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ABSTRACT: Inspired by delicate structures and multiple functions of natural multiple enzyme architectures such as
peroxisomes, we constructed an artificial multiple enzyme system by coencapsulation of glucose oxidases (GOx) and artificial
peroxidases in a supramolecular hydrogel. The artificial peroxidase was a functional complex micelle, which was prepared by the
self-assembly of diblock copolymer and hemin. Compared with catalase or horseradish peroxidase (HRP), the functional micelle
exhibited comparable activity and better stability, which provided more advantages in constructing a multienzyme with a proper
oxidase. The hydrogel containing the two catalytic centers was further used as a catalyst for green oxidation of glucose, which was
a typical cascade reaction. Glucose was oxidized by oxygen (O2) via the GOx-mediated reaction, producing toxic intermediate
hydrogen peroxide (H2O2). The produced H2O2 further oxidized peroxidase substrates catalyzed by hemin-micelles. By
regulating the diffusion modes of the enzymes and substrates, the artificial multienzyme based on hydrogel could successfully
activate the cascade reaction, which the soluble enzyme mixture could not achieve. The hydrogel, just like a protective covering,
protected oxidases and micelles from inactivation via toxic intermediates and environmental changes. The artificial multienzyme
could efficiently achieve the oxidation task along with effectively eliminating the toxic intermediates. In this way, this system
possesses great potentials for glucose detection and green oxidation of a series of substrates related to biological processes.
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1. INTRODUCTION

Enzymes are macromolecular biocatalysts, which are involved
in many biological processes in living organisms. Most enzymes
work together in multiple step reactions, in which the product
of one enzyme is the substrate of the other. Cooperating
enzymes often localize in the same compartment and associate
in macromolecular complexes.1 Peroxisomes are nanosized
organelles that contain a variety of antioxidant enzymes with
important metabolic and catabolic functions.2−4 Oxidase is a
series of highly specific enzymes, which can catalyze oxidation
of specific substrates such as glucose (glucose oxidase), uric
acid (urate oxidase), and reactive oxygen species (superoxide
dismutase) by molecular oxygen, producing toxic intermediates
such as H2O2. Catalases can decompose H2O2 specifically and

prevent its damage to cellular components. Close and
structured confinement minimizes the diffusion of intermedi-
ates among the enzymes, thus enhancing the overall reaction
efficiency and specificity.5

The delicate structures and diverse functions of peroxisomes
have attracted much attention for constructing multiple enzyme
systems. The cascade process can be activated when enzymes
are immobilized on proper scaffolds since soluble enzymes are
dramatically inactivated under the reaction conditions.6,7 The
immobilization of enzymes can lead to improvements in
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enzyme reusability, stability, substrate specificity, and reac-
tivity.8,9 However, during the immobilization, enzymes are
often covalently linked to the scaffold, or located in a cross-
linked aggregates, which may lead to a reduction of enzyme
activity. Noncovalent methods of physical encapsulation were
developed to avoid the negative influence on structure and
function of enzymes. Silica particles,10 microcapsules,11−13 and
polymersomes14,15 were all confirmed to be excellent scaffolds
for enzymes, and enzymatic activity was well-regulated by
spatial organization. A multienzyme co-embedded organic−
inorganic hybrid nanoflower was constructed through coordi-
nation of Cu2+ with the amide groups in the protein
backbone.16 The close proximity of the two enzyme
components in a single nanoflower reduced the diffusion and
decomposition of the intermediate H2O2, thereby greatly
enhancing the catalytic activity. Shi and co-workers have
created functional enzyme nanocomplex with well-controlled
enzyme composition and spatial arrangement in a core−shell
configuration. A DNA-inhibitor scaffold was used to form the
enzyme complex, and the complex was further encapsulated
within a polymer nanocapsule. The biomimetic enzyme
nanocomplexes can be used as antidotes and preventive
measures for alcohol intoxication.17

Most of the existing multiple enzyme systems focus on
bringing natural enzymes together in vitro using well-designed
scaffolds. However, natural enzymes have some drawbacks such
as high price, low stability, and easily inhibited catalytic activity
under a wide range of environmental changes.18−20 These
disadvantages may be amplified when the natural enzymes are
used to construct multiple enzyme system. Our research group
has long been devoted to cooperative macromolecular self-
assembly toward polymeric assemblies with multiple and
bioactive functions.21,22 In our previous work, an artificial
peroxidase was constructed by the self-assembly of diblock
copolymer poly(ethylene glycol)-block-poly(4-vinylpyridine)
(PEG-b-P4VP) and hemin, which formed a functional complex
micelle.23 The micelle provides a stable carrier for insoluble
hemin in aqueous media and also a similar microenvironment
for hemin as HRP. The artificial peroxidase is highly effective in
catalyzing oxidation of substrates such as phenols and azo
compounds, along with the decomposition of H2O2, which
could be used as an effective H2O2-comsuming enzyme mimic
as catalase in peroxisome. In comparison with natural enzymes,
hemin-micelles exhibited comparable activity and better
stability, which has great potential to construct an artificial
multiple enzyme system when cooperated with a proper
oxidase. A well-designed scaffold is needed to load hemin-
micelles and oxidases, which can preserve or even enhance the
activity of the catalytic centers.
Supramolecular hydrogels have served as scaffolds for

