
Nanostructured Surfaces with Multimodal 

Antimicrobial Action 

Siti Nurhanna Riduan, Yugen Zhang 

Institute of Bioengineering and Bioimaging, 31 Biopolis Way, S138669, Singapore 

Conspectus 

Self-disinfecting surfaces are a current pressing need for public health and safety, in view of 

the current COVID-19 pandemic, where the keenly felt worldwide repercussions have 

highlighted the importance of infection control, frequent disinfection and proper hygiene. 

Because of its potential impact upon real-world translation into downstream applications, there 

has been much research interest from multiple disciplines such as material scientists, chemists, 

biologists and engineers alike. Various antimicrobial technologies have been developed and 

currently applied on surfaces in public spaces, such as elevator buttons and escalator handrails. 

These technologies are mainly based on conventional methods of grafting quaternary 

ammonium salts (QACs) such as benzalkonium chloride, or the immobilization of metal 

species of silver or copper. However, neither the long-term efficacy nor the fast-killing 

properties have been proven, and the future repercussions from extended usage, such as 

environmental hazards or induction of MDR development, is unknown.   

Nanostructured surfaces with excellent antimicrobial activities have been claimed to be the 

next generation self-disinfecting surfaces with various promising applications and passive 

antimicrobial mechanisms, without the potential repercussions of active ingredient overuse. In 

this Account, we briefly introduce the concept of mechanobactericidal action realized by these 



nanostructured surfaces first discovered on cicada wings. The elimination of microbes on the 

surface was actualized by the physical rupture of the microbe cell wall by the nanoprotusions, 

without any involvement of chemical species. By mimicking the physical features of naturally 

occurring biocidal surfaces, fabrication of nanostructures on various substrates such as titania, 

silicon and polymers have been well described. Observations on the dependence of their 

antimicrobial efficacy on physical characteristics such as height, density and rigidity have also 

been documented. However, the complex fabrication of such nanostructures remains as the 

main drawback preventing its widespread application.  

We outline our efforts in fabricating a series of zinc-based nanostructured materials with 

facile and generally applicable wet chemistry methods, including nanodaggered Zeolitic 

Imidazolate Frameworks (ZIF-L) and ZnO nanoneedles. In our investigations, we discovered 

that there were additional modes of action that contributed to the excellent biocidal activities 

of our materials. The impact of surface chemistry and charge was partly responsible for the 

selectivity and efficacy of ZIF-L coated surfaces, where the positively charged surfaces were 

able to attract and adhere negatively charged bacteria to the surface. The combination of 

semiconductor ZnO nanoneedles on electron donating substrates allowed for the generation of 

reactive oxygen species (ROS), realizing the remote killing of bacteria unadhered to the 

nanostructured surface. Additionally, we demonstrate several real-life applications of the 

synthesized materials, underscoring the importance of materials development suited for scale-

up and eventual translation to potential applications and commercial end products.  
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Introduction 

Interest in self disinfecting or antimicrobial surfaces has gained much attention, from both 

the research community and public alike, in recent times. The current COVID-19 pandemic 

and the looming threat of antibiotic resistance have challenged public health institutions 

worldwide.4 Surfaces are often the main site of transmission of infectious diseases via the 

transmission of viable fomites on commonly touched surfaces in public settings, 5,6 or as a 

probable site of bacterial infection and eventual implant failure in medical implants and 

devices.7,8  



Self-disinfecting surfaces have conventionally been implemented by the application of 

hydrophobic, antibiofouling coatings to repel the adhesion of bacteria on the surface, or by the 

grafting or the elution of chemical or enzymatic biocidal agents.9-11 However, these approaches 

are unable to circumvent the eventual formation of biofilms, nor prevent secondary 

contamination on the surface. Additionally, the unregulated use of common biocidal agents 

such as quarternary ammonium salts and triclosans, will result in a heavy environmental burden 

and the increased probability of multidrug resistance (MDR) development.  In view of these 

limitations, mechanobacteriocidal surfaces have been synthesized, where the introduction of 

surface nano/microtopographies are able to effect biocidal activity solely by physical rupture.12-

16 This physical killing mechanism is lauded to be advantageous over conventional use of 

antimicrobials, as the mechanism of action does not involve any chemical species that could 

induce drug resistance.  

