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Active microgel particle swarms for intrabronchial

targeted delivery

Hui Chen"2t, Junhui Law**1t, Yibin Wang1'2, Ziheng Chen'%5, Xingzhou Du"?, Kaiwen Fang”z,

Zhe Wang6*, Feng Duan’*, Yu Sun>3%°%, Jiangfan Yu'2*

Intrabronchial delivery of therapeutic agents is critical to the treatment of respiratory diseases. Targeted delivery
is demanded because of the off-target accumulation of drugs in normal lung tissues caused by inhalation and the
limited motion dexterity of clinical bronchoscopes in tortuous bronchial trees. Herein, we developed microro-
botic swarms consisting of magnetic hydrogel microparticles to achieve intrabronchial targeted delivery. Under
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programmed magnetic fields, the microgel particle swarms performed controllable locomotion and adaptative
structure reconfiguration in tortuous and air-filled environments. The swarms were further integrated with imag-
ing contrast agents for precise tracking under x-ray fluoroscopy and computed tomography imaging. Magnetic
navigation of the swarms in an ex vivo lung phantom and in vivo delivery into deep branches of the bronchial
trees were achieved. The on-demand reconfiguration of swarms for avoiding the microgel particles from entering
nontarget bronchi and the precise delivery into tilted bronchi through climbing motion were validated.

INTRODUCTION

Pulmonary delivery of therapeutic agents has attracted extensive atten-
tion to treat lung diseases, such as lung cancer (1, 2), cystic fibrosis
(3, 4), and pneumonia (5). Systemic administration, including oral
route (6) and intravenous injection (7, 8), delivers drugs and engineered
nanoparticles to lesion sites through blood circulation, but off-target
drug accumulation causes unmanageable toxicity (9-11). Intrabron-
chial delivery of therapeutic agents bypasses the first-pass metabolism
in the liver (12, 13). The inhalation method facilitates therapeutics in
the lung (13, 14), but inhaled agents are passively transported by airflow
and unselectively distributed in the lung, negatively affecting healthy
tissues (8). For local drug delivery, bronchoscopes are used to deploy
drugs at a close distance to the target lesions through instillation (15, 16)
and direct injection (17). However, the motion dexterity of convention-
al bronchoscopes is limited for adapting to tortuous and narrow bron-
chi (18-20). Therefore, precise local deployment of drugs at target
lesion sites in the lung needs to be achieved.

Active microrobotic swarms provide a promising approach to de-
liver therapeutic agents to hard-to-reach lesion sites in the human
body (21-26). The swarms exhibit remote controllability (27-29),
motion dexterity (30-32), and enhancement of medical imaging con-
trast (33-35) and have been demonstrated for the delivery of thera-
peutic agents (36, 37). In particular, magnetic microrobotic swarms
have been developed for targeted delivery in different physiological
environments, including knees (38), eyes (39), and blood vessels (40-
42). Driven by gradient fields, a swarm of magnetic microscaffolds
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was used to deliver stem cells to the position of cartilage defect in a
rabbit knee (38). Magnetic swarms formed by slippery helical nano-
swimmers were propelled in the vitreous humor of porcine eyeballs
toward the retina (39). Under the guidance of x-ray fluoroscopy, par-
ticle swarms were shown to access the target region in rat livers (41)
and porcine kidneys (42). However, for targeted delivery in the lung
by active swarms, substantial challenges exist because of the nonflu-
idic environment, the existence of mucus layers, and the complex and
unstructured bronchial tree.

Herein, we developed active microgel particle swarms for deep in-
trabronchial targeted delivery with medical imaging feedback (Fig. 1).
Serving as composing agents of the swarms, the microgel particles were
formed by hydrogel and magnetic microparticles coated with silica.
Under external magnetic fields, the swarms performed controllable lo-
comotion, reversible structure reconfiguration, and wall climbing in
tortuous and air-filled environments. By integrating with imaging con-
trast agents, the swarms were tracked with medical imaging modalities.
On-demand navigation of the swarms in an ex vivo porcine lung with
mucus layers under x-ray fluoroscopy was demonstrated. In vivo de-
livery of the swarms into deep branches of bronchial trees was also
achieved under computed tomography (CT) imaging, and the fluores-
cent dye encapsulated by the swarms was delivered and locally released
to the target sites. This work provides a method to enable pulmonary
targeted drug delivery and reveals the potential for precise treatment of
lung diseases.