proteins and biomolecules, which are desirable for biorelated
applications, because of their high water content and
biocompatible network.24−30 However, the application of
supramolecular hydrogel as a scaffold for a multiple enzyme
system has seldom been investigated. The role of hydrogel is
not just bringing micelles and oxidases together, but also
changing the diffusion mode of the nanosized particles.31 A
class of bicomponent supramolecular hydrogels has been
studied, which composed of melamine and another molecule,
such as di(2-ethylhexyl) phosphoric acid (DEHPA),32 ribo-
flavin,33,34 and cyanuric acid derivatives.35 The bicomponent
hydrogel has moderate mechanical strength and typical

controlled release property, which is an appropriate scaffold
for the catalyst.
In this work, we prepared a bicomponent supramolecular

hydrogel containing hemin-micelles and GOx enzyme
(HCM&E) as an artificial multiple enzyme system, as shown
in Scheme 1. GOx catalyzed the oxidation of glucose by O2,

producing H2O2 as an intermediate product. The H2O2 further
oxidized a chromogenic substrate, which produced a color
change. The cascade reaction has mild reaction rate and high
reaction efficiency. Successful integration of micelles with
hydrogels combines the advantages of the two distinct
biomolecule delivery platforms, which has unique benefits
such as minimized burst release and controlled sequential
release.31,36−38 The hydrogel is like a protective covering for the
catalyst, which protects the micelles and oxidases from
inactivating by toxic H2O2, and also minimizes the negative
effects of reaction condition on enzymatic activity. It is an
innovative and groundbreaking attempt to construct a multiple
enzyme system using an artificial peroxidase in cooperation
with a natural oxidase, and further being co-encapsulated in a
hydrogel covering. Compared with previous multiple enzyme
systems, HCM&E has a simpler structure, lower preparation
cost, and better protection for enzymatic activity. HCM&E can
be used as a detection system for glucose and a green oxidation
system for substrates such as phenols and azo compounds in
aqueous media.

2. MATERIALS AND METHODS
2.1. Materials. Hemin (98%) was purchased from Energy

Chemical (Shanghai, China). 2,2′-Azino-bis(3-ethylbenzothia-
zoline-6-sulfonate) (ABTS, 98%), Orange II (an analytical
standard), di(2-ethylhexyl) phosphoric acid (DEHPA, 95%)
and epigallocatechin gallate (EGCG, 98%) were purchased
from Heowns Business License (Tianjin, China). Melamine
(99%) and D-(+)-glucose (98%) were purchased from J&K
Chemical Company (Beijing, China). Glucose oxidase (GOx)
(100 units mg−1) and catalase (Cat) (2000−5000 units mg−1)
were purchased from Sigma−Aldrich. Horseradish peroxidase
(HRP) (250 units mg−1) was purchased from Sanland. All the
reagents were used without further purification. Poly(ethylene
glycol)-block-poly(4-vinylpyridine) (PEG45-b-P4VP145) was

Scheme 1. Structure and Function of the Artificial Multiple
Enzyme System HCM&Ea

aThe image of glucose oxidase was cited from Protein Data Bank
(PDB entry 1gpe).
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synthesized in our previous work.23 All aqueous solutions were
prepared with ultrapure water (>18 MΩ) from a Millipore
Milli-Q system.
2.2. Preparation of Hemin-Block Copolymer Complex

Micelle. The hemin-block copolymer complex micelle was
prepared according to our previous work.23 PEG45-b-P4VP145
was dissolved in anhydrous N,N-dimethylformamide (DMF)
with a concentration of 3 mg mL−1. Hemin stock solution was
prepared by dissolving hemin in 0.2 M NaOH solution with a
concentration of 300 μg mL−1. Then, 1 mL of polymer solution
was added dropwise to 10 mL of hemin stock solution under
vigorous stirring. After stirring overnight at room temperature,
the mixed solution was dialyzed against 10 mM phosphate
buffer (pH 7.4) (PB 7.4) for 24 h to remove DMF and to
adjust the pH to neutral. The concentration of hemin-micelles
refers to the concentration of hemin loaded on the micelle in
this work.
2.3. Preparation of the Bicomponent Gelator.

Melamine (1.27 g, 20 mmol) was dispersed in 20 mL of
ethyl alcohol, and stirred for 2 h. DEHPA (3.39 g, 20 mmol)
was dissolved in 10 mL of ethyl alcohol, and then added
dropwise to the melamine suspension liquid within 1 h. The
mixture was further stirred at room temperature overnight. The
solid gelator was obtained after evaporating the ethyl alcohol at
room temperature.
2.4. Preparation of Hydrogels Containing Complex

Micelles (HCM) and Hydrogels Containing Complex
Micelles and GOx Enzyme (HCM&E). The hydrogels were
prepared by a heating−cooling process. A given volume of
gelator was added into a glass tube containing different
solvents. The tube was heated until the gelator completely
dissolved in the solvent to achieve a sol state. The gels were
formed when the sol cooled to room temperature. The
compositions of the gels were shown in Table 1. Gel I was pure

hydrogel without encapsulating micelles. Gel III was HCM with
the same gelator concentration as Gel I. A small quantity of
ethylene glycol (EG) was added to Gel I and Gel III to improve
the thermal and mechanical property of the hydrogels, forming
Gel II and Gel IV. The added volume of EG was much less than
the main solvent, so the Gels II and IV were also considered as
hydrogels in the following text.
HCM&E was prepared based on HCM. GOx solution (1 mg

mL−1) was prepared in 10 mM PB 7.4 and stored at 4 °C. GOx
solution (0.2 mL, 4 °C) was added to Gel IV in the sol state
when the temperature was cooling below 70 °C, and the
HCM&E was formed within a few minutes.
2.5. Release Study of Hemin-Micelle and Small

