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micro/nanoscale
motors
that
can
covert chemical energy into motion
and forces.[2–34] Different mechanisms
including self-diffusiophoresis, self-electrophoresis, the Marangoni effect, and
bubble propulsion have been employed to
drive and operate microscopic machines
in liquid environments in the low Reynolds number regime where Brownian
motion and viscosity need to be overcome.[5,6] Among the diverse range of
reported autonomous micro/nanomotors,
bubble-propelled catalytic micro/nanomotors which rely on the recoil effect of
bubbles generated by the catalytic decomposition of fuel have attracted particular
attention, in large part due to their long
lifespan and powerful thrust.[7]
Currently available artificial micro/
nanomotors are mainly composed of
nanowires, microtubes, and Janus micromotors.[8,9] The reproducible mass production of these micro/nanoscale structures usually requires
advanced instruments, complex procedures, and related high
costs, thus hindering their widespread practical application.
Looking beyond materials synthesis, nature provides a myriad
of unique, widely available biological materials with various
microscale and nanoscale architectures that might prove useful
for developing autonomous motors. Indeed, the versatile elegant biomaterials structures which have evolved over millions
of years are a promising source of templates and materials for
the design and fabrication of functional materials. For example,
the nanostructures on leaves have inspired the development of
superhydrophobic and self-cleaning surfaces,[10] and the spiral
water-conducting vessels of plants have been harnessed to prepare magnetically driven helical micromotors.[11] The appropriate modification of plant-derived materials with desirable
morphologies offers a cost-effective approach to obtain hybrid
structures with high morphological complexity. Additionally,
the intrinsic biocompatibility of plant materials makes them
promising candidates for biomedical applications.
Previously, we reported plant tissue cells assisted fabrication of tubular micromotors where the cells provide an easily
detachable interface for the deposited metal layer to separate
from the substrate and consequently roll up.[12] Here we demonstrate simple fabrication of bio/inorganic hybrid Janus spiky
micromotors based on a biological well-defined and widely
available material, sporopollenin exine capsule (SEC), and their

The development of a micromotor with unique spiky morphology based on
sporopollenin exine capsules (SECs) is reported here. A widely abundant
natural material extracted from sunflower pollen grains, the SECs are physically robust, highly monodisperse microcapsules that are ornamented with
spiky appendages, opening the door to exploring bubble generation on this
unique biomaterial surface. Partial platinum coating on the SEC surface
enables catalytic decomposition of hydrogen peroxide that leads to bubblepropelled motion of individual SECs. Moreover, the hollow capsule architecture provides a large internal cavity for macromolecular encapsulation, as
demonstrated here by the loading and transport of bovine serum albumin.
Taking advantage of the sporopollenin biopolymer’s capacity for heavy metal
binding, it is further demonstrated that fluid mixing induced by the motion
and bubble generation of the SEC micromotors dramatically improves heavy
metal binding and removal. The bioinspired micromotors combine the advantageous properties of SECs with autonomous motion ability, resulting in a
multifunctional platform for drug delivery and water purification applications.

1. Introduction
As our capabilities to design materials at the microscale and
nanoscale levels continue to improve, there is growing interest
in developing multifunctional platforms that actively respond
to dynamic environmental factors.[1] Such features constitute
the basis for micro/nanomachines with autonomous functionalities, as evidenced by the emergence of self-propelled
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applications. At present, the applications of
micro/nanomotors are mainly concentrated
in the biomedical[13–15] and environmental
fields.[16–20] To perform specific tasks, such
as cargo transport and environmental remediation, additional modification steps are
usually required to functionalize the micro/
nanomotors accordingly. We fabricated a bio
inspired micromotor based on SECs, which
are extracted from sunflower pollen grains
and can encapsulate macromolecular compounds for cargo delivery as well as absorb
heavy metals for decontamination of water
without further functionalization. The new
micromotors are fabricated by partially
coating the SEC surface with a layer of platinum catalyst in order to generate oxygen
thrust via decomposition of H2O2 fuel. The
direct incorporation of SECs as the main
component of micro/nanomotors not only
leads to good biocompatibility, but also simplifies the preparation of micro/nanomotors
with encapsulation ability. Moreover, sporopollenin is capable of acting as a biopolymeric
sorbent to absorb heavy metals from aqueous
solution. The raw material, sunflower pollen
grains possessing uniform size distribution,
can be readily obtained at very low costs, enabling cost-efficient and high-yield preparation of micro/nanomotors. The high surface
spiky structure (compared to spherical Janus
particles) would be very challenging to fabricate by conventional microtechnology (and
even more on a scale of mass production).

