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antibacterial agents, such as antibiotics [9] and chemical 
disinfectants [10], usually have problems with drug resis-
tance and biosafety [11], thus it is needed to develop novel 
antibacterial agents [12].

With the developments of nanoscience [13, 14] and nan-
otechnology [15, 16], a variety of nano antibacterial agents 
have been constructed in recent years, including nanosilver 
[17], metal ions [18], metal/metal oxides [19], antibacterial 
peptides [20] and carbon nanomaterials [21], which have 
been employed to overcome the weaknesses of traditional 
antibacterial agents [22, 23]. Metal-organic frameworks 
(MOFs), as a novel porous nanomaterial, show great anti-
bacterial activities [24]. The mechanisms of their antibacte-
rial action are entirely different to those of antibiotics [25], 
thus such antibacterial materials provide a new alternative 
to conventional antibacterial strategies and can possibly 
solve the problem of drug resistance.

MOFs are constructed by metal ions or clusters and 
organic ligands that are connected by metal coordination, 
hydrogen bonding, electrostatic and π-π interaction [26, 27], 
generally possessing unique characteristics of high surface 
area [28], tunable porosity [29], flexible tailorability [30] 
and diversity in metal centres [31]. Based on these features, 
MOFs have been vastly investigated for a varying range of 

Introduction

Pathogenic bacteria widely exist in the environment and 
food [1, 2], inducing bacterial infectious disease with diffi-
cult recovery [3, 4] and high mortality[5, 6], which becomes 
the greatest public health concern [7, 8]. Traditional 
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Abstract
Antibiotics and chemical disinfectants usually have serious problems of drug resistance and biosafety. Metal-organic 
frameworks (MOFs), as a new alternative method, have been studied to inhibit bacteria attributed to their tunability of 
compositions and structures, ideal biocompatibility and great catalytic properties. In the current study, two trimetal-organic 
frameworks (Ni1Co1Fe1-MOFs and Ni6Co3Fe1-MOFs) with different atomic ratios of Ni/Co/Fe were synthesized by a 
simple one-pot room temperature method. The fabricated MOFs showed outstanding Fenton-like catalytic activities and 
Ni1Co1Fe1-MOFs exerted greater catalytic activity. Based on a Fenton-like reaction, a high-efficiency antibacterial system 
was constructed. The manufactured Ni1Co1Fe1-MOF/sodium alginate composite coating delayed the weight loss of apple 
chunks and effectively inhibited E. coli bacteria from polluted apple chunks after storage for 2 d, significantly improving 
the fruit storage. This study proposed a novel and effective antibacterial strategy, which would open up a promising idea 
for the exploitation of food antibacterial agents in the future.
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applications involving adsorption [32], gas sorption and 
separation [33], proton conductivity [34], sensors [35], bio-
medicine [36] and heterogeneous catalysis [37]. Similarly, 
MOFs also perform great potential in the antibacterial field 
[38, 39], mainly due to the well-dispersed metal active 
centres, in which the released metal cations can penetrate 
the membrane of bacterial cells, breaking the polarization 
state and the permeability of the membrane [40]. Therefore, 
benefiting from various metal nodes and a large number 
of optional organic linkers, the properties of MOFs can be 
modified and improved to achieve targeted functionality by 
adjusting the compositions and structures.

Hydrogen peroxide (H2O2), as an effective antibacte-
rial agent, has been extensively applied in the practical 
treatment of bacterial infections [41], and hydroxyl radi-
cal (•OH) as the most toxic active substance shows stron-
ger antibacterial activity than H2O2 and has attracted great 
research interests [42, 43]. Fenton-like reaction refers to 
the conversion of H2O2 to strongly oxidizing •OH by using 
transition metal ions, including Fe2+ [44], Ni2+ [45], Co2+ 
[46], Cu2+ [47], Mn2+ [48] and the like, as catalysts and is 
one of the most important sources of •OH. Therefore, the 
antibacterial performance of the antibacterial system can be 
effectively enhanced by introducing a Fenton-like reaction 
into it. The antibacterial principle is that the produced •OH 
can cause initial oxidative damage to bacterial cell mem-
brane and increase membrane permeability, making it more 
sensitive to environmental conditions [49].

Interestingly, MOFs have been testified to play an impor-
tant role in Fenton-like catalysts on account of highly 
dispersed metal sites and a mass of vacancies [50]. For 
example, Chen et al. [51] reported NH2-Fe-MILs used for 
imidacloprid degradation as an outstanding Fenton-like 
catalyst, while Feng et al. [52] successfully fabricated bro-
mine-functionalized bimetallic MOFs-FeCu (BDC-Br) to 
improve Fenton-like catalytic performance in water/waste-
water treatment [53, 54] via increasing the interfacial elec-
tron transfer and reducing the electron density of bimetallic 
MOFs. However, to the best of our knowledge, there is only 
one article on the application of trimetal-organic frameworks 
as Fenton-like catalysts in the clinical antimicrobial therapy 
field [55], and applications of trimetal-organic frameworks 
as Fenton-like catalysts in the food antibacterial and preser-
vation field has not yet been explored. Consequently, it is of 
great significance to develop trimetal-organic frameworks 
as Fenton-like catalysts for food antibacterial preservation.

