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We have investigated the UV-visible light transmission of three types of micrometre-sized sporopollenin
exine shells, two derived from Lycopodium clavatum (club moss) spores and one from Ambrosia trifida
(giant ragweed) pollen. We have used spectrophotometer measurements of partial monolayers of exines
and microscope absorbance imaging to derive the light transmission properties of individual exines. Mea-

surements have been made for exines in air when light transmission losses are due to a combination of
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absorption, reflection and scattering processes and for exines dispersed in a liquid for which the refrac-
tive index (RI) is approximately equal to the RI of the exine such that reflection and scattering effects are
negligible. Overall, it found that the light transmission of a single exine wall is approximately 50%. This
value of the transmission is due mainly to light absorption, is similar for the three exines studied here and
varies only slightly with light wavelength over the range 200-900 nm.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Pollen grains of flowering plants and spores of non-flowering
plants have a double-layered wall structure which protects their
contents [1,2]. The intine is the inner wall and consists primarily
of cellulose and other polysaccharides. The exine, the outer wall,
consists mainly of sporopollenin and confers great resistance to
biological decay and chemical attack [3]. Early work by Zetzsche
et al. [4,5] led to the conclusion that sporopollenin is a mixture
of unsaturated polymers composed of carbon, hydrogen and oxy-
gen with an empirical formula of CgoH1440,7 (for sporopollenin
from Lycopodium clavatum with formula based on a Cgg unit) and
containing methyl and hydroxyl groups. Later investigations by
Shaw and co-workers [6-10] suggested that sporopollenin is
formed by oxidative polymerisation of carotenoids and carotenoid
esters. More recently, it has been described as a mostly aliphatic
polymer possessing aromatic units including p-coumaric and feru-
lic acids [11]. Also a putative structure consisting of an aliphatic
framework possessing the coumaric and ferulic acid groups as side
chains has been proposed in a review by van Bergen et al. [12].
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Using suitable chemical treatments, it is possible to extract the
“raw” spore or pollen to produce intact hollow shells consisting
only of the sporopollenin exine coatings [3]. We have investigated
the transmission of UV-visible light by these sporopollenin exine
shells with the following main motivations in mind. Firstly, the
sporopollenin exine shells can be used to encapsulate a variety of
species including lipids, unsaturated oils and proteins [13] and it
has been shown that sporopollenin-encapsulated species are pro-
tected from chemical degradation induced by UV-light exposure
[14]. It is of interest to measure the transmission of UV-visible
light through a single thickness of the exine shell in order to help
understand the origin and magnitude of the light protection phe-
nomenon. Secondly, Rozema et al. [15,16] investigated the UV-B
absorbing compounds (UACs) in different components of pollen
and spores from plants previously exposed to doses of UV-B light.
Chemical analysis of UACs in the solvent-extractable, wall-bound
and sporopollenin components revealed significant differences in
compositions from plants with and without exposure to UV-B.
The authors suggested that application of this method to old pollen
and spore samples might be used for the reconstruction of the his-
toric variation in solar UV-B levels. However, within the literature
on sporopollenins [1-3,12] and ultraviolet radiation screening
compounds (see, for example, the review by Cockell and Knowland
[17]), to our knowledge, there are no direct measurements of the
UV-visible spectra of individual sporopollenin exine shells.
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Rozema et al. [15] quote values of the relative UV-B absorbance
(integrated over the wavelength range 280-320 nm) of suspen-
sions of sporopollenin in glycerol. Uber [19] describes ultra-violet
spectrophotometry of Zea Mays pollen with a quartz microscope.
However, these results do not give information about the light
screening effect of a single wall of a sporopollenin exine shell, i.e.
the reduction in light transmission on passage from the outside
to the inside of the shell. With this motivation in mind, the main
objectives of this study are to make direct measurements of the
UV-visible absorbance spectrum of single sporopollenin exine
shells and to determine whether the light transmission methods
using microscopy developed as part of this work can contribute
to the elucidation of the physical structure of these particles.

