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MATERIALS SCIENCE

A biological nanofoam: The wall of coniferous

bisaccate pollen

Ruxandra Cojocaru't, Oonagh Mannix"*t, Marie Capron'>t, C. Giles Miller*t,
Pierre-Henri Jouneau®, Benoit Gallet®, Denis Falconet’, Alexandra Pacureanu'*, Stephen Stukins**+

The outer layer of the pollen grain, the exine, plays a key role in the survival of terrestrial plant life. However, the
exine structure in different groups of plants remains enigmatic. Here, modern and fossil coniferous bisaccate
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pollen were examined to investigate the detailed three-dimensional structure and properties of the pollen wall.
X-ray nanotomography and volume electron microscopy are used to provide high-resolution imagery, revealing
a solid nanofoam structure. Atomic force microscopy measurements were used to compare the pollen wall with
other natural and synthetic foams and to demonstrate that the mechanical properties of the wall in this type of
pollen are retained for millions of years in fossil specimens. The microscopic structure of this robust biological
material has potential applications in materials sciences and also contributes to our understanding of the evolu-

tionary success of conifers and other plants over geological time.

INTRODUCTION

Pollen is the male gametophyte within the life cycle of typical gymno-
sperm and angiosperm plants, which evolved from spore-producing
vascular land plant groups (Tracheophytes). Pollen grains, on the
order of tens of micrometers in size, are the vessels for the transfer
of generative cells between one parent plant and another; the pro-
tection they provide from external sources is vital to the survival of
plants. For this purpose, the earliest land plants evolved a tough outer
wall, produced from a highly resistant organic polymer, known as
sporopollenin (I, 2). The relatively inert nature of sporopollenin
and its purported resistant structure allow it to protect the genera-
tive cell material from ultraviolet radiation, harsh temperature
fluctuations, and other chemical and physical degradation. These
properties are possibly the reason why the walls of spores and pollen
are preserved in many sediments for millions of years, permitting
paleontologists to study ancient floral histories in addition to the
fossilized remains of plants. However, the exact chemical structure
of sporopollenin is still debated (3-7).

This long-term preservation of pollen in sedimentary deposits
permits comparison between modern and fossilized specimens to
examine whether the properties of the pollen wall are retained over
millions of years. Coniferous bisaccate pollen were chosen for this
study as they are generally numerous, are cosmopolitan in distribu-
tion, range from several hundred millions of years ago to the pres-
ent, and have interesting morphological features. The morphology
of a common bisaccate coniferous pollen consists of a central body
area (corpus), which contains the generative material, and two air
bladders (sacci) at each end of the corpus (see Fig. 1A) (8).
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This study focuses on the properties of the sporopollenin pollen
wall. Other recent studies have tackled understanding of the inner
structure of bisaccate pollen using modern imaging techniques (9-11).
A previous x-ray diffraction experiment on the local structure of
sporopollenin indicated that it is amorphous rather than crystalline
(12). Using pine pollen, Li et al. (5) examined the molecular struc-
ture of sporopollenin, revealing a complex arrangement of components
making up this biopolymer. While the chemistry of sporopollenin
goes some way to explaining the preservation potential of the pollen
wall, it is vital to look at the physical structure created to explain the
properties that allow pollen to be preserved intact, in ancient sedi-
mentary rocks for up to =425 million years (13) despite the high
temperatures and pressures associated with burial and tectonic pro-
cesses. The strength of the pollen wall has been confirmed in recent
studies using supercritical carbon dioxide at 45 MPa for 10 min to
break open the pollen grain (14).

Experiments on the scale of the pollen wall are challenging as the
target of study is only ~1 um thick. Hence, accessing the interior of the
pollen wall would typically involve embedding the structure in resin
and either using a focused ion beam or microtoming to isolate the
material. Such destructive sample preparation is not appropriate for
rare fossil samples, and even for modern samples has the disadvantage
of potentially altering the material. Our study uses advanced imaging
techniques to examine the unadulterated wall structure on the nanoscale.

