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Microbicide Surface Nano-Structures  

The prevention of infectious diseases is a global challenge where multidrug-

resistant bacteria or “superbugs” pose a serious threat to public health worldwide. 

Microtopographic surfaces have attracted much attention as they represent a 

biomimetic and non-toxic surface antibacterial strategy to replace biocides. The 

antimicrobial effect of such natural and biomimetic surface nanostructures 

involves a physical approach which eradicates bacteria via the structural feature 

of the surfaces without any release of biocides or chemicals. These recent 

developments present a significant proof-of-concept and a powerful tool in which 

cellular adhesion and death caused by physical approach can be controlled by the 

micro/nanotopology of such surfaces. This represents an innovative direction of 

development of clean, effective and non-resistant antimicrobial surfaces. The 

minireview will cover novel approaches of construction nanostructures on 

surfaces to create antimicrobial surface in an environmentally friendly, non-toxic 

manner.  
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 Introduction 

 

     Antimicrobial resistance (AMR) is one of the most critical challenges facing 

modern society, with an estimated 10 million deaths predicted by 2050.[1,2] 

Preventing infection transmissions and minimizing the unnecessary usage of 

antibiotics are important approaches in AMR control.  As up to 80% of the germs 

are transmitted via surface contact,[3] the eradication of bacteria on frequently 

touched surfaces is an effective way to avoid cross infections. One of the major 

causes of AMR development is the overuse of antimicrobials for such non-

therapeutic applications. As a consequence, there is an urgent need to develop 



 

 

surface disinfection technology which is highly bactericidal but with minimal 

development of resistance and environmentally benign. [4-8]  

      In response to this threat of growing antimicrobial resistance and the rising 

demand for self-disinfecting surfaces, microtopographic surfaces have attracted 

much attention as they could represent a non-toxic and biomimetic surface 

antibacterial strategy to replace biocides.[9-12] Many biological systems, such as 

lotus leaves, gecko feet and insect wings, are known to possess various functions, 

including low/high-adhesive, super-hydrophobic, self-cleaning, anti-biofouling 

and microbicide functions due to their nanostructured surfaces.[13-18] The 

antimicrobial effect of natural and biomimetic microtopographic surfaces 

involves a physical approach that kills bacteria via the interaction between the 

microbes and the structural feature of such surfaces without the release of any 

chemicals or biocides.[9, 13-19] There are many factors, such as surface feature 

size, geometry and surface roughness, affecting the cell behaviors on nano-

structured surfaces, although the detailed mechanism of this phenomenon is still 

being investigated. As the size of the feature of the surface decreases from 

micron/submicron to nanometer, its function could shift from antifouling 

(repelling or resisting the initial attachment of bacteria, such as shark skin 

surface, see Figure 1b) to bactericidal (enhancing the initial attachment of 

bacteria and killing them via physical rupture, such as bactericidal cicada wings, 

see Figure 1c) .[20-23] Although microtopographic surfaces have been widely 

investigated and applied in antifouling applications,[19] bactericidal 

nanopatterned surfaces represent a relatively new and emerging area. [24-26] 

Additionally, their applications as self-disinfection surfaces have yet to be 

established. In this minireview, recent progress of microbicidal nano-structured 



 

 

surfaces will be covered (Table 1). Antifouling microtopographic surfaces will be 

excluded in this review as it has been well documented in literature.[27-30]  

 

Figure 1. SEM images of cells and nanostructured surfaces. (a)  Attachment and 

growth of NIH/3T3 cells on micro-pillared surface with feature size large than 10 

microns;[31] (b) Anti-fouling shark skin repelling bacteria cells. The surface 

feature nanostructured parameter is in several micron scale;[32] (c) Bactericidal 

cicada wings featuring nanopillared structures in submicron scales, with attached 

Gram-negative cells.[21]         

 

2. Evaluation methods for surface antimicrobial efficacy 

    There are different methods in evaluating the in vitro property and efficacy of 

antimicrobial surfaces, with different microbes were done, resulting in different 

outcomes. It is important to understand the scope and limitations of each of these 

evaluation protocols as they are utilized in reported literatures (Table 1).    

      In the fluorescent live/dead assays,[21] cells were placed and incubated on 

the surface. After incubation, the surfaces were washed with water to remove 

unattached cells. The cells attached to the surface were then dyed and observed 

using fluorescence microscopy. The results from this method are unambiguous, 

as analysis is only performed on cells that are attached to the surface, determining 

the microbial killing effect of cells adhered to the surface.  



 

 

     For Japanese Industrial Standard Method (JIS Z 2801:2000) method,[33] cell 

suspensions were placed on the surfaces and covered with a film. After 

incubation with the surfaces, the respective cell suspensions were subsequently 

collected, diluted, and plated on agar plates for incubation and microbial colony 

counting. The entire cell suspension on the surface (including both attached and 

unattached cells) was evaluated in this method. Given that, cells could be 

suspended in different media, such as buffer, nutrient broth and different 

concentration of nutrient broth, which will also give out different results. 

     In airborne droplet model,[34] a much lesser volume of cell suspension is 

placed on top of surface without a cover film. In this case all cells are forced 

come into contact with surface. The subsequent analysis method is the same as 

JIS method.  

    Another reported method used to evaluate the antimicrobial surface property is 

dip-(shaking) assay.[35] For this method, the surface material was soaked in cell 

suspension. The cell suspension was collected after a period of time and analysis 

via microbial colony counting was subsequently performed. In this method, 

analysis was only performed on the unattached cells in the suspension.  

