
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
 2

56
4.

 D
ow

nl
oa

de
d 

on
 1

7/
10

/2
56

8 
19

:2
2:

05
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Hemin-doped m
aSchool of Pharmacy, Hebei Medical Univ

E-mail: xuepingji@126.com; jujieren@126.c
bHebei Key Laboratory of Forensic Medicine
cSchool of Materials Science and Chemical

315211, PR China
dDepartment of Chemistry, School of Sci

Technology, Shijiazhuang 050018, PR China

† Electronic supplementary information
conditions, stability, reproducibility
10.1039/d0ra08224d

Cite this: RSC Adv., 2021, 11, 2446

Received 25th September 2020
Accepted 28th December 2020

DOI: 10.1039/d0ra08224d

rsc.li/rsc-advances

2446 | RSC Adv., 2021, 11, 2446–245
etal–organic frameworks based
nanozyme electrochemical sensor with high
stability and sensitivity for dopamine detection†

Kai Kang,a Beibei Wang,a Xueping Ji, *ab Yuheng Liu,a Wenrui Zhao,a Yaqing Du,a

Zhiyong Guo c and Jujie Ren*d

This study reports a new type of artificial nanozyme based on Hemin-doped-HKUST-1 (HKUST-1, also

referred to as MOF-199; a face-centered-cubic MOF containing nanochannels) as a redox mediator for

the detection of dopamine (DA). Hemin-doped-HKUST-1 was successfully synthesized by one-pot

hydrothermal method, which was combined with reduced graphene oxide (rGO) modified on a glassy

carbon electrode (GCE) to construct a sensor (Hemin-doped HKUST-1/rGO/GCE). The morphology and

structure of Hemin-doped-HKUST-1 were characterized by X-ray diffraction (XRD), scanning electron

microscope (SEM), transmission electron microscope (TEM) and infrared spectra (IR) techniques. The

Hemin-doped HKUST-1/rGO nanozyme showed an excellent electrocatalytic activity for DA oxidation,

which is due to the enhanced Hemin activity through the formation of a metal–organic framework

(MOFs) and the synergy between the Hemin-doped HKUST-1 and rGO in nanozyme. The resulted sensor

exhibited a high sensitivity of 1.224 mA mM�1, with a lower detection limit of 3.27 � 10�8 M (S/N ¼ 3) and

a wide linear range of 0.03–10 mM for DA detection. In addition, due to the stabilizing effect of MOFs on

heme, the sensor showed satisfactory stability and has been successfully applied to the detection of DA

in serum samples, indicating that this work has potential value in clinical work.
1. Introduction

Dopamine (DA) is an important catecholamine neuro-
transmitter that transmits information between the brain and
nerve cells of the human body and is responsible for the regu-
lation of hormonal balance which plays a critical role in the
human body and brain.1 Abnormal DA level is an indication of
neurological disorders such as Parkinson's disease, senile
dementia, and schizophrenia etc.2 The detection and quanti-
cation of DA is very important for the diagnosis, monitoring,
prevention and treatment of these neurological diseases.
Therefore, sensitive and accurate analytical method for the
detection of DA is essential in the clinical diagnosis of neuro-
logical diseases.3–5 In recent years, different analytical methods
have been reported for DA determination. Common DA detec-
tion methods include high performance liquid chromatography
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(HPLC) with uorimetric detection,6 gas chromatography-mass
spectrometry,7 chemiluminescence,8 colorimetry,9 spectropho-
tometric methods,10 and capillary electrophoresis,11 etc. Among
various methods, the electrochemical method has attracted
more attention due to its fast, simple, accuracy properties in
recent years.12 Furthermore, electrochemical sensors are cost
effective and are used for the detection of biomolecules on
a wide range of substrates.13,14 However, in order to enhance the
signal, a variety of redox mediators and enzymes as well as
aptamers are used to modify the electrode, which potentially
increase the complexity and cost of the methods.15,16 In addi-
tion, biological enzymes usually have poor stability and cannot
work in harsh environments. For this reason, there is an urgent
need to nd a novel nanozyme-based multifunctional probe
with intrinsic redox activity, good biocompatibility and catalytic
properties to overcome the limitations associated with current
electrochemical devices.17