X-ray holographic nanotomography (XNH) is used to produce
high-resolution, three-dimensional (3D) reconstructions of modern
bisaccate pollen. We report the inner structure of the pollen wall in
the cappa region (the thickened upper surface between the two air
sacs) as a solid nanofoam. The foam structure continues throughout
the entire pollen wall, with average cavity sizes on the micrometer
order around the two sacci.

Cellular foams known from nature include cork, bone, and sponge
(15-17). The properties of foams, such as superior insulation, strength,
and elasticity, are what make them common adaptations in the natural
world (16, 18). Until now, however, no biological material has been
classified as a solid nanofoam, where the individual foam cells are
on the nanometer (<1 um) scale in size.

Atomic force microscopy (AFM) performed on the specimens
provides data on the local mechanical properties of the pollen wall.
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Proximal

Cappa

Fig. 1. SEM and confocal microscopy images of modern and fossil pollen grains. SEM images of (A) modern pine pollen in the lateral view and (B) fossil bisaccate
pollen in the proximal view. Confocal microscopy measurements (C) of a modern pine pollen grain and (D) of a fossil bisaccate specimen. Eurugulate structures visible on
modern pine are shown in (C) in different areas of the cappa at different focusing depths.

These are shown to be in the range of known values for other bio-
logical and synthetic foams. By comparing AFM results between both
modern and fossil bisaccate pollen specimens, we show that the
mechanical properties of the pollen wall are retained in fossils.

This novel quantitative characterization of the bisaccate pollen
wall could further encourage its use as an applied biological materi-
al (19, 20) and also as inspiration and as a biotemplate in the design
of new materials (21-24).

RESULTS

Modern pine and fossil bisaccate pollen grains were investigated
with multimodal and multiscale nanotechnologies: cryogenic XNH,
AFM, cryogenic x-ray fluorescence (XRF) nanoimaging, focused ion
beam scanning electron microscopy (FIB-SEM), and high-resolution
transmission electron microscopy (HRTEM). An initial characteri-
zation of these materials was performed using SEM and confocal
laser scanning microscopy (CLSM) to evaluate the correct identifi-
cation, overall preservation, and microscopic structure of the speci-
mens (Fig. 1).

Atomic force microscopy
AFM measurements were performed on both modern and fossil
bisaccate samples. From tapping mode images, 3D figures of the

Cojocaru et al., Sci. Adv. 8, eabd0892 (2022) 9 February 2022

measured samples were plotted and the amplitude and phase signals
of the oscillation of the tip during scanning were measured. The
phase signal provided information about the interaction between the
tip and the sample. In addition to tapping images, mechanical
measurements were performed, which produced force curves and
force maps.

Each measurement consisted of scanning different areas of each
specimen, starting with a larger scan of 10 um x 10 um down to a
smaller 1 pm x 1 pm area. For each measurement, height and phase
trace data were recorded, which were translated into visual maps.
For smaller scanned areas, several point-by-point force maps follow-
ing a rectangular grid were measured.

The surface roughness in the cappa region was computed from
the height trace data obtained from 10 um x 10 pm scans over dif-
ferent samples and different areas. Modern pine pollen specimens
appear to be smoother, with an average roughness of ~110 nm,
whereas fossil specimens have a higher average roughness of ~200 nm,
which potentially suggests some degree of surface damage. Surface
roughness is not uniform across the specimen.

AFM phase images show better contrast when compared to height
trace images, thus allowing for an easier identification of different
domains within the image. Here, this property is used to identify
and measure individual cavities (cells) in the underlying foam-like
structure forming the pollen wall (see example in Fig. 2). An average

20f10

2202 ‘9T Yoe |\l Uo Aejoes eaD Te 610°30Us 105  MMM//:SdNY WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

cavity size of 106 nm x 72 nm (semi-major and semi-minor axes)
was obtained with an average circularity of 75%.

AFM force curve mapping was performed on 3 um by 3 pm areas
on samples of both modern and fossil pollen specimens (Fig. 3). The
goal of these measurements was to determine the Young’s modulus
(E), which is a mechanical property indicating the stiffness of a sol-
id material. The force map mode was used to perform a statistical
analysis of the mechanical properties present on the surface of the
pollen grain. We measured 6 x 6 force maps, with a step size of
0.5 um, for a scan size of 3 um.

