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Abstract

The development of metal nanoparticles (MNP) combined with a metal-organic framework (MOF) has received more and more
attention due to its excellent synergistic catalytic ability, which can effectively broaden the scope of catalytic reactions and enhance
the catalytic ability. In this work, we developed a novel ternary nanocomposite named Cu,O-mediated Au nanoparticle (Au NP)
grown on MIL-53(Fe) for real-time monitoring of hydrogen peroxide (H,0,) released from living cells. First, Cu,O-MIL-53(Fe)
was prepared by redox assembly technology, which provided the growth template, and active sites for AuCl*". Au@Cu,O-MIL-
53(Fe)/GCE biosensor was prepared by further loading nano-Au uniformly on the surface of Cu,O by electrochemical deposition.
Compared to individual components, the hybrid nanocomposite showed superior electrochemical properties as electrode materials
due to the synergistic effect between AuNPs, Cu,0, and MIL-53(Fe). Electrochemical measurement showed that the Au@Cu,O-
MIL-53(Fe)/GCE biosensor presented a satisfactory catalytic activity towards H,O, with a low detection limit of 1.01 pM and
sensitivity of 351.57 uA mM ' cm 2 in the linear range of 10~1520 M. Furthermore, this biosensor was successfully used for the
real-time monitoring of dynamic H,O, activated by PMA released from living cells. And the great results of confocal fluorescence
microscopy of the co-culture cells with PMA and Au@Cu,O-MIL-53(Fe) verified the reliability of the biosensor, suggesting its
potential application to the monitoring of critical pathological processes at the cellular level.
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Introduction

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00216-020-
03032-6.

Hydrogen peroxide (H,O,) is a relatively stable and easier
detectable molecule in ROS cluster. Generally, H,O, produc-
tion and elimination can reach a balance under normal phys-
iological conditions. However, such balance is broken in can-
cer cells, resulting in oxidative stress that interferes with the
cell’s function [1]. The H,O, will rise dramatically in cancer
cells and diffuse outside of the living cell. Therefore, it is
critically important to realize real-time monitoring H,O, re-
leased by living cells for better understanding the pathological
processes of cancer cells. However, it needs to overcome the
problems of quick diffusion, low concentration, and easy in-
terference of H,O, in the microenvironment of the cell. So far,
various methods have been developed for detection including
chemiluminescence [2], fluorescence nanoprobe [3],
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photoelectron-chemical [4], electron spin resonance [5], and
electrochemical sensing [6]. Among them, the electrochemi-
cal sensing has the advantages of being relatively portable and
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has high sensitivity and selectivity. Especially, its amperomet-
ric technique provides rapid temporal resolution for highly
sensitive tracking and real-time cell secretion monitoring.
However, the performance of a typical electrochemical
enzyme-based sensor is usually affected by the inferior repro-
ducibility and stability of enzymes through different environ-
mental [7]. To avoid those problem, various non-enzymatic
electrochemical sensors fabricated by electrocatalytic
nanomaterials including conducting polymer [8—10], metals
and their compounds [11-13], graphene composites [14—16],
and metal-organic framework (MOFs) [17—19] have been de-
veloped for H,O, detection.

Meanwhile, as there is increasing interest in the cellular
metabolic processes of the disease, more and more attention
is focused on monitoring H,O, in real samples. In the reported
researches, it mainly involves serum spike and cell experi-
ment. And in cell experiments, the performance of the sensor
is usually shown by comparing the electrochemical signals
containing cells and stimuli (with or without catalase) and
only containing stimuli. The commonly used stimuli include
PMA [20], fMLP [21], AA [22], and LPS [23], which are all
chemicals that can stimulate cells to secrete extracellular hy-
drogen peroxide. At the same time, Lilian et al. [21] explored
the effect of different concentrations of fMLP and found that
the maximum H,O, release in 2 x 10° 4T1 cell solution was
assumably estimated as 25 nM. Hongxia et al. [24] compared
the amount of H,O, released by different types of cells, and
verified the tendency of cancerous cells to generate more
H,0, due to their rapid oxygen metabolism. However, how
to design a novel electrochemical H,O, sensor with good
biocompatibility and better catalytic performance for cell ex-
periments is still a challenge.

