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Abstract

Treatment of intracranial gliomas has increasingly favored minimally invasive surgery, with a growing focus on leveraging
microrobots for efficient drug delivery while overcoming the impact of body fluids. Inspired by honeybee stingers, this study
proposed a novel microspike robot. This robot firmly adhered to the tissue surface, enabling direct drug delivery from a hy-
drogel on its back into the targeted tissue via microspikes. The drug delivery rate was influenced by temperature and could
be controlled by an alternating magnetic field. Microrobots could be delivered rapidly through a clinical Ommaya reservoir
into the postoperative cavity or ventricle of the skull. The microrobot could be actuated for adhesion and retrieval, with its
motion posture and trajectory highly precisely controlled by external magnetic fields. Biological experiments confirmed the
excellent biocompatibility and biosafety of the microspike robot and demonstrated its effectiveness in treating gliomas by
loading unconventional therapeutic drugs. The proposed microspike robot has significant potential for long-term drug deliv-
ery to target gliomas and other future clinical applications.
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1 Introduction

Minimally invasive surgery for intraventricular tumors has
gained prominence in clinical practice due to significant
traumas associated with traditional surgical treatment [1, 2].
To minimize recurrence and postoperative complications,
the timely monitoring and continuous, controlled adminis-
tration of medications during postoperative care are crucial.
However, many medicines are prone to inactivation and ex-
hibit low absorption rates due to the unique location of
tumors and the blood-brain barrier (BBB). Targeted drug
delivery within tissues has the advantages of rapid onset,
high therapeutic efficiency, and low invasiveness, making it
an effective strategy for inhibiting tumor growth and pro-
moting wound healing [3-6]. Consequently, the develop-
ment of targeted drug delivery microrobots that can be de-
ployed into ventricles through a subcutaneous Ommaya res-
ervoir and provide long-term controlled release of therapeu-
tic agents holds significant promise for improving postop-
erative outcomes in treating ventricular tumors.

Compared to subcutaneous injection needles, micro-
spikes offer a significantly lower risk of pain and infection
due to their smaller size [7-11]. Microneedle patches have
been proven to be a unique carrier for various drugs, mak-
ing an ideal self-administered therapeutic [10, 12, 13]. How-
ever, long-term and controlled local administration requires
that microspikes adhere securely to the tissue surface [12].
In nature, honeybees can latch firmly onto invaders via
their tail stingers that inject venom from venom sacs even
after detachment. Honeybee stingers feature minute re-
trorse spines that mechanically interlock with tissues, in-
creasing adhesion by up to 70 times [7, 14, 15]. Inspired
by this unique structure and function, this design aims to
replicate the ability of the honeybee stinger to achieve
strong, sustained tissue adhesion in microspike-based drug
delivery systems.

Smart hydrogels are recognized for their outstanding bio-
compatibility and mechanical properties [16-20]. In recent
years, smart hydrogels have been selected by scientists as
the preferred materials for medical aids, such as biological
scaffolds [21-23], artificial muscles [24-26], and soft ro-
bots [27-30]. By adjusting the synthetic components of the
hydrogels, these materials can be engineered to undergo re-
versible volume changes in response to external stimuli
such as light, heat, or magnetic fields [30-34].

Magnetic fields are widely recognized as safe and effec-
tive methods for actuating microrobots due to their high pre-
cision and lack of radiation. Moreover, magnetic particles/
nanowires can be induced to generate the magnetothermal
effect in an alternating magnetic field (AMF), releasing heat
rapidly and precisely. The heat generated by magnetic fields
can be utilized to perform specific tasks on demand, or for
medical therapies such as thermal therapy [35].

In this study, inspired by the stingers on the honeybee
tails, an untethered microspike robot with inverted thorns
was developed. Fabricated by two-photon laser printing
technology, this microspike robot can achieve strong adhe-
sion and effective local drug delivery on the surface of ven-
tricular papilla mater tissues. Compared to traditional drug
delivery microrobots, microspike robots are engineered to
overcome the interference of fluid flow and firmly adhere
to the biological tissue surface with sufficient adhesive
force. The drug-loaded poly(N-isopropylacrylamide-co-
acrylamide) (P(NIPAM-AAm)) thermosensitive hydrogel
layer on the microrobot’s back facilitates the continuous
and direct delivery of therapeutic drugs to the targeted tis-
sues via the internal channels of microspikes. The robot
can be quickly delivered to the postoperative cavity or ven-
tricle of the skull through hoses and minimally invasive
channels. Navigated by an external magnetic field, the
robot can be precisely targeted to the treatment area,
where it adheres securely. Microspike robots have demon-
strated excellent biocompatibility and biosafety. The long
adhesion time and ability to directly inject drugs into tis-
sues make it promising to further improve drug delivery ef-
ficiency. Treatment of mice with spontaneous gliomas has
proven that the microspike robot is an effective drug deliv-
ery therapeutic tool and can expand the range of therapeu-
tic drugs. These findings suggest that the proposed micro-
spike robot holds significant promise for the minimally in-
vasive treatment of gliomas and the prevention of postop-
erative recurrence.

