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Abstract

Exine, in the form of a natural microcapsule, refers to the outermost layer of the pollen grains and is composed of a
complex mixture of sporopollenin, a highly resistant polymer, which makes it durable and able to withstand harsh condi-
tions. Distinctive features of sporopollenin have attracted interest in the encapsulation of bioactive substances. Herein,
we describe the pathway to producing sporopollenin microcapsules (SMCs) by exploiting bees and trapping common
bee pollen pellets, offering a simple approach to acquiring substantial amounts of pollen grains for industrial application.
Palynological results showed that separating bee pollen pellets by colour could lead to almost pure products ranging from
90 to 96%, depending on the pollen species. Subsequently, a single extraction technique removed around 82— 86% of
the proteinaceous content, which could cause potential allergic reactions in humans. Detailed morphological analysis by
scanning electron microscope (SEM), confocal laser scanning microscopy (CLSM), atomic force microscopy (AFM), and
laser diffraction particle size (LDPS) analysis proved that the purified SMCs retained their 3D micro-structures, besides
being hollow and uniform micron-scale size. Fourier-transform infrared spectroscopy (FTIR) findings point out that the
sporopollenin biopolymer structure of the pollen grain comprises distinct aliphatic and aromatic domains, and the purifi-
cation of the SMCs resulted in the loss of nitrogen-related peaks. The hydrophobic/hydrophilic properties of the SMCs,
evaluated by contact angle measurements, showed variability between pollen, depending on the specificities of their
chemical structure. Simultaneous thermal analysis (STA) confirmed SMCs thermal stability up to 451 °C. Altogether, we
showed that green microcapsules with various morphological properties could be produced by simply processing Castanea
spp., Cistus spp., Erica spp., Olea spp, and Rubus spp, all common bee pollen pellets available in large quantities in the
northeast of Portugal, but also many other countries. These microcarriers promise applicability to various fields, from
pharmaceuticals to the food industry.
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mary function of pollen is to fertilise the female repro-
ductive organs [1]. Pollen grains are typically tiny and
lightweight, allowing them to be easily carried by various
agents such as wind, water, or insects to reach the female
reproductive structures of other plants [1]. Plant-based pol-
len grains, which are natural microcapsules, exhibit species-
specific features such as surface protrusions, pores, size, and
other surface decorations [2]. One of the main elements that
enable pollen grains to perform their role in nature success-
fully is the pollen wall, which protects the genetic material
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in the inner cavity [3]. The inner layer (intine) is composed
of elastic, load-bearing cellulose/hemicellulose, pectin, and
microfibrils, while the outer layer (exine) is composed of
sporopollenin, a robust and cross-linked biopolymer [4].
This double-layer wall provides a highly durable and chem-
ically resistant protective barrier for pollen grains [5-7]. It
forms a harsh, resistant coat that shields the cellular material
inside from various environmental stresses such as desicca-
tion, UV radiation, temperature extremes, and microbial and
chemical degradation [3, 4].

All these features make sporopollenin particles good can-
didates for employing as encapsulation structures, SMCs,
in the design of carrier systems [7-9]. Apart from the pro-
tective function of sporopollenin as an inherent natural
microcapsule, it has been intensively researched in various
research fields due to its naturally abundant and sustainable
natural source [10—12]. Moreover, another interesting point
of using SMCs is that they offer some distinctive advan-
tages over synthetically produced microcapsules [2, 9]:
(i) no need to redesign for the production of micro-sized
structures, (ii) fewer chemicals and complicated devices
are needed, (iii) species-specific uniformity dispersion, and
(iv) biodegradable and non-toxic. SMCs purified from vari-
ous pollen species make them a theme of interest as natural
materials, particularly for their performance in the encapsu-
lation and delivery of therapeutic agents such as drugs [6],
vaccines [8], proteins [13] and living cells [5], besides their
use in food sciences [ 14], energy storage systems [15], sepa-
ration technology [10], catalytic reaction [16], and colloidal
science and cellular applications [17].

Even though SMCs isolated from pollen grains are gen-
erally collected directly from plants, few published studies
have reported that they may also be extracted from bee pol-
len pellets [18-20]. In fact, purifying SMCs from bee pollen
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pellets may offer some benefits, such as obtaining pollen
types of various morphologies in a short time from a single
location (apiary or hives) [9], particularly in those cases
where the pollen is well appreciated by honeybees, allow-
ing to acquiring substantial amounts of pollen for industrial
application. Bees visit the flowers to collect pollen grains
and blend them with some nectar and their own secretions
into moist pellets so they can be carried to the hive stocked
to the pollen basket on their hind legs [1, 21]. If a pollen
trap is placed at the hive’s entrance, the bee pollen pellet
will be detached from the honeybee’s hind legs, falling into
the stock compartment of the pollen trap, allowing its diary
collection, Fig. 1. Bee pollen pellets are 3—5 mm in size with
15 mg weight, and each pellet consists of thousands of pol-
len grains, usually from the same plant origin [1, 21], so this
is the key point for efficiently producing SMCs with uniform
size distribution and desired morphological characteristics.

