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���������

Nano:textured surfaces (NTS) are critical to organisms as self:adaptation and survival tools. 

These NTS have been actively mimicked in the process of developing bactericidal surfaces for 

diverse biomedical and hygiene applications. To design and fabricate bactericidal topographies 

effectively for various applications, understanding the bactericidal mechanism of NTS in nature 

is essential. The current mechanistic explanations on natural bactericidal activity of nanopillars 

have not utilized recent advances in microscopy to study the natural interaction. This research 

reveals the natural bactericidal interaction between ���
�� and a dragonfly wing's (������$�

+���
�
+�	�$) NTS using advanced microscopy techniques and propose a model. Contrary to 

the existing mechanistic models, this experimental approach demonstrated that the NTS of 

������$� +���
�
+�	�$ dragonfly wings has two prominent nanopillar populations and the 

resolved interface shows membrane damage occurred without direct contact of the bacterial cell 

membrane with the nanopillars. We propose that the bacterial membrane damage is initiated by a 

combination of strong adhesion between nanopillars and bacterium EPS layer as well as shear 

force when immobilised bacterium attempt to move on the NTS. These findings could help guide 

the design of novel bio:mimetic nanomaterials by maximising the synergies between both 

biochemical and mechanical bactericidal effects. 

�	��
�����
	�

Various organisms living in nature use nano:textured surfaces (NTS) to adapt, interact and 

survive in their environments. Adhesion,
1:3

 anti:reflection,
4:6

 bactericidal activity,
7:11

 super:

hydrophobicity,
12:16

 and dew condensation
17

 are some of the properties exhibited due to their 

surface chemistry and topographical structure at the micro and nano:scale. For example, the anti:

Page 2 of 50

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 

 

3

biofouling properties of NTS of the lotus leaf
18

 and shark skin
19

 are a consequence of their 

surface topography while wings of cicada
9:11

 and dragonfly
7:8

 possess bactericidal (See Table S1) 

and anti:reflective
4:5

 properties to protect them from their natural predators. Dragonflies are 

renowned for their striking aerodynamic performance and their wings have been extensively 

studied at the macro:scale.
20:22

 Maintaining the aerodynamic performance is of vital importance 

for the dragonfly's survival. This requires a clean and light wing span which can be achieved if 

dust particles are easily washed off (superhydrophobicity) and bacterial growth is avoided in 

moist environments (bactericidal properties). Both properties of the wings are achieved by micro 

and nano scale surface topographies
7:8

 which are built by fatty acids and long chain �:alkanes.
23

 

Inspired by this natural phenomenon, various artificial NTS including nanocones, nanofibers, 

and nanopillars are fabricated from different materials to achieve bactericidal properties.
24:26

 (See 

Table S2) Most of the fabricated NTS deviate from the natural NTS, both in chemistry and 

architecture, hence bactericidal efficiencies of artificial bio:inspired surfaces are different to 

natural bactericidal NTS.
7, 25, 27

 Therefore optimisation of bactericidal efficiency of the bio:

inspired fabrications has proven challenging and requires concise understanding of both 

bactericidal mechanism and topography of natural NTS, prior to fabricate nanotextures onto 

various applications. 

Three prevailing explanations for bacterial death on cicada wing nanopillars proved to be 

mechanical in nature and include; 1) direct penetration of bacterial membrane by the NTS,
9
 2) 

stretching and rupture of the membrane in between NTS,
28:30

 and 3) membrane deformation due 

to its adhesion with the NTS.
31

 These mechanistic explanations on natural bactericidal activity of 

nanopillars are based on assumptions that nanopillars make direct contact with the bacterial 

membrane and nanopillars are strong enough to damage the bacterial membrane. In the literature 
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moduli of cicada wing membrane are reported to be 3.7 GPa.
32

 The conventional understanding 

is that insect wings are made of chitin and cuticular waxes.
9, 33:36

 Therefore the nanopillars on 

cicada wing are assumed to be strong enough to damage the bacterial membrane.
9
 Li et al

30, 37
 

and Xue et al
29

 investigated the bacterial membrane rupture within the framework of stretching 

theory. Li et al show that the physical origin of the bacterial adhesion on a nanopillar surface is 

determined by the balance between adhesion energy and the deformation energy of the cell 

membrane.
37

 The large surface roughness due to nanopillars increase the contact surface area, 

while the small radius of nanopillars increase the membrane deformation energy.
37

 Therefore the 

thermodynamic model show the importance of architecture and the density of nanopillar 

arrangement for efficient bactericidal activity.
30

 However, in the mathematical model developed 

by Xue et al suggested that sufficient energy that would lead to full adhesion and membrane 

rupture cannot be provided only by the physical interactions between bacterial membrane and the 

nanopillar structures, but also it requires the gravitational force.
29

 These studies suggest that the 

changes in the architecture and density of nanopillars affect the efficiency of the bactericidal 

activity. 

Bacteria show different strategies to interact and adhere on to abiotic surfaces using non:

specific adhesins; fimbrial, non:fimbrial, and discrete polysaccharides.
38:40

 Extra:cellular 

polymeric substance (EPS) is a non:specific adhesins used by ���
�� as molecular glue to attach 

on to surface.
38, 41

 It is to be noted that the current mechanistic explanations of bacterial death on 

NTS do not consider the adaptability and variability shown by bacteria,
42

 the presence of 

protective peptidoglycan layer (PG) in bacteria and secretion of EPS by bacteria during 

interaction with NTS. Recent advances in microscopy have not been utilised to confirm those 

mechanistic explanations and some contrasting studies have shown that bacteria can self:repair 
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their cell wall and retain their integrity, viability and reproduction even after repeated punctures 

by a sharp AFM tips.
43:44

 

In this research, we reproduced the natural attachment of bacteria on nanopillars of dragonfly 

wing, to understand the bactericidal mechanism. Advanced microscopy techniques were 

employed to investigate the nanotopography, and mechanical properties of the wing’s nanopillars 

and observed successive events which occur at the interface between a bacterial cell and the 

nanopillars. Helium Ion Microscopy (HIM), Atomic Force Microscopy (AFM), Transmission 

Electron Microscopy (TEM), and FIB/SEM Microscopy are the techniques used in this study. 

The results indicated that the wing topography comprises of two prominent populations of 

nanopillars in contrast to the single height structure commonly mimicked in biomaterial and 

experimental models. Bacterium is attached onto nanopillars via secreted EPS and its membrane 

has no direct contact with the nanopillars as the EPS is filled between the nanopillars and the 

bacterial membrane. The large surface area due to the nanopillar arrangement causes strong 

adhesion of the bacterium onto surface through the EPS. Movement of bacterium on the wing 

surface cause bending of the taller nanopillars. During this interaction, bacterial membrane 

damage was identified as a separation of the inner:cell membrane from the outer:cell membrane. 

At the same time, separation of nanopillars layer from wing base just under the bacterium is also 

observed. Furthermore we observed that once the membrane is damaged cell cytoplasm leaks 

onto the wing which then flows under the nanopillars layer. It is reported in the literature that 

strong adhesion and shear stress are lethal to bacteria.
45:47

 Previous studies also showed 

cylindrical shaped nanopillars similar to that found on dragonfly wing are capable of applying 

larger shear force on a cell membrane but with a shallow indentation compared to a cone or 

pyramidal shaped nanopillars.
48
�From the above analysis, we propose a bactericidal mechanism 
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of dragonfly wing nanopillars are due to a combined effect of strong adhesive force between 

bacterium:nanopillars and shear force when immobilised bacterium attempts to move on the 

nanopillar surface. 

