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Regenerating natural gradients of the tendon-bone interface (TBI) is a major
challenge in the reconstruction of rotator cuff tear (RCT). In this study, mag-
netic Janus hydrogel microrobots to match the TBI orientation during RCT
reconstruction surgery are developed via a biofriendly gas-shearing micro-
fluidic platform. Through separate loading of Mg** and Zn*, the microrobots
facilitate the immediate restoration and long-term maintenance of the natural
mineral gradient in the TBI after implantation and alignment through magnetic
manipulation. In vitro studies confirm the spatiotemporal cell phenotype
modulation effects of the microrobots. In a rat RCT model, microrobots syn-
chronously promote the bone and tendon regeneration, and the restoration of
gradient tendon-bone transition structures in the TBI. Overall, by rebuilding
the Mg*/Zn* mineral gradient, cell phenotype gradient and structural gra-
dient of the TBI, magnetic Janus microrobots loaded with dual bioactive ions
represent a promising strategy for promoting TBI healing in RCT reconstruc-

tion surgery.

Rotator cuff tear (RCT) is the predominant cause of shoulder joint
disability and are particularly prevalent among the elderly population.
The incidence of full-thickness RCT among the general population
exceeds 20%, with a notable increase in those aged 80 years and above,
where the proportion even surpasses 50%'. Given the limited inherent
capacity for intrinsic healing of the rotator cuff, reconstruction surgery
is often required after RCT to restore the structural integrity of the
rotator cuff and achieve better clinical outcomes for affected patients?.
Nevertheless, despite concerted endeavors directed toward refining
surgical techniques and postoperative rehabilitation, the reported

failure rates of RCT reconstruction are still as high as 20%-70%”, pri-
marily due to the poor healing of the tendon-bone interface (TBI) after
surgical intervention®. The TBI is a hierarchical transition tissue span-
ning the submillimeter dimension characterized by natural gradients
in composition, cell phenotype, and structure from the tendon to the
bone**. The variations in the composition of the TBI, especially the
contents of minerals such as Ca**, Mg**, and Zn**, constitute the natural
composition gradient of the TBI". In addition, bone tissue is char-
acterized primarily by a high presence of terminally differentiated cells
derived from bone mesenchymal stem cells (BMSCs), and tendon
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tissue is rich in active tenocytes (TCs), representing the main mani-
festation of the cell phenotype gradient in the TBI*’. Furthermore, the
gradual changes in the orientation of collagen fibers from tendon with
highly aligned collagen fibers to bone with less organized collagen
fibers are the primary reasons for the formation of the structural
gradient>. The gradient in mineral content plays a key role in the
formation and maintenance of the cell phenotype gradient, which in
turn is responsible for the formation and reconstruction of the ten-
don-bone transition structure in the TBI**""2, To date, the key chal-
lenge of RCT reconstruction still lies in developing effective strategies
to rebuild these gradients in the TBI and thus achieve better TBI
healing effects.

Bioactive metal ions have garnered considerable attention for
their role in facilitating tissue regeneration. Variations in the content of
various bioactive metal ions across different tissues exist, each exhi-
biting specialized functions in maintaining the normal physiological
function of tissues and fostering tissue regenerative processes.
Researchers have reported a significantly greater Mg?'/Zn?* ratio in
human bone tissue than in tendon tissue, indicating a natural gradient
in their content in the TBI"*'*, Magnesium, an essential element for the
human body, primarily resides in the skeletal system and plays a
pivotal role in bone development, metabolism, and regeneration®.
Mg?** can accelerate bone regeneration by promoting the proliferation,
accumulation, and osteogenic differentiation of BMSCs'®; suppressing
osteoclast activity”; and regulating the metabolism and functionality
of parathyroid hormone and vitamin D®. Zinc, which is abundant in
tendons and muscles, serves as a cofactor for numerous transcription
factors and enzyme systems that participate in collagen metabolism
and tissue regeneration'. Zn?* can stimulate TCs proliferation, accu-
mulation, and tenogenesis-related functions, which substantially
increase the content of type-I collagen (COL-I) within injured tendon
tissues while restraining the synthesis and accumulation of type-III
collagen (COL-lll), consequently expediting the tendon repair
process’®?. Although Mg* and Zn*' have been proven to promote
bone and tendon regeneration, respectively, effectively combining
these ions to achieve satisfactory TBI repair remains a major challenge
because of the abovementioned natural Mg?'/Zn?" gradient in TBI. The
fabrication of Janus-structured materials with a Mg?/Zn*" gradient
offers a strategy for promoting RCT reconstruction?2*,

Although previous studies have reported the fabrication of dou-
ble- or triple-layered hydrogels with ion”, growth factor?, cell®, or
matrix”’ gradients by molding or 3D (bio)printing methods to rebuild
the gradients of TBI, the application of these hydrogels in RCT
reconstruction remains unsatisfactory. This issue is primarily due to
the widespread adoption of minimally invasive surgery and the use of
endoscopes in RCT reconstruction surgery, making the implantation
of these complex structured hydrogels without injectability difficult.
Additionally, adjusting the orientation of these hydrogels to match the
gradients of the TBI during and after surgery is very difficult. Currently,
the development of more effective and applicable biomaterials that
can rebuild the natural mineral composition gradient of TBI in RCT
reconstruction surgery is urgently needed but highly challenging.
Microrobots are materials at the micron scale capable of movement
within the body, with magnetic control being one of the most widely
employed methods for manipulation®*%. By exploiting therapeutic
cargo loading and noncontact manipulation properties*®*, micro-
robots can serve as precise, practical, and convenient surgical tools in
RCT reconstruction surgery.

In this work, we fabricate magneticJanus hydrogel microrobots by
loading with Mg;(PO,), (MgP) & Fe30,4 nanoparticles (Fe-NPs) or ZnO
nanoparticles (Zn-NPs) in two independent compartments of the
hydrogel microspheres. The biofriendly multicompartmental alginate-
based microspheres is produced through an oil-free gas-shearing
microfluidic platform. After the microrobots are implanted to the TBI
in RCT reconstruction surgery, they are controlled to align with the TBI

orientation with an external magnetic field (bone side with Mg? of
microrobots toward the bone defect area and tendon side with Zn*'
toward the tendon injury area). The microrobots facilitate the
immediate restoration of the natural Mg?'/Zn* gradient in the TBI after
implantation, and the effect can be maintained over 14 days. The
microrobots further show spatiotemporal cell phenotype modulation
effects in vitro: hemispheres loaded with Mg?* and Zn*" promote the
proliferation, migration and function of BMSCs and TCs, respectively,
thus reconstructing the cell phenotype gradient and orchestrating the
synchronous regeneration of tendon and bone. The significant effect
of microrobots on the restoration of the gradient tendon-bone tran-
sition structure of the TBI and the promotion of TBI healing is further
proven in a rat RCT model (Fig. 1). Magnetic Janus microrobots loaded
with dual bioactive ions provide a promising strategy for promoting
TBI healing in RCT reconstruction surgery and present a promising
paradigm for clinical translation and applications.