On the basis of the shape of the force curves and on plasticity
values between 0.66 and 1.01, the Oliver-Pharr method was chosen
to calculate the Young’s modulus E in this study. This method was
initially developed for indentation tests on shape memory samples
(25, 26). The resulting values for E vary across the surface of both
the fossil specimen and the modern pollen, ranging from a few hundred
megapascals to approximately 3 GPa (see Fig. 3, B and D). Figure S2
shows the corresponding adhesion force maps extracted from these
measurements. The adhesion force ranges from 40 to 160 nN for
modern pine pollen and from 50 to 420 nN for the fossil bisaccate
sample. The broader distribution of the adhesion force values for
the fossil sample can be attributed to its surface roughness being
50% higher than for the modern pine pollen (27).

X-ray nanotomography

X-ray phase-contrast holographic nanotomography measurements
were performed on the modern pine pollen samples. Details regard-
ing the experiment and the data processing are given in Materials
and Methods. The technique enables the reconstruction of the 3D
electron density distribution inside the samples with high precision
(Fig. 4, A and B). These data reveal a foam- or sponge-like structure
present throughout the entire pollen wall, although it is more prom-
inently visible toward the outer edge of the pollen sacci.

The pollen wall, seen from outside-in, typically has several layers—a
callosic wall, an exine, and an intine. For pine pollen, this layer dis-
tribution is typically found in the cappa region of the corpus, on the
proximal part. The two sacci located on the distal side only present
an exine wall, and the region between the sacci, where the pollen
tube will emerge, presents a thin exine and a thick intine (28). Our
data confirm this distribution, although contrast is insufficient to
fully follow the callosic wall. However, the exine and intine can gen-
erally be distinguished.

Figure 4 (C and D) presents consecutive 2D XNH slices in the
radial and transverse directions through a section of the pollen wall

50.0

45.0
40.1

in the cappa region. The slices in the radial direction, taken every
800 nm, show what appear to be radial rods, connecting the upper
and lower layers of the exine, with the upper layer being completely
tectate or tectate-imperforate (29). These rod-like structures that
connect the outer and inner surfaces of pollen wall can be interpreted
as columellae, confirming an anisotropic trend in the development
of the foam. The slices in transverse direction, taken every 200 nm,
reveal that these structures are not actually rods, but eurugulate
sculpture of varying size and curvature, with no particular orienta-
tion in this plane. They form an interconnected network of cavi-
ties, with larger cavity sizes in the sacci region as compared to the
rest of the pollen. The quality of the data allows for a deeper micro-
structural characterization of the foam structure in the wall of the
pollen grain.

The average cavity size, calculated as a Feret diameter, in the cappa
region is approximately 500 nm. Toward the outer surface of the wall,
the cavity size in the transverse plane averages 410 + 240 nm, and
toward the inner surface, the average increases to 510 + 310 nm. In
the sacci, the cavity size is on average 1.70 + 1.39 pm.

FIB-SEM, TEM, and HRTEM
To further examine the structure of the pollen wall at finer levels,
modern pine grains were prepared with high-pressure freezing
followed by freeze substitution and staining, and imaged in 3D with
FIB-SEM followed by targeted HRTEM. In parallel, samples from
the same batch were prepared with standard chemical fixation and
imaged with classical 2D TEM to generate a reference data type, which
is already present in the literature (fig. S4).

The 3D FIB-SEM images, acquired at isotropic voxel sizes of
6 and 18 nm, show in fine detail the exine wall around the pollen
grain, with a 3D structure similar to that seen in x-ray nanotomography
(see extracted virtual slices in fig. S3). The intine, the lowermost layer
of the pollen wall composed predominantly of cellulose and pectins,
can be distinguished with a thickness of 191+ 41 nm. The full data-
set is made publicly available online to serve as resource for further
investigations by the scientific community. HRTEM imaging of 70-nm-
thick sections extracted from the exine confirms the amorphous atomic
structure of the material (fig. S5).