��������	����������
	�

The topography of dragonfly wing is characterized using HIM, TEM and AFM and is 

presented in Figure 1. The native nanotextured surface of the delicate, insulating biological 

material could be visualized using HIM associated with a floodgun to compensate the 

accumulated ion charge which interferes during imaging. The helium ion micrograph (Figure 1a) 

shows a dense array of closely but randomly:arranged two prominent populations of nanopillar 

architecture. These nanopillars are cylindrical in shape with about the same diameter throughout 

their length, terminating with a slight curvature at the top. These pillars arise from a horizontal 

network of ridges (arrow heads in Figure 1a) on the base of the wing. Some voids (outlined in 

dotted lines) can also be seen between the network of ridges. (��������a) 
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��������� Hierarchical two:prominent distributions in nanopillar topography of a dragonfly 

wing. a) Helium Ion micrograph showing the native nanopillars arrangement on the dragonfly 

wing. Nanopillars arise from the horizontal ridges (arrow heads) at the base. The voids in the 
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horizontal network are outlined by dotted lines. The scale bar corresponds to 200 nm. b) TEM 

micrograph showing a cross:sectional view of the wing and its nanotopography. Tall and short 

nanopillar arrangement can be observed. Wing base is more dominant and nanopillar layer is 

attached to wing base via a tiny sandwiched layer (*). The scale bar corresponds to 200 nm. (R’ 

in HIM and TEM show a nanopillar arise from a ridge). c) Histogram showing nanopillar 

diameters and their distribution (dotted line) obtained from TEM image analysis. d) Histogram 

showing nanopillar heights and their distribution (dotted line) obtained from TEM image 

analysis. e) Atomic force micrograph of the wing’s surface topography showing that the tall 

nanopillars are randomly distributed among the short nanopillars. f) Average reduced modulus of 

shorter and taller nanopillars. g) Cross:sectional profile of AFM topography showing the two:

different height arrangement in nanopillar topography. 

TEM cross:sectional view of the specimen (Figure 1b) shows layered organisation of the wing 

structures with nanopillars arise from the horizontal network of ridges (labelled as #). For 

comparison of the nanopillars arise from these ridges are labelled as R’ in both TEM and HIM 

micrographs. Collectively, nanopillars and ridges are identified as the nanopillar layer (NPL). 

This NPL is attached to wing base (WB) via a thin layer (labelled as *), which is sandwiched 

between NPL and WB. The TEM Cross:sectional view of the dragonfly wing also shows the 

variation in pillar heights (Figure 1b) as observed in HIM. The nanopillar diameter (Figure 1c) 

and height (Figure 1d) distributions are evaluated from the cross:sectional TEM micrographs of 

the wing. The shorter nanopillars are more abundant than the taller ones (Figure 1d). The average 

calculated height of the taller and shorter nanopillars and diameter distributions from TEM 

analysis are given in Table 1 and Figure 1c respectively. The distribution of nanopillar heights 

was normal according to Anderson:Darling normality test with a p:value of 0.1931 while that for 
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diameter was not normal with p:value of 2.194x10
:6

. However, according to Galtung’s AJUS 

classification system for distributions, nanopillar height and diameter populations are found to be 

S type distributions, which represents bimodal or multimodal peaks in their distributions
49

 and 

are found in several natural populations.
4, 50:51

 AFM is one of the most commonly used methods 

to compare surface topographies. However, when AFM is used to characterize high:aspect ratio 

topography, it requires special cantilever. We have used a cantilever which can measure the 

mechanical properties with a reasonable topography mapping. As this tip is not designed for 

characterizing the entire high aspect ratio nanopillars on the wing, the cantilever tip do not travel 

the entire height scale of the nanopillars, and do not provide micrograph as in HIM and TEM. 

More details are given in the supplementary section. As such, we have used the TEM to measure 

the height distribution of nanopillars on the wing. Given that the sampling thickness is 100 nm, 

and thickness of nanopillar is about half of that size, statistically there is less chance to include a 

slice of single pillar being analysed but high chance of analyzing the entire pillar captured in the 

cross:section. 
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Table 1: Properties of dragonfly wing nanopillars and bacterium 

 Wing Bacterium 

Short pillar Tall pillar Cell Membrane PG
1
 layer 

Height (nm) 189±67 311±52 : : 

Reduced modulus     

(MPa) 

38±3.8  23±5.7  (50:150)
52:54

 (45:60)
52, 55

 

Ra (RMS) (nm) 32 (41) N/A N/A 

Pillar diameter (nm) 37±6 57±8 N/A N/A 

AFM measurements were performed using Peak Force tapping™ (PFT) mode with Scan 

Assist™ enable imaging of the wing surface with minimal contact force to minimise damage to 

the surface and avoid tip artefacts.
56

 The data shows the presence of a two prominent populations 

in height distribution of the nanopillars (Figure 1e) which is in good agreement with the HIM 

and TEM results. Mechanical property mapping was done with the PeakForce QNM
®

 

(quantitative nanomechanical mapping) of AFM. The obtained force curves for each individual 

tap by PFT AFM were converted to force versus separation plot for further analysis using 

NanoScope Analysis software. These force:separation curves are analogous to the load:

indentation curves used in nanoindentation. To obtain modulus, the retract curve was fitted using 

the Derjaguin:Mullet:Toporov (DMT) model.
57

 The measurements also show that the shorter 

nanopillars are more rigid, with an average reduced modulus of 38±3.8 MPa than the taller 

nanopillars which have an average modulus of 23±5.7 MPa (see ��������f and Table 1). For the 
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statistics, 30 individual measurements were taken for each set of tall and short nanopillars. These 

values of nanopillars are much less than the modulus of the insect wing membranes previously 

reported. In literature modulus of different dragonfly wing membranes evaluated from tensile 

and nanoindentation methods are reported in the range of 1 GPa:2.85 GPa.
35, 58

 Dragonfly wing 

membrane modulus reported in literature are much less to α:keratin, (4 GPa) and β:keratin (8:

10 GPa) the components which make the cuticle structure of insects, but higher than amorphous 

protein polymers (1.2 MPa).
59:60

 The values in literature were reporting the mechanical 

properties of the entire wing membrane but not the functional nanopillars.
32, 58, 60

 There are no 

attempts have been found in literature on attempts to measure the mechanical properties of the 

nanopillars on the dragonfly wing to our best understanding. A recent study connecting 

chemistry and topography of nanopillars on dragonfly wing has reported that they are made of 

fatty acids, dominating with hexadecanoic acid� �:alkanes and even numbered carbon chains 

ranging from C14: C30,
23

 which is different to the conventionally accepted understanding that 

insect cuticles are network of chitin.
34:36

 Therefore the modulus of nanopillars determined by 

AFM QNM are expected to be much less than previously reported in literature, and this is the 

first time of reporting such mechanical properties of the nanopillars on insect wings. Due to the 

two prominent nanopillar populations of the dragonfly wing, the average roughness (Ra) and root 

mean square roughness (RMS) are found to be large (32 nm and 41 nm, respectively). From the 

2 Tm x 2 Tm scanned AFM micrograph, the surface area of the nanopillars was determined to be 

7.06 Tm
2
 and this is higher by about 77% compared to a flat surface area (4 Tm). 

The topographical details of dragonfly wing tested in this study using HIM, AFM and TEM 

(Figure 1) are similar to each other but they differ from the nanotopography obtained using SEM 

(Figure S1). These SEM micrographs are similar to that of previous studies
7:8

 and did not reveal 
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the two prominent height populations of nanopillars. The incident electron beam was found to 

alter the original nanopillar structure by consolidating adjacent nanopillars during SEM imaging. 

