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ABSTRACT: Pine pollen oﬀers an all-natural multicavity
structure with dual hollow air sacs, providing ample cargo
capacity available for compound loading. However, the pollen
exhibits reduced permeability because of the presence of a
thin natural water-prooﬁng layer of lipidic compounds.
Herein, we explore the potential for compound loading
within pine pollen and the potential for developing all-natural
formulations for targeted delivery to the intestinal tract.
Removal of the surface-adhered lipidic compounds is shown
to improve surface wetting, expose nanochannel structures in
the outer pollen shell and enhance water uptake throughout
the whole pollen structure. Optimization of loading parameters enabled eﬀective compound loading within the outer pollen
shell sexine structure, with bovine serum albumin (BSA) serving as a representative protein. All-natural oral delivery
formulations for targeted intestinal delivery are developed based on tableting of BSA-loaded defatted pine pollen, with the
incorporation of xanthan gum as a natural binder, or ionotropically cross-linked sodium alginate as an enteric coating. Looking
forward, the large cargo capacity, ease of compound loading, competitive cost, abundant availability, and extensive historical
usage as food and medicine make pine pollen an attractive microencapsulant for a wide range of potential applications.
KEYWORDS: pine pollen, microencapsulation, hollow microcapsules, targeted delivery, controlled release

1. INTRODUCTION
Identifying novel natural materials for use in microencapsulation is of signiﬁcant interest to a wide range of industries.1−7
Pollen is a key example of nature’s own evolutionary
microencapsulation solution for the protection of sensitive
genetic material crucial for reproductive success.8,9 In general,
pollen presents a wide range of properties desired of an ideal
microencapsulant, such as, monodispersity, morphological
stability, physicochemical resilience, and biocompatibility.10−12
Most existing attempts to utilize pollen as a microencapsulant
have involved the extraction of pollen sporoderm hollow shells
through the use of various chemical extraction processes.13−18
Sporoderm microcapsules (SDMCs) have been shown to
provide a range of appealing properties, such as taste
masking,19 antioxidant protection,20 UV protection,21 immunomodulatory properties,22 and ease of compound loading.23
However, a primary limitation of SDMCs is that they require
additional regulatory approval before being utilized for oral
delivery applications in food and medicine, whereas natural
pollens have a long history of use as food and medicine,24−26
with natural pollen considered to be a regulation-free food
ingredient in most parts of the world.27,28 With the growing
interest in utilizing pollen capsules as a microencapsulant,
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along with the inherent health beneﬁts and the intriguing triple
cavity structure of pine pollen, there is an opportunity to
explore the challenges and potential solutions of using
naturally porous saccate pollen, such as pine, as a microencapsulant.
Pine pollen possesses a triple cavity structure well suited to
being used for microencapsulation, with two hollow air sac
(bisaccate)29,30 cavities providing ample space for compound
loading.31 Understanding and tuning the properties of the dual
air sac pine pollen are crucial for successful compound loading
within the air sac hollow cavities (Figure 1a). Studies have
shown that the outer sporopollenin sexine shell of pine pollen
air sacs is porous and permeable; however, these studies
utilized air sacs extracted with extensive harsh chemical
processing to isolate the shell material (sporopollenin)
only.32,33 Although the air sac structure is porous, studies
with natural pine pollens (NPPs) have shown that a
waterprooﬁng layer of lipidic compounds reduces permeability
and inhibits water uptake (Figure 1b).34,35 The removal of the
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Figure 1. Schematic diagram showing the development of NPP multiparticulate tablets for intestinal protein delivery: (a) scanning electron
micrograph of pine pollen capsule cross section, with emphasis on a single porous air sac (saccus) structure; (b) schematic representation of NPP
structure, emphasizing resilience to water absorption; (c) defatting of pine pollen removes the external lipidic layer and enhances pollen water
uptake; (d) BSA becomes trapped in the defatted pine pollen porous sexine structure; and (e) alginate-coated multiparticulate pine pollen tablet
provides controlled release suitable for intestinal delivery of proteins.

