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ABSTRACT: The waxy epicuticle of dragonfly wings contains a unique
nanostructured pattern that exhibits bactericidal properties. In light of emerging
concerns of antibiotic resistance, these mechano-bactericidal surfaces represent a
particularly novel solution by which bacterial colonization and the formation of
biofilms on biomedical devices can be prevented. Pathogenic bacterial biofilms on
medical implant surfaces cause a significant number of human deaths every year.
The proposed mechanism of bactericidal activity is through mechanical cell
rupture; however, this is not yet well understood and has not been well
characterized. In this study, we used giant unilamellar vesicles (GUVs) as a
simplified cell membrane model to investigate the nature of their interaction with
the surface of the wings of two dragonfly species, Austrothemis nigrescens and
Trithemis annulata, sourced from Victoria, Australia, and the Baix Ebre and Terra
Alta regions of Catalonia, Spain. Confocal laser scanning microscopy and cryo-
scanning electron microscopy techniques were used to visualize the interactions

between the GUVs and the wing surfaces. When exposed to both natural and gold-coated wing surfaces, the GUVs were
adsorbed on the surface, exhibiting significant deformation, in the process of membrane rupture. Differences between the tensile
rupture limit of GUVs composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine and the isotropic tension generated from the
internal osmotic pressure were used to indirectly determine the membrane tensions, generated by the nanostructures present on
the wing surfaces. These were estimated as being in excess of 6.8 mN m™/, the first experimental estimate of such mechano-
bactericidal surfaces. This simple model provides a convenient bottom-up approach toward understanding and characterizing

the bactericidal properties of nanostructured surfaces.

B INTRODUCTION

and biofilm formation on orthopedic implants. These biofilms

The waxy epicuticular layer of the wing membranes of
dragonflies possesses high-aspect-ratio nanoscale pillars,
which are composed of lipids."”” Recently, it was discovered
that these natural surface features could exhibit strong
bactericidal behavior against Gram-positive, Gram-negative,
and even spore-forming bacteria.”~* This bactericidal activity
has been successfully extended to synthetic analogues of the
wings, which possess similar high-aspect-ratio nanoscale
features.””~” These surfaces present a unique solution to the
rapidly growing problem of bacterial adhesion, proliferation,
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can cause fatalities placing a significant financial strain on the
healthcare industry.”” In the USA alone, 17 million new
biofilm infections occur annually and such infections are
responsible for over half a million fatalities each year.'" It is
currently believed that the bactericidal mechanism by which
these nanostructured surfaces kill the bacteria is via a
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mechanical rupture process. It is proposed that cells strongly
adsorb onto the surface of the high-aspect-ratio surface
nanofeatures, which causes the cell membrane to stretch
between adjacent pillars, eventually causing them to rupture.''
It has, however, been technically challenging to accurately
characterize the interactions taking place between the surface
of the bacterial cells and the nanoscale features of the substrate.
This is because the bacterial cells are very small and the cell
walls are highly complex, making it difficult to attain accurate
measurements of their rigidity.'” In addition, the nature of this
interaction is complicated, involving short- and long-range
physico-chemical forces, influenced by various asPects of the
nanoscale structures and biological cells involved.

Giant unilamellar vesicles (GUVs) are simple, synthetically
produced spheres, consisting of a thin unilamellar membrane
that encloses a given solution.'*™'® GUVs can range from 1 to
150 ym in diameter.'*”"? Unilamellar vesicles have been used
for studying cellular protein activity, drug delivery systems, and
the biophysical properties of membranes.””~> GUVs can be
well defined, with highly controllable features such as
membrane composition, rigidity, internal contents, and turgor
pressure.””*> Their large size, simplicity, and adaptable
composition make them suitable for application as an
adjustable model of a bacterial cell membrane, allowing an
analysis of each of the individual membrane components in
isolation.*

In this study, GUVs were utilized as a simplified model of
the cell membrane in order to investigate the interactions
taking place between the membrane and the mechano-
bactericidal nanostructured surface of Austrothemis nigrescens
and Trithemis annulata dragonfly wings. By constructing the
GUV membrane using 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC), with known biophysical properties, we were able
to establish the range of stretching forces that can be imparted
on the membrane by the nanofeatures that present on the
dragonfly wings and thus infer the range of the tensions that
are imposed on the cell membrane models by the dragonfly
wings. This work provides a new insight into the optimal
design of synthetic nanostructured surfaces with bactericidal
activity, which can be useful for industrial and biomedical
applications.

