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Swarming magnetic nanorobots bio-interfaced by
heparinoid-polymer brushes for in vivo safe synergistic
thrombolysis
Manyi Yang1†, Yaoyu Zhang2,3†, Fangzhi Mou1*, Chuan Cao1, Lingxia Yu1, Zhi Li3*,
Jianguo Guan1,4*

Biocompatible swarming magnetic nanorobots that work in blood vessels for safe and efficient targeted throm-
bolytic therapy in vivo are demonstrated. This is achieved by using magnetic beads elaborately grafted with
heparinoid-polymer brushes (HPBs) upon the application of an alternating magnetic field B(t). Because of
the dense surface charges bestowed by HPBs, the swarming nanorobots demonstrate reversible agglomera-
tion-free reconfigurations, low hemolysis, anti-bioadhesion, and self-anticoagulation in high-ionic-strength
blood environments. They are confirmed in vitro and in vivo to perform synergistic thrombolysis efficiently
by “motile-targeting” drug delivery and mechanical destruction. Moreover, upon the completion of thrombol-
ysis and removal of B(t), the nanorobots disassemble into dispersed particles in blood, allowing them to safely
participate in circulation and be phagocytized by immune cells without apparent organ damage or inflamma-
tory lesion. This work provides a rational multifaceted HPB biointerfacing design strategy for biomedical nano-
robots and a general motile platform to deliver drugs for targeted therapies.
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INTRODUCTION
Micro-/nanorobots (MNRs) can convert environmental energy into
their own kinetic energy. Similar to living organisms in nature, they
may further exhibit emerging collective behaviors, such as en-
hanced propulsion and intelligent responsiveness to local environ-
ments, by gathering into coherent groups purely through local
interactions (1–5). With powerful propulsions, MNRs are promis-
ing for precisely delivering (or retrieving) cargoes to (or from) hard-
to-reach organs or tissues and thus may bring about revolutionary
changes to biomedical research and clinical practice, such as target-
ed drug/gene/cell delivery, detoxification, and microsurgery (6–12).

To realize biomedical applications, MNRs are frequently de-
signed using biocompatible materials, endogenous fuels, and/or ex-
ternal-field powering strategies (13–17). For instance, by harnessing
the biofriendly nature of the chemical reactions betweenmetal mag-
nesium and biofluids (18), Mg-based micromotors can effectively
work in gastric media and deliver antibiotic drugs to treat
stomach infections (19, 20). Urease-powered nanomotors using en-
dogenous urea as fuels can work in blood circulation system (21)
and exhibit active homogeneous distribution and enhanced fluid
mixing for bladder tumor targeting and drug delivery upon intra-
vesical injection into a bladder (22). Bioinspired hybridmicrorobots
by natural microalgae can improve cargo delivery in gastrointestinal
tissue and active delivery of antibiotics in the lungs in vivo (23, 24).
Using biocompatible fuel-free magnetic propulsions, magnetic

microrobots are demonstrated to actively deliver drugs to malignant
glioma and perform ulcer healing in vivo, respectively (25, 26).

Moreover, the interface engineering of MNRs with biological
systems plays important roles in their self-propulsion, colloidal
stability, opsonization, and biological performance (27). Chemically
powered microswimmers, after being coated with polyelectrolyte,
can avoid the quenching of self-propulsion in biofluids (28). Mag-
netic micropropellers or microswarms modified with liquid per-
fluorocarbon coating are capable of operating in the dense
vitreous body of the eye or biofluids because of the greatly
reduced interaction with biopolymers and minimized viscous
drag (2, 29). Cloaking MNRs with cell membranes may avoid non-
specific opsonization and immune clearance and enhance their
blood circulation time and targeting efficiency (30).

Motivated by the continuous advancement of MNRs and the
serious, even life-threatening cardiovascular diseases caused by
thrombosis, researchers have devoted considerable attention to ex-
ploring the utilization of MNRs as a promising and efficient thera-
peutic approach for the effective treatment of thrombosis (8, 9, 31–
38). For instance, in vitro and in vivo experiments have demonstrat-
ed that light-driven micro/nanomotors cloaked by platelet or eryth-
rocyte membranes can execute thrombolytic treatment by self-
targeting the thrombus site, delivering thrombolytic drugs in a con-
trollable sequential mode and/or deeply penetrating in thrombus
site under near-infrared irradiation (8, 33). Recently, chemotactic
neutrophils equipped with a urease motor have also been demon-
strated to be capable of targeting a thrombus and promoting throm-
bolysis by delivering thrombolytic protein drugs of urokinase there
(34). Despite the improved bioavailability and biosafety of throm-
bolytic drugs with greatly reduced hemorrhagic side effects, they
suffer from weak propulsion, especially during the targeting
process, and primarily function as single robots in thrombolysis.
These features make their accumulation time at thrombus long,
thus hindering the time-critical thrombolysis therapy. Alternatively,
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magneticMNRs show powerful locomotion, precise navigation, and
emerging collective behaviors, exhibiting great potential in fast
thrombolysis. They can perform thrombolysis by mechanically dis-
turbing local fluids to enhance the diffusion or mass transportation
of free thrombolytic drugs (35–38) or by delivering the loaded
thrombolytic drugs to occlusive blood clots in blood vessels under
external magnetic field navigation (31, 32, 39). However, the mag-
netic nanoparticles (NPs) serving as the building blocks of the so far
developed magnetic MNRs face a great challenge of suppressed in-
terparticle repulsion when exposed to high-ionic-strength media,
potentially leading to severe aggregation and bioadhesion in
blood vessels (40, 41). This limitation exposes their clinical throm-
bolysis applications to significant risks and serious side effects, such
as off-target toxicity, blood capillary clogging, and exogenously
stimulated thrombosis (42, 43).

Here, we demonstrate that swarming magnetic nanorobots bio-
interfaced by heparinoid-polymer brushes (HPB-NRs) can work in
blood vessels and accomplish targeted thrombolytic therapy safely
and efficiently in vivo. In this protocol, NPs of magnetic beads elab-
orately grafted with heparinoid polystyrene sulfonate sodium
brushes (MB@PSS NPs) are prepared by surface-initiated atom
transfer radical polymerization (ATRP). The heparinoid-PSS
brushes enable them to show excellent dispersity in blood as indi-
vidual particles because of their enhanced surface charge density in
high-electrolyte media, while they are assembled into biocompatible
swarming HPB-NRs with strong thrusts and precise navigation
under B(t). The as-constructed swarming HPB-NRs hold strong
anticoagulation, low hemolysis, anti-agglomeration, and anti-bio-
adhesion in whole blood environments. After being loaded with
massive drugs, they can further achieve synergistic thrombolysis
in vitro and in vivo by motile-targeting drug delivery and mechan-
ical destruction. Moreover, upon the completion of thrombolysis
and removal of B(t), the HPB-NRs automatically disassemble into
individual particles dispersed in blood and are allowed to be phago-
cytized by immune cells with no obvious organ damage or inflam-
matory lesion, indicating its high biosafety. This work provides a
rational interface design strategy for nanorobots working in blood
flow and offers an insight into them. Compared to previousmagnet-
ic NPs or MNRs for thrombolysis, the HPB-NRs developed here
have a critical advantage of reversible switch between collective
states (swarming nanorobots) and dispersed states (dispersing
NPs) in blood environments in response to B(t), besides the effi-
cient thrombolysis. The developed nanorobots are expected to act
as a general motile platform to deliver drugs for targeted therapies.