Inspired by the fact that the pollen wall is a subject of
interest and research in various research fields, herein we
provide a straightforward pathway to collect pollen grains
from common plant species by exploiting bees, and then
purify SMCs from these bee pollen pellets and characterize
them in detail physically and chemically. Besides describing
the full pathway production, we expand the range of natu-
ral materials that can be used for the sustainable develop-
ment of delivery systems by introducing new pollen types of
SMCs that are available in high quantities in nature.
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Fig. 1 The diagram visualizes the collection and pelletization of plant pollen by the bees, followed by the collection of bee pollen pellets that
adhere to the bees’ hind legs through pollen traps placed at the hive’s entrance
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Materials and Methods
Bee Pollen Collection and Processing

Bee pollen samples were collected using Apis mellifera
iberiensis hives in Braganca (Portugal) between March and
August 2022 (see Table S1), according to the blooming time
of the plant, giving the desired pollen species. Samples were
obtained by placing pollen traps on the hive entrance and
collecting the pollen samples every two days. The harvested
bee pollen pellets were cleaned from wood residues and
dead bee parts and examined under a light microscope to
identify each colour’s pollen species. Following this step,
pollen pellets of interest were separated by shape and colour
under daylight. Approximately 50 g of pollen, per pollen
species, was gathered to conduct all assays. The percentage
of bulk bee pollen necessary to achieve the specific pollen
amount was variable depending on the pollen type and time
of collection but varied between 200 and 500 g. Selected bee
pollen pellets were stored at —22 °C until further analysis.

Palynological Analysis

The palynological analysis was carried out to reveal the
plant origins of bee pollen samples previously separated by
colour. Briefly, 20 mL of water was added to 2 g of bee pol-
len pellets in a Falcon tube, then vigorously mixed to make
a homogeneous disaggregate sample and allow a represen-
tative sub-sample. An aliquot of 0.4 mL of the resulting
mixture was centrifuged at 3500 rpm for 15 min. The result-
ing pellet was subjected to acetolysis, as previously reported
[22]. Pollen identification and counting were accomplished
by using an optical microscope (Nikon Microphot-FXA,
Nikon Co., Tokyo, Japan). As recommended, more than
1000 pollen grains were counted per preparation, according
to Van der Ohe et al. [23].

Extraction of SMC from Bee Pollen

A purification method consisting of two main steps was
applied to obtain SMCs from each type of bee pollen [19,
20]. In the first step, defatting, 50 g of bee pollen was
refluxed in 400 mL of acetone (50 °C, 250 rpm) for 3 h.
After pouring the supernatant, the sample was mixed twice
with 400 mL of warm water (50 °C, 250 rpm) in 1-hour
periods until obtaining individual particles. After the wash-
ing step, the sample was refluxed in 400 mL of acetone
(50 °C, 250 rpm) for 3 h, and the acetone was decanted.
The sample was allowed to air dry in a fume hood for 12 h.
The dried sample was stirred in 400 mL of diethyl ether
(room temperature (RT), 300 rpm) for 2 h. After vacuum
filtration, the same step was repeated with the same portion

of fresh diethyl ether. Using a magnetic stirrer, the sample
was stirred overnight in 400 mL of fresh diethyl ether (RT,
300 rpm). After removing the supernatant, the sample was
left to dry in a fume hood for 12 h.

In the second step, acidolysis, the defatting samples were
subjected to 400 mL 85% (w/w) phosphoric acid (70 °C,
330 rpm) for 8 h. After acidolysis, the samples were sub-
jected to a series of washes consisting of 400 mL portions
set at 50 °C: water (X5), acetone (X2), 2 M hydrochloric
acid (x1), 2 M sodium hydroxide (x1), water ( X5), acetone
(x1), ethanol (x2) and water (x1). Finally, extracted SMCs
were transferred to a glass Petri dish and dried in an oven
(Memmert UNE400, Schwabach, Germany) at 45 °C for
three days. Throughout the purification method, samples
were collected by vacuum filtration system (Model DA7C,
Charles Austen Pumps Ltd., Byfleet, UK).

Total Protein Content Analysis

A Kjeldahl steam distillation unit (Pro-Nitro A, JP Selecta,
Barcelona, Spain) was used with a minimum of 250 mg
sample to determine the protein content of both treated and
untreated samples. The total protein content was calculated
from the percent nitrogen multiplied by the factor of 6.25,
which aligns with the recommendations of the Association
of Official Analytical Chemists [24].

