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Abstract 

A unique robotic medical platform is designed by utilizing cell robots as the active ‘trojan horse’ of 

oncolytic adenovirus (OA), capable of tumor-selective binding and killing. The OA-loaded cell robots 

are fabricated by entirely modifying OA-infected 293T cells with cyclic-RGD peptide (cRGD) to 

specific bind with bladder cancer cells, followed with asymmetric immobilization of Fe3O4 

nanoparticles (NPs) on the cell surface. OA can replicate in host cells and induce cytolysis to release 

virus progeny to surrounding tumor site for sustainable infection and oncolysis. The asymmetric 

coating of magnetic NPs bestows cell robots with effective movement in various media and wireless 

manipulation with directional migration in a microfluidic device and bladder mold under magnetic 

control, further enabling steerable movement and prolonged retention of cell robots in mouse 

bladder. The biorecognition of cRGD and robust, controllable propulsion of cell robots work 

synergistically to greatly enhance their tissue penetration and anticancer efficacy in the three-

dimensional (3D) cancer spheroid and orthotopic mouse bladder tumor model. Overall, this study 

integrates cell-based microrobots with virotherapy to generate an attractive robotic system with 

tumor specificity, expanding the operation scope of cell robots in biomedical community.  
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1. Introduction 

Over the past decades, micro/nanomotors capable of autonomous movement brings inspiring 

technologies with impressive benefits for various fields, such as drug delivery,[1,2] biosensing,[3] 

detoxification[4] and environmental remediation.[5] These miniaturized machines can convert local 

fuel or external energy (e.g., magnetic, ultrasound, light) to driving force and obtain self-propulsion 

in dynamic surroundings.[6] Due to the increasing demands and rigorous requirements of biomedical 

community, the composition of microrobots has been evolving from rigid and inorganic materials to 

functional and endogenous cells.[7] Incorporating natural cells with synthetic micromachines creates 

an elegant platform with synergistic properties of cell biofunctionalities and effective propulsion. 

The cargo-loading capability of cells is employed by cell-based microrobots to actively deliver drugs,[2, 

8-10, 11] such as red blood cell (RBC)-based micromotors loaded with doxorubicin (DOX) and 

photosensitizer[10, 11], and neutrophil-based microrobots carrying paclitaxel (PTX).[2] However, the 

utilized chemotherapeutic agents in the robotic system are not specific to cancerous cells and occur 

drug leakage during transport, inducing unavoidable toxicity to normal regions along with limited 

therapeutic efficacy and undesired side effects.[12] Such compromised biosafety and antitumor index 

hinder the practical use of cell robots in biomedical field. Therefore, designing a cell robotic platform 

with curative specificity to cancer cells and minimal damage to living body is urgently demanded. 

Oncolytic virotherapy that utilizes engineered oncolytic viruses (OV) to specifically infect and kill 

tumor cells has emerged as a promising approach for cancer treatment.[13] OV can replicate in the 

infected cells and control the cell transcriptional machinery, further inducing cell death and lysis 

after the host cellular resources have been fully exploited. Such cytolysis leads to the release of virus 

progeny to infect surrounding tumor sites with sustainably oncolytic effect without damaging 

healthy regions.[14,15] However, the capsid of naked virus is facilely recognized as pathogen by innate 

immune system and evokes immune elimination when subjected to systematic administration of OV. 

Tremendous efforts have been devoted to design new platforms for OV delivery to evade the 

antivirus immune response and facilitate their successful arrival at tumor area. For example, OV are 

encapsulated and shielded by synthetic nanoparticles[16] or extracellular vesicles.[17] Meanwhile, 

natural cells (i.e., stem cells, tumor cells, macrophages, etc.) attract considerable attentions to load 

OV because endogenous host cells can escape immune recognition and enable viral replication to 

produce numbers of additional virus with improved infection rate and cytolytic effect to tumor 

cells.[14,18] Cell-based systems offer smart route for OV delivery, but the mobility deficiency only 
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allows them to reach desired locations by passive diffusion and circulation, limiting their binding and 

therapeutic efficacy to cancer cells. Imparting inorganic and biological entities with propulsive force 

has been demonstrated to extend their reach in various fields with new and profound merits.[19] 

Thus, developing motile cell delivery systems as the active OV carrier holds great potential to 

generate cutting-edge medical tool and provide alternative and revolutionized solution for 

traditional cancer treatment. 

Bladder cancer is among the top ten most prevalent malignant tumor worldwide.[20,21] Most of them 

(around 75 %) are initially diagnosed as non-muscle or superficially invasive cancer.[22] The standard 

treatment of such bladder cancer is transurethral resection but suffering from high cancer 

recurrence (up to 70%) within 5 years.[21] The periodic intravesical instillations of chemotherapeutic 

drugs are applied to decrease the recurrent rate. Despite this development, the chemotherapy used 

in intravesical administration is restricted by poor tumor targeting, toxicity to healthy location and 

limited retention time in bladder resulted from the immobile drugs,[23] leading to adverse events, 

low therapeutic efficacy and requirement for multiple instillations with increased cost and pain for 

patients. Previous works have reported urease-powered micromotors for in vitro therapy of 3D 

bladder cancer spheroid,[24] in vivo biodistribution[25] and imaging[26]  of bladder. Although their 

biocatalytic engine can offer efficient propulsive force in the presence of bioavailable fuel, the 

enzyme-powered micromotors still suffer from low motility and compromised controllability. 

Besides, unmet demand in the attempt for in vivo bladder disease treatment is still alluring to exploit 

the merits and adaptivity of microrobots, capable of fuel-free and steerable propulsion and  tumor-

selective targeting and killing. 

