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ABSTRACT: We report the first syntheses of three-dimen-
sional (3D) nanocrystalline all-oxide replicas of pollen
microparticles tailored for multimodal (bioenabled and
synthetic) adhesion via use of a scalable, highly conformal
surface sol−gel (SSG) coating process. High-fidelity replication
allowed the pollen-shaped oxide microparticles to be utilized
for adhesion via tailorable short-range (∼10 nm) van der Waals
(VDW) attraction, with the magnitude of such VDW-based
adhesion influenced by the nanoscale topography of surface
features retained by the replicas. Conversion of the pollen into
ferrimagnetic (Fe3O4) microparticle replicas allowed the use of
magnetic attraction at short and long ranges (up to ∼1 mm). By selecting pollen particles with particular surface features and by
SSG-enabled conversion of such pollen into 3D nanocrystalline replicas composed of an appropriate type and amount of
magnetic oxide, adhesive microparticles with tunable short- and long-range attractive forces can be generated.
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■ INTRODUCTION

Adhesion by or on microparticles plays a critical role in a wide
range of developing and mature technologies, including drug
delivery, catalysis, water/chemical purification, sensing, anti-
fouling coatings and membranes, semiconductor device
processing, composite processing, paints, printing, and
xerography.1 Although predominant models and mechanistic
experimental studies for understanding adhesion have been
based on smooth spherical particles,2 microparticles with rough
surfaces and nonspherical shapes are desired for a number of
such technologies. However, the scalable fabrication of
microparticles with well-controlled surface asperities in a
variety of three-dimensional (3D) morphologies and with
tailorable chemistries to allow for tunable adhesion remains a
difficult synthetic challenge.
A rich sustainable source of 3D microparticles, with complex

morphologies affecting dispersion and adhesion in nature, is
pollen. Pollen particles come in a wide variety of 3D shapes and
surface topographies3 and are produced in large and increasing
quantities worldwide by plants.4 Atomic force microscopy
(AFM)-based adhesion measurements have recently5 shown
that the van der Waals (VDW) attraction of pollen particles to
various inorganic and organic surfaces scales directly with the
contact radii of asperities on the pollen surface; that is, the
selection of pollen particles with particular surface structural
features may be used to affect such VDW-based adhesion. The

purpose of the present article is to show, for the first time, how
such pollen particles may be converted into 3D ceramic replicas
endowed with tunable multimodal adhesion. In this demon-
stration, native pollen particles have been converted, via the use
of a highly conformal surface sol−gel (SSG)-coating process,6

into 3D replicas composed of ferromagnetic hematite (α-
Fe2O3) or ferrimagnetic magnetite (Fe3O4). The nanoscale
surface topography and the magnetic oxide content of such
high-fidelity replicas can provide for multimodal attraction to
surfaces via both short-range VDW and short-to-long-range
magnetic forces. Although other authors have used coating or
infiltration methods to chemically modify/transform pollen7

and other biological microparticles8 for desired (bio)chemical,
optical, electrical, structural, or fluidynamic properties, the
conversion of sustainable biogenic particles (like pollen) into
all-inorganic 3D replicas for the purpose of achieving tunable
multimodal adhesion has not been reported.

■ EXPERIMENTAL SECTION
Pollen Preparation. The conversion of sunflower (Helianthus

annuus) pollen (Greer Laboratories, Lenoir, NC) into iron oxide
replicas has been examined in this work. The pollen grains were first
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cleaned by immersion in a mixture of chloroform and methanol (3:1)9

for 24 h followed by deposition onto filter paper (P5, Fisher Scientific,
Pittsburgh, PA) and drying under vacuum at 60 °C for 12 h. A second
immersion was conducted in 1 M hydrochloric acid (VWR, Suwanee,
GA) for 1 h to remove residual inorganic material followed by rinsing
three times with deionized water and drying by vacuum aspiration at
room temperature for 5 min.
Computer-Automated LbL SSG Deposition. Fe−O-bearing

coatings were applied to cleaned pollen grains via a computer-
automated, layer-by-layer (LbL) SSG-deposition process.10 For the
first step of a given SSG cycle, pollen grains were immersed for 10 min
with stirring in a solution of 0.0125 M Fe(III) isopropoxide (Alfa
Aesar, Ward Hill, MA) in anhydrous 2-propanol (≥99.8% purity,
Acros Organics, Geel, Belgium) to allow the chemisorption of a Fe−
O-bearing layer. After rinsing three times with anhydrous 2-propanol
and vacuum filtration, the pollen grains were immersed in deionized
water (DIW) with stirring for 5 min to allow for the hydrolysis of the
chemisorbed alkoxide layer. The grains were then rinsed three times
with anhydrous 2-propanol, vacuum filtered, and dried by vacuum
aspiration for 5 min. This process (alkoxide exposure, 2-propanol
rinsing, DIW exposure, 2-propanol rinsing, and drying) was repeated
for a total of 30 cycles to build up a Fe−O-bearing coating.
Thermal Processing. The coated pollen particles were heated in

air at 0.5 °C min−1 to 600 °C and held at this temperature for 4 h to
allow for organic pyrolysis and oxide crystallization. The resulting
hematite replicas were converted into magnetite via thermal treatment
with a Rhines pack11 powder mixture of Fe (99% purity, Acros
Organics) and Fe3O4 (99.95% purity, Alfa Aesar). The hematite pollen
replicas were sealed along with the Fe/Fe3O4 powder mixture (Fe/
Fe3O4/Fe2O3 replica mole ratio = 14:14:1) inside a mild steel ampule.
The sealed samples were then heated at 3 °C min−1 to 550 °C and
held at this temperature for 2 h. After cooling to room temperature,
the ampules were cut open, and the magnetite pollen replicas were
extracted.
Substrate Preparation and Characterization. Six types of

