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ABSTRACT: Nature provides remarkable examples of mass-produced
microscale particles with structures and chemistries optimized by
evolution for particular functions. Synthetic chemical tailoring of such
sustainable biogenic particles may be used to generate new multifunc-
tional materials. Herein, we report a facile method for the development
of bioenabled core/shell microparticles consisting of surface-modified
ragweed pollen with a magnetic core, for which both multimodal
adhesion and optical reflectivity can be tailored. Adhesion of the
magnetic-core pollen can be tuned, relative to native pollen, through the
combination of tailorable short-range interactions (over ∼5 nm, via van
der Waals forces and hydrogen bonding), an intermediate-range (over
several μm) capillary force, and long-range (over ∼1 mm) magnetic
attraction. The magnetic force could be controlled by the amount of
iron oxide loaded within the core of the pollen particle, while the short-
range interactions and capillary force can be tuned by coating with polystyrene nanoparticles and/or a layer of viscous pollenkitt
on the exine shell surface. Such coatings were also used to tailor the optical reflectance of the magnetic pollen particles; that is,
the light-reflectance intensity was enhanced by coating with pollenkitt and significantly reduced by coating with polystyrene
nanoparticles. This approach for generating multifunctional core/shell microparticles with tailorable adhesion and optical
reflectivity may be extended to other pollen or biological particles or to synthetic biomimetic particles. Such independent control
of the core and shell chemistries enabled by this approach also allows for the generation of microparticles with a variety of
combination in functions tailorable to other properties.

■ INTRODUCTION

The control of particle adhesion on surfaces has long been of
fundamental interest, as well as being crucial for a variety of
technologies, including for paints,1,2 adhesives,3−5 electronics,6,7

photonics,8 and medical imaging/treatments.9−12 However,
most experimental studies and models for studying adhesion
are based on smooth spherical particles. There has been far less
investigation to understand the adhesion of regular, non-
spherical particles possessing surface features with well-
controlled patterns. Indeed, the fabrication of microparticles
with uniform, tailorable, three-dimensional (nonspherical)
shapes, controlled surface topographies, and adjustable
chemistries remains a nontrivial challenge.
Nature is a remarkable source of inspiration for the design of

microscale particles with complex morphologies tailored for a
variety of functions, including adhesion. For example, pollen
particles have received increased interest in recent years as
abundant, renewable, robust, adhesive biogenic microparticles
with unique chemical and structural characteristics.13−16 The
tough outer shell (exine) of pollen is composed predominantly

of sporopollenin, a cross-linked polymer consisting of fatty
acids and modest levels of oxygenated aromatic and phenyl-
propanoid residues.17,18 Pollen particles range in size from a
few microns to hundreds of microns in nominal diameter, with
a remarkable variety of exine structural patterns found among
different species of pollen, including complex reticulated or
echinate morphologies.19−21

The known surface chemistry and available range of complex
species-specific (reproducible) morphologies make pollen
particles attractive as sustainable microscale templates for
further chemical tailoring to affect adhesion or to enable new
functions.22−29 Indeed, a number of groups have used coating
or infiltration techniques to modify the chemistry of pollen for
desired (bio)chemical, electrical, structural, or fluid dynamic
properties.26−33 A recent example is the conformal, layer-by-
layer coating of pollen with iron oxide, followed by organic
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pyrolysis and oxide crystallization, to yield magnetite replica
particles with multimodal magnetic (long-range) and van der
Waals (short-range) adhesive properties.28,29

Concerns over the effects of airborne pollen particles on
atmospheric optical properties and urban visibility, and the
desire to develop sensitive and rapid methods for detecting
such biological microparticles for public health monitoring,
have led to significant interest in the light scattering properties
of pollen.34−38 Surbek et al. have reported that elastic light
scattering of individual pollen particles yielded scattering
patterns that could be correlated to species-specific pollen
morphologies (pollen grain shape, size, surface topogra-
phy).36,39 However, the chemical tailoring of pollen particle
to affect light scattering and reflectivity has not, as far as the
present authors are aware, been reported.
The objective of this paper is to demonstrate how pollen

particles can be transformed into multifunctional core/shell
microparticles with both tailorable multimodal adhesion and
optical reflectivity. The approach taken herein has been to
selectively replace the pollen core with magnetic material while
retaining the morphology and chemistry of the external
sporopollenin shell. The external surface of the sporopollenin
shell was then coated with other materials (nanoparticles or
fluids) to further affect adhesion and/or to tailor optical
reflectivity. Demonstrating such independent control of the
chemistry of the pollen core and external surface would then
provide a highly versatile means of tailoring such sustainable
and readily available biological microparticles for a diversity of
multiple functions combined.