Molecule Substrate. The hemin-micelle sample was prepared
by mixing 1 mL of hemin-micelle (0.3 mg mL−1) with 0.2 mL

of EG, followed by adding 12 mg of gelator to the solution. The
mixture was heated until the gelator completely dissolved in the
solution, and gel was formed when it cooled to room
temperature. One milliliter (1 mL) of Orange II solution
(0.25 mM) was mixed with 0.2 mL of EG, and the gel was
prepared using the same method as that used for the hemin-
micelle sample. The gels were soaked in 2 mL of PB 7.4 (10
mM), and then hemin-micelle and Orange II began to release
from the gels into the solutions. The hemin-micelle release rate
was detected by measuring the absorbance at 409 nm, which
was the characteristic absorption wavelength of hemin. The
Orange II release rate was detected by measuring absorbance of
484 nm by using UV-vis spectra.

2.6. Catalytic Analysis. The catalytic analysis was mainly
performed by a UV-vis spectrophotometer. The generated
product ABTS•+ was quantitatively analyzed by measuring
absorbance of 660 nm (ε = 12 mM−1 cm−1 for ABTS• +) using
UV-vis spectra.39

The initial rate of the reaction can be obtained by the
following equation:

ε
Δ = Δ

c
b

Abs
(1)

= Δ
Δ

v
c
t (2)

where Abs is the intensity of the absorption peak, ε the molar
absorption coefficient of the product, b the optical path (the
light transmittance thickness of cuvette), c the concentration of
the product, t the time, v the initial rate.
The percentage conversion (Y) can be obtained by using the

following equation:
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where A is the theoretical absorbance of the product if the
conversion rate is equal to 100%, cABTS the concentration of the
substrate, ε the molar absorption coefficient of the product, and
b the optical path. A0 is the absorbance of the product at zero
time and A6 is the absorbance at the end of the reaction.

2.7. Studies of H2O2 Generation and Elimination.
Three functional hydrogel samples were prepared, based on Gel
II and Gel IV: n(GOx), n(GOx-Cat), and n(GOx-Micelle).
Stock solutions of GOx, catalase, and HRP were prepared in 10
mM PB 7.4 at a concentration of 2 mg mL−1. n(GOx) was
prepared by adding 0.1 mL GOx stock solution and 0.1 mL PB
7.4 to Gel II in a sol state. n(GOx-Cat) was prepared by adding
0.1 mL GOx stock solution and 0.1 mL Cat stock solution to
Gel II in a sol state. n(GOx-Micelle) was prepared by adding
0.1 mL GOx stock solution and 0.1 mL EGCG solution (10
mM, in 10 mM PB 7.4) to Gel IV in a sol state. The hydrogels
were formed when the sol cooled to room temperature. The
H2O2 detecting solution was prepared as follows: glucose was
dissolved in 10 mM PB 7.4 at a concentration of 2 mg mL−1;
then, ABTS solution (5 mM) and HRP solution were added to
obtain final concentrations of ABTS at 0.5 mM, glucose at 1 mg
mL−1 and HRP at 0.1 mg mL−1. The hydrogel samples were
soaked in 2 mL of detecting solution. The absorbance at 660
nm (ε = 12 mM−1 cm−1 for ABTS• +) of the detecting solution
was detected by a UV-vis spectrophotometer and further

Table 1. Recipes Used To Prepare Gels I−IV

No.
main
solvent

volume
(mL)

assisted
solvent

volume
(mL)

concentration of
gelator (wt %)

I 10 mM PB
7.4

1 1

II 10 mM PB
7.4

1 EG 0.2 1

III hemin-
micellesa

1 1

IV hemin-
micelles

1 EG 0.2 1

aThe hemin-micelles were prepared in 10 mM PB 7.4.
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transferred to H2O2 concentration which involved the detecting
experiment.
2.8. Characterizations. Transmission electron microscopy

(TEM) measurements were performed with a Tecnai G2 F20
electron microscope at an acceleration voltage of 200 kV.
Samples were prepared by applying a drop of sol onto a carbon-
coated copper grid, and the formed gels were dried at room
temperature. Scanning electron microscopy (SEM) measure-
ments were performed with a Shimadzu Model SS-550 electron
microscope. Before imaging, the samples were sputter-coated
with gold to make the samples conductive. Fourier transform
infrared (FT-IR) spectroscopy was measured by Bio-Rad
FTS6000 spectrophotometer at room temperature. The
xerogels were obtained by freeze-drying the hydrogels. The
samples were prepared by well-dispersing the complex in KBr
powder and compressing the mixtures to form a plate. Dynamic
laser scattering (DLS) was performed with a laser light
scattering spectrometer (Model BI-200SM) equipped with a
digital correlator (Model BI-9000AT) at 532 nm. All samples
were prepared by filtering 1 mL of solution through a 0.45 μm
Millipore filter into a clean scintillation vial and then
characterizing them at 25 °C. Rheology was performed on an
AR 2000ex (TA Instruments) system using a parallel plates (40
mm) at the gap of 500 μm. Rheological properties were
assessed with the temperature being controlled at 25 °C using a
20 mm parallel plate geometry with a gap of 0.5 mm. The
dynamic moduli of the hydrogels were measured as a function
of frequency in the range of 0.1−100 rad s−1 with a constant
strain value of 0.5%, and a function of strain in the range of
0.1%−10% with a constant frequency value of 1 Hz. UV-vis

absorption spectra were measured on a Shimadzu Model UV-
2550 UV-vis spectrophotometer.