In this account, we will introduce the concept of mechanobactericidal surfaces and briefly 

discuss the factors determining its efficacy. We subsequently highlight our efforts in 

synthesizing various nanostructured surfaces of different components, with excellent 

bactericidal activities. Interestingly we discovered supplementary modes of action, in addition 

to physical rupture, that contributed to the excellent activities and its ability to effect remote 

killing of microbes, unadhered to the surface.  

Bactericidal Action by Physical Rupture 

Surfaces featuring nano or microtopographies have been the focus of much attention as they 

have been touted to be viable solutions for antibiofouling or antimicrobial applications on 

commonly touched surfaces, and for dental and orthopaedic implants, to prevent infections at 

the implant site. From the careful control of the physical attributes, surfaces can be made anti-

biofouling, if the features are in the nanoscale range, or antimicrobial, with micron scale 



features. Antimicrobial surfaces with microscale topographies can eliminate bacteria by the 

interaction of the bacterial cell membrane, eventually causing physical rupture.12 

Generally, cells will approach any surface due to a cumulation of interactive forces such as 

hydrophobic interaction, Van der Waals repulsion, and electrostatic attraction. Upon contact 

with a nanopatterned surface, the bacterial wall membrane will adsorb on the protrusions, and 

the continued adsorption would cause the stretching of the membrane until a critical point is 

reached. The stretching of the membrane wall is dependent on two factors; the elastic 

deformation of the cell wall, and the attraction forces between the cell and the surface. The 

critical point occurs when the cell wall is stretched beyond its elastic limit, resulting in 

membrane rupture at the region suspended by the nanopillars.12 Accordingly, the bactericidal 

activity of the surfaces can be tuned by modifying the surfaces chemically and physically to 

achieve the largest degree of membrane elongation. 

While physical attributes of surfaces can be readily modified to effect the optimal 

bactericidal action, the inherent characteristics of the bacteria must also be taken into account. 

The stability and the shape of a bacterium is determined by the internal turgor pressure, and 

the strength of the peptidoglycan layer that makes up the cell wall of the bacteria. Distinctions 

in cell wall thickness, as exemplified by the differences between gram-positive and gram-

negative bacteria, as well as the stage of cell maturation are some of the factors that affect the 

bacteria’s intrinsic susceptibility to physical perturbations. The selectivity of nanostructured 

surfaces to effect cell death against bacteria over mammalian cells is also due to the nature of 

the cell wall, with the red blood cell wall being more flexible and deformable, rendering it more 

resistant to rough surfaces.12  

Bactericidal Nanopatterned Surfaces 

The nanopatterned surface of a cicada wing (Psaltoda claripennis) was the first instance of 

a naturally bactericidal surface reported, where the population of P. aeruginosa adhered on the 



surface was found to be eliminated, Figure 1.17 Since then, close examinations of other 

naturally nanostructured surfaces have revealed that the surfaces found on the wings of various 

dragonfly species possess such bactericidal properties. Dragonfly wings with high aspect ratios 

were found to kill comparatively robust yeast cells, indicating that the aspect ratio of the 

nanostructures was the important factor in the shift in bactericidal capability from weaker 

gram-negative cells to resilient yeast cells.  

 

 

Figure 1. SEM images of nanostructures on cicada wing, PMMA, titanium and black silicon. 

Scale bar 1 m if not indicated. Reproduced with permission from Ref (14). Copyright 2019 

Taylor & Francis.   