B EXPERIMENTAL SECTION

Materials. The lipids were purchased from Avanti Polar Lipids
(Alabaster, AL), dissolved in S mL of chloroform to form a lipid
concentration of 1 mg/mL. These solutions were stored at —20 °C
until needed. DOPC containing a 1% molar ratio of fluorescently
labeled Liss Rhod PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine-N-(lissamine rhodamine B sulfonyl)), which fluoresces red, was
used to construct the GUVs. Both phospholipids exhibited an overall
neutral charge. Fluorescein isothiocyanate (FITC) dextran, with an
average molecular weight of 150 000, was purchased from Sigma-
Aldrich (St. Louis, MO).

Dragonfly Collection and Sample Preparation. The dragonfly
A. nigrescens and T. annulata specimens were collected in Victoria,
Australia, and the Baix Ebre and Terra Alta regions of Catalonia,
Spain, respectively. The wings were aseptically removed from the
body and stored in dark conditions at room temperature (ca. 22 °C)
in sterile polystyrene Petri dishes, purchased from Techno Plas (St
Marys, Australia), until required. The distal-posterior regions of the
forewings were dissected into approximately S X S mm? sections using
a sterile surgical blade.

Scanning Electron Microscopy. The wing samples were coated
with 7.5 nm gold films, according to the manufacturers’ instructions,
using a JEOL NeoCoater (JEOL Inc., Peabody, MA). High-resolution
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scanning electron micrographs were obtained at 3 kV under 20 000X,
40000x%, and 70 000X magnification using a ZEISS SUPRA 40VP
field emission scanning electron microscope (Carl Zeiss NTS GmbH,
Oberkochen, Germany).

The scanning electron micrographs were analyzed using Image]
software (version 1.50i). The color threshold for binary SEM images
was adjusted, and the particles were analyzed. Particles with a
diameter below 30 nm, smaller than the thinnest nanopillars, were
removed from consideration as artefacts. For each dragonfly wing, the
density of nanofeatures, inclusive of free-standing and clustered
nanopillars, was determined using a particle analysis procedure, with
measurements taken over six regions, 1.5 ym X 2 ym in area, on each
of the dragonfly wing surfaces. The diameter of free-standing
nanopillars was manually measured using Image] because an
automated approach was found to be unsuitable because of the
natural bending and clustering of the nanopillars. Avizo software
(version 7.0) was used to create three-dimensional images
representative of the wing surfaces. Cross-sectional profiles were
achieved by submerging both the natural and gold-coated wings in
liquid nitrogen, then fracturing them prior to them being viewed using
SEM. The height of the free-standing nanopillars was determined by
tilting the samples at a 45° angle, with images being obtained using
the high-resolution SEM capabilities of the electron beam lithography
tool (Raith150 Two, Raith GmBH, Dortmund, Germany) at 5 kV.
Measurements were performed using Image] software (version 1.50i),
compensating for the tilt. Images were captured at 20 000X, 40 000X,
and 70 000X magnifications.

Synchrotron Macroattenuated Total Reflectance Fourier
Transform Infrared Microspectroscopy. A surface chemical
characterization of the wing surfaces was performed at the Infrared
Microspectroscopy (IRM) beamline at the Australian Synchrotron
using a Bruker Hyperion 2000 FTIR microscope equipped with a
liquid nitrogen-cooled narrow-band mercury cadmium telluride
(MCT) detector, coupled to a VERTEX V80v FTIR spectrometer
(Bruker Optik GmbH, Ettlingen, Germany).

The spatially resolved distribution of the chemical functional
groups present in the dragonfly wings was imaged in a macro-
attenuated total reflection—Fourier transform infrared (ATR—FTIR)
mapping mode, as previously described.”” An in-house developed
macro-ATR—FTIR device equipped with a 100 gm diameter facet
germanium (Ge) ATR crystal (ng, = 4.0) and a 20X IR objective (NA
= 0.60; Bruker Optik GmbH, Ettlingen, Germany) was used. The
unique combination of the high refractive index of the Ge ATR crystal
and the high NA objective used in this device, when coupled to the
synchrotron-IR beam, allowed the surface characterization of the wing
samples to be performed at a high spatial resolution down to
approximately 1 ym.

