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NANOROBOTS
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Micro/nanorobotic swarms consisting of numerous tiny building blocks show great potential in biomedical applica-
tions because of their collective active delivery ability, enhanced imaging contrast, and environment-adaptive capa-
bility. However, in vivo real-time imaging and tracking of micro/nanorobotic swarms remain a challenge, considering
the limited imaging size and spatial-temporal resolution of current imaging modalities. Here, we propose a strategy
that enables real-time tracking and navigation of a microswarm in stagnant and flowing blood environments by using
laser speckle contrast imaging (LSCI), featuring full-field imaging, high temporal-spatial resolution, and noninvasive-
ness. The change in dynamic convection induced by the microswarm can be quantitatively investigated by analyzing
the perfusion unit (PU) distribution, offering an alternative approach to investigate the swarm behavior and its inter-
action with various blood environments. Both the microswarm and surrounding environment were monitored and
imaged by LSCl in real time, and the images were further analyzed for simultaneous swarm tracking and navigation in
the complex vascular system. Moreover, our strategy realized real-time tracking and delivery of a microswarm in vivo,

showing promising potential for LSCI-guided active delivery of microswarm in the vascular system.

INTRODUCTION

Micro/nanorobots harvest energy from internal or external envi-
ronments to achieve active motion. This characteristic behavior of
micro/nanorobots permits biomedical applications, especially in
endovascular systems, such as thrombus removal, wound healing,
and drug delivery, because of their tiny size and controllable loco-
motion (I-8). To ensure delivery efficiency and biomedical safety
in complex vascular environments, real-time imaging of micro/
nanorobots is essential (9-12). In recent years, various imaging
modalities have been applied for the imaging of micro/nanoro-
bots, including magnetic resonance imaging (MRI) (13, 14), ul-
trasound (US) imaging (15, 16), fluorescence imaging (17, 18),
computed tomography (CT) (19, 20), positron emission tomogra-
phy (PET) (21), fluoroscopy (22, 23), single-photon emission
computed tomography (24), and photoacoustic imaging (PAI)
(25, 26). In table S1, we summarized the pros and cons of com-
mon imaging modalities for the imaging of micro/nanorobots in
terms of penetration depth, spatial resolution, and temporal reso-
lution. In short, ionizing radiation-based techniques, such as CT,
PET, and fluoroscopy, have excellent tissue penetration. However,
radiation risk is the main concern when conducting therapeutic
intervention over a long duration. MRI has the advantage of high
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penetration depth in tissues; however, the low temporal resolu-
tion (minutes-hours) renders difficulties in tracking the micro/
nanorobots in real time. PAI is an emerging imaging tool that en-
ables real-time imaging and tracking in deep tissues. However,
imaging and tracking of micro/nanorobots in vascular systems
with complex branching and hemodynamics by PAI require fur-
ther validation. More recently, optoacoustic tomography has been
reported for tracking individual microrobots in the vascular sys-
tem with magnetic manipulation (27). Nonetheless, imaging of
micro/nanorobots is restricted within the endovascular system
because of the tiny size of micro/nanorobots and distributed imag-
ing signals. To tackle this issue, inducing swarm behaviors of micro/
nanorobots is an effective solution, which can improve the pattern
area density and imaging contrast because of the active gathering
effect and swarm-environment interactions. For instance, Wang
et al. (28) applied US imaging to track a magnetic microswarm
in the endovascular environment. Duplex US with B-mode and
Doppler mode is able to visualize microswarms in the blood-
stream. Although US imaging has relatively strong penetration in
soft tissue and is noninvasive, the restricted acoustic window in
the endovascular lumen and relatively low signal-to-noise ratio of
US may result in signal loss, causing difficulty in distinguishing
the micro/nanorobotic swarm from the dynamic environments.
Therefore, a noninvasive, real-time, full-field imaging method
with a high temporal-spatial resolution that can track swarming
micro/nanorobots and swarm-environment interactions is needed
to promote targeting ability and delivery efliciency.

A micro/nanorobotic swarm increases delivery efficiency with
enhanced imaging contrast, pattern transformation rate, and
environmental-adaptive capability, thus improving the efficiency of
endovascular interventions (10, 29-35). For instance, swarming micro/
nanorobots with enhanced drug delivery accelerate thrombolysis
endowed by swarm-induced hydrodynamic convection (36, 37).
Quantitative investigation of swarm-environment interactions in the
blood may further enhance the current understanding of micro/
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nanorobotic swarm behavior and strengthen their capabilities in dif-
ferent biomedical applications. Restricted by current methodologies,
studies that quantitatively analyzed hydrodynamic convection and
its associative factors are scarce. Developing alternative methods that
are able to address these issues may improve swarm controllability
and delivery efficiency, which are vital for safe and efficacious endo-
vascular procedures.

Laser speckle contrast imaging (LSCI) can monitor the changes
in the bloodstream within the area of interest without the require-
ment of scanning in a real-time manner, which has been applied to
assess reperfusion status after ischemic stroke (38-40). Laser speck-
le is a physical phenomenon induced by light interference on parti-
cles or coarse surfaces (41, 42). When laser light irradiates red blood
cells (RBCs), it scatters and generates coherent scattering light. An
alternating pattern of light and dark will then be formed from
random interference of the scattered light. Such a pattern is named
“speckle;” which can be influenced by the movement of RBCs. The
movement of RBCs blurs the speckle pattern, resulting in a change
of speckle contrast. Velocity distributions of the diffuse objects can,
therefore, be coded as speckle contrast variations. The speckle con-
trast variations are then analyzed and displayed as speed-related
images. On the basis of the imaging mechanism of LSCI, we hypoth-
esized that a microswarm constructed by numerous nanoparticles
would generate imaging signals by interaction with RBCs. Further-
more, simultaneous visualization of RBCs movement allows quanti-
fication of the interaction between a micro/nanorobotic swarm and
the surrounding blood environment, which may facilitate the tar-
geted delivery process.

Here, we report a LSCI-based swarm tracking method to navi-
gate a microswarm in endovascular environments with real-time
monitoring (Fig. 1A). Fe;04@SiO; nanoparticles with a diameter of
300 to 400 nm (fig. S1) were used as the tiny building blocks. A
sphere magnet was applied to generate a rotating magnetic field,
which can control the microswarm formation and navigation
process. In stagnant blood environments, the microswarm showed
a relatively strong imaging contrast in both the pseudo-color pat-
tern and the gray pattern (Fig. 1B). The hydrodynamic convection
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generated by the rotating motion of the microswarm effectively
agitated surrounding RBCs. The movement of RBCs was detected
by LSCI and transformed into imaging signals. Two types of imag-
ing modes, pseudo-color pattern and gray pattern, were captured.
Compared with the gray pattern in stagnant blood, the pseudo-
color pattern exhibited a better imaging profile and provided more
details in the contrast change. In flowing blood, the microswarm
showed a smaller imaging profile (Fig. 1B). The microswarm mainly
exhibited an imaging profile of itself in the dynamic environment,
which was distinguished by the difference in imaging contrast
between the microswarm and the bloodstream. The gray pattern
was more suitable for the flowing conditions because of the differen-
tiation between the microswarm and surrounding RBC signals.
Moreover, the hydrodynamic convection could be evaluated by
the motion of RBCs, and quantitative analysis was achieved by
monitoring the perfusion unit (PU) change. Such an exclusive feature
allowed us to optimize the parameters to improve hydrodynamic
convention and benefit the delivery process. Our work presents a
noninvasive and high-resolution approach for the tracking and navi-
gation of a microswarm in an endovascular system with a large
imaging field that allows real-time feedback.

