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A B S T R A C T   

Food packages have been detected carrying novel coronavirus in multi-locations since the outbreak of COVID-19, 
causing major concern in the field of food safety. Metal-based supported materials are widely used for sterili
zation due to their excellent antibacterial properties as well as low biological resistance. As the principal part of 
antibacterial materials, the active component, commonly referred to Ag, Cu, Zn, etc., plays the main role in 
inhibiting and killing pathogenic microorganisms by destroying the structure of cells. As another composition of 
metal-based antibacterial materials, the carrier could support and disperse the active component, which on one 
hand, could effectively decrease the usage amount of active component, on the other hand, could be processed 
into various forms to broaden the application range of antibacterial materials. Different from other metal-based 
antibacterial reviews, in order to highlight the detailed function of various carriers, we divided the carriers into 
biocompatible and adsorptable types and discussed their different antibacterial effects. Moreover, a novel sub
stitution antibacterial mechanism was proposed. The coating and shaping techniques of metal-based antibac
terial materials as well as their applications in food storage at ambient and low temperatures are also 
comprehensively summarized. This review aims to provide a theoretical basis and reference for researchers in 
this field to develop new metal-based antibacterial materials.   

1. Introduction 

Since the beginning of the 21st century, the successive occurrence of 
global epidemics caused by pathogenic microorganisms such as SARS, 
H1N1, MERS, and COVID-19, etc., has seriously threatened the devel
opment of the national economy and people’s life safety. Therefore, it is 
especially important to enhance antibacterial awareness and eliminate 
pathogenic microorganisms. Antibacterial materials are bactericidal and 
antibacterial, with large-scale applications dating back to World War II, 
when the German used uniforms soaked with ammonium cationic 
antibacterial agents to reduce infection among wounded soldiers [1]. 
Furthermore, the mass infection of O-157 bacteria in Japan in 1996 
again prompted antibacterial materials to the public eye [2]. However, 
new research shows that antibacterial resistance is a major roadblock for 

fighting against pathogenic microorganisms [3]. In 2019, 1.27 million 
individuals died directly from antibacterial resistance infections, while 
4.95 million deaths were indirectly related with the infections, far more 
than the deaths caused by AIDS or malaria [3]. Therefore, it is crucial to 
develop novel and highly efficient antibacterial materials. 

Antibacterial materials can be divided into natural antibacterial 
materials, organic antibacterial materials, and inorganic antibacterial 
materials according to the types of antibacterial active components. 
Natural antibacterial materials have high biocompatibility, however, 
little attention was paid due to their limited supplies and antibacterial 
properties. Despite possessing better antibacterial properties and mature 
preparation processes, organic antibacterial materials are noxious and 
prone to bacterial resistance. By contrast, antibacterial materials based 
on metals have become caused more and more attention as an efficient 
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measure to cure antibacterial resistant infections because of its advan
tages of both safety and resistance. Thereby, in this review, the anti
bacterial mechanism of metal-based antibacterial materials was 
systematically analyzed and summarized. In addition, a new antibac
terial mechanism—substitution antibacterial type—was proposed. Be
sides, the synergistic effect of multiple metal active components, as well 
as the impact of different carriers on the antibacterial effect, is sum
marized in detail for better understand. Different from the previous 
classification of antibacterial carriers, carriers were classified into 
biocompatible and adsorptable types based on their functionality. 
Furthermore, the technology of antibacterial coating and its application 
in food preservation are discussed. Finally, the migration behavior and 
toxicity of metal antibacterial active components in food packaging 
were analyzed. 

2. Antibacterial mechanisms 

Clarifying the antibacterial mechanism is an important step to opti
mize and improve the performance of metal-based antibacterial mate
rials. Despite many investigators have reported their discoveries of 
antibacterial mechanisms, it is still hard to get a general conclusion, 
especially for some active metal with unique antibacterial properties, 
the mechanism is often complicated and even involve multiple actions. 
Here, according to the action ways of antibacterial active component, 
the antibacterial mechanism could be divided into the following four 
categories: contact antibacterial type, dissolution antibacterial type, 
oxidation antibacterial type, and substitution antibacterial type, and the 
mechanisms are shown in Fig. 1. 

2.1. Contact antibacterial type 

The contact antibacterial type refers to the direct action of the 
antibacterial active component on the cell wall (membrane), affecting 
its normal physiological function by disrupting the integrity of the in
ternal structure and finally resulting in the efflux of cell contents, which 
leads to cell death. Electrostatic attraction has been viewed as the major 
cause for the positively charged active components adsorbed on the cell 

wall (membrane) [4]. This is mostly because bacterial cells contain too 
many carboxyl and phosphate groups, resulting in a negative total cell 
surface charge when these groups dissociate [5]. Therefore, the cell 
tends to attract the surrounding positively charged antibacterial active 
components to the membrane surface. Xing et al. investigated the 
electrostatic interaction between gold nanoparticles (AuNPs) with pos
itive charge modification and phospholipid membranes. To replicate 
variations in electrostatic attraction, vesicles formed by different phos
pholipid molecules were used to simulate bacterial cell membranes. As 
shown in Fig. 2, the electrostatic attraction is greatest when AuNPs 
contact the surface of lipid vesicles but rapidly declines as AuNPs reach 
the vesicles [6]. In contact with bacterial cell membranes, antibacterial 
active components can react with the substances in the membranes, 
forming ‘pits’ and changing the morphologies of bacteria [7]. The 
findings of Liu et also demonstrated that the antibacterial active 
component (TiO2), can effectively destroy the cell wall (membrane) of 

Fig. 1. Antibacterial mechanism of metal based materials (a) Contact antibacterial type; (b) Dissolution antibacterial type; (c) Oxidation antibacterial type; (d) 
Substitution antibacterial type. 

Fig. 2. Simulation of electrostatic interaction of vesicles with positively 
charged AuNP. 
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bacteria, as illustrated in Fig. 3. The surface of natural E. coli was almost 
intact and maintained a rod-like shape, with regular folds at nanoscale 
resolution. When was treated with TiO2 solution or UV light, the 
morphology of E. coli altered dramatically, with grooved cracks on the 
surface and swollen of cell ends, as well as shorter cell length. However, 
the sample that was treated with both TiO2 and UV had a large and deep 
hole covering more than half of the surface area compared to samples B 
and D. Moreover, when the cell membrane was disrupted, the concen
trations of Ca2+ and Mg2+ in the media increased, as did the fluores
cence polarization of DPH. Following cell membrane injury, the 
permeability of the E. coli membrane increases while the fluidity de
creases, affecting the exchange of substances between the cell and the 
outside [8]. Besides releasing intracellular ions, the damage of mem
branes will also cause the leak of substances necessary for cell growth, i. 
e., proteins, reducing sugars, etc. Wang et al. prepared silver nano
particles (AgNPs) with an average particle size of 31.2 nm using citrate 
reduced Ag+ and tested their antibacterial activity against Cronobacter 
sakazakii strains. After 2 h of treatment with 200 mg/L AgNPs, the cell 
membrane was found to have lost its integrity. A further test was per
formed to determine the bacterial cultures’ protein and sugar content 
variation with AgNPs addition. As shown in Fig. 4, all four 
AgNPs-treated strains displayed evident sugar and protein leakage, 
confirming that AgNPs induce cell death by disrupting the structure of 
cell membranes, causing cell contents to flow out [9]. 

Many researches have been made to study the detailed mechanism of 
cell wall (membrane) destroyed by antibacterial active component and 
two types of damage mechanism were obtained. One is that the cell wall 
(membrane) is ruptured by mechanical damage from the rough edge of 
the antibacterial active component. The other is that the antibacterial 
active component interacts with materials in the cell wall (membrane), 
such as peptidoglycan and –SH in proteins, to disrupt its structure, 
leading to the cell demise. According to Gilbertson et al., copper oxide 
nanosheets have an irregular edge structure that enhances physical 
collisions with the cell wall, resulting in more damage to it [10]. Simi
larly, Padmavathy et al. revealed surface defects in the 450–550 nm 
region of ZnO by photoluminescence (PL) spectroscopy, making it have 
rough edges and an inhomogeneous surface structure. This surface 
roughness can lead to mechanical damage to E. coli cell membranes 
[11]. However, mechanical damage is not considered to be the main 
cause of cell wall (membrane) damage because force majeure factors 
such as collision and friction could also occur during antibacterial as
says, which will result in damage to cells. Therefore, the action of the 
antibacterial active components on substances in the membrane is of 
greater interest. Ansari et al. investigated the interaction between Al2O3 

nanoparticles and E. coli cell membrane biomolecules. Infrared (IR) 
spectral and reflectance/Fourier transform infrared (ATR-FTIR) results 
of the interaction between Al2O3 and lipopolysaccharide (LPS) showed 
that LPS and L-α- Phosphatidyl-ethanolamine (PE) could interact with 
Al2O3-NP. Compared with E. coli without Al2O3- 

NP treatment, PE in Al2O3-treated E. coli showed a disordered state. 
The structural changes of phospholipids induced by Al2O3-NP was 
viewed to be able to lead to cell membrane disruption and cell leakage 
[12]. Mirzajani et al. released muramic acid (MA) into the medium 
while monitoring AgNP-treated Staphylococcus aureus (S. aureus) using 
circular dichroism(CD) to reveal changes in peptidoglycan (PGN). The 
data showed that in the 210–220 nm region, the correlation of the 
samples treated with AgNPs was opposite to that of pure PGN, and the 
samples changed after 30 min and 3 h of treatment. This indicated that 
AgNPs changed the secondary structure (α-helix and hydrogen bond) of 
the PGN. To further investigate the effect of AgNPs on PGN glycan 
strands, samples were examined by gas chromatography-tandem mass 
spectrometry (GC-MSn). It was found the concentration of MA increased 
in the medium of AgNP-treated samples, confirming the strong inter
action between AgNPs and PGN led to the breakage of PGN glycan 
strands. Moreover, this strong interaction causes the leakage of intra
cellular amino sugar particles like MA, resulting in the continuous 
enlargement of pits generated in the cell wall and finally, the rupture 
contributed to cell death [13]. 

