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Breaking through cell membrane barriers is a crucial step for intracellular drug delivery in antitumor 
chemotherapy. Hereby, a magnetic nanorobot, capable of exerting mechanical agitation on cellular 
membrane to promote intracellular drug delivery, was developed. The main body of the nanorobots was 
composed of nano-scaled gold nanospikes that were deposited with Ni and Ti nanolayers for magnetic 
activation and biocompatibility, responsively. The nanorobots can be precisely navigated to target cancer 
cells under external magnetic field control. By virtue of the sharp nanospike structures, the magnetically 
powered rotation behavior of the nanorobots can impose mechanical agitation on the living cell membrane 
and thus improve the membrane permeability, leading to promoted transmembrane cargo delivery. Coarse-
grained molecular dynamics simulation revealed that the mechanism of mechanical intervention regulated 
permeability of the bilayer lipid membrane, allowing for enhanced transmembrane diffusion of small cargo 
molecules. An in vitro study demonstrated that these nanorobots can markedly enhance the efficiency of 
drug entry into tumor cells, thus improving the effectiveness of tumor therapy under magnetic activation 
in vivo. This work paves a new way for overcoming cell membrane barriers for intracellular drug delivery by 
using a magnetic nanorobotic system, which is expected to promote further application of magnetically 
controlled nanorobot technology in the field of precision medicine.

Introduction

   Transmembrane drug delivery plays a pivotal step that funda-
mentally determines the therapeutic efficacy of chemotherapy 
in the treatment of various diseases. Whether combating cancer, 
neurodegenerative disorders, or infectious diseases, drug mol-
ecules must traverse the cell membrane barrier to reach their 
intracellular targets and exert their intended functions [  1 –  3 ]. 
However, the cell membrane, as a natural selectively permeable 
barrier, not only segregates the intracellular and extracellular 
environments but also orchestrates molecular exchange through 
membrane-embedded machinery such as transmembrane pro-
teins and ion channels [  4 ,  5 ]. This sophisticated defense system 

severely restricts the intracellular transport of exogenous agents. 
Currently, small-molecule drugs primarily rely on passive dif-
fusion to cross the cell membrane. Yet, this process is inherently 
constrained by molecular size, hydrophobicity, and concentra-
tion gradients across the membrane, rendering it largely inef-
fective for macromolecular drugs and polar compounds [  6 ,  7 ]. 
Alternatively, nanocarriers can facilitate intracellular delivery 
via endocytosis by encapsulating therapeutic agents [  8 –  10 ]. 
Nonetheless, this strategy faces significant challenges, including 
limited biocompatibility of the carriers, potential immunoge-
nicity, and suboptimal release efficiency within the cell. More 
critically, in drug-resistant tumor cells, efflux transporters, such 
as ATP (adenosine triphosphate)-binding cassette proteins that 
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can actively expel intracellular drugs, form a “drug efflux” bar-
rier that substantially undermines the effectiveness of conven-
tional delivery strategies [  11 ]. The presence of this dual barrier 
underscores the urgent need to develop innovative transmem-
brane delivery mechanisms for overcoming current bottlenecks 
in drug delivery efficiency and enhancing clinical outcomes.

   Micro/nanorobots refer to miniaturized structures and devices 
capable of autonomous motion and task execution in aqueous 
environments by converting various forms of energies into 
mechanical work [  12 ,  13 ]. In recent years, their potential applica-
tions in the biomedical field, particularly in drug delivery, have 
garnered considerable attention. By leveraging active transport 
and controlled-release mechanisms, micro/nanorobots offer prom-
ising strategies to overcome the limitations of conventional drug 
delivery systems, such as poor penetration across biological bar-
riers and insufficient targeting capabilities [  14 –  16 ]. For instance, 
Liu et al. [  17 ] developed a microrobot-based system capable of 
actively delivering insulin, overcoming the harsh digestive environ-
ment and the absorptive barrier of the intestinal mucosa. Li et al. 
[  18 ] constructed chemotactic nanorobots for targeted drug deliv-
ery in inflammation-related diseases. Jiang et al. [  19 ] designed 
thermophoretic fluorescent nanorobots, offering a novel strategy 
for smart delivery in the photothermal treatment of superficial 
tumors. Additionally, Ma et al. [  20 ] developed a tumor microen-
vironment-responsive aggregation-induced emission (AIE)-based 
nanocarrier system that effectively inhibits the overexpression of 
heat shock proteins, thereby enhancing the efficacy of mild-
temperature photothermal therapy in tumor treatment.