2 Experimental section
2.1 Materials

NIPAM, AAm, N,N'-methylenebis(acrylamide), Rhoda-
mine B, deionized (DI) water, the photoinitiator phenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (Irg. 819), and
anhydrous ethanol were purchased from Sigma-Aldrich
(USA). The nanoclay Laponite XLG was purchased from
BYK Additives Co., Ltd. (Shanghai, China). The in vitro
organs used in this study were purchased from a local mar-
ket. Experimental mice were procured through legitimate
experimental animal channels at China Medical University.

2.2 Preparation of the magnetic microspike
robot synthesis of P(NIPAM-AAm)

Nanoclay (0.1 g) was added to 4 mL DI water as thickening
and physical crosslinking agents and stirred for 4 h at
40 °C. The stirring rate was set at 1000 r/min. Subse-
quently, 0.392 g NIPAM monomer was added and stirred
in ice water bathing for 1 h. The AAm monomer
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(0.08 g) was added and continuously stirred for 1 h.
N,N"-methylenebis(acrylamide) was added to the colloid as
the crosslinking agent at a mass fraction of 0.5%. Subse-
quently, the mixed photoinitiator Irg. 819 ethanol solution
(0.451 mL; 20.93 mg/mL) was added. The mixture was
stirred sequentially for 10 min. Vacuum degassing was per-
formed for 20 min to obtain a hydrogel precursor.

2.3 Fabrication of the magnetic microspike
robot

The designed microspike robots were printed using a com-
mercial two-photon polymerization (TPP) microfabrication
system (Photonic Professional GT2; Nanoscribe GmbH,
Germany) in galvo scan mode with a 10X objective (nu-
merical aperture: 1.4; Zeiss, Germany). The main material
of the robot adopts the commercial light curing agent IP-Q
(Nanoscribe GmbH) via a 780-nm femtosecond laser under
stable temperature and humidity. The femtosecond laser
was 40 MW, and the slicing and hatching parameters of
printing were 2 and 1 pm, respectively. Microrobots were
developed in 2-acetoxy-1-methoxypropane (99.9%; Sigma-
Aldrich), and the uncured part was washed away with DI
water. Microspike robots were sputtered with a 20-nm
nickel nanofilm coating for 30 min, with the spikes facing
upward. The robot was gently peeled from the silicon sub-
strate in water using tweezers.

The hydrogel prepolymer was dropped on the microhole
side of the robot and vacuumed for 30 s. The 100-pm-thick
prepolymer was spin-coated on the microhole side and
cured under ultraviolet (UV) light-emitting diode (LED)
light (wavelength: 365 nm) for 60 s to obtain the drug-
loaded magnetic microrobot.

2.4 Magnetization and composition analysis

The magnetic microspike robot was magnetized in a high-
voltage magnetization instrument. The magnetization
curve of the magnetic robot was measured using a
vibrating-sample magnetometer (VSM, 7404; Lake Shore,
USA). The hydrogel samples were frozen in liquid nitro-
gen and dried in a lyophilizer (Lab-1A-80; Biocool,
China). A Fourier transform infrared (FTIR) absorption
spectrometer was acquired on a Thermo Nicolet iS5 instru-
ment (Thermo Fisher, USA).

2.5 Morphology characterization

Microspike robots were freeze-dried in liquid nitrogen for
30 min before drying in a lyophilizer for 12 h. Thereafter,
the freeze-dried robot was sputtered with gold and photo-
graphed under scanning electron microscopy (SEM, Hitachi
SU8010; Tokyo, Japan).

