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In this study, hemin that has excellent catalytic activity is adopted as a catalyst component and other materials,
such as metal organic framework (MOF) and carbon nanotube (CNT), are further used to alleviate drawbacks of
hemin, such as location issue and molecular aggregation. Based on that, a new catalyst consisting of heminencapsulated MOF and CNT is developed (Hemin⊂MIL-88-NH2/CNT). To evaluate its catalytic activity, colori
metric and electrochemical evaluations are conducted. When colorimetric method is used, Hemin⊂MIL-88-NH2/
CNT shows good catalytic activity due to proper interaction between water media and amine bond of MOF. In
electrochemical evaluations, Hemin⊂MIL-88-NH2/CNT has high sensitivity (0.538 μAμM− 1cm− 2) and low
detection limit (0.06 μM) at 0.5–203 μM (R2 = 0.999). Even in amperometric response tests, when 10 μM H2O2 is
injected, Hemin⊂MIL-88-NH2/CNT shows a better response than other heme protein- based catalysts ((Hb, Mb
and HRP)/CNT) by 2.06–3.26 times. In terms of stability, its catalytic activity is well preserved even under harsh
pH and temperature conditions for a long time (89.5% of the initial value after 15 days). With that, it is
confirmed that the Hemin⊂MIL-88-NH2/CNT as the catalyst for use in H2O2 sensors is attractive and better than
other heme proteins.

1. Introduction
Although hydrogen peroxide sensors (H2O2 sensors) are used in a
broad range of applications, there are two main areas. First, H2O2 sen
sors play an important role in food manufacturing processes. The role of
these sensors is to detect residual H2O2 remaining after these processes
[1,2]. In addition, in the biomedical field, detecting H2O2 is important
because high levels of H2O2, which is a component of reactive oxygen
species (ROS), can cause cell damage and oxidative stress [3–6]. Second,
biochemical reaction occurs when oxygen fuel is injected into enzymebased catalyst. At this case, H2O2 is most likely produced as byproduct. H2O2 sensors are therefore needed to measure the undesir
able H2O2 produced [2,7–9].
In the H2O2 sensor, heme proteins such as horseradish peroxidase
(HRP), hemoglobin (Hb), myoglobin (Mb), catalase (CAT) and cyto
chrome c (Cyt c) are used as catalysts to react with H2O2, while heme
cofactor is included within the heme protein. This cofactor is the active

site for catalytic reactions and shows excellent selectivity for detecting
H2O2 [10–12]. Furthermore, these catalytic reactions can be optically
analyzed through colorimetric method using colorimetric substance and
monitored by means of electrochemical evaluations [13–15]. In addi
tion, it is known that H2O2 sensors using heme-protein-based catalyst
have high reactivity and sensitivity and low detection limits [16,17].
However, because the cofactor is located deep inside the protein
shell, effective transfer route by which electrons can move in and out of
the protein is needed. Moreover, because its catalytic activity is sensitive
to pH and temperature conditions, maintaining the conditions that
maximize the catalytic activity and promote the desirable H2O2 reduc
tion reaction is crucial [18–20].
To overcome these limitations, recent studies have focused on syn
thetic materials, such as metal oxide-based nanostructures, biomimetic
materials and nanozymes, as catalysts because these materials have high
catalytic activity, offer an economic advantage compared to enzymes,
and can be synthesized in various forms [21–24]. Among them, hemin
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Fig. 1. (a) Schematic diagram for Hemin⊂MIL-88-NH2. (b) SEM images of synthesized Hemin⊂MIL-88-NH2. (c) PXRD patterns of Hemin⊂MIL-88-NH2 and MIL-88NH2 (d) FT-IR spectra of Hemin⊂MIL-88-NH2, MIL-88-NH2 and Hemin. (e) UV–vis spectroscopy showing the oxidation reaction of TMB in the presence of each
material and H2O2. (f) Images showing the aggregation and dispersion of Hemin⊂MIL-88-NH2 and Hemin dissolved in PBS, respectively.

has been assessed as excellent catalyst for the H2O2 reduction reaction.
However, due to molecular aggregation impeding its catalytic activity in
aqueous solution, the optimal synthesis route by which to create catalyst
containing hemin should be developed [25–27].
In this study, to fabricate optimal catalytic structure containing
hemin, hemin-encapsulated metal-organic framework (MOF) structure
is suggested as biomimetic structure of peroxidase because this enables a
better dispersion of hemin as catalyst for the H2O2 reduction reaction in
aqueous solution. Specifically, MIL-88-NH2 is chosen as target MOF due
to its large pores and dangling amine bonds, which encapsulates hemin
molecules inside the MOF [15,28–33]. Hemin-encapsulated MIL-88NH2, denoted here as Hemin⊂MIL-88-NH2, is prepared from a solution
containing MOF precursors and hemin. Hemin⊂MIL-88-NH2 is then
further deposited onto carbon nanotube (CNT) to promote electrical
conductivity (Hemin⊂MIL-88-NH2/CNT). The catalytic activity of

Hemin⊂MIL-88-NH2/CNT is compared with those of other heme pro
teins, such as Hb, Mb and HRP. Its H2O2 sensing capability is also
electrochemically analyzed, while its H2O2 sensitivity and long-term
stability are measured.
2. Experimental
2.1. Materials
Iron(III) chloride hexahydrate, 2-aminoterephthalic acid, hemin, N,
N-dimethylformamide (DMF), 3,3′ ,5,5′ -tetramethylbenzidine, Nafion
117 solution, polyacrylic acid (PAA, 25 wt% solution in water), hemo
globin human (Hb), myoglobin from equine heart (Mb) and horseradish
peroxidase (HRP) were purchased from Sigma-Aldrich (USA). Hydrogen
peroxide (35.0%) was purchased from Junsei Chemical (Chuo-ku,
2
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Tokyo, Japan) and isopropyl alcohol (IPA) and ethyl alcohol (EtOH,
99.5%) were purchased from Samchun Pure Chemical Co., Ltd.
(Gyeonggi-do, Korea). Hydrochloric acid (HCl) was purchased from
Duksan (Seoul, Korea). Multi-walled carbon nanotube (CNT) was pur
chased from Nanotech and the phosphate buffer solution used here (PBS,
0.01 M, pH 7.4) was purchased from Life Technologies. All reagents
were used as received without further purification.