RESULTS

Features and characterization of the microgel particles
Microgel particles consisting of hydrogel and magnetic microparticles
were used as the composing agents of the microrobotic swarms, and
the hydrogel matrix encapsulated therapeutic agents. The contained
magnetic microparticles enabled the remote maneuverability of mi-
crogel particles driven by magnetic fields. The microgel particles
were observed by optical microscopy and scanning electron micros-
copy (SEM) (Fig. 2A). The average diameter of the prepared particles
was ~650 pm (fig. S1). The elemental composition was characterized
through energy-dispersive x-ray analysis, showing that the iron and
silicon elements were contained in the microgel particles, which were
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Fig. 1. Schematics of intrabronchial targeted delivery using microgel particle swarms. The microgel particles consist of hydrogel and magnetic microparticles coated
with silica, allowing for the encapsulation of imaging contrast agents and drugs. A bronchoscope is used to deliver a swarm of microgel particles to the bronchus, followed
by magnetic actuation to deeper branches. The swarms are capable of performing structure reconfiguration, adaptive locomotion in the tortuous bronchial tree, naviga-
tion under medical imaging, and release of encapsulated drugs.
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Fig. 2. Features and characterization of the microgel particles. (A) Optical image of the microgel particles. Scale bar, 1 mm. The inset image shows an SEM image of a
microgel particle. Scale bar in the inset, 200 pm. (B) The relationship between the particle velocity v,, and the magnet velocity v, with different rotating frequencies f. The
inset image shows the translational locomotion of a microgel particle actuated by the magnet (v, = 0.2 mm/s; f, = 5 Hz). (C) Navigated locomotion of a microgel particle
along a circular path. Scale bars, 2 mm. (D) Schematics of the pH-triggered swelling and degradation of a microgel particle to release encapsulated agents. (E) Swelling and
degradation of a microgel particle in fluid with a pH of 7.4. Scale bar, 500 pm. (F) Relationship between the diameter ratio D/Dg and time in fluids with different pH values.
The initial diameter of the particles is Do, and the particle diameter at each time point is D. (G) Relationship between the weight ratio w/wg and time. The initial weight of
each particle is wy, and w is the current particle weight with the fluid evaporation process. Scale bar in the inset, 5 mm. (H) Cumulative release of DOX from the microgel
particles over time in the environment with pH values of 9.8, 7.4, 6.8, and 2.7. h, hours. The error bars and colored regions indicate the SD obtained from three trials.
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major components of the magnetic microparticles coated with silica
(fig. S2). The magnetic property of the microgel particles was evaluat-
ed by a magnetization curve, showing that the microgel particles were
prepared with a remanence of 21.04 emu/g and a coercivity of 8.3 kOe
(fig. S3). To actuate the microgel particles, a permanent magnet per-
forming a rotational motion with a rotating frequency f; and a transla-
tion motion with a velocity vy, was applied. The linear locomotion of a
particle was demonstrated, and its velocity increased, from 0.2 to
1.2 mm/s, with the magnet velocity v, (Fig. 2B). The navigated loco-
motion of the microgel particle along a circular path was also achieved
(Fig. 2C and movie S1). It is noted that the rotational motion of the
magnet was critical in the actuation of the particle, i.e., without rota-
tional motion, the microgel particle was not propelled forward (fig.
S$4). The impacts of the working distance of the magnet on the particle
locomotion were also investigated (fig. S5).

The microgel particles with porous network structures enable the
loading of fluid for efficient delivery of therapeutic agents (43). The
swelling and degradation of the particles can be triggered in alkaline
environments to release the encapsulated agents (Fig. 2D). The
changes of the microgel particle in the phosphate-buffered saline
with a pH of 7.4 are shown as the dark-field images in Fig. 2E. The
microgel particle swelled and then completely degraded within
56 min (Fig. 2E). To investigate the overall degradation behaviors of
the microgel particles, the relationships between the diameter ratio
D/Dy and time in different conditions were quantified (Fig. 2F), and
the particles in fluids with pH values of 9.8, 6.8, and 2.7 are shown
in fig. S6. The initial diameter of the particles is Dy, and the particle
diameter at each time point is D. The blue (pH = 7.4) and gray
curves (pH = 9.8) increase from 1 to their peaks around 1.8 within
38 and 24 min, respectively, and then decrease rapidly to a value
close to zero. The degradation of the outer area of the particles led to
the reduction of hydrogel concentration, which made the outer area
invisible. The decrease in the measured diameter ratio was thus caused.
By contrast, minor influences were observed on the particles in the
acidic environments with pH values of 6.8 and 2.7. In environments
with a pH of 6.8, the diameter ratio D/Dj, of microgel particles was
around 1 within 60 min (Fig. 2F). When the microgel particles were
in environments with a pH of 2.7, the D/Dy decreased from 1 to 0.77
within 50 min and then leveled out. The osmotic effect caused by the
deprotonation of the carboxylic acid groups on the alginate could be
the reason explaining the swelling and degradation features shown
in Fig. 2 (E and F) (43). Swelling and degradation of microgel par-
ticle swarms were also studied (figs. S7 and S8 and Supplementary
text S1). Furthermore, the ratio between the weight of the particles
after evaporating the encapsulated fluid w and that of fully loaded
particles wy was characterized (Fig. 2G). The ratio w/wy decreases
with time and then levels out at around 0.18. Therefore, ~82% of the
weight of a fully loaded particle could be the encapsulated drug, in-
dicating the high loading capacity of the particles. Moreover, the
release of doxorubicin (DOX) from the microgel particles was inves-
tigated, which is a water-soluble model drug and commonly used
for the treatment of lung cancer and lung metastasis (44-46). The
cumulative released amount of DOX in environments with pH values
of 9.8 and 7.4 increased rapidly to 90% within 80 and 100 min, re-
spectively (Fig. 2H). Afterward, the releasing rates were reduced.
Under the condition with a pH of 6.8, the released amount of DOX
increased to about 58% within 60 hours, followed by a reduced re-
leasing rate. In an acidic environment with a pH of 2.7, the released
amount of DOX increased to 28% within 60 min, and then the
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releasing rate was decreased. The rapid releasing in alkaline environ-
ments was caused by the swelling and degradation of microgel
particles. The results at pH 6.8 demonstrated the sustained release
capability of swarms. The releasing rate of DOX at pH 2.7 was faster
than that at pH 6.8 during the first 60 min and became slower than
that at pH 6.8 after 60 min. These results could be caused by the size
change of microgel particles. The size of microgel particles at pH 6.8
was almost not changed, while the microgel particles became con-
densed with a reduced size at pH 2.7 (Fig. 2F). In this case, during
the first 60 min, the contained DOX was diffused passively from the
microgel particles at pH 6.8, while it was actively squeezed out from
the particles at pH 2.7. After 60 min, the condensed microgel parti-
cles constrained the contained DOX tightly at pH 2.7, resulting in a
slower releasing rate compared to that at pH 6.8. Overall, these two
releasing modes of the microgel particles, i.e., rapid and sustained
release, allow on-demand drug releasing based on actual needs. The
release of nintedanib from microgel particles was also investigated
(fig. S9 and Supplementary text S2). Besides, cells could be encapsu-
lated and released by the particles (fig. S10).