3. RESULTS AND DISCUSSION

3.1. Construction and Characterization of HCM and
HCM&E. Enzymes exhibit high activity and selectivity only
under normal physiological conditions. Under extreme
conditions, enzymes are easily inactivated either by con-
formation changes or other transformations of stereo chemical
structure.40 During the catalytic reaction, the solution condition
changes frequently, which may lead to a reduction in the
enzymatic activity. When more than one enzyme is involved in
the catalytic reaction, the efficient cooperation of different
enzymes becomes as important as the enzymatic activity. These
problems have been considered during the construction of the
artificial multiple enzyme system. An artificial peroxidase was
used instead of HRP, which was an effective measure to keep
the enzymatic activity at a high level.23 The complex micelles
and oxidases were encapsulated in the hydrogels; in this way,
the diffusion of the catalysts was limited. The controlled release
property of the hydrogel might be beneficial to the catalytic
efficiency. In addition, the encapsulation of the catalysts in
hydrogels is helpful to protect the enzymatic activity from some
toxic products such as H2O2 and the extreme condition of the
reaction solution.
Many attempts have been made to prepare tough hydrogels

with inner cross-linking.41,42 However, the cross-linking process
is always time-consuming and has a negative effect on the
enzymatic activity. The supramolecular hydrogel, which was
composed of melamine and DEHPA, was prepared via a simple
heating−cooling process. During the preparation process, the

Figure 1. (A) Formations of HCM and HCM&E. (B) Photographs of the hydrogels before and after gelation; insets show laser light obtained using
a simple laser generator (650 nm, 5 mW). (C) TEM image of HCM (scale bar = 500 nm). (D) Structural stability of the hydrogels in air and in
solutions with different pHs. The samples were incubated at 25 °C, and the observations lasted for 10 days. The relative stability is equal to the
stabilization time divided by the observation time (10 days).
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catalysts would suffer from high temperature (lower than 70
°C) in a few minutes, which had limited effects on the catalytic
activity. Figure 1A shows the formation of HCM and HCM&E.
The mass fraction of GOx in the hydrogel was <0.02%; the
small quantity of oxidase may have little effect on the thermal
and mechanical properties of the hydrogel. In addition, the
structure of GOx is complicated, and the components of
enzymes are difficult to characterize accurately. Therefore,
HCM was used as a simplified model to analyze the thermal
and mechanical property of the artificial multiple enzyme
system.
Figure 1B shows the aggregation state of HCM during the

gelation process. The hemin-micelle had good fluidity and clear
Tyndall phenomenon. During the heating−cooling process, the
gelators self-assembled into long fibrous aggregates, which
became entangled during the aggregation process. A matrix
structure was formed and further prevented the flow of solvent

mainly by surface tension. The fibrous structure of the
hydrogels could be observed clearly in TEM images (see
Figure S1 in the Supporting Information). In Figure 1C, a
hybrid structure full of fibers and spheres was observed. Both
micelles and fibers preserved their own shape and structure in
HCM. SEM analysis of the hydrogels was also performed, as
shown in Figures S2 and S3 in the Supporting Information.
There was a dramatic change in the microstructure of the
hydrogels when a small quantity of ethylene glycol (EG) was
added to the sol before the cooling process. The fibrous
structure of Gel IV (Figure S3) was denser and much more
ordered than that of Gel III (Figure S2).
The hydrogel was design to function as a catalyst in the

substrate solution, which would have frequent matter exchange
between the hydrogel and the solution. The structure of the
hydrogel should be kept for maximum protection during the
catalysis. However, the supramolecular hydrogels would swell

Figure 2. FT-IR absorption spectra: (A) melamine, DEHPA, and gelator; and (B) Gel II and Gel IV.

Figure 3. Melting temperature (Tm) of (A) Gel I, II, III, and IV, (B) Gel IV with different micelle concentrations. (C, D) Rheological measurements
in different modes: (C) dynamic frequency sweep at a strain of 0.5% and (D) dynamic strain sweep mode at the frequency of 1 rad s−1.
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or even disintegrate in solutions after a period of time. The
structural stability of the hydrogels was tested by measuring the
stabilization time of the hydrogels from formation to
disintegration under room temperature, as shown in Figure
1D. The small quantity of EG could improve the structural
stability of the hydrogels both in air and in solution. HCM (Gel
IV) and HCM&E could preserve full structures in solutions
with different pHs for more than a week, exhibiting satisfactory
structural stabilities.
3.2. Thermal and Mechanical Property of HCM. FT-IR