HIM, AFM and TEM overcome the limitations encountered in SEM and showed that the native 

dragonfly wing nanopillar topography is more complex than previously reported.
7:8

 

Bactericidal efficiency of the dragonfly wing against ����������	��
�� was assessed over a four 

hour time period (��������). The state of bacteria after attachment to the wing is compared using 

SEM micrography on control glass surface (Figure 2a) and tested nanopillar surface (Figure 2b). 

The bacteria attached on the glass surface appears to have the native round shape which is a 

typical identification of live bacteria where as the majority of the bacteria attached on the wing 

surface are flattened, an indication of dead cells. The nanopillars arround the flatened bacterial 

cells apper to be bent towards the cells at this magnification. The flattened bacteria on 

nanopillars is due to the leak of cytoplasm after their membrane damage has occurred and it has 

good agreement with the previously reported data.
7, 9, 11

 Insets in Figure 2a:b show close up 

images of the live and dead bacterial morphologies, respectively. 
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��������� Comparisons of the dragonfly wing’s bactericidal properties with a flat control glass 

surface a) SEM micrograph showing morphology of ���
�� on a flat control glass surface. Their 

round shapes show the cell’s survival on the control substrate b) SEM micrograph showing 

morphology of E.coli on the dragonfly wing. The majority of cells is flattened indicating cell 
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death and does not exhibit a round shape. c) Confocal images showing the bacterial cells after 15 

minutes on the control glass substrate. The green stain shows the membrane intact cells on the 

control substrate. d) Confocal image showing the bacterial cells after 15 minutes on the 

dragonfly wing. The red stain indicates membrane damage, indicating major cell death on the 

natural nanopillars. Only a few bacteria survive on this substrate which is shown in the minor 

green stain signal. e) Statistics of percentage of cells survived at each time interval on both the 

flat control surface (blue) and the dragonfly wing (red). f) Dragonfly wing’s killing efficiency 

over 4 h of time. 

The live/dead state of bacteria on the control glass surface and dragonfly wing surface 

(Figure 2d) is discriminated using confocal microscopy. The red color indicates the membrane 

damaged bacteria and green color indicates membrane intact bacteria. On the glass surface, all 

cells are stained green (Figure 2c), indicating that the cells are alive. In contrast, on the dragonfly 

wing most of the bacteria are stained red, with a few stained green (Figure 2d). This indicates 

that the majority of the bacteria on the dragonfly wing are dead. This observation is in good 

agreement with the SEM images in Figure 2a:b. 

Live bacterial numbers on the dragonfly wing are highly reduced in comparison to the number 

of bacteria survived on control glass substrate as shown in  Figure 2e. This indicates that the 

bacterial cell death with time is much higher on the dragonfly wing compared to the death 

occurred on the control surface. The calculated bactericidal efficiency of dragonfly wing against 

����������	� �
�� decreases with time as shown in Figure 2f. After 3 h the efficiency is 

2.33x10
5
±5.83x10

4
 cells min

:1
 cm

:2 
and this value is slightly less compared to the reported 

bactericidal efficiencies of dragonfly wing
7
 for �	,�'�
�
�����	����� (4.5x10

5 
cells min

:1
 cm

:2
) 

and -����
$
�	��	������
�	 (4.3x10
5
 cells min

:1
 cm

:2
) (Table S1). However, it is noticable that 
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the bactericidal efficiency decreases from 4.99x10
5
 to 1.65x10

5
 cells min

:1
 cm

:2
 with time. To 

determine whether the killing efficiencies at each hour is significantly different to each other, 

Kruskal:Wallis H test were performed. The obtained p:value of 0.536 suggests that the killing 

efficiencies reported over 4 h time period are not significantly different to each other. The 

reduction of bactericidal efficiency over the time period may be due to the combined effects of 

the following reasons. With the time, number of live bacteria in the sample is decreasing and as 

bacteria attaches to the surface and dies, therefore the bactericidal surface area is slao decreasing. 

In the mile and mistra method, live CFU were counted by culturing the diluted colonies at each 

time interval. This procedure includes preparation of dilution series for both control and test 

sample, and the colonies in the culture were counted after an overnight incubation and plating the 

dialutions. Eventhough the colonies for each aliquot between 3:30 were counted, two 

independent populations from test sample and control samples are considered to calculate the 

number of dead cells and killing efficiency. Therefore, the added variance from two individual 

samples is higher. With multiple calculation steps adding variance from two individual samples 

considered, the calculated error in killing efficiency is quite high. 

Currently, we have done the study selecting a single area of the wing considering the 

difficulties related to macro, micro and nanoscale roughness of wing experienced during various 

measurements. As the wing is wavy, hydrophobic and holds roughness at multiple scales, it is 

difficult to repeat all the AFM, HIM, TEM with bacteria culture tests at different locations of the 

wing looking for various distributions of tall/short nanopillars. This multiscale roughness limits 

the characterization of the possible various distributions of tall/short nanopillars within the same 

wing. However, the microscopic analysis confirmed that the entire wing contains quite similar 

topography. Therefore, we have tested and reported the killing efficiency of a particular area of 
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the wing where the wing appeared to be non:wavy visually at a macro scale. We haven’t 

identified the areas of the wing, where significant difference in distribution of both the tall/short 

nanopillars and we haven’t done any calculations that relate the killing efficiency with respect to 

different tall/short distributions of the nanopillars at this time. This may require adaptation of 

different species of dragonfly wing to find the surfaces with such significant differences in the 

tall/short nanopillar distributions. 

�������� shows HIM micrographs of ����������	��
�� attached on to the dragonfly wing via 

the secreted EPS to attach them on to the surface. At this magnification surrounding nanopillars 

appeared to be bent towards the bacterium (Figure 3a). The inset show a low magnification SEM 

of ����������	��
�� attached to dragonfly wing and the surrounding nanopillars are bend towards 

the bacterium. This is similar to reported observation in previous studies using SEM.
8:9, 11

 

However at higher magnification with better spatial resolution the interaction is clearly resolved 

with greater details; bacteria use EPS and finger:like extensions (Figure 3b:e) to attach onto 

surrounding nanopillars. These finger:like extensions are about the same in diameter to the 

nanopillars on dragonfly wing. Here at higher magnification, it is clearly resolved that 

surrounding nanopillars do not bend towards the bacterium, but the EPS and finger:like 

extensions from bacteria were appeared as surrounding nanopillars bend towards the bacterium 

at low magnified images. 

Page 16 of 50

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 

 

17

 

��������� Uncoated HIM micrographs of ����������	��
�� when they attach onto the dragonfly 

wing. Images were recorded from top side. a) At lower magnification surrounding nanopillars 

appear to be bending towards the bacterium. Inset shows similar SEM micrograph. (Scale 

bar 2 Tm). This observation is consistent with literature. b:f) At higher magnifications the 
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surrounding nanopillars appeared as bent toward bacterium can be resolved to be structural 

component (EPS, pilus like structures) of bacterium, but not nanopillars. Scale bar 100 nm. e) 33 

degrees tilted image clearly shows that EPS are secreted onto nanopillars of dragonfly wing. 

