
rsc.li/analyst

Analyst

rsc.li/analyst

ISSN 0003-2654

PAPER
Huinan Yang, Chengxing Shen, Xiaoshu Cai et al.   
Noninvasive and prospective diagnosis of coronary heart disease 
with urine using surface-enhanced Raman spectroscopy 

Volume 143
Number 10
21 May 2018
Pages 2185-2436

Analyst

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  H. Cui, S. Cui, S.

Zhang, Q. Tian, Y. Liu, P. Zhang, M. Wang, J. Zhang and X. Li, Analyst, 2021, DOI: 10.1039/D1AN01323H.

http://rsc.li/analyst
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d1an01323h
https://pubs.rsc.org/en/journals/journal/AN
http://crossmark.crossref.org/dialog/?doi=10.1039/D1AN01323H&domain=pdf&date_stamp=2021-08-14


Cu-MOFs/Hemin：A bionic enzyme with excellent dispersity for 

the determination of hydrogen peroxide released from living cells

Hong Cui*a,1, Shuaishuai Cuia,1, Siyuan Zhanga, Qiuju Tiana, Yunfeng Liua, Ping Zhanga, Mingxiu 

Wanga, Jialing Zhanga and Xiangjun Li*b

a School of Public Health, Shanxi Medical University, 56Xinjian South Road, Taiyuan, 030001, China

b School of Chemical Sciences, University of Chinese Academy of Sciences, 19A Yuquan Road, Beijing, 

100049, China

* Corresponding authors. E-mail addresses: lixiangj@ucas.ac.cn (X. Li), cuihong19872007@126.com (H. Cui).
1 co-first authors

Page 1 of 31 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
4 

A
ug

us
t 2

02
1.

 D
ow

nl
oa

de
d 

on
 8

/3
1/

20
21

 7
:0

8:
27

 P
M

. 

View Article Online
DOI: 10.1039/D1AN01323H

https://doi.org/10.1039/d1an01323h


Abstract

The stability, repeatability and sensitivity of an electrochemical biosensor material are closely connected with the 

dispersibility of metal organic frameworks (MOFs) in aqueous medium. Herein, a nanocomposite based on 

Cu-MOFs/Hemin, which is not only highly water-soluble but also simple and efficient in synthesis, was used for 

the construction of a non-enzymatic sensor to detect hydrogen peroxide (H2O2). The Cu-MOFs/Hemin was 

characterized via scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy 

dispersive X-ray spectroscopy (EDS)-mapping, X-Ray diffraction (XRD), fourier transform infrared spectroscopy 

(FT-IR), X-ray photoelectron spectroscopy (XPS) and thermal gravity analysis (TGA), which indicate the hemin 

and Cu-MOFs were successfully combined. As a H2O2 electrochemical biomimetic enzyme, the Cu-MOFs/Hemin 

exhibited excellent electrocatalytic performance, which was confirmed by the electrochemical experiments and 

chromogenic reactions, as well as the possible mechanism of the reactions has been deduced. The electrochemical 

sensor based on the biomimetic enzyme exhibited an extended linear detection range from 0.01–5.0 mM 

(R=0.998), low detection of 4.14 μM, high selectivity and stability under the optimized conditions. More 

importantly, the practical application ability of the sensor was verified by the test of H2O2 in human serum samples 

and it could be used for the real-time detection of H2O2 released from living cells with satisfactory results. 

Therefore, this novel nanocomposite has the certain potential to prepare electrochemical sensing platform for 

nonenzymatic biosensing and provides a new method for clinical diagnosis and real-time monitoring. 

Keywords: metal organic framework; hemin; non-enzymatic hydrogen peroxide sensor; human serum; living cells
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1 Introduction

Hydrogen peroxide (H2O2), as a major member of reactive oxygen species (ROS) and the second messengers for 

cellular communications, is not only widely used in biopharmaceutical, chemical, environmental protection and 

many other fields, but also plays a significant role in intracellular signaling transduction, enzymatic reaction and 

internal environment stability of the body.1-5 With the study of the body’s internal environment, an increasing 

number of researchers have found that many chronic diseases and cell damage are directly or indirectly related to 

oxidative stress caused by the abnormal concentration of H2O2, such as Alzheimer's disease, Parkinson's disease, 

atherosclerosis, diabetes, and so on.6-9 What’s more, it was reported in the literature that the normal extracellular 

levels of H2O2 are found to be in the range of 0.001-0.1 μΜ, while the tumor cells produce higher concentrations 

of H2O2 (100 μM-1 mM) than normal cells due to the metabolism of tumor cells changes dramatically.10,11 

Therefore, changes in the concentration of H2O2 is closely related to human health and maybe an auxiliary factor 

for cancer accurate diagnosis.12 For example, Wang et al. reported that H2O2 is a cofactor in the diagnosis of 

cervical cancer.13 Hence, it is in dire need of exploiting an accurate and sensitive method to detect the H2O2 in 

human serum and living cells for early diagnosis of certain cancers and vascular diseases. Up to now, numerous 

analytical techniques and methods have been established to detect H2O2, such as titrimetry, spectrophotometry, 

fluorometry, chromatography, flow injection, chemiluminescence, and electrochemical methods.14-18 Among these, 

electrochemical technology has the advantages of low detection limit, high sensitivity and selectivity, simple 

operation, low cost, as well as high convenience compared with other technologies. So electrochemical techniques 

have been widely used to detect H2O2 in real-time.19 Early electrochemical sensing of H2O2 focused on the use of 

natural enzymes due to their high specificity and efficiency, but the enzyme-based H2O2 biosensors have some 

intrinsic weaknesses, which including rigorous demand on the experimental conditions, instability, easy 
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deactivation, and so on.20,21 Therefore, it is very necessary to develop nanomaterial-based artificial and new-style 

enzymes with peroxidase mimics to replace the natural enzymes.

