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ABSTRACT: Dipeptide-polyoxometalates (POMs)-graphene oxide
(GO) ternary hybrid is an excellent peroxidase-like mimic, exhibiting
enhanced peroxidase-like activity compared to POMs alone. The
hybrid was readily prepared through a reprecipitation method
involving electrostatic encapsulation of H3PW12O40 (PW12) by
cationic diphenylalanine (FF) peptide and coassembly of FF@PW12
spheres with graphene oxide (GO). Using 3,3′,5,5′-tetramethylbenzi-
dine (TMB) as the chromogenic substrate, the peroxidase-like activity
of FF@PW12 was evaluated in the heterogeneous phase, and it is 13
times higher than that of pristine PW12 in the homogeneous phase.
Furthermore, ternary hybrids of FF@PW12@GO containing 5 wt %
GO could enhance the activity 1.7 times higher than that of FF@PW12. The noncovalent interactions of hydrogen bonding and
ionic interaction between GO and POMs are speculated to result in the synergistic effect for the enhancement of peroxidase-like
performance. The strong interactions between rGO and PW12 are evaluated by a four-probe Hall measurement via the van der
Pauw method, and rGO is significantly p-doped by the doping effect of PW12 with lower LUMO energy than that of the energy
level of rGO and also due to the electron reservoir feature of PW12. Cyclic voltammogram measurements also suggest that GO
causes significant influence on the electronic structure of the reduced forms of the redox couples of PW12. The nature of the
TMB catalytic reaction may originate from the generation of the hydroxyl radical (•OH) from the decomposition of H2O2 by
ternary hybrids and the formation of peroxo species of POM. Taking advantage of the UV−vis signals of TMB being correlated
to the concentration of H2O2, FF@PW12@GO can be used to detect H2O2 within the limit of detection of 0.11 μM, and the
detection range is 1−75 μM. The present method indeed opens up a promising route in constructing heterogeneous peroxidase-
like mimics through the use of POMs via the introduction of GO for building H2O2 sensors.
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■ INTRODUCTION

Self-assembly is a ubiquitous phenomenon in nature at
molecular and supramolecular levels, and it has been proven
to be a promising and useful bottom-up approach to prepare
functional materials.1,2 To achieve desirable structures and
functions, rational design of the building blocks is of great
importance.3 As an example, diphenylalanine peptide (L-Phe-L-
Phe) (FF) extracted from β-amyloid polypeptide responsible
for Alzheimer’s disease is one of the core recognition motifs for
molecular self-assembly.4 Although facile synthesis and post-
modifications have made FF readily available for constructing
well-defined supramolecular structures, applications in bio-

technology and nanotechnology have been limited due to the
nature of FF and very little development in FF based hybrid
systems.5−8 On the other side, a recent study showed that
inorganic−organic hybrid supramolecular assemblies played a
vital role in fabricating novel multifunctional materials.9,10

Besides the intrinsic properties, supramolecular assemblies are
highly desirable as they typically demonstrate cooperative
functionality of the individual building blocks. As expected, the
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combination of inorganic components and organic compounds
may combine advantages from both elements and improve the
overall performance of the resultant hybrid complexes.11,12

Polyoxometalates (POMs), as one of the most important
inorganic building blocks, not only possess rich structural
versatility such as Keggin, Wells−Dawson, Linqvist types, etc.
but also demonstrate superior redox activity.13 In particular, the
ionic self-assembly (ISA) strategy, based on electrostatic
interactions between two oppositely charged units, has been
developed to effectively construct supramolecular structures
based on negatively charged POMs.14 Thus, novel functional
materials consisting of cationic FF and anionic POMs may be
constructed by applying ISA strategy.4 In general, the
enhancement of the catalytic performance of nanomaterial is
directly related to the high surface area, which is easily
deteriorated by coagulation of small-sized nanoaggregates
during the catalysis reaction.15 To solve the coagulation
problem, dispersing these small aggregates on nanosized
inorganic or polymeric supports has proven to be an effective
way.16,17

Recently, H2O2 detection has attracted much attention as its
production may affect many biochemistry reactions in the body
that are critical for human health.18−20 This gives us the
motivation to develop efficient methods for detecting and
quantifying the amount of H2O2 molecules in the specific
system. The commonly used optical H2O2 detection strategy
involves the use of horseradish peroxidase (HRP) catalyzing a
chromogenic substrate, such as 3,3′,5,5′-tetramethylbenzidine
(TMB), and a colored product will be formed.21 Although this
assay is effective, inherent drawbacks of this natural enzyme,
including the sensitivity of catalytic activity to environmental
changes and low operational stability, as well as time-
consuming and expensive preparation and purification
processes, restrict its application in various disciplines.22,23 As
a result, considerable efforts have been dedicated to design and
construct novel enzyme mimics with similar functions.24 In
recent years, Fe3O4 magnetic nanoparticles are found to exhibit
intrinsic peroxidase mimetic activity.19,20 Many other nanoma-
terials such as noble metal materials,25 metal oxides,26 hybrid
materials,27 carbon-materials,28,29 polymers,30 and nanocompo-
sites31 have been developed, demonstrating peroxidase-like
mimetic activities.
Very recently, Qu’s group found that carboxylic acid

(−COOH) groups modifying graphene oxide (GO) could
catalyze TMB to produce a blue-colored product in the
presence of H2O2.