RESULTS

Imaging of a microswarm on a flat surface

The study of interactions between the micro/nanorobotic swarm and
the surrounding environment may enhance the fundamental under-
standing of in vitro and in vivo behaviors of the micro/nanorobotic
swarm and thereby promote its applications. However, common pre-
existing imaging tools may not achieve this goal because of the re-
strictions discussed above. Here, we investigated the imaging of the
microswarm on a flat surface with whole blood to explore the interac-
tion between the microswarm and the surrounding environment.
Figure 2A shows a schematic illustration of the imaging mechanism
of a magnetic microswarm on a flat surface, which enables imaging
signals by induced moving RBCs. A sphere magnet was used to gen-
erate a rotating magnetic field, where magnetic nanoparticles formed
the circular microswarm by dipole-dipole
interaction and magnetic field gradient.
The relationship between the distance
(the distance between the magnet tip and
the swarm plane) and the magnetic field

Stagnant strength is offered (fig. S2). Figure S3 de-
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Fig. 1. Schematic illustration of LSCI-based real-time tracking of a microswarm. (A) Schematic illustration of the
imaging and navigation of a magnetic microswarm in a blood vessel. (B) Photographs depict the real imaging of a
magnetic swarm in the vessel with both stagnant and flowing blood. Scale bar, 5 mm.
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scribes a representative microswarm with
a diameter of around 2.5 mm, and the
microswarm also shows an imaging pro-
file without blood. The rotation motion of
magnetic chains of the microswarm in-
duced hydrodynamic convection, result-
ing in the movement of surrounding
RBCs. The displacement of RBCs was
then captured and transformed into im-
aging signals by LSCI. Therefore, the im-
aging of the microswarm was inferred by
detecting the movement of RBCs. The
imaging mechanism was further verified
by simulation (Fig. 2B). We released 3000
microparticles as the simulated RBCs
that had the same diameter and density as
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human RBC:s. The blue lines illustrate motion trajectories of the sim-
ulated RBCs around the microswarm, suggesting that RBCs are dis-
turbed around the microswarm by the pattern-induced convection.
Moreover, the hydrodynamic convection was higher around the
center of the microswarm, which led to faster movement of RBCs and
stronger imaging signal intensity. The simulation of the state of the
microswarm and simulated RBCs at time ¢ = 10 s is illustrated in
fig. S4, showing the movement of RBCs toward the microswarm
center. Figure 2C shows the formation process of a magnetic micro-
swarm monitored by LSCI. The imaging pattern of the microswarm
gradually transformed from an irregular shape into a circular shape,
indicating successful generation of the microswarm. In comparison,
no imaging signals were observed for the stationary microswarm
without hydrodynamic interaction with RBCs (fig. S5). The last pho-
tograph in Fig. 2C shows the reducing image signal intensity away
from the swarm center, which was in concordance with the simula-
tion results. Moreover, the imaging signal of spread nanoparticles
was weaker than that of the microswarm, indicating that enhanced
imaging signal intensity is obtained by the collective behavior of the
microswarm.

To quantitatively study the imaging signal intensity and hydro-
dynamic convection induced by the microswarm, the PU that repre-
sents the change in blood flow is introduced. Here, the PU value is
calculated as

1
PU = ﬁ
where the K refers to speckle contrast value, which is defined as the
ratio between the SD of speckle intensity and mean of speckle inten-
sity, described as (42)

(1)

- _S
K=

where the o refers to the SD of speckle intensity and I indicates the
mean of speckle intensity. On the basis of the dynamic light scatter-
ing approximate model, the speckle contrast value K can be ex-
pressed as a function of the coherent light decorrelation time <. (43)

=3[ -en(-2)]

where T is the speckle imaging exposure time. When T > 7, the
speckle contrast value K shows a square root dependence relation-
ship with t.. The relationship between 7. and the velocity v, of the
scattering particles can be expressed as (42)

A

V.=
¢ 2mr, (4)

2

3)

where A is the wavelength of coherent light. When T > 7, the laser
speckle contrast value K is inversely proportional to the square root
of the velocity v. of the scattering particles. Therefore, PU is propor-
tional to the velocity v, of the scattering particles (RBCs in our
study). Moreover, the PU and mean flow velocity are positively
related (fig. S6). The changes in PU and imaging area were investi-
gated with different factors, including input frequency, nanoparticle
dose, blood depth, and distance between the magnet tip and the
swarm plane.

In Fig. 2D, the PU increased notably with the increase in applied
field frequency, reaching the highest value of around 115 with the
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input frequency of 7 Hz. The imaging area was also gradually
enlarged with input frequency, and two factors were attributed to
the change of imaging area: The range of influenced RBCs became
larger with stronger hydrodynamic convection, and the micro-
swarm was in a more dispersive state with relatively high frequency
because of enhanced repulsion between magnetic chains, resulting
in a larger swarm size. The imaging pattern of the microswarm with
various frequencies is shown in Fig. 2], where both imaging inten-
sity and imaging area were enhanced with increasing input fre-
quency. On the basis of the observed changes in PU value change,
the hydrodynamic convention can be controlled by adjusting mag-
netic field frequency, potentially facilitating the drug delivery pro-
cess. Similar to the influence of input frequency, both the PU value
and the imaging area of the microswarm were continually enhanced
by increasing the nanoparticle dose, whereas the improvement of
PU was limited as the dose exceeded 100 pg (Fig. 2E). The patterns
of the microswarm with various doses of nanoparticle (10, 20, 40,
60, 80, 100, and 200 pg) were investigated (fig. S7). Another factor
that affected the PU and imaging area was blood depth, revealing
the ability of the microswarm to trigger vertical hydrodynamic con-
vection. As shown in Fig. 2E PU value and imaging area declined
with the increase in blood depth. The values of PU and the imaging
area decreased from 118 to 42 and 55 to 10 mm?, respectively, as
blood depth increased from 1.0 to 3.5 mm. The imaging of the
microswarm at different blood depths displayed in Fig. 2I further
substantiated the decreased signal intensity and imaging area as
depth increased. The maximal blood depth that the microswarm
could influence was 3.5 mm, and the signal became vague when the
blood depth was beyond 3.5 mm. LSCI shows advantages compared
with optical-based imaging modalities, which offers an opportu-
nity to explore the swarm-environment interaction in the deeper
blood environment. With increasing distance from the magnet tip
and the swarm plane, we found that the values of PU and the imag-
ing areas were first enlarged and then gradually reduced (Fig. 2G).
The microswarm generated the strongest LSCI signals with a
distance of 10 mm, as shown in Fig. 2G. The influence of the dis-
tance on the imaging pattern is further depicted in fig. S8.

To comprehensively study the change of hydrodynamic convec-
tion, the PU distributions over the microswarm were recorded and
analyzed. Figure 2K demonstrates the PU distribution over the mi-
croswarm with different frequencies, and the range that the micro-
swarm can affect was observed. The PU change resembled a normal
distribution, where the PU continuously declined from the center of
the microswarm, demonstrating that higher hydrodynamic convec-
tion was induced close to the swarm center. Besides, the PU distri-
bution of the microswarm with various nanoparticle doses was
explored (Fig. 2L). Enhanced imaging range and PU value were
shown in the distribution lines as nanoparticle dosage increased,
with the highest PU value appearing around the microswarm center.
The hydrodynamic convection triggered by the microswarm can
be quantitatively assessed by PU change, and optimized parameters
were obtained to improve the pattern-environment interaction.
Moreover, direct imaging of the microswarm could be achieved by
LSCI in a water-glycerin solution with a viscosity of 4.5 centipoise
(cp) that mimics the viscosity of the whole blood (15), which could
directly reflect real microswarm behavior. The influences of differ-
ent factors, including input frequency, nanoparticle dose, distance,
and angle, were analyzed (figs. S9 to S12). Our results suggested that
the microswarm behavior was consistent in environments with or
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Fig. 2. Real-time imaging of a microswarm on a flat surface with whole blood. (A) Schematic illustration of
a microswarm formed on a flat surface with whole blood. (B) Simulation result of the trajectories of simulated
RBCs around the microswarm. Three thousand simulated RBCs were analyzed. The blue dots refer to the simu-
lated RBCs (6-pm-diameter microparticles), and the blue lines donate the trajectories of the simulated RBCs. The
color bar indicates the particle velocity. (C) The video clips (movie S1) show the microswarm formation process
with pseudo-color patterns and gray patterns. (D to G) PU and imaging area of the microswarm vary with input
frequency, nanoparticle dose, blood depth, and distance between the magnet tip and the swarm plane. All sta-
tistical results are based on three experimental tests, and the error bars represent the standard deviation (SD) of
three experiments. (H) Translational locomotion of the microswarm on the flat surface with a velocity of 20 pm/s.
The red arrow denotes the locomotion direction of the microswarm (movie S2). (1 and J) Pseudo-color patterns
and gray patterns of the microswarm with different blood depths and input frequencies. (K and L) Distribution
of PU along the central line of the microswarm with different input frequencies and nanoparticle doses. The
color bar donates the imaging signal intensity. Scale bars, 5 mm.
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without RBCs. Furthermore, the reflectivity
of the RBCs and magnetic nanoparticles
(Fe3O4 and Fe;0,@Si0O,) was measured
(fig. S13), which could reflect the light-
scattering ability of the particles. The
reflectivity of the RBCs substantially in-
creased with wavelengths larger than 580 nm,
whereas the reflectivity of Fe;04 and Fe;0,@
SiO, nanoparticles changed slightly over a
wide range of wavelengths (250 to 900 nm).
Figure S13B shows the reflectivity of three
samples at the wavelength of 785 nm (the
wavelength of the laser used in our work).
Fe;04 nanoparticles had the highest reflec-
tivity of 72.4% and decreased to 65.4% after
being coated with a SiO, shell. Moreover, the
reflectivity of RBCs was 49.7% at a wave-
length of 785 nm, which was lower than that
of the two magnetic nanoparticles. It should
be noted that the reflection spectra of parti-
cles in suspension are inversely correlated
with absorption, suggesting that high reflec-
tion improves the LSCI imaging of particles.
Therefore, LSCI is able to provide direct im-
aging of the magnetic nanoparticles because
of their high reflectivity. Our results con-
firmed that the imaging of different nanopar-
ticles with a wide range of reflectivity (49.7
to 72.4% in our study) can be achieved
by LSCL