Metal-organic frameworks (MOFs) are framework struc-
tures composed of cross-linking organic ligands and metal
ion nodes [25]. A large number of electrochemical sensors
based on MOFs for H,O, detection have been successfully
fabricated, such as ZIF-67/CNFs [26], Cu-MOF/graphene
[17], Au/Fe-MOF [27], Pt@P-MOF(Fe) [28], and CoFe-
PBA/Co-ZIF/NF [29]. Unfortunately, their catalytic activity
is limited by unsaturated metal cations [30] and/or modified
groups in organic ligands [31]. To broaden the application of
MOFs in catalysis, researchers tried to functionalize the MOFs

with incorporating conductive and catalytically active mate-
rials which includes conducting polymers [8], carbon mate-
rials [14], and noble metal (Au, Pd, Pt) nanoparticles [27].
Among these materials, metal nanoparticles (NPs) rapidly
gain a huge amount of interest.

The application of NP-MOF composite to the electrocata-
lytic detections has been confirmed to exhibit great potential.
Ling et al. reported a new biomimetic redox nanozyme, Pt
nanoparticles grown on P-MOF(Fe), which was used to detect
metabolites released by HeLa cells [28]. Ma et al. synthesized
a nanocomposite Ag nanoparticles on 2D Cu-TCPP(MOF)
with an extended linear response range towards H,O, [32].
Generally, NP-MOFs can be synthesized by loading NPs on
the pores or surfaces of MOFs through in situ reduction [33,
34] or assembling MOFs to surround prefabricated NPs in a
MOF reaction solution [35]. However, there is extremely rare
work about metal oxide-mediated progressive assembly of
nanoparticles onto MOFs for catalytic reactions.

Herein, we construct a non-enzyme sensor of Cu,O-mediat-
ed growth of Au nanoparticles (Au NPs) on 2D MIL-53 (Fe) for
real-time detection H,O, released from living cells (Scheme 1).
Compared with electrostatic interaction-based method that di-
rectly reduces the nanoparticles to the surface of MOF material,
the Cu,O-mediated stepwise assembly method used in this
work provided a more stable chemical bonds for the combina-
tion. On one hand, Au NP heterogeneous nanospheres loaded
on 2D sheets possessed better electrochemical properties due to
the synergistic effect. On the other hand, the 2D porous struc-
ture of MIL-53(Fe) with the large surface area can provide NPs
with space-constrained inherent conditions to avoid agglomer-
ation, which was beneficial to the stability and catalytic activity.
Meanwhile, their pores could work as a molecular sieve to
enrich hydrogen peroxide to improve the efficiency of the re-
action with active sites.

Materials and methods

Reagents

Ferric chloride hexahydrate (FeCl;-6H,0), hydrogen peroxide
H,0, (30%), and copper(Il) chloride dehydrates (CuCl,-
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Scheme 1 Diagrammatic sketch of the preparation process of Au@ Cu,O-MIL-53(Fe) for real-time monitoring of H,O, released from the living cells
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2H,0) were purchased from Chongqing Chuan Dong
Chemical Group (China). Glucose (Glu), uric acid (UA),
ascorbic acid (AA), dopamine hydrochloride (DA), gold chlo-
ride trihydrate (HAuCly-3H,0), terephthalic acid (H,BDC),
N,N-dimethylformamide (DMF), catalase (2000-5000 U/
mg), phorbol 12-myristate-13-acetate (PMA), and human se-
rum were purchased from Sigma-Aldrich (Shanghai, China).
Cysteine (Cys) was bought from Tianjin Guangfu Fine
Chemical Research Institute (China). Calcein-AM (green)
and PI (red) were obtained from Beyotime Biotechnology
(China). The A549 cells used in the study were obtained from
Beijing Beina Chuanglian Institute of Biotechnology (China).
Deionized water (DI, 18 M(2, America) was used in all exper-
iments and produced by a Millipore Direct-Q water system.

Apparatus

The surface morphology was examined by field emission
scanning electron microscope (FE-SEM, JEOL-6300F,
Japan). Crystal structures were analyzed using X-ray (XRD,
Maxima-X XRD-7000, Japan) diffraction with radiation. The
elemental valence change and relative content were obtained
by X-ray photoelectron spectroscopy (XPS, Japan). The ener-
gy dispersive spectroscopy (EDS) and internal microstructure
images (TEM) were obtained at 150 kV by transmission elec-
tron microscopy (JEOL-2100, Japan). All the electrochemical
experiments were performed on the electrode system (CHI
660E Electrochemical Workstation, China), which included
Ag/AgCl, platinum wire, and glassy carbon electrode
(GCE). Phosphate-buffered saline (PBS, 0.01 M) was applied
as an electrolyte (PH 7.4). The buffer was deoxygenated with
nitrogen (99%) for all electrochemical measurements.