28 Besides the study of intrinsic peroxidase-
like activity of GO-COOH, a series of artificial enzymes use GO
as supports due to facile synthesis for large-scale application,
superior mechanical properties for robustness, high surface area
and abundant oxygen-containing functional groups for
anchoring a variety of different materials including noble
metals, metal oxides, semiconductors, etc.32−34 For example, a
monolayer superlattice containing POMs on GO showed
enhanced photoelectrochemical properties ascribable to the
synergistic effects between the superlattice and GO.35 Qu’s
group reported that both GO and AuNCs showed almost no
peroxidase-like activity; however, GO/AuNCs showed superior
activity, indicating the synergistic effect between AuNCs and
GO.36

Among all the reported artificial enzymes, only a few POMs-
based nanoenzymes, such as PW12O40,

37 SiW12O40,
38 and

tetranuclear zirconium-substituted polyoxometalates,39 have
demonstrated enzyme mimetic activity for the detection of

H2O2. Most of the reported POMs based peroxidase-like
studies are homogeneous, suffering from recovery issue and
environmental contamination. Wang et al. found that the
coassembly of Fe2SiW10

40 or PV2Mo10O40
41 with folate showed

peroxidase-like activity and targeting ability toward folate
acceptor overexpressed cells. However, the unsatisfied solubility
of folate molecules severely hinders its coassembly with POMs.
Thus, the development of biocompatible molecules encapsu-
lated POMs complexes is highly appealing to expand the field
of peroxidase mimics based on POMs. Taken together, by
integrating FF, POMs, and GO into one hybrid composite, the
synergistic effect among all components can potentially be
realized and maximized, leading to superior performance in
catalysis, energy conversion, and biotechnology. We decide to
synthesize hybrids containing FF, peroxidase-active POMs, and
GO because of the following reasons: 1) the introduction of FF
is speculated to enhance the biocompatibility of the hybrid and
the affinity toward TMB due to nonconvalent interactions; 2)
strong electrostatic interactions between FF and POMs may
enhance the stability in the heterogeneous phase; 3) the
introduction of GO as supports may maximize the dispersion of
FF/POMs hybrids and surface area of the whole composites
and to enhance the affinity of TMB or H2O2 due to
concentrating ability by aromatic regions and/or abundant
oxygen-containing groups of GO on basal planes; 4) strong
electron transfer between GO and POM will alter the redox
property of POM.
Herein, we report the assembly behavior and characterization

of FF and PW12 nanospheres. The nanospheres are successfully
dispersed on the surface of GO. The peroxidase-like activity of
FF@PW12 or FF@PW12@GO is systematically investigated.
The detection of H2O2 in the range from 1 μM to 75 μM is
evaluated based on FF@PW12@GO in detail.

■ EXPERIMENTAL SECTION
Materials and Methods. PW12 was purchased from Sigma-Aldrich

Chemical Reagent Co., Ltd. Dipeptide NH2-Phe-Phe-COOCH3·HCl
(FF·HCl) was a gift from Prof. Wujiong Xia, at Harbin Institute of
Technology. 1H and 13C NMR spectra of FF·HCl are included in the
Supporting Information, Figures S15 and S16. GO was synthesized
using Hummer’s method and characterized by Raman spectroscopy
and AFM analysis (Figure S1, SI). GO film was prepared by a casting
method on SiO2(300 nm)/Si and then reduced by 47 wt % HI
solution at 85 °C for 4 h. Three dimensional graphene (3DG) foam
was synthesized according to our previous work.42 Fourier transform
infrared (FTIR) spectra of the prepared catalysts were collected on a
PerkinElmer 1710 spectrometer using KBr pellet at room temperature.
Contact angles were measured using the Dataphysics OCA20 CA
system at ambient temperature. TGA were performed using SDT
2960, TA Instruments, with a heating rate of 10 °C·min−1 under N2
atmosphere. The hydrodynamic diameters and surface potential of the
hybrids were determined by dynamic light scattering (DLS) using
Malvern Zetasizer Nano ZS. XRD was performed with monochro-
mated Cu Kα radiation at a scanning rate of 2° min−1 in the range of
3−30° on a Rigaku D/max-γB apparatus. Scanning electron
microscopy (SEM) was performed using a FEI Quanta 200 scanning
electron microscope with 10 kV acceleration voltage. The sample was
stuck on the observation platform and sprayed with platinum vapor
under high vacuum for about 90 s. Characterization of the assemblies
was performed using field emission Transmission Electron Microscopy
(TEM) (Tecnai G2F30). A 0.1 mg sample was sonicated in 1 mL of
H2O for 10 min, and the solution mixture was then dropped onto a Cu
grid with carbon film. An electron paramagnetic resonance (EPR,
EMX-8/2.7 ESR spectrometer with ER4102ST cavity, Bruker,
Germany) experiment was conducted to determine the •OH generated
in the system of H2O2-FF@PW12@GO-DMPO. A Nitron spin-
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trapping reagent of 5,5-dimethyl-1-pyrolin-N-oxide (DMPO) pur-
chased from Aladdin was used to capture •OH. All the reactions were
monitored using UV−vis spectroscopy (Hitachi UV2010 spectropho-
tometer) in situ at 652 nm. The apparent kinetic parameters were
calculated based on the equation v = Vmax × [S]/(Km + [S]), where ν is
the initial velocity, Vmax is the maximal reaction velocity, [S] is the
concentration of substrate, and Km is the Michaelis constant.43 Hall
measurements were performed at room temperature using copper
pressure clips using the van der Pauw method. The clips were used as
probe contacts over areas of 0.5 × 0.5 mm2, and the thickness of the
membrane was about 2 μm. The currents used for the measurements
were 1 mA, while the magnetic induction intensity was 0.550 T. Cyclic
voltammetry measurements were carried out on a CHI660D
electrochemical analyzer supplied by Shanghai Chenhua Instrument
Co., Ltd. (Shanghai, China). The working electrode was a glassy
carbon (GC) disc and a GC disc modified by 3DG (Radius: 1.5 mm).
The reference electrode was Ag/AgCl (KCl: 3 M). The auxiliary
electrode was a platinum electrode. Measurements were performed in
1 M H2SO4 at room temperature, from approximately −0.7 V to +0.25
V at 100 mV s−1 for two circles.
General Procedure for the Synthesis of PW12@FF and PW12@