Figure 2. Pine pollen micro-/nanostructure and cargo capacity: (a) scanning electron micrograph of (i) pine pollen cross section, with close-up
images of (ii) sexine, nexine, and intine structure around the central cavity, (iii) underside of the sexine structure with the nexine removed, (iv)
cross section of the sexine structure around the saccus, (v) cross section of a single sexine cavity with external wall pore, (vi) internal sexine
structure, and (vii) sexine wall; (b) schematic diagram and tables deﬁning key pine pollen dimensions used for calculating volumes and volume
proportions of particle, central cavity, sacci, and sacci sexine. Scale bars: (i) = 10 μm; (ii−iv,vi) = 1 μm; and (v,vii) = 100 nm.
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r3 = b/2. Air sac ellipsoid radii: r1 = d, r2 = c/2, and r3 = c/2.
Dimensions (a−e), deﬁned in Figure 2b.
2.3.3. Micromeritic Properties. Dynamic imaging particle analysis
(DIPA) was performed using a FlowCam benchtop system
(FlowCam VS, Fluid Imaging Technologies, Maine, USA) equipped
with a 200 μm wide ﬂow cell (FC-200) and 20× magniﬁcation lens
(Olympus, Japan). NPP and defatted pine pollen suspensions (2 mg/
mL) were sonicated in a water bath (10 min) and ﬁltered through 100
μm ﬁlter mesh prior to analysis. The samples were then manually
added into the ﬂow cell via a pump-controlled syringe and analyzed at
a ﬁxed ﬂow rate (0.1 mL/min). Particle morphology analysis was
performed on well-focused particles only (n = 3000), and data
presented are representative of three independent data sets.
2.3.4. Elemental CHN Analysis. A VarioEL III elemental analyzer
(Elementar, Hanau, Germany) provided CHN analysis to determine
the amount of nitrogen and estimate the amount of protein in the
pollen. All samples were dried under vacuum (60 °C, 1 h, 1 mbar)
before being combusted in excess oxygen at high temperature to
release compositional carbon, hydrogen, and nitrogen. All measurements were conducted in triplicate.
2.4. Pine Pollen Wetting and Hydration. 2.4.1. Contact Angle.
A single layer of carbon tape was stuck onto a glass slide after which
the dry pollen powder (NPP, SDPP, and DDPP) was dropped onto
the surface to form a thin layer. DI water (2 μL) was dropped onto
the layer, and the contact angle was measured until the drop stabilized
(10 s).
2.4.2. Porosity Analysis (N2 Adsorption−Desorption). Pollen (300
mg) was added into glass tubes and degassed (2 h, 130 °C) to remove
any bound molecules. Liquid nitrogen was ﬁlled into Dewar ﬂasks,
and then the tubes were ﬁxed onto the apparatus (ASAP TriStar II
3020), and the setup was left overnight for a complete adsorption−
desorption cycle. Brunauer−Emmett−Teller (BET) theory was used
to calculate the speciﬁc surface area of the particles assuming
multilayer adsorption, whereas the Barrett−Joyner−Halenda (BJH)
method was used to determine the pore size distribution.
2.4.3. Water Permeability Testing. Passive water-loaded pine
pollen was obtained by combining NPP, SDPP, and DDPP (10 mg
each) with DI water (1 mL) to ensure complete wetting, whereupon
the samples were mixed on an orbital shaker (500 rpm) and then
observed under an optical microscope at ﬁxed time points (5, 15, 30,
60, 120 min, and 24 h). Vacuum water-loaded pine pollen was
obtained by combining NPP, SDPP, and DDPP (10 mg each) with
DI water (1 mL) to ensure complete wetting, whereupon the samples
were subject to vacuum (0.01 mbar, 5 min) and then observed under
an optical microscope. The particle fraction of completely water-ﬁlled
pollen was quantiﬁed (%) at each time point (for both passive and
vacuum-assisted methods) by analysis of three optical microscopy
images with a minimum of 30 pollen particles per image.
2.5. Compound Encapsulation. 2.5.1. BSA Encapsulation.
Passive loading of BSA was achieved by combining NPP (50 mg) with
a BSA solution (50 mg/mL, 1 mL) and mixing on a shaker (500 rpm,
1 h). Vacuum loading of BSA was achieved by combining NPP (50
mg) with a BSA solution (50 mg/mL, 1 mL) and vortexing (30 s) to
ensure uniform mixing, after which it was subject to vacuum loading
(0.01, 1, 100, and 1000 mbar) for varying time points (5, 15, 30, and
60 min) to determine minimum requirements for optimum loading.
After optimizing vacuum duration and vacuum pressure, BSA loading
solution concentration was varied (12.5 and 25 mg/mL) to explore
the inﬂuence of BSA concentration on BSA loading. After optimizing
vacuum duration, vacuum pressure, and BSA concentration for NPP,
both SDPP and DDPP were loaded under the same optimal loading
conditions to explore the inﬂuence of defatting on the BSA loading of
pine pollen. Finally, for DDPP, loading solution volumes were varied
(0.25, 0.33, 0.5, 1.0, 2.0, 3.0, and 4.0 mL) with a ﬁxed pollen mass (50
mg), to explore the inﬂuence of BSA loading solution volume on BSA
loading. All formulations were washed with water and freeze-dried and
stored in a dry cabinet until analysis.
2.5.2. BSA-Loaded Pollen Washing. For BSA-loaded NPP, DI
water (1 mL) was added to BSA-loaded pollen (25 mg) and
centrifuged (13 500 rcf, 3 min) before discarding the supernatant; this

lipidic compound waterprooﬁng layer from pine pollens with
various organic solvents has been shown to facilitate water
uptake36 and may further facilitate compound loading within
pine pollen sacci.
Herein, we explored the utilization of pine pollen (Pinus
massoniana) for compound loading and developed a multiparticulate tableted oral delivery formulation, exhibiting
controlled release suitable for intestinal delivery. Washing
and defatting of raw pollen were conducted to obtain
monodisperse NPP, single-defatted pine pollen (SDPP), and
double-defatted pine pollen (DDPP). Fundamental morphological and compositional particle properties were analyzed to
determine the inﬂuence of defatting. Changes in surface
porosity and wetting due to defatting were examined and
related to particle water absorption dynamics (Figure 1c).
Compound loading optimization was conducted with bovine
serum albumin (BSA), as a representative protein, to
determine the vacuum-assisted loading and washing parameters required for optimal compound loading. Compound
loading distribution studies were performed to gain insight into
compound loading dynamics and further elucidated compound
loading potentials (Figure 1d). Compound release studies were
conducted with tableted BSA-loaded DDPP formulations,
comprising either xanthan gum as a binder or ionotropically
cross-linked sodium alginate as an enteric coating. Finally,
tablets exhibiting ideal compound release proﬁles were
examined to elucidate the morphological properties of
multiparticulate tablets (Figure 1e).

