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Abstract: Inspired by sophisticated adhesion strategies in nature, physicochemical properties of
pollen from three widely distributed fruit species (apple, pear, and kiwifruit) are investigated, and an
novel adhesion mechanism for fruit tree pollination is proposed. Through simulation and

measurement of natural pollination process, adhesion force between pollen and stigma is quantified,
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with its constituent components deduced theoretically. Herein, composition and hygroscopic capacity

of pollenkitt from three species reveal that while van der Waals forces dominate the adhesion
between two biological interfaces, the presence of pollenkitt confers an increased binding strength as
relative humidity rises. At the microscale, pollen surfaces are characterized, and biological model
between pollen surface microstructure and stigma papillae is investigated to reproduce the natural
pollination adhesion system. Following the discovery of strikingly similar ridge structures in two
Rosaceae pollen species and dense microprotuberances on kiwifruit pollen, various mechanical
models of these microstructures with papillae as well as artificial substrates are established.
Furthermore, based on electrostatic properties of pollen, the electrostatically enhanced adhesion
effect is explored through theoretical analysis and experimental validation. Collectively, this research
elucidates a bioadhesion mechanism underlying fruit tree pollination, providing application potential

for research in agricultural science and technology, biomedicine, and ecological environment.
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1 Introduction

Pollen-stigma adhesion is the initial step of plant sexual reproduction. During its dispersal and
transportation from anther to stigma, pollen undergoes multiple cycles of detachment and adhesion
on the surfaces of flowers and insects [1, 2], moreover, successful plant fertilization requires firm
adhesion to stigma and maintenance of this state for a sufficient duration [3-5]. Typical bioadhesion
systems have inspired numerous studies to elaborate on their underlying mechanisms [6, 7], and
facilitated the development of high-performance adhesive products by harnessing their operational
principles [8-10]. For instance, the van der Waals mechanism of gecko setae provided foundation for
developing the first dry adhesive microstructures [11]. This breakthrough triggered a series of

subsequent bio-mimetic studies [12, 13], leading to fabrication of reversible adhesives [14]. The
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integration of gecko-inspired adhesion with soft robotics has ultimately enabled climbing on

complex surfaces [15]. Capillary forces and viscous forces between tree frog toe pads and substrates
significantly enhance the adhesion of tree frogs, which has inspired the design of underwater
adhesive materials [16]. Mussels can attach rapidly and firmly to solid surfaces in marine
environment, through functionalization of polymers in mussel foot proteins, underwater adhesives
and medical suture materials have been developed [17-19]. Natural plant pollen has emerged as a
promising drug-encapsulated microcarrier [20], inspired by natural pollen, polymer microparticles
with tunable surface roughness have been fabricated, which exhibit strong adhesion capacity to the
intestinal mucosa and can serve as novel drug carriers [21, 22]. Pollen-induced asthma and allergies
are significant factors affecting respiratory health [23, 24], and research on the adhesion properties
between pollen and artificial substrates is expected to provide solutions for indoor air purification.
Efficient collection and transportation of pollen are crucial for the survival of both animals and
plants. In nature, plants primarily rely on anemophily and entomophily for pollination [25, 26], while
artificially intervened pollination aids in the smooth delivery of pollen to stigmas, they share the
same objective. Pollen from different plant species exhibits significant variability, with sizes ranging
from 10 nm to 100 pm and morphologies spanning from spiny and complex structures to regular
olive-shaped forms [27]. However, pollen from the same plant species exhibits intrinsic adaptation
for adhesion to stigmatic surface. In Hypochaeris radicata L., soft stigmatic papillae provide
capillary force to trap spines on pollen surface [2], whereas the smaller, smooth pollen grains of
Actinidia chinensis Planch. are firmly entrapped by stigmatic papillae until germination occurs [4].
Driven by pollination adaptation during long-term cultivation and domestication, pollen surfaces
have undergone a transition from rough to smooth [28]. Pollen of angiosperms commonly contain
pollenkitt [29-31], a substance that facilitates pollen transport [32], supports pollen adhesion to
stigma, and enables rehydration [33, 34]. Pollenkitt mainly consists of saturated and unsaturated fatty

acids, lipids, carotenoids, flavonoids, proteins, and carbohydrates [35, 36], which renders the process
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of characterizing pollen adhesion properties more complex. Non-defatted pollen exhibits

significantly higher adhesion values, for instance, pollen from Taraxacum officinale rich in pollenkitt
demonstrates an adhesion force 3 to 6 times greater than that of defatted samples [27]. During peak
flowering period, stigma secretes mucus to capture pollen from the air or carried by pollinating
insects and prevent its detachment. Capillary mechanism contributed by stigma papillae is expected
to promote adhesion [37]. To date, however, the contribution of these potential forces to enhancing
pollen adhesion has not been reported, and studies on the physical adhesion properties of pollen
remain limited.

In existing studies, inspired by natural bio-adhesion systems such as geckos, tree frogs, and
mussels, significant advances have been achieved in adhesives, soft robotics, and medical sutures
[12-18]. Current research on pollen adhesion has predominantly focused on model plants such as
dandelion and Arabidopsis thaliana [27, 34, 37], yet adhesion mechanisms during fruit tree
pollination remain largely unexplored. Here, we investigated the pollen-stigma adhesion mechanisms
in apple (Malus domestica ‘Fuji’), pear (Pyrus pyrifolia ‘Niitaka’), and kiwifruit (Actinidia deliciosa
‘Hayward’), three species of global distribution, significant economic and ecological value, and
relevance to human health. We characterized the morphology of pollen and stigmas, pollen-stigma
adhesion structures, quantitatively analyzed van der Waals and capillary bridge forces, and
established a mathematical contact model for pollen-stigma interaction. Furthermore, motivated by
the widespread application of the charging effect in engineering [38, 39], and in enhancing plant
physiology [40-43], we established a pollen charging platform and verified the potential of
electrostatically treated pollen to enhance adhesion. This study deepens the understanding of the
elaborate adhesion strategies in nature, and through mechanism analysis and model establishment,
exhibits unique application potential in fields such as agricultural science and technology,

biomedicine, and ecological environment.
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2 Experimental

2.1 Sample collection and preparation

To prevent contamination on plant surfaces, flower buds of apple (Malus domestica ‘Fuji’), pear
(Pyrus pyrifolia ‘Niitaka’), and kiwifruit (Actinidia deliciosa ‘Hayward’) were bagged during large
bud stage (Fig. S1(a)). After flower anthesis, flower samples were collected indoors together with
paper bags, and several flower buds with separated petals were selected (Fig. S1(b)), as their stigmas
were fully developed and remained uncontaminated. Fresh pollen and styles were collected from
these buds to observe the natural morphology of pollen grains and stigmatic papillae. After full
flower anthesis, pollen is deposited on the stigmatic surface via anemophilous and entomophilous
pollination (Fig. S1(c)). Pollinated styles were collected to observe contact structures of pollen on
stigmatic surface. Freshly collected pollen was stored at -18°C for subsequent use.

Styles were dissected at their base using a scalpel and fixed on glass slide with scotch tape, and
oriented with papillae-containing surface facing upward for atomic force microscopy (AFM)
adhesion force measurements. To prevent desiccation during testing, basal end of style was wrapped
in tape together with water-saturated paper (Fig. S1(d)).

Freshly collected pollen was immersed in a chloroform-methanol mixture (3: 1), sonicated for 1
min, followed by centrifugation at 6000 rpm for 10 min at 4 °C, this washing procedure was repeated
five times until the supernatant became transparent. Pollen samples involved in this study included
raw apple pollen (RAP), washed apple pollen (WAP), raw pear pollen (RPP), washed pear pollen
(WPP), raw kiwifruit pollen (RKP), and washed kiwifruit pollen (WKP).

2.2 Pollen density and weight measurements

True density of pollen samples was determined by applying gas displacement method based on
Archimedes’ principle, utilizing Boyle’s law with low molecular diameter inert gas (helium). The
true volume of pollen sample was accurately determined by measuring the reduction in gas volume

of sample test chamber caused by placing the sample into the chamber, thereby obtaining its true
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density (true density=mass/true volume; AccuPyc Il 1345, USA). A minimal quantity of pollen was

transferred using an eyelash onto weighing paper and weighed using a microbalance (XP6, Mettler
Toledo, Switzerland; precision: 0.001 mg). Pollen grains on weighing paper were photographed and
counted under a microscope (Fig. S2).

2.3 Substrate preparation

A polystyrene (PS, Mw=200,000) solution was prepared by dissolving PS in toluene at a 10 wt%,
hydrophobic substrates were fabricated by coating silicon wafers with PS solution. Hydrophilic
substrates were prepared by etching silicon wafers in piranha solution (sulfuric acid: hydrogen
peroxide = 7:3, v/v) for 4 hours. Static water contact angle 6y of all polymer-coated silicon substrates
was measured using a contact angle analyzer (PZ-350SD, Beijing PinZhiChuangSi Precision
Instrument, China) to confirm their hydrophobic or hydrophilic properties (Figure S3, Supporting
Information). Surface topography of each substrate type was characterized by AFM, scanning three
random 10 umx10 um areas. Arithmetic average roughness (Ra) and root mean square roughness
(RMS) values were obtained (Table S1).