■ EXPERIMENTAL SECTION
Pollen Preparation. Nondefatted native ragweed (Ambrosia

artemisiifolia, NR) pollen was purchased from Greer Laboratories
(Lenoir, NC) and stored at 4 °C. In order to obtain clean hollow
pollen particles, a three-step procedure was applied to selectively
remove the outer pollen coating (pollenkitt) and the contents of the
pollen core. The nondefatted ragweed pollens were treated in an
aqueous KOH (6 wt %) solution for 1 day followed by a concentrated
H3PO4 (85 wt %) solution for 6 days, by using a rotational shaker
(Barnstead Thermolyne Lab Quake Shaker Rotisserie). The pollen
particles were then washed with DI water three times and each time
isolated by centrifugation (2.5 × 1,000 rpm, 15 min) in a Centra cl2
centrifuge (Thermo Scientific IEC). Finally, these base/acid-treated
pollen particles were washed in a mixture of chloroform and methanol
(3:1), which is known to be a solvent for external pollenkitt and other
residual intracellular soluble organics (but not a solvent for the
sporopollenin exine). The resulting hollow ragweed particles
(designated as HR) were then dried overnight at 40 °C in a
conventional oven.
Preparation of Magnetic Ragweed (MR) Pollen. The

magnetic-core pollen particles were prepared via an in situ synthesis
procedure reported for generating magnetite (Fe3O4) nanoparticles
within the core of the hollow sporopollenin shell.40 First, a Fe3+/Fe2+

(2:1) solution was prepared by mixing solutions of 8.11 g (50 mmol)
of FeCl3 (Alfa), 4.97 g (25 mmol) of FeCl2·4H2O (Alfa), 2.5 mL of 5
M HCl, 2.5 mL of ethanol, and 20 mL of DI-water in a vial, followed
by heating at 40 °C until all iron salts were completely dissolved. Then
∼0.2 g of HR particles were dispersed in the above Fe3+/Fe2+ (2:1)
solution and agitated using a rotational shaker overnight at room
temperature. The particles were filtered and quickly washed with DI-
water until the filtrate was clear and then transferred immediately into
a 5 M ammonia solution to initiate precipitation of magnetite
nanoparticles in the pollen core. The DI-water washing step was
important to remove excess external Fe3+/Fe2+ (2:1) solution prior to
precipitation of the iron oxide nanoparticles. After 2 h, the particles
were isolated from the solution by filtration, washed with DI-water,

and then oven-dried at 60 °C overnight. The resulting dark-yellow
magnetic ragweed pollen particles were quickly washed with an 1 M
HCl solution and DI-water to remove any large iron oxide debris on
the outside surfaces of the sporopollenin shells and oven-dried at 60
°C overnight. The magnetic-core ragweed pollen shells prepared as
above were denoted as MR. In order to tune the volume of iron oxide
in the MR pollen core, the same procedures were applied with the
Fe3+/Fe2+ (2:1) solution diluted by a factor of 2 or a factor of 4. These
latter magnetic ragweed pollen particles were then denoted as MR1 or
MR2, respectively.

Preparation of Magnetic-Core Pollen Shells Coated with
Polystyrene Nanoparticles or Pollenkitt. About 50 mg of MR
particles was dispersed in 10 mL of DI-water, to which 0.2 mL of a
polystyrene (PS) nanoparticle dispersion (Alfa, 50 nm, 2.5 wt % in
water) and 2 mL of tetrahydrofuran (THF) were added, followed by
agitation using a rotational shaker for 15 min. The mixture was then
washed with DI water and isolated by centrifugation (5 × 1,000 rpm, 5
min, VWR Micro 1207) three times. These pollen particles were
denoted as MR@PS.

The pollenkitt (PK) was extracted from nondefatted dandelion
pollen (purchased from Greer Laboratories, Lenoir, NC) by exposure
to a mixture of chloroform and methanol (3:1). After removal of the
solvent, deep orange viscous pollenkitt was obtained. The pollenkitt
was redissolved in methanol at three different concentrations of ∼20,
40, and 80 mg/mL. MR particles were dispersed into each of the
pollenkitt-methanol solutions overnight. A drop of each dispersion was
then transferred to a glass slide and held at room temperature to allow
for complete methanol evaporation. The samples were denoted as
MR@PK, MR@PK1, and MR@PK2, with respect to the three
concentrations of PK solutions used: 20, 40, and 80 mg/mL,
respectively.

Preparation of Substrates for Adhesion Studies. Polystyrene
(PS, Mw = 230,000, Sigma-Aldrich), polyvinyl acetate (PVAc, Mw =
50,000, Alfa Aesar), and poly(vinyl alcohol) (PVOH, Mw = 89,000−
98,000, Sigma-Aldrich) were used in as-received states without further
purification. The PS solution was prepared by dissolving 10% by mass
in toluene, while 5% by mass PVAc and PVOH solutions were
prepared in hexafluoroisopropanol (HFIP, TCI America). Polymeric
test surfaces were prepared as thin polymer films on Piranha-etched
(30/70 vol %H2O2/concentrated H2SO4 at 80 °C for 2 h) silicon
substrates, by using a knife-edge coating technique described in detail
elsewhere.41 Films were dried at room temperature for 24 h after
coating and then annealed at 80 °C under vacuum for 2 h. The
resulting films possessed thicknesses, as measured with interferometry,
of approximately 1−2 μm, which far exceeded the range of van der
Waals interactions (∼20 nm) and negated energetic effects of the
underlying silicon substrate on the polymer-pollen interactions. A
strongly magnetized ferromagnetic substrate, consisting of an axially
poled neodymium−iron-boron alloy (permanent magnet, residual
induction = 12,300 G) disk onto which a polished nickel foil (weakly
ferromagnetic, 0.15 mm thick) was attached, was utilized in the long-
range magnetic force measurements. The mean (Ra) and root-mean-
square (rms) surface roughness values of each surface coating were
obtained from topography scans of three random 10 × 10 μm2 areas
on each substrate surface using atomic force microscopy (AFM, Veeco
Dimension 3100).