2. Materials and methods

We have used three types of exines as shown in Fig. 1. The first,
extracted from L. clavatum (club moss), are approximately 25 pm
diameter and were obtained from Tibrewala International. The sec-
ond type, also marketed as L. clavatum club moss, is approximately
40 pm in diameter and was obtained from Post Apple Scientific.
The smaller form is reticulated whilst the larger is smoother and
more rounded. These two types are abbreviated here as LC25 and
LC40 respectively. The third type is from Ambrosia trifida (giant
ragweed) and is approximately 15 pm in diameter. This was ob-
tained from Sigma-Aldrich and is denoted here as AT15.

2.1. Extraction of exines

The sporopollenin exine shells were prepared as follows. Raw L.
clavatum particles (loose powder, 250 g) were suspended in ace-
tone (750 cm?) and stirred under reflux for 4 h. The defatted sporo-
pollenin (DFS) was filtered (porosity grade 4) and dried overnight
in open air. The DFS was then suspended in 6% (w/v) potassium
hydroxide aqueous solution (750 cm®) and stirred under reflux
for 6 h. After filtration (porosity grade 4), this operation was re-
peated with fresh 6% (w/v) potassium hydroxide solution
(750 cm?). The suspension was then filtered (porosity grade 4).
The solid was washed with hot water (3 x 300 cm?) and hot etha-
nol (2 x 300 cm?), refluxed in ethanol (750 cm?) for 2 h, filtered
(porosity grade 4) and dried overnight in open air to yield base-
hydrolysed sporopollenin (BHS). In order to remove the cellulose
intine, the BHS was suspended in 85% (v/v) ortho-phosphoric acid
(750 cm®) and stirred under reflux for 7 days. The solid was filtered
(porosity grade 4), washed with water (5 x 250 cm?), acetone
(250 cm?), 2 M aqueous hydrochloric acid (250 cm?®), 2 M aqueous
sodium hydroxide (250 cm?®), water (5 x 250cm?), acetone
(250 cm?) and ethanol (250 cm?®) and finally dried under vacuum
over P,0s or in an oven at 60°C to give sporopollenin exines
(LC25 or LC40) (58-60 g) accordingly.

Raw A. trifida pollen (loose powder, 5 g) was suspended in ace-
tone (15 cm?) and stirred under reflux for 1 h. The defatted sporo-
pollenin (DFS) was filtered (porosity grade 5) and dried overnight
in open air. The DFS was then suspended in 1% (w/v) sodium
hydroxide aqueous solution (30 cm?) and stirred under reflux for
1 h. After partial filtration (porosity grade 5), the suspension was
neutralised with concentrated hydrochloric acid (5 cm?), diluted
in ethanol (up to 75 cm?) then refluxed for 1 h, filtered (porosity
grade 5) and dried overnight in open air. The resultant base-hydro-
lysed sporopollenin (BHS) was suspended in 85% (v/v) ortho-phos-
phoric acid (85 cm®) and stirred under reflux for 1 h. The solid was
diluted with ethanol (100 cm?), filtered (porosity grade 5), washed
with (1/1 (v/v)) water/ethanol (5 x 100cm®) and ethanol
(100 cm®) and dried under vacuum over P,Os or in an oven at
60 °C to give sporopollenin exines (AT15) (1.2 g).

Fig. 1. Scanning electron micrographs of 25 pm diameter spores from Lycopodium
clavatum (LC25) with scale bar = 25 pm(top image), 40 um diameter spores from
Lycopodium clavatum (LC40) with scale bar =50 pm (middle image) and 15 um
pollen grains from Ambrosia trifida (AT15) with scale bar = 10 um (bottom image).