Controlled locomotion of the microgel particle swarms

By applying rotating magnetic fields using the permanent magnet, the
microrobotic swarm was formed through gathering of the microgel
particles (Fig. 3, A and B, and movie S2). Initially, the microgel parti-
cles were spread on the substrate, and after applying the rotating mag-
netic field with a frequency of 5 Hz, the particles moved toward each
other, relying on time-varying magnetic dipolar interactions and at-
tractive interparticle capillary forces (0 to 2 s). The microgel particle
swarm was last formed at 6 s. The entire swarm generation process
was performed in air. The detailed generation mechanism is explained
in Supplementary text S3 and fig. S11.

The assembled planar swarm was propelled as an entity to move
forward actuated by the external rotating magnet, as shown in Fig.
3C. When the rotating magnet was translated from the start to the
target along a straight path with different velocities (i.e., 1 to 5 mm/s),
the swarms reached the target with different trajectories (Fig. 3D).
When the magnet velocity was larger than 2 mm/s, the swarms had
curved paths. This phenomenon can be resulted from that, when the
particles are far from the magnet center, the local magnetic field
causes a pitch angle to the swarms, inducing the swarms to move
with a curved trajectory (fig. S12). In the subsequent experiments,
the magnet velocity vy, was thus limited lower than 2 mm/s to guar-
antee the precise motion actuation of the microgel particle swarms.
Within this range, the swarm velocity increases linearly with the
magnet velocity (Fig. 3E). The relationship between the swarm veloc-
ity and the working distance of the magnet was also investigated (fig.
S$13). The magnetic field gradient and gradient forces applied on swarms
were quantified (fig. S14 and Supplementary text S4).

Furthermore, the microgel particle swarms were navigated in
different environments to validate their adaptability and motion
dexterity, as shown in Fig. 3 (F to H) and movie S2. The swarms
climbed along tilted slopes with angles of 20° and 50° (Fig. 3F). The
climbing velocity of the swarms decreases from 0.2 to 0.13 mm/s
with an increase in the slope angle from 10° to 50° (v, = 0.2 mm/s)
(fig. S15). Swarm locomotion on descending slope surfaces was also
realized (fig. S16 and Supplementary text S5). The microgel particle
swarm could move on a wavy surface while maintaining its integrity
through the particle-particle dipolar interactions and the interpar-
ticle capillary interactions (Fig. 3G). Moreover, a tube with a hole at
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Fig. 3. Generation and navigated locomotion of the microgel particle swarms. (A) Schematics of the microgel particle swarm formation actuated by rotating mag-
netic fields. (B) Formation of the microgel particle swarms with a planar structure. (C) Forward locomotion of a planar swarm. (D) Trajectories of planar swarms actuated
by the magnet with different velocities vy, (E) Relationship between the swarm velocity vs and magnet velocity vy, with different rotating frequencies f;. (F) Climbing mo-
tion of the swarms on slopes with 20° and 50° tilted angles. (G) Swarm locomotion on a wavy surface. The red dashed lines in the top view highlight the waves between
them. Each wave has a height of 0.75 mm and a width of 8 mm. (H) Wall climbing of the swarm in a tube to avoid the hole at the bottom. The error bars indicate the SD

obtained from three trials. Scale bars, 5 mm.

the bottom, sharing similarity with the environments in bronchi,
was applied, and the swarm was capable of climbing along the side
wall to avoid from entering the hole (Fig. 3H).

Adaptive reconfiguration of the microgel particle swarms

The microgel particle swarms can actively respond to external mag-
netic fields to perform structure reconfiguration, and the schematics
are shown in Fig. 4A. Actuated by the magnet performing oscillat-
ing motion with an oscillating angle ag and an oscillating frequency
fo> the swarm reconfigured from the planar structure to a pillar-like
structure in air, and the experimental results are shown (Fig. 4B and
movie S3). By applying the oscillating magnetic field (op = 100°
fo = 1 Hz), the particles in the planar swarm were vertically assem-
bled into multiple three-dimensional (3D) clusters at 8 s (red dashed
lines in the top view). The clusters then oscillated with the field,
grew by attracting surrounding particles, merged with each other,
and last, generated a pillar-like microgel particle swarm. The de-
tailed reconfiguration mechanism is explained in Supplementary
text S6 and fig. S17. Furthermore, the structure reconfiguration pro-
cess was numerically simulated (Fig. 4C, Supplementary text S7, and
fig. S18). The simulation results matched well with the experimental

Chenetal., Sci. Adv. 11, eadr3356 (2025) 12 March 2025

results and revealed that the dipolar interactions among the parti-
cles were critical for the structure reconfiguration of the swarms. By
applying upward magnetic gradient force, the pillar-like swarm was
transported vertically to the roof (fig. S19). Relying on the vertical
lifting and the adaptive reconfiguration capability, the swarm was
navigated in a confined 3D environment with a wall (Fig. 4D and
movie S3). The pillar-like swarm was first lifted to the roof (0 to 10's).
By changing the direction and rotating frequency of the magnet
(fc = 5 Hz), the pillar-like swarm was subsequently spread to the
planar state at the roof (104 s). The swarm was then navigated at the
roof to pass through a narrow space limited by the wall (149 s).
The swarm was reconfigured back into the pillar-like structure
(227 s) to reduce the experienced capillary force and last landed on
the substrate.

