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Micro-nano-robots show great potential and value for applications in targeted drug delivery; however,
very few current studies have enabled micro-nano-robots to move against blood flow, and in addition,
how micro-nano-robots can penetrate endothelial cells and enter tissues via vascular permeation
remains unclear. Inspired by the bionics of dynamic aggregation in wild herring schools and transvascular
permeation of leukocytes, we propose a novel drug delivery strategy where thousands of magnetic nano-
particles (MNPs) can be assembled into swarms under the guidance of a specially designed electromag-
netic field. The vortex-like swarms of magnetic nanoparticles exhibit excellent stability, allowing them to
withstand the impact of high-speed flow and move upstream along the vessel wall, stopping at the target
location. When the vortex-like swarms encounter a tumor periphery without a continuous vessel wall,
their rheological properties actively adhere them to the edges of the vascular endothelial gap, using their
deformability to crawl through narrow intercellular gaps, enabling large-scale targeted drug delivery. This
cluster of miniature nanorobots can be reshaped and reconfigured to perform a variety of tasks according
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Introduction

Magnetic-responsive micro/nanorobots have emerged as a
promising strategy to enhance cancer treatment, owing to their
capability to penetrate restricted, small, and dangerous body
sites."” They can provide minimally invasive interventions
and highly effective diagnosis and treatment. These miniature
machines exhibit remarkable potential in traversing various
physiological barriers with high precision and efficiency,
including the blood-brain barrier,"* ocular tissues,®® gastro-
intestinal tract,”*" bile ducts,'* and subcutaneous tumors.*?
The treatment of superficial tissue lesions is often relatively
straightforward, as these areas are readily accessible for inter-
vention and observation. However, for drug delivery to deep-
seated lesions, the circulatory system presents an ideal
pathway for the deployment and navigation of microrobots,"*
because of the ubiquitous presence of blood vessels through-
out the body to connect with deep organs and tissues.'”
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Nevertheless, the existence of a large number of blood cells
and proteins, along with the high-intensity pulsatile flow,
poses significant challenges to the performance of microro-
bots. In natural environments, leukocytes exhibit unique auto-
nomous movement capabilities in crowded blood vessels, pri-
marily due to the low flow velocity, high shearing, as well as
reduced congestion caused by vascular margination.'®
Moreover, at sites of inflammation, white blood cells often tra-
verse the intercellular gaps of the vascular endothelium via the
post-capillary venules, completing the transition from the
blood vessel to the tissue matrix."’*° This deformation and
crossing behavior provide valuable inspiration for the transvas-
cular transport of magnetic microrobots. Microrobots in the
present artificial system primarily experience counterintuitive
near-wall upstream migration. However, this phenomenon is
predominantly limited to motors that are chemically catalyzed,
and it also requires additional auxiliary energetic fields such
as ultrasound, optical propulsion, and chemical propulsion,
among others.

In healthy blood vessels, the dynamic mechanical process
of endothelial cells leads to the existence of intercellular gaps,
which are unrelated to the effects of cancer and immune cell
migration.”°* The scale of these gaps varies between around
0.3 pm to 2 pm,* as shown in the contraction and expansion
of gaps in Fig. 1. However, in the blood vessels surrounding

Nanoscale, 2023, 15, 14227-14237 | 14227


http://rsc.li/nanoscale
http://orcid.org/0009-0006-6876-7867
http://orcid.org/0000-0002-6451-5818
http://orcid.org/0009-0005-9171-4723
http://orcid.org/0000-0002-5158-3862
https://doi.org/10.1039/d3nr02610h
https://doi.org/10.1039/d3nr02610h
https://doi.org/10.1039/d3nr02610h
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr02610h&domain=pdf&date_stamp=2023-08-30
https://doi.org/10.1039/d3nr02610h
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015034

Published on 10 August 2023. Downloaded on 10/31/2025 12:22:13 AM.

BloOA_LION

Expansion
“
Vascular
Histocyte
Ll
wlesr,
e
YZ section L Y Vascular

‘ % ol swam @@ Endothelial cells Cancer cells l

Fig. 1 The illustration of upstream movement and peritumor blood
vessel crossing of magnetic nanoparticle swarm.

tumors, due to the excessive secretion of angiogenic factors by
tumor tissue, the blood vessel wall is usually discontinuous
and irregular.”®?® The lack of basement membranes in the dis-
continuous and malformed blood vessel wall makes it easy for
cells to leak and increases permeability,® and the intercellular
gap usually be enlarged to more than 10 pm.>”*® Moreover,
the permeability of tumor blood vessels is a dynamic phenom-
enon, characterized by blood vessel bursts, which means the
sudden and intense outflow of fluid into the tumor interstitial
space.>® The formation and random erupting of these large-
size cell gaps can help microrobots seep out of the tumor
blood vessels and provide insights into the potential distri-
bution patterns of drug delivery.