Therefore, in the current work, two kinds of NiCoFe-
MOFs (Ni1Co1Fe1-MOFs and Ni6Co3Fe1-MOFs) were 
designed with different atomic ratios of Ni/Co/Fe by adjust-
ing the content of the metal precursors using a simple one-
pot room temperature method. The NiCoFe-MOFs provided 
a variety of metal active centres and relatively large contact 

areas. Based on the abundant active catalytic sites, the Fen-
ton-like catalytic activities of the as-prepared Ni1Co1Fe1-
MOFs and Ni6Co3Fe1-MOFs were investigated using the 
Fenton indicator methylene blue (MB) in the presence of 
H2O2. Then, isopropyl alcohol (IPA) was used as a free radi-
cal scavenger to identify •OH generated from the oxidation 
of H2O2 upon the addition of the NiCoFe-MOFs. By utilizing 
the catalytic activity of NiCoFe-MOFs, an antibacterial sys-
tem based on a Fenton-like reaction was constructed against 
both gram-positive (S. aureus) and gram-negative (E. coli) 
bacteria, aiming to enhance the antibacterial property of the 
system via the generation of •OH and obtain broad-spec-
trum antibacterial activities. Moreover, the biocompatibility 
of both Ni1Co1Fe1-MOFs and Ni6Co3Fe1-MOFs was stud-
ied. Finally, the application of Ni1Co1Fe1-MOFs/sodium 
alginate composite coating in food antibacterial preserva-
tion using apple as a model fruit was explored.

Materials and methods

Materials and reagents

Cobalt (II) acetate tetrahydrate (Co(CH3COO)2·4H2O), fer-
rous acetate tetrahydrate (Fe(CH3COO)2·4H2O), 2-amino 
terephthalic acid (H2-BDCNH2), MB, acetic acid (HAc), 
sodium hydroxide (NaOH), sodium chloride (NaCl) and 
glutaraldehyde were obtained from Shanghai Macklin Bio-
chemical Co., Ltd. (Shanghai, China). Nickel (II) acetate tet-
rahydrate (Ni(CH3COO)2·4H2O), N, N′-dimethylformamide 
(DMF), sodium acetate anhydrous (NaAc), isopropyl alcohol 
and 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) 
were purchased from Aladdin Reagent Co., Ltd. (Shanghai, 
China). Hydrogen peroxide (H2O2, 30%) was supplied by 
Chengdu Chron Chemicals Co., Ltd. (Chengdu, China). 
Ethanol was bought from Guangdong Guanghua Sci-Tech 
Co., Ltd. (Guangdong, China). Hydrochloric acid (HCl) 
was acquired from Guangzhou Chemical Reagent Factory 
Co., Ltd. (Guangzhou, China). Propidium iodide (PI) was 
obtained from Beijing Solarbio Science & Technology Co., 
Ltd. (Beijing, China). SYTO 9 was supplied by Thermo 
Fisher Scientific Co., Ltd. (Waltham, USA). Dulbecco’s 
modified eagle medium (DMEM), fetal bovine serum and 
PBS powder (1× ) were purchased from Sangon Biotech 
Co., Ltd. (Shanghai, China). Luria-Bertani (LB) broth and 
LB agar were obtained from Huankai Microbial Co., Ltd. 
(Guangdong, China). Penicillin-streptomycin and CCK-8 
kit were obtained from Biyuntian Biotechnology Co., Ltd. 
(Shanghai, China). Staphylococcus aureus (S. aureus, 
ATCC-6538), Escherichia coli (E. coli, ATCC-700,728) and 
mouse 3T3 fibroblasts were acquired from ATCC (Manas-
sas, Virginia, USA). Sodium alginate, ascorbic acid and 
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citric acid were acquired from Qiangli Chemical Products 
Co., Ltd. (Henan, China). Calcium chloride was obtained 
from Dacheng Calcium Industry Co., Ltd. (Zhejiang, 
China). Glycerol was purchased from Procter & Gamble 
Co. (USA). Peptone was supplied by Aoboxing Biotechnol-
ogy Co., Ltd. (Beijing, China). Fresh apples were bought 
from a local market (Guangzhou, China). Deionized water 
(18.2 MΩ cm, Millipore) was used throughout this study.

Synthesis of NiCoFe-MOFs

The trimetallic NiCoFe-based MOFs were synthesized by 
the simple one-pot solution-phase method at room tem-
perature of 25 ℃ as illustrated in Scheme 1A [55]. Firstly, 
0.3333 mmol of Ni(CH3COO)2·4H2O (82.9 mg), 0.3333 
mmol of Co(CH3COO)2·4H2O (83 mg) and 0.3333 mmol of 
Fe(CH3COO)2·4H2O (82 mg) were dissolved into 10 mL of 
DMF (Solution A) and 1 mmol of H2-BDCNH2 (181.1 mg) 
was dissolved with 5 mL of DMF (Solution B), respectively. 
Then, Solution A and Solution B were quickly mixed and 
stirred by using a magnetic stirrer (85–2, Changzhou Putian 
Instrument and Equipment Industry Co., Ltd., Changzhou, 

China) for 1 h at a room temperature of 25 oC. The mix-
ture solution was centrifuged by a centrifuge (JW-3024 h, 
Anhui Jiawen Instrument and Equipment Industry Co., Ltd., 
Hefei, China) and washed with DMF and ethanol several 
times. Finally, the Ni1Co1Fe1-MOFs product was obtained 
by vacuum-drying using a vacuum-drying oven (DZF-6050, 
Shanghai Qixin Scientific Instrument Co., Ltd., Shang-
hai, China) at 60 °C for 12 h. The synthesis procedure of 
Ni6Co3Fe1-MOFs was identical through adjusting the molar 
ratio of the used Ni(CH3COO)2·4H2O, Co(CH3COO)2·4H2O 
and Fe(CH3COO)2·4H2O. To compare the properties of as-
prepared NiCoFe-MOFs (Ni1Co1Fe1-MOFs or Ni6Co3Fe1-
MOFs) with M-MOFs (M = Ni, Co, Fe), the Ni-MOFs, 
Co-MOFs and Fe-MOFs were synthesized by the same 
method as above.

