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ABSTRACT: While the nanobio interaction is crucial in determining nano-
particles’ in vivo fate, a previous work on investigating nanoparticles’ interaction
with biological barriers is mainly carried out in a static state. Nanoparticles’ fluid
dynamics that share non-negligible impacts on their frequency of encountering
biological hosts, however, is seldom given attention. Herein, inspired by
badmintons’ unique aerodynamics, badminton architecture Fe3O4&mPDA
(Fe3O4 = magnetite nanoparticle and mPDA = mesoporous polydopamine)
Janus nanoparticles have successfully been synthesized based on a steric-induced anisotropic assembly strategy. Due to the “head”
Fe3O4 having much larger density than the mPDA “cone”, it shows an asymmetric mass distribution, analogous to real badminton.
Computational simulations show that nanobadmintons have a stable fluid posture of mPDA cone facing forward, which is opposite
to that for the real badminton. The force analysis demonstrates that the badminton-like morphology and mass distribution endow
the nanoparticles with a balanced motion around this posture, making its movement in fluid stable. Compared to conventional
spherical Fe3O4@mPDA nanoparticles, the Janus nanoparticles with an asymmetric mass distribution have straighter blood flow
trails and ∼50% reduced blood vessel wall encountering frequency, thus providing doubled blood half-life and ∼15% lower organ
uptakes. This work provides novel methodology for the fabrication of unique nanomaterials, and the correlations between
nanoparticle architectures, biofluid dynamics, organ uptake, and blood circulation time are successfully established, providing
essential guidance for designing future nanocarriers.

■ INTRODUCTION
The development of nanotechnology has promoted remarkable
advances in the treatment of diseases.1−7 Nanoparticles’
interactions with biological interfaces (cells, vessels, and
organs) have profound effects on their in vivo blood circulation
time, organ uptake, etc., and a huge amount of work has been
done to investigate the nanobio interactions.8−15 However,
while previous works have demonstrated that the physico-
chemical properties of nanoparticles (size,16−18 shape,19−21

surface chemistry,22−24 density25 etc.) have major effects on
these interactions, most of the research studies were done
based on the assumption that nanoparticles have already
encountered with the biological interfaces. These studies about
nanobio interactions are controversial from a real in vivo
motion state.26

Upon nanoparticles’ intravenous injection, the nanoparticles
are constantly in passive movements in the flowing blood-
stream,17,23,27 which have velocities varying from 10 cm s−1 in
artery28 to 10 μm s−1 in capillary/sinusoids.29 Some
researchers have been interested in how nanoparticle motion
affects their margination on vessels and have investigated how
flow velocity changes nanoparticle-vessel/cell interactions.
Some researchers have studied the role of nanoparticle
morphology and have investigated the effect of morphology
(e.g., shuttle/spherical) on the relevant behaviors.30,31 Never-

theless, limited by the complexity of nanoparticle morphology
modulation, related research has been a major challenge in the
field of nanomedicine. Therefore, it is urgently desired to study
on the correlations among nanoparticle’s architectures, biofluid
dynamics, blood circulation, and organ accumulation.32−36

On the macroscopic scale, the fluid dynamics of objects are
highly dependent on their architectures. For example,
badminton with cone shape and asymmetric mass distribution
provides a unique aerodynamic with stable and straight
movement trails.37,38 It naturally makes one feel interested in
whether the architecture and dynamic relationship of
badmintons still works at the nanoscale. We hypothesize that
a badminton-like nanoparticle can move linearly just like real
badmintons. However, though many kinds of anisotropic
nanoparticles have been reported,20,39−42 nanoparticles with
such a badminton-like architecture are yet to be fabricated.
Herein, inspired by the badmintons’ architecture-induced

stable aerodynamics, based on the steric-induced anisotropic
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Figure 1. Synthesis and unique flow dynamics of nanobadmintons. (a) Schematic illustration of the synthesis of the Fe3O4&mPDA
nanobadmintons with asymmetric mass distribution. (b) Schematic illustration of the nanobadmintons’ unique blood flow dynamics comparing to
conventional nanospheres, which brings straighter flowing trails, decreased encountering frequency with vascular walls, and thereupon lower organ
uptake and lengthen blood circulation time.