 

3. The physical rupturing model of cells on surface nanostructure  

     Vertical nanowires with sharp tips could penetrate the cell membranes with 

gravitational force and/or other adhesion forces and this phenomenon has been 

applied as useful intracellular accessing tool.[36-37] The Young’s moduli of live 

E. coli cell wall was measured to be about 23 and 49 MPa for axial and 

circumferential directions respectively. To fully rupture the cell wall membrane, 

pressures of at least 29 kPa are required.[38] Melosh et al. reported that for a 



 

 

nanowire with a radius of 50 nm, the force required for membrane penetration is 

in the order of nN, an order of magnitude higher than gravitational force (Figure 

2). However, when the radius was reduced to less 10 nm, gravitational force itself 

may induce cell membrane penetration.[38] There are several significant and 

different types of interactions between cells and the surface be involved. Such 

interactions include gravitational force, Van der Waals repulsion force, 

hydrophobic interaction and electrostatic interaction, and they generally occur 

between cell membrane and nano-array surface (surfaces with nano-array 

structures have increased hydrophobicity).[39]  The cumulative effects of these 

forces and interactions causes cells to rupture on surfaces featuring nanopillars 

with radii larger than 10 nm, as exemplified by the bactericidal effect of cicada 

wings.[21-22] Recently, a new type of killing model of high aspect ratio 

nanostructure kill bacteria by storage and release of elastic energy was also 

proposed. [40]  

 

 

 

 

 

 

 

 

Figure 2.  

Rupture model of a cell on (a) bed of nanowire,[38]  (b) surface of cicada 

wing.[21-22] Nanowire penetration occurs as a cell lands on a bed of nanowires 



 

 

(a1-a6). In the presence of cellular gravity, the cell membrane undergoes large-

scale deformations due to nanowire indentation (a1 – a2). Alternatively, nanowire 

penetration occurs as cells adhere to the substrate, inducing a localized vertical 

force between the membrane and the nanowire (a3 – a4). Cell membrane opposes 

the vertical force from the nanowire, compressing the lipid bilayer to reach a 

critical value of rupturing (a5-a6). AFM image of a cicada wing, colored 

according to height (b1). Schematic of bacterial outer layer attached on cicada 

wing nanopillars. The attached layer is in contact and suspended between the 

pillars which will cause stretching and eventually rupturing (b2). 

 

       On the other hand, different microbial species, such as Gram-positive 

bacteria (G(+)), Gram-negative bacteria (G(-)) and fungi, exhibit differences in 

their cell membrane, which plays an important role in their self defence 

mechanism from antibiotics.[41-42] Nanostructured surfaces that can physically 

rupture cell wall and membrane offer a broad spectrum of activity across the 

variety of microbes. The cell wall is responsible for the rigidity of the cell 

envelope and for the determination of cell shape. The mechanical strength of cell 

wall is determined by their various glycan layers (peptidoglycan for bacteria and 

chitin/glycan for fungi) which consist of a cross-linked polysaccharides 

framework.  The cell wall of a G(-) bacterium consists of very thin layer of 

peptidoglycan, generally only several nanometres thick, rendering them weak and 

susceptible to rupture by nanostructured surfaces, although it possess 2 layers of 

membrane (Figure 3). In comparison, the cell wall of a G(+) bacterium is made of 

many layers of peptidoglycans with cumulative thickness of 20-100 nm making 

them more resistant towards surface nanostructures. Fungi have much more thick 



 

 

cell wall which is in the range of 200-1000 nm and are even more resistant to 

surface nano-patterns.[42] In contrast, red blood cell membrane is composed of 3 

layers: the glycocalyx on the exterior, the lipid bilayer and the membrane 

skeleton located on the inner surface of the lipid bilayer. It makes red blood cell 

deformable, flexible and squishable, therefore they are rather resistant toward 

surface nanostructures.  

 

 

 

 

 

Figure 3. Schematic cell wall structures of Gram-negative bacteria, Gram-

positive bacteria and fungi, modified from ref [41]. The cell wall of a Gram-

negative bacteria consist of very thin layer (about 2-10 nm) of peptidoglycan. 

Gram-positive bacteria cell wall is made of many layers of peptidoglycans with 

cumulative thickness of 20-100 nm. Fungi have much more thick cell wall which 

is in the range of 200-1000 nm. 

 

      The interactions between bacterial cells and cicada wing surface structures 

were proposed by several biophysical models (Figure 2).[22, 43] In these models, 

the cell membrane stretches on top of nanostructured surface and this eventually 

leads to cell membrane rupture. [44] The bactericidal property of nanostructured 

surfaces is dependent on surface roughness and structure aspect ratio, along with 

other significant factors, such as the material property and the surrounding 



 

 

conditions. In general, the killing mechanism is biophysical in nature and less 

rigid bacterial membrane will be more easily raptured by the nano-array.  

