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ABSTRACT

Inspired by natural organisms’ controllable detachment, various detachable robots have been engineered toward targeted cargo

delivery and environmental sensing. However, creating stepwise detachable and degradable robots at the microscale remains

challenging. Herein, we report stepwise detachable and degradable microrobots (~50 pm) fabricated from a single hydrogel
using spatially graded direct laser writing (SGDLW), much smaller than previously reported detachable robots. SGDLW precisely
controls local laser exposure dose, thereby programming microstructure crosslinking density, resulting in controllable cross-
sectional porosity ranging from 17.6% to 37.2%, and ultimately adjusting the degradation time (from 2 min to 44 min). By
encoding different local crosslinking densities, microstructures capable of single-step detachment are designed, including artificial
microflowers, microdandelions, and microfish eggs. Moreover, multi-step detachment of microtrees and microdandelions can be
achieved with minute-scale temporal programmability. Finally, bioinspired microrobots demonstrate promising functionalities of
adjustable locomotion and drug delivery, underscoring their potential in microrobotics and targeted drug delivery.

1 | Introduction

In nature, controllable detachment behaviors can be widely
observed in the plant kingdom, as exemplified by dandelion seed
dispersal [1] and flower wilting [2]. These controllable separation
behaviors have inspired researchers to create detachable devices
[3-8]. The realization of detachable systems through mechanical
structure and material design has found extensive applications
in microneedle devices [9-11] and multi-functional robots [12-

15]. Specifically, smart microneedle devices can be ejected from
the pill and achieve digestive tract mucosa penetration, thereby
enhancing macromolecular drug absorption in swine while
resisting physical displacement in the gastric cavity [16]. In addi-
tion, the modularized robot can achieve locking and detaching
through shape switching to facilitate cell delivery in the bile duct
[17]. However, most previously reported detachable or degradable
systems with structural disassembly functions are generally at
the millimeter scale and often rely on multi-component or
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multi-material architectures to integrate actuation, cargo loading,
mechanical integrity, and triggered detachment. These designs
usually require detachable joints, sacrificial interfaces, or sepa-
rately assembled functional modules, which increase the overall
device size and fabrication complexity. In addition, detach-
able systems typically perform single-step detachment, limiting
their functionalities. A detailed comparison of representative
detachable systems, including material composition, overall size,
fabrication, actuation mode, and detachable steps, is provided
in Table S1. Within this defined scope of detachable systems,
the design and fabrication of stepwise detachable microrobotic
structures at the microscale (~50 ym) remain challenging.

To date, various degradable materials provide the possibil-
ity to develop 3D functional microrobots with controllable
detachability [18-21]. The most promising technology for pro-
cessing selectively degradable materials at the microscale is
direct laser writing (DLW) [22-28], which enables the construc-
tion of various complex 3D microstructures for applications
in minimally invasive medical devices [29-35], bioengineering
[36-38], water purification [39-41], and tunable optics [42-44].
For example, disulfide-based photoresists can undergo thiol-
disulfide exchange in dithiothreitol (DTT) solutions, ultimately
completing the on-demand partial degradation of dual-material
microstructures fabricated by two-step DLW [45]. In addi-
tion, dual-material microscaffolds containing o-nitrobenzyl ether
groups can be selectively photodegraded under 700 nm laser
irradiation [46]. However, current multi-material DLW strategies
still face challenges. Differences in the chemical properties of dif-
ferent materials lead to mismatches at microstructure interfaces.
Moreover, multi-step fabrication introduces high time costs and
integration difficulties into the construction of complex 3D struc-
tures. Gradient multiphoton lithography strategies have further
enabled spatial modulation of material properties within a single
printed structure, such as adjustable refractive index microoptics
and three-dimensional microdevices for optical microscopy [47,
48]. These studies demonstrate that voxel-level control of laser
exposure can provide graded structural or functional properties
without changing the material formulation. However, most pre-
vious applications have focused on optical components or passive
microdevices. Therefore, spatially graded DLW (SGDLW) can
serve as a promising strategy for supporting the fabrication of
detachable microrobotic systems.