Figure 2. Synthesis and characterization of nanobadmintons. (a−d) TEM and SEM images with different magnifications and (e) elemental
mapping of the badminton-like Fe3O4&mPDA nanoparticles. (f) In situ tilting observations, 3D models and (g) nitrogen sorption isotherms of the
badminton-like Fe3O4&mPDA nanoparticles. The inset of (a) is a photo of a badminton. The inset of (g) is the pore size distribution obtained
through the Barrett−Joyner−Halenda method. Scale bars represent 50 nm in (a,e), 200 nm in (b,c) and 100 nm in (d,e).
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assembly of lamellar mesoporous polydopamine (mPDA) on
magnetite Fe3O4 nanoparticles, Fe3O4&mPDA Janus nano-
particles with a badminton-like morphology and asymmetric
mass distribution are designed and synthesized (Figure 1a).
The obtained nanobadmintons possess dual subunits of a high
density Fe3O4 “head” with a diameter of ∼100 nm and a low
density mPDA polymeric cone that has a round base with
∼250 nm in diameter and ∼200 nm in height. The
nanoparticles’ unique morphology and asymmetric mass
distribution significantly affect their fluid dynamics. Computa-
tional simulations show that they have a stable fluid posture of
mPDA cone facing forward, and the force analyses
demonstrate that the unique badminton architecture endows
the nanoparticles with a balanced motion around this posture,
thus providing a straighter flow trail compared to the spherical
Fe3O4@mPDA nanoparticles. Owing to the straight moving
trails in the bloodstream, the interaction frequency between
the nanobadmintons and vascular walls is reduced by about
∼50%, which further results in the prolonged blood circulation
time, ∼40 and ∼15% reduction in the cellular uptake and liver
uptake over 24 h, respectively (Figure 1b). This work proposed
the fabrication of novel badminton-like nanoparticles with an
asymmetric mass distribution and systematically probed the
linkage among nanoparticles’ architecture, biofluid dynamics,
organ clearance, and blood circulation, presenting a novel

perspective on understanding nanoparticles’ in vivo behavior,
paving a new way of manufacturing nanomaterials for
biomedical fields.

■ RESULTS AND DISCUSSION
As shown in Figure 1, superparamagnetic Fe3O4 nanoparticles
with a uniform diameter of ∼100 nm are first prepared via a
solvothermal method (Figure S1).43 The Janus mSiO2&Fe3O4
(mSiO2 = mesoporous silica) nanoparticles are then fabricated
through an anisotropic assembly approach reported previously
(Figure S2).44 By using amphiphilic triblock copolymer
pluronic F127 and P123 as cosurfactants, broom-like triblock
mSiO2&Fe3O4&mPDA nanoparticles can be obtained based
on the steric-induced anisotropic assembly (Figure S3).
Further etching of the silica domain results in the
Fe3O4&mPDA nanoparticles with badminton-like architectures
(Figure 2).
Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) images (Figure S3) of the
mSiO2&Fe3O4&mPDA nanoparticles demonstrate that the
triblock nanoparticles possess a mSiO2 nanorod with a length
of ∼400 nm and a Fe3O4 nanosphere with a diameter of ∼100
nm in the middle. The cone-shaped mPDA subunit with the
subface facing in the opposite direction of the mSiO2 nanorods
is grown selectively on the magnetite Fe3O4 domain, and the

Figure 3. Steric-induced anisotropic assembly of lamellar mesoporous polydopamine. (a) Schematic illustration of a steric effect-induced site
selective substitution reaction in organic synthesis. (b−e) Schematic illustration of the morphology evolution and TEM images of the
mSiO2&Fe3O4&mPDA and Fe3O4&mPDA nanoparticles obtained from different pluronic P123/F127 ratio: (c) 0:1, (d) 0.05:0.95, and (e) 0.1:0.9.
Scale bars represent 100 nm in all images.
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height and diameter of the cones are measured to be about 200
and 250 nm, respectively. The Fe3O4&mPDA nanobadmin-
tons, in which the Fe3O4 nanoparticles as a “cork” and mPDA
cones as a “plume”, can be obtained after the hydrothermal
etching of mSiO2 nanorods at 100 °C (Figure 2a−d). The
morphology and size of the mPDA-truncated cones are
retained after hydrothermal treatment. The mPDA domain
covers about 1/3 of the surface of the Fe3O4 nanoparticles, and
mesopores with a diameter of ∼20 nm formed through
stacking of lamellar PDA sheets can be observed in each
particle (Figure S4). Elemental mappings of the nanoparticles
clearly display the asymmetric distribution of Si, Fe, and C
elements, demonstrating the anisotropic architectures (Figure
S5). In situ tilting observations also demonstrate the
asymmetric badminton-like architecture of the Fe3O4&mPDA
nanoparticles (Figures 2f and S6). The Brunauer−Emmett−
Teller surface area of the mesoporous Fe3O4&mPDA nano-
badmintons is measured to be about 122 m2 g−1, which can be
attributed to the lamellar wrinkled mesopores composed of
PDA (Figure 2g). The average mesopore size is measured to
be ∼20 nm, in accordance with SEM and TEM observations.
The thermal gravimetric analysis shows that ∼89% of the total
weight of the Fe3O4&mPDA nanoparticles is contributed by
the Fe3O4 nanospheres (Figure S7). Modeling calculations

