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Drug delivery systems with high-targeted doses can minimize excipients, reduce side effects, and improve
efficacy. Human blood circulation is a complex circulatory system, and the motion control of microrobots in
the static flow field invitro is completely different from invivo. How to achieve precise counterflow motion
for targeted drug delivery without vascular blockage and immune rejection is the biggest challenge for
micro-nano robots. Here, we propose a control method that enables vortex-like paramagnetic nanoparticle
swarm (VPNS) to move upstream against the flow. By mimicking the clustering motion of wild herring
schools and the rolling of leukocytes, VPNS are incredibly stable even when subjected to high-intensity jet
impacts in the blood environment, can travel upstream, anchor at the target location, and dissipate when
the magnetic field is withdrawn, which greatly reduces the risk of thrombosis. VPNS can also upstream
along the vessel wall without an additional energy source and has a marked targeted therapeutic effect
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on subcutaneous tumors.

Introduction

Untethered micro-nano robots are expected to be the next gen-
eration of minimally invasive therapeutic instruments in bio-
medicine, serving as powerful medical vehicles that can access
hard-to-reach areas of the body to perform least-invasive pro-
cedures and drug delivery [1-3]. The motions of microrobots
in liquid media are at a low Reynolds number condition, and
according to the scallop theorem [4,5], movement in such a
super-viscous environment requires the breaking of the time-
reversal symmetry of the kinetic patterns. Many noncontact
microrobot-driven modalities, such as photoelectric driving [6],
ultrasounds [7], magnetic fields [8], and their combinations
[9], have been reported. For drug delivery, the circulatory sys-
tem is the ideal pathway for navigation and deployment to all
organs and tissues at depth [10]; however, large blood cells, vis-
cous proteins, and muscular jet impingement in the vasculature
severely hinder active movement and work execution of micro-
robots. Existing microrobot applications in vivo are primarily
limited to superficial tissues (e.g., eyes [11,12]), subcutaneous
tumors [13], and digestive system (e.g., gastrointestinal tract
[14]), which are relatively easy to access, observe, and control,
owing to the absence of flow fluid perturbations. However, the
blood circulation system is inescapable when microrobots are
required in deeper organs and tissues.
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Under natural conditions, leukocytes are the only cells that
can autonomously move in a crowded and heterogeneous
bloodstream [15], which is facilitated by the presence of a cell-
free layer on the vessel wall [16], the attenuation of fluid veloc-
ity,and the decline in crowding due to vessel wall marginalization
[17], and wall-adherent rolling, which exhibits superior per-
formance to swimming in the center of a vessel [18]. However,
deactivated microrobots in a Poiseuille flow are subjected to
lift forces caused by an imbalance in the fluid shear distribution,
which migrate the microrobots toward the center of the tunnel
[19]. In the current artificial system, the counterintuitive near-
wall upstream migration of the microrobots is mainly restricted
to chemically catalyzed motors and additional auxiliary ener-
getic outfields such as ultrasound, optical and chemical propul-
sion, etc. Katuri et al. [20] demonstrated that Janus particles
catalyzed by hydrogen peroxide exhibit cross-flow migration.
Nelson et al. [21,22] directed the migration of microrobots to
the vessel wall for upstream movement using ultrasonic nodes.
Sitti et al. [23,24] developed a Janus microparticle that relies on
gravitational sinking and external magnetic field navigation to
reverse flowing blood migration. These various delicate individual
microrobots, primarily fabricated using micro-electromechanical
systems and chemistry, have made numerous important advances
in realizing low-Reynolds-number fluid environments. These
microrobot swarms with colony-intelligent behavior are more
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flexible and versatile in shape, and they can satisfy the demands
of multiple complex tasks, such as navigating uneven surfaces,
complex mazes, highly elevated steps, and wide trenches [25].
The deformation and motility are beyond the capabilities of a
single rigid microrobot. Notably, unlike sophisticated macro-
scopic robots capable of carrying onboard power and sensing
components, external field-driven micro-nanorobots can only
respond indiscriminately to field modifications, which presents
a challenge for the proposed clustering strategy. Additionally,
the upstream clustering control of magnetic nanoparticles (MNPs)
with biocompatibility with physiological fluids requires further
research, owing to the potential for blockage and rejection in the
vasculature caused by large microrobots.

Herein, we report a vortex-like paramagnetic nanoparticle
swarm (VPNS) dynamically assembled from MNPs with a diam-
eter of 300 nm as the minimum unit (the material used is Fe,0,).
Inspired by the clustered movement patterns of wild herring
schools and the appositional migration of leukocytes in the
bloodstream, an innovative 3-dimensional (3D) tilted rotating
magnetic field is applied. MNPs can transform from a loose sus-
pension state into a swarm that combines liquid deformability
and solid robustness. The integrated VPNS can maintain the
stability of their vortex swarm structure under high-intensity
jet impingements in crowded distinctive environments. Further,
they exhibit kinematic properties in which they tend to migrate
upstream toward the vessel wall, as shown in Fig. 1. Wall tending
is dependent on a sharp increase in the linear velocity at the
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Fig.1.Conceptual diagram of VPNS collection and upstream motion.
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edge of the swarm, which is induced by a high-frequency mag-
netic field (>100 Hz). When the linear velocity exceeds the fluid
shear flow velocity, the resulting Saffman lift drags the VPNS
to the wall [26], which achieves simultaneous VPNS toward
the wall and upstream motion relying only on the energy input
from the magnetic field. The assembly behavior of a VPNS is
flexibly reconfigurable; thus, a VPNS can be immediately dis-
solved into monodisperse particles and then reconstituted into
other morphological forms as required. Compared with previous
studies, our research on VPNS is equipped with a dual closed-
loop control module based on visual recognition, which can con-
trol the position error of in vitro experiments to within 20 pm,
and the high-precision in vitro control capability is expected
to provide a solid foundation for future targeted therapies. In
addition, the coupling of multiple functions such as high-speed
upstream, target anchoring, and dissolution reconstruction can
be achieved simply by programming the electromagnetic field
alone, which has important practical value for simplifying con-
trol systems and improving control efficiency. Movement in the
vasculature with a stable swarm pattern can enhance the con-
trast of various biomedical imaging, allowing easy identification
and navigation, such as ultrasound imaging, magentic resonance
imaging, magnetic particle imaging, etc. Aggregating all the
nanoparticles required for therapy into a swarm enhances their
ability to deliver drugs, perform tasks, and adapt to complex envi-
ronments, especially in blood with flowing blood cells rushing
around, and the free and controlled movement of nanoparticles

Upstream
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benefits from the clustering mode. Driven by a biologically safe
magnetic field with an intensity of approximately 6 mT, the VPNS
possesses a relative movement speed above 100 pm/s, approx-
imately 340 times its smallest constituent unit; higher velocities
may be achieved by increasing the frequency and intensity of
the magnetic field. Finally, the photothermal effect of MNPs is
exploited to induce apoptosis in mouse breast carcinoma cells
(4T1 cells), and VPNS also showed highly targeted and ablative
effects on mouse tumors in in vivo experiments. The successful
validation of the proposed VPNS upstream and reconfiguration
strategy represents a step forward in utilizing micro-nanorobots
in blood flow applications.

Results

Formation and motion control of VPNS

The generation of VPNS depends on the local vortex that is
excited by a rotating short particle chain [27]. In this study, 2 dif-
ferently sized magnetic particles of Fe,O, were used to demon-
strate and control the formation of VPNS. Nanoparticles with
superparamagnetic properties exhibit a homogeneous and loose
liquid-like state in the absence of an externalmagnetic field, and
they are persistently subject to irregular motion in the local area
surrounding them owing to Brownian forces (Fig. 2B [I]). The
paramagnetic nanoparticles are magnetized by applying a driv-
ing magnetic field, and each magnetic particle is considered a
magnetic dipole. The dipole-dipole force mutually attracts the
MNPs, and they tend to be arranged in chains along the mag-
netic field direction. The short chains that are formed under
dipole forces rotate along with the magnetic field and trigger
local vortices around the rotating short chains, as shown in Fig.
S7. The sharpest fluid velocities and pressure differences are pro-
duced adjacent to the 2 edges of the short chain (or short-chain
cluster), whereas the central region of the short chain has almost
negligible fluid velocities. The color-gradient legend in the figure
indicates the magnitude of the streaming velocity, and the black
lines and arrows represent the direction of the flow, that is, the
vortex. Under the action of the rotating magnetic field excited
in 3D space, the MNPs at a larger scale can produce more pow-
erful vortices, making it possible to exert a mutual attraction
force on other particles and chains at a further distance. Therefore,
with the powerful vortex induced by large-diameter particles,
the chains decrease their distance and approach each other while
rotating around their center; when the separation of the chains
is narrower than the critical value, the merging of the vortex
occurs, and the chain starts to perform the coaxial motion, as
shown in Fig. 2A.