Results and Discussion

Characterization of the loaded nanoparticles

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images revealed that the Zn-NPs possessed a
cylindrical morphology with a size of several hundred nanometers
(Supplementary Fig. 1A, B). Energy dispersive spectroscopy (EDS)
revealed a uniform distribution of Zn and O in the Zn-NPs (Supple-
mentary Fig. 1A-B). The range of their hydrated particle sizes was from
200 nm to 700 nm according to dynamic light scattering (DLS) mea-
surements (Supplementary Fig. 1C). X-ray diffraction (XRD) revealed
that the patterns of the Zn-NPs conformed to the standard pattern of
ZnO nanoparticles (Supplementary Fig. 1D)*>**. The morphology of the
Fe-NPs was also characterized via SEM and TEM, and the results
revealed that the Fe-NPs were spherical-shaped nanoparticles several
tens of nanometers in size (Supplementary Fig. 2A, B). EDS revealed a
uniform distribution of Fe and O (Supplementary Fig. 2A, B). DLS
demonstrated that the hydrated sizes of the Fe-NPs ranged from
40 nm to 90 nm (Supplementary Fig. 2C). XRD revealed that the sites
and intensities of the diffraction peaks of the Fe-NPs are consistent
with the standard pattern for Fe;O4 nanoparticles (Supplementary
Fig. 2D)***. The sharp peaks indicate the high crystallinity of the Fe-
NPs. The magnetic properties of the Fe-NPs were measured via
vibrating sample magnetometer (VSM) at room temperature (Sup-
plementary Fig. 2E, F). The amounts of coercive force (Hc), saturation
magnetization (Ms), and remanent magnetization (Mr) were 141.51 Oe,
75.57 emu/g, and 15.37 emu/g, respectively, indicating that the Fe-NPs
exhibited sufficient magnetization power and could be simply attrac-
ted by a magnet. Therefore, Fe-NPs are suitable for loading into
microrobots for magnetic manipulation®-¢,

Fabrication of Janus hydrogel microrobots

Figures 1A and 2A show the scheme of the gas-shearing microfluidic
platform and the fabrication process of magnetic Janus microrobots
loaded with two bioactive ions. Briefly, two syringes loaded with dif-
ferent pre-gel solutions (alginate with MgP & Fe-NPs or Zn-NPs) and
controlled with a digital injection pump were connected to two inde-
pendent needles. The liquid-flow needles were inserted coaxially into a
shell, and the nitrogen gas was transported through the space between
the needles and shell, generating a shearing force to induce the forma-
tion of alginate droplets. CaCl, was used in a collection bath to crosslink
the alginate droplets. The equipment and microrobots produced in the
Petri dish are shown in Supplementary Fig. 3. Microrobots with high
monodispersity presented a regular Janus structure under confocal laser
scanning microscopy (CLSM), light microscopy and fluorescence
microscopy (Fig. 2B-D and Supplementary Fig. 4). The size of the
microrobots can be easily controlled by adjusting the nitrogen gas flow
(gas flow: 7 L/min, microrobot size: 381.3 + 21.5 pum; gas flow: 5 L/min,
microrobot size: 450.4 +13.7 um; gas flow: 3 L/min, microrobot size:
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Fig. 1| Magnetic Janus hydrogel microrobots for the regeneration of gradients
in the TBI. A Equipment and fabrication of magnetic Janus hydrogel microrobots
by gas shearing. B Motion behavior of the microrobots under an external magnetic
field. C Application of the microrobots in RCT reconstruction surgery.

D Therapeutic effect and underlying mechanism of the microrobots in the regen-
eration of gradients in the TBI. Through rebuilding of the Mg*/Zn** mineral

gradient, spatiotemporally modulating the cell phenotypes of BMSCs and TCs,
synchronously regenerating bone and tendon, and restoring the gradient tendon-
bone transition structure of the TBI, microrobots eventually promote TBI healing.
MgP: Mgz(PO,4),, Fe-NPs: Fe;0,4 nanopatrticles, Zn-NPs: ZnO nanoparticles, BMSCs:
bone mesenchymal stem cells, TCs: tenocytes. Created in BioRender. Ding, Z.
(2025) https://BioRender.com/p43d624.

725.0 +36.0 pm) (Fig. 2B-D). As the alginate droplet grows on the nee-
dle tip, its diameter increases, and the shearing force of nitrogen gas
flow on it also increases”. When the gas-shearing force overcomes the
resistance force by surface tension of the droplet, the droplet is
detached from the needle tip and falls into the collection bath®. As a
result, increasing the nitrogen gas flow allows droplets to detach from
the needle at a smaller diameter, thereby producing microrobots with
smaller diameters. Microrobots of different sizes maintain consistent

and excellent injectability (Supplementary Movie 1). The fabrication of
such a broad range of injectable microrobots may allow their implan-
tation to the TBI in various species in minimally invasive surgeries. This is
due to the considerable variation in TBI size across different species’. As
shown in Supplementary Fig. 5, the width of the TBI in the rotator cuffin
normal rats was approximately 450 pm. In addition, the use of oversized
microrobots may increase the difficulty of surgical reconstruction of
RCT, while the use of undersized microrobots increases the risk of
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Fig. 2 | Fabrication and characterization of microrobots. A Schematic showing
the microrobot fabrication process. B-D CLSM images, bright-field images, and
size distributions of the microrobots prepared with various nitrogen flow rates.

E Cryo-SEM image of microrobots. F SEM image (left) of microrobots and EDS
images (right) of Ca (pink), Zn (red), Mg (yellow) and Fe (blue). For (B-F),

experiments were repeated for 3 times independently with similar results. MgP:
Mg3(PO,),, Fe-NPs: Fe;04 nanoparticles, Zn-NPs: ZnO nanoparticles. (A) and left
pannel of (B-D) created in BioRender. Ding, Z. (2025) https://BioRender.com/
p69t917. Source data are listed in the Source Data file.

detachment from the TBI. Therefore, we finally chose the microrobots
with a diameter of 450 pum for further experiments. Cryo-scanning
electron microscopy (cryo-SEM) image further revealed a substantial
contrast in the morphology of the two separated compartments in the
microrobots, with a distinct demarcation line (Fig. 2E). Furthermore,
SEM and EDS confirmed the Mg and Fe were distributed in the bone side
of the microrobots while Zn was mainly distributed in the other hemi-
sphere (Fig. 2F), showing an existing Mg?/Zn*" gradient in the micro-
robots. Recently, hydrogel microspheres featuring complex structures
such as Janus, core-shell, and multicompartment designs have gained
increased attention in biomedical applications because of their
enhanced capabilities and sophisticated functionalities, including drug/
cell delivery, scaffold fabrication, and 3D bioprinting® *.. However, the
fabrication technique, hydrogel prepolymer selection, and crosslinking
mechanism of hydrogel microspheres often negatively affect their bio-
compatibility, especially for those with complex structures, thus limiting
their application***’, The fabrication strategy of the microrobots in this
study is considered biocompatible since we apply the oil-free fabrication
method and the ionic crosslinking strategy. The use of FDA-approved
alginate as a building block for microrobots further promises its bio-
compatibility and feasibility for clinical translation. When utilized for cell
encapsulation, alginate may adversely affect cellular functions, including
proliferation, adhesion, and differentiation, due to a lack of intrinsic
integrin binding sites*. Conversely, alginate presents major advantages

as a delivery vehicle for bioactive agents when not employed for cell
encapsulation®’, as demonstrated in this study, where it enables the
controlled delivery of bioactive ions. The favorable biocompatibility and
mild cross-linking methods of alginate further promote its applicability.
However, it is essential to recognize that even when alginate is not used
for cell encapsulation, the lack of cell-adhesive properties may nega-
tively impact the adhesion of endogenous cells, thereby affecting the
efficacy of tissue repair processes.

Motion behavior and mineral gradient rebuilding effect of
microrobots

To validate the feasibility and accuracy of microrobot manipulation in
RCT reconstruction surgery, the motion behavior of microrobots
under a magnetic field have been investigated (Fig. 3A). A NdFeB
magnet was placed approximately 2-3 cm away from the microrobots,
generating a magnetic field strength of approximately 100-150 mT to
control the motion of the microrobots (Supplementary Fig. 6).
Microrobots can perform rotational motion and align in the same
direction under the magnetic field in a Petri dish (Fig. 3B). The Fe-NPs-
dispersed hemispheres provided the controllable magnetic driving
force for the microrobots to rotate (Supplementary Fig. 7 and Sup-
plementary Movie 2). An ex vivo TBI model was used to simulate the
motion trajectory of microrobots in the TBI. After we placed a magnet
adjacent to the bone, the bone side of the microrobots with Fe-NPs
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Fig. 3 | Motion behavior and mineral gradient rebuilding effect of microrobots.
A Schematic illustration of the motion behavior of the microrobots under an
external magnetic field. B Time-lapse images of the microrobots performing
rotational motion and aligning in the same direction in a Petri dish. C In an ex vivo
model, the bone side of the microrobots (nontransparent side) rotated and
oriented toward the bone, whereas the tendon side of the microrobots (semi-
transparent side) oriented toward the tendon under an external magnetic field.