show that the centers of mass of badminton-like
Fe3O4&mPDA nanoparticles almost coincide with the circular
centers of the Fe3O4 nanosphere, deviating from the geometric
centers of the overall particles. It should be noted that this
deviation is not only due to the unique morphology but also
relies on the density difference between Fe3O4 and PDA.
Switching to other asymmetric nanoparticles, such as
Fe3O4&mSiO2, the center of mass is not far from the
geometrical center due to the insufficiently large density
difference between the two components, although the overall
asymmetry is asymmetric (Figure S8). Overall, we may
conclude that this nanoparticle not only morphologically
simulating badminton but also imitating badmintons in its
asymmetric mass distribution.
To achieve a nanobadminton architecture, the mPDA

compartments have to be anisotropically assembled on the
magnetite Fe3O4 surface. Therefore, a “directing force” is
required to orient the assembly direction of the lamellar
mPDA. Herein, we take inspiration from the steric effects in
organic chemistry and designed a steric-induced anisotropic
assembly strategy.
In organic synthesis, the substitution position and

orientation of functional groups are significantly influenced
by the steric effects (Figure 3a). In a similar fashion, the Janus

Figure 4. Microfluid-microscope system analysis of particle fluid dynamic. (a) 3D illustration of the microfluid-microscope system of tracking
nanoparticles’ movements. The dark-field image and particle trail analysis of (b) badminton-like nanoparticles and (c) spherical core@shell
nanoparticles under a flow rate of 0.02 mL min−1. (d) Relative Y movement per 100× and (e) ratio between total and differential displacements of
the two nanoparticles under various flow rates. X is the horizontal direction of the field of view, and also the direction of flow. Y is the vertical
direction of the field of view. Differential displacement is the total length of the move route, and total displacement is the direct distance between
the initial and end positions. Scale bars in (b,c) are presented in micrometers. The bars represent mean ± s.d. derived from n = 4 groups.
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Fe3O4&mSiO2 nanoparticles are first fabricated, in which the
mesoporous mSiO2 nanorod function as the space-occupying
matter to “block” the space around the Fe3O4 nanospheres.
Then, P123/F127, TMB, and dopamine together form micelles
to assembly on the Fe3O4 nanoparticle side.

44−46 Due to the
steric repelling between mPDA micelles and mSiO2 nanorods,
the mPDA micelles are directed to assemble asymmetrically
away from the mSiO2 nanorods (Figure 3b−e).
The steric-induced anisotropic assembly process is verified

by TEM images of the products obtained with different
pluronic P123/F127 ratios. It is found that the P123/F127 ratio can
enormously affect the anisotropic assembly of the mesoporous
mPDA (Figures 3b−e and S9). With the increase of the P123/
F127 ratio, the morphology of the mesopores in mPDA is
altered from spherical (0:1) to rod shape (0.05:0.95) and
finally lamellar-stacking pores (0.1:0.9, Figure S10), indicating

that the structure of the PDA-surfactant composite micelles is
changed from spherical to lamellar. At the same time, the
assembly of the mesoporous mPDA on the Fe3O4 nanospheres
is turned from a homogeneous shell (Figure 3c,d) into an
anisotropic cone facing opposite directions of the mSiO2
nanorods (Figure 3d). Further increasing P123/F127 ratio
results in phase-separated homogeneous growth of large
PDA nanosheets rather than heterogeneous growth on the
mSiO2&Fe3O4 nanoparticles (0.15:0.85, Figure S11). Fur-
thermore, at a high P123/F127 ratio, lamellar mPDA micelles can
assemble on the bare Fe3O4 nanoparticles (without mSiO2
nanorods) to form the core@shell-structured Fe3O4@mPDA
nanoparticles, yet only with a homogeneously coated mPDA
shell (Figure S12).
Based on the above results and theoretical analysis, we

