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Pollens possess a thin liquid coating, pollenkitt, which plays a major role in adhesion by forming capillary
menisci at interfaces. Unfortunately, the influence of humidity on pollenkitt properties and capillary
adhesion is unknown. Because humidity varies widely in the environment, the answers have important
implications for better understanding plant reproduction, allergy and asthma, and pollen as atmospheric
condensation nuclei. Here, pollenkitt-mediated adhesion of sunflower pollen to hydrophilic and hydro-
phobic surfaces was measured as a function of humidity. The results quantify for the first time the sig-
nificant water absorption of pollenkitt and the resulting complex dependence of adhesion on
humidity. On hydrophilic Si, adhesion increased with increasing RH for pollens with or without pollen-
kitt, up to 200 nN at 70% RH. In contrast, on hydrophobic PS, adhesion of pollenkitt-free pollen is inde-
pendent of RH. Surprisingly, when pollenkitt was present adhesion forces on hydrophobic PS first
increased with RH up to a maximum value at 35% RH (�160 nN), and then decreased with further
increases in RH. Independent measurement of pollenkitt properties is used with models of capillary adhe-
sion to show that humidity-dependent changes in pollenkitt wetting and viscosity are responsible for this
complex adhesion behavior.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Pollen particles, carrying the male gamete of plants, possess a
range of unique ornamentations with various morphologies and
feature sizes. They can effectively disperse in air or entangle with
hairs on animals allowing for their distribution over large areas.
Understanding the adhesion mechanisms of pollen particles is of
scientific interest due to their role in plant reproduction [1], the
health of pollinators [2,3], human environmental health [4], and
ice and water formation in the atmosphere [5,6]. For example, con-
sider that the maintenance of healthy bee communities, which has
a complex interdependent relationship with pollination ecology, is
of current worldwide concern [2,3]. In addition, proteins carried on
pollens contribute to asthma and allergies in humans and the pol-
len grain’s adhesive capabilities are significant factors in pollen
environmental distribution [7]. Finally, pollen grains are known
to be carried into the atmosphere where they can absorb organic
pollutants, age under UV exposure, and act as nucleation sites for
water condensation or ice formation [8]. Therefore, their surface
properties and sensitivity to humidity are of interest due to their
potential role in climate and weather. Due to their unique geomet-
rical features that enable fine-tuning of adhesion, pollens have
been recently explored as a bio-organic template for the synthesis
of biomimetic functional materials in a variety of applications
[9–12], including adhesives, composites, paints and pigments, drug
delivery, and porous media for sensors, adsorbents, catalyst sup-
ports and filtration [13,14]. Despite the wide range of fields influ-
enced by pollen properties, there still is a lack of quantitative
understanding of pollen surface properties and how these affect
adhesion and release characteristics. In particular, one of the com-
pelling unresolved questions is the role of the liquid pollenkitt
coating in carrying water and mediating the sensitivity of pollen
adhesion to the effects of humidity.

The pollen exine shell is composed predominantly of sporopol-
lenin [15–18], a crosslinked polymer which is one of the most
chemically-stable naturally-occurring materials, and has good
thermal and mechanical stability [19,20]. Pollen grains are addi-
tionally coated with a liquid that resides on or within cavities in
the exine wall [21]. This coating material (named pollenkitt by
Knoll [21]) is especially prevalent in pollen from entomophilous
plants, and is a mixture composed of saturated and unsaturated
lipids, and lesser amounts of carotenoids, flavonoids, proteins
and carbohydrates, and is of great importance in pollination ecol-
ogy [4,15]. It is generally thought to occur as a water-in-oil
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emulsion in nature, i.e., there exists an aqueous phase of dispersed
water droplets that may also contain polar organics. The dispersal
of entomophilous pollens is thought to be facilitated by pollenkitt’s
ability to keep pollen grains together during transport and to pro-
mote adhesion to animals. It is known that these pollinators eat
pollenkitt and that pollenkitt is an important source of nutrients.
Pollenkitt is also thought to play a role in adhesion of pollen to
the stigma, an important prerequisite for cell recognition and pol-
len germination [1].