FF@GO. FF·HCl powder (30 mg, 0.083 mmol) was first dissolved in 5
mL of distilled water, followed by slow addition of PW12 aqueous
solution (80 mg, 0.027 mmol in 1 mL of distilled water). The solution
mixture showed a light yellow turbid suspension that was aged for 1 h.
The PW12@FF submicrospheres were assembled and filtered from the
aqueous suspension and thoroughly washed three times with distilled
water (50 mL × 3). The reaction yield for PW12@FF is 65%. PW12@
FF@GO was synthesized similarly. The only modification is that the
PW12 aqueous solution contains a different weight fraction of GO. All
separation processes were performed based on the above-described
process, and the reaction yield for PW12@FF@GO is 72%.
Peroxidase-like Activity of the Composites. To investigate the

peroxidase-like activity of the composite, catalytic oxidation of
substrate TMB in the presence of H2O2 was measured. In a typical
colorimetric experiment, unless otherwise stated, a certain volume of
catalyst aqueous dispersion (1 mg/mL) was added to 2.75 mL of an
aqueous solution consisting of 50 μM TMB dispersed in 0.1 M, pH 3
buffer solution and 100 μM H2O2 at 60 °C. Afterward the sample in
the hcuvette was positioned immediately in the cell holder of the UV−
vis spectrophotometer for steady-state kinetic measurements which
were implemented in time course mode by monitoring the absorbance
changes at 652 nm.

■ RESULTS AND DISCUSSION

1. Morphology and Compositions. Supramolecular
assemblies of FF and POMs were obtained via a reprecipitation
strategy. As shown in Scheme 1, addition of the ethanol
solution of PW12 and FF in a 1:3 molar ratio into water at room
temperature immediately created light suspension displaying a

typical Tyndall effect, indicating the formation of colloidal
aggregates in solution mixture. Ethanol is a good solvent for
PW12 and FF hybrids, but water is not. Thus, the introduction
of water to the ethanol solution containing hybrids will likely
induce the precipitation of the compounds. The suspended
aggregates were characterized using SEM, and Figure 1a shows

that the aggregates are submicrospheres with an average
diameter of 520 nm (inset of Figure 1a). Energy dispersive X-
ray (EDS) spectroscopy (Figure S2, SI) indicates that the major
elements of the submicrospheres are tungsten and carbon,
indicating the successful assembly of PW12 and FF. TEM
images in the inset of Figure 1b also confirm the formation of
spherical aggregates with a similar average size of ∼520 nm,
both close to the hydrodynamic diameter ∼549 nm measured
by DLS (Figure S3, SI).
The incorporation of PW12 in FF forming a hybrid was

confirmed using several spectroscopy techniques. Figure 2a
shows the UV−vis spectra of FF, PW12, and FF@PW12 hybrid,
respectively. The peak at 266 nm (black trace) is ascribed to the
oxygen-to-metal charge transfer in PW12, which is also observed
in the FF@PW12 hybrid. FTIR spectra of FF, PW12, and FF@
PW12 hybrids were collected and presented in Figure 2b. As
summarized in Table S1, the absorption bands of PW12 at 1080,
984, 889, and 808 cm−1 are attributed to ν(P−O), ν(WOt),
ν(W−Ob−W), and ν(W−Oc−W) stretching vibrations. In
comparison, the same absorption bands from ν(P−O), ν(W
Ot), ν(W−Ob−W), and ν(W−Oc−W) stretching vibrations in
FF@PW12 hybrids changed considerably, indicating slight
variations in electron distribution and structural distortion of
PW12 due to strong electrostatic interaction between PW12 and
FF. The successful introduction of FF was confirmed by the
appearance of the characteristic peaks of FF at the same

Scheme 1. Schematic Illustration of the Assembly Process of
the FF@PW12@GO Complex

Figure 1. Characterization of hybrid hollow spheres consisting of
coassembled FF and PW12 by a) SEM (inset: statistical analysis of the
size of the spheres). b) High resolution TEM image of one sphere in
the inset, in which the dark spots marked by red circles with a size of
ca. 1 nm are PW12. c) SEM image of FF@PW12@GO (5 wt %) (inset:
statistical analysis of the size of the spheres). d) TEM image of FF@
PW12@GO (5 wt %).
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positions in hybrids. Raman spectroscopy was also carried out
to confirm the introduction of PW12. As shown in Figure 3d,