2.2. Dissolution antibacterial type 

Dissolution antibacterial type means the antibacterial active 
component released from the metal-based antibacterial materials in the 
from of ion or nanoparticle enters the interior of the cell by going 
through the cell wall (membrane) and react with intracellular proteins, 
nucleic acids, and other substances, inhibiting the normal life activities 
of bacteria and causing death. With the development of nanotechnology, 
many new metal nanometer antibacterial materials have been obtained, 
among which nanomaterials were believed to contact with bacteria and 
other microorganisms closely due to the large specific surface area 
provided by small sized metal particles, which was speculated to be 
‘particle-effect’. To verify whether the antibacterial effect of AgNPs 
caused by the specificity of nanoparticles, Xiu et al. conducted experi
ments under anaerobic conditions to eliminate the possibility of silver 
ion (Ag+) release. The medium was free of chloride, sulfide, phosphate, 
and other substances affecting the bioavailability of silver, while E. coli 
strains showing equal sensitivity to Ag+ in aerobic and anaerobic con
ditions were selected for the antibacterial test. It was showed that the 

Fig. 3. SEM images of A (the control): the native cells in PBS with shaking for 1 h; B: the cells in PBS in the presence of 0.35 mg/mL TiO2 solution under natural light 
with shaking for 1 h; C: the cells in PBS in the presence of 0.35 mg/mL TiO2 solution under 500W UV light (mainly 365 nm) for 1 h; D: the cells in PBS with 500W UV 
(mainly 365 nm) light for 1 h. 
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Fig. 4. Leakage of reducing sugars (bars) and proteins (—●—) for 4 Cronobacter sakazakii strains without (0 mg/L) or with treatment of silver nanoparticles at a 
final concentration of 200 mg/L: (a) ATCC 29544T; (b) ATCC BAA894; (c) ATCC 29004; (d) ATCC 12868. Error bars represent the SD of data from 3 repetitive 
experiments. 

Fig. 5. Copper damages iron-sulfur-cluster dehy
dratases. (A) LEM33 (copA cueO cusCFBA) was 
grown at 37◦C in aerobic glucose medium with 
1.5 mM alanine (Ala) (squares) or 0.5 mM each of 
isoleucine (I), leucine (L), and valine (V) (circles), 
and CuSO4 was added to 0 M (open symbols) or 
10 M (closed symbols). The data are a represen
tative of 3 independent experiments. (B–D) 
W3110 (WT) and LEM33 (copA cueO cusCFBA) 
were grown aerobically to an OD500 of 0.1, then 
challenged with 0 M (open bars), 16 M (gray 
bars), or 80 M CuSO4 (black bars) for 30 min. (B 
and C) Cells were grown in glucose/alanine, and 
IPMI (B) and fumarase (C) activities were 
measured. (D) Cells were grown aerobically in 
gluconate medium supplemented with 1.5 mM 
alanine, and 6-phosphogluconate activity was 
measured. (B–D) Data are the average of 3 inde
pendent experiments, and the error bars represent 
SD. (B) WT cells exposed to 80 M Cu had IPMI 
activities below the detection limit (15%).   
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minimum lethal concentration (MLC) of 5 and 11 nm AgNPs prepared 
under anaerobic conditions against E. coli were 158 mg/L and 195 mg/L 
respectively, which were 6224 and 7665 times higher than the MLC of 
Ag+ (0.025 mg/L), demonstrating that the AgNPs have no effect on the 
biological activity of microorganisms. Nevertheless, the antibacterial 
activity would be enhanced after being subjected to aerobic conditions 
for 6 h and this is probably because the oxidation of the crystal nucleus 
and release of Ag+ occurring under aerobic conditions conferring the 
antibacterial ability of AgNPs. AgNPs, despite of their ‘particle effect’, 
cannot be significantly antibacterial; however, their large surface area 
makes it easier for pathogenic microorganisms to contact with them, 
resulting in effective delivery of Ag+ into the cell, where it reacts with 
intracellular material and causes cellular inactivation [14]. 

It was also reported that antibacterial active components entering 
the cell interior can coagulate proteins by reacting with their sulfhydryl 
groups, inhibit the activity of respiratory enzymes and impede DNA 
replication, leading to dysfunctional and metabolic impairment of bac
teria [15,16]. Macomber et al. used an E. coli mutant (copA cueO 
cusCFBA) lacking the copper homeostatic system to identify the main 
targets of copper action. As shown in Fig. 5, the copA cueO cusCFBA 
mutant failed to grow in 10 μM copper medium but recovered with the 
addition of branched-chain amino acids, indicating that copper ions 
hindered its biosynthesis. The cellular activity of the wild-type strain 
and the copA cueO cusCFBA mutant strain were reduced by 60% and 
80%, respectively, after 30 min of exposure to 16 μM copper. Further
more, ferredoxin A and 6-phosphogluconate dehydratase, both of which 
use iron-sulfur clusters, exhibit decreased activity. These results 
demonstrated that long-term exposure to copper disrupts enzyme syn
thesis, reduces the enzyme activity, and interferes with amino acid 
synthesis [17]. Additionally, Kang et al. analyzed the proteomics of 
E. coli and S. aureus treated with Ag+ and identified five proteins with 
reduced expression after two-dimensional electrophoresis and peptide 
mass fingerprinting by NCBI and Swiss-Prot databases [18]. The integ
rity of DNA is vital for cellular growth and reproduction, and its loss can 
lead to gene mutation or cell death. Abbas et al. measured exoA gene 
expression by real-time polymerase chain reaction in Pseudomonas aer
uginosa(P. aeruginosa) treated with AgNPs. The AgNPs-treated samples 
showed amplification after 4CT (cyclic cycle), and delayed amplification 
of the exoA gene. Especially, when the AgNPs dosage was 50 ppm, the 
exoA gene expression decreased significantly. The results of this 
experiment demonstrated that AgNPs could cause DNA damage to 
bacteria [19]. Similarly, the results of Singh’s experiments confirmed 
that ZnO-NP caused severe damage to the DNA of Deinococcus radio
durans. The F values (ratio of double-stranded DNA to total DNA) of cells 
treated with different concentrations of ZnO-NP at 1, 10, 20, 40, and 80 
μg/mL were decreased to 0.90, 0.79, 0.73, 0.60, and 0.25 fold, respec
tively, compared with the sample untreated by alkaline unwinding 
assay. The ‘F’ values were inversely proportional to DNA damage, thus 
indicating that ZnO-NP caused DNA damage to the cells [20]. 

2.3. Oxidation antibacterial type 

By using antibacterial active components, the oxidative antibacterial 
type contribute to the increase of intracellular reactive oxygen species 
(ROS), inducing oxidative stress response in cells, which will result in 
the destruction of proteins, genetic material, enzymes, and other critical 
substances required for the growth and metabolism of organisms, 
thereby leading to cell death. ROS are essential for maintaining cell 
survival and transmitting cellular signals. The mechanism of ROS 
generated by various antibacterial active components are mainly 
divided into two different types. (1) Electrons are supplied to molecular 
oxygen in the cell, generating free radical superoxide anion (O2

- ), 
hydrogen peroxide (H2O2), hydroxyl radical (OH-), etc., and inducing an 
oxidative stress reaction in the cell. Ahmed examined the effect of ROS 
produced by two AgNPs (Q-AgNPs、YPE-AgNPs) prepared from quer
cetin extract and yellow bell pepper extract, on bacterial growth. The 

experimental results are shown in Fig. 6. In contrast to samples without 
AgNPs, Confocal Laser Scanning Microscope (CLSM) images of samples 
treated with different concentrations of AgNPs showed different 
brightness of green fluorescence. In addition, the fluorescence intensity 
of 2’,7’-dichlorofluorescein (DCF) was quantified. It was revealed that 
Q-AgNPs could produce more ROS compared to YPE-AgNPs, and 9%– 
31% more O2

- was produced by Q-AgNPs under light conditions (10–50 
μg/ml) than under dark conditions [21]. (2) Some antibacterial active 
components with photocatalytic properties could be activated by ul
traviolet or visible light, and react with oxidizing substances (i.e., oxy
gen and water) adsorbed on the surface of the material to generate 
numerous oxidative radicals. When entering cells, oxidative stress 
caused by oxidative radicals will occur. ZnO and TiO2 are typical anti
bacterial active components that use the photocatalytic generation of 
reactive oxygen species to kill microorganisms. Photocatalytic antibac
terial active components will be activated under light irradiation with 
energy higher than their forbidden band widths. Electrons in the valence 
band are excited to leap, leaving electron-hole pairs to react with oxygen 
and water in the surrounding environment, producing oxidation-active 
substances [22–24]. 

