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A B S T R A C T   

Nano-silver (Ag) with ultra-small particle sizes have strong antibacterial activity because it can pass through the 
bacterial cell wall and enter the internal environment, causing irreversible damage to bacteria, but the disad-
vantages such as easy agglomeration and high toxicity alone limit its application. Therefore, In this study, by 
loading ~ 3 nm ultrasmall particle sizes Ag (QDs) on the Fe3O4/Cu/CuO (FC) surface, core–shell type Fe3O4/Cu/ 
CuO@Ag nanocomposite (FAN) was created. We used commercially available Bordeaux liquid (BM) as a control 
and targeted Gram-negative Escherichia coli (E. coli) and Gram-positive Staphylococcus aureus (S. aureus) to 
investigate the antibacterial activity of the material and its antibacterial mechanism. To examine the biocom-
patibility of materials with human cells and their effect on plant growth, the model plant employs mung bean as 
its objectives. The results showed that FAN can effectively inhibit E. coli and S. aureus for up to 99.99 % within 
20 min, which is ten times greater than BM. It had a delaying effect on the adaptation period and logarithmic 
phase of bacterial growth, and could effectively destroy bacterial cell walls and respiratory enzymes. According 
to biocompatibility studies, FAN has little effect on lactation cells and can promote mung bean germination, root 
growth, and chlorophyll content with twice the efficiency of BM. This research opens the door to inhibition 
agents for bacterial control in applications.   

1. Introduction 

Cu2+ and Ag+, the principal components of commercially available 
inorganic antibacterial treatments such as Bordeaux liquid (BM), copper 
hydroxide, copper sulfate basic, and Mai shu-bao (Ag ion bacteriostatic 
agent), are frequently utilized in disease prevention due to their potent 
bactericidal properties (Yeon et al., 2022; Yu et al., 2022), because if 
they frequently have minor side effects on the human body, safety, and 
dependability. A specific concentration of Cu ion as a biological trace 
element not only promotes the growth of plant roots, stems, leaves, and 
fruits, but also has a potent inhibitory impact on Gram-positive bacteria, 
Gram-negative bacteria, fungi, viruses, and so on (Nieto et al., 2022; 
Nilanjan et al., 2022; Liu et al., 2022). However, the increased usage of 
Cu-based bacterial inhibitors resulted in substantial negative impacts of 

bacterial drug resistance, which caused significant losses in agricultural 
production as a result of the rising need for food resulting from popu-
lation growth. 

Numerous studies (Sen et al., 2022; Cao et al., 2022) described the 
use of organic bacteriostatic compounds to target the functional proteins 
or active enzymes of bacteria in order to synergistically boost antibac-
terial action. However, these chemicals are incapable of causing irre-
versible harm to bacteria. Importantly, the majority of organic 
compounds in the environment are difficult to breakdown, making it 
easier for them to linger in plants and cause environmental and human 
harm. In agricultural development, there is an urgent need to develop a 
more effective, non-resistance, and less toxic antibacterial agent. 

Compared to use Cu2+, Ag+ and organic bacteriostatic compounds, 
Copper nanoparticles (NC) and nano Ag nanoclusters (NAs) have 
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attracted increasing attention in recent years due to their excellent 
antibacterial activity and no drug resistance. NC and NAs have abundant 
surface plasmon, and after absorbing a certain amount of light quantum, 
the electronic transition creates Cu2+, Ag+ and reactive oxygen clusters 
(ROS) (Li et al., 2022; He et al., 2022; Belmonte et al., 2022; Li et al., 
2022). Ultimately, the synergistic action of ROS, Cu2+ and Ag+ can have 
remarkable antibacterial activity. Sami et al (Sami et al., 2020). reported 
that the inhibitory trials of NAs on E. coli under diverse settings; under 
the activation of light, these nanoparticles can cause irreparable damage 
to E. coli and drug-resistant S. aureus. As stated previously, their data 
demonstrated that the inhibitory action of NAs is linked to ROS gener-
ation. Jung and colleagues (Jang et al., 2020) used graphene oxide as a 
carrier and loaded NC and NAs nanoparticles on its surface to study the 
inhibition of bacteria and biofilms, demonstrating that Graphene oxi-
de@Ag/Cu can produce a strong inhibitory activity against S. aureus, 
Bacillus subtilis, Pseudomonas aeruginosa, Salmonella, and biofilms. the 
results reveal that the material for the in vitro and in vivo inhibitory 
mechanism is derived from the correct quantity of ROS generated from 
NC and the synergistic action of Cu2+ and Ag+. Rana and colleagues 
(Rana et al., 2022) have demonstrated that ROS are hazardous to mi-
croorganisms such as bacteria, fungus, mycoplasma, and chlamydia, 
which, within a particular range, can promote seed germination. The 
majority of researches have established that both NC and NAs nano-
particles can suppress the growth of bacteria via the formation of ROS. 
Nanomaterials containing Cu or Ag with higher ROS levels in antibac-
terial applications and plant growth promotion are still under 
investigation. 