The wing section was mounted on an aluminum disc using a
polyimide (Kapton) tape to hold both sides of the wing. The
aluminum disc was then placed into the sample stage of the macro-
ATR~FTIR unit. Subsequently, the Ge ATR crystal was brought to
the focus of the synchrotron-IR beam, and a background spectrum
was recorded in air using 4 cm™ spectral resolution and 128 co-added
scans. The wing sample was then brought into contact with the
sensing facet of the Ge ATR crystal, and a synchrotron macro-ATR—
FTIR chemical map was acquired to cover an area of 40 ym X 40 ym
within the wing membrane. Every spectrum was collected with a beam
defining aperture providing a nominal measurement area of 3.1 pm
diameter per pixel, at 1 pm step intervals. For each pixel, the
synchrotron macro-ATR—FTIR spectrum was recorded within a
spectral range of 3800—700 cm™" using 4 cm™" spectral resolution and
16 co-added scans. Blackman-Harris 3-Term apodization, power-
spectrum phase correction, and a zero-filling factor of 2 were set as the
default acquisition parameters using the OPUS 7.2 software suite
(Bruker), which was also used for data analysis. Chemical maps were
generated from the embedded spectra by integrating the area under
the relevant peaks. In particular, the distributions of lipid and protein
were analyzed by integrating the area under the ester carbonyl
stretching band (1720—1750 cm™) and amide I band (1600—1705
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cm™'), respectively. The ratio of lipid to protein was also generated
using OPUS 7.2 software.

Water Contact Angle Measurements. Surface wettability was
examined by measurement of the static water contact angles (WCAs)
using the sessile drop method. The static contact angle was taken as
the point prior to droplet elongation as the tip was drawn away from
the surface. All measurements were carried out in air using an
FTA1000c instrument equipped with a nanodispenser (First Ten
Angstroms, Inc., Portsmouth, VA). Measurements were taken across
the entire surfaces of the natural and gold-coated dragonfly forewings.

Preparation of Vesicles. GUVs were prepared following a
method that was adapted from that described by Weinberger et al."”
Glass slides were cleaned with chloroform, acetone, and 100% ethanol
and dried with N, gas between each step prior to being UV ozone
cleaned for 1 h. Polyvinyl alcohol (PVA) gels (MW 13—23 kDa) were
prepared at concentration 5% w/v in Milli-Q water. Aliquots (100—
150 uL) of the PVA solution were spread on the glass slides and dried
in an oven at 80 °C for 30 min until a thin film was formed. DOPC
(20—30 pL; 1 mg/mL), with 1 mol % fluorescently labeled Liss Rhod
PE, solutions in chloroform were deposited onto the dry PVA surface.
The chloroform from the DOPC solution was allowed to fully
evaporate under vacuum to form lipid stacks. Grace Bio-Labs
CoverWell (Bend, OR) rubber perfusion chambers (9 X 2.5 mm
diameter X thickness) were cleaned using the same procedure used
for the glass slides and placed over the dried lipid stacks to create a
well. A portion of 130 uL of the swelling solution (0.9% w/v NaCl
plus 2% w/v FITC—dextran) was added to the wells and allowed to
equilibrate for 20 min, allowing encapsulation of dextran to take place.
The resultant swollen vesicles were then transferred to an Eppendorf
tube and excess 0.9% NaCl was added, creating an osmotic pressure
difference inside and outside of the GUVs. The GUVs were allowed
to settle over a period of at least 2 h before being gently washed in
0.9% NaCl. This washing step was repeated twice to remove the
majority of excess dextran in solution. GUVs were stored in the 0.9%
NaCl bulk solution at § °C until needed.