To the best of our knowledge, hemin (iron protoporphyrin IX) has attracted extensive attention of tremendous 

scientists because it is not only the active center of the heme-protein family including cytochromes, peroxidases, 

myoglobin, and hemoglobin, but also it can catalyze a lot of oxidation reactions like peroxidase enzymes.22-25 

Thus, many Hemin-based H2O2 biosensors have been fabricated in the last few years. For example, covalently 

binding of hemin to a gold electrode modified with the cystamine monolayer was reported.26 Nevertheless, direct 

application of hemin as a catalyzer tends to suffer from poor catalytic activity and stability due to its oxidative 

self-degradation and the formation of inactive dimers by molecular aggregation in aqueous solution.27,28 To 

overcome these drawbacks, hemin usually is used for the synthesis of MOFs as a ligand or needs to be 

immobilized onto a carrier with the high surface area such as metal/metal oxide nanostructures, silica, zeolites, 

polymer films, porous carbon and MOFs, where its catalytic activity could be effectively enhanced.29-31 As one of 

the most promising immobilization carrier candidates in recent years, MOFs assembled from inorganic nodes and 

organic ligands have gained widespread attentions in the electrochemical fields such as supercapacitor, catalysis, 

and electrochemical sensors owing to their large internal surface areas, active and uniform metal sites, structural 

diversity, and remarkable adsorption ability.32-35 For example, Qin and co-workers immobilized the hemin on the 

amino-containing MOF for preparing peroxidase mimicking catalysts and applied the functionality of MOFs for 

colorimetric detection of H2O2.36 Wang and co-workers synthesized Cu-hemin MOFs/chitosan (CS)-reduced 

graphene oxide (CS-rGO) nanocomposite and applied it to the determination of H2O2 for the first time.28 

Combining the merits of MOFs and hemin, on the one hand, MOFs can effectively prevent the dimerization of the 

hemin molecule to improve the hemin performance; On the other hand, hemin and the active sites in the MOFs 

cooperate to promote the interfacial electron transfer and catalytic activity, showing the synergistic effect.37 
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However, the dispersion and film-forming properties of materials has always been an issue in electrochemical 

sensor due to the large size of synthetic materials, which would affect the reproducibility to a large extent. In order 

to overcome these shortcomings, CS or nafion was usually introduced to anchor the materials stably onto the 

electrodes to improve the film formation and dispersibility. Although the above problems are solved to a certain 

extent, the electron transfer capability will be compromised and the amounts of each modification of CS or nafion 

still affect reproducibility. 

Herein, encouraged by the advantages of hemin and MOFs, a kind of Cu-MOFs using m-phthalic acid (PA) as 

organic ligand was synthesized via a simple hydrothermal route. As one of the typical carboxylic acids ligand, PA 

has been widely used in the synthesis of MOFs due to its abundant coordination patterns and the properties of 

multidimensional extension that attributed to the 120°  separation between its two carboxylic groups. Some new 

structures of MOFs with PA as ligand could been easier to designed and prepared, and the easy channels 

functionalization of the synthetic MOFs gives the material some outstanding characteristics. Moreover, in recent 

years, PA has been transformed from the main ligand of the MOFs to the vacant structure-modulated ligand of the 

MOFs, which is mainly used for bridging, filling coordination positions and equalizing electric charges. PA can be 

used to link the mental center with other ligands through the double and single tooth or chelating dentate 

coordination pattern, then various two-dimensional plane structure or three-dimensional structure could be 

formed.38-42 In this paper, the Cu-MOFs was firstly used as a novel immobilization matrix for hemin to fabricate a 

H2O2 biosensor. The electrode modification layer has good film-forming property without using the CS or nafion 

and exhibits favorable electrocatalytic activities towards the reduction of H2O2, which display high sensitivity, 

good stability and repeatability toward the reduction of H2O2. The schematic diagram of the synthetic routes of the 

materials and the construction of the electrochemical sensor is shown in Scheme 1. Besides, the catalase activity of 

this material was further investigated by TMB chromogenic reaction and a series of controlled tests. More 
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importantly, the fabricated Cu-MOFs/Hemin based sensor can be used for detecting H2O2 in human serum and the 

real-time tracking of H2O2 secreted by live cells.

Scheme 1

2 Material and methods

2.1 Chemicals

Cu(NO3)2·3H2O with purity of > 99.99%, Hemin with purity of > 95%, H2O2 (30%), uric acid (UA), ascorbic acid 

(AA), glucose (Glu), Glycine (Gly), Sodium chloride (NaCl), Potassium chloride (KCl), Dopamine hydrochloride 

(DA) were obtained from Aladdin Chemistry Co., Ltd (Shanghai, China). N, N-dimethylformamide (DMF, 99.5%) 

and m-phthalic acid (PA, 98%) were purchased from Roche. L-Lysine (L-Lys), L-Cysteine (L-Cys), L-Tyrosine 

(L-Tyr), L-Threonine (L-Thr) were obtained from Macklin Biochemical Co., Ltd (Shanghai, China). Catalase and 

phorbol 12-myristate 13-acetate (PMA) were purchased from Sigma-Aldrich. All the chemicals were used as 

received without further purification. Phosphate buffer solution (PBS, 0.1 M) was prepared by adjusting the 

volume ratios of the solution containing Na2HPO4 and NaH2PO4. Ultrapure water was used to prepare all aqueous 

solution throughout the experiments.