spectra of the gelator and xerogels were recorded to confirm
the formation of hydrogen bonds (H-bond). Figure 2A shows
the FT-IR spectra of melamine, DEHPA, and the bicomponent
gelator. The phosphoryl (PO) peak of pure DEHPA
appeared at 1232 cm−1; however, this peak shifted to 1206
cm−1 in the gelator, which was due to the strong H-bond
involvement of the phosphoryl groups with the −NH2 group of
melamine. The −NH2 stretching vibration peaks at 3469 and
3419 cm−1 in melamine were shifted to lower energy for gelator
(3324 cm−1), and the subsequent vibration of the heterocyclic
group (−CN−) shifted from 1653 cm−1 to 1666 cm−1,
which also proved the formation of an H-bond between
DEHPA and melamine in the gelator. In Figure 2B, the
stretching vibration peaks of PO and −CN− of Gel IV
had obvious shifts compared with Gel II, which indicated that
stronger H-bond was formed in the Gel IV. The detailed
analysis of the interactions between hemin-micelles and gelators
was included in Figure S4 in the Supporting Information.
The thermal property of the hydrogels was performed by

measuring melting temperature (Tm) of the hydrogels.43−45

The hydrogels were heated from 20 °C to 90 °C at a heating
rate of 2 °C min−1. The temperature at which the hydrogels
began to melt and disintegrate was recorded and was denoted
as Tm. The supramolecular interactions among the gelators
began to collapse above Tm. In Figure 3A, the Tm values of Gel
II and Gel IV were higher than those of Gel I and Gel III,
respectively, which indicated that the addition of EG improved
the thermal property of the hydrogels. In Figure 3B, the Tm

value of Gel IV increased with the concentration of hemin-
micelle changing from 0 to 0.3 mg mL−1, which indicated that
the encapsulated micelles can improve the thermal property of
the hydrogel. The Tm of Gel IV (0.3 mg mL−1 hemin) was 65.3
°C, which indicated that the fibrous structure of the hydrogel
was stable when the temperature was below 65.3 °C.
To investigate the mechanical properties of the hydrogels,

rheological measurements were performed using dynamic
frequency sweep mode and dynamic strain sweep mode. As
shown in Figures 3C and 3D, both the storage modulus
(elasticity of G′) and the loss modulus (viscosity of G″)
exhibited weak frequency and strain dependences. The G′
values of all samples were bigger than the corresponding G″
values, suggesting that all samples behaved as viscoelastic
materials. Gel IV showed higher G′ value than that of Gel II,
which indicated that the addition of hemin-micelle strength-
ened the hydrogel.

3.3. Possible Mechanism for Formation of HCM.
Through the morphology and stability analysis, along with
the exploration of the thermal and mechanical property, we
proposed the possible process of the self-assembly during the
formation of the hydrogel, as shown in Figure 4. In the gelator

Figure 4. Possible molecular arrangements in self-assembled nanofibers of hydrogels.
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complex, H-bond was formed between DEHPA and melamine.
The gelators can self-assemble into nanofibers in water or EG-
water mixture. The formation of the liner structure was driven
by H-bonding between DEHPA and melamine (I), hydro-
phobic interaction between DEHPAs (II), π−π interaction
between melamines (III), and H-bonding between melamines
(IV). When more than one melamine-melamine H-bond (IV)
was formed in one molecule of melamine, the fibers began to
grow into a net structure because of the formation of cross-
linking points among the fibers. As to HCM, the driving force
to form fibrous structure was more than the interactions among
the components of the gelators. The carboxyl groups of the
hemin loaded on the micelles can form H-bonds with melamine
and DEHPA, which made the micelles closely linked with
nanofibers. The supramolecular interactions within HCM were
stronger than those in hydrogels without encapsulating
micelles, which could explain the reason for the better thermal
and mechanical properties of HCM.
The addition of EG in the solvent can enhance the structural

stability, thermal property, and mechanical stability of the
hydrogel. The Flory−Huggins interaction parameter (χ) was
used to evaluate the gel behavior about a known gelator in an
untested solvent.32 According to the solubility theory, the
tendency toward dissolution increases as χ decreases. Solvents
with low χ values may enhance the solubility of the solute,
which indicates that the addition of organic solvents could
prevent the precipitation of the hydrogel and thus improve the
duration of the hydrogel. The detailed analysis of the solvent
effect on the gelation was included in the Supporting
Information.
3.4. Release Kinetics. Hydrogels are extensively studied as

matrices for the controlled release of macromolecules.46−50 The
controlled release property may have great influence on the

diffusion mode of the catalysts and further affect their catalytic
efficiency. HCM&E functions as a multiple enzyme system
when soaked in a substrate solution. The micelles and oxidases
release from the hydrogel to the solution, and the substrates
diffuse in the opposite direction. The diffusion modes of the
catalysts and the substrates in this system are different from
those in solution environment. The release kinetics of the
catalysts and the substrates should be studied in order to
explore the effect of the controlled release property on the
catalytic efficiency of the multiple enzyme system. The hemin-
micelle was used as the template for the release study about the
nanosized catalysts, because the hemin loaded on the micelle is
easily detected by an UV-vis spectrophotometer. Orange II was
chosen as the template molecule for the substrates, which has a
characteristic absorption at 484 nm.
As to the hydrogel sample with 1 wt % gelator, almost 100%

of the substrates were released within 10 h, and ∼80% of the
hemin-micelles were released during the same time (see Figure
S5 in the Supporting Information). The H-bond interaction
between the micelles and the fibers reduced the release rate of
the micelles. The steric hindrance of the fiber matrix for the
nanosized micelle could also account for the lower release rate.
Figure S6 in the Supporting Information shows the hydro-
dynamic diameter distribution f(Dh) of hemin-micelles in the
releasing solution during the releasing process. The average Dh
was larger than that of the micelle before being encapsulated in
hydrogel, because of the heating−cooling process during the
preparation of the hydrogel.
The release was analyzed using a mathematical model

established in previous hydrogel-mediated drug release
studies.51−54 It was hypothesized that the release kinetics are
primarily dominated by diffusional micelles or substrates efflux
with negligible contributions from the network. A diffusion-