2. EXPERIMENTAL SECTION
2.1. Materials. BSA, ﬂuorescein isothiocyanate (FITC)-conjugated BSA, xanthan gun, sodium alginate, calcium chloride, and
diethyl ether were purchased from Sigma-Aldrich (Singapore). Raw
pine pollen (P. massoniana) was purchased from Xi’an Yuensun
Biological Technology Company Limited (China). Milli-Q water was
used in all experiments. A stainless steel pellet press die (13 mm) was
purchased from Specac (Kent, UK).
2.2. Preparation of Pine Pollen. NPP (30 g) was suspended in
deionized (DI) water (1 L) and vacuum-ﬁltered a total of four times
to remove dust and other smaller plant debris, followed by an
additional ﬁltration step with a nylon mesh (100 μm) to separate out
any large debris, while allowing the smaller pollen particles to pass
through. The pollen was then freeze-dried to obtain clean dry NPP
powder. NPP (30 g) was treated with diethyl ether (300 mL) for 3.5 h
with stirring (200 rpm), after which the solution was vacuum-ﬁltered
and vacuum-oven-dried until stable weight (100 mbar, 40 °C, 30 min)
to remove any traces of ether. A single defatting step produced singledefatted pollen. SDPP (10 g) was treated with diethyl ether (100 mL)
with stirring (200 rpm) for 3.5 h, after which the pollen was vacuumﬁltered and dried (100 mbar, 40 °C, 30 min) to obtain dry doubledefatted pollen.
2.3. Pollen Particle Characterization. 2.3.1. Surface Morphology Evaluation. Scanning electron microscopy (SEM) imaging was
performed using JSM 5410 (JEOL, Tokyo, Japan). Samples were
sputter-coated to obtain a 10 nm thick gold ﬁlm using a JFC-1600
instrument (JEOL, Tokyo, Japan) (20 mA, 60 s). Images were
captured at an accelerating voltage of 5 kV at diﬀerent magniﬁcations.
For particle cross sections, particles were adhered to the carbon tape
and then submerged in liquid nitrogen for ∼20 s, followed by cutting
across the adhered pollen multiple times with a scalpel blade. Crosssectioned particles were identiﬁed by examining cut marks during
imaging.
2.3.2. Volumetric Calculations. On the basis of models presented
from previous studies,31,37 the central cavity volume was calculated
based on an ellipsoid and the air sac volumes were calculated as half of
an ellipsoid each. Central cavity ellipsoid radii: r1 = a/2, r2 = b/2, and
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simulated gastric ﬂuid (SGF) (4 mL) and simulated intestinal ﬂuid
(SIF) (4 mL) separately, with release solution (1 mL) being removed
at ﬁxed time points and replaced with fresh solution (1 mL). The BSA
content of the release solution was determined by measuring
absorbance values at 280 nm (BOECO-S220, Germany). A blank
formulation (unloaded pollen) was also tested in the same way as to
negate the possible inﬂuence of natural pollen protein release. The
diﬀerence in the absorbance values of the BSA-loaded sample and the
blank gave the BSA mass released. Tableted formulations were ﬁrst
added to SGF (20 mL) for 3 h, after which the release medium was
replaced with SIF for 24 h. The release solution (1 mL) was removed
at ﬁxed time points and replaced with fresh solution (1 mL). The BSA
content of the release solution was determined by measuring
absorbance values at 280 nm (BOECO-S220, Germany) and
compared with a blank to determine BSA release.
2.7. Statistical Analysis. Where there is no other indication, all of
the data were collected and are presented in triplicate (n = 3).
Signiﬁcance testing was performed using two-tailed t-tests, and P <
0.05 was considered as statistically signiﬁcant.

washing step was repeated for a total of two times, and the washed
BSA-loaded pollen was then freeze-dried. BSA-loaded defatted pine
pollen washing utilized a reduced centrifugation duration (SDPP2
min, DDPP1 min). All dried samples were inspected, and any
excess large agglomerates of BSA were removed by spatula.
2.5.3. Loading Eﬃciency. BSA-loaded pollen (10 mg) was ground
using a mortar and pestle (5 min), mixed with phosphate-buﬀered
saline (2 mL), vortexed (5 min), and centrifuged (17 000 rcf, 5 min).
The supernatant was ﬁltered using a 0.45 μm PES syringe ﬁlter
(Agilent, CA, USA). The absorbance values were measured at 280 nm
(BOECO-S220, Germany) using unloaded pollen as a blank, and the
amount of BSA present in the BSA-loaded pollen was calculated using
a BSA standard curve. The loading eﬃciency of BSA in the BSAloaded pollen was calculated with the following formula.

BSA loading efficiency (%) =

BSA (mg)
× 100%
BSA‐loaded pollen (mg)

To estimate the theoretical maximum loading eﬃciency for when
the volumetric BSA loading is 100 vol %, a multiplication factor was
determined based on achieved volumetric loading (58 vol % × 1.72 =
100 vol %). A BSA/pollen weight loading ratio is calculated from the
achieved loading eﬃciency (10.6% loading eﬃciency = 0.12:1 BSA/
pollen weight loading ratio). The weight proportion of BSA is
increased by the multiplication factor (0.12 × 1.72 = 0.21). The
theoretical maximum loading eﬃciency is determined from the
maximum BSA/pollen weight loading proportion (0.21:1 = 17.4%
loading eﬃciency).
2.5.4. Loading Distribution. Pine pollen samples were mounted on
slides with VECTASHIELD and scanned via confocal laser scanning
microscopy (CLSM, Carl Zeiss LSM700, Germany). Laser excitation
lines were set to 405, 488, and 561 nm at a scan speed of 67 s per
phase. Images were collected with diﬀerential interference contrast at
405 nm (6.5%), 488 nm (6%), and 561 nm (6%) using enhancedcontrast Plan-Neoﬂuar 20×, 40×, and 63× oil objective M27 lenses.
The ﬂuorescence emission was collected in photomultiplier tubes
equipped with diﬀerent ﬁlters (416−477, 498−5, and 572−620 nm)
and analyzed by using ZEN software. Fluorescence intensities of
samples were compared utilizing ImageJ. Green channels of images
were used for intensity quantiﬁcation of FITC-BSA loading. The total
intensity of each image was quantiﬁed, and this value was divided by
the number of particles per image to obtain the average intensity per
particle. Analysis was repeated for three images per sample to obtain
triplicate values for average intensity per particle.
2.6. Tableting and Controlled Release. 2.6.1. Tablet Formation. Tablets were formed with only BSA-loaded DDPP, with the
addition of xanthan gum as a binder, or with an additional calcium
alginate coating. All tablets were formed using a hydraulic press (5 t,
20 s, 132.75 mm2 cross-sectional area, 370 MPa compression
pressure).38 Pure pollen tablets for use as controls were made from
150 mg of DDPP, whereas BSA-encapsulated pollen tablets were
made out of 163 mg (150 mg DDPP + 13 mg of encapsulated BSA)
BSA-loaded DDPP. Tablets with an additional xanthan gum binder
were prepared with BSA-loaded DDPP (163 mg) plus varying
proportions of powdered dry xanthan gum (1, 2.5, 5, 10, 20, and 30
w/w %), and xanthan gum no-pollen control tablets were prepared
comprising BSA (13 mg) and xanthan gum (150 mg). Tablets for
calcium alginate coating were prepared with BSA-loaded DDPP (163
mg) and then coated. Alginate coating involved dipping tablets in
sodium alginate solution (2 w/v % in DI water, 5 s) followed by
dipping in calcium chloride solution (4 w/v % in water, 10 s) as a
single coating cycle, the dipping in sodium alginate solution and
calcium chloride solution was then repeated for a total of two times
each. Alginate-coated tablets were air-dried in a fume hood (12 h)
followed by vacuum drying until stable weight (200 mbar, 24 h).
Sodium alginate no-pollen control tablets were prepared comprising
BSA (13 mg) and sodium alginate (150 mg) with a double coating
cycle as described above.
2.6.2. Compound Release. Powdered formulations of BSA-loaded
DDPP powder (with 2 mg BSA equivalent) were dissolved in