four Raman scattering peaks were found in the range of 1007−
886 cm−1 for PW12, corresponding to stretching vibrations of
P−O bonds of the PO4 sites at 1007 cm−1, the WO bond at
990 cm−1, and W−Ob/c−W bonds at 920 and 886 cm‑1 of PW12
unit, respectively.44 After the formation of FF@PW12, the four
Raman scattering peaks are shifted to 1004, 991, 916, 880 cm−1,
respectively. The FTIR and Raman spectra indicate that the
primary Keggin structure of PW12 remains intact in the hybrid,
and there is electrostatic interaction between PW12 and FF. We
propose that the chemical structure for the hybrid is (NH3-Phe-
Phe-COOCH3)3PW12O40 with the PW12:FF ratio being 1:3
based on charge equilibrium. TGA measurements were
therefore performed to verify the proposed structure. As
shown in Figure 2d, FF started to decompose above ∼173 °C.
TGA profile of PW12 illustrated that the weight loss below 200
°C was attributed to the removal of physisorbed water
molecules. In the case of FF@PW12, the measured weight
loss due to thermal decomposition between 240 and 800 °C is
determined to be 25.42%, very close to the calculated fraction
of 26.22% in the hybrid assuming the inorganic residues are
WO3 and P2O5. The starting decomposition temperature
increased from 173 °C for pure FF to 240 °C for FF@PW12,
indicative of the enhanced thermal stability due to the
formation of the electrostatic complex. These results reflect
that the chemical structure of the hybrid is indeed as we
proposed, viz, one PW12 polyoxoanion bearing three negative

charges electrostatically combined with three FF cations as
shown in Scheme 1.
From our observations so far, the synergistic effect between

inorganic and organic components is highly dependent on the
strong interactions between the two components. Thus, the
catalytic performance of hybrids would be enhanced only when
the synergistic effect is maximized. To further confirm the
interaction between PW12 and FF in solution, 1H NMR was
performed. As shown in Figure 3a and b, the proton chemical
shifts of FF and FF@PW12 demonstrate the following
characteristics: (1) the proton signal of N-methylene (N+-
CH2) between 3.8 and 4.8 ppm, which is a singlet in pure FF,
becomes an obvious triplet and shifted toward high field by
0.05 ppm in FF@PW12; (2) the proton peak of protonated
NH3

+ is significantly broadened and shifted to high field by 0.25
ppm between 7.6 to 8.6 ppm; (3) the other signals remain
unchanged. The broadened peaks are speculated to be due to
strong electron static interactions between FF and PW12, which
might restrict the mobility of the protonated NH3

+ since the
chemical shift and peak width of the proton peaks are highly
dependent on the local physical and chemical environment as
reported in previous work.45 Based on the NMR analysis and
the previous characterization results, we tentatively conclude
that PW12 and FF coassemble into spherical aggregates in water
mainly due to the electrostatic interaction between negative
PW12 and positive FF.
Furthermore, XRD characterization for PW12, FF, FF@PW12,

and FF@PW12@GO are performed in Figure S4. A series of
characteristic peaks are observed in the XRD pattern of PW12
(black trace), corresponding to Keggin-type POMs. XRD
pattern at wide angles from 4 to 30° indicates that FF powder
possesses strong and obvious diffraction peaks, confirming
ordered molecular assembly of FF molecules. However, it
showed different patterns comparing with the XRD pattern of
the hexagonal structure of FF single crystals.46 FF@PW12 and
FF@PW12@GO showed similar XRD patterns with only one
sharp peak at 2θ = 6.8 and 6.7°, respectively. All of the
characteristic Bragg reflections of the PW12 and FF have
disappeared. d spacing of 1.3 nm for both cases can be
ascribable to the size of the one unit of (NH3-Phe-Phe-
COOCH3)3PW12O40 (FF3PW12) in the hybrid spheres. As
roughly measured in the TEM image in Figure 1b, d spacing is
consistent with the size of a basic structural unit of ∼1 nm.
In addition, as shown in Figure S5, FF self-assembled into

tubular structures at a concentration of 2 × 10−4 mol L−1 in
ethanol at room temperature. This tubular structure is
consistent with previous results.47 It has been proposed that
the well-ordered assembly of the tubular structure is possibly
governed by a nucleation−growth process in the vapor−
liquid−solid system during the rapid evaporation of solvent. As
confirmed in XRD measurements, the ordered stacking of
aromatic moieties of FF plays a key role for unidirectional
growth of the tubular structure. The introduction of POM will
greatly change the assembly behavior of FF. There are strong
electrostatic interactions between negative PW12 and positive
FF, which are confirmed by NMR and FTIR. It is reasonable
that such an electrostatic interaction might compete with an
aromatic interaction responsible for the one-dimensional (1D)
structure of FF and becomes prominent during the assembly of
spheres.
Taken together, the loss of unidirectional growth of 1D

structure is the main reason for the energetically favorable
growth of spheres. (FF)3PW12 serves as a building block to

Figure 2. Characterization of FF, PW12, and FF/PW12 by a) UV−vis,
b) FTIR, c) Raman spectroscopy, and d) TGA, respectively,
confirming successful incorporation of PW12.

Figure 3. 1H NMR spectra of (a) FF and FF@PW12 and (b) N-
methylene (N+-CH2) in the range from 3.8 to 4.8 ppm. (c) Protonated
NH3

