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Abstract: Zinc has been widely utilized as an antimicrobial material, often in the form of 

complexes or zinc oxide nanoparticles. The efficacy of zinc complexes are often due to the 

synergistic effect of both the zinc ions and the attached organic ligands. In contrast, the 

nanoparticle effect of ZnO, and the photocatalytic generation of reactive oxygen species (ROS) 

has been postulated to be the effective mechanism of ZnO as a biocide. Recently, new forms 

of zinc-based biocidal materials have been reported with distinct antimicrobial mechanisms. 

This minireview summarizes these recent advances, including zinc-based nano-arrays, MOF-

based ROS release and zinc composites that can self-generate ROS. 

 

1. Introduction 

    Zinc is an essential element for the human body and is involved many biological pathways 

and activities as a cofactor, a signaling molecule and a structural element.1,2  Zinc, due to its 

immune modulatory properties, is currently being considered as a potential supportive 

treatment or for prevention of SARS-CoV-2 infection.3  Zinc-based antimicrobial materials 

have been well documented and widely utilized in various fields.4  While the biocidal efficacy 

of elemental zinc (free ion) is moderate as compared to other metals such as silver and copper,5  

the synergistic effect of zinc ion with silver ions have been reported.6  Zinc-based antimicrobial 

materials generally consist of zinc complexes7,8 and ZnO nano-particles.9,10  Complexes such 

as zinc pyrithione (ZPT) and its derivatives are well known antifungal compounds and have 

been broadly applied in medicines, cosmetics and other industries. Many new zinc compounds 

with Schiff bases or other ligands have been synthesized and evaluated for their antimicrobial 

properties.8 Another class of zinc based antimicrobial materials includes zinc oxide which 

possess broad-spectrum antimicrobial materials and have been employed to a wide range of 

applications. The biocidal effect of ZnO materials consist of two different mechanisms, 

involving either the release of reactive oxygen species via photocatalytic processes or ZnO 

nanoparticle induced intracellular ROS production in cells.10 The accumulation of ZnO 
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nanoparticles in the cytoplasm or on the cell membrane can induce physical damage of the 

bacteria cells, contributing to its antimicrobial efficacy.11  

The development of new ZnO-based and composite materials, as well as studies on detailed 

mechanisms and applications of these resultant materials remains a continuous area of 

interest.12 Many review articles have been written about antimicrobial zinc complexes and zinc 

oxide materials.13 Introduction of  new concepts and developments of zinc based antimicrobial 

materials will be the focus of our minireview. In addition, the expansion of antimicrobial 

mechanism of such materials will be discussed. This article is not meant to be a comprehensive 

review for all zinc based antimicrobials, and the killing mechanism of zinc antimicrobial 

materials based on zinc ion, simple zinc complexes and zinc oxide will not be discussed. 

 

2. Photocatalytic antimicrobial ZIF-8 metal-organic frameworks (MOFs) 

     Metal-organic frameworks (MOFs) possessing antimicrobial properties have drawn up 

much interest in recent years, where antimicrobial effects of cobalt,14,15 silver,16,17 copper,12-20 

and zinc 21 based MOF materials have been reported. These MOF materials act as a reservoir 

of metal components, providing the slow release of metal ions and the consequent  metal-ion 

based antibacterial action.22 Recently, Wang’s group reported that a class of MOFs that 

exhibited photocatalytic bactericidal properties, with a mechanism that was distinct from 

previously reported antimicrobial MOFs.23 A zinc-imidazolate MOF (ZIF-8) was demonstrated 

to have excellent antibacterial efficacy where the inactivation of 99.9999% of Escherichia coli 

in saline was achieved within 2 h, under simulated solar irradiation. Mechanistic studies 

indicate that the bacteria killing capacity was not due to the leaching of Zn2+ or the 2-

methylimidazole precursor. Instead, it was dominated by the release of reactive oxygen species 

(ROS). The oxygen-reduction related ROS production was due to the entrapment of 

photoelectrons at the Zn+ centers within ZIF-8 via ligand to metal charge transfer (LMCT). 

These ZIF-8 materials were also found to outperform the widely used biocidal photocatalysts 

ZnO and anatase TiO2, in both efficiency and rate of bacteria inactivation.  