RESULTS
Conceptual design
For nanorobots working in blood vessels (sometimes called inject-
able nanorobots), they should be compatible with the blood envi-
ronment, including high blood dispersity, good anticoagulation,
and negligible hemolysis (7). Heparinoid substances contain large
quantity of functional -SO3

− or -COO− groups that can gain dense
surface charges and bind with antithrombin III (AT III). They
exhibit excellent anticoagulation in blood and stop the blood clot-
ting cascade (44). Thus, MB@PSS NPs (Fig. 1, A and B) are fabri-
cated by surface-initiated ATRP and designed as the building blocks
of swarming magnetic nanorobots, named as swarming HPB-NRs.
With the surface heparinoid-PSS brushes, the MB@PSS NPs gain

dense surface charges, which enable them to be well-dispersed as
individual building blocks in high-ionic-strength blood environ-
ments without B(t) because of strong local electrostatic repulsion
and further provide them with rich binding sites to load thrombo-
lytic drugs via attractive electrostatic interactions (Fig. 1C). In addi-
tion, with the excellent affinity to AT III (Fig. 1D) (44, 45), they may
also show high self-anticoagulation while exhibiting low hemolysis
and strong anti-bioadhesion because of the strong electrostatic re-
pulsion (Fig. 1E) with constituents in blood environments, such as
red blood cells (RBCs) and vascular endothelial cells (VECs). More-
over, under an external magnetic field, the MB@PSS NPs can be re-
versibly assembled into rod-like nanostructures due to the balance
of magnetic attraction and electrostatic repulsion between them.
These reversibly assembled rod-like nanostructures upon the appli-
cation of an alternative magnetic field B(t) can work as swarming
HPB-NRs. They can show strong driving forces and be collectively
navigated to a targeted location due to their high magnetization and
local hydrodynamic interactions.

With these integrated advantages, the MB@PSS NPs are injected
into the bloodstream distal to the thrombus site, where they, in the
form of well-dispersed individual particles, can be transported pas-
sively by the blood flow (Fig. 1F, Step-i), and subsequently collected
using a permanent magnet placed at the upstream of the thrombus
site with a blood flow velocity close to zero because of the flow
blockage by the thrombus (Fig. 1F, Step-ii). Upon removal of the
magnet and application of a precessing B(t), the swarming tissue-
type plasminogen activator (t-PA)–loaded HPB-NRs are assembled
from the t-PA–loaded MB@PSS NPs and start to crawl toward the
thrombus near the blood vessel wall with minimized disturbance
from the blood flow (Fig. 1F, Step-iii). During this process, all the
building blocks of the HPB-NRs are not adhesive to the blood vessel
wall due to the robust electrostatic repulsion between them. When
approaching the thrombus, the swarming t-PA–loaded HPB-NRs
are further actuated by a rotating B(t) to perform rotating motion
and to penetrate the thrombus for synergistic thrombolysis using
mechanical destruction and local drug release in the thrombus
(Fig. 1F, Step-iv). In this way, the blood clots can be recanalized
rapidly, and the HPB-NRs in the blood flow upon the removal of
B(t) then automatically disassemble into dispersed individual
NPs, allowing them to safely participate in circulation and be even-
tually removed from the body by metabolism (Fig. 1F, Step-v).
Therefore, the as-constructed swarmingmagnetic HPB-NRs are en-
visioned to be biocompatible and can address the critical biosafety
problem that occurred in the so far developed motile-targeting
thrombolytic MNRs.

Characterization and robust dispersity of MB@PSS NPs in
biological media
To construct biocompatible swarming magnetic nanorobots that
can perform highly efficient thrombolysis with biosafety, we have
first prepared MB@PSS NPs by an environment-friendly surface-
initiated ATRP method (fig. S1) (46). As shown in Fig. 2A, the
as-prepared MB@PSS NPs have an average size of 760 nm. In con-
sideration of the size of the naked MBs (500 nm), a polymer shell of
about 150 nm in thickness was wrapped on their surface. The
polymer shell is a layer of PSS brushes, as suggested by the
Fourier transform infrared (FTIR) spectrum in Fig. 2B in which
the stretching vibration of the benzene ring skeleton can be found
at 1426 cm−1, and the strong broad peak from 1250 to 1000 cm−1
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with a satellite at 1220 cm−1 belongs to -S=O symmetric stretching
vibrations of -SO3

− groups. The as-obtained MB@PSS NPs are
superparamagnetic and have a saturation magnetization up to 33
emu g−1 (Fig. 2C). This suggests that the MB@PSS NPs have a
strong magnetic attraction under external magnetic field and can
serve as the building blocks of swarming magnetic nanorobots.

The MB@PSS NPs exhibit enhanced surface charge density (σ)
and interparticle electrostatic repulsions in a high-ionic-strength
solution, ensuring their stability and high dispersity in high-electro-
lyte biological media (Fig. 2D). This can be attributed to the notable
shrinkage of quenched polyelectrolyte brushes with increasing the
ionic strength (47), leading to the reduced shell thickness (D). As
shown in Fig. 2E, increasing the NaCl concentration reduces the hy-
drodynamic size but increases the zeta potential (ζ) of the MB@PSS
NPs. Both of them approach a constant value (780 nm for hydrody-
namic size, −88.1 mV for ζ) when the NaCl concentration is over 50

mM. In contrast, ζ of naked colloidal particles in aqueous media
sharply decreases with increasing the salt concentration (fig. S2).
The increased ζ augments the interparticle electrostatic repulsion
force F1, as described in the following (48)

F1 ¼ πεζ2κre� κd ð1Þ

where κ−1 is the Debye-Hückel length, ε is the dielectric constant of
the medium, and d is the interparticle surface-to-surface distance.
In a medium with high ionic strength (I) of 150 mM (Fig. 2E), ζ of
the MB@PSS NP was measured to be −88.1 mV, and κ−1 was esti-
mated to be 0.79 nm according to its definition κ−1 = (εKBT/
2000NAe2I)1/2, where KB is Boltzmann’s constant, T is the absolute
temperature in kelvin, NA is Avogadro’s number, and e is the ele-
mentary charge.With the increased ζ, F1 sharply increases as a func-
tion of ζ squared. Consequently, the MB@PSS NPs can be steadily

Fig. 1. Schemes illustrating the biosafety, drug loading, and targeted thrombolysis of swarming HPB-NRs based on MB@PSS NPs as building blocks. An indi-
vidual MB@PSS NP with loaded drugs and conjugated AT III (A), a heparinoid-PSS brush (B), loading tissue-type plasminogen activator (t-PA) drugs (C), and conjugating
AT III (D) with PSS brushes via high affinity. (E) Strong electrostatic repulsions among neighboring MB@PSS NPs and between MB@PSS NPs and vascular wall, ensuring
their strong anti-agglomeration, anti-bioadhesion, and high biosafety in blood flows. (F) Safe and efficient targeted thrombolysis process by swarming HPB-NRs, includ-
ing building block injection (Step-i), magnetic collection (Step-ii), nanorobot assembly/propulsion (Step-iii), thrombus destruction (Step-iv), and nanorobot disassembly
(Step-v).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Yang et al., Sci. Adv. 9, eadk7251 (2023) 29 November 2023 3 of 17



dispersed without agglomeration in high-electrolyte biologi-
cal media.

As shown in Fig. 2F and movie S1, the agglomerated MB@PSS
NPs in an aqueous suspension gradually disperse into individual
particles upon the injection of Dulbecco’s modified Eagle’s
medium (DMEM). With DMEM diffuses continuously, the area
where MB@PSS NPs disperse expands correspondingly, as indicat-
ed by the red dashed circles. In contrast, nakedMBs are dispersed in
water but become agglomerated in DMEM because of the charge

screening effect (fig. S3). In addition, the MB@PSS NPs show excel-
lent dispersity in blood and serum. As shown in Fig. 2G and movie
S2, when an aqueous suspension of MB@PSS NPs is dropped into
the blood, the MB@PSS NPs will gradually disperse into single par-
ticles within 42.5 s. Similarly, the MB@PSS NPs also have good dis-
persity in serum (fig. S4 and movie S3). These results indicate that
the MB@PSS have no risk of secondary thrombosis from HPB-NRs
themselvesin the blood system.