Inspired by the findings of bactericidal nanotopographies in nature, compounded with 

advances in materials engineering, there has been many reports of biomimetic antimicrobial 

surfaces recently. Materials such as carbon, in the form of graphene nanosheets, carbon 

nanotubes or ordered fatty acids on highly ordered graphite, have been reported to act as 

“nanoknives” against bacteria, where the membranes suffer physical damage upon contact.14,18 

Nanopyramids and nanopillars have been fabricated from polymers such as polystyrenes and 

poly(methyl methacrylate) (PMMA) but their efficacy as antimicrobial surfaces have been a 

mixed bag of results.12-14,19,20  

Titania has long been utilized as biocompatible materials for orthopaedic implants and other 

applications, and it was of no surprise that the material has been modified to feature 



nanopatterned surfaces to stave off fouling and bacterial infections at the site of implantation.21 

While the efficacy of nanostructured titania was lacking as compared to other materials, due to 

the low aspect ratio of the nanostructured features, it has shown excellent biocompatibility, 

with adhesion of progenitor hSMCs and leukocytes.14  

Silicone-based materials have also been a subject of intense efforts in the synthesis of 

nanostructured surfaces. Due to its advantageous properties such as inertness and the 

adaptability of the material to either be rigid or flexible, and numerous synthetic methods, 

various topologies have been fabricated. Some of these topologies also promote the adsorption 

of essential and important proteins, reducing inflammatory responses.22 This highlights the 

potential applications of silicone materials as implants and prosthetics.  

As described, many synthetic materials have been synthesized to mimic the nanopatterned 

surfaces formed in nature. Factors such as the height and the spacing between the protrusions, 

and the diameter at the tip and the base of the protrusions are the some of crucial attributes that 

determines a surface’s success as a mechanobactericidal surface. While there have been 

numerous, and sometimes contradictory, reports describing the most critical elements that 

influence the efficient mechanobactericidal activity of a surface, Ivanova is of the opinion that 

both the pillar density and pillar height are the two of the most important factors.12 The density, 

and height of nanoprotusions should be at an optimal balance to allow for the stretching and 

eventual rupture of the membrane of the adsorbed cell. Additionally, the pillar height and the 

resultant aspect ratio also plays another important role in determining the bactericidal 

selectivity of the surface over mammalian red blood cells, as too high an aspect ratio will cause 

the deformation and eventual rupture of RBCs. 

While the surface features of these materials can be tuned to allow for synergistic effect of 

optimum bactericidal action and promotion of adhesion of desired cells, the widespread 

application of these materials in actual medical implants have been limited due to the 



inaccessible synthesis requiring specialized equipment. More often than not, these methods 

involve a top-down approach, generating waste, as compared to a more economical bottom-up 

synthesis. Table 1 summarizes and compares the fabrication methods of representative 

materials discussed, and their antimicrobial efficacy. 

Table 1: Summary and comparison of naturally occurring and synthetic nanostructured 

surfaces 

Material Fabrication Method 
Microbial 

Species 

Antimicrobial 

efficacy 

Evaluation 

Method 
Ref 

Cicada 

Wings 
Naturally occurring G (-) 

2.0 X 105 cm-2 

min-1 
Dip-shaking 17 

PMMA 
Nano imprint 

lithography 
G (-) 24% Live/Dead 20 

Titania 
Hydrothermal treatment 

and etching 
G (-) 58% in 18h Live/Dead 21 

Black 

Silicon 
Reactive ion etching 

G (-) 85% in 24h 
Live/Dead 22 

G (+) 89% in 24 h 

ZIF-L 

coating 
Wet synthesis at RT 

G (-) 
8 log redn in 

24 h 
JIS Z 2801 1 

G (+) 
7 log redn in 

24 h 

ZnO on Zn Wet synthesis at RT 

G (-) 
8 log redn in 

18 h 
JIS Z 2801 2 

G (+) 
8 log redn in 

18 h 

Cu(OH)2 on 

Cu 
Wet synthesis at RT 

G (-) 
6 log redn in 

1h 
JIS Z 2801 53 

G (+) 8 log redn in 

1h 

 

It is significant that the factors affecting the antimicrobial action of such surfaces excludes 

any involvement of chemical species, nor is it dependent on external forces for adsorption of 

bacteria. While inert mechanisms are favored, such mechanobactericidal surfaces can be made 



more impactful with additional features such as surface chemistry modifications, and the 

release of active species. 

Nanostructured Surfaces with Surface Charge 

Surface chemistry can improve the efficacy and the selectivity of an antimicrobial 

nanostructured surface. While surface chemistry plays no part in the mechanobacteriocidal 

action of such surfaces, factors such as surface hydrophobicity and electrostatic charge can 

facilitate stronger adhesion of the bacteria on the surface, which will then allow for membrane 

stretching and rupture.  

