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Abstract

Pollen grains and plant spores have emerged as a novel biomaterial for a broad range of
applications including oral drug and vaccine delivery, catalyst support, and removal of heavy
metals. However, before pollens can be used, their intrinsic biomolecules, which occupy a large
part of the pollen inner cavity must be removed not only to create empty space but because they
have potential to cause allergies when used in vivo. These intrinsic materials in the pollen core can
be extracted through a chemical treatment to generate clean pollen shells. The commonly used
method involves a series of sequential treatments with organic solvents, alkalis, and acids to
remove the native pollen biomolecules. This method, though successful for treating lycopodium
(Lycopodium clavatum) spores, fails for other species of pollens such as common ragweed
(Ambrosia elatior) and thus prevents widespread investigation of different pollens. Herein, we
report a new chemical treatment for obtaining clean pollen shells from multiple plant species. This
new method involves sequential treatment with acetone, phosphoric acid, and potassium
hydroxide. Scanning electron micrographs and protein quantification have shown that the new
method can successfully produce clean, intact, and hollow shells from many pollen species
including ragweed, sunflower, black alder, and lamb’s quarters. These results demonstrate the
broad applicability of this method to clean pollens of different species, and paves the way to start
investigating them for various applications.
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Introduction

Pollen grains are naturally occurring microcapsules produced by plants to transport the male
gametes from the anther (male reproductive part) to stigma (female reproductive part) for
fertilization.1=3 During this transportation, pollen grains protect the male gamete from
environmental stresses. A typical pollen grain has a tough outer shell known as the exine and
an inner shell known as the intine. The intine holds the male gamete and other biomolecules
and nutrients.*~" The intine is made of cellulose and pectin, while the exine is primarily
made of a biopolymer known as sporopollenin, whose exact molecular formula remains
unknown.* Sporopollenin is known to be tough and resistant to high temperatures, various
organic solvents, acids, and alkalis.* 8-10 Because of this toughness, pollens are becoming
increasingly popular for a variety of applications in oral therapeutic delivery, such as, oral
vaccination,11-13 encapsulation of magnetic resonance imaging (MRI) contrast agents for
oral delivery,14 encapsulation of fish oil for taste masking®®, and encapsulation of other
drugs for oral delivery.# 16-17

There are several desired traits that pollens must possess before they can be used for
different applications. They must be “intact’, i.e., uncracked or unfragmented so that their
unique geometry and morphological features can be utilized to their maximum potential,
such as for carrying drugs and vaccines for biomedical applications. Pollens must be “clean’
and devoid of biomolecules and other cellular material that naturally dwell inside them, so as
to prevent allergic reactions and to produce a vacant core that can be filled with therapeutic
molecules. Lastly, for processability purposes, pollens must not form clumps when dry, and
must be readily dispersible in a solvent without forming aggregates. Therefore, it is
important to produce pollens in an ‘unaggregated’ state.

Previous studies have largely focused on the use of spores of lycopodium (Lycopodium
clavaturm) for different applications.11: 16: 18 To process raw lycopodium spores, a well-
established ‘conventional method’ is used. This method involves the use of organic solvents
for defatting the pollens, followed by alkali treatment to remove the proteinaceous material
from within pollens, and then treatment with an acid as the last step to remove residual
proteins and cellulosic intine. 11. 19-20 This method, although successful for obtaining
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clean shells from lycopodium, fails for other pollen species. For example, Mundargi et al.,
have reported the failure of the conventional method for treating sunflower ( Helianthus
annuus) pollens.2 The authors have shown that sunflower pollens were damaged after
potassium hydroxide (KOH) treatment, which is the second step in the conventional method.
To overcome this limitation, the authors bypassed the KOH step and directly proceeded to
the orthophosphoric acid treatment, which is the last step in the conventional method.
However, with this approach the residual nitrogen content after treatment was still quite high
(about 0.7 %), indicating lack of proper removal of proteins. Similarly, Fadiran has also
previously reported failure of the conventional method in treating short ragweed (Ambrosia
artemisiifolia) pollens.?2 Fadiran reported pollen breakage and formation of a large amount
of insoluble debris after treating ragweed pollens with KOH. To separate ragweed pollens
from this debris, the author used sonication and then without washing the pollens proceeded
directly to the orthophosphoric acid treatment step. Finally, to recover pollens as a product
from the acid solution, a multi-step procedure was used, which comprised of: i)
centrifugation in vials at very low rpm (~ 1.5 rpm) to allow pollens to float to the top of the
acid solution, ii) removal of excess acid from vials by inserting long metal syringe needles
into the vials through perforated caps, and iii) neutralization of the remaining acid in the
vials with a base. The authors later used the treated ragweed pollens as reinforcing fillers for
polymers. 23

Hence, there is a need to develop an optimized and robust treatment procedure that can
produce morphologically intact, clean, and non-aggregated pollen shells from a variety of
pollen species through a simple protocol that can be readily adapted for large-scale
processing.

