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A B S T R A C T   

In this study, the bactericidal properties of the wing surface of two different Psalmocharias cicada species, 
Psalmocharias querula (PQ) and Psalmocharias akesensis (PA), are examined based on the organization and nano- 
topographical characteristics of the wing nanostructure. The bacterial killing capacity of the wings was assessed 
by counting the colony-forming units (CFU). Atomic force microscopy (AFM), scanning electron microscopy 
(SEM), and contact angle measurements were utilized to reveal wings nano-topographical structures and their 
impact on bacterial contact-killing efficiency. The role of surface roughness parameters on bacterial cell at-
tachments and bactericidal properties of the wings was evaluated by analysis of topography results using his-
togram height distribution and power spectral density (PSD) methods. It was found that the skewness and 
kurtosis values of the cicada wing nanopillars significantly correlate with their shear-inducing capacity, con-
firming the higher bactericidal activity for PQ wing surface compared to PA wing surface.   

1. Introduction 

Nature-inspired structures and materials have been extensively uti-
lized by engineers and scientists in recent years. Among the natural 
sources of structures to be inspired by, insects provide an encyclopedia 
for bio-inspiration owing to their diversity, abundance, and evolu-
tionary history. Due to millions of years of survival under evolutionary 
pressure alongside co-existence with prokaryotes, insects have evolved a 
broad spectrum of functionalities, especially on their wing surfaces [1, 
2]. 

Adhesion [3,4], antireflection [5,6], self-cleaning [7,8], wettability 
[9,10], cell growth platforms [11,12] and bactericidal activity [13,14] 
are only some of the multi-functional properties of insects wing. These 
properties originate from the chemistry, topology, and unique archi-
tecture of wing surfaces at the microscale and nanoscale [15]. The 

discovery of nanotextured topography on the surface of insects’ wings 
with different geometric shapes has revolutionized the bio-inspired 
nanofabrication and artificially synthesized surface design industry 
[16]. In particular, there is an increasing interest in the natural bacte-
ricidal and anti-biofouling properties of the insect wings for developing 
novel systems against antibiotic resistance, biofilm colonization, and 
bacterial contamination of biomaterials and implants [2]. Furthermore, 
improvement of nanofabrication technologies and lithography tech-
niques provides an opportunity for emulation of these naturally occur-
ring structures as templates for the synthesis of advanced artificial 
surfaces with high performance efficiency [11,16,17]. 

Among winged insects, Cicada, dragonfly, and damselfly are well- 
known species for possession of exclusive nanoscale structures on their 
wings with contact-killing ability [1,15,18]. Particularly, cicada (Hem-
iptera: Cicadidae) has been at the core of interdisciplinary studies 
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because of its suitable structures for designing and developing bacteri-
cidal biomimetic materials. The first discovery of bactericidal properties 
of cicada (Psaltoda claripennis) was reported by Ivanova et al. after which 
numerous bactericidal surface designs were initiated based on the 
micro-nano structure of cicada wings [19,20]. 

Bacterial adhesion is a multifactorial process and many parameters 
influence the procedure of bacterial attachment to a surface. Moreover, 
the interrelation between bacterial properties, material features, and 
environmental factors determine the fate of bacteria after adhesion to a 
surface. Surface wettability is considered as one of the most important 
key players in initial cell adhesion. Indeed, it is well established that the 
wettability of the surface, besides its surface chemistry, is greatly 
influenced by the underlying microstructure. To this end, the accurate 
study of the bacterial attachment process on surfaces requires the uti-
lization of a multianalytical approach for the comprehensive assessment 
of surface properties [21]. To evaluate the effect of surface roughness on 
different bacterial cells’ adhesion, the utilization of recent techniques in 
microscopy is valuable. Wing surface roughness is generally character-
ized by surface roughness parameters like; average roughness (Ra), 
root-mean-square (RMS), roughness (Rq), maximum height (Rmax), 
skewness (Rsk), and kurtosis (Rku) [22], among which skewness and 
kurtosis have been proven to correlate well with the shear force in-
duction capacity of a structured surface. Meanwhile, a direct correlation 
is established between the magnitude of shear force and the 
contact-killing efficiency of a surface [15,23]. 