We reported antimicrobial surfaces decorated with nanodaggers of a zinc based zeolitic 

material with a facile and generally applicable synthesis.1 In comparison, the synthesis of 

nanostructured surfaces described earlier, substrates are limited to silicones and titania, and 

often requires specific and complicated equipment. Large-scale syntheses of such materials 

have yet to be realized, and to date, very few general methodologies exist for the synthesis of 

such nanostructures.  

The zinc-based zeolitic nanostructured surfaces also featureed a positively charged surface, 

that was able to attract negatively charged gram negative bacteria. The combination of 

gravitational forces, hydrophobic forces and electrostatic attraction between the gram negative 

E. coli and the surface was beneficial for microbial cell adherence and rupture. Such 

electrostatic attraction forces have also been utilized in the design of antimicrobial cationic 

polymers,23,24 and positively charged antimicrobial surfaces.25-28  

We modified the synthesis conditions of typical ZIF-8 (Zn(2-MeIm)2) to furnish ZIF-L with 

a nanodagger-like morphology (Zn(2-MeIm)2•(H2-MeIm)1/2), Figure 2. By controlling the 

reaction stoichiometery of Zn2+ and 2-methylimidazole starting material, a nanodaggered  

surface feature was achieved. The nanodagger morphology was attributed to the growth of the 

crystals perpendicular to the substrate surface. The arrangement of the nanodaggers on the 



surface was irregular but the density of the coverage was determined by the reaction conditions. 

The synthesis conditions were amendable to a variety of substrates, ranging from hydrophobic 

Teflon to hydrophilic glass, and the features of the nanodaggered surface was maintained 

throughout the different substrates.  

 

 

Figure 2. Synthesis scheme and bacteria killing model of ZIF-L nanodagger, SEM images of 

ZIF-L nano-dagger coatings on various substrates. Reproduced with permission from Ref (1). 

Copyright 2017 Elsevier.   

The antimicrobial activity was assessed with representative gram negative (E. coli), gram 

positive (S. aureus) and fungi (C. albicans), with the protocol outlined in JIS Z 2801/ISO 

22196. The surfaces successfully eliminated the microbes on introduced on the surface, with 

log reduction values of 7, 8 and 4, for E. coli, S. aureus and C. albicans respectively. Surfaces 

coated with ZIF-8, an analog of ZIF-L with a smooth surface, did not exhibit the same 

bactericidal action, leading us to believe that it was the nanodaggered surface that was 

responsible for microbial cell death. The antimicrobial ability of the surface was also durable, 



where no viable colonies were found when the surfaces were reused over 4 times in two 

months, Figure 3.  

Further investigations on the exact nature of action bactericidal surface included determining 

the minimum inhibitory concentration (MIC) of both ZIF-L and the respective components, 

detection of Zn2+ ions released from the ZIF-L coated surface, and passivation of the ZIF-L 

surface. The MIC and minimum biocidal concentrations (MBC) of ZIF-L, 2-methylimidazole 

and Zn(NO3)2•4H2O was found to be highly elevated, excluding it to be the active species of 

the antimicrobial action. The concentrations of Zn2+ released from the material was also found 

to be far lesser than the reported MIC value of Zn2+. Passivation of the nanodaggered surface 

was realized with coating the nanodaggered surface with platinum. Full elimination of E. coli 

population was observed on the Pt-coated nanodaggered PMMA surface. There was also no 

observed release of reactive oxygen species (ROS) from the surfaces. All these observations 

further establish the fact that there were no chemical species involved in the bactericidal action, 

and instead relies on physical rupture on the surface.  

 

 

 

Figure 3. Antimicrobial activity of ZIF-8 and ZIF-L coated surfaces. (a) killing efficacy of 

uncoated, ZIF-8 and ZIF-L coated PMMA against E. coli (b) S. aureus  and (c) C. albicans. 