2.2 Apparatus
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The surface structures, morphologies and element distribution information were acquired by using Energy 

dispersive X-ray spectroscopy (EDS) and field-emission scanning electron microscope (FE-SEM, SU8010, 

Hitachi) and transmission electron microscopy (TEM, JEM-2100, JEOL). X-ray powder diffraction (XRD) 

analysis was performed on a Bruker D8 Advance Diffractometer (Germany) with Cu Ka radiation to analyze the 

crystal structures of nanomaterials. The elemental composition and the functional groups of nanomaterials were 

analyzed by using X-ray photoelectron spectroscopy (XPS, Thermo escalab, 250Xi) and Fourier transform infrared 

spectrophotometer (FT-IR, Nicolet iS50). Thermogravimetric analysis (TGA) was conducted using a NETZSCH 

STA 449 F5/F3 Jupiter in the temperature range between 30 and 900 ℃ in presence of nitrogen. UV-vis absorption 

spectra were obtained by a TU-1901 UV-vis spectrometer. 

All electrochemical measurements were carried out by a CHI660E electrochemical workstation (Shanghai 

Chenhua Instruments Co., China) in a conventional three-electrode electrochemical cell, including a modified 

GCE as working electrode, a saturated calomel electrode as the reference electrode and a platinum wire as the 

auxiliary electrode. 

2.3 Synthesis of Cu-MOFs

Cu-MOFs were prepared using a traditional solvothermal method. Typically, 0.1160 g Cu(NO3)2·3H2O was 

dissolved in water (12 mL), and then, 42 mL DMF was added into the above solution. After that, 12 mL of DMF 

solution of PA (0.0797 g) was added to the 54 mL Cu(NO3)2·3H2O aqueous solution under stirring. After stirring 

for 20 min, the mixture was sealed in a Teflon-lined stainless-steel autoclave with a capacity of 100 mL, heated at 

160 °C for 3 h, and then cooled to room temperature naturally. Next, the resulting precipitate was collected by 

centrifugation at 13000 rpm for 15 min. Subsequently we washed the precipitates with absolute ethanol and 

ultrapure water for three times, respectively. Finally, the sediment dried in a vacuum drying oven at 60 °C 

overnight and stored in a vial for further using.

Page 7 of 31 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
4 

A
ug

us
t 2

02
1.

 D
ow

nl
oa

de
d 

on
 8

/3
1/

20
21

 7
:0

8:
27

 P
M

. 

View Article Online
DOI: 10.1039/D1AN01323H

https://doi.org/10.1039/d1an01323h


2.4 Preparation of Cu-MOFs/Hemin nanocomposites

In a typical synthesis, the DMF solution (6 mL) of 10 mg Hemin was added to the 0.1 M NaOH solution (0.8 mL) 

and the mixture was sonicated for 30 min to obtain a complete homogeneous solution. Afterwards, 20 mg 

as-synthesized Cu-MOFs was added into the above mixed solution and continuously stirred for 30 min in magnetic 

stirrer (420 r). And then, the mixture solution was transferred to a Teflon-leaned autoclave with a capacity of 50 

mL and heated at 100 °C for 24 h in an oven. After cooling the synthesis mixture to room temperature, the 

precipitate was collected by filtration, washed subsequently with DMF and ethanol for several times. Finally, the 

obtained black solid was dried under vacuum overnight and kept at 4 °C for further use. The different proportions 

of materials are obtained by the same procedure in the above description, while the different amounts of hemin (2, 

5, 20, 30, 40 mg) were added in the starting synthesis system.

2.5 Fabrication of modified electrodes and electrochemical measurements

The glassy carbon electrode (GCE) was polished with 0.05 μm alumina powder followed by rinsing thoroughly 

with double distilled water, and then it was sonicated in ethanol and double distilled water successively for 1 min 

in order to obtain a mirror like electrode surface. Prior to using, the electrode was dried by N2 gas purging. After 

that, 8 μL aqueous solution of Cu-MOFs/Hemin (3 mg/mL) was drop-coated on the surface of the well-polished 

GCE and dried under an incandescent lamp. After being dried, the electrode was used for electrochemical studies. 

In order to control, Hemin/GCE and Cu-MOFs/GCE were prepared in the similar procedure. In addition, all tests 

were carried out in a 0.1 M PBS passed through the nitrogen for 10 min to remove the oxygen at room 

temperature. Moreover, it's worth noting that the current signals were recorded in the chronoamperometric tests 

under magnetic stirring with increasing of H2O2 concentration.

2.6 Real sample analysis

2.6.1 H2O2 analysis in human serum samples 
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The human serum samples were collected from the Affiliated Hospital of Shanxi University of Chinese Medicine. 

In order to evaluate the practical application ability of the biosensors in real samples, we added different doses of 

H2O2 to the diluted serum and calculated the recovery. The procedure of the sample solutions for measuring is as 

follows: 20 μL serum and different concentrations of H2O2 were successively injected to the 10 mL 0.1 M PBS and 

all solutions need to be deoxidized through the nitrogen for 10 min. Then, the i-t curve was used to measure the 

current changes and the corresponding H2O2 concentration was calculated using the standard curve.