Morphological Imaging Analyses
Scanning Electron Microscope

Changes in the surface structure before and after chemi-
cal treatment were observed with an FEI Quanta 400 FEG
ESEM/EDAX Genesis X4M (FEI Inc., OR, USA) instru-
ment at 15.00 kV acceleration voltage under various mag-
nifications. For capturing images, samples were spread on
conductive carbon tapes and coated with Au/Pd using sput-
ter coater equipment (SPI Module Sputter Coater, PA, US)
(15 mA, 100 s).

Confocal Fluorescence Imaging

Since the sporopollenin wall of pollen is of an autofluo-
rescence nature, it allowed the observation of both treated
and untreated pollen grains using confocal laser scanning
microscopy (CLSM). Samples were spread on a glass
slide with a drop of epifluorescence mounting medium
(Vectashield®, Vector Laboratories, CA, USA) containing
4’—6-diamidino-2-phenylindole (DAPI), mounted with
a coverslip and stored in the dark at 4 °C until observa-
tion. LSM 510 META with a Zeiss Axio Imager Z1 (Carl
Zeiss, Oberkochen, Germany) and the LSM 510 software
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(version 4.0 SP2) were used to acquire confocal images.
The same settings were applied to all images to normalize
the results. The lasers used were argon (488 nm) set at 13%,
helium-neon (543 nm) set at approximately 51%, and diode
(405 nm) set at approximately 39%. The pinhole was set to
96 mm (1.02 airy units) for the argon laser, 102 mm (0.98
airy units) for the helium-neon laser, and 112 mm for the
diode laser using a 63X objective. Images were captured at
a scan speed of 6 or 8 with 1 pum thick Z sections, deconvo-
lutioned using the 3D deconvolution tool of the AutoQuant
X3 software (Media Cybernetics), and processed in TIFF
images with ImageJ (1.47v).

Atomic Force Microscopy

Atomic force microscopy (AFM) imaging was performed
on SMCs purified from the different pollen species. Sam-
ples were fixed to a flat mica surface using a commercially
available nail polish brand (Golden Rose, Istanbul, Turkey)
based on nitrocellulose and polyvinyl butyral resin [12].
AFM imaging was carried out at room temperature (21 °C)
in tapping mode using an AFM model TT-AFM (AFM
Workshop, SC, USA) instrument equipped with a nomi-
nal tip radius <10 nm (ACT, AppNano, CA, USA) with a
resonance frequency of around 300 kHz. Images were pre-
processed using Gwyddion 2.4 software.

Laser Diffraction Particle Size Analysis

Measurement of the particle size of the SMCs was per-
formed using a Mastersizer 3000 (Malvern Panalytical Inc.,
Malvern, UK) based on the laser diffraction technique [25].
Samples were analysed by taking an average of 5 mea-
surements at 21 °C using distilled water as the dispersion
medium. The determined parameters were D;,, Ds,, and
Dy, in volume, which denoted the particle size correspond-
ing to 10%, 50%, and 90% of the total volume of the par-
ticles in the tested sample, respectively.

Fourier-transform Infrared Spectroscopy

FTIR measurement was performed using the PerkinElmer
Spectrum BX FT-IR system (Perkin Elmer Inc., MA, USA)
equipped with a diamond attenuated total reflection (ATR)
accessory (GladiATR, PIKE Technologies, WI, USA).
Reflectance infrared spectra were collected at a spectral
resolution of 4 cm™! by 64 times scanning per measurement
over the range from 4000 to 600 cm™'. Background spectra
were collected before the sample reading.

@ Springer

Contact Angle Measurement

For contact angle measurements, 50 mg of sample was pel-
leted (13 mm diameter, 5 tons pressure for 20 s) with an IR
pelletizer to achieve a flattened surface and then fixed on
a glass slide. A drop of water (3 pL at 21 °C) was gently
dropped onto the surface of the SMCs layer. The contact
angle was measured by filming and photographing using
an Attension ThetaOptical Tensiometer (Biolin Scientific,
Gothenburg, Sweden) with OneAttension 1.0 software.

Simultaneous Thermal Analysis

The thermal decomposition of treated and untreated samples
was tested by thermogravimetric analysis (TGA), derivative
TG (dTG), and differential thermal analysis (DTA) using
the STA7200RV Simultaneous Thermal Analyzer System
(Hitachi High-Tech Inc., Tokyo, Japan). Samples were
heated from 20 to 700 °C at a scan rate of 10 °C/min. Data
were processed using TA7000 software (Hitachi High-Tech
Inc., Tokyo, Japan), version 11.1).

Data Processing

GraphPad Prism version 9.3 (San Diego, CA, USA) was
employed for data analysis. Data were compared using a
two-tailed #-test, and p < 0.05 was considered significant.