Characterization of MOFs

The structure and morphology of the prepared MOFs 
were characterized by high-resolution field emission 
scanning electron microscopy (SEM, Merlin, Carl Zeiss 
AG, Oberkochen, Germany) and transmission electron 

Scheme 1 (A) The synthesis process of NiCoFe-MOFs. (B) The 
preparation process of NiCoFe-MOF/sodium alginate mixed solution 
and calcium chloride solution. (C) The fabrication process of NiCoFe-

MOF/sodium alginate complex coating and NiCoFe-MOF/sodium 
alginate composite coating + H2O2 on the surface of apple chunks
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and 0.1 mM, respectively. Finally, the treated bacterial solu-
tion was spread and cultured on agar plates at 37 °C for 18 h 
before CFU enumeration.

For lived/dead bacterial analysis, both S. aureus and E. 
coli of the above treatment groups were harvested via cen-
trifugation and washed twice. The obtained bacteria were 
stained with propidium iodide (PI, 10 µM) and SYTO 9 (10 
µM) in the dark for 30 min. The dead bacteria were stained 
red fluorescence by PI and the live bacteria were stained 
green fluorescence by SYTO 9. Then, all samples were 
centrifuged, washed with PBS, and imaged through a laser 
scanning confocal microscope (TCS SP8, Leica Microsys-
tems GmbH, Wetzlar, Germany).

To evaluate the antibacterial effects under different treat-
ment protocols, the morphology of bacteria was observed by 
SEM. After treatment, the bacteria were collected by cen-
trifugation and washed twice with PBS. Then the obtained 
bacteria were fixed with 2.5% glutaraldehyde solution over-
night at 4 °C. After washing with PBS three times, they were 
dehydrated by graded ethanol solutions (30%, 50%, 70%, 
80, 90% and 100%). Next, the samples were dried at room 
temperature in the vacuum drying oven. After drying, they 
were sputter-coated with platinum for SEM observation.

Measurement of intracellular ROS

The oxidant-sensitive dye 2′,7′-dichloro-dihydro-fluores-
cein (DCFH-DA), as a fluorescent probe, was utilized to 
test intracellular ROS levels. After reaching the logarithmic 
period, the diluted bacterial suspension (106 CFU/mL) was 
incubated with DCFH-DA (20 µM) at 37 °C for 30 min in 
the dark. The bacteria were then collected by centrifugation, 
washed with PBS, and treated with PBS, H2O2, Ni1Co1Fe1-
MOFs and Ni1Co1Fe1-MOFs + H2O2 for 2 h at 37 °C. The 
final concentrations of NiCoFe-MOFs and H2O2 were 
100 µg/mL and 0.1 mM, respectively. Intracellular ROS 
were estimated via the microplate reader with excitation 
wavelength at 488 nm and emission at 525 nm.

Cytotoxicity assay

Mouse embryonic fibroblast (NIH-3T3) cells were 
employed for in vitro cytotoxicity study of NiCoFe-MOFs 
(Ni1Co1Fe1-MOFs or Ni6Co3Fe1-MOFs). NIH-3T3 cells at 
a density of 5× 103 cells per well were seeded in a 96-well 
plate and cultured in a DMEM medium containing 10% 
fetal bovine serum and 1% penicillin-streptomycin. After 
maintaining 24 h in 5% CO2 at 37 °C, the culture media 
was discarded, and NIH-3T3 cells were washed with PBS. 
The obtained cells were treated with H2O2, NiCoFe-MOFs 
(Ni1Co1Fe1-MOFs or Ni6Co3Fe1-MOFs) and NiCoFe-
MOFs + H2O2 for 24 h. The cells without NiCoFe-MOFs 

microscopy (TEM, JEM-1400 Plus, JEOL Ltd., Tokyo, 
Japan). The element mapping images were taken from high-
angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM, FEI Talos F200X, Thermo 
Fisher Scientific Inc., Oregon, USA) and energy-dispersive 
X-ray spectroscopy (EDS, Axis Ultra DLD, Kratos Co., 
Manchester, UK). The chemical images were observed by 
Fourier-transform infrared spectroscopy (FT-IR, Thermo-
Nicolet Co., Waltham, USA) and X-ray photoelectron spec-
troscopy (XPS, Kratos Analytical Ltd., Manchester, UK).

Characterization of fenton-like catalytic activity

To monitor the Fenton-like catalytic property of Ni1Co1Fe1-
MOFs and Ni6Co3Fe1-MOFs, an MB molecular probe was 
used and experiments were carried out in HAc-NaAc buffer 
solution (0.2 M, pH 4.0). Briefly, different concentrations 
of Ni1Co1Fe1-MOFs or Ni6Co3Fe1-MOFs and different 
concentrations of H2O2 were separately added into the MB 
solution (0.1 mM) to build a redox reaction for 1 h at 37 °C. 
Then, the reaction mixture was centrifuged to remove 
the MOFs and the absorbance value of the supernatant at 
664 nm was measured by a microplate reader (Synergy2, 
BioTek Instruments, Inc., Winooski, VT, USA).

Measurement of •OH

IPA was utilized as a quenching agent of free radicals. IPA 
could react with •OH to inhibit the degradation of MB [56] 
and experiments were carried out in HAc-NaAc buffer solu-
tion (0.2 M, pH 4.0). In detail, 200 µL aqueous solution 
containing MB (0.1 mM), Ni1Co1Fe1-MOFs or Ni6Co3Fe1-
MOFs (200 µg/mL), H2O2 (20 mM) and a series of IPA 
concentrations (0, 10, 25, 50, 100 mM) were incubated at 
37 °C. Then, the absorbance value of the supernatant at 
664 nm was monitored by a microplate reader every 15 min.