   Nevertheless, though significant achievements have been 
made by these studies, most of them paid few attention to the 
fundamental interactions between micro/nanorobots and tumor 
cell membranes. To date, several preliminary advances have been 
made in exploiting the mechanical motion of micro/nanorobots 
for transmembrane delivery. Smith et al. [  21 ] utilized enhanced 
diffusive motion to increase collisions between cells and nanocar-
riers, thereby promoting cellular uptake. Chen et al. [  22 ] devel-
oped dual-powered Janus nanorobots capable of modulating the 
hypoxic tumor microenvironment to improve photodynamic 
therapy efficiency, while simultaneously providing propulsion 
to facilitate deeper penetration of the nanorobots. Also, one-
dimensional tubular nanorobots have been employed to construct 
biomimetic transmembrane nanochannels [  23 ]. These systems, 
powered by enzyme-catalyzed reactions, demonstrated enhanced 
transmembrane drug delivery to drug-resistant tumor cells, 
although with limited control over transport dynamics. Sun et al. 
[  24 ] engineered spiny, sunflower-pollen-derived magnetic micro-
robots capable of puncturing cancer cell membranes to deliver 
therapeutic agents directly. Despite these promising develop-
ments, the fundamental mechanisms underlying the mechanical 
interaction between micro/nanorobots and cell membranes 
remain poorly understood, which highlights an urgent need for 
detailed insights into the processes, by which how micro/nano-
scaled mechanical forces perturb membrane structures and facili-
tate the permeation of small-molecule cargos.

   Herein, we have designed and developed gold nanospikes 
(AuNSs)-based magnetic nanorobots capable of conducting 
mechanical rupture of cell membrane for transmembrane drug 
delivery, as shown in Fig.  1 . The AuNSs were rapidly synthe-
sized in situ by dropwise addition of reaction solutions on a 
pre-coated Pt substrate according to our previous report [  25 ]. 
Then, a Ni magnetic layer and a Ti protective layer are deposited 
on their surface to yield the magnetic nanorobots that can be 

activated to accomplish targeted motion and rotation on the cell 
membrane. Taking advantage of sharp edges of the nanospikes, 
the rotating nanorobots would impose mechanical agitation and 
even physical rupture effect on the cell membrane. Therefore, 
the permeability of the cell membrane was regulated, which 
allows therapeutic molecules to enter cells more efficiently, thus 
improving the effect of targeted cancer therapy in vivo. This work 
provides theoretical understanding of micro/nanorobotic sys-
tem-enabled active and efficient drug transport across the cell 
membrane barrier, which is expected to bring insights into future 
biomedical applications of artificial micro/nano-machines.           

Results

Synthesis and characterization of magnetic gold 
nanospikes robots
   Scanning electron microscope (SEM) images of the prepared 
magnetic gold nanospikes (MAuNSs) robots are shown in Fig. 
 2 A, which have a relatively uniform size of about 500 nm. A 
“sea urchin-like” nanospikes structure with a size of about 
500 nm was observed in the transmission electron microscope 
(TEM) image, where its sharp nanospike structures can be 
clearly identified as shown in Fig.  S1 . To endow the AuNSs with 
magnetic property, a layer of metallic Ni of about 40 nm was 
deposited on their surface by electron beam (e-beam) deposi-
tion, and subsequently, a layer of Ti of about 20 nm was further 
coated to protect the internal magnetic layer and obtain bio-
compatibility (Fig.  S2 ). The MAuNSs robots were characterized 
by high-resolution SEM and TEM images (Fig.  2 A to C), where 
the multi-spike structure was clearly visible. A single MAuNS 
particle was randomly selected for energy dispersive x-ray spec-
troscopy (EDX) elemental analysis, as shown in Fig.  2 D and 
Fig.  S3 . The results showed that the MAuNSs particle had 3 
elements, Au (yellow), Ni (blue), and Ti (red), in which the 
internal yellow AuNSs was the main structure, and the depos-
ited Ni and Ti nanolayers covered the AuNSs and completely 
overlapped, which also implied the successful synthesis of the 
MAuNSs as designed. It is worth noting that the nanospikes 
were very sharp. The length and angle of a single nanospike 
were counted by ImageJ software’ Fig.  2 E shows that the length 
of nanospikes is in the range of 150 to 500 nm, and the sharp 
angle is mainly concentrated in the range of 5° to 20°. Thus, the 
sharp nanospikes can act as miniaturized “scalpels” for mechan-
ical treatment on tumor cell membrane. In addition, a region 
of 10 μm × 10 μm was further selected and the number of 
MAuNSs of different sizes, defined as the diameter of the 
MAuNSs, was counted as shown in Fig.  2 F and Fig.  S4 . The 
length of the nanospikes located in 500 to 650 nm accounted 
for the largest proportion. Finally, as shown in Fig.  2 G, in the 
ultraviolet–visible (UV-Vis) spectrum of the magnetic nano-
spikes, an absorption peak at 660 nm indicates the presence of 
gold nanostructures due to the surface plasmonic resonance 
effect. XPS spectra verified the presence of Ni and Ti elemen-
tary substance (Fig.  S5 ). All these characterizations confirm 
the successful synthesis of MAuNS robots.           

