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Abstract

Micro/nanomotors distinguish themselves with in situ energy conversion capability for 

autonomous movement, a feature that confers remarkable potential to improve cancer treatment. In 

this review article, three areas are highlighted where micro/nanomotors have established 

themselves with unique contributions, including propelled navigation to promote cancer cell 

targeting, powered cell membrane penetration to enhance intracellular delivery, and steered 

isolation of circulating cancer cells for detection. Progress made in these areas has offered 

promising inspiration and opportunities aimed for enhancing the efficiency and precision of drug 

targeting to cancer cells, improving the capability of delivering anticancer drug into cytoplasm for 

bioactivity, and enabling more rapid and sensitive cancer cell detection. Herein, we review each 

area with highlights of the current and forthcoming micro/nanomotor techniques in advancing 

cancer diagnosis and treatment.
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1. Introduction

Nanomedicine platforms that allow for precise and remote manipulation of nanoscale 

objects in biological environment have enabled exciting opportunities for innovative 

diagnostics and therapies of numerous diseases including cancer [1-4]. Among these 

platforms, micro/nanomotors represent an emerging and powerful system that is capable for 

effectively converting diverse energy sources into driving forces and autonomous movement 

[5-7]. With this distinct feature, micro/nanomotors have been pursued for numerous 

biomedical applications including targeted delivery, precision surgery, sensing and 

detoxification [1-4]. When combined with remote steering, the propelled motion allows 

micro/nanomotors to enter physiological sites (e.g. tumors) in an active targeting manner, 

bypassing the reliance on random diffusion and systemic circulation for navigation [8]. In 

addition, by engaging movements powered through in situ energy conversion, micro/

nanomotors can gain considerable propelling force that enable the motors to penetrate into 

deep tumor tissues beyond regular diffusion limits [9]. Furthermore, micro/nanomotors can 

be equipped with cargo manipulation mechanisms to pickup, transport, and release “heavy” 

cargos such as cancer cells on demand, making them suitable for in situ cancer cell isolation 

and sorting [10, 11]. Collectively, these intriguing advantages have triggered a number of 

creative micro/nanomotor designs with remarkable functionalities for cancer-specific 

applications.

In reality, micro/nanoscale propulsion in fluids is challenging owing to the absence of the 

inertial forces common for macroscopic objects [12]. Micro/nanomotor designs need to 

overcome the low Reynolds number and Brownian motion, which work together against the 

motor's locomotion [13]. For this purpose, efficient energy harvest and conversion are key 

elements in motor designs. To meet the power demands, motors are made to harness local 

chemical fuels to generate driving forces through catalytic reactions [14]. Alternatively, ‘fuel 

free’ motors exploit external sources such as magnetic and acoustic field gradients to 

generate driving forces [15]. To transfer the forces to translational movement with a high 

efficiency, micro/nanomotors are tailored-made into distinct geometries to adapt specific 

actuation principles (Figure 1). For example, micro/nanomotors such as tubular microrockets 

[16, 17], Janus spheres [18, 19], and stomatocytes [20] feature an asymmetric geometry that 

provides one additional degree of freedom to escape the constraints from the scallop 

theorem. In addition, helical micro/nanomotors, as inspired by helical bacterial flagella, 

propel upon rotation posed by external magnetic fields [21, 22]. Furthermore, flexible micro/

nanomotors exploit the deformation of flexible filaments that allow the propagation of a 

traveling wave to generate propulsion [23, 24].

This review article is focused on the current development of micro/nanomotors for potential 

use in cancer cell targeting and isolation. In this perspective, we identify three areas, where 

micro/nanomotors have demonstrated unique properties and contributions. These areas 

include: (1) propelled navigation to promote cancer cell targeting, (2) powered cell 

membrane penetration to enhance intracellular delivery, and (3) isolation of circulating 

cancer cells (CTCs) for detection. Progress made in these areas has offered tremendous 

inspiration and opportunities aimed for enhancing the efficiency and precision of drug 

targeting to cancer cells, improving the capability of delivering anti-cancer drug into 
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cytoplasm for bioactivity, and enabling more rapid and sensitive cancer cell detection. 

Collectively, as reviewed below, the development of micro/nanomotors has provided a new 

approach to addressing some pressing challenges in cancer diagnostics and therapies.