DISCUSSION

This study has explored the structural and mechanical properties of
the coniferous bisaccate pollen wall to prove that it represents a bio-
logically occurring solid nanofoam. Here, we compare the mechanical

86.2 deg

85.0
84.0
83.0
82.0
81.0

80.0
78.6

Fig. 2. AFM phase trace measurements on modern pine pollen grains. Phase trace data (A) over a 3 um x 3 um surface and (B) over a 1 um x 1 um surface.
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Fig. 3. AFM surface reconstructions and Young’s modulus measurements obtained over 3 pm x 3 pm areas. (A) 3D surface reconstruction from height trace data
from a modern pine pollen specimen. (B) Young’s modulus values obtained using the Oliver-Pharr model on force map measurements from a 6 x 6 grid over the same
area. The hatched boxes indicate grid points where the force curves were deemed unreliable due to a deficient contact between the tip and the surface. (C and D) Same

type of data for a fossil bisaccate pollen specimen.

information obtained from AFM measurements with structural in-
formation obtained by nanoimaging techniques.

The AFM phase images (Fig. 2) from the surface of the cappa
region of the specimens reveal an underlying cell-like structure,
with individual cells of the size 106 nm X 72 nm on average. X-ray
nanotomography measurements were used to further investigate
this cell structure, thereby providing novel quantitative information
and a detailed 3D understanding of the pollen wall structure on the
nanoscale. The radial slices presented in Fig. 4C show rod-like struc-
tures connecting the outer and inner surfaces of the pollen wall, which
could be interpreted as columellae. Transverse slices in Fig. 4D show
no particular order in this plane and confirm an open eurugulate

Cojocaru et al., Sci. Adv. 8, eabd0892 (2022) 9 February 2022

arrangement of variable size, curvature, and orientation. The eurugulate
structures are also visible in the CLSM measurements (Fig. 1C).
Such structures visible in 2D slices of the pollen wall have been well
documented (30); however, the 3D data offer a better understanding
of the true morphology within the exine.

The reconstruction obtained from x-ray nanotomography mea-
surements indicates a larger 3D foam structure in the same region
of the modern pine pollen specimen, ranging from an average cavity
size of 410 nm toward the outer surface of the exine wall to 510 nm
toward the proximal inner surface. Hints of foam-like cavities have
previously been observed in high-resolution SEM micrographs (20)
and x-ray tomography (10)—particularly in the sacci—and were
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Fig. 4. 3D reconstruction of a modern pine pollen specimen from x-ray nanotomography data. (A) Lateral view of the full grain (see Fig. 1 for scale). (B) Zoom of the
foam structure forming the wall of the pollen sac. (C and D) Slices from the tomographic reconstruction in the cappa region. In (C), five radial slices taken every 20 pixels
(800 nm) through the structure of the exine wall illustrate vertical rod-like columella (example indicated by a red arrow), connecting the outer tectum and the inner foot
layer (30). In (D), transverse slices taken every 5 pixels (200 nm) reveal detailed eurugulate structures.

described as “spongey” structures (31). To the authors’ knowledge,
this is the first time such cavities have been examined quantitatively
and demonstrated to be present throughout the entire exine. It is
this quantitative examination, made possible by the high resolution
of the tomography data, that demonstrates definitively that the spo-
ropollenin wall is organized as a solid nanofoam with increasing
cavity size from the outer to the inner surface of the wall.

This is consistent with studies of naturally occurring solid mi-
crofoams such as cork and wood, which also show different proper-
ties in the radial and transverse directions (17). It is also consistent
with studies of liquid foams, which present gravitational-induced
anisotropy throughout their column (32). Solid nanofoams are typ-
ically synthetically produced and, depending on their fabrication
technique, can show higher homogeneity and isotropy. However,
the combination of low density, high strength, and high thermal
insulation of foams (16, 18) makes them the ideal natural adapta-
tion for protecting the generative material within the pollen grain
while keeping the pollen light enough for dispersal.

The nanotomography data were also used to determine the mass
density of the sporopollenin exine. Density values ranged from 1.65
to 1.96 g cm >, with a mean of 1.76(10) g cm™ and a porosity of
about 70% (see also Fig. 5A). The density values are approaching
those found in mineralized tissues such as human trabecular bone,
a highly porous biological solid microfoam, with a tissue density of
1.87 g cm™ (33) and an average porosity of 79.3% (34).

