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ABSTRACT

Obtaining a comprehensive understanding of the bactericidal mechanisms of natural
nanotextured surfaces is crucial for the development of fabricated nanotextured surfaces with
efficient bactericidal activity. However, the scale, nature, and speed of bacteria-nanotextured
surface interactions make the characterization of the interaction a challenging task. There are
currently several different opinions regarding the possible mechanisms by which bacterial
membrane damage occurs upon interacting with nanotextured surfaces. Advanced imaging
methods could clarify this by enabling visualization of the interaction. Charged particle
microscopes can achieve the required nanoscale resolution but are limited to dry samples. In
contrast, light-based methods enable the characterization of living (hydrated) samples but are
limited by the resolution achievable. Here we utilized both helium ion microscopy (HIM) and
3D structured illumination microscopy (3D-SIM) techniques to understand the interaction of
Gram-negative bacterial membranes with nanopillars such as those found on dragonfly wings.
Helium ion microscopy enables cutting and imaging at nanoscale resolution while 3D-SIM is
a super-resolution optical microscopy technique that allows visualization of live, unfixed
bacteria at ~100 nm resolution. Upon bacteria-nanopillar interaction, the energy stored due to
the bending of natural nanopillars was estimated and compared with fabricated vertically
aligned carbon nanotubes. With the same deflection, shorter dragonfly wing nanopillars store
slightly higher energy compared to carbon nanotubes. This indicates that fabricated surfaces
may achieve similar bactericidal efficiency as dragonfly wings. This study reports in situ
characterization of bacteria-nanopillar interactions in real-time close to its natural state. These
microscopic approaches will help further understanding of bacterial membrane interactions
with nanotextured surfaces and the bactericidal mechanisms of nanotopographies so that more
efficient bactericidal nanotextured surfaces can be designed, fabricated, and their bacteria-

nanotopography interactions can be assessed in situ.
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INTRODUCTION

The ability of bacteria to adhere, survive and subsequently form biofilms on abiotic
surfaces is the leading cause for infection of prostheses after surgery, resulting in implant
failure and revision surgery.!> In recent years, there have been significant efforts to reduce
infection by developing various nanotextured surfaces on implantable medical devices.’*
These nanotextured surfaces are often inspired by nature, and the fabricated topographies are
expected to reduce initial bacterial adhesion or kill any bacteria attempting to attach to the
surface. The investigation of bacteria-nanotopography interactions has, therefore, become a
significant research interest for the efficient and effective development of advanced fabricated
bactericidal nanotextured surfaces (NTS) for biomaterials application.>- This is a growing field
of research as nanotextured surfaces do not leach bactericidal chemicals, and therefore, the
bactericidal property is conserved for longer periods compared to chemical approaches.’-!°
Furthermore, nanotextured surfaces are non-toxic and more effective at controlling bacterial

strains that produce extracellular polymeric substance (EPS) secretions.!!-1?

The mechanical bactericidal efficacy of nanotextured surfaces is dependent on the
nanotopography, architecture of the nanostructures, surface chemistry, and the type of
bacteria.> 8 13-16 However, the antibacterial mechanisms and effectiveness of surface
parameters are not well understood due to the limited understanding of the bacteria-
nanotopography interactions. Recently, various views and explanations have been proposed for

understanding the mechanism of membrane damage.>-%- 13- 17-21

Cicada wing-like nanostructures are mainly bactericidal against Gram-negative

bacteria.”> 223 The initial report of bacterial membrane damage upon interaction with cicada

3
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wing nanostructures used a differential DNA staining method with confocal microscopy to
predict the membrane integrity.® >4 This approach is an indirect measurement of the membrane
condition, where two separate fluorescent markers are used to stain the nuclear material. As
this approach only stains the DNA, it cannot be used to visualize the bacterial membrane
directly. Furthermore, due to the limitations in spatial resolution, confocal microscopy can only
resolve the color variation of the bacterium and cannot provide detailed information on its
membrane integrity. Therefore, to obtain a comprehensive understanding of the effects on the
bacterial membrane during the interaction with nanostructures, it would be better to directly
visualize the bacterial membrane using super-resolution microscopy techniques such as 3D
structured illumination microscopy (3D-SIM) which utilizes spatially patterned fluorescence