2.4 Morphological characterization of pollen

The Surface topography of pollen was characterized by AFM (Dimension FastScan Bio, Bruker,
USA) with SNL-10 probe (Bruker, USA), the cantilever had a spring constant of 0.35 N/m, a length
of 120 um, a thickness of 0.6 um, and the probe featured a tip height of 2.5 um, a half-open angle of
15+2.5°, and a tip radius of 13.2 nm. Samples included raw pollen and washed pollen.

2.5 Pollen-modified tipless cantilever

Due to the significant differences in material properties between probe and pollen grains, surface
energy between them does not accurately reflect that of actual pollen, therefore, pollen grain was
functionalized onto a tipless cantilever (Fig. S4), adhesion forces between pollen and stigma were
measured by pollen-modified probe. Ion-cleaned tipless cantilever was placed on the microscope

stage with its front side facing upward; Two glass capillaries with an approximate inner diameter of
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15 pum were pulled using a multi-pipette puller (PMP107, MDI, USA), and mounted separately on

the micromanipulator arm of a micromanipulation system (TransferMan 4r, Eppendorf, Germany)
and a pneumatic microsyringe; a pneumatic microsyringe was used to aspirate epoxy adhesive (UHU,
Germany) that had been pre-cured for 15 minutes; under microscope, capillary was positioned near
the center of tipless cantilever, and an appropriate amount of adhesive was dispensed, considering
pollen size, the coverage area of adhesive must not exceed 20 um; pollen grain was picked up using
micromanipulator and precisely placed onto adhesive-coated region of tipless cantilever; after
modification, the assembly was cured at room temperature for 24 hours.

2.6 Adhesion force measurement

Adhesion force between pollen-modified probe and sample was measured by acquiring force curves
in Ramp mode, interaction force depends on the distance between the two surfaces; by varying the
distance between them, the change in interaction force as a function of probe displacement can be
measured. Force-displacement curves were further elaborated in Section S2.

2.7 Cryo-SEM Assays

Observations were conducted using cryo-SEM (FlexSem1000, Hitachi Ltd, Tokyo, Japan), at -90°C
to investigate contact structure of pollen-stigma in native state. Before fabricating pollen-modified
probes and after conducting adhesion force tests, cryo-SEM observations were required to verify
whether pollen grains on cantilever were damaged. Samples were mounted on metal stubs using
carbon tape, and an accelerating voltage of 10.0 kV was applied prior to imaging.

2.8 Pollen Composition Assays

Raw and washed pollen were placed on glass microscope slides. Fluorescence images of pollen were
acquired using a confocal fluorescence microscope (Olympus IX83-FV3000) equipped with an FITC
channel, which was fitted with a 60% oil immersion objective. For EGFP, the excitation wavelength
was set at 488 nm, with an emission collection range of 500-540 nm. SERS spectra were collected

using confocal micro-Raman spectrometer (Renishaw inVia), a 785 nm laser was selected with an
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output power of 300 mW. Spectral acquisition was performed with a 20x objective lens and a 10x

eyepiece, with an exposure time of 10 s and a laser power setting of 1%. Raw and washed pollen
were dried for 24 hours, approximately 2 mg of dried samples was mixed with pure potassium
bromide (KBr) at a 1:100 mass ratio, ground thoroughly in an agate mortar, dried again. Fourier
transform infrared (FTIR) spectrometer (Thermo Fisher Scientific Nicolet iS20, USA) was employed,

with a test wavenumber range set to 4000-400 cm''.
3 Results and discussion

3.1 Structure of pollen-stigma contact

Geometric structures of pollen-stigma of apple (Fig. 1(a)), pear (Fig. 1(e)), and kiwifruit (Fig. 1(1)) in
their native states were observed using cryogenic scanning electron microscopy (cryo-SEM) (Figs.
1(d), 1(h) and 1(1)). Meanwhile, morphologies of styles (Figs. 1(b), 1(f), and 1(j)) and anthers (Figs.
I(c), 1(g) and 1(k)) were analyzed. Distal ends of styles in all three species were densely covered
with papillae, forming the pollination-receptive region, i.e., the stigma. Successful pollination is
associated with a series of plant physiological mechanisms, including pollen germination, pollen tube
competition, and stigma receptivity. A single apple flower requires 100-200 pollen grains to achieve
pollination [44], a pear flower needs 150-250 pollen grains [45], while kiwifruit requires more than
10,000 pollen grains to attain complete fruit set [46]. As described in Experimental section, true
density of three pollen types were measured five times at room temperature, providing useful data for
pollen research (Tables S2, S3 and S4), true densities of apple, pear, and kiwifruit pollen were
1.352040.0004 g/cm®, 1.3482+0.0004 g/cm®, and 1.3292+0.0003 g/cm’, respectively. Scaling of
stigmatic papillae area with pollen requirements for successful pollination. Distribution of papillae
varies notably: confined to style tip in pear style (Fig. 1(f)), extending basipetally in apple style (Fig.
1(b)), and colonizing about 2/3 of style in kiwifruit (Fig. 1(j)), liquid was observed on surface of
fresh stigmas (Fig. S6). Because of self-incompatibility, most apple and pear cultivars require cross-

pollination. Although kiwifruit possesses degenerate stamens, its pollen is non-viable, necessitating
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strict cross-pollination. Anther senescence in these three plants is followed by dehiscence, releasing

substantial amounts of pollen (Figs. 1(c), 1(g) and 1(k)). Interestingly, pollen morphologies are all
characterized by elongated ellipsoid shape, bearing three equally spaced colpi on surface (Figs. 1(d)

I(h) and 1(1)).

Malus
domestica
‘Fuji’

Pyrus

pyrifolia
‘Niitaka’

Actinidia
deliciosa
‘Hayward’

Fig. 1 Images of floral organs of apple (Malus domestica ‘Fuji’), pear (Pyrus pyrifolia ‘Niitaka’), and
kiwifruit (Actinidia deliciosa ‘Hayward’). (a, e, 1) Flowers. (b, f, j) Styles. (c, g, k) Anthers. (d, h, 1) Contact
structure of pollen-stigma.

Adhesion structure at pollen-stigma interface correlates with the relative size between pollen and
papillae. Apple pollen and papillae are similar in size (Fig. 1(d)); in pear, pollen exceeds papilla
dimensions (Fig. 1(h)); while in kiwifruit, papillae are substantially larger than pollen grains (Fig.
1(1)). Nevertheless, consistent with the intrinsic adaptive traits of each plant’s pollen-stigma
compatibility (Fig. S7), distinct liquid was observed on papillae of apple and pear stigmas. Some
pollen grains adhered to the papilla surfaces, while the rest were firmly held by capillary bridges

formed by papillae, this phenomenon particularly evident in kiwifruit stigmas. Additionally, kiwifruit
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possesses flexible papillae, and plastic deformation of papillae surface was observed upon contact

(Fig. S7(c)).

3.2 Surface characteristics of pollen

Fresh pollen was collected and stored at -18°C, and washed pollen was prepared as described in
Experimental Section. Prior to cryo-SEM observation sample surfaces were sputter-coated with 10
nm thick Au-Pd layer (LEICA EM ACE200). Before washing, pollen surfaces of apple and pear
(both belong to Rosaceae subfamily) exhibited irregular textures; after washing, these surface
textures became more distinct and displayed micropores that were absent on fresh pollen (Figs. 2(a)
and S8(a)). While surface characteristics of kiwifruit pollen remained largely similar after washing,
the dense surface coating observed initially was removed, and micropores that were absent on fresh
pollen became apparent (Fig. S9(a)). We hypothesize that this plant-derived surface material is
pollenkitt, a substance commonly found in entomophilous pollen [47], though no previous studies
have reported the surface substance involved in this study. To verify this hypothesis, pollen surfaces
were observed by confocal fluorescence microscopy (CLSM) (Fig. 2(b)). Since one of carotenoids
(B-carotene) in pollenkitt exhibits autofluorescence with an excitation wavelength of 488 nm [48],
images were captured before and after washing. Distinct fluorescence emitted by carotenoids was
observed on all raw, untreated pollen grains, whereas pollen that had been washed to remove surface
coating exhibited no fluorescence (Figs. 2(b), S8(b) and S9(b)). However, for a more definitive
identification of pollenkitt, pollen was collected from unopened flowers directly into clean containers
and analyzed immediately without frozen storage, Raman spectra were obtained for both washed
pollen and pollen extracts (Figs. 2(c) S8(c) and S9(c)). Intense peak around 1370 cm™ (CH3
symmetric bending) observed in washed apple pollen (WAP), which is assigned to lipids, and the
same peak was also detected in washed pear pollen (WPP) and washed kiwifruit pollen (WKP).
Intense peaks around 2904 cm™ and 2941cm™ (C-C stretching) only observed in Roman spectra of

washed pollen, are assigned to carbohydrates [49]. Intense peaks (1004 cm™, 1520 cm™, 1150 cm™)

10
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of the Raman spectra of pollen extract are assigned to carotenoids, known component of pollenkitt

[50]. This finding is consistent with observations from CLSM and cryo-SEM, demonstrating that the
surface substances removed from pollen is pollenkitt. Furthermore, fourier transform infrared (FTIR)
spectra of the three pollen samples were measured before and after washing (Fig. S10). It was found
that washing did not alter main chemical structure of pollen, as all characteristic structural peaks
indicated by arrows were retained. However, a decrease in peak area of specific amide bands in three
pollen samples after washing indicates that the washing treatment removed lipids tightly bound to
proteins.

