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A B S T R A C T   

The emergence of antimicrobial-resistant bacteria poses a significant health concern, stemming from chemically 
induced intrinsic and acquired-resistance responses in the microbe. Nanopatterns are an alternative bactericidal 
approach, employing physical features to prevent biofilm formation and kill bacteria. This work draws inspi
ration from the natural mechano-bactericidal properties of sub-micron scale surface structures present on cicada 
wings, with the fabrication of synthetic, chemically-inert surfaces using the two-photon polymerization (2PP) 
technique. In contrast to the random packing and distribution of the nanotopography of cicada wings, the 2PP 
synthetic surfaces were produced with highly uniform and precise surface geometries of nanopillars and 
micropillars. These synthetic topographies with hexagonal-arranged nano/micro features induced a spacing- 
dependent response in Pseudomonas aeruginosa, influencing their cell viability, adhesion property and biofilm 
formation ability. Optimized spacings ~500 nm between nanopillars were associated with higher proportions of 
distorted and ruptured bacteria cells, while up to 60 % reduction of biofilms were observed on micropillared 
surfaces with ~2 micron spacings between pillars. Whole transcriptome analysis of bacteria exposed to the 
synthetic surface indicated significant upregulation of a single pathway associated with quorum sensing. The 
PA3305.1 pathway induced quinolone signal synthesis in P. aeruginosa. The findings of this study establish the 
basis for developing complex antimicrobial surfaces using a physical approach, without reliance on chemical 
means.   

1. Introduction 

As bacteria exhibit the ability to colonize a wide array of surfaces, 
both abiotic and biotic, such as medical devices, implants, and host 
tissues, they form biofilms consisting of surface-attached colonies 
encased within an extracellular matrix (ECM) produced by the bacteria 
[1]. This matrix composed of nucleic acids, polysaccharides and pro
teins, acts as a formidable barrier against antibiotics, environmental 
stresses, and immune responses, thereby promoting resistance to 

antimicrobials [2,3]. Biofilm-associated infections account for a sub
stantial portion of microbial diseases, with bacterial biofilms contrib
uting to approximately 80 % of chronic infections, as reported by the 
National Institutes of Health (NIH) [1]. The propensity for biofilm for
mation on implant surfaces in healthcare settings is a major contributor 
to implant-associated infections (IAI), and this problem is exacerbated 
by the growing number of patients receiving biomedical implants [4]. 
Knee replacement surgeries, for instance, have seen a 35 % increase 
between 2009 and 2019 [4]. The prevalence of IAI, often caused by 
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pathogens such as Pseudomonas aeruginosa, Staphylococcus aureus, and 
Staphylococcus epidermidis [5,6], necessitates prolonged antibiotic 
administration and surgical interventions [7], incurring significant so
cial and financial burdens [8]. Conventional treatment of IAI with 
antibiotic coatings often lacks efficacy due to two major traits of bac
teria: (1) their ability to form biofilms that subsequently damage the 
surface and functionality of biomaterials, and (2) their adaptability 
which give rise to the evolution of antibiotic resistance. Chemical-based 
antimicrobial strategies face limitations, including potential toxicity, 
temporal depletion of antimicrobial agents, and the emergence of anti
biotic resistant microbial strains [9–11]. In this context, the 
non-chemical approach presented in this study seeks to inhibit bacterial 
cell formation and proliferation on surfaces, in order to address the 
challenges posed by antimicrobial-resistant bacteria. 

Researchers exploring natural surfaces with inherent antibacterial 
properties have focused on the evolutionary defence mechanisms 
developed by various organisms to counteract bacterial colonization. 
Notably, the nano topographical features with a high aspect ratio found 
on the wings of cicadas (Fig. 1a) and dragonflies have demonstrated 
remarkable mechano-bactericidal activity [11,12]. The wing surface of 
the cicada species Psaltoda claripennis exhibits bactericidal properties 
against P. aeruginosa. The observed effect is solely attributed to the 
nanostructure, independent of any chemical interaction with the surface 
[13]. The underlying physical principle involves the application of 
deforming stress by nanotopographies to surface-adhered bacterial cells. 
Nature’s ingenious designs have inspired the development of bio
mimetic antibacterial surfaces capable of exhibiting both bactericidal 
and anti-biofouling characteristics. The riblet microtopography on shark 
skin acknowledged as an early example of biomimicry in engineering 
antifouling properties [14], incorporates small grooves between the 
riblets that discourage the settlement of microorganisms and promote 

low adhesion [15]. A slippery liquid-infused microstructured surface 
inspired by the Nepenthes pitcher plants demonstrated efficacy in pre
venting the attachment of P. aeruginosa biofilm, as well as inhibiting 
S. aureus and E. coli over a 7-day period [16]. 

To create surface topographies that are highly effective against in
fections, it is crucial to employ a technique with superior design control 
and 3D structure capability, negating the reliance on chemical-based 
antimicrobials. Traditional lithographic methods are restricted to 2D 
structures, rendering them incapable of creating true 3D structures with 
high aspect ratios [17]. Various techniques, such as two-photon poly
merization (2PP), X-ray lithography, and electron beam lithography can 
be utilized to fabricate micro- and nano-topographies for in vitro studies. 
In recent times, there has been a growing interest in utilizing the 2PP 
direct laser writing technique for the fabrication of microfluidic devices, 
biomedical implants, and bio-inspired architectures [18]. The high 
precision and 3D fabrication capability of 2PP position it as the most 
promising method for developing precise micro-/nanostructured sur
faces in the context of this study. 