Preparation of Cu,0-MIL-53 (Fe)

To prepare cubic Cu,0, 0.170 g CuCl,-2H,0 was dissolved in
100 mL water. Then NaOH solution (2 M, 10 mL) was
dropped into the mixture with vigorous stirring at 55 °C until
the brown liquid. After stirred for 0.5 h, AA solution (0.6 M,
and 10 mL) was added and stirred for another 3 h. After
centrifugation, the mixture was washed with distilled water
and ethanol thrice, and freeze-dried.

MIL-53(Fe) was hydrothermally synthesized by a one-step
method. 0.272 g FeCl3-6H,O and 0.166 g H,BDC were dis-
solved in 25 mL DMF, respectively. And then the mixture was
introduced into a 100-mL Teflon-lined steel autoclave and
placed in a 150 °C oven for 12 h. After centrifugation, the
mixture was washed thoroughly with DMF and ethanol thrice,
and freeze-dried.

Cu,O-MIL-53 (Fe) nanocomposites were prepared by dis-
solved Cu,O and MIL-53(Fe) in 1 mL Nafion solution. The
total mass was controlled at 2 mg with the same treatment, and

the mass ratio of Cu,O and MIL-53(Fe) was 1:2, 1:3, 1:1, 2:1,
and 3:1 respectively.

Fabrication of Au@Cu,0-MIL-53 (Fe)/GCE

The surface of GCE was polished with 0.3 and 0.05 pm alu-
mina slurries in succession and thoroughly rinsed with dis-
tilled water. After sonication and drying with nitrogen,
smoothed GCE was obtained. The as-prepared Cu,O/MIL-
53 (Fe) suspensions were dropped evenly onto the sensing
area of the GCE. After the surface forming a uniform thin film
around 8 h in room temperature, the electrochemical deposi-
tion of Au NPs was performed in a HAuCl, (2 mM, 5 mL)
solution using an amperometric method with an applied po-
tential of —0.2 V for 200 s. The electrochemical deposition of
Au NPs was performed in a HAuCl, (2 mM, 5 mL) solution
using an amperometric method at an applied potential of —
0.2 V for 200 s. There was a reaction in the solution: 2AuCl*
" +3Cu,0 + 6H =2Au + 6Cu®* + 8CI™ + 3H,0. To explore
the influence of different HAuCl, concentrations on the mor-
phology, nanomaterials were prepared by depositing at 1 mM,
1.5 mM, 2.5 mM, and 3 mM.

Real-time electrochemical monitoring of living
cellular H,0,

A549 cells were nurtured in 5 mL Hyclone Classical Liquid
Media of Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F-12, USA), which was supplied with
10% fetal bovine serum (Solarbio, China) and 1% penicillin-
streptomycin (Solarbio, China). The cell culture flask was
cultured in a 95% humidified environment at 37 °C with 5%
CO,. The cells took 48 h to grow to 90% confluence.
Afterward, 2 x 10> cells measured by a hemocytometer were
suspended in 5 mL of PBS electrolyte, and Au@Cu,O-MIL-
53(Fe)/GCE was placed into it for H;O, monitoring. PMA
(200 ng mL™", 10 uL) was injected to as stimulant to detect
the production of H,O, by the cells in real-time. Two groups
of controls were established, and both groups received the
same amount of PMA added to PBS. One control group
contained no cells, whereas the other group had cells and
enzymes.

Results and discussion

Characterization of Au@Cu,0-MIL-53(Fe)

The morphologies, microstructures, and valence change of
Au@Cu,O-MIL-53 (Fe) were studied by FE-SEM, TEM,
XRD, and XPS method. Figure la shows the MIL-53(Fe)

2D stacked sheet structure. Figure S2a (see Electronic
Supplementary Material, ESM) shows the cubic Cu,O with
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Fig. 1 FE-SEM images of a MIL-53(Fe), b Cu,O-MIL-53(Fe), and ¢ Au@Cu,O-MIL-53(Fe). d TEM image, e EDS element mapping, and f XRD of
Cu,0 and Au@Cu,O-MIL-53(Fe) composites