2.6.2 Measurements of the H2O2 released from cancer cells

Human hepatoma cancer (HepG2) cells were supplied by the Cell Bank of Chinese Academy of Sciences. HepG2 

cells were grown in 75 cm2 flasks in Dulbecco's modified Eagle medium containing 10% (v/v) fetal bovine serum 

and 1% penicillin/streptomycin at 37 °C in a 5% CO2 environment. After reaching about 90% confluence, the 

media was eliminated and the cells were harvested by low-speed centrifugation and washed three times with PBS 

(0.1 M, pH=7.0). The cell number was estimated using a hemocytometer and the about 1.0×106 cells were 

suspended in 5 mL PBS (0.1 M, pH=7.0) deoxidized through the nitrogen for 10 min. Finally, the i-t curve was 

recorded to determine the content of H2O2 secreted from living cancer cells in real-time.

3 Results and discussion

3.1 Characterization of the Cu-MOFs/Hemin

SEM and TEM measurements were carried out to characterize the morphologies of Cu-MOFs and 

Cu-MOFs/Hemin nanocomposite. As shown in Fig. 1A and Fig. 1C, the SEM and TEM image of Cu-MOFs 

materials clearly indicate that the pure Cu-MOFs look like many octahedral diamonds stacked into 3D 

chrysanthemums-like shape and they are evenly dispersed in size about 2-4 μm. However, when hemin molecules 

were added to Cu-MOFs, the morphology of the complex is completely different from that of the pure Cu-MOFs. 

As can be seen from Fig. 1B and Fig. 1D, the obtained Cu-MOFs/Hemin nanocomposites present a 
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two-dimensional lamellar structure and the surface of which is very rough, indicating the hemin is involved in the 

coordination pattern of Cu-MOFs and it was successfully bonded on the Cu-MOFs. In addition, according to the 

element mapping results of O, C, Cu, N and Fe elements of the Cu-MOFs/Hemin nanocomposites in the 

EDS-mapping analysis, it can be seen that Fe elements were evenly distributed on the Cu-MOFs (Fig. S1A-F), 

which further confirmed the successful binding of Hemin molecule with Cu-MOFs. The XRD patterns of 

Cu-MOFs and Cu-MOFs/Hemin were essentially the same but intensity reduced where seems to be contradicted 

with the results of SEM (Fig. 2A), which could be explained that Cu-MOFs retained their original crystalline 

structure namely the coordination between Cu2+ and PA were not broken with the invasion of hemin but Cu-MOFs 

may directly coordinate with hemin and form large lamellar structures.

Fig. 1

FT-IR spectra were measured to identify the functional groups and types of chemical bond present in the 

Cu-MOFs/Hemin and Cu-MOFs (Fig. 2B), and the results observed in the spectrum are in accordance with 

previous literature reports.36,43-46 The absorption peak around 3405 cm−1 in the FT-IR spectrum of 
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Cu-MOFs/Hemin powder is associated to the stretching vibration of O-H arising from the water molecules that 

exist on the surface of Cu-MOF/Hemin. Compared with Cu-MOFs, there are new strong peaks at 2914 cm-1 in 

Cu-MOFs/Hemin, which is assigned to stretching of the methyl functionalized group of hemin. The obvious 

absorption peaks that appear at approximately 1612 cm-1 and 1567 cm-1 can be ascribed to the stretching vibration 

of the C-O bond found in COO-, which are arising from the asymmetric and symmetric vibrations of the C-O 

groups belonging to the carboxylate groups in Cu-MOFs. However, the peaks at these two locations are clearly red 

shifted in the curve of the Cu-MOFs/Hemin, indicating that the carboxyl group has been coordinated with the 

corresponding metal ions. Meanwhile, the absorption peak of Cu-MOFs at 1400-1550 cm-1 is the skeleton 

vibration of the benzene ring and the peaks ranging 950-700 cm-1 could be primarily assigned to the stretching 

vibration of the C-H benzene ring, respectively. Importantly, a new peak at 1119 cm-1 in Cu-MOFs/Hemin 

originated from C-N, proving the existence of hemin.

The XPS is a surface specific analytical tool that was carried out to qualitatively and quantitatively study the 

elemental composition, chemical state and electronic state of the corresponding elements that exist within material. 

The survey scanning full spectrum analysis result was shown in Fig. 2C in which five main elements including C, 

N, O, Fe and Cu can be comfortably distinguished in the Cu-MOFs/Hemin surface. High-resolution spectra of C1s, 

N1s, Cu2p, CuLM and Fe2p were present in Fig. S2, respectively. The high resolution XPS spectrum of C1s could 

be fitted into four peaks at banding energy around 284.6 eV, 284.9 eV, 286.6 eV, and 288.0 eV, illustrating the 

coexistence of the C-C, C=N, C-O-C and O-C=O, respectively. The diffraction peak observed at 398.2 eV in N1s 

region can be assigned to pyrrole nitrogen. The Cu2p high-resolution spectrum after fitting indicating that it can be 

divided into six typical characteristic peaks: Cu+ 2p3/2 and Cu+ 2p1/2 at 932.4 eV and 952.3 eV, Cu2+ 2p3/2 and Cu2+ 

2p1/2 at 933.8 eV and 953.8 eV, while the peak at 941.4 eV and 944.2 eV are indexed to satellite peak. In addition, 

the Fe2p XPS spectrum of the Cu-MOFs/Hemin was analyzed and summarized. As can be seen, two pairs of 
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2p3/2/2p1/2 doublets for Fe2+ (710.2/723.1 eV) and Fe3+ (712.0/724.7 eV) and two satellite peaks located at 714.7 

eV and 718.9 eV are deconvoluted for the Fe2p, suggesting the successful decoration of hemin in composite. 