XRF measurements performed on modern pine pollen samples
revealed that many trace elements are present within the cytoplasm
and cell content encased within the pollen grain (see K distribution
in Fig. 5C). However, Ca is present within the pollen wall itself

Cojocaru et al., Sci. Adv. 8, eabd0892 (2022) 9 February 2022

(Fig. 5B). Ca could be a potential strengthening component much
as it is in the construction of bones and industrial foam polymers
and acts to reduce cell size and increase foam density (35).

X-ray nanotomography measurements were attempted on fossil
bisaccate specimens, but the resulting contrast was insufficient to
elucidate whether the pollen wall retained a nanofoam structure. This
could be resolved in future experiments by embedding the speci-
mens in a different resin to improve contrast.

The AFM data also provide information on the mechanical re-
sponse of the pollen wall. The mechanical response of foams is usually
dependent on the shape of the cavities and the density and nature of
the solid (bulk) material of which the foam is made (16). For reference,
a summary of the typical properties of both synthetic and natural
foams is given in Table 1. For many such foams, the Young’s modulus
values are in the gigapascal range, indicating stiff materials; however,
more flexible foams such as cork and PGMA have E values in the
megapascal range. Biologically occurring solid foams typically have
cavity sizes of tens or hundreds of micrometers, whereas synthetic
foams can access the nanoscale range, as seen in Table 1.

The local values obtained for the Young’s modulus E from AFM
force curve measurements vary across the surface of both fossil and
modern pollen, typically ranging from a few hundred megapascals
to approximately 3 GPa (see examples in Fig. 3, B and D), suggest-
ing an overall stiff and tough material. These values are consistent
with those observed in other synthetic and natural materials as shown
in Table 1. On average, the E values of the fossil specimens are
somewhat lower and more variable from one specimen to another,
which can be attributed to specimen preservation. However, the
overall range of E values is similar for both the modern and fossil
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Fig. 5. Density distribution from x-ray nanotomography and XRF data showing Ca and K trace element distributions. (A) Slice from the reconstruction of a modern
pine pollen specimen from nanotomography measurements. The gray map corresponds to mass density in [g cm~3]. Following XRF measurements on the same speci-
men, on the upper right side of the grain oriented as shown in the previous panel, (B) and (C) present the distribution of Ca and K concentrations [ng mm™2], respectively,
within the pollen grain. There is a notable concentration of Ca contained in the foam structure of the pollen wall (indicated by an orange arrow), whereas elements such
as K can be found in much higher quantities in the cytoplasm and cell contents present inside the grain. (D) Composite image showing both Ca (red) and K (blue) trace

element distributions.

Table 1. Comparison of solid micro- and nanofoams of natural and
synthetic origin. E is the Young’s modulus of the material, and Dcayity is
the average cell diameter. PC, polycarbonate; PMMA, polymethylmethacrylate;
PGMA, polyglycidylmethacrylate.

Foam type E (GPa) Decavity (nm)
Hardwood (53-56) 144 20-225
Trabecmarbone ................................ 104_148 ................................... ] 3_40 ...................
(57,58)
50ﬁwood(535459) ............................. 1 3 1 ......................................... 1 0_50 ...................
cOrk(15)79_132><1o‘313_4o ...................
M|croce||u|arpc(6o)075_265 ..................................... 8 _5 .....................
PMMA(51) ............................................. 11_1903347_15 ..............
pGMA(gz) ............................................ 13)(1073 .................................... zo1 .....................
Nanoce||u|arpc(6o) ............................. 1_29 ................................ 17_25><10_3 ,,,,,,,,,,,,
Graphenenanofoam ............................ < 356 ............................. 15-210)(10*3 ,,,,,,,,,,,
(63,64)
pmepouen . Wa||cappa* .................... 0 4_27 ...................................... zOS .....................
FOS 5||po||encappa* ........................... 02_19 ......................................... S

*This study.

pollen, which is notable, suggesting that the fossil samples retained
their mechanical properties over 165 million years.