In previous work, we described how pollen adhesion is quanti-
tatively dependent on both a dry mechanism controlled by van der
Waals forces and the size of ornamentations, and a ‘wet’ mecha-
nism controlled by the capillary forces of pollenkitt liquid bridges
between pollen and a substrate surface [22]. However, despite the
wide variation of humidity in nature, surprisingly little is known
about the water content of pollenkitt as a function of humidity,
or the effect that water uptake has on capillary-driven adhesion
mediated by pollenkitt. In the present work, the adhesion forces
between sunflower pollen grains with and without pollenkitt were
studied on both hydrophilic silica-coated silicon (Si) and hydro-
phobic polystyrene (PS) surfaces were studied as a function of rel-
ative humidity (RH) by using atomic force microscopy (AFM). We
describe below our finding that pollenkitt indeed absorbs a signif-
icant amount of water and that this water uptake has a marked
effect on the adhesion of pollen to hydrophilic and hydrophobic
surfaces. The adhesion forces are modeled and the wetting proper-
ties and viscosity of pollenkitt are also determined independently,
in order to elucidate their role in RH-dependent adhesion of
pollenkitt.
2. Materials and methods

2.1. Pollen and substrate preparation

Piranha-etched Si wafers were used as hydrophilic reference
surfaces, since they are coated with a thin layer of silicon oxide.
Hydrophobic PS (Mw = 230,000, Sigma–Aldrich) surfaces were pre-
pared by knife-edge coating 10% m/m in PS/toluene solutions on
Piranha-etched silicon substrates [23], followed by drying at room
temperature for 24 h and annealing at 60 �C under vacuum for 2 h.
Film thickness, measured with interferometry, was approximately
1–2 lm, which far exceeds the range of van der Waals interactions
(�20 nm) of the underlying silicon substrate. The mean (Ra) and
root-mean-square (rms) roughnesses of Si and PS surfaces were
0.2 ± 0.1 and 0.3 ± 0.1 nm, 2.2 ± 0.2 and 2.7 ± 0.2 nm, respectively,
obtained from topography scans of three random 10 lm � 10 lm
areas using AFM (Veeco Dimension 3100).

Sunflower, a widespread flowering plant, produces pollen with
uniform size and morphology consisting of well-organized nano-
scale-spiny features. Sunflower pollen is entomophilous and car-
ries a liquid pollenkitt coating whose composition has been
characterized previously [24], and represents an ideal model for
this study [8,25]. Non-defatted sunflower (Helianthus annuus) pol-
len, containing pollenkitt (PK+, Greer Laboratories, Lenoir, NC) was
stored at 0 �C. To provide a pollenkitt-free control (PK�), we
washed PK+ with chloroform:methanol (3:1) [26] solution for
24 h (a solvent for external pollenkitt, but non-solvent for sporo-
pollenin) prior to depositing on filter paper (P5, Fisher Scientific,
Pittsburgh, PA) and drying in air.
2.2. Force measurements

Adhesion was measured by using a NanoScope IIIA Multimode
AFM (Veeco Metrology, Santa Barbara, CA) with tipless rectangular
cantilevers (Applied NanoStructures, Inc., Santa Clara, CA, nominal
spring constants of 1.2–6.4 N/m). Single pollen grains were glued
to tipless cantilevers with epoxy resin using a procedure described
elsewhere [27]. The spring constants for cantilevers with attached
pollen, determined by methods described elsewhere [28,29], were
2.1–2.3 N/m for PK+ and 1.8–1.9 N/m for PK�. A series of ten force-
distance curves were measured for each combination of pollen tip
(PK+ or PK�)-substrate (PS or Si), on three separate substrates
within three randomly chosen 10 lm � 10 lm areas, under a
nitrogen/water atmosphere (20 �C) with controlled relative humid-
ity. Each experiment commenced by cycling the scanner in z direc-
tion for �1 h to allow the scanner to reach thermal equilibrium.
Adhesion measurements were performed by extending the scanner
over a �500 nm distance at 10 nm/s until contact with the surface,
at which point scanner extension was continued until a loading
force of 200 nN was reached, followed by scanner retraction at
10 nm/s. Force versus distance curves were generated by multiply-
ing the measured downward deflection of the cantilever times the
spring constant of the cantilever. The force-distance data indicated
that only one spine makes contact with the substrate [22].
2.3. Mass uptake measurements in humid air