www.afm-journal.de

Figure 1. Structure of SEC and SEC micromotors. A–C) SEM images of plain SECs at different
magnifications. D,E) Optical images of SEC micromotors. F) SEM image of SEC micromotors.
Scale bars in A–F are 20, 10, 1, 50, 20, and 10 µm, respectively.

2. Results and Discussion
Pollen grains are considered to be the male partner in the reproductive process of seed plants, and are comprised of microcapsules that protect the genetic material. The microcapsule
architecture of each species of pollen grain is highly intricate
and unique, yet plants have developed highly efficient processes
to renewably produce these microcapsules with high efficiency
and reproducibility. The SECs comprise hollow cavities that are
protected by an inner intine layer, which is rich in cellulose,
as well as an outer exine layer that is mainly composed of the
sporopollenin biopolymer and forms an elaborately sculptured,
3D architecture.[21] As the exine is the outermost layer to protect
against environmental damage, sporopollenin is highly robust
with excellent chemical and structural stability.[22] The attractive
physicochemical properties as well as biocompatibility of the
exine motivate its extraction as a natural 3D biomaterial used
for microencapsulation.
The SECs used in the study were obtained from sunflower
pollen grains which are abundant in supply and naturally produced by renewable means. In particular, the exines of sunflower possess numerous advantageous features, including
highly ordered spikes, a large hollow cavity, and monodisperse
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size distribution. To obtain empty SECs, the sunflower pollen
grains underwent acidolysis using phosphoric acid in order
to remove cytoplasmic materials while retaining the morphology of the exine microstructure. The resulting SECs were
then extensively washed with a series of organic solvents and
water in order to remove residual constituents and acquire
clean SECs. As shown in Figure 1A, the obtained SECs maintain a highly uniform size distribution with an average diameter of 30 ± 0.4 µm. The intrinsic morphology of the exine is
retained after the extraction processing steps. The zoomed-in
images in Figure 1B,C demonstrate that the spikes are intact,
surrounded by a number of pores, revealing the porous structure of the SECs. The SEC micromotors were prepared simply
by asymmetrically coating one side of the SECs with a layer of
Pt via sputtering. The contrast in the optical images shown in
Figure 1D,E confirmed that the SECs are partly covered with Pt,
which creates the desired asymmetry essential for directional
motion. Additionally, the sputtered Pt layer does not damage
the natural microstructure of the pollen microcapsules as can
be seen from the SEM image in Figure 1F.
It is of great interest to study bubble generation on the
unique spiky surface of the SEC micromotors, which has
seldom been studied before. Figure 2A illustrates one bubble
generation cycle by an SEC micromotor taken from Video 1
(Supporting Information). Bubble nucleation requires the
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account these two factors, heterogeneous
nucleation between the spikes is highly
favored. The nucleation, growth, and detachment of bubbles are repeated in a cyclical
manner: (1) The bubble nucleates between
the spikes and grows. (2) At a certain size,
the bubble will detach from the nucleation
surface but remain stuck between the spikes.
(3) The bubble attached to the spikes keeps
growing. (4) The bubble eventually detaches
from the spikes and a new bubble forms at
the nucleation site.