In prior reported evidence, significant morphological differences were observed in ragweed,
dandelion, and sunflower pollen before and after washing, where the treatment revealed more
distinct microstructural features such as conical spines or grooves microstructures. Notably,
dandelion pollen has been reported to possess a pollenkitt content as high as 60 wt% [24, 27]. Thus,
we hypothesize that pollen investigated in this study contains a relatively lower proportion of
pollenkitt. Cryo-SEM is insufficient for quantitative characterization of pollen surfaces, AFM was
employed to quantitatively analyze surface roughness at the nanoscale, where 4x4 pum areas on
pollen surface were randomly selected for scanning. Surface of raw apple pollen (RAP) exhibits
distinct groove microstructures (Fig. 2(d)), with a width ranging from 230 to 330 nm, the arithmetic
mean roughness (Ra) is 51.09£7.07 nm, and the root mean square roughness (RMS) is 64.73+9.99
nm. After washing to remove pollenkitt, surface morphology of WAP becomes smoother (Fig. 2(¢)),
with an Ra of 30.2+4.22 nm and an RMS of 38.56+3.64 nm. The difference of surfaces between
RAP and WAP is particularly evident in Fig. 2(g). Similarly, considerable alterations in surface
roughness were observed in both pear and kiwifruit pollen following pollenkitt removal (Figs. S8(d),

S8(e), S9(d) and S9(e)), with the most pronounced difference noted in kiwifruit pollen (Table S5).
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Fig. 2 Morphology and composition analysis of pollen surface. (a) Cryo-SEM images of apple pollen surface
morphology before and after washing, pollen samples were sputter-coated with Au-Pd, bar is 20 pm. (b)
Fluorescence micrographs of apple pollen before and after washing, bar is 20 um. (¢) Raman spectra of WAP
and pollen extract, 785 nm laser excitation. Surface topography of RAP (d) and WAP (e), and adhesion force
distribution between pollen and probe, 4x4 um. (f) Relationship Between the arithmetic average roughness of
pollen surface and adhesion force. (g) Comparison of surface roughness between RAP and WAP. (h)

Comparison of adhesion force between (RAP and WAP) and probe.
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After pollenkitt removal, microscopic undulations on pollen surface are significantly reduced, and

more notably, a substantial change in adhesion force was observed. As illustrated by adhesion force
distribution maps between apple pollen and probe (SNL-10), in RAP, adhesion force between
surface protrusions and probe was approximately 50 nN, while it measured about 9 nN in groove
valleys (Fig. 2(d)); for WAP, adhesion force at surface protrusions decreased to approximately 14 nN,
and that in groove valleys was around 6 nN (Fig. 2(e)). Figure 2(h) provides an intuitive comparison
of pollenkitt’s contribution to adhesion force. Prior studies have reported that pollenkitt endows
pollen with considerable viscosity [51], where this substance is also referred to as pollen wall or
pollenkitt. After pollenkitt removal, adhesion force decreased by up to 47% in WAP and by at least
37% in WPP (Fig. S8(g)). Ten measurements of adhesion force between each pollen type and the
probe were performed separately, revealing that adhesion forces of both raw and washed pollen
demonstrated a dependence on surface roughness (Fig. 2(f)).
3.3 Measurement of pollen-stigma adhesion
To analyze the adhesion mechanism between pollen and stigma during pollination, pollen grains, as
modified on tipless cantilever as described in Experimental section, were brought into contact with
fixed stigma (Fig. 3(a)). Probe was retracted at a speed of 300 nm/s, while force was recorded as a
function of distance. A typical force-distance curve is presented in Fig. 3(c), indicating that the
curves overlap during probe approach to sample and retraction (stages 3-4 in Section S2 and Fig. S5),
it can be confirmed that no significant plastic deformation occurred on the pollen surface. The long-
distance retraction segment of force curve reveals characteristics of stretching of stigmatic papillae
as pollen moves away and the thinning of liquid bridge [48].

Our previous study demonstrated that successful pollination is determined by pollen viability and
stigma receptivity [4], and initial adhesion of pollen on stigmatic surface lays the foundation for
these physiological processes. Therefore, we focused on adhesion strength at short time scales.

Figure 3(d), O s indicates that pollen grains were immediately retracted after contacting stigma, while

13
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subsequent time points (e.g., 5s, 30's, 60 s, 180 s) represent the duration of contact. In instantaneous

contact (0 s), adhesion force between apple pollen and stigma was 80.96 nN (89.95 nN in pear
pollen). With increasing contact duration (up to 3 minutes), adhesion force progressively increased in
both cases. Interestingly, the most significant enhancement occurred within 60 s; for instance, apple
pollen exhibited a 9.44% increase at 60 s compared to instantaneous contact (5.48% for pear). In
contrast, when contact time was further extended by 120 s, adhesion force of apple pollen only
increased by 4.45% (1.29% for pear). Based on observed trends in adhesion force, it can be
preliminarily inferred that the initial pollination stage (<1 min) plays a decisive role in determining
whether pollen grains remain adhered to stigma. This conclusion is also applicable to kiwifruit pollen,
which exhibited a 50.79% increase in adhesion force within the first 60 s, followed by a mere 0.52%
increase thereafter. Unlike the Rosaceae pollen, kiwifruit pollen underwent a wider range of force
increase in 0~60 s (60.78~91.65 nN), and this phenomenon must be interpreted in conjunction with
the distinctive surface characteristics. Surfaces of apple and pear pollen are densely covered with
ridges (Figs. 2(d) and S8(d)). In adhesion force tests, brief pollen-stigma contact can be reasonably
equivalent to contact between the most prominent ridge and stigmatic papilla, and adhesion force
depends on ridge characteristics. Both apple and pear pollen show nearly identical force progression
patterns with their respective stigmas. This functional similarity corresponds to their analogous
surface patterns, a structural conservation within the Rosaceae family. Kiwifruit pollen surface
features protrusions of varying sizes (Fig. S9(d)). With longer contact, more protrusions engage in
adhesion process, and leading to a rise in adhesion force, the second jump observed in force curves
between kiwifruit pollen and stigma confirmed our hypothesis (Fig. S11).

Given structurally complex nature of stigma, it is appropriate to substitute the stigma in Fig. 3(a)
with substrates of distinct properties, to investigate composition of pollen-stigma adhesion, quantify
the contribution of pollenkitt, analyze dependence of pollen adhesion on relative humidity (RH) [37].

Fabricated as detailed in Experimental section, parameters of piranha-etched Si and PS-coated Si are

14
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summarized in Table SI1. Piranha-etched Si served as hydrophilic substrate (contact angle:

14.56+0.38°; Ra: 0.27+0.03 nm; RMS: 0.89+0.20 nm), while PS-coated Si functioned as
hydrophobic substrate (contact angle: 94+0.49°; Ra: 0.88+0.12 nm; RMS: 1.59+0.15 nm). RH was
maintained 15%~75% by placing AFM in a chamber filled with humidity-controlled N2. Compared
with pollen’s surface characteristics, substrate with minimal roughness had a negligible impact on
adhesion force. Adhesion force increased with RH for all three raw pollen. While van der Waals
force prevailed under dry (15% RH) conditions [52], the combined effects of substrate’s
hydrophilicity from piranha-etched Si and the rising contribution of capillary forces enhanced
adhesion at higher RH [53]. Although pollenkitt contributes significantly to adhesion (Figs. 2(d) and
2(e)), its removal surprisingly enhanced the adhesion force of pollen-Si. This counterintuitive result
can be attributed to the larger surface features of washed pollen (Figs. 2(e), S8e and S9(e)), where
the exposure sharper ridge crests or microprotuberances after washing likely increases the real
contact area and thus the van der Waals contribution under dry conditions, which can outweigh the
loss of viscous pollenkitt layer. The contribution of pollenkitt to adhesion is revealed by comparing
the humidity-induced adhesion increase before and after washing treatment. For raw apple, pear, and
kiwifruit pollen, adhesion at 75% RH increased by 52.94%, 55.89%, and 300.39%, respectively,
compared to15% RH. In contrast, washed pollen showed markedly smaller increases of 37.52%,
33.23%, and 99.18%. The adhesion of pollen-PS substrate differed significantly before and after
washing. With pollenkitt present, adhesion force increased with RH, though remaining lower than
that on piranha-etched Si. In contact of washed pollen-PS substrate, the non-wetting PS surface
prevented capillary bridge formation even at high RH, and adhesion force was consistently
dominated by van der Waals interactions. The hygroscopic properties of pollen clarifies this trend
(Table S6). At 15% RH, single RAP grain measured 13.1340.24 ng versus 12.59+0.32 ng for WAP;
at 75% RH, masses reached 13.42+0.31 ng and 12.69+0.27 ng, respectively. Under high RH, raw

pollen absorbed 2.9 times more moisture than washed pollen, which is consistent with pollenkitt’s

15
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role in limiting water loss during dispersal and transportation. Additionally, cryo-SEM images

further confirm liquid bridge formation on raw pollen after 4 h deposition on Si wafers, showing
clear pollenkitt transfer to the substrate (Fig. 3(j)), while the contact zone of washed pollen remained
extremely clean (Fig. 3(k)).