By tuning the field oscillating angle, the coverage area and height
of the microgel particle swarms were adjusted (Fig. 4E). When the
oscillating angle increased, the coverage area decreased, and the
height of the swarms increased. The change of the coverage area and
height of the swarms with the field oscillating angle was quantified
(Fig. 4F and fig. S20). The swarm coverage area gradually decreases
from about 100 to 30 mm?, the swarm height increases from 1 to 6 mm
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from three trials. Scale bars, 5 mm.

when the field oscillating angle increases from 0° to 80°, and then
both levels out. The working distance of the magnet also plays an
important role in the reconfiguration of the swarms (fig. S21). The
locomotion and reconfiguration of microgel particle swarms in a
layer of mucus were also demonstrated (fig. S22 and Supplementary
text S8). Furthermore, the influences of swarm structure on DOX
release were studied, as shown in Fig. 4G. Swarm I was generated
with a coverage area of 51.35 mm?, and its surface area was esti-
mated to be 152.50 mm? by approximating the swarm as a circular
truncated cone (fig. S23), and swarm II was generated with a cover-
age area of 36.12 mm” and an estimated surface area of 111.43 mm?,
For swarm I with the coverage area of 51.35 mm® the cumulative
released amount of DOX increased to 35% at 60 min, increased to
74% at 90 min, and leveled out at 95% within 110 min (Fig. 4G).
The release rate was then reduced. In contrast, swarm II with the
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coverage area of 36.12 mm?” exhibited a slower release rate, with 20%
of DOX released at 60 min and 41% at 90 min (Fig. 4G). The cumu-
lative released amount of DOX leveled out at 95% within 130 min.
After a 3D swarm was formed, the swelling, degradation, and releas-
ing of drugs occurred from the outer particles and gradually pro-
gressed toward the core part. Therefore, the swarm with a larger
surface area could exhibit a higher drug release rate.

The capability of performing navigated locomotion was main-
tained when the swarm was at the pillar-like state (Fig. 4H), which
had reduced coverage area for passing through narrow spaces. By
switching the actuation mode, the swarm was navigated in a tube
with holes (Fig. 4I and movie S3). The swarm first climbed around
the wall and avoided the first two holes (0 to 161 s). Subsequently,
the swarm reconfigured into the pillar-like structure to reduce the
coverage area (376 s) and thus successfully adapted to the narrowed
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path (376 to 572 s). After entering the free space, the swarm was
reconfigured reversibly to the original structure (661 s). During the
locomotion process, the integrity of the swarm was well maintained,
and all the particles were delivered to the target. The control group
without structure shrinkage was presented for comparison, and in
this case, the particle loss was notable when passing through the
narrow path at 31 s (Fig. 4]).
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Climbing

Swarm actuation and delivery in vitro and ex vivo

A bronchial tree is an air-filled and multibranched 3D structure. The
schematics of the actuation and delivery of the microgel particle swarms
into a tilted branch are shown (Fig. 5A). The in vitro validation was real-
ized in a phantom of human bronchial tree. In the secondary bronchus,
the swarm reached the upper surface by the direct lifting motion and
the climbing motion around the inner surface of the bronchus wall (Fig. 5B

Cell viability (%)
[}
o

Control Microgel particle

GES-1

Fig. 5. Swarm navigation in in vitro and ex vivo bronchial trees. (A) Schematics of the swarm moving to the tilted branch. (B) A swarm moves from the bottom to the
upper surface in the bronchus by lifting and climbing motions. Scale bars, 5 mm. (C) Swarm navigation to the upper tilted branch. The green area indicates the target
tilted branch. Scale bar, 5 mm. (D) Viability of GES-1 and BMSCs after coculturing with the microgel particles. The control group indicates that only the cells are cultured.
Scale bar, 500 pm. (E) Swarm delivery to the lower lobar bronchus in the ex vivo porcine lung under x-ray fluoroscopy. Scale bar, 2 cm; scale bar in the inset, 1 cm. (F) Swarm
reconfiguration and locomotion in ex vivo porcine bronchi for avoiding particle loss into the lower bronchus. Scale bar, 1 cm. (G) Swarm climbing to the tilted bronchus
in the ex vivo porcine lung. Scale bar, 1 cm. The black lines in (B), (C), and (E) to (G) indicate the boundaries of the bronchi. The error bars indicate the SD obtained from

three trials.
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and movie S4). By performing controllable locomotion at the upper
surface, the swarm entered the tilted tertiary bronchus (highlighted by
the green area, tilted angle, ~20°), as shown in Fig. 5C. The swarm could
also move on the inner surface of main bronchus with longitudinal
folds (fig. S24) and into the distal bronchiole (fig. S25). Meanwhile, the
delivery of two swarms with a short distance was achieved (figs. 526 and
S27 and Supplementary text S9).

The biocompatibility of the microgel particles was verified by co-
culturing the gastric epithelial (GES-1) cells and mouse bone mesen-
chymal stem cells (BMSCs) with the particles, and the viability of the
cells remained unaffected by the particles compared with the control
groups (Fig. 5D). The image-guided navigation of the microgel par-
ticle swarms in an ex vivo porcine lung was realized (Fig. 5, E to G,
and movie S5). The mucus layer in the ex vivo lung was kept. To track
the swarms, tantalum microparticles (Ta; imaging contrast agents)
were doped in the microgel particles for the imaging under x-ray
fluoroscopy. Compared with the in vitro phantom, the soft tissue and
mucus layer in the ex vivo bronchial tree bring challenges to the ef-
fective swarm control. Under x-ray fluoroscopy, the bronchial seg-
ments (highlighted by black lines in Fig. 5E) were distinguished from
surrounding tissues for the real-time navigation of the swarms. A
clinical bronchoscope with an inner catheter was first used to deploy
the microgel particle swarm in a secondary bronchus. A rotating
magnetic field was applied to actuate the swarm toward a lower lobar
bronchus with a distance of 45 mm, from 4 to 13 s. When encounter-
ing a lower branch in the ex vivo bronchial tree, the swarm per-
formed structure shrinkage to 0.45 times of the initial coverage area
for the avoidance of particle loss into the lower branch and oft-target
delivery (Fig. 5F). Moreover, the targeted delivery of the swarm to a
tilted branch in the ex vivo porcine lung was achieved (Fig. 5G). The
boundary of the tilted branch is highlighted by black lines. Actuated
by the rotating field, the swarm was transported from the bottom to
the upper surface of the bronchus (0 to 4 s) and was subsequently
navigated into the tilted branch at 16 s. When the swarm was actu-
ated by the magnet with a slow velocity, it can move as an entity with
few particles lost during the locomotion (fig. S28 and Supplementary
text S10).