D The microrobots were aligned in an in vivo RCT model after magnetic
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manipulation. E SEM and EDS images of the microrobots on degradation days 1, 3,
14, and 21. Experiments were repeated for 3 times independently with similar
results. F Release curve of metal ions from the microrobots. Data are presented as
mean = SD (n =3 independent experiments). G Degradation profile of the micro-
robots. Data are presented as mean + SD (n =3 independent experiments). (H)
Schematic illustration of the natural mineral gradient rebuilding effect of the
microrobots. A, H created in BioRender. Ding, Z. (2025) https://BioRender.com/
p69t917. Source data are listed in the Source Data file.

rotated and oriented toward the bone, whereas the tendon side of the
microrobots oriented toward the tendon (Fig. 3C and Supplementary
Movie 3). In vivo, the microrobots also showed satisfactory alignment
after magnetic manipulation in an RCT model (Fig. 3D). A model
equation in terms of the relationship between the size of microrobot
(d) and the maximum distance between microrobot and magnet (Z) to
manipulate the motion of microrobot is given below in Eq. (1):

_ 1+x, 1287, 1

d Xm 3sinf

IIOM%)RZ z+l 1

.z 1
((z+[)2+R2)05 (ZZ+RZ)OS:| |:(ZZ+RZ)15 ((z+l)2+R2)05

@

where x,, is Magnetic susceptibility, u, is vacuum magnetic perme-
ability, M, is magnetization of the magnet, 7, is startup shear force, R
is radius of the magnetic cylinder, L is height of the magnetic cylinder
(Supplementary Fig. 8), and the derivation of the equation is shown in
the supporting information*®*’. By substituting the relevant estimated
values, the relationship between d and Z is presented in Supplemen-
tary Fig. 9. The results showed that placing the magnet at a distance of
3 cm from the microrobot was sufficient to initiate rotational motion
for microrobots with a diameter exceeding 200 pm.

We then assessed the concentrations of Mg?* and Zn** in the bone
and tendon tissues of the rotator cuff of normal rats, and the results
are shown in Supplementary Table 1. The concentration of Mg>" in
bone is 8.7 times higher than that in tendon, while the concentration of
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Zn* in tendon is 1.8 times higher than that in bone, indicating an
opposing distribution trend of Mg?* and Zn*" and the presence of a
gradient in mineral concentration in the TBI. A comparison of the data
in Supplementary Table 1 and 2 revealed that the concentrations of
Mg?* in the bone side and Zn*" in the tendon side of the microrobots
were close to that in natural bone and tendon tissues, respectively. It is
worth to mention that, the concentration of Mg?" and Zn*' loaded in
Janus microrobots was not entirely determined by the natural con-
centration in the tissue in this study; it was also investigated by in vitro
experiments. Microspheres loaded with different concentrations of
MgP and Zn-NPs were cocultured with BMSCs and TCs. The results
showed that the microspheres loaded with 1% MgP and the micro-
spheres loaded with 0.1% Zn-NPs had good biocompatibility and the
ability to promote cell proliferation (Supplementary Figs. 10-11); these
concentrations were selected for the following experiments and their
therapeutic effects were further proved in both in vitro and in vivo
experiments. Given the magnetically controlled alignment behavior
and Mg?'/Zn*" gradient of the microrobots, we can speculate that
microrobots could match and rebuild the natural Mg?*/Zn?* gradient in
the TBl immediately after implantation. Next, we investigated the long-
term effect of microrobots on mineral gradient rebuilding in the TBI.
The microrobots were immersed in sterile phosphate buffered saline
(PBS) to simulate degradation under physiological conditions. From
degradation days 1 to 21, SEM images showed that the microrobots
gradually disintegrated over time, whereas the distinct morphology of
the bone and tendon sides remained consistently clear. EDS mapping
showed that the Mg?/Zn?* content of the degraded microrobots still
exhibited a gradient distribution (Fig. 3E and Supplementary Fig. 12).
Zn showed a distribution trend toward the bone side, possibly due to
the crosslinking of Zn** with alginate following exchange with Ca".
Notably, Fe was colocalized with Mg in the bone side of the micro-
robots throughout the degradation process, demonstrating a slow
degradation trend of the Fe-NPs loaded in the microrobots and
ensuring the post-implantation adjustability of microrobots’ orienta-
tion through an external magnetic field after RCT reconstruction sur-
gery. Notably, in the ion release experiments, the microrobots
presented prolonged release curves for both Mg and Zn** for more
than 21 days (Fig. 3F). The release of Fe*'/Fe** also follows a gradual
release profile, which mitigates the potential toxicity (Fig. 3F). As
shown in Fig. 3G, the microrobots had a slow degradation curve with a
duration of retention exceeding 21 days. Given that TBI healing
involves concurrent repair of soft and hard tissues and is a time-
consuming process*®, the prolonged retention time and long-term ion
release ensure the therapeutic efficacy of microrobots within the body.
A schematic of the immediate and long-term natural Mg*'/Zn*" gra-
dient rebuilding effect of microrobots is shown in Fig. 3H. Considering
the complexity and precision of RCT reconstruction surgery, the use of
bioactive ions-loaded microrobots with precise and noncontact
manipulation properties will undoubtedly provide substantial assis-
tance in restoring the mineral gradient of the TBI in RCT reconstruc-
tion surgery.

In vitro evaluation of the ability of Zn**-loaded microrobots to
promote tendon regeneration

To demonstrate the biocompatibility of the Zn-loaded microspheres,
we first constructed single-compartment alginate-Ca** microspheres
(named Ms, Supplementary Fig. 13) and single-compartment micro-
spheres loaded with Zn-NPs (named Zn-Ms). After coculturing the Zn-
Ms with TCs in the Transwell system for 3 and 7 days, Live/Dead
staining revealed that almost no cells died in any of the groups, with
significantly more live cells in the Zn-Ms group (Fig. 4A and Supple-
mentary Fig. 14). Consistent with the Live/Dead staining results, the
results of the Cell Counting Kit-8 (CCK-8) assay showed that Zn-Ms
significantly promoted the proliferation of TCs over a period of 7 days
when compared to control and Ms (Fig. 4B). Comparative analysis with

Ms revealed that the proliferative effect facilitated by Zn-Ms was
attributed primarily to the loaded Zn*', and the results were consistent
with those of previous studies®?. Next, we performed Transwell
chemotaxis experiments and scratch wound healing assays to evaluate
the migration capacity of TCs. In the Transwell experiment, TCs in the
upper chamber migrated toward the Zn-Ms in the lower chamber due
to the chemotactic effect of Zn*, as indicated by more migrated cells
stained with crystal violet in the Zn-Ms group than in the other groups
(Fig. 4C and E). In the scratch wound healing assay, TCs in the Zn-Ms
group migrated to the scratched area faster throughout the experi-
ment in response to the Zn** released from the Zn-Ms (Fig. 4D, F and
Supplementary Fig. 15). Since the migration and accumulation of seed
cells in injured tissue are crucial for tissue regeneration, the TCs
recruitment capacity of the Zn-Ms ensures its efficacy in the applica-
tion of tendon regeneration. Throughout the tendon repair process,
the early stage is characterized by the predominant production of
COL-IlI, which results in the formation of scar-like low-strength tissue
that bridges the tendon defect. Subsequently, COL-Ill is gradually
replaced by COL-, resulting in a more organized matrix and sub-
stantially bolstering tendon tissue strength**>'. As seed cells for ten-
don reconstruction, the functionality of TCs, primarily involving the
synthesis and metabolism of collagen, significantly influences the
actual outcomes of tendon repair. The COL-I/COL-III ratio determines
the quality of the regenerated tendon, with a higher ratio correlating
with superior results in tendon healing***°. Cell immunofluorescence
staining indicated that the Zn-Ms significantly increased the expres-
sion of COL-I while suppressing the expression of COL-III (Fig. 4G and
Supplementary Fig. 16-17). Furthermore, the expression of tenascin-C
(TNC), an important regulatory factor for tendon regeneration and
remodeling®, was upregulated in response to the release of Zn?* from
Zn-Ms (Fig. 4G and Supplementary Fig. 18). Consistent with the results
of the immunofluorescence staining, real-time quantitative poly-
merase chain reaction (RT-qPCR) revealed that the Zn-Ms could
upregulate COL-I and TNC mRNA expression while downregulating
COL-Ill mRNA expression (Fig. 4H). In addition, the expression of
Mohawk (MKX), a crucial tendon-specific transcription factor whose
expression is positively correlated with tendon repair, was sig-
nificantly upregulated at the transcriptional level (Fig. 4H). The ability
of Zn* to regulate collagen synthesis and promote tendon formation
was consistent with the findings of previous reports?®?. In summary,
Zn-Ms promoted the proliferation, accumulation, and function of TCs,
which ensured high-quality tendon reconstruction during the TBI
healing process (Fig. 41).