In vitro antibacterial experiment

An agar plate counting method was used to evaluate the in 
vitro antibacterial efficiency of NiCoFe-MOFs (Ni1Co1Fe1-
MOFs or Ni6Co3Fe1-MOFs). Gram-positive Staphylococ-
cus aureus (S. aureus, ATCC 6538) and gram-negative 
Escherichia coli (E. coli, ATCC 700,728) were chosen as 
model bacteria [57]. LB broth was employed as culture 
media. After reaching the logarithmic period, the bacterial 
dispersion was diluted with a phosphate-buffered solution 
(PBS, pH 7.2) to 106 CFU/mL. Then, 4.5 mL of the prepared 
bacterial suspension was mixed with 0.5 mL of PBS, H2O2, 
NiCoFe-MOFs (Ni1Co1Fe1-MOFs or Ni6Co3Fe1-MOFs) 
and NiCoFe-MOFs + H2O2 for 2 h at 37 °C. The final con-
centrations of NiCoFe-MOFs and H2O2 were 100 µg/mL 
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between sodium alginate and calcium chloride. After coat-
ing, polluted apple chunks were air dried for 60 min in a 
microbial ultra-clean workbench. The group of NiCoFe-
MOFs/sodium alginate + H2O2 was acquired by spraying 
the coated and polluted apple chunk surface with a small 
amount of H2O2 as illustrated in Scheme 1C. The apple sam-
ples were then stored for 10 d in a refrigerator at 4 °C (BCD-
539WT, Qingdao Haier Co., Ltd., Shandong, China). The 
weight losses and antibacterial effect of the apple samples 
were recorded on days 0, 2, 4, 6, 8 and 10. For antibacterial 
effect analysis, apple samples after storage were mixed with 
90 mL 0.1% (w/v) of peptone solution and homogenized for 
2 min at 8 times/s. Finally, the supernatant fluid was spread 
and cultured on agar plates at 37 °C for 18 h before CFU 
enumeration.

Statistical analysis

All experiments were conducted in triplicate except other-
wise stated and results were expressed as means ± standard 
deviation. One-way analysis of variance (ANOVA) was 
utilized using Office Excel 2019 (Microsoft Corp., Red-
mond, USA) to determine the differences between groups, 
with significances given at * p < 0.05, ** p < 0.01, and *** 
p < 0.001.

Results and discussion

Synthesis and characterization of NiCoFe-MOFs

The morphologies and structures of Ni1Co1Fe1-MOFs and 
Ni6Co3Fe1-MOFs were first examined by SEM as shown in 
Fig. 1A-B and E-F, respectively. The results showed that 
the as-prepared Ni1Co1Fe1-MOFs exhibited a 3D foam-
like architecture comprising interconnected nanofibers, and 
Ni6Co3Fe1-MOFs exhibited a nanoflower-like architecture 
with uniform size and good dispersion. The SEM results were 
verified by TEM images (Fig. 1C, G), where Ni6Co3Fe1-
MOFs showed uniform nanoflowers with a diameter of 
about 2 μm. The HAADF-STEM images and EDS elemen-
tal mapping results (Fig. 1D, H) indicated that C, N, O, Ni, 
Co and Fe elements existed and were uniformly distributed 
throughout the whole microstructures of Ni1Co1Fe1-MOFs 
and Ni6Co3Fe1-MOFs, respectively. In addition, to confirm 
the formation of MOF structure, the FT-IR spectra (Fig. 1I) 
were further collected, showing significantly similar char-
acteristic peaks of H2-BDCNH2 and MOFs. The absorption 
peaks at 752 cm− 1, 1230 cm− 1, 1420 cm− 1 and 3390 cm− 1 
could be attributed to the bending vibrations of C-H on the 
benzene rings, and the stretching vibrations of the C-N, 
C = O and O-H, respectively. The peaks at 494 cm− 1 and 

and H2O2 were applied as a control. After washing with 
PBS, the cell viability of NIH-3T3 was determined via a 
cell counting kit-8 (CCK-8, Biyuntian Biotechnology Co., 
Ltd., Shanghai, China). Moreover, the cytotoxicity study of 
NiCoFe-MOFs at different concentrations (12.5, 25, 50, 100 
and 200 µg/ mL) was also performed, and the cells without 
NiCoFe-MOFs were applied as a control.

Fruit storage experiments

To explore the antibacterial and preservation effects of 
the NiCoFe-MOFs/sodium alginate complex coating, 
Ni1Co1Fe1-MOF was chosen as an antibacterial agent. 
Apple was selected as a model fruit [58]. Gram-negative 
Escherichia coli (E. coli, ATCC 700,728) was employed as 
a model bacterium [59].

For obtaining Ni1Co1Fe1-MOF/sodium alginate mixed 
solution, at first, 1.5 g of sodium alginate was dissolved in 
100 mL of water, and the solution was stirred for 60 min in a 
water bath at 60 °C (MS7-H550-Pro, DLAB Scientific Co., 
Ltd., Beijing, China) until the solution became clear and 
transparent. Then, 1.5 g of glycerol and 10 mg of Ni1Co1Fe1-
MOF were introduced into the sodium alginate solution and 
the Ni1Co1Fe1-MOF/sodium alginate mixed solution was 
mixed by a homogenizer for 5 min (QIQIAN-08, Qiqian 
Electronic Technology Co., Ltd., Shanghai, China). After 
homogenizing, the Ni1Co1Fe1-MOF/sodium alginate mixed 
solution was degassed with ultrasonic (SB25-12D, Ningbo 
Xinyi Ultrasonic Equipment Co., Ltd., Zhejiang, China). In 
addition, a calcium chloride solution was acquired by dis-
solving 10 g of calcium chloride, 5 g of ascorbic acid and 
5 g of citric acid in 500 mL of water as illustrated in Scheme 
1B.