smooth surfaces. After ultrasonically mixing MIL-53(Fe) with
Cu,O in 1:1 ratio, Cu,O-MIL-53(Fe) was assembled by redox
reaction between Cu,O and MIL-53(Fe). As shown in Fig. 1b,
the surface of Cu,O-MIL-53(Fe) presented uniform NP
throughout, indicating the reaction between Cu,O and MOF.
The metal connectors of MIL-53(Fe) have weak connection
with its organic cross-linking agent, which provides a weak
octahedral ligand field environment for Fe** [36] so that the
metal ions in MOF are exposed to the coordinated unsaturated
sites on the surface of MOFs. Thus, Fe** could redox-react
with Cu,O spontaneously from the perspective of thermody-
namics [37]. One-step low potential deposition was used to
reducing the metal ions to a metal-type solid state. Figure S2
(see ESM) shows the morphology and size of nanoparticles
controlled by the concentration of HAuCl,. As the concentra-
tion grew higher, the nanoparticles grew bigger. In the con-
centration of 2 mM HAuCly, the best morphology of uniform
circle and moderate size was obtained. After electrochemical
deposition with Cu,O-MIL-53(Fe) in 2 mM HAuCly, Au
nanoclusters formed from the Cu,O surface bonded to the
MOF surface (Fig. 1c) forming Au@Cu,O-MIL-53(Fe).
Here, the Cu,0 worked as a temple for Au nanoparticles to
grow oriented into nanospheres with the basic skeleton of
Cu,0O (ESM Fig. S1).

The Au@Cu,O-MIL-53(Fe) was observed as flower-like
nanospheres in Fig. 1c with a size about 500 nm (ESM Fig.
S3c). And these nanospheres were composed of many small
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cubes of uniform size about 30 nm, which could effectively
expand the specific surface area of the material to facilitate
electron transmission. After modified by AuNPs over 7 days,
the small nanoparticles making up the nanospheres turned to
round from square (ESM Fig. S3). Meanwhile, after compar-
ing the nanosphere sizes, it was found that the nanospheres
became more uniform small particles over 7 days. This phe-
nomenon was attributed to the continuous oxidation of Cu,O
inside the nanoparticles, so the large nanoparticles were divid-
ed into small particles. More detailed structures were observed
through TEM (Fig. 1d) and EDS element mapping analysis
(Fig. 1e). The samples containing Au, Cu, and Fe elements
were mainly concentrated in the nanospheres, indicating that
the composite nanomaterial was heterogeneous nanomaterial
formed by the interaction between NPs and MOF. The sharp
characteristic diffraction peaks of the Cu,O XRD (Fig. 1f) at
30.2°,36.6°,42.5°,61.4°,and 73.5 ° were indexed to (110),
(111), (200), (220), and (311) planes, respectively [38], which
confirmed the existence of cubic Cu,O crystalline (JCPDS
card No. 05-0667). The comparison of XRD of Au@Cu,0O-
MIL-53(Fe) showed the same characteristic peaks, implying
the successful synthesis of Cu,O directional growth strategy
to assemble Au NPs on MIL-53 (Fe).

XPS characterization was used to determine the elemental
valence change and relative content of assembly of step by
step redox reactions for Au NPs and MOF composite. The Fe
2p, Cu 2p, Au 4f, and Ols images of Au@Cu,O-MIL-53 (Fe)
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were demonstrated in Fig. 2. And the related peak positions
and abundance calculations were illustrated in Table 1. The Fe
2p peak position of 724.8 eV was assigned to Fe 2p1/2, and
711.2 eV (Fig. 2a) was assigned to Fe 2p3/2 (Fig. 2a) [39],
corresponding to the MIL-53(Fe) [40, 41]. Another two dis-
tinct peaks were observed at 717.7 and 704.8 eV,
corresponded to the Fe® [42], indicating that Fe®>* was reduced
in composite. In Fig. 2b, the main Cu 2p;,, peaks located at
934.1 eV illustrated that Cu™ had been oxidized to Cu®*. The
formation of Cu* was achieved by Cu,O reacting with oxy-
gen in the air, the Fe** of MOF, and HAuCl,. As for Au 4f
(Fig. 2c¢), the peaks of Au 4f;,, and 4f;), located at 88.6 and
84.9 eV corresponded to the Au®* (0 < & < 1) species at a large
proportion [43, 44], whereas the others were assigned to me-
tallic Au’. The formation of Au®* species resulted from

Table 1 Peak position and abundance of elements of different valences
Orbital Valence state Binding energy (eV) Ratio (%)
Fe2ps Fe** 711.2 67.7

Fe? 704.8 322
Cu2psp Cu** 934.1 61.9

Cu* 932.6 38.1
Audfy, Au®* 84.97 94.2

Ad° 84.12 5.8

metallic Au NP bonding with the oxygen species of the sup-
port, and these species were located at the interfaces with the
particles in contact of the support [45]. As reported, gold in
this valence state had a more active catalytic activity [46],
which benefits the insertion of oxygen atoms in the redox
process [47]. The high-resolution XPS spectrum of the Ols
(Fig. 2d) that could be fitted by peaks at binding energies of
around 532.12 eV was attributed to the surface oxygen species
bound by metal atoms of Fe-O and Cu-O. In addition, the peak
appeared at 535.42 eV corresponded to O-H in H,0,.
Compared with the standard spectrogram Ols, the binding
energy increased, proving that oxidation-reduction reaction
occurred. The total peak information was placed in Fig. S4
(see ESM).