excitation beams to achieve a resolution of ~100 nm.25-26

Recently, the interfaces where bacteria and natural nanotopographies interact have been
observed at nanoscale resolution through the use of some of the most advanced microscopic
techniques available to-date including helium ion microscopy (HIM), transmission electron
microscopy (TEM), focused ion beam (FIB) techniques and faster atomic force microscopy
(AFM).13-14, 17, 2733 These approaches have furthered our understanding of bacteria-
nanotopography interactions of natural surfaces. High-resolution TEM images of cross-
sectioned interfaces revealed that the natural nanopillars under the bacteria are bent during the

interaction and that dead bacteria appeared to have produced EPS.!3

A recent study on the interactions of bacteria with Vertically Aligned Carbon Nano Tubes
(VACNT) reported the bending of these nanostructures during bacteria-VACNT interactions.!®
This is in line with the previously reported bactericidal effects of natural nanopillar topography
of dragonfly wing with E. coli.!® In this study of bacteria-VACNT interactions, the energy
stored during bending of multiple lengths of VACNT were quantified, and it was determined

that shorter VACNT had more efficient bactericidal activity.!® The bactericidal mechanisms of
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VACNT and black silicon (bSi) have been described in terms of a purely physical mechano-
bactericidal basis, and significant differences in the two different surfaces were observed. In
bSi, no significant difference in bactericidal activity was reported with changing nanopillar
height or its surface chemistry. bSi nanostructure was identified as rigid structures that do not
bend when interacting with bacteria.>* A separate study suggested that adhesion is important
but that the membrane is not necessarily pierced by the bSi nanostructures to achieve the
bactericidal activity.!* For VACNT, it was reported that the shorter nanopillars are more
efficient and that VACNT bend during interaction with bacteria and in some cases, the bottom
surface of bacteria is wrapped by VACNT.!” Furthermore, when the surface chemistry of
VACNT was changed using O, or CF, plasma, significant changes to bacterial adhesion on the

surface and bactericidal activity of Pseudomonas aeruginosa were identified.

One plausible mechanism to explain bacterial membrane damage upon interaction with
nanopillars is that the bacterial cell first attaches onto the nanopillars, and then while attempting
to move parallel to the surface, the nanopillars are bent, and membrane damage occurs through
shearing.!3 Another study has suggested that attempted bacterial cell division on the titanium
nanotopography causes bacterial membrane damage.’* When the membrane damage occurs,
characteristic EPS production, bending of nanopillars, and leaking of cytoplasm are observed.
These post-membrane damage characteristics have recently been observed in HIM, TEM, SEM
and confocal studies.!3-14 17,19, 28-32,35 However, as these events occur rapidly, and only at the
cell surface, the images obtained using these techniques commonly show the bacteria flattened
on the nanopillars, apparently due to membrane damage. It should be noted that the interaction
between bacterial membranes and nanostructures cannot be resolved with these microscopic
tools due to the limitation in the time-scale or spatial resolution. For instance, extensive sample
preparation steps are required prior to imaging the bacteria-nanotopography interaction by

TEM, and for FIB, metal deposition is required to reduce charge accumulation for successful
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cross-sectioning.!3 33 As these steps are time-consuming, they prevent capturing the initial

stages of the bacterial membrane damage process.

The different observations and interpretations in reports of the mechanobactericidal
action of different nanotextured surfaces provide the rationality for further investigations. It
remains of urgent and significant importance to evaluate the mechanism of bactericidal activity
and bio-nanotopography interactions for both fabricated and natural nanotopographies towards
gaining a deeper understanding of the bactericidal mechanism for the efficient design of

bactericidal biomaterials.