Fig. 2. Characterization and dispersity ofMB@PSSNPs in biologicalmedia. (A toC) SEM image (A), FTIR spectrum (B), andmagnetic hysteresis loop (C) of theMB@PSS
NPs. a.u., arbitrary units. (D) Schematic diagram illustrating the enhanced surface charge density (σ) and interparticle electrostatic repulsion (F1) of MB@PSS NPs in bi-
ological media due to the shrinkage of PSS brush shell thickness (D) with the increased electrolyte concentration (Ce). (E) ζ and hydrodynamic size of the MB@PSS NPs in
an aqueous solution with different NaCl concentrations. (F and G) Time-lapse microscopic images depicting the dispersion of agglomerated MB@PSS NPs in an aqueous
suspension upon injecting DMEM, where the red dashed circles indicate the DMEM diffusion range (F) or being dropped into whole blood (G). The left-upper inserts are
partially magnified microscopic images.
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Magnetic propulsions in blood environments
When subjected to a precessing or rotating magnetic field B(t),
magnetic NPs tend to self-assemble into wobbling or rotating
rods. As shown in fig. S5A, the self-assembly of charged magnetic
NPs under the magnetic field is mainly governed by the balance of
electrostatic repulsion F1, van der Waals force (F2) (49), and mag-
netic dipole-dipole attraction (F3) (48). In the case of the MB@PSS
NPs that have a high ζ in high-electrolyte media, they tend to ap-
proach each other at a d greater than the equilibrium separation dis-
tance (d0, ~2.5 nm) due to the negative ΣF at d > 2.5 nm and reach
an equilibrium at d0, where ΣF = 0 (fig. S5B). Because of the dom-
inant electrostatic interparticle repulsion (F1 >> F2), the assembled
MB@PSS NPs (or HPB-NRs) will promptly disassemble into dis-
persed particles upon removal of the applied B(t) (F3 = 0). In con-
trast, the naked MBs have a low ζ (−1.4 mV at a Ce of 150 mM),
resulting in weak F1 and persistent negative ΣF. They tend to
closely pack with one another (d0 → 0) (fig. S5C), leading to their
easy agglomeration in high-electrolyte biological media during
magnetic self-assembly.

Once assembled, the HPB-NRs are capable of performing crawl-
ing or rolling motion under the applied precessing or rotating B(t)
(Fig. 3A). During the crawling motion, the two ends of the rod-like
HPB-NRs alternatively touch a substrate surface when rotating
around the precessing axis. With a hydrodynamic no-slip boundary
near the substrate (e.g., blood vessel wall), the two precessing ends
exhibit different hydrodynamic mobility based on their distance
from the substrate surface, thereby enabling the HPB-NRs to
perform translational kayaking (crawling) motion (50). As shown
in Fig. 3B and movie S4, under a precessing B(t) with B0 of 10
mT and f of 5 Hz, the MB@PSS NPs self-assemble into short rod-
like structures (i.e., nanorobots) (0 to 2.5 s; Fig. 3B) and then “crawl”
on the substrate in a kayaking motion behavior (2.5 to 15.0 s;
Fig. 3B). All assembled rod-like structures crawl in a synchronized
manner and move in a well-defined collective orientational order
(red trajectories in Fig. 3B). When the precessing B(t) is changed
into a rotating one (rotating in the X-Z plane), they perform collec-
tive motions in a “rolling”mode (15.0 to 20.1 s in Fig. 3B). When B
(t) is removed, the nanorobots stopmoving and gradually disassem-
ble into dispersed individual particles again (20.3 to 46.8 s, Fig. 3B).
This indicates that the HPB-NRs can reversibly transform between
dispersed individual particles and assembled nanorod-like struc-
tures with collective motions in response to B(t).

In addition, by adjusting the applied B(t) (fig. S8 and movie S5),
the swarming HPB-NRs can perform dynamic reconfigurations,
transforming from vortexes to “crawling” rods, vortexes to rolling
wheels, long crawling rods to short ones, and dispersed NPs, respec-
tively. By adjusting B(t), the speed and direction of the swarming
HPB-NRs can be controlled. As shown in Fig. 3C, the crawling
HPB-NRs can move up to 267 μm s−1. The rolling HPB-NRs
walk slower than the crawling ones and exhibit a maximum v of
197 μm s−1. When f is increased from 2 to 80 Hz, the swing angle
of the crawling HPB-NRs gradually decreases from 116° to 0° (fig.
S6 and movie S6). As shown in fig. S7 and movie S7, the nanorobot
can move in a predetermined U-shaped trajectory with multiple
turns by adjusting the precession axis of B(t).

As shown in Fig. 3D, the nanorobot can also crawl in blood. It
can push RBCs away once one end touches them, therefore leaving a
clear track of “footprints” on the substrate. Figure S9 indicates that
the kayaking motion speed (v) of the HPB-NRs under the

precessing B(t) in serum, plasma, and whole blood can reach 130,
119, and 49 μm s−1, respectively. The decreased v in blood environ-
ments compared to that in the culture medium (DMEM, 255 μm
s−1) is attributed to the high viscosity of these media (~0.7, ~1.6,
~1.9, and 4 to 5 mPa·s for DMEM, serum, plasma, and whole
blood, respectively).

The HPB-NRs can adapt to blood environments. As the building
blocks, MB@PSS NPs, have a high density of surface charges in
high-electrolyte biological media, the HPB-NRs in serum can dis-
assemble into dispersed particles when B(t) is removed (Fig. 3E and
movie S9). This implies that the HPB-NRs can avoid vascular occlu-
sion by themselves. In addition, as shown in Fig. 3F and movie S10,
a swarm of the HPB-NRs could crawl on a simulated inner wall of
blood vessels, VECs grown on a glass substrate. This suggests that
the HPB-NRs can perform crawling locomotion on blood vessel
walls, like leukocytes (51). Moreover, no adhesion of MB@PSS
NPs to the surface of VECs or particle loss was observed because
of their strong repulsions with such surface, revealing no risk of po-
tential vascular occlusion. Meanwhile, the cell viability of VECs is
over 95%when exposed to HPB-NRs with a concentration of 100 μg
ml−1 (fig. S10). This proves that the HPB-NRs have a low cytotox-
icity to VECs.

Heparinoid brush length effect on blood-environment
compatibility
The length of surface heparinoid-PSS brushes (LPSS) of the
MB@PSS NPs, which can be controlled by simply changing the
ATRP time (t) (46), has an important impact on the performance
of the swarming magnetic HPB-NRs in biological media, such as
antiadhesion and anticoagulation performances. As shown in
Fig. 4A, the hydrodynamic size of the MB@PSS NPs almost linearly
increases from 500 to 1127 nm with t. This is also verified by the
scanning electron microscopy (SEM) images in fig. S11.

With surface heparinoid-polyelectrolyte PSS brushes, the
MB@PSS NPs and HPB-NRs have low hemolysis. As indicated in
Fig. 4B, nakedMBs show a high hemolysis rate of 12.1%. In contrast,
the MB@PSS-t NPs have a low-level hemolysis (<5%), suggesting
that the MB@PSS NPs are highly hemocompatible (52), and have
a negligible influence on the damage of RBCs. For the typical
MB@PSS NPs (i.e., MB@PSS-6 NPs), they only have a low hemoly-
sis rate of 3.6%, and the HPB-NRs assembled from them under B(t)
still demonstrate a hemolysis rate of 4.8% (fig. S12). The slight in-
crease in the hemolysis rate after magnetic actuation is attributed to
the possible rupture of trace RBCs caused by the mechanical forces
of HPB-NRs. Surface properties of colloidal particles, such as
surface chemistry, charge density, and wettability, are critical for
their blood compatibility (45). The MB@PSS NPs contain rich
surface -SO3

− groups bearing a high density of negative charges
(53), which generate repulsion to RBCs (−15 mV in ζ). Thus,
they can prevent hemolysis.