In this work, the redox potential of NAs is greater than that of Fe2+

((E (Ag+/Ag) = 0.80 V, E (Fe3+/Fe2+) = 0.77 V) and the composite with FC 
can boost the electron migration rate of the material via the Fenton 
reaction to generate more ROS. Ag QDs were loaded onto the surface of 
FC to produce the FAN composites, which cannot solve the problem of 
Ag agglomeration, but have strong antibacterial properties by Fenton 
reaction. We used commercially available BM as a control and targeted 
E. coli and S. aureus to investigate the antibacterial activity of the ma-
terial and its antibacterial mechanism. To examine the biocompatibility 
of materials, the model plant employs mung bean as its targets. this FAN 
multifunctional composite can provide novel ideas for the creation of 
conventional bacterial inhibitors in agricultural productivity. 

2. Materials and methods 

2.1. Materials and characterization 

Silver nitrate (AgNO3 AR), Iron (III) chloride hexahydrate 
(FeCl3⋅6H2O AR), copper chloride (CuCl2 AR), ethylene glycol (AR), 
sodium citrate (C6H5Na3O7⋅2H2O AR), 3-aminopropyl-trimethylsilane 
(C6H17NSi (APTMS) AR), sodium borohydride (NaBH4), sodium chlo-
ride (NaCl AR), absolute ethanol (AR), acetonitrile (AR) and isopropanol 
(AR) were used in this study. Yeast extract powder, tryptone and agar 
were bought from Beijing Obosing Biotechnology. E. coli (NBCC 
133264) and S. aureus (NBCC 337755) were provided by Shaanxi 
Institute of Edible Fungi. Water used in all experiments was purified. All 
chemicals were ACS grade and used as received without further 
purification. 

The morphology and size of the synthesized samples were confirmed 
using TEM (JEM-2010F, Japan). The XRD analysis of the samples were 
recorded by X-ray powder diffraction (ADVANCE-D8, Germany), 
detected in the 2θ range of 20 − 80◦. The UV–Visible absorption spectra 
of the synthesized samples were acquired with a UV–Vis spectropho-
tometer (UV-6100S, Shanghai) at room temperature. The magnetic 
measurement data of the as-prepared nanocomposite was investigated 
using a vibrating sample magnetometer (VSM) (HG-500, America). 
Using X-ray photoelectron spectroscopy, the elements and valence states 
present on the surface of the final products were determined. For 
isothermal microcalorimetry measurements, (Setaram-C80, France) 

microcalorimeter was utilized. Using an Olympus-IX73 inverted fluo-
rescence microscope (Olympus Corporation), the DNA fluorescent 
staining of the examined samples was seen. 

2.2. Preparation of materials 

2.2.1. FC was prepared by hydrothermal method 
To form a clear solution, 2.4 mM of FeCl3⋅6H2O and 1.2 mM of CuCl2 

were added to 20 mL of ethylene glycol, Subsequently, NaAc (1.2 g) and 
C6H5Na3O7⋅2H2O (0.2 g) were added to the previous solution and 
equally dispersed using ultrasonic vibrations. The mixture was moved to 
the polytetrafluoroethylene internal bile of a 25 mL stainless steel 
autoclave, where it underwent a 10 h reaction at 200 ◦C. It was then 
cooled to room temperature (Gilroy et al., 2016). The black solid was 
cleaned multiple times with ultrapure water and ethanol before being 
dried in a 60 ◦C vacuum oven for 12 h. Fe3O4 preparation of FeCl3⋅6H2O 
is 3.2 M; repeat the preceding procedure without CuCl2. 

2.2.2. Preparation of Ag QDs 
0.5 mM of AgNO3 and 0.5 mM of C6H5Na3O7⋅2H2O were mixed in 

equal volumes to form a 100 mL solution, After 10 min of stirring, 3 mL 
of 10 mM NaBH4 was added, and the solution colored brilliant yellow 
after 30 s. 

2.2.3. FC surface modification 
50 mg of FC was added to 75 mL of isopropanol and stirred for 20 

min, then 0.25 mL of APTMS was added and refluxed for 12 h at 70 ◦C, 
After reaching room temperature, the product was washed four times 
with ultrapure water and stored (Mikel et al., 2022). 

2.2.4. Preparation of FAN 
The modified FC was added to 20 mL of distilled water, followed by 

the addition of 20 mL of Ag QDs, After 20 min of ultrasonic treatment, 
static adsorption for 20 min was repeated. The product was washed 
multiple times with distilled water and dried at 60 ◦C for 10 h. 