The stability of short chains depends primarily on the mag-
netic field strength and rotation frequency. The Mason number
[21,28] is typically employed to characterize the stability of mag-
netic particle chains:

_ o n’
 HoxpH? (n— [In(n/2)+2.4/n]’ (1)

n

which is defined as a dimensionless parameter that expresses
the ratio of the magnetic and viscous forces of the MNPs. At a
low Mn (set the magnetic field frequency to 5 Hz), the magnetic
force acting on the MNPs exceeds the viscous force, and the
particles aggregate into chains (Fig. 2B[II]); however, as Mn
increases (i.e., the magnetic field rotation frequency), the mechan-
ical forces applied to the MNPs tend to decrease to form chains
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of a smaller length, as shown in Fig. S8. When preserving the
magnetic field strength constant, a conscious change in the mag-
netic field frequency can manipulate the MNP swarms toward the
desired morphology. The continuous presence of a high-frequency
rotating magnetic field (beyond 20 Hz, details in Note S1) induces
a constant merging of the vortices between the chains, and the
interfused vortices can generate a more energetic kinetic sys-
tem. An inadequate distance between the chains drives them
to impinge on each other. The entire short chains are disrupted
but still bound in the hydrodynamic system of the central vor-
tex, which is composed of 1,000-nm-diameter particles as vortex
nuclei. The remaining 300-nm-diameter particles are compactly
confined in the surrounding area, and the transformation pro-
cess from short chains to vortices is completed almost instan-
taneously. The transformation control is shown in Fig. 2B(III),
where the black particles at the core of the VPNS are MNPs with
a diameter of 1,000 nm, and the surrounding pale-colored sur-
rounding objects are composed of MNPs with a diameter of
300 nm. The abovementioned VPNS is formulated under a
rotating magnetic field:

B(;)=B,cos(2xft)e, —B,sin(2xft)e,, ()

where e,, e, denote the unit vectors along the X- and Y-axis in
the Cartesian coordinate system, respectively; fis the rotational
frequency of the magnetic field; and B,, B, represent the inten-
sity amplitude of the input magnetic field. To execute the con-
trollable locomotion of the VPNS, the magnetic field rotating
in the XY plane must be “erected” to produce a component in
the Z-direction. Here, we define the tilt angle of the rotating
magnetic field as follows:

0=tan"'y /B2 + B§/Bz, (3)

which represents the angle of the rotating magnetic field plane
for the XY plane, the angle between the rotating magnetic field
intensity vector B and the Z-axis. The component of the mag-
netic field intensity vector B along the Z-axis is used to produce
the dominant vortex to maintain the stability of the vortex swarms,
and the component in the XY plane controls the motion ori-
entation of the vortex swarm robots. Both of these components
coordinate mutually to govern the stabilization and motion speed
of the VPNS. When the particle cluster is regarded as a rigid disk,
the particle at the edge conforms to the law of circular motion,
and the component of the magnetic force along the central line
provides the centripetal force. Assuming that the direction of
the magnetic force between particles 1 and 2 is along the center-
line, the cluster size can be obtained as

(4)

where m,, p,, a represent the magnetic moment, density, and
radius of the particle, respectively; £2 is magnetic field angular
velocity; and g, is the vacuum permeability. The comparison
of the theoretical results and experimental data in Fig. 2C indi-
cates that frequency increases follow the overall trend while
the cluster size decreases correspondingly, confirming that the
theoretical model is valid. However, the theoretical and exper-
imental values significantly differ in low frequencies. A possible
reason is that the low surface fraction of particles leads to an
unsaturated cluster (details in Note S2).
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Fig.2.The formation process and precise motion control of VPNS. (A) Schematic of the incorporation process of MNPs induced by a rotating chain of paramagnetic nanoparticles.
The larger diameter particles in the middle that function as corotating centroids, and the thicker arrows denote flows with higher velocities. (B) The formation process of VPNS:
() MNPs with diameters of 1,000 and 300 nm were dispersed in the PBS solution. (II) Stabilized short chains developed when the rotating magnetic field frequency reaches 5 Hz.
(Il) Beyond a frequency of 20 Hz, short chains polymerize into VPNS. The scale bar is 20 pm. (C) Comparison of theoretical and experimental stable cluster size in a plane. (D) VPNS
projection morphology and velocity vary with the pitch angle of the magnetic field (6): (1) Pith angle 6=30"; (Il) 6=60'; (lll) 0=90". The scale bar is 20 um. (E) Statistics on the
relationship between the translational velocity of VPNS and the pitch angle of the rotating magnetic field. (F) Precise path tracking for VPNS: letters ABU. The red dashed line
indicates the ideal path in the U-shaped path, and the blue line indicates the actual motion path. The scale bar is 50 pm. (G) Position error of U-shaped path feedback control.

By changing the pitch angle of the magnetic field, the posture
and direction of the VPNS can be precisely adjusted. Figure 2D
illustrates the positional transformation of the microrobot under
different input magnetic field pitch-angle (0) conditions. The
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VPNS gradually deforms from a regular circle to an elliptical
state as the pitch angle increases. This occurs because the vortex
will be inclined with the magnetic field as an integrative motion
system. When the rotating magnetic field gradually transforms


https://doi.org/10.34133/research.0088

Research

from XY in-plane rotation to 3D space tilt rotation, the VPNS is
gradually “erected” from its initial flat state until the pitch angle
reaches the maximum value (90°). Then, the VPNS is entirely
upright and perpendicular to the XY plane, which looks like a
thin rotating “tire” from the side. The increase in the pitch angle
indicates that the rotating magnetic field vector is distributed to
more components in the XY plane, which causes the magnetic
field strength to regulate the velocity of the VPNS to increase.
As shown in Fig. 2E, the translational velocity of the VPNS
increases with the pitch angle of the input magnetic field and
eventually smooths out. The magnetic field strength applied when
implementing the path-tracking task of the VPNS is approxi-
mately 6 mT (the control system is shown in Fig. S16); by opti-
mizing the pitch and yaw angles of the magnetic field, we can
precisely guide the VPNS to travel along a preset path. As shown
in Fig. 2F, the VPNS completes the tracking of the sophisticated
path “ABU” when the input rotating magnetic field pitch angle
01is 10°, and the frequency is 100 Hz. Using the self-developed
vision feedback module, it is possible to control the linear motion
position error of the VPNS below 10 pm (path “U”), which is
only approximately one-third of its diameter (Fig. 2G). This
demonstrates the superior controlled micromotion capability
of the solenoid system and microrobot. By considering the
VPNS developed in the low-Reynolds-number regime as a
rotating disk, the positional posture of the VPNS is consistent
with the rotating magnetic field.

Reconfigurable upstream motility and dynamic
analysis of VPNS

To investigate the upstream motility and reconfigurability of
the VPNS, we conducted controlled experiments in a micro-
fluidic chip with a square cross-section (300 X 300 pm), and a
suspension of MNPs at a concentration of 0.5 mg/ml was pumped
through at a volume flow rate of 1 pl/min. When the rotating
magnetic field was applied with a pitch angle of 90° (i.e., the
VPNS “rolling” near the wall of the microfluidic channel as a
reconfigurable integral entity), the presence of the wall broke the
kinematic symmetry of the VPNS in a low-Reynolds-number
fluid environment [29]. We assume that the area of the fluid-
wall contact is a lubrication boundary layer that belongs to the
region experienced by higher shear in the fluid [30]. The imbal-
ance between the shear at the top and bottom of the VPNS
(hydrodynamic mobility mismatch) generates pure propulsion,
which contributes to converting the rotational motion of the
microrobotic system into translational play (Fig. S17). From
Fig. 2E, it can be concluded that at magnetic field frequencies of
100 and 200 Hz, the translational velocity of the VPNS increases
with the pitch angle of the magnetic field and reaches a peak at
a pitch angle of 90°, at which the VPNS is entirely upright and
becomes a rolling “disc”, which appears spindle-shaped when
visualized from an overhead perspective (as shown in Fig. S18).
The morphology and posture of the VPNS contributed critically
to reducing the viscous drag of the movement in a hydrody-
namic environment (Fig. S19).

Figure 3A is a simulation of the blood flow velocity in the 3D
vessel. Figure 3B shows a schematic of the upstream locomotion
and reconfiguration of the VPNS. When a rotating magnetic
field with a pitch angle of 90° is supplied to the colloidal system,
vortex-shaped microrobots begin to form and fall autonomously
toward the wall while rotating. They demonstrate upstream motil-
ity in the microfluidic chip across a hydrodynamic environment,
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where the average flow velocity reaches 370 pm/s. It is worth
noting that this upstream motility performance is not limited
to the low-flow region on either side of the runner, but it is also
permitted in the high-flow region in the middle of the chip, as
shown by the color curve motion trajectories in Fig. 3C(I) and
(II). To cope with the impact and shear of the fluid, the VPNS
oscillates laterally as it moves upstream, rather than in the stand-
ard straight preset direction. The microrobots roll upstream in a
vigorous fluid strike, After approximately 4 s, the VPNS within
the visual field travels upwards across the microfluidic chip from
one side to the other. At this point, the magnetic field withdraws,
and the VPNS instantly dissolves into monodispersed nano-
particles and motion with the fluid flow (Fig. 3C[III]), which
means that the VPNS will not cause clogging in the microfluidic
channel. The paramagnetic properties of the MNPs suggest that
the nanoparticles possess very little remanence and coercivity
to maintain the swarm condition without the coercive effect of
the magnetic field. Next, we maintained the magnetic field pitch
angle at a constant value (90°) and modified the yaw angle to
orient the microrobot toward the lateral side of the microfluidic
channel (Fig. 3C[IV]). Figure 3D is a schematic diagram of the
VPNS movement in the microchannel, including both top and
side views. The VPNS that traverses the flow channel laterally
is subjected to hydrodynamic shear forces perpendicular to the
translational direction and magnetic forces. The fluid velocity
and magnetic field precession velocity combine to synthesize the
actual motion of the VPNS, i.e., a parabolic-shaped kinematic
path, which provides a new inspiration for the kinematic cou-
pling of the microrobot in a flow field environment. An image
of the microrobot, captured from the side view (Fig. 3E), con-
firms the above description of the VPNS morphology (i.e., the
rotating propelling spindle-shaped disc).