In a typical 2PP process, a near-infrared (NIR) femtosecond laser 
beam (λ = 780 nm) is focused through a high numerical aperture (NA) 
objective lens into a photopolymer resin (IP-L 780) that is composed of 
reactive oligomers and a photoinitiator (Fig. 1b). Polymerization occurs 
when two or more photons are absorbed simultaneously and at the re
gion where the light intensity reaches the threshold for polymerization. 
Polymerization is confined within the focal volume of the resin, utilizing 
the NIR laser to tightly focus onto a spot through a spatial and temporal 
Gaussian pulse to form the smallest building block of the 3D structure, 
known as a voxel, providing an extremely localised effect and high 
resolution structures [18]. The scanning movement of the laser focus can 
be realised in two ways: (1) the galvo scanner moves in x- and y-axes 
while the sample is moved along the z-axis or (2) by using a 3D piezo 

(a) (b)

Fig. 1. Comparison between (a) the natural topography of a cicada wing and; (b) the biomimetic nanotopography fabricated through simultaneous two-photon 
polymerisation of the IP-L 780 photoresist loaded on a glass substrate. 
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stage to move in three dimensions [19]. The transparency in the NIR 
spectral band allows greater optical penetration depth of laser pulses in 
the photoresist volume, forming true 3D structures through the stacking 
of polymerized voxels without requiring a photomask [17]. Further 
details revolving around the sub-processes of the 2PP photo
polymerization has been discussed previously [19]. 

The primary goal of this research is to draw inspiration from the 
natural mechano-bactericidal properties inherent in sub-micron scale 
surface structures observed on cicada wings. The focus lies on repli
cating these properties through the fabrication of synthetic surfaces 
using 2PP. Specifically, the aim is to engineer chemically-inert surfaces 
that mimic the intricate structures found on cicada wings, leveraging the 
precision offered by 2PP for the creation of micro- and nanoscale to
pographies. Through this approach, the research seeks to achieve syn
thetic surfaces with mechano-antibacterial capabilities, with potential 
applications in healthcare and industry where addressing bacterial in
fections is a critical objective. 

2. Materials and methods 

2.1. Preparation of natural nanostructured surface from cicada wing 

Cicada specimens were purchased online (etsy.com) and visually 
identified as Dundubia vaginata. An incision of approximately 
0.5 cm×0.5 cm was made on the forewings of the cicada using scissors. 
The excised wings were subsequently attached to a 22 mm×22 mm glass 
coverslip by a double-sided adhesive tape. The wings were briefly rinsed 
with 70 % isopropyl alcohol (IPA) followed by autoclaved distilled 
water and finally left in the biosafety cabinet to air dry for several hours. 

2.2. Fabrication of synthetic microstructured surfaces and nanostructured 
surfaces 

2.2.1. 3D Print 
The herein presented structures have been fabricated with the Pho

tonic Professional GT 3D printer (Nanoscribe GmbH, Germany). The key 
3D printer fabrication parameters have been discussed in our previous 
work [20]. All structures in this study were printed using the commer
cially available liquid photoresist, IP-L 780 (Nanoscribe GmbH, Ger
many) that is composed of >95 % 2-(Hydroxymethyl)-2-[[(1-oxoallyl) 
oxy]methyl]-1.3-propanediyl diacrylate and <5 % 7-(Dieth
ylamino)-3-(2-thienylcarbonyl)-2 H-1-benzopyran 2-one. The system 
used a Ti: Sapphire laser emitting 100 fs pulses at 780 nm in the 
near-infrared spectrum. The laser beam was focused using an oil im
mersion objective lens (63x NA 1.4). All structures were printed on 
22 mm × 22 mm glass substrates (high precision microscope cover 
glass, No. 1.5 H, Marienfeld, Germany). 

2.2.2. Computer-aided design (CAD) 
Prior to fabrication via 2PP, the micro and nanogeometries were 

designed using 3D CAD software (Blender 3.2.2, the Netherlands). 
Micropillar arrays with two different inter-pillar centre-to-centre 
spacing values of 5 μm and 8 μm were designed. Each micropillar in the 
arrays have a diameter of 3 μm and a height of 4.5 μm. Subsequently, the 
associated stereolithography (STL) file generated from Blender were 
processed by a proprietary DeScribe software (Version 2.5.7, Nanoscribe 
GmbH, Germany) and was imported directly to the Nanoscribe system in 
general writing language (GWL) format to print. Similarly, several 
nanopillar arrays with inter-pillar centre-to-centre spacing values of 
700 nm, 800 nm, 1000 nm, 1500 nm, and 2000 nm were defined using 
the continuous mode of the DeScribe software. 

2.2.3. Fabrication via two-photon polymerisation (2PP) 
Arrays of micropillars and nanopillars were printed over an area of 

300 µm x 300 µm by 2PP using the 3D printer. A drop of IP-L 780 was 
drop-cast on the glass substrate and subsequently mounted onto the 

predefined position of the sample holder, the holder was then inverted 
and a drop of immersol 518 F immersion oil (Nanoscribe GmbH, Ger
many) was drop-cast on the underside of the substrate for refractive 
index contrast. The samples were developed in propylene glycol mon
omethyl ether acetate (PGMEA ≥ 99.5 %) (SigmaAldrich, USA) for 
30 minutes followed by isopropanol (≥ 99.9 %) (SigmaAldrich, USA) for 
five minutes, to wash away excess liquid 2PP resin, before drying with 
compressed air. 

2.3. Morphological observations of natural and synthetic topographies 

2.3.1. Scanning electron microscopy (SEM) 
Samples were affixed on a metal stub with copper tape and sputter 

coated with ~6 nm gold. High-resolution electron micrographs of the 
morphology and the cross-section of the micro- and nanopillar surfaces 
were characterised by a field emission gun scanning electron microscope 
(FEG-SEM, 7100 F, JEOL, Japan), acquired using a probe current of 
10 µA at 1 kV. The height of the printed structures was analysed from 
the SEM image through the cross-sectional view obtained via a 60◦ tilt. 
ImageJ software was used to measure the distance between the centre of 
each neighbouring pillar (centre-to-centre spacing) and diameter of the 
pillars. SEM images were obtained from three separate samples, with at 
least three independent fields containing over 20 pillars in each field. 