Furthermore, the CuLM Auger peaks were performed to further determine the chemical valence state of copper 

and indicated that Cu+ is dominant in the complex.

In order to study the thermal stability, the TGA for Cu-MOFs/Hemin was subjected under N2 atmosphere 

from room temperature to 900 °C at a heating rate of 10 °C min−1 (Fig. 2D). The Cu-MOFs curve shows a gradual 

weight loss of 3.5% at the temperature range of 30-300 °C corresponding to the removal of H2O and other guest 

small molecules existing in interstitial spaces. With the further increase of temperature, the ligands of Cu-MOFs 

begin to decompose and the mass decreases sharply. The 63.9% of the mass of Cu-MOFs remains when the 

temperature rises to 900 ℃. But the complex begins to decompose at temperatures up to 170 °C, which most likely 

due to carbonization of the hemin in the complex and the decomposition of other small organic molecules in the 

pores. However, it can be seen from the curve in the figure that the change amount of the composite is slower than 

that of Cu-MOFs and the mass of the composite remains 68.9% when the temperature rises to 900 ℃, which 

indicates that the thermal stability of the composite material is improved. 

Page 12 of 31Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
4 

A
ug

us
t 2

02
1.

 D
ow

nl
oa

de
d 

on
 8

/3
1/

20
21

 7
:0

8:
27

 P
M

. 

View Article Online
DOI: 10.1039/D1AN01323H

https://doi.org/10.1039/d1an01323h


Fig. 2

3.2 Electrocatalytic behavior of modified electrode towards H2O2 reduction

The electrochemical impedance spectroscopy (EIS) technique was carried out to investigate electronic 

conductivity properties of different modified electrodes. A comparison of electrochemical impedance spectroscopy 

(EIS) curves for 5.0 mM [Fe(CN)6]3-/4- in 0.1 mol L−1 KCl at bare, hemin modified, Cu-MOFs modified and 

Cu-MOFs/Hemin modified GCE were present in Fig. 3A. It can be clearly seen that the EISs of the electrodes 

show the order of semicircle diameter as follows (equal to the charge transfer resistance): 

Hemin/GCE>Cu-MOFs/Hemin/GCE> Cu-MOFs/GCE>bare GCE. That means, the electron transfer ability is 

Hemin/GCE<Cu-MOFs/Hemin/GCE<Cu-MOFs/GCE<GCE, which fully indicating the introduction of Cu-MOFs 

improve the electron transfer capability of hemin. These results are consistent with cyclic voltammetry (CV) 

measurements (Fig. 3B), in other words, the resistance of the electrode is inversely proportional to the current. 

This phenomenon is further illustrated that complex of the hemin and Cu-MOFs accelerate the electron transfer 

between analytes and electrodes.
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Fig. 3

In order to explore the application of the as-prepared Cu-MOFs/Hemin, we fabricated different 

electrochemical sensors of H2O2 using the Cu-MOFs, Hemin and Cu-MOFs/Hemin materials. The CVs of 

different modified electrode in 0.1 M PBS (pH=7.0) containing 0.3 mM H2O2 at a scan rate of 100 mV/s were 

shown in Fig. 4A. We can clearly see that there is no obvious redox peak of H2O2 at the bare GCE and only a slight 

redox peak current is observed at the Cu-MOFs/GCE in the potential range of -0.5 and 0.2 V, which indicate that 

Cu-MOFs has only a weak catalytic effect on H2O2. In contrast, Hemin/GCE and Cu-MOFs/Hemin/GCE exhibits 

remarkable reduction peaks, especially the peak current of Cu-MOFs/Hemin/GCE was the highest, indicating that 

it has the best electrocatalytic performance for H2O2. The most likely reason for this phenomenon is that the 

synergistic catalysis of Cu-MOFs as well as hemin and the carboxyl group on hemin was used to coordinate with 

metal center on Cu-MOFs, and hemin was uniformly loaded on its surface, thus avoiding hemin aggregation. In 

order to verify that the nano-composite material avoids the aggregation of hemin, the aqueous solution of 

nano-composite and hemin with the same concentration were prepared respectively. As can be seen from Fig. S3, 

hemin dissolved in water produced obvious agglomeration phenomenon and became more obvious after stored for 

30 min. However, Cu-MOFs/Hemin was uniformly dispersed in aqueous solution without agglomeration. 

Furthermore, in order to verify again the electrocatalytic ability of the Cu-MOFs/Hemin/GCE to H2O2, different 

concentrations of H2O2 were measured by using typical CVs. As shown in Fig. 4B, the reduction peak current 
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increase with the concentration of H2O2 increasing from 0 to 1.0 mM. Thus, these results clearly demonstrate that 

the Cu-MOFs/Hemin possess excellent catalysis ability towards H2O2. 