Regarding practical orchard deployment, field microclimate variations significantly dictate pollen-
stigma adhesion efficiency. Because the hygroscopic pollenkitt induces strong capillary forces that
multiply adhesion at high RH (75%), pollination operations are best executed in the early morning or
late afternoon under moderate temperatures and high moisture. Conversely, rapid evaporation during
hot, dry middays prevents capillary bridge formation, leading to weak adhesion and high risks of
wind-induced detachment. For arid orchards, activating a micro-misting system prior to pollination
can artificially cool and humidify the canopy. This intervention leverages the pollenkitt’s adhesion-
boosting mechanism and promotes pollen germination [33, 34], thereby securing highly efficient

pollen capture and successful fruit set [40, 43].
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Fig. 3 Adhesion force measurement and analysis of pollen-stigma adhesive structures. (a) Schematic
illustration of adhesion test using a pollen-modified tipless cantilever and stigma, the schematic diagram of
the stigma is reproduced with permission from Figdraw. (b) Magnified view showing pollen and stigma
surface morphology. (c) Schematic of AFM force curve (blue: approach; red: retract). (d) Adhesion force
between pollen and stigma in apple, pear, and kiwifruit was measured as a function of contact time,
specifically at 0 s, 5's, 30 s, 60 s, and 180 s; Statistical differences were calculated by one-way ANOVA,
different letters indicate statistically significant differences determined by Tukey’s multiple comparison test
(P < 0.05). (e) Adhesion force of apple, pear, and kiwifruit pollen, both before and after cleaning, was
measured between piranha-etched silicon wafer substrates and polystyrene-coated substrates as a function of
RH (15%, 35%, 55%, and 75%). (f) Comparison of adhesion forces between apple, pear, and kiwifruit pollen

(before and after charging) and their respective stigmas. (g) Magnified view of stigmatic papilla. (h) Cryo-
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SEM image of pollen-stigma adhesion. (i) Magnified view of the pollen-stigma interface. (j) Deposit of RAP

on silicon wafer. (k) Deposit of WAP on Si wafer.

3.4 Composition analysis of adhesion force

3.4.1 Van der Waals force and capillary force

The contact geometry between pollen and interfaces is species-specific, determined by the
dimensions and morphology of pollen surface features. Corresponding adhesion force is given by Eq.
I:

F

adhesion

=F

vdw

where Fiaw 1s the van der Waals force of short-range contact, Feapitiary is the capillary force arising
from the meniscus contact structure composed of pollen-medium-interface.

The densely distributed spherical protrusions on kiwifruit pollen form a characteristic sphere-on-
flat contact geometry (Figs. S9(d) and S12(b)), and sufficient spacing allows van der Waals
attractions between adjacent protrusions to be neglected [54]. Thus, the adhesion can be

approximated using Hamaker model:

AR

protrusion

F
vdw 6D2

where 4 is the material-dependent nonretarded Hamaker constant, taken as 8.5x1072° J for pollen [27],
D is the cutoff separation distance, taken as 0.165 nm, Rprorusion 1s radius of protrusions on kiwifruit
pollen. Statistically, value of Rprorrusion ranges from 30 to 50 nm, the calculated van der Waals force
between a single protrusion (Rprotrusion =40 nm) and stigma is 20.08 nN. Washing reduces protrusion
density (Fig. S9(e)) but increases Rprorrusion to around 120 nm, elevating the van der Waals force to
53.76 nN on piranha-etched Si and 54.60 nN on PS-coated Si (Section S3 and Table S7).

Pollenkitt filling the gap between pollen and stigma (Figs. 1(l)and S7(c)) results in a capillary
force composed of surface tension and Laplace pressure component (Eq. 3). This force can be

calculated based on meniscus geometry (Fig. 4a). Surface tension is given by Eq. 4.

capillary = tension + Laplace
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F

tension

=27Rysingsin((¢+0,))

where R is the characteristic contact radius of pollen, its value equals Rprorusion, and y is the surface
tension of pollenkitt, taken as 45 mJ/m?, and 6; is the contact angle between pollenkitt and pollen
surface, and ¢ is the filling angle of pollenkitt [27]. The Laplace pressure-induced force is

determined by Eq. 5:

= 7R} AP

Laplace

1 1
AP = y(— +—
7(R R)

2 1
R, =Rsing

_ D+R(l-cosop)
? cos(6, + @) +cos b,

where AP is the Laplace pressure, estimated by the Young-Laplace equation (Eq. 6), and R; is the
azimuthal radius (Eq. 7), R> is the meridional radius (Eq. 8), and 6: is the contact angle between the
pollenkitt and interface. Based on cryo-SEM images, pollenkitt spreading on stigma papilla exhibits
acute angles, justifying our assignment of 6, as 10-30°, while the extreme conditions of 0°and 90°
also evaluated. The maximum theoretically calculated capillary force is 24.82 nN (Fig. 4(b)),
yielding a maximum resultant force of 44.9 nN, which is approximately one-third lower than AFM
measurement (Fig. 3(d)). This discrepancy is considered reasonable, as the process of contact,
separation, and recontact between pollen and stigma was observed via force-distance curves (Fig.
S11). With a radius of ~120 nm (Fig. S9(e)), the protrusion of WKP produces a van der Waals force
of 62.4 nN, the calculated value agrees well with the adhesion force measured at 15% RH (Fig. 3(e)).
As RH increased, capillary forces provided an additional adhesive contribution (Fig. 4¢). Notably,

the van der Waals force depends on the Hamaker constant 4 [52, 54], as detailed in Section S4.
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Distinct nanoscale ridge structures were observed on surfaces of both apple and pear pollen, both

before and after washing (Figs. 2(d), 2(e), S8(d) and S8(e)). Since the adhesion of a single ridge
(radius Rridgge) 1s governed by van der Waals force, it can be modeled as a cylinder-on-plane

interaction using Hamaker model (Fig. S12(a)):

AR

ridge

F o= N_re g
vdw 5/2 ridge
8v2a

where Rridge 1s the radius of ridge-like structure on both apple and pear surface (determined by SEM
and AFM), Lyidge is the length of ridge-like structure. Given their highly similar surface features,
apple and pear pollen are discussed together. The average contact radius of ridge crests on RAP is
15.14 nm (approximately 25.24 nm after washing). Using Eq. 9, the van der Waals force for the raw
pollen-stigma was estimated to be 67.17 nN. For WAP, corresponding forces with piranha-etched Si
and PS-coated Si substrates were 73.1 nN and 74.2 nN, respectively which agree well with adhesion
forces measured at 15% RH (Fig. 3(e)). The contact model in Fig. 4(a) is also applicable to
estimating the capillary force between pollen ridges of apple or pear and the stigma (Eq. 10), where

protrusion represents the cross-section of a ridge with radius Rridge in contact with interface.

F

capillary

=2L_,..vsin(p+6)+APS

ridge
where for a cylinder, 1/R/=0, thus, the Laplace pressure AP=y/R>, and the projected contact area
Sca=2RsingLrigde. The increase in RH leads to calculated contribution of capillary force to adhesion
(Figs. 4(c) and 4(f)). For pear pollen, the mean contact radius of the pollen ridge of RPP was 16.54
nm (approximately 24.21 nm for WPP). The combined forces of capillary force and van der Waals
force before and after washing were 99.51 nN and 118.98 nN, respectively (Fig. S13), which are
consistent with the measured values in Fig. 3(e), confirming that the calculated adhesion force values
fall within a reasonable range.

It is reasonable to propose that the initial pollen-stigma adhesion determines whether physiological

process of pollination can be initiated. 2 hours after pollination, robust adhesive structures were
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observed on stigma (Fig. S7), and azimuthal radius and meridional radius were estimated from SEM

images to be approximately 4000 nm and 300 nm, respectively, with a liquid bridge height of 800
nm. Van der Waals forces become negligible under such height. As elaborated in Section S4 (ESM),
when separation distance exceeds 100 nm, the van der Waals force decreases by six to seven orders
of magnitude, here, if adhesion force is dominated by capillary force, the value theoretically
calculated using Eq. 3 is 1.244x10* nN, which is hundreds of times greater than pollen gravity, is
sufficient to overcome pollen’s own weight and keep it adhered to stigma. The force calculations
above represent ideal values perpendicular to pollen-stigma contact surface. However, from a work
perspective, separating the two normally against capillary force requires work AW. If an imaginary
external force is applied to twist pollen away from capillary bridge until complete detachment, the
path over which work is done equals the perimeter of capillary bridge contact line, required external
force is 395.59 nN, which likewise far exceeds the pollen’s own gravity, demonstrating the inherent

adaptive design of pollen-stigma contact.
3.4.2 Suction force induced by pollen surface cavity

Above, the force analysis was based on AFM simulations of short-term contact between pollen and
stigma or substrates. In following section, combined with SEM images, the forces present after
pollen deposited on stigma under natural conditions are analyzed.