Fresh apples were cleaned with tap water, sterile water, 
and 75% alcohol in sequence. Clean apples were cored and 
cut into 10 g of small pieces. LB broth was employed as 
culture media of E. coli. After reaching the logarithmic 
period, the E. coli dispersion was diluted with 0.1% (w/v) 
of peptone solution to 106~107 CFU/mL. Then, 500 µL of 
the prepared E. coli suspension was inoculated on a small 
piece of apple. After inoculation, polluted apple chunks 
were air dried for 60 min in a microbial ultra-clean work-
bench (BCL-1800 A/B, Yatai Kelon Instrument Co., Ltd., 
Beijing, China).

The polluted apple chunks were divided into three 
groups, including uncoated control, coated with Ni1Co1Fe1-
MOF/sodium alginate or Ni1Co1Fe1-MOF/sodium algi-
nate + H2O2. The Ni1Co1Fe1-MOF/sodium alginate 
composite coating was performed by soaking the polluted 
apple chunks in Ni1Co1Fe1-MOF/sodium alginate mixed 
solution for 5 min and then soaking them in calcium chlo-
ride solution for 2 min, based on the cross-linking reaction 
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Fig. 1 (A-B) SEM and (C) TEM images of Ni1Co1Fe1-MOFs, (D) 
HAADF-STEM image and corresponding EDS elemental mapping 
analysis of Ni1Co1Fe1-MOFs, (E-F) SEM and (G)TEM images of 
Ni6Co3Fe1-MOFs, (H) HAADF-STEM image and corresponding EDS 

elemental mapping analysis of Ni6Co3Fe1-MOFs, (I) FT-IR spectra of 
(a) H2-BDCNH2, (b) Ni6Co3Fe1-MOFs and (c) Ni1Co1Fe1-MOFs, (J) 
XPS survey of Ni1Co1Fe1-MOFs, (K) XPS survey of Ni6Co3Fe1-MOFs
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increased. Subsequently, the time dependence of the cata-
lytic reaction was further investigated (Fig. 2F). With the 
extension of time, the catalytic effect of MOFs was greatly 
enhanced in the presence of H2O2, in which Ni1Co1Fe1-
MOFs performed better, while MOFs or H2O2 alone had 
almost no catalytic activity, which further verified the above 
conclusions.

To determine the production of •OH as the main active 
substance in the Fenton-like system, IPA was used as a cap-
ture agent of free radicals to react with •OH, which could 
hinder the degradation of MB. As shown in Fig. 2G-H, after 
adding 10 mM IPA into the system, the degradation rate of 
MB was significantly inhibited and was further inhibited as 
the concentration of IPA increased. Thus, the results obvi-
ously demonstrated that the as-prepared Ni1Co1Fe1-MOFs 
and Ni6Co3Fe1-MOFs, as Fenton-like catalysts, could oxi-
dize H2O2 to form •OH.

In vitro antibacterial test

Motivated by the excellent Fenton-like catalytic activity 
of Ni1Co1Fe1-MOFs and Ni6Co3Fe1-MOFs, their in vitro 
antibacterial abilities were evaluated against both gram-
positive S. aureus and gram-negative E. coli. Primarily, the 
antibacterial property of H2O2 was investigated (Fig. 3A, 
B). H2O2 possesses effective antibacterial activity, which 
has been widely applied to treat bacterial infections. How-
ever, compared with H2O2, •OH can lead to more serious 
oxidative damage to bacteria. Consequently, the as-prepared 
Ni1Co1Fe1-MOFs and Ni6Co3Fe1-MOFs were expected to 
enhance the antibacterial efficiency of H2O2 and thus the 
antibacterial properties of H2O2 alone and H2O2 plus MOFs 
against S. aureus and E. coli were respectively tested. 
The results showed that the H2O2 concentration could be 
reduced by about one to two orders of magnitude in the 
presence of MOFs. Encouraged by these findings, the cor-
responding antibacterial abilities of Ni1Co1Fe1-MOFs and 
Ni6Co3Fe1-MOFs were further evaluated, and results are 
shown in Fig. 3C-D, indicating that Ni1Co1Fe1-MOFs and 
Ni6Co3Fe1-MOFs performed strong dose-dependent anti-
bacterial efficiencies. Ni1Co1Fe1-MOFs and Ni6Co3Fe1-
MOFs could almost achieve complete antibacterial effects 
at the concentration of MOFs of 100 µg/mL after adding 
H2O2. The time-dependent antibacterial efficiencies were 
also investigated as presented in Fig. 3E, F. Both Ni1Co1Fe1-
MOFs and Ni6Co3Fe1-MOFs performed slightly antibacte-
rial activities, while when 0.1 mM H2O2 were added, the 
MOFs could strongly inhibit S. aureus and E. coli with 
the best incubation time of 2 h. In particular, Ni1Co1Fe1-
MOFs exhibited more effective antibacterial activity than 
Ni6Co3Fe1-MOFs, as Ni1Co1Fe1-MOFs had stronger cata-
lytic activity for the production of •OH.