Imaging-guided navigation of a
microswarm in vessels

We further explored the imaging and naviga-
tion of the microswarm in the vessel with
stagnant and flowing blood conditions. Fig-
ure S14 presents the schematic of the imag-
ing of a microswarm in the vessel with a
stagnant blood environment, and an imag-
ing pattern with an ellipse shape was formed
by applying a rotating magnetic field. The
typical images with both the pseudo-color
pattern and the gray pattern are exhibited
in Fig. 3A, and the microswarm itself also
shows an imaging profile due to the lower sig-
nal intensity compared with surrounding
RBCs. In Fig. 3B, 3000 simulated RBCs were
analyzed around the microswarm inside of
the vessel. The motion trajectory of the sim-
ulated RBCs showed that more RBCs were
captured near the microswarm because of the
induced hydrodynamic convection, result-
ing in large imaging area and stronger imag-
ing signals. The top view of the simulation
for the trajectories of the simulated RBCs
in the vessel with stagnant blood was con-
ducted (fig. S15). The position of the micro-
swarm inside of the vessel wall was controlled
by adjusting the angle between the rotating
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magnet and the Z axis of the tube. The influence of angle on the im-
ages was investigated (Fig. 3C). At 90°, the microswarm offered the
best imaging, with a PU value of 215 and an imaging area of 18.94 mm®,
respectively. As the angle increased further, both the PU and imag-
ing area were reduced accordingly. Moreover, the imaging profile
of the microswarm itself became smaller with the increment of
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Fig. 3. Imaging and tracking of a microswarm in the vessel with stagnant blood. (A) Representative pseudo-
color pattern and gray pattern of a microswarm in a silicone tube (inner diameter, 2 mm) with stagnant blood. The
orange dashed lines refer to the profile of the tube edge. (B) Simulation of the RBCs’ trajectories around the micro-
swarm in the vessel with stagnant blood. The blue dots refer to the simulated RBCs, the blue lines donate the trajec-
tories of the simulated RBCs, and the color bar indicates the particle velocity. (C to F) PU and imaging area of the
microswarm vary with different input frequencies, nanoparticle doses, distances between the magnet tip and the
swarm plane, and angles between the central axis of the magnet and the Z axis of the tube. All statistical results are
based on three experimental tests, and the error bars represent the SD of three experiments. (G) Representative
pseudo-color patterns and gray patterns of the microswarm with different input frequencies, nanoparticle doses,
distances between the magnet tip and the swarm plane, and angles between the central axis of the magnet and the
Z axis of the tube. (H) PU distribution of various distribution lines over the microswarm with an interval of 0.5 mm.
(1) Navigation of the microswarm in the vessel with stagnant blood guided by LSCI (movie S3). The yellow arrows
show the locomotion direction of the microswarm. Scale bars, 5 mm.
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the angle (Fig. 3G, gl1). The influence of the input frequency on the
imaging of the microswarm was similar to that on the flat surface,
and the PU notably increased with input frequency and reached the
peak with an input frequency of 9 Hz (Fig. 3D). The imaging area
change in the vessel became negligible when the input frequency was
larger than 3 Hz, indicating that the microswarm was maintained at

a stable state in the confined space. On
the contrary, the PU was not sensitive to
the dosage change (Fig. 3E) and was
consistent at around 170 over a wide
dose range (20 to 200 pg). On the other
hand, a continuous increase in imaging
area was observed, and the pattern size
increased approximately twofold from
7.55 to 14.84 mm’ as the dosage in-
creased from 20 to 200 pg (Fig. 3, E and
G, g3). The magnetic field strength was
reduced with longer distances between
the microswarm plane and the magnet
tip. With increasing the distance, the
PU value slightly raised and then
dropped to around 160 because of the
weakened hydrodynamic convection,
whereas the imaging area gradually
increased from 13.08 to 20.00 mm?
(Fig. 3F). The microswarm was elongated
in the vessel with increasing distance,
which led to the enhanced area of the im-
aging pattern (Fig. 3G, g4). The imaging
patterns of the microswarm with differ-
ent angles, frequencies, and nanoparticle
dosages are presented (figs. S16 to S18).
To investigate the PU distribution that
can reveal the hydrodynamic convection
change in detail, distribution lines with
0.5-mm intervals were chosen for analysis
(Fig. 3H). A larger PU distribution was
found close to the center of the micro-
swarm, and the center line showed a
higher PU value compared with the other
four lines. Therefore, reinforced hydrody-
namic convection was distributed around
the center line. Moreover, the 1-mm line
presented the imaging signal of the
microswarm itself, and the PU value
was located in the range of 50 to 107.
The PU distribution showed that the
microswarm itself was able to generate
sufficient imaging signals except for in-
teraction with RBCs. Subsequently, we
verified the locomotion and navigation
process of the microswarm in the vessel
with stagnant blood. The forward and
backward locomotion were guided by
LSCI (Fig. 3I). During the locomotion
process, both the microswarm and the
imaging pattern remained stable and
integral, suggesting that our control
strategy was effective. The imaging and
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tracking of the microswarm with different locomotion velocities
were explored in movie S3; the microswarm with locomotion
velocity lower than 0.5 mm/s remained intact without obvious
nanoparticles lagging.

To investigate the imaging of the microswarm in dynamic envi-
ronments, a peristaltic pump was deployed to control the blood flow
in the silicone tube with an inner diameter of 2 mm. To reduce
the influence of blood flow, the microswarm was magnetically navi-
gated near the vessel wall, and the microswarm was able to resist
against mean flow velocities of up to 110 mm/s. The schematic in
Fig. 4A demonstrates the imaging signal of the microswarm in
the flowing blood. As showcased in the typical imaging patterns
(Fig. 4A), the microswarm exhibited blue and yellow color in the
pseudo-color pattern and black color in the gray pattern because the
signal intensity of the microswarm was lower than that of flowing
RBCs. Compared with RBCs, the microswarm mainly performed
in situ rotation motion, and the translational motion was too low to
generate high imaging signal intensity. Different from the imaging
of the microswarm in stagnant blood, the microswarm mainly
showed the imaging profile itself; thus, the imaging size was rela-
tively small. Therefore, adopting an optimized strategy to better
visualize the microswarm in the flowing blood was necessary. We
could optimize the imaging of the microswarm by controlling the
angle between the magnet and the Z axis of the tube. The quantita-
tive result (Fig. 4B) verified that the imaging area reduced from 2.89
to 1.55 mm” as the angle increased from 45° to 105°% thus, reducing
the angle could improve the imaging area of the microswarm, as
observed in Fig. 4F, f1. However, the angle cannot decrease indefi-
nitely to avoid interference between the magnet and laser light, and
the reasonable angle should be controlled in the range of 45° to 75°.
Moreover, the PU value was maintained at around 95 over an angle
range of 45° to 95° (Fig. 4B). In flowing blood, the input frequency
influenced the PU value (Fig. 4C). The PU continuously increased
from 82.8 to 108.3 as the input frequency increased from 1 to 10 Hz.
Increasing the dose of nanoparticles was another method to improve
the imaging area. An approximately 3.6 times increase in pattern
size was observed as the dosage increased from 10 to 200 pg
(Fig. 4D). Moreover, the value of PU and imaging area fluctuated
with mean flow velocity from 5 to 110 mm/s (fig. S19). As a result,
we confirmed the imaging of the microswarm in the vessel with
flowing blood and further explored the optimal parameters for
better visualization of the microswarm. The influence of different
factors (angle, input frequency, dose, and mean flow velocity) on
the imaging patterns of the microswarm was investigated (figs. S20
to S23).