substrates were utilized for adhesion studies: silicon (Si), poly(vinyl
alcohol) (PVA), poly(vinyl acetate) (PVAc), polystyrene (PS), nickel
(Ni), and a nickel-coated neodymium (Ni−Nd) alloy. The Si
substrates (Silicon, Inc., Boise, ID) were piranha-etched using a
solution of 75 vol % sulfuric acid (97% purity, BDH Chemicals Ltd.,
Radnor, PA) and 25 vol % hydrogen peroxide (30 wt %, BDH
Chemicals Ltd.) at 80 °C for 1 h. The polymer substrates (PVA, PVAc,
and PS) consisted of blade-cast polymer films on the cleaned Si
substrates. For blade casting, solutions composed of 15 wt % PS (MW
= 100 000, Avocado Research Chemicals, Lancashire, UK) in toluene
(Sigma-Aldrich, St. Louis, MO), 20 wt % PVAc (MW = 50 000, Alfa
Aesar) in tetrahydrofuran (THF, BDH Chemicals Ltd.), or 3 wt %
PVA (MW = 89 000−98 000, Sigma-Aldrich) in hexafluoroisopropanol
(HFIP, TCI America, Portland, OR) were used. Blade casting (3540
Bird Film Applicator, Elcometer, Rochester Hills, MI) was conducted
using a gap height of 1.2 mm followed by slow drying under a
saturated solvent environment for 2 days at 23 °C. The films were then
air-dried for 2 days at 23 °C followed by annealing in a vacuum oven
for 1 day at 100 °C. The resulting polymer films possessed thicknesses
ranging from 20 to 100 μm and completely covered the underlying Si
substrate. Ni substrates were prepared by polishing (PM5 System,
Logitech Ltd., Glasgow, Scotland) nickel foil (0.150 mm thickness,
grade 200, 99.5% purity, Shop-aid, Inc., Woburn, MA) to a surface
finish of 0.06 μm using a colloidal SiO2 suspension (Metlab Corp.,
Niagara Falls, NY). The Ni−Nd substrate consisted of an axially poled,
neodymium−iron−boron alloy permanent magnet disk (ND022N-35,
5 mm diameter, 1.5 mm thick, Master Magnetics, Inc., Castle Rock,
CO) onto which was attached the polished nickel foil.
The surface roughness of each type of substrate was evaluated with

a scanning probe microscope (Dimension 3100 SPM equipped with a
Nanoscope V Controller, Veeco Instruments, Inc., Plainview, NY)
operated in tapping mode at 200−400 kHz using a pyramidal tip
silicon cantilever (Applied NanoStructures, Inc., Santa Clara, CA). For
each particular substrate, three randomly located scans (10 × 10 μm2)
were conducted, with each scan area split into four sectors. The

average roughness value for a given substrate was obtained from
analysis of these 12 sectors.

Pollen and Pollen Replica Characterization. Scanning electron
microscopy was conducted with a field-emission gun instrument (Carl
Zeiss SMT, Ltd., Thornwood, NY) equipped with an energy-dispersive
X-ray spectrometer (INCA EDS, Oxford Instruments, Abingdon,
Oxfordshire). The average spine tip radii of cleaned sunflower pollen
particles and of oxide replicas of sunflower pollen particles were
obtained from secondary electron (SE) images of particles attached to
cantilever probes (described below). For each particle-bearing probe,
five spine tips located closest to the position where the particle made
contact to the substrates were evaluated (for a total of 15 analyzed
spine tips for all three similar types of particle-bearing probes). X-ray
diffraction (XRD) analyses were conducted with Cu Kα radiation
using a diffractometer (X-Pert Pro Alpha 1, PANalytical, Almelo, The
Netherlands) equipped with an incident beam Johannsen mono-
chromator (PANalytical) and an Xcelerator linear detector (PAN-
alytical).

Adhesion Measurements. Adhesion measurements were con-
ducted using colloidal probes consisting of a single particle (a native
sunflower pollen particle or oxide replica particle) attached to an
atomic force microscope (AFM) cantilever. A small amount of epoxy
resin (Epoxy Marine, Loctite, Westlake, OH) was used to attach a
given particle to a tipless silicon AFM cantilever (FORT-TL, Applied
NanoStructures, Inc.). For each type of pollen-shaped particle
(cleaned sunflower pollen, α-Fe2O3 replica, or Fe3O4 replica), three
single-particle-bearing cantilever probes were prepared (for a total of
nine particle/cantilever probes). The spring constants, as determined
with the scanning probe microscope, of the sunflower-pollen-bearing,
α-Fe2O3-replica-bearing, and Fe3O4-replica-bearing cantilever probes
fell in the ranges of 1.84−2.34, 1.19−1.91, and 1.63−1.69 N/m,
respectively. The adhesion force between an individual sunflower
pollen particle or an oxide replica particle and a particular substrate
was evaluated with the scanning probe microscope operated in contact
mode. For each particular particle/cantilever probe and particular
substrate, 20 separate force−distance scans were randomly obtained,
and the depth of adhesion wells upon retraction were averaged. The
load force applied during the contact adhesion measurements was 2.5
nN. The ambient relative humidity in the laboratory during the
adhesion measurements ranged from 30 to 35%.