Atomic force microscopy (AFM) is a powerful tool to reveal the 
topography of surfaces and multiple statistical measures such as RMS, 
peak-to-valley ratio, and average roughness are conventionally utilized 
for quantification of the AFM results. Nevertheless, these measures only 
indicate the vertical distribution of roughness (z-axis). Hence, the lateral 
distribution of surface features (x and y) and its impact on surface 
property is frequently overlooked. In this regard, analyzing AFM results 
using the power spectral density (PSD) method takes into account both 
lateral and vertical surface features that are captured in AFM images 
[24]. 

Another application of AFM measurements is to uncover the me-
chanical properties of the sample in so-called force measurement. For 
instance, AFM force measurement has been extensively utilized to 
measure bacterial cell adhesion onto surface nanostructures [25–27]. 
Analyzing the obtained force-distance curves detailed information such 
as hardness, elasticity, and adhesion of biological entities on a surface 

can be obtained [28,29]. For instance, the role of cell membrane rigidity 
on bacterial-surface interactions has been identified using AFM force 
measurements [30]. 

This study aims to find wings surface bactericidal potentials of 
Psalmocharias cicada species against Pseudomonas aeruginosa ATCC 
9027, an opportunistic pathogen that can be industrially and environ-
mentally problematic [30]. Through this research, the bacteria-killing 
efficiency of two types of cicada insects is compared based on geome-
try, nanostructure, and mechanical properties of their wing surfaces to 
provide a better understanding of mechanisms involved in the bacteri-
cidal functionality of natural surfaces against the Gram-negative bac-
teria, P. aeruginosa. 

2. Experimental section 

2.1. Insect collection 

Cicada wings of Psalmocharias genus, Psalmocharias querula, and 
Psalmocharias akesensis (South Khorasan, Iran) were obtained from two 
different habitats. These species were collected as adult insects in 
summer 2019 when cicada emergence occurred after multiple-year life 
in the ground (Fig. 1). 

2.2. Cicada wing preparation 

Cicada transparent forewings were separated carefully from the in-
sect thorax by scalpel, and 1 × 1 cm excised sections were reattached to 
glass slides using double-sided tape. They were gently washed with 
deionized water to clean the wing surface from contamination, dried at 
room temperature, and stored in Petri dishes for further studies, 
following the procedure explained by Ivanova et al. [14]. 

2.3. Bacterial sample preparation 

P. aeruginosa was used as a model strain to investigate bacterial cell 
interactions with cicada wing surfaces. Bacterial sample preparation 
was carried out based on the procedure suggested by similar studies [14, 
19]. Before each bacterial attachment experiment, the bacterial cultures 
were refreshed on nutrient agar plates and grew overnight at 37 ◦C in 5 
ml of nutrient broth. Nutrient broth cultures were collected at the log-
arithmic stage of growth, and the suspensions of bacterial cultures were 

Fig. 1. Dorsal view of cicada samples (a) Psalmocharias querula (PQ) and (b) Psalmocharias akesensis (PA).  
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washed with phosphate buffer solution (PBS 0.01 M, pH = 7.4) adjusted 
to OD600= 0.3. Then cicada wings were mounted on glass slides and 
immersed in diluted bacterial suspension (5 mL) in Petri dishes incu-
bated for 18 hours [14]. 

2.4. Scanning electron microscopy 

The wings’ surface morphology was observed with the SEM (Leo 
1450 VP). Bacterial cells were fixed on wing surfaces in glutaraldehyde 
(2.5% GA) and sodium cacodylate buffer (0.1 M) for 1 hour. Samples 
were then washed in the buffer for 5 minutes and kept at 4◦C. Following 
fixation, the fixed samples’ dehydration process was performed in a 
graded ethanol series of 25%, 50%, 70%, 90%, and 100% for 10 minutes 
[31]. All sample surfaces were sputtered with a gold coating (~8 nm) 
prior to investigations under SEM. Images were recorded at 20 kV 
under × 50,000 and × 75,000 magnifications. 