Moreover, we also conducted the experiments using different
magnetic nanoparticles, including Fe;04, Fe30,@Si0;, Fe;0,4@
PDA, and Fe;0,@PDA®@Au nanoparticles, to investigate the influ-
ence of the different components on the imaging of the micro-
swarm. The transmission electron microscopy (TEM) images and
magnetic hysteresis loop of those different nanoparticles were mea-
sured and compared (figs. S24 and S25). The results proved that the
proposed strategy could visualize the microswarm with different
components in various conditions using LSCI, enabling the eluci-
dation of interaction between different magnetic microswarms and
blood environments (fig. S26). Besides, comparisons between the
real microswarm and the microswarm imaging were conducted
to explore the behavior change of the microswarm with various
factors to facilitate effective drug delivery. The change of the real
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microswarm size was summarized in table S2, and the influences
of different parameters (input frequency, angle, nanoparticle dose,
distance, and mean flow velocity) on microswarm size (real micro-
swarm size and microswarm imaging size) and the ratio (mi-
croswarm imaging size/real microswarm size) were analyzed
(figs. S27 to S30). Because the tissue environment is complex and
penetration could be limited by tissue thickness, it is pertinent to
study the maximal penetration depth by LSCI for microswarm
imaging. The fetal membrane of a human placenta was used for
imaging of the microswarm, where the tissue thickness can be
determined by the number of tissue layers (fig. S31). The imaging
signal intensity of the microswarm gradually reduced with increas-
ing tissue layers. The results suggested that the behavior of the mi-
croswarm enables LSCI studies with a biological tissue thickness of
2.08 mm or below (fig. $32).

The locomotion ability of the microswarm in dynamic environ-
ments is critical for the delivery process. We demonstrated the
downstream and upstream locomotion of the microswarm in the
vessel with a mean flow velocity of 20 mm/s. The snapshots described
the navigation process guided by LSCI, and the microswarm ex-
hibited an imaging profile in both pseudo-color and gray pattern
(Fig. 4G). The microswarm was capable of locomoting against rela-
tively high blood flow, at the same time offering strong imaging sig-
nals for effective navigation that could facilitate the targeted delivery
process. One feature of the microswarm is that the imaging contrast
can be improved by localized imaging signals, which allows us to
track the microswarm with a relatively low dose. In Fig. 4H, the
microswarm with a dose of 20 pg showed good imaging contrast for
tracking, and the LSCI-guided navigation process was accomplished
with both downstream and upstream locomotion. Although the
imaging profile may become blurred in the pseudo-color pattern
(Fig. 4H), the gray pattern still showed strong imaging signals.
Therefore, the gray pattern would be more suitable for imaging the
microswarm in the vessel with a relatively high flow velocity. We
further investigated the delivery efficiency in the flowing blood
environment. For both the downstream delivery and the upstream
delivery, the delivery rate gradually decreased with the increase of
the mean flow velocity. For downstream delivery, the delivery rate
was higher than 80% with a mean flow velocity lower than 40 mm/s,
and it maintained at 61.7% with an average flow velocity of 55 mm/s.
Although more nanoparticles were lost in the upstream locomotion
process, the delivery rate was higher than 60%, with a mean flow
velocity of 40 mm/s. Precise motion control requires the real-time
consistency of the real position and imaging position of the micro-
swarm, which further influences the delivery efficiency. The com-
parison between the real position and imaging position of the
microswarm is illustrated (fig. $33). The imaging pattern position
revealed high consistency with the real position of the microswarm
(in optical imaging) in a real-time manner for both stagnant and
flowing blood environments. This observation gives the potential
for real-time adjustment of microswarm control in response to the
change in the physiological environment, thus benefitting the track-
ing and delivery process. The subsequent investigation in the auto-
matic tracking of the microswarm in the vessel with both stagnant
and flowing blood suggested that accurate tracking of the micro-
swarm was feasible by LSCI (figs. S34 and S35). We created a simula-
tion model to investigate the effect of a rotating microswarm in the
bloodstream. Simulated RBCs were released from the inlet (mean
flow velocity, 10 mm/s), and they contacted the microswarm and
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Fig. 4. Imaging and tracking of a microswarm in
the vessel with flowing blood. (A) Schematic illus-
tration of a microswarm in the vessel with flowing
blood. The right photos show the representative
pseudo-color pattern and gray pattern of a micro-
swarm in the vessel (inner diameter, 2 mm) with
dynamic bloodstream (mean flow velocity, 20 mm/s).
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the magnet and the Z axis of the tube. Scale bars,
5 mm. (G and H) Navigation of the microswarm (200
and 20 pg) in the vessel with flowing blood (movie
S4). The black arrows refer to the locomotion direc-
tion of the microswarm. The mean flow velocity is
20 mm/s. Scale bars, 5 mm. (I) The simulated RBCs'
trajectory and flow change when simulated RBCs
pass through the microswarm. The curves show the
number of the simulated RBCs that are affected by
the microswarm with different input frequencies.
The color bar refers to the flow velocity. (J) The simu-
lation shows the stable flow distribution around
the microswarm. The average flow velocity is set
as 60 mm/s. The curves exhibit the flow velocity
change above the microswarm with distances of 0,
1,and 2 mm. The color bar refers to the flow velocity.
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as demonstrated by the simulated RBCs’
trajectories (Fig. 4I). To quantitatively inves-
tigate the effect, input frequencies of 3 to 8 Hz
were applied, and the affected simulated RBCs
were calculated. A relatively high input
frequency led to relatively strong hydro-
dynamic convection around the micro-
swarm; thus, more simulated RBCs were
affected and further changed the locomo-
tion direction. We released 3000 and 5000
simulated RBCs to reveal the effect of the
number of simulated RBCs. A numerical
analysis showed that the percentage of simulated RBCs affected by
the microswarm increased with the change of the input frequency
in both cases, showing an enhanced interaction between the mi-
croswarm and simulated RBCs (Fig. 4I). In an environment with a
relatively high blood flow (mean velocity, 60 mm/s), the micro-
swarm resisted the blood flow and remained intact, as shown in the
simulation (Fig. 4]). The simulation of the microswarm and flow
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distribution was also conducted at a relatively low mean flow velocity
of 20 mm/s (fig. S36), where the microswarm maintained a stable
state. The change of flow velocity above the microswarm with dis-
tances of 0 to 200 pm was demonstrated in Fig. 4], and a sharp drop
in flow velocity was observed close to the microswarm, which con-
tributed to the drag resistance ability of the microswarm. The above
results verified that the microswarm can be tracked and navigated in
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flowing blood and that effective delivery in dynamic environments
can be realized under the guidance of LSCI.

Tracking and navigation of a microswarm in the artificial
blood vessel phantom

LSCI is able to provide full-field imaging of the blood vessel even
with complex branching, which is critical for path planning to avoid
microswarm straying (23). The schematic in Fig. 5A illustrates the
downstream and upstream locomotion process of the microswarm
in an artificial blood vessel phantom with multiple branches. An im-
age with a 42 mm-by-42 mm size was generated by LSCI (Fig. 5B).
Although the magnet generated imaging signals because of the ro-
tating motion (Fig. 5B, b1), it did not influence the image quality of
the microswarm. Here, a motion controller with 4 DOFs (degrees of
freedom) was deployed to manipulate the sphere magnet and
further control the locomotion of the microswarm. Figure 5B, b1 to
b3, exhibits the downstream locomotion of the microswarm in the
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Tracking and navigation of the microswarm in the
phantom with multiple vessel branches

artificial blood vessel phantom, and the microswarm has a distinct
imaging profile in the complex environment. After arriving at the
targeted site, imaging-guided upstream navigation of the micro-
swarm was conducted, and higher drag force could be overcome by
the microswarm during the upstream locomotion. Our results veri-
fied that the microswarm was capable of moving against the rela-
tively high blood flow (mean velocity of 20 mm/s) in the artificial
blood vessel phantom, whereas real-time tracking of the micro-
swarm was realized by LSCI (Fig. 5B, b4 to b6). The effective track-
ing process was conducted (Fig. 5C). The result showed that precise
motion control was achieved by the rotating magnet in both down-
stream and upstream situations, and the mean error was 0.54 + 0.32
and 0.62 + 0.29 mm (three trials), respectively, indicating a reason-
ably accurate microswarm control and tracking strategy. Figure 5D
demonstrates the tracking process of the microswarm in the artifi-
cial blood vessel phantom with real-time numerical analysis. Each
tracking step was finished within 100 ms; thus, the trajectory can be
treated as a real-time result with negli-
gible time delay. Furthermore, the delivery
rate after downstream and upstream loco-
motion was calculated, and 83.3 + 4.71%
of nanoparticles were recycled after the
whole process (three trials). Although the
real-time tracking and navigation of
the micro/nanorobotic swarm in the vas-
cular environment can also be achieved
by US imaging (15, 16, 28), the limited
acoustic window for the lumen and sub-
optimal ability to delineate the micro-
swarm from the surrounding tissue
environment may lead to signal loss or
even imaging failure. Our demonstra-
tion shows that LSCI can provide full-
field imaging of the artificial blood vessel
phantom with real-time feedback, facili-
tating the tracking and navigation of the
microswarm in complex environments.

