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A B S T R A C T

Artificial nanoenzymes which can overcome some drawbacks of natural enzymes is a challenging topic in the
biosensor field. Herein, we demonstrated 5, 10, 15, 20-tetrakis (4-carboxylpheyl)-porphyrin modified magnetic
ZnFe2O4 nanoparticles loaded on the surface of reduced graphene oxide (Por-ZnFe2O4/rGO), which exhibited
intrinsic peroxidase-like activity and rapidly oxidized the peroxidase substrate 3, 3′, 5, 5′-tetramethylbenzidine
(TMB) into a blue product (OxTMB) distinguished by naked eyes. Interestingly, by comparative study of different
nanomaterials ZnFe2O4 nanoparticles, ZnFe2O4/rGO and Por-ZnFe2O4, Por-ZnFe2O4/rGO was proved to possess
the highest peroxidase-like activity. Electron spin resonance (ESR) verified the catalytic activity of Por-ZnFe2O4/
rGO for H2O2 was due to hydroxyl radical from decomposition of H2O2. Temperature and pH strongly affected
the peroxidase-like activity of Por-ZnFe2O4/rGO nanocomposites. Under optimal conditions (pH=4, 40 °C), the
constructed sensor based on the catalytic activity of the Por-ZnFe2O4/rGO could be conveniently used for col-
orimetric detection of H2O2 in the range of 0.7–30 μM with the detection limit of 0.54 μM. Moreover, the col-
orimetric sensor based on Por-ZnFe2O4/rGO exhibited a good linear response to glutathione (GHS) in the range
of 2–40 μM with a low detection limit of 0.76 μM. The detection of GHS can be easily realized through the
obvious color change by naked eyes without any complicated instrumentation.

1. Introduction

As highly efficient biological catalysts, natural enzymes show high
catalytic activity and selectivity in various biochemical reactions [1].
However, they are usually composed of proteins and RNA molecules,
which suffer from high cost, poor stability and easy inactivation in
harsh conditions and so on. To overcome these drawbacks, artificial
nanoenzymes as substitutes for natural ones have been extensively ex-
plored in biosensing [2–4], immunoassay [5], cancer treatment [6,7]
and pollution treatment [8] recently. Since Fe3O4 MNPs was found to
possess intrinsic peroxidase-like activity [9], various artificial perox-
idase mimics, such as Co3O4 [10], V2O5 [11], CuO [12], TiO2 [13] and
binary metal oxides CoFe2O4 [14], MnFe2O4 [15], FeWO4 [16],
NiCo2O4 [17] have been reported. In previous studies, in order to de-
velop the water solubility, dispersity or biocompatibility, these pre-
pared inorganic nanoparticles were usually modified or coated by
polymer [18]. Unfortunately, the catalytic activity of coated inorganic

nanoparticles was reduced, owing to decreasing of less active sites.
Thus, it becomes an urgent task to prepare different peroxidase mimics
with enhanced catalytic activity modified with some functional organic
molecules.

As the tetrapyrrole pigments of life, porphyrins (Pors) with an 18 π-
electron conjugated system and a highly planar molecular structure,
have attracted robust investigations in different fields ranging from
photosynthetic antenna models to photodynamic therapy (PDT) due to
their unique optical and favorable redox features [19–21]. It is known
that porphyrin molecules have been used to modify some inorganic
nanomaterials to develop its performances applied in different fields,
including photocatalysis [22,23] and sensitized solar cells [24,25].
Some porphyrin compounds have been used in biosensors for its per-
oxidase-like activity [26,27]. Furthermore, porphyrin functionalized
inorganic materials including CuFe2O4 [28], Fe3O4 [29], Co3O4 [30],
and CeO2 [31,32], have been found to possess higher catalytic activity
than that of pure or bare ones. Nevertheless, spontaneous aggregation
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and instability of nanoparticles can reduce their catalytic activity
greatly and restrict the practical application [33,34]. Hence, re-
searchers have paid attention to employing some supports to anchor
inorganic nanomaterials to solve this spontaneous aggregation pro-
blem. Spinel ZnFe2O4 with a relatively narrow band gap of 1.9 eV has
been focused on solar transformation, photocatalysis, and hydrogen
evolution [35–37], owing to high stability, low toxicity and ease of
separation [38–41]. Besides, as a magnetic semiconductor material,
ZnFe2O4 can be magnetically separated from reaction system easily.
However, agglomeration inevitably exists in ZnFe2O4 nanoparticles,
which results in the decreasing of catalytic activity.