The antibacterial active component induces oxidative stress in cells 
by generating ROS. Oxidative stress is an imbalance between the pro
duction and degradation of intracellular ROS, leading to damage of 
cellular components, lipid peroxidation, protein oxidation, reduced 
enzyme activity, and DNA damage. Quinteros et al. investigated the 
mechanism of AgNPs interacting with on S. aureus, E. coli, and 
P. aeruginosa. varying degrees of elevated reactive oxygen species con
tent were found in bacterial cells. The oxidation degree of these three 
macromolecules, such as DNA, lipids, and proteins, was increased by 
60% compared to the control group without nanoparticles, implying 
that oxidative stress is generated through macromolecular oxidation at 
the DNA, lipid, and protein levels [25]. The findings of Piao et al. also 
confirmed that AgNPs induce apoptosis through DNA breakage, lipid 
peroxidation, and protein carbonylation caused by oxidative stress. 
Furthermore, AgNPs was also found to cause mitochondrial damage by 
disrupting mitochondrial membrane potential and regulating the 
expression of genes (Bax and Bcl-2) that control mitochondrial mem
brane pores [26]. 

2.4. Substitution antibacterial type 

Substitution antibacterial type refers to the antibacterial element 
have certain structural similarities with the nutrient element necessary 
for bacterial growth and reproduction. As a result, the antibacterial 
element that enters the cell interior is difficult to be recognized by the 
bacterial biological system, which consequently replaces the nutrient 
element causing damage to the normal physiological function of the cell. 
Gallium ion (Ga3+) and iron ion (Fe3+) shared similar values of octa
hedral ionic radius, tetrahedral ionic radius, electron affinity, and 
electronegativity, making their similar biochemistry, especially in pro
tein and chelate binding [27]. These characteristics make it impossible 
for bacterial biological systems to completely distinguish between Ga3+

and Fe3+. As iron is an essential nutrient element for metabolism, the 
replacement of Fe3+ by Ga3+ can effectively prohibit the normal meta
bolic activities of bacteria [28]. To clarify the biological inhibition 
mechanism of Ga, Garcia et al. sequenced the genome of gallium nitrate 
resistant spontaneously mutated P. aeruginosa and found that the 
mutated genes were involved in cell division, iron carrier transport 
system, DNA repair, amino acid, and lipid metabolism, confirming the 
existence of multiple gallium action targets in bacterial cells [29]. 
Antunes et al. selected Acinetobacter baumannii (A. baumannii) possessing 
multiple iron uptake systems to test the effect of Ga on iron metabolic 
pathways. It was discovered that the addition of 50 μM Fe3+ eliminated 
the activity of 128 μM Ga(NO3)3, further confirming that the antibac
terial mechanism of Ga(NO3)3 involves the disruption of iron meta
bolism within the bacteria [30]. Some other research also showed that 
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Ga could not only bind to iron carriers but also could combine with 
transferrin and lactoferrin to form a complex delivered into bacteria 
[31]. Thus, exogenous gallium can participate in bacterial metabolism 
to achieve antibacterial purposes. Besides, the inhibitory effect of Ga3+

on bacteria and other pathogenic microorganisms can be reflected in 
disrupting bacterial cell membranes [32], reducing iron-dependent 
enzyme activity [33], preventing DNA synthesis [34], and generating 
oxidative stress [35]. 

In addition to Ga3+, cerium ions(Ce4+, Ce3+) also could compete 
with intracellular calcium ions. Ciobanu et al. investigated the anti
bacterial effect of hydroxyapatite (HAp) nanopowders containing Ce 

against E. coli and S. aureus, and the experimental results are given in 
Fig. 7. The antibacterial effect against E. coli and S. aureus increased with 
the Ce concentration addition in HAp [36]. Correspondingly, the 
Ca2+replacement theory was proposed for Ce inhibiting bacterial 
growth [37] except for the direct adsorption on the cell membrane to 
disrupt its structure [38] and induce oxidative stress in cells to interfere 
with DNA and protein synthesis. This theory suggests that Ce4+, Ce3+

possesses the similar ionic radii to Ca2+ and hence, are capable of 
occupying the original calcium sites in the cell [39]. In addition, as a 
hard acid ion that is not easily deformed by polarization, cerium ion has 
a stronger coordination ability with oxygen, nitrogen, and sulfur than 
calcium ion [40]. As a result, it can cause the lack of Ca2+ in the cell to 
affect the metabolic activities of bacteria aimed at antibacterial pur
poses. However, few reports cover the biological antibacterial properties 
and applications of cerium, and the mechanism of calcium ion substi
tution in more detail needs to be further clarified. 

3. Antibacterial active components 

As the main component of antibacterial materials, the properties and 
structure of active components play a critical role in affecting the anti
bacterial properties. There are many metals with antibacterial functions 
in nature, such as Ag, Cu, Zn, Fe, Mn, Al, Mg, Sr, Co, Ce, Ni, Sn, Zr, Cd, 
Ba. However, considering factors of economy, safety, and antibacterial 
efficiency, the currently applied antibacterial metals are mainly Ag, Cu, 
and Zn [41]. The antibacterial properties of these three common types of 
metals are summarized in Table 1. 

Recently, considerable progress has been made in the development 
and application of single-metal antibacterial materials. Single-metal 
antibacterial materials do have inherent defects. For example, Ag+ is 
easily oxidized, thereby reducing its antibacterial performance. Addi
tionally, copper ions containing color will interfere with the coloring of 
antibacterial materials. To further improve the antibacterial effect of 
existing metal-baesd antibacterial materials and compensate for the 

Fig. 6. YPE-AgNPS and Q-AgNPs induced ROS and superoxide generation. CLSM images (1–14) show the ROS production in P. aeruginosa and MRSA; untreated cells 
of P.aeruginosa (1), P. aeruginosa + 10 μg/ml YPE-AgNPs (2), P. aeruginosa + 20 μg/ml YPE-AgNPs (3), P. aeruginosa + 50 μg/ml YPE-AgNPs (4), P. aeruginosa + 10 
μg/ml Q-AgNPs (5), P. aeruginosa + 20 μg/ml Q-AgNPs (6), P. aeruginosa + 50 μg/ml Q-AgNPs (7), Untreated cells of MRSA (8), MRSA + 10 μg/ml YPE-AgNPs (9), 
MRSA + 20 μg/ml YPE-AgNPs (10),MRSA + 50 μg/ml YPE-AgNPs (11), MRSA + 10 μg/ml Q-AgNPs (12), MRSA + 20 μg/ml Q-AgNPs (13), and MRSA + 50 μg/ml Q- 
AgNPs (14). Panel A shows in vitro superoxide anions generation by YPE-AgNPs and Q-AgNPs under light and dark conditions. Panel B represents the percent 
increase in DCF fluorescence in MRSA, MSSA, E. coli, and P. aeruginosa by Q-AgNPs (line curves) and YPE-AgNPs (histograms). 

Fig. 7. Samples inhibition results against Escherichia coli and Staphylo
coccus aureus. 
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shortcomings of single-metal antibacterial materials, researchers have 
turned their attention to developing composite materials containing 
multiple antibacterial active components. Through compounding and 
doping to improve the physical and chemical properties of materials, 
synergistic effects between antibacterial components can be achieved, 
enhancing antibacterial effects. According to the different antibacterial 
active components added, the multi-metal antibacterial active compo
nents can be divided into metal composite type, photocatalytic com
posite type and rareearth activated type. 

3.1. Metal composite type 

Metal composite type means recombination of two or more anti
bacterial metals to enhances the overall antibacterial effect according to 
the synergistic effect of different metals. Zhu et al. synthesized Ag–MgO 
nanocomposites by loading small-sized AgNPs on the surface of MgO- 
NPs and applied for bacterial inactivation. The XRD patterns showed 
that the diffraction peaks of MgO in Ag–MgO nanocomposites were 
shifted to a higher angle compared to pure MgO nanocomposites, indi
cating an interaction between MgO and Ag rather than a simple physical 
mixing. Compared with pure MgO and AgNPs, Ag–MgO nanocomposites 
exhibited evidently stronger anti-E. coli activity, confirming the exis
tence of synergistic effect between Ag and MgO. Moreover, this strong 
synergistic inhibition resulted in low Ag+ release and toxicity of 
Ag–MgO nanocomposites [49]. Ciacotich et al. examined the antibac
terial effect of electroplating copper-silver alloy coatings on stainless 
steel surfaces. SEM images showed that the prepared copper-silver 
coating had a significant pore structure and exposed area, increasing 
the chance of contact with bacteria. Moreover, the electroplated 
silver-copper surface has a higher roughness, further enhancing the 
contact bactericidal effect and the release of antimicrobial ions [50]. 
Garza-Cervantes et al. used a combination of silver with Zn, Co, Cd, Ni, 
and Cu to treat E. coli and Bacillus subtilis (B. subtilis), respectively. It was 
found that the antibacterial performance of the combination increased 
8-fold compared to the treatment alone, suggesting that a synergistic 
effect occurred between the combined multi-metals. Moreover, at 
sub-inhibitory concentrations, silver/(Cu, Ni and Zn) increased the 
permeability of prokaryotic cells, speculating that this could be a 
mechanism for the synergistic behavior [51]. 

3.2. Photocatalytic composite type 

Photocatalytic composite type refers to combining antibacterial 
components with photocatalytic propertity (i.e., ZnO, WO3, ZrO2) with 
other antibacterial metal active components. Thus, the composite ma
terials could exhibit superior antibacterial activity in the condition 
either with light irradiation or not. Naz et al. used co-precipitation 
technique to dope copper and magnesium into ZnO-NPs. The UV–Vi
sible absorption peaks of the metal-doped ZnO-NPs were increased and 
the energy band gap was red-shifted. Furthermore, the prepared doped 
ZnO-NPs showed a very high degradation rate of methyl blue, causing 

the color of methylene blue dye samples to almost disappear in 2–3 min, 
and a larger range of inhibition zones for Klebsiella and Staphylococcus 
aureus compared to pure ZnO-NPs formed. The authors concluded that 
with doped metal amount increase, more defect sites were created in the 
ZnO nanolattice. These defect sites inhibited the complexation of pho
togenerated electrons and holes, resulting in higher ROS levels and 
better antibacterial properties [52]. Hong et al. prepared Cu2O–Ag/ZnO 
ternary nanocomposites by hydrothermal and chemical modification 
methods. Compared with single Cu2O or Ag-modified ZnO, Cu2O and Ag 
co-modified ZnO nanocomposites remarkably enhanced antibacterial 
activity. Moreover, Cu2O and Ag nanoparticles were uniformly 
dispersed on the ZnO surface, avoiding the agglomeration of nano
particles [53]. 