Adhesion Force Measurements. The adhesion force was
measured using AFM. Tipless rectangular cantilevers with nominal
spring constants of 1.2−6.4 N/m (Applied NanoStructures, Inc., Santa
Clara, CA) were used. Single pollen particles were glued to the tipless
cantilevers with a small amount of epoxy resin using a procedure
described in detail elsewhere.13 The actual spring constants for the
cantilevers with the attached pollen particles were determined directly
by the thermal tune methods.42,43 A series of 20 force−distance curves
were measured for each combination of pollen tip-polymer surface.
For each pairing, three separate substrate surfaces were used, with
three randomly chosen 1 cm × 1 cm areas evaluated on each substrate,
under a normal air condition (20 °C, humidity 30%). Three separate
pollen AFM tips for each type of pollen particle sample were used, and
the applied load during force measurements was 2.5 nN.
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Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), and Chemical Analyses. After all force
measurements were completed, the pollen probe tips were sputtered
with gold and then mounted on metal stubs using carbon tapes. The
pollen probes were then characterized using a field emission gun
scanning electron microscope (LEO 1530 Gemini FESEM, Carl Zeiss,
Inc., Oberkochen, Germany) operating at an accelerating potential of
10.0 kV. The SEM was also equipped with an energy-dispersive X-ray
spectroscopy analysis system (X-Max EDS, Oxford instruments,
Abingdon, Oxford), which was used for the elemental analysis of the
inorganic material within the pollen particle (operated with an 8.5 mm
working distance at 10 kV). TEM analyses of magnetic core pollen
particles were performed with a TECNAI F30 microscope (FEI,
Oregon, USA), operated at 300 kV. TEM samples were prepared by
first mixing the MR particles with epoxy (Epoxy Technology Inc.,
Billerica, MA) and then introducing the mixture into a copper tube
(inner diameter = 2.2 mm, height = 2.5 mm). After curing of the epoxy
at ∼100 °C, the tube was ground into a disk with a thickness of about
100 μm. The disk was then dimpled with a dimple grinder (Gatan Inc.,
Pleasanton, CA) so that the central thickness of the disk was about 20
μm. Finally, the disk was ion milled (PIPS, Gatan Inc., Pleasanton,
CA) to perforation. X-ray photoelectron spectroscopy (Thermo K-
Alpha, Thermo Fischer Scientific, Inc., Waltham, MA, USA) was
conducted using a monochromatic Al kα source (1486.6 eV), a spot
size of 400 μm, a pass energy of 200 eV, a step size of 0.5 eV, and a 50
ms dwell time.
Hyperspectral Analyses. Native pollen, as well as magnetic-core

pollen particles, were analyzed for reflectance with or without the
addition of pollenkitt or polystyrene nanoparticles. Both the
wavelength and the intensity of the reflected spectra were recorded
as a function of position (spatial mapping) on a given single pollen
sample. The analyses were conducted with the PARISS Hyperspectral
Imaging system (LightForm, Inc., Asheville, North Carolina, USA)
and performed using a Nikon 80i microscope outfitted with a
monochrome Retiga 2000R, CCD camera (QImaging, BC, Canada).
Spectra were mapped under specular reflectance mode using a
tungsten halogen white light source. Wavelength calibration was
performed with a MIDL Hg+/Ar+ emission lamp (LightForm, Inc.,
NC, USA), and the accuracy was recorded and verified to be better
than 2 nm. For relative comparison of spectral intensities, all
acquisition parameters were kept the same except for exposure time.
All spectra were then expressed relative to the lowest exposure time
used across samples. All spectra from one individual pollen particle
showing >99% closeness of fit were identified by one single
representative spectrum. In all cases, all analyzed pollen samples
showed a mapped area for the representative spectrum that was >90%,
indicating strong homogeneity in the reflectance per treatment.

■ RESULTS AND DISCUSSION
Structural Characterization of Hollow and Magnetic

Ragweed Pollen Particles. Figure 1a reveals a cross-sectional

view of the hollow core of an HR ragweed pollen particle.
Magnetic-core ragweed pollen particles (MR) were obtained
through salt diffusion into, followed by precipitation of
magnetic iron oxide nanoparticles within, such a hollow pollen
interior. The successful loading of magnetic iron oxide inside
the hollow ragweed pollen particles was verified using SEM
images (Figure 1b), EDS analyses (Table 1), and visual

observations of the migration of MR particles, when placed
within water, toward a permanent magnet (Figure S1). The
SEM images shown in Figures 2(a) and (b) reveal clean shell
morphologies of both the base/acid-treated ragweed pollen,
HR, and as-prepared magnetic pollen, MR. The compositions
of the HR shell and the MR shell, obtained by EDS and XPS
analyses, are shown in Table 1 and Table S1, respectively.
The HR particle shell consisted mainly of carbon and oxygen