590 cm− 1 were due to the longitudinal and transverse vibra-
tion of Ni-O/Co-O/Fe-O, respectively [60, 61]. The charac-
teristic peak at 3510 cm− 1 belonged to the primary amine 
stretching vibrations of H2-BDCNH2 [62]. Compared with 
H2-BDCNH2, the peaks at 1420 cm− 1 and 3390 cm− 1 were 
both obviously weakened, while the peaks corresponding 
to symmetrical and asymmetric vibration of the carboxyl 
groups were found near at 1380 cm− 1 and 1575 cm− 1, 
respectively, which could be assigned to the coordination 
between H2-BDCNH2 and metal ions. Besides, the signifi-
cant reduction in the peak at 3510 cm− 1 further manifested 
the coordination structure of NiCoFe-MOFs. The formation 
of Ni1Co1Fe1-MOFs and Ni6Co3Fe1-MOFs were further 
validated by XPS (Fig. 1J, K). Specifically, there were six 
elements of carbon (C1s, 285 eV), nitrogen (N1s, 400 eV), 
oxygen (O1s, 532 eV), nickel (Ni2p, 856 eV), cobalt (Co2p, 
782 eV) and iron (Fe2p, 713 eV) in both Ni1Co1Fe1-MOFs 
and Ni6Co3Fe1-MOFs, which indicated the successful prep-
aration of trimetal-organic frameworks.

Fenton-like catalytic activity of NiCoFe-MOFs

Based on the successful preparation of Ni1Co1Fe1-MOFs 
and Ni6Co3Fe1-MOFs, their Fenton-like catalytic activ-
ity was evaluated by the Fenton indicator MB in the pres-
ence of H2O2. As shown in Fig. 2A, Ni1Co1Fe1-MOFs and 
Ni6Co3Fe1-MOFs exhibited significant catalytic activity 
after adding H2O2 and MB, in which the catalytic activ-
ity of Ni1Co1Fe1-MOFs was better. In contrast, the same 
amount of either MOFs or H2O2 alone could hardly cause 
MB degradation. Besides, in comparison with Ni-MOFs, 
Co-MOFs and Fe-MOFs, Ni1Co1Fe1-MOFs had the highest 
Fenton-like catalytic efficiency (Fig. 2B), albeit Ni6Co3Fe1-
MOFs were more efficient than M-MOFs (M = Ni, Co, Fe). 
These phenomena manifested that Ni1Co1Fe1-MOFs and 
Ni6Co3Fe1-MOFs could effectively degrade MB by the gen-
eration of •OH in the presence of H2O2, and the introduction 
of Ni/Co/Fe effectively improved the Fenton-like catalytic 
performance of NiCoFe-MOFs, which was consistent with 
previous reports [31, 60]. Similar to most Fenton catalysts, 
the absorbance of MB was affected by MOF concentration, 
H2O2 concentration, incubation pH and incubation time 
(Fig. 2C-F). As shown in Fig. 2C, D, within a certain range 
of MOFs or H2O2 concentrations, the degradation rate of 
MB increased as the concentrations increased. When the 
MOFs or H2O2 concentrations continued to increase after 
reaching the optimal concentrations, the degradation rate 
of MB decreased gradually, which was due to that •OH 
would be quenched by excessive Fe2+ or H2O2, hindering 
the Fenton-like reaction [63]. Figure 2E shows that the cata-
lytic efficiency of Ni1Co1Fe1-MOFs and Ni6Co3Fe1-MOFs 
achieved the maximum at pH 3.5, then decreased as pH 
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of S. aureus and E. coli exhibited a slight decrease. A ratio-
nal reason for this phenomenon was that a low concentra-
tion of H2O2 had a poor antibacterial effect and the release 
of Ni2+, Co2+ and Fe2+ in Ni1Co1Fe1-MOFs could act on 
bacterial cell membranes, causing the death of a few bac-
teria [40, 42]. Upon simultaneous treatment with H2O2 and 

To further evaluate the synergistic antibacterial effect, 
0.1 mM H2O2 and 100 µg/mL NiCoFe-MOFs (Ni1Co1Fe1-
MOFs or Ni6Co3Fe1-MOFs) were employed. As shown in 
Fig. 4A-C, the control group showed 100% viable S. aureus 
and E. coli with a mass of colonies on LB agar plates. After 
treating with H2O2 and Ni1Co1Fe1-MOFs alone, the viability 

Fig. 2 Fenton-like catalytic 
activities of Ni1Co1Fe1-MOFs 
and Ni6Co3Fe1-MOFs. (A) 
Absorption of MB treated 
with H2O2, MOFs (Ni1Co1Fe1-
MOFs or Ni6Co3Fe1-MOFs) 
and MOFs + H2O2 for 1 h, the 
final concentrations of MOFs 
and H2O2 were 200 µg/mL and 
20 mM, respectively. Values 
are displayed as means ± s.d. 
(n = 3). *P < 0.05, **P < 0.005, 
***P < 0.001. (B) UV-Vis 
absorption spectra of MB with 
different MOFs, (C) Absorption 
of MB treated with Ni1Co1Fe1-
MOFs or Ni6Co3Fe1-MOFs at 
the concentration of 25, 50, 75, 
100, 200, 300, 400, 500 µg/mL 
containing 20mM H2O2, (D) 
Absorption of MB treated with 
H2O2 at the concentration of 5, 
10, 15, 20, 25 mM, containing 
200 µg/mL MOFs (Ni1Co1Fe1-
MOFs or Ni6Co3Fe1-MOFs), (E) 
Absorbance value of MB under 
different pH, containing 20mM 
H2O2 and 200 µg/mL MOFs 
(Ni1Co1Fe1-MOFs or Ni6Co3Fe1-
MOFs), (F) Real-time absorp-
tion of MB in different reaction 
systems: (1) control, (2) H2O2, 
(3) MOFs (Ni1Co1Fe1-MOFs 
or Ni6Co3Fe1-MOFs) and (4) 
MOFs + H2O2, the final con-
centrations of MOFs and H2O2 
were 200 µg/mL and 20 mM, 
respectively, (G) Time-dependent 
curves of MB absorption at dif-
ferent IPA concentrations, (H) 
Capture of •OH incubated with 
IPA at different concentrations 
for 1 h. Values are displayed as 
means ± s.d. (n = 3). *P < 0.05, 
**P < 0.005, ***P < 0.001
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the antibacterial efficiency. All the results further affirmed 
the synergistically enhanced antibacterial property of H2O2 
by Ni1Co1Fe1-MOFs.