2.5. Atomic force microscopy 

AFM scans were performed using an ARA research atomic force 
microscope (ARA research company, Iran) in the dynamic, also known 
as tapping mode, at ambient temperature with a relative humidity of 
28%. Scanning was carried out at a resolution of 256 × 256 pixels and a 
scan frequency rate of 0.3 Hz. The analysis of the AFM results was 
conducted using WSxM [32] and Gwyddion [32] software. AFM imaging 
and force spectroscopy measurements were performed using a silicon tip 
with Al backside coating (HQ: NSC15 probe type) with a spring constant 
of ~2 N/m, tip radius of curvature of 8 nm, and a resonance frequency of 
~325 kHz. Scanning was executed perpendicular to the cantilever’s axis 
at 1 Hz within at least five identical measurements of all samples. The 
resulting topographical data were processed with first-order horizontal 
and vertical leveling before performing roughness analysis. The tip was 
positioned on top of a cell in contact with the wing surface, and the piezo 
movement that was required to maintain a constant force between the 
cell and the tip was monitored [19]. 

2.6. Wettability measurements 

The contact angle measurements were conducted with 4 μL deion-
ized water droplet at ambient temperature using an optical contact angle 
meter (CA, Adeeco static/dynamic) and analyzed by ImageJ software. 

2.7. Bactericidal test 

The colony counting method was performed to investigate the 
mechano-bactericidal efficiency of Psalmocharias querula (PQ) and 
Psalmocharias akesensis (PA) cicada wings nanotopographies against 
P. aeruginosa cells. Bactericidal properties were evaluated over 0 and 18 
hours by calculating colony forming unit (CFU) on PQ, PA, and mica as 
the control surface. Bacterial cells were suspended in 5 mL sterile 
nutrient broth (OD600 = 0.1) and placed on the sample surfaces (see 
section 2.3). Then, wing samples and the control surface were immersed 
in diluted bacterial suspensions (500 μL) in Petri dishes and incubated 
for 0, and 18 hours at 37 ◦C. From each Petri dish, 100 μL suspension was 
transferred to a microtube and diluted by 900 μL of PBS (1:1000), and 
further cultured on a fresh nutrient agar plate. Image-J software was 
used for counting the viable cells (CFU/ mL) according to the dilution 
factor and culture volume. The test was run in triplicate at six separate 
times [11]. 

3. Results and discussion 

To better understand the nanotopography of two cicada species’ 
wing surfaces and to investigate the bacterial cells’ interactions with 
these surfaces, AFM and SEM characterization, and wettability mea-
surements were conducted. 

3.1. Scanning electron microscopy 

SEM is a commonly used technique to reveal the surface’s architec-
ture at the nanoscale and can provide detailed information about the 
morphological and topographical impact of cicada wings on bacterial 
cells. As is presented in Fig. 2, both forewings were analyzed using SEM, 
representing nano-arrays of pillars with different patterns. Prior to im-
aging, P. aeruginosa cells were fixed, and the interactions of the bacterial 
cell at the interface with surfaces are shown by SEM images (Fig. 2). 

The cells attached to the surface of both wings show irregular mor-
phologies resulting from specific geometric and nanotopography of ci-
cada wings. As indicated in the SEM results, the rod-shaped Pseudomonas 
morphology changes through penetration of nanopillars and subse-
quently the cell rigidity is lost, resulting in bacterial cell death. As 
opposed to smooth surfaces, the bacterial cells are affected by the wings’ 
topography and cannot continue the normal attachment process and 
division. In both wing surfaces, spherically capped nanopillars with 
differences in height distributions and density can be identified. SEM 
images related to bacterial cell attachment after 18 hours of incubation 
on these surfaces show different levels of cell injuries due to different 
mechanical properties of wings (see red arrows in Fig. 2). Wing of PQ 
induces wrinkles on the surface of P. aeruginosa cells resulting from 
surface nano-protrusions penetration. It is clear that the PA surface also 
influences the morphologies of the bacterial cells, by producing wrinkles 
on their cell walls. However, the complete drowning of cells into PA 
pillars is not as evident as it is on the PQ sample (compare Fig. 2c and d). 

The impact of wings’ nanostructure on the adsorption of Gram- 
negative P. aeruginosa is extensively studied by Kelleher et al. [33]. As 
is observed in Fig. 2, the wings’ characteristic nanostructure is highly 
varied across cicadas from different species and geographic locations 
[1]. The reported effect of geometry and nanotopography on bacterial 
cells is in agreement with previous studies on cicada wing bactericidal 
potentials [13,19,33,34]. Damaged cells either remain attached to 
nanopillars by spreading or separate from the surface as cellular debris. 
Accordingly, a single bacterium interacts with approximately 20 and 30 
nanopillars, consistent with previous studies [19]. 