In vivo experiments of swarm actuation and delivery

The in vivo physiological environment of the lung is different from
the ex vivo model. The mucus is secreted continuously in the bronchi
in vivo, and the lung contracts and expands periodically during res-
piration, leading to challenges of realizing the intrabronchial tar-
geted delivery of the microgel particle swarms. The schematics of the
in vivo experiments in a living pig are demonstrated in Fig. 6A. The
swarm was first deployed using a clinical catheter in a bronchoscope
to the main bronchus of the porcine lung. Subsequently, the external
dynamic magnetic fields were applied to remotely navigate the swarm
in the lung. CT scan was applied to reconstruct the structure of the
bronchial tree to plan the actuation mode of the swarm on the basis
of the surrounding environment and to localize the 3D position of
the swarm. The bronchoscope was also used to assist in observing
and validating the swarm structure during the delivery process.

The deployment of the microgel particle swarm via the catheter
was observed by the bronchoscope, and the CT image shows that
the swarm was deployed at the main bronchus (Fig. 6B). The swarm
was then navigated into deeper bronchi actuated by magnetic fields,
and the navigation process of the swarm in a bronchial segment is
shown in Fig. 6 (C and D) and movie S6. Two projected CT images
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with different observing directions of the bronchial segment are
shown in the left and middle images of Fig. 6C, and on the basis of
the CT images, the 3D structure of the bronchial segment is sche-
matically illustrated (right image, Fig. 6C). The bronchial segment
extends from the main bronchus to the secondary bronchus with
four branches, indicated by al, b1, c1, and d1. The experimental re-
sults of swarm delivery in the bronchial segment were presented,
and the bronchoscope provided the vision feedback (Fig. 6D). From
0 to 7 s, the swarm was actuated by the magnetic field to move for-
ward, passing by the branches al, b1, and c1. When the swarm en-
countered the branch d1, it was reconfigured to change the structure
and avoid the particles from dropping into the branch d1 (11 to 14 s).
Furthermore, we transported a swarm to the tilted target bronchus
while maintaining another swarm in the lower branch (Fig. 6E). The
swarm climbed from the side wall to the upper surface in the bron-
chus (0 to 5 s), and it entered the target branch after performing
controllable locomotion at the upper surface (5 to 25 s). During the
process, the swarm in the lower branch was not affected. CT scan-
ning was subsequently conducted to check the overall delivery re-
sults (Fig. 6E), and it was observed that the swarm (highlighted by
the red circle) successfully entered the upper target branch, validat-
ing that the swarm had the capability of performing climbing mo-
tion and precise delivery along the bronchial wall in vivo.

The long-distance targeted delivery of the swarm into deep bron-
chi with CT imaging feedback was investigated, and the results are
shown in Fig. 7 (A and B). The CT scanning was first conducted to
reconstruct the overall structure of the bronchial tree (Fig. 7A). The
delivery path of the swarm was planned (blue arrows), and cross
sections I to III were defined (yellow dashed lines). A catheter was
used to deliver the swarm to cross section I, and then magnetic
fields were applied to actuate the swarm toward cross sections IT and
III. During the delivery process, CT scanning was performed at
these three cross sections at 0, 5, 15, and 30 min. The results are
shown in Fig. 7B. At 0 min, the CT images show the initial state of
the three cross sections before the swarm delivery. After performing
the catheter-assisted swarm deployment (5 min), the swarm show-
ing as the white region in the CT image (highlighted by the blue
circle) appeared at the bronchus in cross section I. Meanwhile, cross
sections II and III maintained the same as the initial states. With the
subsequent magnetic navigation, the image signal of the microgel
particle swarm disappeared at cross section I and was detected at
cross sections II and IIT at 15 and 30 min, respectively. The results
indicate that the swarm left cross section I and was delivered to cross
sections IT and III with the magnetic actuation, revealing the effec-
tiveness of the swarm delivery method to deep bronchi in vivo.

To validate the drug delivery capability of the microgel particle
swarms, the microgel particles containing fluorescent dyes (DiD, red
fluorescence) were applied as the swarm agents (Fig. 7C). The uneven
distribution of fluorescent dye in microgel particles was resulted
from the fluorescence blockage by the encapsulated magnetic mic-
roparticles. It can be observed from fig. 529 that fluorescent dye en-
capsulated in microgel particles was distributed uniformly. After the
delivery, the lung tissues at the target site (cross section III) and non-
target site were collected and processed by hematoxylin and eosin
(H&E) staining, and the staining and fluorescence images are shown
in Fig. 7D and fig. S30. The red fluorescence that did not surround
the bronchial boundary was caused by the diffusion of the released
fluorescent dye (Fig. 7D). By comparing the merged image of target
and nontarget sites (Fig. 7, D and E), the fluorescence intensity of the
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Fig. 6. Actuation of the microgel particle swarms in the in vivo porcine lung. (A) Schematics of the intrabronchial targeted delivery of the swarms in the lung in vivo.
(B) Bronchoscopic and CT images showing the deployment of the swarm to the main bronchus of the porcine lung using a catheter. Scale bar in the bronchoscopic image,
2 mm; scale bar in the CT image, 2 cm. (€) CT image and schematic 3D structure of a bronchial segment with four branches, indicated by a1, b1, c1, and d1.The red lines
indicate the boundaries of the bronchi, and the red dashed circles indicate the entrance of the invisible branches. The gray arrows indicate the planned movement direc-
tion of the swarm. Scale bar, 1 cm. (D) Swarm locomotion and reconfiguration in the bronchial segment. Scale bar, 2 mm. (E) Wall climbing and locomotion of a swarm to
enter a tilted target branch. Scale bar, 2 mm. The CT image shows that the swarm enters the target branch. The red dashed lines indicate the boundaries of the bronchi.