Here, we present OV-loaded Janus 293T cell robots with magnetic propulsion and tumor-specific 

binding and killing for active and targeted bladder cancer therapy (Scheme 1). 293T cells are derived 

and immortalized human embryonic kidney cells that commonly used in biological field to produce 

therapeutic proteins and viruses.[27] Oncolytic adenoviruses (OA), a type of widely explored oncolytic 

virus in cancer virotherapy,[28] were used in this work to infect 293T cells (293T@OA). The OA-

infected cells were entirely decorated with cyclic arginine-glycine-aspartic acid tripeptide (cRGD) 

(293T-R@OA) via a biotin-streptavidin-biotin binding interaction to target bladder cancer cells with 

overexpressed αvβ3 integrin,[29] followed with asymmetric modification of Fe3O4 nanoparticles (NPs) 

(293T-R-Fe@OA) through the complexation of tannic acid (TA) and 1,4-phenylene diboronic acid 

(PDBA). The Janus immobilization of magnetic NPs (MNPs) on cell surface endows cell robots with 
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magnetic response to external rotating magnetic fields (RMF), generating effective rolling motion 

with precise control in diverse biological media. Such magnetic control enabling fuel-free and 

steerable propulsion for microrobots and thick penetration of biological tissues is highly suitable for 

minimally invasive surgery at micro/nanoscale.[11, 30] Such cell surface engineering was demonstrated 

with negligible influence on the viability of 293T cells, replicative and cytolytic capability of loaded 

OA, allowing us to develop a therapeutic platform by leveraging the intrinsic property of OA to 

specifically kill cancer cells. The magnetic propulsion and navigation of cell robots were first verified 

in a microfluidic device with directional migration for targeted OA delivery. We then tested the 

wirelessly magnetic manipulation of cell robots in a bladder mold with controlled aggregation, and in 

mouse bladder with uneven distribution and prolonged retention of Cy5-labelled cell robots verified 

by ex vivo and in vivo fluorescent images. Cell robots also exhibited improved penetration to three-

dimensional (3D) tumor spheroid with enhanced oncolysis due to their robust movement and 

biorecognition of cRGD to cancer cells. In the orthotopic mouse bladder cancer model, magnetic-

actuated cell robots achieved the most effective tumor suppression compared to other passive 

groups. 

Overall, the constructed 293T-R-Fe@OA cell robots could mimic the Trojan Horse to shield OA, 

meanwhile, offering host environment for OA replication and transporting them to desired area. The 

magnetic propulsion of cell robots with targeted cRGD peptide endows them with precise steering 

capable of directional migration and specific binding with cancer cells, inducing extended residence 

time and improved tissue penetration with remarkably enhanced antitumor efficacy in orthotopic 

bladder tumor model. Such cell robots open a new gate for bladder cancer treatment to overcome 

traditional constrains. The presented cell surface engineering offers a facile and feasible route to 

integrate cell robots with oncolytic virotherapy, generating an ideal therapeutic platform with fuel-

free and controllable propulsion, specific targeting and killing of cancer cells with superb curative 

efficacy and biosafety. Utilizing cell robots as the active OA carrier broaden the applicable 

functionality of cell robots, expanding the versatility and operation horizon of micro/nanoscale 

robots in biomedical community. 
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Scheme 1. Concept overview of magnetic-powered OA-loaded 293T cell robots for active and 

targeted virotherapy of bladder cancer. The 293T cell is first infected with OA, followed with fully 

modification of cRGD to target αvβ3 integrin overexpressed on bladder cancer cells and Janus coating 

of Fe3O4 NPs. The resulting cell robots are injected to mouse bladder through intravesical instillation 

and navigated with directional migration to tumor site upon RMF control. The specific conjugation of 

cRGD to αvβ3 integrin and robust propulsion enhance the binding between cell robots and cancer 

cells. OA replicate in host cells and induce cytolysis to release virus progeny, transferring infectivity 

to cancer cells for continuously oncolytic virotherapy. 
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2. Results and Discussion 

 

 

Figure 1. Fabrication and characterization of 293T-R-Fe@OA cell robots. a) Schematic of the 

fabrication of 293T-R-Fe@OA cell robots. 293T cells infected with OA were first fully modified with 

cRGD through a biotin-streptavidin-biotin binding complex, followed with unevenly immobilization 

of Fe3O4 NPs via metal-phenolic and boronate-phenolic interactions in a commercial well plate. b) 

Bright-field (BF, i) and fluorescent images (ii-iv) of a cell robot modified with Cy3-labeled streptavidin 

and FITC-labeled cRGD. Scale Bar: 5 μm. c) Representative flow cytometry histograms of FITC-labeled 

cRGD under various conditions: cell robots (red) and control experiments, including unmodified 293T 

cells (brown), cell surface modification using cRGD without FITC label (orange) or without using 

biotin-conjugated cRGD (blue), streptavidin (cyan), NHS-biotin (green). a.u., arbitrary units. d) SEM (i) 

and EDX (ii-iv) images of the cell robot. Scale bar: 5 μm. e) Bright-field and fluorescent images of 
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293T@OA and 293T-R-Fe@OA cell robots treated with live/dead staining assay. Live and dead cells 

were stained with Hoechst 33324 (blue) and PI (red), respectively. Scale bar: 50 μm. 

The fabrication process of 293T-R-Fe@OA cell robots can be divided into two parts, as illustrated in 

Figure 1a. 293T cells were first infected with OA (293T@OA). Then, cells were collected and the 

primary amine on cell membrane was utilized as the anchorage for subsequent functionalization.[31] 

Sulfo-N-hydroxysuccinimide (NHS)-biotin and cRGD was first mixed at a molar ratio of 1:2 to 

synthesize cRGD-biotin. Sulfo-NHS-biotin, streptavidin and cRGD-biotin were sequentially added to 

entirely modify 293T cells with cRGD (293T-R@OA). To asymmetrically immobilize cell surface with 

Fe3O4 NPs, a modified method of Janus cell surface engineering was applied and conducted in a 

commercial 6-well plate coated with poly(L-lysine) (PLL).[8] Briefly, 293T-R-OA were cultured for 6 

hours to attach with PLL surface in the well plate. The electrostatic interaction between positively 

charged PLL surface and negatively charged cell membrane leads to partially block of attached cell 

membrane. Fe3O4 NPs incubated with TA and PDBA were then introduced to modify exposed cell 

surface through metal-phenolic interactions and boronate-phenolic covalent complexes as illustrated 

in Figure S1.[32] The resulting Fe3O4 coating with tight crosslinking on the cell surface enables the cell 

robot to maintain the asymmetric coating of Fe3O4 NPs despite the fluidity of cell membrane (See 

detailed descriptions in Supporting Information). Finally, the fabricated 293T-R-Fe@OA cell robots 

were detached from the PLL surface and dispersed in phosphate-buffered saline (PBS) at 4 °C for use.  