MNPs have gained increasing attention as drug-delivery
vehicles in the applications of precision medicine,** and may
be used to enhance leakage of blood vessels around the
tumor.*' In comparison to pre-fabricated microrobots, such as
magnetic nano-crane,*” octopus,* and fishes with serrated
tails,>* MNPs offer the potential advantage of mass production
and reduced costs.>®> As carriers, they can overcome some of
the limitations associated with traditional drug formulations
by leveraging their unique design to modulate their biological
distribution and pharmacokinetics within the organism.*®*”
However, due to the tiny scale, individual MNPs may not effec-
tively demonstrate their advantages in drug transporting and
overcoming physiological barriers. To deal with these chal-
lenges, stable and dynamic swarms assembled by MNPs offer
a compelling solution for targeted drug delivery and successful
accumulation. When MNPs aggregate at high densities, the
formed swarms exhibit excellent robustness and maneuverabil-
ity through magnetic field programming.’®*° The ability to
reconfigure these swarms enables rapid adaptation to complex
environmental and task demands.

Inspired by the collective behavior of wild herring schools
and the transvascular migration of leukocytes, we propose an
innovative actuation strategy to assemble 200 nm diameter
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MNPs from a uniform and monodispersed state to a vortex-like
swarm under the action of a specialized electromagnetic field.
The swarm can maintain remarkable stability in high-speed
blood flow of 1 mm s~* without being scattered and can be
actively navigated to the targeted location, then, effectively
anchored by adjusting magnetic field parameters. The swarm
exhibits exciting upstream movement ability under the impact
of blood flow and tends to immigrate towards the vascular wall
due to the transverse force generated by its rotation (around 10
Hz), which is the most important reason why our swarms can
perform upstream motion actuated by only one external energy
field, compared to the previous reported magnetic-ultrasound
field.*® The low-speed layer and rolling friction of the vascular
wall provide convenience for the precise navigation of the
swarm in pulsatile flow. The experimental swarm can with-
stand a maximum flow velocity of 1 mm s™*, corresponding to
the physical conditions of microcirculation, e.g. arterioles,
capillaries and venules, which is also the location where leuko-
cytes are most likely to undergo extravasation.

When the swarm is navigated to the designated location
and docks, its high-speed rotation interacts with the vascular
wall, providing a propulsive force toward the interior of the
tumor. When the edge of the swarm contacts the discontinu-
ous vascular gap, its rheology causes the swarm to actively
adhere to the edge of the gap, generating effective friction for
the overall advance of the swarm. Under the action of a rotat-
ing magnetic field, the swarm deforms and crawls in the
restricted gap, promoting it to pass through the narrow inter-
cellular gap and reach the tumor matrix. As shown in Fig. 1. It
is worth noting that the swarm can be reconfigured, and when
the magnetic field is turned off after completing tasks, the
paramagnetic nanoparticles will immediately disperse and be
washed away by blood flow or diffuse in the tumor intersti-
tium. This reconstruction feature can greatly reduce the risk of
vascular congestion. Our strategy simplifies the actuation
device allowing multiple functions such as wall adherence,
upstream motion, docking, and traversing the vessel wall
under the action of electromagnetic fields only. Finally, we
validated the ability of MNPs to induce cancer cell apoptosis
using simple but effective photothermal therapy. Compare to
previous work, this manuscript focuses on the ability of a
vortex-like swarm to pass through a discontinuous vessel wall;
with the swarm’s rheological ability and attachment to the
vessel wall, it can pass through narrow gaps smaller than its
own size in a swarming pattern, which is not possible with
rigid-body micro-rollers.*" This strategy is expected to a solid
foundation for the large-scale tumor drug delivery in the
future.

Results and discussion
Upstream motion control of magnetic nanoparticle swarm

The magnetic nanoparticle swarm is assembled under the co-
action of complex magnetic and flow fields, and the success of
its assembly mainly depends on the ratio of magnetic force
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and fluid viscous force on nanoparticles. Here we used
200 nm-diameter Iron(m,u) oxide nanoparticles as experi-
mental material (purchased from Bionano New Material
Science, Taizhou, China), which is the largest diameter of
nanoparticles for clinical applications, and it is also a primary
FDA-approved inorganic nanoparticle for drug delivery in
humans.*” The TEM images are shown in Fig. 2A. The MNPs
are not regular spheres, with an average diameter of 200 nm.
Before performing actuation experiments, 3 minutes of ultra-
sonic vibration is required to maintain uniform dispersion of
nanoparticles.