Considering the microstructures of apple and pear pollen surfaces (Figs. 2(d) and 8(d)) and
morphology of pollen deposited on papillae after pollination (Figs. S7(a) and S7(b)), enclosed
cavities are formed between them. Capillarity draws liquid into these cavities (Fig. 5(a)), and under
the influence of gravity or adhesion, a partial vacuum can develop as air is displaced [55], which
pulls pollen into tighter contact with papilla (Fig. 4(d)). Assuming a linear elastic deformation at

pollen-contact surface:

Vir =Vo +k(P=F)
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where Vo is the initial volume in cavity, and P is the air pressure in cavity, Py is the standard

atmospheric pressure, taken as 101325 Pa, £ is the volume deformation coefficient, &=3(1—0)Vo/E, E
is the Young’s modulus of pollen, taken as 3x10% Pa (via indentation test), v is the Poisson’s ratio,
taken as 0.35. Po-Vo=Po Viro=nRT=mo/M-RT, P-Vie)=m/M-RT, n is the amount of air, R is the air
constant, m is the current air mass in the cavity, M is the molar mass of air. Pressure induced by

cavity volume reduction is:

PV

m m
i =By = PV, ~kP—kE) =" R,

0 m,

0

—<Vo—k1%>+J<Vo—k1%>2+4kZI%Vo
P:

2k

Based on relatively regular ridge distribution on apple and pear pollen surfaces, and the
topographic data of adjacent ridges and stigmatic papillae measured by AFM probe. The cross-
sectional area of cavity on apple pollen was obtained via fitting contour profile as 4.6573x10° nm?
(Fig. 4(d)), for an assumed cavity length of 1000 nm, initial volume ¥V of cavity is 4.66x1072! m>.
The estimated suction force generated by the pressure difference induced by cavity volume variation
are summarized in Table S8, which indicate that different degrees of volume reduction, the cavity are
expected to produce a suction force of several nanonewtons. The cavity formed between adjacent
ridge structures on the surface of pear pollen is shown in Fig. 5(b). Due to the size difference of the
structures, the cavity can generate an attractive force of approximately 20 nN (Fig. 5(c)). Although
volume variation in cavity could not be directly observed during the short-term contact in AFM tests,
this hypothesis remains valid based on final three-phase contact structure of pollen on papilla.

The biomechanical mechanism of cavity-induced suction has also been documented in other
biological adhesion systems. During investigations into the wet adhesion of the bee arolium, air
pockets at the contact interface were directly visualized using SEM [55], leading to the formulation

of a solid-liquid-gas three-phase interfacial model. That study elucidated that the pressure differential,
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arising from volumetric changes of the gas within the sealed cavities, generates supplementary

suction, thereby significantly enhancing the bee’s attachment stability on vertical substrates. Despite
morphological disparities between the hexagonal framework of arolium and ridge microstructures on
pollen surface, the fundamental physical principle underlying suction generation remains identical:
both depend on the pressure gradients within enclosed micro-cavities. This cross-species analogy
lends indirect experimental credence to the pollen-papilla cavity suction model proposed herein,
suggesting that microstructure-mediated cavity suction is likely a ubiquitous reinforcing mechanism
across biological adhesion systems. However, direct in-situ micro-pressure measurement of the

cavity suction remains technically challenging and is an important subject for future research.
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Fig. 5 Theoretical model of suction force induced by cavities generated by microstructures on pollen surfaces.
(a) Contact model between pollen and interface. (b) Cavities formed between pear pollen and the interface. (c)
Calculated suction force induced by cavities on the pear pollen surface.

3.4.3 Viscous force of pollenkitt after pollen deposits on stigma

Considering the final state of pollen-stigma contact morphology after pollination, some pollen grains
are firmly clamped by adjacent papillae (Figs. 3(i) and S7), while others adhere to papillae through
limited contact areas. For this seemingly unstable contact pattern, we independently analyzed the
viscous force mediated by pollenkitt (Fig. 4(g)). Pollen deposit on papillae with a spacing of J,

taking long axis of pollen as the x-axis, which forms an angle # with the horizontal direction, and the
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y-axis perpendicular to x-axis, the Navier-Stokes equation in x-direction simplifies under assumption

of steady-state laminar flow of pollenkitt in a rectangular coordinate system to:

ou ou ou op )
U —~+u, ——+u —)= ——+uVu
plu,— s s ) TP T AV,

According to actual scenario of pollen adhesion, we first develop a generalized flow model based
on the following assumptions: pollenkitt is considered an incompressible Newtonian fluid; pollen
grain is regarded as a rigid sphere undergoing constant-velocity translation along papilla surface; the
flow is assumed laminar, with inertial effects neglected; a no-slip condition is applied at both papilla
interface and pollen surface; and only gravitational and viscous forces are considered. Taking the
inclined interface as a fixed reference frame, the pollenkitt flow varies exclusively in x-direction, i.e.,
u=u(x), u(y)=u(z)=0. By applying this general model to the static equilibrium condition, where the
relative velocity is set to zero, the viscous force resisting gravitational sliding can be estimated.
Consequently, upon simplification of Navier-Stokes equations, under steady-state conditions where

ou/0t=0, the momentum equation in the x-direction simplifies to:

d’u op .
=——pgsinf
H a7 ox PE

7(5):ﬂ_,0g5m95
1) 2

After pollination, adhesion between pollen and stigma is typically static, which differs from the
repeated process of adhesion to detachment exhibited by bees or geckos on surfaces [6, 55].
Therefore, after pollen deposits on stigma, its velocity relative to pollenkitt is 0 (v=0), according to
Eq. 16, shear stress acts in the opposite direction of x-axis (Fig. 4(g)) and is negative (Section S6 in
the Electronic Supplementary Material (ESM)). Consequently, viscous force of pollenkitt prevents
pollen from sliding down under gravity. The magnitude of viscous force is determined by the density
of pollenkitt and spacing. From SEM image estimations, the liquid bridge between pollen-stigma has
an azimuthal radius of 4000 nm, a meridional radius of 300 nm, and a height of 800 nm, using a

pollenkitt density of 948 kg/m™ [48], and an inclination angle #=20°, the viscous force resisting
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pollen sliding is calculated to be 4.787 pN. When the pollenkitt viscous model is re-derived using

power-law and Bingham constitutive equations, the shear stress at the pollen surface remains
invariant (Egs. 16, S19, and S24). This is because, during static contact between pollen and stigmatic
papillae (v=0), the shear stress is completely independent of non-Newtonian rheological parameters.
Consequently, the non-Newtonian characteristics of the pollenkitt do not alter the magnitude of
viscous force. It should be noted, however, that this conclusion applies strictly to the static
pollination status, for dynamic scenarios involving high-speed pollen impact or sliding motion, the
non-Newtonian rheological properties of pollenkitt should be taken into account.

Notably, the adhesion force (comprising Van der Waals and capillary forces) between the pollen-
stigma acts as normal force at contact interface (also known as the pull-off force), which maintains a
firm attachment between them. The static viscous force of pollenkitt is four orders of magnitude
smaller than both the AFM-measured adhesion force and pollen gravity, being profoundly smaller
than the tangential component of gravity at contact interface, this minimal viscous resistance implies
that the pollen grain can undergo gravity-driven micro-adjustments to smoothly achieve the optimal

position and orientation for germination.
3.4.4 Electrostatically enhanced adhesion

In this study, corona charging was selected to electrify pollen grains (Fig. 4(h)). High voltage
generates an ion field around the sharp electrode, any passing pollen acquire charge through ion
bombardment [56]. The saturation charge of pollen is given by Eq. 17 [39]:

3e,

) 471'80R127E0

where is the & relative permittivity of pollen, which was measured using Novocontrol Concept 80
(Novocontrol Technologies, Germany) on pelletized pollen samples (Fig. 4(1)), Ry is the equivalent
radius of pollen grains, €0 1s the vacuum permittivity, Eo is the applied electric field intensity. Using
Eq. 17, with an applied electric field of 4x10° V/m, the calculated saturation charges for apple, pear,

and kiwifruit pollen are 1.85x107'* C, 1.74x10'* C and 1.12x10'* C, respectively. To measure the

26

(17)



Friction https://mc03.manuscriptcentral.com/friction
actual charge of pollen, a measurement system was constructed (Fig. 4(j)), An electrostatic generator

(Zhaoqing Hechuang Technology, China) was connected to a sharp needle to generate a high-voltage
electrostatic field, an adjustable power supply provided electricity to the Arduino Mega 2560, L298N,
and a fan, which blew pollen through electrostatic field, and charged pollen subsequently fell into a
Faraday cup, and measured using a KEITHLEY 6514 Electrometer (Keithley Instruments, Cleveland,
OH, USA). The measured actual charges for a single apple, pear, and kiwifruit pollen grain were

(1.56£0.02) x107'* C, (1.05+0.01) x107'* C, (1.11£0.02) x10"'* C, respectively.

n-D=p,

D=¢-FE

—n-(eV4) = p,

Assuming a uniform charge distribution on pollen surface, the charge density p, is given by ¢/S.
By combining Gauss’s law (Eq. 18), the constitutive equation relating the electric displacement
vector D and the electric field intensity E (Eq. 19), and the electric potential equation (Eq. 20), while
setting the electric potential of papilla =0 (grounded), the electric potential field can be calculated.
Then, electric field on pollen surface is derived from the fundamental relationship between electric
field and electric potential E=—V¢. As illustrated in Fig. 4(g), a small portion of pollen adheres to
papilla via contact with pollenkitt, while the remaining portion is exposed to air. Here,
approximating charged pollen as a point charge and calculate electrostatic force using Coulomb’s
law is no longer appropriate. According to the Maxwell stress tensor formula, the i-th force
component acting on the medium can be calculated by integrating the Maxwell stress tensor 7j over

the surface S [38].