Electrochemical performance of Au@Cu,0-MIL-53(Fe)
/GCE

Cyclic voltammetry (CV) was employed to investigate the
electrochemical properties of different GCE in a range from
—0.2 to +0.6 V at a scan rate of 50 mV s ' in 5 mM Fe
(CN)6> "% solution containing 0.1 M KCI (Fig. 3a). When
modified with Cu,O, MIL-53(Fe), Cu,O-MIL-53(Fe), the
redox peak current decreased lightly, indicating the poor
conductivity. After electrodeposition modification, the
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Fig. 3 CV of MIL-53(Fe)/GCE, Cu,O/GCE, Cu,O-MIL-53(Fe)/GCE,
Au@Cu,O-MIL-53(Fe)/GCE at a scan rate of 50 mV s ' in a 5 mM
Fe(CN)6H47 solution containing 0.1 M KClI, in N,-saturated 0.01 M
PBS (pH 7.4) solution with b the absence and ¢ the presence of 5 mM
H,0,. d CV of Au@Cu,O-MIL-53(Fe)/GCE a scan rate of 50 mV s ! in
different concentrations of H,O, N,-saturated 0.01 M PBS (pH 7.4)

Au@Cu,0-MIL-53(Fe)/GCE showed enhanced redox peak
current owing to the high conductivity of AuNPs.
Additionally, the electroactive surface area of different
modified electrodes was calculated on the basis of the
Randles-Sevcik equation.

Ip = 2.69 x 10°n?AD™2C

where I, refers to the peak current (A); n means the number of
transition electrons of [Fe(CN)6]3_/ “(n=1); A is the effective
surface area of electrode (cm?); D refers to the diffusion coef-
ficient, which is (6.7 +0.02) x 107 cm? s ! v means the scan
rate (V s '); and C is the concentration of the redox reactant
(5 x 107° mol ecm™>). The calculation result showed the tenden-
cy of MIL-53(Fe)/GCE (0.019 ¢m?)<Cu,O/GCE
(0.034 cm?*)<Cu,0-MIL-53(Fe)/GCE(0.073 cm?) <

Au@Cu,O-MIL-53(Fe)/GCE (0.164 cm?).

To explore the activity of Au@Cu,0-MIL-53(Fe)/GCE
towards the reduction of H,O,, CVs were operated in the
absence and presence of H,O, at a scan rate of 50 mV s 'in
N,-saturated 0.01 M PBS (pH 7.4) (Fig. 3b—d). In the ab-
sence of H,0,, the CV curve displayed the character
oxidation-reduction peaks of different materials, implying
the composite material was successfully synthesized (Fig.
3b). With the addition of 5 mM H,0,, the curves of Cu,0,
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solution. The H,O, concentrations is 1 mM, 2 mM, 3 mM, 4 mM, and
5 mM, respectively. e CV of Au@Cu,0-MIL-53(Fe)/GCE in different
scan rate in Nj-saturated.0.01 M PBS (pH 7.4). Scan rate in the range of
120-300 mV s~ Inset: linear relationship between the peak currents and
the square root of scan rates. f The relationship between the reduction
peak potential and the Napierian logarithm of scan rate (Inv)

MIL-53(Fe), and Cu,O-MIL-53(Fe) only observed the light
reduction peak current, but the curves of Au@Cu,0O-MIL-
53(Fe)/GCE showed a typical electrocatalytic reaction be-
havior towards H,O, (Fig. 3¢). Furthermore, as the concen-
tration of H,O, increased, the reduction current was sharply
enhanced, signifying an obvious electrocatalytic behavior
to the reduction of H,O, in a large concentration range
(Fig. 3d). The mechanism of H,O, reduction on
Au@Cu,0-MIL-53(Fe)/GCE was schematically shown in
Scheme 1, which could be proposed that H,O, was firstly
reduced to H,O by catalytic centers of Au™; subsequently,
the resulting Au* was transferred an electron to Au®.
Moreover, during this process, 2D porous structure of
MIL-53(Fe) worked as a molecular sieve to enrich hydrogen
peroxide improving the efficiency of the reaction with ac-
tive sites, enhancing the catalytic process of H,O,.