Here, we report stepwise detachable and biodegradable micro-
robots (~50 um) with shape-morphing capability in a single
material via the SGDLW strategy, much smaller than previous
detachable robots, which are typically millimeter-scale. SGDLW
encodes spatially resolved crosslinking density within hydrogel
microstructures through local control of laser exposure spac-
ing, achieving controllable cross-sectional porosity (17.6%-37.2%)
and ultimately regulating the degradation kinetics (2-44 min).
Therefore, it offers the flexibility to print microrobots with step-
wise detachment and degradation properties, such as artificial
microflowers, dandelions, and fish eggs. Furthermore, the multi-
step detachable microtree and microdandelion are verified with
minute-scale temporal programmability, whereas previous works
mainly achieved single-step detachment. The stepwise detach-
able microrobots can undergo on-demand splitting in branched
channels with different widths, allowing the detached subunits
to enter narrower channels. The deformable and detachable

microrobots can also support adjustable drug delivery, enabling
more uniform spatial distribution of the released drug. The
proposed SGDLW method paves the way for the next generation
of intelligent microrobots with controllable detachability and
degradation properties, offering potential advantages in targeted
cargo delivery in complex microenvironments.

2 | Results

2.1 | SGDLW of Stepwise Detachable and
Degradable Microdandelion

Many plants in nature can release seeds to achieve their
dissemination. A representative example is the dandelion, which
can scatter dozens of small umbrella-shaped seeds. Inspired by
this natural phenomenon, stepwise detachable and degradable
microdandelions are printed using SGDLW (Figure 1la-i),
where the laser scanning spacing at different positions of the
microstructure can be programmed. The printed microdandelion
presents reversible shape morphing between deionized (DI)
water and phosphate-buffered saline (PBS) (Figure la-ii). When
the laser power remains constant, regions with larger scanning
spacing have lower crosslinking density, resulting in faster
degradation. In the microdandelions fabricated by SGDLW,
the scanning spacings (D) are set to 200 nm for the seeds and
500 nm for the middle junction. Thus, stepwise detachment and
degradation of the microstructures are realized due to different
degradation rates of different parts. The seeds of microdandelion
can detach from the center through stepwise degradation
(Figure la-iii). Eventually, these dispersed seeds can degrade over
time in the enzyme solution (Figure 1a-iv). As shown in Figure 1b,
SEM images before and after seed splitting are captured. Different
from previously reported light-controlled dandelion-inspired
polymer assemblies for aerial dispersal [49], our hydrogel
microdandelion robots are designed for programmed enzymatic
degradation and sequential structural detachment in liquid
environments. Here, the developed hydrogel precursor with
high printability has both shape-morphing and degradation
capabilities and is composed of gelatin methacryloyl (GelMA),
lithium  phenyl-2,4,6-trimethylbenzoylphosphinate ~ (LAP),
and acrylamide (AAm) (Figure 1c). As a kind of material
modified with photopolymerizable groups on natural gelatin
(Figure S1), GelMA is capable of two-photon polymerization
(TPP) printing [50]. LAP is a water-soluble photoinitiator with
great biocompatibility to initiate monomer crosslinking [51].
AAm undergoes free-radical polymerization and helps form
mechanically stable 3D hydrogel structures [52, 53]. At the
locations scanned by the laser, the gel monomers are cross-linked
and eventually stacked into complex 3D structures. In our study,
each umbrella-like seed unit consists of eight petals (Figure
S2). The microstructures can undergo reversible expansion
and contraction with switching of the surrounding liquid with
different ion concentrations. The reversible swelling behavior
arises from the ionic-strength-dependent osmotic balance of the
hydrogel network. In DI water, the low ionic strength favors water
uptake and hydrogel swelling, whereas in PBS, ionic screening
reduces the osmotic swelling pressure, resulting in water
expulsion and contraction. Furthermore, the microdandelion can
realize controllable detachment and degradation in the enzyme
solution by programming different crosslinking densities.
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FIGURE 1 | SGDLW of stepwise detachable and degradable microdandelions. (a) Schematic illustration of the laser-printed microdandelion (i)

with three programmed functions. (ii) Reversible shape-morphing of the microdandelion. (iii) Stepwise detachment of the microdandelion enabled by
spatially programmed degradation. (iv) Complete degradation of the microdandelion structure under enzymatic conditions. (b) SEM images of the laser-
printed microdandelion before and after detachment. (c) Main components of the hydrogel and its morphing, detachment, and degradation mechanism.
(d) FIB-SEM images reveal that the 3D microstructures exhibit varying porosities due to differences in crosslinking density. () As the scanning spacing
increases, the crosslinking density of the microstructure decreases, leading to an increase in its porosity. All error bars represent the standard deviation

(n = 3). Scale bars: (b) 10 pm in (ii) and 5 ym in (iii), (d) 1 and 5 um in the top-right inset.

