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ABSTRACT: Insects known as leathoppers (Hemiptera: Cicadelli-

dae) produce hierarchically structured nanoparticles known as s
brochosomes that are exuded and applied to the insect cuticle, M
thereby providing camouflage and anti-wetting properties to aid insect

survival. Although the physical properties of brochosomes are thought %ﬁ
to depend on the leathopper species, the structure—function v
relationships governing brochosome behavior are not fully understood.
Brochosomes have complex hierarchical structures and morphological
heterogeneity across species, due to which a multimodal character-
ization approach is required to effectively elucidate their nanoscale
structure and properties. In this work, we study the structural and /
mechanical properties of brochosomes using a combination of atomic Ny

force microscopy (AFM), electron microscopy (EM), electron

tomography, and machine learning (ML)-based quantification of large and complex scanning electron microscopy (SEM) image
data sets. This suite of techniques allows for the characterization of internal and external brochosome structures, and ML-based
image analysis methods of large data sets reveal correlations in the structure across several leathopper species. Our results show that
brochosomes are relatively rigid hollow spheres with characteristic dimensions and morphologies that depend on leathopper species.
Nanomechanical mapping AFM is used to determine a characteristic compression modulus for brochosomes on the order of 1-3
GPa, which is consistent with crystalline proteins. Overall, this work provides an improved understanding of the structural and
mechanical properties of leathopper brochosomes using a new set of ML-based image classification tools that can be broadly applied
to nanostructured biological materials.

e

B INTRODUCTION balls with similar hexagonal and pentagonal geometric surface
facets (Figure 1).>”° The sub-microscopic bodies were named
“brochosomes” derived from the Greek words for the mesh of
a net and body.”” Subsequently, brochosomes were determined
to be nanostructured entities composed of a combination of
lipids and proteins, with some protein structures unique to
brochosomes known as brochosomins.”® Regarding the
structural components of brochosomes, here, we refer to the
primary brochosome features as pits, struts, and nodes,
corresponding to hollow compartments, the walls of hollow
compartments, and the intersection of compartment walls,
respectively (Figure 1).

Brochosomes are produced by all major subfamilies of
leathoppers™® and have been found as contaminants on both

Nature has evolved highly structured materials to aid the
fitness and survival of animals and plants. In recent years,
biological materials found in the earth’s ecosystem have
inspired the development of new functional materials for
applications including optics,' > acoustics,”™® tunable wett-
ability,”~"* and sensors.'®"? Insects comprise nearly half of all
known species of extant animals on earth”””" and have evolved
multi-functional materials that often serve as an inspiration for
the design of engineered materials.”” For example, several
species of butterflies and moths have developed nanoscale
patterns that result in transparent wings and efficient
transmission of light into optical sensors, which enables
nocturnal sight due to impedance matching between the
incident photons and nanostructures.””** Cuticular adapta-
tions have also evolved to support insect respiration and Received: August 21, 2022
protection,”* and these uniquely patterned exoskeletons have Revised:  November 29, 2022
several functional roles for the insects that embody them. Published: December 14, 2022
In the early 1950s, Tulloch and Shapiro discovered that
some subfamilies of insects known as leathoppers produce
highly ordered nanostructures resembling carbon-60 bucky-
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Figure 1. SEM image of brochosomes showing (1) pit, (2) strut, and
(3) node structural features. Scale bar: 250 nm.