with no detectable iron. As expected, EDS analysis of the MR
particle core revealed primarily iron and oxygen. However, a
small amount of iron was also detected in the MR shell by EDS
analyses, even though iron oxide particles were not clearly
observed by SEM analyses of the external surface of the MR
shell. Iron was also detected by XPS analyses of intact MR
particles (Figure S3, Table S1), which indicated that such iron
existed at or very near the external shell surface. STEM/EDS
analyses were then obtained from an ion-milled cross-section of
the MR shell. As shown in Figure 3, iron was detected at
various locations through the MR shell, presumably due to the
precipitation of iron oxide within the channels running through
the shell. This small amount of iron oxide absorbed on/in the
shell of MR particles played an important role on the adhesion
behavior ofMR particles with various substrates, as discussed in
detail below.
It has been reported recently that sporopollenin can be

coated by metal nanoparticles to allow for surface-enhanced
Raman scattering and to generate lightweight materials with
good conductivity.44,45 However, such in situ metal reductions
on the sporopollenin biopolymer matrix usually result in
irregular and modest metal nanoparticle coverage. In the
present work, the MR particle surfaces were coated with a high
loading of polystyrene (PS) latex nanoparticles (50 nm
diameter) by the solvent-controlled heterocoagulation meth-
od,46 in order to allow for significant tuning of both adhesion
and optical reflectance. The monodispersed PS nanoparticles
were stabilized with anionic charges from surface sulfate groups,

Figure 1. Secondary electron images of (a) the hollow core of a hollow
ragweed (HR) particle and (b) the solid iron oxide core of a magnetic
ragweed (MR) particle (black arrow indicates the shell; red arrow
indicates the core). The particles were sectioned with a thin, sharp
blade.

Table 1. Average Elemental Compositions of the Pollen
Shell of Hollow Ragweed (HR) and Magnetic Ragweed
(MR) Particles and the Core of MR Particles, by EDS
Analysis

HR MR

shell shell core

element wt% at% wt% at% wt% at%

C 73 80 65 76 21 39
O 21 17 21 18 25 36
N 0.65 0.61 1.2 1.2 0.88 1.4
Na 0 0 0 0 1.1 1.1
Si 1.8 0.083 1.4 0.62 1.6 1.3
Cl 0 0 0.72 0.060 0.45 0.060
Fe 0 0 4.9 1.2 49 20
P 1.6 0.66 3.0 1.4 0.88 0.65
S 1.5 0.60 2.8 1.2 0.66 0.47
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and the shell surfaces of ragweed pollen particles (HR andMR)
were also negatively charged according to the zeta-potential
measurements (−58 ± 5 mV). Thus, electrostatic attraction
was not the driving force for the heterocoagulation of the PS
nanoparticles onto the pollen particles. However, THF addition
to water swells the pollen particles and simultaneously induces

heteroaggregation of the PS and pollen particles by reducing
the dielectric constant, and therefore the Debye length,
controlling pollen-PS repulsion.46 As shown in Figures 2c and
S4, MR pollen particles were heavily coated by several dense
layers of PS nanoparticles. However, the thickness and coverage
of the PS nanoparticle coating was reduced at locations near the
tips of spines (Figure S4a).
Native pollen particles are coated with an oily viscous liquid

that resides on/within cavities in the exine wall.47 This coating
material, named pollenkitt (PK) by Knoll,47 is especially
prevalent in entomophilous plants and is comprised of a mixture
of saturated and unsaturated lipids, and lesser amounts of
carotenoids, flavonoids, proteins, and carbohydrates, and is of
great importance in pollination ecology.48,49 For example, the
major components of PK of the sunflower pollens (Helianthus
annuus) are the triterpene and β-diketones.50 The identification
of components is quite sensitive to the method used for
extraction and the analytical techniques chosen. For the
pollenkitt used in this work, it was extracted from nondefatted
dandelion pollen, and its major components were identified as
polysaccharide (decomposes into butyrolactone and tetrahy-
dro-2-furanol), fatty acids, and saturated hydrocarbon by GC-
MS shown in Figures S5 and S6. Although the specific chemical
compositions of pollenkitt from different plant pollens are
varied, the general classes of molecules represented are
relatively conserved, and the measured surface energy and
wettabilities of PK from dandelion and sunflower pollens are
well comparable.15

Pollen dispersal has been widely validated to be facilitated by
the ability of PK to keep pollen particles together when
dispersed and to promote pollen adhesion to animals.18

Previous work has shown that a significant enhancement in
the adhesion of natural pollen to surfaces occurs through
capillary interactions enabled by PK.15 Here, a facile solvent
dispersion/evaporation method is demonstrated for recoating
PK onto the shell surfaces of pollen particles to enable tuning
of their capillary forces on different surfaces. The resulting PK-
coated magnetic ragweed pollen (MR@PK) particles are
displayed in Figures 2d and S7. The PK fully wetted the MR
particle surfaces, with varied coating thicknesses that could be
adjusted by controlling the concentration of the PK in the
methanol solutions. The PK coating thicknesses were estimated
as ∼100−200 nm, 200−300 nm, and 400−500 nm for MR@
PK, MR@PK1, and MR@PK2 particles, respectively.