3. Results and discussion
3.1. Characterization of Hemin⊂MIL-88-NH2
The hemin was encapsulated during the crystal growth of MIL-88NH2 implemented under solvothermal condition, which produced
Hemin⊂MIL-88-NH2 (Fig. 1a). The morphology and crystal structure of
Hemin⊂MIL-88-NH2 were then compared with MIL-88-NH2 using SEM
and PXRD analysis. According to the SEM images shown in Fig. 1b for
Hemin⊂MIL-88-NH2 and Fig. S1 for MIL-88-NH2, both samples have an
identical hexagonal column morphology with the longest diameter of
the micron level, while other products having different morphologies
were not found [31].
When the surfaces of both samples were closely examined (insets in
Fig. 1b and S1), no other products remained on their surfaces. These
results indicate that Hemin⊂MIL-88-NH2 is successfully synthesized
without leaving other by-products. Its identical morphology to MIL-88NH2 even in the presence of hemin critical evidence of the successful
synthesis. The crystallinity of Hemin⊂MIL-88-NH2 and MIL-88-NH2 are
examined by PXRD (Fig. 1c). Both samples showed diffraction XRD
patterns in identical positions, which indicate that hemin does not affect
the overall crystallinity of either sample, proving that Hemin⊂MIL-88NH2 and MIL-88-NH2 have the same crystal structure [30,37]. However,
the main diffraction peak observed at 2θ = 6.9 for Hemin⊂MIL-88-NH2
was shifted toward a lower 2θ direction, and this shift would be attrib
uted to the pores expanded due to the presence of Hemin in MIL-88-NH2.
FT-IR and UV–Vis spectra are employed to verify whether hemin is
well encapsulated within Hemin⊂MIL-88-NH2. FT-IR spectra of the
powder samples of hemin, MIL-88-NH2, and Hemin⊂MIL-88-NH2 are
taken via attenuated total reflectance method (Fig. 1d). According to
Fig. 1d, Hemin⊂MIL-88-NH2 showed –COOH stretching at 1708 cm− 1,
while in hemin, the peak was observed at 1692 cm− 1 [38,39]. It can be
speculated that the wavenumber for the –COOH stretching of Hemi
n⊂MIL-88-NH2 is shifted as its surrounding environment is changed by
the encapsulation of hemin [38]. Hemin⊂MIL-88-NH2 also showed
stretching peaks corresponding to MIL-88-NH2, which confirmed that
MIL-88-NH2 structure was well formed and hemin was well
encapsulated.
The UV–Vis spectra also support the existence of hemin in Hemi
n⊂MIL-88-NH2 sample (Fig. S2). The UV–Vis absorbance levels of
hemin, MIL-88-NH2, and Hemin⊂MIL-88-NH2 were measured in the dry
powder state. The absorbance peak of the hemin encapsulated in
Hemin⊂MIL-88-NH2 was observed at 627 nm, implying that hemin
molecules exist and retain their absorbance properties in Hemin⊂MIL88-NH2 [40]. UV–Vis absorbance was also used to estimate the amount
of hemin loaded in Hemin⊂MIL-88-NH2 using the calibration curve
measured by a powder mixture of hemin and barium sulfate (Fig. S3). It
was calculated that 18.66 mg of hemin was encapsulated in 30 mg of
Hemin⊂MIL-88-NH2 (0.622 mg of hemin per 1 mg of Hemin⊂MIL-88NH2).
The catalytic activity of Hemin⊂MIL-88-NH2 for the H2O2 reduction
reaction was investigated using the oxidization reaction of 3,3′ -5,5′ tetramethylbenzidine (TMB) dissolved in phosphate buffer solution
(PBS) [41–44]. The degree of catalytic activity for the reduction reaction
of H2O2 was quantified by the absorbance of oxidized TMB [45,46]. For
the oxidization reaction of TMB, 2.15 mg of TMB was dissolved in 30 mL
of PBS (pH 4) to fabricate the TMB stock solution. Then, 10 mg of
Hemin⊂MIL-88-NH2, hemin, Fe-MIL-88, or Hemin/Fe-MIL-88 was
dispersed into 4 mL of TMB stock solution, after which 10 mM H2O2 was
added while stirring. After 10 min of reaction, the colorimetric change of
TMB solutions was observed (Fig. S4) and quantified by UV–Vis spec
troscopy (Fig. 1e). As shown in Fig. S4, the light blue TMB solution
became dark blue at different degrees in the presence of the samples.
The TMB solution with Hemin⊂MIL-88-NH2 showed the most significant
color change (Fig. S4) and the highest absorbance at 652 nm among the
samples measured by UV–Vis spectroscopy (Fig. 1e). This explains that