Results and Discussion
Isolation of SMCs From Bee Pollen

Using bee pollen pellets as a sustainable source to gather
SMCs, isolate, and transform them into usable biomaterial
seems an advantage over the direct pollen collection from
flowers. For this purpose, we set the area (apiary) to collect
bee pollen pellets based on the target plant flora and con-
sider the appetence of honeybees for specific pollen grains,
following local beekeepers’ experience. The principle was
to set the collection based on common pollen types that
could be gathered in significant amounts and worldwide if
we want to fulfill a future demand for industrial applica-
tions. Five pollen types were targeted Castanea spp., Cistus
spp., Erica spp., Olea spp and Rubus spp. Once the colonies
were established, the pollen traps were placed at the hive’s
entrance at predefined time intervals during the pollination
period of the target plants so that enough sample could be
collected, minimizing the impact on the colony’s develop-
ment. Samples gathered on different days were worked sep-
arately until confirmation of their botanical origin.
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Fig. 2 Separation of collected bee pollen and nitrogen content analy-
sis. (A) Photographs of bee pollen pellets separated by their color and
morphology and their degree of purity were based on the results of

After collection, the samples were separated by the shape
and colour of the pollen pellet and subject to palynologi-
cal analysis to confirm the botanical origin and specify the
purity of the bee pollen sub-sample. The results revealed
purity values from 90 to 96%, so each colour represented
a single plant species, Fig. 2. The deviation for total purity
may result from moist pollen pellets coming into contact
with each other as they fall into the collector part of the pol-
len traps rather than an event that occurs when bees form
pollen pellets. To reduce this contamination, pollen residues
on the surface of the pellets could be removed by lightly
sieving after drying at a moderate temperature in an oven.

Once separated, the pollen grains were subjected to an
extraction procedure consisting of defatting, acidolysis, and
a series of washing to produce the SMCs. The SMCs were
effectively isolated for all pollen species without further
optimization. The purification weight yield of SMCs from
raw bee pollen varied between 8.6 and 15.2%, depending
on the species.

Determining the protein content of the SMCs, besides
being an indirect measure of the efficient removal of the
cytoplasmic content of the pollen grain, is essential for
pharmaceutical and food use of the microcapsules because
pollen proteins can cause allergies in some individuals [26].
When people with pollen allergies come into contact with
pollen, their immune system may overreact and produce
histamines, leading to allergic reactions such as sneezing,
itching, watery eyes, and nasal congestion [13, 26]. We
performed nitrogen analysis to quantify the total protein
content of untreated bee pollen and SMCs. As given in Fig.
2, the total protein content of bee pollen was significantly
(»<0.0001, ¢-test) reduced from 23.7+0.1% to 3.7+0.1%
in Castanea spp., or from 15.5+0.3% to 2.1+0.5% in
Erica spp. These results agree with the findings reported for
the protein content of other plants and bee pollen as raw

Cistus spp.
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palynological analysis, and (B) the total protein content was calculated

by multiplying the nitrogen amount by a factor of 6.25. A two-tailed
t-test was used for comparison. [*¥***]=p <0.0001

Table 1 Morphological features of isolated SMCs

SMCs Shape Surface Shape and  Diam-
ornamentation  aperture eter of
number apertures
(um)

Cas Ellipse Rugulate Tricolpor- 1.4+0.2
ate; 3

Ol Spheroidal Reticulate Triporate; 3 1.8+0.1

Rub Triangular Striate Tricolpor-  Along the
ate; 3 colpus

Er Like-spheroid ~ Fossulate Tricolpor- 1.4+0.0
ate; 3

Cis Spheroidal Reticulate Tricolpor- 3.1+0.1
ate; 3

Cas: Castanea spp.; Ol: Olea spp.; Rub: Rubus spp.; Er: Erica spp.;
and Cis: Cistus spp. (Cis)

sources for SMC extraction [4, 20]. Besides, some studies
state that the chemical building blocks of the pollen wall
containing nitrogen may affect the total protein content in
SMCs [8, 26]. However, since the structure of sporopollenin
has not been fully elucidated, the contribution of the amount
of nitrogen it may contain to the total protein content has
not been clearly demonstrated until now. Although the
remaining protein content of SMCs would not be expected
to cause potential allergic reactions, a full guarantee will
require additional immunity assays using the serum of aller-
gic individuals.