Metal–organic frameworks (MOFs), synthesized by assem-
bling metal ions with organic ligands, have recently emerged as
new versatile materials with fascinating structures and
intriguing properties.18–20 In particular, their high porosity,
large surface area and chemical tunability, as well as exposed
active sites, provideMOFs with the opportunity to developMOF-
based biomimetic catalytic systems by decorating them with
metalloporphyrins and analogs.21 However, the application of
MOFs in electrochemical aspect is limited due to their inherent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
drawbacks, including poor electron transfer capability and
unsteadiness in water environments.22

Hemin, a well-known natural metalloporphyrin, which is the
active center of the hemeprotein family including cytochromes,
peroxidases, myoglobins, and hemoglobins, used as redox
mediators based on the reversible redox of Fe3+/Fe2+, can cata-
lyze a variety of oxidation reactions like peroxidase enzymes.23

Nevertheless, Hemin oen suffers from limited lifetime, and is
easily deactivated by the formation of dimers due to the strong
p–p conjugation of the porphyrin ring.24 In 2011, Larsen and
coworkers reported a simple method to encapsulate heme into
HKUST-1 MOFs (HKUST-1, also referred to as MOF-199; a face-
centered-cubic MOF containing nanochannels) and mimicked
heme enzymes in a solid state.38 This assay presents an attrac-
tive and straightforward approach to entrap active catalysts into
MOFs, bringing MOFs some new properties and expanding
their catalytic performance. Thereaer, it becomes a hot trend
to incorporate porphyrins or metalloporphyrins into MOFs for
a large variety of applications.25

Liu and co-workers usedMIL-101 as a host matrix material to
anchor Hemin and simulate the peptidic microenvironment of
the native peroxidase.26 Chi and co-workers encapsulated
Hemin in HKUST-1 MOFs for catalyzing chemiluminescence
reaction of H2O2–luminol system and detecting glucose in the
neutral condition.27 Yuan and co-workers also encapsulated
Hemin in MIL-88(Fe) for catalyzing thrombin (TB) with
enzyme.28 However, it is difficult to increase the content of
Hemin by encapsulating Hemin in MOFs. In 2016, Wang and
co-workers used copper as the metal ion and Hemin as the
ligand to construct novel MOFs.29 Compared to the method of
encapsulating Hemin into MOFs, using it as a ligand may
reduce porosity and stability.

Graphene and its derivatives have been extensively applied
in electrochemistry due to the specic structure and properties,
such as high electrical conductivity, good biocompatibility,
large surface area, rapid heterogeneous electron transfer rate,
and low costs. In our previous work, we used the electro-
chemical method to produce the reduced graphene oxide (rGO),
which is a relatively simple approach to obtain highly sensitive
electrode sensing interface.30 Combining graphene with MOFs
will greatly improve the electrical properties of MOFs.29

Inspired by these reported works and our previous
researches,30–32 we used a one-pot, general method to synthesize
a novel multifunctional MOF nanozyme (denoted as Hemin-
doped-HKUST-1) by using Hemin as the ligand to replace
a part of 1,3,5-benzenetricarboxylic acid (BTC) in HKUST-1 and
further used it to compound electrochemical rGO to construct
an electrochemical sensor for DA detection. The Hemin-doped-
HKUST-1/rGO in our system has the following three major
advantages. Firstly, compared with previously reported MOFs,
our synthesized Hemin-doped-HKUST-1 with both micropore
and mesopore could be employed as an ideal microreactor for
different biological samples. Secondly, the Hemin-doped-
HKUST-1 could act as redox mediators directly for signal
generation based on the reversible redox of Fe3+/Fe2+ within
Hemin, and the content of the Hemin could be controlled
easily. Finally, the modied electrode not only exhibit high
© 2021 The Author(s). Published by the Royal Society of Chemistry
sensitivity to DA, but also has good biocompatibility and
excellent chemical stability through the strong interaction of
Hemin-doped-HKUST-1 and rGO.
2. Experimental section
2.1 Chemicals