2. Propelled navigation to promote cancer cell targeting

Cancer cells have been found to generate oxidative stress by producing an elevated level of 

hydrogen peroxide (H2O2) [25]. The phenomenon was linked to the ability of some tumors 

to mutate, inhibit antiproteases, injure local tissues, and therefore promote tumor 

heterogeneity, invasion, and metastasis [26, 27]. Synthetic micro/nanomotors have been 

designed to harness local H2O2 as an energy source for propulsion. To convert chemical 

energy into mechanical propulsion, the inner layer of the motors was made of catalysts such 

as platinum for catalytic decomposition of H2O2 [28]. As the hollow center of the motors 

was tapered, water and oxygen bubbles vented only through one opening and thus produced 

a unidirectional force for propulsion. Embedding Fe3O4 nanoparticles into the body of the 

motors allowed controlled navigation through remote magnetic field to target cells. For a 

biodegradable design, a protein-based micromotor was made with alternating poly-lysine-

BSA multiplayers and used catalase instead of metallic catalysts to decompose H2O2. In this 

design, gold nanoparticles were encapsulated, which allowed for external IR-triggered drug 

release to target cells [29]. Besides tubular structures, micro/nanomotors have also been 

made into Janus microspheres to harness the chemical energy of H2O2. In one design, one 

hemisphere of mesoporous silica nanoparticles (MSNs) was uncovered and therefore 

retained the original mesoporous structure for drug loading and release [30]. The other 

hemisphere was deposited with a thin platinum layer with a thickness of about 2 nm, which 

served as an engine to catalytically decompose H2O2 fuel and eject oxygen bubbles for self-

propelled motion. By following a similar approach but with sub-100 nm MSN templates, 

smaller motors were made [31]. The Janus nanomotors showed higher DOX uptake by HeLa 

cells, likely due to their large surface area and increased mobility and directionality. To 

improve biocompatibility, hollow polyelectrolyte multilayer capsules were made and one 

side was coated with a thin layer of immobilized catalase [32]. Such Janus capsule motors 

self-propelled at low peroxide fuel concentration of 0.1% and achieved higher speed as 

compared to Pt-based synthetic motors. These Janus motors were further demonstrated for 

effective encapsulation of DOX, navigation by an external magnetic field, and responsive 

release of drug triggered by NIR light. Recently, a nanomotor was constructed into a 

polymersome stomatocyte morphology with platinum catalyst (Figure 2) [33]. Remarkably, 

these nanomotors showed a H2O2 gradient-driven motion toward H2O2-excreting 

neutrophils, a chemotactic behavior useful for cell-specific drug targeting.

Micro/nanomotors have also been designed to exploit the acidic pH for propulsion. Tumors 

have been shown to exhibit acidic pH levels ranging [34]. The acidity of tumor 

microenvironments is caused in part by lactic acid accumulation in rapidly growing tumor 

cells owing to their elevated rates of glucose uptake but reduced rates of oxidative 

phosphorylation [35]. This persistence of high lactate production by tumors in the presence 

of oxygen, termed Warburg's effect, provides growth advantage for tumor cells in vivo [36]. 

In addition, insufficient blood supply and poor lymphatic drainage characteristics of most 

tumors also contribute to the acidity of tumor microenvironment [37]. To harness the acid, 
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recently, CaCO3-basaed Janus particle motors were made by shielding one hemisphere of 

the CaCO3 core with a cobalt thin layer coating while leaving the other hemisphere exposed 

[38]. When placed together with HeLa cells, these motors exhibited slow but continuous 

non-Brownian motion. This design demonstrated the feasibility of biocompatible 

micromotors that solely rely on fuels created in situ by cancer cells for autonomous 

movement. To harness more general fuel sources, Janus micromotors were made recently 

with Mg cores that reacted with water for propulsion [39]. In this design, one hemisphere of 

the Mg core was exposed for gas-driven propulsion. The other hemisphere was coated with 

poly(N-isopropylacrylamide) (PNIPAM) hydrogels that provide temperature-controlled 

cargo release useful for cancer drug delivery.