Collagenase-mediated cleavage of the GelMA network
progressively weakens the hydrogel, leading to structural
detachment and degradation. Femtosecond laser-printed
hydrogel structures are also porous, like those fabricated
by ultraviolet (UV) lithography. Compared with microscale
pores in hydrogel produced by UV lithography, the pores
of laser-printed hydrogels are only nanoscale. Focused ion
beam-scanning electron microscopy (FIB-SEM) cross-sectional
analysis further confirms that the gradient-written regions
exhibit different porosities in the inner region of 3D architectures

(Figure 1d), with the higher scanning spacing resulting in higher
porosity. The results are closely related to enzyme diffusion,
degradation kinetics, structural stability, and the resulting
stepwise detachment robotic behavior. Figure S3 shows that the
porosity of the hydrogel surface is consistent with the internal
porosity, where red regions are nanopores of the hydrogel
processed by Image]. We find that when the scanning spacing
is 200 nm, the porosity of the hydrogel is 17.6%, and when the
scanning spacing is 500 nm, the porosity increases to 37.2%
(Figure 1e). Therefore, the crosslinking density in different areas
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FIGURE 2 | Controllable shape morphing and degradation of microstructures. (a) Reversible shape morphing of microflower and microdandelion
in DI water and PBS. (b) Quantitative analysis of the deformation amplitude over repeated cycles (right) demonstrates consistent actuation performance
and good mechanical durability, indicating excellent cyclic stability of the fabricated microstructures. (c) The degradation time of microstructures
can be controlled by laser exposure power. (d) The degradation time of microstructures can be controlled by scanning spacing. (e) As the exposure
power increases with fixed scanning spacing (400 nm), the corresponding exposure dose increases from 0.75 x 10* to 2.00 x 10* J cm™2, and the
microplate area decreases during DI water due to high crosslinking density. (f) As the exposure power increases, the degradation time gradually increases
correspondingly. (g) As the scanning spacing increases with fixed exposure power (25 mW), the corresponding exposure dose decreases from 3.20 x 10*
to 0.80 x 10* J cm~2; the microplate area increases in DI water due to low crosslinking density. (h) As the scanning spacing increases, the degradation
time gradually decreases, correspondingly. All error bars represent the standard deviation (n = 3). Scale bars: (a) 20 um, (c,d) 10 pm.

of the hydrogel can be adjusted by controlling the point-to- the structure. As shown in Figure 2a, when the hydrogel is
point scanning spacing of the femtosecond laser, which we call immersed in DI water, the hydrogel is in a swollen state, and
SGDLW. This printing strategy can be used to construct various  the printed microflower and microdandelion sizes reach 71 and
detachable and degradable microstructures. 90 um, respectively. When PBS is added, they shrink to 42

and 54 pm (Movie S1). Cyclic solution-switching experiments

further confirm that the microstructures reversibly contract in
2.2 | Controllable Shape Morphing and high-ionic-concentration solution and re-expand in low-ionic-
Degradation of Microstructure concentration solution over one hundred cycles (Figure 2b and

Figure S4). Generally, the porosity of the hydrogel affected by the
Because the nanopores inside the hydrogel are filled with a crosslinking degree is inversely proportional to the unit exposure
large amount of solution, an osmotic pressure difference occurs ~ dose of the laser, which is determined by the laser exposure
between the interior liquid of the hydrogel and the ambient energy and the scanning spacing. Therefore, exposure power
liquid of the surroundings, affecting the shape and size of  and scanning spacing influence the hydrogel’s shrinking degree

40f13 Advanced Materials, 2026

85UR0 17 SUOWIWIOD 3AIERID 3|qedldde aup Aq pauRA0 a1e SaIe VO ‘SN J0 S3INJ 104 AReIq 1T BUIIUO AB|IM UO (SUORIPUCD-PUR-SLLBI LD A8 | 1M AReIq 1[euUO//STNY) SUORIPUOD PLe SLLB L 83U} 835 *[9202/60/22] U0 A%eiqiT 3ulluo AB|IM ‘20Us10S JO AISRAIUN AG ETOS. BUWIPR/Z00T OT/I0P/WO00" A3 1M Azeiq 1 Bul|UO"paouRAe//SARY LWO1} PBPEOIUMOQ ‘0 ‘S607TZST