3.3. Rare earth activated type 

Rare earth activated material is a compound of rare earth metals and 
antibacterial metals, enhancing the antibacterial activity of the material 
by the unique electron structure of rare earth metals. Rare earth ele
ments doped with antibacterial components can create a synergistic 
effect and enhance the antibacterial capability of the material. As a 
result of the addition of the rare earth element Pr, Li et al. found that the 
inhibitory effect of Zn-doped amorphous silica on E.coli increased from 
75.56% to 95.24% [54]. Similarly, Jiang et al. demonstrated, in their 
experiments, that the addition of rare earth elements can create a syn
ergistic antibacterial effect [55]. In order to clarify the mechanism of the 
synergistic effect, the authors examined the loading and release of zinc 
ions and the production of ROS in the material before and after the 
addition of the rare earth element Lu. With the addition of Lu elements, 
the loading and release of zinc ions in the material as well as the pro
duction of ROS increased [55]. Yang et al. examined the specific surface 
area and pore size of the materials before and after the addition of Er 
elements [56]. This is because rare earth elements can decrease the 
surface energy of the material and avoid agglomeration of antibacterial 
components. As a result, there is an increase in the specific surface area, 
which enhances the contact area between the antibacterial material and 
bacteria. Moreover, the reduction of pore size enhances the adsorption 
performance of the material and increases the loading of the antibac
terial active component, which improves the antibacterial effect of the 
material [53]. One the other hand, rare earth elements can extend the 
visible light absorption range of photocatalytic antibacterial active 
components as well as inhibit electron-hole compounding, leading to 
enhanced photocatalytic performance and more ROS production [57]. 
Using Ce doped into TiO2, Gao et al. extended the photocatalytic 
effective wave length to visible light, resulting in a large amount of 
hydroxylic radical, even without ultraviolet light irradiation [58]. 
Ramya et al. discovered that in the Eu–Ag co-doped TiO2 composites, the 
rare earth element Eu could capture some electrons for the reduction of 
Eu3+, decreasing the electron-hole pair complexation rate. As a result, 
this increases the surface activity of TiO2 and the efficiency of photo
catalysis, as well as the antibacterial of Ag+ [59]. In addition, rare earth 
elements are capable of filling the trap state of TiO2 as electron donors, 
extending the lifetime of photogenerated electrons and generating more 
ROS, thus increasing the antibacterial effect [60]. 

4. Carriers 

As another important component of antibacterial materials, the 
carries (also is called support) plays a significant role in supporting and 
dispersing the loaded active component. The physicochemical proper
ties of carries significantly influence the distribution and state of active 
component and even will have a synergic interaction with the active 
component, which finally affect the antibacterial performance of anti
bacterial materials. Carriers generally have rich pore size structures and 
huge surface area, which can adsorb and slow-release active components 
in different ways. In addition, some carriers with special 

Table 1 
Antibacterial effect of common forms of Ag, Cu, and Zn.  

Antibacterial active 
components 

Zone of inhibition(mm)/MIC(μg/ml) References 

E. coli S. aureus P. 
aeruginosa 

silver nanoparticles 14.2/8.3 10/33.1 19.5/8.3 [42] 
Silver ion 7.3/12 8.3/20 9.8/12 [43] 
Copper nanoparticles 12/<100 18/<50 15/<100 [44] 
Native copper 8/ 

100~200 
12/ 
100~200 

10/ 
100~200 

[44] 

Copper oxide 
nanomaterial 

25.33/- 28.66/3.13 25.66/1.56 [45,46] 

Zinc oxide 
nanomaterial 

22/172.5 25/86.25 – [47,48]  
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biocompatibility can not only bind well with active components but also 
do not cause immune rejection by the human biological system, making 
it possible in clinical treatment. In this review, the carriers were clas
sified into biocompatible and adsorptable types according to their 
functionalities, which were described below in detail along with their 
structural characteristics and antibacterial effects. 

4.1. Biocompatible carriers 

Biocompatible carriers (Fig. 8) [61,62] can prevent the body’s im
mune system from treating them as foreign substances to trigger im
mune reactions after entering the organism. This type of carriers such as 
hydroxyapatite (HAP) and bioactive glasses (BG) are mainly used in 
dental materials, organ stents, drug carriers, and other clinical thera
peutic applications. 

4.1.1. Hydroxyapatite 
Hydroxyapatite (HAP) is an important component of mammalian 

bones and teeth, accounting for approximately 70% by weight of human 
bone [63]. The similarities to calcified tissues in vertebrates provide it 
with excellent biocompatibility. Moreover, HAP has excellent osteoin
ductive and osteopathic properties [64], greatly broadening its appli
cation [65]. However, when used as an orthopedic implant, inhibiting 
the proliferation of microorganisms on its surface is a critical step in the 
therapeutic process. 

It has been reported that pure HAP has few inhibitory effects on the 
growth of bacteria [66,67]. Nevertheless, HAP contains many trace 
cations (Zn2+, Na+, Mg2+, etc.) and possesses a hexagonal crystal 
structure and these characteristics are favorable for the exchange with 
ions which possesses the similar charge type and ionic radius [68,69]. 
Consequently, HAP was often doped with antibacterial active 

components to enhance its antibacterial properties. Kumar et al. ob
tained strontium-doped hydroxyapatite (Sr-HAP) by wet chemical pre
cipitation and compared the antibacterial effect with pure HAP against 
E. coli and Sporosarcina pasteurii (S. pasteurii). Sr-HAP inhibited both 
bacteria significantly after 2 h exposure [75]. In addition to the doping 
of Sr, Ag, Zn, Cu, Mg and Ce have also been successfully added to the 
HAP. The antibacterial effects of several HAPs doped with various in
gredients are listed in Table 2. Besides, the crystallinity of HAP decreases 
with the increase of dopant ion concentration, but its thermal stability 
improves [74,76,77]. Priyadarshini et al. synthesized Ce-HAP samples 
with various Ce content by sol-gel method and evaluated their hemo
compatibility, antibacterial activity, as well as biocompatibility. Diffuse 
reflectance spectroscopy (DRS) showed that with the addition increase 
of Ce4+, the band gap value of HAP gradually decreased from 5.03 eV to 
2.37 eV, accompanied with the decrease of the width & peak intensity of 
HAP crystal structure. As the replacement of Ca2+ by Ce4+, the crys
tallinity and crystallite of the HAP structure were decreased, while the 
inhibition regions of S. aureus, Bacillus subtilis(B. subtilis), E. coli, and 
P. aeruginosa were broadened [74]. After several years’ research, HAP 
doped with various antibacterial metals have been successfully synthe
sized and the study is no longer limited to general physicochemical 
properties but focuses on biological evaluation. Moreover, after doping 
with metal elements, the biocompatibility, degradability, osteo
conductivity, and antibacterial properties of HAP could be effectively 
improved, providing a solid basis for the biomedical application of HAP 
in Biomedicine. 

4.1.2. Bioactive glass 
Bioactive glass (BG) is a type of glass biomaterials composed of ox

ides of silicon, sodium, calcium, and phosphorus. BG was firstly syn
thesized by Larry Hench [78]. After continuous improvement, the new 
generation of BG possesses excellent biocompatibility and mechanical 
stability. Moreover, as implants, they are biodegradable in the human 
body and can avoid foreign body rejection, making them highly valuable 
for clinical applications. As an important medical implant material, the 
prevention of pathogenic microbial infections and the avoidance of 
secondary surgery are guarantees of successful implantation. It has been 
shown that 80% of infections caused by microorganisms are related to 
biofilm formation [82]. Thus, enhancing the antibacterial effect of BG 
has become a current research hotspot. Munukka et al. revealed that BG 
have a certain antibacterial ability to inhibit the growth of pathogenic 
microorganisms such as E. coli, S. aureus, P. aeruginosa, and Streptococcus 
mutans (S. mutans) [83]. The pure BG relies on changing the surrounding 
pH and osmotic pressure to inhibit the growth of bacteria, yet the 
antibacterial effect is not very satisfactory [84]. To further improve their 
antibacterial ability, active components with antibacterial properties 
have been introduced to BG and BG with highly ordered channel 
structures have been well developed for better incorporating the extra
neous antibacterial components. The antibacterial activity of the BG 
containing the metal component is presented in Table 3. Ryan et al. 
developed a multifunctional collagen BG scaffold loaded with copper 
ions (CuBG-CS) and added it to brain heart infusion (BHI) broth con
taining S. aureus. The CuBG scaffold containing 0.3 mg Cu2+/ml was 
found to have significant antibacterial activity, inhibiting up to 66% of 
S. aureus and having no side effects on mammalian cells during the 
28-day test period, reflecting the favorable biocompatibility of the BG 
for mammals [85]. Anand et al.also reported that zinc doping could 
effectively enhanced the mechanical strength of BG [86]. In a word, BG 
loaded with antibacterial components not only enhances the antibac
terial effect but also provides favorable compatibility with living or
ganisms, resulting in promising applications in the field of medical 
biomaterials. 