When exposed to the magnetic field, Fe;0, nanoparticles
can be magnetized and form a magnetization parallel to the
long axis of the shape-anisotropy particles, which is also
known as the easy axis.***>** The magnetic dipole forces
between nanoparticles will attract them to connect into chains
and align along the magnetic field direction. When the
uniform magnetic field rotates at a low frequency, particle
chains tend to rotate with the magnetic field. Rotating chains
can trigger local vortices and the most intense fluid velocities
and pressures are generated near the very two edges of
chains.”® When increasing the magnetic field frequency, par-
ticle chains will rotate faster along with the field, therefore pro-
ducing stronger fluid vortices. The powerful vortex will attract
surrounding chains to approach and collide with each other.
When the magnetic field frequency is over a critical frequency

w @

Unstable

N
(o>}
e
N
[92]
@
)
=5
o

Masonnumber

! 6 increasing ) :
ST e A
X & . .
\ ) 0 5Hz:
3 = = 01 5 10 15 20
Magnetic field frequency (Hz)
D '

03 4 a 60° 90°

0 0.5 1 15
u [mis] x10

Fig. 2 Assembly and actuation of magnetic nanoparticle swarm. (A)
TEM images of experimental nanoparticles. (B) Curve of Mason number
as a function of magnetic field frequency. (C) The illustration of the atti-
tude of the swarm varies with the pitch angle of the magnetic field. (D)
The top view of the attitude of a swarm varies with the magnetic field.
The scale bar is 10 pm. (E) Particle Image Velocimetry of a magnetic
nanoparticle swarm. The scale bar is 20 um. (F) Velocity distribution of
the swarm in the X-axis and Y-axis directions.
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(6 Hz in our experiments), chains in the phase lag condition
will become extremely unstable and finally form vortex-like
nanoparticle swarms.">*>*® As shown in Fig. 2B.

The stability of magnetic nanoparticle chains mainly
depends on the strength and frequency of the applied mag-
netic field. Here, we used the Mason number to describe the
stability of particle chains, which is a dimensionless number
and defined as the ratio of magnetic dipole force and fluid
viscous force."*” As shown in the following equation:

Uw n3

:/‘OIH2 (n—1) [ln(%) + 2.4/n}

M,

(1)

where yu, o, uo, y, and H respectively represent water dynamic
viscosity, rotation frequency, magnetic permeability in a
vacuum, magnetization rate, and magnetic field strength, and
n is the number of nanoparticles. A low Mason number (M, <
1) indicates that the magnetic force on the particles surpasses
the viscous force, leading to their aggregation into chains.
Conversely, a high Mason number (M, > 1) implies instability
as the viscous force dominates. In experimental settings, the
stability of these chains is primarily governed by the frequency
of the magnetic field. When applied a low field frequency of
lower than 6 Hz in this manuscript, the magnetic dipole force
acting on nanoparticles is higher than the fluid viscous force,
resulting in the development of stable chains. As the rotating
magnetic field frequency increases, particle chains will
undergo a phase lag condition, and the viscous force gradually
dominates. The large-scale collision of nanoparticle chains
forms a vortex-like swarm.*’

The vortex-like magnetic nanoparticle swarm is more active
and robust than a chain-like swarm.”® Since the attitude of the
vortex-like swarm is aligned with the rotating magnetic field,
we can adjust the pitch angle (0) and the yaw angle (¢) of the
magnetic field to change the motion direction and the attitude
of the swarm (see Fig. 2C). With the increases of the pitch
angle of the magnetic field, the vortex-like swarm gradually
“stands up”, so that the component parallels to the XY plane
in the magnetic field vector giving it considerable surface
rolling ability while maintaining a stable swarm. From the top
view, the nanoparticle swarm switched from a circle to a
spindle, when the magnetic field pitch angle reached 90°, the
swarm appears to be a line, as shown in Fig. 2D. Varying pitch
angle and the field strength is key to controlling the speed of
swarms, the motion velocity of the swarm is overall positive
correlation with these parameters within a certain range.*® The
swarm velocity distribution was analyzed using Particle Image
Velocimetry, as shown in Fig. 2E and Movie S1.f There is a
low-speed area in the middle of the warm, which is circled in
red, and the particle velocity in the area away from the center
increases considerably. More than 90% of nanoparticles in the
swarm have a velocity below 100 pm s~ (see Fig. 2F).

To deliver drugs through the circulatory system, nano-
particle carriers are required to keep robust and controllable.
Here, a microfluidic chip fabricated by polydimethylsiloxane
(PDMS) was used as a blood vessel to test the performance of
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nanoparticle swarm in the pulsatile fluid. The magnetic nano-
particle suspension with a concentration of 0.5 mg mL ™" was
injected into the microfluidic chip using a syringe pump and
kept the peak flow rate at nearly 1 mm s, which corresponds
to the flow rate in small arteries and capillaries.*”> When
setting the magnetic field frequency at 100 Hz and pitch angle
at 90°, scattered nanoparticles can be quickly assembled into
vortex-like swarms. The swarms were inclined to roll upstream
near the wall, which is the lowest flow rate layer in the vessel.
The presence of the wall allows a microrobot to break the flow
rate and pressure symmetry around itself in viscous fluid,
which is helpful to transform rotational movement to transla-
tional movement, therefore inducing pure propulsion.®® Under
the tilted rotating field, nanoparticle swarms can move against
the pulsatile flow with an average velocity of 500 ym s™'. To
cope with the shear force and drastic impact, swarms tended
to perform lateral slippage while upstream, as shown in
Fig. 3A.