The resulting cell robots were first characterized by fluorescent images using Cyanine 3 [Cy3; 

excitation (Ex)/emission (Em) = 550/570 nm]-labelled streptavidin and fluorescein isothiocyanate 

(FITC; Ex/Em = 490/525 nm)-labelled cRGD. Figure S2 shows that Cy3 and FITC fluorescence were 

uniformly covered on the surface of 293T-R@OA cells before modifying MNPs. Figure S3 illustrates 

the optical and fluorescent images of 293T-R@OA cells that attached to the PLL-coated substrate (a) 

before and (b) after immobilizing Fe3O4 NPs. The cells still adhered to the bottom after the reaction 

and wash steps, revealing the robust binding between cells and the substrate as the stable 

anchorage for Janus cell surface modification. After releasing the fabricated 293T-R-Fe@OA cell 

robots from the substrate, Figure 1b shows the entire coating of Cy3 and FITC fluorescence (ii-iv) and 

asymmetric cover of Fe3O4 NPs (i, black part) on the cell surface. The deficiency of FITC fluorescence 

on the cell robot membrane that overlaid with the position of Fe3O4 NPs may attributed to the 

shelter of outer MNPs. Such result demonstrates the successful coating of cRGD and Fe3O4 NPs on 

the cell membrane. The zeta potential analysis of cell surface after stepwise modifications are 

depicted in Figure S4. The feasibility and efficiency of cRGD modification was further evaluated by 

flow cytometry analysis. As shown in Figure 1c, around 99% of cell robots displayed FITC signal, 

whereas FITC fluorescence was not obtained in control experiments, including unmodified 293T cells 

or cell surface modification using cRGD without fluorescence label or without using biotin-
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conjugated cRGD, streptavidin or sulfo-NHS-biotin. Such results further confirm the successful 

modification of cRGD on the surface of cell robots. Figure 1d displays the scanning electron 

microscope (SEM) image (i) and energy-dispersive X-ray (EDX) mappings (ii-iv) of the cell robot. The 

coating of Fe3O4 NPs resulted in rough surface morphology. The element of Fe was partially 

distributed on the cell surface, which is consistent with the optical image of the Janus cell robot and 

verifies the feasibility to unevenly modify cell surface with MNPs. The composition of Fe3O4 NPs 

coating was also confirmed by X-ray photoelectron spectroscopy (XPS, see detailed decriptions in 

Supporting Information and Figure S5).[33] The cell size before and after asymmetric surface 

modification was measured using optical microscope (Figure S6), which increased from 14.31 ± 1.56 

μm to 15.45 ± 1.78 μm mainly due to coating of MNPs. Considering the fluidity of cell membrane, we 

also examined the stability of such asymmetric coating on cell surface. The optical images of Janus 

cell robots in Figure S7 show that Fe3O4 NPs were stably and partially located on the cell membrane 

without significant position changes over 24 hours. Such result indicates that the resulting Fe3O4 

layer with solid network connection is strong and stable enough to resist the flow of cell membrane, 

allowing the cell robot to retain the Janus coating of Fe3O4 NPs. Moreover, we also examined the 

influence of such cell surface engineering on the viability of 293T cells using a live/dead staining 

method. Two dyes, Hoechst 33324 (Ex/Em = 361/497 nm) and propidium iodide (PI; Em/Ex = 

535/617 nm), were responsible to represent live cells with blue fluorescence and dead cells with red 

fluorescence,[34] respectively. In Figure 1e, both 293T@OA and 293T-R-Fe@OA cell robots appeared 

blue fluorescence instead of red, indicating that the modification of cRGD and Fe3O4 NPs did not 

change the cell viability. Overall, these results demonstrate that 293T-R-Fe@OA cell robots can be 

facilely constructed by fully modifying OA-infected 293T cells with cRGD, followed with Janus coating 

of Fe3O4 NPs without affecting the cell viability, which is prerequisite to subsequent investigations 

for their biomedical applications. 
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Figure 2. Replicative capability and cytolytic effect of OA in 293T-R-Fe@OA cell robots. a) Viability 

of 293T cells infected with various MOIs of OA after 24 or 48 hours (n = 3; Mean ± SD). b) GFP 

fluorescence intensity of 293T cells infected with GFP-OA at various MOIs after 24 or 48 hours (n = 3; 

mean ± SD). c) Comparison of the number of E1A copies in 293T@OA and 293T-R-Fe@OA cell robots 
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and their culture medium after 48-hour incubation (n = 3; mean ± SD). ns, no statistical significance; 

t test. d) Viability of T24 cells incubated with PBS, free OA, 293T@OA and 293T-R-Fe@OA cell robots 

after various durations. The MOI of free OA was the same as the OA dosage for the infection of 293T 

cells (n = 3; mean ± SD). **P < 0.01, ANOVA. e) Bright-field and fluorescent images of GFP-expressing 

T24 cells incubated with DiD-labelled 293T@OA, 293T-R@OA or cell robots for 1 hour. Scale bar: 50 

μm. 

 

The biocompatible modification on cell surface allows us to investigate the viral activities in host cells. 