We use polydimethylsiloxane (PDMS) to fabricate rectangular-
cross-section microfluidic chips with an edge length of 300 pm,
as shown in Fig. S20. For this particular pipe structure, math-
ematical models of the flow velocity distribution at any cross-
section along the flow direction are obtained by analyzing the
fluid in it [31,32], which is as follows:

Uf(x>y):

X \14n 2
o _y2+ Z (=1)"*"cosh(zx?) 5)
n=0

0.07u 202(1+2n)?
where Q is the volumetric flow rate pumped into the microflu-
idic channel, p is the dynamic viscosity of the water at 25 °C,
a represents the cross-sectional edge length of the microfluidic
channel (details in Note S3), and a standard Cartesian coordi-
nate system is established using the 2 orthogonal edges of the
cross-section as XY coordinates. Based on the actual experi-
mental conditions, the cross-sectional flow rate distribution was
simulated using COMSOL Multiphysics 5.5 (COMSOL Inc.)
for an input volume flow rate of 1 pul/min, as shown in Fig. 3EF.
The specific analytical solution for the flow velocity distribution
is shown in Fig. S21A and B. We choose an intercept line parallel
to the X-axis at the center of the section. The data are collected
to obtain the velocity distribution of the square tube section as
a rotating paraboloid along the centerline, consistent with the
Poiseuille flow distribution state in a conventional circular pipe.
Furthermore, the drifting method was utilized to measure the
specific flow velocities in the microfluidic channel and perform
data statistics and curve fitting. The discrepancy between the
measured flow velocity and the obtained numerical solution
was within 6%, as shown in Fig. 3G. With a pumped volume
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Fig. 3. Reconfigurable upstream motility of VPNS. (A) Simulation of blood flow in a 3D vessel. (B) Schematic diagram of the formation and upstream motion of VPNS in the
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flow rate of 1 pl/min in the flow channel, the maximum flow
velocity at the center of the channel can approach 400 pm/s.
The self-assembled VPNS has a diameter of approximately 50 pm
and is capable of upstream rolling at any location near the vessel
wall; in this case, the VPNS is resistant to fluid scour of at least
300 pm/s. Figure 4H shows the upstream velocity of the VPNS
versus the swarm diameter. At low flow velocities (i.e., less than
400 pm/s), the upstream rolling is minimally influenced by the
externally imposed flow. As the diameter of the VPNS increases,
the linear velocity of the cluster edge also increases, which results
in an upstream translational velocity growth. However, this
growth does not proceed indefinitely, owing to the shearing effect
of the Poiseuille fluid and the self-spontaneous collapse due
to the insufficient magnetic constraint of the “massive” VPNS.
Eventually, the maximum velocity of the VPNS can approach
approximately 102 pm/s at a fluid impact of 400 pm/s. The veloc-
ity is numerically equivalent to approximately 340 times the body
length of a single nanorobot (MNPs have a diameter of 300 nm)
because the VPNS is composed of discrete nanoparticles with
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reconfigurability and deformability. By progressively increasing
the pumped volume flow rate of the suspension (2 and 3 pl/min),
the flow rate in the microfluidic channel increases correspond-
ingly, but both maintain the classical parabolic distribution (Fig.
S21C and D). The peak flow rate is approximately 1,200 pm/s
at input volume flow rates up to 3 pl/min. Then, the VPNS only
maintains upstream motility at the edge portions of the flow
channel on both sides; however, it loses traction on the wall at
the remaining locations and is eventually swept away by the
water flow (Fig. $22).

From the side viewpoint, the VPNS basically shows 2 states:
(a) a "rigid body" that maintains a certain height (h) with the
wall and basically without deformation during the upstream
process (Fig. 4E); (b) a "flexible body" in which the VPNS fits
completely with the wall and creeps upstream (the schematic
diagram is shown in Fig. 4D). The VPNS in the "flexible body"
usually have a large cluster diameter, and they move upstream
like white cells adhering to the wall, showing a peristaltic-like
state, as shown in Fig. 4G, but due to the impingement of the
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motion parameters of VPNS rigid-body model.

shear flow, this flexible shape is usually unstable, and the large
diameter of the VPNS will be broken into smaller individuals
by the fluid. The motion of this rotational creep upstream process
is simulated using COMSOL, as shown in Fig. 4F. On the con-
trary, the shape of VPNS in the "rigid body" state is more stable
and can basically maintain the disc shape during the motion,
which is more common for the upstream motion of VPNS.
Herein, we present a theoretical model of the VPNS rolling
upstream along a microfluidic channel when a flow is applied.
The micro swarm model is simplified to a thin-walled rigid disc of
radius R and thickness t rotating about its normal. Observations
and experiments show that upstream motion is possible when the
linear velocity at the edge of the VPNS exceeds the fluid velocity.
At an input magnetic field of 100 Hz, the rotational velocity of
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the micro swarm is considerably higher than the translational
velocity, which implies the existence of a highly thin lubricated
fluid layer at the contact area between the VPNS and the wall
instead of pure rolling under dry friction. When the VPNS reaches
the boundary layer, it is subject to multiple forces, as shown in
Fig. §23. The low Reynolds number (Re = p,U;- L./u = 0.1099)
and low swarm-mass-to-fluid-viscosity ratio under these exper-
imental conditions enabled the dynamics to become over-
damped; hence, the VPNS operating under a super-viscous
fluid was in a forced equilibrium [21]. From a lateral view, the
propulsive force F, due to wet friction being balanced by the
viscous drag F, otj the fluid along the translation direction of
the VPNS, where Fj, = 6auR(U, — Uf)fl(h,R), considering the
disc shape of the VPNS and the small gap against the wall
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fi(h, R). The additional term for the viscous drag is modified
[33] to Fp = 27r/,t<Up - Uf>t\ /2R where U, and U denote

the upstream velocity of the VPNS and the fluid velocity at the
center of mass, respectively. The balanced equation for the
forces in the horizontal direction is F;= Fp,. The forces experi-
enced in the direction perpendicular to the propagation are
more complex. At low Re, the time-reversal [5] motion of the
VPNS produces no net propulsion, and it requires a break in
the symmetry of the rotational motion, its structure, or the
surrounding geometry [30]. The counterflow motion of VPNS
in the experiment is mainly achieved by breaking the geometric
symmetry during the rotational motion, close to the wall, and
the irregular rheology. The Magnus effect (Fig. S24) indicates
that both a rotating cylinder [34] and a parallel linear stream
with an annular flow around a cylinder [35] produce a lateral
lift on the cylinder, thereby causing it to move in a transverse
direction; the schematic diagram of VPNS moving toward the
wall is shown in Fig. 4A. The lift is due to the inconsistent flow
rate between the 2 sides of the object, thus creating a lift from
the high-pressure zone to the low-pressure zone. These forces
are denoted by Fy;and Fj; in Fig. S23. In an application of this
study, the lateral force Fy; generated by the rotation drags the
VPNS toward the pipe wall, whereas the lateral force F; gen-
erated by the shear flow tends to push the VPNS away from the
pipe wall. In 1965, Saffman et al. [26] demonstrated that the lift
force generated by rotation is approximately one order of
magnitude smaller than the shear, except when the particle rotates
at a considerably faster speed than the shear. This precisely satis-
fies the conditions for the upstream mobility of the VPNS. Thus,
the agreement between the experimental and numerical anal-
ysis results validates the theory. Figure 4B shows the side view in
which the VPNS is moving toward the wall by the Magnus force,
and this allows the VPNS to reach the low flow velocity boundary
layer in the vessel, thus triggering upstream migration. Figure 4C
shows the simulation of this process with the help of finite-
element software, the VPNS rotating at high speed in the blood
flow is considered as a rigid disc, and the lateral force generated
by its rotation drags the VPNS to the vessel surface while gener-
ating vortices around it.

The force balance in the Y-direction is expressed as Fg +
Fy+ Fy, = Fp, + G, where F is the supporting pressure pro-
vided by the fluid between the VPNS and the wall, and its prod-
uct with the wet friction coefficient y1. is applied to the frictional
force Fy (i.e., Fy= pgFy). Fp, is the fluid buoyancy force, and G
is the VPNS gravitational force, which is unavoidable because
the “disc” can be dragged toward the wall by the aggregated mag-
netic particles. From the analysis of the horizontal and vertical
dynamics, we derived an estimate for the upstream velocity of
the VPNS, which is strongly dependent on its radius, thickness,
rotational angular velocity, and pumped fluid (see Note S4 for
details):

ﬂRtf(M,S)(pp -5 )g

= + Uf’ (6)
! 84.63ut( —— 2+2 t/ 2 -2 R2tQ
OIHI TiRes T h THEPf

where f(M, S) is a function of the material and surface with a
unique fixed value [36]; pp and p,are the densities of the nano-
particle and fluid, respectively; Res indicates the shear Reynolds
number, Res = kRzp/y; and k is defined to be the flow velocity
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gradient. The mathematical model established above was ana-
lyzed using Wolfram Mathematica (Wolfram Research), and a
curve of the VPNS translational velocity versus diameter is
shown in Fig. $25. The upward flattening tendency of the ana-
lytical solution and measured data (Fig. 4H) is reasonably sat-
isfied by the VPNS rolling against the wall. The slight deviation
in the curve fitting can be attributed to the following: (a) the
upstream rolling VPNS is not perfectly circular, and it exhibits
noticeable variations in collision and diameter distribution
during the rheological process; (b) variations in the drag and
wet friction coefficients at different locations in the flow chan-
nel; and (c) limitations of rigid-body features in predictive mod-
els for VPNS with flexible variability and reconfigurability. The
simplified model that is established does not consider any shape
and internal structural modifications in the VPNS rheology;
however, it is sufficient to correctly describe the velocity char-
acteristics of the micro swarm during upstream motion with
tolerable deviations from the experimental values. The objective
of this model is to demonstrate the interaction between the
countercurrent propulsion of the VPNS and fluid flow.