Figure 5. (A) Release percentage plotted against the square root of release time, which yielded liner fittings using Higuchi model. The concentration
of the gelator was 1 wt %. (B) Nonliner fittings using a transformation of Peppas equation. The concentration of the gelator was 3 wt %. (C, D)
TEM images of HCM with different concentrations of gelators: (C) 1 wt % and (D) 3 wt %. Scale bar for panels C and D: 500 nm. The release
experiments were performed at 37 °C.
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dominant Higuchi model was applied to analyze the release
profiles:

=M Ktt
1/2

(5)

where Mt is the rate of drug release at time t and K is the
Higuchi constant. When the gelator concentration was 1 wt %,
plotting the release percentage against the square root of time
yielded linear fittings with a correlation coefficient of R2 = 0.991
for hemin-micelle and 0.988 for Orange II, as shown in Figure
5A. The goodness of the fit indicated a diffusion-controlled
release mechanism. The Higuchi constants of micelle and
Orange II were calculated to be 31.9 ± 0.8 and 38.6 ± 1.1,
respectively.
When the concentration of the gelator increased from 1 wt %

to 3 wt %, the release rates of micelles and substrates became
much lower in the first 6 h. However, the release rates increased
rapidly after 6 h (see Figure S5 in the Supporting Information).
The release was no longer a diffusion-dominant process, which
cannot be analyzed by the Higuchi model. The releasing
condition was similar to drug delivery from swellable systems,
which can be expressed by the following equation:

= +
∞

M
M

k t k tt
1 2

(6)

where k1 and k2 are constants.
53 In Figure 5B, the goodness of

the fit according to eq 6 indicated a diffusion-controlled and
relaxation-controlled release mechanism.
The higher concentration of gelators led to higher fiber

density of the hydrogels, as shown in Figures 5C and 5D. The
hydrogel with the higher concentration of gelators had a
stronger binding force for the hemin-micelles; the compact
fibrous structure also slowed the diffusion rate of substrates
from the solution to the hydrogel. The lower gelator
concentration seemed to be more appropriate for the multiple
system, since, in this state, catalysts and substrates could keep a
relative high release rate in the initial stage of the cascade
reaction.
3.5. Catalytic Analysis of HCM and HCM&E. The HRP-

like activities of hemin-micelles and HCM were tested through
the ABTS by H2O2, which produced dark-green ABTS cation
radical (ABTS• +). The hemin-micelle solution and HCM were
prepared with the same concentration of hemin (0.3 mg mL−1).

The two samples were mixed with the same volume of substrate
solutions (0.25 mM ABTS and 12 mM H2O2). As shown in
Figure S7 in the Supporting Information, the catalytic reaction
finished within 2 min in hemin-micelle solution. When the
hemin-micelles were encapsulated in the hydrogel, the reaction
reached highest conversion at the 35th minute. The final
reaction conversion catalyzed by HCM was higher than that by
hemin-micelle solution. The porous structure of the hydrogel
network permitted sufficient flexibility to assist the transports of
the catalysts and the substrates, and the controlled release
property of hydrogels made the catalytic reaction perform in a
mild way.
With regard to HCM&E, H2O2 was produced during the

oxidation of glucose by O2 via a GOx-mediated reaction. The
substrate solution was prepared in 10 mM PB 7.4 containing
1.0 mg mL−1 glucose and 0.25 mM ABTS. When the hydrogel
HCM&E was soaked in the substrate solution, the cascade
reaction was activated as follows:

+ ⎯ →⎯⎯ +glucose O gluconic acid H O2
GOx

2 2 (I)

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +
‐ •+ABTS H O ABTS H O2 2

Hemin Micelles
2 (II)

Reaction I was the oxidation of glucose, producing
intermediate H2O2. Reaction II was the oxidation of ABTS,
which was the H2O2-consuming reaction. Figure 6A is the
absorbance change of the reaction solution over time. The
absorbance at 645, 730, and 810 nm all increased, along with
the reaction, indicating the production of ABTS• +. The
reaction solution turned green within 1 h and the color
became deeper along with the reaction, which also indicated the
activation of the cascade reaction.
Figure 6B shows the time-dependent absorbance changes as

a result of the oxidation of ABTS, and Figure 6C shows the
conversions of the reactions. In HCM&E, the two catalytic
centers were both located in the hydrogel. The cascade reaction
performed under mild condition and reached a high
conversion. When the micelles and enzymes were not
encapsulated in hydrogels, just simply mixed with the substrate
solution (Control I), the reaction finished within half an hour,
and the conversion was much lower. In solution environment,
no limitation on diffusion of the catalysts and substrates caused
a certain degree of disorder, the two separated reactions were