@ Springer

2.6 Measurement of the adhesion properties

The adhesive forces of microrobots were measured by a
microforce sensor (Model LSB200; FUTEK, USA). The
displacement of microrobots was controlled by an electric
motorized translation stage (MTS50/M-Z8; Thorlabs, Inc.,
USA) with a direct current (DC) servo controller (TDC001
DC motor; Thorlabs, Inc.). To measure the ability to resist
fluid flow, a micropump (ISPLab02; DK Infuserek Co.,
Ltd., China) was used to control the fluid flow velocity
within the simulated blood vessels.

2.7 Magnetic actuation equipment for
microrobots

The magnetic microrobot was actuated in a self-customized
five-coil electromagnetic system using an inverted micro-
scope. The magnetic field was controlled by the pro-
grammed software via LabVIEW. AMF was generated by a
high-frequency induction heating machine (SPG-10A-II;
Shenzhen Shuangping Power Supply Technologies Co.,
Ltd., China).

2.8 Drugloading and release

The fluorescent particle Rhodamine B (1 mg/mL; maxi-
mum absorption wavelength of approximately 554 nm) was
dissolved in the hydrogel precursor as a simulated drug. Ro-
bots loaded with fluorescent drugs were observed for drug-
loading effects via an eclipse Ti microscope (TIE; Nikon,
Tokyo, Japan). The drug-release solution from microrobots
was regularly sampled and measured via a UV- Visible
spectrophotometer (LAMBDA1030; PerkinElmer, USA).
The robot adhered to the gelatin methacryloyl (GeIMA) hy-
drogel block of the simulated tissue, and the amount of fluo-
rescence resulting from the drug delivery diffusion was
characterized with Image].

2.9 Invivo biosafety verification

Eight-week-old male mice (C57BL/6; Beijing Vital River
Laboratory Animal Technology, China) were purchased to
confirm the biocompatibility of microspike robots. Mice
were fixed on a stereotactic apparatus (71000; Shenzhen
RWD Life Science and Technology, China), and their
skulls were exposed and windowed with a microcranial
drill. Microrobots were gently placed, and the skin was su-
tured. Throughout the process, isoflurane (Shenzhen RWD
Life Science and Technology) was used to anesthetize
mice. Mice were subsequently observed regularly, and their
body weights were measured. After 10 d, mice were eutha-
nized to obtain vital organs.
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2.10 Hematoxylin-and-eosin (H&E) staining

After mice were euthanized, the brain, heart, liver, spleen,
lungs, and kidneys were extracted and fixed in paraformal-
dehyde (Sigma-Aldrich). After embedding in paraffin,
4-pm-thick tissue sections were cut onto slides. Deparaf-
finization and rehydration were then performed. Next, the
slides were treated with hematoxylin solution for 5 min and
eosin solution for 60 s. Finally, the slides were covered with
resin.

2.11 Mouse model and implantation of the
microrobot

Mice were group-housed in ventilated cages under con-
trolled temperature and humidity with a 12-h light/dark
cycle. Every animal was randomized by body weight be-
fore the experiments. For the orthotopic mouse model,
2x10* sleeping beauty (SB) mouse glioma sphere cells
were stereotactically injected into five-week-old male
BALB/c nude mice to establish an SB-bearing murine
spontaneous glioma model [36]. The injection coordi-
nates were 2.0 mm to the right of the midline and 2.0 mm
posterior to the anterior fontanel at a depth of 2.0 mm.
When severe neurological symptoms were observed in a
mouse, in vivo imaging was conducted to confirm the
success of the model construction. On the following day,
microrobots were implanted at the same coordinates. For
the single large-dose treatment group, 2 pg/g doxorubicin
(DOX) was directly injected intracranially into mice. For
the small-dose multiple-injection group, 0.67 pg/g DOX
was administered intracranially daily for six consecutive
days, with the total duration and cumulative dose consis-
tent with the other groups. After a 3-d interval, a second
implantation of microrobots was performed. Three days
later, another round of in vivo imaging of mice was con-
ducted. In vivo fluorescence imaging was performed
using the LB 983 Animal In Vivo Imaging System (Ber-
thold Technologies, Germany). After this, mice were eu-
thanized with carbon dioxide for histopathological section
preparation. Changes in body weight throughout the pro-
cess were recorded, and data were analyzed via GraphPad
Prism.

2,12 Statistical analysis

All measurements were performed three to five times per
experiment. Quantitative data were presented as mean+
standard deviation. Data were analyzed via Origin 2022
(OriginLab Corp., MA, USA). The level of statistical sig-
nificance was set at p<0.05. Error bars represent the stan-
dard deviation.