Thermal resonance data was acquired simultaneously with
force data by taking raw (prior to analog filtering) vertical deflec-
tion, horizontal deflection and summed signals directly from the
AFM and routing them into a PCI-6120 data acquisition card
through a BNC-2110 interface (National Instruments, Austin, TX).
The pollen-loaded cantilever resonated at its natural thermal reso-
nance frequency; no external oscillation was applied to the canti-
lever holder. To correlate these signals with scanner movement
in the z dimension, the z scanner voltage was taken from the signal
access module and sent to the data acquisition card. Data acquisi-
tion software written in LabVIEW (National Instruments, Austin,
TX) converted the deflection data into the frequency domain (i.e.,
power spectral density) using the discrete Fourier transform with
a Blackman–Harris window. Cantilever resonance data was
acquired with a sampling rate of 800 kHz with a 50 Hz resolution
along the frequency axis of the power spectral density. To improve
the signal-to-noise ratio, an average of fifteen FFTs was taken.
Frequency shifts, Df, are measured at all RH values relative to the
lowest RH of 17%. The relationship between mass increase (Dm)
and frequency shift, Df, as water is taken up by the pollen sample
(by condensation, adsorption or absorption) can be determined
from a single-degree-of-freedom (SDOF) approximation, as
described in detail in supplementary material (see Fig. S1 and cor-
responding discussion in supplementary material). In this manner,
all mass changes, Dm, are relative to the lowest RH of 17%.
2.4. Control and variation of relative humidity

The AFM was enclosed in a plastic chamber into which a stream
of N2 gas with controlled RH is introduced, allowing investigation
of the effect of humidity on the AFM force measurements. Relative
humidities between 15% and 70% were achieved by adjusting the
flow rate ratio of as-received dry N2 gas (UHP300, Airgas USA,
LLC.) and N2 gas bubbled through water.
2.5. Scanning electron microscopy (SEM)

The pollen AFM probes were characterized by scanning electron
microscopy (Zeiss Ultra60 FE-SEM) after all force measurements
were finished, at an accelerating potential of 10.0 kV. Probe tips
were sputtered with gold and then mounted on metal stubs using
carbon tapes.
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2.6. Contact angle measurements

Contact angles of pollenkitt–water mixtures were measured at
20 �C on the Si and PS substrates using a video contact angle sys-
tem (AST products 2500XE, Billerica, MA). Nine 1 lL drops of each
liquid of the mixture of pollenkitt and water were dispensed onto
different regions of the PS surfaces. Both the right and left angles
between the sample surface and the tangent line to each droplet
were measured for each droplet.
2.7. Viscosity measurement

The viscosities of water-rich pollenkitt–water mixtures (50–
100% water) were measured at 20 �C (30% RH) by using an Ostwald
viscometer with DI water as a calibration liquid. The viscosities of
water-lean pollenkitt–water mixtures (0–10% water) were much
higher than the water-rich mixtures and were measured by using
an MCR 300 controlled stress rheometer (Anton Paar) with a stan-
dard couette geometry (CC17: inner cup diameter = 18.08 mm and
bob diameter = 16.66 mm) in small deformation oscillatory mode.
3. Results and discussion

The cantilevers with PK� and PK+ pollen grains attached are
shown in Fig. 1. The SEM images, taken after force measurements
were completed, show no damage to pollen grains occurred during
measurement of adhesive force. Fig. 1(a) and (c) also show that
pollenkitt on PK+ can be seen to fill cavities and pores in the exine
(Fig. 1a) while the SEM of PK� shows that pollenkitt has been
removed as evidenced by open cavities and pores.

The fundamental resonance frequencies, f, of the pollen-loaded
AFM cantilevers for each RH and substrate are plotted in Fig. S2
(supplementary material). With increasing RH, f decreases for both
PK� and PK+ samples, indicating added mass. For the tipless can-
tilever with no pollen attached (both bare and coated with a small
amount of epoxy resin), f decreased by �10 Hz from the lowest
(17%) to the highest (70%) humidity. This is in agreement with
the previously-reported mass uptake of the cantilever upon water
condensation [30]. Although the viscosity and density of N2/water
Fig. 1. Low and high magnification SEM micrographs of AFM probes of PK+ ((a) and (c
completed.
gas decreases with increasing humidity, the change in density and
viscosity are small over the range in humidity studied herein and
produce a negligible shift in resonance frequency [31]. For the sun-
flower pollen tips, f decreased by �450 Hz (PK�) and 700 Hz (PK+)
from the lowest (17%) to the highest humidity (70%). The changes
of f indicate a larger amount of water absorption by the sunflower
pollen when pollenkitt is present. Independent tests confirmed
that no significant change in the frequency with humidity was
observed due to the presence of the small amount of epoxy used
to glue the pollen grains.