the integument of other insects>>*® and in collected aerosol

particles.”’ ~** The superhydrophobic properties of leathopper
integuments resulting from brochosome coatings have been
shown to protect leathoppers from the contamination by their
own sticky exudates,”**> thereby serving as an intrinsic non-
stick coating on the insect body. In addition, the pitted
brochosome morphology lends to strong omnidirectional anti-
reflective properties for wavelengths between 250 and 2000
nm, which provides camouflage to leathoppers and protects
their eggs from potential predators.’ The brochosome
morpholo%y is thought to govern their functional properties
in nature, ***® which provides intriguing opportunities for
materials design and engineering. The hollow hierarchical
micro- and nanoscale structure of brochosomes, together with
the reported morphology-driven properties of superhydropho-
bicity and anti-reflectivity, has motivated the design of
brochosome-inspired synthetic particles."**~** Yang et al
recently reported metal, metal oxide, and Ii)olymeric artificial
brochosomes with anti-reflective properties,” but the synthetic
mimics are not hollow and do not exhibit the buckyball-like
pentagonal and hexagonal face arrangement of natural
brochosomes described above. Despite recent progress,
synthetic brochosome mimics have not yet fully captured the
intricate hierarchical structures of natural brochosomes.
Leathoppers generally differ across species in their
integumental patterning and size distribution, but the role of
structural properties on functional behavior is not yet fully
understood. In this work, we focus on understanding the
structural properties of brochosomes from four distinct species
of leathoppers: Curtara insularis, Macrosteles quadrilineatus,
Eratoneura fulleri, and Empoasca sp. (Figure 2). Due to the
variability in the interspecies life history, several open
questions remain regarding the morphogenesis, structure—
function relationships, and chemical and physical properties of
brochosomes.” To understand interspecies variations and
quantitatively characterize the brochosome morphology, large
data sets on the structural characteristics across species are
required with robust statistics. Techniques such as X-ray
scattering can be used to reveal characteristic structural length
scales, but such data are generally obtained by ensemble

averaging methods, which preclude the analysis of sub-
populations and distributions in the underlying ensemble.*"*"
Conversely, microscopy-based characterization techniques
such as scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) provide real-space images,
thereby enabling quantitative determination of structural
features and distributions in the ensemble. However,
quantitative analysis of electron microscopy (EM) data for
nanostructured materials generally relies on precise image
segmentation. Traditionally, image segmentation is performed
by setting intensity thresholds to distinguish features with a
different contrast,"”*’ which has limited performance under
high noise conditions and on features with complicated
intensity profiles, especially for multiple component feature
segmentation.44 From this perspective, quantitative character-
ization of biological materials with nanoscale structures would
greatly benefit from automated or machine learning (ML)-
based image analysis techniques suitable for processing large
and complex data sets.**

EM-based multimodal characterization studies have pre-
viously been used to visualize and quantify self-assembled
structures due to intrinsic advantages in the nanoscale
resolution and in situ imaging capabilities.”> By combining
EM with ML and image analysis methods, high-throughput
analysis of large and heterogeneous sample image sets becomes
possible. Importantly, the combination of these approaches
introduces capabilities not traditionally associated with the
typical length scales probed using EM-based methods.
Multimodal approaches for characterizing three-dimensional
(3-D) nanostructures have found utility in soft materials and
biomaterials research for applications involving the block
copolymer self-assembly,*® structure of DNA and peptide
assemblies,”’ > and polymer structure and assembly.”’ ~>* In
this work, we develop ML-based methods to characterize large
and complex SEM image-based data sets for brochosomes
across several different leathopper species. A convolutional
neural network (U-Net) is trained using SEM images with
multiple output channels for the simultaneous segmentation of
brochosome particles and structural features (pits) on their
surfaces. In this way, the U-Net method achieves accurate
segmentation results and facilitates the high-throughput
capabilities of the computer-assisted image processing
methods. ML-based methods are complemented by soft matter
characterization techniques including electron tomography and
atomic force microscopy (AFM). Electron tomography is used
to understand the 3-D hierarchical structure of brochosomes,
thereby revealing structural information with striking detail at a
nanoscale resolution. We further use AFM fast force mapping
(FFM) to determine the modulus and nanomechanical
properties of brochosomes. Broadly, this work demonstrates
how EM and ML-based techniques may be utilized to
quantitatively understand brochosomes and other similarly
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Figure 2. High-resolution optical images of four leathopper species utilized in this work: (A) C. insularis, (B) M. quadrilineatus, (C) E. fulleri, and

(D) Empoasca sp.
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complex structures, which enables characterization of inter-
species variation in the brochosome structure across four
different leafhopper species.