CHN combustion analysis of the final extracted material, per-
formed using a Fisons EA 1108 instrument, gave the results shown
in Table 1. It can be seen that the values are consistent with liter-
ature values [3] of the empirical formulae for sporopollenins de-
rived from different sources and that the final extracted exine
shells contain either zero or only a trace of nitrogen-containing
species.
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Table 1

CHN combustion elemental analysis of the exines extracted from Lycopodium
clavatum (club moss) spores (LC25 & LC40) and one from Ambrosia trifida (giant
ragweed) pollen (AT15).

LC25 LC40 AT15
wt.% C 58.3 60.6 69.4
wt.% H 7.1 7.0 9.3
wt% N 0.0 0.0 1.8
wt.% O (by difference) 34.6 323 19.5

2.2. UV-visible transmission properties of individual exines

Two methods were used to determine the UV-visible transmis-
sion properties of the sporopollenin exine shells. For both methods,
the overall light transmission is determined by a combination of
light absorption, reflection and scattering processes. Light reflec-
tion and scattering is proportional to the square of the difference
in refractive index (RI) of the exine and surrounding medium and
so is significant for sporopollenin exines in air when the RI
difference between the exine and surrounding medium is large.
As reported in Ref. [20], sporopollenin exines are approximately
refractive index matched to their surrounding fluid when dis-
persed in glycerol (RI=1.475 [21]). Hence, light transmission of
sporopollenin is expected to be determined almost entirely by
absorption when the exines are dispersed in either glycerol or tol-
uene (RI=1.496 [21]) which both have RI values close to that of
sporopollenin. Using both methods described below, optical trans-
mission measurements were made both under air and dispersed in
either glycerol or toluene in order to separate effects due to light
absorption and reflection/scattering.

In the first method, the UV-visible spectra of partial mono-
layers of the exines were measured using a Unicam UV3 spec-
trophotometer. The exines were spread evenly over a quartz
plate, either as a dry powder, from a dispersion in ethanol with
subsequent evaporation of the solvent, or as a dispersion in glyc-
erol or toluene. The cell was completed by attaching the upper
quartz plate and fixing with plastic bands over the ends (see
Fig. 2). For each sample preparation, care was taken to ensure
the exine layer thickness did not exceed a single particle at
any point; this was checked by examination under a microscope.
In addition, the gap between the quartz plates was measured
using a microscope focus method and found to be within
approximately 10% of the outer diameter of the undistorted ex-
ines and hence it is likely that most exine shells are not signif-
icantly “squashed” when contained within the measurement
cell. To record the spectra, the cell was taped in place in the
sample position on the front of standard cuvette holder of the
spectrophotometer. The exine monolayer sample spectrum was
recorded vs. air and the exine spectrum obtained by subtraction

Sporopollenin
exine shell
particles

/ Quartz plate

\ Plastic
securing

. l ' ' . band

Cell top view . . .
o® %000

Fig. 2. Schematic of the cell used to measure the light transmission spectra of the
partial monolayers of sporopollenin exine shells.

of the separately recorded reference spectrum of the empty cell
containing only air or glycerol, again vs. air. In addition to the
spectrum, the area fraction occupied by the exine monolayer
within the cell was determined by recording an optical trans-
mission micrograph image using an Olympus BX51 microscope.
The fractional area occupied by the exines was derived from
the images using Image-Plus Pro software. The theoretical anal-
ysis used to derive the absorbance properties of the individual
exines from the measured sets of spectra of the exine partial
monolayers covering a range of exine area fraction is detailed
in Appendix A.