Morphological Evaluation

Different analytical techniques such as SEM, CLSM, AFM,
and LDPS were explored to investigate the isolated SMCs’
morphological features compared with their original pol-
len grain. Each species-specific pollen grain has its own
three-dimensional shape, surface architecture, and apertures
located in the pollen wall, Table 1.
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These unique morphological features of pollen grains can
be damaged during their processing and prolonged treat-
ment of SMCs with strong chemicals such as phosphoric
acid [27]. SEM images evidenced that all SMC species’
structural integrity was retained, and no deterioration was
found in their surface architecture, Fig. 3. One of the slight
changes observed was the shrinking of some microcapsules
with the removal of their cytoplasmic contents, more evi-
dent in Rubus spp. Another change was the opening of the
apertures by chemical treatment. In fact, the exine layer is
very weak or absent in the areas where the openings are
located and is usually composed of intine [26]. So, during
the extraction of the pollen grains, the fluid enters into the
pollen cavity via nanochannel, causing pressure, and it ends
with the breakdown of the intine, which is weakened by the
effects of chemicals (e.g., H;PO,) [9, 20]. These micro and
nano apertures may actually be among the desired features
for future loading of SMCs with different types of materi-
als and their controlled release and/or delivery to predefined
areas, e.g., in drugs, therapeutic nanostructures, food preser-
vatives, etc [9, 14, 20, 26].

One of the main goals to be achieved when manufactur-
ing SMCs is to obtain hollow structures and thus the ben-
efit of the large inner cavity for various purposes. CLSM
analysis is a great help in demonstrating that SMCs are
free of cellular components. It is common knowledge that
sporopollenin and raw pollen grains emit auto-fluorescence
at organelle-specific wavelengths [13]. Taking advantage
of this pollen property, we collected confocal microscopy
images before and after chemical treatment, Fig. 4 and Fig-
ure S1. The pictures clearly show strong auto-fluorescence
emitted in the inner cavity of the untreated raw pollen
grains. Conversely, auto-fluorescence was not detected in
the inner cavity of SMCs. These findings not only prove the
successful removal of the cellular components of the pollen
grains but also support the SEM results, which indicate that
their 3D structures are retained.

To further characterize SMCs, we investigated the sur-
face topography by AFM. Surface ornamentation is substan-
tial when considering the intra-body use of SMCs because
the nanoarchitecture on the surface of the exine layer can
affect the adhesion, external surface chemistry, and mechan-
ical properties of SMCs [7] and even generate an immune
system response [28]. AFM analysis of raw bee pollen was
unsuccessful due to the instability of residues on its surface.
However, we could analyse SMCs since they underwent
a series of chemical treatments and washing steps, Fig. 5.
Therefore, we could only compare AFM images of SCMs
with untreated and treated SEM images taken at high mag-
nifications. AFM images show the exine wall in visible 2D
slices (Fig. 5 upper line), however, the 3D images (Fig. 5
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bottom line) provide a better understanding of the actual
morphology of the exine.

Olea and Cistus exhibited reticulate surface ornamenta-
tion, whereas Castanea and Rubus displayed rugulate and
striate surface ornamentation, respectively. On the other
side, Erica possessed a distinct fossulate architecture, set-
ting it apart from the other species in both morphology
and exine ornamentation. The results evidenced that their
3D structure is preserved and has no significant deforma-
tions, but also offered notable information about both the
structure and dimensions of the nano-architecture on the
exine surface, as seen in Fig. 5. These results provide help-
ful information for the characterization of the SMCs surface
nanoarchitecture and the development or modification of
exine surfaces for further intentions.

The last analysis conducted on the morphological fea-
tures of SMCs was the particle size distribution based on
the laser diffraction technique, Fig. 6. Extracted Cas, Ol,
Rub, Er, and Cis SMCs corresponded to mean spherical
diameters of 12.5+0.1 ym, 18.2+0.1 pm, 18.5+0.1 um,
27.940.1 pm, and 36.3+0.1 um, respectively. Depending
on the pollen species, a diversity of particle sizes enables
one to choose the microcapsule that better suits a desired
volume. We also further characterized the values in the par-
ticle size distribution in volume (D, D5, and Dy,) for each
SMC in Table S2. The particle distribution analysis and the
evidence presented by SEM and CLSM analyses show that
SMCs could be produced in different characteristics, such
as hollow and monodisperse microstructures, where their
structural integrity is preserved.

ATR-FTIR Analysis

FTIR spectroscopy was explored to evaluate the chemical
composition of the raw bee pollen and purified SMCs and
to understand the impact of the applied chemical treatment.
The data, Fig. 7, was compared with the spectroscopic prop-
erties of untreated pollen grains and SMCs reported in the
literature for various pollen species [29-36].