3. RESULTS AND DISCUSSION
To determine the overall potential of compound loading
within pine pollen, it is important to assess the structure and
volume of the hollow regions within the pollen. Morphological
observations of pine pollen cross sections indicate that the air
sacs may be categorized into two distinct regions, the outer
porous sexine structure and the inner hollow cavity region
(Figure 2a; Figure S1, Supporting Information). It should be
noted that the sexine region around the central cavity does
comprise a thin porous layer; however, volumetric estimations
of only the air sacs may be adequate for determining overall
loading potential. The outer porous sexine structure comprises
micron-sized cavities separated by smooth cavity walls (Figure
2a). Pollen morphological analysis resulted in the determination that pine pollen sacci constitute over a third of the total
volume of a pollen particle, with the sacci porous sexine
structure constituting approximately a ﬁfth of the total pollen
volume (Figure 2b). A potential volumetric cargo capacity of
37.5 ± 7.1% strongly supports the potential use of pine pollen
for microencapsulation applications.
3.1. Pollen Wetting and Hydration. Preprocessing and
defatting of raw pine pollen were undertaken for the removal
of contaminants and surface-adhered lipidic compounds and
resulted in substantial reductions in ﬁnal pollen yields. Initial
preprocessing steps of water washing, ﬁltration, and freezedrying removed contaminants and produced a more
homogeneous dry pollen sample with a yield of 77.6 ± 1.1%.
Pollen defatting further decreased pollen yields, with a single
defatting step and double defatting step producing ﬁnal yields
of 74.3 ± 3.1 and 62.9 ± 5.5%, respectively. The reduction of
pollen yields from defatting highlights that NPP possesses a
large portion of surface-adhered lipidic compounds.
3.1.1. Morphological and Bulk Analysis. DIPA indicated
that pollen defatting had negligible eﬀect on pollen
morphology (Figure S2, Supporting Information). The average
particle diameter and particle size distribution of NPP, SDPP,
and DDPP were similar, at 58.57 ± 1.16, 58.21 ± 0.62, and
62.19 ± 1.93 μm, respectively (Figure S2d, Supporting
Information). With regards to shape, all of NPP, SDPP, and
DDPP exhibited similar morphological features such as aspect
ratio and circularity (Figure S2e,f, Supporting Information).
These parameters show that pine pollen is physically intact
after defatting with no signiﬁcant collapsing or breaking
occurring, thus conﬁrming the mild nature of the defatting
process.
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subunits of the exine as deﬁned in previously published
studies.41
Morphological observations of the pollen surface, by SEM,
before and after defatting, indicated that defatting eﬀectively
removes surface-adhered lipidic material and exposes a higher
density of nanopores in the outer exine shell surrounding both
the central cavity and the air sacs (Figure 3b). Exposed visible
pore sizes are in the range of 30−100 nm, with the majority of
nanopores being ∼50 nm. The exposure of numerous small
pores may be expected to aid in enhanced and more rapid
compound loading.
3.1.3. Membrane Permeability Analysis. Particle water
uptake was explored by exposing natural and defatted pine
pollen to both passive and vacuum-assisted loading methods.
Passive and vacuum-assisted loading of water into natural and
defatted pine pollen indicated that water ﬁlling rates increase
with greater defatting, with DDPP exhibiting the fastest overall
water uptake and greatest portion of loaded particles. Passive
loading showed that NPP is poorly penetrated by water with
only 7.2 ± 0.8% of the particles completely ﬁlled (becoming
transparent) even after 24 h (Figure 3c,d; Figure S3,
Supporting Information). Whereas, for passive loading, the
proportion of full SDPP increases to 61.1 ± 12.0% within 60
min and remains stable to 24 h, and the proportion of full
DDPP increases to 73.7 ± 2.8% within 30 min and remains
stable to 24 h (Figure 3d; Figure S3, Supporting Information).
Overall, these observations suggest that defatted pollen may
facilitate the loading of hydrophilic molecules faster and more
eﬃciently than natural pollen because of enhanced water ﬂux.
Vacuum loading showed that air sac water ﬁlling could be
enhanced for defatted pine pollen with the application of a
vacuum for only 5 min, while providing no enhancement with
NPP. Short-duration vacuum loading achieved 82.9 ± 14.3 and
94.3 ± 4.1% of full particles for SDPP and DDPP, respectively,
with NPP exhibiting only 0.7 ± 0.9% of full particles (Figure
3d; Figure S3, Supporting Information). The increased
proportion of ﬁlled air sacs and overall ﬁlling, observed with
vacuum loading of defatted pollen, may be attributed to water
being drawn into the air sac cavity because of air being
forcefully extracted by a negative pressure diﬀerential resulting
from the creation of an external low pressure region by the
application of a vacuum.38
3.2. Compound Encapsulation. Optimization of BSA
loading in natural pollen was explored with vacuum loading to
gain insight into the ideal parameters and limits of compound
loading in NPP. After signiﬁcant parameter variation, it was
determined that the application of a vacuum with a pressure of
1 mbar, for 5 min, with a BSA loading concentration of 50 mg/
mL, could achieve a maximum BSA loading eﬃciency in NPP
of 5.8 ± 0.7% (Figure 4).
3.2.1. Loading Method and Parameter Optimization.
Vacuum loading was shown to produce greater loading
eﬃciencies than passive loading. During the ﬁrst step of
vacuum-assisted BSA loading optimization, it was determined
that vacuum pressures of 1 and 0.01 mbar produced maximum
loading eﬃciencies which were statistically equivalent (p =
0.25). Overall, loading pressures of 1000, 100, 1, and 0.01
mbar produced loading eﬃciencies of 2.3 ± 0.4, 2.5 ± 0.5, 5.8
± 0.7, and 6.5 ± 1.7%, respectively (Figure 4a). Vacuum
loading at 0.01 mbar achieved ∼3 times greater loading than
passively loaded samples (1000 mbar), which is in line with
existing research with other pollen species and particles.42,43