2.2. Synthesis of Hemin⊂MIL-88-NH2
Hemin⊂MIL-88-NH2 was prepared by dissolving FeCl3⋅6H2O
(0.0094 g, 0.0346 mM), 2-aminoterephthalic acid (0.0126 g, 0.0692
mM) and hemin (0.0226 g, 0.0346 mM) in DMF (1.5 mL) in 20 mL glass
vial. Next, 3.45 mM acetic acid dissolved in deionized (DI) water (0.5
mL) was then added to the mixture, which was subsequently heated to
120 ◦ C. After cooling, the black suspensions were washed two times with
DMF and ethanol using centrifuge (6000 rpm for 10 min), and dried in
vacuum oven. MIL-88 was synthesized using method similar to that used
to produce Hemin⊂MIL-88-NH2. The main difference between MIL-88
and Hemin⊂MIL-88-NH2 is the amount of FeCl3⋅6H2O, with this value
being 0.0692 mM (0.0187 g) without hemin.
2.3. Fabrication of catalysts
To fabricate Hemin⊂MIL-88- NH2/CNT, 10 mg of CNT was mixed
with 25 mg of Hemin⊂MIL-88-NH2 in 5 mL of EtOH. To prepare the
heme proteins/CNT, 10 mg of CNT was mixed with 25 mg of Hb, Mb and
HRP in 5 mL of 0.01 M PBS. The mixtures were sonicated for 5 min at
room temperature.
To make the working electrode, the fabricated catalyst inks ((Hb, Mb
and HRP)/CNT and Hemin⊂MIL-88- NH2/CNT) were dropped onto glass
carbon electrode (diameter of 5 mm) and dried for 30 min. After drying,
5 µL of PAA solution (2.5 mgmL− 1 in DI water) and 4 µL of 5 wt% Nafion
solution were dropped to immobilize the catalyst inks [34–36].
2.4. Characterizations of catalysts
The powder X-ray diffraction (PXRD) patterns were obtained using
Bruker D8 Advanced (TRIO/TWIN) instrument at 1600 W (40 kV and 40
mA). X-rays were scanned at 4◦ /min from 5◦ to 20◦ using silicon holder.
The surface morphology and size of the MOFs were verified using field
emission scanning electron microscope (FE-SEM, JEM-7600F, JEOL).
The powder sample was dispersed in ethanol and dropped onto the
holder. The structural characterization of Hemin⊂MIL-88-NH2 was
verified using Fourier transform infrared (FT-IR) spectroscopy and
UV–visible diffuse reflectance spectroscopy (UV–vis DRS). FT-IR was
performed on Thermo Fisher Scientific Nicolet iS50 device. Sample data
were analyzed using ATR detector, with 64 measurements taken at a
resolution of 4 cm− 1. UV–visible diffuse reflectance spectroscopy
(UV–vis DRS) using Shimadzu UV-2600 spectrophotometer with barium
sulfate powder was also conducted. The UV–vis spectra were treated
using the Kubelka-Munk function and converted to the absorbance
spectra.
For electrochemical evaluation, cyclic voltammetric (CV) and
amperometric response experiments were performed in three-electrode
cell using a Bio-Logic SP-240 electrochemical workstation. The synthe
sized catalysts were loaded onto GCE. Ag/AgCl (sat. in 3.0 M NaCl) and
Pt wire were used as the reference and counter electrodes, respectively.
The CV and amperometric response experiments were carried out in
0.01 M phosphate buffer solution (PBS, pH 7.4) with nitrogen gas
injected into the electrolyte.
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Fig. 2. (a) Schematic illustration showing the Hemin⊂MIL-88-NH2/CNT structure and the H2O2 reduction reaction mechanism, (b) amperometric responses
measured at − 0.3 V for Hb/CNT, Mb/CNT, HRP/CNT and Hemin⊂MIL-88-NH2/CNT upon an injection of 0.1, 0.2 and 10 μM H2O2. Inset shows responses measured
with an injection of 0.1 μM H2O2. (c) Plot of the H2O2 concentration vs. the different current densities, and (d) amperometric responses of Hemin⊂MIL-88 NH2/CNT
measured at − 0.3 V with an injection of 100 μM UA, AA, glucose and H2O2. For the tests, 0.01 M PBS (pH 7.4) was used as an electrolyte in the N2 state.

oxidized to O = Fe4+ by the reaction with H2O2, while the H2O2 is
reduced to H2O under a physiological condition. [48,49,53]. To evaluate
the catalytic activity for the reduction reaction of H2O2, the ampero
metric response of Hemin⊂MIL-88-NH2/CNT is measured and compared
to that of heme protein-based catalysts (Fig. 2b). In amperometric
response tests performed under identical conditions, all catalysts
showed responses when low concentrations of H2O2 were injected. More
specifically, when 10 μM H2O2 was injected, the current densities of the
heme protein-based catalysts (Hb/CNT, Mb/CNT and HRP/CNT) were
2.06, 2.05, 1.63 μA cm− 2, respectively, while that of Hemin⊂MIL-88NH2/CNT was 5.32 μA cm− 2. These data demonstrate that Hemin⊂MIL88-NH2/CNT shows a better response by 2.06–3.26 times than the hemeprotein-based catalysts.
To investigate whether this catalyst can be used for H2O2 sensors, the
sensitivity, detection limit and selectivity as well as the amperometric
response are important factors in complex environments, such as those
associated with in vivo or environmental measurements, while the
detection limit is important for an analysis of the residue of a substance
[2]. As shown in Fig. 2c, the current density of Hemin⊂MIL-88-NH2/
CNT was linearly proportional to the H2O2 concentration in the range of
0.5–203 μM (R2 = 0.999), with detection limit and sensitivity of 0.06 μM
(S/N = 3) and 0.538 μAμM− 1cm− 2, respectively.
Even in terms of the reproducibility and reliability of H2O2 reduction
reaction, Hemin⊂MIL-88-NH2/CNT and the heme protein-based cata
lysts (Hb/CNT, Mb/CNT and HRP/CNT) show excellent performances
(Fig. S6). According to Fig. S6, the current densities of Hb/CNT, Mb/
CNT, HRP/CNT and Hemin⊂MIL-88-NH2/CNT that were measured at