We first examined the oncolytic effect of free OA on different cancer cells, including T24 and 5637 

bladder cancer cells, HeLa cervical cancer cells and T47D breast cancer cells. The results in Figure S8 

(See detailed decriptions in Supporting Information) demonstrate that bladder cancer cells are more 

sensitive to the infection and cytolysis of the selected OA compared to other cancer cell lines, 

encouraging us to apply Janus cell robots in bladder cancer treatment. 

Subsequently, we optimized the OA dosage for infecting and loading in 293T cell carrier to prevent 

untimely cytolysis of host cells and premature release of propagated viruses. 293T cells were 

incubated with OA at various multiplicities of infection (MOIs) and their viability after 24 or 48 hours 

postinfection are shown in Figure 2a. The cell viability was not altered in the initial 24 hours because 

the virus was replicating using the host cell resources. Then, the viability was decreased with the 

increasing MOI of OA after 48-hour incubation and reached to lowest cell viability of 36.7% at 64 

MOI, revealing that the maximum virus occupancy in the host cell with the most effective cytolysis 

after viral propagation for 48 hours was achieved at 64 MOI. The viral production was explored using 

OA engineered with green fluorescent protein (GFP) reporter gene (GFP-OA) to infect 293T cells for 

fluorescent characterization. The level of viral yield was determined by quantifying the fluorescence 

intensity of GFP in 293T cells. Figure 2b and Figure S9 displays that the peak of GFP fluorescence 

intensity in 293T cells was detected at 64 MOI of OA for both 24 and 48 hours postinfection, yielding 

the largest amount of virus progeny after replicated in 293T cells and consistent with the result in 

Figure 2a. Taken together, 64 MOI was selected as the optimized OA dosage to infect 293T cells for 

fabricating 293T-R-Fe@OA cell robots. 

Next, we assessed whether the modification of cRGD and Fe3O4 NPs would affect the replicative 

level of OA in 293T cells and their cytolysis to cancer cells. The OA replication in unmodified 293T 

cells (293T@OA) and cell robots was determined by quantifying the adenovirus early region 1A (E1A) 

copies in the cell carrier, a gene expressed during viral replication[35], through quantitative 
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polymerase chain reaction (qPCR). As results shown in Figure 2c, no measurable change of total viral 

yield was observed in the host cell and culture medium for both 293T@OA and cell robots, 

demonstrating the negligible impact of proposed cell surface engineering on OA replication in 293T 

cells. We further evaluated the cytolytic effect of 293T-R-Fe@OA cell robots to cancer cells. The 

groups of free OA and 293T@OA were performed as positive controls, where the MOI of free OA 

was the same as the OA dose to infect 293T cells. Figure 2d displays the viability of T24 cells cultured 

in different conditions upon various durations. Cell robots exhibited the highest oncolytic efficacy at 

each time point compared to other groups. Such results reflect that the viral replication of infected 

OA in host 293T cells produced abundant new viruses than original OA dose, inducing much stronger 

infection rate and cytolytic effect to cancer cells after releasing propagated viruses. On the other 

hand, the replicative level of OA in 293T cells was verified with independence to the cell surface 

modification. The improved cell-killing index of cell robots in contrast with 293T@OA may be ascribe 

to the modified cRGD with targeted binding to bladder cancer cells. To verify this hypothesis, T24 

cells engineered with GFP expression were first seeded in a commercial 96-well plate and then 

incubated with 1,1’-dioctadecyl-3,3,3,3’-tetramethylindodicarbocyanine (DiD; Ex/Em = 648/668 nm)-

labelled 293T@OA, 293T-R@OA and 293T-R-Fe@OA cell robots for 1 hour, followed by suspension 

removal and PBS wash. In Figure2e, significant higher fluorescent intensity of DiD was observed 

when T24 cells were cultured with 293T-R@OA or cell robots compared to that of 293T@OA. The 

ratio of fluorescent intensity of DiD (red) to GFP (green) at each condition was quantified and 

displayed in Figure S10. The ratio of 293T-R@OA and cell robots were 15.4-fold and 14.0-fold higher 

than 293T@OA group, respectively, demonstrating that cRGD can specifically bind with αvβ3-

overexpressed T24 bladder cancer cells. Such results verify the aforementioned hypothesis that the 

targeted adhesion between cell robots and T24 cells can improve the anticancer efficacy of cell 

robots. Besides, as the host cell of OA, 293T cells are expected to disappear after completing virus 

delivery, avoiding possible unwanted side effects for in vivo tests. Figure S11 depicts that the 

viability of 293T cells was comparable at each time point for both 293T@OA and cell robots and no 

cell was alive after 6-day incubation at the OA doses of 64 and 128 MOI, reflecting the 

biocompatibility in modifying cell membrane with negligible influence on viral cytolysis and self-clear 

function of such active OA carrier. Overall, these results demonstrate that the replicative level of OA 

in 293T cells and their cytolytic effect are not altered by the cell surface engineering in building cell 

robots. The cRGD modification on cell robots can enhance their specific adhesion to T24 bladder 

cancer cells with improved cell-killing efficacy. 293T cells, as the building block of cell robots and 
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virus host, can be completely lysed by loaded OA upon prolonged incubation, meeting the demand 

as a promising non-residual therapeutic platform. 