When a bacterium makes initial contact with dragonfly wing, an adhesive force is developed 

between the EPS and nanopillar interface. These nanoscale adhesive forces are capable of 

membrane deformation.
61:63

 Due to strong adhesion, the bacterium experiences small nanoscale 

membrane deformation,
46, 64

 despite the higher stiffness of PG layer. Therefore, the bacterium 

experiences interfacial conditions different from that in free floating planktonic state once 

attached. If these conditions are not favourable, attached bacterium may attempt to move away 

from the surface. This leads to apply stress on the bacterial membrane. A tilted HIM Micrograph 

shows that bacterium is attached onto tall nanopillars at two polar ends of the bacterium and 

attached nanopillars are leaned towards the right (Figure S2). This suggests that the attached 

bacterium pushes and pulls the nanopillars while attempting to move away from the 

unfavourable nanopillar topography, imposing shear force onto the bacterial membrane. We have 

conducted the experiment using the �	,�'�
�
����� 	����� bacterium. Bending of nanopillars 

under the bacterium, secretion of EPS and the EPS left on nanopillars were observed. 

Different stages of ����������	� �
�� bacterial death on nanopillars can be seen in the HIM 

micrograph in ��������. These four different bacteria are at different stages of their membrane 

damage, hence they appear slightly different to each other. Bacterium labelled as no.1 is at its 

initial stage of death, just after attachment on the nanopillars. The bacterium has its rod:shaped 

morphology, but its membrane is slightly deformed and its cytoplasm is beginning to leak. The 

membrane of bacterium no.2 is wrinkled and most of its cytoplasm is leaked. At the next stage, 

bacterium no.3 has lost its rod:like shape and flattened as the majority of its cytoplasm is lost 
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(see arrow head). Membrane of this bacterium is still resting on the nanopillars. In the final stage 

the integrity is lost as shown in bacterium no.4. The height of the bacterium is similar to the 

nanopillars, and its cytoplasm has completely leaked out and it has sunk into the nanopillars. The 

leaked cytoplasm on the wing can be identified by dark colour which floods around the 

nanopillars. The result from this micrograph shows that a bacterium sink into nanopillars only 

after the membrane damage, which is in good agreement with previously reported data.
7:9

 As 

bacteria were allowed to naturally attach to the uncoated surface, they can be approached to the 

surface at different time intervals. Therefore, different stages of bacterial death on the wing can 

be identified as seen in Figure 4� However, as in Figure 3 clear visualization of secreted 

peripheral EPS cannot be obtained here for two reasons. Firstly, the image was obtained to show 

bacterial attachment onto the dragonfly wing with a larger FOV (Field of view) and the minute 

features close to the bacteria cannot be resolved. Secondly, as the cytoplasm is leaked out from 

the bacterium, EPS and cytoplasm are mixed and it is difficult to identify them separately. 
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��������: Four different ����������	��
�� bacteria attached on uncoated nanopillar surface of 

dragonfly wing indicate progressive dying stages. Image was acquired without conductive metal 

coating in HIM. Bacterium no.1 has started leaking out its cytosol and membrane is deformed 

and bent inward. Bacterium still rest on nanopillars. One half of bacterium appears in grey as it 

has already lost the cytosol while the other half is dark as cytosol is still remaining inside. 

Leaked cytosol can be seen in darker color flooding nanopillars under the bacterium. Bacterium 

no.2 has a wrinkled outer membranes and cytosol leaked around it. Leaked cytosol is marked by 
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the arrow. Bacterium labelled as no.3 has also leaked its cytosol, flattened in shape and 

membrane is deformed. From side it shows that bacterium is still resting on top of nanopillars. 

Bacterium labelled as no.4 has lost its membrane integrity and sank in to nanopillars. Leaked 

cytosol has flooded the nanopillars. Original images are rotated 90̊ for best representation. Scale 

bar 200 nm 

PeakForce QNM
®

 (Quantitative Nanoscale Mechanical Characterization) AFM measurements 

were performed to study the bacterial death in more depth. These measurements were done on 

uncoated sample and the measurements were done on live sample. No fixation was done before 

the measurements. Therefore, this measurement represents the actual events take place during 

bacteria:nanopillar interaction. The AFM micrograph in �������� shows forming blebs, 

membrane irregularities/ deformations and EPS secretion in addition to cytoplasm leak on the 

wing. The nano:mechanical properties of the bacterium, the EPS, the leaked cytoplasm and the 

wing were measured. The mechanical properties were selected along the Z:Z’ line (covering all 

interested features) and presented as graphs in Figure 5b:d to compare their variations along the 

topography. Different components found along the Z:Z’ line is labelled and marked by double 

headed arrows. From Z to Z’ they are wing (Z:#), EPS, Bacterium (# to ##), leaked cytoplasm 

(## to **) and the rest of the wing (** to Z’). The area for EPS is marked as a purple band and 

area for cytoplasm is marked as a green band in all graphs. The log modulus graph (Figure 5c) 

shows a larger modulus (log 7.5) for the bacteria compared to the nanopillars (log 7.4). However 

the area where EPS is present on bacterium and cytoplasm leak, it shows a decreased modulus. 

Where the bacterial cytoplasm leak and EPS secretions are present, adhesion force increases 

(Figure 5d). This suggests that the EPS secretions and leaked cytoplasm are sticky. The dotted 

line connects the topography and mechanical properties of a bleb. Measurements around the bleb 
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on the top side of the bacterium shows a decreased modulus and an increased adhesion, 

suggesting leakage and secretion from the top side of the bacterium. If topography alone is 

considered, bacterium could be identified by the height, however, EPS secretions and leaked 

cytoplasm cannot be distinguished as the wing is a wavy structure. But with the characteristic 

mechanical properties, different components could be identified. When the bacteria are attached 

on the control glass surface, cytoplasm leak cannot be noticed. 
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��������: AFM micrograph showing a dying bacterium on a dragonfly wing with leaked 

cytoplasm and comparison of mechanical properties of different components on the surface. a) 

Log DMT modulus map of the surface. Morphological changes of the bacterium (blebs, 
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irregularities) and leaked cytoplasm can also be identified. Along the z:z’ line; the wing can be 

seen between z and # as well as between ** and z’, the bacterium is located on the line between 

# and ##, cytoplasm leak is found from ## to **. b) Variation of modulus along the line z:z’ in a 

across different components. c) Variation of topography across line z:z’ marked in a. d) 

Adhesion force of different components along the line z:z’ marked in a. Purple colored area 

highlights and relates the different mechanical properties and topography of EPS, while area 

highlighted in green relates the mechanical properties and topography of leaked cytoplasm. 

When EPS and cytoplasm is present on surface, adhesion is increased while modulus is 

decreased. 

Blebs are indication of local damages to PG layer. It is possible that turgor pressure to cause 

the inner:membrane to push outwards against the damaged PG layer which results in forming 

blebs. Damage to PG layer may eventually progress to cell membrane rupture and cytoplasm 

leakage. The presence of such membrane irregularities on the top side of bacterium in both AFM 

and HIM micrographs suggests that disruption of the protective PG layer could propagate all 

around the cell envelope. This suggests cytoplasm leaks or secretions may be possible from the 

top side of the bacterium. Therefore, membrane damage not necessarily occurs at the bottom side 

after interaction. Similar changes of membrane morphology were observed in dead ����������	�

�
���exposed to high mechanical stresses,
65

 which suggests that bacteria on dragonfly wing may 

experience similar stress before they die. 