The size of the formed bubbles is related
to the space between the spikes where nucleation occurs. Larger gaps between the spikes
provide more space for the growth of the
bubbles before detachment. The generated
defects during preparation, such as tearing
of the surface or breaking of the spikes,
will result in an enlarged space between the
spikes and therefore lead to the formation of
larger bubbles. The SEC micromotors exhibit
an average velocity of 58.87 µm s−1 in the
presence of 5% H2O2. Figure 2B,C shows the
tracking trajectories of two SEC micromotors
in 5% H2O2 for 10 s (Videos 2 and 3, Supporting Information). The micromotor in
Figure 2B only had one nucleation site while
the micromotor in Figure 2C possessed
multiple nucleation sites. The number of
active sites for nucleation is dependent on
both the structure of the micromotors and
the supersaturation level. At one concentration of H2O2, the number of active sites is
mainly related to the surface area and morphology of the Pt catalyst. At higher concentration of H2O2, increased supersaturation
level of oxygen leads to bubble formation at
more active sites. High supersaturation of
Figure 2. Motion studies of SEC micromotors. A) Bubble generation process of an SEC oxygen also promotes higher nucleation
rates.[26,27] As a result, the SEC micromotors
micromotor. B) Trajectory of an SEC micromotor with a single nucleation site in 5% H2O2 for
10 s. C) Trajectory of an SEC micromotor with multiple nucleation sites in 5% H2O2 for 10 s. exhibit higher mobility in the presence of
D) Trajectory of an SEC micromotor in 7% H2O2 for 2.5 s. E) Dependence of the average velocity higher H O concentration due to enhanced
2 2
of SEC micromotors on H2O2 concentration. Average velocity at each H2O2 concentration was
bubble propulsion. Figure 2D shows the
obtained from 10 independent experiments. Scale bars in A–D are 50 µm. Error bars represent
motion of an SEC micromotor propelled by
standard deviation.
bubbles generated from multiple nucleation sites on one hemisphere of the micromotor over a time interval of 2.5 s (Video 4, Supporting Inforoxygen concentration to reach a certain level of supersaturamation). As shown in Figure 2E, the average velocity of the
tion and the accumulated oxygen needs to exceed the critical
SEC micromotors increased from 35.48 µm s−1 in 3% H2O2
free energy of heterogeneous nucleation to form bubbles.[23] On
one hand, the distribution of oxygen is asymmetric around the
to 90.83 µm s−1 in 7% H2O2. All the motion studies were
spiky SEC micromotor. The spikes on the surface of the SEC
conducted at a constant surfactant concentration (0.3 wt% of
micromotors form partially enclosed cavities, which facilitates
sodium dodecyl sulfate, SDS).
the accumulation of oxygen. The oxygen molecules generated
The propulsion speed of micromotors is related to both
on the spikes keep diffusing away from the surface and cannot
the driving force and the drag force acting on it. Compared to
reach the supersaturation level essential for bubble nucleaconventional spherical micromotors, the spiky micromotors
tion.[24] On the other hand, compared to the convex cone strucdescribed here experience larger drag force. Stokes’ law accurately predicts the drag force on spheres with very low Reynolds
ture of the spikes, bubbles require less energy to form on the
numbers moving through a viscous fluid, but does not apply
relative smooth planar surface between spikes.[23,25] Taking into
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to nonspherical objects. A dynamic shape
factor (χ) can be applied to Stokes’ law for
objects with any shapes to correct the influence of shape on the particle motion.[28,29]
In the Stokes’ law region, the drag force on
irregular particles FD = 3πηVdeχ, where η is
the dynamic viscosity, V is the flow velocity
relative to the particle, and de is the equivalent volume diameter, the diameter of a
sphere with the same volume of the irregular
particle. The shape factor of spherical particles is 1 and nonspherical particles have
dynamic shape factors greater than 1, except
for certain streamlined shapes, which means
that nonspherical particles experience larger
drag force than spherical particles. It has also
been demonstrated that high outer surface
roughness will result in large drag force on
the micromotor in liquid media and therefore decrease in the motion speed.[30] The
presence of spikes significantly increases the
drag force on the SEC micromotor, resulting Figure 3. Encapsulation of BSA by SEC micromotors. A) Schematic of the experimental setup.
in lower ranges of speed compared with B) SEM image of a BSA-loaded SEC. C) SEM image of a BSA-loaded SEC that is partially coated
with Pt. Scale bars are 10 µm.
spherical bubble-propelled micromotors.