and degradation time. As shown in Figure 2c, microplates are
fabricated with varying exposure power and scanning spacing to
investigate their influence on degradation time. With the increase
in exposure power, the microplate exhibits a smaller size after
swelling while degradation time increases. When the scanning
spacing increases, microplate size increases and degradation
time decreases (Figure 2d). To quantitatively estimate the shape
morphing, the area ratio of microplates in DI and PBS solutions
is defined to characterize the morphing degree. As shown in
Figure 2e, when the scanning spacing is fixed at 400 nm, the area
ratio decreases from 197% to 106% with the increase of exposure
power from 15 to 40 mW, and the corresponding exposure dose
increases from 0.75 x 10* to 2.00 x 10* J cm~2. In addition, the
degradation time of the microplate increases from 2 to 16 min at
an enzyme concentration of 0.5 mg mL™" (Figure 2f and Table
S2). When the exposure power is fixed at 25 mW, the area ratio
increases from 109% to 186% with the increase of scanning spacing
(250-500 nm), the corresponding exposure dose decreases from
3.20 x 10* to 8.00 x 10° J cm™? (Figure 2g and Table S3). Mean-
while, the degradation time decreases from 44 to 2 min at the
same enzyme concentration of 0.5 mg mL~! (Figure 2h). It’s worth
mentioning that the degradation time decreases with increasing
enzyme concentration. For example, when exposure power and
scanning spacing are 25 mW and 250 nm, the full degradation
time of the microplate decreases from 44 min (0.5 mg mL™) to
less than 10 min (1 mg mL™!, Figure S5). At a substantially lower
collagenase concentration (100 ng mL™"), the degradation rate of
the microrobots is significantly reduced, requiring 32 h for partial
degradation (Figure S6). In addition, environmental parameters,
including solution composition, pH, and temperature, can influ-
ence detachment dynamics by affecting both enzyme activity and
the physicochemical state of the hydrogel network. Compared
with previously reported degradable microstructures based on
chemical or optical triggers, our system highlights the region-
programmed degradation kinetics within a single integrated
hydrogel microrobot, enabling sequential multistep detachment
within a controllable time window (Table S4).

2.3 | Single-Step Detachment and Degradation of
Various Microstructures

Based on flexible SGDLW, controllable detachment and degrada-
tion of various microstructures can be realized. First, a microscale
Great Wall is fabricated, which can gradually degrade within
20 min in an enzyme solution (Figure 3a and Figure S7).
In addition to the synchronized degradation of the structure,
we can also control the laser scanning spacing at different
positions of the microstructure to achieve stepwise detachment
and degradation. Inspired by natural dandelion spreading seeds,
artificial microdandelions are fabricated with different scanning
spacings at various locations, where the scanning spacing of the
seeds is D = 200 nm, and the scanning spacing of the middle
junction is 350 nm. The middle joint of the microdandelions can
quickly degrade and separate into several dozens of microseeds
within 4 min in the enzyme solution (Figure 3b). Subsequently,
scattered microseeds with smaller scanning spacing undergo
gradual degradation over 12 min. Based on the same design prin-
ciple, microflowers with stepwise detachment and degradation
are also developed (Figure 3c). The scanning spacings of the
micropetals and central parts are D = 200 and 300 nm, respec-

tively. They can first be divided into five petals via the degradation
of low-crosslinking parts. After that, the detached micropetals
with high crosslinking density can completely degrade within
20 min. In addition, a microfish egg cluster with controllable
detachment and degradation is also developed to demonstrate
the microstructure versatility of the proposed strategy (Figure 3d
and Movie S2). More importantly, the above microstructure
arrays with different scanning spacing designs demonstrate
consistent detachment and degradation capability, presenting
the robustness of our printing strategy (Figure S8). Because
the detachment process relies on collagenase-mediated hydrogel
degradation, the absolute detachment time should be interpreted
under the defined experimental conditions and may vary with
enzyme concentration, solution composition, pH, ionic strength,
and temperature, whereas the relative detachment sequence is
programmed by region-dependent degradation kinetics encoded
through local crosslinking density.

2.4 | Multi-Step Detachment of Various
Microstructures

Based on the precise control of laser scanning spacing, our
microstructures achieve sequential multi-step detachment rather
than relying on a single-step detachment approach. As shown
in Figure 4a, we use a microtree with leaves and fruits as an
example to represent this concept. The laser scanning spacing at
the connection between the leaves and branches is set to 300 nm
(light yellow), while the spacing at the connection between the
fruit and the tree trunk is set to 250 nm (dark yellow). As a result,
the leaves detach from the branches within 10 min, and after
25 min, the fruits begin to detach (Movie S3). We next design
a four-region microdandelion to mimic the gradual splitting of
seeds from the central region. Different laser scanning spacings,
ranging from 300 to 600 nm and indicated by a dark-to-light
color transition, are assigned to different regions. In this setup,
the seeds in the 600 nm region detach first, while the seeds in
other regions remain unchanged. After approximately 13 min, the
seeds in the 300 nm region gradually complete their detachment
(Figure 4b). For the four-region microdandelion, different pro-
grammed regions detach at clearly distinguishable time points,
and the detachment-time distribution of each scanning-spacing
level is statistically analyzed from three independent samples
(Figure S9). Based on the same design principle, we further
construct a dandelion array with sequential seed detachment. In
this array, the dandelion seeds in the top-left corner detach first,
and after 9 min, the seeds in the bottom-left corner complete
the detachment process (Figure 4c). The multi-step detachment
behavior is recorded by time-lapse images. For the 2 X 2 micro-
dandelion arrays, the detachment onset time and completion
time of each microdandelion are further quantified to evaluate
array-level reproducibility (Figure 4d). Here, the onset time is
defined as the first visible structural splitting event, whereas the
completion time is defined as the full separation of the pro-
grammed region from the parent structure. For each processing
condition, three independently fabricated microdandelion arrays
are analyzed. These results support reproducible minute-scale
temporal programmability rather than only average detachment
timing. The results demonstrate that the proposed laser pro-
cessing strategy can precisely control the order and timing of
multi-step structural detachment, providing high-performance
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300 nm