Selection and Preparation of Substrates and AFM
Probes. Five different substrates were used to examine the
effect of surface chemistry on the adhesion forces of each pollen
particle. PS was chosen as a model apolar hydrocarbon
substrate. PVOH and PVAc were chosen to represent organic
materials with protic and basic characteristics, respectively. The
polymer films used herein exhibited a range of water contact
angles (θw) of 46°, 61°, and 101° for PVOH, PVAc, and PS,
respectively. Piranha-etched silicon (Si) is a model inorganic,
hydrophilic, and protic surface with θw ≈ 14°. Piranha-treated
Si is known to bear a thin oxide layer (2−10 nm thick)
consisting of both oxygenated (SiOx) and hydroxylated (SiOH)
silicon. To provide a model metallic substrate, as well as to
explore the magnetic force of attraction, a nickel-coated
magnetic substrate (Ni−Nd) was also selected (θw ≈ 80°).
The rms surface roughnesses of all substrate surfaces (Table
S2) fall within a range of 0.3 to 2.8 nm. Since the variation in
roughness was orders of magnitude smaller than the scale of
pollen surface microtopography (Figure 2), the effect of these

Figure 2. Scanning electron micrographs of (a) hollow ragweed (HR),
(b) magnetic ragweed (MR), (c) magnetic ragweed pollen coated with
PS (MR@PS), and (d) magnetic ragweed pollen coated with PK
(MR@PK). Low and high magnification images are indicated by ‘1’
and ‘2’, respectively.

Figure 3. (a) Transmission electron micrograph of an ion-milled
cross-section of a magnetic ragweed (MR) particle placed on a Cu grid
and (b)-(e) EDS analyses obtained at various indicated positions
within the external shell.
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small differences in roughness was likely to be negligible relative
to other effects observed herein.
The cantilevers with pollen particles attached are shown in

Figure S8, taken after all force measurements were completed.
The high magnification secondary electron images in this figure
reveal the surface ornamentations of each cleaned pollen
particle (HR and MR), MR@PS, and MR@PK. No obvious
damage to pollen particle surfaces was observed after typical
applied forces (2.5 nN, approximately the weight of a single
pollen particle). As demonstrated previously, the pollen
particles were not subjected to measurable deformation and
did not exhibit compliance under the small loading forces used
here.15

Adhesion of Magnetic-Core Ragweed Pollen. Figure
4(a) reveals the adhesion forces of HR, MR, and MR@PS

particles by contact-mode AFM measurements with five
different substrates. The adhesion forces between HR and
various substrate surfaces were independent of the wettabilities
of the substrate surfaces. This is consistent with previous
demonstrations that clean pollen adhesion is governed by
short-range (<5 nm) VDW forces.13,15 In contrast, an
interesting variation of the adhesion forces of MR particles
with the five substrate surfaces was observed, in which the
short-range forces decreased as the water wettabilities of the
substrate decreased from Si to PS (Figure 4a). The
representative force−distance curves are displayed in Figure

4b (for tip-to-surface distances below 2 μm). The correlation of
the short-range adhesion forces with the substrate wettability
suggested that the VDW attraction was not the only short-
range interaction between the pollen spines and substrate
surfaces; that is, other specific interactions, such as hydrogen-
bonding, may also be important. Hydrogen bonding may result
from native −OH or iron oxide or −NH2 groups on the pollen
shell introduced during exposure to the ammonia solution.
Control measurements of the adhesion forces between HR_A
(HR particles directly treated by 5 M ammonia solution)
showed no apparent dependence of adhesion forces of HR_A
with water wettability of the surfaces (Figure S9). These results
suggest the dependence of adhesion of MR particles with
various surfaces could be due to the effect of iron oxide present
on the external surface of the pollen shell. As noted earlier, a
small amount of iron oxide was detected on/in the MR shell by
XPS, SEM/EDS, and TEM/EDS (Figures 3 and S3, Table 1).
By using van Oss and Good’s Lifshitz-van der Waals acid−

base theory for the solid (MR surface, P)−solid (substrate
surface, S) interface, the relationship of the short-range
adhesion force with the surface energies and molecular
structures of the polymers can be expressed as51

α γ γ γ γ γ γ∝ + ++ − − +F b cad P
vw

S
vw

P S P S (1)

where Fad is the experimentally determined adhesion force, and
a, b, and c are coefficients scaling the VDW and acidic-basic
contributions, respectively. Since the VDW components of the
substrates (6.3 < (γS

vW)1/2 < 6.5) are similar and, in this model,
the magnitude of the acid contribution from the substrates
(γS

+) is negligible (Table S3), eq 1 can be simplified as follows:

γ∝ + −F a bad S (2)

The adhesion force data was fitted to the form of eq 2, as
shown in Figure 5. Fitting all five substrate surfaces led to a

correlation coefficient, R2 ∼ 0.96, suggesting that the
differences of total adhesion forces on the varied surfaces
resulted from the basicity of the substrate surfaces. The effect of
the basicity of the substrate surfaces was consistent with the
polar interactions of iron oxides with substrate surfaces, where
the oxygen groups (Si−O) on the substrate surfaces can act as
the major electron donor components and form hydrogen

Figure 4. (a) Total adhesion forces between the hollow ragweed
(HR), magnetic ragweed (MR), and magnetic ragweed pollen coated
with PS (MR@PS) AFM probes and various substrates. Error bars are
95% confidence intervals. (b) Force−distance curves between
magnetic ragweed particle (MR) and various substrate surfaces.