Real-time tracking and navigation
of a microswarm ex vivo

To investigate the imaging and tracking
of the microswarm in real tissue envi-
ronments, we used the human placenta
to demonstrate microswarm navigation
over a relatively long distance, owing to
the vascular architecture of the human
placenta. The placenta shares features of
the human brain in terms of both the
predominately soft tissue composition
and the complex vascular anatomy (44),
which could be an ideal model for mi-
croswarm imaging. Figure 6A shows a
photo of the human placenta with com-

Fig. 5. Imaging and tracking of a microswarm in the artificial blood vessel phantom. (A) A schematic illustration
of the downstream and upstream locomotion of the microswarm in the artificial blood vessel phantom with multiple
vessel branches tracked by LSCI. (B) Tracking and navigation of the microswarm in the artificial blood vessel phantom
with multiple vessel branches in real time (left, pseudo-color pattern; right, gray pattern). The nanoparticle dose is
200 pg (movie S5). (C) The tracking of the microswarm in the artificial blood vessel phantom with both downstream
and upstream navigation. (D) The numerical tracking process of the microswarm with downstream locomotion in the
artificial blood vessel phantom. Scale bars, 5 mm.
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plex vasculature. The area indicated by
the yellow rectangle was used as the
model for investigating the tracking and
navigation of the microswarm over a
relatively long distance. The diameters of
the model blood vessels with different
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positions were measured (Fig. 6, B and C), ranging from 1.38 to
2.08 mm. The full-field imaging of the model blood vessel with
branches was depicted by LSCI (Fig. 6, D and E), which enabled us
to effectively track the microswarm with an extended imaging field.
To control the blood flow velocity, silicone tubes were connected to
the human placenta, and a peristaltic pump was used to pump whole
blood into the blood vessels of the human placenta. The nanoparti-
cles were then delivered into the blood vessel by a catheter, which
was followed by the formation of a microswarm with a rotating
magnetic field. Subsequently, downstream tracking and navigation
were conducted, and the microswarm was able to locomote distally
under the guidance of LSCI (Fig. 6D). We subsequently conducted
upstream navigation, although the imaging signal was weaker than
that of the microswarm in the downstream navigation process
because of the high drag force induced by the blood flow. The
distance traveled was approximately 80 mm after finishing the
round-trip navigation. We continuously tracked and navigated
the microswarm in the model blood vessel for 5 cycles, with a to-
tal navigation distance of approximately 400 mm. The fifth cycle of
the navigation process is presented in Fig. 6E. Around 60% of the
microswarm was recycled after the whole navigation process. The
results demonstrated that the relative long-distance navigation of
the microswarm can be achieved in the human placenta model
under the guidance of the LSCL
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o
o
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Fig. 6. Tracking and navigation of a microswarm in the human placenta. (A) The photo of the human placenta
and a blood vessel with multiple branches circled by the yellow rectangle. (B) The pseudo-color pattern and gray
pattern of the blood vessel with four positions for diameter measurement. (C) The diameter at four positions of the
blood vessel was measured by LSCI. (D) The first cycle of tracking of the microswarm in the human placenta with both
downstream and upstream navigation for a relatively long distance (total distance, around 80 mm). (E) The fifth cycle
of tracking of the microswarm in the human placenta with both downstream and upstream navigation for a rela-

tively long distance (total distance, around 80 mm). Scale bars, 5 mm.
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Real-time tracking and navigation of a microswarm in vivo

Real-time in vivo imaging of micro/nanorobotic swarms plays a key
role in effective delivery during biomedical applications. We applied
LSCI to achieve real-time tracking and navigation of the micro-
swarm in vivo. Male Sprague-Dawley rats were used in our in vivo
experiment, and the rats were anesthetized before any further op-
eration. The femoral vein of the rat was chosen as the model to
verify the in vivo imaging of the microswarm. A needle was used to
inject the nanoparticles via the epigastric vein of the rat with a total
dosage of 200 pg. A rotating sphere magnet was placed above the
femoral vein for nanoparticle gathering and swarm formation.
Figure 7A depicts the whole process of imaging the microswarm
in vivo, including nanoparticle injection, microswarm formation,
downstream and upstream tracking, and navigation in the femoral
vein guided by LSCI. The common femoral vein and epigastric vein
(main branch) of the rat could be observed, which exhibited strong
imaging signals induced by flowing RBCs (Fig. 7B). The sphere
magnet also generated imaging signals because of its coarse surface
and rotating motion, and interference could be avoided by adjusting
the distance between the magnet and the blood vessel. The micro-
swarm formation process was monitored by LSCI in real time
(Fig. 7B). Before nanoparticle injection, there were no obvious
imaging signals generated in the femoral vein (Fig. 7B, b1), whereas
an imaging profile of collective nanoparticles appeared after the
injection and gathering process (Fig. 7B,
b2). Compared with nanoparticles in the
gathering process, the microswarm ex-
hibited higher imaging contrast after
being completely formed in the blood
vessel (Fig. 7B, b3). Subsequently, we
investigated the tracking and navigation
of the microswarm in the blood vessel
under the guidance of LSCI. The red
arrow refers to the flow direction, and
the white and green arrows indicate
the navigation direction in the femoral
vein (Fig. 7, C and D). Controlled loco-
motion of the microswarm was realized
with the downstream flow by adjusting
the rotating magnet (Fig. 7C). During
the navigation process, the microswarm
was able to maintain a stable and intact
state without obvious particle loss. The
strong imaging contrast of the micro-
swarm in the femoral vein facilitated
precise tracking and navigation process
and further enabled high delivery effi-
ciency in vivo. After arriving at the ter-
minal of the femoral vein, upstream
locomotion of the microswarm was per-
formed with real-time tracking and
navigation, and the total locomotion dis-
tance travelled was about 16.8 mm. For
upstream locomotion, the microswarm
was still able to overcome the drag force
induced by the bloodstream, which was
achieved by our effective control strategy.
Figure 7D demonstrated the imaging-
guided navigation process with the
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upstream flow, and the majority of the microswarm returned to  femoral vein under different flowing conditions. The quantitative
the original site. The position and the moving speed of the rotating  result showed that 85% of the microswarm was recycled after down-
magnet could be adjusted on demand with real-time feedback of the  stream and upstream navigation in vivo. Moreover, in vivo tracking
microswarm state based on the imaging signals. Therefore, precise  and navigation of the microswarm were conducted in the femoral
and effective navigation of the microswarm was achieved in the vein of the rat for prolonged observation times at 5, 10, 15, 25, and
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(@ Sswarm formation R

— &

®

(3 Downstream navigation

VAN %

(@ Upstream navigation

B Swarm formation process | c Upstream navigation

Fig. 7. Real-time tracking and navigation of a microswarm in vivo. (A) Tracking and navigation of a microswarm
in the femoral vein of the rat guided by LSCI. (B) Photographs show the microswarm formation process inside the
femoral vein of the rat. The sphere magnet was placed on the right side of the blood vessel to generate a rotating
magnetic field (movie S6). (C and D) Downstream and upstream navigation was achieved with real-time tracking by
LSCI (nanoparticle dose, 200 pg). The red arrows refer to the flow direction; white and green arrows denote the navi-
gation direction (movie S6). Scale bar, 5 mm (B to D).
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35 min and 8 s (fig. S37). The size of the
microswarm gradually reduced with
time, with increasing imaging signal of
the separated nanoparticles as indicated
by the yellow and green dashed rectan-
gles in fig. S37D, d2 to d4. At t = 35 min
and 8 s, imaging signals of the micro-
swarm vanished, indicating that the mi-
croswarm disappeared in the presence of
high blood flow. Our results confirmed
the feasibility of LSCI to track micro-
swarm status for a duration of up to
35 min in the absence of ionizing radia-
tion. The proposed strategy, therefore,
offers great potential in biomedical ap-
plications as a radiation-free, real-time,
and prolonged in vivo tracking method
of a microrobotic swarm with high de-
livery efficiency.