For a single magnetic particle, its diameter range is 300 nm to
10 pm. In this case, the particle diameter is independent of the
magnetic field frequency, and the difference between particle
velocity and fluid velocity is plotted at frequencies of 25, 250,
and 2,500 Hz, as shown in Fig. S14. The difference is '/, of the
fluid velocity at the same position, indicating that the particle
velocity is mainly determined by the fluid velocity at the same
position, which means that no matter how the diameter of the
particle changes, it cannot move upstream. When the central
flow velocity in the tube decreases from 2 m/s, its velocity dis-
tribution changes, as shown in Fig. S15A; as the flow velocity
decreases to 0.1 m/s, the cluster can move upstream within the
critical frequency (as shown in Fig. 41). From the above steps,
it can be concluded that it is desirable to reduce the flow veloc-
ity in order to achieve the upstream movement of the cluster.
When setting the tube diameter as D = 2 cm, the phase diagram
between frequency and velocity in the center of the tube can be
obtained (Fig. S15B). Region II represents the effective region
(e.g.,f=25t0 200 Hz), which means particles can swim upstream.
Particles are not easy to form clusters in lower frequency (region I).
On the other hand, with the increase of magnetic field frequency,
the relaxation of clusters increases, indicating that clusters no
longer rotate synchronously with the magnetic field. Moreover,
clusters cannot swim upstream in region IV. For example, when
setting magnetic field frequency f= 200 Hz, the critical central
velocity equals 0.0836 m/s with the tube diameter D = 2 cm
(Fig. S15C). We can also change the tube diameter to make clus-
ters swim upstream. For instance, the critical diameter is 47.82 cm
when U;=2m/s and f= 200 Hz. The critical diameter is mean-
ingless for practical physiological conditions.

Upstream movement and docking of VPNS in a

multiphysiological environment

In this section, we simulated multiple physiological environ-
ments in vitro, e.g., actual blood flow and vascular surfaces, and
investigated the upstream motility of VPNS under these con-
ditions. The greatest challenge for VPNS in navigating the vas-
culature is the fast-flowing blood and many adherent cells. We
injected 6-fold diluted mouse blood into the microfluidic chips
(Fig. 5A) and steered the VPNS population to advance and dock
toward the lateral sides of the channel, as shown in Fig. 5B. When
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Fig. 5. Upstream movement and docking of VPNS in a multiphysiological environment. (A) Diagram of pumping blood into a microfluidic chip. (B) Top view: Controllable
movement of VPNS in blood flow, and the blue line is its trajectory. The scale bar is 100 um. (C) Flow field analysis around VPNS in blood flow. The part surrounded by the
white dashed line in the built-in subplot is VPNS. (D) The downstream and upstream velocity of VPNS. (E) Blood flow velocity versus upstream velocity of VPNS. (F) Upstream
propulsion and targeted stopping of VPNS in microfluidic channels cultured with cancer cells. The black shuttle surrounded by the red dashed box is the designated VPNS, and
invitro-amplified 4T1 cells (white transparent blocks surrounded by green dotted lines) are spread on the bottom of the flow channel. The scale bar is 100 um. (G) Endothelial
cells under confocal microscopy, where blue fluorescence is the nucleus and green are actin. The scale bar is 100 pm. (H) Upstream movement of VPNS on endothelial cells
and the magnetic field pitch angle of 40°. The scale bar is 50 pm. (I) Poincaré mapping of VPNS upstream motion in the blood stream. where II, I1l, and IV diagrams represent

the distribution of blood cells in 3 of these sections, respectively.

the motion time reaches 1.15 s, the VPNS moves to the bifur-
cation of the channel. According to our previous study [37], even
in more complex simulated 3D vessels, VPNS can still freely
travel between branches according to a preset trajectory. Analysis
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of the fluid state at this point indicates that, when the blood
flows along the channel, a flow field disturbance appears around
the VPNS corresponding to its rotation direction, as shown in
Fig. 5C and its inset diagram. VPNS can achieve both downstream
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and upstream motion in a bloodstream with a flow rate of
150 pm/s and exhibits a velocity difference of approximately
40 pm/s, as shown in Fig. 5D. Given that the physical properties
of blood are very different from those of water, the upstream
velocity of VPNS at different blood flow velocities was mon-
itored. The upstream velocity of the cluster tended to decrease
as the blood flow velocity increased and eventually could not
resist the blood flow and was washed away (Fig. 5E). The moti-
vation for using 6-fold diluted blood was to enable relatively
clear visualization of VPNS in in vitro experiments. The key
parameters for upstream motion are blood flow velocity and
viscosity, which have been aligned with whole blood in existing
experiments. As for the issue of blood cell impaction, we per-
formed finite-element simulations and verified that the gener-
ation of a "cell-free" boundary layer by high-speed rotation can
effectively prevent VPNS from being scattered, as shown in Fig.
5I. Further experiments in whole blood and ultrasound imag-
ing also confirmed the feasibility of this strategy.

Epithelial cells are grown in microfluidic channels to mimic
the topography of the vascular surface. An upstream rolling VPNS
controlled by a magnetic field provides movement on monolayer
vascular endothelial cells, and it is capable of tumbling over the
bulging nucleus obstacle with ease while maintaining rheology,
eventually stopping at the tumor area. Figure 5G presents the
staining results of endothelial cells using Hoechst 33258 and
ghost pen cyclic peptides. Under confocal microscopy; the nucleus
fluoresces blue, while actin, which forms the cytoskeleton, flu-
oresces green. Cells were propagated and expanded on a culture
dish substrate and were grown using many adhesive proteins and
receptors on the surface. This enabled a small number of MNPs
to adhere to their surface, but it did not affect the upstream motil-
ity properties and reconfigurability of the VPNS that aggregated
into swarms, as shown in Fig. 5H. Each VPNS formed in a flow
environment is expected to travel along the direction of blood
flow and achieve upstream rolling and braking hovers at the
target location (e.g., the tumor region).

In the vasculature, the vessel wall represents the most favora-
ble location for forced manipulation, which is evident in the
migratory behavior of red blood cells under flow-stream con-
ditions [38,39]. To test the propulsive capability of the VPNS
under more realistic conditions, colonies of cancer cells were
cultivated in the microfluidic chip channel and then pumped
into the suspension of MNPs. The suspension of MNPs was
pumped into the specialized flow channel using phosphate bufter
saline (PBS) as a dispersant to maintain the osmotic pressure
balance inside and outside the 4T1 cells. The VPNS was actu-
ated by a rotating magnetic field of 100 Hz, and it could operate
in a controlled upstream manner in the channel with epithelial
cell, where the flow velocities exceed 300 pm/s. The orientation
of VPNS was synchronized by modifying the yaw angle of the
magnetic field. It formed an angle of approximately 160° with
the direction of the flow. When the VPNS has an inclined angle
relative to the fluid, it can yaw toward the side of the flow chan-
nel while maintaining upstream motility. During this process,
the lateral navigation and counterflow states of the VPNS can
be maintained in balance by fine-tuning the magnetic field yaw
angle, as shown in Fig. 5E The bottom surface of the flow channel
was prelayered with a population of 4T1 cells, and the VPNS,
framed by the red dashed line in the figure, docked to the can-
cer cell aggregation area on the left side of the channel within
9.02 s, which shows the ability of VPNS to moor in dynamic
flow fields.
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Rotating VPNS in flowing blood disturbs the blood flow,
which provides the fundamental mechanism for the Magnus
effect (simulations in Fig. 4C). To investigate rotational VPNS
in flowing blood cells, a set of simulated erythrocytes (6 pm in
diameter) were released from the vascular inlet, as shown in
Fig. 5I(I). To visualize the movement of erythrocytes, the initial
positions of all particles were divided into 2 groups on the basis
of the Z-coordinate axis of the Poincaré map. The colors in the
Poincaré map indicate the initial position of the particles (blue,
Z < 0;red, Z > 0). Under flow conditions, the particles remain
in the same position in the YZ plane close to the front of VPNS;
see Fig. 5I(II). Some of the particles changed their initial posi-
tion after contact with the vortex induced by the VPNS rotation
but did not move to the other half plane, and a particle-free
boundary layer appeared around the VPNS; see Fig. 5I(IIT) and
(IV). Combined with the experimental results, it showed that
the VPNS was robust enough to move upstream in the flowing
blood cell population without being scattered by the cells and
also greatly reduced cell adhesion.