Scale bar in the CT image, 2 cm; scale bar in the inset, 1 cm.

delivered dye at the target site was significantly higher than that at the
nontarget site. The quantitative comparison is also presented (Fig.
7F), indicating the effectiveness of intrabronchial targeted delivery
using the microgel particle swarm into the deep bronchial tree. Fur-
thermore, the safety of the microgel particles was validated by in vivo
biosafety tests (fig. S31 and Supplementary text S11).

DISCUSSION
To date, intrabronchial pulmonary delivery of therapeutic agents is
limited by the off-target accumulation to the normal lung tissues by
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inhalation and the low dexterity of clinical bronchoscopes in the nar-
row and tortuous bronchial tree. In this work, we developed mag-
netic microgel particle swarms with high locomotion dexterity and
environmental adaptability, enabling the navigation and intrabron-
chial targeted delivery in the unstructured bronchial tree. Multimodal
locomotion and reconfiguration of the swarms were achieved in
constrained and air-filled environments. The swarms were controlled
to pass through a tube while avoiding the holes in it and access the
distal end of the simulated 3D human bronchial tree. Imaging con-
trast agents were encapsulated by the microgel particles to enable the
medical imaging of the swarms, including x-ray fluoroscopy and CT
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Fig. 7. Long-distance navigation and targeted delivery of the microgel particle swarms in the in vivo porcine lung. (A) CT image of the overall structure of the
bronchial tree. The blue arrows show the planned navigation path of the swarm. Scale bar, 3 cm. (B) Results of CT scanning at the three cross sections during the delivery
process and at 0, 5, 15, and 30 min. Scale bar, 3 cm. The insets are the enlarged views of the highlighted regions. Scale bar in the inset, 1 cm. (C) Bright-field (BF) and fluo-
rescence (Fl) images showing the swarms encapsulating red fluorescent dyes. Scale bar, 500 pm. (D) H&E staining, fluorescence, and merged images of the lung sample
collected at the target site after the delivery process. Scale bar, T mm. (E) Merged image of the H&E staining and fluorescence images of the lung sample collected at the
nontarget site after the delivery process as the control group. Scale bar, 1 mm. (F) Total fluorescence intensity of the lung samples at the target and nontarget sites. The

error bars indicate the SD obtained from three trials.

imaging. In the ex vivo porcine lung, magnetic navigation of the
swarms was achieved with the existence of a mucus layer under x-ray
fluoroscopy. Moreover, with CT imaging feedback, in vivo delivery
using the microgel particle swarms into the deep bronchi of a porcine
lung was also achieved. In the in vivo environment, the swarm per-
formed on-demand structure reconfiguration to avoid particle loss
into nontarget branches, climbed along the bronchial wall to access
the tilted branch, and successfully delivered the encapsulated fluores-
cent dye to the target site. This work enhances the understanding of
swarm behaviors in nonfluidic environments and promises a method
for pulmonary targeted delivery to treat lung diseases.

The bronchoscope was used to deploy microgel particle swarms
to the lung. It is noted that the bronchoscope was widely used in
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clinical practices to deliver drugs. For example, gelatin and throm-
bin slurry were delivered through the working channel of the bron-
choscope to treat patients with airway bleeding (47), and lipiodol
was delivered through the bronchoscope to mark tumors and assist
radiotherapy (48). Furthermore, microrobots can be delivered using
clinical tools with similar working channels. For example, clinical
catheters were used to deliver swarming microrobots to an aneu-
rysm (49) and deploy a modularized microrobot to the bile duct
(50). Endoscopy-assisted delivery of a helical microrobot to a tym-
panostomy tube in the middle ear was also reported (51).

The swarm swelling may cause airway blockage in small end
branches. However, the potential risk to patients caused by the block-
age is negligible. First, the microgel particle swarms were developed
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to realize intrabronchial targeted delivery to deep bronchi, and
therefore, even though the blockage occurs because of swarm swell-
ing, it only affects a small portion of the lung. It is noted that bron-
chial occlusion is a common treatment procedure used in clinical
practices (52, 53). For patients with endobronchial bleeding, the
main bronchus on the affected side of the lung shall be blocked to
prevent blood from flowing into the unaffected side and to restrict
airflow entering the damaged area (53). The bronchial occlusion in
the lung of patients could last for 26 + 13 hours (53), while the com-
plete degradation time of the swarms is 180 min (fig. S7), which is
substantially shorter.

After deploying swarms in the lung, the swarm was pulled against
the bronchial wall. The gradient force applied on the swarm de-
creased from 4.8 to 0.041 mN with the increased distance to the
magnet from 10 to 120 mm (fig. S14D). It is reported that the force
causing airway trauma when using bougies was around 1000 mN
(54), which is notably larger than the force applied on the bronchial
wall exerted by the swarm. Therefore, the potential harm to the
bronchial wall is negligible.

The swelling and degradation of swarms are triggered when they
approach target sites. It has been reported that pH values of airway
surface liquids in patients with pneumonia, pulmonary tuberculosis,
and chronic bronchitis were around 7.2 to 7.4, 5.5 to 8.37,and 7.6 to
7.8, respectively (55-57). Therefore, the swelling and degradation
behaviors of microgel particles could be triggered at the above dis-
ease sites to potentially play a role in treatment. Furthermore, in
clinical practices, controlled dose of liquid could be injected into a
small branch in a patient lung. For example, saline mixed with dor-
nase alfa can be injected into the lung of patients to treat lobar atel-
ectasis (16, 58). As a result, for the cases when the particle swelling
and degradation cannot occur autonomously, injection of alkaline
liquid to local disease sites could be a solution. Moreover, it is noted
that the microgel particles could be modulated to respond to acidic
environments (43, 59). Other stimulus-response swelling mecha-
nisms of microgel particles have also been developed, such as tem-
perature, light, and enzyme (43, 60). Therefore, the microgel particles
can further be tailored to swell and degrade according to actual phys-
iological conditions of specific pulmonary diseases.