Besides, CVs of Cu-MOFs/Hemin/GCE were investigated at various scan rates in the presence of 0.1 M PBS 

(pH=7.0) with 0.3 mM H2O2 in order to get the kinetic information for the reduction of H2O2 and explore the 

reaction mechanism on the proposed electrode. As show in Fig. 4C, the currents of reduction peak are enhanced 

gradually with the increasing of scan rate and were proportional to the square root of scan rate with the correlation 

coefficient (R2) of 0.999 within the range of scan rates from 10 to 800 mV s-1, which show that the kinetics for 

H2O2 reduction is a typical behavior of a diffusion-controlled electrochemical process. On the other hand, since 

protons in the solution could participate in the redox reaction of H2O2, we investigated the effect of different pH of 

supporting electrolyte on the electrocatalytic performance via CV. As noticed in Fig. 4D, reduction peak potential 

shifts slightly towards the negative potential with increased pH from 4.0 to 9.0, which suggests that protons were 

directly involved in the electrode reaction. What’s more, the good linear relationship is found between the peak 

potential (Ep) and pH, and the linear equation is Ep (V) = -0.0403pH + 0.0035 (r=0.98). Obviously, the slope 

0.0403 V pH−1 is close to the theoretical value 0.0590 V pH−1 at 25 ℃, which indicates that the redox process is a 

proton assisted mechanism and the number of electrons participating in the reduction of H2O2 is equal to the 

number of protons. Simultaneously, the real conditions of human body's internal environment pH are close to 

neutral. Thus, the pH value of supporting electrolyte was chosen to be 7.0, considering the sensitivity of H2O2 

determination for all experiments. Based on the above results and referencing to the previous researches,47-49 a 

simplified reaction mechanism of Cu-MOFs/Hemin/GCE electrocatalysis towards H2O2 could be presumed 

reasonably as follows:

2Cu(II) +  2e -  =  2Cu(I)

2Cu(I) +  H2O2 +  2H +  =  2Cu(II) +  2H2O
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2Fe(III) +  2e -  =  2Fe(II)

2Fe(II) +  H2O2 +  2e -  =  2Fe(III)  +  2H2O

Cu(I) +  Fe(III) ⇌ Cu(II) +  Fe(II) 

Fig. 4

In addition, suitable measures were taken to determine the optimum conditions before studying the typical 

amperometric response for H2O2. We optimized the ratio of hemin and the concentration of Cu-MOFs/Hemin for 

the best catalytic effect. Fig. S4A shows that the maximum current signal can be obtained when the mass ratio of 

hemin and Cu-MOFs was 1:2, thus we will use 10 mg hemin for the subsequent material synthesis without special 

version. The concentrations of Cu-MOFs/Hemin nanocomposite were optimized from 1 to 5 mg/mL by using CVs. 

It can be seen from the bar chart in Fig. S4B that the current responses increase with the enhancement of the 

concentrations of Cu-MOFs/Hemin, obtain the maximum value at 3 mg/mL and then decrease with the further 

increase of concentration, which may be attributed to the increasing exposure of active sites with the increase of 

concentration, but the higher the concentration, the more likely the material may fall off the electrode surface and 
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probably frustrated the catalytic capacity and reproducibility. Hence, the best concentration of the modified 

material was 3 mg/mL.

3.3 Amperometric performance of the H2O2 biosensor

Under the optimal experimental conditions, we used the amperometric method to evaluate the analytical 

performance of the Cu-MOFs/Hemin based biosensor towards the detection of H2O2. Fig. 5A displays the 

amperometric response of Cu-MOFs/Hemin/GCE with successive addition of H2O2 into the stirred 0.1 M PBS 

(pH=7.0) at the applied potential of -0.7 V. It was clearly found that the sensor responded quickly upon addition of 

H2O2 and achieved a steady-state level less than 4 s after each of the addition of H2O2, which demonstrated that 

obtained sensor had fast amperometric response for H2O2. The amperometric response was good linear relationship 

with H2O2 concentration from 0.01 to 5.0 mM with a detection limit of 4.14 μM, which was calculated based on 

the formula of (K=3, Sb is the standard deviation of blank parallel determinations of 11 determinations, 𝐿𝑂𝐷 =
𝐾𝑆𝑏

𝑆  

S is the sensitivity of the method) and the linear regression equation was I (µA) = 0.036957 c (mM) + 9.6486 

(R2=0.998) (Fig. 5B). Some other electrochemical sensors toward H2O2 detection were present in Table 1, and we 

can see that the Cu-MOFs/Hemin was compared with other non-enzyme H2O2 sensors and it possesses a low 

detection limit and a significantly wide linearity range, which may be attributed to the excellent electrocatalytic 

performance of composites.

Table 1

As is known to all, whether a new sensor can be widely used depends mainly on the following several critical 

factors including stability, repeatability, reproducibility, and the anti-interference ability. We also used the same 

modified electrode to continuously measure the same concentration of H2O2 in parallel for three times and three 
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different Cu-MOFs/Hemin modified electrodes were independently fabricated by the same way to measure H2O2 at 

the same concentration to obtain respective RSD of 4.12% and 4.01%, which suggested that the sensors based on 

the Cu-MOFs/Hemin/GCE have satisfied intra- and inter-electrode reproducibility and repeatability (Fig. S5A, 

S5B). In addition, the long-term stability of the Cu-MOFs/Hemin sensor was evaluated by comparing the response 

value of 0.3 mM H2O2 before and after five days at 4 °C in the refrigerator. The modified electrode still retained 