To gain more insight into the membrane damage, further investigations of the bacterium:

nanopillars interface were performed using Transmission Electron Microscopy (TEM) and 

FIB/SEM 3D tomography. The subsequent staining of the bacteria allowed visualisation of the 

membrane as well as the cytosol in cross:sectional TEM micrographs (������� �). The TEM 
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cross:sectional view in Figure 6a reveals that there is no direct contact between the bacteria 

membrane and the nanopillars and the nano space may be filled by secreted EPS during 

attachment (bacterial membrane:EPS:nanopillars). Tall nanopillars are bent under the bacterium, 

while short nanopillars appear further below the bacterium. At this stage bacterial membrane is 

intact and no puncture by the nanopillars was observed although bending of the interacting taller 

nanopillars can be seen at far ends of bacteria as in Figure 6a. The induced strong van der Waals 

forces between bacterial membrane and nanopillars result the membrane to be stretched when the 

immobilised bacterium attempt to move on the wing surface. Previous studies showed that 

cylindrical shaped nanopillars are capable of applying larger shear force on a cell membrane but 

with a lower indentation (penetration) compared to a cone or pyramidal shaped nanopillars.
48

 At 

this early stage of attachment, the bacterium retains its rod shaped morphology, but membrane 

puncture was not observed. Non:puncture is consistent with the membrane rupture model
28

 as the 

modulus of the tall nanopillars are weaker than ����������	��
�� PG layer (see Table 1). 
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������� �: TEM micrographs showing bacteria:nanopillar interaction at the interface. a) 

Longitudinal section of ���
�� bacterium approached on two tall nanopillars of a dragonfly wing 

topography. The membrane is still intact, and is pressed inwards. A nano scale space between 

bacterial membrane and nanopillars can be noted (#). This pseudo:nano space is filled by EPS, 

therefore bacterium is physically attached to the nanopillars via EPS layer. As EPS do not have 

sufficient contrast to the surrounding under TEM, we do not see EPS as a separate layer in the 

image. Bending of the nanopillars underneath the bacterium is highlighted by the green dashed 
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lines b) Longitudinal cross:section showing a separation of the inner membrane (IM) and outer 

membrane (OM) at the polar ends of the ���
�� bacterium. The tall nanopillars are bent 

underneath the bacterium. c) Longitudinal cross:section of a bacterium on the dragonfly wing. 

Bent tall nanopillars are highlighted by white arrow heads. Small gap between nanopillars and 

the bacterial membrane is still observed (space between red and blue lines, #). Increased 

membrane separation at the polar end of the bacterium, is present.  d) Nanopillar layer separation 

from wing base has started to form under nanopillars (marked by dotted lines). Nanopillars 

inside the bacterium can be noted. Double headed black arrows indicate the separation of 

nanopillar layer from the base of the wing. The tearing is a result by the attempts by bacterium to 

move away. e) The bacterium has lost its globular shape and volume to a greater extent and has 

shrunk into nanopillar topography. Cytoplasm is leaked under the nanopillar layer and filled the 

tearing under nanopillar layer (highlighted by the red dashed line) formed in d. f) TEM 

tomogram of the interface. Nanopillars are outlined with green dotted line. Membrane separation 

is outlined with red and yellow dotted lines. Nanopillars have a gap between membrane and they 

are not in contact. Dotted lines are guide to eye only. Original images are rotated 90̊ for best 

representation. All scale bars correspond to 200 nm. 

Bacterial membrane damage can be identified as separation of inner:membrane (IM) and 

outer:membrane (OM) from each other at the polar end of the bacterium (Figure 6c). This 

finding is in contrast to the previous reports that membrane damage (rupture) occurred between 

the contact points with nanopillars.
28:30

 We propose that this membrane damage caused due to 

the strong adhesion of bacteria with the nanopillar layer via EPS and fatal shear force occurs 

when the immobilised bacterium attempts to move away from the surface. Effects due to 

attempts of movements of immobilised bacterium are evident in HIM and TEM micrographs. 
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When the strongly adhered bacterium attempts to move away from the surface, it pulls the 

attached nanopillars towards the direction of movement (Figure S2). This process induces the 

separation of organic nanopillar from the wing base under the bacterium, and can be identified in 

the TEM micrographs (Figure 6d). At this instance stretching off of nanopillar layer from wing 

base can be seen and marked by the double headed arrows in Figure 6d. This can lead to the 

separation of nanopillar layer from wing base. A similar observation of strong adhesion and 

nanopillar layer separation due to movement of yeast cells on dragonfly wing nanopillars was 

reported.
31

 In the literature the strong adhesion and movement caused a cracking and peeling off 

of the nanopillar layer from the wing base, which was then wrapped around the dead cell.
31

 As a 

bacterium is a fraction smaller than a yeast cell, a strongly attached bacterium may not capable 

of peeling the nanopillar layer from the wing base as reported in yeast, but layer separations can 

be expected due to similar behaviour. Moreover, several studies have demonstrated strong cell:

substrate adhesion when nanopillars are present on the surface and the nanopillars can be bent by 

adhesion mechanisms exerted during cellular adhesion.
27, 31, 66:69

 However, the cell:nanostructure 

adhesion mechanisms are still poorly understood.
68:70

 

When the bacterial membrane is damaged and cytoplasm is flooded onto wing, nanopillars can 

be seen inside the bacterium (Figure 6d:e). At this stage, the width of the bacterium increased 

and this is similar to the SEM image of dead cells in Figure 6b. Nanopillars can be seen in 

bacterium as the PG layer loses its integrity and the bacterium lose its shape (Figure 6e). Once 

the bacterial membrane has damaged and cell cytoplasm is leaked and flooded onto the 

surrounding nanopillars (Figure 6a), filling the cavities formed (Figure 6d) during the nanopillar:

bacteria interaction. Similar contrast areas both in nanopillar penetrated bacterium and under the 

nanopillar layer are identified in TEM micrograph (Figure 6e). These are where the formed 
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cavities were filled with leaked cytoplasm. Once a bacterium has completely leaked its 

cytoplasm, nanopillars are penetrated into the cell and are dead; its upper membrane rests on the 

nanopillars as reported in the literature
9, 11

 and in Figure 2b. Here the dead bacterium sunk into 

the nanopillars. TEM tomogram (Figure 6f) shows deformed and damaged membrane with IM 

and OM separated as shown by the dotted lines in bacterium B. Increased cross:sectional area of 

periplasm can be clearly seen in the tomogram (shown by ^) of bacterium “A”. The nano space 

filled by EPS (shown by #) between the tip of nanopillars and bacterial membrane shows that 

initial membrane damage occurs without nanopillars directly contact the outer membrane. 

Possible damaged areas of the membranes are seen at the side walls (shown by *). 