To investigate the reaction kinetics, the electrochemical be-
havior of Au@ Cu,O-MIL-53(Fe)-modified electrode was stud-
ied by CV in 0.01 M PBS (pH 7.4) containing 5 mM H,0, at
different scan rates (Fig. 3¢ and f). The relationships of I~v'?
could be expressed as I(LA)=—3.976 V2mvs 1H2-49.691
(R*=0.997), which was related to the diffusion-controlled pro-
cess. Furthermore, the reduction (Epc) potential had a linear
relationship with the natural logarithm of the scan rate (Inv).
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Fig. 4 Optimization study of a the applied potential, b different
proportion of Cu,O and MIL-53(Fe), and ¢ the volume loading of
Cu,O-MIL-53(Fe) using IT curves with the successive addition of

The linear equations was Epc =— 0.044Inv — 0.645 with R* =
0.998, which follows Laviron’s model [48].
2.303RT

Epc = EO + ———1

pc + o
where « is the electron transfer coefficient, # is the number of
electron transfer, v is the scan rate, R is the gas constant, 7'is the
absolute temperature, and F is the Faraday constant. From the
slope of Ep vs. In v plot, the value of & was calculated to be
0.67 for electroreduction of H,O,.

Optimization of Au@Cu,0-MIL-53(Fe)/GCE towards
H,0, reduction

To optimize the performance of Au@ Cu,O-MIL-53(Fe)/GCE,
the applied potential, mass ratio of Cu,O to MIL-53(Fe), and
loading volumes were studied. The typical current-time (IT)
was performed with the successive addition of 100 uM H,O,
in Ny-saturated 0.01 M PBS (pH 7.4) under stirring at scan rate
of 50 mVs . Figure 4a shows that the sensitivity varied with
changing operating potential from — 0.3 to — 0.7 V. Sensitivity
gradually increased at the beginning and decreased after

Mass ration(Cu20/FeMOF)

Volume(pL)

100 uM H,0O; in Nj-saturated 0.01 M PBS (pH 7.4) under stirring at
scan rate of 50 mVs !

reaching the peak, implying that —0.5 V was the optimal po-
tential. The Cu,O could react with Fe>* to bond on the surface
of MIL-53(Fe). However, as Fe/Cu ratio increases, more Cu,O
was converted into CuO, which had a bad influence on the
formation of AuNPs [37]. As shown in Fig. 4b, the effects of
different proportions of Cu,O and MIL-53 (Fe) on catalysis
were studied. When the ratio of Cu,O to MIL-53(Fe) was
1:1, the maximum response was obtained. Figure 4c shows that
the maximum sensitivity was achieved when the sample vol-
ume was 5 pL. Excessive loading may lead to the aggregation
of nanomaterials, which was a disadvantage to the sensitivity of
the sensor. As a result, the combination of applied potential at
—0.5 V, the mass ratio of Cu,O to MIL-53(Fe) at 1:1, and the
loading volume of Cu,O-MIL-53(Fe) at 5 uL. were selected to
establish the Au@Cu,O-MIL-53(Fe)/GCE sensor.

Amperometric detection of H,0, at Au@Cu,0-MIL-
53(Fe)/GCE

The electrochemical performance of the Au@Cu,O-MIL-
53(Fe)/GCE sensor was investigated using IT curves with suc-
cessive addition of H,O, to Ny-saturated 0.01 M PBS (pH 7.4)

Table 2 Performance comparison of various modified electrochemical H,O, sensors

Electrode material Linear range (uM) Detection limit (LM) Sensitivity (LA mM ! em?) Response time (s) Ref.
AuNPs-NH,/Cu-MOF 5-850 1.2 1.71 2 [49]
Ag-Au/Cu,O 0-1400 1.30 0.416 - [50]
RGO/Ag-Au/Cu,O 50-50,750 0.10 1.4 - [51]
Cu,O/ERGO 1-1000 0.14 1682 - [52]
3D Cu,0-GA 1-1470 0.37 - - [53]
Au-Cu,Og 0.01-5.12 0.01 50.41 - [54]
rGO-Pb NWs-Au NPs 5-1250 0.6 552.43 5 [55]
AuCuw/SPCE 250-10,000 16.62 339.35 2-3 [56]
Auw/Fe;0, 1-1000 266 0.108 5 [57]
RGO/Au/Fe;04/Ag 2-12,000 - 1.43 2 [58]
Co304 0.4-2200 0.105 120.55 3