DISCUSSION

Precise tracking and navigation improve
the delivery efficiency of micro/nanoro-
bots and thus are essential for imaging-
guided safe and efficacious biomedical
applications (45-48). Although challeng-
ing, these goals may be achieved by ac-
curate real-time imaging guidance under
biological environments, especially in
the endovascular system. To date, many
imaging modalities have been evaluated
for detecting and tracking micro/nanoro-
bots, aiming at improved targeting ability
and delivery efficiency (11). Nonetheless,
owing to the shortcomings in radiation
hazard, temporal resolution, signal-to-noise
ratio, and penetration depth among the
common imaging modalities discussed
above, there is an unmet need for a real-
time, high-resolution, and large-area
imaging method of micro/nanorobots.
Such an ideal dynamic imaging assess-
ment benefits the fundamental investiga-
tionofthemicro/nanorobot-environment
interactions and may further facilitate
research in endovascular intervention,
such as cancer therapy and thromboly-
sis (49-52). Our present study that used
LSCI unlocked the opportunity for high-
quality and real-time feedback to aid
efficient tracking and navigation of a
magnetic swarm in biological vascu-
lar systems.
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Investigation of the microswarm-environment interactions
strengthens the fundamental understanding of collective behaviors
and facilitates the targeted delivery process. In our strategy, both
imaging signal intensity and pattern-environment interactions were
quantitatively explored by analyzing the PU change (43, 53). Fe;04@
SiO, nanoparticles are tiny building blocks that can form a micro-
swarm by applying a rotating magnetic field generated by a sphere
magnet (28, 54, 55). The induced microswarm and its interactions
with the environment, including the bloodstream and vessel wall,
were captured and quantified by LSCI. Through images and param-
eters generated by LSCI, we were able to demonstrate that the
collective behavior of microswarm enabled the generation of images
with enhanced contrast compared with spread nanoparticles with-
out a rotating magnetic field (22, 28), and the different pattern-
environment interactions when exposed to different environmental
variables, such as input frequency, flat surface, and vessels with
different blood flow velocities. For example, the PU value was
controlled in a range of 94.5 to 184.7 by adjusting input frequency
and could be assessed in a real-time manner with an imaging field of
around 7 mm?” for input frequencies larger than 3 Hz in a vessel with
stagnant blood (Fig. 3D). Therefore, the hydrodynamic convection
of the microswarm can be fine-tuned to aid drug delivery in an
optimized manner under pathological conditions, such as blood
vessel occlusions (36, 37). Under models with flowing blood, we
found that the microswarm exhibited a smaller image but could be
improved by reducing the capture angle from 105° to 45° as illus-
trated in Fig. 4B (from 1.55 to 2.89 mm?). Furthermore, the drag
force under a blood flow was reduced by navigating the microswarm
close to the vessel wall, thus permitting downstream and upstream
locomotion ability. The delivery efficiency of the microswarm was
quantified as over 90% downstream and 81% upstream with a mean
flow velocity of 25 mm/s (Fig. 4E), demonstrating a high delivery
efficiency under LSCI.

Although conventional optical-based imaging methods, such as
optical coherence tomography and fluorescence imaging, are safe
and inexpensive with high spatial-temporal resolutions (14, 56), the
low penetration depth below 1 mm in biological environments lim-
its their assessment in deeper subsurfaces (57, 58). On the contrary,
LSCI was able to capture the imaging signal generated by the inter-
action between the microswarm and RBCs with a blood depth of
3.5 mm (Fig. 2I). Although methods to improve the imaging depth
and resolution of conventional optical imaging tools, such as incor-
poration of contrast agents (metal Au) or labels (fluorescence dyes)
into micro/nanorobots, have been described, they require complex
modification processes and may not be able to resolve issues such as
limited signal intensity, photobleaching, and short shelf lives (17,
18). Our proposed method by LSCI, on the other hand, did not
require modifications of the microswarm and was still able to con-
duct real-time imaging and tracking of the microswarm in various
blood environments (Figs. 3I and 4G). Even at a low dose (20 pg),
the microswarm maintained a relatively strong imaging signal
intensity in the flowing blood model (Fig. 4H). The proposed strate-
gy achieves imaging and tracking of the microswarm in blood envi-
ronments without chemical modifications of contrast agents or labels,
which expands the capability of imaging-guided targeted delivery
for biomedical applications.

Besides optic-based methods, US imaging has also been used
for imaging and tracking of the micro/nanorobots in the vascular
environment, with the advantages of deep tissue penetration and
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real-time feedback (15, 28, 59). However, probe manipulation is
frequently required because of the limited imaging window, espe-
cially for tracing the locomotion of micro/nanorobots over a long
distance. Probe manipulation may also run into risks of signal loss
or even imaging failure. Because of the limited acoustic window, US
imaging is also not able to depict complex vascular anatomies in a
single image and therefore needs complex manipulations for moni-
toring and on-demand control of the micro/nanorobots (11). In our
work, an artificial blood vessel phantom and a placenta with com-
plex vascular branching were used to validate the capability of LSCI
to image the microswarm in complex environments. Full-field
images were obtained without adjusting the detector, which, at the
same time, guided the microswarm locomotion to the target site
(Figs. 5B and 6D). Precise motion control was achieved in both
downstream and upstream navigation, with a mean error of 0.54 +
0.32 and 0.62 + 0.29 mm (7.7 and 8.9% body length), respectively,
demonstrating that control and tracking of microswarm are effec-
tively guided by LSCIL

In vivo imaging of micro/nanorobots under biological environ-
ments is challenging (60-63) with the following key issues: Drag
force induced by the bloodstream may hinder the controllable
movability of the micro/nanorobots; there is a lack of reliable real-
time feedback of the state of micro/nanorobots in the real physio-
logical environment to allow timely adjustment of micro/nanorobot
control; long-distance navigation and tracking of micro/nanorobot
are limited by the lack of large-area imaging that instantly depicts
complex vascular architectures. Here, we reported real-time track-
ing and navigation of the microswarm in a rat model (Fig. 7B). With
real-time supervision using LSCI, the microswarm was formed
without detectable loss of nanoparticles through navigation close to
the vessel wall in an attempt to minimize the drag force under both
downstream and upstream situations (Fig. 7, C and D). The full-field
imaging by LSCI also enabled navigation of the microswarm into
vascular tributaries of a rat femoral vein over a distance of 16.8 mm
without probe adjustment. The targeting ability of the microswarm
was also enhanced, leading to high delivery efficiency. A high pro-
portion (>85%) of the microswarm was recycled after the naviga-
tion process under LSCI guidance. Our observation suggested that
LSCI can monitor blood flow in real time and has the potential to
create micro/nanorobotic platforms that guide experiments in en-
dovascular interventions, such as thrombus removal and revascu-
larization of vessel stenosis.

Although LSCI represents a promising tool in our experiments
based on artificial blood vessel phantom, placental, and rat models,
it should be noted that the application of LSCI on larger animals and
humans could be challenging. First, vessel pathologies in humans
usually occur in deep vascular systems, such as deep venous throm-
bosis and intracranial arterial occlusions. These systems are usually
protected by thick tissues or bones and are not readily penetrated by
LSCI from the skin surface (64, 65). However, LSCI may still play a
role in superficial blood vessels, such as superficial veins of the
upper limbs, lower limbs, and ears of large animals. Surgical expo-
sure of the target site may be necessary to study microswarm behav-
iors within deep vascular systems in large animals. Second, although
we were able to demonstrate tracking of the microswarm over a
distance by LSCI in placental and rat models, tracking microswarm
in large animals may require a more extensive image field for
continuous guidance. Alternatively, the laser probe can be coupled
with the robotic control module, thus enabling on-demand control
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of the laser position to track the long-range delivery of the micro-
swarm (59). Third, because of the body length of large animals,
endovascular catheterization of target vessels from distant vascular
access may be necessary to optimize the delivery of the microswarm
(66, 67). More precise navigation of microswarm can then follow,
especially to small-caliber and/or tortuous blood vessels that cur-
rent endovascular catheters are unable to reach. We believe that
the integration of the long-distance delivery ability of catheter and
LSCI-guided microswarm delivery strategy in the vascular environ-
ment can potentially benefit the long-range intervention process
and ensure high delivery efficiency in large bodies. Last, LSCI imag-
ing is highly dependent on the used experimental parameters, such
as magnetic field frequency, laser angle, and blood environments.
Therefore, it is important to optimize the parameters to suit the
imaging of the microswarm under specific experimental conditions.
Because LSCI provides real-time imaging of the microswarm and
the positions of the real image and the LSCI image have more
parameter-independent correspondence, parameter adjustment in
response to changing experimental conditions could be performed
in a real-time manner to optimize its tracking and delivery process.