(d) Antimicrobial activity of reused uncoated and ZIF-L coated PMMA plates. (e) 

Antimicrobial activity of PMMA, Pt coated PMMA and ZIF-L-Pt coated PMMA against E. 

coli. (f) SEM image of C. albicans cell on ZIF-L-Pt coated glass after 4 h incubation. Red 

arrow indicates the nano-dagger penetrating the cell. Stars indicate no colony observed. 

Reproduced with permission from Ref (1). Copyright 2017 Elsevier.   

 

In this instance, the mechanobacterial mechanism of action was made more potent by the 

presence of electrostatic charges on the surface. The positively charged surface was evidenced 

to attract negatively charged E. coli, and S. aureus, as both microbes were easily eliminated. 

The complementary combination of surface charges with physical rupture was proven to be 

beneficial in this instance and could spur further investigations. 

 

Nanostructured Surfaces that Release Active Biocidal Species 

Nanostructured Surfaces that Release Reactive Oxygen Species 

Our continued efforts in fabricating nanopatterned surfaces also included the fabrication of 

ZnO nanopillars of on a number of substrates.2 These substrates were first seeded with spin 

coated layer of ZnO, before the growth of ZnO nanopillars was effected by submersion in a 

solution of zinc ions. Different aspect ratios and morphology of the resultant nanopillars was 

controlled by the thickness of the initial seed solution. Similar to the growth of ZIF-L 

nanodaggers, the growth of ZnO nanopillars proved to be facile for both inert surfaces such as 

glass, PMMA, Teflon, as well reactive surfaces such as zinc and galvanized steel coupons, 

Figure 4.   

 

 



 

Figure 4. SEM images of ZnO nanopillars and their substrate dependent antibacterial 

properties. (a) ZnO nanopillars on glass slides, (b, c) titanium and (d) zinc foil. (e) Antibacterial 

activity of ZnO nanopillar surfaces against E. coli assessed by JIS Z 2801/ ISO 22196 protocol. 

* indicate no colony was observed. (f) The release profile of ROS from different ZnO 

nanopillar coated surfaces and zinc foil surface. (g) The release of superoxide (•O2
−) from 

different ZnO nanopillar coated surfaces and zinc foil samples. (h) Multimodal killing 

mechanism of ZnO nanopillars on zinc. Reproduced with permission from Ref (2). Copyright 

2018 John Wiley and Sons.   

The antibacterial properties of these nanopillared surfaces were first assessed with the ISO 

22196/ JIS Z 2801 protocol. Although the physical attributes of the nanopillars on the various 

substrates were identical, the bactericidal activity was only observed on nanopillars with 



electron-donating substrates such as zinc and galvanized steel, but not for inert substrates such 

as glass, silicones and ceramics.  

Further investigations using Live/Dead bacteria fluorescence assays determined that the 

bactericidal activity of all the nanopillared surfaces were similar, regardless of substrate 

identity. Similarly, SEM examination of the microbes on the surfaces indicated cell rupture 

and lysis. Collectively, these observations illustrate the efficacy of the nanostructures to effect 

the killing of microbes.  

The contrasting observations in antimicrobial efficacies from the three assessment methods 

were puzzling. Upon further studies we discovered that the key point in explaining the disparity 

between the two observations: the protocol described in the JIS Z 2801/ ISO 22196 standard 

takes into account the total population of the microbe introduced onto the nanostructured 

surface, while in both the Live/Dead assay and SEM studies reflects the state of the adhered 

microbes only. This suggests that there was an additional contributing factor in the killing 

mechanism of the nanopillars on active substrates such as zinc or galvanized steel, as compared 

to purely physical rupture. 

In order to realize the elimination of non-adhered microbes, an aqueous soluble active species 

must have been released from the nanopillar-substrate material. The two active species that 

could be present were Zn2+ ions, or reactive oxygen species (ROS) generated on the surface of 

the nanopillars. The active species was later determined to be reactive oxygen species, after 

ascertaining that the concentrations of Zn2+ ions released were not substrate dependent and 

were far lower than the reported MIC values for Zn2+. The ROS generated from the ZnO/Zn 

nanopillar combination was determined to be far higher than the ROS level generated from any 

other ZnO-substrate combination and significantly, the ROS was generated without the need 

for light irradiation. Further investigations revealed that the combination of ZnO nanostructures 

(including nanoparticles) with zinc was essential for the generation of superoxide radicals. This 



is in contrast to the combination of ZnO with other inert materials such as glass or titania, 

where the generation of superoxide radicals was not realized.  