By using the SDOF model, we first measured the mass of single
cleaned (PK�) and non-defatted sunflower pollen (PK+) grains to
be 102 ± 8 ng and 115 ± 7 ng, respectively. The amount of pollen-
kitt on each PK+ grain is 13 ± 8 ng and represents �10% of the total
mass of a single PK+ grain, consistent with previous values [22,32].
The thickness of pollenkitt on the PK+ shell estimated by SEM
images was 10–20 nm. Shown in Fig. 2 is the mass of water
absorbed at each RH, relative to the lowest RH value (17%), calcu-
lated from frequency shifts. Fig. 2 also shows the water content as
a percentage of the mass of ‘‘dry’’ pollenkitt (at 17% RH) carried on
a single pollen. The mass of PK� sunflower pollen increased by
0.6 ng at the highest humidity of 70%, or 0.6% of the PK� pollen
dry mass.

The water taken up on PK� may be adsorbed onto the external
surface area, absorbed into the sporopollenin, or condensed in the
pores. Estimates of the water capacity of each of these mechanisms
(given in supplementary material) show that 0.6 ng is a reasonable
value for water uptake. Calculations based on measured surface
areas of ragweed pollens show that the external surface of one pol-
len grain could adsorb �0.03–0.15 ng water as a monolayer,
accounting for up to 25% of the observed 0.6 ng. By using the solu-
bility of water in poly(ethylene terephthalate) as a guide, it can be
estimated that approximately 0.4 ng could be absorbed (dissolved)
in a 102 ng mass equal to that of the average sunflower pollen
mass [33]. Finally, a rough estimate of the water mass that could
condense in the apertures (pores) on the PK� surface yields
3 � 10�6 ng condensed per 100 nm aperture. Given that a single
pollen contains on the order of a few hundred pores, clearly the
condensed water capacity is too small to account for a significant
part of the 0.6 ng water uptake. We conclude that adsorption and
)) and PK� ((b) and (d)) sunflower pollen after all AFM force measurements were



Fig. 2. Measured water uptake onto pollen as a function of RH (blue: PK+; green:
PK�). The red line shows water uptake as % of dry pollenkitt mass for PK+ sunflower
pollen. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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absorption likely account for most of the water uptake on PK�
pollen.

The amount of water taken up by PK+ is much larger than by
PK�, approximately 4� higher at 70% RH (Fig. 2). This result sug-
gests that the additional water uptake on PK+ is due to absorption
into the liquid pollenkitt coating itself. This amount is feasible
because pollenkitt possesses both polar organic compounds as well
as an aqueous droplet phase that have significant capacity for
water uptake. As shown in Fig. S3 (supplementary material), at
high RH the absorbed water expands the volume of the droplets
distributed as a minor phase in the pollenkitt emulsion. Fig. 2 indi-
cates that the amount of water absorbed at the highest RH is about
16% of the ‘‘dry’’ pollenkitt mass. These are the first reported values
of the absorption of water as a function of RH% for pollenkitt on
pollen. It has been suggested in the literature that one important
function of pollenkitt is preventing water loss during pollen trans-
port and the water absorption within pollenkitt measured here
supports this idea [32]. Our adhesion results below also indicate
that the water-absorbing capacity of pollenkitt also plays in impor-
tant role in pollen adhesion.