Magnetic controlled motion behaviors  
of MAuNS robots
   The magnetically powered mechanical motion behavior of 
the MAuNS robots was studied by using a self-developed 
3-dimensional (3D) magnetic field control system (Fig.  S6 ). 
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As shown in Fig.  3 A, under a gradient magnetic field, the 
MAuNSs robots perform a translational movement along the 
direction of the gradient due to magnetic attraction force. 
The microscope observation clearly shows that the motion of 
the MAuNSs robots can respond quickly to the change of the 
strength and direction of the magnetic field without any obvious 
delay, which demonstrates the sensitivity of the nanorobots to 
the external magnetic field, and thus guaranteeing for the precise 
control of the nanorobots in complex tasks (Fig.  3 B and Movie 
 S1 ). The velocity of the magnetic nanobots is increasing propor-
tionally with the increase of the strength of applied external 
magnetic field (Fig.  3 C). The fastest average velocity reached as 
high as 9.40 ± 0.38 μm/s, when the magnetic field gradient was 
about 1.12 T/m. In addition, MAuNSs robots move at different 
speeds in different fluid environments (fetal bovine serum [FBS], 
polyethylene glycol, and deionized [DI] water) because of fluid 
viscosity, interfacial interactions, and the strength of the ions in 
the fluid. Nevertheless, in general, the nanorobots are still well 
controlled in various fluid environments (Fig.  S7 ).        

   Then, we used a rotating magnetic field parallel to the X–Z 
plane to evaluate the rolling behavior of the nanorobots (Fig.  3 D). 
By regulating the rotational direction and rotational frequency 

of the external magnetic field, the rotational motion behavior of 
the nanorobots can be controlled in real time. The video screen-
shot showing the motion behavior of the nanospike nanorobots 
in the rotating magnetic field with a frequency of 4 Hz was pre-
sented, and the black dashed line indicates the motion trajectory 
of the robot within 6 s (Fig.  3 E and Movie  S2 ). Meanwhile, its 
translational velocity by rolling motion was tracked and analyzed 
using a self-developed code as shown in Fig.  3 F. The average 
velocity of the MAuNSs robots generally shows an increasing 
trend when the frequency increases. The trend is like the case in 
serum, but serum has higher viscosity and resistance than DI 
water, so the speed is lower than that in water. However, when 
the magnetic field frequency increases to 12 Hz, the velocity 
reaches its maximum value. Then, the velocity decreases slightly 
when the frequency continues to increase from 12 to 20 Hz. It 
can be attributed to the “step out” effect when the mechanical 
rolling cannot keep up with the rotational frequency of the 
applied magnetic field, which is a common phenomenon for roll-
ing behavior of micro/nanorobots. [  26 ]

   Then, we evaluated the self-rotation behavior of the nanoro-
bots driven by a rotating magnetic field parallel to the X–Y plane, 
schematically shown in Fig.  3 G. When the rotating magnetic 

Fig. 1. Scheme of the preparation of MAuNS robots, and their anti-cancer therapeutic applications by mechanically regulated cell membrane permeability for transmembrane 
drug delivery.

https://doi.org/10.34133/research.0768


Liu et al. 2025 | https://doi.org/10.34133/research.0768 4

field is applied, the MAuNSs robots can effectively overcome the 
viscous resistance of the surrounding medium and begins to 
rotate. The screenshots of the video are shown in Fig.  3 H. The 
angular velocity reaches a maximum value of about 59°/s when 
the magnetic field frequency is 16 Hz and continues to decrease 
due to the step out effect as well (Fig.  3 I and Movie  S3 ). A similar 
trend was shown in the blood serum. Meanwhile, we employed 
finite element modeling to analyze mechanical perturbations 
generated by a rotating spiky nanorobot in an unbounded fluid 
domain. At a rotational frequency of 16 Hz, the nanostructure 
exhibited distinct hydrodynamic characteristics, with the spike 
tip demonstrating exceptional mechanical performance. The 
maximum localized pressure reached approximately 0.55 Pa at 
the tip region, approximately 450% greater than baseline values 
observed in other structural components (Fig.  3 J). Simultaneously, 
tip-associated vortex velocities peaked at 7.7 μm/s, representing 
a 5.1-fold enhancement compared to the inner smooth region 
(Fig.  3 K). This pronounced mechanical amplification at the 
spiked interface suggests an efficient mechanism of targeted cel-
lular membrane perturbation, highlighting the critical role of 
surface topography in nanorobotic design.   