3 Results and discussion

3.1 Design and fabrication of the microspike
robot

To mimic the tail stinger structure of honeybees that can an-
chor for a long time and the venom sac that can deliver
venom, two-photon polymerization was used to fabricate a
tail stinger with retrorse spines and a drug delivery channel,
while a drug-loaded hydrogel was employed as the “venom
sac.” To ensure a stable mechanical structure in physiologi-
cal solutions, the epoxy resin IP-Q precursor was scanned
layer by layer according to a programmed femtosecond la-
ser trajectory with a layer thickness of 5 pm. Subsequently,
a high-resolution 3D microspike structure with the designed
shape was generated in the developing solution for 20 min
(Fig. lal). After rinsing and drying the structure, a metal
coating of nickel and gold was applied to the structural side
of the microrobot through magnetron sputtering for 30 min,
separately (Fig. 1a2). The robot was then gently lifted from
the silicon substrate in water using tweezers. Next, the
P(NIPAM-AAm) precursor synthesized in the experimental
section was dropped onto the micropore side of the robots
and vacuumed for 30 s to draw the drug-loaded hydrogel
precursor into the microporous structure. Subsequently,
the excess hydrogel was evenly coated on the backside of the
structural block by spin-coating for 100 pm. Finally, the hy-
drogel was cured by UV LED light irradiation for 60 s to ob-
tain the drug-loaded magnetic microspike hydrogel (Fig. 1a3).

SEM images revealed that the printed robot body fea-
tures clearly defined microspikes with inverted structures,
and these microspikes contained hollow drug-loaded chan-
nels (Figs. 1bl and 1b2). Drug-loaded hydrogels exhibited a
dense porous structure that provides sufficient storage space
for drug particles (Fig. 1b3). After the drug-loaded hydrogel
was attached to the microspike robot, the distinct bilayer
structure of the microrobot remained apparent (Fig. 1b4). A
side view shows that the drug-loaded hydrogel layer se-
curely adhered to the back of the microspike robot. Corre-
spondingly, the energy-dispersive spectroscopy image
clearly depicts the distribution of the nickel metal coatings
on the robot’s microspike surface (Fig. 1c). The fluores-
cently stained hydrogel can be used to simulate the drug-
loaded hydrogel, demonstrating successful infiltration into
the micropuncture holes. In the side view, fluorescence in-
tensity was notably greater in the microspikes than in other
areas, reflecting the presence of the hydrogel within the mi-
crospike channels (Fig. 1d). Furthermore, the hysteresis
loop of microrobots was measured (Fig. le). The magne-
tized microrobot exhibited significantly stronger hysteresis
than its residual and saturation magnetization levels before
magnetization. The illustration shows an enhanced satura-
tion magnetization even after magnetization. Therefore, the
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Fig. 1 Fabrication and characterization of microrobots. (a) Production process of magnetic microspike robots: (al) printing the model of the
microspike robot using the TPP system; (a2) sputtering metal onto the surface of the microspike robot model; (a3) spin-coating and adsorbing
the drug-loaded hydrogel onto the back of the microspike robot. (b) SEM images of microspike robots: (b1) overall morphology; (b2) hollow
microspike with inverted spikes; (b3) morphology of the hydrogel; (b4) the microspike robot integrated with a drug-loaded hydrogel. (c) Side view
and corresponding energy spectrum of the microspike robot. (d) Fluorescence images of the front and side of the microspike robot. (e) Hysteresis
loop of microrobots (1 emu/g=1 A-m?*kg; 1 G=107*T). (f) FTIR spectrum of the hydrogel

magnetized robot can be effectively actuated by an external
magnetic field. The presence of methyl and acrylamide in
the hydrogel layer was confirmed by the absorption peak in
the FTIR absorption spectrum (Fig. 1f).

3.2 Adhesion ability of the microspike robot

The microrobot leverages geometric frictional resistance to
achieve large adhesion on the tissue surface so that it can
adhere firmly to the treatment area in the constantly circulat-
ing cerebrospinal fluid (CSF). The adhesive force generated
by the individual microspike robot sheets of various specifi-
cations was measured via microforce sensors (Fig. 2a;
Figs. S1 and S2 in the supplementary information). The di-
mensions and morphology of microspike robots are pro-
vided in Fig. S2 (supplementary information). The adhesive
force can be calculated through the force curve. The experi-
mental results indicated that the adhesive force is propor-
tional and inversely proportional to the number and diam-
eter/height of the robot microspikes, respectively (Fig. 2b).
In contrast, if the diameter/height of the robot is too small,
the microspikes are prone to breaking, which could compro-
mise the operation and application of the microrobot.