The hypothesis for the generation of superoxide radical oxygen species was postulated to 

arise from the self-corrosion of the zinc substrate; which subsequently transfers the electrons 

to the metal semiconductor ZnO nanopillars. The generation of ROS from such mechanisms 

was previously reported for a Mg/TiO2 pair,29-31 and there has been no other reports since. The 

full electron transfer from the zinc substrate to the ZnO conduction band as an intermediary to 

ground state oxygen to form superoxide radicals is energetically favored. The reduction of O2 

to ROS by ZnO-type materials, in the presence of UV or visible light is well established.32,33 

However, this is the first instance of ROS generation on a ZnO material from the self-corrosion 

of zinc.  

 

Release of Reactive Oxygen Species (ROS) and its killing mechanism 

ROS represents a collective of highly reactive oxygen species, and characterized by either 

unpaired electrons, or empty orbitals. These species often include the superoxide radical anion, 

hydrogen peroxide, singlet oxygen and hydroxyl radical, where superoxides and hydrogen 

peroxides are often found in healthy biological systems in low equilibrium concentrations. 

Elevated values of these two species, or the presence of singlet oxygen and hydroxyl radicals 

for which there are no defense mechanisms, will unequivocally result in detrimental effects. 

These reactive species are characterized by their short half-lives and have been reported to 

cause oxidative damage to lipids, proteins and DNA within the cell.34-36   

Both exogenous and endogenous ROS have been used for antimicrobial and antitumor 

applications.34,37-42 ROS has been used in photocatalytic disinfection processes, in pilot plant 

and large scale industries, where UV or visible light illumination of semiconductor materials, 

such as TiO2, MoS2 and ZnO, produced ROS to disinfect water.43-47 More recently, a ZIF-8 



metal organic framework has been reported to generate ROS, via the transfer of visible light 

excited photoelectrons present in the surfaces of the material as paramagnetic Zn+ sites.48 

Though there has been marked improvements in the photocatalytic efficiency, the main 

disadvantage of such semiconductor materials will be their dependency on external light 

stimulus to generate the active species. This restricts their widespread utilization to provide 

constant disinfection for general healthcare or medtech applications. To date, there have been 

improvements and modifications to semiconductor ZnO and TiO2 to manipulate the interfacial 

oxygen vacancies, for spontaneous ROS generation, but their antimicrobial action and 

durability were still limited, possibly due to the limited amount of oxygen vacancies on the 

surfaces.49-52 As such, further exploration of materials that can spontaneously release or 

generate ROS continue to be an active area of research.  

 

Reactive Oxygen Species Releasing Antimicrobial Particles 

The self-erosion and subsequent electron transfer mechanism of the zinc-zinc oxide redox 

couple to generate oxygen radicals was further explored in our subsequent paper.3 Particles 

featuring a Zn core with a ZnO shell was synthesized to better probe the requirements of 

chemical interface, size and morphology for improved antimicrobial efficacy, mechanistic 

studies, and to realize a broader range of applications. A uniform ZnO nanostructured coating 

on Zn was achieved from the synthesis conditions included that included the reaction of Zn2+ 

ions with Zn particles in basic conditions, or the hydrothermal reaction of Zn with water at 

105ºC.  

  



 

Figure 5.  (a) SEM images of Zn/ZnO core/shell particles. (b) Schematic representation of the 

Zn/ZnO electrochemical cell and ROS generation cycle. (c, d) Zn/ZnO core/shell particles 

release significant amount of superoxide radical (•O2
−) and hydrogen peroxide (H2O2) species. 

(e) Antimicrobial property of Zn/ZnO particles against E. coli, S. aureus, and C. albicans. 

Reproduced with permission from Ref (3). Copyright 2019 Royal Society of Chemistry.   