There are different strategies to load cargoes onto micromotors for transport, but the types of micro
pollen-dervied SECs, FITC-BSA-loaded SECs, platinum-coated
motors with encapsulation ability are limited. One frequently
SECs, and platinum-coated FITC-BSA-loaded SECs). Z-stack
used method to synthesize micromotors with encapsulation
images were collected for each sample (Figures S1–S5, Supability is layer-by-layer self-assembly. Different polymer multiporting Information) and used to construct the 3D cross-seclayer capsule and tubular micromotors have been prepared using
tional images presented in Figure 4. All images comprise both
this technique.[31–33] The SECs can serve as natural capsules for
blue and green channel fluorescence, with the blue channel
depicting SEC autofluorescence, and the green channel
encapsulation of various cargoes. To demonstrate the encapsudepicting FITC fluorescence from the FITC-conjugated BSA. It
lation ability of SECs, we used bovine serum albumin (BSA) as
should be noted that FITC fluoresces in the green light speca model biomacromolecule and loaded it within the SECs. The
trum (excitation: 490 nm, emission: 525 nm)[35] and that pollen
encapsulation was achieved by a vacuum-assisted loading tech[34]
nique. Suspended in an aqueous solution of BSA, the SECs
is known to exhibit autofluorescence across a broad spectrum
of excitation wavelengths.[36–38] However, the green fluoreswere able to encapsulate the BSA-containing solution within the
internal cavity by suction through the pores due to the change of
cence intensity from the pollen-derived SECs is significantly
internal cavity pressure with the application of the vacuum. The
lower than that of FITC, and we ensured that our gain setBSA-loaded SECs were washed with water to remove residual
tings were optimal for the detection of FITC, thereby resulting
BSA from the outer surface after loading, followed by freezein no visible green fluorescence from the SECs. The unloaded
drying. To achieve the goal of cargo delivery within the microSECs depicted in Figure 4A exhibit a uniform structure with
motor design framework, a layer of Pt was deposited on one side
empty internal cavity and micrometer-sized pollen apertures
of the BSA-loaded SECs, as illustrated in Figure 3A. Figure 3B
are clearly present. Loading the SECs with FITC-BSA results in
shows a BSA-loaded SEC before sputtering Pt. Compared with
a high proportion of the internal cavity containing FITC-BSA
empty SECs, the loading of BSA does not cause significant
while providing a clean outer SEC surface (Figure 4B), which
changes in the morphology and uniformity of SECs. When
indicates that the loading of BSA does not rely on its binding
examined by SEM, the Janus structure of the coated SECs is not
to the surface but the encapsulation by the capsule. Partial
well-defined due to the platinum sputtering typically resulting
platinum coating of the SECs results in significant fluoresin a layer thickness three to four orders of magnitude less (1’s
cence-quenching over half of the SEC surface, leading to an
to 10’s of nm) than the scale of the SECs (10’s of µm), as well
observable shadowing effect in both the platinum-coated SECs
as the nanoscale layer of the platinum coating being similar to
(Figure 4C) and the platinum-coated FITC-BSA-loaded SECs
the gold coating required during SEM sample preparation. The
(Figure 4D). These CLSM observations indicate that FITC-BSA
partial Pt layer on the outer surface imparts catalytic properties
loading has been achieved and that the platinum coating is distoward H2O2 decomposition to the BSA-loaded SECs, enabling
tributed over a single hemisphere of the SECs.
The transport of FITC-BSA by SEC micromotors was studied
their motion in the presence of H2O2 fuel.
by fluorescence microscopy as well. Figure 5 illustrates the
In order to confirm SEC loading and to elucidate the distrimovement of a FITC-BSA-loaded SEC micromotor with an
bution of platinum coating, confocal laser scanning microscopy
average velocity of 26.40 µm s−1 in the presence of 3% H2O2
(CLSM) analysis was performed on all samples (the sunflower
Adv. Funct. Mater. 2017, 27, 1702338
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Figure 4. CLSM 3D images from Z-Stack data. A) Plain SECs, B) FITC-BSA-loaded SECs, C) Plain SECs partly coated with Pt, and D) FITC-BSA-loaded
SECs partly coated with Pt. Images in the first row are with optical background while images in the second row are only with fluorescence. Scale bars
in all the images are 10 µm.