In the second method, we have used absorbance imaging
based on transmission microscopy to obtain spatially resolved
absorbance “maps” of the exines at a single fixed wavelength of
450 nm. This method, originally developed to determine channel
dimensions in ‘“Lab-on-a-chip” microchannel devices and used
to characterise emulsions stabilised by adsorbed films of light
absorbing carbon black particles, is fully detailed in Refs.
[22,23]. An inverted transmission microscope equipped with a
digital camera and a narrow bandpass filter allowing light trans-
mission at a wavelength of 450 nm is used to obtain three images,
each consisting of an array of individual pixel light intensity val-
ues. The first image is recorded with a partial monolayer of spo-
ropollenin exine shells on a glass slide. This image yields an
array of pixel transmitted intensities denoted I. A second image
under identical conditions but in the absence of the exines yields
the pixel intensity array Iy corresponding to the incident light
intensity on each pixel. The third image, recorded in the absence
of sample exines and with the microscope light blanked off, yields
the intensity array denoted Iy, Which is recorded to correct for
the “dark” signal of the camera. The three intensity arrays are
then combined using Microsoft Excel to give the final array of pix-
el-by-pixel absorbance values Apixel making up a so-called “absor-
bance image” according to

Apixel = 10g1g (W) (1
— Idark
Microscopic absorbance images of monolayer exine samples,
prepared as described above, were obtained using a Zeiss Axiovert
transmission inverted microscope with a 10x objective lens at a
single wavelength of 450 nm. The pixel size in the recorded image
sets was 1.596 x 1.596 pm.

2.3. Confocal fluorescence and electron microscopies

Confocal images were obtained using a Bio-Rad Radiance 2100
laser scanning confocal microscope (LSCM) equipped with Ar
(488 nm), Green HeNe (563 nm) and Red diode (637 nm) laser
excitation and connected to a Nikon TE-2000E inverted micro-
scope. Images were collected using Lasersharp2000 software under
the following conditions; laser excitation lines Ar (488 nm) 15%,
Red diode (637 nm) 38%, fluorescence from samples passed
through 560 and 650 nm dichroic filters and was collected in pho-
tomultiplier tubes (PMT) equipped with the following emission fil-
ters, 515/30, 590/70 and 600 long pass. The laser scan speed was
set at 166 lines per sec, and the viewable area was between 20
and up to 200 mm? when using a 60x oil objective. No fluorescent
dyes were added to the sporopollenin samples; the emission col-
lected originated from fluorophores indigenous to the sporopol-
lenin exines [24].

Samples for SEM of dry pollen or spores and the exines derived
from them were prepared by pressing sample mount containing a
self-adhesive carbon disk into a mound of the powder. Excess loose
particles were removed with compressed air. The sample mount
was then coated with a thin (approximately 10 nm) layer of carbon
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in an Edwards vacuum evaporator and SEM images obtained using
a Cambridge Instruments 360SEM.
All measurements were made at room temperature of 20 + 2 °C.

3. Results and discussion

The appearance of the original spores and pollens are shown in
Fig. 1. Fig. 3 shows confocal fluorescence microscope images of the
original particles and the extracted sporopollenin exines of LC25
which were obtained using the intrinsic fluorescence of the exine
material. The latter image shows an internal void and an outer sur-
face which appears undamaged in comparison with the untreated
LC25. The exine wall has a thickness (not including the pattern of
exterior ridges) of 2-3 pm with the layer of ridges being of similar
dimension. Using similar images for the other exines (not shown),
the wall thicknesses of LC40 and AT15 were also estimated to be 2-
3 pum. It should be noted that these estimates of the wall thickness
refer to those parts which contain the intrinsic fluorophores

Fig. 3. Confocal fluorescence micrographs of LC25. The top image shows the
untreated particles still containing their natural contents and the lower image
shows the empty sporopollenin exine shells. The scale bars correspond to 25 pm in
each image.

responsible for the fluorescence signal. The possibility of “dark”
non-fluorescent regions cannot be excluded.

3.1. Spectra of partial monolayers of sporopollenin exines

Optical transmission spectra were measured over the wave-
length range 190-900 nm for partial monolayers of the three types
of sporopollenin exines, both under air (where the derived absor-
bance values may contain significant contributions from absorp-
tion, reflection and scattering) and under glycerol where the
approximate RI-matching means that the derived absorbance val-
ues correspond to light absorption only.