The SEM results demonstrated that PA induces a lower amount of cell 
damage compared to that of PQ. It should be noted that the former has 
shorter pillars than the latter surface, which can explain their different 
bactericidal behaviors. To further investigate this hypothesis, we per-
formed complementary AFM measurements. 

3.2. Atomic force microscopy analysis 

AFM imaging was used to quantify the average height of the wing 
protrusions and to compare the wings microstructure impact on bacte-
rial adhesion. 

Based on AFM topography images in Fig. 3, the PQ wing exhibits 
slightly longer nanopillars (approximately 10 nm) than the PA wing. 
Meanwhile, on the same AFM Z-scale, PQ wing surface shows a larger 
number of nanopillars than the PA wing. Further topographical analysis 
of the surface structure showed a significant variance in the scale of the 
pillars between the two samples. 

3.3. Power spectral density and histogram analysis 

The power spectral density (PSD) of a surface is a mathematical tool 
that divides a surface into contributions from different spatial fre-
quencies. PSD provides unbiased statistical information on the surface 
topography. PSD analysis of the AFM topography results provide in-
formation about the amplitude of a surface’s roughness as a function of 
the roughness’s spatial frequency [35,36]. PSD is calculated by the 
following equation [36]: 
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Fig. 2. Tilted SEM images of bacterial cell attachments on nanopillars of the PQ (a, b) and PA (c, d) wing surfaces with two magnifications (× 50,000 and × 75,000) 
after 18 hours. Red arrows show cytoplasm leakage (a, b) and wrinkles on cells (c, d). 

Fig. 3. 2D and 3D AFM images of (a) PQ and (b) PA wing surfaces.  
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where Z (X) represents the height data of the surface roughness, L is 
length measuring in the X direction (equal to 3 μm); X is the position 
vector, and f is the spatial frequency vector in the X-axis. PSD quantity (i. 
e. Y value) in a specific frequency quantitatively shows the number of 
components in the corresponding spatial frequency. The changes in the 
slope (I to II) are related to the number of principal components that 
contribute to surface topography. In PSD results (Fig. 4) the number of 
large components is higher in lower frequencies, and higher frequencies 
constitute more fine components. Based on PSD analysis, both wings 
consist of two types of components. In all frequencies, the number of 
components in PQ sample is slightly larger than that of PA (Fig. 4a). 

To better understand the impact of surface topography and their 
distribution on the faith of bacteria that interact with the surface, we 
deconvoluted the AFM results using multimodal Gaussian distribution as 
[37]: 

Y =
1

σ
̅̅π
2

√ exp
[

−
2(x − μ)2

σ2

]

(2)  

where Y represents the counts numbers, σ is the standard deviation, μ is 
the mean height value, and x is the topography value. The deflection 
point in PSD analysis serves as a measure for the number of principal 

components that comprise the histogram profile of a surface. Accord-
ingly, the contribution of each component is shown in the histogram 
graphs (Fig. 4b and c) in which the surface features are divided into two 
categories; fine components and large components. The Gaussian peak 
center positions (XC) of both PA and PQ samples were ~22 nm (for fine 
components) and ~33 nm (for the large components). The surface area 
for curves of fine components in both samples was approximately 14350 
nm. However, the surface area for large components curves in PQ and 
PA samples were 5588 nm and 2534 nm, respectively. These results 
indicate slight differences between these two surfaces which stem from 
the contribution of the large components in their surface topography. As 
will be discussed in the following, these slight variations influence the 
bactericidal properties of the investigated surfaces. 

Through the analysis of the AFM results, additional information 
about roughness parameters of the surface can be obtained. These pa-
rameters include the average roughness (Ra), root-mean-square (RMS), 
roughness (Rq), maximum height (Rmax), skewness (Rsk), and kurtosis 
(Rku), as reported in Table 1. Skewness is defined as a parameter 
reflecting the asymmetry of the distribution of heights, in the AFM im-
ages. In case the variations in topography are random, the skewness 
value will be 0. Positive/negative values of skewness indicate the 
presence of height values considerably above/below the average. Kur-
tosis (Rku), on the other hand, indicates the sharpness of the roughness 
profile. For periodic surfaces like cicada wing, skewness and kurtosis are 
respectively third and fourth central moments of profile amplitude 
probability density function, which can be useful to distinguish differ-
ences in shear stress induction of surfaces [23,38,39]. 