     

Figure 1.  Photocatalytic disinfection performance of ZIF-8 (zinc-imidazolate MOF). (a)  

Photocatalytic disinfection performance of E. coli in the presence of ZIF-8. (b) Disinfection 

performance comparison among ZIF-8, TiO2, and ZnO under simulated solar irradiation. The 

black circle represents no measurable levels of bacteria in the culture medium. (c) The band 

positions of ZIF-8 with respect to the reactive oxygen species (ROS) formation potential. 

Conduction band (CB) and valence band (VB) represent conduction band and valence band 

respectively. (d) Steady-state concentration of •O2
− calculated from the decay of nitroblue 

tetrazolium (NBT) and hydrogen peroxide (H2O2) accumulation over time, respectively. 

(Modified from reference 23) 

 

       Based on the excellent antibacterial efficacy and ROS generation mechanism, the authors 

also investigated the photocatalytic mechanism. It was reported that ZIF-8 possessed 

semiconductor properties and the band-structure of ZIF-8 was characterized, as shown in Fig 

1(c). Given the n-type semiconductor nature of ZIF-8, the bandgap energy was estimated to be 

3.3eV, with the conduction band position of ZIF-8 at ~ −1.2 V  and the valence band potential 

at 2.1 V vs. NHE, respectively. Via LMCT process, photoelectrons generated from light 

irradiation was trapped on the surfaces of ZIF-8 as paramagnetic Zn+ sites. These excited 

electrons can subsequently reduce oxygen to superoxide radical and hydrogen peroxide, the 

major active species accounting for the bacterial damage. Based on their findings, the authors 

subsequently incorporated ZIF-8 functionalized fibers into antimicrobial MOFilter masks, 

demonstrating potential downstream applications.   

The work on photocatalytically active MOF has proved to be interesting and has the potential 

to be applied to a wide range of functions. However, further investigations are needed to 



determine the parameters or factors that induce the semiconductor band structure of ZIF-8. This 

can consequently promote the design and synthesis of novel MOF materials with better 

selectivity, higher antimicrobial efficacy and lower toxicity. 

 

3. ZIF nano-array antimicrobial surfaces 

Surface contamination is one of the main pathways for infectious disease transmission. A 

common solution is to fabricate self-disinfecting or microbicidal surfaces by coating 

microbicides or antimicrobial enzymes onto these surfaces.24-26 These coatings act as 

disinfective surfaces by the slow release of coated biocide materials, which could subsequently 

lead to secondary contaminations and the eventual development of drug resistant microbes.27 

Recently, it was disclosed that the surfaces of dragonfly and cicada wings, which were covered 

by dense patterns of nanopillars, eliminated bacteria exclusively by physical interaction.28–30 

These findings suggested a novel, simple and safe strategy for the eradication of bacterial 

populations by physical mechanisms, in comparison to other chemical or biochemical 

mechanisms. Similar synthetic nano-patterned surfaces, such as black silicon surfaces, have 

also demonstrated the same mechanical bacteria killing mechanisms without the need of 

additional chemicals.31 Inspired by such killing mechanisms and to address the challenges of 

synthetic nano-patterns, such as cost, adoptability and scalability issues, our group established 

a universal and straightforward method to synthesize zinc-based zeolitic imidazolate 

framework (ZIF) nano-dagger arrays (ZIF-L) on a wide range of surfaces.32  

These nano-dagger ZIF-L arrays were characterized by their sharp tips and blade shape, and 

a positively charged surface. These properties cumulatively result in the nano-dagger array 

possessing excellent microbiocidal activity. Unlike previously reported MOFs that kill 

microbes by the release of metal ions or the photocatalytic generation of ROS,23 the ZIF-L 

nano-dagger arrays kill bacteria by the rupture of cell membranes of the adhered microbes with 

the sharp tips of the nano-arrays. Additionally, the positively charged surfaces could attract the 

negatively charged bacteria cells onto the nano-array, inducing the physical killing of microbes  

without the involvement of chemicals or antibiotics. 

 



 

Figure 2. Profile of ZIF-L nano-dagger array. (a) Dagger shape and surface characters of nano-

array. (b) SEM images of nano-dagger array, C. albicans cell penetrated by the tip of nano-

dagger. (c) ZIF-L nano-array on PMMA exhibited excellent bacteria killing property (JIS z 

2801 method against E. coli) and ZIF-8 coating without nano-array structure does not have 

antimicrobial activity. (d) Scheme of bacteria killing mechanism for nano-dagger array. 