As a two-dimensional carbon material, graphene nanosheets acts as
not only catalysts with intrinsic peroxidase-like activity but also solid
supports with high specific surface area, good mechanical strength,
excellent electrical conductivity, high chemical and thermal stability
[42–44]. Graphene-based nanocomposites, including Co3O4/rGO [45]
and Fe3O4/GO [46] have been reported to exhibit enhanced peroxidase-
like activity owning to the synergistic effects between metal oxides and
GO or rGO. Based on the idea, if we combine porphyrin modified Spinel
ZnFe2O4 with rGO, the spontaneous aggregation and the poor perox-
idase-like activity of ZnFe2O4 will be solved, due to the introduction of
functional porphyrin molecules and the good support rGO.

As we know, porphyrins have lower energy band gap, resulting in
the potential application in nanocomposites in favor of electron transfer
between different components. Herein, 5, 10, 15, 20-tetrakis(4-car-
boxylpheyl)-porphyrin modified ZnFe2O4/rGO (Por-ZnFe2O4/rGO) was
prepared (Scheme 1a). Compared with other sensors based on por-
phyrin modified nanomaterials [47–49], it was convenient to establish
a sensing platform by combining three components together through a
simple one-step process. Owing to the strong synergistic effect from
porphyrin, ZnFe2O4 and rGO, Por-ZnFe2O4/rGO was found to possess
superior peroxidase-like activity to rapidly catalyze TMB to be oxidized
TMB by H2O2 to produce a blue product. A convenient colorimetric
sensor based on Por-ZnFe2O4/rGO was established for rapid, sensitive
and selective detection of H2O2 and glutathione.

2. Experimental section

2.1. Chemicals

Natural flake graphite powder was purchased from Beijing Creative
Biological Engineering Materials. FeCl3·6H2O and ZnCl2 were bought
from Beichen Fangzheng Regent Co. (Tianjin, china). PEG 20,000 and

ethylene glycol were purchased from BASF Chemical Co., Ltd (Tianjin,
China). Hydrogenperoxide (30 wt%, H2O2), sodiumacetate (NaAc), 3,
3′, 5, 5′-tetramethylbenzidine dihydrochloride (TMB·2HCl) and GHS
were purchased from Aladdin Chemistry (Shanghai, China). 5, 5-di-
methyl-1-pyrroline N-oxide (DMPO) was bought from J&K Chemical
Ltd. (Shanghai, china). The medical GSH pills (93.34 wt.%) were pur-
chased from Shandong Luye Pharmaceutical Co., Ltd. All reagents were
of analytical grade without further purification. 5, 10, 15, 20-tetrakis(4-
carboxylpheyl)-porphyrin (Por) was synthesized according to the pre-
viously reported method [50]. All of the solutions have been prepared
using hyperpure water (≥18MΩ, Milli-Q, Millipore)..

2.2. Characterization

The crystallinity of the products were verified by Rigaku D/
Max2500PC powder X-ray diffractometer with Cu Kα radiation (Rigaku,
Japan). The morphology of the samples were analyzed by scanning
electron microscopy (SEM, FEI Apreo S) with energy-dispersive X-ray
spectrometer (BRUKER XFlash 6160) and transmission electron mi-
croscopy (TEM, JEM-2100, JEOL, Japan). And the elemental analysis
was performed using Thermo ESCALAB 250Xi Microprobe spectrometer
X-ray photoelectron spectroscopy (XPS) with an Al Kα incident X-ray
beam(Thermo, USA). The quantitative analyses of samples were mea-
sured by thermogravimetric analysis (TGA, Netzsch TG 209F1) at
10 °C/min heating rate. Fourier transform infrared spectra (FT-IR) were
measured by Thermo Nicolet 8700 spectrometer (Nicolet Thermo,
USA). The electron spin resonance (ESR) spectra were performed on a
Bruker ESP-300E ESR spectrometer at room temperature (Bruker,
Germany). The colorimetric samples were reported on a UV–vis ab-
sorption spectrophotometer (UV-1810 PC, Beijing China).