Alcohols, carboxylic acids, carbohydrates, phenols, or
water exhibit v(OH) oxygen-hydrogen vibrational mode
[29]. For all bee pollen species, the broad band v(OH) with
a center of 3290 cm ™! is assigned to the vibrational mode
in hydrogen bonding [36]. For SMCs, the peak is shifted to
3320 cm ™!, and a drastic decrease in intensity was observed.
These displacements and structural changes are probably
related to the removal of weakly bonded water, carbohy-
drates, or lipids, which are linked to —OH groups [35].
The peaks at 2928 and 2854 cm™! in the spectra of bee pol-
len are due to the v,g,,(CH,) and v,,,(CH,) modes of the
methylene groups and remain at the same wavenumber in
the isolated SMC, but the intensity of their absorption being
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—— Raw pollen

Rub

Er

Fig. 3 Scanning electron micrographs for bee pollen (first column) and SMCs (second and third columns). (A) Castanea spp. (Cas), (B) Olea spp.
(Ol), (C) Rubus spp. (Rub), (D) Erica spp. (Er), and (E) Cistus spp. (Cis)
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Blue channel Green channel

Fig. 4 Confocal micrographs of raw pollen (first row) and SMCs
(second row) for Erica spp. (Er). Cytoplasmic native molecules and
organelles of untreated pollen grains are clearly visible in blue, green,
red, and overlay images. SMCs, which are treated pollen, retain the

Raw pollen

Er

\
SMC

Cas

052 um

/- 0ooum

Fig. 5 AFM surface reconstructions were obtained over 3 um X 3 pm
areas. The upper line shows the AFM images of the various SMCs, and
the lower row shows 3D surface reconstruction from height trace data

reduced [32, 33, 36]. Regardless of the isolated SMCs, raw
pollen grains may contain natural lipids, carbohydrates,
or proteins that exhibit carbon-oxygen or nitrogen-carbon
vibrational modes. The peak at 1740 cm™ ! appearing in the
spectrum of bee pollen is attributed to the v(C=0) mode of
lipids [30]. Even though indisputable lipids are present in
natural pollen grains, the hydrogen-bonded v(C=0) mode
of such compounds is manifested at lower frequencies [33,

@ Springer

Red channel

autofluorescence of the pollen wall, and it is clear that they are hol-
low. All confocal micrographs for other pollen species are given in the
Supplementary Information; see Figure S1

Overlay

Er

from the same samples. Cas: Castanea spp.; Ol: Olea spp.; Rub: Rubus
spp.; Er: Erica spp.; and Cis: Cistus spp. (Cis)

34]. After treating raw pollen grains with organic solvents
such as acetone and diethyl ether and the acidolysis step,
it completely disappeared for SMCs, thus pointing out the
removal of lipid content [36].

Spectra from raw bee pollen evidence the presence of
amides. The peaks occurring around ~1636 cm! and at
~1548 cm ™! for the different types of pollen are assigned to
v(C=0) amide I and §(NH), v(CN) amide II, respectively
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Fig. 6 Laser diffraction particle size analysis of SMCs obtained from
different pollen species. Cas: Castanea spp.; Ol: Olea spp.; Rub:
Rubus spp.; Er: Erica spp.; and Cis: Cistus spp. (Cis)

[32, 35]. For Rub, the presence of the amide II peak was not
so evident, Fig. 7C. The well-defined peak at 1234 cm ™! is
another evidence of this functional group and is assigned
to the in-phase combination of §(NH) and v(CN) amide III
[32, 35]. All these features assigned to the amide peaks,
associated with the presence of proteins, disappeared after
the chemical treatment. The peak at 1602 cm™' that is dis-
tinguishable only in Cas bee pollen is due to the v(C=C)
aromatic ring modes, Fig. 7A [36]. Moreover, shoulders
at ~1422 cm™!, 1344 cm ™!, and 1040 cm ™! in the bee pol-
len spectrums are assigned Oggissors(CH,), Vivagging(CHo)
or methine deformation and polysaccharides (v(COC), in
cellulose), respectively [30, 33, 35]. After chemical treat-
ment, there was a shift at ~1422 ¢cm™', while the peaks at
1344 cm ! and 1040 cm™! disappeared. This suggests that
phosphoric acid affected the carbohydrate backbone and
likely removed cellulosic intine [35, 36].

On the other hand, the peaks observed around ~ 1654 cm™!
and ~1576 cm ™! in all purified SMCs are assigned to the
v(C=C) mode of alkenes and v,,,,(COO-) in the sporopol-
lenin, respectively [29, 33, 35, 36]. The peak at 1434 cm!
with the high positional consistency in SMCs has been pre-
viously assigned to 8(CH2) or 6(CH3) vibrations. Never-
theless, it could be attributed to the methylene J;..(CH,)
mode based on the current findings from the sporopollenin
[30, 33, 34]. In the spectra of isolated SMCs, the peak at
1092 cm ! is consistent with the v(CO) mode of secondary
alcohols [30], and similar properties were reported in the
cellulose (1100 cm™!) and pectin (1100 cm™") spectra [33],