For each wavelength, the data of measured absorbance Apeas as
a function of the exine area fraction A; were used to derive the va-
lue of A, equal to the average absorbance of the area fraction occu-
pied by exines, according to Eq. (A3) in Appendix A. The validity of
Eqs. (A2) and (A3) was tested by comparing the predicted and mea-
sured variation of absorbance A..s (averaged over the entire
wavelength range 190-900 nm) with Ay Fig. 4 shows the compar-
ison of the experimental data for all three exine types dispersed in
glycerol with the behaviour predicted by Eq. (A2) (solid line) with
the (wavelength averaged) value of A set to 0.80. The good agree-
ment between the measured and calculated data confirms the
validity of Eq. (A2) and also shows that the transmission properties
of the three different exine types are very similar. Data sets for the
different exine types in air (not shown) showed similar behaviour
but with slightly higher values of A, due to the additional loss of
optical transmission caused by reflection and scattering.

The final derived spectra (i.e., A values vs. wavelength) for the
three exine types in air and in glycerol are shown in Fig. 5 as
3rd-order polynomial fitted lines. The overall conclusions are: (i)
that, with the exception of the small maxima seen for LC40, the
absorbance is almost independent of wavelength; (ii) the spectra
and absolute absorbance values are very similar for the three par-
ticles types; (iii) the full monolayer absorbance values in air (with
contributions from absorption, reflection and scattering) are
approximately 10% higher than the values in the RI-matching sol-
vent glycerol where the absorbance is due only to light absorption.

To estimate the absorbance and corresponding transmission of
a single exine shell thickness and the absolute value of extinction
coefficient ¢, we must first estimate the average optical path length
corresponding to the measurement of A which is an average over
all the area occupied by shell particles x. As noted above, the mea-
sured thicknesses of the partial monolayers (i.e. the gap in the
sample cell) were all within 10% of the undistorted diameters of
the particles and hence are considered unlikely to be “squashed”

®1C25

0.6

02
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(averaged over wavelength)
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0 0.2 0.4 0.6 0.8 1
Ay

Fig. 4. Measured absorbance (averaged over wavelengths 200-900 nm) plotted vs.
area fraction As for partial monolayers of the three exine types in glycerol. The solid
line is calculated using Eq. (3) with the value of A equal to 0.80.
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Fig. 5. Derived values of full monolayer absorbance A vs. wavelength for the three exine types in air (upper plot) and in glycerol (lower plot). The plots are shown as smooth,
3rd-order polynomial fits to the curves in order to improve the clarity of the figure. The root mean-square error between the polynomial fits and the derived data of A vs.
wavelength (see inset plot for LC25 in air) is 0.07 for LC25 in air and similar for the other exines.

by confinement within the cell. Hence, it is expected that X should
lie between 4t/3 and 4t, depending on the ratio of inner radius r to
wall thickness t (Eq. (A5) in Appendix A). We assume the wall
thickness t to be 3 pm for all particles (as indicated by the confocal
microscope images) and take the outer radii to be 25, 40 and 15 pm
for LC25, LC40 and AT15 respectively. As shown in Table 2, this en-
ables the estimation of the absorbance and corresponding% trans-
mission of a single exine shell and the absorption coefficient ¢ for

Table 2

Comparison of overall absorbance, single-wall absorbance and transmission and
absorption coefficient for LC25, LC40 and AT15 exines in air and dispersed in an RI-
matching solvent (glycerol or toluene). All values refer to a wavelength of 450 nm.