To develop such a protocol, in this study, we first investigated the cause of failure of the
conventional treatment process. Common ragweed (Ambrosia elatior) pollen was used as a
model pollen for this purpose. The conventional method and its variants were employed on
ragweed pollens to assess their ability to produce intact pollen shells. As seen before, these
methods were unsuccessful.2! Hence a new method was developed. The success of this new
method in producing intact shells from ragweed was confirmed by scanning electron
microscopic analysis. Elemental analysis confirmed that the resulting pollen shells had
minimal residual protein content. We discovered that high turgor pressure is the mechanistic
principle of the new treatment process. This new method was also found to be successful in
cleaning pollens of other species.

Materials and Methods

Materials.

Raw lycopodium spores were obtained from Sigma Aldrich (MO, USA). Raw ragweed,
sunflower, black alder (Alnus glutinosa), and lamb’s quarters (Chenopodium album) pollens
were purchased from Pharmallerga (LiSov, Czech Republic). Acetone, KOH,
orthophosphoric acid, ethanol, hydrochloric acid (HCI), and sodium hydroxide (NaOH) were
purchased from Fisher Scientific (PA, USA). Milli-Q water (Direct-Q 3 UV system,
MilliporeSigma, MA, USA) with an electrical resistivity of 18.2 MQ.cm (at 25 °C) was used
in all experiments.
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Pollen grain treatment.

To obtain clean-hollow ragweed pollen shells, different treatment pathways were followed as
summarized in Figure 1.

Conventional treatment: This treatment is summarized as pathway 1 in Figure 1.
Lycopodium or ragweed pollens (50 g) were stirred overnight in 450 ml of acetone under
reflux at 65 °C. These were then air-dried overnight, transferred to 600 ml of 6% w/v
aqueous KOH, and refluxed at 120 °C for 6 h. After 6 h of reflux, the solution was cooled to
room temperature, filtered, and the solids from the filter paper were added to 600 ml of 6%
wi/v aqueous KOH for another 6 h of reflux at 120 °C. Pollens were then filtered, washed
with hot water (3 x 300 ml) and hot ethanol (3 x 300 ml), and air-dried overnight. They were
next refluxed in 900 ml of orthophosphoric acid for 7 days at 160 °C. On the 8t day the
solution was cooled, and pollens were filtered and washed with water (5 x 300 ml), acetone
(300 ml), 2 M HCI (300 ml), 2 M NaOH (300 ml), water (5 x 300 ml), and ethanol (2 x 300
ml). Following these washings, the treated pollens were dried at 60 °C in an oven until
constant weight was achieved.

Modified conventional treatment: This treatment is summarized as pathway 2 and
pathway 3 in Figure 1. Both pathways started with acetone treatment step. Next the first
KOH reflux of conventional treatment was performed. After 6 h of KOH reflux, the solution
was cooled to room temperature and centrifuged (unlike filtration step of conventional
treatment) at 233 x g for 1 min at room temperature. The supernatant was discarded and
fresh KOH solution (50 ml) was added to the tube. This mixture was transferred to a round
bottom flask containing the remaining fresh KOH (550 ml) and stirred under reflux for
additional 6 h. In pathway 2, filtration and centrifugation methods were compared for
isolation of pollens from the KOH solution and from the wash step. In pathway 3,
centrifugation method was used for isolation of pollens from the KOH solution, the
supernatant was discarded, and the pollens were transferred directly to orthophosphoric acid
(900ml) and refluxed at 160 °C for 7 days (same as conventional treatment). The recovered
pollens were washed as mentioned above in conventional treatment using filtration method
for isolation and dried at 60 °C in an oven until constant weight was achieved.