The photothermal killing of cancer cells by MNPs

invitro and invivo experiments

For tumor-targeted therapy, the applications of 1,064-nm near-
infrared (NIR)-excited fluorescence imaging and photothermal
therapy (PTT) are typically used to achieve high-resolution
imaging and excellent deep-tissue treatment [40]. Wu and Jin
[41] suggested that the enhancement of fluorescence and pho-
tothermal effects are mainly associated with the nature of
nanoparticle surface ligands, which contain atoms (N, O) or
moieties (-COOH, -NH,) with electron-providing properties.
The NIR-visible-ultraviolet absorption spectra of MNPs with
different particle sizes and functional groups were examined,
and the absorbance curves are shown in Fig. 6A. The absorbance
curves of 80-nm-diameter silica-based MNPs and 300-nm-
diameter modified carboxyl MNP suspensions coincide under
irradiation in the 200- to 1,400-nm spectrum, and they exhibit
firm absorption peaks near 400 nm; however, absorbance is
extremely low in the band beyond 800 nm. In contrast, MNP
suspensions with 300-nm-diameter surface-modified amino
groups have no clear absorption peaks in the entire wavelength
band tested, and the difference between the absorbances at 808
and 1,064 nm is merely approximately 0.03, which is almost
negligible.

Furthermore, irradiation at 1,064-nm NIR can induce a deeper
penetration effect, which provides a new application scenario
for PTT. Consequently, MNPs with 300-nm-diameter surface-
modified amino groups were adopted for the experiment, which
meets the requirements for safety and retention of nanoparticles
in blood vessels [42]. We investigated the actual photothermal
performance of MNPs; 5 different concentrations of nanopar-
ticle suspensions were configured, 500 pl of each was collected
and placed in petri dishes and irradiated with 1,064-nm NIR at
a power density of 2.5 W/cm” for 10 min. The laser was turned
off for 10 min, and the temperature values of the suspensions
with 20 min were recorded. The temperature variation curves
are shown in Fig. 6B. Under the irradiation of the 1,064-nm NIR
laser, the temperature of the suspension progressively increased;
the higher the concentration of MNPs, the more significant the
heating effect. The temperature of the MNP suspension with a
concentration of 0.5 mg/ml was altered from 28.3 to 53 °C in
10 min, with a cumulative increase of 24.7 °C, which corresponds
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Fig.6.The photothermal killing of cancer cells by MNPs invitro experiments. (A) Ultraviolet-vis-NIR absorption spectra of 3 types of the MNPs. (B) Temperature increase curves
of VPNS suspensions with different concentrations under 1,064-nm NIR irradiation. (C) Laser scanning confocal micrographs of 4T1 cells costained with calcein-AM and P,
where live cells are stained with green fluorescence by calcein-AM, and dead cells are stained with red fluorescence by PI. The concentration of MNPs employed was 0.5 mg/
ml, and the 1,064-nm NIR laser power density was adjusted to 2.5 W/cm?with a 3-min irradiation duration. The scale bar is 40 um. (D) Cell viability at gradient concentrations
of MNPs. (E) Association between the gradient power density of 1,064-nm NIR irradiation and cell viability. (F) FCM-led analysis of apoptosis in cancer cells. (I) Annexin V/PI

staining only. (1) MNPs added only. (IIl) NIR-irradiated only. (IV) MNPs-NIR combined.

to the tumor killing temperature without damaging the viability
of the normal cells surrounding the tumor [43]. The tempera-
ture of the suspensions with concentrations of 0.1, 0.2, 0.3, and
0.4 mg/ml increased by 16.4, 20.9, 24.6, and 24.9 °C, respectively.
The control group was then placed in a PBS solution (dispersants)
with a maximum temperature limited to 35 °C. The increase
of 9.3 °C was not sufficient to eliminate the cells. Therefore, it
is feasible to utilize the photothermal effect of MNPs to kill
cancer cells.

We next evaluated the regional tumor photothermal effect of
MNPs. 4T1 cells were subjected to uniform and monolayer expan-
sion in vitro and were then used in multivariate orthogonal
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experiments to characterize the photothermal effect of MNPs
on tumors. MNPs with a 0.5 mg/ml concentration was sus-
pended in PBS solution and added to a normally growing 4T1
cell colony. They were coirradiated under a 1,064-nm NIR laser
at a power density of 2.5 W/cm” for 3 min after coincubation
for 24 h. Cell viability was counted by costaining the cells with
calcein-acetylmethoxy methyl ester (calcein-AM) and propid-
ium iodide (PI), and the fluorescence microscopy images of
confocal laser scanning are shown in Fig. 6C. By conducting 3
replicated experiments and calculating the statistics of the data,
we obtained an average cell survival rate of 97.6% in the blank
control group. The cell viability without NIR light irradiation,
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but with the addition of 0.1, 0.2, 0.3, 0.4, and 0.5 mg/ml MNP
suspensions, all exceeded 97%. This indicates that MNPs demon-
strated low cytotoxicity and high biocompatibility. Additionally,
ferric tetroxide nanoparticles are the primary inorganic nano-
drug carriers for clinically acceptable applications approved by
the U.S. Food and Drug Administration. The measured temper-
ature of the cell culture medium irradiated with just the 1,064-nm
NIR laser was 28.9 °C (temperature increase of 3.2 °C), and it
maintained a survival rate of 96.2% because the temperature was
not sufficient to cause protein deformation and apoptosis [44,45].
At an MNP concentration of 0.2 mg/ml in combination with
NIR irradiation, the cell viability declined significantly to 17.6%,
and the parameter continued to decrease to 8.7%, 8.4%, and
3.1% as the concentration of the MNP suspension increased
(Fig. 6D). This indicates that the thermogenic effect of PTT is
closely associated with the concentration of MNPs. The effect of
the 1,064-nm NIR laser power density on the survival rate of
4T1 cells was also investigated (see Fig. 6E). The 4T1 cell pop-
ulations were added to a suspension of MNPs at a concentration
of 0.5 mg/ml, and they were irradiated with the NIR laser at
power densities of 1.5, 2.5, and 3.5 W/ cm? for 3 min. The resulting
cell viabilities were 92.8%, 3.1%, and 0.6%, respectively, whereas
MNPs at a concentration of 0.2 mg/ml produced cell viabilities of
94.8%, 17.6%, and 3.8% under the same laser irradiation condi-
tions. This indicates that the PT'T with MNPs is strongly depend-
ent on the laser power density (see Fig. $26 and Note S5).

Given the imprecision of staining for counting dead and
living cells, flow cytometry (FCM)-dominated apoptosis was
applied to the experiment, and the results are shown in Fig. 6E
The cell survival rates are 90.9%, 95.9%, 99.1%, and 54.8% in
the Annexin V/PI staining, MNPs, NIR-irradiated, and MNPs-
NIR combined groups, respectively. The difference in the survival
rates between these 2 approaches is mainly because calcein-AM/
PI staining can only observe cells locally, whereas FCM can
count all cells in the culture dish [37].

Encouraged by the excellent in vitro PTT experiments achieved,
we conducted in vivo tumor experiments on a mouse breast
carcinoma tumor model. Four groups were included: (a) PBS,
(b) NIR, (c) MNPs, (d) MNPs-NIR (= 3 per group). Four groups
of 4T1-bearing mice were injected with 0.2 ml of PBS or MNP
suspension (PBS dispersion) at a concentration of 0.5 mg/ml
through the tail vein, and then tumor location of the mice in
the MNPs and MNPs-NIR groups were placed in a magnetic
field with VPNS navigated to the tumor location, and after 2 h
of magnetic field treatment, mice in the NIR and MNPs-NIR
groups were treated with 1,064-nm laser irradiated (power den-
sity 2.5 w/cm’, 3 min). Such treatment procedure was repeated
every 2 d for a 8-d course of treatment (Fig. 7A). To evaluate
the anticancer effect of VPNS using the photothermal effect, we
recorded the tumor growth rate (Fig. 7C). After one course of
treatment, the tumor volumes of PBS, NIR, MNPs, and MNPs-
NIR were 633.26, 409.32, 634.98, and 216.02 mm°, respectively.
The results showed that the tumors in the PBS and MNP groups
grew rapidly, indicating a failure to inhibit tumor growth by
MNP enrichment alone. Laser irradiation could burn the tumor
surface and slow down its proliferation to some extent, while
the combination of MNPs and NIR had the best effect on tumor
inhibition. After 8 d, tumors were removed and weighed, as
shown in Fig. 7D, and the in vivo PTT results consistently showed
that MNPs-NIR has excellent efficacy in the photothermal treat-
ment of cancer. To confirm the safety of MNPs during PTT use,
we performed histological analysis via standard histological
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techniques with hematoxylin and eosin staining. After 8 d of
experiment, the mice were executed and the major organs were
taken for histological analysis, and no visible tissue damage
or adverse effects on major organs were observed, as shown in
Fig. 7E. It has been preliminarily proved that MNPs has no obvi-
ous toxicity to animals at the test dose, and the experimental
mice have neither significant weight loss (Fig. 7B) nor abnormal
behavior observed. In conclusion, in addition to tumor elimi-
nation by PTT, MNPs has no obvious toxic and side effects on
mice. Prussian blue staining of mice's major organs also showed
that a certain amount of MNPs entered the tumor through the
magnetic field, but due to the lack of blood vessels inside the
tumor, such invasion only remained on the surface of the tumor
but was sufficient to generate enough heat to cause tumor abla-
tion (Fig. S27). Notably, the low-frequency alternating magnetic
field in the experiment can induce a G1-phase delay in breast
cancer cells but does not cause significant cell cycle perturbation,
which is a property that allows the magnetic field to provide
radiosensitization for the subsequent NIR thermotherapy [46].