The measured adhesion pull-off forces versus relative humidity
(RH) for sunflower pollens (PK+ and PK�) interacting with PS and
Si substrates are shown in Fig. 3. Fig. 4 shows typical force-distance
curves of PK� and PK+ sunflower pollen on Si as a function of RH
(plots for PS are given in supplementary data Fig. S4 and differ in
magnitude only). From Fig. 3 one observes that on PS no
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dependence on RH is observed over the entire RH range of
17–70%, explained by the hydrophobic character of PS. Although
stable condensed water films can form in a nanoscale gap between
approaching surfaces at RH > 40% [34], an adhesive capillary bridge
will not form due to nonwetting behavior of water on PS (contact
angle: 101.1 ± 3.0�). On Si at low RH (RH < 35%), stable water films
capable of forming capillary bridges are not expected to condense
[34] and the adhesion is mainly governed by van der Waals forces
[22]. However, at RH > 35%, the adhesion force on Si significantly
increases, suggesting that water condenses between the pollen
tip and the hydrophilic Si surface. Because some degree of wetta-
bility is required for formation of an attractive capillary neck, the
results indicate that water wets sporopollenin, although the con-
tact angle is unknown. The water-mediated capillary adhesion
force, Fc, of PK� pollen can be modeled by considering a meniscus
in nanoscale contact between a sphere (pollen spine tip) and a flat
plane [34]

Fc ¼ pcR cos h
ð1þ cos bÞ2

cos b
ð1Þ

where c is the water surface tension (0.0728 N m�1), R is the tip
radius (120 nm), b is the filling angle between the normal and the
meniscus contact line on the tip, and h is the contact angle of water
on the substrate. The angle b increases with the volume of con-
densed water in the capillary bridge, which increases with RH
according to the Kelvin equation, leading to an increase of adhesion
force with RH. Fig. S5 in supplementary materials shows the rela-
tionship between Fc and b as calculated with Eq. (1).

A noticeable feature in Fig. 4a and b is that at all RH values,
upon retraction, the two solids separate suddenly at the maximum
adhesion force between PK� and the substrate. Sudden pull-off
transitions are clearly expected in the case of dry solid–solid
short-ranged adhesion [22]. However, liquid capillary bridges that
form at high RH sometimes show more gradual pull-off during
which the capillary neck is thinning while still attached to both
surfaces. Our observation of a sudden pull-off (Fig. 4b) is however
consistent with previous reports of pure water capillary forces. The
high surface tension and low viscosity of water drive a relatively
rapid thinning and rupture of the bridge [35].

The PK+ pollens, containing native pollenkitt, behaved quite dif-
ferently from PK�. As the results show in Fig. 4c and d (as well as
Figs. S4c and S4d for PS, supplementary material), as the PK+ AFM
tip approaches Si, it experiences a jump to contact attraction
attributed to the attractive capillary force arising from the wetting
of pollenkitt liquid, also observed in our previous study performed
at 30% RH [22]. At the lowest humidity of 17% RH, shown in Fig. 4c,
during retraction the attractive force increased to a maximum
value at a distance of �140 nm for Si. After that, a long-range, grad-
ual adhesive force was observed, which always decayed with
increasing distance. The shape of this long-range adhesive force
upon pull off is consistent with the formation, thinning, and
rupture off a viscous capillary neck [35,36]. One requirement for
capillary bridge formation due to pollenkitt (in PK+) is the wetting
of pollenkitt on both substrate and pollen. The contact angles of
extracted pollenkitt on Si and PS were measured previously to be
16� and 43� at �30% RH [22], and pollenkitt is known to fully
wet the pollen shell. The magnitude of these values and relative
preference for wetting Si versus PS was also confirmed by measur-
ing contact angles of prepared pollenkitt–water mixtures, as dis-
cussed below with Fig. 5.

In order to test the idea that capillary meniscus forces are
responsible for the long-range pull-off observed in Fig. 4c for Si
(as well as Fig. S4c for PS), we used a capillary force model to fit
the long-range adhesive forces. Upon retraction, the adhesive force
of a liquid bridge can have both a capillary contribution (due to the



Fig. 4. Typical AFM force-distance curves of PK� (a and b) and PK+ (c and d) on Si under relative humidities of 17% and 70%. The blue dashed line in (c) represents the
theoretical capillary force as a function of distance calculated with c = 0.045 Nm�1, R = 120 nm, and c = 0.998, V = 11.62 � 105 nm3, according to Eq. (2).
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surface tension and Laplace pressure across the curved meniscus),
as well as an adhesive force due to viscous resistance to capillary
thinning. For a liquid bridge with constant volume, V, the equilib-
rium capillary meniscus force is [37]