Au@Cu,O-MIL-53(Fe) 10-1520 1.01 351.57 3 This work
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Fig. 5 a Amperometric current change of Au@Cu,O-MIL-53(Fe)/GCE
to continuous additions of different concentration of H>O, to N,-saturated
0.01 M PBS (pH 7.4) under stirring with optimal conditions in every 50 s
at scan rate of 50 mVs ' at —0.5 V. b The linear fitting relationship
between the current response and H,O, concentrations in the range of

under stirring (Fig. 5a) with optimal conditions at scan rate of
50 mVs . Plotting the data of current response and H,O, con-
centrations, there was a linear trend from 10 to 1520 uM, which
was expressed as I(LA) =0.021Cyp0(UM) +0.175 (R*=

0.999) (Fig. 5b) with a low detection limit of 1.01 uM (S/N=

3) and large detection sensitivity of 351.57 uAuM ' cm 2.
Meanwhile, the response time was less than 3 s (Fig. 5¢). As
shown in Table 2, the performance of this biosensor was better
than those of Ag-Au/Cu,0(45), graphene nanocomposites(47),
or Ag/Cu-TCPP(50).

The reproducibility, stability, and selectivity of the
Au@Cu,0-MIL-53(Fe)/GCE sensor was confirmed by the
continuous addition of 100 uM H,O, under the same condi-
tions. The relative standard deviation (RSD) of five different
sensors was 1.7%, indicating the excellent reproducibility
(Fig. 5d). And the current response maintained 98.5% within
20 days, implying the good stability (Fig. 5e). Anti-

200 300 400

Time (s)

500 600 700

10
Days

15 20

10 to 1520 puM. Inset: Current responded to the H,O, concentrations. ¢
The current response time, d reproducibility, e stability, and f selectivity
of Au@Cu,0-MIL-53(Fe)/GCE biosensor using IT curves with the
successive addition of 100 uM H,0, in N,-saturated 0.01 M PBS
(pH 7.4) under stirring at scan rate of 50 mVs lat—0.5V

interference ability was another significant standard of practi-
cal application. As shown in Fig. 5f, no obvious current re-
sponse was found when other biological metabolites were
added, such as uric acid (UA), ascorbic acid (AA), dopamine
hydrochloride (DA), cysteine (Cys), and glucose (Glu),
confirming the excellent selectivity of the sensor.

Real-time monitoring of H,0, released from living
cells

Firstly, standard spiked recovery experiments were carried out
to verify the feasibility of the Au@Cu,O-MIL-53(Fe)/GCE
sensor. Standard H,O, at 50, 100, and 200 uM was added to
the diluted 30-fold human serum sample in N,-saturated
0.01 M PBS (pH 7.4) with optimal conditions at scan rate of
50 mVs . The high recovery results of 97.68 to 102.75%
(ESM Table. S1) implied that the Au@Cu,O-MIL-53(Fe)/

Fig. 6 a Amperometric response a 2 b 1.2
to real-time detection of H,O, re- PMA PI;’IA
leased from living human lung 3 with AS549+catalase
cancer A549 cells stimulated by —_ ——“——L\/ﬁ _
PMA at—0.5 V. b Plots of am- g_ PMA g_ 0.8
perometric response correspond- = -4 . =
. = b without A549 =
ing to curve a, b, and ¢ > — N 3 6
= - 1x10°cells —
£ .5 PMA £
= with A549 = 0.4
S c S o
6 PMA+Catalase
-6 S
s PMA NO cells
S =
-7 0.0
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Table 3 The estimation of H,O,

released from each cell based on Electrode material Sample Concentration/ Ref.
electrochemical sensors cell
AuPd-PDA Raw 264.7 cells 1.1 pM [20]
HeLa cells 0.8 pM
Mb@MnMoSe, HaCaT cells 0.12 pM [22]
RAW 264.7 0.1 pM
Nafion/PB-ERGO Living cells 18.3 fM [23]
Au@C-Co;04 HKC cells 1.32 pM [24]
HeLa cells 2.06 pM
MCE-7 cells 2.38 pM
Fe;0,4/3DG NCs A549 cells 0.091 M [60]
CS-SGO@HKUST-1 Raw 264.7 Cells 2.8 pM [61]
Au@Cu,O-MIL-53(Fe) A549 cells 0.042 t™M This work

GCE electrochemical sensor had practical applications for
H,0, detection in a real sample.