 

4. Examples of bactericidal nano-patterned surface from nature 

    Although antifouling microtopographic surfaces have been studied for many 

years, the physical antimicrobial effect of such nano-patterns was recognized 

only recently.[5,9,19] An example includes the nanopatterned wings of cicada 

Psaltoda claripennis  which are covered with periodic nano-arrays of 200 nm tall, 

100 nm in diameter at the base, 60 nm in diameter at the cap, with 170 nm 

spacing from centre to centre (Figure 2, 4).[21-23, 45] The relatively 

hydrophobic surface kills attached cells instead of repelling bacterial cells, where 

effective bactericidal property via physical rupture of the cell membrane  was 

demonstrated against P. aeruginosa. Fluorescent live/dead assay revealed that the 

wing surface killed almost all attached P. aeruginosa cells within 60 mins. A 

gold coated wing with reduced hydrophobicity (contact angle value of 105o as 

compared to 158o uncoated) also demonstrated bactericidal property. Later, a 

biophysical model was proposed to represent the interactions between bacterial 

cells and cicada wing surface structures.[23] The cell membrane was modelled as 

a thin elastic layer regardless of its detailed structure and compositions. When the 

bacterial cells attaches itself onto the surface nanopillar of cicada wing, the cell 

membrane stretches in the regions suspended between pillars, leading to the 

rupture of the membrane by the pillars. It was then hypothesized that the killing 

mechanism was biophysical in nature where less rigid bacterial cell membrane 

will be more easily ruptured by the nano-array. Due to the relatively low structure 

aspect ratio (~2), cicada wing can only rupture Gram-negative bacteria.[21]  



 

 

 

 

 

 

Figure 4. SEM images of the nanoarray structures of cicada and dragonfly wings. 

The aspect ratio of wings of cicada Psaltoda claripennis is 2.5, Magicicada 

septendecim is 2, Tibicen is 5 and dragonfly Progomphus is 10. 

    Nanostructures of different insect wing or plant surfaces are vastly 

different.[46] Nowlin et al. studied the interaction of yeast strain Saccharomyces 

cerevisiae with three nanostructured insect wings: Brood II cicada (Brd II, 

Magicicada septendecim), dog day cicada (DD, Tibicen) and sanddragon 

dragonfly (DF, Progomphus).[47] The microtopographic parameters of wings of 

these three species were very different, where the aspect ratio was 2, 5 and 10 

respectively for Brd II cicada, DD cicada and DF dragonfly. Live/dead assay 

showed that yeast cells, which are much robust than bacterial cells, were killed on 

nanostructured surfaces of the wings of DD cicada and dragonflies with high 

aspect ratio, but not on Brd II cicada wing. In addition, strong adhered cells are 

more easily eradicated on nanopillars due to the strong interaction or adhesive 

force imposed on the cells.  Recently, nanostructured surfaces of gecko skin also 

demonstrated selective bactericidal property, where it can rupture Gram-negative 

P. gingivalis cells, but not eukaryotic cells. [48] 

An interesting report by Ivanova et al investigated the susceptibility of P. 

aeruginosa and S. aureus cells at their different phases of growth to mechanical 

rupture on the nanostructured surface of the Calopteryx haemorrhoidalis 

damselfly wing membrane.[49] The surface featured nanoprotrusions of height 



 

 

433 nm, tip diameter 47.7 nm, spacing 116 nm, with a surface water contact 

angle 157 oC.  The killing ratio of attached cells was found to be higher for 

physiologically younger cells and old cells. In contrast, the proportion of dead 

physiologically mature cells are much low, which may reflect that the mature 

cells are much strong and robust against this mechanical rupturing (Figure 5).  

 

 

 

 

 

 

 

 

 

Figure 5. Bactericidal effect of the mature male damselfly Calopteryx 

haemorrhoidalis wing surfaces against (a) S. aureus and (b) P. aeruginosa cells 

at various physiological growth phases. Fluorescent live/dead assay shows viable 

(green) and non-viable (red) cells on the wing surface. Insets are pie charts 

showing the proportions of viable (green) and nonviable (red) cells (scale bar 10 

μm).[49] 

 

 

5. Microbicidal nano-patterned surface materials 

5.1 Rough carbon surfaces 



 

 

    Much can be learnt from nature, including materials, structures and 

functions.[50] Bactericidal surface nanostructures that are found in nature have 

inspired researchers to develop a bio-mimic nanostructured surface which can kill 

bacteria in a green and safe way. 

     The bactericidal property of such surfaces is related to its surface roughness 

and more recently, it was proposed that the rough surface can act as nano-knives 

to damage the membranes of the attached cell and induce cell death.[51] For 

example, nanocrystalline diamond or diamond-like carbon surface exhibits 

bactericidal property due to its surface roughness.[52-53] However, the killing 

efficacy of these rough surfaces with low aspect ratio is low.[54-55] It was also 

reported that surfaces with very fine carbon nanotubes (diameter between 0.75 to 

1.2 nm, represents high aspect ratio) exhibited strong antimicrobial property 

against E. coli.[56] About 80% of E coli cells were killed after incubated on 

surface for 60 mins as assessed by live-dead assay. It was demonstrated by SEM 

studies that the direct cell contact with carbon nanotubes cause severe membrane 

damage and subsequent cell inactivation.  

     Akhavan and Ghaderi later reported that the sharp edges of graphene 

nanosheets could result in loss of bacterial membrane integrity and leakage of 

RNA.[57] In another report the toxicity of a series of graphene sheet surfaces 

with different roughness and densities against bacteria cells were studied.[58] It 

was found that the graphite surface which has highly ordered stacked graphite 

layers and zero angle of graphene nanosheets were basically non-toxic toward 

bacteria cells. Rough graphene coated surface (GN-R), with high angle of 

graphene nanosheets, high length of edge and medium density of graphene edge 

length killed more bacteria cells than graphene nano-smooth surface (GN-S) with 



 

 

low angle of graphene nanosheets, short length of edge and high density of 

graphene edge length (Figure 6). The size effect of graphene nano-sheets on 

surface is in agreement with another report where high antimicrobial activities 

were observed for smaller GO sheets.[59] These smaller sized GO sheets could 

induce higher defect density on bacterial cells.    Ivanova et al recently described 

a simple method for the self-assembly of fatty acids on highly ordered pyrolytic 

graphite (HOPG), forming rough surfaces with a crystalline fatty acids layer 

which exhibited good antibacterial activity against both Gram positive and Gram 

negative bacteria.[60] Mechanistic studies indicate that the surface crystallite 

induced lipid rearrangement to produce a bilayer pore similar to those having 

been reported for graphene flakes. In addition to the nano-knives killing 

mechanism, other mechanisms have been proposed for the antibacterial efficacy 

of graphene nanosheets, such as insertion model,[61,62] electron transfer 

model,[63-65] extraction,[66] wrapping,[67] oxidative stress [68,69] and self-

killing effect,[70,71] but will not be discussed here.  