 

Figure 3. Motion performance of magnetic-propelled Janus cell robots. a) Schematic of cell robots 

undertaking the rolling and linear motion on a substrate under RMF control. b) Simulation of fluid 

flow around a clockwise-rotating cell robot (radius: 7.5 μm). Motion speed (c) and corresponding 

time-lapse images with trajectories (over 4 s) (d) of cell robots under the RMF with different 

intensities. The applied frequency of RMF was 10 Hz. Scale bar: 10 μm (n = 3; mean ± SD). Motion 
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speed (e) and corresponding time-lapse images with trajectories (over 3 s) (f) of cell robots under 

the RMF with different frequencies. The applied intensity of RMF was 10.3 mT. Scale bar: 10 μm (n = 

3; mean ± SD). Motion speed (g) and corresponding time-lapse images with trajectories (over 3 s) (h) 

of cell robots in various media under the RMF (10.3 mT, 17 Hz). Scale bar: 10 μm (n = 3; mean ± SD). 

i) Motion trajectories of magnetic-actuated cell robots under a predefined square-like loop (10.3 mT, 

17 Hz). Scale bar: 20 μm.  

 

The magnetic actuation and steering of cell robots were realized by a custom designed closed-loop 

magnetic manipulation system with five electromagnetic coils in three axes (See Experimental 

section), illustrated in Figure S12. The Janus coating of MNPs enables the cell robot undergoing a 

rolling motion on the nearby surface upon RMF control,[2,36] as depicted in Figure 3a. To better 

understanding the motion mechanism, we simulated the fluid flow around a clockwise-rotating cell 

robot, displayed in Figure 3b. The flow velocity around the cell robot was symmetric along the 

horizontal orientation but uneven in the vertical direction. The fluid motion near the substrate was 

impeded due to the no-slip condition. Figure S13a displays the flow speed around the top and bottom 

of cell robot, where the velocity gradient below the cell robot was significantly larger than that above 

the cell robot. That means: 

                                                             |
        

  
|  |

    

  
|                                                     (1) 

Where     ,         and   denote fluid velocity above the cell robot, fluid velocity below the cell 

robot, and the distance to cell surface, respectively. The hydrodynamic shear force on the top and 

bottom of the cell robot can be expressed as: 

                                                                     
     

  
                                                        (2) 

                                                                   
        

  
                                                  (3) 

Where μ represents the viscosity coefficient of fluid.[37] Then we have:  

                                                              |       |  |    |                                                     (4) 

Therefore, a net force was generated in x direction by the counteraction of      and        , serving 

as the driving force to propel the cell robot on the substrate. Such mismatch of hydrodynamic 

motility between the top and bottom of rolling robots can transfer their rotation to translational 

movement.[38] 
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We investigated the relationship between propulsion behavior of cell robots with applied intensity 

and frequency of external RMF. As shown in Figure 3c (movie S1), upon the fixed frequency of RMF 

at 10 Hz, the motion speed of cell robots increased with the rise of RMF intensity and then reached 

the peak speed of 44.4 μm/s at the intensity of 10.3 mT. Corresponding trajectories of cell robots 

under various intensities are shown in Figure 3d with aligned starting points. The speed changes of 

cell robots upon various frequencies of RMF at constant magnetic intensity of 10.3 mT are presented 

in Figure 3e (movie S2). The propulsion speed was first increased and then declined along with the 

increasing frequencies. The step-out frequency was obtained at 17 Hz with the maximum speed of 

74.4 μm/s. Figure 3f illustrates the corresponding trajectories of cell robots upon different RMF 

frequencies. We also explored the propulsion performance of cell robots in various biological fluids. 

As shown in Figure 3g (movie S3), cell robots presented effective movement in simulated urine, 

serum and Dulbecco’s Modified Eagle Medium (DMEM), demonstrating the robustness of Janus 

MNPs encapsulation on cell surface and adaptive motion in different media. The corresponding 

trajectories are shown in Figure 3h. Besides, the closed-loop control of designed magnetic actuation 

system enables the precise navigation of cell robots moving under a predefined path. As depicted in 

Figure 3i (movie S4), the movement of the cell robot undergoes a square-like (□) trajectory with 

three cycles upon a programmed RMF, where the motion direction was controlled by changing the 

orientation of applied RMF. The capability to move against blood flow is essential for microrobots to 

apply in practical biological environments. Here we also explored the magnetic propulsion of Janus 

cell robots in a microfluidic chamber (See Experimental section).  Figure S14 (movie S5) displays the 

robust motion of cell robots against the fluid flow. Overall, Janus cell robots are capable of efficient 

and controllable movement in various biological media and against blood flow under RMF control. 
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Figure 4. Magnetic navigation of cell robots in a microfluidic device under RMF control. a) 

Schematic of the directional migration of cell robots in a microfluidic device under RMF control. Cell 

robots were added to the left chamber and T24 bladder cancer cells were seeded on the right side. 

b) Fluorescent images of the microfluidic device where Cy3-labelled cell robots were added to the 

left chamber and treated without or with external RMF (10.3 mT, 17 Hz) for various durations (0, 2 

and 5 min). Scale bars, 4 mm. c) Time-lapse images with motion trajectories illustrating controllable 

migration of (i) single cell robot (over 12 s) and (ii) cell robot swarm (over 3 s) in the microchannel. 

Scale bars, 100 μm. d) Viability of T24 cells in the right chamber incubated with migrated cell robots 

upon different treatments (without or with RMF control for 5 min) for various durations (n = 3; mean 

± SD). **P < 0.01; t test. 

 

The rolling motion of cell robots holds great potential to locomote on tissue surface mimicking the 

leukocytes’ migration in blood vessels.[39] Here we examined the surface migration of cell robots 

under RMF control in a microfluidic channel. As illustrated in Figure 4a, the microfluidic device has 

two chambers connected by four microchannels with axial length of 10 mm. T24 bladder cancer cells 
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were cultured in the right end and Cy3-labelled Janus cell robots were added to the left chamber of 

the microfluidic device. As shown in Figure 4b, notable red fluorescence was observed in the right 

chamber within 5 min under magnetic steering (10.3 mT, 17 Hz), whereas no fluorescence was 

obtained without applying RMF, demonstrating the feasibility and necessity of RMF in propelling and 

navigating cell robots with rapid migration toward the right end of the microfluidic device. We 

randomly picked three horizontal lines in the right chamber and assessed the fluorescent intensity 

distributed along with these lines. Figure S15a displays that scarce fluorescence was detected on the 

right side without using RMF over 5 min. In contrast, strong fluorescent intensity was obtained after 