Single-cell targeting and mechanical motion 
promoted intracellular drug delivery by  
MAuNS robots

   To study the mechanical breaking through of the cell membrane 
by MAuNSs robots, we carried out an in vitro experiment to 
verify the mechanical motion-assisted transmembrane drug 
delivery on precisely targeted cells. First, a rotational rolling mag-
netic field was applied to drive a single nanorobot moving for-
ward by the rolling effect (Fig.  4 A). The MAuNSs robot was 
magnetically powered to move toward the targeted cell, and the 
movement trajectory was captured as shown in Fig.  4 B and Movie 
 S4 . At the same time, we performed SEM observation on the 
targeted cells, where the MAuNS robots were attached onto the 
surface of the tumor’s cells (Fig.  4 C). The presence of nanorobots 
on the targeted cells was also identified by confocal laser scanning 
microscope (CLSM) imaging (Fig.  S8 ). The results proved that 
the nanorobots can effectively target cancer cells and bind onto 
the tumor cells’ membrane by magnetic field control.        

   COMSOL simulation was used to analyze the magnetic flux 
density generated by the MAuNSs robots after applying a rotating 
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magnetic field in the X–Y axis. As shown in Fig.  S9 , the magnetic 
flux density on the surface of the MAuNSs is slightly shifted with 
any time change, while the maximum magnetic field strength is 
generated at the position of the spike tip. In addition, the pro-
pulsive force generated from the magnetic driving is balanced 
by the resistance applied to the MAuNSs. The pressure induced 
by the cell membrane is distributed over the half-side-rotating 
nanospike, and the tip location is subjected to high stresses from 
forward motion. This rotational motion behavior-induced force 
effect would endow the MAuNSs robots with mechanically kill-
ing capability toward cancer cells.

   We anticipated that the magnetic field provides a driving 
force for the MAuNSs’ sharp spikes, which can effectively dis-
rupt the cell membrane and create instanton “pores” or damage 
on the integration of the bilayer lipid cell membrane. Such 
mechanical interference would change the permeability of the 
cell membrane and thus makes it easier for small molecules to 
pass through the cell membrane for intracellular delivery, as 
shown in Fig.  4 D. Fluorescence microscopy was used to observe 
the fluorescence intensity of antitumor drugs entering the 
tumor’s cells (HepG-2) (Fig.  4 E). Meanwhile, the fluorescence 
intensities inside cells were quantitatively analyzed. With the 

Fig. 4. Magnetic field driven cell targeting and mechanical agitation enabled transmembrane drug delivery by MAuNSs robots. (A) Schematic diagram of a MAuNSs robot 
rolling forward driven by rotational magnetic field. (B) Optical microscopy screenshot capturing a MAuNSs robots targeting tumor cell (HepG-2) membranes in a cellular 
environment. (C) SEM image of cells (MAuNSs: 1 mg/ml; magnetic field exposure time: 30 min; red dotted circle indicates the presence of the MAuNSs). (D) Schematic 
diagram showing that mechanical agitation promoted transmembrane drug delivery. (E) Fluorescence images and (F) intensity analysis of drug molecules entering cells 
under different conditions. (G) Fluorescence intensity of drug molecules entering the cell at different times (10 to 40 s) and (H) different rotation frequencies (4 to 
16 Hz) (error bars indicate standard deviation, n = 10).
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mechanical agitation of the MAuNSs driven by the magnetic 
field (experimental group), the fluorescence intensity of cargo 
molecules, doxorubicin (DOX) used here, was significantly 
higher than that of the group without magnetic field (Fig.  4 F). 
With the extension of the applying time of the magnetic field, 
the intensity of the drug entering the tumors cells is also sig-
nificantly increased (Fig.  4 G). Similarly, with the increase of 
the frequency of the applied rotating magnetic field, the inten-
sity is also observed to increase (Fig.  4 H). Besides, we tested it 
with different tumor cells (HeLa and CT26), and the results, as 
shown in Fig.  S10 , have a similar increasing trend of fluores-
cence intensity as compared to that of HepG-2 cells, suggesting 
the applicability of the mechanical stimulation-induced trans-
membrane delivery. On the one hand, the tangential force gen-
erated by the rotating and rolling of the MAuNSs makes the 
surrounding fluid circulation more conducive to the exchange 
of substances between the intracellular and extracellular envi-
ronments. This promotes the diffusion of drug molecules and 
increases the efficiency of drug uptake by the cells. On the other 
hand, mechanical rupture of the membrane may change the 
microenvironment around the cell membrane. During the mem-
brane-breaking process, charge distributions and lipid molecular 
arrangements on the surface of the cell membrane may be 
altered, which will attenuate the repulsive effect of the cell mem-
brane on small-molecule drugs. Also, the MAuNSs robots will 
act as a “magnetic scalpel” to produce mechanical cutting force 
to damage the structure of cancer cells as shown in Fig.  S11 . With 
the increase of rotational frequency, the cell survival rate gener-
ally showed a decreasing trend. Calcein-AM and propidium 
iodide (PI) solutions were used to stain both live and dead cells, 
and a CLSM was used to observe both live (green) and dead (red) 
cells (Fig.  S12 ). The cells in the phosphate-buffered saline (PBS) 
solution as a control group showed obvious green fluorescence, 
whereas almost all cells were observed to show red fluorescence 
after the addition of a rotating magnetic field, thus demonstrating 
the efficient mechano-killing therapeutic effect of the MAuNSs 
robots. By comparing the existing technologies, mechanical 
agitation-assisted transmembrane drug delivery provides a “non-
chemically dependent, high-precision, low-risk” solution for 
biomedicine, which has great potential for application in the field 
of drug resistance and precision medicine. It has great potential 
for application in the field of drug resistance and precision 
medicine.   

