and PEG-b-PCL/hemin
micelle. The PEG-b-P4VP/hemin micelles have a smaller
diameter and better dispersity than the PEG-b-PCL/hemin
micelles. We believe that the coordination interaction between
the pyridine and the hemin plays an extremely important role

Table 1. Apparent Michaelis−Menten Constant (Km) and
Maximum Velocity (Vmax) of Hemin-Micelles and HRP

catalyst substrate Km (mM) Vmax (× 10−8 M s−1)

HRP Orange II 2.93 232.67
H2O2 3.70a 8.71a

hemin-micelle Orange II 0.17 64.85
H2O2 2.17 52.62

aData from ref 40.

Table 2. Relative Stabilities of Hemin-Micelles and HRP at
Different Temperatures and pH values

relative stability of the catalytic center
(%)

hemin-micelle HRP

T (°C) 50 91.0 89.0
63 92.5 57.6
75 75.9 48.3

pH 11 82.8 68.9
12 89.3 66.9
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in the self-assembly of micelles, and it further influences the
catalytic activity.
The UV−vis spectra of PEG-b-P4VP/hemin micelles, PEG-

b-PCL/hemin micelles and PEG-b-PLys/hemin micelles are
shown in Figure 5A. Regarding PEG-b-PLys/hemin micelles
and PEG-b-PCL/hemin micelles, the Soret band of hemin was
391 nm, indicating the presence of the μ-oxo dimer.13,35 For
PEG-b-P4VP/hemin micelles, the Soret band had a red shift to
409 nm because of the coordination interaction between the
pyridine and the hemin. The catalytic activity of the three

micelles and the hemin suspension in 10 mM phosphate buffer
(pH 7.4) were measured by using the initial rates and
conversion, as shown in Figure 5B. The PEG-b-P4VP/hemin
micelles had the best catalytic activity among the three micelles,
and they had the highest initial rate and conversion. The PEG-
b-PLys/hemin complex had almost no catalytic activity because
of a failure to self-assemble into micelles. The hemin
suspension in 10 mM phosphate buffer (pH 7.4) has poor
catalytic activity because of its low solubility and instability in
aqueous media and lack of microenvironment for hemin as

Figure 4. (A) UV−vis absorption spectra of hemin in micelles with different R values (R = 0.5, 1, 2, and 4). (B) Initial rates and conversions of
catalytic systems with different mass ratios of polymer to hemin (R value). All samples were prepared in 10 mM phosphate buffer (pH 7.4) and at
room temperature.

Figure 5. (A) UV−vis spectra of the three micelles. (B) Initial rates and conversions of the three micelles and the hemin suspension. All samples
were prepared in 10 mM phosphate buffer (pH 7.4) and at room temperature.

Figure 6. UV−vis spectra and images of colorimetric reactions for (A) TMB and (B) catechol.
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natural peroxidases. The PEG-b-PCL/hemin micelles had a
certain degree of catalytic activity, but the hydrophobic
interaction failed to inhibit the formation of the μ-oxo dimer,
which made it hard to maintain long-term stability.
The analysis above demonstrates that the coordination

interaction between hemin and P4VP is particularly important
for the high-efficiency self-assembly of hemin-micelles and the
enhancement of the catalytic activity. The coordination
interaction along with the hydrophobic interaction between
the hemin and the P4VP affords a stable composite system with
peroxidase-like activity, which mimics the microenvironment of
the catalytic center in natural peroxidases to the maximum
extent.
3.6. Applications of Hemin-Micelles on Chromogenic

Detection and Biocatalysis. 3,3′,5,5′-Tetramethylbenzidine
(TMB) is one of the most widely used substrates, and it can
react with H2O2 when catalyzed by peroxidases and produce a
color change.41−44 Figure 6A shows the UV−vis spectra of
TMB solution and the color change. The absorption peak at
652 nm is attributed to the product oxidized TMB. The color
of the TMB solution turned blue within 1 min, which indicates
the oxidation of TMB by H2O2. Phenol is a type of chemical
poison, and it is widely used and abundantly produced by
modern industry. Phenolic wastewater is an important source of
water pollution in the environment, and it causes great harm to
human health. Catechol is one type of phenol, and it can be
oxidized by H2O2 with peroxidases as catalysts along with a
clear color change. Hemin-micelles may have similar catalytic
activity for phenols as natural peroxidases. Figure 6B shows the
UV−vis spectra change of catechol during the oxidation
reaction catalyzed by hemin-micelle, along with the color
change. The absorption peak at 275 nm is attributed to
catechol, which remained unchanged without hemin-micelle.
When the H2O2 solution was added to the catechol/micelle
mixture, the band at 275 nm disappeared gradually, along with
the appearance of a new band at 257 nm, which is attributed to
the product quinone.
On the basis of the analysis above, hemin-micelles can be

used as an efficient detection system for H2O2 when it
cooperates with some chromogenic substrates. Hemin-micelles
have an excellent catalytic ability for the degradation of azo
dyes and phenols, which confers great potential for applications
in industrial pollutant decontamination. In addition, H2O2 is a
poisonous product of many biological oxidation processes, for
example the oxidation of glucose or alcohol, and the
disproportional reaction of reactive oxygen species (ROS),
which should be eliminated by peroxidases or catalases. From
this point of view, hemin-micelles may have many more
applications to multifunctional biocatalysis when cooperating
with specific oxidases.45−51

4. CONCLUSIONS
Hemin-micelles have been successfully prepared through the
self-assembly of PEG-b-P4VP and hemin. The micelle serves as
an excellent carrier to stabilize hydrophobic hemin in aqueous
media and thus enhances the catalytic activity of hemin in the
water phase. The coordination interaction between hemin and
P4VP facilitates the self-assembly and mimics the micro-
environment of heme in natural peroxidases. Compared with
natural peroxidases, the artificial peroxidase constructed by the
micelle is less costly, easy to prepare and reserve, and has a
comparative catalytic activity to that of HRP, or is even higher
at stability and has a higher reaction rate. Because of these

advantages, hemin-micelles can rival natural peroxidases, and
they have potential applications in a variety of simple and cost-
effective biosensors. Hemin-micelles also show excellent
performance in the removal of dye pollutants or phenols
from aqueous solutions in a short time, and thus can be used as
a new platform for pollutant decontamination. When the
artificial peroxidase cooperates with other enzymes (natural or
even artificial) such as alcohol oxidase or superoxide dismutase,
the complex artificial enzyme system can perform some
supernatural functions, which may become our research
interests in the future.
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