High-temperature switched treatment: Ragweed pollens (20 g) were stirred overnight
under reflux in acetone at 65 °C (as in conventional treatment). Pollens were filtered, air
dried overnight, and transferred to orthophosphoric acid (400 ml) and refluxed for 7 days at
160 °C (different from conventional treatment, which has alkali treatment at this stage). On
the 8! day, the pollens were separated from the acid by vacuum filtration, and washed with
hot water (2 x 250 ml), acetone (250 ml), 2 M HCI (250 ml), 2 M NaOH (250 ml), water (6
x 250 ml), acetone (250 ml), and ethanol (2 x 250 ml). After overnight air drying, pollens
were transferred to 6% w/v KOH solution (350 ml) and refluxed for 12 h at 120 °C with the
solution renewed after 6 h. Pollens were then filtered, washed with hot water (6 x 250 ml),
acetone (250 ml), and hot ethanol (2 x 250 ml) and then dried in an oven at 60 °C until
constant weight was achieved.
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Low-temperature switched treatment: Acetone treatment was identical to the high-
temperature switched treatment scheme. However, to study the effect of lower treatment
temperatures, the orthophosphoric acid treatment was carried out at 60 °C, and the KOH
treatment was carried out at 80 °C.

Scanning electron microscopy (SEM).

SEM analysis of different samples of pollens was performed using a Hitachi S-4300 E/N
(FESEM) microscope (Hitachi, Japan). To image the inner cavity of pollen grains, they were
frozen with dry-ice and broken with a mortar and pestle to expose the inner cavity. The
samples were placed on an aluminum stub with carbon tape and coated with gold and
palladium using a Technics Hummer V Sputter Coater (Anatech, CA, USA) to enable
visualization. Samples were imaged at different magnifications at an accelerating voltage of
2 kV.

Elemental analysis.

Dried pollens (both raw/natural and chemically treated) were analyzed using a calibrated
PerkinElmer 2400 Series 11 CHNS/O analyzer. All measurements were performed in
triplicate with approximately 2 mg samples used for each test. Percent nitrogen values were
multiplied with the Kjeldahl conversion factor of 6.25 to determine final protein percent .11

Fourier-transform infrared (FTIR) spectroscopy analysis.

FTIR spectra of natural and chemically treated ragweed pollen samples were obtained using
a FTIR instrument (Spotlight 400, PerkinElmer, Inc., Waltham, MA, USA) equipped with a
Universal Attenuated Total Reflectance (UATR) accessory. All FTIR spectra were collected
at a spectral resolution of 4 cm™1, with 32 co-added scans over the range from 4000 to 650
cmL. The Perkin-Elmer software was used to perform spectra normalization and baseline
corrections.

Study and visualization of aperture opening phenomenon.

Natural raw pollen grains were treated (defatted) with acetone as previously described in the
conventional treatment. To observe the build-up of pressure, a small sample of defatted
pollen grains were placed on a glass slide to which orthophosphoric acid or water (10 pl)
was added and immediately live video was captured under bright field with a Nikon Plan
Fluor 40x oil lens (NA 1.3) on the Nikon DS-U2/L2 camera of the Nikon Eclipse Ti-E
microscope (Nikon Instruments Inc., Melville, NY, USA). To assess the effect of solvents on
pollen apertures, we visualized the pollens with SEM after exposing defatted pollen samples
(5 mg) for 5 min in a microcentrifuge tube with 300 pl of water or orthophosphoric acid
(85% v/v) or phosphate buffer saline (PBS) (1X and 10X) or sucrose solution (10 % w/w
and 100 %wi/w). The solution was then removed by centrifugation at 233 x g for 1 min, the
pollens were washed with water (3 x 300ul), air-dried overnight, and SEM analysis was
performed.
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Statistical analysis.

Results

All statistical analysis was performed using GraphPad Prism 7 (GraphPad software, Inc.,
CA, USA). Elemental analysis data was compared using a two-tailed #test. Statistical
significance was considered for p < 0.05.

Conventional treatment is unable to produce clean pollen shells from ragweed pollens.

Conventional treatment involves sequential treatment of pollen grains with acetone, KOH,
and orthophosphoric acid (Figure 2A). This treatment has been successfully used by us and
other investigators in the past to obtain clean lycopodium spores.# 1117 As expected, after
conventional treatment, morphologically intact and clean spore shells were obtained from
lycopodium (Figure 2B and C). However, when conventional treatment was applied to
ragweed pollens, upon filtration after the first 6 h of KOH reflux they were found buried in a
cake on the filter paper (Figure 2D). The cake was dense and could not be re-dissolved to
perform the second KOH treatment. An inspection of the cake under SEM revealed that
ragweed pollens were still present; however, they were tightly embedded in an insoluble
extraneous material (Figure 2E and F).