2.2.5. Preparation of NAs 
100 mL of diethylene glycol was added to a 250 mL flask and heated 

at 150 ◦C for 30 min, Then 1.2 mL of 3 mM NaHS was added and stirred 
for 10 min, Subsequently, 10 mL of 3 mM HCl and 25 mL of 20 mg/mL 
PVP (all the above solvents were diethylene glycol) were added and 
heated to 150 ◦C for 10 min, Finally, 8 mL of 282 mM CF3COOAg was 
added and reacted at 150 ◦C for 30 min to obtain NAs. The reaction was 
terminated by cooling in the ice water bath, The NAs was washed three 
times with acetone at 15,000 r/min, twice with 0.5 % sodium citrate, 
and dried in a vacuum dryer for further use (Wang et al., 2013). 

2.3. Monitoring of ROS production 

To monitor ROS generation in nanoparticles, we used ascorbic acid 
as a monitoring agent (ascorbic acid has a characteristic UV–vis ab-
sorption peak at 266 nm and can be oxidized by ROS to non-absorbing 
deoxyascorbic acid), specifically phosphate buffer (PBS, PH = 7.4) 10 
mL was added to nanoparticles and ascorbic acid successively to adjust 
the final concentration of nanoparticles (16 μg/mL) and ascorbic acid 
(60 μM). The resulting mixture was incubated at 37 ◦C for 10 min, 
remove the nanoparticles by magnetic separation, and ascorbic acid 
changes were monitored by UV–vis (King et al., 2016; Benarroch and 
Asally, 2020; Liu et al., 2022). 

2.4. Bacteria inhibition experiments (antibacterial activity) 

The bacterial inhibitory activity of the materials was monitored with 
the E. coli and S. aureus, both of which were grown at 37 ◦C during their 
exponential growth phase. The LB medium, ultrapure water, saline, 
phosphate buffer and other biological materials were sterilized under 
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autoclave (121 ◦C, 20 min), and the bacteria were incubated in a 
biochemical incubator at 37 ◦C (Deng et al., 2022). 

2.4.1. Diffusion experiment of filter paper 
The FC, NAs and FAN particles were dispersed in the ultrapure water 

with sterilization to prepare gradient solutions with concentrations of 
50, 100, 200 and 400 μg/mL. The overnight activated bacteria were 
diluted with sterile saline to 5 × 107 CFU (colony-forming units)/mL, 
and 500 μL were evenly spread on the sterilized solid LB medium, Then, 
8 μL of antibacterial solutions of different materials was added to the LB 
medium inoculated for 12 h, The observation results of the six groups 
were done parallel. After obtaining the optimal inhibition concentra-
tion, the inhibition activity of the FAN composites was compared with 
that of a commercially available BM as a reference. 

2.4.2. Colony counting experiment 
The nanomaterials were added to 5 × 105 CFU/mL bacterial sus-

pension, with a final concentration was 200 μg/mL. The mixture was 
mixed for 5, 10, 20 and 40 min, respectively, 10 μL of the upper layer 
liquid was taken and separated using magnetic separation and evenly 
coated on solid LB medium for 12 h, The results of 6 groups were par-
allel. The antibacterial efficiency (n) was as follows, 

n = (Bo − B)/Bo × 100%  

where n represents the bacteriostatic efficiency, B0 is the number of 
colonies in the reference and B is the number of colonies with different 
materials. 

2.5. Bacteria inhibition mechanism experiments 

2.5.1. Bacterial growth curve monitoring experiment 
In order to detect the specific effects of the materials on the growth 

stage of the bacteria, microcalorimetric analysis was used to detect 
changes in the intensity of heat release from bacteria during the accli-
mation, logarithmic, stabilization and decline periods to analyze the 
bacterial inhibitory activity of the material, more heat release from 
bacteria indicates stronger bacterial growth activity. Therefore, the 
material and the liquid LB medium of the inoculated bacteria were 
mixed to prepare 5 mL solution. The final bacterial concentration was 5 
× 107 CFU/mL, and the material concentration was 200 μg/mL. The 
growth and heat release intensity of the bacteria were monitored at 
37 ◦C. 

2.5.2. Bacterial cell wall potential analysis 
In order to further test the extent of bacterial cell wall damage, Zeta 

potential can be used to measure the change of bacterial cell wall charge 
to explore the damage of bacterial cell wall. The bacteria was diluted to 
7.5 × 107 CFU/mL, more sterile water was added into the material in 
sequence. The final concentration of material should be 200 μg/mL, 
Then cultured for 5 and 20 min after separation and removal of the 
material, were tested bacteria cell wall potential changes. 

2.5.3. Bacterial PI staining experiment 
To test the integrity of bacterial cell membrane damage, propidium 

iodide (PI) was used as a DNA-stained dye. 50 μL of PI (50 μg/mL) was 
added to the above miscible liquids for 15 min in the dark, The mixture 
was washed three times with phosphate buffer at 13,000 r/min in a 
centrifuge, and the bacterial damage was observed under a fluorescence 
inverted microscope. 