Coarse-grained molecular dynamics simulations 
on mechanical agitation-assisted transmembrane 
cargo transport
   Coarse-grained molecular dynamics simulations were per-
formed to investigate the mechanism of rotation motion-induced 
change of the membrane permeability and thus promoted trans-
membrane drug delivery efficiency by the MAuNSs robots (in 
red color). Simulated nanoparticles (NPs) sized 2 nm was used 
as model drugs in the molecular dynamics’ simulation. As shown 
in Fig.  5 A and Fig.  S13 , some of the NPs successfully penetrate 
the membrane due to free diffusion. However, for different rotat-
ing frequency conditions, the transmembrane transport effi-
ciency of the NPs is different. At first glance, for f = 1/5,000τ−1, 
the NPs that have penetrated through the membrane are much 
more than that for f = 1/15,000τ−1. Figure  5 B shows the lipid 
number density on the cell membrane, representing membrane 
conformation under the rotation of MAuNSs. Due to the spiny 

structure, the rotation of MAuNSs apparently brings “pores” to 
the modeled cell membrane. Figure  5 C shows the variation of 
the number of NPs crossing the membrane. At the early stage of 
simulations, the number of transmembrane NPs experiences 
almost no changes due to the pore-free structure of the mem-
brane as shown in Fig.  5 E. Simultaneously, the mean square 
displacement along the transmembrane direction experiences 
marginal changes as shown in Fig.  5 D. Later, the transmembrane 
NPs increase intensively as shown in Fig.  5 C. At the same time, 
the mean square displacement along the transmembrane direc-
tion also increases sharply as shown in Fig.  5 D. The above 
increase of transmembrane NP number and the transmembrane 
mean squared displacement can be attributed to the increase of 
pore size on the membrane as shown in Fig.  5 E.        

   Figure  5 F shows the dynamic rupture process of nanospike 
interacting with the cell membrane. It is assumed that the cell 
membrane is uniformly intact before interacting. When the 
MAuNSs attaches to the cell membrane, the receptor on the 
surface of the cell membrane moves toward the nanospike and 
eventually binds to the ligand on the surface of the MAuNSs. 
The ligand–receptor interaction causes localized lipid mole-
cules in the membrane to follow the rotation of the nanospike, 
thereby generating shear forces within the lipid bilayer (Movies 
 S5  and  S6 ). Our results suggest that rotating the MAuNS leads 
to a higher likelihood of cell membrane rupture than a non-
rotated one (Fig.  S14  and Movie  S7 ).   