Elemental analysis indicated that pollen defatting caused no
removal of the pine pollen’s proteinaceous cytoplasmic
contents. The percentage of nitrogen content of plant-based
materials can be used to estimate percent protein content by
application of a multiplication factor of 6.25.39 The percent
nitrogen content for NPP, SDPP, and DDPP was found to be
1.6 ± 0.0, 1.6 ± 0.1, and 1.6 ± 0.1%, respectively (Table S1,
Supporting Information). The stability of percent nitrogen
suggests that the defatting process has no signiﬁcant eﬀect on
cytoplasmic constituents of the pollen.
3.1.2. Surface and Porosity Analysis. Contact angle
measurements indicated that pine pollen becomes more
hydrophilic with increased defatting. Microparticle coatings
of NPP exhibit a contact angle of 83.3 ± 0.4°, with SDPP and
DDPP exhibiting contact angles of 50.7 ± 1.9 and 17.3 ± 9.6°,
respectively (Table 1). The increase in hydrophilicity observed
with defatting may be attributed to the removal of surfaceadhered lipidic compounds that are inherently hydrophobic.
Table 1. Contact Angle, Cumulative Pore Surface Area and
Volume, and Average Pore Width of NPP, SDPP, and
DDPPa
contact angle (degrees)
BET surface area (m2/g)
cumulative surface area of
pores (m2/g)
cumulative volume of pores
(×109m3/g)
average pore width (nm)

NPP

SDPP

DDPP

83.3 ± 0.4
0.53 ± 0.08
0.23 ± 0.05

50.7 ± 1.9
1.36 ± 0.15
0.46 ± 0.05

17.3 ± 9.6
1.37 ± 0.22
0.51 ± 0.08

3.91 ± 0.21

5.16 ± 0.51

5.44 ± 0.70

29.7 ± 4.4

16.0 ± 0.8

16.5 ± 0.8

a

NPPnatural pine pollen, SDPPsingle-defatted pine pollen,
DDPPdouble-defatted pine pollen.

Nitrogen adsorption−desorption isotherm analysis showed
that pollen defatting increased speciﬁc surface area, surface
area of pores, volume of pores, and decreased average pore
width. The N2 sorption isotherms are characteristic of type IV
isotherms typically associated with mesoporous materials.40
The NPP exhibited a BET theory surface area of 0.53 ± 0.08
m2/g and SDPP and DDPP with 1.36 ± 0.15 and 1.37 ± 0.22
m2/g, respectively (Table 1). The increase in speciﬁc surface
area with defatting may be attributed to exposing additional
nanopores during the defatting process. The cumulative
surface area of pores increased with the degree of defatting,
with NPP exhibiting 0.23 ± 0.05 m2/g and SDPP and DDPP
with 0.46 ± 0.05 and 0.51 ± 0.08 m2/g, respectively.
Correspondingly, the cumulative volume of pores also
increased with the degree of defatting, with NPP exhibiting
3.91 ± 0.21 × 109 m3/g, and SDPP and DDPP with 5.16 ±
0.51 × 109 and 5.44 ± 0.70 × 109 m3/g, respectively. The
increase in cumulative surface area and cumulative volume of
pores indicates that defatting increases the quantity of pores.
The BET average pore size of defatted pollen is smaller than
that of natural pollen, with NPP exhibiting an average pore
width of 29.7 ± 4.4 nm, and SDPP and DDPP with 16.0 ± 0.8
and 16.5 ± 0.8 nm, respectively. The BJH desorption pore
diameter distribution indicates that NPP, SDPP, and DDPP all
exhibit a peak pore diameter of ∼45 nm (Figure 3a), with
SDPP and DDPP exhibiting a distribution of pores below 4.6
nm diameter as well. The presence of nanopores below 4.6 nm
diameter may be attributed to the removal of surface-adhered
lipidic compounds from the multilevel helical sporopollenin
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Figure 3. Surface properties and water uptake of natural and defatted pine pollen: (a) nitrogen adsorption−desorption isotherms with pore
diameter distributions of NPP, SDPP, and DDPP; (b) scanning electron micrographs of central cavity and air sac surfaces of NPP, SDPP, and
DDPP; (c) optical microscopy images of unﬁlled and water-ﬁlled NPP; and (d) proportion of pollen particles with water-ﬁlled air sacs with passive
and vacuum-assisted loading. NPP: natural pine pollen, SDPP: single-defatted pine pollen, DDPP: double-defatted pine pollen. Scale bars: (b) =
500 nm, (c) = 10 μm.

adequately low vacuum pressure and indicated that maximum
loading may be achieved within a short duration of vacuum
application. To allow for the potential of further system
variation, the loading parameters used for the remainder of this
study were determined to be the application of a vacuum with
a pressure of 0.01 mbar, for 5 min, with a BSA loading
concentration of 50 mg/mL.
3.2.2. Washing and Pollen Loading Optimization. The
inﬂuence of the washing of BSA-loaded natural pollen was
explored to optimize the washing conditions so as to achieve
maximum loading eﬃciencies while ensuring adequate removal
of surface-adhered BSA. On the basis of SEM analysis of BSAloaded NPP particle cleanliness for zero, one, and two water
washes, it was determined that two water washes (0.5 mL
each) resulted in adequate removal of surface-adhered BSA
(Figure 4d; Figure S4a, Supporting Information). Overall, zero,
one, and two water washes of BSA-loaded NPP produced
loading eﬃciencies of 28.4 ± 2.4, 13.8 ± 1.0, and 6.5 ± 1.7%,
respectively (Figure 4e). However, application of the NPP
two-wash protocol to BSA-loaded SDPP and DDPP resulted in
lesser loading, with SDPP and DDPP producing loading
eﬃciencies of 4.2 ± 2.2 and 2.9 ± 2.0%, respectively (Figure
4f). Because of defatted pollen exhibiting a more rapid uptake
of water, further optimization of the washing protocol was
undertaken with a reduction of washing cycles and