2.6. In vitro cytotoxicity of the assay 

We investigated the biocompatibility of the materials using the 
standard MTT method, Using PBS as the control, the cell culture medium 
was HDMEM containing 10 % standard fetal bovine serum, and the 

medium was changed every day, Cells were cultured at 37 ◦C with CO2 
concentration of 5 % and humidity of 95 %. The specific experiments 
were as follows, the cells were added to the 96 - well plate at a con-
centration of 2000 cells/well and incubated overnight, The medium was 
removed, and 100 μL of medium containing materials of different con-
centrations was added. After culturing for 3 days, 25 μL of MTT solution 
(5 mg/mL in PBS) was added and incubated for for 2 h. The supernatant 
was removed and 100 μL of DMSO was added to dissolve the Formazan 
crystals, The medium was sealed and developed overnight. The ab-
sorption peak was monitored by a spectrophotometer to evaluate the 
toxicity W of materials to cells. 

The calculation formula is: 

W = OD(experimentalgroup)/OD(controlgroup) × 100%  

2.7. Growth impact experiments of plants 

For seed germination experiments, mung bean seeds were soaked in 
10 % (v/v) NaClO4 for 10 min, washed several times with distilled 
water, and then soaked in distilled water at 4 ◦C overnight. The soaked 
seeds were evenly spread in the petri dishes, 20 plants in each petri dish, 
repeated six times (initial mung bean seeds), and then added into the 
petri dish with ultrapure water and a mixture of materials with certain 
concentrations, Germination was observed for 36 h in the greenhouse at 
25 ◦C (Cota et al., 2020; Du et al., 2018). 

2.7.1. Tests of root activity and chlorophyll content 
The initial mung bean seeds were added to the nutrient solution and 

cultured at 25 ◦C until germination, The germinated seedlings were 
transferred to the nutrient solution, and the materials with a certain 
concentration gradient were placed in an artificial climate incubator at 
25 ◦C. The humidity was 60–––70 %, the illumination time was 16 h/d, 
and the illumination intensity was 150 μM/s⋅m2, After 14 days, the root 
growth activity and chlorophyll content were tested. 

2.7.2. Root activity test 
Root growth activity of mung bean sprouts was monitored using the 

triphenyltetrazolium chloride (TTC) method. 0.5 g of mung bean sprout 
roots were taken and mixed with 5 mL of TTC solution (4 g/L) and 5 mL 
of phosphate buffer (0.07 M), in sequence incubated for 2 h at 37 ◦C in a 
dark environment, 2 mL of H2SO4 (1 M) was added to stop the reaction, 
and the roots were removed and wiped, The supernatant was further 
obtained and the amount of tetrazolium reduction was monitored 
spectrophotometrically. 

2.7.3. Chlorophyll content test 
0.15 g of the above leaves were ground to powder using liquid ni-

trogen for 20 min, further immersed in 20 mL of a mixture of acetone 
and ethanol (v/v = 1:1) for 24 h, The supernatant was taken and the 
chlorophyll content was measured by spectrophotometer. 

3. Results and discussion 

3.1. Characterization of materials 

Fig. 1a illustrates a schematic of the FAN synthesis process, CuCl2 
and FeCl3 were employed as precursors and reduced by ethylene glycol 
and C6H5Na3O7 at 200 ◦C to generate Cu0 and Fe2+ composite crystal 
nucleus in magnetic ferrite, which grew to form spherical clusters. Cu0 is 
oxidized to Cu2+ in the air, therefore, FN consists of Fe3O4, Cu, and CuO. 
The carrier FN, a metal oxide surface with a large number of hydroxyl 
groups, may be grafted onto the surface of spherical clusters by APTES 
dehydration condensation, and FAN was generated by adsorption of ~ 3 
nm Ag QDs utilizing the coordination action of the amino group and Ag0. 

TEM was utilized to study the size and shape during the synthesis 
process. FC (Fig. S1a and d, Supporting Information) is a monodisperse 
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spherical clusters structure with a particle size of 154.1 ± 18.4 nm, 
whereas NAs (Fig. S1b, Supporting Information) and Fe3O4 (Fig. S1c, 
Supporting Information) have particle sizes of 8.5 ± 5.2 and 200.8 ±
25.3 nm. FAN (Fig. 1b) composites have a heterostructure with a rela-
tively homogeneous dispersion and a uniform surface loading of 3.0 ±
1.4 nm Ag QDs (Fig. S1e, Supporting Information), respectively, to 
initially validate the elemental composition of matrix material, Fig. 1c 
and 1d demonstrates an HR-TEM picture of FAN, the (440) crystal plane 
corresponds to the 1.45 nm lattice fringe of Fe3O4, whereas the (111) 
and (020) crystal planes correspond to the 2.08 nm and 1.71 nm lattice 
fringes of Cu and CuO, respectively, the measured lattice fringe dis-
tances of Ag are 2.04 nm and 2.35 nm, which correspond to the (200) 
and (111) lattice planes. EDS mapping (Fig. 1e) and spectroscopic plot 
analysis (Fig. S1f and 1 h, Supporting Information) revealed that FAN 
contains the elements Fe, O, Cu, N, C and Ag, The results demonstrate 
that Fe, O, Cu, N, and C are evenly dispersed within the microspheres, 
while Ag is uniformly placed on their surfaces to produce a hetero-
structure. The atomic contents of Fe, Cu, Ag, and O are 6.39, 0.65, 0.82, 
and 22.62 %. The results shown above indicate that Fe3O4, Cu, CuO, and 
Ag are present in FAN, indicating that these three constituents are 
coupled to form a heterogeneous structure. 

