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Significance

 Erectile dysfunction (ED), a 
prevalent form of sexual 
dysfunction, significantly affects 
fertility and quality of life. 
Mesenchymal stromal cell (MSC) 
therapies show promise for ED 
treatment, yet challenges such as 
low tissue retention and poor 
MSC survival in corpus 
cavernosum tissue limit their 
efficacy. In this study, we 
introduce a shape-adaptive and 
reactive oxygen species (ROS)-
scavenging microrobot designed 
to overcome the challenges of 
vascularization and optimize MSC 
delivery. The microrobot 
enhances MSC retention and 
survival in corpus cavernosum 
tissue. In both rat and beagle 
models of ED, treatment with 
MSC-laden microrobots (MSC-
Rob) promoted restored erectile 
function. Our results indicate that 
ED could be reversed via this 
approach, providing a promising 
outlook for its feasibility in 
human applications.
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Erectile dysfunction (ED) is a major threat to male fertility and quality of life, and 
mesenchymal stromal cells (MSCs) are a promising therapeutic option. However, ther-
apeutic outcomes are compromised by low MSC retention and survival rates in cor-
pus cavernosum tissue. Here, we developed an innovative magnetic soft microrobot 
comprising an ultrasoft hydrogel microsphere embedded with a magnetic nanoparticle 
chain for MSC delivery. This design also features phenylboronic acid groups for scav-
enging reactive oxygen species (ROS). With a Young’s modulus of less than 1 kPa, 
the ultrasoft microrobot adapts its shape within narrow blood vessels, ensuring a uni-
form distribution of MSCs within the corpus cavernosum. Our findings showed that 
compared with traditional MSC injections, the MSC delivery microrobot (MSC-Rob) 
significantly enhanced MSC retention and survival. In both rat and beagle ED models, 
MSC-Rob treatment accelerated the repair of corpus cavernosum tissue and restored 
erectile function. Single-cell RNA sequencing (scRNA-seq) revealed that MSC-Rob 
treatment facilitates nerve and blood vessel regeneration in the corpus cavernosum by 
increasing the presence of regenerative macrophages. Overall, our MSC-Rob not only 
advances the clinical application of MSCs for ED therapy but also broadens the scope 
of microrobots for other cell therapies.

soft microrobots | mesenchymal stromal cells | erectile dysfunction | immunomodulation

 Erectile dysfunction (ED) is the most common male sexual dysfunction and is often 
accompanied by pathophysiological processes such as vascular endothelial dysfunction 
and immune homeostasis disorders ( 1 ). It affects 50% of men aged 40 to 70 y and reflects 
overall individual health ( 2 ). Although traditional drug therapy is temporarily effective, 
long-term drug administration with potential side effects is unavoidable ( 3 ). Mesenchymal 
stromal cells (MSCs) have been demonstrated to be effective in treating various diseases, 
such as spinal cord injury ( 4 ), cardiovascular diseases ( 5 ), and COVID-19( 6 ), through 
paracrine effects and multilineage differentiation to promote angiogenesis and antifibrosis 
and restore immune homeostasis ( 7   – 9 ). However, the high blood flow velocity and 
increased reactive oxygen species (ROS) level in the corpus cavernosum microenvironment 
of ED patients result in extremely poor retention and survival of MSCs after transplan-
tation, compromising their therapeutic effects ( 10 ,  11 ). Therefore, a reasonable strategy 
to improve the retention and survival of MSCs in corpus cavernosum tissue is 
urgently needed.

 Microrobots have been extensively investigated for their ability to deliver thera-
peutic agents (such as drugs, cells, and exosomes), demonstrating effective navigation 
to target areas and improved retention of these agents ( 12       – 16 ). In particular, mag-
netically driven microrobots, owing to their deep penetration and safety, have 
emerged as the optimal choice for navigating and propelling within small-scale 
structures within the human body ( 17   – 19 ). Researchers have developed various 
porous magnetic microrobots for MSC delivery ( 20 ), creating platforms for medical 
applications such as knee cartilage regeneration ( 21 ), stomach ulcer healing ( 18 ), 
and neuronal differentiation ( 22 ). However, the application of microrobots for 
corpus cavernosum tissue repair has not been sufficiently explored. The intricate 
microenvironment of corpus cavernosum tissue poses significant physical challenges 
for the delivery of cells using microrobots, including the intricacy of the cavernous 
sinuses, numerous narrow blood vessels, and the densely crowded heterogeneous 
fluid environment; these challenges impede the progression of microrobots toward 
their intended targets and may lead to blockage of blood vessels. Therefore, the 
development of shape-adaptive magnetic microrobots, allowing for their inherent 
structural adaptability to undergo significant deformation in complex vascular envi-
ronments and thus avoiding blockage of entry into the target, represents an inspiring 
therapeutic strategy for treating ED.
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 Here, we developed an ultrasoft MSC delivery microrobot 
(MSC-Rob) system for the treatment of ED by embedding mag-
netically aligned nanoparticles (NPs) into polyethylene glycol 
(PEG)-based hydrogel microspheres ( Fig. 1A  ). This design aims 
to prevent blockages and improve the retention of MSCs in the 
corpus cavernosum. Additionally, phenylboronic acid groups were 
grafted onto microrobots to scavenge ROS, thereby enhancing 
the survival rates of MSCs ( Fig. 1B  ). We evaluated the controlla-
bility of the microrobots by analyzing their movement in various 
biological media, assessing their shape adaptability, and observing 
their upstream motion. Furthermore, the retention capacity of 
MSC-Rob in corpus cavernosum tissue was examined through 

both in vitro and in vivo experiments. The therapeutic efficacy of 
MSC-Rob was evaluated using rat and beagle models of ED, and 
the therapeutic mechanism was explored through single-cell RNA 
sequencing (scRNA-seq). Our MSC-Rob system thus represents 
a unique and effective approach to augment the therapeutic 
impacts of MSCs on patients with ED.         