4.2. Adsorptable carriers 

Adsorptable carriers (Fig. 9) [87,88], i.e., zeolites, clay minerals, 
Fig. 8. Biocompatible carriers loaded with metal antibacterial active compo
nents (a) Silver loaded hydroxyapatite; (b) Copper loaded bioactive glass. 
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etc., have a well-developed pore structure and huge specific surface 
area, providing a good condition for the load and dispersing antibacte
rial active components, where the agglomeration of antibacterial active 
components with high surface energy could be avoided, thus enhancing 
the overall antibacterial effect. Common adsorption type carriers 
include. 

4.2.1. Zeolites 
As a typical support material, zeolite is three-dimensional crystalline 

hydrated aluminosilicate composed of [AlO4] and [SiO4] interconnected 
with oxygen atoms [89]. The continuous channels and relatively uni
form pore size in the infinitely extended three-dimensional mesh 
structure inside zeolites provide a large specific surface area and a 
positive ion exchange capacity. Due to the substitution of Al3+ for Si4+ in 
zeolites, an electrovalence imbalance occurs within aluminum-oxygen 
and silicon-oxygen tetrahedra, making them susceptible to cation ex
change [90]. Therefore zeolites are used to load metal antibacterial 
active components. Table 4 summarizes the effects of antibacterial 
materials with zeolites as carriers. In the literature, antibacterial prop
erties may be enhanced when the antibacterial active component is 
loaded onto the support [91]. Inoue et al. found that hydroxyl radicals 
were generated in the solution illuminating the silver-loaded zeolite and 
measuring the ESR spectra. Moreover, E. coli lost the ability to form 
colonies after 5 min of exposure to silver-loaded zeolite under light, 
confirming the efficient antibacterial performance of it [92]. It is 
believed that zeolites enhance antibacterial activity by preventing the 
agglomeration of active components and increasing the effective area of 

contact with bacteria [93]. Hu et al. prepared silver-based 4A zeolite 
composites and showed that AgNPs were dispersed uniformly 
throughout the 4A zeolite, without aggregation [100]. Similarly, Abed 
et al. demonstrated that in the synthesized zeolite/silver-graphene oxide 
nanocomposites, silver particles were evenly dispersed in the zeolite 
[101]. On the other hand, the morphology of zeolite also has an effect on 
the antibacterial activity. Zeolites can have different levels of bacteria 
contact due to their shapes. Smaller sized zeolites, such as nano zeolites, 
have some advantages in ion exchange and ion release [102]. Chen et al. 
tested silver-loaded nanostructured zeolites (Ag-nZeo) and microsized 
zeolites (Ag-mZeo) for silver ion release and MRSA killing, and their 
results are shown in Fig. 10. While Ag-mZeo (400 μg/mL) completely 
killed MRSA within 7 min, Ag-nZeo (400 μg/mL) took 3 min. This in
dicates that the efficient killing rate of Ag-nZeo is closely related to its 
rapid silver ion release property [103]. Besides, Iyigundogdu et al. 
investigated the stability of zeolites containing silver and zinc ion ex
change. Composites were found to have higher long-term antibacterial 
properties as the zeolite concentration increased [104]. Therefore, ze
olites also play a role in the slow release of antibacterial active 
components. 

4.2.2. Clay minerals 
Clays are long-established traditional medicinal soil. As early as the 

Neanderthal period, people applied mud to the body in imitation of 
animals to clean the skin and treat wounds [105]. However, not all clays 
are bactericidal [106]. Moreover, clays can only exhibit antibacterial 
properties in the hydrated state (paste), where they are effective against 

Table 2 
Antibacterial activity of HAP doped with common elements.  

Doping elements Preparation methods Content Microorganisms Antibacterial effect References 

Ag precipitation method 1.5 M S. aureus Z = 17 ± 0.51 mm [70] 

Microwave method 1% E. coli MIC = 10.76 μg/mL [71] 
P. aeruginosa MIC = 5.38 μg/mL 
S. aureus MIC = 10.76 μg/mL 

2% E. coli MIC = 6.12 μg/mL [71] 
P. aeruginosa MIC = 6.12 μg/mL 
S. aureus MIC = 6.12 μg/mL 

3% E. coli MIC = 8.37 μg/mL [71] 
P. aeruginosa MIC = 2.09 μg/mL 
S. aureus MIC = 4.18 μg/mL 

5% E. coli MIC = 11.50 μg/mL [71] 
P. aeruginosa MIC = 2.87 μg/mL 
S. aureus MIC = 5.75 μg/mL 

Zn Wet chemical method 1.0 wt% E. coli Z = 20 mm [72] 
S. aureus Z = 7.0 mm 

2.5 wt% E. coli Z = 22.7 mm [72] 
S. aureus Z = 8.0 mm 

Mg Microwave method Ca: Mg =
0.90:0.1(M) 

E. coli Z = 12.66 ± 1.15 mm [73] 
P. aeruginosa Z = 14.33 ± 0.57 mm 
S. aureus Z = 12.33 ± 0.57 mm 
B. subtilis Z = 13.33 ± 1.52 mm 

Ce Sol-gel method 0.5% E. coli Z = 10 mm [74] 
P. aeruginosa Z = 4 mm 
S. aureus Z = 9 mm 
B. subtilis Z = 3 mm 

0.75% E. coli Z = 13 mm [74] 
P. aeruginosa Z = 5 mm 
S. aureus Z = 10 mm 
B. subtilis Z = 4 mm 

1% E. coli Z = 15 mm [74] 
P. aeruginosa Z = 7 mm 
S. aureus Z = 13 mm 
B. subtilis Z = 7 mm 

1.25% E. coli Z = 18 mm [74] 
P. aeruginosa Z = 9 mm 
S. aureus Z = 15 mm 
B. subtilis Z = 8 mm 

1Z represents the diameter of the inhibition zone. 
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specific bacteria [107]. In the literature [108–110], mineral metal ions 
dissolved within clays produce the main antibacterial effect, such as 
iron, copper, and zinc ions. Therefore, metal active components are 
added to clays used as support. Table 5 summarizes the effects of anti
bacterial materials with clay minerals as carriers. Clays are a convenient 
way to keep active components stable, as well as to avoid using stabi
lizing agents, thus reducing environmental hazards [111]. Moreover, 
they have a large specific surface area and a rich pore structure, thus 
providing many loading sites for active components. In addition, clays 
overcome the van der Waals gravitational force between nanoparticles 
to prevent agglomeration of the active components [112]. As mentioned 
above, the synergistic effect between clays and active components in
creases the. 

antibacterial efficiency [120]. Shu et al. loaded ZnO onto halloysite 
nanotubes (HNTs) and investigated its inhibitory effect against E. coli. As 
a result, compared with the same dose of pure ZnO, the ZnO/HNT 
combination showed an even greater inhibitory effect on bacterial 
growth. This is because a homogeneous distribution of ZnO offers a 
larger effective contact area with bacteria. It also allows more active 
sites to produce ROS, thus increasing the antibacterial properties of the 
material [121]. To identify the adsorption efficiency of clays on anti
bacterial active components, Benli et al. measured the absorption of 
silver and zinc ions by sepiolite. The experimental data were found to be 
consistent with the Langouin isotherm model. Therefore, this indicates 
that silver and copper ions are forming a monolayer on the sepiolite 
surface. Another finding was that the absorption concentrations of silver 
and copper ions by sepiolite were 50 mg/g and 80 mg/g, respectively. 
With this, a theoretical basis is provided for the application of clays in 
antibacterial carriers. 

5. Coating methods 

The application of antibacterial materials has been achieved in two 

main ways: (1) antibacterial materials are added to the articles during 
the preparation process to obtain antibacterial effect, such as co- 
blending method; (2) the antibacterial material is sprayed on the sur
face of the article to form a protecting layer (film) to inhibit the multi
plication of microorganisms to growth [122]. For method (1), despite of 
the simplicity of the direct blending method, it is difficult to distribute 
antibacterial active components uniformly in the matrix limited by the 
dispersibility and compatibility. In contrast, the spraying technique 
(method (2)) can form a uniform antibacterial film with a superior 
antibacterial effect. Commonly, the coating could be achieved via the 
methods like vapor deposition, electrodeposition, sputtering, sol-gel, arc 
spray, dip coating, spin coating, layer-by-layer, electrostatic spinning, 
etc. Table 6 summarizes the coating methods and characteristics of 
common metallic antibacterial materials. The antibacterial coatings 
formed on the surface of articles using the above methods achieve 
self-cleaning and antibacterial action on contact surfaces by two ways of 
releasing active components and resisting bacterial adhesion [123]. 

5.1. Active component release type coating 

This type coating means releasing the antibacterial active compo
nents from the loaded coating, thus eliminating the surrounding 
adherent bacteria. The release of ions is an important factor affecting the 
antibacterial effect. After being released, antibacterial active compo
nents attack negatively charged bacteria, disrupting the cell wall 
(membrane). Eventually, the material inside the cell flows out and 
causes cell death. Moreover, they can induce oxidative stress in cells and 
cause cell death by producing large amounts of ROS and inhibiting the 
synthesis of proteins and nucleic acids. Oliverius et al. evaluated the 
ability of a new surgical dressing, StopBac, to combat post-operative 
abdominal infections, prepared by depositing a polymeric colloidal so
lution containing Ag+ on a pad via the spray method. This polymeric 
nano matrix can effectively control the release of Ag+ for a long time. 

Table 3 
Antibacterial effect of bioactive glass after doping with common elements.  