When withdrawing the magnetic field, assembled swarms
got scattered into nanoparticles, and washed away by the flow,
as shown in Fig. 3B. The reconfigurable ability of vortex-like
swarms can largely reduce the risk of thrombosis, making
them have the potential of becoming a superior micro-roller in
the medical field.”* From the top view and side view obser-
vation, the swarm is confirmed as a thin disk, with the dia-
meter @ = 30 + 5 pm and the thickness ¢ = 1.5 + 0.15 pm,
rolling upstream against the wall (see Fig. 3C and D).

Side view
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Fig. 3 Upstream motion of vortex-like swarms. (A) Magnetic nano-
particle swarms move against the pulsatile fluid. (B) Dissolution of
swarms the magnetic field turns off. The scale bar is 100 pm. (C)
Simulation Schematic diagram of the shape of magnetic nanoparticle
swarm in the top and side view in the microfluidic chip. (D) The shape of
a swarm in the side view. The scale bar is 30 pm. (E) Simulation of the
rotation rate of the swarm using COMSOL. (F) Simulation results of the
motion velocity and flow velocity of the swarm.
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Next, we established a dynamic model to describe the
upstream movement of the vortex-like nanoparticle swarm.
Due to the tiny scale of the swarm, its movement environment
is in a low Reynolds number state, a swarm is subjected to a
variety of forces, mainly including gravity Fg, viscous drag
force Fp, rotational lateral force Fg;, shear lift force Fg;, wall-
induced lift force Fywy, and friction force Fr’?>* As shown
below and see more detail in Fig. S3 and Movie S2.t

Fg = na’tppg (2)

2a
Fp = 2mpu(Up — UF)t\/T 3)
Fgy = ZTchath X (UP — UF) (4)
Fg1, = 0.5nua’(Up - Uy) (5)
Fwy, = 2mua(Up - Uy) (6)

where pp and pr indicate the density of the nanoparticle swarm
and the fluid, Up and Ur represent the velocity of the swarm
and flow, and # is the lubrication gap between the swarm and
the wall. We assumed the swarm experiences an overdamped
state in viscous conditions, so it can be considered that it was
balanced by force on the X-axis and Y-axis."® That is:

{wsre ®)

Fry + Fg = Fs1, + FwL + Fx

here we simulated the rotation motion of the vortex-like swarm
in the creeping flow using COMSOL 5.6. When a magnetic
field with a frequency of 100 Hz and a flux of 6 mT was
applied, the simulated rotation rate of the swarm was 10 Hz on
average, as shown in Fig. 3E. Therefore, according to the finite
element simulation, we set the rotation frequency of the
swarm as one-tenth of the field frequency, which is:

w=0.1f (9)

where f represents the magnetic field frequency. Then, we
could derive the relationship between the upstream velocity of
the nanoparticle swarm and several parameters, shown as
flow:

a’tppg

Up + Uf (10)

2ut E+0.5;4a2 + 2ua — 2p;a*t Q
Hy h
Meanwhile, we collected the motion velocity and the
maximum flow velocity around the swarm through simulation,
as shown in Fig. 3F. With a decrease in height, which is also
known as the lubrication gap, the motion velocity and the flow
velocity decreased. However, the motion velocity of the swarm
was always higher than the flow velocity, inducing the
upstream movement.
When the initial position of the assembled swarm is near
the middle of the fluidic channel, the intense impact of the
flow would drag swarms downstream. But based on the
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Magnus Effect, the rotating object in a shear flow can be sub-
jected to two lateral forces: rotational lift force Fg; generated
by high-speed rotation, pointing to the wall, and shear lift
force Fg;, generated by shear flow, pointing to the center of the
channel.>®®® Saffman etc. prove that the Fg; is smaller than
the Fg, unless the object rotates much faster than shear,’”
which is consistent with the condition for upstream
movement.

After theoretical calculation, the rotational lift force (Fgy, =
5.819 x 10~"* N) is nearly an order of magnitude greater than
the shear lift force (Fs;, = 4.103 x 10" N) in this manuscript.
With the combination of gravity and rotational lift force, the
nanoparticle swarm can be dragged to the wall (see Fig. 4A).
Theoretically, the flow rate distribution in blood vessels is
parabolic along the cross-section, as shown in Fig. 4B. Next, a
microfluidic chip with a diameter of 300 pm and a peak flow
velocity of 500 pm s™* in it was used to verify the tendency of
rotational lift force towards the wall. Fig. 4C demonstrates a
side view of the swarm rotating towards the wall under the
action of a high-frequency rotating magnetic field. The low
flow velocity and asymmetrical structure provided by the wall
position facilitate the realization of upstream movement.
Fig. 4D indicates the motion simulation of this process. When
subjected to a 100 Hz-frequency rotating field, the simulated
rigid swarm produces a transverse force on the order of 10~*>
N, and drags the swarm to the vessel surface while generating
vortices on the top. Due to the rotational lift force, this actua-
tion strategy can complete tasks of both upstream motion and
wall-toward motion relying only on an electromagnetic field as
the power source.