propose a steric-induced anisotropic assembly strategy to

Figure 5. Computation and in vitro simulation of nanoparticles’ fluid dynamics in blood vessels. (a) Schematic illustration of simulating
nanoparticles’ biofluid dynamics in blood vessels using SDPD (b) and how the nanobadmintons tend to move faster and collide less with the vessel
wall compared to the nanospheres. (c) Statistics of the rate of encountering with pipeline walls and (d) average moving distance of the two
nanoparticles along the pipeline. (e) Schematic illustration of the microfluidic-based artificial “blood vessel”. (f) Flow cytometric analysis (100 μg
mL−1) and (g) ICP analysis of relative cellular uptake of nanoparticles with varied concentrations and flow speeds. Color red for the
nanobadmintons and black for the nanospheres in all data. The bars represent mean ± s.d. derived from (c,d) n = 10 and (g) n = 3 groups. The
statistical analysis was performed by using one-way analysis of variance (ANOVA), followed by the post hoc Tukey’s method. *0.01 < P < 0.05,
**P < 0.01.
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explain the formation process of the nanobadminton
architectures (Figure S13). During the mPDA assembly, as
reported by previous literature studies, with only pluronic F127,
small-sized spherical micelles (<10 nm) are formed.47 The rod-
shaped micelles can be generated at a low P123/F127 ratio (∼50
nm in length), and a high P123/F127 ratio leads to large lamellar
micelles (>100 nm).48 Steric hindrance of the mSiO2 nanorod
does not affect the assembly of small-sized spherical micelles,
therefore, with only F127, small-sized spherical micelles (<10
nm) uniformly cover all the Fe3O4 nanoparticles. The bigger
rod-shaped micelles are sterically repelled by the mSiO2
nanorods, so there is a gap between them. The large size of
the lamellar micelles leads to strong steric-repelling between
the micelles and mSiO2 nanorods, thus directing the mPDA to
assemble anisotropically away from the mSiO2 nanorods,
forming the mesoporous mPDA cone. Further increasing
pluronic P123 ration leads to even larger lamellar micelles,
which thus are totally repelled from the mSiO2&Fe3O4
nanoparticles. Also, without the mSiO2 nanorods as the
space-occupying matter, the lamellar mPDA micelles would
also be unable to achieve anisotropic assembly (Figure S12).
To verify the effect of the architecture on nanoparticles’ fluid

dynamics, the conventional spherical core@shell-structured
Fe3O4@mPDA nanoparticles were prepared (Figure S14) and
used as the control group in comparison to the badminton-
shaped Fe3O4&mPDA nanoparticles. The two kinds of
particles are made of Fe3O4 and mPDA with no variations in
compositions. After modification with bovine serum proteins
(BSA), the two nanoparticles have nearly identical dynamic
light scattering size and surface charge (Figure S15), enabling
us to investigate the effect of the architecture on nanoparticles’
fluid dynamics with the minimum interferences.
Herein, a dark-field optical microscope combined with a

microfluid system is used to record the trajectories of the
nanoparticles in the microfluids (Figure 4a). The Brownian
movements of two kinds of nanoparticles are similar under
static conditions (Figure S16). However, in microfluids with a
flow rate of 0.02 mL min−1, the badminton-like nanoparticles
have more obvious linear trails (Figure 4b) compared to the
spherical-shaped core@shell nanoparticles, where the trails are
zigzag ones (Figure 4c). The difference in the trajectory
patterns induced by the variety in architectures can also be
observed at a high flow rate (Figure S17). The analysis of the
trajectories demonstrates that the spherical nanoparticles have
larger movements in the cross-flow direction (Figure 4d),
which is three times higher than the nanobadmintons. The
ratio between the nanoparticles’ linear displacement (the
distance between the start and end location) and travel
distance (adding up the distance of each step) is calculated
(Figure 4e), which can be used to evaluate the linearity of the
trails. The closer to 1 this value is, the more linear the
movement. While the value for the nanospheres is below 0.5 in
different flow rates, the value for the nanobadmintons is near 1
(>0.8) under all fluid speeds, indicating a good linearity of the
moving trails. The spherical nanoparticles have ∼50% lower
downstream speed at 0.02 mL min−1 and ∼15% less at 0.2 mL
min−1 (Figure S18). The plane diffusion coefficiency of the
two kinds of nanoparticles also evidence that the badminton-
like nanoparticles possess a higher speed in flowing fluid, a
∼30% differential at a high flow rate (Figure S19). Overall,
these results clearly demonstrate that the badminton-like
architecture may endow nanoparticles with more stable
dynamics and linear trails in flowing fluid.