2.3. Preparation of ZnFe2O4, ZnFe2O4/rGO, Por-ZnFe2O4 and Por-
ZnFe2O4/rGO

Graphene oxide was synthesized from natural flake graphite powder
by a modified Hummers method according to the previous publication
[51]. Por-ZnFe2O4/rGO was synthesized through a one-step sol-
vothermal method. Typically, GO and 5mg Por were dispersed in
ethylene glycol under ultrasound for 1 h to form a homogeneous sus-
pension. Then ZnCl2 (0.34 g), FeCl3·6H2O (1.35 g), polyethylene glycol
20,000 (1.0 g) and NaAc (3.6 g) were added into the above suspension
under magnetic stirring for another 1 h. The mixture was incubated in a
100mL teflonlined autoclave at 200 °C for 8 h. After cooling to ambient

Scheme 1. (a) Schematic illustration of preparation of Por-ZnFe2O4/rGO and (b) Schematic illustration of peroxidase-like activity of Por-ZnFe2O4/rGO and col-
orimetric detection of GHS, respectively.
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temperature, the obtained black precipitates were separated by an ex-
ternal magnet and washed three times with ultrapure water and abso-
lute ethanol in turn. Finally, the as-prepared Por-ZnFe2O4/rGO were
dried at 70 °C in a vacuum oven overnight. In addition, in order to
comparatively investigate, ZnFe2O4 nanoparticles, ZnFe2O4/rGO and
Por-ZnFe2O4 nanocomposites were also synthesized according to the
similar method.

2.4. Methods for the peroxidase catalytic activity study

Peroxidase-like activity of Por-ZnFe2O4/rGO was carried out as
follows: firstly, 2 mL acetate buffer solution (pH 4.0) containing
40 μMPor-ZnFe2O4/rGO, 1mM TMB, 1mM H2O2 was incubated under
visible light at room temperature for 10min. Then the absorbance of
the mixture at 652 nm was recorded. To achieve the best catalytic effect
of Por-ZnFe2O4/rGO, pH values and experimental temperatures were
all investigated.

The apparent steady-state kinetic measurements of dynamics were
carried out in NaAc-HAc buffer solution (pH 4.0) with different con-
centrations of H2O2 and TMB, respectively. The Michaelis-Menten
constant was calculated using the Lineweaver-Burk plots: 1 / ν = Km /
Vmax (1 / [S] + 1 / Km), where ν is the initial velocity, Vmax is the
maximum reaction velocity, [S] is the concentration of the substrate
and Km represents the Michaelis-Menten constant.

2.5. Colorimetric detection H2O2 and GHS

Colorimetric detection of H2O2 was performed as follows: in 1.4 mL
sodium acetate buffer solution at pH 4.0, 200 μL of 0.4mgmL−1 Por-
ZnFe2O4/rGO, 200 μL of 10mM TMB and different concentrations of
H2O2 was mixed. After incubated under visible light at 40 °C for 10min,
the resultant mixture was used for UV–vis measurement.

GSH was detected using a typical colorimetric analysis as follows:
200 μL Por-ZnFe2O4/rGO stock solution (0.4 mgmL−1), 200 μL TMB
(10mM), 200 μL H2O2 (10mM) and 200 μL GHS were added into
1200 μL sodium acetate buffer solution (pH 4.0). After incubated under
visible light at 40 °C in a water bath for 10min, the concentration of
GHS was determined by the change in ΔA(= A0-A), where A0 and A are
the absorbance values at 652 nm in the absence and presence of GSH,
respectively.

To evaluate the selectivity of the proposed method, GHS and dif-
ferent interfering solutions of amino acid samples, electrolytes and
glucose were added into the buffer solution containing TMB
+H2O2+Por-ZnFe2O4/rGO. After incubation for 10min, the absor-
bance at 652 nm of the mixture was recorded.

For the determination of real GSH sample, commercial GHS tablets
were ground into power and dissolved in ultrapure water to form a
standard solution. Afterward, the solution was diluted to different
concentration for next step. The accuracy of this method can be mea-
sured by the recovery and relative standard deviation (RSD) between
the determined concentration and the standard concentration.