B MATERIALS AND METHODS

Leafhopper Collection, Identification, Rearing, and Meas-
urement. Individual specimens of C. insularis, Empoasca sp., E. fulleri,
and M. quadrilineatus were collected via sweep netting or through
black light trapping from residential areas in central Illinois, USA.
These leathoppers were identified to genus or species using the 3I
Interactive Keys and Taxonomic Databases.”* All samples were caught
live, frozen, and stored at —20 °C until examination and then allowed
to air dry for at least 48 h at room temperature prior to experimental
work. C. insularis and M. quadrilineatus specimens used to isolate
brochosomes were obtained from populations maintained in the
laboratory on barley at 22—25 °C with a 18L:6D photoperiod in
Percival I-36LLVL environmental chambers (Perry, 1A, USA). M.
quadrilineatus was a gift from Nancy Moran (University of Texas at
Austin) whose lab has maintained a long-term colony from
leathoppers collected in New Haven, CT. C. insularis were collected
in Austin, TX, and its mitochondrial cytochrome oxidase subunit I
(COI) barcode sequence was determined by sequencing the PCR
product amplified using LepF and LepR primers®> from DNA
extracted using the DNeasy Blood & Tissue Kit (Qiagen). Querying
the BOLD database®® with this COI sequence returned a match to
related Iassinae that led to species identification based on
morphological traits. For all species, the body length was obtained
by measuring the distance from the most proximal point of the head
to the most distal tip of the forewing of three specimens per species
using a micrometer. The mean of the three measurements from each
species group was then calculated, and a representative member from
each species was photographed.

Manual Method for Measuring Brochosome Dimensions.
Leafthopper forewings were prepared for SEM by placing three
forewings from three separate individual from each species dorsal side
up on double-sided carbon conductive tape on aluminum SEM stubs.
The forewings were sputter coated with a 7 nm layer of gold
palladium (Au—Pd) using the Denton Desk II TSC turbo-pump
sputter coater (Denton Vacuum, Inc., Moorestown, NJ, USA) in the
Microscopy Suite, Imagining Technology Group, Beckman Institute
for Advanced Science and Technology, UIUC. The proximal, medial,
and distal portions of the forewings were imaged at 10,000, 20,000X,
or 30,000X magnifications using the Microscopy Suite’s FEI Quanta
FEG 450 environmental scanning electron microscope (ESEM)
(Thermo Fisher Scientific Corp., Waltham, MA, USA) at a high
vacuum setting, a low voltage of 5.0—10.00 kV, and a spot size of 3.0.
For each species, two images per wing position (proximal, medial, or
distal thirds in relation to the body) and three forewings per species
were imaged for a total of at least 18 images per species. The diameter
(nm) of the brochosomes were measured from these SEM images for
each species using Image] Fiji version 2.3.0/1.53f software.”” To
account for the irregular shape of the brochosomes, the diameter
measurements were taken at three different angles (0, 4S, and 90°),
and the mean was calculated to give a final diameter measurement. At
least 40 brochosomes were measured per image and at least 420
brochosomes were measured per species. The total number of
brochosomes measured exceeded 3900. The mean of these measure-
ments was calculated per wing position and per species. A total of
three individuals from each species were examined.

Brochosome Sample Preparation. A modified protocol®® for
the extraction of brochosomes from leathoppers was executed by first
immersing approximately 5—20 leathoppers (larger leafhoppers
require fewer specimens) in 20 mL of acetone for 1S min. The
solution was then sonicated for 2—3 min at 40 kHz sonication
frequency using a Branson 2510 ultrasonic cleaner. Care was taken to
use low-power sonication so as to not destroy the leathopper body.
After the sonication, the solution was filtered through a Whatman 1
filter paper with light vacuum. The filtrate was collected and
centrifuged at 20,000 rpm for 20 min. The supernatant was removed
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and checked for the absence of brochosome particulates, and fresh
acetone was added before a performing a second centrifuge cycle.
Finally, centrifuge vials were used to concentrate samples to generate
a brochosome solution stock for further characterization.

Sample Preparation for EM. SEM samples were prepared by
drop casting 40 uL of the brochosome stock solution onto a glass
substrate and dried at room temperature under vacuum for roughly 12
h to remove as much solvent that may be pinned to or trapped within
the brochosome structures. SEM was conducted on a FEI Quanta
Field-Emission Gun 450 ESEM. Samples were sputter coated with
roughly 7 nm of Au/Pd and imaged at 20 keV. Samples for TEM
imaging were prepared using drop casting and solvent evaporation of
roughly 10 uL of the brochosome stock solution onto carbon- and
formvar-coated copper TEM grids, supplied by Ted Pella.
Brochosome samples for electron tomography were prepared by
following the same protocol as that of TEM sample preparation.