2.3.2. Atomic force microscopy (AFM) 
The topographical features of the nanopillar arrays, including height 

and centre-to-centre spacings, were further characterized using a Bruker 
Dimension Icon Atomic Force Microscope (Bruker, USA) in the Peak
Force (PF) Quantitative Nanomechanics (QNM) tapping mode, at 
ambient temperature over a scan area of 10 µm x 10 µm, with scan 
frequency of between 0.3 and 0.5 Hz. An antimony (n) doped Si probe 
(Bruker tip model: RTESPA-150) with a cantilever width of 35 µm, 
length 125 µm, and thickness of 1.25 µm, a nominal spring constant of 
6 N/m, and resonance frequency of 150 kHz was used. All AFM scans 
were post-processed using Gwyddion 2.6, to obtain the mean heights 
and spacings of the pillars, as detailed in our previous work [20]. 

2.3.3. Optical profilometry 
Surface analysis of the microtopography was carried out using the 

Profilm3D®, Optical profilometer (Filmetrics, USA). Optical micro
graphs were captured using a 50X Nikon DI objective. Topographic 
scans for each sample were processed using the Profilm3D software 
version 3.5.6.2. 

2.4. Bacterial cell interaction assays 

Common bacterial cells responsible for biofilm formation, Gram- 
negative P. aeruginosa ATCC 27853, purchased from the American 
Type Culture Collection (ATCC), was used in this study. Before each 
experiment, stock bacterial cultures were refreshed on nutrient agar 
(Oxoid Ltd, United Kingdom). Fresh bacterial suspensions were cultured 
overnight at 37 ◦C in 5 mL of Luria Bertani (LB) broth (HiMedia, 
Mumbai, India). Bacterial cells were collected at the exponential phase 
and the density of the bacterial suspension was adjusted using the same 
growth media to OD600= 0.1 using UV–visible spectrophotometry 
(Biochrom Libra S12, United Kingdom), followed by a 10,000-fold 
dilution to ensure consistent assays for all samples. Microstructured 
and nanostructured surfaces were covered in 15 µL of the adjusted 
bacterial suspension and incubated at 37 ◦C for 24 hours. A flat glass 
coverslip without any 3D print was used as the control surface. 

2.4.1. Cell viability and adhesion analysis 
To assess the viability of bacteria adhered to nanopillared surfaces, 

the LIVE/DEAD™ BacLight™ Bacterial Viability Kit (Invitrogen, 
Thermo Fisher Scientific, USA) was employed. Prior to staining with the 
LIVE/DEAD staining solution, samples were washed twice with 0.85 % 
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sodium chloride (NaCl) (Systerm Chemicals, Malaysia) solution at room 
temperature by streaming the NaCl alongside the sample and gently 
swirling the plate, to remove significant traces of interfering culture 
media from the sample surface. The LIVE/DEAD staining solution was 
prepared by mixing the two stains (SYTO9 and propidium iodide (PI)) at 
a 1:1 ratio with 0.85 % NaCl buffer as recommended by the manufac
turer, followed by incubation of the sample with 15 µL of the staining 
solution in the dark at room temperature for 15 min [21]. The stained 
sample was then imaged by ZEISS Colibri 7 fluorescence microscopy 
(ZEISS, Germany) with emission wavelengths of 530 nm for SYTO9 and 
645 nm for PI. The number of live cells (labelled green by SYTO9) and 
dead cells (labelled red by PI) on the nanopillared surfaces of each 
fluorescence micrograph were counted using Fiji image processing 
software and plotted as the percentage of live cells to dead cells. Each 
sample contained a minimum of 200 cells. The percentage of dead cells 
on the surface was calculated using the equation: 

Percentage of dead cells (%)=
Number of surface attached dead cells
Total number of surface attached cells

×100  

2.4.2. Static biofouling analysis 
The anti-biofouling activity of micropillared surfaces was assessed 

using crystal violet (CV) assay and compared to the control. The samples 
were stained with 0.1 % (v/v) CV solution (Merck, USA) for 15 min. 
Excess CV was then removed, and samples were gently rinsed twice and 
air dried. This was followed by the addition of 30 % acetic acid (Chemiz, 
Malaysia) to dissolve the cell-bound CV. Biofilm growth was monitored 
in terms of the CV optical density at 550 nm (OD550) using the Epoch 
microplate reader (BioTek® Instruments, USA). All data are expressed as 
mean ± standard deviation (SD) of the triplicate experimental data. The 
percentage biofilm on micropillared surfaces with respect to control was 
calculated using the equation: 

Percentage Biofilm =
Surface Type OD550

Mean Control Flat OD550
× 100  

2.4.3. Bacterial cell morphology analysis 
Bacterial morphology exposed to nanopillared surfaces was exam

ined using FEG-SEM. The samples were fixed with 4 % para
formaldehyde (Sigma-Aldrich, USA) for 30 minutes, followed by a series 
of dehydration steps. Briefly, dehydration was carried out by immersing 
the samples in ethanol (R&M Chemicals, Malaysia) and water mixtures 
with increasing concentrations (50 %, 60 %, 70 %, 80 % and 99.8 %). 
The samples were then dried in a fume hood using increasing ratios of 
hexamethyldisilazane (HMDS) solution (Thermo Scientific, Waltham, 
USA) to ethanol, starting from a ratio of 1:2, 2:1 and finally pure HMDS. 