Sample A at X/t Afor1wall % &/um™!
450 nm thickness transmission  (t/pm)
Absorbance of partial monolayers
LC25 in air 0.86 29 030 51 0.10 (3)
LC40 in air 1.02 33 031 49 0.10 (3)
AT15 in air 0.80 1.9 042 38 0.14 (3)
LC25 in glycerol  0.72 29 025 56 0.08 (3)
LC40 in glycerol  0.72 33 022 61 0.07 (3)
AT15 in glycerol  0.81 19 042 38 0.14 (3)
Absorbance imaging
LC25 in air 0.55% 2 0.28 53 0.02 (12.5)
LC40 in air 0.65% 2 0.33 47 0.02 (20)
AT15 in air 0.55% 2 0.28 53 0.04 (7.5)
LC25 in toluene  0.40° 2 0.20 63 0.03 (6)
LC40 in toluene  0.45° 2 0.23 60 0.02 (10)
AT15 in toluene  0.18% 2 0.09 81 0.02 (5)

2 These absorbance values are measured through the poles of the shell particles
where x/t = 2.

the different particles in air and in RI-matching solvent. It can be
seen that the% transmission at a wavelength of 450 nm (but which
is similar for all wavelengths) is in the range 38-51% in air and
higher (38-61%) in glycerol. The assumption that the wall thick-
ness is 3 um for all samples gives values of the absorption coeffi-
cient which are around 0.1 pm™".

Some limited comparisons can be made between the spectral
parameters measured here and literature data. Based on data from
Refs. [17,18] and referring to Brassica rapa, Rozema et al. [15], state
“The pollen wall is effective in screening out more than 80% of the
incident UV radiation”. Spectra of glycerol suspensions of sporo-
pollenin derived from different microscopic algae have been mea-
sured [20]. Although the results show the shape of the spectra, they
do not yield the absolute values of the absorption coefficient. For
these various algae sporopollenins, the absorbance values depend
strongly on the alga type but the wavelength dependences are
rather similar; the absorbance simply decreases progressively with
increasing wavelength from 280 to 700 nm [20]. The value of the
absorption coefficient ¢ for these sporopollenin shells can be com-
pared with that for carbon black particles as used in inks. The spec-
trum of carbon black particle suspensions is very similar to that for
the algal-derived sporopollenin from Ref. [20], the absorbance pro-
gressively and smoothly decreases with wavelength from 190 to
900 nm and the absorption coefficient is 1.6 um~! at 450 nm
[23], more than 1 order of magnitude higher than the values esti-
mated here for sporopollenin. We speculate here that the different
absolute magnitudes of the absorption coefficients may reflect the
relative amounts of large, delocalised aromatic species with sp2
hybridised carbon atoms and the sp3 carbon content in sporopol-
lenin [11,12,3] compared to carbon black.



214 S.L. Atkin et al./Journal of Photochemistry and Photobiology B: Biology 102 (2011) 209-217

3.2. Absorbance imaging of sporopollenin exine shells

Fig. 6 shows an example of an optical transmission micro-
graph at wavelength of 450 nm of a partial monolayer of LC40
exine shells in toluene together with the derived pixel-by-pixel
absorbance image. The non-spherical LC40 exines in the partial
monolayer are randomly oriented which results in the derived
absorbance images of the different particles in the lower image
having different shapes. Despite this variability between individ-
ual exines in the image, it can be seen that the overall absor-
bance values are reasonably consistent with the values shown
in Fig. 5. In Fig. 7, a cross-section through the centre of the
absorbance image of a single exine from Fig. 6 is compared with
a profile calculated for a hypothetical, spherical shell in which
the thickness and absorption coefficient of the wall is uniform

(Eq. (5)). For this particular exine (corresponding to one random
orientation in the sample cell), the cross-section has the charac-
teristic double maximum profile expected for a hollow shell.
However, it should be noted that the parameters of the calcu-
lated profile (shown in the figure legend) correspond to a shell
wall thickness of 10 um, considerably higher than that estimated
from the confocal images of Fig. 3 (about 3 pm). The simulated
outer diameter of the exine, equal to twice (r+t), of 44 um is
close to the average outer diameter of LC40 exines estimated
from electron microscope images (40 pm). The fact that the fitted
profile yields a higher value of t than that estimated from the
confocal microscopy also means that the value of absorption
coefficient ¢ derived from the absorbance imaging is correspond-
ingly lower than from the exine partial monolayer absorbance
results.