 

 

 

 

 

 

 

Figure 6. 

SEM images of the surface structures of (a) diamond nano-cones,[53] (b) 

nanocrystalline diamond,[52] (c) crystalline palmitic acid on highly ordered 



 

 

pyrolytic graphite (HOPG),[60]  (d) crystalline stearic acid on highly ordered 

pyrolytic graphite (HOPG),[60] (e) high angle graphene sheet and (f) low angle 

graphene sheet.[58]  

 

5.2  Silicon materials 

    Nature has provided us with perfect examples for us to understand bactericidal 

property of nano-patterned surfaces, for example, the wings of cicada and 

dragonflies. A biomimetic nanomaterial, black silicon (bSi), with high aspect-

ratio nanoprotrusions on surface was synthesized by reactive-ion etching (RIE) 

method and their bactericidal property were evaluated against Gram-negative, 

Gram-positive bacteria and endospores.[35] Black silicon surfaces consists of 20 

– 80 nm nano-pillars with a height of 500 nm. It is relatively less hydrophobic 

with contact angle of 80o (Figure 7). Black silicon has been compared with cicada 

and dragonfly wings, which possess ordered surface nanoprotrusions with many 

clusters below 30 nm in diameter and height of 240 nm. Distinct from cicada 

wing which can only kill Gram-negative P. aeruginosa, both black silicon and 

dragonfly wing can effectively kill Gram-negative P. aeruginosa as well as more 

rigid and robust Gram-positive S. aureus and spores B. subtills via physical 

rupture of cell membranes. In this report, a dip-shaking assay was used to 

evaluate the bactericidal property of surface and it was expressed as cell killing 

rate (cells killed per cm-2min-1). The killing rates for black silicon against three 

species are range between 1.4 – 4.5 ×105 over 3 h. The same group further 

fabricated three nanostructured black silicon surfaces of different parameters, 

height 279.4, 432.5, 612.1 nm with corresponding cap diameters, spacing and 

density. As evaluated by live/dead assay against P. aeruginosa and S. aureus 



 

 

cells, the fine nano-pillars around 300 nm height proved to be more effective at 

killing bacteria than nanopillars with larger features.[72] However, the optimized 

parameters of nanostructure is varied in different research laboratories. [73-75] It 

was also reported that black silicon can cause red blood cell (RBC) lysis via the 

interaction between surface nanopillars and erythrocytes,[76] by causing stress-

induced cell deformation, rupture and lysis in about 3 min. However, this 

observation was based on cells that are attached to the surface. In an experiment, 

RBCs attached on black silicon surface at a concentration of 6000/mm2 and about 

30% were ruptured after a 60 minute incubation period, and 75% cell death was 

observed after 2h incubation. Recent study showed that black silicon has no 

killing or rupture effect toward dormant spores of B. subtilis, Bacillus cereus or 

Bacillus megaterium, although germinated B. subtilis spores could be rapidly 

killed.[77] However, in another report from this group, the bactericidal black 

silicon surface could promote the growth and proliferation of eukaryotic cells 

(COS-7 fibroblast cells).[78] It was also proved that the nanotopology of the bSi 

surface was biocompatible and resulted in a reduced inflammatory response 

compared to its non-nanostructured equivalent when implanted into mice. The 

adsorption pattern of two human plasma proteins (albumin (Alb) and fibronectin 

(Fn)) on the surface of black silicon (bSi) were also studied.[79] The smaller 

protein Alb preferentially adsorbs onto the surface in the valleys between 

nanopillars of bSi surface at low bulk concentrations up to 40.0 μg/mL.  At 

higher concentrations, the Alb preferentially adsorbs onto the top of the 

nanopillars. In contrast, the larger protein Fn was found to preferentially adsorb 

onto the top of the nanopillars, independent of the bulk protein concentration. In 

general, both proteins were more easily adsorbed onto the nonstructured silicon 



 

 

wafers than the nanostructured bSi surfaces at low concentrations. These 

materials could potentially be used for applications such as prosthetics and 

implants. Hasan et al built a superhydrophobic black silicon surface by using 

DRIE technology and the consecutive etching and passivation steps using SF6 

and C4F8 gases.[80] The high aspect ratio nanostructure surface consisted of a 

partially formed Teflon type material with hydrophobic characteristics similar to 

that of cicada wings. This surface exhibits similar superior killing property 

against Gram-negative E. coli, Gram-positive S. aureus and also mammalian 

cells. This non-selective killing behaviour may be due to its super hydrophobicity 

and nanostructures with high aspect ratios. In contrast, a transparent 

superhydrophilic quartz nanopillar-structured surface (water contact angle value 

of 0o) with the height of nanopillars 300 nm was fabricated and demonstrated 

good bactericidal property. The superhydrophilic bactericidal surfaces killed 

∼38,000 and ∼27,000 cells cm−2min−1 of P. aeruginosa and E. coli, 

respectively.[81] The black silicon exhibits clearly excellent bactericidal 

property. However, its toxicity toward mammalian cells is still unclear and needs 

more systematic study. 