1
E = gé@;jni)d/l = 6‘_[ (E,»Ei _Eé‘ngiEj)njdA
S

N

Based on aforementioned contact model and boundary conditions, simulations of electrical potential

(Fig. 4(1)), electric field (Fig. 4(m)), and electrostatic adhesion force between charged pollen and
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papilla were performed using COMSOL Multiphysics software. Simulated electrostatic forces

between charged pollen (apple, pear, and kiwifruit) and papillae were 13.59 nN, 9.85 nN, and 18.19
nN, respectively. These values are slightly higher than the electrostatic contribution to adhesion force
measured via AFM (Fig. 3(f)). This discrepancy is presumably attributed to charge transfer occurring
during the contact between the pollen-modified probe and papilla in AFM measurements.

To validate the beneficial effect of electrostatic force in pollen adhesion, a charged pollen
collection system (Fig. 4k) was established, enabling precise control of pollen spraying at 1 mg or 2
mg per discharge, and charged pollen was blown towards a collection card mounted on a lifer (Figs.
4(n) and 4(0)), and deposition rates were statistically compared before and after charging. In
pollination experiments, since the successful pollination of kiwifruit requires a pollen quantity a
hundred times greater than that of apples and pears, collection cards (Figs. 4(n) and (0)) were sized at
3 cm, which was determined based on style region of kiwifruit flowers (Fig. 1(i)). In present study,
apple and pear pollen exhibit a pale yellow color, while kiwifruit pollen is milky white, making it
difficult to observe on collection card, therefore, lycopodium powder was used in spraying tests. In
our previous study, we optimized the structural design of the pollinator and performed pollen
deposition experiments, the deposition rate of uncharged pollen was 34.69%, with more deposited in
the center (Fig. 4(n)); in contrast, deposition rate of charged pollen reached 76.35% and exhibited a
uniform distribution (Fig. 4(0)). For the field validation of electrostatic pollination, kiwifruit was
chosen because its successful pollination requires a much higher pollen load than the other two
investigated species [44-46]. Pollen trajectories were captured using a custom-built pollen particle
tracking system equipped with a high-speed camera (Revealer S1315) operating at 5000 frames per
second (Fig. S14). By first focusing the macro lens on pollinator outlet, the flight behavior of pollen
particles exiting tube was evaluated, and an airflow velocity of 3 m/s was identified as the optimal
operating condition for stable pollen delivery (Fig. S15). Subsequent imaging focused on the flowers

allowed continuous visualization of pollen capture by flower surface. Rflow-based analysis of the
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mean velocity field showed that, in absence of electrostatic charging, pollen particles were more

strongly dispersed and were more readily transported away by the airflow along petals (Figs. S16(a)
and S16(b)). This dispersion became particularly evident after pollen reached flower, as pollen on
both lateral sides gradually moved away from flower surface under non-electrostatic pollination (Fig.
S17). By contrast, electrostatic pollination promoted pollen retention through electrostatic attraction
between charged pollen and flower, thereby improving pollen capture (Fig. S18). Deposition
imaging further confirmed that electrostatic pollination produced substantially greater particle
deposition on flowers, especially in the stigma region (Fig. S19), a distribution pattern favorable for
fertilization and fruit set [40, 43]. Quantitative analysis further showed that electrostatic pollination
improved pollen-use efficiency by more than 29% on average relative to non-electrostatic pollination
(Section S7 in the ESM). However, that this method has inherent limitations: pollen loss may occur
during flower collection, style excision, and transfer to weighing paper, thereby introducing
measurement errors.

It should be noted that the current study focuses on three specific fruit species (apple, pear, and
kiwifruit), which presents a limitation in sample diversity. While these species effectively represent
two distinct types of surface microstructures (ridge structures and microprotuberances) to establish
the foundational adhesion models, the universality of proposed bioadhesion mechanisms requires
further validation. Future investigations incorporating a broader spectrum of crop samples, such as
pollen with reticulate or echinate ornamentations, species with differing pollenkitt capacities (e.g.,
anemophilous vs. entomophilous plants), and fruits from other diverse taxonomic families, will be
essential. Such expansions will help refine the mechanical models and confirm broad applicability of
these physicochemical and electrostatic adhesion principles across different agricultural systems.

4 Conclusions

In this paper, we selected three economically vital fruit species with wide global distribution (apple,

pear, and kiwifruit), to investigate pollen-stigma adhesion mechanism, the contribution of pollenkitt

29



Friction https://mc03.manuscriptcentral.com/friction
to adhesion, and the influence of relative humidity. Meanwhile, we quantified the adhesion force of

pollen-stigma through experiments and theoretical calculations, and discussed the potential forces
involved. Within the same species, pollen and stigma adhere effectively, pollen grains can be
clamped by adjacent papillae, and more importantly, can deposit on stigmatic surface through
minimal contact area with papillae. The dominant adhesion forces evolve over time, following initial
contact, the formation of robust capillary bridges provides immense adhesion force that far exceeds
the pollen’s own gravity; viscous force of pollenkitt is significantly lower than the adhesion force
and pollen gravity, which allows pollen to smoothly fine-tune a suitable position and angle on stigma
for germination, demonstrating a highly adaptive biological design for reliable pollination. The
cavity-induced suction further enhance the binding strength between pollen-stigma. Electrostatic
forces contribute significantly to adhesion, the application of electrostatic charge remarkably
enhances pollen-stigma adhesion forces. Additionally, charged pollen exhibits improved viability
and a more uniform, edge-dense distribution, which is highly advantageous for targeting papillae
concentrated at the stylar apex. In conclusion, this work characterized the physicochemical properties
of pollen, providing valuable data for biomaterials research. We elucidated adhesion mechanism
underlying fruit tree pollination, this static adhesion strategy derived from nature holds promise for
application in pollen removal from the air and asthma prevention. Meanwhile, the findings offer
potential value across mechanistic elucidation, model establishment, agricultural technology, and

ecological environmental management.

Acknowledgements
The authors thank the teaching and Research Core Facility at the College of Life Science (Ningjuan
Fan, and Xiyan Chen) and acknowledge Professor Jie Zhu, Doctor of Biophysics from Northwest

A&F University, for his guidance on the experimental methods and results of AFM.

30



Friction https://mc03.manuscriptcentral.com/friction
Funding

This work was financially supported by Key Industry Innovation Chain (Group) Project of Shaanxi
Province, Integration and demonstration of key technologies for predicting the flowering period of
fruit trees and intelligent operation of thinning and pollination (2024NC-ZDCYL-05-10); and by
Scientific Research Foundation of Tangshan Normal University of China (20255126065); and by
Xi’an Science and Technology Plan Project, Key technology research and device development for

dry powder electrostatic pollination based on flowering period recognition (2023JH-NJGG-0057).

Author contributions

All authors contributed to the study conception and design. Material preparation, data collection and
analysis were performed by [Junyu Sun], [Yanjun Fang] and [Liyu Chen]. The first draft of the
manuscript was written by [Junyu Sun] and all authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.

Conceptualization: [Junyu Sun], [Zhihao Zhang], [Yanfei Liu]; Methodology: [Junyu Sun], ...;
Formal analysis and investigation: [Junyu Sun], [Zhihao Zhang], [Yanfei Liu]; Writing - original
draft preparation: [Junyu Sun]; Writing - review and editing: [Junyu Sun], [Fuxi Shi]; Funding

acquisition: [Fuxi Shi]; Resources: [Fuxi Shi], [Yanfei Liu]; Supervision: [Fuxi Shi], [Liyu Chen].

Availability of data and materials

The data that support the findings of this study can be downloaded from xxxxxxx / are available

from the corresponding author upon reasonable request.

Competing interests

The authors have no competing interests to declare that are relevant to the content of this article.