Figure 5. Linear fitting of eq 2 to the short-range adhesion force data
for magnetic ragweed (MR) particles on various substrates.
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bonds and dipole−dipole interaction with the hydroxyl group
of Fe−OH and the Fe ions of iron oxides on the pollen exine
shell (after HCl rinse), respectively.
The short-range adhesion force associated with a given

substrate surface was also significantly larger for MR@PS
particles than for MR particles which, in turn, was larger than
for HR particles (Figure 4a). For example, the adhesion forces
between these three chemically treated pollen particles and PS
surfaces were 63 ± 9 nN for MR@PS particles, 32 ± 3 nN for
MR particles, and 18 ± 4 nN for HR particles. For interaction
with a PS surface, the adhesion force was primarily governed by
VDW interactions. Differences in the short-range adhesion
force magnitudes for these three types of pollen particles
interacting with the same substrate surface are likely to be due
to differences in surface chemistry and structure. Differences in
the surface chemistries of these three pollen particles should
have altered their VDW components (γp

vW), since the
nonretarded Hamaker constants for the pollen shell (for HR
particles), iron oxide (for MR particles), and PS (for MR@PS
particles) are ∼8.5 × 10−20 J, 21 × 10−20 J, and 6.58 × 10−20 J,
respectively.15,52 The contact radii, R, estimated as the pollen
ornamentation spike radius from SEM images, were found to
be 45 ± 5, 70 ± 5, and 120 ± 10 nm for HR,MR, andMR@PS
particles, respectively. The increased spine radius of MR was
attributed to the presence of iron oxide on the shell surface
(Table 1 and S1, Figures 3 and S3), while MR@PS particles
displayed even larger effective spine radii due to the presence of
PS nanoparticles on the end of spike tips (Figures S4a and
S8c2).
The total adhesion force acting between MR particles and a

Ni−Nd magnetic substrate is also plotted versus probe-distance
from the substrate surface in Figure 4b (orange line). The total
adhesion force between these particles and this substrate
includes both the short-range VDW interaction and long-range
magnetic interaction. The longer-range magnetic forces acting
between particle/cantilever probes and the axially magnetized
permanent magnet were measured with the probes located at
two radial positions over the Ni−Nd substrate: at the center,
and near the outer perimeter (edge), of the disk-shaped Ni−Nd
substrate. As shown in Figure 4b (green diamonds labels), no
appreciable magnetic attraction was detected between the MR
particle and the Ni−Nd disk when the particle was positioned
above the center location of the Ni−Nd disk, where the
magnetic field was undetectable. However, a strong magnetic
attraction was detected between the MR particle and Ni−Nd
disk when the particle was located above the outer perimeter of
disk, which is the position where the magnetic field intensity
associated with this magnetized Ni−Nd substrate was the
highest.28 The magnetic force was detected at a vertical distance
out to ∼1 mm, with a decrease in this separation distance
resulting in an increase in the magnitude of the magnetic force
(Figure 3b, orange line). The total adhesion force between the
MR particle and the Ni−Nd disk substrate (at the perimeter of
the disk) was ∼61 nN, with the short-range VDW and longer-
range magnetic forces contributing ∼33 nN and ∼28 nN,
respectively. In other words, the total adhesion force acting
between the MR pollen particle and the magnetic edge of the
Ni−Nd disk substrate was much larger than the total adhesion
force experienced with the other four (nonmagnetic) substrates
(∼54 nN, ∼47 nN, ∼40 nN, and ∼32 nN for Si, PVOH, PVAc,
and PS, respectively).
The force acting on a magnetic particle inside a magnetic

field can be expressed as53

χ
μ

= ·Δ ·∇F
V

B B( )
o (3)

where V is the volume of the magnetic material in the particle
(m3), Δχ is the difference in magnetic susceptibilities between
the particle and the surrounding medium (dimensionless), μo is
the permeability of vacuum (T·m·A−1), and B is the applied
magnetic field (T). According to eq 3, the magnetic force
depends on the volume of magnetic material present in the
particle, V. Here we applied a facile method to adjust the
volume of magnetic material in the core of the MR pollen
particle, in order to tune the magnetic attraction of the MR
pollen particle with the Ni−Nd disk; that is, the volume of the
deposited iron oxide in the MR core was controlled by simply
adjusting the concentration of the Fe3+/Fe2+ solution (with the
magnetic cores of the MR1 and MR2 particles generated with
1/2 and 1/4 of the iron concentration, respectively, as for the
MR particles). The varied amounts of iron oxide deposited in
the particle cores were estimated and confirmed by TGA
analysis in Figure S10. As shown in Figure 6, the magnetic force
decreased monotonically with the amount of iron oxide
deposited in the particle cores.