A significant factor that can result in cell membrane rupture, is the 

Fig. 4. (a) The power spectral density graph of cicada wings. Histogram profiles of (b) PQ and (c) PA cicada wings.  
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shear stress induced by cell adhesion to nanopillars, specifically when 
attached cells are laterally moving on the surface [15]. It has been re-
ported earlier that skewness and kurtosis can both relate to the magni-
tude of the shear force that is induced on periodic surfaces [23,38]. 

Based on Table 1 the skewness for PQ is larger than PA (skewness of 
PQ=1.4 > skewness of PA=0.8). Moreover, the kurtosis value for PQ is 
greater than that of PA (kurtosis of PQ=6.2 > kurtosis of PA=4.9). 
Comparing the surface roughness of PA and PQ, it is also observed that 
the former has a smoother surface than the latter. Previous studies 
indicate that rougher surfaces are more bactericidal efficient than 
smoother ones [40]. To validate this hypothesis, we investigated the 
bacterial attachments on three surfaces; mica, PQ, and PA samples, 
using AFM (See Fig. 5). 

In these investigations, flat mica surface is used as a control surface 
for the adsorption of P. aeruginosa from the culture medium. The AFM 
results show that the bacteria adsorbed on mica surface has a height of 
about 80 nm. It should be noted that P. aeruginosa rather lies with its 
long axis on the surfaces to which it adsorbs, consistent with the ob-
servations by Richard et al. [41]. Earlier heights comparisons (Fig. 3) 
indicated that both wing surfaces are decorated with nanopillars. 
Consistent with these observations, the nanopillars penetration into 
bacteria cells results in bacterial cell death (Fig. 5b, c). Accordingly, the 
measured height of the adsorbed bacteria on PQ and PA surfaces was 
decreased to 56 nm and 57, respectively. These results are aligned with 
the observations in Fig. 3, showing that the nanopillars on PQ are ~10 
nm longer than those on PA. 

To differentiate damaged bacterial cells caused by wing nano-
topography from intact ones, Code-V optical design software was used to 
optimize AFM images’ colors (See S1 in Supporting information). The 
leaked cytoplasm of damaged bacterium on wing surfaces is exhibited 
with green color well differentiated from a blue background, relevant to 
wing surface protrusions. Bound cells to nanopillars are well distin-
guishable through the color differences based on height. However, it 
should be noted that besides the leaked cytoplasm of damaged bacte-
rium on wing surfaces the possible contribution of other miscellaneous 
extracellular debris can not be excluded. 

To further characterize the cell-surface interaction on the PA and PQ 
samples, we performed complementary AFM surface force 
measurements. 

3.4. AFM force measurements 

Using AFM force measurements the mechanical interactions between 
a tip and sample can be studied. Knowing the mechanical properties of 
the AFM tip, the mechanical properties of the studied surface (e.g., its 
elastic modulus or hardness) can be retrieved. For instance, Gadis used 
AFM force measurements to characterize the lipopolysaccharides 
structure and its adhesion strength on a surface [42]. 

In Fig. 6, the representative surface response of the retraction and 
approach passes during the AFM force measurements are provided for 
bacterial cells in contact with mica, PQ, and PA surfaces. In these force 
curves, the slope changes can be used as an indicator of bacterial cell 
rigidity alterations on different surfaces. As indicated in Fig. 6, the cell 
adsorbed on the mica surface exhibits a very different force curve 
compared to that on PQ and PA samples. Due to the absence of nano-
pillars on the mica surface, the bacterial cell maintains its rigidity and 
produces more adhesive forces to the AFM tip. Comparing the two 
nanostructured surfaces, the slope of the force curve on PA is greater 

than that on PQ, which indicates the larger impact of surface nanopillars 
and their further penetration into the bacterial cell membrane in the 
former sample, consistent with previously presented AFM topography 
results. 

It should be noted that the force measurements results presented in 
Fig. 6 may differ from those obtained in the aqueous environment. 
Moreover, the detailed analysis of the force measurement results re-
quires the repetition of the measurements to provide reliable statistics. 
Nevertheless, the presented differences between cell adhesion on mica, 
PQ, and PA cicada wings denote the different interactions between the 
cell and these surfaces. 