During the second step of vacuum-assisted BSA loading
optimization, it was determined that a vacuum application
duration of 5 min was suﬃcient to achieve the maximum
loading eﬃciency. Overall, vacuum application durations of 5,
15, 30, and 60 min produced loading eﬃciencies of 6.5 ± 1.7,
7.0 ± 0.8, 6.4 ± 0.9, and 6.5 ± 1.7%, respectively (Figure 4b).
Statistical analysis of this data indicates that loading eﬃciencies
for varying vacuum application durations are statistically
equivalent (p = 0.95 for the time points 5 and 15 min).
From observations during sample preparation, it appears that
short vacuum application durations are adequate due to rapid
evaporation of aqueous loading solutions under vacuum
conditions.
During the third and ﬁnal step of vacuum-assisted BSA
loading optimization, it was determined that a BSA loading
solution concentration of 50 mg/mL achieved the maximum
loading eﬃciency. Overall, BSA loading solution concentrations of 12.5, 25, and 50 mg/mL produced loading
eﬃciencies of 3.0 ± 0.3, 4.5 ± 1.1, and 6.5 ± 1.7%, respectively
(Figure 4c). The data indicate that the amount of BSA in the
BSA-loaded pine pollen is directly proportional to the amount
of BSA in the BSA loading solution.
Comprehensive optimization of BSA loading parameters for
vacuum-assisted loading of NPP highlighted the importance of
high loading solution concentration and the application of an
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Figure 4. Loading parameter and washing optimization for BSA loading in natural and defatted pollen: (a) eﬀect of vacuum pressure on BSA
loading potential; (b) eﬀect of vacuum duration on BSA loading potential; (c) eﬀect of BSA loading solution concentration on BSA loading
potential; (d) scanning electron micrographs of BSA-loaded NPP at each washing step; (e) loading eﬃciency of BSA-loaded NPP at each washing
step; (f) loading eﬃciency of BSA-loaded NPP, SDPP, and DDPP with application of optimized NPP washing protocol; (g) loading eﬃciency of
BSA-loaded NPP, SDPP, and DDPP with optimized washing protocols; and (h) scanning electron micrographs of BSA-loaded NPP, SDPP, and
DDPP after application of optimized washing centrifugation duration. NPP: natural pine pollen, SDPP: single-defatted pine pollen, DDPP: doubledefatted pine pollen. Scale bars: 10 μm.

used for loading. By increasing the volume of loading solution,
it was determined that volumes of 1, 2, 3, and 4 mL produced
maximum loading eﬃciencies which were statistically equivalent (p = 0.41 for 1 and 4 mL), with loading eﬃciencies of
10.6 ± 0.9, 10.1 ± 1.4, 8.5 ± 1.3, and 9.6 ± 1.6%, respectively
(Figure S5, Supporting Information).
3.2.3. Loading Distribution Analysis. Loading distribution
analysis based upon CLSM imaging of FITC-BSA-loaded NPP,
SDPP, and DDPP, indicated that under optimum loading
conditions, the majority of pollen particles exhibit some degree
of loading, and that loading occurs predominately in air sacs
(Figure 5a,b; Figures S6 and S7, Supporting Information).
However, air sac loading is typically restricted to the outer
portion of the air sac cavity, and the central portion of the air
sacs remains empty. On the basis of pollen volumetric
measurements above, the outer porous sexine structure
comprises ∼58% of total air sac volume. Calculations for
estimating 100 vol % loading of DDPP indicate that the
theoretical maximum potential BSA loading of pine pollen air
sacs equates to a BSA loading eﬃciency of ∼18.0%. Therefore,
the BSA loading eﬃciency of 10.6 ± 0.9% obtained with

centrifugation time. Centrifugation durations of 3 min (2
washes of 0.5 mL each), 2 min (1 wash of 1 mL), and 1 min (1
wash of 1 mL), for NPP, SDPP, and DDPP, respectively, were
found to produce loading eﬃciencies of 6.5 ± 1.7, 8.7 ± 1.2,
and 10.6 ± 0.9% (Figure 4g) and resulted in adequate removal
of surface-adhered BSA (Figure 4h; Figure S4b, Supporting
Information). Variations in loading and washing dynamics of
natural and defatted pine pollen may be attributed to increases
in porosity and water permeability with increased defatting.
On the basis of DDPP facilitating maximum loading, further
variation of loading solution volumes indicated that the initial
loading solution volume of 1 mL per 50 mg pollen (20 μL/
mg) achieved an optimal loading eﬃciency of 10.6 ± 0.9%. By
retaining a loading solution concentration of 50 mg/mL and
reducing the amount of loading solution used, it was
determined that volumes of 0.25, 0.33, and 0.5 mL produced
maximum loading eﬃciencies of 4.5 ± 0.6, 5.3 ± 1.3, and 4.5 ±
0.5%, respectively (Figure S5, Supporting Information). The
reduction in loading eﬃciencies associated with reduced
loading volumes may be attributed to an inadequate volume
of loading solution to completely wet the 50 mg of pine pollen
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Figure 5. CLSM analysis of vacuum-assisted FITC-BSA-loaded natural and defatted pine pollen: (a) multiparticle images of DDPP without FITCBSA loading, and NPP, SDPP, and DDPP with FITC-BSA loading; (b) single-particle 3D z-stack reconstructions of DDPP without FITC-BSA
loading, and NPP, SDPP, and DDPP with FITC-BSA loading; (c) 2D and 3D images of FITC-BSA-loaded NPP and DDPP highlighting FITCBSA entrapped within the pine pollen porous sexine structure; and (d) comparison of trends between normalized CLSM loading proportion data
and conventional loading eﬃciency data, indicating a high degree of similarity. NPP: natural pine pollen, SDPP: single-defatted pine pollen, DDPP:
double-defatted pine pollen. Scale bars: (a,b) = 10 μm; (c) = 2 μm.