■ RESULTS AND DISCUSSION
Sunflower pollen particles were converted into magnetic oxide
replicas via use of a computer-automated LbL SSG-coating
process.10 Secondary electron (SE) images of a starting cleaned
pollen grain are shown in Figure 1a. The sunflower pollen
grains were roughly spherical in shape and possessed echini
(spines) of relatively high aspect ratio (height/width-at-
midheight ratio of ∼5:1). Because the exine (outer layer) of
such pollen grains is composed of sporopollenin (a complex
polymer consisting of carboxylic acids and aromatic moieties
cross-linked with aliphatic chains12), the pollen surfaces were
enriched with hydroxyl groups that provided an abundance of
reaction sites for the chemisorption of alkoxide precursors
during the SSG-coating process.6 Repeated, alternating
exposure of the pollen particles to an iron(III) isopropoxide
precursor and to water allowed for the progressive buildup of a
conformal Fe−O-bearing coating on the pollen grains. A SE
image and energy-dispersive X-ray (EDX) analysis of a
sunflower pollen particle after exposure to 30 SSG-deposition
cycles are shown in Figures 1b and 2b, respectively.
Comparison of the EDX analyses in Figures 2a and 2b
confirmed that the SSG-coated particle was enriched in iron
and oxygen. The highly conformal nature of the SSG Fe−O-
bearing coating was evident from the preservation of the echini
and the fine pores at the base of the echini (as indicated by the
arrows in Figure 1b).
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The coated pollen particles were then heated in air at 600 °C
for 4 h to allow for pyrolysis of the pollen template and

crystallization of the oxide coating. Complete pyrolysis of the
sporopollenin during this treatment was confirmed by
thermogravimetric (TG) analysis (Figure 3). (Note that TG

analyses, presented in Figure S1 in the Supporting Information,
conducted on Fe−O-coated sunflower pollen specimens
revealed that the amount of oxide retained after complete
pyrolysis increased linearly with an increase in the number of
SSG deposition cycles, which was consistent with a progressive
linear buildup in the amount of Fe−O deposited with each SSG
cycle.) EDX analyses (Figure 2c) also revealed the loss of
carbon and retention of iron and oxygen after such pyrolysis. X-
ray diffraction (XRD) analysis (Figure 4a) indicated that these
fired particles were composed of phase-pure nanocrystalline
hematite (α-Fe2O3). Scherrer analyses of the XRD peaks
yielded an average hematite crystallite size of 35 nm. Although
smaller in diameter than the starting as-coated pollen particles
(by about 40%, Table S1), these hematite particles retained the

Figure 1. SE images of sunflower pollen particles at various stages of
conversion into Fe3O4: (a) the exine of a natural grain, (b) an Fe−O-
coated grain after 30 SSG deposition cycles, (c) an α-Fe2O3 replica of
the same grain in panel b after pyrolysis at 600 °C for 4 h in air, and
(d) a Fe3O4 replica of the same α-Fe2O3 grain in panel c generated by
partial reduction using a Rhines pack (Fe/Fe3O4) at 550 °C for 3 h.
The scale bars indicate 5 μm for the low-magnification insert images
and 2 μm for the higher-magnification images.

Figure 2. EDX analyses of (a) the exine of a natural sunflower pollen
grain, (b) an Fe−O-coated sunflower grain after 30 SSG-deposition
cycles, (c) an α-Fe2O3 replica of a sunflower grain generated by
pyrolysis at 600 °C for 4 h in air, and (d) a Fe3O4 replica of a α-Fe2O3
grain generated by partial reduction using a Rhines pack (Fe/Fe3O4
powder mixture) at 550 °C for 3 h. (Note that the Al peak was
obtained from the underlying aluminum stub used to support the
particles during EDX analyses.)

Figure 3. TG analysis of Fe−O-coated sunflower pollen during
pyrolysis by heating in air at 5 °C min−1 to 600 °C.
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3D shapes and surface features of the starting pollen grains
(Figure 1c). Indeed, the high-fidelity nature of such replication
was revealed by SE images of the same particle before (Figure
1b) and after (Figure 1c) the 600 °C/4 h treatment. (Note that
the arrows in Figure 1b,c reveal the same spine and fine pore
present before and after this thermal treatment.) SE images of
fracture cross sections of hematite pollen grain replicas (Figure
S2) revealed that the walls of such replicas were porous and
were composed of interconnected oxide filaments. The
interconnected nature of the oxide filaments running through
the wall thickness and the absence of a distinct hollow core
within the replica wall indicated that the sporopollenin wall of
the native pollen grains had been infiltrated by the iron
isopropoxide precursor during surface sol−gel deposition. The
average thickness of the porous wall of the hematite replicas
was 540 nm.
Conversion of the hematite replicas into magnetite was

conducted via use of a thermal treatment with a Rhines pack.11

An excess powder mixture of iron and magnetite was sealed
along with hematite pollen replicas within a mild steel ampule.
The ampule was then heated at 550 °C and held at this
temperature for 2 h. The oxygen partial pressure established
within the ampule by the Fe/Fe3O4 equilibrium at 550 °C
(note that wüstite, Fe1−xO, is thermodynamically unstable
below 570 °C13) allowed for complete conversion of the replica
particles into phase-pure nanocrystalline magnetite, as con-
firmed by XRD analysis (Figure 4b). Scherrer analyses yielded
an average magnetite crystallite size of 34 nm. SE images
(Figure 1d) indicated that the 3D morphology and sharp echini
of the sunflower pollen were retained by the magnetite replicas.
(Note that the arrows in Figure 1c,d show the same spine and
fine pore before and after this Rhines pack thermal treatment.)
No detectable change in replica particle size was detected upon
conversion of the hematite into magnetite, which was
consistent with the similarity in the volumes of these oxides
on a per mole of iron basis (15.2 cm3 Fe2O3/mol Fe; 14.9 cm3