Computation modeling based on the smooth dissipative
particle dynamics (SDPD) method is used for systematic
simulation of the nanoparticles’ movements and encounter
with pipe walls in a flowing fluid (Figure 5a). The results
demonstrate that the nanobadmintons move much faster in the
fluid and encounter less with pipe walls (Figure 5b). On a
simulation run of 10 times, with 20 nanoparticles starting, an
average of ∼14% of the nanobadmintons can interact with the
pipeline (Figure 5c), which is almost half the amount
compared to the core@shell-structured nanospheres (∼27%).
“Snapshots” are taken at randomly selected moments, and it
can be clearly observed that the majority of the nano-
badmintons have their “cone” facing forward (Figure S20).
The simulation also demonstrates that the nanobadmintons
undertake smaller radius forces (Figure S21) and have a lower
mean square value of moving distance in the pipeline radius
direction compared to the core@shell-structured nanospheres
(Figure S22). These results are much in agreement with
previous dark-field observations that the nanobadmintons have
straighter trails and less probability of encountering pipeline
margin. Finally, simulation results show that over the same
period, the nanobadmintons have a longer down-flow moving
distance (∼40%, Figure 5d), indicating that they have a faster
down-flow moving distance than the core@shell nanospheres.
Such simulations clearly verify that the nanobadmintons have
better linear trails and less probability of encountering pipeline
margins. Altogether, the computational simulation demon-
strates that the nanobadminton architecture provides nano-
particles with more stable fluid dynamics and less chance of
margination.
Based on the above observations that the badminton-like

architecture endows nanoparticles with less probability of
encountering pipeline walls, we further investigated how such
fluid dynamics could affect the nanobio interaction by using a
homemade vascular simulation setup. An injection pump and a
HUVEC endothelial cells adherent grown single channel chip
(2 mm × 200 μm) were utilized for in vitro simulations of the
nanoparticles’ vascular flowing (Figure 5e).32,34 The pump
provided flowing of “blood”, and the cell-grown chips function
as an artificial “blood vessel”. The two kinds of the
nanoparticles (nanobadmintons and nanospheres) were
modified with indocyanine green@bovine serum albumin
(ICG@BSA) or DOX@BSA (DOX = doxorubicin) complexes,
which allowed both in vitro and in vivo monitoring of the
nanoparticles (Figures S23 and S24).49−51 The synthesized
nanoparticles demonstrated superior biocompatibility in vitro
and in vivo experiments. No significant cytotoxicity was
observed at high concentrations (600 μg/mL, Figure S25).
Acute toxicology experiments also confirmed that injection at a
high concentration (1 mg/kg) did not cause stressful death in
mice. The cellular uptake of nanoparticles was investigated by
confocal laser scanning microscopy (CLSM), flow cytometric
analysis, and inductively coupled plasma (ICP). No significant
differences between the two nanoparticles can be observed
under static conditions. At the same time, we examined the
phagocytic pathway of cellular uptake of both by inhibitor
experiments. The experimental results demonstrate that both
are taken up via energy-dependent and clathrin-mediated
pathways, and the effects of inhibitors on the cellular uptake of
both are consistent, proving that the morphological changes do
not affect the pathway of the cellular uptake of nanoparticles
(Figure S26). For both nanoparticles, the cellular internal-
ization is reduced upon the flowing of the nanoparticles’
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medium solution regardless of architectures. Yet, the uptake
rate of the nanobadmintons is less than that of the nanospheres
under all three flowing speeds (Figure S27). Taking the cellular
uptake under the static condition as an example, the
internalization of the nanobadmintons has as much as ∼15%
reduction compared to that of the nanospheres (22% vs 38%,
0.02 mL min−1 flow rate, Figures 5f,g and S28). The cellular
uptake of the nanobadmintons is lower than that of the
nanospheres under all particle concentrations and flowing
speed, clearly demonstrating that the badminton architecture
can reduce the nanobio interaction based on the unique fluid
dynamics.
The above results demonstrate that the badminton-like