X-ray powder diffraction was used to determine the crystal structure 
of the produced materials, Fig. 2a displays the XRD patterns for NAs, FC, 
and FAN. The diffraction peaks at approximately 38.9, 44.28, 64.43, and 
77.38◦ correspond to the (111), (200), (230) and (331) crystal planes 
of Ag lattice (standard diffraction peak card JCPDS 04–0783). The 
diffraction peaks at 30.28, 35.85, 57.30 and 62.57◦were assigned to the 
(220), (311), (511) and (440) crystal planes of spinel type Fe3O4 
(standard diffraction peak card JCPDS 19–0629). According to JCPDS 
card numbers 44–0706 (monoclinic phase) and 04–0836 (cubic phase), 
the most notable diffraction peaks of CuO and Cu, including (020), 

(113) and (111), (200), (220) were at degrees 53.48, 67.9 and 43.30, 
50.43, 74.13◦, respectively. 

Using XPS, the elemental states and surface composition of the FAN 
(Fig. S2a, Supporting Information) were investigated, and the binding 
energy spectral peaks of C, N, Ag, Fe, Cu, O and Si are depicted in 
Fig. S2b-d, (Supporting Information) and Fig. 2b, 2c and 2e. C1s (284.8 
eV), N1s (399.2 eV) and Si 2p (101.76 eV) correspond to the elements in 
APTES, whereas the spectrum peaks at 368.27 and 373.84 eV corre-
spond to the binding energies of Ag 3d5/2 and Ag 3d3/2 of monomeric 
Ag, respectively. 724.0, 718.6 and 709.9 eV appearing in Fe 2p1/2, Fe 
2p2/3 correspond to Fe3+ and Fe2+ in Fe3O4, 933.54 eV in Cu 2p3/2 is 
attributed to Cu0, Cu 2p1/2 and 953.7 eV, and the splitting 943.46 and 
940.68 eV corresponding to Cu2+, is due to the release of electrons from 
Cu0 in the two spectral peaks at 530.8 and 529.5 eV in the O 1 s spectrum 
correspond to the binding energies of the O2– elements CuO and Fe3O4. 

Fig. 2f compares the UV–vis absorption spectra of FC, NAs and FAN 
composites, FC has a broad absorption peak at 600 nm due to the typical 
absorption peak of Cu, whereas NAs has a peak at 400 nm due to its 
characteristic absorption peak. As a result of the surface plasmon reso-
nance of Ag and Cu following absorption of visible light, the hetero-
structure type FAN has a more pronounced absorption peak from 300 
nm to the visible light area (Wu et al., 2022), and the change is more 
pronounced compared to FC and NAs. The magnetic properties of FC and 
FAN were studied under VSM at room temperature with an external 
magnetic field ranging from − 10,000 to 10,000 Oe, and their magnetic 
properties were reflected by the hysteresis lines in Fig. 2g with MS 
values of 51.56 and 49.65 emu g− 1 for FC and FAN. Because Ag is not 
magnetic and its loading on the surface of FC dilutes its magnetic 
properties, the comparison reveals that the magnetic saturation in-
tensity of FAN is lower, the VSM research demonstrates that FAN pos-
sesses powerful magnetic characteristics. 

Fig. 1. Schematic illustration of FAN nanocomposite preparation (a). TEM image of FAN (b), Typical HRTEM image of as-synthesized FAN (c, d). Energy dispersive 
X-ray spectroscopy mapping image of FAN (e). 
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Ascorbic acid with a UV–vis distinctive absorption peak was utilized 
to evaluate the rate of ROS production in order to determine whether 
FAN produces reactive oxygen species (ROS), The results are depicted in 
Fig. 2h. After 10 min of incubation, the absorption peak at 266 nm in the 
reference is the characteristic absorption peak of ascorbic acid, The rate 
of decomposition was 32.7 % for FC and 99.9 % for FAN. ROS analysis 
revealed that FAN produced a large amount of ROS in the medium, it 
was caused by the loading of Ag on the surface of FC, which enhanced 
the electron migration rate of the nanomaterial. 