2 min and further increased at 5 min under RMF control, presented in Figure S15b-d. The time-lapse 

images in Figure 4c (movie S6) exhibit the migration of (i) single cell robot and (ii) robot swarm in the 

microchannel under RMF control. After 5-min treatment without or with the RMF steering, T24 cells 

in the right chamber were incubated with migrated cell robots for different periods of time. Figure 

4d illustrates that the viability of T24 cells was stable at around 90 % within 48 hours for the 

condition without applying RMF. In contrast, the cell viability dropped sharply to 25 % after 48 hours 

for the group using RMF, indicating that the migrated cell robots upon RMF control can release OA 

progeny to infect and kill T24 cells through viral oncolysis. Overall, these results demonstrate that 

cell robots can undertake the rolling motion and migrate in the microchannel for targeted delivery of 

OA under magnetic manipulation. 
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Figure 5. Magnetic manipulation of cell robots in bladder. a) Bright-field (BF) and fluorescent 

images of Cy3-labeled cell robots in bladder mold under RMF control (10.3 mT, 17 Hz) at different 

time point. Scale bar: 20 mm. b) Ex vivo fluorescent images of Cy5-labelled cell robots in the urinary 

system dissected from mice without or with RMF control (10.3 mT, 17 Hz) for 60 min. Scale bar: 1 

mm. c) In vivo imaging of post-intravesical Cy5-labeled cell robots treated without or with RMF 

control (10.3 mT, 17 Hz) for 1 hour and then free incubated for another 5 hours. (i - iv): zoom in 

images of bladder areas. 
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The surface locomotion and migration of cell robots in the microchannel encourage us to explore the 

magnetic control of cell robots in the mouse bladder. We first investigated the swarm behavior of 

cell robots under magnetic control in a bladder mold composed of polydimethylsiloxane (PDMS). As 

illustrated in Figure 5a, Cy3-labelled cell robots were injected to the bladder location. When applying 

external RMF, both bright-field and fluorescent images exhibited that cell robots gradually aggerated 

and shifted to the right side of the bladder mold within 10 min. The fluorescent intensity of Cy3-

labelled cell robots distributed along three horizontal lines randomly selected in bladder area upon 

RMF control for different periods of time were shown in Figure S16. At the beginning (0 min), the 

Cy3 fluorescence was uniformed covered in the bladder mold. Turning on the external RMF initiated 

the magnetic propulsion of cell robots toward the right side of the bladder chamber, inducing the 

fluorescence shift to right corner and breaking the homogeneous fluorescence distribution. Thus, 

the fluorescent intensity dropped on the left side over time, on the contrary, increased on the right 

side within 10 min due to the directional aggregation of cell robots. 

We further evaluated the magnetic steering of cell robots in the mouse bladder. Cy5-labelled cell 

robots were injected into the bladder through intravesical instillation from urethra. We first 

explored the fluorescence distribution in the dissected urinary system from mice under different 

treatments. As illustrated in Figure 5b, the Cy5 fluorescence of cell robots was uniformly covered in 

the bladder with declined intensity without using RMF as time reached to 60 min. Whereas 

noticeable fluorescence with uneven distribution in mouse bladder was observed when RMF was 

applied for 60 min. Three parallel lines were randomly picked in dissected bladders to check the 

fluorescence distribution upon different treatments for 60 min, depicted in Figure S17. The Cy5 

fluorescence of cell robots was homogenously distributed along the line with lower intensity without 

RMF control. Whereas stronger fluorescent intensity was detected on the right side of mouse 

bladder when applying RMF. Such results reflect that the remote and wireless control of external 

RMF enable the fuel-free propulsion of cell robots in mouse bladder and induce swarm migration to 

desired place. The robust movement generates an efficient force to enhance the binding between 

cell robots and bladder wall, resulting in prolonged retention of cell robots in mouse bladder.[25] 

Then, we explored the in vivo imaging of Cy5-labelled cell robots in mouse bladder, illustrated in 

Figure 5c. The mice were treated under different conditions (without or with RMF control) for 1 hour 

and then free incubated for another 5 hours. The Cy5 fluorescence was weak at the beginning (0.1 

hour) and disappeared after 6 hours without using RMF. In contrast, apparent fluorescence was 

observed at 0.1 hour and retained after 6 hours upon RMF control, revealing the elongated 
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residence of cell robots in mouse bladder due to their sufficient propulsion and in line with the result 

of ex vivo fluorescent results in Figure 5c. The fluorescence in urethra area was attributed to the 

operation of intravesical instillation. Overall, these results demonstrate that 293T-R-Fe@OA cell 

robots can be remotely propelled and manipulated in vivo under RMF control, leading to steerable 

swarm migration and enhanced retention of cell robots in mouse bladder. 

 

Figure 6. Tissue penetration of cell robots under RMF control toward 3D bladder cancer spheroid. 

a) Schematic of fluorescence in various transverse sections with a depth interval of 60 μm of T24 

bladder cancer cell spheroid. b) Bright-field (BF) and fluorescent images of different transverse 

sections with an increasing depth of 60 μm of T24 cell spheroids cultured upon various conditions for 
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1 hour and separated for another 48-hour incubation. Static groups without applying magnetic field: 

free OA, 293T@OA, 293T-R@OA, 293T-R-Fe@OA and F-293T. Active groups: 293T-R-Fe@OA under 

magnetic shaking (MS) and RMF control. OA was genetically modified with GFP reporter gene and 

can translate GFP (Green) in host cells. The spheroid was stained with PI (red), representing dead 

cells. Scale bar: 200 μm. c) Fluorescence intensity of PI in transverse sections at different spheroid 

depths. 