While synthetic motors have been designed with increasing ability to harness various fuels, 

alternative approaches aimed at using external energy sources to enable fuel-free operation 

have also gained significant attention. For example, nanowires with one end possessing a 

concave geometry were able to harness ultrasound energy to generate an asymmetric 

pressure gradient for propulsion [40]. In this design, highly porous gold-based nanowire 

motors were made to carry DOX and release through a near-infrared (NIR) controlled 

photothermal effects, which together resulted in effective DOX targeting to HeLa cells. NIR 

alone was also used to trigger self-thermophoresis and propel a polymer multilayer 

nanorocket with a gold nanoshell in the absence of chemical fuel. In addition to fast 

maneuver, the rocket also offered a photothermal effect that significantly increased 

temperature in the surrounding medium and subsequently damaged HeLa cells in culture for 

inhibition [41]. Meanwhile, to use external magnetic field, a wire-shaped motor was 

designed with a rotating magnetic nickel head (≈1.5 μm long) and a flexible silver segment 

(≈4 μm long) [42]. In an external rotating magnetic field, the flexible silver filament 

deformed in a chiral fashion to produce propulsion in the direction towards the nickel 

segment. With this actuation principle, the motors were shown to pick up DOX-loaded, 

magnetic PLGA microparticles and deliver them to HeLa cells in culture. In another design, 

nanowires were made with magnetostrictive FeGa alloy core wrapped with piezoelectric 

polymer shell [43]. Upon magnetic stimulation, the core deformed and transferred the strain 

to the piezoelectric shell, leading to controlled magnetoelectric coupling for propulsion. The 

motors were loaded with paclitaxel (Ptxl) molecules on the surfaces and targeted them to 

breast cancer cells. Meanwhile, hollow nanotube motors were also designed for external 

magnetic control. These motors were shown to encapsulate cargos in their inner cavity for 

delivery to breast cancer cells in culture [44]. Helical micro/nanomotors represent another 

intriguing design to harness external magnetic field for motion. Helical micromotors made 

from Ni-Ti alloy were able to attach liposomes onto their surfaces for cargo loading and 

subsequent cell targeting [45]. Recently, helical micromotors were made with degradable 

polymers that encapsulated magnetic nanoparticles to respond magnetic control. In this case, 

drug molecules were directly encapsulated into polymers for targeting [46].

3. Powered cell membrane penetration to enhance intracellular delivery

Various anticancer agents including proteins, siRNAs, and plasmids show bioactivity in 

cytoplasm. Although they are highly promising to advance cancer treatment, their delivery 

faces tremendous hurdles [47, 48]. In particular, their high molecule weight, hydrophilic 
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nature, and negative charges together restrict their spontaneous penetration cross plasma 

membranes [49, 50]. Natural agents such as viral vectors and synthetic lipoplexes are 

effective for transfection; but their use has been hindered by unpredictable toxicity. 

Nanoparticle formulations that rely on endocytosis for cell entry are largely challenged by 

the endosomal entrapment that restricts drug bioactivity in cytoplasm. Given these 

challenges, vector-free strategies that rely on physical forces to create transient openings on 

cell membrane for intracellular access have emerged. To create such opening, microfluidic 

approaches were developed to ‘squeeze’ cells as they pass through a constriction smaller 

than the cell diameter [51, 52]. Laser-assisted microfluidic electroporation formed pores on 

cell membranes by generating an array of microcavitation bubbles that explode in response 

to laser pulsing [53]. Nanotemplated “nanostraws” pierce the cell membrane, providing a 

permanent fluidic pipeline into the cell for direct cytosolic access [54, 55].

The mechanics-driven principle for intracellular delivery has also been exploited by micro/

nanomotor designs focused on gaining propulsion and generating force adequate to penetrate 

cell membrane. The attempt was made with helical nanomotors to carry lipoplex for single-

cell gene delivery [56]. In this approach, pDNA encoding Venus protein was first mixed and 

complexed with lipofectamine 2000, a cationic lipid, to form the lipoplex. Then the lipoplex 

was physically adsorbed onto the motor surfaces for delivery. By wirelessly steering the 

motor via low-strength rotating magnetic fields, the lipoplex was carried to the target cells 

for directly penetrating cell membrane and intracellular release of loaded pDNA. Gene 

transfection and expression were achieved in a lipoplex dose-dependent fashion on HEK 293 

cells and the approach was expected to be applicable to cancer cells. Although tested for in 

vitro gene delivery, fuel free operation of helical nanomotors that mimic bacterial flagella 

for propulsion is attractive for future in vivo investigation.