+ in the range from 7.6 to 8.6 ppm. The interactions are
confirmed to be noncovalent.
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further assemble into supramolecular networks via hydrophobic
interaction, van der Waals forces, and π−π stacking. The
assembly behavior undergoes a similar manner analogous to
cationic surfactants encapsulated POMs systems.48 Briefly, two
steps are involved in the assembly of spheres. First, the building
block of (FF)3PW12 was formed due to electrostatic
interactions. Then, the supramolecular assembly of
(FF)3PW12 occurred via noncovalent interactions.
2. Peroxidase-like Activity Evaluation. Inspired from

previous work, POMs have been shown to demonstrate enzyme
mimetic activity. In Wang’s work, they found that PW12
exhibited the highest peroxidase-like activity at a concentration
of 10 mM (∼30 mg/mL), pH 3.0 at 55 °C. However, pristine
Keggin POMs catalyze the reaction in a homogeneous way,
causing recovery and contamination issues. Moreover, develop-
ments in biodetection demand very stringent requirements for
the design of detecting systems. Besides sensitivity and
detectivity, facile preparation process, heterogeneous nature,
and biocompatibility are some characteristic features for
biodetection. To evaluate whether or not our FF/PW12 system
fulfills these requirements, the peroxidase-like activities are
investigated thoroughly. The catalysis of peroxidase substrate
TMB was examined in the presence of H2O2 with FF@PW12
hybrid and other controls for comparison. Inset in Figure 4a

shows the photographs of aqueous solutions of TMB with
increasing reaction time in the presence of FF@PW12. As the
reaction proceeds, the color of the solution gradually changes
from clear to blue in 10 min, indicating the oxidization of TMB.
It is worthwhile mentioning that only 10 min was required to
observe a color change by the naked eye for FF@PW12, but a
longer time of 90 min was required for previous sandwich-type
POMs based enzyme mimics.40 Furthermore, the process was
quantitatively monitored by recording TMB UV absorbance at
652 nm as shown in Figure 4a as reported previously.40 Figure
4b shows that the intensity of TMB/H2O2/FF@PW12 (dark
cyan trace) was much higher than that of TMB/H2O2/PW12
(blue trace), while other control groups, such as TMB/H2O2/
FF (dark yellow trace), TMB/FF@PW12 (black trace), and
H2O2/FF@PW12 (red trace), remain clear under similar
reaction conditions. These results indicate that the perox-
idase-like activity of FF@PW12 is higher than the catalytic
performance of pristine PW12. It is worth noting that the active
sites on PW12 clusters are open to TMB and H2O2, leading to a

direct oxidation reaction. Thus, the mass transfer issue is almost
negligible in a homogeneous phase. However, agglomeration
occurred due to the strong electrostatic interactions between
negatively charged PW12 and positively charged TMB at lower
pH values. Thus, the active surface of PW12 may be blocked by
adsorbed TMB, and the total concentration of TMB in solution
will therefore decrease due to the severe sedimentation. At the
end of the reaction, we always found blue precipitations at the
bottom of the cuvette. In contrast, the reaction system of
TMB/H2O2/FF@PW12 was stable for a long aging time, in
which no agglomeration was observed throughout the process.
The encapsulation of FF on the surface of PW12 will generate

a smart microenvironment for the access of TMB and H2O2. It
is well-known that higher affinity of TMB and H2O2 is
beneficial in enhancing the catalytic performance of TMB
oxidation reaction. Theoretically, there are noncovalent
interactions of hydrogen bonding and π−π stacking of aromatic
moieties between FF and TMB, driving the movement of TMB
toward composite spheres. Also, the surface charge of FF@
PW12 is measured to be −65 mV, which is of great importance
for the capture of TMB. The ratio between FF and PW12 is 3:1
due to charge balance, as confirmed by the TGA analysis
(Figure 2d). The loose packing of FF around catalytic sites, i.e.
the PW12 clusters, will provide rational pathways for the
movement of H2O2 toward sphere centers. That is to say, lower
hydrophobicity of composite spheres is better to capture H2O2.
We thus hypothesize that the peroxidase-like activity may be
deteriorated by enhancing the hydrophobicity of the surface of
the PW12 composites. As shown in Figure S6, SI, PW12@STAB
(inset of Figure S6a) was constructed to create more
hydrophobic surface, and tubular morphology is observed for
the STAB@PW12 composite as shown in Figure S6b. The static
contact angle of the compressed film of the tubes is ∼142°. As
expected, no oxidation reaction was observed for the STAB@
PW12 composite as indicated by the clear color of TMB (Figure
S7, SI), validating our hypothesis that the hydrophobic surface
deteriorates the peroxidase-like activity of the system. More-
over, the affinity toward TMB in STAB@PW12 was weakened
due to the dense stacking of ordered alkyl chains, and this was
proven by small angle and wide-angle X-ray diffraction shown
in Figure S8, SI.
After careful evaluations of the peroxidase-like activity of the

FF@PW12 system shown in Figure S9, SI, the relative activity
for 10 batches was ∼13 times higher than that of pristine PW12
without any capping agents under similar reaction conditions.
The enhanced catalytic performance is closely related to the
synergistic effects of the integration of FF and PW12. It is also
worth mentioning that the introduction of FF not only
enhances the heterogeneity of composite for recovery but also
might improve the biocompatibility for bioapplications.
Furthermore, comparing with the homogeneous media of
pristine PW12, in the present system, the metastable solution
consisted of nanosized composite spheres which do not
interfere with the observation by the naked eye or measure-
ment by UV−vis microscopy. Thus, the present systems
potentially may be used in many applications if POMs
aggregates were assembled on a solid support such as graphene.
Superior catalytic activity toward the oxidation reaction might
be enhanced due to the presence of maximized synergistic
effects.
In the past decade, large-scale production of GO is usually

done by Hummer’s method, and GO is an ideal support for
anchoring nanosized species to avoid agglomerations or