TEM Tomography. Transmission electron tomography was used
to reconstruct the 3-D nanomorphology of brochosomes for the four
different leathopper species (Figure S1). The brochosomes selected
fall within the size distributions expected for each leathopper species
(Figure S2). We measured these approximate brochosome diameters
using the cross-sections of the tomographically reconstructed
brochosomes (Figure S2A). The diameters for two brochosomes
each of Empoasca sp., E. fulleriy M. quadrilineatus, and C. insularis
calculated using reconstructed cross-sections are shown in Figure S2B.
A comparison between the diameter distribution from ML and the
diameter measured from reconstructed cross-sections is shown in
Figure S2C. Ideally, the brochosomes selected would fall at the center
of this distribution; however, several practical barriers associated with
tomography render most brochosomes unfeasible for reconstruction.
Using TEM tomography, we focused on isolated brochosome
particles where possible, taking care to preserve the geometric surface
structures. The brochosome samples were tilted along the x-axis to
collect a series of 61 images. A low electron beam dose was
maintained throughout the imaging process to minimize beam-
induced damage to the biological specimen. The tilt projections were
then combined to generate a tomogram, which was used for the 3-D
reconstruction of the brochosome morphology (voxel size: 6.8 X 6.8
X 6.8 A%). Electron tomographic image reconstruction of
brochosomes was performed using a JEOL 2100 Cryo TEM
instrument at an acceleration voltage of 200 kV with the electron
dose maintained at rate of 4—7 e~ A7 57}, a defocus value of —2048
nm, a tilt range of +60° and a tilt interval of 2°. Image processing,
tomogram generation, and reconstructions were performed using
IMOD 4.9.3°* (http://bio3d.colorado.edu/), OpenMBIR59 (https://
engineering.purdue,edu/~b0uman/OpenMBIR/), and Amira 6.4
(Thermo Scientific). For tomogram denoising, three filtering modules
were applied (median filter, Gaussian filter, and edge-preserving
smoothing), followed by thresholding and smoothing modules. The
ambient occlusion module was used for void reconstruction. The
inner pore region was separated from the void volume using semi-
manual segmentation, and the pits were segmented using watershed
analysis.

AFM Preparation and Methods. AFM samples were prepared
by drop casting several drops of a concentrated brochosome stock
solution from acetone onto glass slides and drying under vacuum for
several hours to minimize the trapped solvent. Traditional AFM
topography and surface roughness measurements were conducted on
an Asylum Cypher AFM instrument with Tap 300Al-G probes (force
constant: 40 N/m and resonance frequency: 300 kHz). To study the
mechanical properties of brochosomes, force—separation data were
obtained using the FFM mode on an Asylum Research Cypher AFM
instrument (Figure S6). Instead of using force—distance curves, which
provide the distance as the position of the z-position sensor, force—
separation data were used to provide the distance as the tip
separation, which is the actual distance between the tip and the
sample surface obtained by subtracting contributions from the
cantilever deflection. Nanomechanical analysis and FFM force—
distance plots of brochosomes were obtained using a CONTR contact
mode AFM tip (force constant: 0.2 N/m and resonance frequency: 13
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Figure 3. SEM images of brochosomes collected from (A—C) C. insularis, (D—F) M. quadrilineatus, (G—1) E. fulleri, and Empoasca sp. (J—L).
Lower-magnification images (A,D,GJ) show relative distributions of brochosomes on the surfaces of leathoppers cuticles. Intermediate-
magnification images (B,E,H,K) show heterogeneity of types of brochosomes present in each distribution. High-magnification images (C,F,L,L)

show detailed structural characteristics of brochosomes.

kHz). The spring constant range of 0.02—0.77 N/m was reported by
the manufacturer of the AFM contact probe, and an independent
internal calibration was performed using the Asylum Cypher GetReal
software during each experiment, confirming the spring constant
values for all probes to be between 0.53 and 0.69 N/m. To study
whether force spectroscopy measurements differed within a single
brochosome or across multiple brochosomes, five regions on each
brochosome were randomly selected for analysis. An average force—
separation curve containing the five chosen points was obtained for
each of the four brochosomes. To obtain force measurements, the
deflection was converted to force using Hooke’s Law = —kx, where x
is the change in the piezo height and k is the spring constant of the
cantilever. Collectively, the four average force—separation curves were
analyzed to determine the modulus, adhesion, and deformation
properties of brochosomes.