Results

Microrobot Construction. The soft microrobots were prepared 
using a straightforward emulsification method. Encapsulating 
Fe3O4 nanoparticles (NPs) approximately 10 nm in diameter 

Fig. 1.   Construction and characteristics of microrobots. (A) Schematic depicting the use of MSC-Rob for the treatment of ED. Drawing inspiration from 
magnetotactic bacteria, magnetic nanoparticles were arranged in chains within microgels to create microrobots onto which MSCs were loaded. (B) Diagram 
of microrobot components. (C) Diagram of magnetic NPs assembled into the chain-like structures in the hydrogel network. (D) TEM images showing the 
surface morphology of the magnetic NP. (E) High-resolution XPS graphs showing the composition of the microrobots. (F) Magnetic hysteresis curves showing 
the paramagnetic properties of the microrobots, where M and H represent the magnetization and magnetic flux, respectively. (G) 3D Young’s modulus maps 
showing the mechanical properties of 5 µm microrobots at a 1.5% solid content. (H) A comparative analysis of the modulus and degradation time of cell-loaded 
microrobots reported in the literature. (I) µCT images of the MSC-Rob in an ex vivo porcine penis tissue.
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(Fig. 1 C and D and SI Appendix, Fig. S1), which are crucial for 
magnetic propulsion, microrobots were constructed using the PEG-
based compounds 8-PEG-NH2 and 8-PEG-NHS, which were 
chosen for their excellent biocompatibility and tunable mechanical 
properties (23). An adhesive peptide (RGD) was introduced to 
enhance MSC adhesion and proliferation on the microrobot surface. 
Moreover, phenylboronic acid groups were grafted onto the 8-PEG-
NHS materials to scavenge excess ROS in the microenvironment 
to improve MSC survival. To construct microrobots that mimic 
magnetotactic bacteria, magnetic NP chains were formed within 
the hydrogel microspheres by directional assembly of the Fe3O4 NPs 
(SI Appendix, Fig. S2). Finite element simulation results indicated 
that single-chain arrangements of Fe3O4 NPs resulted in better 
retention than random and multichain arrangements, likely due 
to greater magnetic force generation (SI  Appendix, Fig.  S3). By 
controlling the solid content to 1.5%, we obtained single magnetic 
NP chain microrobots (Fig. 1E).

﻿1 H nuclear magnetic resonance and X-ray photoelectron spec-
troscopy (XPS) confirmed the presence of the desired components 
and the grafting of boric acid groups (SI Appendix, Figs. S4 and 
S5 ). Their magnetization, assessed using an integrated physical 
property measurement system, showed superparamagnetic behav-
ior with a saturation magnetization value of 15.4 emu g−1  ( Fig. 1F  ), 
which can be precisely controlled under a programmable magnetic 
field. In addition, the Young’s modulus decreased from 1,314 Pa 
to 514 Pa as the solid content decreased from 3% to 1.5% ( Fig. 1G   
and SI Appendix, Fig. S6 ), illustrating the ultrasoft nature of the 
materials. These microrobots, which have superior softness and 
appropriate degradation time, are advantageous for navigating the 
complex vascular network of corpus cavernosum tissues ( Fig. 1H   
and SI Appendix, Table S1 ), a significant improvement over tra-
ditional cell carrier.

 To investigate the distribution of the microrobot in vivo, micro-
computed tomography (µCT) and MRI (MRI) were used to observe 
the microrobot in the corpus cavernosum tissue. Owing to the high 
radiographic contrast between microrobots and tissues, µCT imag-
ing clearly visualized the 3D spatial position of the microrobots in 
the corpus cavernosum tissue (SI Appendix, Fig. S7A﻿ ). Importantly, 
the microrobots are evenly distributed in the corpus cavernosum 
tissue due to their ultrasoft ( Fig. 1I  ). Moreover, the MRI results 
revealed that our microrobots had strong signal intensities, which 
correlated inversely with the Fe concentration (SI Appendix, 
Fig. S7B﻿ ). Therefore, the distribution of microrobots in the corpus 
cavernosum can be precisely monitored by µCT or MRI in future 
clinical applications.  

Controllable Motion of the Microrobot. The magnetic actuation 
of microrobots was realized by a Helmholtz coil and Maxwell 
coil electromagnetic drive system. Real-time visualization via an 
optical microscope and a closed-loop feedback module as a motion 
planner (SI Appendix, Fig. S8 A and B) demonstrated that the 
single chain microrobots had a greater motion speed (175 µm/s at 
10 mT, 10 Hz) and a more accurate motion trajectory compared 
to the random and multichain arrangement of Fe3O4 NPs in the 
magnetic chain (SI Appendix, Fig. S8C). To clarify the mechanism 
by which the microrobots moved in a rotating magnetic field, 
we used 2D fluid models to simulate the propulsion of the 
microrobots (Fig.  2A). The direction of the magnetic dipole 
moment of the microrobot has consistently been attempting to 
align with the external magnetic field direction, thereby causing 
rotation of the microrobot. After the rotation of the microrobot, 
viscous frictional forces are generated at the interface, leading to 
rolling. This approach allowed precise navigation under a rotating 

magnetic field with a programmable circular trajectory (Fig. 2B 
and Movie S1).

 The propulsion performance of the microrobots was also inves-
tigated in various biological fluids, which showed effective move-
ment in DMEM, blood, and PBS ( Fig. 2C   and Movie S2 ). Speed 
dynamics in PBS were analyzed under different magnetic field 
intensities (2, 4, and 6 mT) and frequencies (1 to 40 Hz), iden-
tifying a linear increase in speed under maximum synchronized 
frequency, followed by a speed decrease due to fluidic drag exceed-
ing the available magnetic torque ( Fig. 2D  ). This loss of synchro-
nization reduced the velocity, although increased magnetic field 
strength could enhance magnetic torque and increase motion 
speed. Furthermore, the ability of ultrasoft microrobots to navigate 
narrow blood vessels was investigated, demonstrating the ability 
of 135 µm microrobots to deform and pass through 100 µm tubes 
( Fig. 2E   and Movie S3 ), unlike multiple NP chain microrobots 
(SI Appendix, Fig. S9 ). This softness is crucial for navigating the 
complex cavernous sinuses and preventing vascular damage. 
Magnetically driven upstream navigation against blood flow is 
essential for microrobots to perform a variety of tasks in vivo, 
especially in multivascular tissues such as the corpus cavernosum 
( 24 ). We simulated a blood flow comparable to that of a capillary 
(500 µm/s) ( 25 ), and the microrobot could move upstream against 
the blood flow at a rate of 428 µm/s, indicating that the microro-
bots could perform controlled movements in a complex physio-
logical environment ( Fig. 2F   and Movie S4 ).