Figure 4. (a) Time dependence UV−vis spectral showing changes of
the TMB-H2O2 system catalyzed by FF@PW12. Inset shows the color
change of the solution mixture over time in 10 min. (b) UV−vis
absorption-time course curve of TMB using FF@PW12 and other
control groups.
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maximize the synergistic effects among all components.49,50 In
the next part, we further construct the FF@PW12@GO
composite to enhance the peroxidase-like activity, intending
to develop a promising candidate for practical implementation
in peroxidase-like mimics. The spherical structures of FF@
PW12 are maintained on the surface of GO oxide, as confirmed
by SEM and TEM in Figure 1c and 1d. The average size of
submicrospheres is about 480 nm, smaller than that of FF@
PW12, indicating the confinement effect of GO on the spherical
growth.35 Raman results in Figure S10a show the characteristic
peaks of PW12, GO, and FF@PW12@GO, indicating the
successful integration of the spheres and GO. The ID/IG ratio
increases from 0.87 (GO) to 0.97 (FF@PW12@GO),
confirming the partial reduction of GO. This is attributed to
both contributions from the reduced activity of PW12 to GO
under laser exposure and laser intensity itself during Raman
measurement.51 Meanwhile, the deposition of FF@PW12 leads
to increased defects, disorder, and sp2 domain sites on the
graphene sheet due to electron movement from the PW12 to
graphene oxide.52 Manifested Raman spectra in Figure S10b
further confirms the characteristic peaks of PW12 in ternary
hybrids. The peroxidase-like activity was first investigated as a
function of GO contents in the composite. As shown in Figure
S11 of the SI, the highest signal was obtained when 5 wt % GO
was introduced. The peroxidase-like activity of the FF@PW12@
GO (5 wt %) composite indeed exhibits higher absorbance in
10 min than that of FF@PW12. The relative performance of
FF@PW12@GO is ∼1.7 times higher than that of FF@PW12
after performing comparisons for 10 batches as indicated in
Figure S9 of SI. Higher contents of GO > 5 wt % may
potentially cover the surface of FF@PW12 spheres and hence
block the accessible pathways of TMB or H2O2. Therefore,
FF@PW12@GO (5 wt %) was used to perform the following
peroxidase-like evaluation study.
Similarly, experiments using HRP and other nanoenzyme

systems show that their catalytic activity is highly dependent on
the pH, temperature, catalyst amount, and H2O2 concentration,
similar to the FF@PW12@GO systems.43,53,54 In this work,
peroxidase-like activity of FF@PW12@GO was evaluated via
varying the catalyst amount from 3 × 10−3 mg/mL to 3 × 10−2

mg/mL and the H2O2 concentration from 1 to 1000 μM. The
reaction equilibrated in 10 min when 1 × 10−2 mg/mL FF@
PW12@GO was applied. The pH dependence of the system was
shown in Figure 5a with maximal intensity at pH ∼ 3. It is clear
that the catalytic activity of FF@PW12@GO is much higher in

acidic media than neutral conditions, implying that the
oxidation of TMB proceeds more easily under acidic
conditions, consistent with pristine PW12, HRP, and other
nanoenzymes.37 However, the catalytic activity of FF@PW12@
GO is lost when pH > 4.0, potentially due to the structural
decomposition of the POMs. The temperature dependence of
the reaction is also examined as shown in Figure 5b in which a
direct correlation is observed. Unlike other systems that are
sensitive to high temperature, FF@PW12@GO still maintains
its catalytic activity even at 60 °C. Too much high temperature
will cause the fast decomposition of H2O2, leading to
compromise the oxidation reaction of TMB.
The apparent steady-state kinetic parameters of FF@PW12@

GO are evaluated by changing the concentrations of TMB and
H2O2 under the optimal condition. Basically, the kinetic data
were acquired by varying one substrate concentration and fixing
the other. As illustrated in Figure 6, the reaction demonstrates

typical Michaelis−Menten kinetics within a certain range of
substrate concentration. The Km and Vmax deduced from
Lineweaver−Burk plots are summarized in Table S2. The
apparent Km value for FF@PW12@GO (0.214 mM) using the
H2O2 substrate is smaller than that of FF@PW12 (0.257 mM),
suggesting that FF@PW12@GO has higher affinity for H2O2
than HRP. This is consistent with the result of the maximal
activity of FF@PW12 obtained at higher H2O2 concentration. In
addition, the Km value of FF@PW12@GO (0.033 mM) using
the TMB substrate is lower than that of FF@PW12 (0.127

Figure 5. Dependence of the peroxidase-like activity on (a) pH (4.5, 5,
5.5, 6, and 6.5) and (b) temperature (20, 30, 40, 45, 50, 55, 60, and 65
°C).

Figure 6. Steady-state kinetic assays of FF@PW12 and FF@PW12@
GO. (a: FF@PW12) and (c: FF@PW12@GO) 80 μM H2O2 with
varying TMB concentration, (b: FF@PW12) and (d: FF@PW12@GO)
50 μM TMB with varying H2O2 concentration. The reaction was
performed in 0.1 M, pH = 3 buffer solution at 60 °C. (e and f) Double
reciprocal plots of the activity of FF@PW12@GO with respect to H2O2
or TMB concentration.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b07046
ACS Appl. Mater. Interfaces 2015, 7, 22036−22045