In vitro evaluation of the ability of Mg**-loaded microrobots to
promote bone formation

Biomaterials with controlled Mg?* delivery are considered highly bio-
compatible, and the in vitro and in vivo biological efficacy of a con-
tinuous supply of Mg? for promoting bone regeneration is
promising®. First, we performed the Live/Dead staining and CCK-8
assays to investigate the effects of Mg-Ms on the viability and pro-
liferation of BMSCs. The results revealed that the Mg-Ms had no
cytotoxic effects on the BMSCs on days 3 and 7 (Fig. 5A and Supple-
mentary Fig. 19) and accelerated BMSCs proliferation from days1to 7
(Fig. 5B). Second, since the formation of new bone requires the
migration of endogenous BMSCs to the defect region, we further
evaluated the effect of the Mg-Ms on the migration of BMSCs. In the
Transwell experiments (Fig. 5C and Supplementary Fig. 20) and
scratch wound healing assays (Fig. 5D and Supplementary Fig. 21), the
Mg-Ms markedly increased the migration capacity of the BMSCs.
Third, we investigated the effect of the Mg-Ms on the osteogenic dif-
ferentiation of BMSCs, which is considered a fundamental property for
bone regeneration. Alkaline phosphatase (ALP) staining and alizarin
red staining (ARS) were performed to evaluate the osteogenic capacity
of BMSCs in the early and late stages, respectively. After being induced
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with osteogenic-conditioned medium for 7 and 14 days, the BMSCs in
the Mg-Ms group were stained for ALP and presented a substantially
larger staining area and greater staining depth than those in the other
groups were (Fig. 5E and Supplementary Fig. 22), indicating the
increased ALP activity induced by Mg?. BMSCs cocultured with the
Mg-Ms for 14 and 21 days were stained with ARS and likewise presented
a substantially larger staining area and greater staining depth (Fig. 5SF
and Supplementary Fig. 23), demonstrating the highest Ca*" deposi-
tion efficacy. Cell immunofluorescence staining and RT-qPCR were
used to measure the expression of osteogenic markers at the protein

and mRNA levels. The protein expression of BMP-2, RUNX-2, and OCN
(Fig. 5G and Supplementary Figs. 24-26), three important osteogenic
cytokines™*®, was verified to be markedly increased in the Mg-Ms
group by cell immunofluorescence staining. RT-qPCR revealed that
the mRNA expression of BMP-2, RUNX-2, OCN, and ALP was upregu-
lated by the Mg-Ms (Fig. 5H). BMSCs in the Ms group presented a
greater osteogenic differentiation capacity than those in the control
group did, which may be attributed to the Ca*" contained in the
microspheres”. Finally, to demonstrate the biocompatibility of Fe-NPs-
loaded microspheres, microspheres loaded with Fe-NPs (named Fe-
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coculture with the indicated microspheres for 14 and 21 days in osteogenic-
conditioned medium. G BMP-2, RUNX-2, and OCN immunofluorescence staining
(green) of BMSCs. The cells were costained with DAPI (blue) and phalloidin (red).
H Relative mRNA expression of BMP-2, RUNX-2, OCN, and ALP in BMSCs. Data are
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Nature Communications | (2025)16:2189


https://BioRender.com/p69t917
https://BioRender.com/p69t917
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57499-x

Ms) were fabricated and cocultured with BMSCs and TCs. Live/Dead
staining and CCK-8 assays both showed that the Fe-Ms exhibit no
significant toxicity to BMSCs (Supplementary Figs. 27-28) or TCs
(Supplementary Figs. 29-30) over a period of 7 days. This result may
be attributed to the slow release of Fe*'/Fe** from the microspheres
(Fig. 3F). In addition, the Fe-Ms and Ms were cocultured with cells to
investigate the effects of Fe*'/Fe**, Ca*', and their potential interactions
on osteogenesis and tenogenesis. RT-qPCR revealed that Ca*" pro-
moted the osteogenic differentiation of BMSCs and the tenogenesis-
related function of TCs, whereas Fe?'/Fe*" did not further influence this
effect Supplementary Figs. 31-32). In summary, Mg-Ms promoted the
proliferation, migration, and osteogenic differentiation of BMSCs,
confirming the effectiveness of the bone side of the microrobots in
new bone formation during TBI healing (Fig. 5I).

Overall, the in vitro studies confirmed the spatiotemporal cell
phenotype modulation effect of the microrobots: the bone side of
microrobots loaded with Mg?* and the tendon side of microrobots
loaded with Zn*" continuously promoted the proliferation, migration,
and function of the BMSCs and TCs, respectively, thus guaranteeing
the reconstruction of the cell phenotype gradient in the TBI and
orchestrating the synchronous regeneration of the tendon and bone.

Regeneration of gradient structure in rat RCT healing by
microrobots

Given the great effects on Mg*/Zn* gradient rebuilding and cell
phenotype modulation, Janus microrobots were applied in a rat RCT
model to assess their in vivo therapeutic efficacy. The establishment of
rat RCT model, microrobot implantation in RCT reconstruction sur-
gery and postoperative examination methods at postoperative weeks
4 and 8 are shown in Fig. 6A. The rats were divided into 5 groups: the
control group (suture), Mg-Ms group (suture + microspheres loaded
with MgP and Fe-NPs), Zn-Ms group (suture + microspheres loaded
with Zn-NPs), Mg/Zn-Mixed-Ms group (suture + microspheres loaded
with mixed MgP, Fe-NPs and Zn-NPs) and Mg/Zn-Janus-Mr group
(suture + Janus microrobots separately loaded with MgP & Fe-NPs or
Zn-NPs). New bone formation at the greater tuberosity of the humeral
head of rats was assessed by the micro-computed tomography (micro-
CT). The Mg/Zn-Janus-Mr group presented a relatively continuous
bone line without any defects at the humeral head when compared to
other groups after 4 weeks of repair (Fig. 6B). At postoperative week 8,
the Mg/Zn-Janus-Mr group presented a relatively integrated greater
tuberosity of the humeral head, similar to the normal anatomy, sug-
gesting promoted bone formation at the repair area (Fig. 6B and
Supplementary Fig. 33). A 7T animal magnetic resonance imaging
(MRI) system was used to evaluate the tendon regeneration status
in vivo. At postoperative week 4, the supraspinatus tendon in the
control, Mg-Ms, Zn-Ms, and Mg/Zn-Mixed-Ms groups presented high
signal intensity, with the highest signal intensity in the control group,
indicating severe edema and inflammation in the tendons. In contrast,
the Mg/Zn-Janus-Mr group showed a significantly lower signal intensity
in the tendon (Fig. 6C). At postoperative week 8, the tendon in the Mg/
Zn-Janus-Mr group presented a relatively continuous signal with the
lowest intensity among all groups, similar to that of a normal tendon,
suggesting promotion of tendon regeneration by the microrobots
(Fig. 6C and Supplementary Fig. 34). Given that we observed bone
formation and tendon regeneration in the rats with RCT, we further
assessed the strength of the repaired TBI tissue through a biomecha-
nical test (Supplementary Fig. 35). While the mechanical properties of
TBI tissue, including the maximum load and stiffness, tended to
increase over time in all groups, the strength of the TBI tissue in the
Mg/Zn-Janus-Mr group was the highest among the groups and notably
increased from postoperative weeks 4 to 8 (Fig. 6D, E). This promotion
can be attributed to the gradient structure of the TBI regenerated by
the microrobots, which is crucial for effectively distributing stress
loads™®, despite RCT surgery being capable of re-establishing the

continuity of the TBI. Since functional recovery after surgery is the
most crucial issue for RCT patients from a clinical perspective, gait
analysis was conducted to analyze the function of the forelimb in the
rats with RCT***. The gait assessment by collecting rat pawprints at
postoperative weeks 4 and 8 was accomplished by measuring the
stride length and step length, as shown in Supplementary Fig. 36.
Compared with those in the other groups, the stride length and step
length in the Mg/Zn-Janus-Mr group significantly recovered at weeks 4
and 8 (Fig. 6F-H). In summary, microrobots can induce new bone
formation and tendon regeneration simultaneously and promote the
regeneration of gradient tendon-bone transition structures in the TBI.
The augmentation of TBI healing is evident not only in the mechanical
properties but also in the restoration of limb function, with anticipated
positive outcomes for clinical patients.