 We next tested whether the microrobots could be driven by a 
gradient magnetic field (SI Appendix, Fig. S10A﻿ ). The gradient 
magnetic field could directly pull the microrobot to move with an 
average velocity of 184 µm/s along the gradient difference of the 
spatial magnetic field (SI Appendix, Fig. S10 B  and C ). In addition, 
the microrobot can be recognized in the ultrasound image despite 
the interference from the tissues, and control the movement well 
under the drive of the permanent magnet (SI Appendix, Fig. S10D﻿ ).

 The luminal diameters of various vessels in the corpus caverno-
sum, namely, the dorsal artery, artery branch, vein, and venule 
retrosinuses, are approximately 1.5 mm, 300 to 500 µm, 150 µm, 
and 30 µm, respectively ( Fig. 2G  ). To assess the navigability of the 
microrobots in corpus cavernosum tissue, we investigated their 
movement within a 3D-printed microvascular network of the cor-
pus cavernosum. The microrobot cluster, driven by a magnetic field, 
could be directed to broader areas, ensuring even distribution 
throughout the corpus cavernosum tissue and demonstrating excel-
lent mobility ( Fig. 2H  ).

 Furthermore, we evaluated the retention ability of the micro-
robot in vitro. The microrobot could maintain its position in the 
microvasculature with the help of an external magnet (6.5 mm 
radius, 4 mm thickness), as shown in  Fig. 2I  . Removal of the 
magnet resulted in the microrobots being flushed away by blood 
flow (Movie S5 ). In addition, we tested whether magnetic-control 
equipment could enhance MSC-Rob retention in an ex vivo por-
cine corpus cavernosum model (SI Appendix, Fig. S11 ). The reten-
tion rate of the MSC-Rob increased from 40.60 to 84.70% with 
the aid of magnetic control at a simulated blood flow rate of 10 
mL/min ( Fig. 2J  ). Considering that human corpus cavernosum 
blood flow rates vary from 4 to 50 mL/min ( 26 ), the flow rate was 
adjusted to 4, 20, and 50 mL/min, yielding retention rates of up 
to 90.86%, 77.17%, and 68.78%, respectively ( Fig. 2K  ). These 
results suggest that magnetic control significantly improves MSC 
retention in the ex vivo porcine corpus cavernosum.

 To construct the optimal MSC-Rob, we first examined the 
hemocompatibility of the MSCs. Studies have shown that adverse 
thrombotic events induced by MSC therapy are associated with 
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Fig. 2.   Controllable microrobot motion in a magnetic field. (A) Finite element simulation of fluid flow around a clockwise-rotating microrobot. (B) Trajectories 
illustrating controllable magnetic propulsion of microrobots in a predefined circular trajectory under a rotating magnetic field (8 mT, 5 Hz). (Scale bar, 200 µm.)  
(C) Navigability of microrobots in various media under a rotating magnetic field (8 mT, 5 Hz). (Scale bar, 100 µm.) (D) Movement velocity of microrobots at different 
frequencies and magnetic field strengths (n = 3). (E) Optical and fluorescence microscopy images demonstrating the deformation of microrobots while passing 
through narrow gaps. (Scale bar, 200 µm.) Accompanied by finite element simulation of the deformation. (F) Time-lapse images showing controlled magnetic 
propulsion of microrobots upstream in blood flow. (Scale bar, 200 µm.) (G) Schematic illustration of the corpus cavernosum microvascular network. (H) Magnetic 
navigation of microrobots in a simple 3D-printed corpus cavernosum microvascular network. (I) Real-time imaging of microrobot retention with or without 
magnet. (J) Retention rate of MSC-Rob in an ex vivo porcine penis with or without magnet-assisted equipment at a simulated blood flow rate of 10 mL/min  
(n = 5 for each group). (K) Retention rate of the MSC-Robs at different flow rates. (n = 5 for each group). (L) MSC adhesion and proliferation on microrobots in 
the wells of low-adherence plates. Newly proliferating MSCs were detected by 5-ethynyl-2’-deoxyuridine (EdU) fluorescence staining (red). (Scale bar, 100 µm.) 
(M) Controlled locomotion and retention of the MSC-Rob over a low cell adhesion surface. (Scale bar, 500 µm.)
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coagulation triggered by high procoagulant tissue factor (TF) 
expression in MSCs ( 27 ,  28 ). The tissue sources from which the 
MSCs were derived are probably the most important determinants 
of hemocompatibility, with bone marrow–derived MSCs showing 
lower TF expression and better hemocompatibility than adipose- 
or placental-derived MSCs ( 29 ) Additionally, TF expression is 
significantly lower at passage 3 (P3) than at passage 7 (SI Appendix, 
Fig. S12 ). Therefore, we selected P3 bone marrow–derived MSCs 
for all subsequent studies. We further examined the MSC loading 
efficiency, which proved successful after one day of coculture. 
MSCs adhered uniformly to the microrobots and proliferated 
normally, as evidenced by immunofluorescence analysis and SEM 
( Fig. 2L   and SI Appendix, Fig. S13 ). The MSCs on the microrobot 
can spread and proliferate normally on the adhesive petri dish 
(SI Appendix, Fig. S14 ). These results confirm the noncytotoxic 
nature of the microrobots and their provision of a conducive envi-
ronment for cell growth. The MSC-Rob can be navigated with 
high precision under a magnetic field in a simple microvascular 
network, and after anchoring by a magnet for approximately 12 h, 
the proliferation of the MSCs on microrobots occurs under low 
cell adhesion to microvessels at 37 °C ( Fig. 2M  ).