Next, we tested the upstream and targeted docking ability
of the swarm in the blood flow, and the schematic graph is
shown in Fig. 5A. To better simulate the circulatory system,
some Six-fold diluted freshly drawn mouse blood was injected
into the microfluidic chip with a peek flow velocity of 500 pm
s~'. As shown in Fig. 5B and Movie S3,1 vortex-like swarms,
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Fig. 4 Lateral effects generated by the high-speed rotation of magnetic
nanoparticle swarm. (A) The illustration of the swarms dragging them-
selves to the wall by high-speed rotation. (B) Flow velocity distribution
along the diameter of the experimental blood vessel. (C) Magnetic nano-
particle swarm rotating towards the wall. The scale bar is 50 um. (D)
Simulation of flow field distribution around the swarm.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Viscous force (N) O

40 60 80
Pitch angel (°)

Fig. 5 Motion control of swarms in the blood flow. (A) The illustration
of upstream movement and targeted stopping of magnetic nanoparticle
swarm. (B) The upstream movement and targeted stopping of magnetic
nanoparticle swarm in pulsatile blood flow. The scale bar is 100 pm. (C)
Viscous drag versus magnetic field pitch angle. (D) Simulation of the
swarm motion under different magnetic field yaw angles.

which are circled by a red dashed box, can actively move
against the flowing blood. According to our previous study,*’
even in more complex simulated 3D vessels, the vortex-like
swarm can still freely travel between branches according to a
preset trajectory. When the targeted area is confirmed, by
changing the yaw angle (¢) of the magnetic field to 135°,
assembled swarms can perform upstream motion by tilting in
the specified direction. As long as swarms reached the wall,
they would roll against the inner surface of the blood vessel,
thus withstanding the friction and counterforce from the
surface. At this moment, the Y-axis component of the motion
velocity is used to counteract the flow field action and the
X-axis component can provide a potential propulsion force to
thread through the blood vessel. Overall, the increase in the
swarm pitch angle can effectively reduce the viscous resistance
it is subjected to, see Fig. 5(C). When the pitch angle is set to a
maximum value of 90°, increasing the yaw angle of the swarm,
its Y-axis propulsive force decreases, and it is gradually insuffi-
cient to resist blood flow and undergoes downstream move-
ment, as shown in Fig. 5(D).

In vitro simulation of magnetic nanoparticle swarm crossing
peritumor vessel wall

To date, when using nanoparticles as carriers for targeted drug
delivery in cancer therapy, the accumulation of drugs in tumor
tissues is often achieved through the enhanced permeability
and retention (EPR) effect. However, the process of nano-
medicine entering the tumor through the vascular wall is
mainly dependent on fluid permeation and exchange between
the tumor stroma and surrounding blood vessels, which is a
slow and passive process.”> This study proposes a novel
approach that utilizes the magnetic nanoparticle swarm to
actively propel through narrow and discontinuous gaps in the
blood vessel wall. To simulate the tumor microenvironment

Nanoscale, 2023, 15,14227-14237 | 14231
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with non-continuous connections in vitro, a custom-made
microfluidic chip was developed to perform penetration experi-
ments on vascular endothelial intercellular gaps. Then micro-
fluidic chip provides a gap of 15 pm, which is consistent with
the physiological characteristic of neovascularization around
the tumor.>®>%>% As shown in Fig. 6A, the protrusions located
at the top and bottom are interpreted as endothelial cells with
certain gaps. When the rotating magnetic field is set to a fre-
quency of 100 Hz and a pitch angle of 90°, the nanoparticle
swarm in a disc shape generates X-directional propulsive force
through high-speed rotation, which pushes the swarm towards
the blood vessel wall and contacts the edge of the gap. Due to
the rheology of the dynamically assembled swarm, it can
migrate as a huge complete structure through the wall com-
posed of narrow slits and endothelial cells. When the swarm
of nanoparticles contacts the surface of the simulated endo-
thelial cell, it exhibits a movement pattern similar to worm-
like crawling, quickly deforming and crawling by adhering to
the channel surface, thus smoothly passing through the
narrow gap. Fig. 6A respectively show the process of swarm
moving back and forth from both sides of the gap. This move-
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ment mode actively breaks the movement dilemma of micro-
rollers in a restricted environment through deformation and
crawling.