2.5. Whole transcriptome sequencing and analysis 

The P. aeruginosa strain was grown overnight in LB medium at 37 ◦C, 
and the cultures were subsequently diluted to OD600 of 0.1. Diluted 
cultures were incubated on the synthetic nanopillared surface SP 800 
(with flat glass coverslip without 3D print as the control surface) for 
24 hours. For transcriptomic analysis, RNA was extracted with TRIzol 
(Invitrogen, USA) according to the manufacturer’s protocol and purified 
using QIAGEN RNAeasy Clean-up Kit (QIAGEN, Germany). The purity 
and concentration of RNA samples were evaluated using an Implen 
NanoPhotometer (Implen, Germany) and Invitrogen Qubit 4 fluorom
eter (Invitrogen, USA), respectively. The Illumina® Stranded Total RNA 
Prep, Ligation with Ribo-Zero Plus kit (Illumina, USA) was used to 
generate the cDNA library, according to the manufacturer’s instructions. 
After adapter ligation, 16 cycles of PCR amplification were performed. 
Constructed libraries were quantified using the LabChip® GX Touch™ 
nucleic acid analyzer (Revvity, USA). The Illumina NovaSeq 6000 Sys
tem (Illumina, USA) was used for sequencing to generate 76-bp paired- 

end reads. Demultiplexing of samples was performed using Illumina 
DRAGEN Bio-IT Platform v3.9 (Illumina, USA). Data normalization and 
quantification were done using Salmon, an R package. Reference data
base (.fasta) and Gene transfer format (GTF) used in R were downloaded 
from the NCBI database. Differential expressed genes (DEG) were 
identified using the R package, DESeq2, while explorations of different 
molecular mechanisms and involved pathways were performed with the 
R package, clusterProfiler. 

2.6. Statistical analysis 

Statistical analysis using Student’s t-test was done to verify the sta
tistical significance of biofilm formation across the micropillared sam
ples compared to biofilm formed on flat control surfaces. A significance 
threshold of P < 0.05 was applied. Statistical evaluations were per
formed with the IBM SPSS Version 29.0.2 software. All experimental 
procedures were performed in biological triplicates (n=3). 

3. Results and discussions 

3.1. Natural topography of cicada wing 

An AFM scan of the cicada forewing sample revealed a densely 
packed nanotopography with disordered hexagonal arrangement con
sisting of nanopillars with irregular heights (Fig. 2a). The nanopillars are 
composed of 2 parts: a curvilinear base connected to a cylindrical top, 
forming a tapered geometry. These pillars ranged in spacing from 150 to 
380 nm and exhibited a height distribution of 130–330 nm. ImageJ 
analysis revealed significant variability in the dimensions of the pillar 
structures within individual samples of cicada wings. The centre-to- 
centre spacings averaged 234 ± 133 nm, while the heights were 
approximately 278 ± 91 nm. The base diameter was approximately 
130 nm. The substantial standard deviations across these measurements 
indicate considerable variation in the nanopillar geometry on cicada 
wings. 

3.2. Antibacterial property of natural topography on cicada wing 

The bactericidal activity of the cicada wing nanotopography was 
quantitatively evaluated over a 24-hour incubation period using LIVE/ 
DEAD™ staining. The staining solution contains two nucleic acid stains: 
SYTO9 and PI. Healthy cells exposed to the solution will fluoresce green 
due to the SYTO9 stain, while cells with compromised membranes will 
fluoresce red due to the permeation of PI. Early data points from the 
LIVE/DEAD cell count on the cicada wing were excluded because the 
bacterial cells on the surface were too densely populated. These cells 
formed aggregates that could not be precisely quantified using the FIJI 
image processing software. The uneven distribution of live and dead 
cells across the tested cicada wing surface (Fig. 2b) indicated sub- 
optimal killing efficiency. A substantial proportion of viable cells was 
found across most parts of the wings, while non-viable cells were 
concentrated in localized regions. 

In addition to the fluorescence imaging, the changes in bacterial cell 
morphology resulting from the nanotopographical features of the cicada 
wing were investigated. The majority of the P. aeruginosa cells attached 
to the cicada wing surface did not exhibit any significant difference in 
their cell morphology. A few cells adhering to the cicada wing were seen 
as deflated and pierced by the nanopillars (Fig. 2c) which corroborates 
with the LIVE/DEAD results. These observations suggest that the tapered 
nanopillar geometry on the cicada wings inflicts a certain degree of 
disruption to the surface-attached bacteria cells as described by Kelleher 
[12]. The disrupted bacterial cells on the cicada wing are consistent with 
previous studies whereby the P. aeruginosa strain showed initial 
stretching and consequently inactivation of bacterial cells after incu
bation with the wings of P. claripennis cicada [22]. 
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Recent studies have reported an association between the mechanical 
bactericidal mechanism and nanopillars, which induces cell membrane 
rupture and deformation, resulting in flattened cell morphology in the 
scanning electron micrograph [11]. According to the proposed stretch
ing model, the bactericidal mechanism is attributed to the stretching 
effect caused by the adsorption of bacterial cell walls onto the cicada 
wing nanotopography. This model is based on increased adsorption, 
leading to irreparable cell membrane rupture and eventually bacterial 
death. If the stretching degree of the cell membrane exceeds its 
threshold, it would lead to mechanical ruptures in bacterial cell walls 
[23]. On the other hand, highly dense packing of the rigid pillars was 
found to counteract the force exerted on the bacterial membrane, 
thereby limiting the extent to which the bacterial cell could stretch and 
thus, reducing the bactericidal effect [11]. An alternative proposed 
model known as the “ripping model” aims to elucidate the mechanism 
behind the death of E.coli caused by the uneven nanopillars on dragonfly 
wings. According to this model, the shear forces generated by the 

movement of cells attached to the nanopillars result in the ’ripping’ of 
bacterial membranes [12]. Thus, the irregular spacing of nanostructures 
on cicada wings can explain the uneven distribution of live and dead 
cells observed in Fig. 2(b). Therefore, our subsequent work focused on 
utilizing the 2PP technique to fabricate nano-/microstructure topog
raphy with precise, controlled geometry and spacing, aiming to enhance 
the antibacterial efficiency. 

3.3. Synthetic nanotopography and microtopography from two-photon 
polymerization 

3.3.1. Nanotopographies 
The AFM scans shown in Fig. 3(a)-(e) show nanopillars fabricated 

through 2PP based on the CAD model design. These nanopillar arrays 
were designed in an orderly hexagonal arrangement to exhibit a fixed 
interpillar centre-to-centre spacing ranging from 700 nm (labelled as 
sample SP 700) to 2000 nm (labelled as sample SP 2000). Table 1 

Fig. 2. (a) Atomic force microscopy (AFM) image of Dundubia vaginata cicada wing revealing considerable variation in the natural nanopillar geometry, (b) 
fluorescence microscopy image of Pseudomonas aeruginosa stained with SYTO9/PI on cicada wing sample, (c) cross-section view of the scanning electron microscope 
(SEM) image of Pseudomonas aeruginosa attached on the surface of cicada wing, captured at x 30,000. The red arrows indicate a few cells pierced and deflated by the 
natural nanopillars of the wing structure. 