FIGURE 3 | Single-step detachment and degradation of various microstructures. (a) The microscale Great Wall degrades from both sides to the
middle. (b) As natural dandelions spread their seeds, the microdandelion can detach its seeds into liquids. (c) The microflower can detach into five
petals, and each petal can completely degrade over 20 min. (d) Microfish eggs can detach into dozens of individual eggs and eventually degrade over

time. Three samples are made for all the microstructures. All scale bars: 20 um.

support for applications in microrobots, microactuators, and
biomedical fields.

2.5 | Magnetic Microdandelion With Stepwise
Detachment for Adjustable Locomotion

To expand the application scenarios of the microstructure,
magnetic nanoparticles are introduced to the surface of the
microstructure for wireless precise guidance by the external
dynamic magnetic field. In this study, microdandelions are
immersed in Fe;O, suspensions for 4 h, and their surfaces
are coated with magnetic nanoparticles. Then, microdande-
lions are transferred to Helmholtz coils for locomotion. After
Fe,0, nanoparticle modification, the microrobots are washed
three times with DI water/PBS to remove unbound nanoparti-
cles, and additional 3 M adhesive tape and 30 min ultrasonic
vibration tests confirm stable nanoparticle retention, indicating
that nanoparticle detachment has a negligible influence on
the magnetic locomotion under the tested conditions (Figure
S10). Expanding locomotion modes is extremely beneficial for
improving the environmental adaptability and applications of
microdandelion. In our work, microdandelions can rapidly roll

to the target position, and their speed and direction can also
be flexibly adjusted (mode i). Subsequently, collagenase solution
is added to the liquid causing the seeds to detach from the
microdandelions. Detached seeds of smaller sizes can also be
driven by the magnetic field (mode ii, Figure 5a). Microscope
images show the corresponding states within 17 min (Figure 5b).
High-magnification microscopic images further confirm that
the detached Fe;0,-modified microseeds retain clear seed-like
structural boundaries after programmed degradation-induced
separation (Figure S11). Under a rotating magnetic field at dif-
ferent frequencies, microdandelion exhibits different propelling
speeds. As shown in Figure 5c, microdandelion is propelled at 2
and 20 Hz, respectively (Movie S4). Systematic experiments reveal
that the speed of microdandelions increases with the frequency
increase of the magnetic field at first, and the fastest speed can
reach 252 um s™'. Then the step-out frequency appears (20 Hz),
and the speed of microdandelions decreases with the increase
of frequency (Figure 5d and Figure S12). Compared with the
microdandelions (mode i), the detached seeds (mode ii) have a
much lower rolling speed under the same magnetic field. After
comparative analysis, it is found that the speed of mode (i) is 7.9
times that of mode (ii) (Figure 5e). The programmed structural
disassembly changes the effective size and magnetic response
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FIGURE 4 | Precise control of multi-step detachment of various microstructures. (a) Demonstration of two-step detachment of the microscale fruit

tree. The leaves first detach, and the fruit second detach due to different laser scanning spacing design. (b) Demonstration of four-step detachment of
microdandelion. The seeds detach in a clockwise order starting from the top-left corner. (¢) Demonstration of detachment in order of a microdandelion
array. The microdandelion at different positions can achieve precise seed detachment at 1, 2.5, 4.5, and 9 min, respectively. (d) Detachment onset and
completion times of microdandelions fabricated with different processing parameters, showing the time window from the beginning of splitting to
complete detachment. Detachment onset time refers to the first visible structural splitting event, and detachment completion time refers to complete

programmed detachment. All error bars represent the standard deviation (n = 3). All scale bars: 20 pm.