Doping elements Preparation methods Content Microorganisms Antibacterial effect References 

Ag Sol-gel method 0.05 g S. mutans Z = 12.83 ± 1.44 mm [79] 
0.16 mg/mL MIC = 2.5–5 mg/mL 

MBC = 5–10 mg/mL 

Solid-state reaction 1% Porphyromonas gingivalis (P. gingivalis) MIC = 1 mg/mL [80] 
S. mutans MIC = 8 mg/mL 
Streptococcus sanguis (S. sanguinis) MIC = 8 mg/mL 
Enterococcus faecalis (E. faecalis) MIC = 16 mg/mL 

3% P. gingivalis MIC = 1 mg/mL [80] 
S. mutans MIC = 2 mg/mL 
S. sanguinis MIC = 4 mg/mL 
E. faecalis MIC = 8 mg/mL 

Mg Sol-gel method – E. coli MIC = 15.62 mg/mL [81] 
P. aeruginosa 
S. aureus 

Solid-state reaction 1% P. gingivalis MIC = 4 mg/mL [80] 
S. mutans MIC = 2 mg/mL 
S. sanguinis MIC = 8 mg/mL 
E. faecalis MIC>24 mg/mL 

Sr Solid-state reaction 1% P. gingivalis MIC = 2 mg/mL [80] 
S. mutans MIC = 2 mg/mL 
S. sanguinis MIC = 8 mg/mL 
E. faecalis MIC>24 mg/mL 

Zn Solid-state reaction 1% P. gingivalis MIC = 4 mg/mL [80] 
S. mutans MIC = 2 mg/mL 
S. sanguinis MIC = 8 mg/mL 
E. faecalis MIC = 2.5–5 mg/mL 

Ga Solid-state reaction 3% P. gingivalis MIC = 8 mg/mL [80] 
S. mutans MIC = 2 mg/mL 
S. sanguinis MIC = 24 mg/mL 
E. faecalis MIC>24 mg/mL  
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Among the patients tested, only one case developed a postoperative 
infection, demonstrating the effectiveness of this dressing in inhibiting 
the growth of microorganisms [124]. Guo et al. produced a silver-loaded 
composite coating by dipping the poly-L-lysine (PLL)/sodium alginate 
(SA)/PLL coating deposited with dopamine into AgNO3 solution. Based 
on the results of the inhibition zone and the optical density measure
ments, the silver-loaded composite coating was found to be able to 
inhibit the proliferation of S. aureus and S. mutans completely within 24 
and 48 h. Furthermore, Ag+ can be released in this coating for more than 
27 days, where the cumulative silver release in the first 6 days is 
approximately equal to the release in the last 21 days [125]. Similarly, 
Lia et al. immersed a wollastonite coating in a silver nitrate solution to 
load silver and measured the silver release rate by ICP-OES in deionized 
water. Surprisingly, the coating sustained the release of silver for up to 
50 days [126]. 

5.2. Antibacterial adhesion type coating 

The antibacterial activity of release-based coatings is restricted by 
the limited antibacterial activity of components, which will gradually 
decline with time. To ensure the stability and durability of the anti
bacterial effect, antibacterial coatings have been developed to prevent 
bacterial adhesion. The initial antibacterial adhesion coating does not 
kill microorganisms directly but is designed to prevent bacterial adhe
sion and non-specific protein uptake, curbing the formation of bacterial 
biofilms [127]. It was discovered that planktonic bacteria are more 
likely to adhere to hydrophobic surfaces, causing infections due to mi
croorganisms attached to medical devices. Moreover, the microorgan
isms firmly attached to medical devices are very difficult to remove 
[128]. Thus, efforts must be made to develop a more effective coating to 
prevent bacterial adhesion. Among various coatings, antibacterial 

superhydrophobic coating was viewed as ideal to prevent bacterial 
adhesion [129]. The superhydrophobic coating inspired by the lotus leaf 
has a large contact angle and a small roll angle. The synergistic effect 
between its unique surface morphology and surface chemistry can 
significantly reduce its adhesion to bacteria, which can be removed from 
the adhered surface by a slight external force [130]. Although the 
superhydrophobic coating is a relatively green antibacterial method, 
research shows that its antibacterial properties will be greatly reduced 
or even disappear when the concentration of bacteria is too high [131]. 
Adding an antibacterial component to the superhydrophobic coating 
seems to be a good choice to address the problem above. The obtained 
antibacterial hydrophobic coating not only could prevent the attach
ment of bacteria by space repulsion and electrostatic repulsion but also 
was able to release antibacterial active components to destroy the 
structure of adhering bacteria, exhibiting antibacterial ability (Fig. 11) 
[132]. Li et al. successfully loaded AgNPs on the superhydrophobic 
stainless steel meshes by combining both double potential deposition 
and in situ polymerization grafting method. The water contact angles 
increased from 99.9◦ to 160.6◦ after modifying the deposited surface. 

Fig. 9. Adsorptable carriers loaded with metal antibacterial active components 
(a) Silver loaded Linder type A zeolite; (b) Zinc loaded palygorskite 
clay minerals. 

Table 4 
Antibacterial effect of zeolites after doping with common metals.  

Species of 
zeolites 

Doping 
elements 

Microorganisms Antibacterial 
effect 

References 

NaY zeolite 
Ag(1)-Y Ag E. coli MIC = 0.4 g/L [94] 

S. aureus MIC = 4 g/L 
ZS25 Ag E. coli Z = 1.83 ± 0.04 

mm 
[95] 

S. aureus Z = 1.83 ± 0.04 
mm 

ZS50 Ag E. coli Z = 2.08 ± 0.04 
mm 

[95] 

S. aureus Z = 1.85 ± 0.00 
mm 

ZS100 Ag E. coli Z = 2.58 ± 0.04 
mm 

[95] 

S. aureus Z = 1.83 ± 0.04 
mm 

ZS25 Ag E. coli Z = 2.93 ± 0.04 
mm 

[95] 

S. aureus Z = 1.85 ± 0.00 
mm 

13X zeolite 
X–ZnO ZnO E. coli MIC = 0.12–0.24 

mg/mL 
[96] 

ZnO-13X ZnO E. coli MIC = 1.0 mg/mL [97] 
MBC = 4.0 mg/ 
mL 

S. aureus MIC = 0.8 mg/mL 
MBC = 4.0 mg/ 
mL 

Cu2+/ZnO- 
13X 

ZnO 
Cu 

E. coli MIC = 0.2 mg/mL [97] 
MBC = 0.8 mg/ 
mL 

S. aureus MIC = 0.4 mg/mL 
MBC = 1.0 mg/ 
mL 

zeolite 4A 
Cu-zeolite 

4A 
Cu E. coli MIC = 625 μg/L [98] 

S. aureus MIC = 1250 μg/L 
CuO/4A CuO E. coli MIC = 3.0 mg/mL [99] 

MBC = 4.0 mg/ 
mL 

S. aureus MIC = 5.0 mg/mL 
MBC = 5.0 mg/ 
mL 

ZnO/4A ZnO E. coli MIC = 2.0 mg/mL [99] 
MBC = 3.0 mg/ 
mL 

S. aureus MIC = 4.0 mg/mL 
MBC = 5.0 mg/ 
mL  
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Moreover, when the growth time of PDA@ODA(polydopamine @ 
octadecylamine)was 3600 s, the water droplets could roll off rapidly at 
an inclination angle of 5◦, allowing the bacteria to be removed before 
forming a thick biofilm. As the electrodeposition time increased, the 
generated AgNPs become dense and form clusters, leading to a syner
gistic antibacterial effect with the superhydrophobic structure, which 
enhances its antibacterial ability [138]. 

6. Applications 

The global climate change cause by the greenhouse effect provides 
suitable conditions for bacteria to multiply, which seriously threatens 
human health. Metal-based antibacterial materials are popular and 
widely used in all aspects of life because of their wide application range, 
strong bactericidal properties, and lack of antibacterial resistance [122]. 
Due to the occurrence of several cases of food packages with the new 
coronavirus, resulting increased attention to food safety. Here, the 
application of metal-based antibacterial materials for food storage under 
ambient and low temperatures will be mainly clarified. 

6.1. Ambient temperature food packaging 

Applying materials with antibacterial properties to food packaging 
films not only improves food safety to prevent food from being 
contaminated during processing and transportation but also extends its 
shelf life, reducing food waste with obvious economic and environ
mental benefits. Currently, most food packaging materials are based on 
plastic. Plastic films are widely used due to their low cost, processability, 
and high transparency [154]. However, with the increasing demand for 

freshness and safety of food products, traditional food preservation films 
are difficult to meet people’s needs due to their poor antibacterial 
properties. Consequently, many scholars have modified these films to 
enhance the scope of application and properties. Rangaraj et al. added 
date syrup waste extract (DSWE) as an antioxidant to silver doped 
sepiolite hybrid (Ag-Sep) to prepare a series of gelatin/DSWE/Ag-Sep 
active composites. As shown in Fig. 12, the prepared composite was 
applied to apple slices to study its antibacterial and antioxidant prop
erties. Compared to apple slices without film covering, the slices covered 
with this film remained exceptionally fresh after 5 h [155]. Similarly, 
the silver-loaded cellulose film prepared by Gu et al. allowed cherry 
tomatoes to remain fresh after 9 days of storage at 25 ◦C [156]. Kusalya 
et al. discovered that lemons and strawberries could be stored at room 
temperature for 10 days when wrapped in polyvinyl alcohol fiber films 
containing silver [157]. As well as inhibiting the proliferation of bac
teria, the metal antibacterial active components reduced water vapor 
transmission in cling film additionally, extending the shelf life of fruits 
and vegetables. A study found that tomatoes and cabbage in bags 
sprayed with 10% AgNPs colloidal suspension did not lose moisture 
much after 7 days. In contrast, the vegetables in bags not sprayed with 
AgNPs colloidal suspension showed significant moisture loss [158]. 
Furthermore, Deng et al. revealed that grapes packed in polyvinyl 
alcohol composite film containing silver lost 8.37% of their weight after 
10 days, significantly less than the 16.47% and 11.20% mass losses of 
unpacked and PVA groups, respectively. As AgNPs are evenly dispersed 
in the film, they hinder the transfer of water molecules in and out of the 
film [159]. Moreover, metal antibacterial active components can also 
improve the mechanical properties of the film, reducing the damage to 
the film during transportation. Jamroz et al. discovered that the 