Fig. 3. (a)-(e) Three-dimensional view of AFM scan of 2PP nanopillar sample with varying centre-to-centre spacings, (f) Schematic of nanopillar geometrical 
measurement. FWHM= full-width half maximum. 
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presents the mean dimensional data for these nanopillar arrays, 
including centre-to-centre spacing, height, full width at half maximum 
(FWHM), aspect ratio, and interspacing. Interspacing refers to the gap 
between the walls of adjacent pillars, as depicted in Fig. 3(f). 

Interestingly, standard deviation values of centre-to-centre spacings 
below 5.2 % within each sample group (Table 1) in 2PP nanopillars 
indicate greater controllability of the spacings via 2PP fabrication as 
compared to the natural topography found on cicada wings, thus 
enhancing the overall homogeneity of the nano topographical surface. 
With the controllability and precision of 2PP to produce geometrically 
uniform nanopillar arrays, it is possible to investigate the effect of 
centre-to-centre spacing on the bactericidal activity of the 2PP nano
pillared surfaces. 

The heights of the nanopillar arrays, analysed from AFM scan mea
surements, were found to range between 380 nm – 680 nm. The width of 
the nanopillars, ranging between 315 nm – 383 nm, represented by the 
Full Width at Half Maximum (FWHM) in Fig. 3(f), was used to calculate 
the nanopillar aspect ratio (Width/ Height). The aspect ratio, ranging 
from 0.56 – 0.83, was then assessed to determine its influence on 
bactericidal efficacy. 

A few studies have investigated the relationship between nano
structure height and bactericidal efficacy against Gram-negative bacte
ria. Dickson [24] et al. reported that height was not a critical factor in 
enhancing bacterial killing efficiency, PMMA nanopatterned surfaces of 
the same height (300 nm) but different feature spacings showed in
creases of bactericidal effect on E.coli cells between 16 % and 97 % for 
spacings between 380 nm and 130 nm, respectively, when compared 
with flat controls. Dickson’s result implied that smaller and more closely 
spaced pillars have a greater bactericidal effect. Another study also re
ported no direct correlation between nanofeature heights and bacteri
cidal activity against E. coli and K. pneumoniae bacterial cells [25]. 
Notably, the sinking rate of P. aeruginosa cells onto the nanopillars was 
tracked using a point force microscope, it was reported that the 
rod-shaped bacteria cells slowly moved downwards by approximately 
200 nm before an abrupt downward motion resulting in the membrane 
rupture point, implying that ~200 nm could be the “critical” height 
needed to induce membrane rupture [26]. Therefore, the height of the 
fabricated nanopillar was capped within the bactericidal height range 
(~300–600 nm). 

Other factors such as the centre-to-centre spacings and pattern 
arrangement were evaluated in the present study as they could influence 
the bactericidal efficacy. The selected centre-to-centre spacing in this 
study encompasses a wide range of interspaces, including those greater 
than previously reported values. It is worth noting that effective bacte
ricidal interspaces are dependent on the type of bacterial strains and 
their attachment to the surfaces [27]. The comparatively thinner 
peptidoglycan layer of gram-negative P. aeruginosa than gram-positive 
bacterial cells poses more vulnerability to its rapid cell death [28]. 

Hence, for our preliminary study, we have chosen P. aeruginosa as a 
model bacterium to show proof-of-concept of 2PP fabricated nanopillars 
exhibiting bactericidal activity through mechanical damage. The model 
bacterium used in this study has a typical dimension of approximately 

1–5 µm length and 0.5–1.0 µm diameter [29]. Bacterial cells would 
adopt orientations to position themselves between the nanopillars of 
greater interspaces (interspacing > bacterial cell diameter), by way of 
circumventing the interaction with the nanopillars [30]. The arrange
ment of the nanostructures was also found to significantly affect the 
attachment behaviour of bacterial cells to the surface. Nanopatterns 
having a regular square arrangement were reported to produce slightly 
larger sinking depths and lower envelope stresses on bacterial cells than 
those with hexagonal ordering. According to Amar et al. [30], the trend 
in bacteria-killing efficiency has a positive correlation with the theo
retical maximum von Mises stress. It was reported that the hexagonally 
ordered nanopattern produced a higher maximum von Mises stress than 
the square arrangement due to the selective reduction in nanopillar 
centre spacing in hexagonal patterns [30]. 

Therefore, the hexagonal arrangement of nanopillars was adopted in 
our study to enhance the stress exerted on the cell envelope and achieve 
the selective reduction in the relative diagonal spacings (standardize the 
relative spacings within the nanopattern) of the pillar. This work pri
marily studies the effect of various nanopillar spacings achieved through 
2PP and its bactericidal efficacy. 

3.3.2. Microtopographies 
Two distinct micropillar arrays with hexagonal pillar arrangements 

were fabricated using 2PP. These arrays consisted of micropillars with 
centre-to-centre spacings of 5 μm and 8 μm respectively. The micropillar 
heights of both arrays were approximately 4–5 μm and pillar width of 
2.8 µm, as measured with 3D profiling instrument. The micropillar array 
with 8 µm centre-to-centre spacings had interspaces of ~ 5 µm, while 
the array with 5 µm spacings had interspaces of ~ 2 µm. These micro
topographies were then assessed for their effect on inhibiting biofilm 
formation by P. aeruginosa. 