22041

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07046/suppl_file/am5b07046_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07046/suppl_file/am5b07046_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07046/suppl_file/am5b07046_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07046/suppl_file/am5b07046_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07046/suppl_file/am5b07046_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b07046


mM), indicating that FF@PW12@GO has a higher affinity for
TMB than FF@PW12. There are many advantages for the
introduction of GO. 1) Previous reports proved that GO can be
used as an ideal support for carrying antitumor drugs due to its
good biocompatibility,55 and this will expand the application of
FF@PW12@GO to biorelated fields. 2) GO possesses excellent
absorption ability for dyes, allowing it to be used as efficient
absorbents for removing dyes in aqueous solutions. This feature
is beneficial to the capture of TMB molecules in solutions and
thus contributes to the enhancement of the affinity between
FF@PW12@GO and TMB. 3) The strong ionic interaction or
electron transfer interaction between PW12 and GO will lead to
the alteration of redox activity of PW12, and these noncovalent
interactions may enhance the peroxidase-like activity of the as-
synthesized FF@PW12@GO. 4) The synergistic effect resulting
from the integration of three independent components in one
system contributes to the overall enhancements in catalytic
performance.
In order to elucidate the electronic interaction between

partially reduced GO and PW12, a four-probe Hall measure-
ment via the van der Pauw method was carried out at room
temperature for the rGO film (reduced by 47 wt % HI solution,
for conveniently electrochemical measurement) and the PW12
decorated rGO film and compared carrier type, carrier
mobilities, and carrier concentrations of each film in Table
S3. All the samples are cut into the same size of 0.5 × 0.5 cm,
and each film has been analyzed triply. As confirmed by the
Hall measurement, all films were found to exhibit p-type
behavior in which the major carrier was holes. The high carrier
density of ∼1015 was possibly originating from the effects of
multilayer graphene. It is well-known that the rGO film is P-
doped in ambient caused by the doping effect of the adsorbed
moisture/oxygen and the substrate impurities.56 In addition,
the LUMO energy of PW12 is about −4.79 eV, which is lower
than that of graphene (−4.3 eV). The matching energy level
facilitates the electron transport from graphene to the LUMO
orbitals of PW12 due to the favorably thermodynamic driving
force for electron transfer. It is also known that POMs possess
superior ability of maintaining intact structure after accepting a
certain amount of electrons, acting as electron reservoir. The
rGO film was significantly P-doped after being decorated by
PW12, showing enhanced carrier mobility of 2.58 cm2/(V s)
(SD: 0.01 cm2/(V s)) compared with that of the rGO film
(2.30 cm2/(V s) with SD of 0.04 cm2/(V s)).51

Furthermore, as shown in Figure 7 (black trace), the cyclic
voltammogram (CV) of PW12 in 1 M H2SO4 gives rise to three
couples of redox waves in the potential range from +0.25 to
−0.7 V. The mean peak potential E1/2 = (Epa+Epc)/2 are 0.053
V (I), − 0.218 V (II), and −0.562 V (III), respectively, which
are nearly the same as those observed from the solution
electrochemistry of PW12.

57 In contrast, E1/2 values of PW12 on
the GC@3DG electrode are 0.044 V (I), − 0.229 V (II), and
−0.559 V (III), respectively. As summarized inTable S4, the
oxidation waves Epa are almost unchanged, while the reduction
waves Epc shift to a more negative potential (I: from 0.023 to 0
V; II: from −0.247 to −0.276 v; III: from −0.582 to −0.595 V).
These observations suggest that 3DG causes significant
influence on the electronic structure of the reduced forms of
the redox couples of PW12 due to PW12 energy level
stabilization, which is ascribed to electrostatic interaction and
charge transfer interaction between PW12 and graphene
surface.52,58 Taken together, strong interactions between rGO
and PW12 indeed occurred and will significantly alter the redox

properties of PW12 toward the oxidation of TMB in the
presence of H2O2.
In addition, the nature of the TMB catalytic reaction may

originate from the generation of the hydroxyl radical (•OH)
from the decomposition of H2O2. The terephthalic acid (TA)
photoluminescence probing technique, which is widely applied
in detecting the hydroxyl radical due to high sensitivity and
selectivity, was therefore used to confirm the formation of
•OH.59 Nonluminescent TA is converted to highly fluorescent
2-hydroxy terephthalic acid (HTA) in the presence of FF@
PW12@GO. In the process, HTA is a product of TA reacted
with •OH. As shown in Figure S12 of the SI, the fluorescence
intensity of the solution containing FF@PW12@GO is 17 times
higher than that in the absence of FF@PW12@GO, indicating
that our hybrid could activate H2O2 to generate •OH. Two
steps are speculated to be involved in the oxidation reaction of
TMB. H2O2 molecules are first adsorbed to FF@PW12@GO
and then get activated by the synergistic effects of the three
components. Furthermore, the fluorescence intensity of the
solution containing FF@PW12 is lower than that of FF@
PW12@GO, suggesting that less •OH is generated in the former
case, consistent with the difference of peroxidase-like activities
of these two systems. Furthermore, as shown in Figure 8, the
results of ESR experiments in the systems of FF@PW12@GO−

Figure 7. (A) Cyclic voltammograms of 1 mg/mL PW12 on GC (a:
black trace) and GC@3DG electrodes (b: red trace) in 1 M H2SO4
aqueous solution, scan rate 100 mV/s.