Fig. 10. Silver ion release and MRSA killing test results: (a) Average silver ion release kinetics curves of Ag-zeolites at fast rate (FR, 5.5 mL/min) and slow rate (SR, 
0.6 mL/min). Error bars are shown in every 3 min; (b) Pseudo-second order (PSO) linear regression of silver release kinetics data; (c) Assessment of rapid killing 
ability of Ag-nZeo and Ag-mZeo. 
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modulus of elasticity and elongation at break of the films increased with 
increasing concentration of Se-AgNPs [160]. Shankar et al. also reported 
an increase in tensile strength of agar/lignin composite films from 44.1 
± 3.6 MPa to 49.7 ± 3.3 Mpa after the addition of AgNPs [161]. The 
increased mechanical properties are likely a result of molecular forces 
between the components in the films, such as between hydroxyl groups 
in the biopolymers and AgNPs [162,163]. 

6.2. Low temperature food packaging 

Public safety incidents caused by pathogenic bacteria carried 
through the cold chain food have occurred several times in recent years. 
Especially, more frequent since the outbreak of COVID-19, nearly 265 
batches of frozen products were detected with novel coronavirus in 2021 
alone, making the disinfection of cold chain items a major concern 
[164]. The improvement of food packaging technology under low 
temperatures is urgent to stop the spread of germs. Zare et al. prepared 
composites containing ZnO and silver nanomaterials by solvent casting 
method and directly packaged them against chicken breast at 4 ◦C to test 
the antibacterial effect of the nanocomposites at a low temperature 
state. With the increasing content of added nanomaterials, the survival 
rate of both S. aureus and E. coli decreased as shown in Fig. 13. The 
composite containing 3 wt% ZnO–AgNCs was relatively effective in 
antibacterial effect, which could reduce E. coli by more than 4 log in 4 h 
[165]. This provided a strong basis for the storage of meat products at 
low temperatures. Kuuliala et al. packaged fresh pork sirloin in LDPE 
films with silver that could be stored at 6 ◦C for 28 days [166]. In the 
literature, silver and bamboo containing nonwoven fabrics extend the 
shelf life of salmon fillets by 5 days as compared to cotton wrappers 
[167]. Similarly, Shao et al. discovered that raw shrimp stored at 4 ◦C 
with nanocomposite membranes containing ZnO retained good sensory 
properties for 12 days [99]. 

Metal-based antibacterial materials can not only extend the storage 
time of poultry and aquatic products but also show some advantages in 
the storage of fruits and vegetables. Despite the benefits of freezing, 
frozen fruits and vegetables still have shortcomings, such as the in
capacity to inhibit the bacteria that grow at low temperatures. Under 
low-temperature conditions, however, it is possible to remedy this 
problem with antibacterial. 

components added to cling film. Mousavi et al. [168] packaged fresh 
dates with composite films containing AgNPs (3% and 5% by weight) to 
test the storage effect at 0 ◦C and 4 ◦C. The dates packed with 5% AgNPs 
still present favorable sensory quality and lower acidity and reducing 
sugar than the control group (packed with Penguin freezer bags) after 53 
days of storage at 4 ◦C, proving that the AgNPs material could effectively 
extend the storage time of fruits and vegetables at low temperatures. It 
has been shown that AgNPs can improve the storage time of fruits and 
vegetables by promoting the oxidation of ethylene and inhibiting the 
growth of microorganisms [169]. Moreover, the film containing AgNPs 
can reduce water loss and oxygen penetration in fruits and vegetables. 

7. Toxicology 

Currently, food safety is getting more and more attention. The use of 
metal-based antibacterial materials in food packaging can inhibit 
pathogenic microorganism growth, improve food sensory properties, 
and extend shelf life. Compared with food preservation technologies 
such as freezing and ray sterilization, the antibacterial packaging has the 
characteristics of low cost and excellent effect, which can fundamentally 
solve the attack of microorganism on food. Therefore, metal-based 
antibacterial materials play an important role in the field of food 
packaging and have become the focus of attention of researchers. 
Despite many advantages of metal-based antibacterial materials in food 
packaging applications, there are concerns about their toxicity. Studies 
have shown that metal-based nanoparticles (e.g., ZnO-NPs, AgNPs, etc.) 
entering the humans can cause different degrees of damage to the body 
and cells, induce allergies, cardiovascular diseases, and even genotox
icity to the human body [170–172]. Contacting with antibacterial food 
packaging can expose the body to nanoparticles or metal ions, which can 
pose health risks. Therefore, it is necessary to evaluate the migration of 
antibacterial components in food packaging. When orange juice was 
stored at 4 ◦C using LDPE film containing ZnO-NPs, Emamifar et al. 
discovered that after 112 days, the orange juice retained zinc ions in the 
level of (0.68 ± 0.002) μg/L [173]. Echegoyen et al. discovered that the 

Table 5 
Antibacterial effect of clay minerals after doping with common elements.  

Species of 
clay 
minerals 

Doping 
elements 

Microorganisms Antibacterial 
effect 

References 

Montmorillonite 
B-550T/Ag Ag E. coli Z = 13.3 mm [113] 

MIC = 2.5 mg 
B–300S/Ag Ag E. coli Z = 12.3 mm [113] 

MIC = 1.0 mg 
Zn/MMT Zn E. coli MIC = 8.0 

mg/mL 
[114] 

S. aureus MIC = 4.0 
mg/mL 

Ce/MMT Ce E. coli MIC = 10.0 
mg/mL 

[114] 

S. aureus MIC = 4.0 
mg/mL 

Zn–Ce/MMT Zn 
Ce 

E. coli MIC = 1.5 
mg/mL 

[114] 

S. aureus MIC = 1.0 
mg/mL 

Cu-MMT Cu Aeromonas 
hydrophila 

MIC = 0.15 
mg/mL 

[115] 

MBC = 0.6 
mg/mL 

Kaolinite 
Ag-Kaol Ag E. coli MIC = 8 mg/ 

mL 
[106] 

P. aeruginosa MIC = 5 mg/ 
mL 

S. aureus MIC>10 mg/ 
mL 

CA-Ag-Kaol Ag E. coli MIC = 12 mg/ 
mL 

[106] 

P. aeruginosa MIC = 10 mg/ 
mL 

S. aureus MIC = 5 mg/ 
mL 

Zn-Kao-t1 Zn Stenetrophomonas 
maltophilia 
(S. maltophilia) 

MIC = 3 mg/ 
mL 

[116] 

Bacillus cereus MIC = 9 mg/ 
mL 

E. coli MIC>12 mg/ 
mL 

C–Zn-Kao-t1 Zn S. maltophilia MIC = 3 mg/ 
mL 

[116] 

B cereus MIC = 1 mg/ 
mL 

E. coli MIC>12 mg/ 
mL 

CuKaoF Cu P. aeruginosa MIC = 8 mg/ 
mL 

[117] 

CuKaolinite Cu E. faecalis Z = 14.16 mm [118] 

Seafoam 
AgSep Ag E. coli MIC = 50 mg/ 

L 
[119] 

Z = 5 mm 
S. aureus MIC = 50 mg/ 

L 
[119] 

Z = 6 mm 
CuSep Cu E. coli MIC = 100 

mg/L 
[119] 

Z = 3 mm 
S. aureus MIC = 100 

mg/L 
[119]  
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Table 6 
Coating methods and characteristics of common metal-based antibacterial materials.  

Methods Features Antibacterial 
active 
component 

Process parameters Substrate Size References 

Chemical vapor 
deposition 

With a columnar crystal 
structure. 

Cu Stirring speed:120 rpm; Flow rate 
to burner head:0.6 lmin-1Heating 
temperature:75◦C ± 3◦C 

Borosilicate glass Films:25 nm [133] 

Not resistant to bending. 
High coating purity and 
adhesion. 

CuCu2O Heating temperature:350◦C Glass copper films:200–300 
nm; copper oxide 
films:0.4–1 μm 

[134] 

Low cost. Strong deposition 
rate. 

CuNPs Curing temperature:390 
◦CDeposition temperature:350◦C 

Polydimethylsiloxane 
(PDMS) 

CuNPs:3.56 ± 0.8 nm [135]  

Cu Flow Rate:100 μl/min; Electrical 
power: 60–500 W 

Wood polymer 
composites(WPC) 

– [136] 
Ag 
Zn 

Electrodeposition 
method 

Simple process. Cu Current Density:20 mA cm-2; 
Electrode:Rolled copper foils 
(99.9% copper) 

Copper foils Cu:1–5 μm [137] 

Low cost. AgNps Voltage:− 0.7 V、− 0.1 
VElectrodes:platinum plate、 
saturated calomel 
electrodeTemperature: 75 ◦C; 

The superhydrophobic 
stainless-steel 

AgNps:12–30 nm [138] 

High efficiency.Precise 
regulation of film growth. 