The shape of the force curves (see fig. S1 for an example), obtained
from AFM measurements, is typical of a bending-dominated struc-
ture, followed by the fracturing of the cavity edges causing perma-
nent deformation of the surface (36). During indentation tests when
the stress rises substantially, the opposite sides of the cavities are

Cojocaru et al., Sci. Adv. 8, eabd0892 (2022) 9 February 2022

forced into contact and further bending or buckling is not possible.
After a second scan, we were not able to see an indent on the surface.
This is explained by the underlying structure absorbing energy until
the cell breaks. From AFM experiments, it is impossible to determine
if the structure of the pollen wall is a closed or open cell nanofoam.
However, the x-ray nanotomography measurements confirm that the
foam presents an open/interconnected cavity architecture.

This study brings physical quantitative evidence that corroborates
the hypothesis that the wall structure of bisaccate gymnosperm pollen
grains represents a solid nanofoam. To our knowledge, this is the first
reported biologically occurring solid nanofoam. This claim is sup-
ported by structural and mechanical properties derived from x-ray
nanotomography, AFM, FIB-SEM, TEM, and HRTEM experiments.
The HRTEM measurements indicate that the sporopollenin in the
exine presents an amorphous structure.

In terms of future research, stress-strain tests could help further
constrain the nature of the foam, as they would provide information
on its linear elasticity and at which point the cell edges yield plasti-
cally, buckle, or fracture (16). It would also be of interest to repeat
the x-ray nanotomography experiments on both fossil bisaccate
specimens and other types of pollen to investigate in a more systematic
manner whether other types of pollen present nanofoam wall struc-
tures, or whether this peculiar organization of sporopollenin is spe-
cific only to the formation process of bisaccate gymnosperm pollen.

From an evolutionary context, the nanofoam arrangement in the
sporopollenin wall of gymnosperm pollen could potentially explain
its resilience as a compound both in the modern environment and
in the fossil record.

This new quantitative characterization of the bissacate pollen
wall is important for applications, for example, pollen has been con-
sidered a natural possibility for drug encapsulation for some time
now and pine pollen has recently been used for testing of this
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application (37). The nanofoam structure may also inform studies
that consider pollen as a model material used to fabricate and in-
spire biomimetic materials (21, 38, 39).

MATERIALS AND METHODS

Modern pollen

Modern Pinaceae (pine) pollen was collected from the region of
Grenoble (France) in late February 2018 (for SEM, AFM, and x-ray
nanotomography experiments) and late May 2021 (for FIB-SEM, TEM,
and HRTEM measurements). The remaining sample material is
registered at the Natural History Museum, London (40). The pollen
grains were not processed with any chemical products for confocal
microscopy, X-ray nanotomography, and XRF experiments; for SEM
imaging and AFM measurements, the pollen was immersed in ethanol
overnight to facilitate the direct measurement of the exine surface.
The sample preparation for FIB-SEM, TEM, and HRTEM measure-
ments is described in detail in the corresponding method sections.

Fossil pollen

The fossilized bisaccate pollen (Pityosporites spp.) was extracted from an
organic residue prepared using acid digestion (HCl and HF) of mudrock.
The mudrock was taken from location 1, bed 1 of Wakefield (1994)
(41), Kildonnan Member, Lealt Shale Formation, Middle Jurassic on the
Isle of Eigg. The residue is registered at the Natural History Museum,
London (NHMUK PM BM 3751) (40). The fossilized pollen is com-
posed of only the preservable sporopollenin exine due to the degrada-
tion of all other biological components during taphonomic processes.

Scanning electron microscopy

The external surfaces and whole grain morphology of modern and fossil
pollen were investigated by SEM. Specimens were mounted as a dis-
tilled water-based strew on a glass coverslip attached to the surface of a
standard 1-cm-diameter aluminum stub. The surface of each stub was
coated with a 20-nm layer of gold-palladium alloy using a Cressington
208HR sputter coater. Specimens were then photographed with a Quanta
650 FEG SEM using a beam of 10 kV at a working distance of 20 mm
and a chamber pressure of 2.37 x10~ Pa. Images confirmed the fossil
pollen as Pityosporites spp., which is from a gymnosperm relative of the
modern pine from which we collected the modern pollen (Fig. 1B).