Fe3O4/mol Fe14).
To allow for quantitative evaluation of the adhesion of the

sunflower pollen and oxide pollen replicas to various substrate
surfaces, the pollen and replica particles were attached to AFM
cantilevers (Figure 5) using a procedure described previously.5

Six substrates were chosen to analyze the effects of substrate
surface chemistry and magnetic properties on particle

attraction. Poly(vinyl alcohol) (PVA) and poly(vinyl acetate)
(PVAc) were selected as model proton-donor and proton-
acceptor substrates, respectively. Polystyrene (PS) was chosen
as a model apolar hydrocarbon substrate. Piranha-etched silicon
(Si), which possessed a thin (∼2−10 nm) hydroxylated oxide
layer, acted as a hydrophilic substrate.15 Unpoled, polished
nickel (Ni) foil served as a weakly ferromagnetic substrate. An
axially poled, neodymium−iron−boron alloy was used as a
strongly magnetized ferromagnetic substrate (residual induc-
tion = 12 300 G). The polished nickel foil was attached to this

Figure 4. XRD analyses of iron oxide replicas of sunflower pollen
generated by exposing the pollen particles to 30 SSG LbL deposition
cycles and then (a) firing at a peak temperature of 600 °C for 4 h in air
followed by (b) sealing the resulting α-Fe2O3 samples, along with an
excess powder mixture of Fe and Fe3O4 (a Rhines pack), within a mild
steel ampule and heating at a peak temperature of 550 °C for 2 h.

Figure 5. SE images of single-particle-bearing cantilever probes
containing (a) a cleaned sunflower pollen grain, (b) an α-Fe2O3
sunflower pollen replica, and (c) a Fe3O4 sunflower pollen replica used
in the AFM adhesion study. The scale bars indicate 5 μm.
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permanent magnet to provide a substrate (Ni−Nd) with the
same roughness as the Ni substrate. The measured average
surface roughness values of the six substrates fell within a range
of 0.2−2.8 nm (Table 1).
Contact mode AFM measurements were used to evaluate the

short-range (VDW-based) adhesion of the sunflower pollen
and the hematite and magnetite replica particles to the Si, PVA,
PVAc, PS, Ni, and Ni−Nd substrates. Average values of the
VDW-based adhesion for the different particle and substrate
combinations are shown in Figure 6. (Note that each average

value was obtained from 60 measurements consisting of 20
analyses for each of three similar particle/cantilever probes.)
Although the pollen tip radii were considerably larger than the
variation in the average surface roughness of the substrates
(0.2−2.8 nm), such variation in the substrate roughness could
alter the contact area and thereby alter the adhesion force.
However, as revealed in Figure 6, similar adhesion forces were
measured for native pollen and oxide replicas (within the range
of experimental error bars) on the PVA and PS surfaces. The
PVA and PS surfaces, which possess similar Hamaker constants,

possessed different average roughness values (1.3 vs 0.3 nm,
respectively). Upon examination of other values in Table 1 and
Figure 6, no consistent trend could be detected between
roughness (for Ra values between 0.2 and 2.8 nm) and
adhesion force. Furthermore, no appreciable difference in
contact mode adhesion force was detected for each type of
particle on the different substrates. Combining the data from all
of the substrates for a given type of particle yielded average
VDW adhesion force values of 55 ± 9, 36 ± 7, and 34 ± 7 nN
for the cleaned sunflower pollen, α-Fe2O3 replicas, and Fe3O4
replicas, respectively.
First-order analyses of these values of VDW-based adhesion

force were conducted using the following Hamaker equation

=F
A R

D6vdw
132

2 (1)

where A132 is the nonretarded Hamaker constant of material 1
and 2 interacting across a medium 3 (air), R is the contact
radius, and D is the cutoff separation distance for the VDW
interaction (≈0.165 nm).16 Approximate A132 values for
sunflower pollen on the Si, PVA, PVAc, and PS substrates
were calculated from appropriate A11 and A22 values available in
the literature5,16,17 and with the assumption that A33 = 0 via
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where k is Boltzmann’s constant, T is temperature, h is Planck’s
constant, νe is the media absorption frequency, ε1 and ε2 are
dielectric constants, and n1 and n2 are refractive indices. A132
values for sunflower pollen on the Ni or Ni−Nd substrates as
well as for hematite or magnetite replicas on all substrates were
calculated from eq 3 using appropriate ε1, ε2, n1, and n2 values

Table 1. Average Surface Roughness (Ra, in nm) of the Substrates

Si PVA PVAc PS Ni Ni−Nd

0.2 ± 0.06 1.3 ± 0.03 0.3 ± 0.06 0.3 ± 0.02 2.7 ± 0.7 2.8 ± 0.4

Figure 6. AFM measurements of short-range VDW-based adhesion
forces for cleaned sunflower pollen probes, α-Fe2O3 sunflower replica
probes, and Fe3O4 sunflower replica probes on various substrates. The
error bars indicate a range of ±1 SD.