Discussion

It is well known that most tumors that grow beyond a small size
need to generate a vascular supply to deliver nutrients to tumor
cells that expand to distant sites [47]. The circulatory system
may be an obvious route that can be utilized and navigated to
approach the tumor [10]. To overcome the challenging envi-
ronment in the vasculature, large amounts of red blood cells,
sticky proteins, and harsh fluids, leukocytes in vivo utilize the
low-flow zone and cell-free layer of the vessel wall to roll and
propel themselves through the surface, which is considered the
most feasible way to navigate the circulatory system [15]. In this
study, we demonstrate a tether-free magnetic microrobotic swarm
system that is inspired by a wild herring swarm and leukocytes.
The VPNS exploits the no-slip boundary conditions of a Poiseuille
flow near a vascular wall, and it combines with the actions of grav-
ity, Saffman lift, and an external magnetic field to steer toward
the wall, where it is subject to controlled upstream rolling. The
VPNS constructed in this work constitutes a population of thou-
sands of paramagnetic nanoparticles assembled in response to
a magnetic field, and the assembly and navigation are highly
robust and advantageous. For example, the cumbersome steps,
complicated fabrication methods, and prohibitive cost of some
structured prefabricated microrobots are important impedi-
ments to their rapid mass production on a large scale. By con-
trast, we used commercially sold paramagnetic nanoparticles
with diameters in the range of 80 to 300 nm, which are used
for Food and Drug Administration-approved inorganic nano-
medicines with biocompatible and magnetically responsive
properties. Additionally, only the magnetic field is required to
achieve MNP assembly, traction wall attachment, and active
upstream functions.

The dynamically assembled VPNS has a flexible leukocyte-
like variable structure that adheres to the vessel wall, actively
propels flow at relative speeds of up to 100 pm/s, and can precisely
control navigation and mooring in complex process configu-
rations of physiological blood flow. In addition, the dissociative
and recombination ability of VPNS reduces the risk of intra-
vascular thrombosis. In addition to the kinematic properties of
the magnetic microrobot, the success of the upstream motion
depends on the applied flow rate and shear stress. The physi-
ological level of blood flow illustrated here corresponds to the
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Fig.7Z.VPNS PTT for breast cancer in BALB/c nude mice. (A) Breast tumor-bearing BALB/c nude mice. (B) Body weight curves of 4 experimental nude mice during the treatment
period. (C) Tumor volume curves of 4 experimental nude mice during the treatment period. (D) Tumor weight curves of 4 experimental nude mice during the treatment period.
(E) Hematoxylin and eosin staining images of the main organs of nude mice after PTT. The scale bar is 200 pm.

capillaries and small veins; more importantly, it is associated
with the majority of the supply of blood flow in solid tumors,
which are also the main areas of intimate contact with the tumor
and leukocyte extravasation [48]. Higher flow rates and shear
stresses can be countered by increasing the frequency and strength
of the magnetic field. The lower blood flow velocity (300 to
1,000 pm/s) and wall shear stress [49] (2.5 dyn/ cm®) in the small
postcapillary veins caused the vascular endothelial cells to exhibit
a relatively minor aspect ratio [50]. The endothelial cell nuclei
bulge creates a barrier height of approximately 4 pm, which
experimentally verified that the VPNS could be rolled and
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propelled through a dynamic flow field of densely packed cells
while maintaining flow state variability. Along with traversing
the rugged cell-layered wall, it is necessary to test the upstream
migration of the VPNS against gravity in the 3D structure of the
vasculature. When the inclination angle of the plane of contin-
uous motion is greater than 0°, the microrobot often requires
the assistance of external energy to overcome gravity, such as
magnetic forces from vertical walls [51] or ultrasonic radiation
[27]. Previous studies have demonstrated that our constructed
VPNS possesses a combination of liquid and solid behavior,
and it can accommodate stairs and gaps that are equivalent to
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its height [52]. The corresponding tumor-killing method must be
implemented when the VPNS converges along the blood vessels
and is actively moored in the tumor region. Compared with widely
used 808-nm NIR light, 1,064-nm NIR improves the penetra-
tion depth and brings a more intense PTT and fluorescence
imaging deeper in the tissue [40], and in vitro-simulated cancer-
cell-killing experiments have also verified its reliability.

We believe that the proposed method is feasible for further
in vivo experiments. In a magnetic field environment, where no
other ferromagnetic material is present in the organism, mag-
netic shielding will not occur, and no significant field-strength
decay is expected. Under the current experimental conditions,
the blood flow velocity that VPNS can withstand is limited to
all capillaries and some small veins. Theoretically, the following
measures could increase its upstream velocity and expand its
application: (a) Increase the magnetic field strength, using a mag-
netic field coupled to a robotic arm to improve upstream capa-
bility and control range. (b) Adapting the boundary layer of the
vessel wall as close as possible. (c) Increase the magnetic field
frequency in a certain range: 25 to 200 Hz. In vivo real-time
imaging of VPNS has been a challenge in the microrobotics
field [53]; however, recent studies have shown that photoacous-
tic imaging [54] and magnetic particle imaging [55] are being
applied to real-time tracking of tissues and viscera in mouse
models, which may provide practical real-time tracking tools for
our future research. Our future research will focus on adding
in vivo experimental imaging modalities for real-time VPNS
tracking and navigation, as well as quantitative assessment of
nanoparticles reaching the tumor to determine drug utiliza-
tion rate. In contrast, the research in this manuscript is primarily
aimed at revealing the principles of clustered upstream motil-
ity behavior of VPNS, achieving precise motion control and
physical modeling of VPNS, and preliminary validation of
targeting capabilities.

Materials and Methods

Pre-experimental treatment of MNPs

The paramagnetic nanoparticles used in the experiments were
purchased from Bionano New Material Science, Taizhou, China.
The concentration of the raw solution was standardized to
10 mg/ml, and the solution was distributed in deionized water.
After the desired concentration was configured with the PBS
solution, the suspension was oscillated in an ultrasonic cleaner
for 5 to 10 min to obtain better dispersion before performing
the magnetic actuation experiments.

Microfluidic chip fabrication

The molds for the microchips were manufactured using high-
quality 3D printers (NanoArch P140, BMFPrecision, Shenzhen,
China) with photosensitive resin material. The microfluidic chan-
nels were realized using PDMS molding technology. First, the
organic elastic matrix of a Sylgard 184 (Dow Corning, Midland,
MI, USA) was mixed with a Sylgard 184 curing agent at a mass
ratio of 10:1. It was mixed thoroughly and put into a vacuum
pump for 30 min to eliminate the internal air bubbles. Then,
the surface of the mold was processed with 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (Sigma-Aldrich, USA), which was
used as a hydrophobic treatment to utilize the molding easily.
Next, the PDMS mixture was poured into the bottom-fixed mold
and then put in a hot oven above 60 °C for more than 3 h to
complete the curing. Finally, the curing layer was separated from
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the mold and perforated with exit and entrance holes. The final
microchannel structures and glass slides were treated with plasma
(YZD08-2C, SAOT, Beijing, China) for 30 s to form surface cova-
lent bonding.

4T1 cell culture

The 4T1, was sourced from the National Infrastructure of Cell
Line Resource. It was maintained in a Roswell Park Memorial
Institute medium (RPMI 1640, Gibco, Amarillo, TX, USA), which
contained 10% fetal bovine serum (Vistech, New Zealand), and
it was cultured at 37 °C with a 5% CO, concentration. For col-
lection, cells were dissociated from the bottom surface of the
culture dish using 0.1% trypsin-ETDA (Gibco, Amarillo, TX,
USA) and centrifuged at 600 G for 3 min. The supernatant was
discarded, and a new culture medium was added to resuspend
the cell pellet and transplant it into the experimental environ-
ment. The covalently bonded chips were sterilized via autoclaving
to culture cells in the fabricated microfluidic chips. Subsequently,
poly-lysine (Coolaber, Beijing, China) was injected into the chan-
nel in a sterile table and discarded after 5 min of filling to enhance
cell apposition. Then, the required cell lines were inducted after
the chip was dried, keeping appropriate droplets at the inlet
and outlet of the flow channel to prevent excessive evaporation.
Finally, the cells were placed in a humid environment to expand
and propagate.

Mouse blood acquisition and preservation

Blood was obtained from 8-week-old female Balb/c mice weigh-
ing 18 to 20 g (Sipeifu Biotechnology Co., LTD, Beijing, China).
Cardiac blood samples were obtained and rapidly preserved in
sodium citrate anticoagulant (Leagene Biotechnology Co., LTD,
Beijing, China), maintaining a volume ratio of 1:9 between the
components.

Magnetic field control

The VPNS was actuated with 6 customized electromagnetic coils
(4 XY coils and 2 Z coils), and above the Z coils, a charge-coupled
device camera (HT2000) with a microscope head (Olympus,
Tokyo, Japan) was used to acquire images. Specifically, the VPNS
is driven in 2 dimensions by applying a user-programmed cur-
rent to the electromagnetic coils to generate the desired cus-
tomized magnetic field.

Active targeting and upstream locomotion of VPNS
For experiments in the static flow field, a 5-pl drop of the MNP
suspension was dropped onto a glass slide with a clean surface.
Another layer of glass was used to cover the surface, but the
glass layers were separated with double-sided tape to maintain
a spacing of approximately 100 pm between them. For exper-
iments with kinetic flow fields, the suspension was pipetted into
a 1-ml syringe with a plastic hose attached at the outlet to be
introduced into the specialized microfluidic channel. The syringe
was then fixed to a high-resolution syringe pump (PHD Ultra
Nanomite, Harvard, Cambridge, MA, USA) to set the desired
parameters for the experiment.