Synergetic antitumor treatment by MAuNSs  
robots in vivo
   Encouraged by previous findings, we anticipated that the rota-
tional behavior induced mechanical agitation on cell membrane 
would not only cause mechanical damage to the cancer cells, 
but also promote intracellular delivery of anti-cancer drugs, 
leading to synergetic cancer therapy efficacy. Thus, in vivo anti-
tumor efficacy of MAuNS robots was further investigated with 
HepG-2 xenograft liver tumor-bearing BALB/c mice (female, 
6 weeks). The mice were all injected with MAuNS robots and 
divided into 4 groups (n = 10) with different treatment condi-
tions: (a) Control (without any treatment), (b) Magnetic (apply 
magnetic field only), (c) Drug (DOX) (apply anti-cancer drug 
DOX only), (d) Magnetic+Drug (apply both magnetic field 
and drug), and the mice were administrated on days 0, 2, 4, 7, 
14, and 21, respectively (Fig.  6 A). After injection, a rotational 
magnetic field was applied to the tumor area for 20 min to 
propel the MAuNSs for mechanical killing of tumor cells. The 
tumor sizes and body weights were recorded every 7 days for 
21 days, after which the tumors and major organs were col-
lected for sectioning and hematoxylin and eosin (H&E) stain-
ing. A 50-day independent experiment of survival recording 
was performed to observe the survival rate (Fig.  6 B). The sur-
vival rates of mice of the Magnetic+Drug group were improved 
to 100%, compared with 90% and 60% in the Drug and 
Magnetic groups, respectively, demonstrating the synergistic 
tumor-killing effect by chemotherapy and mechanotherapy 
effects. In contrast, the survival rate of the Control group was 
only 10% due to the systemic toxic effects and adverse reactions. 
As shown in Fig.  6 C to F, the combination of DOX with mag-
netic field displayed the best antitumor efficacy and the tumor 
volume was suppressed considerably by 61.1%, when compared 
with that of the Control group. Compared to the Drug group 
(48.5%) and Magnetic group (31.1%), the Magnetic+Drug 
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group exhibited a more significant tumor suppression effect, 
with a statistically significant difference. This could be attrib-
uted to MAuNS robots causing mechanical damage to the 
tumor tissue under magnetic field, facilitating the entry of 
the chemotherapeutic drug into tumor cells, resulting in a 

synergistic effect that significantly enhanced tumor treatment 
efficacy. Furthermore, compared to the other treatment groups, 
mice in the Magnetic+Drug group showed a noticeable increase 
in body weight, possibly due to the substantial tumor suppres-
sion efficacy.        
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   To further analyze the apoptotic status of tumors in different 
treatment groups, H&E staining of collected tumors showed that 
the extracellular matrix (ECM) became loose with more extracel-
lular space in the Magnetic and Magnetic+Drug groups, as com-
pared to other groups without magnetic field exposure (Fig.  6 G), 
indicating that spiky nanorobots with magnetic field can disrupt 

components of the ECM. In addition, compared to the Drug 
(49.5%) and Magnetic (39.8%) groups, the Magnetic+Drug 
group exhibited more necrotic tumor and stromal cells with 
karyorrhexis, with an apoptosis rate of 78.6% (Fig.  6 H). Moreover, 
H&E staining of main organs including the heart, liver, spleen, 
lung, and kidney was then conducted. As shown in Fig.  6 I, except 
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for the Magnetic+Drug group, other groups all exhibited meta-
static liver cancer cells in the liver due to insufficient tumor sup-
pression. Additionally, no obvious morphological changes and 
inflammatory infiltrates were observed in other organs (Fig.  S15 ), 
and blood biochemistry tests show that liver and kidney function 
indicators (e.g., alanine aminotransferase, aspartate aminotrans-
ferase, and creatinine) are within normal reference ranges, indi-
cating the long-term biosafety of MAuNS robots (Fig.  S16 ).    

Conclusion
   Here, we propose a strategy to mechanically disrupt tumor cell 
membranes and assist drug delivery using magnetic field-driven 
MAuNS robots. Through experimental observation and data 
analysis, it is found that the AuNSs-modified robots can precisely 
target cancer cell membranes and achieve killing efficacy under 
magnetic field manipulation. By virtue of its unique structure and 
physical properties, MAuNSs could effectively destroy the integ-
rity of the membranes to regulate membrane permeability, which 
greatly facilitates drug molecules to enter the cells across the cell 
membrane barrier. The fundamental mechanism of such mechan-
ical agitation-assisted transmembrane cargo transport effect 
was theoretically analyzed through coarse-grained molecular 
dynamics simulation. Based on such achievements, the syn-
ergetic antitumor capability of the MAuNSs robots by mechan-
ical and chemotherapy was verified in vivo. In the future, we 
will further optimize the preparation process of nanospike 
robots and explore the biological mechanism of micro/nanoro-
bots to precisely target tumor cells. This work not only gives 
insights into the mechanical interaction between artificial 
micro/nanorobots and living cells, but also is expected to pro-
mote the biomedical use of magnetic micro/nanorobotic sys-
tems in cancer treatment.   

Methods

Materials and characterization
   In the process of fabrication of MAuNSs robots, silver nitrate 
solution (AgNO3), chloroauric acid (HAuCl4, 48% to 50% Au 
basis), hydrogen peroxide (H2O2), and ethanol (EtOH, 99.7%) 
were commercially purchased and used as received. In the cyto-
toxicity testing, Dulbecco’s modified Eagle medium (DMEM), 
trypsin, antibiotic, FBS, and PBS (pH 7.2) were commercially 
purchased from Thermo Fisher Scientific; Cell Counting Kit-8 
(CCK-8; Zeta-life), Calcein-AM/PI double dye kit (Beyotime 
Biotechnology Co., Ltd.), and glutaraldehyde (50%, Aladdin) 
were commercially purchased and used as received.