90% of its initial current response, indicating well stability of the sensor (Fig. S5C). Furthermore, prior to the 

detection of real samples, the anti-interference ability of the material is also needing to be discussed, because the 

actual sample not only has H2O2 but also many other complex physiological interferences such as glycine, ascorbic 

acid, uric acid and other substances. What’s more, the complex biological microenvironments are composed of 

thousands of metabolite molecules produced by a wide range of chemical reactions. Therefore, these possibly 

coexisting distractors were introduced to evaluate through the i-t curves. Fig. 5C shows the amperometric i-t curve 

for H2O2 at the Cu-MOFs/Hemin/GCE in 0.1 M N2 saturated PBS (pH=7.0) containing several potential 

interferences. The current increased significantly when H2O2 was added at the beginning and at the end. However, 

no obvious responses could be seen at the Cu-MOFs/Hemin/GCE after addition the same concentration of glycine, 

ascorbic acid, uric acid, some amino acids in serum and other substances. These results revealed that the biosensor 

had excellent selective and remarkable specificity for H2O2 among these substrates, which mainly attributes to the 

properties of biomimetic enzymes with catalase and the size exclusion wherein H2O2 is smaller than the 

Cu-MOFs/Hemin’s apertures could be adsorbed, but larger molecules such as AA and UA cannot be absorbed.
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Fig. 5

3.4 Real sample analysis

The practical application of the proposed Cu-MOFs/Hemin/GCE was utilized by further measuring the 

concentration of H2O2 in human serum without any diseases and breast cancer patients. In total, three levels of 

standard solution were added to the serums for six parallel tests then by calculating the recovery to verify the 

feasibility of the method. The details are as follows: first, the samples were added to the deoxygenated 0.1 M N2 

saturated PBS (pH=7.0) after the current stabilized. Next, standard solutions of different concentrations were 

injected into the stirring PBS solution and measured by the i-t curve. Finally, the results were calculated and 

recorded in Table 2, we can see that the recoveries of H2O2 in the serum of normal people and cancer patient were 

in the range of 88.00%–110.00% and 98.47%–107.7%, and the corresponding of RSD were in the range of 2.90%–

7.00% and 3.97%–8.70%, respectively.
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Table 2

With the development of medical technology, more and more scientists have found that H2O2 holds a low 

concentration relatively under the normal physiological levels and the concentration of H2O2 in cancer cells is 

much higher than that in normal cells. Consequently, the biosensor fabricated was used to detect H2O2 released 

from HepG2 cells in real-time. Additionally, PMA was used as a stimulating agent and a proper amount of PMA 

can induce the H2O2 generation from living tumor cells within a short period of time.50 It can be seen from the Fig. 

5D that when 10 μL 10 µg mL−1 PMA was injected into the PBS medium containing HepG2 cells, an obvious 

change of current signal was obtained, which demonstrated that H2O2 can be released from HepG2 cells and 

catalyzed on the Cu-MOFs/Hemin/GCE in real-time. What’s more, to further prove that the current was generated 

by the release of H2O2 from the cancer cells, we conducted a controlled experiment. In the control group, as a 

selective scavenger of H2O2, catalase (50 μL, 300 U mL−1) was added to the cell culture medium prior to the 

addition of PAM, meanwhile the procedure was the same as in the experimental group. Interestingly, there was no 

measurable change of current response in the control group after the injection of PMA and the size of the current 

signal was almost identical to the background value (Fig. S6). Thus, the phenomenon further confirmed that H2O2 

in the solution was indeed produced by cancer cells. By the above determination of the actual samples and cells, 

the proposed biosensor is capable of detecting H2O2 in real biological samples with high precisions and it is 

promising for the application of therapeutic strategies, cancer chemoprevention as well as physiological and 

pathological studies.

3.5 Peroxidase-like activity of the Cu-MOFs/Hemin material

In order to verify whether the Cu-MOFs/Hemin has peroxidase-like activity, we used chromogenic method by a 

UV-vis spectrophotometer and TMB was selected as the peroxidase chromogenic substrate. As shown in the inset 
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photo of Fig. 6, in the presence of different concentrations of H2O2, the Cu-MOFs/Hemin can catalytically oxidize 

TMB to give light green colors and the color deepens as the concentration of H2O2 increases. However, in the 

presence of the Cu-MOFs/Hemin or TMB alone, there were no obvious color reaction occurred, indicating the 

peroxidase-like activity of the hybrid material. It is worth mentioning that the light green color would be obvious 

in 5 min after the addition of the Cu-MOFs/Hemin, while only a little color change would occur with the addition 

of Cu-MOFs or Hemin.This explains that the catalytic activity of Cu-MOFs/Hemin is highest among the samples 

tested for the H2O2 reduction. Besides, we also measured the absorbance after the mixed solutions were incubated 

at room temperature for 5 min. Typically, the 3 mL buffer solution consisted of 10.2 μL of Cu-MOFs/Hemin 

material, 501 μL of TMB solution, H2O2 solution of different concentration and the final volume of the mixture 

were adjusted to 3 mL with 0.2 M acetate buffer (0.1 M, pH=4.0). As shown in the Fig. 6, there is an obvious 

absorption peak appeared at 652 nm and the absorbance increases with the increase of H2O2 concentration. 

However, the characteristic absorption peak was not generated in the absence of the Cu-MOFs/Hemin or TMB.