Cell staining and characterization

The cells were stained with dual dyes calcein-AM and PI
(Solarbio Life Sciences, Beijing, China). First, the 10X assay
buffer, calcein-AM (2 mM), and PI (1.5 mM) were removed
from the —20 °C freezer to thaw and rewarm by avoiding light
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for 30 min. Then, the appropriate amounts of calcein-AM and PI
were extracted according to the single-dosage amount (300 pl
per experiment well) and diluted 100 and 33.3 times with PBS
solution, respectively, to obtain the preset dye solution (10X
calcein-AM and PI). Finally, 10X assay buffer, 10X calcein-AM,
10x PI, and deionized water were mixed uniformly at a volume
ratio of 1:1:1:7 to obtain the staining working solution. The cul-
ture medium containing MNPs in the 4T1 cells was discarded,
and the staining solution was added slowly after washing twice
with PBS solution while avoiding light. The stained cells were
observed under a laser scanning confocal microscope (FV3000,
Olympus, Tokyo, Japan). The green and red fluorescence excita-
tion wavelengths were adapted to approximately 490 and 535 nm,
respectively, to distinguish between live and dead cells in the
visual field.

Computational fluid dynamics simulation

The finite-element analysis software COMSOL Multiphysics
5.5 was used to estimate the flow velocity, pressure distribution,
and forces acting on the VPNS in the microfluidic channel under
static and flow conditions. The simulations were performed in
a 2-dimensional plane and 3D space to solve the Navier-Stokes
equations for a micro disc placed in a rectangular channel fed
with deionized water at a constant volume flow. A no-slip bound-
ary is considered in the simulation model, and the VPNS was
simulated as a thin-walled disk with a diameter of 60 pm and a
thickness of 2 pm spinning at a frequency of 10 to 100 Hz with
a flow input of 1 pl/min. The velocity and pressure fields were
determined using a peristaltic flow module.

Statistical information

All quantitative values in the experimental results were expressed
as a mean + standard deviation. Statistical analysis was per-
formed using the Student ¢ test, the statistical significance was
set at a 95% confidence level (P < 0.05), and each data acquisi-
tion experiment was repeated at least 3 times.

Acknowledgments

Funding: This work was supported by the National Key
R&D Program of China (Grant No. 2022YFF1502000) and
Beijing Municipal Fund for Distinguished Young Scholars
(Grand No.JQ22022). Author contributions: Conceptualization:
L.E and L.W. Investigation: L.E, L.W,, H.G.,, H.S., L.S., and
C.L. Analysis: LW., H.G,, H.S,, LS., C.L,, LJ., and C.W.
Visualization: L.W,, H.G., and Y.J. Project administration: L.E and
L.W. Supervision: L.F, Y.X,, H.C,, and D.Z. Writing—original
draft: L.W. and H.G. Writing—review and editing: L.E,, LW,
H.G., H.S.,, LS., CL, Y], HC, D.Z, and Y.X. L.E and L.W.
proposed the idea, designed the experiments, and were involved
in all aspects of the experiments. H.G., H.S., L.S., L.J., CW,, and
C.L. assisted with the experiments and analyzed the data. Y.].
composed the first schematic. H.C., D.Z., and Y.X. made many
valuable suggestions and revised the manuscript. All authors
reviewed and approved the manuscript. Competing interests:
The authors declare that they have no competing financial
interests.

Data Availability

Data is avaliable on request.

Wang et al. 2023 | https://doi.org/10.34133/research.0088

Supplementary Materials

Note S1. Dynamics of single particle.

Note S2. Interpretation of the transformation from MNP sus-
pension to vortex.

Note S3. Flow field distribution model for microfluidic flow
channels with a square cross-section.

Note S4. Dynamics model of simplified VPNS upstream rolling
in the Poiseuille flow.

Note S5. Manipulation of clusters.

Fig. S1. Electron micrographs and magnetic characterization
of MNPs.

Fig. S2. Force on a single magnetic particle in a magnetic field.
Fig. S3. Vibration state of the nonuniform oscillators system.
Fig. S4. Particle rotation frequency and magnetic field frequency.
Fig. S5. Analysis of magnetic particles near the boundary.
Fig. S6. Viscous force and fluid drag force vary with distance
from the bottom.

Fig. §7. Simulation of local vortices generated by short-chain
rotation.

Fig. S8. Analysis of particle chain stability.

Fig. S9. Fluid analysis during the VPNS merging.

Fig. S10. Forces on the particle at the edge.

Fig. S11. Comparison of 2 models.

Fig. S12. Force analysis of VPNS in a dynamic flow field.

Fig. S13. Analysis of flow field velocity and cluster velocity ver-
sus frequency.

Fig. S14. Translation velocity of a single particle.

Fig. S15. Analysis of the upstream motility of VPNS in high-
speed blood flow.

Fig. S16. The main body of the magnetic manipulation platform.
Fig. S17. VPNS wall-mounted rotational simulation.

Fig. S18. Snapshot of the upstream rolling VPNS.

Fig. S19. Simulation analysis of VPNS viscous drag versus roll-
ing pitch angle.

Fig. $20. Fabrication of the microfluidic channel.

Fig. S21. Flow rate profile at higher volume flow rates.

Fig. §22. Upstream motility of VPNS at higher flow rates.

Fig. $23. Schematic diagram of the force analysis of VPNS mov-
ing upstream in the Poiseuille flow.

Fig. S24. Numerical and analytical analysis of the Magnus effect.
Fig. $25. Analytical relationship between the VPNS upstream
velocity and diameter.

Fig. $26. The photothermal effect of MNPs induces apoptosis
in 4T1 cells via 1,064-nm NIR irradiation for 3 min.

Fig. S27. Prussian blue staining images of major organs in PBS
and MNPs-NIR groups.

Table S1. Parameters used in the theoretical analysis.
References [56-60]

Movies S1 to S6

References

1. Akolpoglu MB, Dogan NO, Bozuyuk U, Ceylan H, Kizilel S,
Sitti M. High-yield production of biohybrid microalgae for on-
demand cargo delivery. Adv Sci. 2020;7(16):Article 2001256.

2. Cabanach P, Pena-Francesch A, Sheehan D, Bozuyuk U, Yasa O,
Borros S, Sitti M. Zwitterionic 3D-printed non-immunogenic
stealth microrobots. Adv Mater. 2020;32(42):Article 2003013.

3. Aghakhani A, Yasa O, Wrede P, Sitti M. Acoustically powered
surface-slipping mobile microrobots. Proc Natl Acad Sci USA.
2020;117(7):3469-3477.

15


https://doi.org/10.34133/research.0088

Research

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Wang L, Shi Y, Jiang ], Li C, Zhang H, Zhang X, Jiang T,

Wang L, Wang Y, Feng L. Micro-nanocarriers based drug
delivery technology for blood-brain barrier crossing and brain
tumor targeting therapy. Small. 2022;18(45):e2203678.

Becker LE, Koehler SA, Stone HA. On self-propulsion of
micro-machines at low Reynolds number: Purcell’s three-link
swimmer. ] Fluid Mech. 2003;490:15-35.

Liang S, Gan C, Dai Y, Zhang C, Bai X, Zhang S, Wheeler AR,
Chen H, Feng L. Interaction between positive and negative
dielectric microparticles/microorganism in optoelectronic
tweezers. Lab Chip. 2021;21(22):4379-4389.

Bai X, Song B, Chen Z, Zhang W, Chen D, Dai Y, Liang S,
Zhang D, Zhao Z, Feng L. Postoperative evaluation of tumours
based on label-free acoustic separation of circulating tumour
cells by microstreaming. Lab Chip. 2021;21(14):2721-2729.
Huang C, Lai Z, Wu X, Xu T. Multimodal locomotion and
cargo transportation of magnetically actuated quadruped soft
microrobots. Cyborg Bionic Syst. 2022;2022:Article 0004.

Feng L, Di P, Arai F. High-precision motion of magnetic
microrobot with ultrasonic levitation for 3-D rotation f single
oocyte. Int ] Robot Res. 2016;35(12):1445-1458.

Soler L, Martinez-Cisneros C, Swiersy A, Sanchez S, Schmidt OG.
Thermal activation of catalytic microjets in blood samples
using microfluidic chips. Lab Chip. 2013;13(22):4299-4303.
Wu Z, Troll ], Jeong H-H, Wei Q, Stang M, Ziemssen E, Wang Z,
Dong M, Schnichels S, Qiu T, et al. A swarm of slippery
micropropellers penetrates the vitreous body of the eye. Sci
Adv. 2018;4(11):eeatd388.

Yu7J, Jin D, Chan KF, Wang Q, Yuan K, Zhang L. Active
generation and magnetic actuation of microrobotic swarms in
bio-fluids. Nat Commun. 2019;10(1):5631.

Zhang H, Li Z, Gao C, Fan X, Pang Y, Li T, Wu Z, Xie H, He Q.
Dual-responsive biohybrid neutrobots for active target
delivery. Sci Robot. 2020;6(52):eaaz9519.

Wang B, Chan KF, Yuan K, Wang Q, Xia X, Yang L, Ko H,
Wang YX]J, Sung JJY, Chiu PWY, et al. Endoscopy-assisted
magnetic navigation of biohybrid soft microrobots with rapid
endoluminal delivery and imaging. Sci Robot. 2021;6(52):eabd2813.
Firrell JC, Lipowsky HH. Leukocyte margination and
deformation in mesenteric venules of rat. Am ] Physiol Heart
Circ Physiol. 1989;256(6 Pt 2):H1667-H1674.