3. Result and discussion

3.1. Characterization of Por-ZnFe2O4/rGO

The XRD data of GO and Por-ZnFe2O4/rGO are presented in Fig. 1a.
The diffraction peak at 10.5° can be indexed to (001) plane of GO. The
characteristic diffraction peaks of 29.9°, 35.2°, 42.8°, 53.1°, 56.6° and
62.2° can be indexed to (220), (311), (400), (422), (511) and (440)
planes of spinel type ZnFe2O4 (JCPDS 22–1012). However, the typical
pattern of GO (001) is not observed in Por-ZnFe2O4/rGO, indicating
that GO was successfully reduced to rGO during the hydrothermal
process [43]. The morphology of GO with wrinkled structure is imaged
by TEM in Fig. 1b. From Fig. 1c, it can be clearly seen that porphyrin
modified ZnFe2O4 is anchored and well disperses on the surface of rGO.

The EDS elemental mapping results are presented in Fig. 1d. From the
EDS data, the elements of C, Fe, Zn, O and N were detected, indicating
that these elements coexisted in the Por-ZnFe2O4/rGO nanocomposites.

The thermal stability of the GO and Por-ZnFe2O4/rGO was tested by
thermogravimetric analysis, shown in Fig. S1 (supporting information).
Before the tests, all the samples were carefully ground to powders to
ensure sufficient diffusion of heat. As shown in curve a, the first weight
loss was attributed to the adsorbed water under 100 °C, and the second
weight loss from 200 to 300 °C and 300–580 °C attributed major de-
composition of oxygen-containing groups and the degradation of the
carbon-chain framework [52]. Curve b is the TGA of Por-ZnFe2O4/rGO.
It can be seen the very little weight loss of Por-ZnFe2O4/rGO adsorbed
water under 100 °C. The main loss of Por-ZnFe2O4/rGO from 250 to
580 °C was attributed to the degradation of the remaining oxygen-
containing functional groups of rGO and porphyrin molecules.

XPS was used as a powerful tool to analyze the chemical states of
elements. Fig. 2 shows the XPS spectra of Por-ZnFe2O4/rGO. From
Fig. 2a, the peaks of Zn 2p, Fe 2p, O 1s, N 1s and C 1s are observed in
the survey spectrum. In detail, two peaks located at 1044.8 eV and
1021.8 eV are rationally ascribed to Zn 2p1/2 and Zn 2p3/2 (Fig. 2b),
suggesting the oxidation state of Zn2+ in the present sample [53,54]. In
Fe spectrum, peaks at 711.1 eV and 725.5 eV are ascribed to Fe2p3/2
and Fe2p1/2 (Fig. 2c). The O1 s spectrum displayed in Fig. 2d presents a
broad asymmetric curve fitted by two peaks with binding energies at
532.0 eV and 530.3 eV, respectively. The peak at 530.0 eV is assigned to
surface lattice oxygen and the other peak at around 532.0 eV is ascribed
to surface adsorbed oxygen species such as O− and O2- [55]. The peaks
of C1 s at the binding energies of 284.4 eV, 285.7 eV and 288.6 eV is
assigned to the C]CeC, C]N and OeC]O (Fig. 2e). Clearly, it can be
observed that the intensity of OeC]O from rGO and porphyrin in Por-
ZnFe2O4/rGO is weaker than the intensity of sp2 hybridized carbon
atom, demonstrating reduction of GO [56]. The peak at 285.7 eV at-
tributing to C]N bonds in Fig. 2e and the peak at 399.9 eV in N1 s
(Fig. 2f) spectra regions can prove the existence of the porphyrin mo-
lecules in Por-ZnFe2O4/rGO nanocomposites, because nitrogen element
only exists in porphyrin molecules. The structures of GO, porphyrin,
ZnFe2O4/rGO and Por-ZnFe2O4/rGO were further characterized by FT-
IR spectroscopy, shown in Fig. S2 (supporting information).

3.2. Peroxidase-like properties of Por-ZnFe2O4/rGO

As we know, natural peroxidases can catalyze the oxidation of TMB
by H2O2 to produce a blue color change observed by naked eyes [9].
Similarly, the peroxidase-like activity of Por-ZnFe2O4/rGO nano-
composites were investigated using TMB as the chromogenic substrate
in the presence of H2O2. Fig. S3 (supporting information) displays the
absorption spectra and corresponding color change of different systems
reacted at 40 °C for 10min. From Fig. S3, the strongest intensity of
absorbance at 652 nm of Por-ZnFe2O4/rGO+TMB+H2O2 reaction
system is observed, indicating that Por-ZnFe2O4/rGO possesses perox-
idase-like activity. In addition, it can be seen that the color change of
Por-ZnFe2O4/rGO+TMB is negligible, demonstrating that the Por-
ZnFe2O4/rGO had little catalytic activity in the absence of H2O2.