Furthermore, the Au@Cu,O-MIL-53(Fe)/GCE electrochem-
ical sensor was applied to real-time monitor the H,O, released
from living human lung cancer A549 cells. Here, IT curves were
used with successive addition of PMA to N,-saturated 0.01 M
PBS (pH 7.4) in the absence and presence of cell A549 or
catalase with optimal conditions at scan rate of 50 mVs ' (Fig.
6). PMA was chosen to stimulate the intracellular protein kinase
C (pKC) activation, resulting in H,O, secretion of cells in situ
[59]. The catalase was used to selectively decompose the H,O,
released by PMA stimulation. As shown in Fig. 6a, there was
only a small current change when PMA was added in the ab-
sence of cells (curve b). When 1.0 x 10° cells were treated with

Fig. 7 Fluorescence imaging of A549 cells cultured with different
situations as stained by Calcein-AM (green) and PI (red). a and b were
cultured with normal physiological condition. ¢ and d were cultured with

10 puL of 200 ng mL™' PMA, the current increased sharply
(curve c¢). However, the current response becomes gentle in
the presence of cells and catalase (curve a). Moreover, the cur-
rent responses were 1.06 1A, corresponding to 42.23 uM H,0,
released from the cells. From this calculation, the amount of
H,O0, released by a single cell was 0.042 fmol.

A comparison of our design electrochemical sensors with
those reported in researches about the estimation of H,O,
released from living cell was shown in Table 3. As shown,
the modified electrode showed excellent sensitivity and elec-
trocatalytic activity towards trace H,O, released from living
cells. However, compared with other sensors, it detected a
smaller amount of H,O, released by a single cell, which
may be limited by the used PMA concentration. The

50p

50uM
|

Au@Cu,O-MIL-53(Fe) for 24 h labeled. e and f were cultured with
200 ng/mL PMA for 15 min

@ Springer



Chen S.etal.

outstanding performance of the modified electrode in moni-
toring H,O, released from cells was mainly contributed by the
synergistic catalysis of MOF and MNPs. The 2D sheet struc-
ture of MIL-53(Fe) could provide attachment sites for MNPs
and enrich the concentration of trace H,O, released from cells.
Besides, the Au@Cu,O-MIL-53(Fe) grown on the surface of
MOF framework allowed the direct contact with H,O, with
decreasing diffusion resistance in the electrocatalytic reaction.

To prove the detection results of Au@Cu,O-MIL-53(Fe)/
GCE electrochemical sensor for H,O, released of cells with
the PMA stimulation, cell staining experiments were carried
out in 6-well clear TC-treated multiple well plates for 24 h in
3mL 0.01 M PBS (pH 7.4) containing 1 x 10~® A549 cells (Fig.
7). The cells will be stained by Calcein-AM (green) and PI (red),
corresponding to live and dead cells, respectively. As can be
seen in Fig. 7a and b, cells grew well and there were few dead
cells under normal physiological condition. The cell biocompat-
ibility of Au@Cu,O-MIL-53(Fe) towards A549 cells was inves-
tigated by co-culture 10 g mL ™" of nanomaterials with cells for
24 h. Compared with the normal physiological condition, the
cells still grow well, revealing the good cell biocompatibility of
Au@Cu,O-MIL-53(Fe) (Fig. 7c and d). In addition, all the elec-
trochemical measurements of H,O, released from the living
cells were operated within 30 min, so the survival state of the
cells was observed after the addition of 200 ng/mL PMA for the
same time. As shown in Fig. 7e and f, the cells were still alive
after adding the PMA for 30 min, proving that A549 cells have
good bioactivity during electrochemical testing.

These results further illustrated that the Au@Cu,O-MIL-
53(Fe)/GCE non-enzymatic electrochemical biosensor pos-
sessed practically the potential for the real-time detection of
H202.

Conclusion

A flower-like heterogeneous nanosphere Au@ Cu,O-MIL-
53(Fe) was prepared through electrodeposition of Au nano-
particles onto Cu,O-MIL-(Fe) assembled by redox in ad-
vance. Characterization analysts of FE-SEM, TEM, XRD,
and XPS demonstrated that the Cu,O played a critical role
for AuNP growth uniform and attached to the outside skeleton
of MIL-53(Fe) sheets. And one-step low potential deposition
strategy was applied to reduce the metal ions to a metal-type
solid state, enhancing the electrochemical performance of
Au@Cu,0-MIL-53(Fe). Benefiting from the excellent con-
ductivity and catalyst durability, the Au@Cu,O-MIL-
53(Fe)/GCE non-enzymatic electrochemical sensor showed
fast response and excellent anti-interference high current re-
sponse towards H,O, reduction. Based on these features, the
constructed sensor was successfully used for the real-time
detection of the H,0, released from living cancer cells.
Meanwhile, the result of confocal fluorescence microscopy

@ Springer

verified the survival of cells during the detection process.
The as-reported work complemented the strategy of assem-
bling MNPs on MOF and opened an avenue for non-
enzymatic electrochemical sensor in biological samples.
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