 We investigated the degradation of our microrobots in vitro and 
in vivo and found that they completely degraded within 180 d 
in vitro and 30 d in vivo (SI Appendix, Fig. S15 A–D﻿ ). The iron oxide 
NPs within the microrobots travel through the bloodstream to the 
liver and spleen for metabolic processing. Biodistribution studies of 
these NPs in major organs showed no notable accumulation in the 
heart, liver, spleen, lungs, or kidneys, suggesting minimal side effects 
on these organs (SI Appendix, Fig. S15F﻿ ). Additionally, fluorescence 
analyses of urine and feces indicated that the degradation products 
were excreted via urination (SI Appendix, Fig. S15E﻿ ). Toxicity eval-
uations, including cytotoxicity data, blood biochemistry, and his-
tology, revealed no evidence of harm within our tested dose and time 
range (SI Appendix, Fig. S16 ). Fertility impact assessments through 
semen analysis in rats showed no effect on semen concentration or 
motility (SI Appendix, Fig. S17 ). In addition, the MSC suspensions 
and the MSCs adhering to the microrobot presented weak expression 
of TF and did not significantly differ in terms of TF expression 
(SI Appendix, Fig. S18 ). We further performed hemocompatibility 
assessment by analyzing the coagulation marker data from the 
plasma of the MSC-injected and MSC-Rob rats and found no sig-
nificant changes at one-month postinfusion (SI Appendix, Fig. S19 ). 
Therefore, major adverse thrombotic events were excluded. These 
findings collectively suggest that our MSC-Rob is relatively safe for 
clinical application.  

MSC-Rob Improved the Retention and Survival of MSCs in 
Corpus Cavernosum Tissue. MSC-Rob was transplanted into the 
corpus cavernosum of rats and directed to distal vessels using a 
magnetic field. To enhance retention, rats were fitted with wearable 
equipment, including comfortable underwear with a permanent 
magnet (Fig.  3A). Despite the precise control of microrobots 
under rotating magnetic fields, the bulky size of current magnetic 
field generators and their inability to continuously operate limit 
user mobility. Thus, after initial targeting with rotating fields, a 
permanent magnet was used for sustained retention.

 To assess in vivo retention efficiency, MSC-Rob and MSCs 
were injected into separate groups of rats. The rats wore magnetic 
equipment, allowing normal movement ( Fig. 3A   and SI Appendix, 
Fig. S20 ). Fourteen days later, the penile tissues of the MSC-Rob 
group exhibited strong fluorescence, while those of the MSC 
group exhibited negligible fluorescence ( Fig. 3B  ). Dissection 
over seven days revealed that MSCs migrated to the lungs in the 
MSC group, whereas the MSC-Rob group retained most of the 

MSCs in the penis ( Fig. 3C  ). Flow cytometry also revealed 
greater GFP-positive cell counts in the corpus cavernosum of 
the MSC-Rob group ( Fig. 3D  ). These results confirmed that the 
MSC-Rob system could effectively enhance the retention of 
MSCs in the penis.

 Gene Ontology (GO) analysis revealed that the up-regulated 
genes in ED model rats were related to oxidative stress (SI Appendix, 
Fig. S21A﻿ ). High ROS levels in ED can cause senescence and 
apoptosis of transplanted MSCs, leading to repair failure ( 11 ,  30 ). 
To counter this, microrobots were equipped with phenylboronic 
acid groups for ROS scavenging. Coculture experiments demon-
strated effective ROS elimination in MSCs cultured with micro-
robots, significantly reducing ROS levels compared to the control 
group (SI Appendix, Fig. S21 B  and C ). CCK8 assays and live-dead 
staining confirmed that ROS scavenging by microrobots increased 
MSC survival (SI Appendix, Fig. S21 D  and E ). Flow cytometry 
of penile tissues from ED model rats revealed that ROS levels 
decreased significantly after MSC-Rob treatment ( Fig. 3E  ). These 
findings confirm that microrobots improve MSC survival by scav-
enging ROS in the corpus cavernosum.  

MSC-Robs Promoted Repair of Corpus Cavernosum Tissue in 
ED Rats. After confirming the ability of the MSC-Rob system to 
enhance MSC survival and retention in the corpus cavernosum, we 
explored its therapeutic potential for treating ED in a rat model. 
We assessed the optimal injection dose of MSCs and MSC-Robs 
using the intracavernosal pressure-to-mean arterial pressure (ICP/
MAP) ratio, a standard for evaluating penile erectile function in 
animals. We found that one million MSCs or 250 MSC-Robs 
could achieve the best ICP values, so we chose this injection 
dose for the subsequent experiments (SI Appendix, Fig. S22). We 
further investigated the therapeutic effects for ED one month after 
microrobot injection (SI Appendix, Fig. S23). The results revealed 
that there was no significant difference between the microrobot 
group and the ED model group, indicating that microrobots alone 
could not alleviate ED effectively.

 One month after the administration of MSCs, MSC-Robs, or 
PBS to the different groups, we collected corpus cavernosum tis-
sues. Masson’s trichrome staining was performed to analyze tissue 
fibrosis, and the collagen-to-smooth muscle ratio was used as an 
indicator ( Fig. 3F  ). Quantitative analysis revealed that the ratios 
of smooth muscle to collagen in the MSC-Rob and ED model 
groups were 19% and 3%, respectively, indicating that MSC-Rob 
administration significantly reduced fibrosis ( Fig. 3G  ).

 Penis erection is a delicate neurovascular process involving inter-
actions between nerve cells, endothelial cells (ECs), and smooth 
muscle cells. We further examined the presence of the above cells 
by analyzing the expression of CD31, endothelial nitric oxide 
synthase (eNOS), neuronal nitric oxide synthase (nNOS), alpha-
smooth muscle actin (α-SMA), and NF in corpus cavernosum 
tissue. Semiquantitative immunofluorescence analysis of the 
MSCs-Rob group revealed increased expression of smooth muscle 
and nerve markers compared to that in the ED and MSC groups 
( Fig. 3 H  and I  ). Additional analysis of CD31, eNOS, and nNOS 
supported these findings (SI Appendix, Fig. S24 ), suggesting that 
MSC-Rob favors corpus cavernosum tissue repair. The ICP and 
MAP values were measured across groups ( Fig. 3 J  and K  ). The 
ICP/MAP ratio of the MSC-Rob group was 72.96 ± 8.72%, 
which was greater than that of the MSC group (59.22 ± 3.23%) 
and was almost as high as that of the control group (SI Appendix, 
Table S2 ). Doppler ultrasound assessment of blood flow in the 
corpus cavernosum revealed that MSC-Rob treatment increased 
the filling of the cavernous vascular sinuses (SI Appendix, Fig. S25  
and Movie S6 ), indicating improved erectile function.
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 ED can affect fertility. We conducted mating assays with male 
rats from different groups (control, ED model, MSC, and MSC-
Rob) and two normal adult female rats (SI Appendix, Fig. S26a﻿ ). 
All female rats that mated with the MSC-Rob group gave birth 
normally within the gestational cycle of 21 to 25 d, while only 
half did so after mating with the MSC group ( Fig. 3L   and 
﻿SI Appendix, Fig. S26b﻿ ), demonstrating that MSC-Rob effec-
tively restored erection and fertility.  