 

Evaluation of the antimicrobial activity of core-shell particles synthesized from the different 

conditions was performed against E. coli, and it was found that a full coating of ZnO on Zn 

was essential to obtain excellent antimicrobial activity. The antimicrobial efficacy of the 

ZnO/Zn core shell particles was also demonstrated against gram-positive S. aureus and fungi 

species C. albicans (Figure 5e). It should also be noted that these experiements were conducted 

in the dark, with no possibility of photo irradiation of semiconductor ZnO. 

By using various chemical probes, it was observed that ZnO/Zn core-shell particles can 

generate an appreciable amount of reactive oxygen species, such as superoxide •O2
- and 

hydrogen peroxide H2O2 (Figure 5c, d). To further ascertain that the bactericidal action was 

indeed due to the release of reactive oxygen species, ROS scavengers such as TEMPO (for 



superoxide) and catalase (for H2O2) were introduced as additives in the antimicrobial 

assessment protocols. The rate of E. coli elimination was much slower in the presence of ROS 

scavengers, as compared to the control set without any additive, indicating that the active 

species resulting in antimicrobial effect was indeed the ROS generated by the particles. The 

particles were also found to be non-haemolytic, with no induction of mutagenicity. These 

observations cumultatively point to the efficacy and safety of ROS releasing particles as a 

viable antimicrobial material. 

 

Copper-based Nanostructured Surfaces 

With the body of work we built up over the recent years, we pursued the synthesis of 

nanostructured copper species on copper surfaces, where multimodal mechanism of 

antimicrobial action can be realized with physical killing, as well as Cu-based biocidal action.53 

Copper nanostructures of different morphologies and oxidation states were synthesized on 

copper foils, and it was observed that needle-like Cu(OH)2 performed comparatively better 

than blade-like CuO, and pristine Cu(0) surfaces, Figure 6. The efficacy of the material was 

also demonstrated against clinically isolated pathogens, MS2 viral surrogate (bacteriophage) 

and Murine hepatitis virus.  

 

 

 



Figure 6.  (a) SEM images of Cu(OH)2 nano-sword and CuO nano-blade on Cu foil. (b) 

Antimicrobial efficacy of nano-structured copper surfaces against E. coli. (c, d) Antivirus 

properties of copper foil, Cu(OH)2 nano-sword array surface, and CuO nano-blade array 

surface against MS2 bacteriophage and Murine hepatitis virus at 15 min. 

Applications of Materials Synthesized in our Laboratory 

Much literature has been devoted to the synthesis of antimicrobial surfaces, be it from the 

creation of nanotopograpies to impart antibiofouling or mechanobactericidal properties, or the 

coating of antimicrobial materials onto surfaces. However, there has been limited instances or 

illustrations of their real-world application that would translate to societal impact. Our research 

work has been aimed at real-life healthcare and public setting disinfection applications, and the 

materials synthesized in our lab have since garnered attention and research collaborations from 

local small and medium enterprises, as well as multinational corporations.  

As described earlier, the coating of ZIF-L was facile across a range of substrates, one of them 

being cotton. To realize antibiotic-free wound healing materials, ZIF-L was coated on cotton 

gauze, Figure 7. The ZIF-L modified cotton gauze was then assessed for its application for the 

treatment of bacterial infections in wounds, by using the S. aureus infected wound model.54 

Skin defects were introduced onto mice, and inoculated with S. aureus, with the wounds 

dressed with commercially available silver impregnated gauze, ZIF-L gauze, and untreated 

gauze as a control. The wounds dressed with untreated cotton gauze was observed to be in a 

worse condition with purulent discharge, in comparison to the wounds dressed with either Ag 

or ZIF-L gauze, where treated wounds were closed and epithelized. Recovery of S. aureus from 

the wounds also revealed a much lower number of bacteria for modified gauze (91.4% and 

98.7% reduction, for Ag and ZIF-L respectively) as compared to uncoated gauze. These 

observations, along with the better biocompatibility of ZIF-L modified gauze over Ag modified 

gauze, highlights the potential for its use in consumer healthcare products.  



 

 

 

Figure 7. The ZIF nano-dagger coated cotton gauze used for antibiotic-free wound dressing 

with S. aureus infected wounds. Reproduced with permission from Ref (54). Copyright 2019 

Royal Society of Chemistry.   