B RESULTS AND DISCUSSION

EM and Electron Tomography of Brochosomes. We
began by using SEM imaging to characterize the structure of
brochosomes from four different leathopper species including
C. insularis, M. quadrilineatus, E. fulleri, and Empoasca sp. High-
throughput image analysis for SEM typically relies on intensity
thresholding-based binarization;*>* however, the complex
structure of brochosomes including nanoscale pits and struts
(Figure 1) leads to complexities in intensity profiles, which
precludes simple intensity thresholding of images. Prior work
used SEM to determine the brochosome structure,”*>*3°
including direct visualization of the surface morphology and
characterization of the internal structure by fracturing
brochosomes trapped in a polymer matrix, but this method

193

only provided a cross-sectional view of the internal
morphology.** In this work, we directly quantify strut and
pit morphologies from the brochosome surface to the interior,
which requires detailed segmentation of brochosome surfaces.
Brochosome images were collected from four species of
leathopper (Figure 3) at lower magnifications to show the
particle distributions on the insect cuticles (Figure
3A,BD,E,GH,J,K) and at higher magnifications to visualize
nanoscale structures (Figure 3C,F,LL). Our results show that
brochosomes from these different species adopt a regular
buckyball-like morphology with dihedral tessellations and
seemingly hollow structures based on images shown in Figure
3F, where the substrate appears to be visible through
brochosome pits. SEM images show that the dihedral
tessellations of brochosomes organize as pentagons and
hexagons, and the number of pentagons and hexagons depends
on the brochosome diameter and the number of pits present
on the brochosome surface. C. insularis is the largest leathopper
species studied here with an average adult body length of 7.9 +
0.3 mm (SD) (N = 3); brochosomes from C. insularis have the
largest diameters compared to brochosomes from the Macro-
steles, Eratoneura, and Empoasca species, which are generally
smaller. The average brochosome diameter observed through
manual measurements ranged from approximately 4102 =+
51.5 nm (SD) (N = 500) for E. fulleri to 685 + 66.8 nm (SD)
(N = 360) for the C. insularis. Although SEM images indicate
that brochosomes appear to adopt a hollow internal structure,
we used additional imaging methods to fully characterize the
surface features and internal structures of brochosomes.
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Figure 4. TEM images of brochosomes from Empoasca sp. show that brochosome structures are electron beam stable. (A,B) TEM images showing
the distribution of brochosomes drop cast from solution. (C,D) Isolated, intact brochosome images using TEM.
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Figure S. Electron tomographic reconstructions of brochosomes. (A) 3-D reconstructions of representative brochosomes of Empoasca sp., E. fulleri,
M. quadrilineatus, and C. insularis (left to right). (B) Corresponding void reconstructions of the brochosomes in (A). (C) Cross-section of the
brochosome material and void reconstructions showing the internal void structure with the inner pore region and pit channels. Brochosome volume
(D) void volume (E) inner pore volume (F) parameters, and number of pits (G) of brochosomes showing the correlation between the brochosome
volume and the total void volume, inner pore volume, and number of pits. Scale bars: 250 nm.

TEM imaging was used to determine the electron beam
stability of brochosomes and to characterize brochosome
clustering (Figure 4). TEM images in Figure 4A,B show that
some brochosomes may adhere to others across a large area of
brochosomes. We note that brochosome samples imaged
directly on leathopper cuticles also show interparticle
interactions (Figure S1), which suggests that sample
processing for TEM imaging does not give rise to the observed
clustering interactions. Leathopper cuticles are well-docu-
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mented to be coated in waxes, and the presence of waxes on
particle boundaries could give rise to the observed brochosome
adhesion.”” Two isolated brochosomes with different strut
orientations are shown in Figure 4C,D.