In animal trials, the swarm-magnet distance was ~7.5 cm (Fig.
7B), and at this distance, it was validated that the swarms could be
actuated effectively for locomotion and structure reconfiguration
(figs. S13 and S21). By further combining CT imaging feedback,
precise control of the swarms in bronchi during the in vivo swarm
delivery can be enabled through tuning of the motion of the magnet.
When the tissue depth is larger than 7.5 cm, the demands of larger
working distance of the applied magnetic field can be met by using
magnets with larger sizes. Moreover, high-powered electromagnetic
actuation devices with water-cooling systems (61) and a high con-
centration of magnetic particles can also be applied.

The disease treatment is the immediate next step, and before that,
the following factors shall be considered. The target diseases and prop-
er therapeutic agents should be determined as the first step. The drug
release mode should be considered on the basis of specific demands.
Moreover, if the sustained drug release over a relatively long period is
required, the bioadhesion property shall further be integrated onto the
microgel particles to increase their retention time in lungs and guaran-
tee their stable adhesion on the targeted area during the dynamic
expanding-contraction cycles of the lung. The long-term biosafety is-
sue can be tackled from both aspects of materials and deployment
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methods. First, proper magnetic particles should be studied and ex-
plored. For example, the biocompatible and ferromagnetic nature of
face-centered tetragonal iron platinum nanoparticles could be promis-
ing for targeted delivery in the lung (62, 63). Moreover, retrieval strat-
egies that can navigate the magnetic particles back after drug delivery
at the diseased site are worthy of investigation. Meanwhile, the rema-
nence of microgel particles used in this work and other existing micro-
robots is compared, as shown in table S1. The remanence of the
proposed microgel particles is notably higher than that of microrobots
using iron oxide nanoparticles and comparable to that of microrobots
containing neodymium-iron-boron (NdFeB) particles. These results
will guide the microrobot design when choosing alternative magnetic
materials in the next step.

MATERIALS AND METHODS

Fabrication of magnetic microgel particles

First, a layer of silica was coated on the NdFeB microparticles
through the Stober process to reduce the cytotoxicity of the synthe-
sized microgel particles (64). Briefly, 4% (w/v) NdFeB microparti-
cles (5 pm in diameter, MQFP-B-2007609-089, Magnequench), 6%
(v/v) ammonium hydroxide (29%, Aladdin), and 0.2% (v/v) tetra-
ethyl orthosilicate (Sigma-Aldrich) were added into ethanol (Aladdin),
and meanwhile, the mixture was stirred mechanically at 1500 rpm
to prevent the NdFeB microparticles from sedimentation. After stir-
ring for 12 hours, the microparticles were washed multiple times
using acetone (Guangzhou Chemical Reagent Factory). Last, SiO,-
coated NdFeB microparticles were obtained through vacuum filtra-
tions of the suspension. The remanence and coercivity of SiO,-coated
NdFeB particles are almost 79.3 emu/g and 8.3 kOe, respectively
(fig. S32). With the prepared SiO,-coated NdFeB microparticles,
magnetic microgel particles were synthesized through an extrusion-
dripping method (fig. S$33). Briefly, 1% (w/w) sodium alginate
(Aladdin) and 6% (w/w) NdFeB microparticles were mixed into de-
ionized water as the precursor. After mechanical stirring for 6 hours,
the precursor was fully dissolved and then was added to a syringe.
A pump (LSP02-3B, Ditron Electronic Technology Co., Ltd.) was
applied to propel the fluid in the syringe at a constant speed to
extrude droplets of the precursor into a solution of 5% (w/w) CaCl,
(Aladdin), triggering the polymerization reaction of the hydrogel
precursor. The droplets were thus solidified into microgel particles.
The fabricated microgel particles were initially stored in deionized
water. Before the experiments, the microgel particles were taken out
from water, and during the experiments, no additional solution was
added. The swarm size was controlled by adjusting the size and
number of microgel particles. Meanwhile, the size of microgel par-
ticles was controlled by changing the extrusion rate and size of the
needle on the syringe.

Setup for experiments

The microgel particles were actuated by a cylindrical permanent
magnet with a height of 50 mm and a diameter of 50 mm, which was
integrated with a motor, and installed on a robot arm (CR5, Dobot
Robotics) (fig. $34). During in vitro experiments, a home-made plat-
form was placed on the optical table and integrated with a top cam-
era and a side camera (Alpha a6400, Sony Electronics Corporation).
On the platform, a glass sheet was placed as the substrate. At the
current stage, we operated the system with a human in the loop. The
magnetic control of the swarms was accomplished by a human
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operator. Specifically, the motor connected to the magnet was con-
trolled by an Arduino interface running a custom-made program.
The field rotation and oscillation were controlled by manually ad-
justing motor parameters in the program. The position and pose
of the robot arm attaching the magnet were tuned manually via a
DobotStudio interface. The simulated human 3D bronchial tree (fig.
S35A) was purchased from a medical phantom company (Trandomed
3D Medical Technology Co.). The diameter of the branches in the
bronchial tree phantom is shown in fig. S35B.

Particle characterization

The optical image of the microgel particles was obtained using a dig-
ital camera (Alpha a6400, Sony Electronics Corporation). The SEM
image and the energy-dispersive x-ray analysis image of the microgel
particles were obtained using a scanning electron microscope (MIRA
LMS, TESCAN). The hysteresis loop of the microgel particles was
measured by a vibrating sample magnetometer (7404, Lake Shore
Cryotronics Inc.). The size distribution of the microgel particles was
analyzed using Image].