the catalytic activity of Hemin⊂MIL-88-NH2 is highest among the sam
ples tested for the H2O2 reduction. According to Fig. 1e, the catalytic
activity of Hemin⊂MIL-88-NH2 was more than twice that of hemin, FeMIL-88, and the mixture of Hemin and Fe-MIL-88. It is known that the
chemical structure of hemin promotes strong inter-molecular in
teractions, followed by aggregation in an aqueous media (Fig. 1f) [47].
With this aggregation, it is difficult for hemin molecules to serve as a
catalyst during the H2O2 reaction, and the activity of hemin deteriorates
in water media (PBS) [25,26]. However, Hemin⊂MIL-88-NH2 is well
dispersed in water media given the use of dangling bonds on the surface
of MIL-88-NH2 (Fig. 1f) and also provides sufficient pore space to serve
as a catalyst for the H2O2 reaction (Fig. 1a) [48–52]. These characters
enhance the catalytic activity of Hemin⊂MIL-88-NH2, allowing it to
outperform hemin molecules in aqueous media.
3.2. Electrochemical behaviors of catalyst candidates
To evaluate the electrochemical characterization outcomes of Hem
in⊂MIL-88-NH2 and the heme protein catalysts, the catalysts are further
deposited onto CNT and their CV curves are measured. According to
Fig. S5, the reversible redox peak of the Fe core within Hemin⊂MIL-88NH2/CNT was observed to be close to − 0.4 V vs. Ag/AgCl. This
reversible peak corresponds to that of hemin (Fe2+ ↔ Fe3+) and is evi
dence that hemin retains its structure well even during the synthesis of
Hemin⊂MIL-88-NH2 [53,54].
The H2O2 reduction reaction mechanism of Hemin⊂MIL-88-NH2/
CNT is shown in Fig. 2a. The Fe core (Fe3+) of Hemin⊂MIL-88-NH2 is
4
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Table 1
Comparison of sensitivity and detection limit of H2O2 with reported heme protein and hemin-based sensors.
Sensing catalysts

Sensitivity [μAμM− 1cm− 2]

Linear range [μM] (R2)

Detection limit [μM] (S/N = 3)

Ref

Graphene-Fe3O4/chitosan/HRP
Hemin–graphene sheets/poly(3,4-ethylenedioxythiophene
Hb/Au/graphene-chitosan
Hb/collagen-CNT
[HRP-Palladium] /functionalized-graphene
Mb/CNT-grafted collagen/dimethyl sulfoxide
Hb/CNT
Mb/CNT
HRP/CNT
Hemin⊂MIL-88-NH2/CNT

0.132
0.235
0.347
0.103
0.092
0.110
0.253
0.270
0.171
0.538

5–3810 (0.997)
0.5–70 (0.985)
2–935 (0.998)
0.6–30 (0.999)
25–3500 (0.998)
0.6–39 (0.997)
0.5–203 (0.998)
0.5–203 (0.995)
0.5–203 (0.989)
0.5–203 (0.999)

0.6
0.08
0.35
0.13
0.05
7.4
0.14
0.30
0.31
0.06

[16]
[55]
[56]
[17]
[57]
[58]
This work

Fig. 3. Relationships between the (a) temperature and current density and (b) pH of the electrolyte and the current density. Such relationships were acquired by
amperometric responses measured at − 0.3 V for Hb/CNT, Mb/CNT, HRP/CNT and Hemin⊂MIL-88-NH2/CNT, while 1 mM H2O2 was injected and 0.01 M PBS (pH
7.4) was used as an electrolyte in the N2 state.

− 0.3 V with an injection of 20 μM H2O2 were 8.71 ± 1.68, 8.09 ± 2.38,
5.61 ± 2.14 and 17.50 ± 1.96 μA cm− 2. Because it is generally accepted
that the standard deviation showing the margin of ~20% is reliable, this
confirms that these tests are reproducible and reliable. Also, a compar
ison of catalysts for H2O2 sensors is shown in Table 1.
As another desirable property for H2O2 sensors, the catalyst should
have excellent selectivity with the minimized interference effect. To
evaluate the interference effect, the amperometric responses of Hemi
n⊂MIL-88-NH2/CNT injecting uric acid (UA), ascorbic acid (AA) and
glucose are measured (Fig. 2d) [21,25]. When such interferants were
injected, amperometric responses were not clearly observed, whereas an
obvious amperometric response was observed upon the injection of
H2O2. In addition, although UA, AA, glucose and H2O2 were all included
in the electrolyte, Hemin⊂MIL-88-NH2/CNT could only detect the H2O2.
3.3. Performance evaluations of the catalyst candidates for H2O2 sensors
It is known that heme proteins are sensitive to pH and temperature
conditions. Thus, it is important to determine the appropriate pH and
temperature environment to ensure the working conditions for heme
proteins. If this is not done, heme proteins can be denaturized and lose
their catalytic activity [19,20]. In this regard, when Hemin⊂MIL-88NH2 in which heme proteins are encapsulated within the MOF substrate
is used, the enzyme denaturation issue can be alleviated. To verify this,
the amperometric responses of related catalysts are measured under
several pH and temperature conditions. As shown in Fig. 3a, when their
catalytic activities were measured at four different temperatures, heme
protein-based catalysts showed the highest current density at room
temperature (25 ◦ C), while their catalytic activity was decreased by
14.0–46.5% under harsh conditions, such as lower (10 ◦ C) and higher
(45 and 65 ◦ C) temperatures than room temperature. On the other hand,

Fig. 4. Stability test of catalysts conducted by measuring different current
densities over 15 days using amperometric responses. For the test, the amper
ometric responses of the catalysts were measured at − 0.3 V vs. Ag/AgCl upon
an injection of 1 mM H2O2.