3.4. Antibacterial activity of nanostructured and microstructured 
topographies 

3.4.1. Effect of pillar spacings in nanopillar arrays on antibacterial activity 
The fluorescent micrographs and the corresponding SEM images of 

nanopillars after being incubated for 24 hours with P. aeruginosa is 
shown in Fig. 4(a)-(f). From fluorescence imaging, we can observe the 
changes in bacteria viability when exposed to nanopillar arrays with 
different spacings. Significant proportions of red labelled bacterial cells 
were observed on SP 2000 (Fig. 4a), SP 1500 (Fig. 4b) and SP 800 
(Fig. 4d), while a major proportion of bacteria appeared with the green 
label on SP 700 (Fig. 4e), SP 1000 (Fig. 4c) and the flat control (Fig. 4f). 
This indicates low bactericidal activity notably on the flat control, SP 
700 and SP 1000 nanopillar array. 

Furthermore, some webbed structure was observed on SEM images, 
such as in Fig. 4(c) and Fig. 4(d). The webbing could indicate the 
presence of extracellular polymeric substances (EPS) indicating the 
bacterial interaction with the nanopillar surface. In addition, aggrega
tions of bacterial cells were observed in Fig. 4(f). As noted in the fluo
rescence image of Fig. 4(c), SP1000 showed the highest proportion of 

Table 1 
Measured parameter of 2PP printed nanopillar arrays.  

Sample 2PP nanopillar arrays 

SP 700 SP 800 SP 1000 SP 1500 SP 2000 

Centre-to-centre 
spacings [nm] 

726 ± 34 816 ± 42 1056 ± 46 1586 ± 70 2153 ± 95 

FWHM [nm] 359 ± 44 315 ± 31 318 ± 28 383 ± 30 372 ± 30 
Heights [nm] 590 ± 8 490 ± 14 380 ± 14 680 ± 21 630 ± 24 
Aspect Ratio 0.61 ± 0.08 0.64 ± 0.05 0.83 ± 0.04 0.56 ± 0.03 0.59 ± 0.03 
Interspacing [nm] 367 ± 49 501 ± 32 738 ± 27 1203 ± 34 1781 ± 34 

NOTE: FWHM represents the width measured at full-width half maximum of the nanopillar. Spacings and height values are represented as mean ± standard deviation 
(s.d.). Aspect ratio = FWHM/ Height. Mean interspacing = mean centre-to-centre spacings – mean FWHM. 
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Fig. 4. Fluorescence micrographs (above) and corresponding SEM micrographs (below) of Pseudomonas aeruginosa after a 24-hour incubation period on nanopillar 
arrays (a): SP 2000, (b) SP 1500, (c) SP 1000, (d) SP 800, (e) SP 700, and (f) flat control. Note: The EPS fiber matrix surrounding SP 800 is shown as an inset in (d). 
Red arrows indicate the presence of EPS fiber matrix. The red dotted circle in (f) indicates initial aggregation of bacterial cells. 
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viable bacteria. In the corresponding SEM image, individual bacterial 
cells had aligned themselves between the interspaces of SP 1000 pillars 
accompanied by the presence of EPS webbing observed around the base 
of the nanopillar arrays. Surface-adhered bacterial cells produce EPS, 
crucial for biofilm formation and cellular attachment to surfaces, pro
moting higher proportions of bacteria cells [31]. 

In addition, all of the SEM images of nanopillar array samples, except 
for SP 800, displayed bacteria cells with turgid morphology, similar to 
those observed on flat control surfaces. In contrast, the cells observed in 
the SEM image of Fig. 4(d) when exposed to SP 800 exhibit deflation and 
leakage of their intracellular content, suggesting probable cell death. 
The LIVE/DEAD percentage results, shown in Fig. 5(a), corroborate the 
observations in Fig. 4. The closest spaced nanopillar array (SP 700) and 
SP 1000 demonstrated lowest dead cell count of 7.6 ± 2.8 % and 7.4 ±
2.8 %, respectively, similar to that of the control flat surface (7.6 ±
0.6 %), while nanopillar arrays in the SP 1500 and SP 2000 samples 
showed a higher bactericidal activity with a percentage dead cell count 
of 28.8 ± 6.2 % and 21.2 ± 6.4 %, respectively. Of note, the SP 800 
sample showed the highest percentage of dead cell count at 57.5 ±
8.5 %. 

Consequently, our study shows that nanopillar arrays of spacings 
700 nm and 1000 nm demonstrated substantially lower bactericidal 
activity when compared to 1500 nm and 2000 nm spaced arrays, 
whereas the highest bactericidal activity was observed in 800 nm spaced 
pillars. It was hypothesized that the sparsely spaced pillars (i.e., SP 2000 
and SP 1500) enabled the surface-adhered bacterial cells to move 
around, associated with the ripping effect. As the cells move and interact 
with the pillars, the friction produced would cause abrasions and 
eventually the effusion of cell content, and finally cell death [32]. These 
results are consistent with previous reports on prominent cell death in 
surface-adhered motile cells [12]. The observed differences in bacterial 
responses on SP 1000 and SP 800 samples highlight the contrasting ef
fects of pillar spacings. As a result, the conformational arrangement of 
bacterial cells between the nanopillars in the SP1000 sample restricted 
the motility of the cells, thereby mitigating the abrasion effect and 
leaving most cells viable. 

The minimal disruption of bacterial cells in closely spaced pillars (SP 
700) corroborates with the SEM observation on cicada wing topography. 
Bacterial cells situated on the surface of the SP 700 sample remained 
intact (Fig. 4e). As described earlier, too closely spaced pillars (tip-to-tip 
adhesion) on certain areas of the cicada wings had resulted in decreased 
spacings between the tip-to-tip of the pillar groupings and increased in 
others. This causes an increase in localized surface area which is in 
contact with the bacteria, thereby limiting bacterium membrane 
stretching and reducing the killing effect. Likewise, reduced mechano- 

bactericidal activity of closely spaced SP 700 pillars is ascribed to the 
“bed-and-nails” effect. This effect is commonly interpreted as the uni
form distribution of force across the bacterial cell, which renders 
membrane rupture more challenging. The SP 700 sample (with inter
spacing of ~367 nm) also had the least area coverage of P. aeruginosa on 
the nanopillared surface. Linklater et al. revealed that smaller and 
densely packed nanopillars on black silicon surface resulted in a 
decreased number of cell attachment [33]. As reported in previous 
studies, the anti-biofouling behaviour of microstructures was enhanced 
by having sufficiently dense interspacing (approximately 200 – 
1000 nm) so that bacterial cells cannot fit in between the structures 
[34]. In the present work, the anti-biofouling effect was enhanced when 
the interspacing of the nanopillars was smaller than the minimum 
diameter of the P. aeruginosa, leaving most cells suspended above the 
nanopillars, minimizing the area of contact and adhesive force to the 
nanopillared surface. 