Figure 8. Spin-trapping ESR spectra of •OH radicals in the system of
H2O2−FF@PW12@GO−DMPO, FF@PW12@GO−DMPO, and
H2O2−DMPO. Conditions: 15 mM DMPO, 3 mM H2O2, 1 mg
mL−1 FF@PW12@GO, and 0.1 M NaAc buffer.
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DMPO and H2O2−DMPO indicate that no characteristic peaks
of the typical DMPO−•OH adduct were observed. In contrast,
the ESR spectrum in the system of H2O2−FF@PW12@GO−
DMPO displayed a 4-fold characteristic peak of the typical
DMPO−•OH adduct with an intensity ratio of 1:2:2:1,
demonstrating that FF@PW12@GO could convert H2O2 to
•OH radicals.60 ESR results further confirmed that FF@PW12@
GO possesses peroxidase-mimic activity. It is also well-known
that tungstate in PW12 can be oxidized to a peroxotungstate
such as [W2O3(O2)4]

2− and {PO4[WO(O2)2]4}
3− by

H2O2.
61−63 Subsequently, the resultant peroxo species possess-

ing a strong oxidation ability acts as a real catalyst to sufficiently
catalyze the oxidation of TMB. As shown in Figure S13, the
Raman spectrum of FF@PW12@GO incubated in 80 μM H2O2
showed a new peak at ∼845 cm−1 corresponding to ν(O−O)
according to the assignment for the peroxide bond.64

Meanwhile, the peroxo species can also accelerate the
formation of free radicals by the disassociation of hydrogen
peroxide. Both ways might contribute to the oxidation of TMB
to produce a blue solution. As shown in Figure 5b, at an
elevated temperature around 60 °C, the formation speed of
peroxotungstate and •OH will be greatly enhanced. In addition,
high temperature will loose the supramolecular sphere in
comparison with that under low temperature, facilitating the
entrance of H2O2 and TMB. Taken together, those effects
greatly accelerated the oxidation reaction of TMB in the
presence of H2O2.
To further understand the mechanism of the catalysis

property of FF@PW12@GO, the peroxidase-like activity over
a range of TMB and H2O2 concentrations was performed. As
shown in Figure 6e and 6f, the double reciprocal plots of initial
velocity versus concentration of one substrate were acquired
over a range of concentrations of the second substrate. The
slopes of the plots are almost parallel, indicating a possible
ping-pong mechanism. A leaching experiment was carried out
to rule out the possibility that the oxidation is governed by the
leached PW12 polyoxoanion. FF@PW12@GO was incubated in
buffer solution for 30 min at 60 °C under ultrasonication.
Subsequently, the supernatant after centrifugation was used for
measurement. No characteristic peak of oxidized TMB is seen
in Figure S14 of the SI, indicating the absence of oxidized TMB
in the supernatant, and the peroxidase-like activity originates
from FF@PW12@GO rather than the leached PW12 poly-
oxoanion.
It is well-known that natural enzyme activity will be severely

deteriorated under thermal heating. For example, the enzyme
activity of HRP dramatically declined after treatment at a
temperature higher than 40 °C after 2 h. In contrast, the
enzyme activity of compound FF@PW12@GO is stable when it
was incubated at a wide range of temperatures from 20 to 70
°C for 12 h as shown in Figure 5b. The stability of the hybrid
compounds was further examined by Raman spectra before and
after reaction. The characteristic bands of the PW12 cluster are
maintained in a recycled catalyst after 10 runs. The slight peak
position differences are attributed to the slightly structural
distortion of POMs during treatment. The robustness of
composite at higher temperature and pH value make them
promising materials for a broad application in biodetection.
Colorimetric detection of H2O2 was realized from the color

change of TMB solution. As shown in Figure 9, absorbance
intensity plateaus after adding 75 μM H2O2. The linear scale for
H2O2 was varied from 1 × 10−6 to 75 × 10−6 mol L−1 within
the limit of detection (LOD) of 0.11 μM (LOD = KS0/S, where

K is a numerical factor determined by the desirable confidence
level, S0 is the standard deviation (SD) of the blank
measurements (n = 10, K = 3), and S is the slope of the
calibration curve).65 The LOD of our detection method is
higher than that of GO28 (0.05 μM) but lower than the method
using PW12

37 (0.134 μM), SiW12
38 (0.4 μM), Fe3O4 nano-

particles66 (3 μM), and Au nanoparticles67 (0.5 μM), implying
the superiority for potential application as the H2O2 detector.

■ CONCLUSIONS
In summary, the ternary hybrid FF@PW12@GO has been
successfully prepared via a facile coassembly method. This
handy ternary hybrid endows the product with four character-
istics: 1) the electrostatic interactions between FF and POMs
facilitate catalysis in the more efficient heterogeneous phase; 2)
GO possesses excellent absorption ability for TMB, contribu-
ting to the enhancement of the affinity between FF@PW12@
GO and TMB; 3) the strong ionic interaction or electron
transfer interaction between PW12 and GO improves
peroxidase-like activity further, and such strong interactions
have been solidly confirmed by Hall measurement and CV
measurement; 4) the synergistic effect resulted from the
integration of three independent components in one system
contributing to the overall catalytic performance. Experimental
data reveals the composition and distribution of PW12 in FF@
PW12 as homogeneous submicrospheres with noncovalent
interactions between individual components. The as-prepared
FF@PW12@GO(5 wt %) exhibits interesting peroxidase-like
activity using TMB as a colorimetric substrate, 1.7 times higher
than that of PW12@FF without GO and 13 times higher than
that of pristine PW12 without any encapsulating agents.
Through the comparison study of STAB@PW12, which has a
hydrophobic surface and dense packing of alkyl chains, it is
confirmed that the high affinity of the ternary hybrid toward
TMB and H2O2 is justified by optimizing the structural
composition. Last but not least, PW12@FF@GO can be used to
detect H2O2 within the limit of detection of 0.11 μM in the
range of 1−75 μM. This method indeed describes a facile route
to a high performance peroxidase-like mimic for medical
diagnostics and biotechnology.
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Figure 9. H2O2 detection measurement. a) UV−vis intensity of TMB
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in the concentration from 1 μM to 75 μM.
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