To study the chemical nature of materials forming the insoluble cake, the solution after KOH
treatment was centrifuged to separate pollens from the solution. The dark brown supernatant
was carefully removed and dried at 120 °C to evaporate the water. Dried materials were kept
at 80 °C in an oven overnight to further remove moisture and then analyzed with FTIR. The
FTIR spectrum of the extract showed several distinct vibrations (1634, 1562, 1311, and 768
cm™1) as compared to the KOH spectrum (Figure 3). The absorption bands at 1634, 1562,
1311, and 768 cm™1 are due to amide I, amide 11, amide 111, and amide IV in proteins,
respectively.24 This shows that the insoluble matter is primarily composed of proteins and
peptides.

Modified schemes of conventional treatment.

To overcome the difficulty in recovering ragweed pollens after the KOH step, several
modifications of the conventional treatment method were attempted. These modifications
were specifically motivated to prevent the extraneous insoluble material from precipitating
out. We postulated that if this material could be kept suspended in solution and not allowed
to precipitate during processing, then it may be possible to complete the treatment and
obtain clean ragweed shells.

i) Replacement of vacuum filtration by centrifugation.—Since the cake is a result
of filtration, we hypothesized that if we could separate ragweed from the refluxed KOH
solution without performing filtration, we might be able to prevent cake formation and thus
enable recovery of ragweed for further processing. Therefore, after the first 6 h of KOH
treatment, we separated pollens via centrifugation instead of filtration. After excess KOH
supernatant was discarded, the ragweed pollen appeared to be suspended in the minimal
KOH that was left behind in the tube. These ragweed were directly transferred to fresh KOH
for another 6 h of treatment, following which, centrifugation was again used to wash the
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ragweed pollens with hot water and ethanol. After washing, to compare the effect of
centrifugation and filtration, a part of ragweed pollens were separated from ethanol by
vacuum filtration and the rest by centrifugation (Figure 4A). After filtration the cake was
again formed (Figure 4B, C and D), while centrifugation yielded a relatively cleaner
product, regardless, it still produced clumped ragweed, which could not be dissociated to
obtain individual pollens (Figure 4E and F). Since we could not obtain individual ragweed,
the subsequent orthophosphoric acid treatment was not performed.

ii) Direct transfer to orthophosphoric acid without washing ragweed pollens
after KOH treatment.—Next, we postulated that eliminating the wash steps after 12 h (6 h
+ 6 h) of KOH treatment might allow subsequent processing of ragweed pollens with
orthophosphoric acid (Figure 4G). Therefore, after ragweed pollens had been centrifuged to
remove excess KOH, we transferred the residual solids (with minimal KOH) directly into
85% orthophosphoric acid without washing them. During the early days (day 2 to 3) of acid
reflux, we observed clumping of ragweed pollen. After 7 days of acid treatment, ragweed
pollens were isolated from the acid by vacuum filtration, washed with different solvents as
mentioned in the conventional treatment method section, and dried. The clumps that were
formed in the early days of acid reflux remained fused. Although a better-quality product
was obtained, the SEM images revealed that the pollen surfaces were still covered with
extraneous material and multiple pollens were found sticking to each other. (Figure 4H and

1)

Switched chemical treatment for ragweed.

Because we were unable to secure clean ragweed pollens from the extraneous matter by
implementing conventional treatment protocol with modifications, we decided to refocus our
processing strategy. Instead of attempting to separate ragweed from the extraneous matter,
we decided to instead prevent its formation in the first place. Since we had previously seen
that the material was being formed in the KOH treatment step, we decided to skip KOH
treatment, and proceeded directly to treat pollens with orthophosphoric acid after acetone
defatting. This rationalization led to the development of high-temperature switched
treatment, a new method where the sequence of alkali and acid steps is switched (Figure
5A). We found that after orthophosphoric acid treatment ragweed pollens were intact,
extraneous matter was not produced, and pollens were not clumped. We then proceeded to
reflux the ragweed in KOH for 12 h with the solution renewed at 6 h. It is important to note
that at each step, the pollens were separated from the solvents by vacuum filtration. Upon
completion of high-temperature switched treatment protocol, ragweed pollen before (Figure
5B, C and D) and after treatment (Figure 5E, and F) were similar in morphology.
Furthermore, their exterior surfaces and interior regions (Figure 5G) were clean, indicating
successful removal of pollen cellular material.

To determine whether switched treatment at reduced temperatures would yield a similar

product and thereby make the process simpler, we also processed ragweed pollens under
low-temperature non-reflux orthophosphoric acid and KOH conditions (low-temperature
switched treatment). It can be seen from Figure 5H, | and J that pollens obtained by this
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method also showed a clean surface and interior; and were also intact like the pollens
obtained using high-temperature conditions of high-temperature switched treatment.