and 0.3% SDS. Figure 5A displays the time-lapsed images that
are taken from Video 5 (Supporting Information). The results
support that encapsulation of FITC-BSA had minimal influence on the mobility of the SEC micromotors. Effective bubble
generation was observed on one side of the BSA-loaded SECs,
which propels the motion of the transport vehicles. Due to the
large number of pores on the SEC surface, the loaded FITCBSA will be released rapidly upon contact with water. As such,
the SEC micromotors will release the encapsulated FITC-BSA
during autonomous propulsion. The bubble generation also
contributes to the diffusion of released FITC-BSA in the solution. Figure 5B shows the tracking trajectory of the SEC micromotor in Figure 5A. The time interval between adjacent points

Figure 5. Motion of the FITC-BSA-loaded SEC micromotors under fluorescence microscope. A) Time-lapse images of the motion. B) Trajectory
of the FITC-BSA-loaded SEC micromotor. Scale bars are 50 µm.
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is 0.78 s. With the cargo loaded inside, the SEC micromotors
can still exhibit both linear and circular propulsion behaviors.
The circular motion is due to the resultant force of bubble propulsion and drag force deviating from the motion direction of
the micromotor. In the solution with 3% H2O2 , BSA should be
stable without degradation according to previous studies.[39,40]
In addition to cargo delivery, we also evaluated the potential
of the micromotors to address the issue of heavy metal pollution, which is one of the serious threats to public health owing
to its detrimental physiological effect even at low concentrations.[41] Diverse strategies have been developed for elimination of heavy metals in aqueous environments.[42] Among the
different methods, adsorption is widely used to remove heavy
metals, which is attributable to its easy operation, low cost,
and reliable performance. Hence, seeking effective and lowcost adsorbents for heavy metal removal is one of the main
directions of research in this field. The use of natural materials derived from renewable resources as adsorbents have
recently attracted considerable attention.[43] The natural abundant biopolymer, sporopollenin, is a promising bioadsorbent to
eliminate heavy metals from aqueous solution. Building adsorbents into micromotors usually requires complex preparation
or modification steps, whereas the SECs can be used as adsorbent without any modification. It has been reported that sporopollenin and its derivatives can be used to absorb a wide range
of metallic ions.[44–46] Sporopollenin has a polymeric porous
structure with hydroxyl, carboxyl, and carbonyl groups that can
chelate with various metals.[47] The adsorption is reported to
result from both ion-exchange and chelating effects.[48] The selfpropulsion and bubble generation of micromotors will result in
efficient fluid mixing, which is effective in accelerating the process of sensing and decontamination.[49,50] Using self-propelled
micromotors to generate effective fluid convection is desirable
in circumstances where utilization of mechanical stirring is not
suitable.
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Figure 6. Decontamination of Pb(II) using SEC micromotors. A) Influence of remediation time on lead removal for moving and static SECs. Error bars
represent standard deviation. B) Velocity of SEC micromotors at different times during decontamination. Error bars represent standard deviation of the
mean. C) Reusability of SEC micromotors. Error bars represent standard deviation. D) SEM and corresponding EDX mapping of an SEC micromotor
after decontamination illustrating the distribution of C, O, Pt, and Pb.

For proof-of-concept experiments, we used Pb(II) as an exemplary metal pollutant in order to compare the decontamination
efficiency of static SECs and SEC micromotors. All the decontamination studies were conducted in 1 ppm Pb(II) aqueous
solution with a fixed concentration of H2O2 (5 wt%) and SDS
(0.3 wt%). The densities of both static and moving SECs were
kept at 5 × 104 SECs mL−1 in the Pb (II) contaminated solution.
Figure 6A shows the influence of remediation time using SEC
micromotors upon removal of Pb(II) over a 0–45 min range.