To directly evaluate the regenerated gradient structure of TBI, we
examined the histology of regenerated TBI with Hematoxylin Eosin
(HE), Masson, and Sirius Red staining. At postoperative week 4, TBI
healing in the control group was poor and delayed, with immature
granulation tissue connecting the damaged tendon and bone. Newly
formed bone at the footprint of the greater tuberosity was relatively
mature in the Mg-Ms group, suggesting the enhanced and accelerated
new bone regeneration by Mg*. In the Zn-Ms group, presence of
tendon-like cells can be observed with relatively organized collagen
fibers and collagen matrix deposition. The Mg/Zn-Mixed-Ms group had
amore regular morphology and arrangement of the tendon tissue, but
the gradient structure of TBI had not yet recovered. Compared with
the other groups, the Mg/Zn-Janus-Mr group presented mature bone
formation that was structurally integrated well with the regenerated
tendon, where denser and well-oriented collagen can be found
(Fig. 7A). Using a modified histological scoring system, we evaluated
the regeneration of tendon and bone as well as the restoration of the
tendon-bone transition structure. At postoperative week 4, the Mg/
Zn-Janus-Mr group had significantly higher scores than the other
groups did (Fig. 7B, C). Compared with those at week 4, all the groups
showed progressive repair at week 8, manifesting as fewer infiltrating
inflammatory cells as well as more organized and thicker collagen
fibers. The Mg/Zn-Janus-Mr group demonstrated of the synergistic
effect of promoted bone repair induced by Mg?* and accelerated ten-
don regeneration induced by Zn** and presented a distinct gradient
structure of tendon-bone transition with an apparent tidemark, which
was similar to the natural TBI structure (Fig. 7D, Supplementary Fig. 5
and Supplementary Fig. 37). The modified scoring system also revealed
that the Mg/Zn-Janus-Mr group had the highest score among all the
groups at week 8, indicating promotion of TBI healing and a regener-
ated gradient structure incorporating tendon maturity and bone for-
mation (Fig. 7E, F).

The underlying mechanisms of osteogenesis induced by the
microrobots were analyzed by performing multiplex immuno-
fluorescence. BMP-2, a crucial osteogenic factor primarily expressed
by BMSCs, plays a critical role in bone regeneration during TBI
healing®®'. BMP-2 expression was observed at the repaired TBI in this
study (Supplementary Fig. 38). As shown in Fig. 8A of magnified views,
the Mg/Zn-Janus-Mr group presented the highest signal intensity and
the broadest distribution of the BMP-2 protein among all the groups.
Semiquantitative analysis also confirmed that the proportion of cells
expressing BMP-2 was the highest in the Mg/Zn-Janus-Mr group at
postoperative weeks 4 and 8 (Fig. 8B and D). Comparisons of the Mg-
Ms group with the control and Zn-Ms groups suggested that high-level
osteogenesis was maintained by Mg?, which is consistent with a pre-
vious report®’. At postoperative week 8, all groups exhibited a slight
decrease in BMP-2 signal intensity, demonstrating that BMP-2
expression was activated in the early phase of TBI healing, which was
consistent with previous reports®*®2. OCN is another important
osteogenic marker that is expressed mainly in the later phase of bone
formation®*. Positive staining of OCN in the Mg/Zn-Janus-Mr group
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Fig. 6 | Radiological evaluation, biomechanical test, and gait assessment of the
rat RCT model. A Schematic illustration of the establishment of the rat RCT model,
the implantation of microrobots in RCT reconstruction surgery, and the post-
operative examination methods. B Micro-CT images of the humeral head used to
assess new bone formation at postoperative weeks 4 and 8. C MRI images of the
supraspinatus-humerus complex used to assess tendon regeneration at post-
operative weeks 4 and 8 in vivo. D, E Biomechanical evaluation of TBI tissue at
postoperative weeks 4 and 8. Data are presented as mean + SD (n = 4 biologically
independent samples, two-way ANOVA with Dunnett’s multiple comparisons test

and adjustment applied). F Gait analysis of rats with RCT to assess forelimb func-
tional recovery at postoperative weeks 4 and 8, and (G, H) corresponding quanti-
tative analyses of stride length and step length. Data are presented as mean + SD
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was significantly higher than that in any other group (Fig. 8A). Quan-
titative analysis confirmed that the proportion of cells expressing OCN
was higher in the Mg/Zn-Janus-Mr group at postoperative weeks 4 and
8 (Fig. 8C and E). To evaluate the collagen type and matrix deposition
during the tendon regeneration process, the immunofluorescence

staining for COL-I and COL-IIl was performed. In addition, the teno-
genic marker TNC was costained to assess tenogenic activity. The Mg/
Zn-Janus-Mr group exhibited contrasting results for COL-1 and COL-IIL:
microrobots promoted the expression and deposition of COL-I but
suppressed those of COL-I (Fig. 8F). Semiquantitative analysis
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Fig. 8 | The underlying mechanisms of osteogenesis and tenogenesis induced
by the microrobots analyzed by multiplex immunofluorescence. A Multiplex
immunofluorescence of osteogenic markers in regenerated TBI tissue at post-
operative weeks 4 and 8: BMP-2 (red) and OCN (green). The cells were costained
with DAPI (blue) to visualize the nuclei. Upper panel: merged images; lower panel:
split images. B Quantitative analyses of BMP-2-positive cells in the TBI region at
postoperative week 4. C Quantitative analyses of OCN-positive cells in the TBI
region at week 4. D Proportion of BMP-2-positive cells at postoperative week 8.

E Proportion of OCN-positive cells at postoperative week 8. F Multiplex

immunofluorescence of the regenerated tendon for COL-I (green), COL-II (red),
and TNC (yellow). The cells were costained with DAPI (blue) to visualize the nuclei.
Upper panel: merged images; lower panel: split images for COL-1 and COL-III.

G Quantitative analyses of the COL-l mean fluorescence intensity (MFI) at post-
operative week 4. H Quantitative analyses of the COL-IIl MFI at postoperative week
4.1MFI of COL-I at postoperative week 8.J MFI of COL-Ill at postoperative week 8. a.
u., arbitrary units. Data are presented as mean + SD (n = 4 biologically independent
samples, one-way ANOVA with Dunnett’s multiple comparisons test and adjust-
ment applied). Source data are listed in the Source Data file.
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confirmed these results throughout the repair process (Fig. 8G-J).
Furthermore, more organized and oriented collagen fibers could be
easily observed in the Mg/Zn-Janus-Mr group during the TBI healing
process (Fig. 8F). Positive staining of TNC was significantly higher in
the Mg/Zn-Janus-Mr group than in the other groups, demonstrating
the promotion of TCs function (Fig. 8F and Supplementary
Figs. 39-40). As a result, we speculate that the microrobots success-
fully reconstructed the matrix components and stimulated the func-
tion of TCs®*%*, A comparison of the results between the Zn-Ms group
and the control group as well as the Mg-Ms group revealed that Zn*
has a therapeutic effect on tendon regeneration. Additionally, in a
comparison of the results between the Mg/Zn-Janus-Mr group and the
Mg/Zn-Mixed-Ms group, the Zn*" gradient induced by the Janus
structure of the microrobots significantly enhanced the therapeutic
efficacy of Zn*". In summary, the in vivo mechanism by which micro-
robots promoted TBI healing was attributed to the promotion of
osteogenesis and tenogenesis by the mineral gradient, with early
osteogenesis being mediated by BMP-2 and late osteogenesis being
modulated by OCN and tenogenesis being reflected in matrix recon-
struction and TCs function stimulation.