Cellular and Molecular Mechanisms of MSC-Rob in Promoting 
Corpus Cavernosum Tissue Repair. To elucidate the repair 
mechanism of MSC-Rob in corpus cavernosum tissue, we 
performed scRNA-seq analysis and identified eight major cell 
types (SI Appendix, Fig.  S27 and Table  S3). Given the critical 
role of ECs in mediating erectile function through their regulation 
of vasodilation, permeability, and growth factor production (31), 
we focused on the response of ECs to MSC-Rob treatment. We 

Fig. 3.   MSC-Robs promoted corpus cavernosum repair in ED rats by improving the survival and retention of MSCs. (A) Schematic illustration of the process by 
which MSC-Rob was transplanted into the corpus cavernosum and guided to distal vessels by a magnetic field. (B) Fluorescence images of ED model rats post-
MSC (MSC group) and MSC-Rob (MSC-Rob group) administration obtained with wearable magnetic equipment on days 1, 7, and 14. (C) Fluorescence-labeled 
MSC images of organs harvested from the MSC-Rob and MSC groups at 7 d. (Scale bar, 10 mm.)(D) Representative flow cytometry plots comparing the total 
number of GFP-MSCs in the MSC group and MSC-Rob group. (E) Representative flow cytometry plots showing the total intracellular ROS level in penis tissue. (F) 
Masson’s trichrome staining and immunohistochemical staining of α-SMA and NF in penis tissue 30 d after ED in PBS-treated (ED model), MSC-treated, and MSC-
Rob-treated corpus cavernosum samples. The control group represents the corpus cavernosum tissue of healthy rats; n = 5 per group. (G–I) Semiquantitative 
analysis of smooth muscle/collagen, α-SMA, and NF in the corpus cavernosum 30 d after ED treatment. (J) MAP and ICP oscillograms for the different groups. 
(K) The ICP/MAP ratio in the different groups; n = 5 per group. (L) Representative images of neonatal pups from the cage mating assay. *P < 0.05, ***P < 0.001, 
and ****P < 0.0001. Statistical analysis was performed using one-way ANOVA with Tukey’s correction (G, H, and K). Statistical analysis was performed using 
one-way ANOVA with Kruskal–Wallis correction (I).
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categorized ECs into four subclusters (Fig. 4A and SI Appendix, 
Fig. S28). Notably, the EC-0 subcluster was significantly more 
prevalent in the MSC-Rob group, while the EC-1 subcluster was 
more common in the ED group. No significant differences were 
observed in the EC-2 and EC-3 subclusters between the two 
groups (Fig. 4B).

 We conducted GO analysis to determine the function of each 
population of ECs based on the expression of the marker genes in 
each EC subcluster ( Fig. 4C  ). The marker genes of the EC-0 sub-
cluster were enriched in terms related to angiogenesis, such as “migra-
tion,” “proliferation,” and “regulation of vasculature development,” 
indicating a correlation with corpus cavernosum tissue repair. In 
contrast, the marker genes of the EC-1 subcluster were linked to 
inflammatory and apoptotic processes, including “leukocyte cell–cell 
adhesion,” “apoptosis,” and “cellular response to chemical stress,” 
indicating a relationship with cavernosal lesions. The marker genes 
of the EC-2 subcluster and EC-3 subcluster were related to angio-
genesis, as they were related to wound healing, blood coagulation, 
muscle cell proliferation, and regulation of angiogenesis. Pathway 
analysis showed that EC proliferation and regulation of angiogenesis 
signaling pathway-related genes were mainly enriched in the EC-0 
subcluster ( Fig. 4 D  and E  ), while genes related to the regulation of 
apoptotic signaling pathway-related genes were enriched mainly in 
the EC-1 subcluster ( Fig. 4F  ). These findings suggest that MSC-Rob 
treatment effectively improved angiogenesis by increasing the regen-
erative EC-0 subcluster and decreasing the cavernosal lesion-related 
EC-1 subcluster. We further analyzed the secretome of MSCs and 
identified molecules that down-regulate endothelial inflammation 
and promote endothelial function ( 32       – 36 ), including THBS1, 
HDGF, GRN, PDGFD, VEGF, and GDF6 (SI Appendix, 
Fig. S29A﻿ ). Importantly, the receptors corresponding to these mol-
ecules are expressed in the ECs of the corpora cavernosa (SI Appendix, 
Fig. S29B﻿ ). These findings suggest that MSC-Rob may promote 
angiogenesis through the paracrine effects of MSCs.

 The impact of MSC-Rob on Schwann cells (SCs), which are 
vital for nerve regeneration and axonal growth, was also examined 
( 37 ) ( Fig. 4G  ). In the MSC-Rob group, pathways related to neu-
rogenesis, such as axon guidance and AMPK signaling, were up-
regulated, as were pro-nerve repair genes, such as Nrep, Nptn, 
and Nbeal1 ( Fig. 4H   and SI Appendix, Fig. S30 ). The expression 
of inflammatory cytokine-producing genes, such as Ccl2, was 
down-regulated in SCs from the MSC-Rob group (SI Appendix, 
Fig. S30 ). Additionally, the Hedgehog signaling pathway, which 
is crucial for nervous system healing postinjury ( 38 ), was more 
active in the MSC-Rob group than in the ED group.