Comparison of effects of high- and low-temperature switched treatment protocols on
ragweed pollen.

To determine any differences between ragweed pollens obtained from low- and high-
temperature switched treatment protocols, we performed biochemical characterizations.
Elemental analysis showed that after treatment with high- and low-tempe rature switched
treatment protocols, protein content of raw ragweed (27.3 + 0.51%) was reduced by similar
amounts (p > 0.99, t-test) to 0.66 + 0.38% and 0.66 + 0.68%, respectively (Figure 6).

FTIR spectra of ragweed pollens are shown in Figure 7. A decrease in intensity of the
carbohydrate fingerprint region (1200-900 cm-! due to C-O-C and C-OH stretching) was
observed after high-temperature switched treatment as compared to natural ragweed pollen.
However, ragweed pollen after low-temperature switched treatment showed a stronger
carbohydrate vibration at 1070 cm™L. The relative abundance of cellulose (1033 cm™1)2°
decreased for both high- and low-temperature switched treatments. The high-temperature
switched treatment also caused less moisture to adsorb on the treated ragweed surface. This
is evident from a lack of vibration at 1660 cm™® (due to adsorbed water)Z6. Consistent with
reduction of carbohydrate and moisture after treatment, the intensity of broad vibration at
3300 cm™1, which can be attributed to O-H stretching from adsorbed moisture or
carbohydrates, also reduced.

The sharp peaks at 2925 and 2854 cm™! are associated with out-of-phase C—H stretching and
in-phase C-H stretching in methylene group (CH>), respectively. The vibrations at 1375 and
721 cm! are due to CH3 bending and CH, rocking, respectively. These peaks remained
similar in both natural and treated ragweed pollens. Both high- and low-temperature
switched treatment ragweed lacked characteristic vibrations at 1743 cm™ (C=0 stretching in
lipids) and 1550 cm™! (N-H bending and C-N stretching in amide 11) indicating that treated
ragweed pollens are lipid- and protein-free. Moreover, strong vibrations at 1705 cm™ (C=0
stretching in carboxylic acid) and 1572 cm™1 (asymmetric stretching of carboxylate (COO")
anions)?” appeared after chemical treatment.

The vibrations 1280 cm™! (C-O stretching in carbohydrates or carboxylic acid) was present
in natural and treated ragweed pollen spectra. Phenolic ring vibrations28 at 1515 (shifted to
1494 cm™L in low-temperature switched treatment ragweed), 1435, and 1169 cm™1 were
present in both natural and treated ragweed pollen. The intensity of the phenylpropanoid
vibration at (834 cm1)2 decreased after both treatments and shifted slightly towards the
lower wavenumber after high-temperature switched treatment.

Overall, both high- and low-temperature switched treatment ragweed are lipid and protein
free; elevated temperature treatment mainly affected the carbohydrates.

Ability of low-temperature switched treatment protocol to clean other pollens.

Since both low- and high-temperature switched treatments produced clean and intact pollen
shells from ragweed pollen, we next evaluated, low-temperature switched treatment, the

ACS Biomater Sci Eng. Author manuscript; available in PMC 2019 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gonzalez-Cruz et al.

Page 9

milder of the two protocols, for its ability to produce pollen shells from pollens of other
species. We treated lamb’s quarters, sunflower and black alder pollens with the low-
temperature switched treatment protocol. SEM analysis demonstrated that the low-
temperature switched treatment protocol could produce clean and intact pollen shells from
lamb’s quarters (Figure 8A, B, and C), sunflower (Figure 8D, E, and F), and black alder
(Figure 8G, H and I). Furthermore, elemental analysis showed that the nitrogen content
reduced from 4.40 £ 0.03 % to 0.33 + 0.01 % for black alder pollens, from 4.56 + 0.06 % to
0.19 £ 0.01 % for sunflower pollens, and from 3.35 £ 0.01 % to 0.22 = 0.02 % for lamb’s
quarters pollens.

Live imaging of pollens treated with different solvents.