The process of the swarm passing through the gap was also
simulated by Comsol, reflecting the deformation process of
the high-speed rotating swarm and the disturbance to the sur-
rounding fluid, as shown in Fig. 6B. In a narrow-constrained
channel, the efficiency of the rigid micro-swimmer’s motion
decreases dramatically due to the increased interaction of the
out-of-plane rotational flow generated during rotation with the
wall, the strong rotational flow constrains its motion, and the
micro-swimmer needs to create a smaller rotational flow field
in order to achieve controllable actuation in a constrained
environment. When the swarm attempts to pass through the
middle of the slit in an unattached manner, its high-speed
rotation generates a strong out-of-plane rotational flow at the
wall, as shown in Fig. 6(D). The part circled in the figure is the
region of high reaction force generated by the rotational flow
field, with a peak value of up to 4 x 1077 N, see Fig. 6(E), which
is far more than the forward driving force that the swarm can
provide (about 10™'' N). Eventually the swarm cannot get

— .

417s \&. -

ﬁ Disperse

2s

m
X
pare
o

4

N .

o Reaction force(N)

o o

"100
—

50

Y-axis(um) X-axis(um)

Fig. 6 Magnetic nanoparticle swarm crosses the simulated cell gap. (A) Magnetic nanoparticle swarm creeps back and forth through the cell inter-
stices by climbing on the wall. The scale bar is 10 pm. (B) The simulation of a swarm crosses the narrow gap. (C) Magnetic nanoparticle swarm
cannot get right through the slit. The scale bar is 10 um. (D) Simulation of a swarm unable to pass directly through a slit. (E) Fluid and wall reaction

forces due to swarm rotation.
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through the slit, as shown in the Fig. 6(C), with the same mag-
netic field configuration, the swarm was unable to pass
through the slit for 30s. Furthermore, we verified that the mag-
netic nanoparticle swarm still can actively deform and propel
in a confined channel with a height of 10 pm and a length of
40 pm. The experimental results and simulations are shown in
Fig. 7(A), (B) and Movie S4.F This study provides a promising
approach for improving the efficiency of tumor-targeted drug
delivery. The behavior of a vortex-like swarm as it crosses the
vascular gap can be divided into three stages: docking, attach-
ing at the edge of the gap, and crawling across the gap, see
Fig. 7(C). At the first stage, the yaw angle (¢) of the swarm is
set to 30°~60° (right stop) or 120°~150° (left stop), at which
point the rotating swarm provides a propulsive force Fp along
the forward direction.>® The Y-axis component of this propul-
sive force Fp, is used for sustained docking and adhesion to
the vessel wall gap, and the component along the X-axis (Fp,)
is used to counteract the fluid shock:

4. a
Fp = mud’w <§ Ins — 1.516) (11)
Fp1 = FpSil'l [ (12)
Fp = Fpcos ¢ (13)

At the second stage, the very edge of the swarm starts to
touch the edge of the gap, and it should maintain the wall-
adhesion state for propulsion. We can approximate that one
side of the swarm is in the blood flow and the other side is in
the gap, at this time, the swarm is subjected to fluid drag, lift,
gravity, etc., but due to the rheological and deformable pro-
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perties of the swarm, the out-of-plane rotational flow it gener-
ates is slight, see Fig. 7(B), and the environment is dominated
by an advective flow field, which would help the swarm to
move in the narrow gap.

{ Fo1 = Fey (14)

Fry + Fg = Fsp, + Fx

At the third stage, the swarm totally moves in the gap, and
there is no shear lift force. In a low Reynolds number environ-
ment, the swarm is considered to be in an overdamped state,
so it can be approximated as being in force equilibrium, and
the mechanical equations can be listed into the following:

{ Foo =Fe (15)

Fry, + Fg = Fx

Targeted apoptosis of cancer cells induced by magnetic
nanoparticle swarm

After passing through the blood vessel and dispersing around
the tumor tissues, MNPs are required to perform the task of
cancer cell apoptosis. Photothermal therapy utilizes the heat
generated from photothermal materials under the NIR
irradiation at a specific wavelength to kill cancer cells.®® The
NIR with a wavelength of 1064 nm is introduced to perform
the targeted cancer cell apoptosis, which enables greater tissue
penetration depth and high-resolution imaging compared with
the commonly used 808 nm-wavelength NIR.®" Here breast
cancer cells cultured under a sterile environment with 37 °C
and 25% CO, were used to test the targeted cancer apoptosis
ability. The experimental cells were divided into four groups:

0o 0.2 0.4 0.6 0.8

Fig. 7 Magnetic nanoparticle swarm deforms and advances in the confined environment. (A) The swarm moves forward in a long-confined gap.
The scale bar is 10 pm. (B) The simulation of a swarm crosses the long-confined gap. (C) Schematic illustration of forces on vortex-like swarms

docking and crossing the vessel wall.

This journal is © The Royal Society of Chemistry 2023
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control group without treatment, intervention group with NIR
irradiation, intervention group with MNPs, intervention group
with MNPs and NIR irradiation. After treatments, the culture
medium and nanoparticles were carefully removed from the
cell colonies, and the PBS solution was introduced to wash the
cancer cells twice. Next, the co-stain with Calcein-AM/PI is
used to distinguish alive and dead cells. The representative
staining results are shown in Fig. 8A. The blank control group,
the intervention groups with NIR radiation for 3 minutes, and
the intervention groups with MNPs showed green fluorescence
under the confocal scanning laser microscope, indicating that
there were few dead cells available in a normal growth state,
NIR irradiation, and MNPs added conditions.