architecture may provide the nanoparticles with more stable
fluid dynamics, linear motions, reduced interaction frequency
with blood vessel walls, and lower cellular uptake under
flowing fluid. We assume that because the nanoparticles with a
diameter ranging in 100−500 nm are mainly cleared via the
phagocytosis by endothelium and Kupffer cells on the liver
sinusoid vascular walls31 such reduced interaction frequency
should lower nanoparticles’ liver uptake efficiency and prolong
blood circulation time. After functioning with the ICG@BSA
complexes, the fluorescence of the nanoparticles in the NIR-II
region can be stable for a long period, allowing analysis of the
concentration effects (Figures S23 and S29). NIR-II imaging of
mice hindlimb vessels demonstrates that while the vessels are
illumined simultaneously upon injection for the two kinds of
nanoparticles, the fluorescence intensity of mice injected with

the badminton-like nanoparticles decayed much slower than
that of the spherical nanoparticles (Figure 6a). The difference
in intensity is already significant at 4 min. At 15 min, the vessel
of mice injected with the badminton-like nanoparticles is still
visible, while the intensity with the spherical core@shell
nanoparticles has completely vanished (Figure 6b). The
nanoparticle concentration in blood was further investigated
by phlebotomizing at different time points postinjection and
quantified based on fluorescence intensity. A blood circulation
half-life time of 0.15 h is observed for the badminton-like
nanoparticles, which is a doubled period compared to 0.069 h
for the spherical core@shell-structured nanoparticles (Figure
6c). Such differences in fluorescence decaying and blood
circulation half-life time indicate that the spherical nano-
particles have faster a bloodstream than the badminton-like
nanoparticles, which can be attributed to the architecture-
induced varied biofluid dynamics. The mice were sacrificed at
different times postinjection, and the liver and lungs were
collected to investigate the biodistribution of the injected
nanoparticles. The ICP measurements of the liver (Figure 6d)
and lungs (Figure 6e), the two organs mainly responsible for
the clearance of nanoparticles, clearly reveal that the
badminton-like nanoparticles have an ∼15% lower uptake
efficiency in the liver and ∼25% reduction in the lung,
compared to the spherical ones. The distribution of the
nanoparticles in other organs also indicates similar results
(Figure S30). The blood circulation time and organ uptake
assessments together verify the above-mentioned hypothesis:

Figure 6. In vivo blood circulation and organ uptake of the nanoparticles. (a) Schematic illustration of the analysis of nanoparticles’ blood
circulation time by using NIR-II imaging. The two nanoparticles are loaded with indocyanine green, and their concentrations in the mouse
hindlimb vessels are imaged under a radiation of 808 nm light using CCD. (b) NIR-II imaging of the mice hindlimb vessels. Nanoparticles were
quickly injected through tail vein and then the NIR-II intensity was monitored. For the nanobadmintons, the hindlimb vessel is still clearly
observable at 15 min, while that of nanospheres is difficult to distinguish, demonstrating that badminton-like nanoparticles have longer blood
circulation comparing to nanospheres. (c) Concentrations of the nanoparticles in the blood within 1.0 h after injection. The accumulation of the
nanoparticles in the (d) liver and (e) lung at various time points postinjection. Nanoparticles are quickly injected through the tail vein; at various
time points, blood is collected from orbit, and organs are acquired from sacrificed mice. Intensity of indocyanine green is used to reveal the
concentration of the two nanoparticles within the blood and organs. The bars represent mean ± s.d. derived from n = 4 groups.
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the relatively stable biofluid dynamics may reduce interaction
frequency between the badminton-shaped nanoparticles and
vascular vessels, further decreasing uptake efficiency by
endothelium cells, lowering organ clearance rate, and
prolonging blood circulation time.
Based on the Fe3O4&mPDA nanoparticle’s unique badmin-