A combination of approaches could be used to overcome the technical limitations
encountered to-date in order to understand the membrane damage process more clearly. One
approach would be to freeze the initial stages of bacteria-nanosurface interactions and utilize
an imaging technique such as HIM, which has nanoscale resolving power with a larger depth
of focus and microscale field of view to image the entire interaction. A second, complementary
approach could be to utilize a super-resolution optical imaging technique such as 3D-SIM to
image bacteria-nanotopography interactions in situ under physiological conditions in real-time.
The aim of this work, therefore, was to explore the possibilities of utilizing both HIM and 3D-
SIM to provide further insights into E. coli bacteria-nanotopography interactions in real-time
and thereby further our understanding of the mechanobactericidal activity of the natural
nanotopography of dragonfly wings to Gram-negative bacteria. This work supplements
previous studies carried out with Gram-negative Escherichia coli and dragonfly wings using
HIM, AFM, FIB, and TEM.!3-35 In previous studies, we have used TEM and FIB to expose the
interface. Here, we use the Ne* beam to cross-section and He™ to image exposed interface using
HIM; thereby, we avoid excessive sample preparation steps associated with TEM and FIB.

Special attention is given to the characteristics of the bacteria-nanopillar interface.
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RESULTS AND DISCUSSION

Interfacial characteristics of dragonfly wing nanopillars-Escherichia coli bacterium by
Helium Ion Microscopy (HIM). We used helium ion microscopy (HIM), to examine the
bacteria-nanotopography interface of E. coli on dragonfly wings. Thin planes of bacteria
attached to dragonfly wings were precisely milled using a Ne* beam, and the exposed interface
imaged using a He" beam.3¢ This cross-sectioning was carried out without any conductive
metal coating, as is required for focused ion beam (FIB) or scanning electron microscopy
(SEM).!3- 17 Hence, the bacteria-nanotopography interface images acquired by HIM are not
obscured and remain close to their natural state, limiting possible artifacts that might occur
during the metal coating processes involved in FIB/SEM. Compared to TEM, this method is
flexible for performing cross-sections at various positions, lengths, and directions, whereas
TEM is limited to tiny sections of lamellas, and positions of cross-sections cannot be

controlled.
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Figure 1: Helium ion beam micrographs are showing initial attachment of bacteria to the nanopillars
of dragonfly wings. Panel (a) shows an attached bacterium on to dragonfly wing. Visible connections
between the protrusions arising from the bacterium and the nanopillars are numbered for further
reference in other panels. b) Magnified region of the bacterium shown in panel (a). The double-headed
green arrow represents protrusions that arise from bacterium connecting to the nanopillar on the wing.
Red arrows show more connections under the bacterium. The red double-headed arrow shows the gap
between a nanopillar and the bacterial membrane. c-e) Interface of E. coli bacteria-nanotextured
dragonfly wing interface exposed by progressive longitudinal Ne milling. ¢) Cross-section of the wing
and bacteria to expose the interface after approx. 1/3 of the bacterium is removed. Finger-like extensions
that connect the bacterium with wing nanopillars are visible. d) Magnified area of (¢) and both ‘2’s are
the same locations. Visible connection marked 2 is an area where bacterial components heavily flood
the underlying nanopillars. Yellow arrows mark the base of nanopillars where the top is flooded by

bacterial components. Green-double headed arrows are protrusions connecting bacteria and nanopillars.
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The red double-headed arrow shows a finger-like extension from bacteria attaching to nanopillars. Inset
shows a magnified area of the interface. A string-like connection is marked by the yellow arrowhead,
while a red arrow shows bacterial components flooding. e) The circled area shows a bent nanopillar
flooded by a possible EPS secretion, or cytoplasmic content from the bacterium and a partly stretched
and deformed membrane marked as ‘S.” The tip of the nanopillar is marked T. Holes on the wing are

marked h. All scale bars represent 200 nm.

Here, we present the Gram-negative bacteria-natural nanopillar interactions imaged under HIM
(Figure 1). Escherichia coli cells were incubated for 15 minutes at room temperature on a
dragonfly wing and then fixed with 2% glutaraldehyde and subjected to ethanol dehydration
before Ne milling and He imaging. This made it possible to image the bacteria-nanotexture
interactions before the bacteria are flattened and disintegrate on the nanopillars. The attached
bacterium shows multiple connections with the wing via protrusions, some of which are thin

and long, while some connections are comparatively thick.