When applied the 1064 nm NIR irradiation with a power
density of 2.5 W cm > for 3 minutes, the groups with MNPs
concentration of 0, 0.1, 0.2, 0.3, 0.4, and 0.5 mg mL™, without
NIR irradiation, had a cell viability of 98.52%, 98.62%, 98.74%,
98.80%, 98.78%, 99.39%, respectively. It proves that MNPs
cause little damage to cancer cells. However, when combined

A Control
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above the gradient concentration of MNPs and NIR, the cell
viability exhibited a intense decrease, which was 97.96%,
93.60%, 1.24%, 0.47%, 0.43%, and 0.35%, as shown in Fig. 8B.
Adding MNPs at a concentration of 0.5 mg mL™" to the cancer
cells and irradiating with NIR laser at power densities of 1.5,
2.5, and 3.5 W cm 2 for 3 minutes, the cell viability induced
was 6.25%, 0.35%, 0.05%, respectively (see Fig. 8C). While
under the same laser irradiation conditions, the cell viability
caused by MPNs with a concentration of 0.2 mg mL™" was
98.61%, 1.24%, and 0.88% (see Fig. 8D). The results suggest
that the photothermal effect of MNPs is strongly dependent on
laser power density and MNPs concentration. Relevant
research has indicated that blood flow within the tumor region
tends to be sluggish, with a blood flow rate of only 1%-15%
compared to normal tissues. This limited blood flow makes it
difficult to dissipate heat, leading to heat accumulation. On
the other hand, heat causes blood vessels in normal tissues to
dilate, thereby accelerating blood flow and heat dissipation. As
a result, the temperature difference between the tumor area

MNPs [ | MNPs+NIR-1.5
B C D | MNPs+NIR-2.5 MNPs+NIR-3.5
I MNPs [ | MNPs+NIR 1.0 . I _-lg.:mg;mt
1.0 : smg/m 10 s il @} B o# ¢
0.8 i 2
2 . Eos EO.S
506 2" 206
> 204 =
30.4 3 304
0.2 0.2 0.2
0.0 01 02 03 04 05 0015 25 35 0000102 03 04 05

Concentration of MNPs (mg/mL)

Power of 1064nm (W/cm?)

Concentration of MNPs (mg/mL)

Fig. 8 Targeted cancer cell apoptosis using magnetic nanoparticle swarm and photothermal effect. (A) Confocal laser scanning images of 4T1 cells
co-stained with Calcein-AM/PI, where live cells are stained with green fluorescence and dead cells are stained with red fluorescence. The MNPs
concentration used is 500 mg mL™%. The scale bar is 50 pm. (B) The cell viability corresponds to the gradient concentration of MNPs. (C) The cell via-
bility corresponds to the gradient power density of 1064 nm NIR irradiation. (D) The cell viability corresponds to nanoparticle concentration and
irradiation power density. Repeat the experiment three times, p < 0.05 in comparison to control group values. Error bars were based on standard

deviations.
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and adjacent normal tissues can reach up to 5-10 °C. Tumor
cells can be effectively induced to undergo apoptosis at temp-
eratures ranging from 42.5 °C to 43 °C, while normal cells
remain unharmed at temperatures above 44 °C. Therefore,
precise control of the heating temperature can achieve
effective tumor area destruction without damaging normal

tissues.®>%?

Conclusions

In general, the swarm of self-assembled magnetic nanoparticle
swarm presents numerous advantages over pre-fabricated
microrobots. The availability of commercially available MNPs
reduces the difficulty of sophisticated microrobot fabrication
and mass production. The deformable swarm, assembled by
magnetic dipole-dipole interaction, the reconfigurability of
swarms can effectively reduce the risk of thrombosis and vas-
cular obstruction. Furthermore, the presence of the swarm
enhances the magnetic response and imaging contrast of drug
carriers, facilitating navigation and tracking of targeted drug
delivery in the future.®**

Under the guidance of a specific magnetic field, the vortex-
like magnetic nanoparticle swarm can actively approach the
simulated blood vessel and exploit the advantages of the low-
speed boundary layer. It also breaks the fluid symmetry of
rotational motion under a viscous fluid and generates a strong
propulsive force (Fpyax = 4 X 1077 N, see Fig. 6E). The ability to
achieve precise upstream motion solely by an electromagnetic
field is an exciting prospect. Moreover, the swarm can actively
brake and park upon reaching the target area, then, crawl
through narrow gaps. This promising large-scale targeted drug
delivery strategy is noteworthy.