of the microrobot, thereby leading to a transition in rolling
velocity under the same magnetic actuation mode. Given that
the net displacement per unit time of the microstructure based
on the rolling mode is proportional to its body length [54], the
microseed exhibits a lower movement speed at the same magnetic
field rotation frequency. Kinematic analysis shows that larger
magnetic microstructures exhibit higher translational velocities
under the same rotating magnetic field, indicating a positive
correlation between locomotion speed and characteristic size
(Note S1). Therefore, stepwise detachable microdandelions have
advantages in on-demand delivery in complex environments. To
further demonstrate the functional advantage of the detachable
microdandelion design in confined branched environments, a
branching microfluidic channel model is fabricated with one
main channel and multiple narrower side branches (Figure 5f
and Movie S5). After Fe, O, functionalization, the intact magnetic
microdandelion can be guided along the main channel but cannot
enter the narrow branch channels because of its larger parent size
(Figure 5g). After programmed degradation-induced detachment,

the smaller microseed subunits are able to enter the side branches
and move toward the target regions, including channel i, channel
ii, and channel iii (Figure 5h). This result shows that programmed
detachment enables secondary access to confined branch spaces
that are inaccessible to the intact microrobot, supporting its
potential for localized and spatially distributed cargo delivery in
branched microenvironments. It is expected that the detachable
microrobot with adjustable locomotion modes can deliver cargo
in micronetworks with different widths.

2.6 | Detachable Microdandelions for Adjustable
Drug Delivery

In recent years, targeted drug delivery has developed rapidly.
However, uneven drug delivery does remain a challenge for high
therapeutic efficiency. Our proposed stepwise detachable micro-
dandelions with shape-morphing hold promise in addressing this
problem. In our study, the chemotherapeutic drug is doped into
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FIGURE 5 | Magnetic microdandelion with stepwise detachment and degradation for adjustable locomotion modes. (a) Schematic illustration

of detachable magnetic microrobots with adjustable locomotion modes for on-demand delivery. (b) Time-lapse images of magnetic microdandelion
seeds detaching in the enzyme solution. (c) Time-lapse images of microdandelion and split seeds locomotion under a rotating magnetic field. (d) The
locomotion velocity as a function of rotation frequency in DI water. (¢) Maximum velocity of microdandelions before and after detachment via the same
magnetic field. (f,g) Schematic illustration and representative optical images showing the motion and programmed detachment of Fe;O4-functionalized
magnetic microdandelions in a branching microfluidic channel model. Before detachment, the intact microdandelion can be magnetically guided along
the main channel but is unable to enter the narrower branch channels because of its larger size. After programmed degradation-induced detachment,
the smaller microseed subunits enter the branch channels and move toward the target regions. (h) The detached microseeds are able to access different
branch channels, including channel i, channel ii, and channel iii. All error bars represent the standard deviation (n = 3). Scale bars: (b) 50 pm, (c) left,

50 um, right, 10 pm, (f~h) 20 um.

the hydrogel system, which can be shown by red fluorescence.
For the microdandelion used in the delivery demonstration, the
DOX concentration in the hydrogel precursor is 1 mg mL™,
and the volume of one microdandelion is approximately 4.13
x 107® mL. Assuming homogeneous DOX distribution within
the hydrogel matrix, the theoretical DOX content is estimated
to be approximately 41.3 pg per microdandelion. According to
the DOX release curve (Figure S13), the drug release efficiency
of the hydrogel is 95.3%. Thus, the estimated drug release
from a single microdandelion is 39.4 pg. Microdandelion uti-

lizes contraction and degradation to achieve dual-mode drug
delivery (mode i: rapid and mode ii: dispersive, Figure 6a and
Figure S14). When the dandelions contract, the drug is rapidly
released, causing the red fluorescence intensity to decrease. The
quantitative analysis shows that when the hydrogel shrinks and
squeezes out the internal water, the fluorescence area and average
fluorescence intensity are reduced (Figure S15). In addition to
rapid delivery, microdandelion can also use stepwise detachment
and degradation to realize dispersive drug delivery. Driven by a
dynamic magnetic field, the microdandelion can achieve targeted
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FIGURE 6 | Detachable microdandelions for adjustable drug delivery. (a) Rapid (mode i) and dispersive drug delivery (mode ii) of microdandelions

are achieved by their contraction and degradation. (b) The microdandelion can achieve targeted delivery in specific areas in microchannels filled with
cells. (c) The enlarged images at four locations from i to iv. (d~e) Comparison of drug delivery through detachable dandelion (type: D) and nondetachable
dandelion (type: ND). Type D can achieve more uniform drug delivery based on seed detachment. (f) Dispersive drug delivery is realized by detachable

microdandelion. The relationship between microseed dispersal range and time is shown. (g) Comparison of drug delivery uniformity of microdandelions
with and without seed detachment. All error bars represent the standard deviation (n = 3). Scale bars: (a) 50 um, (b) 500 um, and (c-e) 100 pum.