At every adhesion, bacterium experience stress and secretes EPS. Once it experience more 

stress during adhesion, it secretes more EPS and vice:versa. Bacterium is attached to the surface 

via this secreted EPS layer. As the surface area is increased due to the nanopillar topography, 

adhesion is strong. The effect of nanopillars on adhesion dependent bactericidal activity is 

evident with TEM imaging. When the nanopillars are present, bacterial membrane separation, 

deformations and excess EPS secretions are clearly compared to that of a bacterium attached on 

a flat surface (Figure S3). The bacterium is attached to the nanopillar via secreted EPS layer and 

this layer (nano space, #) is enhanced due to excessive secretion of EPS, where bacterium 

experiences more stress by the unfavourable nanopillar surface (Figure S3a). This leads to higher 

van der Waals forces and strong adhesion between bacterium and nanopillars. When there are no 

nanopillars, nano space (#) between nanopillars and bacterial membrane are minimal as excess 

EPS secretions are not observed (Figure S3b). This comparison of the nano space between 

membrane and nanopillars filled by EPS indicates that a bacterium attaching on nanopillars 

experience more stress than a bacterium on a relatively flat surface. 
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One can argue that the gap appearing could be a local artefact during TEM sample preparation 

due to difference in stiffness of bacteria and the wing. In the experiments the cross:sections were 

made in the direction perpendicular to the interface of bacteria and wing. Therefore, during the 

slicing, process, wing and bacterium is cut simultaneously, therefore possibility of artefact is 

minimal. (See supplementary figure S3, where prominent gap is noted once nanopillars are 

present but, gap is not significant when nanopillars are absent) However, any ambiguity in TEM 

preparation could potentially avoided by prepare samples at a temperature close to liquid 

nitrogen, which requires more specialized equipment. 

To further verify that this gap between nanopillars and outer membrane at interface is not a 

local artefact during TEM processing, a 3D reconstruction (slice and view) of a bacterium on the 

dragonfly wing was performed using a FIB/SEM. The 3D tomograph shown in �������� 

indicates that the bacterium is attached to the surface by the EPS and that the outer membrane is 

not in contact with the nanopillars. The inner membrane collapses and the cell leakage occurs 

onto the nanopillars. The obtained data is in good agreement with the TEM results. The 

reconstruction shows that the cytoplasm leakage (which floods the surrounding nanopillars), EPS 

layer and separation of the two membranes (IM and OM). The gap seen in TEM is the EPS layer 

secreted onto the nanopillars as confirmed by 3D tomogram. Despite the Au coating of the wing 

for TEM studies, the TEM results are found to be similar to the AFM, HIM and FIB/SEM 

observations obtained from the uncoated wing. This shows that Au coating on the wing prior to 

the introduction of bacteria have no effect on the bactericidal mechanism. It is to be noted that 

for the AFM imaging, the samples were not fixed before the imaging and for all the other 

techniques, samples were fixed and processed as detailed in the methodology section. Despite 
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the fixation adapted in this study, AFM and all the techniques used have captured the similar 

effects discussed above during the bacterial death on the natural nanotopography. 

 

Figure 7: 3D reconstruction of a bacterium dying on the dragonfly wing a) Cross:section of the 

3D reconstruction showing the bacterium – nanopillar interaction. This shows the attachment of 
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bacterium to the wing surface via EPS. This indicates that outer membrane is not in contact with 

nanopillars. Separation of inner:membrane and outer membrane are also observed. Scale bar 

corresponds to 500 nm b) Inset shows the aligned images to reconstruct 3D image of bacterium. 

c) The 3D reconstruction of the interface (purple: wing, blue: bacterial membrane, gray: EPS). 

This research proposes a new mechanistic explanation of bactericidal activity based on 

dragonfly wing nanopillar topography and compared to the currently accepted model initially 

developed for cicada wing (��������a:d)� The proposed mechanism of this research is based on 

experimental observations and clearly demonstrates the succussive events that occur at the 

interface between a bacterial cell and the nanopillars (Figure 8e:h). The results show that the 

nanopillars are composed of two distinct height populations (Figure 8e) that are organised as a 

web of “nano:teeth”. The nanopillars increase the surface area of the dragonfly wing, 

contributing to a stronger adhesion between bacteria and the nanopillars due to high van der 

Waals forces. Strong adhesion forces alone are lethal to bacteria.
46

 As bacteria secrete EPS for 

adhesion and survive against many environmental, biological and mechanical stresses, excess 

secretion of EPS is shown by a separate layer (blue layer) in Figure 8f. In return, strong shear 

forces are imposed on the membrane upon the bacterium’s attempts to move away from the 

unfavourable surface. At this stage leaning of the taller nanopillars towards the moving direction 

and separation of nanopillar layer from wing base is observed (Figure 8g). Stronger adhesion 

induces membrane deformation and shear stress when immobilised bacterium attempt to move 

on the surface, initiate the bacterial membrane damage, which can be observed as separation of 

inner membrane (IM) from the outer membrane (OM) (Figure 8g). Consequently, the membrane 

is significantly damaged, causing cytosol to leak out, filling the cavities developed under the 

wing base. Ultimately, the membrane’s mechanical integrity is compromised, causing the 
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bacterial remnants including the membrane sink onto the nanopillar layer (Figure 8h). This 

finding is in contrast to the previous reports that membrane damage (rupture) occurring at the 

contact points with nanopillars.
28:30

 Our proposed mechanism provides an experimentally 

supported understanding of the underlying mechanism of the bactericidal properties of naturally 

occurring nano:topographical structure of dragonfly wing. This knowledge provides a starting 

point for understanding the role of adhesion as a major bactericidal property of natural 

nanotopography. Knowledge of nature’s underlying bactericidal mechanism by NTS is essential 

for successful mimicking of bacteria killing surfaces. 

 

��������: Proposed mechanism of bactericidal activity of nanopillars. The mechanism of 

bactericidal activity based on current accepted mechanistic models using cicada wing structure is 

shown in (a:d). The proposed mechanism based on the experimental studies in this work (using 

dragonfly wing) is shown in (e:h). a) Cross:section of a cicada wing was used for the current 

studies to determine bactericidal activity. All nanopillars are assumed to be the same in height. b) 

A Bacterium approaches on the surface and the membrane starts to compress due to weight and 

adsorbtion c) The membrane starts to rupture in between attached nanopillars due to stretching. 
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The energy for stretching and membrane deformation is provided by the initial adsorbtion. d) 

Once cell membrane ruptures, the bacterium’s cytoplasm leaks, leading to cell death on the 

nanopillar surface. e) Illustration of the dragonfly wing’s two prominent nanopillar populations. 

f) Once bacteria approach to the surface, taller nanopillars are being bent by the bacterium. The 

nanopillars do not puncture the membrane. Bacterium adheres to the nanopillars by the secreted 

EPS layer and the pilus structures. Once adhesive forces apply stress on bacterial membrane, the 

two cell membranes of the bacterium starts to separate from each other (indicated by the arrow). 

The EPS layer is displayed in blue, the outer membrane in dark red and the inner membrane in 

yellow. g) The damage bacterial membrane starts wrinkling, and forms blebs (arrows), 

separation of the nanopillar layer from the wing base, also observable due to the attempts made 

by the bacterium to move away. h) Once the bacteria die on nanopillars, cytosol is leaked and 

flows under the nanopillar layer filling the crack formed in the previous step. Nanopillars can be 

seen inside the bacterium at this stage. 