Immunomodulatory effects of microrobots during TBI healing
An appropriate inflammatory response can facilitate early TBI
healing; however, excessive and prolonged inflammation can
severely impair and disrupt TBI healing, leading to the formation of
pathological scar tissue®®®’. Owing to the absence of natural gra-
dients, TBI repaired with scar tissue often exhibit poor mechanical
strength and biological function, increasing susceptibility to
retearing and failure®®. In the inflammatory response during TBI
healing, the accumulation and phenotype alteration of macro-
phages play crucial roles and have garnered increased attention®®~"2,
In previous studies, immunomodulatory biomaterials with the
ability to scavenge reactive oxygen species (ROS) could reduce M1
macrophage accumulation and induce M2 macrophage polarization
in TBI and thus achieve optimized tissue repair outcomes®®’>7*,
Here, the immunomodulatory effect of microrobots was deter-
mined by coculturing the microspheres with lipopolysaccharide
(LPS)-stimulated RAW 264.7 cells. The intracellular ROS of the
macrophages were assessed with 2’,7’-dichlorofluorescein diacetate
(DCFH-DA), and the results revealed that the microrobots effec-
tively scavenged the intracellular ROS (Fig. 9A, B). The anti-ROS
effect demonstrated in the Mg-Ms and Zn-Ms groups indicated that
the ROS-scavenging ability of the microrobots was attributed to the
synergistic effects of the released Mg and Zn*'. The polarization of
macrophages was investigated through immunofluorescence
staining of M1 macrophage-specific markers (iNOS and CD86) and
an M2 macrophage surface marker (CD206). All three microspheres
effectively weakened the fluorescence signals of iNOS and CD86
and strengthened the signaling of CD206, with the microrobots
producing the strongest effect (Fig. 9C-F). Similar results were
obtained in RT-qPCR experiments. The mRNA expression levels of
M1 macrophage markers (TNF-a and CD86) were markedly down-
regulated, whereas those of the M2 macrophage marker (CD206)
were upregulated in the Mg-Ms, Zn-Ms and Mg/Zn-Janus-Mr groups,
while the Mg/Zn-Janus-Mr group presented superior results com-
pared with those of the Mg-Ms and Zn-Ms groups (Fig. 9G). These
results verified that the microrobots inhibited M1 polarization and
promoted M2 polarization of the macrophages through the syner-
gistic ROS-scavenging effect of Mg?* and Zn*" (Fig. 9H). The in vivo
immunomodulatory effect was evidenced by immunofluorescence
staining of CD86 and CD206 in the rat regenerated TBI after 4 weeks
of RCT reconstruction surgery (Fig. 91). An abundance of CD86-
positive cells was found in the control group, suggesting the
occurrence of inflammatory responses after surgery. Intervention
with Mg-Ms or Zn-Ms significantly decreased the number of CD86-

positive cells and increased the number of CD206-positive cells.
Importantly, the Mg/Zn-Janus-Mr group had the lowest CD86-
positive cell ratio among the groups (Supplementary Fig. 41), and
CD206-positive cells became the dominant macrophage phenotype
(Supplementary Fig. 42). These results suggest that the transfor-
mation of the immune microenvironment from proinflammatory to
proresolving during TBI healing was triggered through the immu-
nomodulatory effects of the microrobots. Previous studies have
also reported the roles of Mg in the healing of the TBI">”* and of
Zn* in the healing of tendon®® and bone®, specifically regarding
their anti-inflammatory effects and their ability to modulate the
macrophage phenotype. This study further confirms the synergistic
immunomodulatory effects of these two bioactive ions in promot-
ing TBI healing facilitated by microrobots. Overall, microrobots
with immunomodulatory effects scavenge ROS, reduce M1 macro-
phage accumulation, and induce M2 macrophage polarization
in vitro and in vivo, thus providing a prohealing immune environ-
ment for TBI reconstruction.

In conclusion, using a biofriendly gas-shearing microfluidic plat-
form, we fabricated magnetic Janus hydrogel microrobots, which can
play a crucial role in the regeneration of TBI gradients in RCT recon-
struction surgery. The microrobots facilitated the immediate restora-
tion and long-term maintenance of the natural mineral gradient in TBI
and hence reconstructed the BMSCs/TCs cell phenotype gradient. The
in vivo mechanism underlying the promotion of TBI healing induced
by microrobots was attributed to accelerated osteogenesis and teno-
genesis, with the more crucial aspect being the gradient tendon-bone
transition structure formed during both regeneration processes.
Microrobots with immunomodulatory effects can regulate macro-
phage polarization in vitro and in vivo, further providing a prohealing
immune microenvironment for TBI reconstruction. Overall, magnetic
Janus microrobots provide an effective strategy for the regeneration of
the composition, cell phenotype, and structural gradient of the TBI
and offer a reliable and promising approach for promoting TBI healing
in RCT reconstruction surgery. In addition, this study provides an
alternative strategy to fabricate Janus-structured materials for gradient
tissue repair.

Methods

Materials

The following materials were used in this study: alginate (A2033,
Sigma-Aldrich), Mgs(PO,4), (M341105, Aladdin), Fe304 nanoparticles
(XFJ119, XFNANO), ZnO nanoparticles (Z112848, Aladdin), CaCl,
(C299717, Aladdin), fluorescent polystyrene nanoparticles (200 nm,
Xi'an Ruixi), PBS (HyClone), fetal bovine serum (Gibco), penicillin—
streptomycin (Gibco), a-MEM (Gibco), DMEM (Gibco), type I col-
lagenase (1904, BioFroxx), Transwell chambers (Labselect), Calcein/PI
staining kit (C2015M, Beyotime), Cell Counting Kit-8 (K009, ZETA Life),
crystal violet dye (C0O121, Beyotime), ALP stain (C3206, Beyotime), ARS
(ALIR-10001, OriCell), confocal dishes (15 mm, glass bottom, NEST),
Eastep™ Super Total RNA Extraction Kit (LS1040, Promega), Hifair® Ill
1st Strand cDNA Synthesis SuperMix for qPCR Kit (11141ES10, Yeasen),
SYBR Green (11184ES, Yeasen), LPS (ST1470, Beyotime), DCFH-DA
(S0033S, Beyotime) and TSA kit (NEL861001KT, Akoya). The following
antibodies were used for cells: anti-BMP-2 (A0231, ABclonal), anti-
RUNX-2 (A2851, ABclonal), anti-OCN (A6205, ABclonal), anti-COL-I
(A1352, ABclonal), anti-COL-Ill (AO817, ABclonal), anti-TNC (A18156,
ABclonal), anti-iNOS (A3774, ABclonal), anti-CD86 (13395-1-AP, Pro-
teintech), anti-CD206 (A21014, ABclonal), goat anti-rabbit IgG (AF 488,
AS073, ABclonal), rhodamine-phalloidin (C2207S, Beyotime) and DAPI
(C1005, Beyotime). The following antibodies were used for the paraffin
sections: anti-BMP-2 (ab214821, Abcam), anti-RUNX-2 (ab236639,
Abcam), anti-OCN (sc-365797, Santa Cruz), anti-COL-1 (ab34710,
Abcam), anti-COL-Ill (ab7778, Abcam), anti-TNC (A18156, ABclonal),
anti-CD206 (24595, CST) and anti-CD86 (ab238468, Abcam).
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Characterization of the loaded nanoparticles

The morphological structures of the Fe-NPs and Zn-NPs were
observed by SEM and TEM. The elemental distributions of the Fe-
NPs and Zn-NPs were detected by EDS. DLS was used to analyze the
particle sizes of the Fe-NPs and Zn-NPs. XRD was used to investigate
the crystal structures and crystallinities of the Fe-NPs and Zn-NPs.
The magnetic characterization of the Fe-NPs was evaluated with
VSM, with applied magnetic field curves from -20000 Oe to
20000 Oe.