@ Springer

Given the continuous circulation of the CSF in the brain,
there is a need to verify the stability of the robot’s anchor-
ing. Robots that adhere firmly to the target area are a prereq-
uisite for improving drug delivery efficiency. Through mag-
netic resonance imaging plain scans, Wei et al. reported that
the maximum flow rate of the CSF in the subarachnoid
space reaches 0.5 cm/s [37]. In addition, Young’s modulus
of the GelMA hydrogel under various UV curing times was
compared to that of mouse brain tissue to assess material
compatibility. Among them, the GeIMA hydrogel cured for
4 s exhibited mechanical properties closely matching those
of biological brain tissue and was selected as a simulated
tissue for subsequent experiments (see Note S2 in the
supplementary information). The GelMA hydrogel was
cured on the inner wall of a silica gel catheter (inner diam-
eter: 3 mm) to simulate the brain tissue, and microspike ro-
bots were randomly attached to the inner wall of the simu-
lated blood vessel (Fig. 2c). The detachment of microrobots
was tested at different flow rates. Experimental results re-
vealed that microrobots remained securely attached even at
flow rates 20 times higher than the maximum CSF flow
rate. In contrast, microrobots that are not anchored to the tis-
sue surface with microspikes are easily dislodged by the
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Fig. 2 Characterization of the adhesion of microspike robots. (a) Measurement device used to evaluate the adhesion of microrobots. (b) Adhe-
sion ability of the microspike robot. (c) Measurement schematic diagram of the resistance of the microspike robot to liquid flow. (d) Adhesion
performance of microspike robots compared to that of nonspike robots in fluidic environments. (¢) Comparison of the adhesion retention rates
of microspike and nonspike robots across various internal fluids at different flow rates. (f) Side-view optical image of the microspike robot
adhering to the simulated tissue. (g) Pits formed on the simulated tissue surface after the microspike robot was peeled off. (h) Fluorescence
image of pits formed after peeling. (i) H&E staining of mouse brain tissue after the microspike robot was peeled off. Data in (b) are expressed

as meanzstandard deviation (n=5)

fluid flow (Fig. 2d; Video S1 in the supplementary informa-
tion). These findings proved that microrobots can adhere ro-
bustly to the vast majority of body fluids [38—41]. Further-
more, microrobots maintained stable adhesion and intrave-
nous administration within the vena cava vessels (Fig. 2e).
The strong adhesion capabilities of microrobots enable
them to remain anchored in the target area for extended pe-
riods, providing favorable conditions for long-term targeted
drug release.

Figure 2f shows a microscopic optical image of the mi-
crorobot adhering to the simulated tissue surface via its mi-
crospikes. After 48 h adhesion, the microspike robot was
peeled off, revealing corresponding pits on the simulated tis-
sue surface (Fig. 2g). Fluorescence imaging revealed that the
depth of these pits was <50 pm (Fig. 2h). The microrobot

was attached to the surface of a mouse brain for 48 h, after
which the tissue was sectioned and subjected to H&E stain-
ing. Results revealed that only minimal cell damage oc-
curred in the pits formed by the microspikes, and no signs
of inflammation were observed (Fig. 2i). These results sug-
gested that microspike robots do not cause significant harm
to brain tissue, supporting their safety and potential for
medical applications.