The SECs were allowed to navigate in the contaminated solution for different durations (0, 15, 30 and 45 min). Each point
in the figure was obtained from three independent experiments
under the same conditions. Inductively coupled plasma mass
spectrometry (ICP-MS) was used to measure the concentration of lead. The solution of 0 min treatment contains H2O2
and SDS, but no SECs. Control experiment by leaving this
solution overnight showed no changes in Pb(II) concentration, which demonstrates that H2O2 and SDS have no effect on
Pb(II) concentration. After remediation with SEC micromotors
for 15 min, the lead concentration dropped by more than half,
from 1 ppm to lower than 500 ppb. If the remediation time is
prolonged to 45 min, the lead concentration declined to 211 ±
30 ppb, which corresponds to a removal efficiency of 79 ± 3%.
Figure 6B shows the velocity of SEC micromotors at different
times in the decontamination process. The presence of low
concentration Pb(II) has insignificant influence on the mobility
of SEC micromotors. The average motion speed of SEC micromotors when initially added into Pb(II) contaminated solution in 5% H2O2 was around 54 µm s−1, similar to that in the
absence of Pb(II). With time going on, H2O2 was continuously consumed in the Pt-catalyzed decomposition reaction.
The average speed of SEC micromotors after 45 min dropped
to ≈24 µm s−1. In contrast, decontamination using static SECs
for 45 min only led to a mild decrease in concentration to
839 ± 62 ppb, corresponding to a removal efficiency of 16 ± 6%.
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The greatly enhanced efficiency of SEC micromotors reflects
the self-mixing induced by the movement and bubble formation of micromotors. The fluid mixing on one hand enhanced
the transport of heavy metals to the micromotor surface, and
on the other hand kept the SECs well dispersed in the contaminated solution. The static SECs tended to sink to the bottom,
which largely reduced the interaction with heavy metals.
The SECs are biocompatible materials that do not need to
be removed after use. However, if needed, the separation from
the solution can be achieved when the SEC micromotors consume all H2O2, cease motion and sink to the bottom. The pH of
the sample solution in the decontamination process has been
monitored. The starting pH of the solution to be decontaminated by the SEC micromotors is 4.3. With the gradual consumption of H2O2 in the decontamination process, the pH of
the solution slowly increased to 4.5 after treatment with SEC
micromotors for 45 min. The adsorption of heavy metals onto
sporopollenin is pH-dependent, as both electrostatic interactions and complexation reactions depend on pH. The adsorption has been reported to increase with the increase in pH.
The adsorption capacity is low at low pH and the optimal pH
for Pb(II) uptake was found to be 6.0.[48] As such, the adsorption of heavy metals on the SEC micromotors can be tuned by
adjusting pH of the solution. We further investigated the reusability of the SEC micromotors. Figure 6C shows the removal
efficiency of the two decontamination cycles before and after
regeneration of SEC micromotors by HNO3. Both of the two
cycles were conducted under the same conditions as the decontamination studies described above for 45 min. Regeneration
of SEC micromotors was achieved by treatment with HNO3 for
1 h. The SEC micromotors exhibited removal efficiency of 75%
after regeneration, which is comparable with the removal efficiency in the first cycle (≈80%).
The adsorption ability of Pb on SEC micromotors is comparable with that for previous reported micromotors. SEC
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micromotors at a concentration of 5 × 104 motors mL−1
removed ≈79% Pb in 1 ppm Pb(II) solution within 45 min. For
the graphene-based micromotor described by Vilela et al.,[51]
2 × 105 micromotors removed ≈83% Pb in 3 mL 1ppm Pb(II)
solution within 1 h, while for the functionalized Mg/Au micromotors described by Uygun et al.,[52] 1 × 105 motors mL−1 of
micromotors removed ≈50% Pb in 500 ppb Pb(II) solution
within 4 min. As to the activated carbon Janus micromotors,[53]
2 × 105 micromotors adsorbed 51% Pb in 0.5 mL 2 ppm Pb(II)
within 5 min. Additionally, the SEC micromotors are easily prepared using natural adsorbent materials without the need of
any additional modification steps toward adsorption. Figure 6D
shows energy dispersive X-ray spectroscopy (EDX) mapping of
the SEC micromotors collected from the filter membrane after
decontamination for 45 min. The enhanced signal of lead, compared with that before the decontamination process (Figure S5,
Supporting Information), further supports its absorption on
the SECs.