Confocal Laser Scanning Microscopy. Natural and gold-coated
dragonfly wing sections were taped to microscope cover glasses
(Marienfeld Superior, Lauda-Konigshofen, Germany) and surrounded
by a waterproof silicone gel (Monarch Painting, Victoria, Australia) to
create a well approximately S mm in height and left to dry overnight.
Gold coating of the wing samples, for the analysis of GUV—surface
interactions, was performed using a JEOL NeoCoater (JEOL Inc,
Peabody, MA), generating thin gold films on the surface of ~4.5 nm
thickness according to the manufacturers’ instructions. GUV (100
uL) solution was then added to the wing surface and allowed to
equilibrate for 6 h. Confocal laser scanning microscopy (CLSM) was
used to visualize the interaction between the GUVs and the
nanostructures present on the wing surfaces. Liss Rhod PE fluoresces
red and FITC—dextran fluoresces green upon laser excitation at
wavelengths of 560 and 492 nm, respectively. Imaging was performed
at 600X magnification using a FluoView FV1000 inverted microscope
(Olympus, Tokyo, Japan). z-Stack images were analyzed using Fiji
ImageJ to enable 3D reconstructions of the adsorbed GUVs.

Cryo-Scanning Electron Microscopy. Prior to the cryo-
scanning electron microscopy (cryo-SEM) imaging, insect wings
were attached to an SEM copper stage using a Tissue-Tek glue
(Sakura Finetek, Alphen aan den Rijn, The Netherlands). GUV
suspension (S0 L) was then applied on the top of the wings and was
left for half an hour to allow the GUVs to settle onto the wing
surfaces. The samples with GUVs were then manually plunge frozen
into liquid N, and transferred into the cryo stage prechamber, Alto
2500 (Gatan, UK) at —140 °C, before being sublimed at —95 °C for
20 min to remove free water molecules. Samples were then coated
with S nm Au/Pd at —140 °C. After Au/Pd coatings, samples were
transferred into the SEM stage at —140 °C. Samples were then
imaged using FEI Quanta 200F SEM (Thermo Fischer Scientific,
Hillsboro, OR) at 10 kV.

Statistical Analysis. SPSS version 25 (IBM Corp., Armonk, NY)
was used to test the height and diameter of free-standing nanopillars
and the nanofeature density for normality with Shapiro—Wilk tests.
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Levene’s test was used to check for homogeneity of variance before
performing independent t-tests with a significance threshold set at p =
0.0S. The natural imperfections and variation on the surface of the
dragonfly wings meant that the height and diameter of the free-
standing nanopillars had to be measured manually, and hence a
limited number of measurements were taken.

B RESULTS AND DISCUSSION

Surface Characteristics of Dragonfly Wings. Analysis of
top-view and tilted SEM images revealed an irregular pattern of
nanopillars on the wing epicuticle layer of both species of
dragonflies (Figures 1 and S1). The unique nanostructure of

A. nigrescen

\

Figure 1. Surface nanoarchitecture of A. nigrescens and T. annulata
dragonfly wing membranes. Typical tilted and top-view (inset) SEM
images showing the characteristic irregular nanopillar pattern on the
wing epicuticle of both dragonfly species. Scale bars are 200 nm.

the wings of the two studied species of dragonflies was found
to be consistent with that of previously studied species."” It
appeared that the characteristic nanostructure of the wings is
highly conserved across dragonflies from different families and
geographic locations.' ™"

The nanopillar dimensions were found to be similar for both
dragonfly wing samples, with the average height ranging from
307 + 34 nm for A. nigrescens and 292 + 34 nm for T. annulata
(p = 0.201) and average diameter of free-standing nanopillars
ranging from 45 & 7 nm for A. nigrescens and 42 + 6 nm for T.
annulata (p = 0.133). The similarity in pillar heights and
diameters is remarkable considering the differences in
geographic location, habitat preference, and migratory
behavior between the two species (Table 1). However, the
density of nanofeatures, as measured by particle analysis from
top-view SEM images, including free-standing and clustering
nanopillars, was found to be different (p < 0.001) between the
two studied species (Table 1 and Figure 1). The nanofeature
density observed for the European T. annulata wing was
significantly higher than that presented on the Australian A.
nigrescens wing. Gold coating of the wing surfaces resulted in
thin gold films on the surface of 4.5 nm thickness, which was
not expected to significantly disrupt the unique nano-
architecture (as previously shown for similar nanoscale features
on the surface of the wings of cicadas).”” Cross-sectional
scanning electron micrographs demonstrated similar nanopillar
arrays present on wing surface samples in their natural state
compared to those coated with gold prior to freeze fracturing
(Figure S2).