A high proportion of EPS fiber matrix surrounding the SP 800 pillars 
as seen in the inset of scanning electron micrographs (Fig. 4d) may point 
to the stress factor exerted on the bacterial cells caused by the pillars 
[35]. The extracellular DNA found in the EPS acts as a cell-to-cell 
interconnecting compound within the biofilm matrix, it is also a com
plex defensive mechanism protecting bacteria from unfavourable envi
ronmental conditions. Indentations made by the nanopillar tips when 
the bacterial cell is suspended between the nanopillars place substantial 
stress on the bacterial cell membrane. The stress induced by nanopillars 
leads to the stiffening of the cell wall, causing a subsequent rise in turgor 
pressure. Cell rigidity was also another critical factor in determining the 
bacteria cells’ susceptibility to mechanical rupture [36]. Exceeding the 
stretching degree threshold of the membrane elastic layer would 
generate localized stress on bacterial cell membranes, leading to me
chanical rupture and loss in internal turgor pressure. This would result 
in the effusion of cell contents and changes in morphology, ultimately 
leading to rapid cell death [23,31,32]. With great precision and 
controllability of the nanopillar array, the mechano-bactericidal action 
of the two-photon polymerized SP800 nanopillar array was consistent 
throughout, unlike the inhomogeneous nano-architecture on cicada 
wings which resulted in the uneven distribution of the 
mechano-bactericidal activity. However, despite having the greatest 
bactericidal activity in SP800, a significant amount of bacterial cell 
debris remained attached to the surface as seen in the fluorescence 
micrograph of Fig. 4(d). 

It is therefore important to study the release of bacteria debris killed 
by the nanostructured surfaces, possibly through the integration of 
microtopographical surfaces, as the accumulation of bacterial debris on 
the surface may compromise the killing efficacy of nano-pillar arrays 

Fig. 5. (a) Bar chart illustrating the mean percentage of LIVE/DEAD bacteria, indicating the bactericidal performance of P. aeruginosa after 24 hr incubation on 
various nanopillared surfaces. (b) P. aeruginosa biofilm inhibition by micropillared surfaces. Bars represent the mean percentage biofilm ± s.d. of three independent 
replicates. * indicates statistical significance compared to flat control (P < 0.05, Student’s t-test), and ** indicates statistical significance compared to flat control (P <
0.01, Student’s t-test). 
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over time. Bacterial debris containing nutrients would provide an 
anchoring point for bacterial proliferation and subsequent biofilm for
mation [34,35]. Notably, bacterial cells on a flat control surface showed 
several clusters of bacterial microcolonies, possibly indicating the initial 
stages of biofilm formation (Fig. 4f) [37], while this phenomenon was 
not apparent in the 2PP nanopillared surfaces. 

3.4.2. Effect of nanopillar aspect ratio on antimicrobial activity 
Overall, nanofeatures with an aspect ratio between 0.56 and 0.83 (as 

listed in Table 1) were fabricated in this work, but no correlation was 
found between the bactericidal efficacy and aspect ratio. With a similar 
aspect ratio of 0.61 (SP 700) and 0.64 (SP 800), the percentage of dead 
P. aeruginosa cells adhered on the surface was 7.6 % and 57.5 %, 
respectively. While nanofeatures with aspect ratio values of 0.61 (SP 
700) and 0.83 (SP 1000) with > 36 % variability showed a similar 
percentage (~7 %) of adherent dead cells. Similarly, no correlation 
between aspect ratio and bacteria killing effect was reported by Gavin et. 
al [25], who fabricated independent poly(ethylene terephthalate) 
nanocone arrays with centre-to-centre spacings of 500 nm and 200 nm. 
The 500 nm spaced arrays, with an aspect ratio ranging from 0.37 to 
0.61, showed no significant differences (P > 0.05) in the percentage of 
attached dead K. pneumoniae (~15 % stained dead cells) on each of their 
surfaces, despite having a variability of > 64 % in aspect ratio. In 
contrast, the 200 nm spaced nanocone array, with an aspect ratio of 
0.33, showed over 26 % stained dead K. pneumoniae. This observation 
reinforces the solid influence of nanofeature spacings on bactericidal 
efficacy. As reviewed by Ishantha Senevirathne et. al [38], previous 
studies found no correlation for gram-negative bacteria, while only a 
weak positive correlation (r=0.28) was found for Gram-positive 
bacteria. 

3.4.3. Effect of spacings in micropillar arrays on biofilm inhibition 
The biofilm inhibition activity of micropillar arrays with 5 µm and 

8 µm centre-to-centre spacings was compared to the flat surface through 
a static biofilm assay using crystal violet dye. The dye, which adheres to 
surface-associated biofilm mass, results in a higher optical density value 
in samples with a greater quantity of bacterial biofilm mass attachment. 
Following a 24-hour incubation period, the micropillared topography 
effectively hindered the attachment of P. aeruginosa biofilm, compared 
to the flat control surface, as shown in Fig. 5(b). There is a 41 % decrease 
in biofilm formation for the microtopography with 8 µm centre-to- 
centre spacings, whereas the sample with 5 µm centre-to-centre spac
ings exhibited 61 % statistically significant (P value < 0.01) reduction in 
biofilm formation with respect to the control flat surface. This sample 
had an interspace of ~ 2 µm distance between nearest pillars, similar to 
the typical dimension of P. aeruginosa bacterial cell which measures 
around 1.5 µm to 3 µm in length [39]. The micropillar spacings in 8 µm 
topography were much greater (~ 5 µm interspacing) than the di
mensions of P. aeruginosa cell. When a bacterium lands on a surface with 
micropillars, there is a decrease in localized stress and contact pressure 
exerted on bacterial cells compared to nanopillars. This is due to the 
increased contact area between the cell and the pillar wall surface, 
which is insufficient to cause significant membrane deformation. 