the current density of Hemin⊂MIL-88-NH2/CNT decreased by only
12.0% at a low temperature and in contrast increased at a high tem
perature (43.9 and 58.5% increase at 45 and 65 ◦ C, respectively). This
implies that the catalytic activity of Hemin⊂MIL-88-NH2/CNT is less
sensitive to the temperature, whereas that of heme proteins is negatively
affected by variations of the temperature. More specifically, regarding
the current density of the catalysts measured at pH levels of 4, 6.5, 7.4
5
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and 10, the catalytic activity of heme protein-based catalysts was
reduced to 30.6–47.1% and 63.0–74.8% of their initial values under
both acidic and alkaline conditions. (Fig. 3b) On the contrary, that of
Hemin⊂MIL-88-NH2/CNT was preserved relatively well under the con
ditions (11.1–17.7% decrease of its initial value). Based on that, it is
corroborated that Hemin⊂MIL-88-NH2/CNT shows wider pH and tem
perature windows than other heme proteins/CNT samples.
To elucidate the long-term stability of H2O2 sensors using the cata
lysts tested here, the stability levels of the catalysts are evaluated by
measuring different current densities for 15 days. According to Fig. 4,
the relative stability level of Hb/CNT, Mb/CNT, HRP/CNT and Hemi
n⊂MIL-88-NH2/CNT was 80.0, 73.1, 60.7 and 89.5% of the initial
values. Based on these outcomes, it is clearly verified that the stability of
Hemin⊂MIL-88-NH2/CNT is better than that of the heme proteins/CNT
samples and that Hemin⊂MIL-88-NH2/CNT has good stability for utili
zation in H2O2 sensors. After the reaction, Hemin⊂MIL-88-NH2 was
analyzed by PXRD, SEM and FT-IR spectroscopy to determine its struc
tural and chemical stability (Figs. S7, S8 and S9). From the analysis, it
was confirmed that the crystal structure and morphology, and chemical
bindings and composition were identical to the pristine case, which
indicates that Hemin⊂MIL-88-NH2 is stable during the operation of the
sensor.
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[3] M. Erard, S. Dupré-Crochet, O. Nüße, Biosensors for spatiotemporal detection of
reactive oxygen species in cells and tissues, Am. J. Physiol. Integr. Comp. Physiol.
314 (2018) R667–R683, https://doi.org/10.1152/ajpregu.00140.2017.
[4] S.E. Salamifar, S. Lee, R.Y. Lai, Electrochemical hydrogen peroxide sensors
fabricated using cytochrome c immobilized on macroelectrodes and
ultramicroelectrodes, Colloids Surfaces B Biointerfaces. 123 (2014) 866–869.
https://doi.org/10.1016/j.colsurfb.2014.10.033.
[5] J.S. Kumar, N.C. Murmu, T. Kuila, Recent trends in the graphene-based sensors for
the detection of hydrogen peroxide, AIMS Mater. Sci. 5 (2018) 422–466, https://
doi.org/10.3934/matersci.2018.3.422.
[6] F. Luo, C.H. Choi, M.J.M. Primbs, W. Ju, S. Li, N.D. Leonard, A. Thomas, F. Jaouen,
P. Strasser, Accurate evaluation of active-site density (SD) and turnover frequency
(TOF) of PGM-free metal-nitrogen-doped carbon (MNC) electrocatalysts using CO
cryo adsorption, ACS Catal. 9 (2019) 4841–4852, https://doi.org/10.1021/
acscatal.9b00588.
[7] J. Ji, Y. Chung, K. Hyun, K.Y. Chung, Y. Kwon, Effect of axial ligand on the
performance of hemin based catalysts and their use for fuel cells, J. Ind. Eng. Chem.
88 (2020) 366–372, https://doi.org/10.1016/j.jiec.2020.05.006.
[8] J. Ji, J. Woo, Y. Chung, S.H. Joo, Y. Kwon, Membraneless enzymatic biofuel cells
using iron and cobalt co-doped ordered mesoporous porphyrinic carbon based
catalyst, Appl. Surf. Sci. 511 (2020) 145449, https://doi.org/10.1016/J.
APSUSC.2020.145449.
[9] M.R. Karim, T.H. Han, S.Y. Sawant, J. jin Shim, M.Y. Lee, W.K. Kim, J.S. Kim, M.H.
Cho, Microbial fuel cell-assisted biogenic synthesis of gold nanoparticles and its
application to energy production and hydrogen peroxide detection, Korean J.
Chem. Eng. 37 (2020) 1241–1250. https://doi.org/10.1007/s11814-020-0539-9.
[10] M. Christwardana, Y. Chung, D.-H. Kim, Y. Kwon, Glucose biofuel cells using the
two-step reduction reaction of bienzyme structure as cathodic catalyst, J. Ind. Eng.
Chem. 71 (2019) 435–444, https://doi.org/10.1016/J.JIEC.2018.11.056.
[11] C. Guo, F. Hu, C.M. Li, P.K. Shen, Direct electrochemistry of hemoglobin on
carbonized titania nanotubes and its application in a sensitive reagentless
hydrogen peroxide biosensor, Biosens. Bioelectron. 24 (2008) 819–824, https://
doi.org/10.1016/j.bios.2008.07.007.
[12] A. Senthil Kumar, P. Gayathri, P. Barathi, R. Vijayaraghavan, Improved electric
wiring of hemoglobin with impure-multiwalled carbon nanotube/nafion modified
glassy carbon electrode and its highly selective hydrogen peroxide biosensing, J.
Phys. Chem. C. 116 (2012) 23692–23703. https://doi.org/10.1021/jp3064933.
[13] S. Palanisamy, V. Velusamy, S.W. Chen, T.C.K. Yang, S. Balu, C.E. Banks, Enhanced
reversible redox activity of hemin on cellulose microfiber integrated reduced
graphene oxide for H2O2 biosensor applications, Carbohydr. Polym. 204 (2019)
152–160, https://doi.org/10.1016/j.carbpol.2018.10.001.
[14] Y. He, X. Wang, J. Sun, S. Jiao, H. Chen, F. Gao, L. Wang, Fluorescent blood glucose
monitor by hemin-functionalized graphene quantum dots based sensing system,
Anal. Chim. Acta 810 (2014) 71–78, https://doi.org/10.1016/j.aca.2013.11.059.
[15] J. Ji, S. Ro, Y. Kwon, Membraneless biofuel cells using new cathodic catalyst
including hemin bonded with amine functionalized carbon nanotube and glucose
oxidase sandwiched by poly(dimethyl-diallylammonium chloride), J. Ind. Eng.
Chem. 87 (2020) 242–249. https://doi.org/10.1016/j.jiec.2020.04.010.
[16] K. Zhou, Y. Zhu, X. Yang, C. Li, Preparation and application of mediator-free H2O2
biosensors of graphene-Fe3O4 composites, Electroanalysis 23 (2011) 862–869,
https://doi.org/10.1002/elan.201000629.
[17] S. Zong, Y. Cao, H. Ju, Direct electron transfer of hemoglobin immobilized in
multiwalled carbon nanotubes enhanced grafted collagen matrix for
electrocatalytic detection of hydrogen peroxide, Electroanalysis 19 (2007)
841–846, https://doi.org/10.1002/elan.200603783.