Equipment

The gas-shearing microfluidic platform mainly consists of four parts
(Supplementary Fig. 3): an electronic syringe pump for providing
alginate solution; a nitrogen cylinder supplying nitrogen gas, regulated
by a flowmeter to control the nitrogen flow rate; a custom-made dual-
channel coaxial needle system, with two inner 30 G needles inserted in
an outer needle for transporting liquids and a 14 G needle inserted in
the outer needle for transporting nitrogen gas; and a collection bath
containing CaCl, solution.

Fabrication of Janus hydrogel microrobots

For the fabrication of the microrobots, 1% (w/v) MgP + 0.2% (w/v) Fe-
NPs or 0.1% (w/v) Zn-NPs were mixed with 2.5% (w/v) alginate and
pumped into the different liquid transporting channels. The flow rate
of alginate was set at 1 ml/h. Nitrogen gas was transported into the
outer needle to provide a shearing force for the formation of micro-
droplets. The flow rate of nitrogen gas was set from 3 L/min to 7 L/min
to control the size of the microrobots. Two percent (w/v) CaCl, was
used in the collection bath to crosslink the alginate.

Characterization of Janus hydrogel microrobots

For visualization of the two compartments in microrobots with
different diameters, 0.2% (w/v) fluorescent polystyrene nano-
particles (red and green) were added to the alginate solution, and
the microrobots were observed under CLSM and inverted fluores-
cence microscopy. The morphology and size of the microrobots
were also observed under inverted light microscopy. Cryo-SEM was
used to observe the morphological structure of the microrobots.
SEM and EDS were used to analyze the morphology and composi-
tion of the lyophilized microrobots. A NdFeB magnet was used to
generate a magnetic field to control the motion of the microrobots.
The generated magnetic field was detected using a Gaussmeter, and
a computational simulation of the magnetic field was performed
using COMSOL Multiphysics software. A model equation in terms of
the relationship between d and Z to manipulate the motion of
microrobot has been derived and the derivation processes was
showed in supplementary information. The motion behavior of the
microrobots was evaluated in a dish and in an ex vivo TBI model
made of rat Achilles tendon and tibia. The in vivo alignment of
microrobots in the TBI was evaluated in a rabbit RCT model:
microrobots were implanted between the supraspinatus tendon
and greater tuberosity of the humerus, and a magnet was placed on
the humeral side to control the motion of the microrobots. The
supraspinatus-humerus complex was then carefully harvested to
observe the orientation of the microrobots. The establishment of
the RCT model is described later. For the degradation and metal ion
release tests, 200 mg microrobots were incubated in 2 ml of sterile
PBS and agitated in a shaker at 80 rpm at 37 °C. The supernatants
were changed every 2 days. At specified time points, the con-
centrations of four metal elements in the supernatants were
examined via inductively coupled plasma-optical emission spec-
trometry (ICP-OES). The microrobots were weighed to calculate the
residual weight (%) and then collected for SEM and EDS observation.

Primary TCs and BMSCs isolation

Primary TCs were isolated from the Achilles tendons of 8-week-old
male Sprague-Dawley (SD) rats. After being washed with PBS con-
taining 2% penicillin-streptomycin three times, the Achilles tendon
was minced and fully digested in DMEM supplemented with 3 mg/ml
type I collagenase at 37 °C for 45 min. After enough DMEM was added
to stop digestion, the medium was filtered through a 70-um mem-
brane filter and centrifuged at 200 g for 4 min. Then, the TCs were
resuspended and cultured in DMEM supplemented with 10% FBS and
1% penicillin-streptomycin. The TCs were passaged at 80% confluence,
and passage 3 TCs were used for subsequent experiments.

Primary BMSCs were isolated from 7-day-old male neonatal SD
rats. Briefly, the femurs and tibias were harvested and washed with PBS
supplemented with 2% penicillin-streptomycin three times. The
proximal and distal metaphysis were carefully removed from the
femurs and tibias, and a-MEM was injected via a syringe to rinse the
bone cavity. After the collected medium was centrifuged at 200 g for
4 min, the BMSCs were resuspended and cultured in fresh a-MEM
supplemented with 10% FBS and 1% penicillin-streptomycin. Passage 3
BMSCs were used for subsequent experiments.

Biocompatibility and proliferation assays

The biocompatibility of microrobots with TCs and BMSCs was inves-
tigated by Live/Dead staining assay. TCs were seeded into the lower
Transwell chambers of a 12-well plate, while Zn-Ms were placed in the
upper chambers (0.4 um pores). The BMSCs were cocultured with Mg-
Ms as described above. The cells were cocultured with the Fe-Ms to
investigate the biocompatibility of the Fe-Ms. After 3 and 7 days, the
cells were stained with Calcein/PI staining kit for 30 min, after which
live cells in green and dead cells in red were observed by an inverted
fluorescence microscopy.

CCK-8 assays were used to investigate the proliferation of cells
with microrobots. TCs were seeded into the lower Transwell chambers
(0.4 pm pores) of a 24-well plate at a density of 1.5x10%/well, while Zn-
Ms were placed in the upper chambers. The BMSCs were cocultured
with Mg-Ms as described above. The proliferation of cells cocultured
with Fe-Ms was also investigated. After 1, 3, 5, and 7 days, the cells were
incubated with 10% CCK-8 solution for 1 hour at 37 °C. The OD450
values were recorded with a microplate reader.

Cell migration assays

Cell migration was evaluated using Transwell and scratch wound
healing experiments. For the Transwell experiments, TCs were seeded
into the upper Transwell chambers (8.0 pm pores) of a 24-well plate at
a density of 1 x 10*/well after being subjected to serum starvation, and
Zn-Ms were placed in the lower chambers. The lower chambers con-
tained medium supplemented with 10% FBS, and the upper chambers
contained medium supplemented with 1% FBS. The BMSCs were
cocultured with Mg-Ms as described above. After the cells and
microspheres were cocultured for 12 hours, the unmigrated cells were
removed, and the migrated cells on the membranes were fixed with 4%
paraformaldehyde, stained with crystal violet dye and observed under
an inverted light microscope.

For the scratch wound healing experiment, TCs were seeded into
the lower Transwell chambers (0.4 pm pores) of a12-well plate to reach
100% confluency. A straight scratch line was then made on the TCs with
a200 pl pipette tip. After the cells were washed with PBS to remove the
cell debris and filled with medium supplemented with 1% FBS in the
lower chambers, Zn-Ms were added to the upper chambers. The
BMSCs were cocultured with Mg-Ms as described above. Wound clo-
sure was recorded at O, 12, 24, and 36 h under an inverted light
microscope, and the migration area was measured using Image)
software.
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ALP staining and ARS

ALP staining and ARS were used to evaluate the effects of Mg-Ms on the
osteogenic differentiation of BMSCs. Briefly, BMSCs and Mg-Ms were
cocultured in a Transwell system (0.4 pum pores) with osteogenic-
conditioned medium («-MEM with 10% FBS, 1% penicillin-streptomy-
cin, 10 mM f-glycerophosphate, 10 nM dexamethasone and 50 pg/ml
ascorbic acid). After 7 and 14 days, ALP staining solution was added to
each well, and the samples were incubated for 40 min at room tem-
perature to measure the activity of ALP. After 14 and 21 days, the ARS
solution was added to the well and incubated for 30 min to stain the
mineralized nodules. The staining of the wells was recorded with a
digital camera.