�
	�����
	�

This research investigates the nanotopographical characteristics of ������$�+���
�
+�	�$ 

dragonfly wing and reveals its natural bactericidal effects of ����������	� �
��. Advanced 

microscopy techniques were utilized to study the natural surface topography of the wing and 

investigated the characteristics of natural interaction of bacterium and nanopillars at the 

interface. The results show new insights that the ������$�+���
�
+�	�$ dragonfly wings has 

two:prominent height populations of cylindrical:shaped nanopillar topography and the resolved 

interface shows that membrane damage was initiated by a combination of strong adhesion 

between nanopillars and bacterium EPS as well as shear force when immobilised bacterium 

attempt to move away from the unfavourable surface topography. Our experimental findings are 

Page 34 of 50

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 

 

35

contrary to the commonly accepted mechanistic models (using cicada wing nanopillars) that 

membrane rupture was explained by direct contact of the bacterial cell membrane with the 

nanopillars of singular height. Our findings will help understanding the natural bactericidal 

effects of NTS and will allow to effectively fabricate efficient bactericidal NTS with aptitude for 

various disciplines and applications in future. 

� ��!	��������
	�

��"�#$%&'�(�$��)"*+&��+��+"�",�#$�

Dragonflies (������$�+���
�
+�	�$��were collected from the Brisbane city botanic garden 

area (Australia) and frozen at :20
o
C to sacrifice the insect. Wings were then carefully dissected 

using a scalpel and re:attached to glass slides using double sided tape and washed with an ample 

amount of MiliQ water to wash any dust or particles attached. The samples were then dried at 

room temperature inside a laminar flow cabinet and then stored at :20
o
C for later use. 

�"-,���"&�)"*+&��+��+"�",�#$�

The ����������	��
�� (NCTC 10418) strain was used as a model strain to study the interaction 

of the bacterium and the dragonfly wing at the interface. This bacterium is a typical 

representation of commonly available contaminant in water. Bacterial sample preparation was 

carried out similar to the procedure used by similar experiments
7, 9, 71

. Bacterial cultures were 

refreshed on nutrient agar plates from culture and were grown over night at 37
o
C in 5 mL of 

nutrient broth. The culture was collected at the logarithmic stage of growth and the bacteria 

suspension was washed twice with 0.01 M PBS (pH=7.4) and adjusted to OD600=0.3. Aliquot of 

200 TL of bacterial suspension was placed on 5 mm x 5 mm size wing and allowed to incubate 

for 30 minutes at room temperature (22
o
C) in a Petri dish. During this procedure, bacterial cells 

maintain their hydrated state and allowed us to preserve the natural state of bacterial attachments 
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without drying during the experiment. After the incubation period, wings were gently washed 

with ample amount of MiliQ water to remove non:attached cells and fixed with 

2% paraformaldehyde for 20 minutes. The wings were washed again with an ample amount of 

MiliQ water and finally processed for imaging as required. For TEM studies, each wing was 

coated with a 10 nm Au layer prior to introduction of the bacterial culture to gain necessary 

contrast for microscopy. 

.�"$,�,",�/��"$"&')�)�#%�0"-,���-�1"&��%%�-��$-'�

Bacterial cultures were refreshed on nutrient agar plates from a stock culture and grown over 

night at 37
o
C in a 5 mL of nutrient broth. The culture was collected at the logarithmic stage of 

growth and washed twice with 0.01 M PBS solution (pH=7.4). An aliquot of 1 mL of bacterial 

suspension from an adjusted OD600=0.1 bacteria suspension was placed on 5 mm x 5 mm size 

wing and allowed to incubate for 4 h at room temperature (22
o̊
C) in a cell culture plate. A 5 mm 

x 5 mm size glass piece was used for control. At every 1 h, 10 TL aliquot of was taken and a 10x 

dilution series (10
:1

 to 10
:8

) was made and from the resulting 100 TL solution, 30 TL was plated 

on the nutrient agar media, in triplicate, for each solution. Plates were incubated over night at 

37 ̊C, and colonies for each aliquot between 3:30 were counted and recorded with their 

respective dilution factor. This experiment was conducted in triplicate. 

�"*+&��+��+"�",�#$�%#���!�

.�$#�	����	������

Bacteria samples were prepared by washing with 0.01 M PBS and immersed in 0.1 M 

cacodylate buffer twice for 10 minutes and post fixed with 1% osmium tetroxide in a cacodylate 

buffer for 1 hour. The samples were washed with UHQ water for 10 minutes, three times, and 

immersed in 1% Uranyl acetate in water for 1 hour. These samples were dehydrated with 30%, 
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50%, 60%, 70% 90%, and 3x 100% ethanol for 10 minutes each. Samples were resin embedded 

with 1:2, 1:1, 2:1 spurrs resin for 30 minutes, followed by 100% resin for 1 hour. Samples were 

embedded in fresh resin and moulded at 70
 ̊
C for 48 hours before slicing and imaging the 

interface under TEM. 

�'
,�	�$��	������

Bacteria samples were prepared by firstly washing in 0.01 M PBS (1x5 minutes bench + 2x 

40 s Microwave (80 watt, vacuum on) and then inserted into 2% osmium tetroxide and 1.5% 

potassium ferricyanide solution for 1 hour. The samples were washed with UHQ water (1x5 

minutes bench+ 2x 40 s microwave 80 watt vacuum on), dipped in 10 g/L thiocarbohydrazide 

solution for 20 minutes, then washed again with the same washing procedure The samples were 

then immersed in 2% osmium tetroxide for 30 minutes and washed with UHQ as in the previous 

washing step. The samples were next immersed in 1% uranyl acetate for 30 minutes and washed 

with UHQ water, as previous in the washing step. Then the samples were immersed in a lead 

aspartate solution (0.066 g lead nitrate+ 10 mL 0.03 M aspartic acid solution) for 1 hour at 60 ̊C. 

and washed with UHQ water as in the previous step. Samples were dehydrated in 20%, 50%, 

70%, 90%, 100% and 100% ethanol solutions in the microwave for 40 s each, at 100 watts. 

LX112 resin was infiltrated by 25%, 50% and 75% steps on the bench for 30 minutes, followed 

by 3 minutes in the microwave at 150 Watts. Samples were then treated with 100% LX112 for 

30 minutes on the bench followed by 3 minutes in the microwave (250 watts, Vacuum). Finally, 

the samples were embedded in fresh resin at 70
 ̊
C for 48 hours. Solidified samples were sliced 

into 100 nm thick slices using an ultra:microtome and placed on slot grids to be imaged under 

TEM. 
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�"*+&���2"�"-,���3",�#$��)�$��4�!�

Biological samples are conventionally coated with conductive thin films to reduce sample 

charging in electron microscopy. However, visualizing the nano:topographical features of 

delicate biological materials such as dragonfly wings presents a challenge as coating may 

introduce artefacts to delicate surfaces and obscure nanoscopic features
72

. Helium Ion 

Microscope (HIM) is an ideal technique for characterizing the nanostructure of dragonfly wing 

without requiring a conductive coating. Charging caused by the sample’s insulating properties 

can be compensated using a flood gun, a beam of electrons which compensate for the 

accumulated ion beam charge. 

Fixed samples with bacteria were washed with MiliQ water and air dried. Dried wings were 

mounted using double sided carbon tape onto an aluminium stab for imaging. The samples were 

not coated as to preserve the natural nanopillar structure. High:resolution Helium Ion 

Microscopy images were taken by Zeiss Orion Helium Ion Microscope, at 25 kV with a 0.3 pA 

blanker current. 