 The immune system is closely associated with tissue damage and 
regeneration, and its effective regulation is essential for tissue regen-
eration ( 39 ). GO enrichment analysis of the up-regulated differ-
entially expressed genes (DEGs) in immune cells revealed 
enrichment in terms such as “leukocyte chemotaxis” and “mac-
rophage activation” in the ED group (SI Appendix, Fig. S31 ). After 
the administration of MSC-Rob, the above signaling pathways 
were down-regulated (SI Appendix, Fig. S32 ). We further identified 
six subclusters ( Fig. 4I   and SI Appendix, Fig. S33 and  Table S4 ). 
Macrophages, the most abundant immune cells, are categorized as 
inflammatory or regenerative based on the expression of markers 
such as IL-1β and CD206 ( Fig. 4 J  and K  ). Notably, MSC-Rob 
treatment significantly increased the proportion of regenerative 
macrophages and decreased the proportion of inflammatory 
 macrophages ( Fig. 4 L  and M  ). Immuno fluorescence staining 
 corroborated these findings, revealing an increase in regenerative 
macrophages and a decrease in inflammatory macrophages post-
treatment (SI Appendix, Fig. S34 ). Furthermore, GO enrichment 
analysis demonstrated that MSC-Rob treatment increased oxidative 

phosphorylation and the mitochondrial membrane potential in 
macrophages. Mitochondrial membrane potential measurements 
confirmed that MSC-Rob significantly restored the mitochondrial 
function in macrophages (SI Appendix, Fig. S35 ).

 Macrophages play vital roles in angiogenesis and neurogenesis 
through interactions with ECs and SCs ( 39 ,  40 ). CellPhone DB 
analysis revealed a decrease in proinflammatory signaling (e.g., 
CXCL13–ACKR4 and IL1B–ADRB2 interactions between mac-
rophages and ECs) and an increase in prorepair signaling (e.g., 
TGFB1–TGFBR3 interactions between macrophages, ECs, and 
SCs) in the MSC–Rob group compared with the ED model group 
( Fig. 4N  ). These results suggest that MSC-Rob treatment actively 
promotes EC and SC repair by modulating macrophage function 
( Fig. 4O  ).  

MSC-Rob Assisted in Restoring Erectile Function in a Beagle ED 
Model. We examined whether MSC-Rob could restore erectile 
function in beagles with ED by injecting MSC-Rob into penile tissue 
(Fig. 5A). Doppler ultrasound revealed enhanced blood flow and an 
increased cavernous sinus diameter in the MSC-Rob group (Fig. 5B). 
Additionally, the MAP and ICP were evaluated upon cavernous nerve 
stimulation (SI Appendix, Fig. S36 A and B). The ICP/MAP ratio in 
the MSC-Rob group (72 ± 0.86%) was significantly higher than that 
in the ED model group (42 ± 3.4%) and MSC group (59.8 ± 2.4%), 
indicating improved erectile function (Fig. 5C).

 Histological analysis using Masson and immunofluorescence 
staining was also conducted. Masson staining revealed a greater 
muscle and collagen proportion in the MSC-Rob group than in 
the ED model and MSC groups (SI Appendix, Fig. S36C﻿ ), which 
is consistent with the results observed in rats. Immunofluorescence 
staining indicated significantly greater levels of α-SMA and NF 
in the MSC-Rob group than in the control group ( Fig. 5D  ). 
RT–qPCR further confirmed the elevated gene expression of 
endothelial, nerve, and smooth muscle markers in the MSC-Rob 
group (SI Appendix, Table S5 and  Fig. S36 D–F ), suggesting 
effective restoration of corpus cavernosum tissue. To assess fertil-
ity, one male beagle from each group (control, ED model, MSC, 
and MSC-Rob) was mated with two normal adult female beagles 
( Fig. 5E  ). During the 58-to-65-d gestational cycle, 83% of the 
female beagles that mated with the MSC-Rob group had success-
ful pregnancies and births, while none of the females that mated 
with the ED group conceived, demonstrating the efficacy of 
MSC-Rob in restoring erectile function and fertility ( Fig. 5 F  
and G   and SI Appendix, Fig. S37 ).   

Discussion

 MSCs have shown promise in treating refractory ED, such as 
neurological and diabetic ED, in clinical studies. However, direct 
injection into the corpus cavernosum alone has limitations; a 
clinical study reported less than 40% recovery in ED patients 
after MSC treatment ( 41 ). This limited success is attributed to 
poor cell retention in the corpus cavernosum due to unique 
hemodynamics, leading to rapid loss of transplanted cells and a 
hostile microenvironment causing senescence or apoptosis in 
transplanted MSCs ( 11 ,  42 ,  43 ). Magnetic microrobots, which 
provide targeted transport and retention of MSCs via magnetic 
force, offer promising applications in disease treatment ( 21 ,  44 ). 
However, scaling up experiments with magnetic actuation from 
small animals, such as mice, to humans may require a penetra-
tion depth increase of one order of magnitude ( 45 ). Notably, 
the ED, which is a superficial and organ-related condition, is 
more responsive to external magnetic fields than other diseases, 
facilitating clinical translation.
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Fig. 4.   Cellular and molecular mechanisms by which MSC-Rob promotes the repair of damaged nerves and blood vessels. (A) UMAP plots of the four endothelial 
cell (EC) subclusters in the ED and MSC-Rob groups. (B) Bar plot showing the distribution of each EC subcluster in the ED and MSC-Rob groups. (C) Gene Ontology 
(GO) analysis for each EC subcluster transition, with the box size representing the number of significant terms in each GO category. (D–F) Combined violin and 
box plots displaying the expression levels of genes related to EC proliferation, regulation of angiogenesis, and regulation of apoptotic pathways in EC subclusters 
by the Wilcoxon rank-sum test. (G) UMAP plots of the Schwann cell subclusters in the ED and MSC-Rob groups. (H) Heatmap presenting the top pathways 
associated with genes whose expression was activated or inhibited in Schwann cells from the ED model and MSC-Rob groups based on the GSVA of DEGs. (I) Bar 
plot showing the distribution of each immune cell subcluster in the groups. (J and K) UMAP plots of the three macrophage subclusters in the ED and MSC-Rob 
groups, colored according to cell type or classic marker gene expression level. (L and M) Bar plots indicating the percentages of regenerative and inflammatory 
macrophage subclusters in the ED and MSC-Rob groups. (N) Alluvial plot showing significant ligand–receptor pairs in the ED and MSC-Rob groups, as identified 
by NicheNetR analysis. This analysis considered only macrophage (ligand) interactions with SCs and ECs, including interactions between differentially expressed 
ligands and receptors (P < 0.05). (O) A mechanistic summary illustrating how MSC-Rob promotes recovery of the corpus cavernosum. *P < 0.05, ***P < 0.001, 
****P < 0.0001. Statistical analysis was performed using two-tailed Student’s t tests (B, L, and M).
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 Our ultrasoft magnetic microrobot was designed to improve 
the retention and survival of MSCs and enhance the biological 
function of MSCs in ED treatment. The use of microrobots 
for delivering cells or drugs to enhance their therapeutic effects 
has been studied in other types of tissue repair, such as bone 
and nerve tissue ( 46 ,  47 ). For example, PLGA microrobots 
delivering MSCs can effectively promote cartilage regeneration 
( 21 ). Learning from the work of pioneers, we have better 
designed and optimized microrobots for ED therapy. The pro-
posed MSC-Rob in this study features favorable biocompati-
bility and simple preparation methods. Its softness, with a 
Young’s modulus similar to that of human adipose tissue (1 
kPa;  Fig. 1 G  and H  ), is one of the ultrasoft microrobots 
reported for cell delivery thus far (SI Appendix, Table S1 ). This 
feature makes the microrobots highly adaptable, preventing 
blood vessel blockage.