3.5. Bactericidal efficiency analysis 

To examine and compare the bactericidal activity of cicada wings, 
P. aeruginosa viable cells after contact with wings surfaces were counted 
using the colony counting method. Fig. 7 shows nutrient agar plates with 
a reduction in the number of colonies after 18 hours of incubation at 37 
◦C on different samples’ surfaces. 

As is indicated in Fig. 7, there is no distinct change in the numbers of 
colonies (CFU/ml) for control surface (mica) after 18 hours incubation. 
However, reduction in the colonies number was observable in 10− 3 and 
10− 4 dilution series related to PQ and PA wing samples. These results are 
consistent with previous observations indicating the mechano-killing 
properties of PQ and PA. To further quantify the bactericidal effi-
ciency of PQ and PA wings, the following formula was used [43]: 

Bactericidal Efficiency (%) =
CFU0 − CFUt

CFU0
× 100 (3)  

where CFU0 and CFUt are the initial and residual numbers of the bac-
terial colonies after attachment on nanopillars. Based on the above 
formula, the percentage of surface bactericidal activity was calculated 
and the results are presented in Fig. 8. It is clear that on the mica surface 
the number of killed bacteria is insignificant, due to the lack of nano-
pillars on the surface. However, as indicated in Fig. 8, the PQ surface 
exhibits a higher bactericidal efficiency compared to PA wing, which is 
consistent with the unraveled differences in the structure of nanopillars 
on the surface of the two studied winds. 

The colony counting method is a widely applied methodology to 
calculate bacterial cell enumeration. However, its credence for exam-
ining the mechano-bactericidal effect is still under debate, since it is 
based on a serial dilution of microbial culture medium. Moreover, 
during the bacterial attachment to target surfaces, some cells survive 
and continue their growth. Therefore, the sample volume containing 
these cells underrepresent the killing rate, compared to the actual 
bactericidal potential of the analyzed surface. It is estimated that, 50% 
inhibition of bacterial colony formation on a surfaces could be equiva-
lent to 90% inhibition in solutions since usually killing agents are 
equally distributed in solutions, while the killing mechanism for surfaces 
is topography-based [11]. Nevertheless, when surfaces are compared for 
their mechano-bactericidal efficiency under identical experimental 
conditions, the observed differences can reflect their different bacteri-
cidal activities. 

Last but not least, it should be noted that surface hydrophobicity also 
plays an important role in the efficient adsorption of the bacteria cell on 
the surface. It is well established that besides the surface energy, the 
wettability of a surface is also a function of surface roughness. To 
compare the surface wettability of the studied cicada wings, we 

Table 1 
Analysis of surface roughness parameters. The roughness parameters include the average roughness (Ra), root-mean-square (RMS), roughness (Rq), height average, 
skewness (Rsk), and kurtosis (Rkur).  

Sample RMS roughness [nm] Roughness average [nm] Maximum Height [nm] Average height [nm] Surface skewness [a.u] Surface kurtosis [a.u] 

PQ 9.9 7.2 80.3 26.7 1.4 6.2 
PA 9.0 6.8 69.1 24.4 0.8 4.9  
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Fig. 5. 2D and 3D AFM images of bacterium on (a) mica surface, (b) PQ, and (c) PA cicada wings in 3 × 3 μm scanning area. d) comparison of the average AFM 
height profiles of bacterium on the mica surface and the surface of PA and PQ cicada wings. The line profile is obtained from the lines marked in a-c. It should be 
noted that the AFM results are to some extent affected by tip convolution, which is a common issue when very sharp AFM tips are used for imaging. 
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performed complementary water contact angle measurements and 
provided the results in the supporting information (Figure S2). 
Accordingly, both PQ and PA surfaces are slightly hydrophilic (contact 
angle values of 68◦ and 87◦, respectively). 