3. Conclusion
We have developed a plant-derived micromotor to perform
multiple tasks based on one multifunctional vehicle. The direct
incorporation of SECs from sunflower pollen grains provides
a simple and cost-effective approach for preparation of functional micromotors on a large scale. Bubble generation on
the distinct microstructure with spike ornamentation of SECs
has been studied in this work. The biocompatibility and large
internal cavity of SECs make them suitable for encapsulation
and delivery of cargo, including macromolecular compounds.
The porous polymeric structure and functional groups on the
surface offer sporopollenin the ability to absorb heavy metals
without any additional modification. The self-propulsion
dimension of SEC micromotors enables transport of encapsulated cargo as well as high performance in remediation tasks
across large sample volumes. Importantly, we have demonstrated that the SEC micromotors are effective in accelerating
the decontamination process in the absence of external mixing.
By harnessing the advantageous features of SECs, such micromotors open new horizons for using plant-derived materials to
address biomedical and environmental issues.

4. Experimental Section
Materials: Defatted sunflower (Helianthus annuus L.) pollen grains
were procured from Greer labs (NC, USA). Phosphoric acid (85% w/v),
hydrochloric acid, ethanol, acetone, SDS, BSA, and FITC-conjugated BSA
were procured from Sigma-Aldrich (Singapore). Vectashield (H-1000)
medium was procured from Vector labs (CA, USA) and Sticky-slides, D
263 M Schott glass, No.1.5H (170 µm, 25 mm × 75 mm) unsterile were
procured from Ibidi GmbH (Munich, Germany). Hydrogen peroxide
(35%) was purchased from Alfa Aesar, Singapore. The anodic aluminum
oxide (AAO) membranes with pore size of 200 nm were purchased from
Whatman. Ulterapure water with 18.2 MΩ cm was used for preparation
of all aqueous solutions. Stock standard solutions of Pb(II) (1000 mg L−1)
were obtained from inorganic venture (Christiansburg, VA, USA).
Ultrapure 70% HNO3 was purchased from PlasmaPURE Plus, Canada.
Isolation of Sunflower SECs: The sunflower SECs were extracted by
acidolysis using phosphoric acid (85% v/v): defatted sunflower pollen
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grains (2 g) were suspended in phosphoric acid (15 ml, H3PO4)
and mixed gently to form a homogeneous suspension. The pollen
grains were heated at 70 °C under gentle stirring for 5 h. The SECs
were collected by filtration and washed extensively using hot water
(5 × 50 mL), hot acetone (2 × 50 mL), hot 2 m hydrochloric acid
(50 mL), hot water (5 × 50 mL), hot acetone (50 mL), and hot ethanol
(2 × 50 mL). SECs were dried at 60 °C for 8 h until stable weight and
stored in a dry cabinet at 25 °C until further characterization.
BSA Encapsulation into Sunflower SECs: BSA loading into sunflower
SECs was performed using a vacuum loading technique.[54–56] 150 mg
of SECs was suspended in 1.2 mL of aqueous BSA solution at a BSAloading proportion of 54.5 wt% in a polypropylene tube to form a
homogeneous suspension and then mixed for 10 min using a vortex
mixer (IKA, Staufen, Germany). The tube was transferred to a freeze
dryer (Labconco, MO, USA) and a vacuum was applied at 1 mbar for
overnight. The tube was collected and the loaded SECs were washed
using 2 mL water then centrifuged to remove residual BSA. This
washing step was repeated for a total of two washes. The BSA-loaded
SECs were then placed in a freezer at −70 °C for 30 min before freezedrying for 24 h. The resultant sunflower SECs were stored at −20 °C until
characterization. Placebo SECs were prepared with the same procedure
and also stored at −20 °C. In order to determine the localization of BSA
within the sunflower SECs, FITC-conjugated BSA was encapsulated
in SECs using the same procedure as the above-mentioned vacuum
loading technique.