  

 

 

 

Figure 7. SEM images of bSi samples with different heights of nanoarrays (a) 

279 nm, (b) 432 nm and (c) 612 nm. Main image scale bar is 1 μm, inset scale 

bars are 200 nm. Bottom: Fluorescent live/dead assay shows bactericidal activity 

of bSi against P. aeruginosa and S. aureus. Representative CLSM images of P. 



 

 

aeruginosa and S. aureus bacterial cells on black silicon surfaces. CLSM scale 

bar is 5 μm. Pie-charts show percentage of live (green) and dead (red) cells 

attached onto bSi surfaces of varying geometries.[72]  

 

     Wang et al developed a microfluidic device containing a channel where bSi 

was incorporated.[82] More than 99% of P. aeruginosa cells were killed after 5 

cycles through the device with black silicon, while no killing effect was observed 

for the device with flat silicon (Figure 8). The bacteria killing rate was found to 

be 2.3 × 103 cfu min-1 cm-2 for one cycle. This device exhibited excellent 

bactericidal property and provides a platform for the study of cell viability under 

various static and dynamic conditions.  Susarrey-Arce et al studied bacterial 

viability on a chemically modified silicon nanowire arrays (SiNWs) which were 

fabricated by a two-step metal assisted chemical etching (MACE) process.[83] 

Compared to black silicon, the SiNWs layer was very thick (~ 11.3 m) and 

dense. The average diameter and spacing between adjacent SiNWs were 143 nm 

and 77 nm, respectively. These non-functionalised SiNWs arrays demonstrate 

lower antibacterial activity with respect to black silicon. This can be attributed to 

the differences in topography of the SiNWs surfaces, which exhibits a relatively 

high density of wires. The SiNWs were also modified by (3-aminopropyl) 

triethoxysilane (APTES) but the bactericidal activity of the modified materials 

had no obvious improvement. However, these modified materials can be utilized 

as carrier to delivery and slow release small molecule antimicrobials, such as 

chlorhexidine digluconate (CHD).  

 

 



 

 

 

 

 

Figure 8. Schematic diagram of the bacterial solution filtration process through 

the bSi-containing microfluidic chip and its bactericidal performance: log10 

reduction in the number of P. aeruginosa cells as a function of consecutive cycle 

runs through the device. One cycle corresponds to 45 s of filling the chamber 

followed by a 10 min stoppage time.[82] 

 

5.3 Bactericidal nanostructure on titanium 

    Antimicrobial titanium based materials are of great interest as they are widely 

used in in-plant treatment. It was observed that nano-topographic titanium alloys 

could enhance osteogenic and antimicrobial responses. [84-87] Ryadnov et al. 

prepared two titania nanostructured surfaces (nano-brush and nano-niche, Figure 

9) by hydrothermal treatment of flat titania surface.[88] These titania nano-

patterns have relatively low aspect ratio (< 2) and demonstrated moderate 

bactericidal property against P. aeruginosa cells and basically not bactericidal 

toward Gram-positive S. aureus. It is clear that the bacterium was more resistant 

to nanostructured surface at passive, static incubation conditions than a dynamic 

condition. Similar results were also observed on a nanostructured titanium 

surface which was fabricated by a hydrothermal etching process.[89-91] 

Interestingly, adhesion of tissue like cells (hMSCs) and leukocytes (PBMCs) was 

not affected on the treated titanium thin film.[92] In general, the low killing rates 

of these rough titanium materials observed correlate to their low aspect ratio of 

surface nano-structures. It is important to build high aspect ratio nano-pattern in 



 

 

order to get excellent bactericidal surfaces. While, recent study shows that 

surface killing effect could also be affected by cell culture medium. [93] 

 

   

 

 

 

 

Figure 9. SEM images of Ti nanosurfaces, spear(spike)-like structure (nano-

brush) (a), semi-aggregated spear structure (b) and pocket-like structure (nano-

niche) (c). These structures can be obtained by hydrothermal treatment of 

titanium/titania surfaces for different times. 

   

5.4 Other metal and metal complex materials    

    Copper has been widely used in healthcare field as disinfection or 

antimicrobial materials.[10, 94] It is found that surface copper nanostructures will 

also enhance the bactericidal property of copper film. Razeeb et al reported a 

vertically aligned nano-tubular copper array (NT-Cu) which displayed good 

bactericidal activity.[95] After 6h of exposure, over 99.99% of surface attached S. 

aureus population was inactivated. Similarly, for E. coli, S. sonnei, S. enterica 

and C. albicans, 97.8, 94.2, 89.9, and 90.3%, inactivation of the population was 

achieved respectively. In contrast, Cu foils electrodeposited from the same 

solution shows low biological activity against the same microorganisms (<5% 

killing efficiency). Aluminum alloy nanostructured surfaces with 

superhydrophobic and superhydrophilic properties have very different bacteria 



 

 

adhesion behaviours. The superhydrophilic surfaces had much higher toxicity 

than the superhydrophobic ones, against Escherichia coli K12 C600 strain. 