Figure 6. (A) UV-vis spectra of ABTS• + during the oxidation reaction catalyzed by HCM&E and the color change of the solution during the
reaction. The measurement was performed every half an hour, lasting for 6 h. (B) Time-dependent absorbance changes as a result of the oxidation of
ABTS catalyzed by (1) HCM&E, (2) Control I, and (3) Control II. (For HCM&E, both of the hemin-micelle and GOx were encapsulated in the
hydrogel. For Control I, GOx and hemin-micelles were simply mixed with substrate solution without hydrogel covering. Control II involved hemin-
micelle in hydrogel and GOx in a substrate solution. All of the catalytic reactions were performed at 37 °C.) (C) Conversions of the reactions
catalyzed by HCM&E, Control I, and Control II.
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hard to form a cascade process. In order to further prove
whether the co-encapsulation of the two catalytic centers was
responsive for the high catalytic activity, the two catalysts were
located in separate phases: the hemin-micelle was encapsulated
in the hydrogel, and the GOx was dissolved in substrate
solution (Control II). The cascade reaction was not activated
until the fourth hour, and the conversion was much lower than
that of HCM&E. In this system, glucose and GOx were
dissolved in the same phase without limitation of their
diffusion, reaction I performed at a high rate. The hemin-
micelle was encapsulated in the hydrogel, the controlled release
property of the hydrogel restricted the reaction rate of reaction
II. The produced H2O2 in reaction I could not consumed by
reaction II immediately, which caused a low efficiency. Some
researches proved that peroxidases could be irreversibly
inactivated by exposure to high concentration of H2O2.

55−57

The possible mechanism of the inactivation of peroxidase was
analyzed in the Supporting Information (Figure S8).
3.6. Key Factors that Affected Catalytic Activities of

HCM&E. The catalytic activity was measured through two
parameters, namely, the initial rate (v) and the conversion rate
(Y). The cascade reactions catalyzed by hydrogels with different
network densities were performed, just as shown in Figure 7A.
In solution environment, the mobility of the catalytic centers
and substrates was highest, the cascade reactions performed at
high initial rate but achieved low conversion. When the gelator
concentration was 1 wt %, the cascade reaction performed
smoothly and efficiently with a high conversion and a moderate
initial rate. However, when the gelator concentration further
increased, the initial rate and conversion both decreased. The

compact network of hydrogels overly limited the diffusions of
the catalytic centers and the substrates (Figure 5), thereby
inhibited the cascade reaction. Based on release study and
catalytic analysis above, a quantity of 1 wt % was adopted as the
appropriate gelator concentration in the following analysis.
The glucose concentration varied from 0 to 2.0 mg mL−1,

and the catalytic activity was shown in Figure 7B. According to
the catalytic dynamics of the single reaction, the higher
substrate concentration may lead to higher initial rate and
conversion.19 However, with regard to cascade reaction, the
situation was different. When the concentration of glucose was
1 mg mL−1, the initial rate and conversion reached the highest,
which were even higher than those with higher glucose
concentrations. When the concentration of GOx was chosen as
a variable, the similar result was achieved, just as shown in
Figure 7C. When the concentration of GOx was 0.2 mg mL−1,
the initial rate and conversion reaches the highest, which were
higher than those with higher GOx concentrations. Next, we
changed the concentration of hemin-micelles, which were the
catalytic centers of the reaction II. In Figure 7D, we can see that
the initial rate and conversion of the cascade reaction increased
as the micelle concentration increased. Based on the above
analysis, we can conclude that the high reaction rate of reaction
I may not necessarily lead to a high reaction rate of the cascade
reaction. The product produced in reaction I should be
consumed immediately by reaction II, and the excess product of
reaction I may lead to low efficiency of the cascade reaction. In
addition, the excess H2O2 may inactivate the hemin-micelles
released from the hydrogel. So the concentrations of glucose
and GOx should be maintained at appropriate values, in order

Figure 7. Initial rates and conversions of cascade reactions catalyzed by HCM&E with different concentrations of (A) gelator, (B) glucose, (C) GOx,
and (D) hemin-micelle. For panels B−D, the concentration of the gelator was 1 wt %. All of the catalytic reactions were performed at 37 °C.
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to ensure that the H2O2 could be consumed without delay. The
concentration of hemin-micelle should be maintained at a high
value in order to eliminate the H2O2 quickly and promote the
cascade reaction.
Although it is still difficult to obtain the complete reaction

details about the HCM&E system, because of current
limitations on characterizations, the possible process of the
cascade reaction has been investigated. The color change of the
reaction system was tracked for 24 h at a relatively low
temperature. As shown in Figure S9 in the Supporting
Information, the interface between the hydrogel and the
solution first turned green, which indicated that the cascade
reaction was activated at the interface. The solution away from
the interface began to turn green, because of the diffusion of the
product from the interface to the solution. In addition, the
catalysts that diffused into the solution could also catalyze the
cascade reaction, although with lower efficiency than that of the
reaction that occurred at the interface. In the first 5 h, no color
change was observed in the gel phase, which indicated that (i)
less products were produced there and (ii) the diffusion rate of
the product into the hydrogel was slow. The reverse flows of
the catalysts and substrates at the interface ensured full contact
of them and greatly promoted the reaction. The controlled
release property made the reactions perform in a mild and
ordered way, ensuring that the H2O2-producing reaction and
H2O2-consuming reaction perform at the same time. In
addition, the hydrogel covering protected the catalysts from
toxic products and unstable reaction conditions, which had
great contributions to the high efficiency of the cascade
catalysis.
3.7. Studies of H2O2 Generation and Elimination. A

major advantage of peroxisomes is the transfer of biosynthetic
intermediates between catalytic sites without or with less
diffusion into the bulk phase of the cell, which is referred to as
“metabolic channeling”.1,58 Oxidases are widely used for various
therapeutics, but oxidase-mediated reactions produce toxic
H2O2.