�"*+&���2"�"-,���3",�#$��)�$����!�

A 5 mm x 5 mm wing sample was mounted on a cover slip using a water drop. Once the water 

evaporated, a wing area of 2 Tm x 2 Tm was scanned at a scan rate of 0.200 Hz using Bruker 

FASTSCAN:C tip with a spring constant of 0.4:1.2 N/m in Bruker dimension FastScan AFM 

with ScanAsyst. When characterizing bacteria on dragonfly wing, a fresh wing was flooded with 

200 TL fresh solution of bacteria in 0.01 M PBS (OD600=0.1 pH=7.4). Surface introduced with 

bacterial solution was scanned using the same cantilever without fixation. Therefore, during the 

scan, bacteria maintain its semi:hydrated state. Results were analysed using the Nanoscope 

analysis 1.5 v software which assessed the topography and mechanical properties of nanopillars. 
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During the PeakForce tapping (PFT) scanning, cantilever oscillates at a frequency that is well 

below the cantilever resonance frequency. Force on the cantilever is measured during approach 

and withdraw. The tip is brought intermittently close to the sample and the deformation is in few 

nanometers. PFT can recognize a local maximum force at this point. This point where the tip 

comes off the surface is the pull:off point and the adhesion is given by the maximum force 

(PeakForce) at this point. Recognition of PeakForce below the base line allows the operation at 

very low forces; hence, this technique allows obtaining data from soft samples.
73

 Scan image is 

given by analyzing each modulation. The force curve is converted to a force vs. a separation plot, 

which is analogous to the load:indentation curves used in nanoindentation.
74:75

 Therefore, data 

can be extracted during a single scan using the Nanoscope software by different data acquiring 

channels located in the instrument. 

The Young’s Modulus is determined by analyzing the retract curve using the Derjaguin:

Muller:Toporov (DMT) model
57

 in the Nanoscope analysis software; 

� − ���� = �
�	∗��� − ����, (1) 

where /0/	�� is the force on the cantilever relative to the adhesion force, 1 is the tip end 

radius, and �0�2 is the deformation of the sample. The result of the fit is the reduced modulus �%. 

With the known Poisson’s ratio, one can calculate the Young’s Modulus (Es) by the equation 2 

below. As the Poisson’s ratio is not accurately known, we report the reduced modulus by 

assuming the Poisson’s ratio to be 0. 

	∗ = �1−��2	� + 1−����2
	��� �

−1
, (2) 
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where modulus of tip, (Etip) is assumed infinite compared to the soft surface. 

The Energy dissipation is given by the following equation; 

� = ���. ��� = � ��. ���� 
� , (3) 

where   represents energy dissipated in a cycle of interaction. Here, / is the interaction force 

and d3 is the displacement. The deformation is the penetration of the tip into the surface at the 

peak force. This may include both elastic and plastic contributions. With the long range 

attraction involved, this measurement can be associated with some errors.
74

 

�"*+&���2"�"-,���3",�#$��)�$���!�

A 100 nm thick cross:section of resin embedded dragonfly wings was imaged in the TEM. 

Images were analysed using ImageJ software to assess individual nanopillar height and diameter. 

139 nanopillars were measured to determine the height distribution while 162 nanopillars were 

measured to determine the diameter distribution. The obtained data was analysed using the 

standard expectation–maximization algorithm for normal mixtures method
76

 to calculate the 

mean values of the two distributions using R statistical software, and their mean values and 

standard deviations were reported. 

�2�������-#$),��-,�#$��)�$�����5�!�

A 3D reconstruction of a bacterium on the dragonfly wing was performed using a FIB/SEM 

(FEI Scios) to verify the TEM measurements. TEM only allows to visualize sections of the 

bacteria (local information) while a FIB/SEM 3D reconstruction allows to visualize multiple 

sections without material loss (global information) with similar resolution. FIB/SEM does not 

require the sample to be embedded, artefacts caused by the resin embedding can therefore be 

recognized when comparing the results to TEM. 
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The sample was fixed, stained and dehydrated. A single bacterium was selected using the SEM 

at 2 kV acceleration voltage, 13 pA beam current and InLens detectors. Charging issues, due to 

the insulating properties of the sample, required to perform a lift:out of the area of interest onto a 

conductive substrate. Precise cutting with the ion beam in the slice and view process was not 

possible otherwise. First, the area of interested was covered by depositing a 2 Tm thick platinum 

to preserve the sample surface. The region of interest (lamella) was then isolated by cutting 

regular cross:sections either sides with the ion beam using 30 kV, 0.1 nA ion beam current with 

a 20% beam overlap and 200 nm beam blur to avoid sample melting and heat damage. A cutting 

depth of 10 Tm and Au application file were chosen to achieve the required sample depth. The 

lamella was then lifted out and placed on a conductive TEM copper grid and covered completely 

with a 5 Tm thick secondary conductive platinum layer. The platinum helps to create a smooth 

surface which is required to minimize curtaining during the slice and view process and provides 

a conductive matrix which minimizes beam deflection due to charging. 

15 Tm deep trenches were then cut on either side of the tomography block using 30 kV HV, 

3 nA ion beam current to prevent issues by redeposition during the slice and view process. The 

front face of the created tomography block was then pre:polished using 30 kV HV, 50 pA ion 

beam current, and a cutting depth of 25 Tm. Low ion beam currents are required to prevent 

sample damage. Once the area of interest (bacterium) on the dragonfly wing was reached, a final 

polishing process using 30 kV, 10 pA ion beam current and a depth of 25 Tm was performed to 

achieve an ultra:smooth front surface for optimal slice and view results.  

The entire slice and view process of 83 slices was performed manually. The automatic Slice 

and View software proved not powerful enough to obtain well focussed images of the sub 

100 nm biological features. 
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30 kV acceleration voltage, 30 pA ion beam current, Au application file and a cutting depth of 

25 Tm using cleaning cross:section cuts were used for the slice and view process. The slices 

were recorded with the T1 in:lens detector (BSE) using 2 kV, 6.3 pA electron beam current, 

20 Ts dwell time, dynamic focus and tilt correction for cross:section corrections. The acquired 

images were processed using FIJI and Avizo softwares. Stack alignments and contrast 

corrections were carried out using FIJI. All other steps were performed using Avizo 7. The 

smoothing: anisotropic diffusion noise reduction filter was used to improve image quality. 5 

iterations and a stop threshold of 100 were used for this. The segmentation had to be performed 

for each slice individually using the magic wand tool. The different sample parts were 

distinguished by their intensity values (contrast).�

�))#-�",�1�-#$,�$,�

��++#�,�$���$%#�*",�#$��

The following files are available free of charge.�

Figure S1��SEM images of dragonfly wing 

Figure S2��HIM micrograph show ����������	��
���bacterium attempts to move on nanopillars of 

dragonfly wing 

Figure S3�� TEM tomograph compare interfaces of bacteria on nanopillar topography and a 

damaged area of dragonfly wing 

Figure S4: Confocal micrograph of live/dead staining of ����������	��
�� on dragonfly wing 

Figure S5: FIB/SEM data showing interface. 

Table S2: Natural nanotopographies and their bactericidal efficiencies reported 

Table S2:�Fabricated nanotopographical surfaces and their bactericidal efficiencies reported 
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Section S1: Advantages and limitations of AFM and TEM approaches for measuring the height 

of high aspect ratio surface features. 
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