As the carrier of OA, the tissue penetration of Janus cell robots determines their therapeutic 

efficacy. To explore the tumor penetration capacity of cell robots, a 3D multicellular tumor spheroid 

model consisting of T24 bladder cancer cells was established with a diameter of 480 μm and cultured 

at various conditions for 1 hour, followed with transferring to fresh DMEM for another 48-hour 

incubation. Afterward, the spheroid was stained with PI to represent dead cells. The OA used in this 

experiment was engineered with GFP reporter gene (GFP-OA). The PI staining and GFP expression 

allow the fluorescent characterization of the transverse spheroid sections using confocal laser 

microscopy to obtain the tomoscan images at a fixed depth interval of 60 μm, as illustrated in Figure 

6a. The cell products upon sequential cell surface engineering (Figure 1a), including 293T cells 

loaded with OA (293T@OA), cRGD-modified 293T@OA (293T-R@OA) and Janus cell robots (293T-R-

Fe@OA), were taken as the static control groups to compare the impact of various surface 

modifications of cell robots on tissue penetration. We also fabricated symmetrically coated cell 

counterparts with fully coating of cRGD and Fe3O4 NPs on their surface (F-293T) to verify the 

structural superiority of Janus cell robots. The fluorescent and SEM images of F-293T cells are shown 

in Figure S18 and S19, respectively, confirming the entire coating of Fe3O4 NPs and cRGD on the cell 

surface. The zeta potential and cell size of F-293T are also displayed in Figure S4 and S6, respectively. 

Figure 6b shows the optical and fluorescent images of transverse sections from boundary to center 

of the cell spheroid at the depth interval of 60 μm under different treatments. The MOI of free OA 

was the same as the OA dosage to infect 293T cells for fabricating other control groups and cell 

robots. The spheroid incubated with 293T-R-Fe@OA cell robots under external RMF steering (293T-

R-Fe@OA + RMF) displays much stronger fluorescence of GFP and PI at each section than other 

static groups that cultured with free OA, 293T@OA, 293T-R@OA, 293T-R-Fe@OA, F-293T without 

applying RMF, and the active group that incubated with Janus cell robots under magnetic shaking. 

We further quantified the fluorescent intensity of GFP and PI in the transverse sections at different 

depths and presented in Figure S20 and 6c, respectively. In Figure S20, compared to the GFP 

fluorescence in OA group, the spheroid cultured with 293T@OA exhibited higher GFP intensity 
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because OA can replicate in the host 293T cells, yielding larger number of virus than original OA 

input to infect the spheroid. Such GFP intensity was further improved under the condition of 293T-

R@OA, revealing the functionality of cRGD modification in enhancing the specific binding of cell 

robots to T24 cells with overexpressed αvβ3 integrin on their surface and inducing higher transfection 

efficiency of OA. 293T-R-Fe@OA cell robots with Janus coating of Fe3O4 NPs on 293T-R@OA 

decreased the exposure area of cRGD and slightly diminished the benefit of fully encapsulation of 

cRGD, leading to the declined GFP intensity compared with the group of 293T-R@OA. The open part 

of cRGD was even declined for F-293T cells with fully coating of MNPs, severely hindering the 

bioconjugation of cRGD with bladder tumor cells and leading to weaker GFP fluorescence compared 

with Janus cell robots. In contrast, the spheroid incubated with cell robots upon magnetic control 

displayed the strongest GFP intensity at each section. Although magnetic shaking offers random 

motion for Janus cell robots to enhance their binding to cell spheroid along with promoted 

penetration, the controllable propulsion of cell robots under external RMF allows directional 

movements of robotic swarms capable of more robust driving force to adhere and penetrate tissues 

compared to aimless shaking. Such results demonstrate that the efficient and powerful propulsion of 

cell robots stimulated by external RMF offers a driving force to penetrate the 3D spheroid and 

prolong their retention, inducing active delivery of OA to deep tissue with greatly higher level of GFP 

production. The PI fluorescence staining dead cells was dependent to the OA replication and their 

oncolytic effect. As shown in Figure 6c, the fluorescent intensity of PI in the group of “293T-R-

Fe@OA cell robot + RMF” was notably higher than other groups at each transverse section, matched 

with results in Figure S20. The deeper penetration of cell robots to spheroid enhanced the viral 

spread and infection to far-reaching locations, further increasing the cell-killing efficacy in the 

spheroid. Overall, these results demonstrate that the robust propulsion of 293T-R-Fe@OA cell 

robots can enhance the payload retention and tissue penetration in 3D cell spheroid, leading to 

improved anticancer efficacy. 
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Figure 7. In vivo therapeutic efficacy of 293T-R-Fe@OA cell robots against bladder cancer. a) 

Schematic of the study protocol in establishing orthotopic T24 bladder tumors in Balb/c nude mice, 

followed with various intravesical administrations. Bioluminescence intensity (b) and representative 

in vivo bioluminescence images (c) of T24 tumor-bearing mice under various intravesical 

administrations over the treatment course (n = 5; mean ± SD). **P < 0.01; ANOVA. d) H&E staining of 

bladder tumor slices from T24 tumor-bearing mice at the end of treatment course (Day 13) upon 

various intravesical administrations. Scale bar: 1 mm. Survival rate (e) and body weight (f) of mice 

under various intravesical administrations over the treatment course (n = 5; mean ± SD). 