59−61 With regard to our multiple enzyme system, the
produced H2O2 could further involve in a peroxidase-mediated
reaction and successfully completed a cascade process. During
the cascade reaction, the generation and elimination of the
H2O2 should be studied in order to prove whether this
“metabolic channeling” was green and nontoxic in our multiple
system.
Three hydrogel samples were prepared: n(GOx), n(GOx-

Cat), and n(GOx-Micelle). The net rates of H2O2 production
were quantified by adding the hydrogel samples to a glucose−
ABTS−HRP solution and measuring the absorbance of
produced ABTS• +.17 The results are shown in Figure 8. In
n(GOx), H2O2 was produced at a constant rate, relative to
time. Hemin-micelles, along with a polyphenol substrate
EGCG, acted as a H2O2-consuming enzyme such as
catalase.62−65 The net rate of H2O2 production for the
n(GOx-Cat) and n(GOx-Micelle) were much lower than that
for n(GOx). The multiple system exhibited an excellent
capability for H2O2 elimination, which minimized the harm of
toxic H2O2 to the surroundings.
3.8. Potential Applications of the Artificial Multiple

Enzyme System HCM&E. In our previous work, hemin-
micelles proved to be efficient in catalyzing the oxidation of
phenols, azo compounds, and benzidines, which provided great
potentials for applications in H2O2 detection and industrial
pollutant decontamination.23 Large amounts of H2O2 were
required during the oxidation reactions. However, chemical

synthesis of H2O2 is not environmentally friendly, and high
concentration of H2O2 may lead to the inactivation of
peroxidases.57,66 The HCM&E, which can produce H2O2 in
situ, using glucose and molecular oxygen as green substrates,
enables the quantitative oxidation of phenols, azo compounds,
and some other substrates without the addition of H2O2. Some
chromogenic substrates, such as 3,3′,5,5′-tetramethylbenzidine
(TMB), catechol, and ABTS, can be oxidized by H2O2 via a
HRP-mediated reaction, along with color changes. In this way,
the HCM&E is effective in detecting glucose, when cooperated
with a chromogenic substrate. The glucose can be detected not
only by using the spectrophotometer but also by the naked eye,
as shown in Figure 6A and Figure S9 in the Supporting
Information. In this work, we performed the chromogenic
cascade reaction with glucose concentration from 0.5 mg mL−1

to 2 mg mL−1, which corresponds to the blood-glucose
concentration from hypoglycemia to hyperglycemia. The
glucose over the entire tested range can activate the cascade
reaction (Figure 7B), which has great potential applications in
bioanalysis and biological detection.
The hydrogel containing complex micelles as artificial

peroxidases and GOx enzymes provides us a new view to
construct multiple enzyme system mainly using the method of
self-assembly instead of chemical processes. Oxidase is a series
of highly specific enzymes with diverse functions, GOx is just a
template enzyme, which cooperates well with hemin-micelles in
the supramolecular hydrogel. The GOx can be replaced by
other oxidases, such as superoxide dismutase, alcohol oxidase,
and urate oxidase; thus, HCM&E may have many more
applications tailored to specific physiological and environmental
functions.

4. CONCLUSIONS
In summary, we report an artificial multiple enzyme system
HCM&E constructed by encapsulating hemin-block copolymer
complex micelle as an artificial peroxidase and GOx as a natural
oxidase in a supramolecular hydrogel. The artificial peroxidase
could work well with natural oxidases and exhibited excellent
activity in catalyzing cascade reactions. The hydrogel serves as
an excellent scaffold to carry micelles and enzymes, which
protects them from inactivating by intermediate product H2O2.
The controlled release property of hydrogel ensures the
reactions perform mildly and cooperatively, the product of
the first reaction can be consumed by the second reaction
timely, so activating the cascade reaction. The HCM&E is easy
to prepare and preserve, and the cost is much less than other

Figure 8. H2O2 concentration in glucose oxidation reaction catalyzed
by n(GOx), n(GOx-Cat), and n(GOx-Micelle).
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systems. The high efficiency and good operability of the cascade
reaction provides the system great potential applications as a
cost-effective biosensors for glucose, and a green catalyst for the
oxidation of substrates such as phenols and azo compounds in
aqueous media. In addition, HCM&E is an excellent model to
construct a multiple-enzyme system tailored to various
functions with different types of oxidases. Superoxide dismutase
and urate oxidase are also important oxidases that are closely
related to physiological activities. They can also be used to
construct multiple enzyme systems with new functions when
cooperated with hemin-micelles, which may become the focus
of our research interests in the future.
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