With surface hydrophilic negatively charged PSS brushes, the
HPB-NRs assembled from MB@PSS NPs would avoid random ad-
hesion to the substrate when they are collectively driven under B(t).
The statistical results in Fig. 4C indicate that the adhesion rate of the
HPB-NRs to the substrate decreases with increasing LPSS. When
LPSS reaches 249 nm (corresponding to that of MB@PSS-6 NPs),
the MB@PSS NPs rarely adhere to the substrate. As depicted in
Fig. 4D and movie S11, MB@PSS-6 can freely move on a glass sub-
strate almost without adhesion-caused particle loss in DMEM,
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Fig. 3. Magnetic propulsion and blood-environment adaptivity of magnetic HPB-NRs. (A) Schematic diagram of the kayaking (crawling) and rolling motion of a rod-
like HPB-NR assembled from the MB@PSS NPs under a precessing or rotating B(t). F1, F2, and F3 represent the electrostatic repulsion, van der Waals force, and magnetic
dipolar attraction between two neighboringMB@PSS NPs at a specific interparticle distance (d ), respectively. (B) Reversible assembly andmagnetically driven propulsions
(crawling and rolling propulsions) of the HPB-NRs in the culture medium (DMEM) in response to a precessing or rotating B(t). B0 and f of the precessing or rotating B(t) are
10 mT and 5 Hz, respectively. Scale bars, 80 μm. (C) Average velocity (v) versus f for the crawling and rolling HPB-NRs. (D) Magnetic propulsions of the HPB-NRs in whole
blood. (E) Disassembly of the HPB-NRs in serum after B(t) is removed. (F) Crawling motion of the HPB-NRs on a dense layer of VECs. Scale bars, 100 μm (D to F).
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Fig. 4. Heparinoid-PSS brush length effect on blood-environment compatibility of MB@PSS NPs. (A) Hydrodynamic sizes of the MB@PSS NPs obtained at different
polymerization time (t in a unit of hours), MB@PSS-t. (B) Hemolysis and digital photographs (insets) of RBCs after being exposed to the nakedMBs andMB@PSS-tNPs. PBS
(−) and deionized water (+) were used as negative and positive controls, respectively. (C) Adhesion (or particle loss) rate of the naked MBs and MB@PSS-t to the substrate
when the NRs assembled from them collectively move in DMEM. (D) Optical microscopic images illustrating the magnetic propulsions of the NRs assembled from
MB@PSS-6 (left) and naked MBs (right) in DMEM, revealing that the adhesion and particle loss to the substrate occur with the naked MBs but disappear for MB@PSS-
6 NPs. Scale bar, 100 μm. (E) Anticoagulation performance of naked MBs and MB@PSS-t NPs evaluated by hemoglobin content in the supernatant. The absorbance of
saline is used as the control. (F) In vitro anticoagulation activities of naked MBs (control) and MB@PSS-6 NPs.
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while those from the NRs assembled from naked MBs undergo a
serious particle loss. This can be explained by the strong repulsion
between MB@PSS NPs and the substrate even at a high electrolyte
concentration due to the counterion osmotic pressure and the hy-
dration layer surrounding the charged polymer segments (54, 55).

Moreover, the MB@PSS NPs are able to inhibit coagulation
factors and to show good self-anticoagulation ability. As shown in
Fig. 4E, the anticoagulation ability of the MB@PSS NPs increases
accordingly with increasing LPSS. MB@PSS-6 shows an anticoagu-
lation ability more than two times higher than naked MBs. This is
because increasing LPSS enlarges the content of the surface -SO3

−

groups, which bind more AT III to inhibit the blood clotting
cascade (44, 56) and coagulation factors. We evaluated the antico-
agulation effect of the MB@PSS-6 NPs in vitro by measuring the
activated partial thromboplastin time (APTT), prothrombin time
(PT), thrombin time (TT), and fibrinogen (FIB) concentration
with those of naked MBs as control experiments to reflect the en-
dogenous and exogenous coagulation pathways (56), as well as the
clotting process (57). As depicted in Fig. 4F, the APTTexperiences a
substantial increase from 35.1 to 91.0 s (nearly three times), and the
TT increases from 19.0 to 42.1 s when comparing the system with
MB@PSS NPs to that of naked MBs. Similarly, the PT of the system
withMB@PSSNPs was also prolonged compared to that with naked
MBs. The FIB concentration, which is inversely related to clotting
time, in the plasma with MB@PSS NPs is 0.80 g/liter, much lower
than that with naked MBs (2.83 g/liter). This implies that the
MB@PSS NPs can to some extent act as anticoagulants in the
plasma and ultimately reduce FIB concentration. Thus, the endog-
enous and exogenous coagulation of the HPB-NRs can be largely
inhibited due to the surface PSS brushes. These results suggest
that the HPB-NRs are compatible with blood environments.

In vitro thrombolysis
Besides the excellent blood-environment compatibility, the swarm-
ing HPB-NRs can efficiently perform thrombolysis therapy after
loading thrombolytic drugs (t-PA) in the building blocks of
MB@PSS NPs. As shown in fig. S13, the MB@PSS NPs can be
densely loaded with t-PA by electrostatic attraction when t-PA
was previously coated by ε-polylysine (PL) to form drug nano-
spheres of about 37 nm in size. The loading capacity was confirmed
to be 123.6 mg t-PA/g MB@PSS using a bicinchoninic acid (BCA)
protein kit (fig. S14). The activity of as-loaded t-PA can maintain
over 90% within 1 hour and gradually decrease to 46% after 4
hours (fig. S15A). Before magnetic actuation, the MB@PSS NPs
could only release about 15% of the loaded t-PA in 4 hours.
When the rotating B(t) was applied, they released over 50% of the
loaded t-PA before reaching the equilibrium at about 2 hours (fig.
S15B). This suggests that the release of t-PA in the as-loaded
MB@PSS NPs can be magnetically controlled. The MB@PSS NPs
without actuation only release t-PA through passive diffusions or
osmosis transportation under concentration gradients, while they
upon the application of B(t) are assembled into magnetic HPB-
NRs, which perform rotating motions to enhance the mass ex-
change, accelerating the release of t-PA (58).

A microfluidic chip (microchannel width of 500 μm and depth
of 200 μm) was designed to visualize the thrombolysis by the HPB-
NRs (Fig. 5, A and B, andmovie S12). Under themagnetic actuation
and navigation, a swarm of t-PA–loaded HPB-NRs passes through
the microchannel and moves toward a thrombus placed in a

microwell by their kayaking-like crawling motions (0 to 12.1 s in
Fig. 5A) and then penetrates the thrombus using their rolling
motions (30.4 to 160.2 s in Fig. 5A and fig. S16). The subsequent
thrombolysis process by the t-PA–loaded nanorobots can be
clearly observed under an optical microscope (Fig. 5B). In the
thrombolysis process, the HPB-NRs released t-PA locally near or
in the thrombus under a rotating B(t), and the thrombus was
almost dissolved after 3.5 hours of treatment.