Interestingly, the survival of cells adhered to the superhydrophobic substrates was 

significantly affected by the presence of organic contaminants, which are 

ubiquitous in hospital practice and the food industry. [96] It was also 

demonstrated that nano-textured SS316L surfaces produced by electrochemical 

etching can also inhibit bacterial adhesion of both Gram-negative Escherichia 

coli and Gram-positive Staphylococcus aureus, but exhibit cytocompatibility and 

no toxicity toward mammalian cells in vitro. [97] In general, to create suitable 

nanostructure on metal surfaces will impose or enhance their bactericidal 

property. 

 

5.5 Polymer/plastic materials 

 

 

 

 

 

 

 

Figure 10. SEM images of PMMA surface nano-structures with and without E. 

coli cells. P600 (a and b): height 300 nm, spacing 380 nm, width 215 nm. P300 (c 

and d): height 300 nm, spacing 130 nm, width 190 nm. P200 (e and f): height 210 

nm, spacing 100 nm, cap width 70 nm. Flat control (g and h).  

 



 

 

     Gecko skin surface spinules have exhibited a bactericidal property against 

Gram-negative species (Porphyromonas gingivalis).[48] Li et al developed a 

plastic resin (acrylic) replica of gecko skin with near periodic, nanotipped spinule 

hierarchical surface that exhibited potent bactericidal properties for both Gram-

positive and Gram-negative oral bacteria pathogens.[98] The aspect ratio of 

replicated spinules is about 2.5 with a spacing of protrusions of ∼500 nm in all 

directions. In this report, both gecko skin and synthesized acrylic spinule surface 

exhibited similar bacteria killing effect. Significant reduction of live S. mutans 

(66%) and P. gingivalis (88%) bacteria at the surfaces of the gecko skin and the 

replica resin was achieved, even in the presence of a promotive liquid 

environment. The smaller size of S. mutans (300-400 nm) would easily occupy 

the space between spinules rather than assume an orientation above the spinule 

array which could cause its lower sensitivity. A poly(methyl methacrylate) film 

with nanostructured surface (a period of 300 nm and aspect ratio 2.0) via nano-

imprint technology exhibited antifouling property rather than bactericidal 

property against two Gram-negative strains P. aeruginosa and E. coli.[99] This 

could be due to the relatively low aspect ratio of nanostructures. The 

development and application of such antifouling or bactericidal materials are 

important as bacteria that adhere to the surfaces of implanted medical devices can 

cause catastrophic infection. In another report, Dickson et al fabricated a series of 

nanopillars on the surfaces of poly(methyl methacrylate) (PMMA) films with 

different structural features using nano-imprint lithography method.[100] These 

nanopillar surfaces were evaluated for their bactericidal properties against E. coli. 

In general, the pillared surfaces were found to have lower densities of adherent 

cells compared to flat films (67%–91% of densities on flat films). The smallest 



 

 

nanopillars, which are structurally similar to the nanoarray on cicada wing, 

exhibited better bactericidal performance (50% of E. coli cells were killed on 

surface after 24 h incubation). When the size and spacing of nanopillar increased 

(aspect ratio decreased), their efficacy decreased (Figure 10). Minoura et al 

reported the antibacterial effect of a nanostructured film (moth-eye film) with 

artificially formed nano-pillars, consisting of a hydrophilic resin with urethane 

acrylate and polyethylene glycol (PEG) derivatives.[34] This polymer film 

exhibits significant and immediate antibacterial effect under dry conditions at 

ambient temperatures and humidity in which the antibacterial effect was derived 

from the synergistic effect of the chemical properties of the resin and the physical 

properties of the nanostructure. 

      In general, bactericidal properties of polymer based nano-structured surfaces 

are weak.[101,102] For example, a polystyrene film with three-dimensional 

nanopyramids on the surface exhibited 90% reduction in the E. coli population 

after a 168 h prolonged incubation time. [103] In another example, polymer 

nanocone arrays with aspect ratio 3 kill 30% of E. coli after 1 hour incubation 

[104] and similar property was also observed for nano-imprinted moth-eye PE 

film [105]. This is mainly due to the low aspect ratio of these examples. 

However, the effect of material itself, the stiffness of the nano-pillars and surface 

hydrophobicity towards rupture mechanism is still not clear. 

 

5.6 Growing nanostructure on surfaces 

 

 



 

 

      Most of reported surface nanoarrays are generated by top-down approach 

which is either by etching bulk materials, like silicon wafers, or by the replication 

of existing structures.[46,106] Such methods would then be limited to specific 

materials, and often requires a sophisticated and expensive approach to 

fabrication. In contrast, a bottom-up approach involving self-assembly or 

nanostructure growth on various surfaces will be a simpler, cost-effective and 

scalable method, Scheme 1. This approach can be used as general coating 

technology to generate nanostructure on different surfaces, independent of 

substrate material.  

 

 

 

 

Scheme 1. Schematic approaches for the synthesis of surface nanostructures. A 

typical top-down approach creates surface nano-structure by etching bulk 

substrate and bottom-up approach grows surface structure by self-assembly small 

molecules. 

 

 

Recently, Zhang’s group reported several examples of growing metal oxide or 

metal organic framework nanoarrays on surfaces which demonstrated excellent 

microbicidal property.[107] The group established a method to grow ZnO 

nanopillars on various substrates including glass, PMMA, titanium, ceramics, 

silicon, galvanized steel and zinc foil, where the morphology of ZnO nanopillars 

can be adjusted. Generally, the synthesized nanopillar tip had an average height 



 

 

of 1 m, with a diameter of 10 to 20 nm and a diameter of 50 to 100 nm at half 

height. The materials had an aspect ratio of 10 and an average interval of about 

120 nm. The bactericidal properties of these surfaces were then evaluated by 

conducting fluorescent live/dead assay and SEM observations. All the ZnO 

nanopillars on different substrates displayed similar potent bactericidal activities. 