We believe that the strategy we proposed can eventually be
translated into animal models. Although biological tissues
produce little attenuation effects on magnetic fields, we still
need to consider the complexity of the real circulatory system.
We conducted In vitro experiments on a microfluidic chip with
a diameter of 300 pm and an average flow velocity of 500 pm
s~', corresponding to physiological conditions in small veins
or capillaries. By raising the magnetic field strength and fre-
quency, the theoretical upper limit of the swarm’s upstream
motion speed can reach 1 mm s, which is sufficient to adapt
to most environments in smallest arterioles, capillaries, and
small veins. We believe that the swarm can reach the target
tumor location stably, but the feasibility of the swarm penetrat-
ing endothelial cell gaps in vivo needs to be verified by more
precise in vitro models. Under the current experimental con-
ditions, we found that the swarm can induce crawling by
adhering to the gap edge, thus passing through the preset
narrow gap. Thanks to the deformability of the swarm, it also
exhibits great mobility in a 10 pm-wide channel, which
enhances our confidence in the swarm’s application in large-
scale targeted drug delivery. However, limited by the pene-
tration depth of NIR laser in tissues, the photothermal therapy
used in this manuscript is only suitable for the treatment of

This journal is © The Royal Society of Chemistry 2023
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shallow disease. In the future, we hope to introduce advanced
imaging methods such as photoacoustic imaging,®® magnetic
particle imaging,®® and magnetic resonance imaging®” to accu-
rately track and actuate swarms in vivo, guiding them to
accumulate in the correct position. In addition, the advantages
of the swarm’s large drug-carrying capacity should be well
developed, exploring more strategies to induce tumor apopto-
sis to improve cancer treatment.

Experimental
Magnetic navigation system

The custom built magnetic navigation system used in this
manuscript consists of 6 electromagnetic coils, each 2 of
which are connected in series. The 3 pairs of coils are arranged
orthogonally according to the Cartesian coordinate system.
Similar to the Helmholtz coil, the magnetic navigation system
can generate a uniform magnetic field with a uniformity of
over 97% in a 2 cm-diameter working place. The system also
carries a data acquisition (NI-6289), three drivers
(DZRALTE-040L080), a CCD camera (HT-2000CN), and a feed-
back control module based on visual recognition, as shown in
Fig S1.1

Fabrication of microfluidic chips

The fabrication of microfluidic chips mainly includes 5 steps.
First, the mold for microfluidic chips is produced by a high-
precision 3D printer using photosensitive resin (NanoArch
P140, BMFPrecision, China). Next, the Sylgard 184 silicone
elastomer is mixed with a corresponding curving agent at a
mass ratio of 10:1 to compose the PDMS (Dow Corning,
Midland, USA), and keep the mixture in the refrigerator at
—20 °C after mixing them thoroughly. Then, the surface of the
printed mold is processed with WD-40 to ensure it is lubri-
cated and hydrophobic. After the surface of the mold dries,
the PDMS mixture is poured into the bottom-fixed mold
vacuumed for 1 hour to eliminate bubbles, and then put in a
6 °C- electric heating blast drying oven to complete curving.
Finally, the curving agent layer is separated from the mold and
completes the surface bonding with the glass under the
plasma cleaning machine.

Motion control of magnetic nanoparticle swarm

The magnetic nanoparticle swarm is driven by a skewed
uniform rotating magnetic field, and the posture of the swarm
is consistent with that of the magnetic field. When performing
actuation experiments in a static fluid, a 3 pL nanoparticle sus-
pension drop is placed on a clean-surface glass slide. The
swarm can be formed under the ¢ magnetic and flow fields’
collective effort The motion control of the magnetic nano-
particle swarm is performed in a microfluidic chip. The mag-
netic nanoparticle suspension with a concentration of 0.5 mg
mL™" is injected into the microfluidic channel at a flow vel-
ocity of 500 pm s'. Then by adjusting the parameters of the
magnetic field, swarms can achieve multiple motion modes,
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such as upstream motion, targeted stopping, and crossing the
confined channel.

Targeted cancer cell apoptosis and cell staining in vitro

The 4T1 cell lines used in this manuscript were purchased
from the National Infrastructure of Cell Line Resource and pro-
pagated in incubation at 37 °C with 25% carbon dioxide.
When conducting targeted cancer cell apoptosis in vitro, the
magnetic nanoparticle swarm can be formed and navigated to
the predetermined location. After 3 minutes of NIR irritation
with a wavelength of 1064 nm and power density of 2.5 W
cm™2, the heat generated by the photothermal effect of mag-
netic nanoparticle swarms can kill cancer cells. When staining
cancer cells after the targeted apoptosis experiments, the assay
buffer, Calcein-AM, PI (Solarbio Life Sciences, Beijing, China),
and purified water are mixed at a volume ratio of 1:1:1:7 to
obtain the staining solution. Then, carefully remove the
culture medium and MNPs from the Petri dish. Add dye to the
dish and fully cover the cells, stain under dark conditions for
10 minutes, and transfer it to the confocal microscope to
observe the viability of cells.
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