The chemical composition of the wing membrane for each
dragonfly was determined using synchrotron-sourced macro-
ATR-FTIR microspectroscopy, generating high-resolution
spatial mapping of the epicuticular surface and underlying
cuticle layer, which primarily consists of protein and chitin
(Figure 2).1’32

The average spectra from each wing sample, as shown in
Figure 2a, appeared to be broadly similar. The spectral features
in the high wavenumber region (i.e, 3500—2800 cm™')
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Table 1. Lifestyle and Wing Surface Characteristics of Two Dragonfly Species

geographic nanopillar height  diameter of free-standing nanopillars nanofeature density”
species location migratory preferred habitat (nm) (nm) (per pum?)
A. nigrescens Australia no still water® 307 + 34 45 =7 47 £3
T. annulata Europe yes still and running 292 + 34 42+6 60 + 3

31
water

“Nanofeature density includes both free-standing and clustering nanopillars.
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Figure 2. Chemical composition and distribution of the wing
membrane surface of two dragonflies, A. nigrescens and T. annulata,
acquired using synchrotron macro-ATR—FTIR microspectroscopy.
(a) Average synchrotron macro-ATR—FTIR spectra of the two wing
samples. (b) 2D chemical maps of lipid and protein presented on the
wing membranes and the corresponding 3D contour maps of the lipid
to protein ratio (shown from left to right). Scale bars are 10 ym.
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contain (i) broad overlapping bands of O—H stretching modes
within the range 3500—3200 cm ™" and (ii) characteristic bands
of the C—H stretching vibrations of both lipids and proteins.
The other prominent peak relevant to the lipid moiety occurs
in the lower wavenumber region at ~1740 cm™" assignable to
C=O0 stretches of ester functional groups from lipid
triglycerides and fatty acids and is therefore commonly used
to represent total lipids in the analyzed material.**~*° The
bands at 1650, 1535, and 1240 cm™! are attributed to amide I,
I1, and III modes in proteins, respectively. In principle, amide I
and amide II bands arise due to C=O stretching coupled to
N-H bending modes and C—N stretching coupled to N—H
bending modes, respectively.”> Among these spectral regions,
amide I band has been found to be the most sensitive to the
variations in secondary structure folding of peptides and
proteins and commonly used as a representative of protein
components in the material. In most insect wings, the presence
of amide groups can be attributed to chitin and protein, which
are the major structural components of the insect cuticle.””
In addition, the chemical maps of the dragonfly wings in
Figure 2b revealed spatial variations of lipid and protein
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distributions on the wing membrane, according to the
integrated areas under the ester carbonyl (1750—1720 cm™")
and amide I (1705—1600 cm™") peaks, respectively. Although
the protein distribution across the wing surface was relatively
homogeneous for both individuals, the wing of A. nigrescens
displayed a more heterogeneous distribution of lipids across
the wing compared to that of T. annulata (Figure 2b).
Surface Wettability of the Dragonfly Wings. Surface
wettability was examined by measurement of the static WCAs
using the sessile drop method. The static contact angle was
measured at the point prior to droplet elongation as the tip was
drawn away from the surface. All measurements were carried
out in air using an FTA1000c instrument equipped with a
nanodispenser. Measurements were taken across the entire
surface of each natural and gold-coated dragonfly forewing.
The wettability of the natural and gold-coated wing surfaces
of both dragonflies was determined through the measurement
of the static WCA. As expected, the surfaces of both dragonfly
wings were superhydrophobic, with WCAs of 162 + 8° for A.
nigrescens and 167 + 6° for T. annulata. Each contact angle is
above the accepted threshold for superhydrophobicity (>150°)
(Figure 3). The superhydrophobicity of the surfaces results

A. nigrescens T. annulata

162 + 8° 167 £ 6°
Natural |
87+ 6°

+ 92+ 10°
Gold

Coated

Figure 3. WCAs of A. nigrescens and T. annulata wings in their natural
state (top) and coated with a thin film of gold (bottom).

from the unique physico-chemical make-up of the wing
nanostructure and lipid composition, which affords both anti-
wetting and anti-biofouling properties to the wings.””*® The
ability to efficiently expel water from the wing surface acts as a
self-cleaning mechanism, removing potential biological and
non-biological contaminants. Such contaminants would
otherwise weigh down the ultralight wings, adversely affecting
the finely tuned aerodynamic properties that are critical for
successful flight and survival of dragonflies.*”*’