4. Conclusion 

In this work, we characterized the nanostructured wing surface of 
two different species of Psalmocharias cicada (Psalmocharias querula 

Fig. 6. Amplitude-Topo curves and schematic 3D models by force measurements of p. aeruginosa cells adhesion on (a) mica as a control surface, (b) PQ, (c) PA cicada 
wings. The micro and nanostructures are schematically presented out of the scale. 
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(PQ) and Psalmocharias akesensis (PA)) using SEM and AFM imaging. 
Statistical analysis of the AFM topography results was utilized to unravel 
the role of different surface components on the bactericidal efficiency of 
the studied wings. The mechano-bactericidal efficiency of PQ and PA 
was correlated to the size, distribution, and conformation of the nano-
pillar structures on the surface of the studied cicada wings based on the 
histogram profiles and PSD analysis, as well as the skewness and kurtosis 
parameters of the surface topography. AFM force measurements were 
conducted on the bacteria cells that were adsorbed on PQ, PA, and mice 
(as the control surface). It was indicated that the nanopillars on PQ 
surface more efficiently penetrate the membrane of the adsorbed cells 
which is consistent with the higher mechano-bactericidal efficiency of 
PQ than PA. These results highlight the importance of the detailed 
analysis of the surface topography features in unraveling the mechano- 
bactericidal properties of natural as well as bio-inspired surfaces. 
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bactericidal surfaces: Mechanical rupture of pseudomonas aeruginosa cells by 
cicada wings, Small 8 (2012) 2489–2494, https://doi.org/10.1002/ 
smll.201200528. 

[20] J. Hasan, R.J. Crawford, E.P. Ivanova, Antibacterial surfaces: The quest for a new 
generation of biomaterials, Trends Biotechnol 31 (2013) 295–304, https://doi.org/ 
10.1016/j.tibtech.2013.01.017. 

[21] Y.H. An, R.J. Friedman, Concise review of mechanisms of bacterial adhesion to 
biomaterial surfaces, J. Biomed. Mater. Res. 43 (1998) 338–348. 

[22] Y. Chen, W. Huang, Numerical simulation of the geometrical factors affecting 
surface roughness measurements by AFM, Meas. Sci. Technol. 15 (2004) 2005. 

[23] K.N. Hansson, S. Hansson, Skewness and kurtosis: important parameters in the 
characterization of dental implant surface roughness—a computer simulation, 
ISRN Mater. Sci. 2011 (2011). 

[24] Y. Gong, S.T. Misture, P. Gao, N.P. Mellott, Surface roughness measurements using 
power spectrum density analysis with enhanced spatial correlation length, J. Phys. 
Chem. C. 120 (2016) 22358–22364. 

[25] S.K. Lower, M.F. Hochella, T.J. Beveridge, Bacterial recognition of mineral 
surfaces: nanoscale interactions between Shewanella and α-FeOOH, Science (80-.) 
292 (2001) 1360–1363. 

[26] C.J. Wright, I. Armstrong, The application of atomic force microscopy force 
measurements to the characterisation of microbial surfaces, Surf. Interface Anal. 
An Int. J. Devoted to Dev. Appl. Tech. Anal. Surfaces, Interfaces Thin Film 38 
(2006) 1419–1428. 

[27] D.J. Müller, Y.F. Dufrene, Atomic force microscopy as a multifunctional molecular 
toolbox in nanobiotechnology, Nanosci. Technol. A Collect. Rev. from Nat. 
Journals, World Scientific (2010) 269–277. 

[28] H.-J. Butt, B. Cappella, M. Kappl, Force measurements with the atomic force 
microscope: Technique, interpretation and applications, Surf. Sci. Rep. 59 (2005) 
1–152. 

[29] A. Harimawan, A. Rajasekar, Y.-P. Ting, Bacteria attachment to surfaces–AFM force 
spectroscopy and physicochemical analyses, J. Colloid Interface Sci. 364 (2011) 
213–218. 

[30] A. Elbourne, J. Chapman, A. Gelmi, D. Cozzolino, R.J. Crawford, V.K. Truong, 
Bacterial-nanostructure interactions: The role of cell elasticity and adhesion forces, 
J. Colloid Interface Sci. 546 (2019) 192–210. 

[31] J. Jenkins, A. Nobbs, P. Verkade, B. Su, Characterisation of bactericidal titanium 
surfaces using electron microscopy, Microsc. Anal, (EMEA Issue) 34 (2018) 17–22. 

[32] I. Horcas, R. Fernández, J.M. Gomez-Rodriguez, J. Colchero, J. Gómez-Herrero, A. 
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