   X-ray diffraction data and Fourier-transformed infrared 
spectra were obtained using an x-ray diffractometer (D/Max-
2500/PC) and a Fourier-transformed infrared spectrometer 
(Nicolet380, Thermo), respectively. The size distribution was 
measured by dynamic light scattering with Zetasizer Nano ZEP. 
SEM images and fluorescence images were captured by Phenom 
Microscopy (ProX) and a Leica inverted optical microscope 
(DMi8), respectively. TEM images and corresponding EDX 
spectroscopy were obtained by Talos F200x. Magnetic property 
was tested by a Vibrating Sample Magnetometer (Lake Shore 
8600).   

Preparation of MAuNS robots
   Typically, a sonicator (120 s) and a plasma cleaner (180 s) were 
used to clean the silicon wafer. Then, a layer of platinum was 

then deposited on the cleaned wafer by ion sputtering with a 
sputtering time of 40 s. Also, AgNO3 solution (20 μl, 10 mM) 
and HAuCl4 solution (60 μl, 50 mM) were added dropwise. 
After waiting for 20 s, the silicon wafer was rinsed with DI 
water. Ni and Ti nanolayers were deposited on the surface by 
electron beam vapor deposition, and the MAuNS robots were 
obtained for further use.   

Design of magnetic field control device
   In this experiment, a 3D Helmholtz coil was designed and fab-
ricated with a high-power DC power supply and a DC servo 
driver as the current drive source, an embedded virtual instru-
ment platform as the controller, and a cartridge microscope 
and a charge-coupled device as the observation and video 
recording device. The design parameters of the 3D Helmholtz 
coil are shown in the Supplementary Materials.   

Magnetically controlled behavior of MAuNS robots 
and optical video recording
   The motion control experiments of MAuNSs robots were car-
ried out in a square quartz tank with a size of 22 mm × 22 mm × 
5 mm. DI water (1 ml) was added to the quartz tank, and then 
1 μl of MAuNSs robots dispersant with a concentration of 
1 mg/ml was added to the DI water dropwise, and the quartz 
tank was placed in the center of a 3D Helmholtz coil to carry 
out the experiments. Also, the preparation of nanorobots was 
observed using a Leica inverted optical microscope with a 20× 
air objective.   

Model of lipid bilayers
   A solvent-free coarse-grained molecular dynamics (CGMD) 
model for lipids developed by Cooke and Deserno [  27 ], widely 
implemented to study interactions between membrane and 
NPs, is implemented here for our current CGMD simulations 
to construct a rectangular section of a lipid bilayer [  28 –  36 ]. The 
lipid bilayer of size 200σ × 200σ is constructed. Each coarse-
grained lipid molecule is composed of 3 connected beads. The 
blue bead represents the hydrophilic lipid head while the 2 
white beads compose the hydrophobic lipid tail. The size of 
each bead type is determined by a Weeks–Chandler–Anderson 
potential:
﻿﻿  

where  bhead,head=bhead,tail=0.95�   ,  btail,tail=1.0�   , and  �r=0.01�   . 
An attractive interaction exists between tail beads to simulate 
the hydrophobic properties of the tail groups:
﻿﻿  

where  rc = 21∕6�   , and  wc = 1.7�   . A bead is linked to each near-
est neighbor in a triangular lattice by a finite extensible non-
linear elastic bond:
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﻿﻿  

where  kb = 30�∕�2    and  r∞ = 1.5�   . To model the stiffness pro-
pensity of the lipid molecule, a harmonic spring potential is 
applied between the head bead and the second tail bead:
﻿﻿  

where  kbending = 10 �∕�2   . Under the control of these potentials, 
lipid molecules have been demonstrated to replicate experi-
mentally observed behaviors such as the ability to self-assemble 
into a planar lipid bilayer or vesicle with a fluid-like phase 
under the temperature of  T = 1.1 �∕kB    [ 27 ,  37 ], where  kB    is 
the Boltzmann constant. The bending stiffness  �    of the lipid 
membrane is calculated based on the membrane fluctuation, 
﻿� = 7.8 �   . The membrane stretching modulus is 26.4  �∕�2   . The 
potential for modeling interactions between the NP and lipid 
membrane can be expressed by the Lennard–Jones potential:
﻿﻿  

where  b = 2
7
6 �   ,  �a = 0.2 �   , and the cutoff distance  rcut    is equal 

to  3 × 2
7
6 �   . This interaction was chosen to simulate NPs with 

coatings that promote membrane wrapping.   