Subsurface details exposed after Ne* beam milling of samples are shown in Figure 1c-e.
Figure 1c reveals the interface after a longitudinal cross-section was performed at
approximately 1/3 of the way across the bacterium and the wing. Here, different connections
between the bacterium and the nanostructures are identified and are numbered from 1 to 8
(Figure 1c). These finger-like protrusions connecting the bacterium and the nanotexture are
about 100 nm in length and 10-50 nm in diameter. The presence of secreted EPS, cytoplasm,
or deformed membrane, finger-like extensions (red double-headed arrow) are visible on the
tips of nanopillars (Figure 1d). A red double-headed arrow marks a thin and long extension of
material from the bacteria. This suggests that membrane deformations take place at the
interface between the bacterial membrane and the nanopillars. The connection numbered 2 in
Figure 1d is thicker than the majority of connections identified, which are typically about

100 nm in length and more than 100 nm in thickness. These thick connections could be a
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consequence of flooding of the nanopillars by a bacterially-derived substance (Figure 1d),
which could be EPS secretions from the bacteria produced upon attachment, leaked
cytoplasmic content and/or deformed membrane, indicating membrane damage. The inset
(Figure 1d) magnifies a string-like stretch (labeled by a yellow arrow) which starts from the
bacterial membrane and floods the top of the adjacent nanopillars. The latter has a thick
blanket-like cover that can be identified as a light-colored layer on the wing. Collectively, these
visible connections and finger-like protrusions between the bacterium and nanopillars appear
to be consistent with the extracellular polymeric substances (EPS) identified in the previous
TEM, and SEM/FIB reports.'> However, at this stage, the composition of this material is not

clear and more studies are needed to determine their composition.

The space between the bacterial membrane and nanopillar tips is barely filled by visible
connections or finger-like extensions of the bacteria. Most of the nanopillar tips are flooded by
bacterial secretions and remain 100-200 nm below the level of the bacterial membrane.
Therefore this space is obscured by bacterial secretions. Finger-like connections extending
from the bacterial membrane and continuous with nanopillars filling the space, make it difficult
to distinguish the bacterial membrane from the nanopillars. Though He ion microscopy is a
better technique compared to electron microscopy in contrasting different compositions,’’-#!
here, we emphasize that the similar composition of the different components of the sample
makes it difficult to distinguish distinct borders of the different components. Nanopillars of the
wing are composed of hydrophobic long-chain hydrocarbons!> 4> while bacterial membranes
are comprising of a hydrophobic lipid bilayer and a hydrophilic peptidoglycan layer.*3-44
Therefore, in a favorable chemical environment, interactions between these components may
be possible, and a partial or even full encasing of the nanopillars with bacterial membranes

could account for the adhesion between Gram-negative bacteria and the nanopillars. Though

10
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we have used a strain without flagella in this study, a one contains flagella would show much

favorable interactions with superhydrophobic surfaces.®

The circled area of Figure 1e highlights a nanopillar flooded by membrane deformations, EPS,
or cytoplasm. The bacterial membrane appears to be extended and stretched towards the
nanopillar to form the connection while the nanopillar is slightly tilted or bent to the left from
its vertical position. This bending and stretching could be a result of strong adhesion of bacteria

and its attempts to move away from the surface.

The above observations and analysis suggest that a series of complex interactions could take
place between E. coli and natural nanopillar topography before the bacterial membrane is
damaged. Therefore, the biological effects of such interactions should also be considered when

developing reliable models of the bactericidal effects of antibacterial surfaces.

Further chemical composition studies are required to determine the composition of the finger-
like connections we observed between bacteria and nanopillars by HIM. Although we were
unable to characterize the nature of the extracellular bacterial-derived substances in this study,
at this stage, our approach contributes toward a greater understanding of the bacterial death on
nanopillars and will reduce future experimental bias towards just one single bactericidal

mechanism.

Interfacial characteristics of dragonfly wing nanopillars-Escherichia coli interactions by
3D-SIM. E. coli cells were introduced to the wing surface and immediately imaged using 3D-
SIM. Cell membranes were pre-stained with the fluorescent lipophilic stain FM1-43 (green)
and imaged in the presence of the cell impermeant Ethidium homodimer-III (EthD-III, red) that
binds only to the DNA of cells with a compromised membrane. With live 3D-SIM imaging,
the dragonfly wing showed faint green auto-fluorescence, whereas the FM1-43-stained

bacterial cell membranes show much brighter green fluorescence intensity (Figure 2). Figure