In summary, our proposed method of real-time tracking and
navigation of the magnetic microswarm by LSCI enables visualiza-
tion and quantitative assessment of the microswarm under in vitro
and in vivo vascular environments. The microswarm-environment
interactions were quantitatively accessed in different environments,
and high-efficiency delivery was realized with a maximal mean flow
velocity of 55 mm/s. Moreover, under the guidance of LSCI, a high
delivery efficiency of the microswarm in the vessel was achieved
even with blood flow in vivo. Our work presents a promising strategy
for tracking and navigation of the micro/nanorobotic swarm in
vascular systems that may aid biomedical applications that require
accurate target delivery with high efficiency.

MATERIALS AND METHODS

Materials

FeCl;-6H,0 [iron (III) chloride hexahydrate], tannic acid (TA),
sodium citrate (SC), gold chloride trihydrate (HAuCl,-3H,0), citric
acid monohydrate (CsHgO7-H,0), potassium carbonate (K,CO3),
hexadecyltrimethylammonium chloride (CTAC), tetraethyl ortho-
silicate (TEOS), 1-octadecene, and ethylene glycol (EG) were ob-
tained from Aladdin Chemical Co. Ltd. Polyethylene glycol [PEG;
M,, (weight-average molecular weight) = 2000], C;H3NaO,-3H,0
(sodium acetate trihydrate), and triethanolamine (TEA) were pur-
chased from Sigma-Aldrich. Tris was purchased from Acros Organ-
ics. All chemical agents were used without any further purification.

Synthesis of Fe30,@Si0, nanoparticles

The synthesis of Fe3O4 nanoparticles was based on a previous re-
port (68). Briefly, 1.35 g of FeCl;-6H,0 was added to 40 ml of EG
followed by mechanical stirring. After completely dissolving, sodi-
um acetate trihydrate (3.6 g) and PEG (1.0 g) were added, and then
continuous mechanical stirring was performed overnight. Then,
the mixture solution was sealed in a Teflon autoclave and heated at
200°C for 10 hours. Subsequently, the autoclave cooled to room
temperature, and the black product was collected by a permanent
magnet and washed with ethanol and deionized (DI) water three
times. Last, the Fe304 nanoparticles were stored in DI water for
further use.
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Fe;0,4@Si0; nanoparticles were prepared according to previous
literature with some modifications (69). Briefly, 100 mg of Fe;O04
nanoparticles and 6 g of CTAC were dispersed in a round-bottom
flask with 120 ml of water and then ultrasonicated with mechanical
stirring at a constant temperature of 60°C. Next, 320 pl of TEA was
added to the flask. After that, 40 ml of 1-octadecene solution mixed
with 10% (v/v) TEOS was added into the aqueous phase three times
with time intervals of 10 min and treated for 15 hours. Last, the
black products were obtained by using a magnet and washed three
times with DI water and ethanol, respectively. Fe;0,@SiO; nanopar-
ticles were stored in phosphate-buffered saline at a concentration of
2 mg/ml.

Synthesis of Fe30,@PDA nanoparticles

Fe;0,4@PDA nanoparticles were prepared on the basis of the previ-
ous report (68). First, 0.12 g of tris was added to a beaker with 100 ml
of DI water. After dissolving, the pH value was adjusted to 8.5 using
HCI (1 M). Next, the buffer was added into a round-bottom flask,
and 100 mg of Fe;04 nanoparticles was added. Then, the mixture
was stirred and sonicated for 30 min to fully disperse Fe304 nanopar-
ticles. Subsequently, 0.02 g of dopamine hydrochloride was added
to the mixture with continuous stirring and sonication for 5 hours.
Last, the black product was collected using a permanent magnet and
washed with ethanol and DI water three times. The Fe;O,@PDA
nanoparticles were dispersed in DI water for further use.

Synthesis of Fe30,@PDA@Au nanoparticles

Au seeds were prepared on the basis of the previous report (70).
Briefly, 0.1 ml of TA (2.5 mM) and 1 ml of K;COj3 (150 mM) were
added into a round-bottom flask with 150 ml of solution of SC (2.2 mM),
and then 1 ml of HAuCly (25 mM) was slowly added at 70°C followed
by 5 min of reaction. After that, the Au seed solution was obtained.
Then, the surface charge of Fe304@PDA was adjusted to positive.
Specifically, 0.158 g of C¢HgO7-H,O was added to 50 ml of DI water.
After dissolving, the pH value of the solution was turned to 2.0
by 1 M HCI to form the buffer. Subsequently, 10 mg of Fe;0,@
PDA nanoparticles was added into the buffer with mechanical stir-
ring and sonication for 15 min. Then, the Au seed solution was poured
into the buffer solution with 10 mg of Fe;0,@PDA nanoparticles,
and the Fe;0,@PDA@Au nanoparticles were collected after 30 min
and further stored in DI water for further use.

Simulations of microswarm-induced flow and

simulated RBCs

All simulations were conducted in COMSOL Multiphysics. Sim-
ulation of the RBCs’ motion in stagnant blood around a rotating
microswarm was designed in a three-dimensional Rotating Ma-
chinery module (Figs. 2B and 3B). The fluid density and viscosity
were set as 1.04 X 10° kg/m’ and 4.5 x 107 Pa:s, respectively, to
simulate blood environment. Simulated RBCs (total of 3000 mic-
roparticles, 6 pm in diameter and 1.08 X 10° kg/m’ in density)
were released after the rotating microswarm reached an equilibri-
um state, and the RBCs’ motion was governed by the drag force
from the induced fluid flow. Simulations in the bloodstream were
conducted by adding the inlet and outlet (Fig. 4, I and J). The sim-
ulated RBCs were released after the rotating microswarm reached
an equilibrium state (Fig. 41). If the microparticle’s X-Z position
changed (bloodstream along the Y axis) after reaching the outlet,
then it was defined as affected simulated RBCs; thus, the ratio of
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affected simulated RBCs could be calculated. The microswarm-
distorted flow profile in Fig. 4] was acquired in the simulation. The
data points were replotted in MATLAB.

Formation of a microswarm on the flat surface

To form a microswarm on the flat surface, a plate tank with a
diameter of 35 mm was used in our experiment. Fresh pig blood
was poured into the tank with various volumes to obtain differ-
ent blood depths, and 0.96 ml of pig blood yielded a depth of 1 mm.
Fe;0,@Si0; nanoparticles (20 pl) were added into the tank, and
a sphere magnet with a diameter of 20 mm was used to generate
the rotating magnetic field. Unless otherwise stated, the experi-
mental parameters were set as follows: input frequency, 4 Hz;
nanoparticle dose, 40 pg; blood depth, 2 mm; distance between
the magnet tip and the swarm plane, 10 mm. The tank was placed
under the LSCI for imaging of the microswarm, and the working
distance between the tank and LSCI was kept at 130 mm. The PU
was obtained by measuring the whole imaging pattern, repre-
senting the average value of the whole pattern. All statistical
results are based on three experimental tests, and Fig. 2 (D to G)
is plotted with SD.