4. Conclusion
Hemin, which has high catalytic activity, was adopted as catalyst
component to increase the sensitivity and stability of H2O2 sensors.
However, due to its location issue and molecular aggregation, prevent
ing catalytic activity, other materials as well as hemin should also be
considered. Accordingly, MOF and CNT were introduced as the mate
rials. Hence, hemin was encapsulated within MOF (Hemin⊂MIL-88NH2) and this structure was then deposited onto CNT (Hemin⊂MIL-88NH2/CNT). Besides the sensitivity and stability of H2O2 sensor, the
optimal pH and temperature conditions were determined because the
electron transfer affecting the overall performance of H2O2 sensor is
sensitive to the pH and temperature conditions.
To evaluate the catalytic activity for facilitation of the reduction
reaction of H2O2, colorimetric and electrochemical evaluations were
conducted. With the use of the colorimetric method, the catalytic ac
tivity of Hemin⊂MIL-88-NH2/CNT was found to be excellent and this is
due to the appropriate interaction between the water media and amine
bond of the MOF. When electrochemical evaluations were performed,
the sensitivity of Hemin⊂MIL-88-NH2/CNT was high at 0.538
μAμM− 1cm− 2, and its detection limit was low at 0.06 μM with a range of
0.5 to 203 μM (R2 = 0.999). Even in amperometric response tests, when
10 μM H2O2 was injected, Hemin⊂MIL-88-NH2/CNT showed a better
response by 2.06 ~ 3.26 times compared to the other heme proteinbased catalysts ((Hb, Mb and HRP)/CNT). In terms of stability, its cat
alytic activity was well preserved even under harsh pH and temperature
conditions for a long time (89.5% of the initial value after 15 days).
Taken together, it can be concluded that the properties of Hemin⊂MIL88-NH2/CNT as the catalyst for use in H2O2 sensors were better than
those of other heme proteins.
CRediT authorship contribution statement
Jungyeon Ji: Conceptualization, Validation, Formal analysis,
Investigation, Writing - original draft. So Yeon Ko: Conceptualization,
Validation, Formal analysis, Investigation, Writing - original draft.
Kyung Min Choi: Writing - review & editing, Visualization, Supervi
sion, Project administration. Yongchai Kwon: Writing - review &
editing, Visualization, Supervision, Project administration.
Declaration of Competing Interest
The authors declare that they have no known competing financial
6