3.3 Controllable drug release of the
microspike robot

To achieve controllable drug-release efficiency, thermo-
sensitive hydrogels were used as drug carriers. In Fig. 3a,
the hydrogel underwent reversible contraction and swelling
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on microspike robots and the simulated tissue after being attached for 48 h at 38 °C and 42 °C. (d) Fluorescence images of the microrobot drug
delivery process. Fluorescence imaging of the robot after anchoring for 0 h (d1) and a magnified view of its microspikes (d2). Optical image
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tearing the robot off (d5) and a magnified view of the microspike pits (d6). (e) Drug-release rates at different temperatures. (f) Optical image of
the microrobot heated by a high-frequency AMF. (g) Thermal infrared (IR) imaging of a microrobot heated by a high-frequency AMF. Data in
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in response to temperature changes. The reversible expan-
sion and contraction of the hydrogel networks affect the
drug particle delivery. Measurement results revealed that
the hydrogel volume decreased gradually from the swollen
state as the temperature increased. Among them, signifi-
cant volume differences were observed at body tempera-
tures of 38 and 42 °C (Fig. 3b). Accordingly, when the
fluorescent drug-loaded microrobot was exposed to an am-
bient temperature of 42 °C, the surface area of the
drug-loaded hydrogel was smaller than that at 38 °C, re-
sulting in an enhanced fluorescence signal per unit area on
the robots (Fig. 3c; Fig. S3 in the supplementary informa-
tion). The drug-loaded microspike robots were attached to
the simulated tissue surface for 48 h. After adhesion, in the
simulated tissue GelMA, the fluorescence diffusion area at
38 °C was not much different from that at 42 °C, but the
fluorescence intensity per unit area was higher than the
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latter. The fluorescence images showed that the drug-
loaded hydrogel in the robot’s microspike channels is
clearly visible upon adhesion, whereas no fluorescent sig-
nal appears around the microrobot (Figs. 3d1 and 3d2). Af-
ter 48 h adhesion, the fluorescence signal diffused around
the microrobot, indicating that the drug particles were de-
livered to the simulated tissue (Figs. 3d3 and 3d4). This
diffusion is driven by the osmotic pressure of the drug,
causing the drug particles to move from the drug-loaded
layer on the back to the tissue interior. Upon peeling off the
robot, detectable fluorescence signals were observed within
the simulated tissue, with high concentrations in the pits
formed by the microspike channels (Figs. 3d5 and 3d6).
Compared to the nonspike robots in Note S3 (supplemen-
tary information), the hollow channels inside the micro-
spikes of the microspike robot were proven crucial for effec-
tive direct drug delivery. The drug-release efficiency of the
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robot was measured, revealing that it continuously released
drugs over a 3-h period, with the release rate at 42 °C being
lower than that at 38 °C (Fig. 3e). These findings demon-
strated that reducing the hydrogel’s mesh size by increasing
the temperature reduces the drug delivery rate. The survival
rate of brain gliomas in the drug solution released by the
drug-loaded robot at different temperatures also validated
this conclusion (Fig. S4 in the supplementary information).
Using AMF, remote and precise temperature control can
be achieved. The coated robot was placed inside the spiral
coil of the high-frequency AMF generator (Fig. 3f). Owing
to the hysteresis effect, the surface gold particles and nickel
nanowires generate heat when exposed to a high-frequency
AMF. A thermal IR imager revealed that heating at a fre-
quency of 330 kHz and a current of 0.3 A for 1 min resulted
in a 4 °C increase in the microrobot’s temperature com-
pared to the ambient temperature (Fig. 3g). This demon-
strated that the precise temperature control of the microro-
bot could be achieved through an external high-frequency
AMEF. Unlike traditional IR laser irradiation, this method
minimizes thermal damage to the surrounding nontarget ar-
eas and is suitable for applications in enclosed areas. Nota-
bly, alternating the robot’s temperature by switching on
and off within 1-min intervals increased the drug-release
efficiency (Fig. 3e). This observation suggested that further
@ (b)
(b1)

N

research into optimizing the solution is warranted in future
studies.

3.4 Delivery, actuation, and retrieval of the
microspike robot

Utilizing minimally invasive channels for the rapid and
accurate delivery of untethered microspike robots, it is
possible to administer anticancer drugs effectively to brain
tissues, thereby enabling efficient treatment and prevention
of postoperative glioma recurrence. The delivery and re-
trieval of microspike robots within the skull are facilitated
through the medical Ommaya reservoir and external mag-
netic actuation fields. The corresponding medical tube of the
clinical Ommaya reservoir is inserted into the brain through
minimally invasive channels or the postoperative cavity,
with the tube outlet positioned at the targeted position. The
Ommaya reservoir is then secured to the skull’s outer sur-
face, which is a common medical procedure. Microspike ro-
bots, marked by the red circle and suspended in physiologi-
cal saline, were injected into the reservoir through a syringe
(Fig. 4a). As physiological saline is gradually injected, mi-
crorobots are efficiently and rapidly delivered through the
tube connected to the reservoir into the skull model, reach-
ing deep-targeted areas with minimal tissue damage. This
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Fig. 4 Delivery, actuation, and recycling of microrobots in the model. (a) Optical image demonstrating the rapid delivery of microrobots
through a medical Ommaya reservoir and tube. The red circles mark the positions of microspike robots. Scale bar: 1 cm. (b) Schematic diagram
of the magnetic actuation microrobots. (bl) Magnetization direction of the microrobot. The microrobot generates Motiony in the direction
parallel to the magnetization (b2) and Motiony in the direction perpendicular to the magnetization (b3) under the actuation magnetic fields. B is
the magnetic field, and V B is the magnetic field gradient. (¢c) Micro-optical images showing the microrobot’s path along “S” in the postures of
Motiony (cl), “I” in the postures of Motiony (c2), and “A” in the postures of a combination of Motiony and Motiony (Motiony.y) (c3) during
actuation within an electromagnetic system. Scale bar: 200 pm. (d) Errors between the actual paths of the microrobot and the given trajectories
of “S” (d1), “I” (d2), and “A” (d3). (e) Process of magnetic actuation for the adhesion and detachment of microrobots. Scale bar: 200 pm
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method enables the sustained, rapid, and accurate delivery
of microspike robots, optimizing therapeutic outcomes.