31



Friction https://mc03.manuscriptcentral.com/friction
Electronic Supplementary Material (ESM)

Electronic Supplementary Material: Supplementary material (add a brief description) is available in

the online version of this article

References

[1] Ricigliano V A, Fine J D, Nicklisch S C T. Harnessing biotechnology for bee pollinator health.
Trends Biotechnol 44(1): 111-127 (2026) https://doi.org/10.1016/j.tibtech.2025.05.027

[2] Ito S, Gorb S N. Attachment-based mechanisms underlying capture and release of pollen grains. J
R Soc Interface 16(157): 20190269 (2019) https://doi.org/10.1098/rsif.2019.0269

[3] Salzman S, Crook D, Crall J D, Hopkins R, Pierce N E. An ancient push-pull pollination
mechanism in cycads. Sci Adv 6(24): eaay6169 (2020) https://doi.org/10.1126/sciadv.aay6169

[4] Sun J, Wang D, Xiao X, Yu Q, Xu X, Liu Y, Liu Z, Shi F. Study of pollen deposition
performance of an airflow-assisted targeted pollinating device for kiwi fruit flower. Biosyst Eng
251: 31-47 (2025) https://doi.org/10.1016/j.biosystemseng.2025.01.010

[5] Mailly J, Riotte-Lambert L, Lihoreau M. Why we need more mechanisms in pollination models.
Curr Opin Insect Sci: 101562 (2026) https://doi.org/10.1016/j.c01s.2026.101562

[6] Wang Z, Xu L, Ye L, Wang M, Zhang Z, Wu T. A novel tunable stiffness method using gecko
setae-inspired adhesive interlayer films for soft actuator. J Bionic Eng 22: 17881803 (2025)
https://doi.org/10.1007/s42235-025-00719-3

[7] Zhang Y, Ma S, Li B, Yu B, Lee H, Cai M, Gorb S N, Zhou F, Liu W. Gecko’s feet-inspired self-
peeling switchable dry/wet adhesive. Chem Mater 33(8): 2785-2795 (2021)
https://doi.org/10.1021/acs.chemmater.0c04576

[8] Shao Y, Li M, Tian H, Zhao F, Xu J, Hou H, Zhang Z, Wang D, Chen X, Li W, Yan H, Shao J.
Gecko-inspired intelligent adhesive structures for rough surfaces. Research 8: 0630 (2025)

https://doi.org/10.34133/research.0630

32



Friction https://mc03.manuscriptcentral.com/friction
[9] Park S, Kim M, Park J, Choi W, Hong J, Lee D W, Kim B S. Mussel-inspired multiloop

polyethers  for  antifouling  surfaces.  Biomacromolecules  22(12):  5173-5184
https://doi.org/10.1021/acs.biomac.1c01124

[10] Yang S Y, O’Cearbhaill E D, Sisk G C, Park K M, Cho W K, Villiger M, Bouma B E, Pomahac
B, Karp J M. A bio-inspired swellable microneedle adhesive for mechanical Interlocking with
tissue. Nat Commun 4, 1702 (2013) https://doi.org/10.1038/ncomms2715

[11] Autumn K, Sitti M, Liang Y A, Peattie A M, Hansen W R, Sponberg S, Kenny T W, Fearing R,
Israelachvili J N, Full R J. Evidence for van der Waals adhesion in gecko setae. P Natl Acad Sci
Usa 99, 1225212256 (2002) https://doi.org/10.1073/pnas.192252799

[12] Creton C, Gorb S. Sticky feet: from animals to materials. Mrs Bull 32: 466472 (2007)
https://doi.org/10.1557/mrs2007.79

[13] Zimin A, Zimin S V, Grismer L L, Bauer A M, Chapple D G, Dembitzer J, Roll U, Meiri S.
Microhabitat and adhesive toepads shape gecko limb morphology. Integr Zool 20: 634—650
(2025) https://doi.org/10.1111/1749-4877.12880

[14] Hao B, Luo Y, Chan W, Yang Y, Lyu S, Luo Z. Multi-branched cage molecules synergistically
physically and chemically crosslink transparent, robust, and reusable adhesive by mimicking
gecko setae. Chem Eng J 516: 164102 (2025) https://doi.org/10.1016/j.cej.2025.164102

[15] Hawkes E W, Blumenschein L H, Greer J D, Okamura A M. A soft robot that navigates its
environment through growth. Sci Robot 2: eaan3028 (2017)
https://doi.org/10.1126/scirobotics.aan3028

[16] Federle W, Barnes W J, Baumgartner W, Drechsler P, Smith J M. Wet but not slippery:
Boundary friction in tree frog adhesive toe pads. J R Soc Interface 3(10): 689—697 (2006)
https://doi.org/10.1098/rsif.2006.0135

[17] Lee B P, Messersmith P B, Israelachvili J N, Waite J H. Mussel-inspired adhesives and coatings.

Annu Rev Mater Res 41: 99—132 (2011) https://doi.org/10.1146/annurev-matsci-062910-100429

33



Friction https://mc03.manuscriptcentral.com/friction
[18] Li G, Wu Y, Chen Z, Chen M, Xiao P, Li X, Zhang H, Zhang P, Cui C, Liu W, Zhao X, Zhang

Y. Biomimetic epoxy adhesive capable of large-scale preparation: from structural underwater
bonding to  hydrothermal durability. Chem Eng J 431: 134011 (2022)
https://doi.org/10.1016/j.cej.2021.134011

[19] Liang Y, Xu H, Li Z, Zhangji A, Guo B. bioinspired injectable self-healing hydrogel sealant
with fault-tolerant and repeated thermo-responsive adhesion for sutureless post-wound-closure
and wound healing. Nano-Micro Lett 14: 185 (2022) https://doi.org/10.1007/s40820-022-
00928-z

[20] Akyuz L, Sargin I, Kaya M, Ceter T, Akata I. A new pollen-derived microcarrier for
pantoprazole delivery. Mat  Sci  Eng C-Mater  71: 937-942 (2017)
https://doi.org/10.1016/j.msec.2016.11.009

[21] Huang D, Wang J, Nie M, Chen G, Zhao Y. Pollen-inspired adhesive multilobe microparticles
from microfluidics for intestinal drug delivery. Adv Mater 35: €2301192 (2023).
https://doi.org/10.1002/adma.202301192

[22] Wang Y, Shang L, Chen G, Shao C, Liu Y, Lu P, Rong F, Zhao Y. Pollen-inspired
microparticles with strong adhesion for drug delivery. Appl Mater Today 13: 303-309 (2018)
https://doi.org/10.1016/j.apmt.2018.09.016

[23] Berman S, Bielory L. Counts to communities — A pollen exposure index (PEI) linking pollen
counts, population density, and allergic airway disease (AAD) burden. J Allergy Clin Immun
157(2): AB125 (2026) https://doi.org/10.1016/j.jaci.2025.12.371

[24] Thio B J, Lee J H, Meredith J C. Characterization of ragweed pollen adhesion to polyamides
and polystyrene using atomic force microscopy. Environ Sci Technol 43: 4308—4313 (2009)

https://doi.org/10.1021/es803422s

34



Friction https://mc03.manuscriptcentral.com/friction
[25] Timerman D, Barrett S C H. The biomechanics of pollen release: new perspectives on the

evolution of wind pollination in angiosperms. Biol Rev 96: 2146-2163 (2021)
https://doi.org/10.1111/brv.12745

[26] Peris D, Condamine F L. The angiosperm radiation played a dual role in the diversification of
insects and insect pollinators. Nat Commun 15: 552 (2024) https://doi.org/10.1038/s41467-024-
44784-4

[27] Lin H, Gomez I, Meredith J C. Pollenkitt wetting mechanism enables species-specific tunable
pollen adhesion. Langmuir 29(9): 3012-3023 (2013) https://doi.org/10.1021/1a305144z

[28] Lynn A, Piotter E, Harrison E, Galen C. Sexual and natural selection on pollen morphology in
Taraxacum. Am J Bot 107(2): 364—-374 (2020) https://doi.org/10.1002/ajb2.1428

[29] Blackmore S, Wortley A H, Skvarla J J, Rowley J R. Pollen wall development in flowering
plants. New Phytol 174(3): 483—498 (2007) https://doi.org/10.1111/5.1469-8137.2007.02060.x

[30] Brooks J, Shaw G. Chemical structure of the exine of pollen walls and a new function for
carotenoids in nature. Nature 219: 532-533 (1968) https://doi.org/10.1038/219532a0

[31] Knox R B, Heslop-Harrison J, Reed C. Localization of antigens associated with the pollen grain
wall by immunofluorescence. Nature 225: 1066-1068 (1970) https://doi.org/10.1038/2251066a0

[32] Qiao Y, Hou B, Qi X. Biosynthesis and transport of pollen coat precursors in angiosperms. Nat
Plants 9: 864-876 (2023) https://doi.org/10.1038/s41477-023-01413-0

[33] Chichiricco G, Pacini E, Lanza B. Pollenkitt of some monocotyledons: lipid composition and
implications for pollen germination. Plant biology 21(5): 920-926 (2019)
https://doi.org/10.1111/plb.12998

[34] Wang L, Clarke L A, Eason R J, Parker C C, Qi B, Scott R J, Doughty J. PCP-B class pollen
coat proteins are key regulators of the hydration checkpoint in Arabidopsis thaliana pollen-

stigma interactions. New Phytol 213(2): 764-777 (2017) https://doi.org/10.1111/nph.14162