When coated with a thin film of gold, the surface of the A.
nigrescens and T. annulata wings exhibited static WCAs of 87 +
6° and 92 + 10°, respectively (Figure 3). The reduction in
WCA is due to the change in surface chemistry when the wings
were coated with the more hydrophilic gold atoms.™*” This 4.5
nm thick coating did not significantly affect the unique
nanoarchitecture of the wings (Figure S2). The static WCA of
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Figure 4. GUVs. (a) Schematic illustration of a GUV. CLSM images of GUVs with Liss Rhod B labeled DOPC membranes (colored in red) with
two types of swelling solutions: (b) 0.9% NaCl and (c) 0.9% NaCl and 2% FITC—dextran (colored in green). Scale bars are 10 ym.

the nanostructured surfaces was found to be greater than that
measured on smooth gold surfaces, which is likely due to the
pockets of entrapped air between the nanopillars, which is in
agreement with the Cassie—Baxter model for non-wetting
behaviors of nanostructured surfaces.*'

Phospholipid Membrane Model. The GUVs were
prepared using the PVA-assisted gentle swelling method, as
developed by Weinberger et al for use as a simplified model of
the phospholipid membrane.'” The GUVs prepared were in
the size range of 3—33 um in diameter, with over 70% of
GUVs being between 5 and 20 gm in diameter (Figures 4 and
S3).

Controlling the concentration of solutes in the swelling
solution (inside) and bulk solution (outside) allows the
internal osmotic pressure (IT) of the GUVs to be calculated
from the internal concentration of the solute (M), the ideal gas
constant (R), and the absolute temperature (T), as described
by IT = MRT.* In this study, the GUVs were swelled with 2%
FITC—dextran (1.3 X 107* M) at room temperature (298.15
K), with the ideal gas constant assumed to be 8.314 L kPa
mol™" K™'. The internal osmotic pressure was calculated to be
0.33 kPa which is equivalent to 330 N m ™.

Because of the outward pressure being exerted, the
subsequent increase in the internal osmotic pressure increases
the isotropic tension, or degree of stretching, experienced by
the vesicle membrane increasing the rigidity and likelihood of
rupture.” The isotropic tension (T) can be defined as a
function of the difference between the internal and external
osmotic pressure (P) and the vesicle radius (R,), as described
T = PR,/2.** The radius of the fabricated GUVs ranged from
1.5 to 16.5 pm, with 5—15 pm in diameter of the majority of
GUVs (Figure S3). Using P = 330 N m™> (as calculated
above), we find that T ranges from 0.25—2.7 mN m™’

The biophysical properties of the membrane are related to
its chemical composition.”> Micropipette aspiration is typically
used to determine the tensile rupture limit of GUVs; however,
factors such as the applied loading rate result in variable
outcomes. For example, Jalmar et al. used the measurements of
the elastic modulus of the membrane to quantify the tensile
rupture limit of GUVs composed of DOPC and found it to be
12 + 1 mN m™.* Contrastingly, under constant tension
conditions, Levadny et al. reported the rupture of an entire
population of GUVs, which occurred at 7 mN m™.*" In the
case of the nanostructured, bactericidal surfaces, the membrane
tensions imposed on the GUVs from the surface are relatively
constant and hence the latter value is more relevant as an
estimation of the maximum tensile rupture limit. This can be
taken as the maximum limit of tensile force or the degree of
stretching; the vesicle membrane is able to withstand before
rupturing. By determining the difference in the isotropic
tension generated by the internal osmotic pressure and the
maximum tensile rupture limit of the DOPC GUYV, the
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minimum amount of additional tension required to mechan-
ically rupture the GUVs can be determined as 4.3—6.8 mN
m™~, dependent on the relative size of the GUV. Hence, the
deformation of GUVs inducing a loss of integrity or membrane
pore formation, on the nanostructured wing surfaces, indicates
the presence of tensions being exerted that are in excess of 6.8
mN m™!