Therefore, micropillars merely exhibit an anti-biofouling activity. The 
higher antibiofouling activity of the 2PP microstructures (5 µm spaced 
micropillars) was in corroboration with previous studies in which 
microscale or nanoscale surface structures are capable of resisting 
fouling agents (i.e., bacteria, algal spores, or yeast) that are in similar 
length scales to the surface topographies [40]. In addition, previous 
published work on the biomimetic cylinder-based microstructures 
(diameter of 3 µm and height of 3 µm) of crabs exhibited antifouling 
release performance against Phaeodactylum tricornutum which is 2–3 µm 
wide [41]. Another study showed that poly(dimethyl siloxane) elas
tomer surfaces, a replica of the Sharklet AF™ design, with a height of 
3 µm and 2 µm interspacing between neighbouring rectangular ribs of 
varying lengths ranging from 4 to 16 µm exhibited an inhibitory effect 
on S. aureus (0.5 – 1 µm diameter) biofilm colonization over the course 
of 21 days despite the absence of bactericidal agents [14]. 

3.5. Transcriptomic analysis of bacterial cell exposed to 2PP nanopillared 
and flat surfaces 

Finally, we investigated the effects of SP 800 nanopillared array on 
P. aeruginosa gene expression by utilizing a comprehensive whole tran
scriptome sequencing approach. A total of 7 out of 5653 genes were 
found to be significantly differentially expressed in P. aeruginosa 
exposed to the SP 800 nanopillared surface (fold change > 2, adjusted P 
< 0.05, Table 2). The gene expression values were compared between 
sample group types, log2FoldChange indicates how much the gene 
expression has changed due to exposure to 2PP nanopillared surfaces 
compared to control flat samples. PA3305.1 (phrS) and PA4690.5 were 
found to be significantly up-regulated, while PA0668.4, PA4690.2, 
PA0668.5, PA4726.2 and PA4421.1 (rnpB) were significantly down- 
regulated in SP 800 samples (Fig. 6). 

Further pathway analysis using Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database identified a single pathway associated with 
quorum sensing was significantly enriched. Indeed, PA3305.1 (PhrS) 
which was significantly up-regulated in P. aeruginosa following exposure 
to SP 800 nanopillar, is known to be an inducer of quinolone signal 
synthesis [42,43]. Quinolone signal synthesis increases the production 
of reactive oxygen species (ROS), which exposes the bacteria to oxida
tive stress and cell death by disrupting cell membrane integrity [44–46]. 
Overall, these results suggest that SP 800 nanopillared array may induce 
bacteria cell death through upregulation of PhrS and quorum sensing 
signalling. 

4. Conclusion 

In conclusion, 2PP technique was used in this study to produce well- 
controlled and precise uniform, nanopillar and micropillar arrays on 
glass substrates to study the antibacterial effect of these geometries on 
the Gram-negative P. aeruginosa, without the use of chemical antimi
crobial agents. Surface configurations featuring hexagonally arranged 
pillars with 500 nm interspacing such as those from SP 800 nanopillar 
array, have demonstrated the greatest bactericidal efficacy compared to 
those with closer or wider spacings, suggesting that the effectiveness of 

Table 2 
List of significant differentially regulated genes (DEG) following exposure to SP800 nanopillar in P. aeruginosa.  

Gene Name RNA Name Log2 Fold-Change pvalue padj 

PA4690.5 16 S ribosomal RNA  5.53 1.06E-02 3.86E-02 
PA3305.1 other  3.02 6.72E-30 2.69E-28 
PA4421.1 RNase_P_RNA  -1.08 6.70E-06 4.47E-05 
PA4726.2 other  -1.48 2.83E-06 2.27E-05 
PA4690.2 23 S ribosomal RNA  -1.69 3.39E-09 4.52E-08 
PA0668.4 23 S ribosomal RNA  -1.71 1.75E-09 3.49E-08 
PA0668.5 5 S ribosomal RNA  -2.07 1.53E-07 1.53E-06 

NOTE: DEG is defined as gene expression with fold-change > 2 and padj < 0.05. The padj indicates adjusted p values which satisfy the property of thresholding at a 
specific value defined by a set of tests (one for each gene) with a bounded false discovery rate (FDR). 
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nanopillar arrays in interacting with bacterial cells depends on the 
spatial arrangement of the pillars relative to the size of the bacteria. 
Whole transcriptomic analysis of P. aeruginosa exposed to SP 800 
revealed potential alterations in their quorum sensing pathway. 
Furthermore, micropillar arrays demonstrated biofilm-inhibitive prop
erties. Micropillars arranged in hexagonal pattern with 2 µm inter
spacing, approximately the size of bacterial cells, displayed significant 
biofilm inhibition properties. 

To address the challenges of accumulating surface-killed bacteria, 
preventing biofilm formation, and maintaining long-term antibacterial 
effects, further research is necessary to optimally combine these nano
structures and microstructures. Such integration could significantly 
enhance antibacterial efficacy by synergizing their respective proper
ties. Future research exploring other aspects including feature shape, 
surface wettability, and variability of the bacterial characteristics could 
provide deeper insights into optimising mechano-antibacterial surfaces 
to suit potential applications across various industries and healthcare 
settings. 

On a final note, although the precision and controllability of the 2PP 
technique are well established at the laboratory scale, its use in 
industrial-level, high-volume production is constrained by its small 
patternable micron-size array and slow writing speed. However, future 

advancements in rapid replication molding using 2PP prototypes may 
overcome these limitations, enabling large scale production. 
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