11
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2a shows bacterial cells (arrows) attached to the wing. Membrane damaged bacteria (white
arrows) have green membranes and red nuclear DNA (Figure 2a). Figure 2b shows the cross-
section of the bacteria-wing interface, where unevenness of the wing is evident. The wing is
indicated by a green arrow, and a membrane damaged bacterium by a white arrow.
Interestingly, the bacterial cell membrane appears to be missing at the side of the bacterial cell
that is in contact with the dragonfly wing (Figure 2a, c). The section views (Figure 2¢) clearly
show that the bacterial membrane is discontinuous when in contact with the wing surface,
thereby allowing the DNA stain EthD-III to enter the cell. Interestingly, we observed that cells
that had taken up the dead cell stain (EthD-III) presented different red fluorescence intensities
(white arrows, Figure 2a), which suggests that membrane damage may have occurred at
different times and/or that different levels of membrane damage have occurred. 3D-SIM
utilizes spatially patterned excitation beams to achieve the resolution below the diffraction
limit, thereby surpassing the classical spatial resolution limit of conventional microscopy. The
3D-SIM platform used in this study provides a lateral and axial resolution of 110 nm and
280 nm, respectively.?> By using stains specific for membranes and DNA of membrane-
compromised cells, we were able to explore membrane damage in live bacterial cells
interacting with dragonfly wings while maintaining physiological conditions. This is the first
report of such live in-situ imaging of E. coli interacting with dragonfly wings with higher

contrast between the membrane and nuclear material.

12
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19 Figure 2: Reconstructed 3D-SIM micrographs showing E coli on dragonfly wings A.) Maximum
intensity projection showing bacterial cells (white arrows) attached to the wing (green
autofluorescence). Scale bar = 5 pm. B.) 3D side view of image A, showing membrane-damaged
bacteria (white arrow). The membrane is stained in green and nuclear material stained in red. The green
28 arrow points to the wing. Scale bar = 3 um. C) Section view of the cell highlighted by the white arrow in
30 image B clearly showing damage (white arrows) at the side of the cell in contact with the dragonfly

32 wing. Scale bar =2 um. The graphic shows xy, xz and yz axes for image C.

35 Elastic energy estimate of bent nanopillars. While our microscopic approach confirms the
37 bending of nanopillars, bacterial membrane stretching, deformation, and damage, microscopy
alone do not provide the mechanism that leads to these consequences. The lack of a
42 comprehensive understanding of the bactericidal mechanism ultimately limits the translational
44 potential towards real-world applications of nanotopography. Achieving such knowledge will
ultimately lead to the efficient and effective development of real-world applications. A number
49 of recent publications have indicated that the arrangement of nanopillars is not sufficient to
51 achieve the bactericidal activity but that external factors, including the movement of bacteria
33 and bending of nanopillars, also contribute to the bactericidal activity of dragonfly

nanopillars.?!- 46

13
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To assess the contribution of bending of dragonfly nanopillars on the underlying mechanism
of bactericidal activity, we estimated the amounts of the stored elastic energies of natural
nanotopography of dragonfly wings during interactions with bacteria. This data could then be
used to design artificial bactericidal surfaces and compare them with fabricated nanopillars. As
we have identified that bending of dragonfly wing nanopillars occurs when the bacterial
membrane is being damaged,'? we assessed the storage of energy in the bending of dragonfly
nanopillars. According to the model suggested by Linklater et al.!° for a surface with VACNT,
using Bernoulli’s beam theory, a force, P (load) acting on the tip of a nanopillar parallel to the

substratum when a bacterium attempts to move, predicts a deflection of the tip, o as;

PL?

8 =34 (1)

where L is the length of the nanopillar, E is the material’s Young modulus, and I the area

moment.

According to Eq. (1), the deflection is much bigger in a longer nanopillar. On the other hand,

2

P&
the elastic energy stored, U = can be balanced by the external energy, W = . Thus, for

2L3 >
a constant deflection (8) of the nanopillar, the elastic energy (U) is proportional to the Young’s
modulus (E) and inversely related to L3. That means, for a given deflection, longer nanopillars

stores smaller energy.