We saw that apertures in the pollen shells get opened after successfully cleaning them with
low-temperature switched treatment. Apertures are locations on pollen shells from which the
pollen tube emerges during pollination and are as such structurally weaker than the rest of
the pollen shell because they have thinner walls.3? To gain a better understanding of this
phenomenon, we performed live imaging of pollens after addition of different solvents.
Addition of orthophosphoric acid on lamb’s quarters pollens caused the apertures to burst
open almost as soon as acid was added (Figure 9A: t = 15 sand 33 s), and the process was
complete within under 120 s (Figure 9A: t = 97 ). This effect can be seen in real time in
supplementary video 1. SEM image of lamb’s quarters after 5 min of acid treatment
(Figure 9A) clearly shows the open aperture. Meanwhile, water, PBS (1X and 10X), and a
sucrose solution (10 %w/w and 100 %w/w) did not cause this effect (Figure 9B). A similar
phenomenon was observed with pollens of other species as shown in supplementary data
(Figure S1 and S2).

Discussion

In this study our objective was to develop a protocol that can be used to produce intact
pollen shells of different species without clumping or breaking them, and with a low level of
residual nitrogen content. Lack of such a method is currently limiting the field and
preventing investigation of pollens of other species for drug delivery and other applications.
The conventional treatment has previously been reported to successfully produce clean and
intact spore shells from lycopodium.1 However, when we used the conventional treatment
protocol on ragweed, recovery of individual ragweed pollen shells was unachievable because
they were entrapped in a thick layer of extraneous matter after the KOH treatment step.
When we carefully examined the extraneous matter we could see ragweed pollen in it. We
therefore, postulated that KOH was not necessarily damaging the pollens, but because the
extraneous matter being generated was insoluble, it was entrenching the pollens, and
providing an illusion that ragweed pollens were being damaged. Indeed, when we replaced
the filtration step with a centrifugation step it helped to remove some of the extraneous
matter, and revealed more of the embedded ragweed pollens, which were undamaged.
Mundargi et al., 21 have previously reported that sunflower pollens were getting damaged by
the KOH treatment step. They based this conclusion on SEM images of the extraneous
matter. However, based on our results with ragweed, we postulate that sunflower pollens
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were not getting damaged by KOH but were simply buried in the extraneous matter and hard
to see.

We tried to extract ragweed pollens from this insoluble matter by use of different solvents
such as ethanol, acetone, and water, however, our attempts were unsuccessful (data not
shown). Next, instead of solubilizing the extraneous matter, we attempted to remove it by
centrifugation rather than filtration. Even when majority of the extraneous matter was
removed and the ragweed pollen along with a minute amount of residual KOH and matter
were directly transferred in to orthophosphoric acid, clumping was still observed within 24
hours (data not shown). Despite this, we continued the acid reflux for 7 days with the
expectation that prolonged acid treatment might break down the pollen clumps, however,
unclumped ragweed pollens were still not obtained. Based on these findings, we
hypothesized that the extraneous matter was arising due to excess native material being
released from pollen grains into the surrounding solution as a result of the KOH treatment.
FTIR analysis of the matter revealed that majority of this material consisted of proteins and
peptides.

We then focused on a new strategy to develop clean pollens. Instead of trying to separate
pollens from the extraneous matter, we attempted to prevent its formation in the first place.
We had noticed that when the extraneous matter produced after KOH treatment was added to
orthophosphoric acid, although it remained insoluble, additional matter was not produced.
We thus hypothesized that performing the acid treatment first instead of KOH might allow
us to completely eliminate the formation of the insoluble matter. Indeed, switching the
orthophosphoric acid and KOH steps resulted in clean and unbroken pollens, and this gave
rise to the high- and low-temperature switched treatment protocols. Elemental and FTIR
analysis of the ragweed pollen from both high- and low-temperature switched treatment
methods suggested that treated ragweed pollens were lipid- and protein-free. FTIR analysis
further showed that after high-temperature switched treatment significant amount of
carbohydrates are removed, while after low-temperature switched treatment significant
amount of carbohydrate remained in the pollen wall.

To establish the validity of low-temperature switched treatment as a general chemical
treatment to produce clean and intact pollens from all pollen species, we checked its ability
to clean lamb’s quarters, sunflower, and black alder pollens. Lamb’s quarters, sunflower, and
black alder pollens were successfully treated using the low-temperature switched treatment
protocol and pollens with low nitrogen content were obtained.

We found that pollen apertures were getting opened after switched treatment protocol. Live
video imaging revealed that addition of orthophosphoric acid was causing the apertures to
burst open. We propose the following hypothesis (Figure 10) to explain the mechanism. It is
known that the acid treatment step is responsible for maximum removal of biological
material from within pollens.2? When pollens are treated with orthophosphoric acid, it enters
the pollens and causes rapid solubilization of a large amount of biological material in the
pollen core. This creates a high solute (osmolyte) concentration inside the pollens relative to
the outside. Consequently, due to this osmotic gradient, water from outside the pollens
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rapidly enters the pollen interior. This increases turgor pressure inside the pollens, and when
it exceeds the rupture strength of the apertures, the apertures burst open.