 

It is also noteworthy that the simple ZIF-L nano-array coating procedure was successfully 

applied to a variety of hydrophobic and hydrophillic surfaces, from Teflon to cotton, including 

plastics, metals and ceramics. This versatility indicates the practical potential of this coating 

application for a wide range of materials. Further work by the authors also demonstrated the 

application of this technology in antibiotic-free wound healing treatment. The nano-dagger 

arrays was coated onto cotton gauze, and the resultant materials demonstrated excellent 

antimicrobial activity against E. coli and S. aureus, with high biocompatibility and low toxicity. 

The ZIF-L coated gauze was subsequently evaluated for its efficacy in treatment of S. aureus 

infected wounds in mice, in comparison to the commercially available silver dressing product, 

Figure 3.33 The ZIF-L coated gauze exhibited better performances in microbe colony counts, 

the re-epithelialization, and the epidermal layer construction processes. 

 



 

Figure 3. The in vivo application of ZIF-L coated gauze in the treatment bacterial infection on 

mice using S. aureus infected wound model. (a) FESEM images and structure of nano-dagger 

ZIF-L coating on cotton gauze. (b) Photographs of mice with S. aureus infected full-thickness 

excision, and the application of ZIF-L coated gauze treatment. (c)  S. aureus concentrations in 

the infected wounds of mice after 11 days of treatment with uncoated gauze, commercial silver-

treated gauze and ZIF-L coated gauze. The data are expressed as mean ± S.D. of triplicates.  

 

4. Disinfection ZnO nano-arrays on various surfaces 

One of the concerns for ZIF based nano-arrays would be its adhesion strength onto the 

substrate surface and the durability of the derived structure for long lasting applications. Zinc 

oxide can be readily grown in needle or rod formats on various surfaces, and ZnO nano-

structures are generally more durable and stronger as compared with ZIF materials. The growth 

of ZnO nanopillars on various surfaces, such as zinc foil, glass, stainless steel, PMMA, silicon 

wafer and ceramic, has been demonstrated recently.34 ZnO nanopillars on Zn foil exhibited 

good antimicrobial properties against gram-positive and gram-negative bacteria and fungi, as 

determined by both fluorescent live/dead assays and viable colony counts according to the 

Japanese Industrial Standard Method (JIS Z 2801:2000). In comparison, pristine zinc foils did 

not effect any killing of bacteria. ZnO nanopillar growth conditions for various substrates were 

also successfully established, including glass, stainless steel, PMMA, silicon wafer and 

ceramics, Figure 4. Interestingly, no bactericidal effect was observed for ZnO nanopillars on 

non-zinc substrates, as assessed by the JIS Z 2801 protocol. In contrast, live/dead assays, as 

well as SEM observations, confirmed that the bacterial cells on the surfaces of ZnO nanopillars 

on non-zinc substrates were non-viable, Figure 5 and was similar to the live/dead assays used 

to study antimicrobial properties of cicada wings. Further investigations revealed that the ZnO 

nanopillars on zinc can release high concentrations of reactive oxygen species (ROS) through 

the electrochemical reaction between the interface of Zn and ZnO. The generation of ROS 



contributes to the additional antibacterial ability of such materials to eliminate both adhered 

and non-adhered bacteria cells. For ZnO nanopillars on alternative substrates, only the 

microbes that were attached on the surface were killed via physical rupture mechanism, while 

the overall surface bacterial population, inclusive of adhered and non-adhered species, are 

viable in JIS testing protocol. The strong correlation between substrate-nanopillar pairing, and 

the resultant antimicrobial efficacy could foster further developments in this area. 

 The durability of nano-structured surfaces is one of the key factors in determining its 

suitability for real-world applications. The same group studied the stability of ZnO nanopillar 

on zinc foil surface against friction and/or abrasion. It was observed that the surface 

nanostructures were generally retained after the surface was brushed with a dry sponge for 

1000 times or wet abrasion with 10,000 reiterations. The abraded surfaces still demonstrated 

excellent antimicrobial efficacy and the surface completely eliminated the population of E.coli 

that was introduced (JIS Z 2801 method). The favorable durability of ZnO nanopillars is an 

indication of the potential of real-world applications. 

 

 

Figure 4. SEM images of ZnO nanopillars on various surfaces. Scale bar = 1 um. 

 

     



Figure 5. SEM photos of (a) E. coli, (b) P. aerugirosa, (c) S. aureus and (d) C. albicans were 

killed on ZnO nanopillars surface on glass substrates.  Scale bar = 1 um. (e) Bacteria killing 

mechanism of multi-functional ZnO nanopillar on zinc. 