Table 2. Average Measured Values of Adhesion Force (F, in nN), Calculated Hamaker Constants (A132 × 1019, in J), and
Calculated Contact Radii (R, in nm)

Si PVA PVAc PS Ni Ni−Nd

Cleaned Sunflower
A132 0.85 0.84 0.98 0.84 1.2 1.2
F 57 ± 8 51 ± 9 53 ± 4 56 ± 8 56 ± 10 56 ± 11
R 109 98 88 109 78 77

Hematite
A132 1.7 2.0 1.8 2.1 3.4 3.4
F 39 ± 1 32 ± 1 36 ± 7 36 ± 11 38 ± 7 36 ± 5
R 37 27 32 28 18 17

Magnetite
A132 1.7 2.0 1.8 2.1 3.4 3.4
F 38 ± 4 33 ± 3 33 ± 3 30 ± 3 35 ± 9 33 ± 4
R 36 27 30 24 17 16
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available in the literature,18 with the assumption that the
absorption frequencies of all media are the same. Lacking a
literature value for sporopollenin, the ε1 value for sporopollenin
was assumed to be the average of the values for PS, PVAc, and
PVA. This assumption was consistent with the organic content
of sporopollenin and produced A132 values of the expected
magnitude. If the substrate is assumed to be flat, then R in eq 1
refers to the contact radius of the spine tip from the probe
particle. By inserting the measured average values of adhesion
force into eq 1 along with the calculated A132 constants, values
of contact radii for the cleaned sunflower pollen, α-Fe2O3
replicas, and Fe3O4 replicas with the various substrates were
calculated (Table 2) to be 93 ± 16, 27 ± 10, and 25 ± 11 nm,
respectively. For the native sunflower pollen, the calculated
contact radius (93 ± 16 nm) was similar to the average spine-
tip radius (120 ± 12 nm) measured by SEM analysis; that is,
the VDW-based adhesion force for this native pollen particle
was consistent with the contact of a single spine tip to a given
substrate. However, the calculated contact radii for the hematite
(27 ± 10 nm) and magnetite (25 ± 11 nm) replica particles
were significantly smaller than the average spine tip radii of
these replicas (i.e., 94 ± 14 and 100 ± 14 nm for hematite and
magnetite, respectively) obtained from SEM analyses. Instead,
the calculated contact radii for these oxide replicas were not far
from the average crystallite radii (17 to 18 nm) of these
particles obtained from XRD analyses; that is, the VDW-based
adhesion forces of the oxide pollen replicas were consistent
with the contact of one or two nanocrystals, located at the spine
tips, to the substrates.
The longer-range magnetic forces acting between particle/

cantilever probes and the axially magnetized permanent magnet
Ni−Nd substrate were evaluated by scanning the probes across
the diameter of this disk-shaped substrate at a fixed height of
140 μm above the substrate surface. As revealed in Figure 7, a

noticeable attractive force was detected between the
ferrimagnetic Fe3O4 sunflower pollen replica and the disk-
shaped Ni−Nd substrate at locations near the outer perimeter
of this substrate, which is where the magnetic field intensity
associated with this magnetized Ni−Nd substrate was the
highest.19 No appreciable magnetic attraction was detected
between the weakly ferromagnetic α-Fe2O3 replicas or the

nonmagnetic native sunflower pollen at any location across the
Ni−Nd substrate (at a distance of 140 μm from the surface of
this substrate). The enhanced magnetic behavior of the
magnetite replicas relative to the hematite replicas was also
apparent from visual observations of the relative attraction of
magnetite and hematite replica particles, dispersed in water, to a
permanent magnet (Figure S3).
The total adhesion force acting between a given type of

particle and the Si or Ni−Nd substrate is plotted against probe
distance from the substrate surface in Figure 8. (Note that for
the Ni−Nd substrate, measurements were obtained either at

Figure 7. Analyses of the magnetic force acting on cleaned sunflower
pollen, α-Fe2O3 sunflower pollen replicas, and Fe3O4 sunflower pollen
replicas upon scanning across the diameter of the permanent magnet
Ni−Nd substrate at a fixed height of 140 μm above the substrate
surface.

Figure 8. AFM measurements of the total (VDW + magnetic)
adhesion force vs distance for (a) a cleaned sunflower pollen probe,
(b) an α-Fe2O3 sunflower replica probe, and (c) an Fe3O4 sunflower
pollen replica probe with the Si substrate and the Ni−Nd substrate
(Ni−Nd center and Ni−Nd edge refer to analyses obtained at the
center and at ∼300 μm from the edge, respectively, of the disk-shaped
Ni−Nd substrate).
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the disk center or at a distance of ∼300 μm from the disk
edge.) Only short-range (∼10 nm) attractive forces were
detected between the native sunflower pollen or α-Fe2O3

sunflower replicas and these substrates (Figure 8a,b). However,
both magnetic and VDW attractive forces were detected
(Figure 8c) between the Fe3O4 sunflower pollen replicas and
the magnetized Ni−Nd near the outer edge of this substrate.
For this Fe3O4 particle/Ni−Nd-edge substrate pairing, the total
adhesion force (∼70 nN) acting over a short distance (∼10
nm) consisted of the sum of the VDW force (∼40 nN) and the
magnetic force (∼30 nN). At distances just beyond the range of
VDW-based adhesion, a steady magnetic force (∼30 nN) was
detected. The magnetic interaction between the Fe3O4

sunflower pollen replicas and the magnetized edge of the
Ni−Nd substrate persisted out to a separation distance of ∼1
mm.
This work demonstrates that a highly conformal SSG-coating