hence the peak rising here is assigned to the v(CO) mode of
secondary alcohols or the v(COC) mode of aliphatic ethers
and may suggest polysaccharide residues [29, 35, 36].
However, these shoulders were not at an almost identifiable
frequency in some species of SMCs (e.g., Ol, Er, and Cis),
Fig. 7B and D, and 7E. The peak appearing at 990 cm ',
which may be associated with residues of carbohydrates,
is assigned to the v(COC) mode [30, 35]. The peak around
840 cm ! is probably a y(CH) mode of the aromatic ring
of the 1,4-disubstituted aromatic ring of p-Coumaric acid
units [33]. Altogether, the spectra of the bee pollen pellets
support the results of total protein and morphological imag-
ing analysis, as well as the significant removal of carbohy-
drates, proteinaceous, and lipid components, which are part
of their natural structure, after phosphoric acid chemical
treatment. Besides, our ATR-FTIR findings point out that
sporopollenin biopolymers comprise distinct aliphatic and
aromatic domains.

Sessile-drop Contact Angle

Water interaction with surfaces is critical to biological,
physical, and chemical phenomena [37]. Contact angle, an
important parameter in the field of surface science and mate-
rial characterization, provides valuable information about
the wetting behaviour of the surface and the potential use of
the material in the desired application. We used the contact
angle 0 as a measure of the wetting degree or the SMC sur-
face by water, using the sessile drop method, Fig. 8.
Although the samples went through the same series of
processes, there were some important differences among
them. Cis SMCs exhibited the highest contact angle with a
value of 112° + 3 and Ol SMCs had the lowest with a value
of 73° + 3. This means that Ol SMCs have higher hydro-
philic behaviour while Cis SMCs have hydrophobic prop-
erties. In fact, these two specimens have distinct surface
ornamentations, microreticulate for Olea spp. and striate-
reticulate for Cistus spp., and, most probably, differences
in their chemical structure. When we referred to the FTIR
results to understand the phenomenon, the areas with peaks
3290 cm™!, 1576 cm™!, and 1092 cm™!, which are associ-
ated with the presence of OH, COO™ and CO functional
groups, were relatively more significant in the Ol SMCs.
Cas and Rub SMCs, which have a smoother surface than
the other samples, exhibited hydrophobic behaviour with
close contact angle values. The water contact angle findings
evidenced significant changes in the water affinity of the
SMCs depending on pollen species. Moreover, some reports
demonstrated that the interaction of SMCs with water can
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{ Fig.7 FTIR spectra of raw bee pollen and purified SMCs with acetone,

diethyl ether, and 85% H;PO, (70 °C for 8 h). (A) Castanea spp. (Cas),
(B) Olea spp. (Ol), (C) Rubus spp. (Rub), (D) Erica spp. (Er), and (E)
Cistus spp. (Cis)

be altered by changing the temperature during purification
[36], treating with UV-Ozone [20], or pH [38], thanks to the
presence of functional groups in the chemical structure of
sporopollenin. Our results for the water contact angle were
similar to those reported for various SMCs in the literature
[8, 20].

Thermal Evaluation

Sporopollenin biopolymer is resistant not only to harsh
chemical conditions but also to heat changes. To under-
stand the thermal resistance of the sporopollenin biopoly-
mer-structured SMCs, they were heat treated up to 700 °C,
Fig. 9, and compared to the raw material. Natural bee pollen
profiled four major degradation steps during heating treat-
ment, losing weight from 97% (Ol) to almost 100% (Rub)
at the end of the analysis, Fig. 9A. This occurred in only
three degradation steps for the purified SMCs, ranging from
93% (Cis) to 99% (Ol), Fig. 9D. The dTGs for both bee pol-
len and SMCs clearly elucidate the peaks associated with
each weight loss during the thermal analysis, Fig. 9B and
E. Additionally, percentage weight losses over certain tem-
perature ranges can be found in Tables S3 and S4 for all
samples.

For the bee pollen samples, the first weight loss between
21 °C and 110 °C is related to the evaporation of the weakly
adsorbed water [31], while the second loss, between 110 °C
and 260 °C, Fig. 9B, which is responsible for the loss of
31% (Ol)—34% (Er) in weight, could be due to the degra-
dation of proteins in natural bee pollen. It was previously
stated by Ricci et al. [39] that the thermal decomposition
temperature of proteins may vary between 178 °C and
288 °C, depending on their source and purity degree. The
third stage decomposition, which occurs between 260 °C
and 400 °C, accounts for a weight loss of 24% (Er)—31%
(Ol). These peaks were similar to the dTG decomposition
peak seen in the Lycopodium clavatum pollen: a decomposi-
tion peak at 300 °C appeared in the study for the raw pollen
grains, while the peak was missing for the acetone-treated
(defatted) sample [36]. Thus, this phenomenon suggests
that the decomposition peak around 300 °C may be due to
the degradation of lipid compounds [36]. In the last stage,
weight loss for the raw bee pollen occurred between 400 °C
and 700 °C and appeared as two peaks in this range, except
for the Er sample. These peaks account for weight loss of
32% (Ol) —38% (Er) and may be associated with the partial
decomposition of the exine layer and cellulose, which forms
the inner layer of pollen grains [29, 35]. The weight losses at
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this temperature agree with previously reported TGA find-
ings for Pinus and Tilia pollen species [31].