Enhanced Adhesion of Magnetic and PK-Bearing
Pollen. The adhesion mechanisms of natural pollen to
manmade or natural surfaces are not fully understood, with
the possible roles of a variety of surface characteristics (i.e.,

Figure 6. Long range magnetic forces between the magnetic perimeter
of the Ni−Nd substrate and three different magnetic ragweed (MR)
particles: (a) long-range magnetic force−distance curves and (b)
magnetic force values obtained with varied volumes of iron oxide in
the MR cores.
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varied influences of surface structural and chemical factors) still
requiring further experimental exploration. Nonetheless, the
capillary force attributed to a viscous pollenkitt coating has
proven to play a significant role in pollen adhesion.15,16 In this
work, the combined influence of PK/capillary-based adhesion
with short-range (i.e., VDW, hydrogen bonding) and longer-
range magnetic adhesion has also been examined. Such
multimodally adhesive particles were prepared by applying
controlled amounts of PK to the shells of the magnetic ragweed
particles (MR@PK; Figures 2d and S8d). The total adhesion
forces between MR@PK particles with varied surfaces are
displayed in Figure 7a, with typical force−distance curves for

MR@PK particles with the magnetic Ni−Nd substrate (at the
center or perimeter locations) plotted in Figure 7b (The small
undulation of the AFM forces is due to an optical effect during
the probe approach and retraction.). The total adhesion forces
of the MR@PK particles were greater by a factor of ∼2−30
relative to HR and MR particles, depending on the thickness of
the PK coating. This enhancement was caused by the capillary
interaction of PK between MR@PK particle and substrate,
which operated over the intermediate range of a few microns, as
seen in Figures 7b and S11. The PK-enabled capillary force was
also found to decrease in the substrate order Si > PVOH >

PVAc > PS, which was consistent with a monotonic decrease in
the contact angle of PK in this substrate order.
To evaluate the role of capillary meniscus forces on the pull-

off force for each substrate, a capillary force model was
developed to describe the adhesive force of a liquid bridge
between a sphere and a flat surface. Upon retraction, the
adhesive force of a liquid bridge can have both a capillary
contribution (due to the surface tension and LaPlace pressure
across the curved meniscus), as well as an adhesive force upon
retraction due to the viscous resistance upon capillary thinning.
For a liquid bridge with constant volume, V, the capillary
meniscus force at constant volume can be expressed as54
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where γ is the surface tension of the liquid (0.045 N m−1 for PK
at 30% RH15), R is the sphere radius, β is the filling angle, θ1
and θ2 are the contact angles of liquid to sphere and to the
plane, and D is the distance between the sphere and the planar
surface. V was assumed to be constant, since drops of PK do
not evaporate in air. The filling angle β was estimated to be
∼10−40°, which was dependent on the amount of PK.
Using both c and V as fitting parameters, the green dashed

fitting lines were generated in Figures 7 and S11. These fitted
lines agreed well with the experimental retraction results. The
fitting results for the values of c and V are listed in Table S4.
From the fitting, the volumes of the PK bridges between MR@
PK1 and various substrates decreased from Si to PVOH to
PVAc to PS to Ni−Nd, which was consistent with decreased
PK wetting in the same substrate order (as determined by
contact angle measurements of these substrates with PK, Table
S2). This trend in fitted capillary volume values was also
consistent with the longer observed range of capillary force-
based adhesion on the Si surface (from ∼100 nm to ∼800 nm)
relative to the Ni−Nd surface (from ∼100 nm to ∼400 nm), as
shown in Figures 7 and S11. In the fitting procedure above, the
contribution of the viscous resistance (hydrodynamic force) to
capillary thinning was neglected, since the magnitude of this
force contribution was estimated to be several orders of
magnitude smaller than the capillary contributions resulting
from surface tension and LaPlace pressure (as discussed in the
Supporting Information).
The coated thickness of PK was controlled by simply

adjusting the PK concentration in the coating solution. The
thicknesses of PK coatings on the magnetic pollen particles
were estimated by AFM to be ∼100−200 nm, 200−300 nm,
and 400−500 nm for MR@PK, MR@PK1, and MR@PK2
particles, respectively. The magnitude of the adhesion forces of
MR@PK particles on the Si surface increased with the
thickness of PK coating, from ∼110 nN for 100−200 nm
coatings to ∼750 nN for 400−500 nm coatings (Figure 7a).
The increased thickness of the PK coating resulted in the
formation of PK capillary bridges with larger volumes. The
resulting higher filling angle β of the PK bridge also led to a
higher capillary force.15 The volumes of the PK bridges,
obtained through fitting of the force−distance curves (Figure
S12) with eq 4, for eachMR@PK sample are listed in Table S7.

Figure 7. (a) Total adhesion forces of hollow ragweed (HR),
nondefatted (ND), magnetic ragweed (MR), andMR@PK with varied
PK coating thicknesses on various substrate surfaces. Error bars are
95% confidence intervals. (b) Force−distance curves between MR@
PK1 and magnetic surfaces.
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For the magnetic Ni−Nd surface, the additive effects of both
the capillary force and magnetic force contributions were also
observed. The magnetic force was, of course, independent of
the application of a PK coating and was the same for all the
magnetic pollen particles (∼30 nN). With no PK or at low PK
coating thicknesses, the magnetic force was an important
component of the total adhesion force. For example, for MR@
PK particles, the total adhesion force at the perimeter location
of the Ni−Nd substrate (∼100 nN) acting over a short distance
(∼10 nm) consisted predominantly of the sum of the capillary
force (∼70 nN) and the magnetic force (∼30 nN). It was
comparable with the total adhesion of MR@PK particles on Si
(∼110 nN), consisting of the sum of short-range and capillary
force, and was larger than the total adhesion forces on PVOH
(∼95 nN), PVAc (∼86 nN), and PS (∼75 nN). However, with
PK coatings of increasing thickness, the magnetic force
contribution became much less important (e.g., the capillary
force increased to ∼500 nN for MR@PK2 particles).
Tuning Optical Properties via Tailored Coatings. The