process can be used along with controlled modest-temperature
thermal treatments to convert sunflower pollen particles into
nanocrystalline ferrimagnetic (Fe3O4) replicas exhibiting multi-
modal adhesion via short-range (∼10 nm) VDW-based
attraction and short-to-long-range (up to ∼1 mm) magnetic
attraction. Although the work here has focused on generating
oxide replicas of sunflower pollen, this process may be generally
applied to numerous other types of pollen. Indeed, the wide
variety of 3D particle shapes and surface topographies available
from pollen generated by different plants and the ability of this
LbL SSG-based process to produce high-fidelity nanocrystalline
replicas with controlled amounts of magnetic oxide (by
adjusting the number of deposition cycles) allows for the
syntheses of pollen-derived microparticles with highly tailorable
multimodal adhesion.

■ CONCLUSIONS

This work demonstrates, for the first time, the ability to
generate high-fidelity, all-oxide replicas of pollen particles
exhibiting tailorable multimodal (short-range VDW and short-
to-long-range magnetic) adhesion. The hydroxyl-rich nature of
the exine of pollen has allowed the use of a computer-
automated LbL SSG process to apply highly conformal Fe−O-
bearing coatings to pollen particles. For this demonstration,
sunflower pollen (Helianthus annuus), with surfaces containing
sharp, high-aspect-ratio spines, was coated with 30 Fe−O-
bearing layers. Subsequent firing at 600 °C in air yielded high-
fidelity replicas composed of nanocrystalline phase-pure
ferromagnetic hematite (α-Fe2O3). Partial reduction of these
hematite replicas, via use of a controlled oxygen partial pressure
(Rhines pack-based) heat treatment, yielded nanocrystalline
phase-pure ferrimagnetic magnetite (Fe3O4) replicas. The
Fe3O4 replicas were found to exhibit short-range (∼10 nm)
VDW-based adhesion governed by the contact of oxide
nanocrystals present on the sharp spines inherited from the
starting sunflower pollen and short-to-long-range (up to 1 mm)
magnetic adhesion governed by the ferrimagnetic magnetite. By
selecting pollen with particular 3D morphologies and surface
features and by using the LbL SSG process to tailor the amount
of nanocrystalline magnetite present in the replicas, ceramic
microparticles with tunable short-range (VDW-based) and
longer-range (magnetic) adhesion can be synthesized.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional experimental description; TG analyses; SE image of
a fractured cross-section of a hematite replica of a pollen
particle; optical images of the magnetic attraction of magnetite
pollen particle replicas, suspended in water, to a permanent
magnet; SE images of the same coated pollen particles on a
marked Ni substrate before and after pyrolysis in air at 600 °C;
measured values of diameter of the same coated pollen particles
before pyrolysis, after pyrolysis in air at 600 °C (as hematite
replicas), and after the Rhines pack thermal treatment (as a
magnetite replica); specific values of surface area, micropore
volume, and mesopore volume for as-coated pollen particles,
hematite pollen particle replicas, and magnetite pollen particle
replicas (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: carson.meredith@chbe.gatech.edu (J.C.M.), ken.
sandhage@mse.gatech.edu (K.H.S.).
Author Contributions
∥These authors contributed equally.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the U.S. Air Force Office of
Scientific Research via award no. FA9550-10-1-0555.

■ ABBREVIATIONS
AFM, atomic force microscopy; DIW, deionized water; EDX,
energy-dispersive X-ray; LbL, layer-by-layer; Ni, polished nickel
foil; Ni−Nd, polished nickel foil-coated, permanent magnet
neodymium−iron−boron alloy; PS, polystyrene; PVA, poly-
(vinyl alcohol); PVAc, poly(vinyl acetate); SE, secondary
electron; SEM, scanning electron microscopy; SSG, surface
sol−gel; TG, thermogravimetric; 3D, three-dimensional; VDW,
van der Waals; XRD, X-ray diffraction

■ REFERENCES
(1) (a) Ott, M. L.; Mizes, H. A. Colloids Surf. 1994, 87, 245.
(b) Bowen, W. R.; Doneva, T. A. J. Colloid Interface Sci. 2000, 229,
544. (c) Cooper, K.; Gupta, A.; Beaudoin, S. J. Colloid Interface Sci.
2001, 234, 284. (d) Meitl, M. A.; Zhu, Z.-T.; Kumar, V.; Lee, K. J.;
Feng, X.; Huang, Y. Y.; Adesida, I.; Nuzzo, R. G.; Rogers, J. A. Nat.
Mater. 2006, 5, 33. (e) Mitragotri, S.; Lahann, J. Nat. Mater. 2009, 8,
15. (f) Huang, Y.; Liu, M.; Wang, J.; Zhou, J.; Wang, L.; Song, Y.;
Jiang, L. Adv. Funct. Mater. 2011, 21, 4436. (g) Fischer, K. E.; Nagaraj,
G.; Daniels, R. H.; Li, E.; Cowles, V. E.; Miller, J. L.; Bunger, M. D.;
Desai, T. A. Biomaterials 2011, 32, 3499. (h) Zhang, L.; Shi, J.; Jiang,
Z.; Jiang, Y.; Meng, R.; Zhu, Y.; Liang, Y.; Zheng, Y. ACS Appl. Mater.
Interfaces 2011, 3, 597. (i) Stassi, S.; Canavese, G. J. Polym. Sci., Part B
2012, 50, 984. (j) Lee, I. Langmuir 2013, 29, 2476.
(2) (a) Johnson, K. L.; Kendall, K.; Roberts, A. D. Proc. R. Soc.
London, Ser. A 1971, 324, 301. (b) Derjaguin, B. V.; Muller, V. M.;
Toporov, Yu. P. J. Colloid Interface Sci. 1975, 53, 314. (c) Tabor, D. J.
Colloid Interface Sci. 1977, 58, 2. (d) Muller, V. M.; Yushchenko, V. S.;
Derjaguin, B. V. J. Colloid Interface Sci. 1980, 77, 91. (e) Maugis, D.;
Pollock, H. M. Acta Metall. 1984, 32, 1323. (f) Ducker, W. A.; Senden,
T. J.; Pashley, R. M. Nature 1991, 353, 239. (g) Maugis, D. J. Colloid
Interface Sci. 1992, 150, 243.
(3) (a) Kremp, G. O. W. Morphologic Encyclopedia of Palynology, 2nd
ed.; University of Arizona Press: Tucson, AZ, 1968. (b) Walker, J. W.;