For ZnO nanopillars on glass, 96% of E. coli cells that adhered on the surface 

were killed after 18 hour incubation. Similar results were also obtained for other 

microbes like P. aerugirosa, S. aureus and C. albicans where only dead bacteria 

were observed on the surface. SEM images also showed cell rupture and lysis on 

the ZnO nanopillars. These results indicate that the ZnO nanopillar surface is 

very efficient in killing adhered bacteria and fungi cells. Although it is known 

that motile bacteria, such as E. coli and P. aeruginosa are more easily killed by 

surface nanoarrays with rupturing mechanism,[88] in this report, both motile and 

non-motile bacteria are killed on ZnO nanopillar surfaces. Interestingly, ZnO 

nanopillars on zinc foil or galvanized steel surfaces demonstrated excellent 

remote bacteria-killing property where both attached and unattached cells were 

killed, when evaluated by the JIS method. Mechanistic studies revealed that the 

nanostructured surface killed the adhered microbial cells by rupturing the cell 

wall, while superoxides (•O2−) released from ZnO coating were responsible for 

the superior remote killing, Figure 11. It has to be noted that the superoxide 

generation was from electron donation from zinc via the Zn/ZnO interface as 

opposed to excitation from photo irritation.[108] Similarly, Li et al reported a 

ZnO nano-rods coated Ti surface which can actively kill attached bacteria cells 

with antibacterial rates of 98.7 ± 0.1% against S. auerus and 99.9 ± 0.1% against 

E. coli after 14 h incubation.[109] When this Ti-ZnO surface was coated with 



 

 

polydopamine/arginine-glycine-aspartic acid-cysteine, a balance between 

antibacterial activity and biocompatibility was achieved. This new material 

exhibited good biocompatibility in vitro and in vivo by balancing bacteria-

osteoblast competition.[109] 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. SEM images of ZnO nanopillars on zinc foil (a). Dual killing 

mechanisms of ZnO nanopillars on zinc surface (b). Antibacterial property of 

ZnO nanopillar surface against E. coli (ATCC8739) with JIS Z 2801 method (c). 

* indicates that no colony was observed.  

 

      In another report,[110] zeolitic imidazolate frameworks (ZIF-L) nano-dagger 

arrays were grown evenly on various surfaces, including very hydrophobic 

Teflon surface and hydrophilic surfaces of filter paper (cellulose) and wood, 

metal surfaces (copper and Zinc foil), fibers of poly(methyl methacrylate) 

(PMMA) and polypropylene from face masks, as well as silicone. The 



 

 

antimicrobial activity of the ZIF-L nano-dagger coated surfaces were evaluated 

against Gram-negative E. coli, Gram-positive S. aureus and fungus C. albicans, 

with JIS method (Figure 12).  The ZIF-L nano-dagger array coated surface 

exhibited extraordinary bactericidal activity against E. coli, S. aureus and C. 

albicans, with log reduction of 7, 8 and 4, respectively after 24 h incubation.  

Compared to cicada wings and black silicon, the ZIF-L nanodagger 

functionalized surfaces were more rigid, with the nanostructures taller with a 

sharper tip.[21]  The surfaces were also positively charged with a zeta potential 

value of +29 mV. The positively-charged ZIF-L nano-daggers could then  

possess a stronger electrostatic interaction with more negatively-charged 

microbial cell membranes leaving the less charged mammalian cell membrane 

intact (Figure 1). Such selectivity over mammalian cells was observed with 

minimal haemolysis induced (<1%). The surfaces were also rendered more 

hydrophobic after ZIF-L treatment; leading to stronger hydrophobic interactions 

between the surface and the bacteria/ yeast cells. As a consequence, the daggers 

exert higher pressures on the attached cells, eventually piercing the cell 

membrane. The physical rupture mechanism of cell death was further confirmed 

by experiments that excluded other potential killing mechanisms, such as material 

toxicity, Zn ion releasing, chemical effect and reactive oxygen species effect. 

One application of this nano-coating technology is demonstrated for wound 

healing. [111 ] The nano-dagger (ZIF) coated cotton gauze was bactericidal 

against both of Gram-positive and Gram-negative bacteria, with log reduction > 7 

for E. coli and S. aureus. Compared with commercially available Ag gauze, ZIF-

L nano-dagger coated gauze was more biocompatible with lower haemolytic 

activity, less cytotoxicity and improved wound healing performance. Animal 



 

 

study showed that ZIF-L coated gauze can effectively kill bacteria in a S. aureus 

wound infection model in mice and offers an effective and safe alternative for 

patients to protect against wound infections. Similarly, a zinc phthalocyanine 

(ZnPc) nanopillars are obtained by physical vapor transport (PVT) method which 

exhibit excellent antimicrobial property by killing 97% of E. coli in 15 mins. 

[112] 

 

 

 

 

Figure 12. SEM images of ZIF-L nano-daggers on PMMA plate (a), C. albicans 

cells on the top of nano-daggers (b) and schematic killing mechanism of nano-

daggers against bacterial cells. 

 

6.  Summary and Perspective 

          In conclusion, the recent developments of microbicide surface 

nanostructure present a significant proof-of-concept and a powerful tool as self-

disinfecting surfaces. It represents an innovative direction of development of 

clean, effective and non-resistant antimicrobial surfaces.  