In order to emphasize the peroxidase-like activity of the Por-
ZnFe2O4/rGO nanocomposites, a series of systematical experiments
have been designed and carried out. Its activity was compared with
those of bare GO, bare ZnFe2O4, Por-ZnFe2O4 and ZnFe2O4/rGO, re-
spectively. As shown in Fig. 3, the Por-ZnFe2O4/rGO catalyzed the
oxidation of TMB by H2O2 to produce the deepest blue color observed
by naked eyes, which was consistent with that of strongest intensity of
absorbance (curve f in Fig. 3). It is suggested that Por-ZnFe2O4/rGO
demonstrated the highest catalytic activity in comparison with that of
GO, ZnFe2O4, Por-ZnFe2O4 and ZnFe2O4/rGO.

B. Bian, et al. Colloids and Surfaces B: Biointerfaces 181 (2019) 567–575

569



3.3. Optimization of experimental conditions

Similar to natural enzymes and other reported nanomaterial-based
peroxidase mimetics [9], some conditions, such as pH value and tem-
perature, affected the peroxidase-like activity of Por-ZnFe2O4/rGO. The
influence of pH value was studied in the range from 2.0 to 9.0. As
shown in Fig. S4a (supporting information), Por-ZnFe2O4/rGO reached
the maximum catalytic activity in acidic environment. As we know,
hydrogen peroxide would readily be decomposed into water and
oxygen in the basic condition, resulting in the decreasing of hydroxyl
radical from hydrogen peroxide. Under pH 4.0, temperature influence
on the catalytic activity of Por-ZnFe2O4/rGO was also investigated at
the range of 20–80 °C (Fig. S4b, supporting information). It was found
that the catalytic activity of Por-ZnFe2O4/rGO reached the maximum at
40 °C and then decreased slowly after 40 °C. Therefore, pH 4.0 and 40 °C
were chosen as the optimum reaction conditions for subsequent ex-
periments.

3.4. Kinetic studies of the peroxidase-like activity of Por-ZnFe2O4/rGO

To get further insight into the peroxidase-like behavior of Por-
ZnFe2O4/rGO, the kinetic study was conducted under the optimal
conditions (pH 4.0 and 40 °C). The kinetic data were obtained by
varying the concentration of TMB or H2O2 with a fixed concentration of
Por-ZnFe2O4/rGO. As shown in Fig. 4, it is observed that the oxidation
reaction of TMB in the presence of H2O2 catalyzed by Por-ZnFe2O4/rGO
followed the typical Michaelis-Menten behaviors toward both TMB and
H2O2.

As an important criteria for enzymes, Michaelis–Menten constants
(Km) is considered as an indicator of enzyme for substrate which also
affects the reaction rate. The lower value of Km means a stronger affi-
nity. In this work, the Km of Por-ZnFe2O4/rGO with H2O2 and TMB as
substrates were 0.06mM and 0.117mM, respectively. Obviously, it can
be found that Km values of Por-ZnFe2O4/rGO with both H2O2 and TMB
as substrates are much smaller than that of reported HRP [9] and some
nanomaterials with the peroxidase-like activity listed in Table S1. The
results suggest that Por-ZnFe2O4/rGO had a significantly higher affinity

for H2O2 and TMB, due to the large surface area of rGO with a strong
adsorption ability to TMB and H2O2.

3.5. Catalytic mechanism of Por-ZnFe2O4/rGO

According to the previous studies, the catalytic mechanisms of
peroxidase mimetic are classified as electron transfer mechanism and
radical mechanism [10,57,58]. To study the catalytic mechanism of
Por-ZnFe2O4/rGO, ESR technique was adopted to verify the generation
of •OH captured by DMPO as a spin trap. The process was performed in
the H2O2/UV/DMPO system in the presence and the absence of Por-
ZnFe2O4/rGO. Samples containing 10mM H2O2, 18mM DMPO and
different concentrations of Por-ZnFe2O4/rGO were prepared in NaAc
buffer (20mM, pH 4.0). After UV irradiated at 365 nm at room tem-
perature for 10min, each of samples was placed in the ESR cavity for
spectrum record. Fig. S5 (supporting information) shows a typical 4-
fold characteristic peak of DMPO/•OH spin adduct with relative signal
intensity of 1:2:2:1 in the presence of Por-ZnFe2O4/rGO. It can also be
seen that ESR signal intensity of DMPO/%OH spin adduct increases with
the increasing of Por-ZnFe2O4/rGO. It indicated the OeO bond of H2O2

absorbed by Por-ZnFe2O4/rGO was broken into highly reactive %OH,
which oxidized TMB into a typical blue color. As a result, it was verified
that the peroxidase-like activity of Por-ZnFe2O4/rGO actually origi-
nated from •OH radical generation.