To understand the internal pore structure, we performed full
3-D tomographic reconstructions of brochosomes from the
four different leafhopper species (Figures SA, S3, and S4). We
observe a mixture of nearly spherical, isolated, and conjoined
brochosomes. Analogous to SEM images, results from TEM
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tomography show a tessellated surface structure consisting of
pentagonal and hexagonal faces and hollow pit channels
extending to the brochosome core. Electron tomography thus
enables the visualization of the 3-D structure of brochosomes
and further allows for quantitative morphometric measure-
ments of the 3-D reconstructed images. In this way, we
quantified the volume of brochosomes, with Empoasca sp., E.
fulleri, M. quadrilineatus, and C. insularis having brochosome
volumes of 8.3 X 10% 9.9 X 10°, 8.4 X 10°, and 16.1 X 10° nm,’
respectively (Table S1). Slice-by-slice cross-sections clearly
show an intricate internal void structure in the brochosome
interior (Movie S1).

Recent work used computational modeling to study
brochosome-inspired metal—dielectric composite materials,®’
wherein plasmonic metals were used to model the brochosome
structure and internal voids were modeled as dielectric
materials. Computational results on synthetic brochosomes
revealed interesting optical properties such as metamaterial
behavior,®" which suggests that brochosome materials and
internal void structures play a key role in determining
functional properties. Based on these results, we implemented
a reconstruction module to artificially fill the void volume
space (Materials and Methods), allowing us to visualize the 3-
D morphology of brochosome voids. Figure 5B shows the
volume-filled reconstructions of the brochosome voids, where
Empoasca sp., E. fulleri, M. quadrilineatus, and C. insularis have
void volumes of 10.3 X 10%, 8.3 X 10°, 10.0 X 10 and 18.6 X
10° nm,” respectively (Table S1). Reconstructed 3-D images
from TEM tomography (Figure SC) clearly show that the
interior structure of brochosomes is hollow and reveal the
nature of internal pit-formed channels. Prior work reporting
the brochosome internal structure relied on destructive
shearing of the brochosome into fragments, which could
alter the native brochosome structure.’® Furthermore,
brochosome cross-sections reveal two distinct regions within
the void, including a nearly spherical hollow inner core and
channel-like pits connected to the inner core (Figure SC). The
reconstructed void volume is used to segment the inner pore
and pit regions for morphometric measurements (Figure SS
and Movie S2).

Unlike TEM and SEM micrographs, tomographic recon-
struction captures the complete 3-D structure of a nanoma-
terial. Void segmentation allows for quantifying the total
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number of pit channels for brochosomes, thereby enabling the
correlation of brochosome size with the number of pits. Our
results show that as the brochosome volume decreases, the
total void volume, inner pore volume, and number of pits
decrease for brochosomes across all four species (Figure SD—
G and Table S1). These results suggest that 3-D electron
tomographic reconstruction can be used to gain new insights
regarding brochosome morphogenesis. Specifically, for pro-
cesses where structural features may be synthetically controlled
using geometrically confined or phase-separation-driven
molecular assembly, such characteristics may be tuned
according to their structure—property implications. In this
way, the biological observations reported in this work serve as
a guide for the design of synthetic materials. Based on the 3-D
image reconstructions, our results show that brochosomes
exhibit morphological variations between species and further
show variations within the same species. Nevertheless,
although our electron tomography workflow has allowed us
to access morphometric measurements, it generally lacks the
ability to perform bulk analysis, which may be useful in
characterizing polydisperse and polymorphous systems. Thus,
the tomographic analysis was complemented with bulk analysis
using two-dimensional (2-D) ML-based methods.