Chemistry of Materials Article

dx.doi.org/10.1021/cm402226w | Chem. Mater. 2013, 25, 4529−45364535

http://pubs.acs.org
mailto:carson.meredith@chbe.gatech.edu
mailto:ken.sandhage@mse.gatech.edu
mailto:ken.sandhage@mse.gatech.edu


Doyle, J. A. Ann. Mo. Bot. Gard. 1975, 62, 664. (c) Erdtman, G. Pollen
Morphology and Plant Taxonomy; E. J. Brill: Leiden, The Netherlands,
1986. (d) Pollen and Spores: Patterns of Diversification; Blackmore, S.,
Barnes, S. H. , Eds.; Clarendon Press: Oxford, 1991. (e) Ressayre, A.;
Godelle, B.; Raquin, C.; Gouyon, P. H. J. Exp. Zool. 2002, 294, 122.
(f) Hesse, M.; Halbritter, H.; Zetter, R.; Weber, M.; Buchner, R.;
Frosch-Radivo, A.; Ulrich, S. Pollen Terminology: An Illustrated
Handbook; Springer-Verlag: New York, NY, 2009.
(4) (a) Horn, E. Trans. Kans. Acad. Sci. 1933, 36, 91. (b) Grater, W.;
Stemen, T. Rev. Paleobot. Palynol. 1967, 4, 187. (c) Ziska, L. H.;
Gebhard, D. E.; Frenz, D. A.; Faulkner, S.; Singer, B. D.; Straka, J. G. J.
Allergy Clin. Immunol. 2003, 111, 290. (d) Beggs, P. J. Clin. Exp. Allergy
2004, 34, 1507. (e) Rogers, C. A.; Wayne, P. M.; Macklin, E. A.;
Mullenberg, M. L.; Wagner, C. J.; Epstein, P. R.; Bazzaz, F. A. Environ.
Health Perspect. 2006, 114, 865. (f) Fumanal, B.; Chauvel, B.;
Bretagnolle, F. Ann. Agric. Environ. Med. 2007, 14, 233. (g) Ziska, L.;
Knowlton, K.; Rogers, C.; Dalan, D.; Tierney, N.; Elder, M. A.; Filley,
W.; Shropshire, J.; Ford, L. B.; Hedberg, C.; Fleetwood, P.; Hovanky,
K. T.; Kavanaugh, T.; Fulford, G.; Vrtis, R. F.; Patz, J. A.; Portnoy, J.;
Coates, F.; Bielory, L.; Frenz, D. Proc. Natl. Acad. Sci. U.S.A. 2011, 108,
4248. (h) Bajin, M. D.; Cingi, C.; Oghan, F.; Gurbuz, M. K. Arch. Oto-
Rhino-Laryngol. 2013, 270, 27.
(5) Lin, H.; Gomez, I.; Meredith, J. C. Langmuir 2013, 29, 3012.
(6) (a) Ichinose, I.; Senzu, H.; Kunitake, T. Chem. Lett. 1996, 10,
831. (b) Ichinose, I.; Senzu, H.; Kunitake, T. Chem. Mater. 1997, 9,
1296.
(7) (a) Hall, S. R.; Bolger, H.; Mann, S. Chem. Commun. 2003, 2784.
(b) Wang, Y.; Liu, Z.; Han, B.; Sun, Z.; Du, J.; Zhang, J.; Jiang, T.; Wu,
W.; Miao, Z. Chem. Commun. 2005, 2948. (c) Hall, S. R.; Swinerd, V.
M.; Newby, F. N.; Collins, A. M.; Mann, S. Chem. Mater. 2006, 18,
598. (d) Li, P.; Zeng, C.-F.; Zhang, L.-X.; Xu, N.-P. J. Inorg. Mater.
2008, 23, 49. (e) Cao, F.; Li, D.-X. Biomed. Mater. 2009, 4, 025009.
(f) Yang, X.; Song, X.; Wei, Y.; Wei, W.; Hou, L.; Fan, X. Scr. Mater.
2011, 64, 1075. (g) Thio, B. J. R.; Clark, K. K.; Keller, A. A. J. Hazard.
Mater. 2011, 194, 53. (h) Xia, Y.; Zhang, W.; Xiao, Z.; Huang, H.;
Zeng, H.; Chen, X.; Chen, F.; Gan, Y.; Tao, X. J. Mater. Chem. 2012,
22, 9209.
(8) (a) Anderson, M. W.; Holmes, S. M.; Hanif, N.; Cundy, C. S.
Angew. Chem., Int. Ed. 2000, 39, 2707. (b) Rosi, N. L.; Thaxton, C. S.;
Mirkin, C. A. Angew. Chem., Int. Ed. 2004, 43, 5500. (c) Gaddis, C. S.;
Sandhage, K. H. J. Mater. Res. 2004, 19, 2541. (d) Zhao, J.; Gaddis, C.
S.; Cai, Y.; Sandhage, K. H. J. Mater. Res. 2005, 20, 282. (e) Payne, E.
K.; Rosi, N. L.; Xue, C.; Mirkin, C. A. Angew. Chem., Int. Ed. 2005, 44,
5064. (f) Weatherspoon, M. R.; Haluska, M. S.; Cai, Y.; King, J. S.;
Summers, C. J.; Snyder, R. L.; Sandhage, K. H. J. Electrochem. Soc.
2006, 153, H34. (g) Losic, D.; Mitchell, J. G.; Lai, R.; Voelcker, N. H.
Adv. Funct. Mater. 2007, 17, 2439. (h) Kusari, U.; Bao, Z.; Cai, Y.;
Ahmad, G.; Sandhage, K. H.; Sneddon, L. G. Chem. Commun. 2007,
11, 1177. (i) Bao, Z.; Ernst, E. M.; Yoo, S.; Sandhage, K. H. Adv.
Mater. 2009, 21, 474. (j) Fang, Y.; Wu, Q.; Dickerson, M. B.; Cai, Y.;
Shian, S.; Berrigan, J. D.; Poulsen, N.; Kroger, N.; Sandhage, K. H.
Chem. Mater. 2009, 21, 5704.
(9) Dobson, H. E. M. Am. J. Bot. 1988, 75, 170.
(10) (a) Weatherspoon, M. R.; Dickerson, M. B.; Wang, G.; Cai, Y.;
Shian, S.; Jones, S. C.; Marder, S. R.; Sandhage, K. H. Angew. Chem.,
Int. Ed. 2007, 46, 5724. (b) Weatherspoon, M. R.; Cai, Y.; Crne, M.;
Srinivasarao, M.; Sandhage, K. H. Angew. Chem., Int. Ed. 2008, 47,
7921. (c) Wang, G.; Fang, Y.; Kim, P.; Hayek, A.; Weatherspoon, M.
R.; Perry, J. W.; Sandhage, K. H.; Marder, S. R.; Jones, S. C. Adv. Funct.
Mater. 2009, 19, 2768. (d) Vernon, J. P.; Hobbs, N.; Lethbridge, A.;
Vukusic, P.; Deheyn, D. D.; Sandhage, K. H. J. Mater. Chem. 2012, 22,
10435.
(11) Rhines, F. H.; Johnson, W. A.; Anderson, W. A. Trans. AIME
1942, 147, 205.
(12) Domínguez, E.; Mercado, J. A.; Quesada, M. A.; Heredia, A. Sex.
Plant Reprod. 1999, 12, 171.
(13) Wriedt, H. A. J. Phase Equilib. 1991, 12, 170.
(14) Card no. 33-0664 for α-Fe2O3 and card no. 19-0629 for Fe3O4,
International Center for Diffraction Data.