ton-like morphology and asymmetric mass distribution,
computation simulation was conducted to investigate the
relationship between nanoparticles’ architecture, fluid dynam-
ics, and blood vessel margination. Theoretical models were
established based on the finite element analysis method and
used for nanoparticles’ force analysis; the down-flow direction
is set as x and that vertical to the pipe is set as y (Figure 7a). As
demonstrated by the nephogram of flow speed distributions,
the torque is zero when the nanobadminton takes a position
with the “cone” facing forward; thus, this is the most stable
posture of the nanobadmintons in flowing fluid (Figures 7b,
S31 and S32). When a dip angle exists between the
nanobadminton’s axis and the fluid direction (x), the torque
is not zero and pointing toward the axis of symmetry,

indicating that the nanobadmintons will rotate to be aligned
with the fluid direction (Figure S33).
The influence of the nanoparticle’s mass distribution on

impact and motion is also simulated. Due to the asymmetric
mass distribution of the nanobadmintons, the majority of mass
is concentrated in the Fe3O4 nanoparticle “head”, while the
mPDA “plume” has a low density but with a larger area for
force application. Consequently, during impact, the “head” and
“plume” experience different accelerations, leading to the
nanobadminton’s rotational motion (Figures 7b and S34).
With rotation, the fluid’s impact on the nanobadminton could
eventually change and varies with different contact angles. This
phenomenon is distinct from that in symmetric nanoparticles,
where the center of mass coincides with the geometric center.
Based on the above simulation results, we propose a

“balanced motion” to explain the linear movement of the
nanobadmintons, which is attributed to the unique badminton-
like morphology and mass distribution of the nanobadmintons
(Figure 7c,d). When the nanobadmintons undertake forces in
the vertical directions, the asymmetric mass distribution
provide a strong tendency for the nanobadmintons to rotate.

Figure 7. Mechanism of the nanobadmintons’ unique blood flow dynamics. (a) Models of the badminton-like Fe3O4&mPDA nanoparticle,
spherical core@shell-structured Fe3O4@mPDA nanoparticle, and the pipeline with graded distributed fluid flow in the finite element analysis. (b)
Diagram of the rotation torque and lift force that the nanobadmintons undertake with different tilting angles in the upper part of the pipeline. (c)
Schematic illustration of the nanobadmintons’ “balanced motion” in fluid. Red arrows are representations of the force undertaken from fluid. The
nanobadmintons always undertake forces pointing toward the center. (d) Schematic illustration of the mechanism of the nanobadmintons’ unique
bloodstream dynamics.
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Now the nanobadmintons have an angle that deviates the most
stable posture, a torque is generated, which pushes them back
to their original position. The nanobadmintons are pushed
back both in the posture and position. This process keeps on
repeating itself; the nanobadmintons are hence in a dynamics
balance in the flowing fluid and do not have as much tendency
to move vertically as nanospheres (Figure 7c). The nano-
spheres, on the other hand, undertake a constant vertical y-
direction force pointing toward the pipeline wall, which is due
to the gradient distribution of fluid velocity in the pipeline
(Figure S35). Therefore, nanospheres always have a strong
tendency of margination toward vessel walls, being captured by
cells on the vessel walls, eliminated from the blood circulation,
and accumulated in organs.25 This hypothesis may well explain
how the badminton-like morphology and mass distribution
may provide nanoparticles with more stable flow dynamics.

■ CONCLUSIONS
Inspired by the unique aerodynamics of badmintons, the
magnetite nano-Fe3O4&mPDA nanobadmintons with an
asymmetric mass distribution have successfully been synthe-
sized through a novel steric-induced anisotropic assembly
strategy. The nanobadmintons’ architecture significantly affects
their fluid dynamics, providing a straighter flow trail compared
to the spherical Fe3O4@mPDA nanoparticles. Computational
simulations show that the nanobadmintons have a stable fluid
posture of the mPDA cone facing forward, and force analysis
demonstrates that the unique badminton-like morphology and
mass distribution endows the nanoparticles with a balanced
motion around this posture, making its movement in fluid
stable. The straight moving trails enable nanobadmintons
∼50% reduced interaction frequencies with blood vascular
walls, and therefore, ∼40% reduced cellular uptake, ∼15% less
liver uptake, and doubled blood circulation half-life in the same
time period. This research presents a novel approach to
fabricating badminton-like nanoparticles with an asymmetric
mass distribution. It systematically explores the interconnec-
tions between the nanoparticles’ architecture, biofluid dynam-
ics, organ clearance, and blood circulation, offering a unique
perspective on comprehending the in vivo behavior of
nanoparticles. Moreover, this work lays the groundwork for
the advancement of nanomaterial manufacturing in biomedical
applications.
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