 

Upon demonstrating the capability of cell robots with enhanced retention and tissue penetration in 

mouse bladder under RMF manipulation, we proceeded to assess the in vivo therapeutic efficacy of 

Janus cell robots against bladder cancer. As depicted in Figure 7a, the orthotopic bladder tumor 

model was built in Balb/c nude mice by surgically inoculating luciferase-expressing T24 cells on the 

bladder wall, followed with suturing and incubating for one week. Next, the mice bearing orthotopic 

T24 bladder tumors were randomly divided into 6 groups (n = 5, for each group) and intravesically 

instilled with PBS (negative control), free OA, 293T@OA, 293T-R@OA, 293T-R-Fe@OA cell robots 

and cell robots under RMF control (293T-R-Fe@OA + RMF) (10.3 mT, 17 Hz). Such intravesical 

administration lasted for 1 hour and was repeated on day 2 and 4. The tumor growth during the 

treatment course was monitored by bioluminescence signal generated by luciferase. As shown in 

Figure 7b, when the incubation period reached to day 13, free OA instillation did not inhibit the 

tumor growth as the bioluminescence intensity was equivalent to the control group (PBS). The 

intensity was declined when the mice were treated with 293T@OA, revealing that leveraging cells as 

the OA carrier enables virus replication and produces plentiful OA progeny with improved oncolytic 

effect. Such tumor-killing efficacy was further enhanced by intravesical injection of 293T-R@OA, 

reflecting that cRGD modification on cell carriers can enhance their specific binding with αvβ3-

expressing bladder tumors and further reinforce the anticancer efficacy. 293T-R-Fe@OA cell robots 

with asymmetrical coating of Fe3O4 NPs partially masked the decorated cRGD on cell membrane, 

weakening their binding affinity to tumor site and impairing the oncolytic efficacy with higher 

bioluminescence intensity compared with the group of “293T-R@OA”. When mice were treated with 

cell robots under magnetic control (293T-R-Fe@OA + RMF) for 1 hour, the lowest bioluminescence 

intensity was observed, which was 2.6-fold and 4.6-fold lower than the group of “293T-R@OA” and 
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“293T-R-Fe@OA”, respectively. Such result reveals that the steerable and effective propulsion of cell 

robots enable prolonged retention and improved tissue penetration on bladder mucosa, further 

enhancing the anticancer efficacy to orthotopic bladder tumor. Similar trend was obtained for the 

bioluminescence area of each group, displayed in Figure S21. The mice in the group of “293T-R-

Fe@OA + RMF” presented the smallest bioluminescence area at the endpoint of treatment, at least 

2-fold lower than other groups. Figure 7c depicts representative bioluminescence images of mice 

treated under different conditions, illustrating the lowest bioluminescence intensity with the 

smallest area of the mouse from “293T-R-Fe@OA + RMF” group on day 13. The tumor growth was 

further examined by the hematoxylin and eosin (H&E) staining of dissected mice bladder in each 

group after finishing the treatment course. As shown in Figure 7d, the bladder tumor was 

remarkably diminished when the mouse was treated with cell robots under RMF control (293T-R-

Fe@OA + RMF) compared to other intravesical administrations. The capability of tumor inhibition 

was also reflected in the overall survival rate. Figure 7e displays that the mouse death occurred on 

all groups except the condition of “293T-R-Fe@OA + RMF” during the treatment procedure. We also 

assessed the system toxicity of each intravesical administration on mice. As shown in Figure 7f, no 

mice underwent striking weight loss during the experimental period. In Figure S22, the 

bioluminescence signal was only found in dissected mice bladder rather than other organs in all 

groups on day 13, including kidney, spleen, lung, heart, and liver, indicating that cancer metastasis 

did not appear during the therapeutic process. Overall, these results demonstrate that 293T-R-

Fe@OA cell robots exhibit significantly improved antitumor efficacy against orthotopic bladder 

tumor under magnetic manipulation, accompanied with attractive biosafety. 

 

3. Conclusion 

In summary, we have demonstrated an OA-loaded 293T cell robot, capable of fuel-free and steerable 

propulsion stimulated by magnetic field, selective binding and cytolysis to cancer cells without 

causing harm to healthy area. The presented cell robots were fabricated by fully coating OA-infected 

293T cells with cRGD via biotin-streptavidin-biotin binding interaction, followed with asymmetric 

encapsulation of Fe3O4 NPs through TA and PDBA complexation. cRGD modification enables targeted 

binding of cell robots with αvβ3-overexpressing bladder cancer cells. The asymmetric immobilization 

of MNPs endows cell robots with magnetic response to external RMF, generating rolling motion near 

substrate surface in various media with precise control. This combo strategy that combines entire 
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and Janus cell surface engineering yields a biocompatible cell robot with unique synergistic 

properties. Such modification was also demonstrated with negligible impact on 293T cell viability, 

replicative level and cytolytic effect of loaded OA, preserving the inherent features of the virus-host 

system for cancer therapy. This robotic system serves as the mobile “Trojan horse” to load and 

shield OA, further rapidly delivering them to desired cancerous site under magnetic control. The 

cellular component offers available resources for viral replication, yielding OA progeny with orders-

of-magnitude amplification. The host cell will be lysed when the cellular nutrition and space are 

entirely employed. Propagated viruses are then released and spread to nearby tumor cells for 

sustainable viral infection and oncolysis. On the other hand, magnetic propulsion produces a 

sufficient driving force for cell robots to penetrate the tissue or bladder wall, which enhances their 

attachment with tissues and extends their retention time in bladder. Such adhesion was further 

reinforced by the specific binding of modified cRGD on cell robots with αvβ3 integrin overexpressed 

on the surface of bladder cancer cells. These features lead to the most effective antitumor efficacy 

of fabricated cell robots in treating mice bearing orthotopic bladder cancer upon RMF manipulation 

compared with other control groups. Moreover, the building block of cell robots was demonstrated 

to be eventually lysed and disappeared due to the cytolytic effect of OA to host 293T cells, 

eliminating the possible adverse effect resulted from the residual agents. This work provides a 

feasible avenue to incorporate cell robots with virotherapy, generating a biocompatible medical 

robotic device with tumor-specific binding and cytolysis, minimized cytotoxicity to living body. Such 

design broadens the versatility and intelligence of microrobots, holding considerable potential to 

reform the traditional intravesical instillation therapy for bladder cancer and opening a new gate to 

develop next-generation therapeutic tool to meet the rigorous requirement of clinical applications 
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