Iron protoporphyrin IX (Hemin), 1,3,5-benzenetricarboxylic
acid (BTC), Cu(NO3)2$3H2O obtained from Sigma, were used
without further purication. N,N-Dimethylformamide (DMF)
and DA were purchased from Alfa Aesar (Shanghai, China).
Graphene oxide (GO) was purchased from Nanjing Ji Cang Nano
Tech Co., Ltd. (Nanjing, China). Phosphate buffer solutions
(PBS, 0.10 M, pH 6.0–10.0) were prepared from disodium
hydrogen phosphate and potassium dihydrogen phosphate
(Tianjin Chemical Reagent Factory, Tianjin, China), with the pH
adjusted with potassium hydroxide or phosphoric acid. All
other chemicals and solvents were of analytical grade and were
used as received. All solutions were prepared in ultrapure water
(SMART, 18.2 MU cm).
2.2 Instrumentation

All the electrochemical experiments were carried out using
a CHI 650D electrochemical workstation (from Chen Hua
Instruments Co., Ltd., Shanghai, China), controlled using CHI
650D soware. A conventional three-electrode system was used
for all electrochemical experiments, under a protective atmo-
sphere of high-purity nitrogen. The modied glassy carbon
electrode (GCE) was prepared and used as a working electrode
and a platinum wire was used as a counter electrode. All
potentials quoted in this work were in reference to a Ag/AgCl
reference electrode. A PFS-80 digital pH meter (Shanghai Daz-
hong Analysis Instrument Company, Shanghai, China) was
used to monitor the pH of the buffer solution. An ultrasonic
cleaner (Kunshan Ultrasonic Instrument Co., Ltd., Kunshan,
China), and a SMART ultrapure water system (Heal Force
SMART-N, Heal Force Development Co., Ltd., China) were also
used.
2.3 Synthesis of Hemin-doped-HKUST-1

Hemin-doped-HKUST-1 was synthesized by a one-pot sol-
vothermal method. Typically, 3.26 mg Hemin (0.005 mmol),
2.42 mg Cu(NO3)2$3H2O (0.01 mmol) and 2.01 mg BTC (0.01
mmol) were dissolved in a mixed solvent which is composed of
15 mL DMF and ethanol with a ratio of 3 : 1 in a 25 mL poly-
tetrauoroethylene autoclave and heated at 80 �C for 12 h. Aer
cooling, the solution was carefully decanted and the resulting
solid crystalline material was collected by centrifugation. The
crystals were then washed extensively with ethanol and dried at
60 �C in vacuum. The schematic illustration for the preparation
of Hemin-doped-HKUST-1, the stepwise assembly procedure
and electrocatalysis detection principle of the DA sensor are
shown in Scheme 1.
RSC Adv., 2021, 11, 2446–2452 | 2447
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Scheme 1 Schematic illustration for the preparation of Hemin-
doped-HKUST-1 and the stepwise assembly procedure and electro-
catalysis detection principle of the DA sensor.

Fig. 1 (a) SEM image of Hemin-doped-HKUST-1. (b) TEM image of
Hemin-doped-HKUST-1. (c) XRD patterns of Hemin, HKUST-1, and
Hemin-doped-HKUST-1. (d) SEM image of Hemin-doped-HKUST-1/
rGO/GCE.
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2.4 Fabrication of the modied electrode

The GCE (3 mm F) was carefully polished rst with 1200 grit
Carbimet disk, and then followed by 1.0, 0.3 and 0.05 mm
alumina slurry on microcloth pads. Aer removing the trace
alumina from the surface by rinsing with water at each step, the
electrode was ultrasonicated for 5 min in a fresh solution
(HNO3 : H2O ¼ 1 : 1 (v/v)). The electrode was then ultra-
sonicated in water, acetone, and water again for 3 min,
respectively. Aer being rinsed with water and dried, an aliquot
of 5 mL GO (1 mgmL�1) aqueous dispersion was dropped on the
surface of the electrode and dried under N2 protection. Then,
one-step electrochemical deposition of rGO on the electrode
was performed by chronoamperometry in a stirred 0.10 M PBS
at a xed potential of �1.4 V for 720 s. Aer that, a 3 mL of
Hemin-doped-HKUST-1 was dropped onto the surface of the
rGO modied GCE and dried under N2 protection.
Fig. 2 CVs obtained from different modified electrodes in 5 mM
[Fe(CN)6]

3�/4� solution containing 0.1 M KCl and 0.1 M PBS at a scan
rate of 100 mV s�1. (i) GCE, (ii) rGO/GCE, (iii) Hemin-doped-HKUST-1/
rGO/GCE.
3. Results and discussion
3.1 Characterization of the Hemin-doped-HKUST-1

For proving the successful synthesis of the Hemin-doped-
HKUST-1, X-ray diffraction (XRD), scanning electron micro-
scope (SEM), transmission electron microscope (TEM), and
infrared spectra (IR) were used for the characterization and
analysis of its morphology and structure.