absorbance

|
v
y

Fig. 6. LC40 sporopollenin exine shells in toluene recorded using a 10x objective lens and 450 nm filter. The upper image shows the optical transmission image and the lower

plot shows the derived pixel-by-pixel absorbance image.
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Fig. 7. A “slice” through the absorbance image of one example of a single LC40
sporopollenin exine shell particle in toluene recorded using a 10x objective lens
and 450 nm filter. For comparison, the solid line shows a theoretical profile
calculated for a (hypothetical) spherical shell of inner radius 12 pm, wall thickness
10 um and extinction coefficient 0.021 pum~! for which the shell has uniform
thickness and extinction coefficient.

The absorbance images of all three exine types dispersed in the
RI-matching solvent toluene show similar behaviour. Although
there is significant variability between individual exines due to
random orientation, most particle profiles have absorbance values
which are approximately consistent with those of Fig. 5 and show
the double-maxima shape (as seen for the example particle of
Fig. 7) which is characteristic of hollow shells. As in Fig. 7, attempts
to fit these profiles to a uniform thickness, spherical shell model
generally suggest shell wall thicknesses larger than those esti-
mated from the confocal microscope images of Fig. 3. The origin
of this discrepancy currently remains unclear but could be a conse-
quence of the distributions of the intrinsic fluorophore species
(used to obtain the confocal images) and the absorbing species
(used in these absorbance images) within the exine shells being
non-identical. It might also be a consequence of a significant frac-
tion of the exines forming “deflated” shell structures rather than
annular spherical shells. In principle, some distortion of the absor-
bance image profiles may result from the angular distribution of
the incident light in the transmission microscopy. This putative
explanation is less likely since, as discussed in Ref. [22], artefacts
due to this effect are minimised by use of the low (10x ) magnifica-
tion objective lens and absorbance image results for RI-matched
emulsions stabilised by shells of light absorbing carbon black par-
ticles generally show good fits to the uniform shell model [23].

Representative absorbance images of the different exine types
in air are shown in Fig. 8. Under air, the exines’ optical transmis-
sion is reduced owing to reflection and scattering processes. This
effect causes the absorbance images of the exines to be more
“rounded” than for the exines in an RI-matching solvent, i.e. the
double maxima in the absorbance cross sectional profiles are less
pronounced or absent altogether, indicating again that the wall
thicknesses are larger than 3 pm.

The overall absorbance (measured through the poles of the ex-
ines), the single-wall transmission values and the absorption coef-
ficients derived from absorbance images are summarised and
compared with those from partial monolayers in Table 2. With
the exception of AT15, there is reasonable agreement for the sin-
gle-wall transmission values between the two methods. The origin
of the discrepancy, particularly for AT15 in RI-matching solvents, is
presently unclear but might possibly be related to the use of tolu-
ene in one case and glycerol in the other as the dispersion medium
which appears to cause the unexpected differences in values only
for the case of AT15. The values of the absorption coefficient ¢
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Fig. 8. Examples of absorbance images recorded at 450 nm with a 10x objective
lens for LC40 (upper image), LC25 (middle image) and AT15 sporopollenin exine
shells (lower image) in air.

estimated from absorbance imaging are significantly lower than
those estimated from the partial monolayer results. This is primar-
ily a consequence of the assumption that t =3 pm (from confocal
microscopy) was used for the partial monolayers whereas t was
independently estimated by fitting the shapes of the absorbance
image profiles (e.g. Fig. 7 and the figures in parentheses in the final
column of Table 2). The results indicate that the light absorbing
material of the exine shells is distributed over wall thicknesses
which are larger than the 3 pm indicated by the confocal micros-
copy images and that a more realistic absorption coefficient of
the sporopollenin material is near to 0.02 um~'. The larger than
expected wall thicknesses observed here may be a consequence
of some fraction of the exines having the form of “deflated” shells.
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4. Conclusions