ML-Based Image Analysis of Brochosomes. High-
resolution SEM images were further used for 2-D image
analysis of brochosomes collected from different leathopper
species. Here, we used an ML-based algorithm known as U-
Net for SEM image segmentation of brochosomes. U-Net was
recently used to identify nanoparticles from EM images®> and
allows for high-throughput image analysis with sufficient
statistical significance and precision to quantify brochosome
surface and pit structures. High-resolution SEM images are first
cropped into tiles to match the input size of the U-Net model
without scaling, which could result in a decrease in the spatial
resolution (Figure 6A,B). Next, our U-Net model treats the
image segmentation as a 3-class pixelwise classification
problem to distinguish the brochosome and the pit from the
background (Figure 6B), which is challenging using conven-
tional thresholding-based segmentation methods due to
complex image contrast profiles. We further discuss a
comparison of these thresholding methods in Figure S8.
Segmented, binary images representing individual brocho-
somes and their corresponding pits are then stitched back
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brochosomes in a single AFM image and force—separation curves for each brochosome used for quantitative analysis of mechanical properties. Red
and blue lines in nanomechanical analysis refer to approach and retract curves, respectively.

together and analyzed by conventional algorithms to determine
structural descriptors such as the area, diameter, circularity,
eccentricity, solidity, centroid position, and number of pits per
brochosome (Figure 6D,E). Unlike previously reported
computational models**®® or rendering software,”> U-Net
requires only a small number of manually curated experimental
images (25 out of 4224) to serve as the training data set, which
are augmented through random combinations of rotating,

zooming, and flipping. Overall, these results highlight the
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flexibility of the U-Net ML-based algorithm for analyzing
experimentally determined SEM images from ordered
biomaterials. To note, U-Net feature segmentation is a viable
method for structural analysis regardless of whether the shapes
of the features of interest are spherical. For example, U-Net has
been used to detect gold nanoparticles with triangular, square,
and rod-like shape under TEM.**

After the ML algorithm was trained and executed, a series of
structural features and descriptors for brochosomes were
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Table 1. Brochosome Moduli Determined from AFM—FFM from Four Species of Leafhoppers

brochosome 1 modulus ~ brochosome 2 modulus

species (GPa) (GPa)
C. insularis 0.86 1.02
M. quadrilineatus 1.11 1.16
E. fulleri 0.74 0.87
Empoasca 0.77 0.81

brochosome 3 modulus

brochosome 4 modulus  average brochosome modulus

determined for each species of leathopper (Figure 7). Results
from the ML algorithm show that C. insularis (N = 323) has
the largest brochosome diameters, which averaged 611 + 52
nm standard deviation, whereas M. quadrilineatus (N = 217)
and E. fulleri (N = 213) have average diameters of 433 + 44
nm and 455 + 56 nm, respectively. In addition, average
brochosome size (diameter) measurements were also
performed manually by averaging three measurements of
each brochosome at three separate angles (0, 45, and 90°) to
account for imperfect circularity, as demonstrated in Figure 7B.
In this way, automated size measurements from ML-based
analysis were compared to manually determined diameter
measurements for C. insularis (N = 360), M. quadrilineatus (N
540), and E. fulleri (N = 500), where diameters were
manually determined from SEM images by averaging three
diameter measurements of each brochosome at three separate
angles as mentioned above. The automated diameter measure-
ments for all three species were found to be within 0.5-2.5%
of the manually collected diameter measurements and thus
indistinguishable from the manual analysis method.

We further determined the circularity of brochosomes,
which is a parameter that describes how close 2-D projections
of the brochosomes are to circular shapes, where a value of 1.0
corresponds to a perfect circle (Figure 7B and eq S1).
Circularity may be used as an indicator of brochosome
deformation, albeit naturally occurring deformation or
processing-induced deformation. In addition, the U-Net
method was also used to determine the number of pits on
the surface of each brochosome in 2-D projected images.
However, such measurements are inherently limited by viewing
a 3-D structure in a 2-D image, such that only a single side of
the brochosome is visible in the initial image. Nevertheless,
ML-based image data are obtained on the timescale of minutes
compared to manual data collection and analysis, which
generally required several weeks for analysis. From this view,
ML-based methods enable robust quantification of brocho-
some features across several leafthopper species by increasing
the statistical power of data collection and streamlining particle
image analysis. Our use of these developed image analysis tools
to analyze brochosome tessellations is included in Figure S7.