Interactions of GUVs with Nanostructured Dragonfly
Wing Surfaces. The interactions between bacterial cells and
surfaces with high-aspect-ratio nanoscale features have been
previously well investigated over a range of materials.””%*’
However, there are comparatively fewer studies of unilamellar
vesicles on such surfaces, with research focusing on nanopores
and nanoparticles, which are often chemically function-
alized.*® " Analysis of CLSM z-stack images indicated that
the GUVs of approximately 10 ym in diameter were able to
adsorb on the natural and gold-coated wing surfaces of both
dragonfly species; however, the typical spherical morphology
of the vesicles appeared significantly altered (Figures S and

T. annulata

BN

A. nigrescens

_am =S

Natural

..— =
Gold
o I-

Figure 5. CLSM images of GUYV interactions with the surface of
natural and gold-coated A. nigrescens and T. annulata wings. Large
images represent top view. Insets are generated through confocal z-
stacks using Fiji Image] software and demonstrate the cross section of
the GUV deforming on the nanostructured surfaces. Scale bars are 10

pm.

S4). Using gold-coated T. annulata wing surfaces, it is also
confirmed that the membrane tension plays a role in GUV
interactions with wing surfaces: the morphology of the GUVs
fabricated with 3% dextran appeared to be altered to a greater
degree in comparison to GUVs fabricated with 1% dextran
(Figure SS).

Despite differences in the nanofeature density present on the
wing surface of the two dragonflies, there was no observable
difference in the deformation behavior of the GUVs between
the two species. The mechano-bactericidal mechanism is
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thought to be highly conserved across species because of the
important evolutionary advantages; however, previous work
demonstrated differences present in the bactericidal efficiency
of wing surfaces from different species.” Greater deformation
was observed on the gold-coated wing surfaces (Figure $),
which may be due to the increased surface—vesicle interactions
with the gold, which is more hydrophilic than the natural waxy
wing epicuticle (Figure 3). Such a decrease in hydrophobicity
would increase the interaction affinity taking place between the
surface and the GUVs, which are covered in hydrophilic
phospholipid heads, surrounded by a thin hydration layer.>!
The leakage of FITC—dextran out of GUVs was observed for
GUVs interacting with native and gold-coated wing surfaces
(Figures S6 and S7). The interactions of GUVs with gold-
coated T. annulata wing surfaces were determined in a
dynamic study based on real-time sequential confocal imaging
(Figure S7), which provided an insight into the initial damage
to the GUV membrane. It was found that the leakage of
FITC—dextran out of GUVs can be detected at the 1 and 2 h
timepoints, with the size of the GUV significantly reduced with
the progressive leakage of dextran (Figure S7).

To further investigate the observed deformation of the
GUVs upon interacting with the surfaces, cryo-SEM was
utilized. Cryo-SEM allows extremely high-resolution imaging
of the behavior of GUVs upon interacting with the wing
surfaces in their natural hydrated state, unachievable through
conventional SEM. The solution, containing GUVs, was
applied on the wing surfaces and left for half an hour to
allow the majority of GUVs to settle, before being plunge
frozen in liquid N,. Free water molecules were removed by
sublimation for 20 min at —95 °C before the GUVs were
cryogenically gold-coated and imaged (Figure 6).

Figure 6. Cryo-scanning electron micrographs showing a spherical
GUV remaining intact (left) in solution and deformed truncated
sphere-like GUV (right) upon interacting with the nanostructured
natural wing surface of T. annulata. Scale bars are 1 pm.

Cryo-scanning electron micrographs demonstrate that the
GUV membrane adsorbs on the surface, then deforms, to
partially envelop the nanopillars (Figure 6). The membrane
appears to stretch at the GUV—surface interface, extending
beyond the radius of the vesicle when intact and spherical. In
this case, the deformed vesicle appears to be stretched with a
truncated sphere-like shape which is consistent with the CLSM
images (Figure S). This suggests that the membrane is being
distributed across the surface, whereas the truncated sphere-
like shape possesses an increased surface area/volume ratio, in
comparison to the spherical GUV in solution. The stretching
of the membrane is equivalent to the stretchinSg of the bacterial
cell wall on similar nanostructured surfaces.”