35



Friction https://mc03.manuscriptcentral.com/friction
[35] Doughty J, Dixon S, Hiscock S J, Willis A C, Parkin I A, Dickinson H G. PCP-A1, a defensin-

like Brassica pollen coat protein that binds the S locus glycoprotein, is the product of
gametophytic gene expression. Plant cell 10(8): 1333-1347 (1998)
https://doi.org/10.1105/tpc.10.8.1333

[36] Shiba H, Takayama S, Iwano M, Shimosato H, Funato M, Nakagawa T, Che F S, Suzuki G,
Watanabe M, Hinata K, Isogai A. A pollen coat protein, SP11/SCR, determines the pollen S-
specificity in the self-incompatibility of Brassica species, Plant Physiol 125(4): 2095-2103
(2001) https://doi.org/10.1104/pp.125.4.2095

[37] Ito S, Gorb, S N. Fresh “pollen adhesive” weakens humidity-dependent pollen adhesion. Acs
Appl Mater Inter 11(4): 24691-24698 (2019) https://doi.org/10.1021/acsami.9b04817

[38] Chen R, Huang Y, Tang Q. An analytical model for electrostatic adhesive dynamics on
dielectric ~ substrates. J  Adhes  Sci  Technol  31(11): 1229-1250  (2016)
https://doi.org/10.1080/01694243.2016.1249689

[39] Li H, Liu Y, Li L, Yin X, Wu X. New anhydrous de-dusting method for photovoltaic panels
using electrostatic adsorption: From the mechanism to experiments. Energ Convers Manage
308: 118399 (2024) https://doi.org/10.1016/j.enconman.2024.118399

[40] Sun J, Zhang Z, Zhang Y, Tang Y, Fang Y, Li Y, Wu Y, Liu Y, Liu Z, Shi F. Electrostatic
treatment enhances pollen viability and fruit quality in kiwifruit during low-temperature
weather. Sci Hortic 359: 114757 (2026) https://doi.org/10.1016/j.scienta.2026.114757

[41] Evrendilek G A, Atmaca B, Bulut N, Uzuner S. Development of pulsed electric fields treatment
unit to treat wheat grains: Improvement of seed vigour and stress tolerance. Comput Electron
Agr 185: 106129 (2021) https://doi.org/10.1016/j.compag.2021.106129

[42] Atmaca B, Evrendilek G A, Bulut N, Uzuner S. Unrevealing the impact of pulsed electric fields
(PEF) on cucumber seed vigour and surface disinfection. The EuroBiotech Journal 5(4): 180—

193 (2021) https://doi.org/10.2478/ebtj-2021-0027

36



Friction https://mc03.manuscriptcentral.com/friction
[43] Sun J, Zhang Z, Fang Y, Zhang Y, Li Y, Wu Y, Liu Y, Liu Z and Shi F. Electrostatic treatment

enhances pollen viability and improves fruit quality in ‘Xuxiang’ kiwifruit. Front Plant Sci 17:
1769809 (2026) https://doi.org/10.3389/fpls.2026.1769809

[44] Bernauer O M, Tierney S M, Cook J M. Efficiency and effectiveness of native bees and honey
bees as pollinators of apples in New South Wales orchards. Agr Ecosyst Environ 337: 108063
(2022) https://doi.org/10.1016/j.agee.2022.108063

[45] Kuroki K, Takemura Y, Mingfeng J, Marumori H, Teratani N, Matsumoto K, Matsumoto T,
Tamura F. Pear pollen selection using higher germination properties at low temperatures and the
effect on the fruit set and quality of Japanese pear cultivars. Sci Hortic 216: 200-204 (2017)
https://doi.org/10.1016/j.scienta.2017.01.013

[46] Broussard M A, Mark G, McBrydie M, Evans L, Pattemore D. Pollination requirements of
kiwifruit (Actinidia chinensis Planch.) differ between cultivars ‘Hayward’ and ‘Zesy002’. New
Zeal J Crop Hort 49(1): 30—40 (2021) https://doi.org/10.1080/01140671.2020.1861032

[47] Rawat S, Trius Béjar J, Wang A. Characterization of optical, thermal, and viscoelastic
properties of pollenkitt in angiosperm pollen using in-line digital holographic microscopy. Acs
Appl Bio Mater 7(6): 40294038 (2024) https://doi.org/10.1021/acsabm.4c00367

[48] Shin D, Chot W T, Lin H, Qu Z, Breedveld V, Meredith J C. Humidity-tolerant rate-dependent
capillary viscous adhesion of bee-collected pollen fluids. Nat Commun 10: 1379 (2019)
https://doi.org/10.1038/s41467-019-09372-x

[49] Zhou Q, Zhu J, Cui Y L, Yang Z N. Ultrastructure analysis reveals sporopollenin deposition and
nexine formation at early stage of pollen wall development in Arabidopsis. Sci Bull 60(2): 273—
276 (2015) https://doi.org/10.1007/s11434-014-0723-6

[50] He X N, Allen J, Black P N, Baldacchini T, Huang X, Huang H, Jiang L, Lu Y F. Coherent anti-

Stokes Raman scattering and spontaneous Raman spectroscopy and microscopy of microalgae

37



Friction https://mc03.manuscriptcentral.com/friction
with nitrogen depletion. Biomedical Optics Xxpress 3(11): 2896-2906 (2012)

https://doi.org/10.1364/BOE.3.002896

[51] Zhang L, Liu Y, Wei G, Lei T, Wu J, Zheng L, Ma H, He G, Wang N. POLLEN WALL
ABORTION 1 is essential for pollen wall development in rice. Plant Physiol 190(4): 2229—
2245 (2022) https://doi.org/10.1093/plphys/kiac435

[52] Argento C, French R H. Parametric tip model and force—distance relation for Hamaker constant
determination from atomic force microscopy. J App! Phys 80(11): 6081-6090 (1996)
https://doi.org/10.1063/1.363680

[53] Lin H, Lizarraga L, Bottomley L A, Meredith J C. Effect of water absorption on pollen adhesion.
J Colloid Interf Sci 442: 133—139 (2015) https://doi.org/10.1016/j.jcis.2014.11.065

[54] Israelachvili J. Intermolecular and Surface Forces. London: Acadamic Press, 1992. ISBN 978—
0-12-375182-9

[55] Liang L, Zhao J, Niu Q, Yu L, Wu X, Wang W, Yan S, Yu Z. Development of wet adhesion of
honeybee arolium incorporated polygonal structure with three-phase composite interfaces.
Friction 12: 215-230 (2024) https://doi.org/10.1007/s40544-023-0743-0

[56] Dai Y, Law S. Modeling the transient electric field produced by a charged pollen cloud entering
a flower, 145°95. Conference Record of the 1995 IEEE Industry Applications Conference
Thirtieth IAS Annual Meeting 2: 1395-1402 (1995) https://doi.org/10.1109/1AS.1995.530465

[57] Sun J, Zhang Z, Zhang Y, Tang Y, Fang Y, Li Y, Wu Y, Liu Y, Liu Z, Shi F. Electrostatic
treatment enhances pollen viability and fruit quality in kiwifruit during low-temperature
weather. Sci Hortic 359: 114757 (2026) https://doi.org/10.1016/j.scienta.2026.114757

[58] Pacini E, Hesse M. Pollenkitt—its composition, forms and functions. Flora 200(5): 399415

(2005) https://doi.org/10.1016/j.flora.2005.02.006

38


https://doi.org/10.1016/j.flora.2005.02.006

Friction https://mc03.manuscriptcentral.com/friction
Author biography

Junyu Sun. He received his M.S. degree in mechanical engineering from the School of Mechanical
Engineering, Jiangsu University, China. Now he is a Ph.D. candidate in the College of Mechanical
and Electronic Engineering, Northwest A&F University, China. His current research interest is

agricultural machinery design and bioadhesion mechanism.

Fuxi Shi. He received his Ph.D. degree in agricultural mechanization engineering from Northwest
A&F University, China, in 2014. He joined the College of Mechanical and Electronic
Engineering, Northwest A&F University, China, in 2017. His current position is a associate
professor of the College of Mechanical and Electronic Engineering, Northwest A&F University.

His research areas cover intelligent agricultural

39



	https://doi.org/10.26599/FRICT.2026.9441322
	Research Article
	Interactions of pollen-stigma interface in fruit trees: A multiscale analysis of adhesion mechanisms
	1 Introduction
	2 Experimental
	2.1  Sample collection and preparation
	2.2  Pollen density and weight measurements
	2.3  Substrate preparation
	2.4  Morphological characterization of pollen
	2.5  Pollen-modified tipless cantilever
	2.6  Adhesion force measurement
	2.7  Cryo-SEM Assays
	2.8  Pollen Composition Assays

	3 Results and discussion
	3.1  Structure of pollen-stigma contact
	3.2  Surface characteristics of pollen
	3.3  Measurement of pollen-stigma adhesion
	3.4  Composition analysis of adhesion force
	3.4.1  Van der Waals force and capillary force
	3.4.2  Suction force induced by pollen surface cavity
	3.4.3  Viscous force of pollenkitt after pollen deposits on stigma
	3.4.4  Electrostatically enhanced adhesion


	4 Conclusions
	Electronic Supplementary Material (ESM)
	References