The size and morphology of the as-synthesized Hemin-
doped-HKUST-1 were characterized by SEM and TEM. As
shown in Fig. 1a and b, most of the Hemin-doped-HKUST-1
presented irregular polygon, not a regular octahedral struc-
ture, which is different from the morphology of HKUST-1 and
Cu–Hemin MOF reported in the literature.27,29 The average size
of the Hemin-doped-HKUST-1 was around 100 nm.

In order to explore the crystal structure of Hemin-doped-
HKUST-1, we performed three solvothermal reactions using
the same synthesis conditions. We obtained Cu–Hemin MOF
through the solvothermal reaction of Cu2+ and Hemin, and
obtained HKUST-1 through Cu2+ and BTC. However, we did not
get any product in the reaction of Hemin and BTC. We per-
formed XRD powder diffraction on the obtained products and
the results are displayed in Fig. 1c. In Hemin-doped-HKUST-1,
the peaks appeared at 5.5, 14.5, and 14.9� were not found in
Hemin, HKUST-1 and Cu–Hemin MOF, which indicated that
2448 | RSC Adv., 2021, 11, 2446–2452
Hemin-doped-HKUST-1 is not a mixture of Cu-Hemin MOF,
HKUST-1 and Hemin. According to related references and our
related experimental results, both the carboxyl group of BTC
and the carboxyl group of Hemin can coordinate with Cu2+. The
results showed that Hemin was not encapsulated in HKUST-1
but as ligand linked to copper, so the crystal form changed.
The XRD result tted well with SEM and TEM images.

All the results above indicated that the Hemin-doped-
HKUST-1 has been successfully synthesized.
3.2 Electrochemical characterization of the stepwise
modied electrodes

The stepwise fabrication of the Hemin-doped-HKUST-1/rGO/
GCE was conrmed with cyclic voltammetry (CV) which was
performed in a supporting electrolyte of a 5 mM [Fe (CN)6]

3�/4�

solution containing 0.1 M KCl and 0.1 M PBS. As shown in
Fig. 2, a pair of well-dened redox peaks, characteristic of
a diffusion-limited redox process, was observed on the bare GCE
(curve i), and the peak current was 24 mA. Aer rGO was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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electrodeposited on the surface of GCE (rGO/GCE, curve ii), the
peak currents increased (40 mA), and peak potential separation
(DEp, the potential difference between the oxidation and
reduction peak potentials) changed narrow. It might be attrib-
uted to the high specic surface area, excellent conductivity and
electron mobility of rGO, which played an important role as an
efficient electron-conducting tunnel and promoted the trans-
mission of electrons. With the assembly of the Hemin-doped-
HKUST-1 (Hemin-doped-HKUST-1/rGO/GCE, curve iii), the
peaks disappeared. This may be attributed to the poor
conductivity of the Hemin-doped-HKUST-1, which hindered the
access of the modied electrode. In addition, we can see rGO
with lamellar structure and Hemin-doped-HKUST-1 with irreg-
ular polyhedral structure through the SEM of the modied
electrode (Fig. 1d). These results above implied that the Hemin-
doped-HKUST-1/rGO/GCE were successfully assembled.

The CVs at rGO/GCE, Hemin/rGO/GCE, HKUST-1/rGO/GCE
and Hemin-doped-HKUST-1/rGO/GCE were carried out in
0.10 M PBS at the potential range from�0.8 V to 0.4 V. As shown
in Fig. 3, the redox peak was hardly observed at the rGO/GCE
(curve i). A small pair of redox peaks appeared at the Hemin/
rGO/GCE (curve ii), which was the characteristic of a single
electron transfer process of iron (Fe3+/Fe2+) of Hemin, which
was the same as the previous report.30 As shown in curve iii,
a pair of well-dened redox peaks appeared at the HKUST-1/
rGO/GCE, which was the characteristic of a single electron
transfer process of copper (Cu2+/Cu+) of HKUST-1. From curve
iii, it can be seen that the Epa and the Epc were located at 0.042 V
and �0.422 V, respectively. The DEp was calculated as 464 mV.
Through curve iv, it can be seen that a pair of sharper peaks
compared to curve iii. The positions of the oxidation peak and
the reduction peak are slightly shied from curve 3 (Epa ¼ 0.053
and Epc ¼ �0.387), indicating that the presence of iron ions on
Hemin has an effect on the electron cloud of copper ions.
3.3 Optimization of experimental conditions for Hemin-
doped-HKUST-1/rGO/GCE