(15) Meredith, J. C.; Smith, A. P.; Karim, A.; Amis, E. J.
Macromolecules 2000, 33, 9747.
(16) Israelachvili, J. Intermolecular and Surface Forces, 2nd ed.;
Academic Press: San Diego, CA, 1992.
(17) (a) Dunn, A. S.; Chong, L. C. H. Br. Polym. J. 1970, 2, 49.
(b) Visser, J. Adv. Colloid Interface Sci. 1972, 3, 331. (c) Martinez, N.
F.; Patil, S.; Lozano, J. R.; Garcia, R. Appl. Phys. Lett. 2006, 89, 153115.
(d) Huang, Y.; Guo, D.; Lu, X.; Luo, J. Appl. Surf. Sci. 2011, 257, 3055.
(e) He, C.; Hao, Y.; Zeng, H.; Tang, T.; Xing, J.; Chen, J. Sep. Purif.
Technol. 2011, 81, 174.
(18) (a) Nussbaumer, R. J.; Caseri, W. R.; Smith, P.; Tervoort, T.
Macromol. Mater. Eng. 2003, 288, 44. (b) Daoust, H.; Rinfret, M. J.
Colloid Sci. 1952, 7, 11. (c) Devi, C. U.; Sharma, A. K.; Rao, V. V. R. N.
Mater. Lett. 2002, 56, 167. (d) Chiu, M.-H.; Lee, J.-Y.; Su, D.-C. Appl.
Opt. 1999, 38, 4047. (e) Rosenholtz, J. L.; Smith, D. T. Am. Mineral.
1936, 21, 115. (f) Atkin, S. L.; Barrier, S.; Cui, Z.; Fletcher, P. D. I.;
Mackenzie, G.; Panel, V.; Sol, V.; Zhang, X. J. Photochem. Photobiol. B,
Biol. 2011, 102, 209. (g) CRC Handbook of Chemistry and Physics;
Lide, D. R., Ed.; CRC Press, Boca Raton, FL, 2005.
(19) Leventis, N.; Gao, X. Anal. Chem. 2001, 73, 3981.

Chemistry of Materials Article

dx.doi.org/10.1021/cm402226w | Chem. Mater. 2013, 25, 4529−45364536