Cell immunofluorescence staining

After the BMSCs and Mg-Ms were cocultured in a Transwell system (0.4
pm pores) with osteogenic-conditioned medium for 7 days, the BMSCs
were digested and seeded in confocal dishes. After adhering to the
dishes, the cells were washed with PBS and fixed with 4% paraf-
ormaldehyde for 15 min. Then, the cells were blocked with 5% goat
serum for 15 min and permeabilized with 0.5% Triton X-100 for 20 min.
Primary antibodies against BMP-2, RUNX-2, and OCN were added and
incubated overnight at 4 °C. After washed with PBS, goat anti-rabbit
IgG was added, and the samples were incubated for 1 hour at 37 °C in
the dark. The cytoskeleton and nucleus were counterstained with
rhodamine-phalloidin and DAPI, respectively. TCs were cocultured
with Zn-Ms and stained with COL-I, COL-Ill, and TNC using the same
protocol described above. The cell immunofluorescence staining was
observed using CLSM, and the MFI was analyzed via Image].

RT-qPCR

After the BMSCs and Mg-Ms were cocultured in a Transwell system (0.4
1m pores) with osteogenic-conditioned medium for 7 days, the mRNA
of the cells was extracted using the Eastep™ Super Total RNA Extrac-
tion Kit according to the manufacturer’s instructions. The mRNA was
then reverse transcribed into complementary DNA using the Hifair® III
1st Strand cDNA Synthesis SuperMix for qPCR Kit. RT-qPCR was car-
ried out for BMP-2, RUNX-2, OCN, and ALP using gene-specific primers
and SYBR Green on QUANTSTUDIO3 (Applied Biosystems). TCs were
cocultured with Zn-Ms and RT-qPCR was carried out for COL-I, COL-III,
TNC, and MKX using the same protocol described above. RT-qPCR
was carried out on cells cocultured with Fe-Ms to investigate the
effects of Fe-Ms on osteogenesis and tenogenesis. The primer
sequences are listed in Supplementary Table 3.

In vitro evaluation of the immunomodulatory effect

The in vitro immunomodulatory effect of the microrobots was eval-
uated in an LPS-stimulated macrophage model. The RAW 264.7 mac-
rophage line, provided by the Shanghai Institute of Cells, Chinese
Academy of Sciences, was used in this study. RAW264.7 cells were
seeded into the lower Transwell chambers (0.4 um pores) of a 24-well
plate overnight. Then, 100 pg/ml LPS was added to the lower cham-
bers, and the microspheres were added to the upper chambers. After
incubation for 24 h, the cells were harvested and evaluated. DCFH-DA
was used to detect intracellular ROS accumulation by incubating the
cells for 30 min. After PBS washed, the macrophages were observed
and recorded under an inverted fluorescence microscopy. Cell
immunofluorescence staining (carried out for iNOS, CD86, and
CD206) and RT-qPCR (carried out for TNF-«, CD86, and CD206) were
performed as described above.

In vivo rat RCT model

The animal experiments were approved by the Animal Ethics Com-
mittee of West China Hospital, Sichuan University (Approval
N0.20221114004). A total of 40 SD rats (male, 8-week-old) were ran-
domly divided into 5 groups: the control group, Mg-Ms group, Zn-Ms

group, Mg/Zn-Mixed-Ms group and Mg/Zn-Janus-Mr group. All rats
were used to establish the RCT model on both forelimbs. Briefly, the
rats were anesthetized by inhalation of isoflurane and fixed in the
supine position. After shaving, disinfecting, and incising the skin, the
deltoid muscle was split and incised to expose the supraspinatus
tendon. The supraspinatus tendon was completely severed from the
footprint at the greater tuberosity, and the bone surface of the foot-
print was ground with a drill. Then, a 0.8-mm drill was used to make a
bone tunnel in the head of the humerus, and the supraspinatus tendon
was reduced back to the greater tuberosity through the bone tunnel
using a 5-0 absorbable suture. Before the knot was tied tightly, the
microrobots were injected and implanted between the tendon and
bone, and a magnet was placed on the humeral side to control the
orientation of the microrobots. The deltoid muscle and skin were then
closed. At predefined time points (postoperative weeks 4 and 8), half
of the rats were subjected to radiological examination, gait analysis,
and histological staining (n=4), while half were subjected to bio-
mechanical tests (n=4).

Radiological examination

A 7T animal MRI system (Bruker BioSpec 70/30USR) was used to
evaluate the regeneration of the supraspinatus tendon in vivo. At
postoperative weeks 4 and 8, the rats were anesthetized by inhalation
of isoflurane and underwent MRI scanning. The sagittal T2ZWI images
were processed by Materialise Mimics Innovation Suite Medical 21.0.
After the rats were euthanized with an overdose of isoflurane, the
supraspinatus-humerus complex was collected and fixed with 4%
paraformaldehyde. Bone formation in the humerus was evaluated by
micro-CT scanning (Quantum GX micro-CT imaging system).

Gait analysis

Gait analysis was performed to assess the forelimb functional recovery
of the rats. A 100 cm x 20 cm blank paper with a dark box at the end
was prepared. The rats were placed on the beginning of the paper and
allowed to walk freely to the dark box. The footprints of the rats’
forepaws were recorded by dying with black ink. Stride length (refer-
ring to the distance from one footprint to the next footprint of the
same paw) and step length (referring to the distance from the footprint
of one paw to the footprint of the other paw) were recorded.

Biomechanical tests

After the rats were euthanized, fresh supraspinatus-humerus com-
plexes were harvested, frozen at —80 °C and thawed before testing.
The biomechanical tests of all the samples were performed using a
universal mechanical testing machine (3345, INSTRON). The proximal
humerus was directly clamped in the testing machine, and the
supraspinatus muscle was wrapped with sandpaper to avoid slippage
during testing. After a preload of 1N was applied, each sample was
pulled until failure at a constant rate of 5 mm/min. The ultimate load at
failure and stiffness of the supraspinatus-humerus complex were
recorded.

Histological staining
After the supraspinatus-humerus complex was completely fixed, 10%
ethylenediaminetetraacetic acid solution was used to decalcify the
samples for 4 weeks. The samples were then dehydrated and embed-
ded in paraffin. Continuously sliced histological sections with a thick-
ness of 5 pm were subjected to HE, Masson, and Sirius Red staining
according to the manufacturer’s protocol to demonstrate the general
histological structure of the samples. A modified histological scoring
system was used to quantitatively evaluate regeneration of the TBI
(Supplementary Table 4)>7°.

Multiplex immunofluorescence staining for osteogenic markers
(BMP-2 and OCN) and tenogenic markers (COL-I, COL-Ill, and TNC)
was performed on tissues harvested at postoperative weeks 4 and 8.
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Macrophage surface markers (CD206 and CD86) was stained on tis-
sues harvested at postoperative week 4. Multiplex immuno-
fluorescence staining was performed separately on continuous slices
using the tyramide signal amplification (TSA) kit. Briefly, after anti-
gen retrieval, the slices were blocked and incubated with 100 pl of
anti-COL-I or anti-CD206 working solution for 40 min at 37 °C. The
slices were then incubated with Opal Polymer HRP secondary anti-
body for 10 min at 37 °C. After washed with PBS twice, Opal 520 was
added for coloration for 10 min at room temperature. Through
another round of antigen retrieval and blocking, the slices were
incubated with 100 pl of anti-BMP-2 or anti-COL-IIl working solution
followed by Opal Polymer HRP secondary antibody and Opal 570
coloration sequentially. The slices were additionally incubated with
100 pl of anti-OCN, anti-TNC or anti-CD86 working solution followed
by Opal Polymer HRP secondary antibody and Opal 650 coloration.
After DAPI staining and antifade solution sealing, the slices were
scanned using Olympus VS200 system, and the images were ana-
lyzed using OlyVIA 3.4.1 software.

Statistical analysis

All the data are presented as the means + SDs. Statistical analysis was
performed via GraphPad Prism (version 9.5.0; GraphPad Software, Inc.,
CA, USA). Two-sided analysis of variance (ANOVA) was used to deter-
mine statistical significance among multiple groups.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All the data supporting the findings of this study are available within
the article, supplementary information files, and source data file.
Source data s available for Figs. 2B-D, 3F, G, 4B, 4E, F, 4H, 5B, 5H, 6D, E,
6G, H, 7B, C, 7E, F, 8B-E, 8G, ), 9B, and 9D-G and Supplementary Figs. 1-
2,10-11, 14, 16-31, and 40-42 in the associated source data file. Source
data are provided with this paper.
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