Fc ¼ 4pccR 1� Dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V
pRþ D2

q
0
B@

1
CA ð2Þ

c ¼ cosðh1 þ bÞ þ cos h2

2
ð3Þ

where c is liquid surface tension (0.045 N m�1 for pollenkitt at 30%
RH [22]), R is sphere radius (120 nm), b is filling angle, h1 and h2 are
the contact angles of liquid to sphere and to the plane, respectively,
and D is the distance between the sphere and the planar surface. V
was assumed to be constant, since the exposure of pollenkitt to
humid N2 (17% RH) reaches a steady-state prior to performing the
AFM experiments, and observations show that drops of PK do not
evaporate in air. According to our previous measurement and calcu-
lation, the filling angle b for pollenkitt between a non-defatted sun-
flower pollen and various surfaces was �20� [22]. Here we can
obtain c from Eq. (3) as 0.997 and 0.768 for Si and PS surface,
respectively, at contact (D = 0). In Fig. 4c (and Fig. S4c, supplemen-
tary data), using V and c as fitting parameters, the blue fitting lines
showed that the calculated curves fit very well with the experimen-
tal retraction results. The values of c obtained by experimental force
curves are roughly within 10% error of the values calculated by Eq.
(3) (Table S1). The curves could also be fitted with
V = 11.63 ± 0.24 � 105 nm3 and 1.03 ± 0.04 � 105 nm3 for Si and PS
surfaces, respectively. From the fitting, the volume of a pollenkitt
bridge between PK+ and Si is �10 times higher than with PS, which
is consistent with better pollenkitt wetting on a Si surface (dis-
cussed below with Fig. 5). These trends in volume also support
the observation of a much longer range of separation distance on
the Si surface (from �140 nm to �300 nm, Fig. 4c) compared to
the PS surface (from �180 nm to �250 nm, Fig. S4c).

Above, we neglected the viscous contribution to capillary forces,
because the viscous force is estimated to be several orders of mag-
nitude smaller than the observed forces. The hydrodynamic force
(Fh) of the pollenkitt liquid bridge during retraction is estimated
a no-slip flow between a sphere and a flat surface [35,38,39]:

Fh ¼ 6pgR2 1� Dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V
pRþ D2

q
2
64

3
75

2

1
D

dD
dt

ð4Þ

where g is dynamic viscosity, R is tip radius, D is separation dis-
tance, and dD/dt is retraction velocity. Fh is attractive upon retrac-
tion, but its magnitude is only 0.02 nN at contact, which is much
smaller than observed force magnitudes. (We used a value of
g = 1.2 Pa s for pollenkitt at 17% RH determined by rheology as
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described below with Fig. 5.) At these conditions the viscous forces
do not make significant contributions to adhesion.

In contrast to the PK+ force curve under low humidity
(RH < 35%, Fig. 4c), there is an absence of long-range adhesion dur-
ing pull off at RH > 35%. As shown in Fig. 4d for Si substrates (and
Fig. S4d for PS substrates), at RH 70% during approach, the cantile-
ver tip jumped toward the substrate at a distance of �100 nm
(�75 nm for PS) with an attractive force magnitude of �25
(�10 nN for PS), respectively. When retracting from the substrate
at 70% RH, the adhesive pull-off force increased up to �225 nN
(on Si) and �92 nN (on PS), at which point the tip suddenly jumped
to zero force, indicating a sudden rupture of the capillary liquid
bridge. In contrast to the low RH (17%) case, there is no long-range
decay force associated with a capillary meniscus thinning for the
high RH (70%) case.