According to the results in our work and some reports [59,60], the
mechanism of peroxide-like activity of Por-ZnFe2O4/rGO was proposed
and illustrated in Scheme 2. Each component played important role in
the catalytic system. Because porphyrin is a kind of π-conjugated aro-
matic molecules, electrons are excited from its highest occupied mo-
lecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO)
under visible light irradiation easily [29–32], then the electrons further
were transferred to the conduction band (CB) ZnFe2O4. Simultaneously,
as we know, graphene sheets are known as good electron acceptors
[61]. Thus, the electrons from porphyrin and ZnFe2O4 are quickly
transferred to the surface of rGO [62,63]. As a result, the synergistic
effect among porphyrin, ZnFe2O4 and rGO accelerated the electron
transfer, which resulting in the fast decomposition of H2O2, and then

Fig. 1. XRD patterns of GO and Por-ZnFe2O4/rGO (a), TEM images of GO (b), Por-ZnFe2O4/rGO (c) and the element mapping (d), respectively.
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accelerated the process of oxidation of TMB [64]. In a word, the Por-
ZnFe2O4/rGO nanocomposites exhibited enhanced catalytic activity
because of the synergistic effect of different components.

3.6. Detection of H2O2 and GHS

On the basis of the enhanced peroxidase-like activity of Por-
ZnFe2O4/rGO, a rapid colorimetric platform for determination of H2O2

and GHS was designed. The design principle of the biosensor is de-
scribed in Scheme 1b. From Fig. 5, it can be seen that the absorbance of
oxidized TMB at 652 nm had a good linear relationship in the con-
centration range of H2O2 from 0.7 to 30 μM (R2=0.992). The detection
limit (LOD) was calculated to be 0.54 μM (Fig. 5b). The colorimetric

method based on Por-ZnFe2O4 exhibited a reasonable linear range and a
lower detection limit of H2O2, compared with that of colorimetric
sensors based on other nanomaterials listed in Table S2 (supporting
information).

As one of the most abundant biothiols in biological organisms, GHS
is indispensable of maintaining the reducing environment to defense
against many diseases [65,66]. Therefore, GHS detection is an im-
portant task. Since GHS could cause the reduction of blue ox-TMB to
colorless TMB [67], a sensitive and simple approach for determination
of GHS has been fabricated on the basis of the decrease of the absor-
bance at 652 nm. Fig. 5c shows the corresponding change of UV–vis
spectra of the sample containing TMB, H2O2, Por-ZnFe2O4/rGO and
GHS. Clearly, we can obtain a good linear relationship between ΔA and

Fig. 2. XPS spectra of Por-ZnFe2O4/rGO: survey spectrum(a), Zn2p(b), Fe2p(c), O1 s(d), C1 s(e) and N1 s(f), respectively.
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the concentrations of GHS from 2 to 40 μM (R2=0.995) with a LOD as
low as 0.76 μM ((Fig. 5d). The LOD of the GHS was relatively lower
than that of the reported that colorimetric method based on peroxidase-
mimics listed in Table S3 (supporting information), as means the sensor
based on Por-ZnFe2O4/rGO is very sensitive toward GHS.

The limit of detection is a key index for evaluating the sensitivity of
sensors. In this paper, the LOD of the GSH was relatively lower than
that of the reported that colorimetric method based on peroxidase-mi-
mics listed in Table S3 (supporting information). Therefore, it is con-
cluded that the sensor based on Por-ZnFe2O4/rGO was very sensitive
toward GSH. As we know, GSH in our body plays an important role in
metabolism, due to the strong ability of capturing free radicals. In this
work, Por-ZnFe2O4/rGO as an excellent peroxidase mimic rapidly

Fig. 3. Typical photographs (top) and UV–vis absorption spectra of TMB-H2O2

systems(bottom) in 0.2M HAc-NaAc buffer at pH 4 incubated at 40 °C for
10min. (a) TMB+H2O2, (b) TMB+H2O2+GO, (c) TMB+H2O2+ZnFe2O4, (d)
TMB+H2O2+ZnFe2O4/rGO, (e) TMB+H2O2+Por-ZnFe2O4, and (f)TMB
+H2O2+Por-ZnFe2O4/rGO, respectively.