Figure 6. In vitro release proﬁles of BSA from powdered and tableted BSA-loaded DDPP: (a) BSA release from BSA-loaded DDPP in SGF (pH
1.2) and SIF (pH 7); (b) BSA release from BSA-loaded DDPP powder and tablets with 3 h SGF incubation followed by SIF incubation; (c)
xanthan gum weight % eﬀect on BSA release from BSA-loaded DDPP tablets with xanthan gum as a binder, with 3 h SGF incubation followed by
SIF incubation; and (d) alginate coating number eﬀect on BSA release from BSA-loaded DDPP tablets coated with ionotropically cross-linked
sodium alginate, with 3 h SGF incubation followed by SIF incubation. DDPP: double-defatted pine pollen, SGF: simulated gastric ﬂuid, SIF:
simulated intestinal ﬂuid, Cont.: control.
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The use of xanthan gum as a binder in the tableting of BSAloaded DDPP powder produced varying degrees of suboptimal
controlled release for targeted intestinal delivery depending on
the proportion of xanthan gum used. Overall, the addition of
xanthan gum in weight fractions of 1, 2.5, 5, 10, 20, and 30 w/
w % resulted in the release of 70.6 ± 2.0, 38.5 ± 14.5, 28.3 ±
4.8, 14.1 ± 9.9, 8.1 ± 9.4, and 14.7 ± 2.45% of BSA,
respectively, within an initial 3 h in SGF, with an additional
release of 27.4 ± 0.6, 46.7 ± 4.7, 46.7 ± 8.7, 40.2 ± 2.8, 44.9 ±
7.7, and 18.1 ± 3.4% of BSA, respectively, with another 24 h in
SIF (Figure 6c). Pure xanthan gum and BSA tablets, as a
control, exhibited a release of 16.5 ± 9.4% within an initial 3 h
in SGF, with an additional release of 7.1 ± 4.2% with another
24 h in SIF, indicating that the inclusion of BSA-loaded DDPP
has a meaningful impact on BSA release dynamics. The data
indicate that increasing the xanthan gum % not only slows the
release of BSA in SGF but also results in incomplete drug
release especially with higher xanthan gum fractions. Delayed
and incomplete overall BSA release may be attributed to
increasing proportions of xanthan gum increasing tablet
stability, leading to limited compound diﬀusion from intact
stable tablets. However, the addition of xanthan gum during
tableting, in a proportion of 20 w/w %, provides the best
suboptimal controlled release proﬁle with only 8.1 ± 9.4%
release in SGF for 3 h and an additional 44.9 ± 7.7% release in
SIF for another 24 h.
The use of alginate for coating BSA-loaded DDPP powder
tablets provided the most ideal release proﬁle for targeted
delivery to the intestinal tract. A single coating cycle was
achieved by dipping tablets in a 2% aqueous sodium alginate
solution, followed by ionotropic cross-linking in a 4% calcium
chloride solution. Overall, the addition of ionotropically crosslinked alginate coatings with 1, 2, and 3 coating cycles, resulted
in the release of 88.1 ± 4.9, 2.6 ± 0.3, and 2.0 ± 0.0% of BSA,
respectively, within an initial 3 h in SGF, with an additional
release of 15.8 ± 8.3, 96.0 ± 2.9, and 25.0 ± 10.8% of BSA,
respectively, with another 24 h in SIF (Figure 6d). The data
indicate that a single coating cycle is inadequate to provide
desired release dynamics and that three coating cycles
excessively inhibit BSA release in simulated intestinal
conditions. However, the application of two coating cycles
provides optimal controlled release proﬁle with minimal
release in SGF for 3 h (2.6 ± 0.3%) and near complete
release in SIF over an additional 24 h (96.0 ± 2.9%). Pure
sodium alginate and BSA tablets with dual coating, as a control,
exhibited a release of 4.0 ± 1.7% within an initial 3 h in SGF,
with an additional release of 1.4 ± 1.5% with another 24 h in
SIF, indicating that the inclusion of BSA-loaded DDPP has a
beneﬁcial impact on BSA release dynamics. On the basis of
these observations, tableting and dual coating of BSA-loaded
DDPP may be used to provide an eﬀective all natural
formulation for targeted delivery to the intestinal tract.
3.3.2. Tablet Morphology. Tableting of BSA-loaded DDPP
powder tablets with varying portions of xanthan gum or
coatings of sodium alginate resulted in some variation in tablet
morphology. Basic DDPP tablets were prepared with 163.1 ±
0.6 mg of BSA-loaded DDPP, with a diameter of 13.04 ± 0.01
mm and thickness of 1.21 ± 0.01 mm (Table S2, Supporting
Information). Xanthan gum-based tablets were prepared by
incorporating an additional 1 to 30 wt % of dry xanthan gum,
with ﬁnal tablet weights ranging from 164.2 ± 0.2 to 234.3 ±
0.3 mg, diameters ranging from 13.04 ± 0.01 to 13.10 ± 0.05
mm, and thicknesses ranging from 1.21 ± 0.01 to 1.76 ± 0.01