    There are several mechanisms of antimicrobial resistance; from altering the cell 

wall structure to make it impermeable to the drug, over expressing multidrug 

efflux systems to pump out drugs from cell, altering the genetic code of enzymes 

within the cell to make them less susceptible to the drug and releasing enzymes 

such as -lactamase to destroy drug molecule before it reaches its targets.[113] 

All these mechanisms mainly target small molecule organic antibiotics, 



 

 

antimicrobial peptides and synthetic polymers, as well as some elemental metals 

and ions. A physical method that could potentially overcome such development of 

resistance includes fabrication of nanostructured surfaces that kills microbes via 

physical rupture of the cell wall. While such nanostructured surfaces were first 

fabricated to repel cells and antifouling; it has since progressed to bactericidal 

surfaces that promote cellular adhesion to a lethal surface, representing an 

innovative direction in the development of clean, effective and non-resistant 

antimicrobial surfaces. However, such studies on bactericidal nanostructured 

surfaces are still in their nascent stage. Reports thus far include non-uniform 

antimicrobial evaluation, making objective comparisons hard. Systematic studies 

on the relationship between the aspect ratio of the structures on the surface and the 

resultant bactericidal properties, and its dependence on the materials are still 

lacking.  The effect of different substrates and their physical properties of 

nanostructured surface, such as surface charge and surface coating,[114,115] 

should also be carefully evaluated. The key obstacles towards the practical 

application of such coating include scalability, cost and durability. Studies on the 

long term stability, durability of such nanostructured surfaces towards a range of 

environments, and the development of low cost, scalable fabrication methods 

should be pursued. 
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Table 1. Typical surface nanostructures and their bactericidal properties. 

Materials Features 
aspect ratio, height, 
spacing (nm) 

Water 
contact 
 Angle (o) 

Bactericidal 
effectiveness 

Killing efficacy  Evaluation  
method  

Ref. 

Nature       
  Cicada 
wing 

2, 200, 170  158 Gram-
negative 

2.0×105 cm-2min-1 Dip-shaking 29 

  Dragonfly 8, 240, >200  153 Gram-
negative 
Gram-positive 
spore 

3.0×105 cm-2min-1 

4.6×105 cm-2min-1 

1.4×105 cm-2min-1 

Dip-shaking 29 

  Gecko 
skin 

6, 3000, 500 150 Gram-
negative 
Gram-positive 

88% 3d 
66% 3d 

Live/dead 
Live/dead 

78 

 
Carbon   

      

  Carbon 
film 

roughness 0.12 nm 65.9 Gram-
negative 
Gram-positive 

28% 3h 
33% 3h 

Live/dead 
 

44 

  Diamond 
cone 

3, 1650,  ̴300 -- Gram-
negative 

10% 1h Live/dead 45 

  nanowire Diameter 0.9 nm  Gram-
negative 

80% 1h Live/dead 47 

  graphene LGN 137.3, d 7.7 

m/m2, θ 62.1o 

 

LGN 79.7, d 10.8 

m/m2, θ 37.2o 

-- 
 
-- 

Gram-
negative 
Gram-positive 
Gram-
negative 
Gram-positive 

87.6% 
43.1% 
71.4% 
77.1% 

Live/dead 49 

  Graphene 
oxide 

--, 1.4, (sheet size) 0.1 

m2 

-- Gram-
negative 

70% 3h Live/dead 50 

 
Silicon 

      

  b-silicon 10, 500, 200 80 Gram-
negative 
Gram-positive 
spore 

4.3×105 cm-2min-1 

4.5×105 cm-2min-1 

1.4×105 cm-2min-1 

Dip-shaking 29 

  b-silicon 4.5, 280, 62 8.4 Gram-
negative 
Gram-positive 

85% 24h 

89% 24h 

Live/dead 63 

  b-silicon 6.5, 612, 92 9.9 Gram-
negative 
Gram-positive 

74% 24h 

82% 24h 

Live/dead 63 

  n-silicon 18, 4000, 500 154 Gram-
negative 
Gram-positive 

83% 3h 
86% 3h 

Live/dead 
 

68 

  quartz 30, 300, 300 0 Gram-
negative 

3×104 cm-2min-1 Dip-shaking 69 

 
Titanium 

      

  wire 
  Spare-like 

--, 1000,  ̴500 
--, 1000,  ̴800 

-- 
-- 

Gram-
negative 
Gram-
negative 

58% 18h 
38% 

Live/dead 
Live/dead 

75 
74 

  Pocket-
like 

--, 1000,  ̴1000 -- Gram-
negative 

47%  Live/dead 74 

       
Copper NT 4.2, 13000, -- -- Gram-

negative 
Gram-positive 
fungi 

Log-red. 1.67, 6h 
Log-red. 4.43, 6h 
Log-red 1.01, 6h 

JIS 77 

ZnO 10, 800, 300 -- Gram- Log-red. 8, 18h JIS 82 



 

 

coating 
  On zinc 

negative 
Gram-positive 
fungi 

Log-red. 8, 18h 
Log-red. 4, 18h 

ZIF coating 10, 2000, 500 105.9 Gram-
negative 
Gram-positive 
fungi 

Log-red. 8, 24h 
Log-red. 7, 24h 
Log-red. 3, 24h 

JIS 85 

Polymer       
  PMMA 1.4, 300, 380 

1.6, 300, 130 
3.0, 210, 100 

-- Gram-
negative 
Gram-
negative 
Gram-
negative 

12% 
19% 
24% 

Live/dead 80 
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