Furthermore, the robot can be more accurately delivered
to the targeted tumor location with the navigation of an ex-
ternal magnetic field. The magnetized microspike robot has
a magnetization direction aligned along a single edge (M=
Myx) to adopt various motion postures in the electromag-
netic actuation system (Fig. S5 in the supplementary
information). Figure 4b illustrates two distinct motion pos-
tures: one along the magnetization direction X (Motiony)
and the other perpendicular to it, along the Y direction (Mo-
tiony). Motionx, where the actuating magnetic field B direc-
tion and the magnetic field gradient V B direction are paral-
lel to the magnetization direction, allows microspike robots
to navigate through narrower channels. Motiony, where the
actuating magnetic field B direction is parallel to the magne-
tization direction but the magnetic field gradient V B direc-
tion is perpendicular to the magnetization direction, pro-
vides the microspike robot with pressure to adhere to the
tissue surface. In Figs. 4cl—4c3, the micro-optical images
display the robot moving along the trajectories “S,” “I,”
and “A” in Motiony, Motiony, and their combination
(Motiony.y), respectively. The trajectory errors of microro-
bots were tracked and analyzed at various stages throughout
the actuation process. Results showed that the motion error
remained within 50 pm, which is approximately one-tenth
of the robot’s body length under any motion mode
(Fig. 4d). Among them, larger errors occur at the turning
points. Therefore, microrobots actuated by magnetic fields
exhibit high control accuracy. In addition, the motion speed
that the robot can reach was observed and recorded on a
macroscopic scale, proving that the microrobot can be actu-
ated in the normally flowing CSF (Fig. S6 and Video S3 in
the supplementary information).

In addition, Fig. 4e illustrates the adhesion and detach-
ment process of microspike robots. Actuated by the gradi-
ent field generated by the electromagnetic system, the mi-
crorobot moves towards the simulated tissue and ultimately
adheres to its surface. This provides a foundation for the abil-
ity of microspike robots to achieve direct drug delivery
within tissues via microspikes. The magnetic attraction at the
magnetic head end of the magnetic continuum device subse-
quently facilitates the detachment and retrieval of the micro-
spike robot (Video S4 in the supplementary information).
This demonstrated that the microspike robot can achieve
adhesion and retrieval through external magnetic fields.

3.5 Invivo biomedical applications of the
microspike robot

The premise for the long-term application of microrobots in

the body is to ensure that the robots have excellent biocom-
patibility. The microspike robot composed of a metal-coated
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resin body and a drug-loaded hydrogel was cocultured with
C2C12 mouse myogenic cells (Fig. S7 in the supplementary
information). Experimental results indicated that the cells
could survive on the hydrogel surface and the magnetic ro-
bot and proliferate gradually within 48 h with a survival
rate exceeding 90%. These results confirmed that the micro-
robot has good biocompatibility. To further investigate the
potential clinical applications of microrobots, microspike ro-
bots were implanted into mouse brains undergoing crani-
otomy surgery (Figs. S8 and S9a in the supplementary infor-
mation). Craniotomy was performed via a stereotactic appa-
ratus and an automatic cranial drill, followed by the attach-
ment of microspike robots to the outer surface of the brain
tissue through micropores and subsequent wound stitching.
Their physiological responses showed only a negligible dif-
ference between the weight of the group implanted with mi-
crospike robots and that of the healthy group (Fig. S9b in
the supplementary information). H&E staining revealed no
inflammation in the main organs of the craniotomy sur-
gery or robot implantation group, with only a slight inflam-
matory reaction at the surface injury site of the treated
brain tissue compared to that of healthy mice (Fig. S9c in
the supplementary information). This finding indicated
that the application of microrobots for brain therapy does
not introduce additional safety risks. Overall, the above re-
sults demonstrated the biocompatibility and biosafety of mi-
crospike robots, which support their potential for clinical
applications.