After the visual observation of the thrombolysis by the HPB-
NRs, their thrombolytic efficacy was further quantitatively evaluat-
ed in vitro. Except for the control group, the supernatant color
change and the thrombus size reduction were observed in the
other four groups, suggesting the occurrence of thrombus dissolu-
tion (Fig. 5C). The obvious thrombus dissolution in the moving
HPB-NRs [NRs + B(t)] group suggests that the mechanical force
of nanorobots can have a thrombolytic effect. The supernatant
color in the moving t-PA–loaded HPB-NRs [NRs + t-PA + B(t)]
group is much darker than that in other groups. As shown in the
quantitative results of Fig. 5D, the NRs + t-PA + B(t) group has
the highest concentration of the released fibrin and hemoglobin
from the blood clot, further verifying the strongest thrombolytic
effect of the swarming t-PA–loaded HPB-NRs. Figure 5E indicates
that the NRs + t-PA group demonstrates a higher thrombolysis rate
(ϕt) than the t-PA group. This implies that the affinity of t-PA to
thrombus components is stronger than that to PSS brushes, and
the loaded t-PA molecules on the MB@PSS NPs can effectively
diffuse out of PSS brushes. Furthermore, the loaded t-PA has a
short average diffusion length compared to free t-PA as the
former can directly contact with the thrombus under gravity. ϕt
in the NRs + t-PA + B(t) group is higher than the sum of that in
NRs + B(t) and NRs + t-PA groups, suggesting a synergistic effect
from mechanical destruction and targeted drug dissolution in
thrombolysis of the moving t-PA–loaded HPB-NRs. This synergis-
tic effect can be rationalized by the combination of the enhanced
diffusion and release of t-PA with the mechanical destruction of
the swarming t-PA–loaded HPB-NRs. At first, the percentage of
t-PA released from the moving t-PA–loaded HPB-NRs (over
50%) can be magnetically enhanced, surpassing that observed
from immotile t-PA–loaded MB@PSS NPs (15%). This increases
the local availability of t-PA. Second, the rolling HPB-NRs can pen-
etrate into the thrombus under a rotating B(t) via mechanical de-
struction and further promote the delivery of the t-PA locally inside
the thrombus. This improves the transfer and utilization of t-PA.
With these two effects, the swarming t-PA–loaded HPB-NRs can
perform thrombolysis more efficiently than the combination of
swarming HPB-NRs and immobile t-PA–loaded MB@PSS NPs.

In vivo thrombolysis
To investigate the targeted thrombolysis of the HPB-NRs in vivo, we
established a Sprague-Dawley (SD) rat’s femoral vein venous throm-
bus model. The experimental setup for the thrombolysis treatment
is shown in Fig. 6A. The femoral vein venous thrombus was pre-
pared using the FeCl3 injury method as reported (59). When the
thrombus was generated, the blood flow in the model vessel was
blocked (Fig. 6B and movie S13), which would prevent MNRs or
thrombolytic drugs from reaching the thrombus site. After the con-
struction of the femoral vein thrombus model, the rats were injected
with the magnetic MB@PSS NPs distal to the femoral vein throm-
bosis. As shown in Fig. 6C and movie S14, a significant
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enhancement of the acoustic intensities was observed, suggesting
the accumulation of the MB@PSS NPs near the thrombus site by
the magnetic collection.

The therapeutic effects of different administration groups over
time are shown in Fig. 6D, all treatment groups have a thrombolytic
effect except the control (saline) group, but the thrombolysis trends
are different. The NRs + B(t) group only displays a slight increase in
the blood flow signal after a 4-hour treatment and so does the t-PA
group. The former suggests that the mechanical force alone is too
weak to cause serious damage to the thrombus, while the latter
manifests a low drug utilization rate due to the lack of targeting
ability. In contrast, the NRs + t-PA group has an obvious blood
flow signal after a 4-hour treatment due to the targeted delivery
of the t-PA. More appealingly, the NRs + t-PA + B(t) group
clearly exhibits rapid thrombolysis compared to the other
three groups.

The quantitative analysis of the blood flow in Fig. 6E indicates
that the blood flux in all treatment groups gradually increases
over time except for the control group. Among them, the NRs +
t-PA + B(t) group shows the maximum increment in blood flux,
which is higher than the sum of that in NRs + B(t) and NRs + t-
PA groups, confirming that the in vivo thrombolysis by the swarm-
ing HPB-NRs also demonstrates a synergistic effect from the target-
ed t-PA delivery and mechanical destruction, consistent with the in
vitro thrombolysis experiments. The synergistic thrombolysis per-
formance of the NRs + t-PA + B(t) group is also observed by mea-
suring the residual thrombus area after different treatments, as
depicted in Fig. 6F. The above in vivo thrombolysis results clearly
confirm that the swarming t-PA–loaded HPB-NRs can effectively
dissolve the thrombus in the femoral vein. As the swarming HPB-
NRs can be reversibly switched into well-dispersed individual NPs
without B(t) in serum (Fig. 3E), this motile targeted platform may
have no risk of secondary thrombosis from HPB-NRs themselves.

Fig. 5. Targeted thrombolysis in vitro. (A) Time-lapse microscopic images depicting the propulsion of the swarming t-PA–loaded HPB-NRs toward a thrombus under B
(t) from the top view. (B) Targeted thrombolysis by the swarming t-PA–loaded HPB-NRs. (C) Digital photographs of blood clots after being exposed to control (saline),
moving HPB-NRs [NRs + B(t)], immobile t-PA–loaded MB@PSS NPs (NRs + t-PA), t-PA, and moving t-PA–loaded HPB-NRs [NRs + t-PA + B(t)] for 6 hours. (D) Optical
absorbance of the supernatant at 410 and 540 nm (OD410 and OD540), corresponding to the indicators of the released fibrin (410 nm) and hemoglobin (540 nm)
from the blood clots shown in (C) after 6-hour treatment, respectively. (E) Calculated thrombolytic rate by weighting the mass of the thrombus after 6-hour treatment,
where (a) in group NRs + t-PA + B(t) represents the simple sum of the separate thrombolytic rates contributed from the mechanical force and the targeted t-PA.
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Fig. 6. Targeted thrombolysis in vivo. (A) Experimental setup of the targeted thrombolysis treatment of SD rat’s femoral vein venous thrombus in vivo by the swarming
HPB-NRs. (B) Blood flow in the SD rat’s femoral veinmonitored by the LSBFMS before (0min) and after (2.5 and 5min) the thrombus is generated. Scale bar, 5mm. (C) Real-
time tracking of theMB@PSS NPs in the SD rat’s femoral vein by ultrasound imagingwhen theMB@PSS NPs aremagnetically collected near the thrombus by a permanent
magnet. Scale bar, 2 mm. (D) LSBFMS-monitored blood flow in the femoral vein of the SD rats from the control (saline), NRs + B(t), t-PA, NRs + t-PA, and NRs + t-PA + B(t)
groups at different time. Scale bar, 4 mm. (E) Blood perfusion over time for all groups (n = 5 per group). (F) Representative H&E staining photomicrographs of the femoral
vein venous thrombus after 4-hour treatment of control (a), NRs + B(t) (b), t-PA (c), NRs + t-PA (d), NRs + t-PA + B(t) (e), as well as the corresponding residual thrombus area
(f ). Scale bar, 1 mm.
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Biological safety
For an injectable MNRs working in the blood circulation system, its
safety evaluation is vital, which, however, is currently limited to the
histological analysis. Here, we have conducted an overall safety eval-
uation, including a comprehensive blood biochemistry panel, histo-
logical analysis, and biodistributions over the building blocks of the
HPB-NRs (MB@PSS NPs) with naked MBs as a control. Figure 7
shows the results after 2 and 14 days of injecting the building
blocks of the HPB-NRs (MB@PSS NPs) into the blood vessel of
mice. During the observation period, no mouse died after being in-
travenously administrated with MBs or MB@PSS NPs. They were
emotionally stable, and no inflammatory reactions or necrosis
were observed in any of the mice. The blood biochemistry analysis
(Fig. 7A) shows that the MB@PSS NPs show no hepatic and renal
toxicity, as verified by the fact that the mice injected with MB@PSS
NPs had similar levels in hepatic toxicity markers [alanine transam-
inase (ALT), aspartate aminotransferase (AST), total bilirubin
(TBIL), albumin (ALB), total protein (TP), and globulin (GLOB)]
and renal toxicity markers [urea and creatinine (CREA)] to those in
the control group. In contrast, the mice administrated with naked
MBs (without PSS brushes) show an elevation in TBIL after 14 days,
indicating liver damage. In addition, the hematoxylin and eosin
(H&E)–stained slices of the heart, liver, spleen, lung, and kidney
of the mice injected with naked MBs and MB@PSS NPs were col-
lected. As shown in the histological images (Fig. 7B and fig. S17), no
obvious pathological change or inflammatory lesion appears in
both short-term (2 days) and long-term (14 days) periods.