High-resolution cryo-scanning electron micrographs provide
evidence of different degrees of deformation of the GUV
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membrane, as well as its apparent rupture, most likely because
of different durations of the interactions (Figure 7). This

P4
Q
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c
=
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A. nigrescens

T. annulata

Gold Coated

A. nigrescens

T. annulata

Figure 7. Cryo-scanning electron micrographs demonstrating the
interactions between the GUVs and the nanostructured natural wing
surface (top) and gold-coated wing surface (bottom) of A. nigrescens
and T. annulata. Different stages of rupture, including intact GUVs
(left), deformation (middle), and apparent rupture (right) can be
visualized because of the different times taken for individual GUVs to
settle on the surface. Red arrows indicate membrane deformation on
the nanostructured surfaces. Scale bars are 1 ym.

suggests that the process of deformation is gradual. This is
possibly due to the flexibility of the DOPC membrane, when
compared to the bacterial cell wall, which tolerates greater
curvature around the nanopillars present on the dragonfly wing
surface. In comparison, the bacterial cell wall is more complex
and rigid, consisting of different types of phospholipids,
membrane-bound proteins, layers of peptidoglycan and is often
connected to an internal cytoskeleton, which decreases the
membrane’s flexibility.'”** Additionally, the internal pressure,
from osmotic differences across the membrane, may be
reduced from the formation of pores which can temgorarily
open and reseal, allowing the GUV to remain intact.”” It has
previously been estimated that bacterial cells can be ruptured
on nanostructured surfaces within 3—5 min.”’ Nevertheless,
eventual rupture of the GUVs composed of DOPC, across a
range of sizes, indicates membrane tensions generated from all
of the nanostructured surfaces used in this study to be in excess
of 6.8 mN m™, as previously calculated.

Current explanations for individual GUV—surface inter-
actions explain rupture as a result of pore formation because of
a strain on the membrane.”* Another theoretical study suggests
that pore formation likely occurs at the rim of the vesicle-
surface contact, as a combination of membrane bending and
tension, which is supported by the previous experimental
evidence.’>*® However, this model focuses on flat surfaces, not
taking into account topographically nanostructured surfaces.
The membrane deformation at the GUV—surface interface
suggests stretching of the phospholipids over the nanoscale
features. This is the source of tension imposed on the GUV,
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resulting in the formation of pores and in some cases eventual
rupture. Interestingly, the membrane interacting with the
nanostructured surface appears to extend beyond the circum-
ference of the vesicle (Figure 6). These findings compliment
the current model of the mechano-bactericidal mechanism
exhibited by nanostructured surfaces.''

B CONCLUSIONS

We have presented a simplified model of the bacterial cell
membrane through the construction of GUVs, composed of
DOPC, to characterize the interactions between the membrane
and the nanostructured surface of the wings of two dragontflies.
The unique nanoarchitecture present on the dragonflies, both
in their natural state and when covered in a thin-film of gold,
was able to rupture the GUV model membrane presented here.
On the basis of previously reported experimental data
pertaining to the membrane rupture of GUVs, composed of
DOPC, we can estimate the tensions involved in the
interaction between the membrane and the surface nanostruc-
tures of the dragonfly wings studied to be above 6.8 mN m™".
To our knowledge, this is the first experimental investigation of
the range of forces imparted by mechano-bactericidal nano-
architectures through a bottom-up approach.

Furthermore, high-resolution cryo-SEM imaging was able to
give unique insights into the morphology of GUVs interacting
with the nanostructured wing surfaces. The GUVs were
observed to deform over the surface nanopillars. The images
indicated that the GUVs are capable of sustaining significant
deformation before eventually rupturing. As discussed in the
previous work, GUVs can form small pores, without exhibiting
rupture, to relieve internal osmotic pressure and it is likely that
this, at least in combination with other factors, is an
explanation for the GUVs remaining intact during such
deformation. Hence, the calculated value of 6.8 mN m™
may be a conservative estimate of the tensions generated
from the nanostructured surface, as it is possible nano-sized
pores form and reseal below this tension.

The simple membrane model employed here offers a novel
approach for characterizing the mechano-bactericidal potential
of nanostructured surfaces. Future developments of this
membrane model, such as altering the phospholipid
composition, osmotic pressure, or the addition of other
molecules or peptidoglycan layers, could provide additional
valuable information. This well-controlled system could be
useful in the design optimization for future synthetic
nanostructured materials to generate bactericidal activity,
such as industrial and biomedical materials, where bacterial
colonization is a significant problem.
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