Cu2O–ZnO Current Density:5.0 mA/cm2; 
Electrode:copper sheet (4 cm × 4 
cm)、nickel foam (4 cm × 4 cm) 

Nickel foam Cu2O–ZnO:851.8 nm- 
1.64 μm 

[139] 

Sputtering method Uniform coating. AgNps Radio Frequency Power:200 W; Glass-fibre air filters 
Stainless-steel fibre- 
based air filters 
Cotton 

Coating:300 nm [140] 
Direct current power:1 W; 
The distance between targets and 
substrates:14 cm; 
Time:80 min; 
Pressure:5.5 dPa 

Fast particle deposition 
speed. 

Ag3W Radio Frequency Power:200 W; FFP3 masks Coating:<200 nm [141] 
Direct current power:3 or 5 W 

Low utilization of target 
material. 

CuNps Pressure:Argon gas 8 × 10-4 Pa; Bacterial cellulose – [142] 
Substrate moving speed:90 rpm; 
Time:60 min; 
Power:50 W 

ZnO-Nps Pressure:1 Pa; BC/Cu – [142] 
Argon and oxygen flow:55 sccm 
and 5 sccm; 
Time:30 min; 
Power:100 W 

Sol-gel method Low cost. Cu Traction speed:100 mm/min 
Pharmaceutical content:0.25 ma. 
% for silver and 1.5 ma.% for 
copper and zinc nitrate 

WPC – [136] 
Good film formation 
uniformity and stability. 

Ag 

Simple operation Zn 

Sol-gel method Low cost. Au 
ZnO 

Stirring time:3 h; – Films:24.91–39.22 nm [143] 
Aging time:24 h; 
Extraction speed:250 mm/s; 
Drying temperature:120◦C 
Drying time:10 min; 
Calcination temperature:400◦C; 
Calcination time:3 h 

Good film formation 
uniformity and stability. 

TiO2 

Mn 
Stirring temperature: 50◦C Wall paint Mn–N–TiO2:2.075 μm [144] 
Stirring time:1.0 h 
Evaporation temperature: Room 
temperature 
Evaporation time:48 h 
Calcination temperature:400◦C 
Calcination time:1 h 

Simple operation. ZnO QDs Stirring temperature:78◦C – ZnO quantum dots(ZnO 
QDs):3–6 nm 

[145] 
Stirring time:30 min 
Centrifugal speed:3500 rpm 
Centrifugal time:5 min 

Wire arc spraying High bonding strength 
between coating and 
substrate.High deposition 
efficiency.Simple 
equipment. 

Cu Feeding speed: 82 g/min; 
Spraying distance:100 mm; 
Current:200 A; Voltage:33 V 

stainless steel 316 Coating:500 μm [146] 

Thin and dense coating. 
Economical and energy- 
saving. 

Ti(Zn)O2 

ZnO 
The distance between targets and 
substrates:160 mm; DC arc 
current:70 A; Deposition time:27 
min 

Pure Ti substrates Coatings:1.5 μm–1.8 
μm 

[147] 

(continued on next page) 
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migration of AgNPs is primarily caused by nanoparticles being released 
from the package’s surface and the oxidative dissolution of silver. Dur
ing the migration process, most of the nanoparticles on the surface are 
released, while the remaining AgNPs are gradually oxidized to silver 
ions with time changes [174]. In order to clarify the migration of metal 
antibacterial components in food, researchers have discussed factors 
such as the acidity of the food, the temperature and pressure of envi
ronment, as shown in Fig. 14 [175–177]. It is widely accepted that the 
migration of nanoparticles increases in acidic conditions. This is because 
the high oxidation potential of an acidic environment reduces the 
electrostatic repulsion between nanoparticles, which leads to their ag
gregation and facilitates migration of more nanoparticles [178,179]. 
The migration of nanoparticles is also influenced by temperature. Liu 
et al. found that the release rate of ions from the synthesized AgNPs 
increased with increasing temperature in the range of 0–37 ◦C [180]. 
Additionally, Liu et al. examined the migration of copper in LDPE films 
containing CuNPs at different temperatures in 3% (w/v) acetic acid 
solution. They found that the maximum migration of copper at 70 ◦C 
was much higher than that at 40 ◦C [181]. The ease of material diffusion 
at high temperatures is probably a factor in the rise in nanoparticle 
mobility. It has been demonstrated that pressure has the potential to 
influence the migration of metal nanoparticles in addition to pH and 
temperature. Chi et al. observed that high pressure treatment at 200 to 
400 MPa significantly inhibited the migration of AgNPs from PLA films 
[182]. In addition, Zhu et al. demonstrated that, in comparison to 300 

and 400 MPa pressures, PLA composite films treated at 200 MPa 
migrated the least amount of AgNPs [176]. Despite the fact that 
numerous academics have examined the migration of metal antimicro
bial agents in food packaging, no consensus has been reached. There is 
currently no established toxicity evaluation system for metal antibac
terial components used in food packaging, and the research of the 
migration process and migration mechanism is still vague. To offer a 
solid foundation for their wider and safer application in the food in
dustry, it is necessary to do more extensive research on the harmful 
effects of metal antibacterial components on human health and the 
migration in food. 

8. Remarks and prospects 

The misuse of antibiotics in recent years has made pathogenic mi
croorganisms possess resistance. Nevertheless, metal-based antibacterial 
materials have unique low bacterial resistance, making them an 
attractive material for solving this issue. In this paper, the mechanism of 
metal-based antibacterial materials is analyzed, and classified into four 
categories: contact antibacterial, dissolution antibacterial, oxidative 
antibacterial, and substitution antibacterial. In the process of inhibiting 
pathogenic microorganisms, these four mechanisms interact and inter
sect. Moreover, based on the results of the studies conducted so far, it is 
hard to distinguish between them. Therefore, further experimental 
exploration by researchers is needed. As the most commonly used 

Table 6 (continued ) 

Methods Features Antibacterial 
active 
component 

Process parameters Substrate Size References 

Dipping method High efficiency.Suitable for 
mechanized production. 

AgNPs Dipping the dopamine-modified 
PSP coating into AgNO3 solution 

Titanium surface AgNPs:20–30 nm. [125] 

Limited by the shape of the 
item. 

Graphene 
quantum dots 
(GQDs) 

Immersion time:2 min、30 s; Polyamide film GQDs:3.4–8.8 nm [148] 
Drying temperature:80◦C 
Drying time:5 min 
GQD introduction amounts:0.05、 
0.1、0.3 and 0.5 wt% 

Electrostatic 
spinning 
technology 

Ease of operation. TiO2 Inner diameter of spinneret 
device:0.8 mm; 

Polyurethane 
nanofiber membrane 

Polyurethane/TiO2: 
1258 nm 

[149] 

Plastic nozzle inner diameter:2.0 
mm; 
Voltage:22–24 kV; 
Flow Rate:2.0 mL/h; 
Distance between collector and 
tip:14–15 cm 

Low efficiency.Low coating 
strength. 

CuZn Plastic Syringe:10 ml Nanofibers(NF) CuZn NFs: 19.2–299.4 
nm 

[150] 
Feeding rate:3 μL/min; 
Electric field:1.16 kV/cm; 
Rotational Speed:100 rpm 

Surface 
immobilization 

Formation of strong 
interactions between the 
antibacterial molecules and 
the membrane surface. 

AgNPs Ultrasonic stirring 
temperature:25◦C 

Polyamide film AgNPs:30 nm [151] 

Ultrasonic stirring time:3 s; 

Migration of active 
components is significantly 
limited. 

Rotary vibrating screen rate:20 
rpm 
Mixing time of rotary shaker:24 h. 

Layer by layer 
method 

Technical simplicity.Low 
cost. 

AgNPs Substrate: LDPE film with a 
thickness of 0.04 mm 

LDPE AgNPs:19–160 nm [152] 

Ultrasonic processing time:10 
min; 
Ultraviolet wavelength:180–254 
nm 
UV/ozone treatment time:30 min; 
Drying temperature:60◦C 
Drying time:24 h Immersion 
time:15 min 

Applicability to almost any 
type of substrate.Possibility 
to control the 
physicochemical properties 
of the film surface. 

AgNPs Water bath temperature:95◦C Polyamide laminated 
film 

AgNPs:20 nm [153] 
Curing time:2 min  
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antibacterial metals, silver, copper, and zinc have been applied in many 
fields. However, the single metal has irreparable defects. To improve 
this problem, the synergistic effect of multi-metal antibacterial compo
nents has proven to be an effective way. Multi-metal synergy is divided 

into three main points in this paper: metal composite, photocatalytic 
composite and rare earth activated, and the effect of synergy on anti
bacterial activity is discussed. Additionally, different types of carriers 
can give antibacterial materials special properties and broaden the range 

Fig. 11. The mechanism of action for antibacterial superhydrophobic coating.  

Fig. 12. Food preservation test: a) open control apple piece and b) apple sample covered with the GD-AS-2 composite film.  

Fig. 13. ZnO–Ag antibacterial results: (a) Kinetics of the antibacterial activity NCs BP with 3.0 and 2.0 wt % loading against E. coli and S. aureus; (b) Effect of NCs BP 
on the survival ratio of E. coli and S.aureus. (zinc oxide: ZnO, silver: Ag, nanocomposites: NCs, biopolymer: BP). 
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of applications in various fields. We focused on the analysis of 
adsorptable carriers and biocompatible carriers. As for the application of 
metal-based antibacterial materials, this paper highlights their appli
cation in food packaging because cold-chain food frequently carries 
pathogens. Nevertheless, there will be some damage to the human body 
as a result of metal ion release migration. Therefore, in order to facilitate 
metal antibacterial material development, an adequate evaluation sys
tem is needed. Moreover, how to balance the safety, efficiency, and 
stability of antibacterial materials will be an important research direc
tion for future antibacterial materials. 
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