The biodistributions of the MB@PSS NPs in the mice were in-
vestigated in detail at 14 days. As shown in Fig. 7C, the MB@PSS
NPs mainly existed in the liver and spleen. This is because liver
and spleen are usually the dominant organs for clearance of NPs
from bloodstream. All the MB@PSS NPs existing in these organs
are phagocytized by immune cells (marked with a yellow dotted
wireframe in Fig. 7C), indicating that they will be excreted from
the body eventually. In stark contrast, the MBs existing in the
liver and spleen are mainly in the form of aggregates, which are dif-
ficult to be phagocytized by immune cells and may cause damages
to these organs in long term. This suggests that the heparinoid-PSS
brushes on the surface of MB@PSS NPs play a crucial role in the
dispersity of them in the blood environment. The swarming mag-
netic nanorobots based on MB@PSS NPs show excellent biological
safety, and they are believed to have a potential for the clinical ap-
plication of thrombolysis. The findings presented in Fig. 7 empha-
size that relying solely on histological analysis is inadequate for a
thorough assessment of the biological safety of injectable thrombo-
lytic nanorobots operating within the bloodstream. A comprehen-
sive understanding of their biological safety should at least
encompass a blood biochemistry panel, histological analysis, and bi-
odistribution studies.

DISCUSSION
Thrombotic occlusions of blood vessels will cause severe tissue
damage or even organ failure, leading to life-threatening cardiovas-
cular disorders, such as myocardial infarction, ischemic stroke, and
venous thromboembolism (60–63). They are diagnosed most
limited to the late stages and thus only have a narrow therapeutic
window. The most widely used clinical treatment of thrombus is
systemic administration of thrombolytic drugs, which, however,

suffer from a short half-life, inactivation, low bioavailability, off-
target side effects (allergic reactions and unwanted tissue hemor-
rhage), and limited thrombus penetration (62, 64, 65). With
unique propulsions in liquid media, MNRs may accelerate drug dif-
fusion or perform targeted thrombolysis by directly delivering
thrombolytic drugs to a thrombus (32). However, the catalytically
propelled and light-driven MNRs usually demonstrate sluggish
thrust and only perform locomotion at a single-bot level in high-
ionic-strength biological environments. They have to experience a
long time to accumulate at the thrombus clot and exhibit low ther-
apeutic efficacy in thrombolysis (15, 66). Thus, they are not ideal for
time-critical thrombolysis therapy, especially for acute thrombotic
diseases. On the other hand, the so far developed swarmingmagnet-
ic MNRs that can load thrombolytic drugs (including t-PA, uroki-
nase plasminogen activator, heparin, and streptokinase) may suffer
from serious agglomeration and random bioadhesion in high-ionic-
strength blood environments. Thus, when performing in vivo
thrombolysis, they have enormous risks, such as systemic toxicity
and secondary embolization, far from clinical applications (67).
In this study, by developing superparamagnetic NPs elaborately
grafted heparinoid-PSS brushes as building blocks, we have con-
structed biocompatible swarming magnetic nanorobots that can
be reversibly transformed into individually dispersed NPs without
magnetic field and can collectively move in the blood flow without
adhesion to vascular walls upon the application of B(t). They can
perform safe and efficient targeted thrombolysis in vivo via syner-
gistic effects of mechanical destruction and targeted drug delivery.

For in vivo biomedical applications of MNRs, especially for in-
jectable MNRs working in blood systems, safety is a priority but has
hardly been addressed. Ideally, surface modification should offer
excellent blood-environment compatibility, such as high dispersity
in the blood environment, self-anticoagulant ability, and prevention
of exogenously stimulated thrombosis, and enable some essential
functions such as loading drugs. Here, we show that biointerface
engineering empowers swarming magnetic nanorobots to operate
powerfully and safely in blood environments. Specifically, while
the high magnetic response from inner MB cores bestows the
strong thrust in high-ionic-strength biological media under an al-
ternating magnetic field B(t), the surface heparinoid-PSS brushes
can endow the HPB-NRs with a high surface charge density. More-
over, different from the ion screening of surface charges on naked
colloidal particles (68), the HPB-NRs show increasing charge
density with the increasing ion concentration due to the compres-
sion of surface PSS brushes. Thus, the HPB-NRs have a high affinity
to AT III and show strong short-range electrostatic repulsions with
one another and with the constituents in blood environments (e.g.,
RBCs and VECs). In this way, they demonstrate good self-anticoa-
gulation, reversible agglomeration-free reconfigurations, low hemo-
lysis, and strong anti-bioadhesion in blood environments, largely
reducing the risks and side effects from themselves. In contrast,
MNRs modified with liquid hydrophobic perfluorocarbon coating
can be effectively propelled in dense biological media (e.g., whole
blood and dense vitreous body) by minimizing viscous drag (2,
29) but suffer from poor dispersity, random agglomeration, and
immune clearance in real blood environments. The MNRs
cloaked with cell membranes seem to operate safely in vivo but
are still restrained by difficult preservation and easy deactivation
(30, 69).
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Fig. 7. In vivo safety analysis. (A) Blood biochemistry analysis. ALT, AST, TBIL, ALB, TP, and GLOB are commonmarkers for hepatic toxicity. Urea and CREA are themarkers
for renal toxicity. (B) H&E-stained histological sections of major organs, including heart, liver, spleen, lung, and kidney, from the control group, mice treated with MBs and
MB@PSS NPs for 14 days, respectively. (C) Biodistributions of the MB@PSS NPs (a and c) and MBs (b and d) in liver and spleen tissues at 14 days after injection.
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The swarming HPB-NRs can rapidly deliver a large amount of
thrombolytic drug to a thrombus and penetrate deeply into the
thrombus to perform thrombolysis efficiently via synergistic
effects of mechanical destruction and targeted drug delivery. Immo-
bile drug nanocarriers and single MNRs generally suffer from long
accumulation time at target thrombus sites and also cannot effec-
tively penetrate into thrombi consisting of abundant platelet and
well-organized fibrin (33, 70, 71). In our strategy, the swarming
NRs are constructed by superparamagnetic NPs elaborately
grafted with heparinoid-PSS brushes, with which they have rich
drug binding sites on the surface and a high t-PA loading capacity
of 123.6 mg g−1. Thus, with powerful collective motions, they can
deliver a large amount of thrombolytic drug within a short period of
time to a thrombus and enhance the diffusion and penetration of
the released t-PA. On the other hand, they can also generate me-
chanical forces to disrupt the cross-linked fibrin, facilitating their
deep penetration and on-site drug release inside the thrombus. By
taking advantage of the synergistic effects of mechanical destruction
and targeted drug delivery, the swarming HPB-NRs can perform
thrombolysis efficiently.