The widespread application of nanostructured materials as disinfective surfaces in various 

industrial, household and biomedical settings can only be realized with material scalability and 

durability. We found that the fabrication of ZnO nanopillars on large format substrates was 

amenable, and that the material was durable when exposed to highly accelerated lifetime tests 

(HALT) designed to mimic environmental stresses.55  

A straightforward approach to make surfaces can be realized by the application of surface 

coatings such as paints. We have incorporated the ZnO/Zn core/shell materials in to polyarcylic 

acid-based paints, and a doping level of 3wt% was sufficient to eliminate bacteria introduced 

onto painted polycarbonate surfaces.3 This illustrates the accessible application of our materials 

into everyday applications in prevent surface fomite transmission.  

The particulate nature of ZnO/Zn core/shell materials also makes them amenable to both 

batch-type and flow-through processes, which are especially useful for environmental 

sanitation and decontamination of water.3 Decontamination experiments with water spiked 

with 105 CFU mL-1 E. coli revealed that the core/shell particles were able to effect complete 



killing of the microbes within 24 hours, with gentle agitation and in the dark. The smaller sized 

particles were faster in the disinfection process, due to the large surface area. The amount of 

such particles required to achieve complete disinfection of water contaminated with S. aureus 

and E. coli was determined to be 1 mg L-1 and 100 mg L-1, respectively, emphasizing their high 

biocidal activity in a batch-type disinfection process  

The ROS generating property of the ZnO/Zn particles was further utilized to degrade dyes, 

as a proof of concept of its ability to break down organic pollutants for waste water treatment.56 

Dyes representative of common organic pollutants were selected, featuring unsaturated 

hydrocarbons and other moieties that would not degrade otherwise. The UV/Vis spectra of the 

dye solutions were then recorded as a function of time, as a measurement of the core-shell 

particles’ ability to break down the chemical structures. The ZnO/Zn particles were able to 

degrade the six structures completely within 24 hours, at a particle concentration of 10 mg L-

1, in both batch-type and flow systems. In comparison, pure semiconductor ZnO did not effect 

any decomposition in the dark, and as only able to do so under stimulated sunlight. Further 

studies on the physical characteristics and chemical engineering aspects, such as flow rate and 

backpressure, of such a system should be investigated for widespread utility as water 

purification filters. 

The applications illustrated in this account are not exhaustive, and the potential need for such 

materials and applications will prove to be limitless. It is therefore imperative that materials 

developed as antimicrobials demonstrate their suitability for scale up syntheses and 

incorporation into end-products.   

 

Conclusion and Perspective 

Research efforts in antimicrobial materials and surfaces have been driven by the need for 

passive disinfection technologies, and the rapid development of MDR microbes in response to 



the inordinate use of antibiotics. The situation is additionally exacerbated by the current 

COVID-19 pandemic. Nanostructured materials have shown promise, in providing benign 

solutions that will have low environmental burden and a reduced probability of MDR 

induction. This account described our research efforts in designing general fabrication 

protocols to produce nanostructured surfaces on various substrates, where methodologies 

previously reported were limited by specialized equipment and narrow range of materials. 

Along the way, we discovered additional modes of action such as advantageous surface 

chemistry properties, and the release of active species that effect remote killing of microbes. 

The current strategy has potential in wide-ranging applications, including utilization for general 

biofouling and disinfection, as well as niche medical products. The materials synthesized in 

our laboratories were also applied to various real-life disinfection applications, with two startup 

companies successfully established, as part of our push towards translation from bench to 

market. It is our hope that our research efforts will stimulate further collaborations with private 

and public agencies to produce solutions for public health. 

We anticipate that the demand for novel antimicrobial technologies will grow exponentially, 

as countries prepare themselves for a post COVID-19 world. Desired attributes of new 

technologies will include long-lasting efficacies without reapplication, super-fast killing 

kinetics, low environmental burden and minimized probability of MDR development. It is 

essential for scientists to stay ahead of the curve to prevent the devastating economic and 

societal impact of future pandemics arising from superbugs.  
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