delivery to specific areas in a microchannel cultured with cells
(Figure 6b). The enlarged images at four locations (i-iv) prove
that the microdandelion has good adaptivity and accessibility
(Figure 6c). Detachable microdandelion (type D) can achieve
dispersive drug delivery with a uniform dose (Figure 6d). In
contrast, nondetachable microdandelion (type ND) makes it
difficult to achieve uniform drug delivery (Figure 6e). Over 30
min, the fluorescent seed is about 200 um away from the original
center to realize uniform drug delivery (Figure 6f and Figure
S16). As shown in Figure 6g, in type ND, cancer cells close to the
microdandelion show stronger red drug fluorescence. The farther
away from the microdandelion, the weaker the red fluorescence
exhibited by the cells, reflecting the inhomogeneity of drug
delivery. In contrast, in type D, microdandelion can be split into
dozens of seeds, showing a more uniform cancer cell treatment.
Notably, collagenase and microdandelion show good biological
safety and do not have toxic side effects on cells (Figure S17).
In addition to fluorescence intensity alone, CCK-8 cell viability
assays and Calcein-AM/PI live/dead staining are performed,
confirming that DOX-loaded microrobots significantly reduce
HeLa cell viability and induce measurable cytotoxicity (Figure
S18). Therefore, stepwise detachable and degradable microstruc-
tures may provide a promising platform for dual-mode drug
delivery to achieve uniform treatment. The application of micro-

robots in drug delivery can be further advanced by integrating
them with magnetic field generation systems used in clinical
trials [55].

3 | Discussion

We have proposed a strategy for constructing microrobots that
can detach step by step at the micrometer scale (~50 um), much
smaller than most previous detachable robots (> 1 mm) that
only allow single-step detachment. However, current research
is still in its early stages, and there is still much space for
improvement. Because enzymatic degradation is not intrinsically
temporally or spatially selective, premature degradation and
drug leakage during targeting remain important concerns; future
designs should reduce leakage by optimizing local crosslink-
ing density, introducing protective or diffusion-barrier layers,
strengthening drug-matrix interactions, or incorporating target-
specific enzymatic/external triggering mechanisms. The single-
material, multi-step splitting strategy may be particularly useful
for future targeted delivery in confined and branched luminal
environments. A parent microdandelion can first be magnet-
ically guided to a target region and then split into smaller
subunits through programmed degradation. This progressive size
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reduction may allow the detached subunits to access narrower
regions, such as biliary ducts or vascular side branches, that
are difficult for the parent structure to enter. Moreover, the
generation of multiple smaller subunits may enable more spa-
tially distributed local cargo release rather than release from
a single point. Therefore, the potential value of this platform
lies not only in miniaturization, but also in programmable
structural transformation, secondary access after detachment,
and spatially distributed release. Future work will need to further
evaluate cargo loading capacity, release efficiency, premature
leakage, physiological degradation kinetics, magnetic control in
anatomical and flow environments, biosafety, and therapeutic
efficacy in more realistic models. In particular, animal stud-
ies will be necessary to determine whether the programmed
detachment, magnetic navigation, drug release, and degradation
observed in vitro can be maintained under complex physiological
conditions.

In summary, we present the development of stepwise detach-
able and degradable microrobots utilizing SGDLW in a single
hydrogel. The programmable crosslinking density by laser expo-
sure control leads to multi-step detachment and degradation of
microrobots, whereas most previously reported detachable robots
can only exhibit single-step detachment. Moreover, stepwise
detachable microrobots exhibit promising performance in the
realms of microrobotics and drug delivery. Detachable magnetic
microrobots show adjustable-mode locomotion with different
speeds to meet requirements in various applications. In addition,
dual-mode drug delivery is demonstrated by microdandelions
with detachable seeds, offering the potential for improved can-
cer cell treatment. These results suggest that detachable and
degradable microrobots can serve as a new tool in the fields of
microrobotics and biomedicine.

4 | Materials And Methods
4.1 | Materials

GelMA was synthesized as described before [56], where the
degree of methacrylation of the synthesized GelMA was calcu-
lated to be approximately 85.1% (Figure S19). The photoinitiator
LAP was purchased from Macklin. Doxorubicin hydrochlo-
ride (DOX), AAm, PBS, and collagenase were purchased from
Aladdin. Fe;O, NPs (~200 nm) were purchased from Sigma. All
chemicals were used directly as received.