AFM and Mechanical Properties of Brochosomes.
AFM provides a useful method for the nondestructive
mechanical characterization of materials.”* AFM nanomechan-
ical mapping allows for localized property measurements with a
nanoscale spatial resolution for analyzing soft materials,*®
including polymers, proteins, cells, and biopolymers with
elastic moduli on the order of 100 Pa to 10 GPa. Here, we used
AFM to determine the nanomechanical properties of
brochosomes from four leathopper species (Figure 8). Height
profiles determined from AFM measurements show a
characteristic brochosome particle from Empoasca sp. with a
height of 385 nm and pit depths of 37 nm (Figure 8A). An
average surface roughness, R,, was determined across a single
strut of the same brochosome and was found to be R, = 277
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(GPa) (GPa) (GPa)

2.26 3.66 1.95

1.67 1.81 1.44

1.09 1.79 112

1.19 2.90 1.42

pm, which indicates that brochosome strut surfaces are
smooth.

FFM nanomechanical analysis revealed that brochosomes
are relatively hard biological particles with low surface
adhesion. By determining the slope of the approach line and
applying the Hertzian model for a four-sided pyramid based on
the AFM cantilever tip geometry, the compression modulus K
was determined for brochosomes from all four species (Table 1
and Figure S6).

As a point of structural comparison, compression moduli
values for brochosomes are in alignment with reported moduli
values of crystalline proteins, which have been shown in other
reports to be a part of the brochosome structure.”**%” It is
important to notes that the referenced proteins may not be
identical in structure or 3-D architecture to our brochosome
proteins; however, based on the length scale of our
nanomechanical measurements (<8 nm AFM probe), it is
more likely that the modulus values that we have measured are
closer to that of the protein aggregates than the modulus
associated with the composite nanostructured architecture of
the whole brochosome. As a result, no significant correlations
have been observed between the brochosome nanostructure
and resulting compression modulus. In addition, the force—
separation curves show that the brochosomes exhibit plastic
deformation characteristics, which suggests that after the AFM
tip has retracted from the surface of the brochosome, the
surface does not return to its original state. The mechanical
measurements also allow for the determination of the adhesive
force, which is related to the cantilever deflection during tip
retraction and is indicative of adhesion between the
brochosome surface and the AFM probe. The larger the
adhesive force of the sample, the more dramatic the bend in
the cantilever, which results in a deeper minimum in the
retraction curve. The adhesive force for each of the four
brochosomes was determined by taking the difference between
the x-axis and the minimum value of the retraction curve, and
the average adhesion force of the four brochosomes was found
to be 6.4 & 0.6 nN. The relatively weak adhesive characteristics
of brochosomes is attributed to the protein—lipid chemical
composition of brochosomes and is similar to the weak
adhesive characteristics of ferritin and bovine serum albumin to
hydrophilic substrates.®*

B CONCLUSIONS

In this work, electron tomography is used to provide a full 3-D
analysis of the brochosome structure, and ML-based methods
are coupled with high-resolution 2-D imaging to quantitatively
understand brochosome characteristics across leathopper
species. AFM methods are further used to determine the
compression modulus and mechanical properties of free-
standing leathopper brochosomes. Our results show that
brochosomes are highly ordered, relatively hard, and inelastic
3-D structures with dihedral tessellated pits that form channels
to a central hollow core. The complex morphology of
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brochosomes required the use of ML-based methods to
effectively identify and segment brochosomes from high-
resolution SEM images, which further enables large-scale
analysis of brochosome characteristics across leathopper
species. Compression modulus values for brochosomes are
consistent with those of crystalline proteins. Our work provides
an improved understanding of the structural characteristics of
brochosomes that will be useful informing the functional roles
of leathopper brochosomes in nature.***>**7° Broadly, our
findings contribute to an emerging body of work that aims to
elucidate the functional properties and capabilities of
brochosome particles while further providing evidence to
support other structure—function hypotheses for brochosomes.
In addition, the nanoscale characterization and ML-based
analysis methods developed in this work hold the potential to
link the structure of brochosomes to their natural functions
and could inspire the development of new synthetic
brochosome mimics with desired functionalities. Broadly, we
envision that the methods developed in this work will be useful
in characterizing a wide range of nanomaterials and hierarchi-
cally structured biomaterials beyond leathopper brochosomes.
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