 

5. Redox active zinc composite antimicrobials 

      ZnO represents one of the most important semiconducting metal oxides, posessing a wide 

band gap energy of 3.2-3.4 eV and an excellent candidate for photocatalytical antimicrobial 

agent as they generate ROS under UV irradiation.10 However, this property relies on external 

light sources and the photoenergy conversion efficiency of ZnO is relatively low due to the low 

charge separation efficiency and the fast recombination of charge carriers. Recently, Zhang’s 

group reported a redox active Zn/ZnO composite that can generate ROS through a self-

corrosion process without relying on light or any external energy input (Figure 6 a, b).35  The 

electrons in the conduction band (CB) of ZnO were supplied by the facile zinc corrosion in the 

core of the composite, which consequently reduced ground state oxygen to generate ROS. 

Zn/ZnO composite has a core-shell structure of zinc core and ZnO rod/needle array aligned on 

the surface as the shell layer (Figure 6c). It was demonstrated that Zn/ZnO composite could 

convert oxygen and water into superoxide radical and hydrogen peroxide. The ROS release 

rate of Zn/ZnO in the dark was determined to be much higher than ZnO nanoparticles under 

UV irradiation (Figure 7a). As expected, Zn/ZnO composite has much higher antimicrobial 

efficacy and the dominant killing mechanism was demonstrated as the release of ROS instead 

of zinc ion or nanoparticle effects (Figure 6d). Similarly, a Zn/ZnS composite has also been 

synthesized and possessed comparable ROS releasing property and antimicrobial efficacy. 

These new zinc composites release ROS spontaneously, which overcome the significant 

limitations of photocatalytic antimicrobial materials. Therefore, these redox active zinc 

composites could have much broader applications. The potential of these Zn/ZnO materials 

was demonstrated in water sanitization, dye degradation and antimicrobial paints applications 

(Figure 7b).36 In addition, the ROS release by ZnO nanocrystals with surface oxygen vacancies 

have also been reported.37-38 However, the antimicrobial efficacy and durability does not match 

up with other materials, possibly due to the limited oxygen vacancy on surface.39  



 

Figure 6.  a) Energy bands of ZnO and redox potentials of Zn2+/Zn and O2/
.O2

-. Electron 

transfer pathway for self-corrosive ROS generation mechanism. b) Schematic representation 

of the Zn/ZnO electrochemical cell. c) SEM image of Zn/ZnO particle. d) Antimicrobial 

activity of Zn/ZnO core/shell particles against E. coli, S. aureus, and C. albicans. The 

antimicrobial property of the surfaces was evaluated using JIS Z 2801/ISO 22196 method. * 

indicates that no colony was observed. The data are expressed as mean ± S.D. of triplicates. 

 

 



Figure 7.  Zn/ZnO redox composite ROS releasing and dye degradation profiles. a, b) Zn/ZnO 

redox composite releases higher concentration of superoxide radicals and hydrogen peroxide 

than ZnO and TiO2 under all conditions. c) Degradation of dyes in the dark by Zn/ZnO particles. 

Conditions: 100 ml water with 10 mg.L-1 dyes (methylene blue and rhodamine B: 1 mg.L-1) 

and 0.2 g Zn/ZnO.  

 

 

6. Perspectives 

    Repercussions from the overuse of organic disinfection agents include the chemical toxicity, 

development of drug resistance in microbes, environmental burden, and food chain 

contamination. As such, the search for green, environmentally friendly antimicrobial materials 

remains a significant societal challenge. In contrast to conventional disinfective organics that 

eliminate microbes by chemical mechanisms, new developments in zinc based antimicrobial 

materials act via physical mechanical rupture, or by the release of ROS. These new materials 

could play crucial roles as non-toxic and safe antimicrobial approaches to succeed the 

overutilization of organic disinfectants, antiseptics and antibiotics, to overcome threats of 

uncontrollable infections and multi-drug resistant (MDR) microbe transmission. ROS has also 

been postulated to be generally biocidal against viruses. Further developments in the 

applications novel ROS based zinc materials in the prevention of SARS-CoV-2 transmission 

would prove to be highly significant and sought after.40 These new forms of Zn-based materials 

have demonstrated long-term stability and promising downstream applications. Potential 

solutions for general disinfection and environmental sanitation could be realized with further 

advances in Zn-based material development. 
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