Eq. (1) suggests that the larger snap-in and adhesive pull-off
forces observed for the hydrophilic Si surface (compared to PS)
are driven by the better wetting (lower contact angle h) of pollen-
kitt on Si than on PS. We also expect that the difference in force
curve behaviors for PK+ (pollenkitt-containing pollens) at low
and high RH is caused by the change in properties of the pollenkitt
as it absorbs water, as well as adsorption of water films on the Si
surface that likely occurs. The properties of pollenkitt relevant to
capillary forces are surface tension, contact angle on the tip and
substrate, and viscosity, each of which should change due to the
absorption of water in pollenkitt. As compared to pollenkitt with
a surface tension of 0.045 N m�1 and a viscosity of �1.2 Pa s, water
has a higher surface tension of 0.0728 N m�1 and a significantly
lower viscosity of 1.0 mPa s. To explore this idea, we prepared
solutions of extracted pollenkitt with water and measured viscos-
ities as well as the contact angles on Si and PS surfaces. As shown
in Fig. 5, the dynamic viscosity of the mixture of PK and water
decreases with increasing water fraction. The contact angle on PS
increases rapidly with increasing water fraction, and the higher
contact angle decreases the capillary attractive force (Eqs. (1) or
(2) show this) [34]. The results in Fig. 5 also indicate that pollenkitt
consistently wets the Si surface with a smaller contact angle than
the PS surface. This preferential wetting on Si versus PS becomes
more pronounced as the water content increases, and eventually
the contact angle on PS becomes nonwetting (>90�) at high water
content. This observation is consistent with the observed adhesion
force magnitudes on Si compared to PS, which indicate signifi-
cantly higher volumes of liquid in the bridges on Si and better wet-
ting (as discussed above with Fig. 4 and Fig. S4). The observed
ability to wet both a hydrophilic and hydrophobic surface, with
preference toward the hydrophilic substrate, is consistent with
the significant water capacity of pollenkitt, the polar nature of
the organic substances in pollenkitt [4,15], and to the fact that
some of the water is actually carried in a droplet phase.

We can now better rationalize the high RH results of Fig. 4 and
Fig. S4 based on the viscosity of pollenkitt–water mixtures from
Fig. 5. A pollenkitt liquid bridge of lower viscosity (at high RH) will
have faster thinning of the capillary meniscus and breakage at
smaller distances [35–37], relative to ‘‘drier’’ pollenkitt with higher
viscosity. In addition to the viscosity effect, we also should con-
sider that at 70% RH, the thickness of the water layer adsorbed
on a Si surface normally is �4–7 nm [40]. This stable layer of con-
densed water likely prevents immediate and direct wetting of pol-
lenkitt (from the pollen spine) onto the solid Si substrate. The
contact is rather between liquid on the pollen spine (pollenkitt
with 16% absorbed water) and the thin layer of water on the Si sub-
strate. There are two possibilities. First, the thin water film could
mix completely with the pollenkitt, increasing its water content
beyond 16%. Second, if the water film and pollenkitt do not have
time to mix during tip approach and retraction (�1 min), then a
concentration gradient will exist in the capillary bridge, going from
pure water at the Si surface to pollenkitt toward the pollen. In
either case, we expect the effect of the pure water film on the Si
substrate is to lower the viscosity and raise surface tension of
the pollenkitt–water mixture. Thus, just as we observed, a faster
rupture at shorter distances would be expected on Si, relative to
PK+ pollen that is in contact with PS that does not have as thick
an adsorbed water layer.

One might ask how the complex morphology of the pollen par-
ticle may affect its adhesion force. In the AFM adhesion forces mea-
sured in this paper, we observed only one spike making contact
with the substrate surface. In this case the geometrical character-
istics of dry adhesion are governed by the tip radius of the single
spine in contact [22], and the pollen geometrical effect on capillary
wet adhesion is additionally dependent on the volume of pollenkitt
carried on the pollen. The tip radius of each tip is independent of
the arrangement of spikes, i.e., the pollen morphology. The pollen-
kitt volume is dependent on the morphology, because some mor-
phologies, for example echinate pollens, allow more pollenkitt to
be carried in pores and pockets than other varieties [8]. Increased
volume generally leads to larger bridges and increased capillary
adhesion, as indicated in Eq. (4). However, in our studies the spe-
cies was held constant and was not varied, hence the volume of
pollenkitt per particle will not vary due to morphology. On the con-
trary, as discussed above, we find that the volume of pollenkitt in
the capillary bridge, determined by fitting Eq. (4) to pull-off data,
tends to vary according to the pollenkitt wettability on the
substrate.