Swelling, degradation, and release test

Four environments with different pH values of 9.8, 7.4, 6.8, and 2.7
were prepared and measured using a pH portable multiparameter
meter (Orion Star A324, Thermo Fisher Scientific). The microgel par-
ticles were immersed in the four fluidic environments, and the swell-
ing and degradation of the microgel particles were observed using an
inverted fluorescent microscope (ECLIPSE Ti2, Nikon Corporation).
The particle diameter was quantified using Image] and MATLAB. For
the swarm degradation experiments in fig. S8, the microgel particle
swarms under magnetic fields were used. For the sustained release test,
the microgel particles containing DOX (Aladdin) were immersed in 10 mL
deionized water and shaken on a shaker (OS-40Pro, JOANLAB).
Every 12 hours, 1 mL of the suspension was sampled and replaced.
The DOX concentration of the sampled suspension was obtained by a
UV-vis spectrophotometer (UV-1900i, Shimadzu).

Cell viability test

The GES-1 cells (Xiamen Immocell Biotechnology Co., Ltd.) and
mouse BMSCs (Xiamen Immocell Biotechnology Co., Ltd.) were used
to assess the biocompatibility of the microgel particles. Briefly, the
GES-1 cells and BMSCs were incubated with the microgel particles in
96-well plates for 24 hours. Subsequently, all cell samples within each
well were stained with calcein acetoxymethyl ester (calcein AM) and
ethidium homodimer (Sigma-Aldrich) for 30 min. Fluorescence im-
ages of the stained cells were captured using an inverted fluorescent
microscope (ECLIPSE Ti2, Nikon Corporation) and then analyzed
using ImageJ. The GES-1 cells and BMSCs without microgel particles
were used as control groups for cell viability test.

Simulation procedure

We performed a simulation of the swarm reconfiguration in COMSOL
Multiphysics. The magnetic dipolar interaction, capillary interac-
tions, gravitational force, particle-particle excluded volume force,
and repulsive force between the particles and the substrate were
simulated using the dynamic mode in Supplementary text S7. The
used parameters are shown in table S2. The diameter of the particles
is 650 pm. The density of the particles is 1500 kg/m”. The field fre-
quency fis 1 Hz. The viscosity and density of air are defined as
1.81 x 107 Pa s and 1.293 kg/m’, respectively.
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Ex vivo experiment

The porcine lungs were provided by a local slaughterhouse within
48 hours. During transportation, these organs were stored with ice
(~2°C) to delay metamorphosis. The lungs were gently and mini-
mally cleaned by water to reduce the damage to the mucus layer.
When conducting the swarm delivery in the ex vivo porcine lungs,
the tantalum microparticles (5 pm, Aladdin) were contained in the
microgel particles for imaging under x-ray fluoroscopy (Pilot 3000,
Beijing WeMed Medical Technology Co., Ltd.). Porcine lung tissue
and the microgel particles with different Ta microparticle concen-
trations were prepared and observed under x-ray fluoroscopy (fig.
S36A). The fluoroscopy imaging contrast was enhanced with the
increase in Ta concentration. The quantitative comparison was also
conducted through the calculated mean grayscale value of the flu-
oroscopy images (fig. S36B). The grayscale value decreased from
93.68 to 74.52 with an increase in Ta concentration from 0 to 15%
(w/v) and then leveled out. Meanwhile, the grayscale value of por-
cine lung tissue was 87.13, which was larger than that of microgel
particles with a concentration of 15% (w/v). This result indicates
that the microgel particle swarms with a Ta concentration of 15%
(w/v) was able to be detected in a porcine lung, and thus, a 15%
(w/v) Ta concentration was selected for the following experiments.
A clinical catheter within a bronchoscope (outer diameter, 5.9 mm;
inner channel diameter, 2.8 mm; EB-530T, FUJINON Corporation)
was used to deliver the swarm to the bronchus. The subsequent real-
time magnetic navigation of the swarm was also conducted under
x-ray fluoroscopy.

In vivo experiment

The animal trial was approved by the Institutional Animal Care and
Use Committee with license number SYXK2023-0316. In the CT
scan room, a 7-month-old male domestic pig (~65 kg in weight) was
placed on the table, and the anesthesia and oxygen inhalation were
maintained throughout the experiments. With the pig in a supine
position, an endotracheal tube was placed through the mouth to the
trachea, and a bronchoscope (outer diameter, 5.9 mm; inner chan-
nel diameter, 2.8 mm; BF-1T260, Olympus Corporation) was in-
serted into the porcine main bronchus through the endotracheal
tube. The reconstruction of the bronchial structure and swarm lo-
calization were realized using the CT scanner (Incisive CT, Philips).
The diameters of cross sections I to III were almost 14.9, 12.6, and
4.2 mm, respectively. During the experiments, the actuation system
was placed near the CT scanner. The magnetic navigation and CT
scan were performed alternately. After swarm navigation, the posi-
tions of the magnet and the operation table holding the animal were
first recorded. The magnet was then slowly moved away by the robot
arm, and the operation table was moved to send the animal for CT
scanning. The swarm position in the lung and the subsequent deliv-
ery path were thus determined. After the scanning, the operation
table and the magnet were sequentially moved back to their latest
recorded positions. The swarm was subsequently propelled by the
magnet. The microgel particle swarm was fixed by placing an exter-
nal magnet, and the release of encapsulated fluorescent dye at the
target site was achieved. The results proved that the influences of
pulmonary clearance mechanisms on the particle position could be
negligible in this case. After experiments, the pig was euthanized
and the lung samples at the target and nontarget sites were collected
for histology investigation. The samples were treated with 4% poly-
formaldehyde (P0099, Beyotime Biotechnology) for 48 hours and
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then were embedded in paraffin after washing. Using a microtome
(RM2016, Leica), the samples were sliced into sections with a thick-
ness of 4 pm and stained with H&E assay. The samples were imaged
using a digital slide scanner (Pannoramic, 3DHISTECH).

Statistical tests

Experimental values were obtained from three trials, and the results
are presented as the means + SD. Differences between experimental
data are evaluated using Students ¢ test. P < 0.001 is considered as
significantly different.
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