We have used spectrophotometric measurements of partial
monolayers of sporopollenin exines to estimate the UV-visible
absorption spectra and absolute absorption coefficients of individ-
ual exines derived from L. clavatum (club moss) and A. trifida (giant
ragweed). Relevant to the use of such exines for encapsulating
material, it is found that the light transmission of a single sporo-
pollenin exine wall thickness is approximately 50% and shows only
minor variation with the type of particle and the wavelength over
range 200-900 nm (Table 2). Comparison of the spectra of the ex-
ines in air and dispersed in an RI-matching solvent reveal that opti-
cal losses due to reflection and scattering processes are relatively
minor in comparison with those due to light absorption. The abso-
lute values of the light absorption coefficients (based on a particle
wall thickness of 3 um) are of the order of 0.1 um~. The method-
ology developed here and the spectral information may aid the
development of the use of analysis of old pollen and spore samples
to reconstruct the historic variation in solar UV-B levels.

In addition, we have used a absorbance imaging method based
on light transmission microscopy at a single incident wavelength
(450 nm) to provide independent measurements of the spectral
parameters at this single wavelength and to elucidate the physical
structure of the exines. Using this method, the average wall thick-
nesses of the exines are found to be larger than those estimated
using confocal fluorescence microscopy. Both absorbance imaging
and partial monolayer spectrophotmetry yield similar values for
the% light transmission of a single sporopollenin exine wall. How-
ever, because of the different estimated wall thicknesses used, the
light absorption coefficients estimated from the absorbance images
(approx. 0.02 pm™~') are lower than values from the partial mono-
layer method (approx. 0.1 pm™1).
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Appendix A. Theory of optical transmission spectra of partial
monolayers of sporopollenin exine shells

The absorbance A due solely to light absorption of a solid mate-
rial varies with its thickness x according to

A= log]OIT0 = —log,(T = &x (A1)

where Ip and I are the incident and transmitted light intensities, T is
the transmission and ¢ is the absorption coefficient equal to the
absorbance per unit length travelled by the light within the solid
material. A sample consisting of a partial monolayer of exines, as
shown schematically in Fig. 2, contains an area fraction Ay covered
with particles of transmission T and absorbance A plus an area frac-
tion (1 — A) with 100% transmission corresponding to A = 0. In this
situation, the overall measured absorbance Ap,s of the partial
monolayer of exines is determined by the absorbance of an individ-
ual exine (A) and the area fractional coverage (Ay) according to:

Ameas = _IOgIO[Aflo_A + (1 _Af)} (AZ)
and hence

1O*Ameas Af _ ‘l
A= ¢ex = —log,, [T + A } (A3)

Using measurements of Ameas as a function of Ay, Eq. (A3) enables
the estimation of A, equal to the mean absorbance of a single exine
averaged over the projected area of the exine. Deriving the true
extinction coefficient ¢ requires knowledge of the distance x trav-
elled by the light through the actual substance of the sporopollenin
exine. For exines consisting (in their undistorted state) of spherical
shells with inner radius r and with uniform thickness t, the value of
x is a function of the equatorial distance from the centre of the par-
ticle a according to

x=2(/r+t} —a2-vVrr—a) forO<a<r

(Ad)

x=2(/(r+t)? —a?) forr<a<(r+t)

x=0 for (r+t)<a

The projected area average of x over the entire exine area is given by

_ 4 o3

g (U M (A5)
3\ (r+0)

Eq. (A5) has a limiting value of 4t/3 as r tends to zero (i.e. a solid
sphere) and 4t in the limit that t < r, corresponding to the case of
a hollow, thin-walled sphere. For the same shell particle squashed
flat, the particle would have a circular projected shape of almost
uniform thickness equal to 2t.
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