light scattering behavior of pollen has been found to be
correlated with morphological characteristics (shape, size,
surface topography) of such biogenic particles.36,39 In the
present work, hyperspectral reflectance imaging was used to
evaluate the reflectivities of ragweed pollen particles with varied
surface treatments (Figure 8). It is notable that the light

reflectance intensities of native ragweed pollen (NR) and PK-
bearing magnetic-core pollen (MR@PK) were much higher
than for the hollow cleaned HR pollens lacking PK on the shell
surface. In addition, magnetite cores alone with no surface
treatment (MR) increased optical reflectance to a value in
between NR and MR@PK. On the other hand, the magnetite-
core pollen coated with PS nanoparticles (MR@PS) displayed
significantly reduced light reflection intensity, lower than all
others. SEM images indicated that there were no appreciable
differences in the sizes and shapes of the different base pollen
particles. In the absence of such morphological differences, the
influence of the refractive indices of materials on the shell
surface and within the particle core should be considered. The
refractive indices of PS and magnetite are ∼1.60 and 2.42,
respectively.55,56 According to the standard Cargille Refractive
Index Liquids (Cargille Laboratories, Inc.), the refractive
indices of ragweed pollen and PK used in this work were

∼1.75 ± 0.50 and ∼1.90 ± 0.10, respectively. The observed
relative values in reflectance intensities are consistent with these
refractive indices if one takes into consideration the surface and
internal microstructure of the sporopollenin shell. For example,
using NR as a reference, we note that the highest reflectances
occurred for samples containing high index magnetite cores,
MR and MR@PK. These cores provide internal reflective
interfaces with air or sporopollenin, due to the large with large
differences in refractive index. The PK coating likely enhances
reflectance of MR@PK above MR by filling outer surface
defects on the pollen shell (reducing scattering) and allowing
more light transmission to and from the high index magnetite
core. Without the PK coating that NR possesses, acid-cleaned
HR particles show significantly reduced reflectance. The acid
cleaning process also likely opens up internal pore spaces
within the sporopollenin, leading to diffuse scattering within the
shell microstructure. Not only does PS have the lowest
refractive index among these materials, but the roughened
surface of MR@PS may decrease transmission to and from the
internal magnetite core interface.

■ CONCLUSIONS
A facile strategy for transforming native pollen into a
multifunctional adhesive particle with tunable short-, medium-,
and long-range adhesion modes, as well as tailored optical
reflectivity, is demonstrated. The external pollen shape and size
were preserved after base/acid treatment to selectively remove
the internal pollen core, followed by the infiltration and
precipitation of magnetic iron oxide within the pollen core.
While the adhesion of cleaned ragweed pollen on all substrates
examined was governed by short-range VDW forces (∼20−30
nN), the adhesion of magnetic-core pollen particles to a
magnetic substrate was significantly enhanced with the addition
of a long-range magnetic force (∼30 nN, out to ∼1 mm). The
addition of an exterior pollenkitt coating contributed an
additional significant medium-range capillary force (up to
∼800 nN, 5−2,000 nm), and the addition of a PS nanoparticle
coating increased the contact area that directly affected the
short-range VDW forces. The light reflective properties of
pollens or related particles can be adjusted by decoratively
coating a layer of low or high refractive index material, such as
nanoparticle-based film or a liquid film, respectively. The
pollenkitt coatings, which possessed an enhanced refractive
index relative to sporopollenin, yielded a strong enhancement
in light reflectivity. On the other hand, the coating of pollen
with polystyrene nanoparticles led to a significant reduction in
reflectivity. The present work demonstrates how chemical
tailoring of the core and shell of pollen can yield particles with
tailorable multimodal adhesion and optical reflectivity. Such
independent control of the chemistry of the pollen core and
external surface provides a highly versatile means of tailoring
the properties of such sustainable and readily available
biological microparticles. Indeed, this general approach may
be extended to generate pollen-derived (or other biologically
derived) microparticles with a wide variety of other chemistries
and functions (i.e., beyond tailored adhesion and optical
reflectivity).
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The Supporting Information is available free of charge on the
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Figure 8. Hyperspectral reflectance spectra of ragweed pollen
particles: native nondefatted (NR), treated hollow (HR), and
magnetic-core (MR, MR@PS, and MR@PK) pollen.
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XPS spectra and elemental compositions of the pollen
shells of HR and MR particles, surface tension values of
each substrate, GC-MS profiles of compositions of PK,
fitting parameters of Figures S10 and S11, photos
revealing the attraction of MR particles toward a
permanent magnet, high magnification SEM images of
MR@PS and of MR@PK, adhesion force data for HR
and HR_A, TGA curves of each samples, typical AFM
adhesion and calculated force−distance curves of MR@
PK particles on each substrate, and the experimental and
calculated force-curves of MR@PK particles on Si with
different PK coatings (PDF)
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