Bursting open of pollens due to osmotic shock is a common phenomenon in nature and has
been previously reported in literature.31-32 The effect of osmotic bursting on the apertures of
pollens has also been reported previously which supports our hypothesis.33 At the apertures
the pollen walls are naturally weak because at this location pollen tubes emerge from pollens
during pollination.3? This phenomenon of emergence and growth of pollen tube is not fully
understood but it is also thought to be aided by turgor pressure and other mechanisms.> 34
We were able to observe this bursting of apertures in real time under bright field microscopy
(supplementary videos). The aperture bursting occurred within tens of seconds after addition
of orthophosphoric acid.

Lamb’s quarters pollens have many apertures. It was observed that only a few of these were
getting opened after low-temperature switched treatment. This observation is consistent with
our postulate that turgor pressure is the cause of aperture-opening and not chemical
dissolution because once the turgor pressure reaches a threshold, few apertures burst open to
release the turgor pressure. If chemical dissolution was the alternate mechanism, a larger
number of apertures would be expected to get opened since the chemical dissolution process
would more uniformly affect the apertures, especially considering that the acidolysis step is
performed for 7 days.

To eliminate the case that simple water absorption by the pollens was not responsible for
turgor pressure build up, we exposed raw lamb’s quarters pollens to different solutions
including pure water, PBS (1X and 10X), and sucrose (100 % w/w and 10 % w/w in water).
The lamb’s quarters pollen grains remained intact in all these solutions, however, apertures
were seen bursting open in orthophosphoric acid even at room temperature, within few
seconds. A similar phenomenon was also observed with ragweed, sunflower, and black alder
pollens.

An important consequence of low-temperature switched treatment (and high-temperature
switched treatment) protocol is that apertures measuring a couple of micrometers in
dimensions get opened in pollens. These openings can provide entryways to fill the clean
core of the pollen shells with different molecules for oral delivery, or with matrix material to
achieve controlled release of these molecules.

Conclusion

Obtaining clean and intact pollen shells of species other than lycopodium has always been a
challenge. Different methods have been attempted, but there is need for a robust and
optimized process that can be used with a variety of pollen species to consistently produce
clean and intact pollen shells with a low level of residual protein content. In this study, we
first investigated the cause of failure of the conventional treatment method, which is
although successful with lycopodium, but fails for ragweed and other pollens. Based on the
results of this study, it was revealed that the alkali hydrolysis step results in entrapment of
pollens in extraneous matter from which they are irrecoverable by solvent washing with
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ethanol, acetone, and water. Even several modifications to the conventional treatment
method were unable to solve this problem. Guided by our observations, we developed a new
method where the sequence of alkali and acid treatment steps was switched. This method
was successful in producing clean and intact pollen shells of not only ragweed but several
other species of pollens. This new process was able to produce clean and intact pollens even
at lower processing temperatures. Based on these results we conclude that the switched
protocol can be applied to pollen species that have apertures on their surface, which can
facilitate the release of the turgor pressure generated in the orthophosphoric acid treatment
step. This new pollen treatment method is an important finding since it provides a robust and
well-optimized protocol for processing aperture-containing pollen species to obtain clean,
intact, and protein-free shells for numerous applications.

Supporting Information

Figure S1. Images of apertures of different pollen grains bursting due to turgor pressure
buildup after exposure to orthophosphoric acid. Figure S2. SEM images of pollen grains
apertures after exposure to a variety of solvents. Videos showing bursting of apertures of
different pollen grains (lamb’s quarter, black alder, sunflower and, ragweed) after exposure
to orthophosphoric acid, and water as a control.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic diagram of conventional and modified conventional treatment processes.
Pathway 1 shows processing steps for conventional treatment of pollen grains. Pathways 2

and 3 represent modifications to the conventional treatment and are called modified
conventional treatment. Their respective steps are shown. In pathway 2 modification was
made at the wash step to compare centrifugation versus vacuum filtration. Pathway 3 shows
processing steps after the centrifugation process was selected based on pathway 2 as the
more suitable option for washing the pollens.
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Figure 2. Schematic diagram and images of lycopodium and ragweed pollens processed using the
conventional treatment protocol.