DDPP highlights that the optimized BSA loading protocols
which have been utilized are highly eﬀective.
On the basis of the FITC-BSA loading being restricted to
the outer porous sexine structure, as well as the previous
observations of water loading of air sacs, it appears that the
intricate porous structure of the air sac wall (sexine) tends to
trap large molecules, such as BSA (∼65 kDa), within the
porous shell structure (Figure 5b,c). To support this assertion,
the 3D reconstructions of CLSM z-stacks depicted in Figure
5b show nonuniform loading of the NPP porous sexine
structure, indicating that BSA loading solution may not pass
freely between all sexine porous structure cavities. The reason
for this eﬀect being highlighted in NPP may be attributed to
the presence of lipidic compounds blocking surface nanopores
present in the outer exine layer, which may inhibit initial
loading of some sexine cavities, whereas when the lipidic
compounds are uniformly removed in the SDPP and DDPP,
the loading of the porous sexine structure may be more
uniform because of the passage of BSA loading solution
through sexine surface nanopores, rather than from internal
ﬂow between sexine cavities. Additionally, 2D z-stack slices of
FITC-BSA-loaded DDPP show regions where FITC-BSA is
restricted to the micron-sized sexine cavities (Figure 5c).
Loading proportion data from CLSM image analysis and
loading eﬃciency data from loading quantiﬁcation studies were
normalized and compared, with both data sets exhibiting
similar trends (Figure 5d). The similarity in loading proportion
and loading eﬃciency trends provides support for the
robustness of the loading analysis and suggests that the
previous loading optimization studies have been eﬀective.
Overall, accurately elucidating compound distribution via
CLSM helps to explain the apparently low loading eﬃciencies
observed with natural and defatted pine pollen and provides
valuable insight into the potential for further loading
optimization.
3.3. Tableted Formulation for Targeted Delivery.
Achieving targeted delivery of sensitive compounds, such as
proteins, to the intestinal tract typically requires the use of a
co-encapsulant to provide adequate gastric protection and
allow compound release in a particular environment at a ﬁxed
rate.38,42,44 In this study, only natural co-encapsulants were
explored for facilitating the delivery of sensitive proteins to the
intestinal tract. BSA-loaded DDPP tablets were prepared with
either xanthan gum or alginate. Xanthan gum-based multiparticulate tablets utilized dry xanthan gum powder as a binder
in varying proportions, whereas alginate-based multiparticulate
tablets utilized ionotropically cross-linked alginate as a coating
layer, with varying numbers of coatings.
3.3.1. Compound Release Analysis. Initial release studies
were conducted with BSA-loaded DDPP powder before and
after tableting. Before tableting, BSA-loaded DDPP powder
exhibited a burst release proﬁle, wherein 100% release was
observed within 5 min in both SGF and SIF solutions (Figure
6a). After the tableting of BSA-loaded DDPP powder only,
some delayed release of BSA was observed. Tablets were
exposed to SGF for 3 h, followed by exposure to SIF so as to
simulate gastrointestinal tract transit resulting from oral
delivery. Three hours in SGF resulted in a release of 80.1 ±
3.0% with the remaining BSA releasing within another 15 min
in SIF (Figure 6b). The delayed release observed from the
tableting alone may be attributed to the physical robustness of
the tablet, with internal BSA-loaded DDPP requiring greater
time to become hydrated and release BSA.
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Figure 7. SEM analysis of multiparticulate BSA-loaded defatted pine pollen tablets before and after optimized alginate coating: (a) SEM
micrographs of an uncoated multiparticulate BSA-loaded DDPP tablet depicting the tablet surface and cross section, with the white arrow
indicating the edge of the tablet cross section; (b) SEM micrographs of an alginate-coated multiparticulate BSA-loaded DDPP tablet depicting the
tablet surface and cross section, with the white arrow indicating the surface of the tablet. White boxes indicate areas of magniﬁcation. DDPP:
double-defatted pine pollen.

solution concentration, and washing conditions are required
to achieve optimal compound loading. The porous sexine
structure is shown to trap large BSA molecules (∼65 kDa), and
BSA loading is typically limited to the outer region of the
hollow air sac cavity with the central cavity region remaining
empty. However, uniform exposure of nanochannels, resulting
from defatting, ensures uniform ﬁlling of the micron-sized
pores of the sexine, allowing for greater overall compound
loading.
The development of a multiparticulate tableted formulation,
with the application of a natural binder or enteric coating,
achieved controlled release properties suited to targeted
intestinal delivery of compounds, such as therapeutic proteins.
Xanthan gum as a binder provided great ease in tablet
preparation, however, exhibited incomplete compound release
over a 24 h period. Ionotropically cross-linked alginate coating
of defatted pine pollen tablets is a simple multistep process,
resulting in ideal release dynamics for intestinal delivery.
Overall, pine pollen exhibits many highly attractive microencapsulant properties and has been shown to provide an
eﬀective vehicle for microencapsulation. The large cargo
capacity, ease of compound loading, abundant availability,
and extensive modern and historical usage of pine pollen make
it very appealing for a wide range of practical applications, such
as foods, natural cosmetics, traditional herbal therapeutics, or
synergistic treatments incorporating modern pharmaceutical
compounds, such as therapeutic proteins.

mm. Alginate-based tablets were prepared by tableting BSAloaded DDPP and performing one to three coating cycles with
ionotropically cross-linked alginate, with ﬁnal tablet weights
ranging from 168.8 ± 1.9 to 219.0 ± 4.8 mg, diameters ranging
from 12.97 ± 0.05 to 12.92 ± 0.03 mm, and thicknesses
ranging from 2.27 ± 0.08 to 3.05 ± 0.12 mm. Overall, the
weight and thickness of the tablets increased with the % of
xanthan gum and number of alginate coatings, whereas the
diameter remained nearly constant because of the die press
used.
On the basis of two-coat alginate-based tablets providing the
most ideal targeted delivery formulation, we proceeded with
morphological analysis of tablet surfaces and cross sections, by
SEM, before and after alginate coating. Tablets comprising
only BSA-loaded DDPP exhibit a rough surface and layered
cross-sectional structure because of close packing of compressed discrete pine pollen particles (Figure 7a). Tablets with
a coating of ionotropically cross-linked alginate exhibit a
smooth surface and a coating layer of ∼30 μm (Figure 7b).

4. CONCLUSIONS
Pine pollen may be utilized as a microencapsulant for
compound loading, and completely natural formulations
based upon a pine pollen microencapsulation technology can
be used for targeted oral delivery applications. The removal of
the lipidic compounds adhered to the outer pollen surface
improves pollen wetting and exposes nanochannels present in
the outer sexine layer, leading to increased water absorption
and improved compound loading. Ensuring appropriate
vacuum strength, vacuum duration application, loading
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