 The retention of MSCs-Rob in the corpus cavernosum for more 
than 14 d was more than double that of MSCs injected alone 
( Fig. 3 B –D  ). In addition, our microrobots could also effectively 
remove ROS via hydrolysis of the borate ester bond ( 48 ), 

improving the survival rate of MSCs ( Fig. 3E   and SI Appendix, 
Fig. S21 ). Moreover, MSC-Rob treatment led to ICP/MAP values 
comparable to those of control animals, indicating successful res-
toration of erectile function ( Figs. 3  and  5 ).

 Previous studies have shown that the repair and homeostasis 
maintenance functions of MSCs rely on their interaction with the 
inflammatory microenvironment ( 49 ,  50 ). However, the specific 
mechanisms by which MSCs influence the corpus cavernosum 
microenvironment remain unclear. Our research sheds light on 
the cellular composition, biological characteristics, and regulatory 
signaling networks within the corpus cavernosum, enhancing our 
understanding of how MSC-Rob expedites tissue repair ( Fig. 4 ). 
We found that MSC-Rob treatment effectively promoted angio-
genesis and neurogenesis. This effect is achieved by increasing the 
presence of regenerative endothelial subclusters while reducing 
those associated with cavernosal lesions. MSC-Rob treatment also 
modulates signaling between cells by reducing proinflammatory 
interactions between macrophages and ECs and enhancing prore-
pair signaling involving macrophages, ECs, and SCs ( Fig. 4 ). On 
the other hand, MSCs directly promote blood vessel repair 

Fig. 5.   MSC-Rob restored erectile function in a beagle model of ED. (A) Illustration of MSC-Rob transplantation into the corpus cavernosum of beagle models 
with ED. (B) Color Doppler sonography was used to assess blood flow in corpus cavernosum tissue 8 wk after ED induction with PBS (ED model) and following 
MSC or MSC-Rob treatment and control (normal) group. Red and blue, along with brightness, represent the blood flow direction and velocity, respectively. (C) 
Comparison of the ICP to MAP ratio among the different groups (n = 5 per group). (D) Fluorescence immunostaining of α-SMA and NF in the corpus cavernosum 
8 wk after different groups. (E) Schematic of the fertility test procedure using a cage mating assay with one male and two female beagles. (F) Ultrasound images 
of fetuses following the mating of male beagles post-MSC-Rob treatment with normal female beagles. (G) Representative images of beagle puppies born from 
these mattings. ***P < 0.001 and ****P < 0.0001. Statistical analysis was performed using one-way ANOVA with Tukey’s correction (C).
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through paracrine effects. Although we detected the expression of 
several MSC-secreted factor receptors in ECs (SI Appendix, 
Fig. S29 ), the specific roles of these molecules in ED treatment 
require further investigation. Modifying MSCs by overexpressing 
beneficial mediators, such as VEGF, may be an effective way to 
further improve clinical efficacy, which will be the focus of our 
future research.

 In vivo safety assessments confirmed that MSC-Rob injection did 
not cause major organ damage, loss of sperm quality, or clot forma-
tion or thromboembolic events (SI Appendix, Fig. S16–S19 ). The 
microrobot is composed of Fe3 O4  NPs and cross-linked PEG micro-
spheres. Fe3 O4  NPs have been classified as biofriendly and can be 
metabolized by the kidneys without obvious toxicity ( 51 ). In addi-
tion, PEG microspheres are biocompatible, degradable, and have 
been approved by the FDA (SI Appendix, Fig. S15 ). Studies have 
shown that thromboembolic complications are most commonly 
associated with the infusion of MSC products with high procoagu-
lant TF expression ( 27 ,  28 ). For safety, MSC TF expression should 
be tested first when using MSCs and MSC-Rob to confirm that it 
is within the safe range. When MSCs with high TF expression or 
high doses are applied, further processing (such as anticoagulation) 
should be taken to reduce the risk of coagulation reactions.

 In summary, our work is an important step toward advancing 
the clinical application of MSCs for ED treatment. This study 
reports the use of microrobots for ED treatment and demonstrates 
their ability to restore erectile function in ED models of rats and 
beagles. While our MSC-Rob system shows promise for the treat-
ment of ED, there are still some issues that need to be improved 
or developed before it can be applied in future clinical trials. First, 
a more ergonomic and convenient patch with a magnet array 
should be designed to achieve precise control of the position 
within the corpus cavernosum of the microrobots to better 
improve the retention of the MSC. Second, the reported MSC-
Rob needs careful formulation optimization. Finally, this study 
focused on short-term effects and had a small sample size, and 
future studies could extend the observation time and expand the 
sample size to evaluate long-term efficacy and potential side effects.  