Simulation protocol
   In our simulations, the unit mass is m and the mass for all beads 
is set to unity 5. The timestep  Δ t    was set as 0.005τ in the simula-
tions, in which the time unit is defined as  � =

√
�∕

(
m�2

)
   . The 

temperature of the lipid bilayer was controlled as  1.1 �∕kB    
through a Langevin thermostat under which the membrane is in 
the fluid phase as found in living tissue. The time constant in the 
Langevin thermostat was set to be 0.5τ, 100 times of the timestep 
﻿Δ t   . Free membrane tension was applied through maintaining the 
in-plane pressure to be zero using a modified Berendsen method 
[  31 ,  34 ,  38 ]. The time constant in the modified Berendsen barostat 
was set to be 5.0τ, 1,000 times of the timestep  Δ t   . Periodic bound-
ary condition was applied in all 3 directions while the simulation 
box length in the out-of-plain direction was set to be sufficiently 
large, 400 σ   , to avoid unphysical self-interaction of the membrane 
during endocytosis of NPs. The physical interpretation of time 
and distance units in our simulations can be obtained through a 
comparison of computational and experimental results. First, the 
membrane thickness for mammalian cells is about 5 nm, while 
for our simulations, it is about 5 σ   , meaning that the distance unit 
﻿�    can be 1 nm. Second, the diffusion coefficient of lipids in experi-
ments is around 5 μm2/s while for this model it is 1×10−2  �2∕τ   , 
leading to the physical interpretation of the time unit  τ    as 2 ns. 
The temperature of the membrane in the simulation is 1.1  �∕kB   , 
which is 310 K physically. Therefore, the energy unit  �    is inter-
preted as  3.89 × 10−21 J   . In summary, the length unit  �    is inter-
preted as  1 nm   , the time unit is interpreted as 2 ns   , and the energy 
unit  �    is interpreted as  3.89 × 10−21 J   . Based on the unit system 
above, the unit for stretching modulus of membrane ﻿�∕�2    is 
5 mN/m. All the simulations have been performed via large-scale 
atomic/molecular massively parallel simulator (LAMMPS), an 
open-source package for molecular dynamics simulations.   

Cell culture
   HepG-2 cells were cultured in DMEM containing 10% FBS and 
1% antibiotics at 37 °C in a 5% CO2 atmosphere. In addition, 
HepG-2 cells (1 × 104 per ml) were seeded in 6-well cell culture 
plates containing clean coverslips and incubated overnight in 
complete medium.   

In vitro cytotoxicity of MAuNS robots
   HepG-2 cells with a density of 3,000 cells per well were seeded 
in a 96-well plate, followed by 12 h of incubation in 100 μl of 
DMEM with 10% FBS and 1% antibiotic. Then, various 100-μl 
fresh mediums containing MAuNSs with different concentra-
tions of DOX (0 to 100 μg/ml) were added to the wells incubating 
HepG-2 cells after the initial medium was discarded. Subsequently, 
these samples were co-cultured with cells for 24 h. Next, after the 
second medium was discarded under magnetic field to avoid the 
magnetic particles from being removed, 100 μl of fresh medium 
containing 10 μl of CCK-8 was added to each well, followed by 
another 2 h of incubation. The absorbance was detected at 450 nm 
with a microplate reader. All the tests were repeated 8 times to 
reduce errors.   

Live/dead cell staining assay
   HepG-2 cells were seeded onto a 96-well plate at a density of 
5,000 cells per well and cultured with medium for 12 h. After cell 
attachment, 100 μl of medium with 20 μg of MAuNSs robots was 
replaced by the initial medium, followed by another 24 h of incu-
bation. Then, the cells were washed 3 times with PBS and stained 
with Calcein-AM (5 μl) and PI (5 μl) solution in the PBS (5 ml) 
for 30 min at room temperature after the medium was removed. 
Finally, both cells were washed with PBS several times, and stain-
ing results were observed using an inverted fluorescence micro-
scope at 494 and 535 nm.   

In vivo cancer therapy
   Animal experiments were performed according to the guide-
lines of the Animal Care and Use Committee of the Tenth 
Affiliated Hospital of Southern Medical University. Liver tumor 
mice were divided into 4 groups when the tumor increased to 
1.5 mm, as follows: one group of mice did not receive any treat-
ment as a blank control group (n = 10), one group of mice 
received magnetron therapy; one group of tumor mice was 
treated with DOX, and one group of mice was treated with both 
magnetron therapy and DOX, and the intensity and frequency 
of the magnetic field were maintained at 200 mT and 16 Hz in 
all animal experiments.    
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