Traditional cancer treatment drugs cannot penetrate the
BBB, which limits the range of drugs that can be used to
treat gliomas through conventional peripheral injection. The
microspike robot, which is designed to carry drugs and is di-
rectly injected into tissues via its microspikes, holds the
promise of expanding the range of drug options. DOX can-
not cross the BBB, posing a significant challenge for treat-
ing brain tumors such as gliomas. To evaluate the efficacy
of microrobots loaded with DOX in limiting tumor progres-
sion, we first implanted these microrobots into mouse brains
confirmed to carry orthotopic luciferase SB (SB-Luc)
tumors. In Fig. 5a, SB-Luc cells were intracranially injected
into mouse brains, which were then raised for 14 d. On
Day 15, microspike robots loaded with DOX (2 pg/g) were
implanted and allowed to adhere to mouse brains via their
spikes. To maintain an effective DOX dose, a second drug-
loaded robot was implanted 3 d later. After the final implan-
tation, tumors in mouse brains were subjected to fluores-
cence imaging and measured on the 21st day. In Fig. 5b,
significant fluorescence of the tumors was observed after
14 d of incubation, indicating that spontaneous murine tu-
mors were successfully constructed in mouse brains. The
group implanted with empty microrobots and the control
group presented increased tumor fluorescence on Day 21.
In contrast, the group treated with DOX-loaded microrobots
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exhibited significant tumor suppression. Notably, direct in-
tracerebral injection of the same DOX dose into mice bear-
ing gliomas resulted in mortality (Fig. S10 in the supple-
mentary information). However, when an equivalent dose
of the drug was administered directly into the mouse brain
in multiple injections, tumor growth could still be observed.
In Fig. 5c, the fluorescence area and total photon intensity
of the glioma region were calculated in each group of mice.
These results indicated that DOX-loaded microspike robots
can effectively inhibit glioma growth and reduce tumor
size. This highlighted that the microspike robot is an effec-
tive carrier tool for glioma treatment, significantly expand-
ing the range of therapeutic drug options.

In addition, the body weights of mice were monitored
and recorded throughout the rearing process (Fig. 5d). In
the control group and the group implanted with empty ro-
bots, the body weights did not increase over time but in-
stead gradually decreased. Mice that received multiple di-
rect injections of the drug also showed a gradual decrease
in body weight, indicating that directly injecting drugs that
cannot cross the BBB into the brain multiple times could
be harmful to mice. In contrast, mice gained a small
amount of weight after drug-loaded robots were im-
planted, indicating that drug-loaded robots had a therapeu-
tic effect on tumors. The observed trend in body weight

changes further supported the efficacy of drug-loaded robots
in treating gliomas.

4 Conclusions

In summary, inspired by the natural design of honeybees, a
microspike robot with inverted spines was fabricated via
two-photon laser printing. The microspike structure on the
robot surface ensures stable adhesion to the target area
within flowing body fluids while minimizing damage to bio-
logical tissues. This study demonstrated that the motion
mode and trajectory of microrobots with magnetic coatings
can be precisely controlled through external electromag-
netic systems. Future research combining systems with
closed-loop control could further increase motion accuracy.
In addition, the hollow structure of microspike robots al-
lows for the continuous and direct delivery of drugs encap-
sulated in the hydrogel to the target tissues. Traditional drug
delivery systems for microrobots rely primarily on surface
absorption and blood circulation, often limiting their effi-
ciency. In contrast, microspike robots described in this
study provide a more direct and effective approach by deliv-
ering drugs directly to targeted tissues (Fig. S11 in the
supplementary information). The efficiency of this drug
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delivery can be precisely controlled through an external
AMF applied to the metal coating on the microspike sur-
face. Remarkably, there is potential to further accelerate
drug delivery rate, which is a promising area for future re-
search. The synthetic materials used in microspike robots
exhibited excellent biocompatibility, as demonstrated in
mouse experiments. These studies showed that microspike
robots can effectively treat gliomas, significantly expanding
the range of therapeutic drug options. Collectively, these
features indicated that microspike robots have practical
value in medical treatment and postoperative care.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2400508.
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