Materials and Methods

Detailed methods are found in SI Appendix.

Materials. 8-PEG-NHS and 8-PEG-NH2 were purchased from Sinopeg. FeCl3 
6H2O, sodium oleate, ethyl alcohol, hexane, oleic acid, 1-octadecene, liquid par-
affin, and 3-aminomethylphenylboronic acid hydrochloride were obtained from 
Shanghai Macklin Biochemical Co., Ltd. TenX phosphate-buffered saline (PBS), 
RPMI 1640 medium, and DMEM were purchased from Thermo Fisher Scientific 
Co., Ltd. Cell Counting Kit-8 (CCK-8), a highly sensitive DCFH-DA ROS assay kit, 
and calcein-AM/propidium iodide (PI) were purchased from Dojindo Chemical 
Technology (Shanghai) Co., Ltd.

Microrobot Preparation. The microrobots were prepared via a straight-
forward emulsification method. First, 3-aminomethylphenylboronic acid 
hydrochloride (2 mg), RGD peptide (2 mg), and 8-PEG-NHS (15 mg) were 
dissolved in 50 µl of dimethyl sulfoxide (DMSO), and the mixture was added 
to 8-PEG-NH2 (15 mg) and Fe3O4 NPs (15 mg) dissolved in 2 ml of PBS to 
form a uniform water phase. The water phase was added to an oil solution 
composed of liquid paraffin and Span 80, and the mixture was stirred for  
30 min at room temperature. The resulting microrobots were washed five 
times with PBS. The samples were stored at 4 °C.

To control the configuration of magnetic NPs, managing the solid content is 
essential. By setting the solid content of 8-PEG-NH2 and 8-PEG-NHS at 1.5%, we 
fabricated microrobots consisting of single chains of magnetic NPs. Increasing the 
solid content to 2% enabled the creation of microrobots with multiple magnetic 
NP chains. At a solid content of 3%, the result was the formation of microrobots 
with random arrangements of magnetic NPs.

Ethics Statement

 All animal surgeries were reviewed and approved by the Animal 
Ethical and Welfare Committee of Guangzhou Shuiyuntian 
Biotechnology Co., Ltd. (Guangzhou, China) or the Animal 
Ethical and Welfare Committee of Guangdong Laidi Biomedical 
Research Institute Co, Ltd. (Guangzhou, China) and followed the 
Guidelines for the Care and Use of Laboratory Animals of the NIH; 
permit numbers 2023044-1, SYT2023133, and SYT2024051. 
Additionally, this study was conducted following the ARRIVE 
guidelines for the use of animals in experimentation. Rat bone 
marrow MSCs and beagle bone marrow MSCs were purchased 
from Cyagen Biosciences (Guangzhou) Inc. 

Preparation of a Single-Cell Suspension of Corpus Cavernosum 
Tissue. Corpus cavernosum tissue was obtained from the control, 
ED model, and MSC-Rob groups and washed three times 
with Hanks’ balanced salt solution (HBSS). Subsequently, the 
tissues were cut to 1 to 2 mm in size and sterilized with 2 ml 
of GEXSCOPETM tissue dissociation solution (Singleron) for  
15 min at 37 °C. After digestion, the samples were filtered through 
a 40-micron sterile strainer, the filtrate was centrifuged at 215×g 
for 5 min, the supernatant was discarded, and the cells were 
resuspended in 1 ml of PBS. Two milliliters of GEXSCOPETM 
erythrocyte lysis buffer (Singleron) were added, and the cells 
were incubated for 10 min at 25 °C. The cell suspension was 
centrifuged at 500×g for 5 min and resuspended in 1 ml of PBS. 
The resuspended cell suspension was incubated with 0.5% Trypan 
blue (Sigma) for 3 min at room temperature, and cell viability was 
evaluated by counting the number of live and dead cells under a 
microscope (52, 53).

Evaluation of Erectile Function. Under anesthesia, the rats were 
restrained with a rat fixator, and the cavernous nerve, corpus 
cavernosum, and carotid artery were exposed. Two catheters 
containing heparin sodium solution (50 IU) were inserted into 
the carotid artery for continuous monitoring of the MAP and 
the corpus cavernosum for continuous monitoring of the ICP, 
and the cavernous nerve was stimulated. The stimulation time 
was 60 s at 5 V, 25 Hz, and 2 ms. For the beagle, two catheters 
containing heparin sodium solution (50 IU) were inserted into 
the femoral artery for continuous monitoring of the MAP and 
the corpus cavernosum for continuous monitoring of the ICP, 
and the cavernous nerve was stimulated. The stimulation time 
was 60 s at 2 V, 2 ms, and 20 Hz. The ratio of the ICP to 
the MAP was used to evaluate erectile function. The data were 
visualized via a BL420F biological signal recording and analysis 
system (Techman Software Co., Ltd., Chengdu, China).

Statistical Analysis. Sample sizes were determined on the basis 
of the authors’ experience with the preliminary studies and by 
referencing a study on erectile function recovery with 80% power 
(α = 0.05) (54–56). All the data are expressed as the means ± 
SD. GraphPad Prism 7.0 software was used for the statistical 
analysis. The datasets were tested for normality with Shapiro–
Wilk tests. For normally distributed data, we applied parametric 
statistics. Two-tailed Student’s t tests or one-way ANOVA were 
used for analyzing experimental setups requiring the testing of 
two conditions or more than two conditions, respectively. P values 
were corrected for multiple testing according to Tukey tests. In 
cases where the data did not meet the assumptions for parametric 
tests, one-way ANOVA with Kruskal–Wallis correction was 
conducted for nonnormally distributed data. These nonparametric 
methods were chosen on the basis of the data characteristics and 
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to ensure the robustness and validity of our statistical analyses. 
P-values are denoted as *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001, and P values > 0.05 were considered to represent 
statistically significant differences.

Data, Materials, and Software Availability. scRNA-seq datasets used in this 
study have been deposited in the Sequence Read Archive and are available under 
accession number PRJNA1172004 (57).
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