Themain limitation of the swarming HPB-NRs for thrombolysis
is that the building blocks still have a relatively large size (13),
leading to difficulties in rapid biodegradation and complete excre-
tion from the body after the thrombolytic task was accomplished.
Thus, reducing the diameter of the building blocks of HPB-NRs
is necessary to further enhance their biological safety. In addition,
autonomous navigation of the swarming HPB-NRsmay be required
when facing thrombus in complex torturous small vessels (e.g., ce-
rebral thrombus), and it is expected to be realized by developing
computer programs to coordinate imaging apparatus, artificial in-
telligence navigation planners, and magnetic field generators (72).

In summary, we have developed an HPB biointerfacing strategy
for swarming magnetic nanorobots that can perform safe and effi-
cient thrombolysis in vivo. The experimental results show that the
HPBs in the building blocks of nanorobots can endow the nanoro-
bots with a high surface charge density, which can further increase
with ion concentration in the medium. Thus, they show good self-
anticoagulation, reversible agglomeration-free reconfigurations,
low hemolysis (4.8%), and strong anti-bioadhesion in blood envi-
ronments. This further makes them eliminate the risk of secondary
thrombosis from themselves. The in vitro and in vivo experiments
have confirmed that the swarming HPB-NRs can safely and effi-
ciently perform thrombolysis by synergistic “motile-targeting”
drug delivery and mechanical destruction, and a femoral vein
thrombus in a rat model can be completely dissolved within 4
hours by the t-PA–loaded HPB-NRs. It is anticipated that the
swarming HPB-NRs can also safely treat more challenging throm-
botic disorders such as cerebral stroke and pulmonary embolism
because of their excellent hemocompatibility and high thrombolytic
efficacy. In addition, they may also act as a general motile platform
to load and deliver different positively charged or positive charge–
modified drugs for targeted therapies, such as targeted tumor
therapy and infection control. This work provides a rational multi-
faceted HPB biointerfacing design strategy for biomedical nanoro-
bots and may largely promote the development of motile MNR-
based therapeutics for thrombolysis.

MATERIALS AND METHODS
Preparation of MB@PSS NPs
MB@PSS NPs were synthesized by surface-initiated ATRP, as illus-
trated in fig. S1. The raw NPs ofMBs with a superparamagnetic iron
oxide core and a SiO2 shell (MBs, MagneStar MS500-SiOH) were
purchased from Suzhou Nanomicro Technology Co. Ltd.
(Suzhou, China). They were at first washed with Piranha solution
[H2SO4:H2O2 = 7:3 (v/v)] for 1 min to remove the organic residues
on the surfaces. To obtain MBs with surface -NH2 groups, the
freshly washed MBs were placed in a vial containing 2 ml of (3-ami-
nopropyl) triethoxysilane and kept at 110°C for 1 hour under N2
atmosphere and then washed with tetrahydrofuran (THF) three
times. After that, 200 μl of α-bromoisobutyryl bromide and 10
mg of 2,2-bipyridyl were added into 5 ml of the THF solution con-
taining MBs (5 mg/ml) with surface -NH2 groups, kept at room
temperature for 24 hours, and then washed with deionized (DI)
water and ethanol three times, respectively, to get intermediate
MBs. Last, the MB@PSS NPs were obtained after performing
ATRP polymerization over the intermediate MBs. In detail, 400
mg of sodium styrene sulfonate, 10 mg of 2, 2-bipyridyl, and 5
mg of CuBr were dissolved in a 1:1 mixture of THF and water (3
ml) to give a reaction solution, into which the intermediate MBs
were added. Subsequently, the system was degassed for three
pump cycles and then at 80°C for 6 hours under an N2 atmosphere.
After the reaction was quenched by exposure to the air, the obtained
MB@PSS NPs were separated from the solution immediately by
magnetic separation and washed with DI water thoroughly. The
MB@PSS NPs with different PSS brush lengths were obtained at dif-
ferent polymerization time (t). MB@PSS-2, MB@PSS-4, MB@PSS-
6, MB@PSS-8, and MB@PSS-10 represent those MB@PSS NPs ob-
tained at t of 2, 4, 6, 8, and 10 hours, respectively.

Characterizations of MB@PSS NPs
Morphologies of the samples were characterized by an S-4800 field-
emission scanning electron microscope (Hitachi Ltd., Tokyo,
Japan) at an acceleration voltage of 10.0 kV. The FTIR spectra of
the samples were obtained on a Nicolet-60SXB FTIR spectrometer
(Thermo Nicolet Co., Madison, WI, USA). The scanning range is
from 400 to 4000 cm−1, and the resolution is 4 cm−1. ζ and hydro-
dynamic size of the MB@PSS NPs were determined by using the
90Plus Particle Size Analyser (Brookhaven Instruments Corpora-
tion, NY, USA), and the measurements were carried out at 25°C.
The average ζ was calculated after nine times of repeated measure-
ments, and the analysis was performed using the Smoluchowski
model. The hydrodynamic size of the MB@PSS NPs was obtained
by calculating the average of three times (five measurements each
time) at an angle of 90°.

Magnetic propulsions of HPB-NRs
The magnetic actuation experiments were conducted in a custom-
ized three-axis Helmholtz electromagnetic coil setup fixed on an in-
verted optical microscope (Leica DM3000B, Germany). At first, a
55-μl DMEM suspension of the MB@PSS NPs (0.1 mg/ml) was
added into a glass-bottom tank and placed in the working space
of the electromagnetic coils. Then, an alternating magnetic field B
(t) [e.g., a precessing or rotating B(t)] was applied by the electro-
magnetic coils that were controlled by a signal generator (NI
USB-6343, USA) and voltage amplifiers (Aigtek ATA-309, Xi’an,
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China). The magnetic propulsion of the HPB-NRs [i.e., crawling or
rotating motion of MB@PSS NPs assembled under a precessing or
rotating B(t)] was observed and recorded through the optical mi-
croscope. The speed of HPB-NRs was analyzed using the Video
Spot Tracker V08.01 software, and more than six HPB-NRs were
analyzed to obtain statistical results.

Hemolytic assay
Hemolytic assays of the samples were conducted using freshly ob-
tained heparin sodium–stabilized rabbit blood samples. First, 2 ml
of blood sample was added to 5 ml of phosphate-buffered saline
(PBS), and then RBCs were isolated from serum by centrifugation
at 1500 rpm for 10 min. The RBCs were further washed three times
with PBS solution. The purified blood was diluted to 10 ml of PBS.
Here, RBC incubation with DI water and PBS were used as the pos-
itive and negative controls, respectively. Then, 0.5 ml of diluted RBC
suspension was added to 2 ml of unmodified MBs, MB@PSS NPs
without [−B(t)] and with [+B(t)] the presence of the applied B(t)
(B0 = 10 mT, f = 5 Hz). All the sample tubes were kept under static
condition at 37°C for 3 hours. Last, the mixtures were centrifuged at
1500 rpm for 5 min, and 100 μl of supernatant of all samples was
transferred to a 96-well plate. The absorbance values of the super-
natants at 540 nm were determined by using a Multiskan Go plate
reader (Thermo Fisher Scientific, USA). The percent hemolysis of
MB@PSS was calculated using the following formula:

Hemolysis (%) = (ODsample − ODnegative control)/(ODpostive control −
ODnegative control) * 100%

Anticoagulation evaluation
APTT, PT, TT, and FIB were tested to evaluate the anticoagulation
activity of the samples in vitro. The detection methods are as
follows: 1.8 ml of freshly obtained blood was added into 0.2 ml of
MB@PSS NP suspension (5 mg/ml). Then, centrifugal separation of
1 ml of plasma frommixed blood was prewarmed at 37°C for 3 min,
and 50 μl of APTT, PT, TT, and FIB reagents was added to the 50-μl
mixed solution, respectively. Four coagulation indicators (APTT,
PT, TT, and FIB) were determined using an automatic blood coag-
ulation analyzer (Sysmex CS-5100, Japan). All tests were repeated
three times and averaged as results. To test whole blood coagulation
activity, 100 μl of freshly obtained rabbit blood (without anticoag-
ulant) was mixed with 100 μl of MBs, MB@PSS-2, MB@PSS-4,
MB@PSS-6, MB@PSS-8, and MB@PSS-10 suspensions (1 mg/ml),
and incubated at 37°C for 10 min. Then, 2 ml of DI water was added
to the blood sample and centrifuged at 1500 rpm for 5 min. One
hundred microliters of supernatant of all samples was transferred
to a 96-well plate. The absorbance values of the supernatants at
540 nm were determined by using a Multiskan Go plate reader.