Fedosov DA, Caswell B, Popel AS, Karniadakis GEM. Blood
flow and cell-free layer in microvessels. Microcirculation.
2010;17(8):615-628.

Chu M, Shao Y, Peng ], Dai X, Li H, Wu Q, Shi D. Near-
infrared laser light mediated cancer therapy by photothermal
effect of Fe304 magnetic nanoparticles. Biomaterials.
2013;34(16):4078-4088.

Field RD, Anandakumaran PN, Sia SK. Soft medical
microrobots: Design components and system integration. Appl
Phys Rev. 2019;6(4): Article 041305.

Abkarian M, Viallat A. Dynamics of vesicles in a wall-bounded
shear flow. Biophys J. 2005;89(2):1055-1066.

Katuri J, Uspal WE, Simmchen J, Miguel-Lopez A, Sanchez S.
Cross-stream migration of active particles. Sci Adv.
2018;4(1):eaa01755.

Ahmed D, Sukhov A, Hauri D, Rodrigue D, Maranta G, Harting J,
Nelson BJ. Bioinspired acousto-magnetic microswarm robots
with upstream motility. Nat Mach Intell. 2021;3(2):116-124.
Ahmed D, Baasch T, Blondel N, Liubli N, Dual J, Nelson BJ.
Neutrophil-inspired propulsion in a combined acoustic and
magnetic field. Nat Commun. 2017;8(1):770.

Wang et al. 2023 | https://doi.org/10.34133/research.0088

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Alapan Y, Bozuyuk U, Erkoc P, Karacakol AC, Sitti M.
Multifunctional surface microrollers for targeted cargo delivery
in physiological blood flow. Sci Robot. 2020;5(42):eaba5726.
Bozuyuk U, Alapan Y, Aghakhani A, Yunusa M, Sitti M. Shape
anisotropy-governed locomotion of surface microrollers on
vessel-like microtopographies against physiological flows. Proc
Natl Acad Sci USA. 2021;118(13):€2022090118.

Xie H, Sun M, Fan X, Lin Z, Chen W, Wang L, Dong L, He Q.
Reconfigurable magnetic microrobot swarm: Multimode
transformation, locomotion, and manipulation. Sci Robot.
2019;4(28):¢2av8006.

Saffman PG. The lift on a small sphere in a slow shear flow. ]
Fluid Mech. 1965;22(2):385-400.

YuJ, Yang L, Zhang L. Pattern generation and motion control
of a vortex-like paramagnetic nanoparticle swarm. Int ] Robot
Res. 2018;37(8):912-930.

Krishnamurthy S, Yadav A, Phelan PE, Calhoun R, Vuppu AK,
Garcia AA, Hayes MA. Dynamics of rotating paramagnetic
particle chains simulated by particle dynamics, Stokesian
dynamics and lattice Boltzmann methods. Microfluid
Nanofluidics. 2008;5(1):33-41.

Purcell EM. Life at low Reynolds number. Am J Phys. 1977;45:3-11.
Vach PJ, Faivre D. The triathlon of magnetic actuation:
Rolling, propelling, swimming with a single magnetic
material. Sci Rep. 2015;5(9364):1-6.

Patzek TW, Silin DB. Shape factor and hydraulic conductance
in noncircular capillaries: I. one-phase creeping flow. J Colloid
Interface Sci. 2001;236(2):295-304.

Damianou Y, Georgiou GC. Viscoplastic Poiseuille flow in

a rectangular duct with wall slip. ] Nonnewton Fluid Mech.
2014;214:88-105.

Merlen A, Frankiewicz C. Cylinder rolling on a wall at low
Reynolds numbers. J Fluid Mech. 2011;685:461-494.

Keh HJ, Wang LR. Slow motions of a circular cylinder
experiencing slip near a plane wall. ] Fluids Struct.
2008;24(5):651-663.

Bretherton FP. Slow viscous motion round a cylinder in a
simple shear. J Fluid Mech. 1962;12(4):591-613.

Weltner K. Movement of spheres on rotating discs — A new
method to measure coefficients of rolling friction by the
central drift. Mech Res Commun. 1983;10(4):223-232.

Wang L, Song L, Sun H, Ji Y, Dai Y, Feng L. Multi-mode
motion control of reconfigurable vortex-shaped microrobot
swarms for targeted tumor therapy. IEEE Robot Autom Lett.
2022;7(2):3578-3583.

Shen Z, He Y. Migration of a red blood cell in a permeable
microvessel. Med Nov Technol Devices. 2019;3:Article 100023.
Bazilevs Y, Hsu M, Kiendl ], Wiichner R, Bletzinger K. 3D
simulation of wind turbine rotors at full scale. Part II: Fluid —
structure interaction modeling with composite blades. Int |
Numer. Methods Fluids. 2011;65(1-3):236-253.

Zhang W, Deng W, Zhang H, Sun X, Huang T, Wang W, Sun P,
Fan Q, Huang W. Bioorthogonal-targeted 1064 nm excitation
theranostic nanoplatform for precise NIR-IIa fluorescence
imaging guided efficient NIR-II photothermal therapy.
Biomaterials. 2020;243:Article 119934.

Wu Z, Jin R. On the ligand’s role in the fluorescence of gold
nanoclusters. Nano Lett. 2010;10(7):2568-2573.

Wong J, Brugger A, Khare A, Chaubal M, Papadopoulos P,
Rabinow B, Kipp J, Ning J. Suspensions for intravenous (IV)
injection: A review of development, preclinical and clinical
aspects. Adv Drug Deliv Rev. 2008;60(8):939-954.

16


https://doi.org/10.34133/research.0088

Research

43.

44,

45.

46.

47.

48.

49.

50.

51.

Vaupel P. Tumor microenvironmental physiology and its
implications for radiation oncology. Semin Radiat Oncol.
2004;14(3):198-206.

Chen C, Wang S, Li L, Wang P, Chen C, Sun Z, Song T. Bacterial
magnetic nanoparticles for photothermal therapy of cancer
under the guidance of MRI. Biomaterials. 2016;104:352-360.
Tumbarello DA, Turner CE. Hic-5 contributes to epithelial-
mesenchymal transformation through a RhoA/ROCK-
dependent pathway. J Cell Physiol. 2007;211(3):736-747.
Salinas-Asensio MM, Rios-Arrabal S, Artacho-Cordén F,
Olivares-Urbano MA, Calvente I, Ledn ], Nufiez MI. Exploring
the radiosensitizing potential of magnetotherapy: A pilot study
in breast cancer cells. Int ] Radiat Biol. 2019;95(9):1337-1345.
Nagy JA, Dvorak HE Heterogeneity of the tumor vasculature:
The need for new tumor blood vessel type-specific targets. Clin
Exp Metastasis. 2012;29(7):657-662.

Mehta JL, Pothineni NVK. Inflammation in heart failure: The
holy grail? Hypertension. 2016;68(1):27-29.

Alapan Y, Matsuyama Y, Little JA, Gurkan UA. Dynamic
deformability of sickle red blood cells in microphysiological
flow. Technology. 2016;4(2):71-79.

McDonald DM. Endothelial gaps and permeability of venules
in rat tracheas exposed to inflammatory stimuli. Am ] Physiol.
1994;266(1 Pt 1):L61-183.

Disharoon D, Neeves KB, Marr DWM. ac/dc magnetic fields
for enhanced translation of colloidal microwheels. Langmuir.
2019;35(9):3455-3460.

Wang et al. 2023 | https://doi.org/10.34133/research.0088

52.

53.

54.

55.

56.

57.

58.

59.

60.

Sun M, Fan X, Tian C, Yang M, Sun L, Xie H. Swarming
microdroplets to a dexterous micromanipulator. Adv Funct
Mater. 2021;31(19):Article 2011193.

Medina-Sanchez M, Schmidt OG. Medical microbots need
better imaging and control. Nature. 2017;545(7655):406-408.
WuZ LiL, Yang Y, Hu P, Li Y, Yang S-Y, Wang LV, Gao W.

A microrobotic system guided by photoacoustic computed
tomography for targeted navigation in intestines in vivo. Sci
Robot. 2019;4(32):eaax0613.

Talebloo N, Gudi M, Robertson N, Wang P. Magnetic particle
imaging: Current applications in biomedical research. ] Magn
Reson Imaging. 2020;51(6):1659-1668.

McNaughton BH, Agayan RR, Wang JX, Kopelman R.
Physiochemical microparticle sensors based on nonlinear
magnetic oscillations. Sensors Actuators B Chem.
2007;121(1):330-340.

Kaiser A, Snezhko A, Aranson IS. Flocking ferromagnetic
colloids. Sci Adv. 2017;3(2):1-11.

Fang WZ, Ham §, Qiao R, Tao WQ. Magnetic actuation

of surface walkers: The effects of confinement and inertia.
Langmuir. 2020;36(25):7046-7055.

Massana-Cid H, Meng E Matsunaga D, Golestanian R, Tierno P.
Tunable self-healing of magnetically propelling colloidal
carpets. Nat Commun. 2019;10(1):2444.

Ekanayake NIK, Berry JD, Harvie DJE. Lift and drag forces
acting on a particle moving in the presence of slip and shear
near a wall. J Fluid Mech. 2021;915:A103.

17


https://doi.org/10.34133/research.0088