To further decipher the antibacterial effect, the changes 
in cell morphologies of S. aureus and E. coli were charac-
terized by SEM, as presented in Fig. 4E. The untreated S. 
aureus (I) and E. coli (V) had an intact and smooth bacterial 
surface, in which the cells of S. aureus appeared as cocci and 
the cells of E. coli were typical bacillus. When the bacteria 
were exposed to H2O2 (II, VI) or MOFs (III, VII), the sur-
face of bacterial cells turned slightly cupped and wrinkled, 
which demonstrated that H2O2 or MOFs alone had a minor 
effect on the membrane integrity of bacterial cells. Espe-
cially, the traversed pores were observed in the bacterial 
membranes, which might be due to that the released Ni2+, 
Co2+ and Fe2+ ions would massively penetrate the bacteria 
cells and cause bacterial membrane defects [64]. Remark-
ably, in the MOFs + H2O2 treatment groups (IV, VIII), the 

Ni1Co1Fe1-MOFs, the antibacterial rates of S. aureus and 
E. coli were increased remarkably to 99.17% and 98.10%, 
respectively, confirming that a Fenton-based synergetic 
antibacterial system was successfully established. A simi-
lar antibacterial tendency was observed in the treatment of 
Ni6Co3Fe1-MOFs.

The integrity of the bacterial cell membrane was charac-
terized by live/dead assays based on fluorescence. SYTO 9 
stained the living bacteria with intact cell membranes green, 
and PI stained the dead bacteria with damaged membranes 
red. As shown in Fig. 4D, the intense green fluorescence 
of the bacteria was observed in the control group without 
red fluorescence, revealing that most bacteria were alive. In 
the H2O2 or MOFs treatment groups, only a few bacteria 
cells emitted red fluorescence, which corresponded to the 
results of agar plates counting above. Cotreatment of H2O2 
and MOFs induced an apparent increase of the red spots, 
manifesting the Fenton-like reaction, dramatically boosting 

Fig. 3 Survival rates of (A) S. 
aureus and (B) E. coli treated 
with H2O2 at different concen-
trations with or without MOFs 
(Ni1Co1Fe1-MOFs or Ni6Co3Fe1-
MOFs) for 2 h; Killing rates of 
(C) S. aureus and (D) E. coli 
treated with Ni1Co1Fe1-MOFs 
at concentrations of 200, 100, 
50, 25 µg/mL with or without 
H2O2. Values are displayed as 
means ± s.d. (n = 3). *P < 0.05, 
**P < 0.005, ***P < 0.001. 
Time-dependent survival rates 
of (E) S. aureus and (F) E. coli 
treated with (1) H2O2, (2) MOFs 
(Ni1Co1Fe1-MOFs or Ni6Co3Fe1-
MOFs) and (3) MOFs + H2O2
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Fig. 4 Survival rates of (A) S. aureus 
and (B) E. coli treated with (1) PBS, 
(2) H2O2, (3) Ni1Co1Fe1-MOFs and (4) 
Ni1Co1Fe1-MOFs + H2O2. Values are dis-
played as means ± s.d. (n = 3). *P < 0.05, 
**P < 0.005, ***P < 0.001. (C) Photo-
graphs of the bacterial colonies formed by 
S. aureus and E. coli in different treat-
ment groups. (D) Fluorescence staining 
images of S. aureus and E. coli in different 
treatment groups. (E) SEM images of 
morphologies by S. aureus and E. coli in 
different treatment groups
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delaying weight loss by enhancing the barrier to moisture 
and oxygen, thus inhibiting the respiration and metabo-
lism of the coated foods [66]. Therefore, sodium alginate 
was chosen as the fruit coating substrate in this study. Fruit 
storage trials were carried out to explore the utilization of 
biocompatible Ni1Co1Fe1-MOF/sodium alginate composite 
coating for food preservation [67, 68]. The main purpose 
of constructing Ni1Co1Fe1-MOF/sodium alginate coating 
was to add better antibacterial properties on the basis of the 
inherent barrier performance of sodium alginate. The pol-
luted apple chunks were divided into three groups, includ-
ing uncoated control, coated with Ni1Co1Fe1-MOF/sodium 
alginate or Ni1Co1Fe1-MOF/sodium alginate + H2O2. As 
shown in Fig. 5E, after storage for 10 d, the weight loss was 
significant in the uncoated apple chunks (5.98%), while the 
apple chunks coated with Ni1Co1Fe1-MOF/sodium alginate 
showed much lower weight loss (1.01%), followed by those 
in the Ni1Co1Fe1-MOF/sodium alginate + H2O2 (1.02%). 
Therefore, there was no need to compare with pure sodium 
alginate, and Ni1Co1Fe1-MOF/sodium alginate coating still 
possessed barrier performance and delayed quality loss, no 
matter whether H2O2 was added or not. As shown in Fig. 5F, 
uncoated apple chunks showed almost no antibacterial 
effect, while the apple chunks coated with Ni1Co1Fe1-MOF/
sodium alginate or Ni1Co1Fe1-MOF/sodium alginate + H2O2 
effectively inhibited E. coli after storage for 2 d. Moreover, 
the Ni1Co1Fe1-MOF/sodium alginate coating possessed 
better antibacterial performance after the addition of H2O2, 
which was ascribed to the Fenton-like catalytic reaction 
between Ni1Co1Fe1-MOF and H2O2. These results revealed 
that Ni1Co1Fe1-MOF/sodium alginate composite coating 
could significantly improve fruit storage by providing mul-
tiple preservation effects, such as delaying weightlessness 
and inhibiting bacteria. Thus, Ni1Co1Fe1-MOF/sodium algi-
nate composite coating could be promising for serving as an 
active agent in food antibacterial packaging.