3.2. Bacteriostatic activity 

Bacterial inhibition tests were performed in LB media at 37 ◦C for 12 
h, as shown in Fig. 3a and 3b. The comparison showed no transparent 
inhibition circle, and Ag NPs had a weak inhibition circle against E. coli 
at 400 µg/mL, but no inhibition activity against S. aureus. The inhibitory 
activity of FC and FAN against microorganisms increased with concen-
tration, the inhibition circle of the two materials against S. aureus is 
greater than that of E. coli, indicating that they are more sensitive to 
S. aureus. Furthermore, when two materials of the same strain are 
compared, FAN has higher inhibitory effect, and the specific diameter (d 
± 0.1 cm) of the inhibition circle is displayed in Fig. 3c. When compared 
to commercially available BM, the best inhibitory concentration was 
200 µg/mL, according to data analysis; the findings are displayed in 
Fig. 4d, 4e and 4f, which shows that at a material concentration of 200 

µg/mL, the diameter of the inhibition circle of FAN to E. coli is ten times 
that of BM, whereas that of S. aureus is fifteen times that of BM. 

The colony counting method was used to evaluate the time inhibition 
effectiveness and semi-sterilize concentration time (LC50) of the material 
in order to demonstrate its inhibitory efficiency. As depicted in Fig. 4a 
and 4d, the bactericidal results of FAN on E. coli and S. aureus at a 
concentration of 200 µg/mL at different times revealed that S. aureus 
had almost no colony count in 20 min, indicating that its inhibition rate 
is 99.99 %, whereas E. coli, which contained one colony at the same 
time, had an inhibition efficiency of greater than 99.98 %. The colony 
counting method revealed that the inhibition rate against E. coli and 
S. aureus reached 99.99 % within 20 min (LC50 = 10 min) when the 
concentration was 200 µg/mL. 

The findings of the microcalorimetry test for bacterial growth with 
200 µg/mL FAN are depicted in Fig. 4g and 4 h. The substance has a 
delayed effect on the adaptation and logarithmic phase of the bacteria 
compared to the bacteria in the reference, and the heat flow released is 
approximately 4 % of that of S. aureus in the reference and 13 % of that 
of E. coli in the reference, It has been demonstrated that the substance 
harmed the respiratory systems of bacteria. Its macroscopic monitoring 
focuses primarily on heat absorption, which is induced by the combined 
action of materials and bacteria as bacterial growth metabolism de-
clines. The comparison revealed that the effect of FAN on S. aureus was 
more significant, confirming the preceding findings. 

We assessed the change in the potential difference of the bacterial 

Fig. 2. XRD (a) and XPS spectra of Ag 3d (b), Fe 2p (c), Cu 2p (d), O 1 s (e). UV–vis spectra of FC, NAs and FAN (f). The VSM spectra of Fe3O4, FC and FAN (g). 
UV–Vis diffuse reflectance spectra of FC and FAN samples produces ROS against the degradation peak of ascorbic acid (h). Zeta potential analysis results (i). 
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cell wall using Zeta potential analysis to determine the cell wall damage 
caused by the components (Fig. 2i). The experiment revealed that the 
Zeta potential values of E. coli and S. aureus at a bacterial concentration 
of 7.5 × 106 CFU/mL were − 14.54 and − 13.98 mV, respectively. After 
mixing with FAN at a concentration of 200 µg/mL for 5 min, the po-
tential values changed to − 11.23 and − 10.56 mV, and after mixing for 
20 min, they decreased to − 6 mV. The comparison reveals that the Zeta 
potential value of the bacteria did not change significantly after 5 min, 
that may be related to the adsorption of material on the bacteria, which 
led to the death of a few bacteria. However, the Zeta potential value 
changed significantly after 20 min, and when combined with micro- 
thermal analysis, it can be demonstrated that the FAN material can 
cause damage to the negative potential difference of the bacterial cell 
wall, resulting in the destruction of the bacterial cell wall, ultimately, 
the death of the bacteria. 

To further analyze the bactericidal mechanism of the materials 
against bacteria, the red fluorescent dye (PI) is used to determine the 
bacterial mortality rate. E. coli and S. aureus have macroscopic mor-
phologies that are rod-shaped and spherical, respectively. Since PI 
staining is ineffective on living bacteria, it binds to plasmids or DNA in 
the nucleic acid of dead bacteria and appears red under a fluorescence 
microscope. Fig. 4b, 4c, 4e and 4f show an inverted fluorescence mi-
croscopy study revealing less red signal in the reference, which were 
primarily caused by the aging and death of normal bacteria. There are 
more red spherical spots on S. aureus treated with materials than on 
E. coli, indicating that materials can disrupt S. aureus cell wall. 