J. Ji et al.

Applied Surface Science 554 (2021) 148786

[18] V. Narwal, N. Yadav, M. Thakur, C.S. Pundir, An amperometric H2O2 biosensor
based on hemoglobin nanoparticles immobilized on to a gold electrode, Biosci.
Rep. 37 (2017) 1–10, https://doi.org/10.1042/BSR20170194.
[19] G. Wulff, Enzyme-like catalysis by molecularly imprinted polymers, Chem. Rev.
102 (2002) 1–28, https://doi.org/10.1021/cr980039a.
[20] E. Shoji, M.S. Freund, Potentiometric saccharide detection based on the pKa
changes of poly(aniline boronic acid), J. Am. Chem. Soc. 124 (2002)
12486–12493, https://doi.org/10.1021/ja0267371.
[21] Y. Cao, W. Si, Q. Hao, Z. Li, W. Lei, X. Xia, J. Li, F. Wang, Y. Liu, One-pot
fabrication of Hemin-N–C composite with enhanced electrocatalysis and
application to H2O2 sensing, Electrochim. Acta 261 (2018) 206–213, https://doi.
org/10.1016/j.electacta.2017.12.111.
[22] F.X. Qin, S.Y. Jia, F.F. Wang, S.H. Wu, J. Song, Y. Liu, Hemin@metal-organic
framework with peroxidase-like activity and its application to glucose detection,
Catal. Sci. Technol. 3 (2013) 2761–2768, https://doi.org/10.1039/c3cy00268c.
[23] P. Zhang, D. Sun, A. Cho, S. Weon, S. Lee, J. Lee, J.W. Han, D.P. Kim, W. Choi,
Modified carbon nitride nanozyme as bifunctional glucose oxidase-peroxidase for
metal-free bioinspired cascade photocatalysis, Nat. Commun. 10 (2019) 1–14,
https://doi.org/10.1038/s41467-019-08731-y.
[24] P. Saha, A. Maharajan, P.K. Dikshit, B.S. Kim, Rapid and reusable detection of
hydrogen peroxide using polyurethane scaffold incorporated with cerium oxide
nanoparticles, Korean J. Chem. Eng. 36 (2019) 2143–2152, https://doi.org/
10.1007/s11814-019-0399-3.
[25] L. Wang, H. Yang, J. He, Y. Zhang, J. Yu, Y. Song, Cu-hemin metal-organicframeworks/chitosan-reduced graphene oxide nanocomposites with peroxidaselike bioactivity for electrochemical sensing, Electrochim. Acta 213 (2016)
691–697, https://doi.org/10.1016/j.electacta.2016.07.162.
[26] Y. Zang, J. Lei, L. Zhang, H. Ju, In situ generation of electron acceptor for
photoelectrochemical biosensing via Hemin-mediated catalytic reaction, Anal.
Chem. 86 (2014) 12362–12368, https://doi.org/10.1021/ac503741x.
[27] X. Lian, Y. Fang, E. Joseph, Q. Wang, J. Li, S. Banerjee, C. Lollar, X. Wang, H.C. Zhou, Enzyme–MOF (metal–organic framework) composites, Chem. Soc. Rev. 46
(2017) 3386–3401, https://doi.org/10.1039/C7CS00058H.
[28] Z. Nowroozi-Nejad, B. Bahramian, S. Hosseinkhani, Efficient immobilization of
firefly luciferase in Metal organic frameworks (MOFs): Fe-MIL-88(NH2) is a mighty
support for this purpose, Enzyme Microb. Technol. 121 (2018), https://doi.org/
10.1016/j.enzmictec.2018.10.011.
[29] L. Du, W. Chen, P. Zhu, Y. Tian, Y. Chen, C. Wu, Applications of functional metalorganic frameworks in biosensors, Biotechnol. J. (2020), https://doi.org/10.1002/
biot.201900424.
[30] Z. Wu, C. Chen, H. Wan, L. Wang, Z. Li, B. Li, Q. Guo, G. Guan, Fabrication of
magnetic NH2-MIL-88B (Fe) confined brønsted ionic liquid as an efficient catalyst
in biodiesel synthesis, Energy & Fuels. 30 (2016) 10739–10746, https://doi.org/
10.1021/acs.energyfuels.6b01212.
[31] S.-N. Kim, C.G. Park, B.K. Huh, S.H. Lee, C.H. Min, Y.Y. Lee, Y.K. Kim, K.H. Park,
Y. Bin Choy, Metal-organic frameworks, NH2-MIL-88(Fe), as carriers for
ophthalmic delivery of brimonidine, Acta Biomater. 79 (2018) 344–353, https://
doi.org/10.1016/j.actbio.2018.08.023.
[32] Y.-Y. Cao, X.-F. Guo, H. Wang, High sensitive luminescence metal-organic
framework sensor for hydrogen sulfide in aqueous solution: a trial of novel turn-on
mechanism, Sens. Actuators B Chem. 243 (2017) 8–13, https://doi.org/10.1016/j.
snb.2016.11.085.
[33] P. Kumar, E. Vejerano, A. Khan, G. Lisak, J.H. Ahn, K.-H. Kim, Metal organic
frameworks (MOFs): current trends and challenges in control and management of
air quality, Korean J. Chem. Eng. 36 (2019) 1839–1853, https://doi.org/10.1007/
s11814-019-0378-8.
[34] J. Ji, Y. Chung, Y. Kwon, The effects of cobalt phthalocyanine and polyacrylic acid
on the reactivity of hydrogen peroxide oxidation reaction and the performance of
hydrogen peroxide fuel cell, J. Power Sources. 480 (2020) 228860. https://doi.
org/10.1016/j.jpowsour.2020.228860.
[35] J. Ji, J. Woo, Y. Chung, S.H. Joo, Y. Kwon, Dual catalytic functions of biomimetic,
atomically dispersed iron-nitrogen doped carbon catalysts for efficient enzymatic
biofuel cells, Chem. Eng. J. 381 (2020) 122679, https://doi.org/10.1016/J.
CEJ.2019.122679.
[36] K. Hyun, S. Kang, Y. Kwon, Performance evaluation of glucose oxidation reaction
using biocatalysts adopting different quinone derivatives and their utilization in
enzymatic biofuel cells, Korean J. Chem. Eng. 36 (2019) 500–504, https://doi.org/
10.1007/s11814-018-0218-2.
[37] S. Xie, J. Ye, Y. Yuan, Y. Chai, R. Yuan, A multifunctional hemin@metal-organic
framework and its application to construct an electrochemical aptasensor for
thrombin detection, Nanoscale 7 (2015) 18232–18238, https://doi.org/10.1039/
c5nr04532k.
[38] L. Mi, Y. Sun, L. Shi, T. Li, Hemin-bridged MOF interface with double amplification
of G-quadruplex payload and DNAzyme catalysis: ultrasensitive lasting

[39]

[40]

[41]
[42]

[43]
[44]

[45]

[46]
[47]
[48]
[49]

[50]
[51]

[52]
[53]

[54]

[55]

[56]

[57]

[58]