The effect of the deposition potential and deposition time of
rGO on the sensor's current response was investigated in 5 mM
[Fe(CN)6]

3�/4� solution containing 0.1 M KCl and 0.1 M PBS.
Fig. 3 CVs obtained at different modified electrodes in 0.10 M PBS at
a scan rate of 100 mV s�1. (i) rGO/GCE, (ii) Hemin/rGO/GCE, (iii)
HKUST-1/rGO/GCE and (iv) Hemin-doped-HKUST-1/rGO/GCE.

© 2021 The Author(s). Published by the Royal Society of Chemistry
As shown in Fig. S1 and S2,† the deposition potential of rGO
was chosen as �1.4 V, at which the conductivity of the rGO/GCE
was the best and when the deposition time was 400 s, rGO/GCE
showed the best performance. So, deposition potential of
�1.4 V and deposition time of 400 s were selected, respectively.

The pH of working buffer in DA detection is important for
the performance of the modied electrode. The effect of pH on
the electrochemical behavior of DA was investigated by CV at
the Hemin-doped-HKUST-1/rGO/GCE in the pH range from 5.0
to 8.0. As shown in the inset of Fig. 4b, with the increasing of the
pH from 5.0 to 6.0, the peak current of DA increased. The
highest peak current for DA was obtained at pH 6.0 and then
decreased gradually. It may be due to the low and high pH
affecting the conjugation effect between the Hemin-doped-
HKUST-1 and DA, leading to a decrease in sensitivity. So, the
pH 6.0 was selected as the optimum pH for working buffer.

The variation of formal potentials (E00) of DA with pH was
also studied. As shown in Fig. 4a, the formal potentials of DA
shied negatively with the increase of pH, and the linear rela-
tionship between E00 and pH can be expressed as DE00 ¼
�0.0638 DpH + 0.557 (R2 ¼ 0.998) (Fig. 4b). The slope (63.8 mV
pH�1) was closed to 59 mV pH�1, indicating that the number of
electron and transferred proton involved in the electrochemical
reaction is equal.

Scan rate could greatly affect the electrochemical responses
of the modied electrode. As shown in Fig. 4d, the resulting
plots of the anodic peak current of the Hemin-doped-HKUST-1/
rGO/GCE increased linearly with increased the scanning rate,
which is the characteristic of a typical diffusion-controlled
process. The linear relationship between the redox peak
currents (I) and the square root of potential scan rate (v1/2) has
a linear regression equation calculated as I (mA)¼ 0.244v1/2 (mV)
� 0.522 (R2 ¼ 0.99).
Fig. 4 (a) CVs of Hemin-doped-HKUST-1/rGO/GCE at different pH
values (pH 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0) at a scan rate of 100mV s�1. (b)
Plots of the effect of pH on the formal potentials. Inset plots: effect of
pH on the currents. (c) Cyclic voltammetry (CV) of Hemin-doped-
HKUST-1/rGO/GCE in 0.1 M PBS (pH 6) containing 0.1 mM DA at
various scan rates (10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s�1).
(d) Calibration plots of the redox peak currents against various scan
rates (10–100 mV s�1).