As trace elements of plants and animals, copper and iron ions are 
similarly hazardous in big concentrations. To examine the cytotoxicity 
of BM and materials, we utilized MCF-7 cells as the target and employed 
the semi-inhibitory concentration (IC50) of the commercially available 
anticancer drug Pictilisib (GDC-0941) as a reference. The results (Fig. 4i) 
revealed that the IC50 of GDC-0941 was 308.18 ± 10.00 µg/mL, BM was 
19.58 ± 1.00 µg/mL, and FAN was 209.97 ± 8.00 µg/mL. BM and FAN 
are approximately two-thirds as hazardous to MCF-7 cells as the 

commercially available GDC-0941, but the safe concentration is ten 
times higher than that of BM. 

3.3. Analysis of antibacterial mechanism 

The Ag QDs included in FAN has an abundant surface plasma, and 
following absorption of visible light, the electron resonance on the local 
surface causes the transition of d-orbit electrons into holes and free 
electrons. The conjunction of holes and oxygen in the medium can form 
reactive oxygen species (ROS), and electron participation in the cycles of 
Cu0, Cu2+, Fe2+, and Fe3+ increases the electron migration rate, ROS and 
trace amounts of Fe and Cu ions may also be released during this elec-
tron migration process. The primary distinction between Gram-negative 
E. coli and Gram-positive S. aureus utilized as model bacteria is the 
structure of the cell wall, S. aureus cell walls have 40–––60 layers of 
stable phospholipid bilayer structure and a minor quantity of phos-
pholipid acid, whereas E. coli cell walls contain a substantial amount of 
lipopolysaccharide and a tiny amount of phospholipid bilayer (An et al., 
2021; Ding et al., 2021). Different levels of PO4

- , –OH, and COO– in 
phospholipid bilayers, phosphopeptides, and lipopolysaccharides create 
a negative potential difference on the bacterial surface, the ions gener-
ated by the nano - Cu and Ag of FAN can be adsorbed on the surface of 
bacteria via electrostatic action, resulting in changes in the potential 
difference of the cell wall and bacterial death. ROS possesses powerful 
oxidative characteristics and can damage bacterial organelles. The cell 
wall of E. coli contains a greater quantity of lipopolysaccharide than 
phospholipid bilayer, and protein is more sensitive to reactive oxygen 
species (ROS), therefore FAN destroys the cell wall of E. coli more 
severely, which is compatible with the results of PI staining and zeta 
potential analyses. Cu(OH)2 is the active component of BM, which is 
utilized as a bacterial inhibitor. Although the released Cu2+ is toxic to 
bacteria, the plasmid in the cytoplasm of E. coli contains sensitive RNA 
that can produce an extracellular efflux pump system through its own 
regulation. Intracellular metallothionein, metal chelators, and other 

Fig. 3. Photographs of zone of inhibition of E. coli (a, b) and S. aureus (d, e), O(control), A (NAs), B (FAN), C (FC), D (BM). The detailed zone diameter of the 
inhibition test results (relative error within 0.03 cm) of composite materials with different concentration and different condition against E. coli and S. aureus (c). 
Antimicrobial effect of FAN against BM (f). 
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resistance mechanisms reduce the bacterial inhibitory activity of BM, 
and additional ROS in FAN can disrupt the efflux pump system in the 
absence of bacterial resistance (Wang et al., 2022; Imani et al., 2020). 
Secondly, nano - Ag can enter the bacterial interior through the Cu ion 
channels (the d orbit of Ag ions is similar to that of Cu ions, and ion 
channel proteins permit the passage of particle sizes 3 nm free in the 
cytoplasm (Yu et al., 2020), irreversibly binding Fe-S clusters of meta-
bolic systems in the cytoplasm and releasing Fe2+, which undergoes 
Fenton reaction in the cytoplasm, and its products can disrupt the 
normal metabolism of bacteria.(Fig. 5) Despite the fact that the bacte-
riostatic performance of FAN is superior to that of the BM bacteriostatic 
mechanism, its mode of action requires additional investigation. 

3.4. Effect on mung bean germination 

As shown in Fig. 6a, we studied the effect of FAN on the germination 
structure of mung bean using water as a control and commercially 
available BM as a comparison. After 36 h of incubation, the root elon-
gation and robustness of seeds in BM at doses of 10, 50, 100, and 200 µg/ 
mL were greater than the control, however root germination was 
considerably hindered at 400 µg/mL. When the concentration of FAN is 
between 10 and 200 µg/mL, it clearly promotes the elongation and 
expansion of the mung bean root system, however above 400 µg/mL, it 

inhibits litter formation, The inhibitory impact is hence BM > FAN. 
Under identical FAN and BM concentrations, FAN promoted seed 
germination with a higher germination rate and a more robust root 
system than BM. 