Conclusions

In the current study, two kinds of trimetal-organic frame-
works (Ni1Co1Fe1-MOFs and Ni6Co3Fe1-MOFs) with 
different atomic ratios of Ni/Co/Fe were successfully 
synthesized, which possessed excellent Fenton-like cata-
lytic activity. Relative to M-MOFs (M = Ni, Co, Fe), both 
Ni1Co1Fe1-MOFs and Ni6Co3Fe1-MOFs presented more 
effective catalytic activities and Ni1Co1Fe1-MOFs showed 
the highest catalytic efficiency, indicating that the intro-
duction of Ni/Co/Fe effectively modified and improved 
the Fenton-like catalytic performance of NiCoFe-MOFs. 
In particular, Ni1Co1Fe1-MOFs had stronger antibacterial 
properties than Ni6Co3Fe1-MOFs because of the greater 

cells of S. aureus and E. coli were observed to be severely 
damaged and almost completely destroyed, indicating that 
Ni1Co1Fe1-MOFs combined with H2O2 performed more 
intensive antibacterial activity. Consequently, the estab-
lished antibacterial system based on the Fenton-like reac-
tion could inhibit S. aureus and E. coli effectively.

Intracellular ROS level detection

To further study the antibacterial mechanism of the estab-
lished antibacterial system, Ni1Co1Fe1-MOFs with a better 
antibacterial activity were chosen to evaluate the intracel-
lular ROS level. As a cellular detection probe, DCFH-DA 
could be converted into cell membrane-impermeable DCFH 
by intracellular esterases, the non-fluorescent DCFH was 
then allowed to be oxidized into 2′,7′-dichlorodihydro-
fluorescein (DCF) with high fluorescence by intracellular 
ROS. Thus, DCFH-DA has been widely employed to deter-
mine the intracellular ROS level. As shown in Fig. 5A-B, 
compared with the control group, the ROS levels were 
slightly improved after treatment with H2O2 or Ni1Co1Fe1-
MOFs, while the cotreatment group caused much more 
prominent levels of intracellular ROS than the single treat-
ment groups, indicating that the enhanced antibacterial 
activity was induced by the increased ROS catalyzed by 
Ni1Co1Fe1-MOFs.

In vitro cytotoxicity assays

Biocompatibility was a primary requirement for the applica-
tions of Ni1Co1Fe1-MOFs and Ni6Co3Fe1-MOFs in medicine 
and food. Hence, after verifying the excellent antibacterial 
activities of the as-prepared MOFs, their cytotoxicity should 
be considered. Firstly, the effects of MOF concentration on 
the viability of 3T3 cells were examined (Fig. 5C-D). The 
results showed that both Ni1Co1Fe1-MOFs and Ni6Co3Fe1-
MOFs exhibited ignorable cytotoxicity to 3T3 cells. The 
cell viability maintained greater than 90% in the concentra-
tion range of 12.5 to 100 µg/mL and decreased slightly only 
at the concentration of 200 µg/mL. Furthermore, at a low 
dose of H2O2, no obvious cytotoxicity was observed, and 
the viability of 3T3 cells remained at a high level after the 
addition of Ni1Co1Fe1-MOFs or Ni6Co3Fe1-MOFs. All the 
results demonstrated that the as-prepared Ni1Co1Fe1-MOFs 
and Ni6Co3Fe1-MOFs had excellent biocompatibility.

Fruit preservation study

Sodium alginate has the advantages of wide source, low cost, 
high safety, good film-forming ability, good biodegradabil-
ity and biocompatibility [65]. In addition, the robust cross-
linking property of sodium alginate colloids contributes to 
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Fig. 5 Intracellular ROS levels 
of (A) S. aureus and (B) E. coli 
treated with (1) PBS, (2) H2O2, 
(3) Ni1Co1Fe1-MOFs and (4) 
Ni1Co1Fe1-MOFs + H2O2. Values 
are displayed as means ± s.d. 
(n = 3). *P < 0.05, **P < 0.005, 
***P < 0.001. (C) Cell viabil-
ity of 3T3 cells incubated with 
Ni1Co1Fe1-MOFs at various con-
centrations (12.5, 25, 50, 100 and 
200 µg/mL) for 24 h. (D) Cell 
viability of 3T3 cells incubated 
with different treatments: (1) 
PBS, (2) H2O2, (3) Ni1Co1Fe1-
MOFs and (4) Ni1Co1Fe1-
MOFs + H2O2. (E) Weight loss 
rates of apple chunks coated with 
PBS, Ni1Co1Fe1-MOF/sodium 
alginate and Ni1Co1Fe1-MOF/
sodium alginate + H2O2. (F) 
Antibacterial effects of polluted 
apple chunks coated with PBS, 
Ni1Co1Fe1-MOF/sodium alginate 
and Ni1Co1Fe1-MOF/sodium 
alginate + H2O2
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