Imaging and tracking of the microswarm in the vessel

A silicone tube with an inner diameter of 2 mm was used to investi-
gate the imaging and tracking of the microswarm in the vessel. The
inner diameter of the tube was set as 2 mm unless stated otherwise.
The tube was connected to a peristaltic pump to control the mean
flow velocity, and the working distance of the LSCI system was kept
at 130 mm. For stagnant blood, 100 pl of Fe;0,4@SiO; nanoparticles
was injected into the tube filled with blood, and a rotating magnetic
field (magnetic field strength, 64.9 mT; input frequency, 4 Hz) was
applied to form the microswarm. The rotating magnet was settled
on a motion controller with 4 DOFs; thus, the locomotion of the
microswarm was achieved by moving the rotating magnet. The po-
sition of the microswarm in the tube could be adjusted by the angle
between the central axis of the magnet and the Z axis of the tube, as
described in fig. S14. Unless otherwise stated, the experimental
parameters were set as follows: input frequency, 4 Hz; nanoparticle
dose, 200 pg; distance between the magnet tip and the swarm plane,
5 mm; angle between the central axis of the magnet and the Z axis of
the tube, 60°. To avoid interference, the distance was set as 10 mm
when varying the angle. For flowing blood, 100 pl of Fe304@SiO,
nanoparticles was injected into the tube filled with blood, and the
mean flow velocity was controlled by the rotation speed of the peri-
staltic pump. To resist the high flow, the distance was set as 5 mm
with a magnetic field strength of 121.5 mT. Unless otherwise stated,
the experimental parameters were set as follows: mean flow velocity,
20 mm/s; input frequency, 4 Hz; nanoparticle dose, 200 pg; distance
between the magnet tip and the swarm plane, 5 mm; angle between
the central axis of the magnet and the Z axis of the tube, 60°. For
calculation of the delivery rate, 0.2 mg of Fe30,@SiO; nanoparticles
was used for each trial, and the microswarm locomoted (down-
stream or upstream) for a distance of 40 mm with the guidance of
the LSCI. Then, the residual Fe;0,@SiO; nanoparticles were recol-
lected by a magnet and dried in an oven. Last, the residual Fe;04@
SiO, nanoparticles were weighted for calculation. The delivery rate
was calculated by the equation

w, [ wy X 100% (5)
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where w; and w, refer to the recycled weight and original weight,
respectively. All statistical results are based on three experimental
tests, and Fig. 3 (C to F) is plotted with SD.

Tracking and navigation of a microswarm in the artificial
blood vessel phantom

The artificial blood vessel phantom with multiple branches was pur-
chased from WeNext Technology Co. Ltd., which was printed with
transparent resin. The artificial blood vessel phantom was con-
nected with a peristaltic pump to control the mean flow velocity
(20 mm/s in the main branch). Then, 100 pl of Fe;04@SiO, nanopar-
ticles was injected into the artificial blood vessel phantom from the
inlet. The working distance of the LSCI system was fixed at 130 mm.
The rotating magnet (input frequency, 4 Hz; distance between the
magnet tip and the swarm plane, 5 mm) was applied with an angle
of 45° (the angle between the central axis of the magnet and the Z
axis of the tube), and tracking and navigation of the microswarm in
the artificial blood vessel phantom were conducted. Unless other-
wise stated, the distance was defined as the distance between the tip
of the magnet and the plane of the microswarm. After downstream
and upstream locomotion, the microswarm was harvested by using
a magnet, followed by drying and weighing. The delivery rate was
calculated by Eq. 5. All statistical results were based on three ex-
perimental tests, and Fig. 4 (B to E) is plotted with SD.

Imaging and navigation of a microswarm ex vivo

The human placenta was collected from the Prince of Wales
Hospital, which was approved and overseen by the Joint Chinese
University of Hong Kong (CUHK)-New Territories East Cluster
Clinical Research Ethics Committee (ref. no. 2020.384). The hu-
man placenta was donated by a pregnant woman who received a
cesarean section at Prince of Wales Hospital, collaborating with
the Department of Obstetrics and Gynaecology (CUHK). A
written informed consent was provided by the enrolled patient.
Eligible patients were healthy pregnant women at 20 to 45 years
of age of any ethnic origin giving birth with cesarean sections
after 37 to 42 weeks of gestation; singleton pregnancy; healthy as
determined by treating physicians, laboratory results (blood
routine examination, urine routine examination, and antigen
and antibody detection), physical examination, and medical his-
tory; and the ability to give voluntary, written, informed consent
to participate in the study. Exclusion criteria were abnormal
prenatal development, hypercholesterolemia, family history of
stroke or vascular diseases, diabetes, gestational diabetes, and
cancer. After collection, the placenta was washed with saline,
and the blood inside of the blood vessels was removed to pre-
vent occlusion. The fetal membrane was removed and cut into
small pieces with a length of around 50 mm and a width of
around 40 mm. The average thickness of the fetal membrane
was measured with 12 pieces by the microscope. Different layers
of the fetal membrane were covered on the tank or the tube for
imaging of the microswarm offering the mimicking tissue envi-
ronment. The experimental parameters are set as follows (flat
surface): input frequency, 4 Hz; nanoparticle dose, 40 pg; dis-
tance between the magnet tip and the swarm plane, 10 mm;
blood depth, 2 mm. The experimental parameters are set as
follows (tube with stagnant blood): input frequency, 4 Hz;
nanoparticle dose, 200 pg; distance between the magnet tip and
the swarm plane, 5 mm; angle between the central axis of the
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magnet and the Z axis of the tube, 60°. The experimental param-
eters are set as follows (tube with flowing blood): input frequen-
¢y, 4 Hz; nanoparticle dose, 200 pg; distance between the magnet
tip and the swarm plane, 5 mm; the angle between the central
axis of the magnet and the Z axis of the tube, 60° mean flow
velocity: 20 mm/s.

For tracking and navigation of the microswarm in the pla-
centa, the human placenta was connected with a peristaltic
pump by silicon tubes to control the mean flow velocity (20 mm/s
in the main branch). Fe;04@SiO, nanoparticles (200 pg) were
deployed into the catheter and then released before forming the
microswarm. The working distance of the LSCI system was fixed
at 130 mm, and the rotating magnet (input frequency, 4 Hz;
distance between the magnet tip and the swarm plane, 5 mm)
was applied with an angle of 60° (the angle between the central
axis of the magnet and the Z axis of the blood vessel). The track-
ing and navigation of the microswarm in the placenta were
conducted for five circles. Unless otherwise stated, the distance
was defined as the distance between the tip of the magnet and
the plane of the microswarm. After downstream and upstream
locomotion, the microswarm was harvested by using a magnet,
followed by drying and weighing. The delivery rate was calcu-
lated by Eq. 5. All statistical results are based on three experi-
mental tests.

Tracking and navigation of a microswarm in vivo

The animal experiments were authorized by the Animal Experi-
mentation Ethics Committee (no. 20-148-CRF) in the CUHK. Male
Sprague-Dawley rats weighing 300 to 350 g (8 to 12 weeks) were
provided by the laboratory animal services center of the CUHK
without genetic modification. Before any operation, the rats were
anesthetized via the intraperitoneal injection of xylazine (10 mg/kg
of body weight) and ketamine (80 mg/kg of body weight) mixed
with saline solution. The fur was cleaned by using an electric razor;
then, the femoral vein was exposed by surgery. Subsequently, the
rat was placed under the LSCI with a working distance of 130 mm.
After that, an indwelling needle was punctured into the epigastric
vein of the rat after the nanoparticles injection process (200 pg). A
sphere magnet with a diameter of 20 mm and an input frequency of
4 Hz was applied for control and manipulation of the microswarm.
The nanoparticle gathering and swarm formation process were
monitored by LSCI in real time. After the microswarm formation,
the downstream and upstream navigation of the microswarm in
the femoral vein was conducted with real-time feedback of imaging
signals. We stopped the blood flow by clamping the ends of the
vessel with two hemostats after finishing the procedure; then,
nanoparticles were collected, followed by drying, weighting, and
calculation. Last, the rat was sacrificed. The delivery rate was calcu-
lated by Eq. 5. The in vivo experiments were repeated three times.

Characterization and measurements

TEM images were obtained using the JEOL model JEM-2011 sys-
tem. The microswarm imaging was conducted by the laser speckle
blood flow imaging system (RWD RFLSI III). The magnetic field
strength was obtained by a gaussmeter (HT201). Reflectivity was
measured by the UV-3600 ultraviolet-visible-near infrared (UV-
VIS-NIR) spectrophotometer (SHIMADZU). The magnetic prop-
erties of nanoparticles were obtained using a PPMS Model 6000
Quantum Design VSM.
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Editor’'s summary

Micro- and nanorobots have been widely proposed for various medical applications, including drug delivery and
thrombolysis. However, tracking these swarms of robots in real time has been challenging, especially for imaging
modalities that rely on extended exposure to ionizing radiation. Wang et al. report on the use of laser speckle contrast
imaging to track a swarm of magnetic nanorobots within blood vessels in real time and guide their endovascular
navigation. The authors demonstrated the potential for high contrast imaging and navigation of the swarm of
nanorobots in stagnant and flowing blood environments ex vivo and in vivo. The findings offer an opportunity for
improvements in targeted endovascular delivery. —Amos Matsiko
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