CLSM Imaging of Protein-Loaded SECs: Fluorescence from
sunflower pollen SECs, FITC-BSA-loaded SECs, platinum-coated
SECs, and platinum-coated FITC-BSA-loaded SECs were analyzed
by CLSM (Carl Zeiss LSM700, Jena, Germany) equipped with three
spectral reflected/fluorescence detection channels, six laser lines
(405/458/488/514/561/633 nm), and a Z1 inverted microscope (Carl
Zeiss, Germany).[57] Samples were mounted on sticky slides (Ibidi,
Germany) then a drop of mounting medium (Vectashield) was added
before covering with another sticky slide. Images were collected
immediately under the following conditions: laser excitation lines
405 nm (5.3%), 488 nm (11.1%), and 561 nm (10.0%) with DIC in an
EC Plan-Neofluar 40 × 1.3 oil objective M27 lens. Fluorescence was
collected in photomultiplier tubes equipped with the following emission
filters: 416–477; 572–620. The image size was set at 1024 × 1024 pixels,
with a pixel dwell of 0.79 µs, and a scan area of 106.17 µm2. The iris
was set as optimal for the sample conditions and z-stack images were
collected for all samples, with 12 slices at 2 µm intervals. All settings
were fixed for all samples, and per sample, at least three images were
captured and processed using ZESS 2008 software (ZEISS, Germany).
Preparation and Motion Study of SEC Micromotors: The aqueous
suspension of empty SECs was applied on Petri dish. After fully
evaporation, platinum was deposited by sputtering using a JEOL
JFC-1600 Auto Fine Coater. For SECs loaded with FITC-BSA, they
were directly applied on Petri dish by spatula before deposition of
platinum. The motion study of micro/nanomotors was performed in
an aqueous solution containing different concentrations of H2O2 at
constant surfactant concentration (0.3 wt% of SDS). A mixture of SEC
micromotors, SDS, and H2O2 was applied on a freshly cleaned glass
slide. Optical and fluorescence microscope videos and images were
obtained using a Nikon Eclipse Ti microscope fitted with a DS-Fi1c
camera. Video sequences were processed with Nikon NIS-Elements
software.
Removal of Pb(II) by SEC Micromotors: Lead decontamination
studies were carried out in solutions with a final volume of 2 mL. Plain
SECs or SEC micromotors (≈1 × 105 SECs) were added into the Pb(II)
contaminated solution (1 ppm), yielding a SEC concentration of 5 × 104
SECs mL−1. The final concentrations of H2O2 and SDS in the solution
were 5 wt% and 0.3 wt%, respectively. The moving and static SEC
micromotors were used to navigate in the lead contaminated solution
for different durations (0, 15, 30, 45 min). For each remediation time,
three independent experiments were conducted under same conditions.
Afterward, the SECs were separated by filtering through an AAO filter
membrane with 200 nm pore size. The filtered solutions were sent
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for ICP-MS measurement. Prepared samples were acidified and the
concentration of the Pb(II) was measured using an inductively coupled
plasma-mass spectrometer (ICP-MS, Agilent 7700 series, Japan)
equipped with a third generation He reaction/collision cell (ORS3) to
minimize interferences. Prior analysis of the samples instrumental
parameters such as sample depth, voltages (lenses), torch position,
detector (MS, quadrupole), and carrier and dilution gas flow rates were
tuned by introducing a 1.0 µg L−1 solution of Ce, Co, Li, Mg, Tl, and Y
in 2 wt% HNO3 (operating parameters: RF settings, 1550 W; carrier gas
flow rate, 0.7 L min−1; dilution gas, 0.1 L min−1; He gas, 4.3 mL min−1;
three readings per replicate). Then ICP-MS was calibrated using external
standard and qualified by known concentration. Regeneration of SEC
micromotors was performed by soaking them in 0.5 m HNO3 for 1 h.
Studies on reusability were conducted under same conditions with the
decontamination assays above.
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