7

chemiluminescence MicroRNA imaging, ACS Appl. Mater. Interfaces. 12 (2020)
7879–7887, https://doi.org/10.1021/acsami.9b18053.
L.G. Devi, M.L. ArunaKumari, B.G. Anitha, R. Shyamala, G. Poornima,
Photocatalytic evaluation of Hemin (chloro(protoporhyinato)iron(III)) anchored
ZnO hetero-aggregate system under UV/solar light irradiation: a surface
modification method, Surf. Interfaces 1–3 (2016) 52–58, https://doi.org/10.1016/
j.surfin.2016.06.003.
H. Chen, Y. Wu, W. Yang, S. Zhan, S. Qiu, P. Zhou, Ultrasensitive and selective
detection of isocarbophos pesticide based on target and random ssDNA triggered
aggregation of hemin in polar organic solutions, Sens. Actuators B Chem. 243
(2017) 445–453, https://doi.org/10.1016/j.snb.2016.12.014.
X. Lv, J. Weng, Ternary composite of Hemin, gold nanoparticles and graphene for
highly efficient decomposition of hydrogen peroxide, Sci. Rep. 3 (2013) 3285,
https://doi.org/10.1038/srep03285.
J. He, Y. Zhang, X. Zhang, Y. Huang, Highly efficient Fenton and enzyme-mimetic
activities of NH2-MIL-88B(Fe) metal organic framework for methylene blue
degradation, Sci. Rep. 8 (2018) 5159, https://doi.org/10.1038/s41598-01823557-2.
X. Wang, H. Sun, C. Liu, C. Wang, A hemin-functionalized GroEL nanocage as an
artificial peroxidase and its application in chromogenic detection, Anal. Methods
11 (2019) 2197–2203, https://doi.org/10.1039/C9AY00201D.
N. Alizadeh, A. Salimi, R. Hallaj, F. Fathi, F. Soleimani, Ni-hemin metal-organic
framework with highly efficient peroxidase catalytic activity: toward colorimetric
cancer cell detection and targeted therapeutics, J. Nanobiotechnol. 16 (2018) 93,
https://doi.org/10.1186/s12951-018-0421-7.
J. Hu, Y.-L. Dong, H.-J. Zhang, X.-J. Chen, X.-G. Chen, H.-G. Zhang, H.-L. Chen,
Naked eye detection of benzoyl peroxide in wheat flour using 3,3′ ,5,5′ tetramethylbenzidine as a chromogenic agent, RSC Adv. 3 (2013) 26307–26312,
https://doi.org/10.1039/C3RA44664F.
R.G.E.-J. Uddin, The Use of Spectrophotometry UV-Vis for the Study of Porphyrins,
in: IntechOpen, Rijeka, 2012: p. Ch. 6. https://doi.org/10.5772/38797.
B.L. Li, H.Q. Luo, J.L. Lei, N.B. Li, Hemin-functionalized MoS2 nanosheets:
enhanced peroxidase-like catalytic activity with a steady state in aqueous solution,
RSC Adv. 4 (2014) 24256–24262, https://doi.org/10.1039/C4RA01746C.
Y. Hu, L. Dai, D. Liu, W. Du, Y. Wang, Progress & prospect of metal-organic
frameworks (MOFs) for enzyme immobilization (enzyme/MOFs), Renew. Sustain.
Energy Rev. 91 (2018) 793–801, https://doi.org/10.1016/j.rser.2018.04.103.
D. Xie, Y. Ma, Y. Gu, H. Zhou, H. Zhang, G. Wang, Y. Zhang, H. Zhao, Bifunctional
NH2-MIL-88(Fe) metal–organic framework nanooctahedra for highly sensitive
detection and efficient removal of arsenate in aqueous media, J. Mater. Chem. A. 5
(2017), https://doi.org/10.1039/C7TA07934F.
S. Duan, Y. Huang, Electrochemical sensor using NH 2 -MIL-88(Fe)-rGO composite
for trace Cd 2+, Pb 2+, and Cu 2+ detection, J. Electroanal. Chem. 807 (2017),
https://doi.org/10.1016/j.jelechem.2017.11.051.
L. Shi, T. Wang, H. Zhang, K. Chang, X. Meng, H. Liu, J. Ye, An aminefunctionalized iron(III) metal-organic framework as efficient visible-light
photocatalyst for Cr(VI) reduction., Adv. Sci. (Weinheim, Baden-Wurttemberg,
Ger. 2 (2015) 1500006. https://doi.org/10.1002/advs.201500006.
X. Li, W. Guo, Z. Liu, R. Wang, H. Liu, Fe-based MOFs for efficient adsorption and
degradation of acid orange 7 in aqueous solution via persulfate activation, Appl.
Surf. Sci. 369 (2016) 130–136, https://doi.org/10.1016/j.apsusc.2016.02.037.
Y. Chung, J. Ji, Y. Kwon, Performance evaluation of enzymatic biofuel cells using a
new cathodic catalyst containing hemin and poly acrylic acid promoting the
oxygen reduction reaction, J. Mater. Chem. C. 7 (2019) 11597–11605, https://doi.
org/10.1039/c9tc03071a.
B. Reuillard, S. Gentil, M. Carrière, A. Le Goff, S. Cosnier, Biomimetic versus
enzymatic high-potential electrocatalytic reduction of hydrogen peroxide on a
functionalized carbon nanotube electrode, Chem. Sci. 6 (2015) 5139–5143,
https://doi.org/10.1039/C5SC01473E.
W. Lei, L. Wu, W. Huang, Q. Hao, Y. Zhang, X. Xia, Microwave-assisted synthesis of
hemin–graphene/poly(3,4-ethylenedioxythiophene) nanocomposite for a
biomimetic hydrogen peroxide biosensor, J. Mater. Chem. B. 2 (2014) 4324–4330,
https://doi.org/10.1039/C4TB00313F.
L. Zhang, G. Han, Y. Liu, J. Tang, W. Tang, Immobilizing haemoglobin on gold/
graphene–chitosan nanocomposite as efficient hydrogen peroxide biosensor, Sens.
Actuators B Chem. 197 (2014) 164–171, https://doi.org/10.1016/j.
snb.2014.02.077.
S. Nandini, S. Nalini, R. Manjunatha, S. Shanmugam, J.S. Melo, G.S. Suresh,
Electrochemical biosensor for the selective determination of hydrogen peroxide
based on the co-deposition of palladium, horseradish peroxidase on functionalizedgraphene modified graphite electrode as composite, J. Electroanal. Chem. 689
(2013) 233–242, https://doi.org/10.1016/j.jelechem.2012.11.004.
S. Zong, Y. Cao, H. Ju, Amperometric biosensor for hydrogen peroxide based on
myoglobin doped multiwalled carbon nanotube enhanced grafted collagen matrix,
Anal. Lett. 40 (2007) 1556–1568, https://doi.org/10.1080/00032710701380442.