Confocal laser scanning microscopy

The autofluorescence properties of the sporopollenin pollen wall allow
for untreated observation of the specimens using CLSM. The CLSM
was performed on the modern and fossil specimens taken from residue,
mounted on a glass slide with a 0.18-mm coverslip and Glue4Glass
mounting medium. A Nikon Eclipse upright with an A1-Si confocal
microscope was used for imaging. The images were taken in epifluo-
rescent mode using a Plan Apo VC 60x Oil DIC N2 DIC N2 objective.
The z-stack data were acquired and analyzed using NIS-Elements
software to create images of surface and internal features of the pollen
wall. These include the gross morphology, with wall structure of the
fossil specimen showing how well the pollen has preserved (Fig. 1D)
and the eurugulate structure that the sporopollenin wall creates
within the cappa region of the modern pollen grain (Fig. 1C).

Atomic force microscopy
AFM imaging was performed on both modern pine pollen and fos-
sil bisaccate pollen specimens. The specimens were adhered to a flat
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mica surface using a commercially available brand of nail polish
based on nitrocellulose and polyvinyl butyral resin. In situ AFM
imaging was performed at room temperature (22°C) in tapping mode
using an Asylum Research MFP-3D AFM instrument, from the
Partnership for Soft Condensed Matter (PSCM), equipped with Oxford
Instruments AC160TS-R3 silicon probes, with a resonance frequency
of 279.5 kHz measured using the thermal noise method and a mea-
sured spring constant of 27 N m™". For force curve measurements,
the scan rate was equal to 0.25 Hz and the trigger point was around
1.5 um, which corresponds to a trigger force of 1.4 pN.

AFM height and phase images were preprocessed in Gwyddion,
where the mean plane was subtracted from each image to flatten the
surfaces. For surface roughness computations, height trace data were
leveled by subtracting the mean plane and the polynomial fourth-order
background, and then R, and R;(RMS) were computed. The phase
images were analyzed in FIJI/ImageJ, where edge-enhancing tech-
niques were used to better isolate the individual domains before
applying a threshold to obtain a binary image. Last, the “Analyze
particles” algorithm was used to identify individual cavities outlined
on the pollen surface, by fitting each detected cavity with an ellipse.
Force curve data were analyzed using the Asylum Research software
and Igor. The final plots were produced via Python scripts. A full
protocol describing the measurement and analysis is published (42).

X-ray nanotomography
X-ray phase-contrast holographic nanotomography (43) was per-
formed at the ESRF beamline ID16A. This beamline offers a nano-
focused x-ray beam of ~20 nm combined with a large photon flux
of 1.4 x 10" photons/s (44). Measurements were performed at 17 keV,
with a monochromaticity of AE/E = 1%. To preserve the specimen
from radiation damage, data collection was done under cryogenic
conditions (-160°C). Individual specimens were glued to a metallic
tungsten tip, cut from a 125-um-diameter wire, to ensure sample
stability. They were then placed in the cryoloading system before
being imaged in a high-vacuum 10~ mbar chamber. With a diameter
up to approximately 70 pum, the pollen grains were sometimes slightly
larger than the field of view, which varied between 40 and 80 um for
voxel sizes of 20 to 40 nm; in these cases, several scans of different
regions of interest were performed to cover the entire specimen.
The data were reconstructed using Octave custom code to obtain
phase maps, and the tomographic volumes were computed using
PyHST. 3D renderings were obtained using the ParaView software.
The foam cavity size was determined in 10 different regions of the
pollen wall (about 650 voxels across per region in the cappa and
1200 voxels across in the sacci) by adapting a postprocessing algo-
rithm (45), originally used for open aluminum foams, using FIJI/
Image]. The steps of this algorithm are similar to those described
for analyzing the AFM phase trace images, but adapted for 3D data.
The density of the foam wall was retrieved from the tomograph-
ic reconstruction, measuring it in 20 different regions of the pollen
wall (about 1500 voxels in total). The reconstruction gives the value
of the optical path ® = —27" 3, where A = 0.72727 A is the photon
wavelength for an energy of 17.05 keV and § is the phase difference.
Using the Guinier approximation, 8 = 1.310 %p[g/cm’]A*[A] (46),
and the density can be computed as

102@[ecm™]

130 [A]2n W

pleg/em’] =~
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Last, this value must be corrected by an offset, usually obtained
by considering a region of known density in the reconstruction, for
example, air. In this specific case, the vacuoles inside the pollen
grain were the region of lowest density, so we considered these to be
filled with air. If one were to consider a higher-density content in-
side the vacuoles, the determined density for the sporopollenin exine
would be larger. A full protocol describing the measurement and
analysis is published (47), and the raw data are openly available (48).