RSC Adv., 2021, 11, 2446–2452 | 2449
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3.4 Electrochemical behaviors of DA at different modied
electrodes

Fig. 5 shows the CV curves recorded in 0.1 mM DA with 0.1 M
PBS at bare GCE, Hemin-doped-HKUST-1/GCE, rGO/GCE,
Hemin/rGO/GCE, HKUST-1/rGO/GCE and Hemin-doped-
HKUST-1/rGO/GCE at a scan rate of 0.1 V s�1. A very small
hump can be observed in the CV curve of the bare GCE (curve i),
with a weak oxidation current signal (ca. 2.13 mA), indicating the
inferior electrocatalytic effect of the bare GCE for the oxidation
of DA. A similar oxidation hump with an increased current
signal (ca. 3.45 mA) is displayed in the CV curve of the Hemin-
doped-HKUST-1/GCE (curve ii), implying that the Hemin-
doped-HKUST-1 exhibits peroxidase activity towards to DA,
which may be due to the increased surface area of the electrode
brought from the modication of Hemin-doped-HKUST-1. The
CV curve of the rGO/GCE (curve iii) shows an obvious oxidation
peak with a larger peak current (ca. 8.69 mA), demonstrating that
the electron-transfer channel formed by rGO effectively
increased the electron-transfer of DA to the underlying elec-
trode. From curve iv and curve v, it can be seen that aer Hemin
and HKUST-1 were added to the surface of rGO, oxidation peaks
became more obvious and the peak currents were larger (ca.
13.73 mA, 19.65 mA, respectively), which is attributed to the iron
ions (Fe3+/Fe2+) in Hemin and the copper ions (Cu2+/Cu+) in
HKUST-1. The change in their valence makes them act like
peroxidase and increase the electrical signal.

In surprise, the Hemin-doped-HKUST-1/rGO/GCE (curve vi)
shows signicantly enhanced catalytic current (Ipa ¼ 54.91 mA),
which is ca. 6.3 and 16 times higher than rGO/GCE and Hemin-
doped-HKUST-1/GCE, respectively, indicating the synergistic
catalytic ability between rGO and Hemin-doped-HKUST-1. In
addition, compared to Hemin/rGO and HKUST-1/rGO, the peak
current of Hemin-doped-HKUST-1/rGO/GCE is several times
larger, which indicates that Hemin and HKUST-1 also have
a synergistic effect. This interesting phenomenon can be
attributed to the following factors. Firstly, the rGO electro-
deposited on the electrode could not only increase the
conductivity due to its high specic surface and electron
mobility but also support the Hemin-doped-HKUST-1 through
p–p stacking interactions and make this material of high
stability for electrocatalytic measurement. Secondly, the 3D
network forming from the Hemin-doped-HKUST-1could also
enlarge the surface area, thereby enhancing the electrochemical
Fig. 5 (a) CVs obtained for different electrodes in 0.10 M PBS with
0.1 mMDA at a scan rate of 100mV s�1. (b) Comparison of CVs relative
response signal obtained from each electrode. (i) GCE, (ii) Hemin-
doped-HKUST-1/GCE (iii) rGO/GCE, (vi) Hemin/rGO/GCE, (v) HKUST-
1/rGO/GCE and (vi) Hemin-doped-HKUST-1/rGO/GCE.
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responses through adsorbing more DA on surface of the Hemin-
doped-HKUST-1/rGO/GCE. Thirdly, copper ions can regulate the
electron cloud of iron ions in Hemin, and the resulting syner-
gistic effect gives Hemin-doped-HKUST-1 a better catalytic
activity for DA.
3.5 Amperometric response of the biosensor to DA

Fig. 6 displays the DPV responses of the Hemin-doped-HKUST-
1/rGO/GCE in the DA solution. The oxidation peak current of
the sensor increased sharply with the increase of template
molecule concentration and showed a good linear region with
the concentration of DA in the range of 3 � 10�8–1 � 10�5 M.

The linear regression equation was expressed as I (mA) ¼
1.224c (mM) � 0.043 (R2 ¼ 0.9994), with a high sensitivity of
1.224 mA mM�1, and a lower detection limit of 3.27 � 10�8 M (S/
N ¼ 3). A comparison of the modied electrode for electro-
chemical oxidation of DA with other modication strategies is
shown in Table 1. It suggests the sensitivity of this biosensor
has been signicantly improved, being 3 times higher than the
metal oxides modied electrode and approximatively 8 times
higher than that sensor based on others MOFs modication. In
addition, the detection limit is relatively lower than other re-
ported methods. The Hemin-doped MOFs/rGO as described in
this work is crucial for achieving the relatively high sensitivity
and low detection limit for DA detection. In fact, the two-
dimensional rGO efficiently not only promoted the electron
transfer between the analyte and the electrode, but also could
act as a support that prevented the collapse of the Hemin-doped
MOFs in aqueous media during the electrocatalytic measure-
ment. What's more important, the 3D Hemin-doped MOFs
provided a large open and accessible surface area that could
absorb more DA onto the electrode, which could be benecial
for electrocatalytic reaction.
3.6 Precision and stability of Hemin-doped-HKUST-1/rGO/
GCE