According to these storage energy calculations, both dragonfly wing nanopillars and 1 um CNT
store similar energies upon the same tip deflection (Figure 3). With the same tip displacement,
short nanopillars of the dragonfly wing exert stronger forces than tall nanopillars, while 1 um
VACNT energy storage values are in between short and tall nanopillars. Consequently, the
natural nanotopography of dragonfly wings may induce more damage to the bacterial cell

membrane than CNT.

14
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37 Figure 3: The stored energy comparison in CNT and in dragonfly nanopillars against tip deflection.
39 Shorter and taller dragonfly wing nanopillars store energies similar to those stored in 1 um CNT.
41 Dragonfly wing data are plotted as solid lines, and CNT data are plotted as dotted lines. 1 kT at 298 K
corresponds to 4.11 x 102! J. Data reproduced with permission from “Linklater et al, ACS Nano 2018,

12,7, 6657-6667, DOI: 10.1021/acsnano.8b01665 copyright © 2018, American Chemical Society.

We observed with HIM that the interacting nanopillars with bacteria are bent, maybe when
51 bacterium attempts to move. The stored energy due to bending of the nanopillars may release,
53 leading to further stretching of the bacterial membrane causing physical damage to the

membrane.
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CONCLUSIONS

To address the challenges of characterizing the interface of bacterial cells and biological
nanotopographies and interpreting the mechanical basis of bactericidal activities, we have
designed an approach to examine the nano-biointerface close to its natural state. This unique
approach has highlighted several key characteristics that have important implications for the

design of efficient and effective nanotextured surfaces for biomedical applications.

This study has utilized sophisticated imaging techniques with minimal sample processing that
has important implications for the comprehensive understanding of the biointerface. By using
a Ne" beam and electron flood gun, we eliminated the use of a conductive metal coating that is
used in SEM and avoids the application of metal layer onto the sample prior to cross-sectioning,
as reported previously in FIB/SEM and TEM studies.!® 7. 19 27 Elimination of both metal
coating and Pt deposition allowed us to image the bacteria-nanopillar interaction close to its
natural state. Ne™ beam cross-sectioning has allowed us to cross-section small amounts of the
sample at specific positions, where TEM cross-sections are random. This has allowed us to
observe the interfacial features, at precise locations with more clarity and without disturbance
at nanoscale resolution. In E. coli, it was found that bacteria and nanopillars make contacts at
specific anchor locations. Finger-like protrusions, possible secreted EPS, cytoplasmic material,
and membrane deformations were also visible; however, they were not able to be distinguished
using ion beam microscopy. Further, it was confirmed that the membrane is not pierced by the

nanopillars, but is more likely stretched and deformed during the interaction.

With live 3D-SIM, bacterial membranes and the nuclear material of membrane-compromised
cells were resolved. However, the nanopillars or finger-like protrusions that we observed with
HIM could not be visualized with 3D-SIM due to the resolution limit of this technique. We

were, however, able to observe that membrane damage occurred at the surface of the bacterial

16
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cell that was in contact with the dragonfly wing. Although neither of the imaging methods
alone could fully resolve the interactions between the nanopillar and the bacteria, this study
provides useful insight into the limits and possibilities of the imaging methods. It is evident
from this study that multiple experimental approaches that involve minimal sample processing

are necessary to comprehensively assess the bactericidal activity of nanotextured surfaces.

Further mechanical insights were obtained by estimating the bending energy storage of short
and tall nanopillars of the dragonfly wings. These elastic energy storage estimations indicated
that short nanopillars are slightly higher in energy storage compared to tall nanopillars of the
dragonfly wing. It was also found that 1 pm VACNT energy storage is between that of the tall
and short nanopillars of dragonfly wings. This indicates that both natural bactericidal
nanotopography and VACNT are likely to mechanically behave quite similarly in achieving
bactericidal activity. This suggests that soft materials can achieve bactericidal effects and that

antibacterial surfaces do not necessarily need to be designed using hard solid materials.

The microscopy techniques that we utilized in this study distinguished the features of the
interface between a Gram-negative bacterium and the dragonfly wing. Given that Gram-
negative and Gram-positive bacteria have significant differences in their cell wall and
membrane structures, in future studies, bacterial surface/nanotopography interfaces should be
examined with techniques capable of nanoscale and molecular resolution with minimal
processing. Our approach could be applied to examine interactions of Gram-positive and Gram-
negative bacteria and eukaryotic cells with various nanotopographies to guide the design of

efficient nanofabrication.