XRF measurements

Synchrotron-based XRF measurements (49) were performed on the
modern pine pollen samples to quantify trace element concentra-
tions down to the sub-ppm (parts per million) level. The measure-
ments have been carried out within the same instrument as for the
phase-contrast nanotomography. The excitation energy was 17 keV,
the pixel size was 150 nm?, and the dwell time was 50 ms. The re-
sulting spectra were recorded with a silicon drift energy-dispersive
detector and analyzed using PyMCA.

Focused ion beam SEM

Modern pine pollen grains were cryofixed using high-pressure freezing
(HPM100, Leica), followed by freeze substitution (EM ASF2, Leica)
(50, 51). For the freeze substitution, a mixture of 2% (w/v) osmium
tetroxide and 0.5% (w/v) uranyl acetate in dried acetone was used
following the protocol from Decelle et al. (50), which is suitable for
FIB-SEM imaging.

FIB-SEM observations were performed with a Zeiss Crossbeam
550 microscope on the cryofixed sample, with a protocol fully
described in previous publications (51). The resin block containing
the pollen was attached to a stub with carbon paint, its surface was
abraded with an ultramicrotome to make it flat and clean, and then
a thin (~3 nm) layer of platinum was applied.

When cut by a diamond knife, the pollen grains leave a thin trace
on the surface, allowing the selection of areas of interest for 3D ob-
servations. For 3D acquisition, the sample was abraded slice by slice
in cross section with a Ga* ion beam, at a current of 1.5 nA at 30 kV,
and each freshly exposed surface is simultaneously imaged by SEM
using a current of 1 nA at 1.5 kV with the in-lens backscattered
electron detector. The thickness of abraded slices in FIB was chosen
equal to the size of pixel in SEM to acquire isotropic voxels. Three
volumes were acquired, with a voxel size of 6 nm x 6 nm x 6 nm
(small field of view at high resolution) or 18 nm x 18 nm x 18 nm
(for a larger field of view at lower resolution).

Transmission electron microscopy

Modern pine pollen grains were processed according to Flori et al.
(52). Briefly, samples were washed in 0.1 M phosphate buffer (PB)
(pH 7.4), fixed in a PB containing 2.5% (v/v) glutaraldehyde for 2 hours
at room temperature, and stored overnight at 4°C. Samples were washed
five times in PB and fixed by incubation on ice for an hour in a PB
containing 2% osmium and 1.5% (w/v) ferricyanide potassium, fol-
lowed by five washes with PB. Samples were resuspended in PB contain-
ing 0.1% (w/v) tannic acid and incubated for 30 min in the dark at
room temperature. Samples were washed in PB, followed by dehydration
in ascending washes of ethanol. Samples were infiltrated with an ethanol/
Epon resin mixture and embedded in Epon. Ultrathin sections (50 to
70 nm) were prepared with a diamond knife on a PowerTome ultra-
microtome and collected on 200-pum nickel grids. Last, ultrathin
sections were examined on a JEOL 1200EX TEM operating at 80 kV.
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High-resolution TEM

For high-resolution TEM observations, thin sections (~70 nm) of
the same cryofixed sample were cut by ultramicrotomy and placed
on a thin film of carbon supported by a standard TEM grid (Agar
$160-3). TEM observations were carried out at 200 kV on a Thermo
Fisher Scientific Titan Themis microscope equipped with a Cs Dou-
ble corrector DCOR (CEOS) probe corrector, either in conventional
TEM or in scanning TEM mode.

Image adjustments

In Figs. 1 and 4A, a dark mask was applied to frame the specimen
and remove small background biologic debris. Labels, scale bars, and
arrows were added to all images where useful. To comply with journal
requirements, some images were scaled without interpolation to ful-
fill the requested digital image resolution of 600 ppi. All raw images
are available online.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abd0892
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