The precision of the modied electrode was evaluated in a DA of
1.0 � 10�4 M by DPV. The oxidation peak of DA did not change
signicantly for 22 continuous determinations (Fig. S3†). The
relative standard deviation for DA was 3.9%, demonstrating that
the modied electrode had a high reproducibility. To investi-
gate the stability of the modied electrode, it was stored in
0.1 M PBS at room temperature for different time periods. There
Fig. 6 (a) DPV of the Hemin-doped-HKUST-1/rGO/GCE in 0.1 M PBS
with different concentrations of DA (0.03–10 mM). (b) Calibration plots
of the redox peak currents against different concentrations of DA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the parameters obtained from the electrochemical detection of DA with different modified electrodesa

Electrode
Sensitivity
(mA mM�1)

Linear range
(mM)

Detection limit
(mM) References

AuNBP/MWCNTs 0.11 2–157 0.60 15
GO-ZIF67 0.141 0.2–80 0.05 33
Fe3O4@GNs/Naon/GCE 0.3969 0.02–130 0.007 34
HKUST-1/GCE 0.02 0.5–100 0.15 35
MOFs/ERGO 0.156 0.2–300 0.013 36
DNA/Au-GO/GCE 0.0554 0.9–70 0.056 37
Hemin-doped-HKUST-1/rGO/GCE 1.224 0.03–10 0.0327 This work

a GNs graphene nanospheres, AuNBP gold nanobipyramid.
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was no clear decrease in peak current with the extension of
storage time, and the electrocatalytic activity was nearly not
changed aer storage for 35 days (Fig. S4†). These results
demonstrated that the modied composite had high repro-
ducibility and stability in application.
3.7 Interference

Possible interference to the selective determination of DA was
investigated using DPV by adding various interferents into a DA
of 1.0 � 10�5 M. The ratios of foreign substances which were
added into DA solution were 500 for Na+, K+, Mg2+, SO4

2�

H2PO4
� and HPO4

2�, 50 for glucose, cysteine, L-leucine, alanine
and L-lysine, and the percentage of current change caused by
interfering substances are shown in Fig. S5.†

It also demonstrated that the modied electrode showed
excellent selectivity toward DA. It could be used to assess the
contents of DA in real-life samples.
3.8 Real-life sample analysis

To evaluate the validity of the proposed method for DA detec-
tion in real-life sample, seven blood samples from healthy
volunteers were determined using DPV. The results are shown
in Table 2. The low standard deviation shows that this modied
electrode has very good reproducibility, indicating that the
sensor can be successfully applied in blood samples for DA
detection.
4 Conclusions

The conclusions section should come in this section at the end
of the article, before the acknowledgements. This study
Table 2 Results of the DA detection in real-life samples

Sample Concentration/mM SD

1 4.85 0.07
2 4.96 0.17
3 4.35 0.14
4 3.62 0.05
5 2.94 0.06
6 4.18 0.02
7 3.26 0.03

© 2021 The Author(s). Published by the Royal Society of Chemistry
reported a one-pot general method for synthesizing Hemin-
doped-HKUST-1 nanozyme and further compounding it with
rGO to construct an ultra-sensitive electrochemical sensor for
DA detection. The Hemin-doped-HKUST-1/rGO/GCE has been
proven to have remarkable performance in DA detection, owing
to its large surface area, good electrical conductivity and excel-
lent catalytic activity. The sensitivity of the sensor for the
detection of DA increased remarkably compared with the
previously reported electrochemical sensors, because of the
synergistic catalytic ability between rGO and Hemin-doped-
HKUST-1. In addition, due to the support effect of RGO on
the Hemin-doped-HKUST-1 through p–p stack interaction, the
stability and repeatability of the sensor have been signicantly
improved. What's more, the sensor was successfully applied in
blood samples for DA detection. In summary, this proposed
sensor can provide a highly sensitive and low-cost strategy for
DA detection.
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