Cell culture and viability assay
VECs were purchased from the Shanghai Cell Bank of the Chinese
Academy of Sciences. The cell culture media were prepared by using
DMEM with 1% penicillin/streptomycin mixture from Capricorn
and 10% fetal bovine serum from Life Technologies. All cells were
incubated in an incubator at 37°C with 5% CO2. Cell viability assay:
50,000 cells ml−1 (100 μl per well) were seeded in a 96-well plate.
After cell seeding for 12 hours, DMEM in each well was replaced
with fresh DMEM containing different concentrations of
MB@PSS NPs (100 μl per well). For control, cells were not
exposed to the MB@PSS NPs by adding PBS buffer. After

incubation for 24 hours, removing the medium, each well was
added to complete DMEM containing 10% CCK-8 and further in-
cubated for another 2 hours. Last, absorbance intensities of the sol-
ution in the 96-well plate were measured at a wavelength of 450 nm
by a Multiskan Go plate reader to determine cell viability.

Loading and fibrinolytic activity of t-PA
To load t-PA on the MB@PSS NPs, t-PAwas at first coated with PL
by incubating 100 μl of t-PA (1 mg/ml) with 500 μl of PL (100 mg/
ml) for 10 min. Then, the obtained t-PA@PL NPs were incubated
with 500 μl of MB@PSS NPs (1 mg/ml) for 20 min to obtain the t-
PA–loaded building blocks after magnetic separation. The content
of the loaded t-PA was quantified by the BCA protein assay kit
(Macklin, Shanghai, China). The activity of the t-PA was tested
using a chromogenic substrate (S-2288) (Macklin, Shanghai,
China), as previously reported (73). The t-PA–loaded MB@PSS
NPs were added to the Multiskan Go plate reader containing
assay buffer [0.1 M−1 of tris-HCl (pH 7.4)] and S-2288 (1.0
mM−1) at 37°C. The activity was calculated by absorbance at 405
nm at a different time of reaction.

In vitro thrombolysis
To form a thrombus, fresh rabbit blood was drawn into a 5-ml
syringe (without anticoagulant) and kept under static condition
until complete coagulation. To test thrombolysis of the swarming
HPB-NRs in a glass artificial vasculature, a piece of thrombus was
placed in a microwell connected with microchannels, and the t-PA–
loaded HPB-NRs were actuated and navigated to move toward the
thrombus through the microchannel under B(t) with B0 of 10 mT
and f of 5 Hz. The dissolution of the thrombus was recorded by con-
tinuously observing the shape change of the thrombus under an
optical microscope (Leica DM3000B, Germany). To quantitively
evaluate the thrombolysis, 200 μl of PBS suspension of the t-PA–
loaded MB@PSS NPs (1 mg/ml) was added to 2 ml of PBS buffer
containing a large piece of thrombus (150 ± 5mg) and then actuated
by B(t) with B0 of 10 mT and f of 5 Hz for 6 hours [NRs + t-PA + B
(t) group]. Then, the released fibrin and hemoglobin from the
thrombus were determined by measuring the optical density at
410 nm (OD410) and 540 nm (OD540) of the supernatant. After
the measurement, the liquid was removed from the tube, and the
blood clot was weighed to obtain the weight loss. The percentage
of weight loss was calculated to assess the thrombolysis rate. As a
comparison, the fibrin and hemoglobin release and thrombolysis
rate were also tested by exposing the thrombus to PBS buffer
(control), moving HPB-NRs [NRs + B(t)], t-PA, immobile t-PA–
loaded MB@PSS (NRs + t-PA), and moving t-PA–loaded HPB-
NRs [NRs + t-PA + B(t) group] using the same procedure,
respectively.

In vivo thrombus model establishment
The SD rats weighing 200 ± 10 g were purchased fromWuhan Hua-
lianke Biotechnology Co. Ltd. (Wuhan, China). All experiments on
rats followed the Guide for the Care and Use of Laboratory Animals
published by the Ministry of Health of the People’s Republic of
China. The SD rats were fed ad libitum and kept in a constant tem-
perature and humidity environment on a 12-hour light/dark cycle.
After an adjustment period of 3 days, the animals were divided into
five groups.
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To establish an SD rat femoral vein thrombus model, an SD rat
was anesthetized through intraperitoneal injection (10% chloral
hydrate) and immobilized supinely. A vertical slit (5 cm) was
made in the middle of its inguen along the inner side of its thigh
to reveal the femoral vein. Then, a piece of filter paper (3 × 5
mm, soaked with 20 wt % FeCl3) was wrapped around the
femoral vein. After 90 s, the femoral vein was washed with excessive
saline. The venous thrombus would form within 5 min when the
femoral vein became partially black and its far end slightly swelled.

In vivo thrombolysis
To investigate thrombolysis by swarming HPB-NRs, the building
blocks of t-PA–loaded MB@PSS NPs (100 μl, 1 mg/ml) were at
first injected into the bloodstream distal to the femoral vein throm-
bus of an SD rat and then collected at the upstream of the thrombus
site with a blood flow velocity near zero using an N52 magnet (R =
2.5 mm, L = 5 mm) for 10 min. Then, a rotating B(t) with B0 of 10
mT and f of 5 Hz was applied to actuate the swarming t-PA–loaded
HPB-NRs to achieve thrombolysis. The t-PA–loaded HPB-NRs
were tracked in real time using a P8-VET ultrasound imaging
system (Dawei, China), of which the central frequency, power
output, and contrast gain were set to be 14 MHz, 10%, and 46 dB,
respectively. The laser speckle blood flow monitoring system
(LSBFMS) was used to monitor the blood flow before and after
the thrombus model was prepared. The blood flow in the femoral
vein was monitored, recorded, and analyzed using a moorFLPI-2
LSBFMS (Moor Instruments, London, UK). The statistical software
(SPSS 24.0) was used to analyze the collected blood flow data and
evaluate the thrombolytic efficacy. The thrombolytic efficacy of
other groups, such as the control, NRs + B(t), t-PA, NRs + t-PA,
and NRs + t-PA + B(t) group, was also investigated.

Safety evaluation of MB@PSS in vivo
SD rats (weighing 200 ± 10 g) were selected as the mice into which
100 μl of the solution was injected via the tail vein. After acclimati-
zation to the environment, the rats were separated into six groups
[normal saline (control group), suspensions of MBs, and MB@PSS
(1 mg/ml) for toxicity tests at 2 and 14 days, respectively (n = 4 for
each group)]. Then, the mice were euthanatized at 2 and 14 days,
and blood samples and the main organs were collected for blood
biochemical panel and histological analysis.
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