A. Schematic diagram of the processing steps of the conventional treatment protocol. B.
Lycopodium after processing with conventional treatment and C. zoomed in image of a
single lycopodium. Ragweed pollens after 6 hours of KOH treatment: D. photograph of the
cake formed on the filter paper after vacuum filtration. E. SEM image of the cake showing
pollen entrapped in extraneous matter. F. zoomed in SEM image of the cake showing more
details of entrapped pollens. Some entrapped pollens are indicated by arrows.
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Figure 3. Fourier-transform infrared (FTIR) spectra of extracted materials from ragweed pollen
after KOH treatment.

Ragweed pollens were treated with 6% w/v KOH solution for 6 h and extracts were
separated from the solution via centrifugation, dried at 120 °C, and analyzed using FTIR.
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Figure 4. Images of ragweed pollens processed using conventional treatment and modified

conventional treatment protocols.

A. Schematic diagram of the processing steps for figures B to D (vacuum filtration) and E to
F (centrifugation). B. Photograph of the cake formed after vacuum filtration. C. SEM image
of the cake showing pollens entrapped in extraneous matter. D. Zoomed in SEM image of
the cake showing entrapped pollens (indicated by arrows). E. Pollen clumps formed after
centrifugation. F. Zoomed in SEM image of the clumps showing more details of clumped
pollens. G. Schematic diagram of the processing steps for figures H and I. H. SEM image of
pollens clumped together. I. Zoomed in SEM image of the clump showing more details of

unclean pollen surfaces.
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Figure 5. SEM images of ragweed pollens processed using the switched treatment.
A. Comparison diagram of the conventional treatment and switched treatment steps. B. Raw

ragweed pollens. C. Zoomed in image of a raw ragweed pollen. D. Interior of raw ragweed
pollen showing the presence of natural biological material as indicated by the arrow. E.
Ragweed pollen processed with high-temperature switched treatment. F. Zoomed in image
of a ragweed pollen after high-temperature switched treatment showing an intact
morphology. G. Inside of ragweed pollen after high-temperature switched treatment showing
a clean interior. H. Ragweed pollen processed with low-temperature switched treatment. I.
Zoomed in image of a ragweed pollen after low-temperature switched treatment showing an
intact morphology. J. Inside of ragweed pollen after low-temperature switched treatment
showing a clean interior. Arrow in figure C indicates a closed aperture in raw pollen, while
arrows in F and | indicate open apertures after switched treatment.
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Figure 6. Protein content of ragweed shells obtained using the switched treatment protocols.
Ragweed pollens processed by high- and low-temperature switched treatment protocols

showed a dramatic reduction in protein content over raw ragweed pollens, indicating success
of the switched treatment process in removing native proteinaceous material. Values shown
are means + SD from three independent samples. A two-tailed #test was used for
comparison. (ns = not significant, [****] = p <0.001)
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Figure 7.
Fourier-transform infrared (FTIR) spectra of ragweed pollen treated using switched

treatment protocols.
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Figure 8. SEM images of different species of pollens processed using the low-temperature
switched treatment protocol.

A. Lamb’s quarters pollen. B. Zoomed in image of a lamb’s quarters pollen showing an
intact morphology and clean exterior surface. C. Inside of lamb’s quarters pollen showing a
clean interior. D. Sunflower pollen. E. Zoomed in image of a sunflower pollen showing an
intact morphology and clean exterior surface. F. Inside of sunflower pollen showing a clean
interior. G. Black alder pollen. H. Zoomed in image of a black alder pollen showing an intact
morphology and clean exterior surface. |. Inside of black alder pollen showing a clean
interior. Arrows in B, C, E, F, H, and | indicate open apertures after switched treatment.
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Figure 9. Images of pollen apertures bursting open.
A. Lamb’s quarters pollen before and at different times after exposure to orthophosphoric

acid. Arrows indicate either air bubbles, or release of matter from inside the pollen due to
bursting open of apertures. Air bubbles are an artifact and are not related to bursting of
apertures. B. SEM images of lamb’s quarters after exposure to other solvents that did not
cause aperture to open. It should be noted that due to practical limitations of time needed to
apply the cover slip and subsequent lens focusing there is a time gap of about 5 s between
addition of acid to lamb’s quarters on the slide and start of video capture. The time label t =
155s,t=33s, and t = 97 s represent time after video capture was started.
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Figure 10. Schematic showing mechanism of opening of aperturein pollen grainsduring
orthophosphoric acid treatment.
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Orthophosphoric acid enters the pollen grains and dissolves the molecules contained in its

interior. This causes buildup of an osmotic gradient and allows more water to enter the
pollen cavity, which increases turgor pressure and bursts the pollen shell wall open at

aperture sites, because they are mechanically weaker than the rest of the pollen wall.
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