Fig. 4. Steady-state kinetic assay of Por-ZnFe2O4/rGO. (a) The concentration of TMB is 1mM and the H2O2 concentration is varied. (b) The concentration of H2O2 is
10mM and the TMB concentration is varied, double reciprocal plots of the Michaelis−Menten equation from the activity date of the concentration of H2O2 and TMB
(c and d). The error bars represent the standard deviation of three measurements.

Scheme 2. The possible mechanism of the enhanced peroxide-like activity of
Por-ZnFe2O4/rGO.
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catalyzed hydrogen peroxide to produce a large number of hydroxyl
radical, which were fast captured by GSH existed in the reaction
system. Thus, the blue substrate fast fade, which distinguished by the
nake eye as well as UV–vis absorption at 652 nm.

To further investigate the selectivity of the colorimetric method for
detection of glutathione, we evaluated the interference effects of some
components of the pharmaceutical preparation, such as tryptophan
(Trp), leucine (Leu), glutamate (Glu), isoleucine (Ile), arginine (Arg),
histidine (His), ascorbic acid (AA), serine (Ser), uric acid (UA), Ca2+,

K+, Na+ and glucose (Gl), respectively. Notably, from Fig. 6a, it can be
seen that the absorbance at 652 nm of oxTMB containing GHS was
much weaker than that of other saccharides, suggesting that the de-
veloped colorimetric method based on the Por-ZnFe2O4/rGO exhibited
high sensitivity and good selectivity in GHS detection. The reusability
of the Por-ZnFe2O4/rGO was also studied in this work. As shown in
Fig. 6b, only a slight decline in relative activity was observed after
cycling used for 6 cycles. Given the loss of each cycle, the result in-
dicated that Por-ZnFe2O4/rGO possessed excellent reusability.

Fig. 5. A dose-response curve for H2O2 detection (a) and the linear calibration plot for H2O2 detection using Por-ZnFe2O4/rGO as catalysts (b); A dose-response curve
for GHS detection (c) and the linear calibration plot for GHS using Por-ZnFe2O4/rGO as catalysts (d), respectively. The error bars represent the standard deviation of
three measurements.

Fig. 6. (a) Selectivity analysis for glutathione detection against several interference substances. The concentrations of glutathione, Tpr, Leu, Glu, Ile, Arg, His, AA,
Ser, and UA are 0.5 mM, the concentrations of Ca2+, K2+, Na2+ and Gl are 5 mM, respectively. (b) Reusability of Por-ZnFe2O4/rGO. Error bars stand for the standard
deviation of three repeated measurements.
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3.7. Analysis of real samples

The feasibility of the assay in real samples was conducted to the
determination of GSH in tablet solution by the same method. Herein,
the tablet solution was diluted to make sure that the GSH concentration
was in the linear range. The recovery values and RSD values were
calculated and summarized in Table S4 (Supporting Information). It can
be seen that the recovery and RSD were in the range of 95.1%–103.9%
and 2.18%–5.49%, respectively. These results indicated that our assay
base on Por-ZnFe2O4/rGO exhibited good reliability for GSH detection
in real samples.

4. Conclusion

In summary, Por-ZnFe2O4/rGO nanocmposites were successfully
prepared through a facile one-step method and exhibited enhanced
peroxidase-like activity originating from the synergetic effect of dif-
ferent components of Por, ZnFe2O4 and rGO. The catalytic activity of
Por-ZnFe2O4/rGO was affected by pH and temperature. It is believed
that Por-ZnFe2O4/rGO rapidly catalyze H2O2 to be decomposed into
•OH, resulting in the rapid oxidation of TMB to form a blue product.
Based on the developed peroxidase-like activity of Por-ZnFe2O4/rGO, a
highly sensitive, selective and convenient colorimetric assay for H2O2

and glutathione was designed. We anticipate that our work could fa-
cilitate the potential applications of Por-ZnFe2O4/rGO in biotechnology
and environmental analysis.
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