4.2 | Hydrogel Synthesis

15 mg LAP and 5 mg AAm were added to 1 mL PBS. The mixer
was ultrasonically mixed at 40°C. Then, 150 mg GelMA was
added to the solution, followed by stirring for 1 h to ensure the
complete mixing of each component in the solution. DOX was
added to the above hydrogel (1 mg mL™) to encapsulate DOX
in the microstructure. Once made, the precursor was kept in
yellow light conditions to prevent unnecessary exposure. DOX,
a fluorescent model anticancer drug, was incorporated into the
hydrogel precursor to demonstrate cargo loading, degradation-
associated release, and preliminary cytotoxic effects on HeLa
cells [57].

4.3 | Direct Laser Writing of Hydrogel and
Characterization

Before printing the hydrogel, it is necessary to place the hydrogel
in warm water at 50°C to form a flowable liquid and then
transfer 15 uL of the hydrogel to a clean coverslip with a
micropipette. A typical femtosecond laser writing system source
is a mode-locked Ti: sapphire laser oscillator (Chameleon Vision-
S, Coherent Corp). The structures were written using a 780 nm
femtosecond laser through a 60X oil-immersion objective with
NA = 1.35. The laser repetition rate was 80 MHz, the pulse
duration was 75 fs, the optical-path transmittance to the sample
plane was estimated as 0.8, and the effective exposure time per
spot was 1 ms. First, processing was performed using femtosecond
laser direct writing technology. The polymer molecular chains
at the laser focus were polymerized. The processed sample was
immersed in a developing solution (DI water) for 15 min at 50°C
to remove the uncured hydrogel. The developed sample was then
taken out and placed under an inverted microscope for in situ
observation. When PBS solution was dropped, the sample shrunk,
and then it was transferred to DI water to make the microstructure
swell.

4.4 | Preparation of Magnetic Microdandelion
and Its Magnetic Propelling

After 4D printing, the sample was immersed in the magnetic
particles (Fe;O, NPs) suspension for 4 h to absorb nanoparticles.
Subsequently, we used a homemade three-dimensional mobile
platform and capillary microneedle to peel off the microrobot
and transfer it with a microliter pipette. After Fe;O, nanoparticle
modification, the microrobots were washed three times with DI
water/PBS to remove unbound nanoparticles, and additional 3 M
adhesive tape and 30 min ultrasonic vibration tests confirmed sta-
ble nanoparticle retention, indicating that possible nanoparticle
detachment had negligible influence on the observed magnetic
locomotion under the tested conditions. At last, magnetic actu-
ation of microdandelions was realized by a 3D Helmholtz coil
system.

4.5 | Characterization

Optical micrographs are taken with an inverted fluorescence
microscope (Leica DMI3000b). The SEM images are collected
with a secondary electron SEM (ZEISS EVOI18) operated at
an accelerating voltage of 10 kV after depositing ~5 nm gold.
All microstructures were subjected to CO, critical drying (EM
CPD300, Leica), and their internal porosity was characterized by
FIB-SEM (Helios NanoLab650).

4.6 | Cell Culture and Treatment

HeLa-EGFP cells were obtained from Shanghai Priman Biotech-
nology (China) and cultured in a humidified incubator at 37°C
and 5% CO,. The cells were maintained in DMEM (Gibco,
Thermo Fisher Scientific, USA) supplemented with 10% fetal
bovine serum (FBS; HyClone) and 1% penicillin streptomycin
(Gibco). For single-cell manipulation experiments, the cells were
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detached via 0.25% Trypsin-EDTA (Gibco) at 37°C for 30 s.
The cell suspension was subsequently centrifuged at 150 X g
for 5 min and resuspended in fresh medium to the desired
density. For DOX release quantification, DOX-loaded hydrogel
structures were incubated in 100 pL of release medium. The
released DOX concentration was measured using a multimode
microplate reader (SpectraMax iD5) in fluorescence mode. A DOX
standard curve was prepared in the same release medium, and
the fluorescence intensity of blank hydrogel structures was used
for background subtraction. The released DOX concentration was
calculated from the calibration curve (Y =107039X + 2875), where
(Y) represents fluorescence intensity and (X) represents DOX
concentration in ug mL~! (Figure S13). The release efficiency was
calculated by normalizing the measured released DOX amount to
the theoretical DOX loading amount estimated from the hydrogel
volume and the initial DOX concentration in the precursor
solution. Red fluorescence represents DOX excited by green light,
while green fluorescence represents the intrinsic GFP signal of
HeLa cells excited by blue light.
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