The curved surfaces of pollen might influence the condensation
of water on its outer surface as well as on inner pores through the
depression of vapor pressure in a highly-curved interface. What we
can say is that the capillary adhesion that is being measured
involves surfaces covered with pollenkitt already, so that any
water condensation would be immediately absorbed into the pol-
lenkitt. We discussed estimates of capillary condensation in pores
present on pollens above (presented in detail in supplementary
information) and showed that these would result in a negligible
volume of water. But, again, we held constant the species and mor-
phology and even if significant it would be a constant in our stud-
ies. Without varying the species, and hence sporopollenin
structure, it is not possible for us to draw conclusions about mor-
phology effects on water uptake.

The pull-off forces in Fig. 3 are also consistent with the idea that
wetting and viscosity properties of pollenkitt lead to marked
changes in adhesion behavior of pollen on hydrophobic versus
hydrophilic surfaces as a function of humidity. The pull-off adhe-
sion force increases with increasing RH for PK+ pollen on hydro-
philic Si, just as observed for PK�. However, the adhesion forces
of PK+ are larger than that of PK� interacting with Si at each RH,
which is in agreement with the formation of a larger volume cap-
illary neck as more water is taken up at higher humidity, as dis-
cussed above (Fig. 4). The RH-dependent behavior of PK+ and
PK� follow the expected trends for a wetting fluid on a hydrophilic
substrate, and are in agreement with previous measurements with
a wide variety of particles [34]. On hydrophobic PS, which might be
considered an analog of waxy plant surfaces, the PK� pollen shows
essentially no dependence on RH, also in agreement with expecta-
tions of water capillary condensation on hydrophobic surfaces
[34]. However, a surprising result is observed for PK+ on the hydro-
phobic PS surface: the adhesion pull-off force first increases with
RH, passes through a maximum value at 35% RH, followed by a
decrease with increasing RH, as indicated in Fig. 3. This unusual
RH-dependent behavior gives entomophilous pollens like sun-
flower, which carry significant volumes of pollenkitt, the ability
to tune adhesion and detachment behaviors in response to changes
in humidity. That PK+ pull-off adhesion shows a maximum as a
function of RH indicates competing influences on adhesion. As
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RH initially increases, the viscosity begins to drop sharply (Fig. 5),
which would allow more volume to wet the PS substrate. However,
as RH continues to increase, the decrease in viscosity is compen-
sated by an increase in the contact angle of the pollenkitt–water
mixture on PS. This leads to a decreased adhesion magnitude due
to diminished wetting (smaller h) value.

4. Conclusion

Pollenkitt-mediated adhesion of sunflower pollen to hydro-
philic and hydrophobic surfaces was measured as a function of
humidity. The results quantify for the first time the significant
water absorption of pollenkitt and the resulting complex depen-
dence of adhesion on humidity. The comparison of pollens with
and without pollenkitt indicates that presence of pollenkitt leads
to significantly more water uptake compared to cleaned pollens.
On hydrophilic Si, adhesion increased with increasing RH for pol-
lens with or without pollenkitt, up to 200 nN at 70% RH. In con-
trast, on hydrophobic PS, adhesion of pollenkitt-free pollen is
independent of RH. Surprisingly, when pollenkitt was present
adhesion forces on hydrophobic PS first increased with RH up to
a maximum value at 35% RH (�160 nN), and then decreased with
further increases in RH. Independent measurement of pollenkitt
properties is used with models of capillary adhesion to show that
these humidity-dependent changes in pollenkitt wetting and vis-
cosity are responsible for the complex observed adhesion behavior.
These findings suggest that on a hydrophilic substrate, water
uptake into the pollenkitt as RH increases always leads to
increased adhesion force magnitude. However, on a hydrophobic
surface, the capillary adhesion is at first increased as water is
added to pollenkitt with increasing RH, likely due to a drop in
viscosity leading to an increase in volume that wets the substrate
during the contact time. However, at higher RH values, the
water-laden pollenkitt seems to wet the hydrophobic surface more
poorly, leading to diminished adhesion. These observations sup-
port a developing understanding of the roles of pollen adhesion
in plant reproduction, in pollinator health and ecology, and in
human allergy and asthma. In addition, lessons learned from this
natural system can provide important bio-inspired designs for
novel adhesive systems.
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diagram of the SDOF approximation, raw AFM frequency shift data,
sample calculations supporting the state of water on PK� pollen,
optical microscopy of pollenkitt emulsion, plots of PK� and PK+
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