In this work, mung bean seedlings were used as a model to examine 
the impacts of materials on root activity and chlorophyll content to 
better investigate the effects of materials on the physiological indicators 
of plant seedlings, The growth outcomes are depicted in Fig. 6b and 6c. 
With reference to the aim, it can be noted that as BM concentration 
increases, the number of seedling capillary roots increases and the leaves 
of the plants become more luxuriant, however root activity and leaf 
growth of bean sprouts are considerably suppressed over 100 µg/mL. At 
100 µg/mL, the root activity in FAN did not alter considerably, although 
the plant chlorophyll content was remained elevated at 200 µg/mL, The 
root activity and chlorophyll content test results revealed that compared 
to BM, FAN significantly increased the root activity of mung bean 
seedlings when the concentration was less than 200 µg/mL, and had a 
higher chlorophyll content and higher root activity at this concentra-
tion, so its application value is double that of BM. Fig. 6d, 6e and 6f 
depicts the specific growth data analysis results, which are generally 
compatible with the aforementioned growth outcomes. 

Fig. 4. Images of LB agar culture plate inoculated with E. coli (a) and S. aureus (d) treated for a short time while inoculated with FAN (200 μg/mL) for 24 h culture. PI 
staining analysis of FAN on E. coli (b, e) and S. aureus (c, f). Microcaloric analysis of FAN on E.coli (g) and S.aureus (h).Viability of MCF-7 cells exposed to GDC-0941, 
BM and FAN nanoparticles (i). 
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3.5. Analysis of effects on plant growth 

Cu and Fe, which are critical trace elements for plants, are present in 
the material. In the early stages of seed germination, the seeds undergo 
anaerobic respiration, and the ROS created by FAN in the medium might 
oxidize the seed testa, triggering the production of reduced glutathione, 
this promotes seed germination by boosting the activity of amylase and 
protease. In addition, during aerobic respiration, the metabolic rate in 
the root system of mung bean seeds after germination accelerates, the 
demand for Fe and Cu ions increases, and excess Cu and Fe elements are 
stored in the cell wall of the roots for the subsequent growth of stems and 
leaves, allowing the germination process to tolerate higher concentra-
tions of FAN. Although a tiny amount of BM can enhance root growth, 
the same concentration of Fe and ROS in FAN has a greater effect on 
stimulating seed germination and growth, therefore, it is evident that 
FAN has a stronger effect on mung bean. During the growth phase, metal 
ions are adsorbed on the plant cell wall via electrostatic interaction, 
after diffusing through the cell wall, they are reduced to effective ions by 
reductive oxidases, enter the cell interior, and are transported to chlo-
roplasts, mitochondria, vesicles and other organelles by transpiration to 
participate in plant metabolism. Numerous catalytic enzymes are 
required to participate in this reaction, because Fe and Cu can partici-
pate in photosynthetic catalase, metabolic enzymes, and respiratory 
enzymes, among other things (Banakar et al., 2017); FAN can enhance 
plant growth. When Cu ions are used alone, DNA preferentially ex-
presses enzymes involved in photosynthesis related to Cu ions and co-
erces the activity of acid ester reductase in chlorophyll, which affects the 
uptake of Fe by plants as a cofactor material for chlorophyll synthesis, 
whereas Fe deficiency leads to a decrease in photosynthetic capacity, 
thus reducing chlorophyll synthesis (Fig. 7). More research is needed to 
understand the specific mechanism impacting chlorophyll metabolism. 
Simultaneously, excessive Cu causes a large number of ROS in plants, 
altering the activities of superoxide dismutase, peroxidase, catalase, and 

ascorbate lyase to limit plant growth (Reyes et al., 2014; Conti et al., 
2020), so the growth inhibition of BM is more than that of FAN. 

4. Conclusion 

In this study, Fe3O4/Cu/CuO (FN) was synthesized, and following 
amination modification, ~3 nm Ag quantum dots (QDs) were loaded 
onto the surface of FN to synthesize Fe3O4/Cu/CuO@Ag (FAN), The 
application potential of Bordeaux mixture (BM) is examined using its 
practical application as an indication. Bacteriostatic studies revealed 
that the nanocomposite FAN material inhibited E. coli and S. aureus after 
20 min at a concentration of 200 µg/mL, which was more than ten times 
that of BM at the same concentration, and it was more sensitive to 
S. aureus. The results of the inhibition mechanism demonstrate that the 
material can significantly kill bacteria and severely damage the bacterial 
cell wall, and that its toxicity to lactating cells is 10 % that of BM. When 
the concentration is less than 200 µg/mL, it can considerably improve 
mung bean germination, root activity, and chlorophyll content, and its 
application performance is twice that of BM. In a nutshell, the best FAN 
concentration is its potential value as a replacement for Bordeaux in 
agricultural planting. 
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Fig. 6. Photographs of the results of FAN and BM on mung bean sprouting (a). Photographs of the results of the effect of materials on root activity and chlorophyll 
content during the growth of mung bean (b, c) and corresponding data analysis results (d-f). 

Fig. 7. Plant growth mechanism diagram.  
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