For SMCs, weight reduction due to the evaporation of
weakly adsorbed water was also observed at the initial heat-
ing stage until 200°C, accounting for 4% (Er) to 10% (Cas)
loss, Fig. 9E [40]. Relatively smaller peaks occurring at
200-400 °C are responsible for the weight loss in the sec-
ond stage, resulting in mass loss of SMCs ranging from 47%
(Cas) to 54% (Er). In this range, decomposition could be due
to pectin and cellulose residues since the maximum decom-
position temperatures of these biopolymers are 234 °C and
355 °C, respectively [35, 41, 42]. The third stage of weight
loss at 400—700 °C accounts for the partial decomposition of
the wall materials of the sporopollenin because after chemi-
cal treatment, the pollen is devoid of cellular components
and consists mainly of sporopollenin [29, 31, 36, 40].

The thermal degradation profile for the purified SMCs
showed a quite different pattern than that of natural pollen
grains. This proves that protein, lipids, cellulose, and other
pollen components were removed after defatting, H;PO,
treatment, and washings, resulting in a purer product [35,
40]. Moreover, the degradation of sporopollenin occurs at a
higher temperature in natural bee pollen, indicating that the
decomposition behaviour of pure components changes in
the presence of other components [43]. Therefore, it seems
reasonable to point out that the presence of pollen cellular
materials and/or cellulose may alter the degradation behav-
iour of sporopollenin [36, 43].

To gain a deeper understanding of the thermal behaviour
of the samples, we evaluated the thermal transitions that
occur during heating with DTA, Fig. 9C and F. Natural bee
pollen grains exhibited exothermic peaks at around 250—
400 °C and endothermic peaks, along with exothermic peaks
at 400-650 °C, Fig. 9C. For SMCs, slightly broader and

Cas Ol
104 £ 0 73+3

106 + 2

sharper exothermic peaks were observed between 250 °C
and 500 °C, Fig. 9F. These decomposition peaks were con-
sistent with the weight loss regions of natural bee pollen and
SMCs in the dTA thermograms. Thermal changes in treated
and untreated samples are associated with the degradation
of various pollen components in natural bee pollen and puri-
fied SMCs, such as lipids, proteins, cellulose, pectin, and
sporopollenin [29, 31]. Protein content, SEM, CLSM, and
FTIR results support the thermal analysis findings.

Conclusions

We have demonstrated how hollow microcapsules of a
uniform size could be straightforwardly fabricated from
different pollen species frequently available in natural
environments, exploring honeybees and their appetence
to collect pollen. SMCs were produced from renewable
bee pollen pellets by a fast and unsophisticated chemical
method, without the need for heavy chemical processes and
complex instruments. SMCs produced this way offer some
notable advantages over microcapsules harvested directly
from plants or synthetically produced. Bee pollen pellets
served as a green source for producing microcapsules with
various surface architectures and apertures in the desired
size in a short time and at a single place (e.g. in a beehive
or apiary) and with fewer series of processes. With a well-
defined chemical treatment method, we could fabricate
five types of hollow SMCs with sizes ranging from ~12 to
36 um, depending on the pollen species, without damaging
their 3D micro- and nano-structures. SMCs with aliphatic
and aromatic domains in their chemical structure showed
different degrees of affinity for water and were thermally
stable up to 451 °C. The pathway proposed here offers that

Rub Er Cis
112 +3

937

Fig. 8 Water contact angle measurements of the SMCs and surface morphology by SEM. Castanea spp. (Cas), (B) Olea spp. (Ol), (C) Rubus spp.

(Rub), (D) Erica spp. (Er), and (E) Cistus spp. (Cis)
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Fig.9 Thermal behavior of bee pollen and SMCs. (A), (B) and (C) show TGA, dTG, and DTA thermograms for raw bee pollen, while (D), (E), and
(F) are for SMCs, respectively. Castanea spp. (Cas), Olea spp. (Ol), Rubus spp. (Rub), Erica spp. (Er), and Cistus spp. (Cis)

micro-sized capsules can be straightforwardly produced and
expands the range of natural materials that can be used for
the sustainable development of green products of different
sizes and shapes with useful properties in food, pharmaceu-
tical, and biomedical applications.
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