17
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EXPERIMENTAL SECTION

Dragonfly wing collection and sample preparation. The dragonfly specimens were collected
in Brisbane, Australia and wings were aseptically removed from the body, washed with flowing

deionized water, and stored in the dark at 4°C in sterile containers.

Bacterial growth conditions and sample preparation for HIM. The Escherichia coli
(NCTC 10418) strain was used for the HIM study. Bacterial cultures were grown overnight at
37 °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
ODg0=0.3. A 200 pL aliquot of bacterial suspension was placed on a 5 mm x 5 mm size wing
and allowed to incubate at room temperature (22°C) in a Petri dish.'3-2” Wings were then gently
washed with sterile MiliQ water to remove non-attached cells.

Ne" milling and He* imaging of interface with Helium Ion Microscope. For Ne* milling,
E. coli cells incubated for 15 minutes on a dragonfly wing was used. Samples were fixed with
2% glutaraldehyde and subjected to membrane staining and ethanol dehydration.!’> 27
Dehydrated and dried wings were mounted using double-sided carbon tape onto an aluminum
stab for imaging. Zeiss Orion NanoFab equipped with Ne* and He* beam was used for cross-
sectioning of bacterial cells attached to the dragonfly wing. Samples were not coated, and no
other depositions were performed before imaging/milling. Bacteria were cross-sectioned in
longitudinal direction progressively and micrographed after each cross-section so that
interactions can be studied. Milling was performed with and Ne* at an acceleration voltage of
15 kV. Ion current varied between 4-10 pA during the milling, and pixel dwell time was set to
2-5 ps. Milling was done from the 50 degrees tilted angle by drawing the reduced raster scan
rectangle over the area to be removed and waiting until the material disappeared. The sample
was then rotated and imaged with He*. When imaging, 30 kV acceleration voltage and 0.2-
0.4 pA ion current were used with line averages of 16 or 32 and dwell time 0.5 or 1 ps. During
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both milling and imaging, flood gun charge compensation was used. For a single dragonfly
wing sample, 3-5 wing cells were analyzed. A cell of a dragonfly wing is the membranous area
that is enclosed by the veins. We have analyzed at least 3 bacterial cells within a single cell of

a wing, which makes about 10 cells per sample. We have carried out experiments in duplicate.

Bacterial growth conditions and sample preparation for 3D-SIM microscopy. E. coli
MG1655 was cultured in LB media at 37 °C overnight with vigorous shaking. 500 uL of the
overnight culture was harvested by centrifugation at 9000 rpm for 1.5 min and re-suspended in
500 pL of PBS. The bacterial suspension was stained with FM1-43FX (Life Technologies) at
4 pg/mL for 15 minutes. The bacterial suspension was then washed twice in PBS and re-
suspended in 500 pL of PBS. A small piece of dragonfly wing (5 x 5 mm) was immersed in
the membrane-stained bacterial suspension for about 30 min to allow bacteria attachment on
the wing. The wing was then carefully removed from the solution and washed in 500 pL of
PBS to remove non-adherent bacterial cells. The wing was then immersed in 500 uL of PBS
containing Ethidium homodimer-III (Biotium) at 1 uM and stained for 15 min. The wing was
then immersed in 500 pL of fresh PBS to wash dye excess. An adhesive frame (Gene Frame®,
Thermo Fisher Scientific) was placed on a microscope slide to create a chamber, the wing was
attached inside the chamber using a UV glue (Dymax), and PBS was used as mounting media

for imaging. A #1.5, 22x22 mm glass coverslip was ethanol sterilized and placed on top.

3D-Structured Illumination Microscopy (3D-SIM). Samples were immediately imaged
using the DeltaVision OMX-SR (GE Healthcare) platform at 37 °C with a 60x oil objective.
3D images were acquired with a z-step size of 0.125 um for 3 um total thickness. Raw images
were processed with SoftWoRx (GE Healthcare) for image reconstruction and channel

alignment and then prepared with IMARIS (v 9.1.2, Bitplane).
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