Fig. 6

4 Conclusion

In conclusion, an electrochemical sensor of H2O2 was successfully fabricated based on a bionic enzyme of the 

Cu-MOFs/Hemin nanocomposite with excellent water dispersibility. Cu-MOFs/Hemin could mimic inartificial 
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enzymes of high electrocatalytic activity for the H2O2, which could be attributed to the fact that the carboxyl group 

on hemin was used to coordinate with metal center on Cu-MOFs, and hemin was uniformly loaded on its surface, 

thus avoiding hemin aggregation as well as the synergistic catalysis of Cu-MOFs and hemin. The constructed 

biosensor based on the Cu-MOFs/Hemin nanocomposite showed good response toward H2O2 with a wide linear 

range from 0.01-5.0 mM, a low detection limit of 4.14 μM and satisfactory stability. What’s more, our modified 

electrode not only measured H2O2 in the serum of normal people and cancer patients but also applied it to the 

determination of H2O2 at the cellular level, which confirmed the practical workability of the Cu-MOFs/Hemin 

nanocomposite based electrochemical sensor. Therefore, the results exhibit that the Cu-MOFs/Hemin will be a 

potential electrode material for the application in electroanalysis, and it might open up a new way to detect and 

monitor many other biologically and clinically crucial small molecules.
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Figure Captions:

Scheme 1. Schematic presentation for the fabrication of Cu-MOFs/Hemin/GCE and its application for the 

determination of H2O2.

Fig. 1. SEM images of Cu-MOF (A), Cu-MOFs/Hemin (B); TEM images of Cu-MOFs (C), Cu-MOFs/Hemin (D).

Fig. 2. (A) XRD of the Cu-MOFs and Cu-MOFs/Hemin. (B) FT-IR spectra of Cu-MOFs and Cu-MOFs/Hemin. (C) 

The XPS survey spectrum of Cu-MOFs/Hemin. (D) TGA curves of the Cu-MOFs and Cu-MOFs/Hemin under 

nitrogen atmosphere.

Fig. 3. (A) EIS images for bare GCE, Cu-MOFs/GCE, Hemin/GCE and Cu-MOFs/Hemin/GCE in 5 mM 

[Fe(CN)6]3-/4- containing 0.1 M KCl at scanning frequencies from 0.01 to 100,000 Hz. (B) CV curves of bare GCE, 

Cu-MOFs/GCE, Hemin/GCE and Cu-MOFs/Hemin/GCE in 5 mM [Fe(CN)6]3-/4- containing 0.1 M KCl at -0.2–0.6 

V. 

Fig. 4. (A) CV curves of bare GCE, Cu-MOFs/GCE, Hemin/GCE and Cu-MOFs/Hemin/GCE in N2 saturated 0.1 

M PBS (pH=7.0) in presence of 0.3 mM H2O2 at a scan rate of 100 mV s−1. (B) CV curves of 

Cu-MOFs/Hemin/GCE in presence of different concentrations of H2O2 at a scan rate of 100 mV s−1. (C) CV curves 

of MOFs/Hemin/GCE in presence of 0.3 mM H2O2 at different scan rates (10–800 mV s−1). Inset: the 

corresponding calibration plots of currents for reduction and oxidation peak with the scan rates. (D) CVs of the 

Cu-MOFs/Hemin/GCE in an N2 saturated 0.1 M PBS at different pH values. Scan rate: 100 mV s−1. Inset: plot of 

the redox peak potential versus pH value.
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Fig. 5. (A) i-t response of the Cu-MOFs/Hemin/GCE with successive addition of different concentration of H2O2 

at the potential of -0.7 V. Inset: a partial magnification of the current response toward a low concentration of H2O2 

(0–1000 s). (B) The corresponding calibration curve for H2O2 sensing. (C) i-t response curve of Cu-MOFs/Hemin 

upon successive addition of H2O2, Glu, AA, DA, UA, KCl, NaCl, Gly, L-Thr, LCys, L-Tyr and Lys in 0.1 M PBS 

at -0.7 V. (D) Typical amperometric responses of the Cu-MOFs/Hemin/GCE for the reduction of H2O2 release 

from HepG2 cells induced by PMA. 

Fig. 6. The absorption spectra and digital photos of different reaction system in 0.1 M HAc-NaAc (pH=4.0): a: 

H2O2 + Cu-MOFs/Hemin, b: TMB + H2O2, c: 0 mM H2O2 + TMB + Cu-MOFs/Hemin, d: 0.5 mM H2O2 + TMB + 

Cu-MOFs/Hemin, e: 1 mM H2O2 + TMB + Cu-MOFs/Hemin, f: 2 mM H2O2 + TMB + Cu-MOFs/Hemin, g: 1 mM 

H2O2 + TMB + Cu-MOFs, h: 1 mM H2O2 + TMB + Hemin. 
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Table 1. Comparison of different MOFs and other nanomaterials based biosensors for H2O2 
detection in terms of linear range and LOD. 

Electrode materials Linear range (μM) LOD (μM) Reference

SiO2/APTMSa /AuPt 5.0-72000 2.6 51

[Co(pbda)(4,4-bpy)(2H2O)]n 50-9000 3.76 52

MoS2/Pt NPs 1-100 0.686 53

Cu-MOF 1-400 1.0 54

[Co3(HOB)2]n nanosheets – 0.00308 55

EDTMP/FeIII-DETPA/PAH-MWCNTs/Au 0.0125-4750 0.0063 56

Cu complex Au film 0.05-60 0.042 57

2D Cu2O-rGO-P 5–10560 3.78 58

Cu-MOF/Hemin 10-5000 4.14 This work
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Table 2. Analytical results for the determination of H2O2 in human serum samples.

Sample Found
(mM)

Added
(mM)

After added
(mM)

RSD
(%)

Recovery
  (%)

0.01 0.011 7.00 110.00
0.05 0.044 2.90 88.00normal 

serum
0.00

0.10 0.097 4.68 97.00
0.01 0.0098 3.97 98.47
0.05 0.051 8.70 103.8

breast cancer 
patients’ 
serum

0.11
0.25 0.26 4.48 107.7
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