Following the initial success of motor-based intracellular delivery, nanomotors were further 

explored to directly deliver miRNA and DNA into the cells without the aid from transfection 

agents. In one design, nanomotor were made with ultrasound propelled gold nanowires 

coated with graphene oxide (GO) (Figure 3) [57]. Dye-labeled single-stranded DNA 

(ssDNA) molecules were anchored on the motor surface for delivery. Such design also 

conferred the motor with the ability of sensing intracellular endogenous miRNAs. In an 

unhybridized state, the fluorescence signal from the ssDNAs was quenched by GO via 

strong π-π interactions; however, once the ssDNAs met and bound with the target 

endogenous miRNA, the fluorescence recovered due to the displacement of ssDAN-GO 

interactions. Using MCF-7 breast cancer cells as a model cell line, nanomotors were able to 

assess the differential endogenous expression of a target miRNA in single intact cells in a 

few minutes compared to longer time and higher number of cells required by existing 

miRNA detection methods. Nanomotors exhibited fast cell internalization likely due to its 

cell friendly surface chemistry and rapid movement inside the cells propelled by external 

ultrasound field. The combined effect of these unique features led to significant 

improvements in sensitivity and detection time.

The unique ability of ultrasound-propelled gold nanowires for cell penetration was further 

applied for siRNA delivery [58]. In this design, nanowires were wrapped with Rolling Circle 

Amplification (RCA) DNA structures hybridized with green fluorescence protein-targeted 
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siRNAs. The critical role played by ultrasound propulsion was reflected by the comparative 

studies between propelled and static motors. The results showed a 94% silencing on 

HEK293 and MCF-7 cells after few minutes treatment, a dramatic (approximately 13-fold) 

improvement in the silencing response as compared to the static nanomotors. Motor 

optimization studies implied that the nanomotors seemed to pierce the cell membrane and 

continue to move rapidly inside the cells, which together led to a high gene-silencing 

efficiency. These unique features also distinguish propelled nanomotors from other static 

approaches such as membrane fusion or receptor related endocytosis for cell entry.

The unique capability of powered nanomotors to penetrate cell membrane also inspired the 

development of ‘microdaggers’ that simulate the surgeon's ability to create a cellular 

incision [59]. The microdaggers were calcified porous microneedles (40–60 μm long) 

derived from the Dracaena sp. plant. To allow for external control via magnetic field, layers 

of Fe-Ti alloy were coated onto the microneedle surfaces. By tuning the orientation and 

frequency of the magnetic field, the microneedles placed together with cultured HeLa cells 

engaged a drill-like action and stabbed into the cellular membrane, leading to cell death. 

Notably, the porous structure allowed the microdaggers to load additional anticancer drugs. 

In the study, local release of camptothecin followed by cell membrane rupture significantly 

enhanced the cancer cell killing efficiency.

4. Steered cell isolation for early detection of CTCs

The first report of CTCs was published in 1869 when Thomas Ashworth, an Australian 

physician, observed tumor cells in the blood of a patient who succumbed to advanced 

metastatic cancer [60]. Since then cancer research has proved the critical roles played by 

CTCs in the metastatic spread of carcinomas. CTCs are also found to contain rich 

information of how tumor genotypes evolve during the cancer progression. Therefore, 

technologies that can yield purer CTC populations from blood samples are powerful tools to 

provide early and noninvasive detection of cancer, along with the prediction of tumor 

progression and treatment responses. Despite the significance, in reality, CTCs are extremely 

rare: a few CTCs shed from metastatic tumors mingle with the approximately 10 million 

leukocytes and 5 billion erythrocytes in 1 mL of blood, making their detection and isolation 

a formidable technological challenge [61]. Existing technologies for their detection are 

primarily based on the enrichment of the CTCs first from blood followed by the 

confirmation of CTCs in purified samples. CellSearch is the only U.S. Food and Drug 

Administration (FDA)-approved assay for CTC detection up to date [62, 63]. The assay is 

based on immuno-magnetic separation of epithelial cell adhesion molecule (EpCAM) 

positive cells from whole blood followed by analysis of immunostained candidate CTCs. It 

is available for detection of CTCs from the blood of patients with breast, prostate, and colon 

cancers.

Approaches to improving on the enrichment or confirmation of CTCs are an urgent and 

exciting area of investigation. In this perspective, nanotechnology has enabled a variety of 

increasingly sensitive and reproducible techniques to detect human CTCs from blood 

samples. For example, a number of strategies have been developed to isolate CTCs based on 

their distinguishable physical properties from circulating erythrocytes and leukocytes 
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including size, density, charge, migratory properties, and specific cell-type-related 

characteristics such as melanocytic granules in melanoma cells [64]. Meanwhile, tumor-

associated antigens and immunoseparation methods by flow cytometery or immunomagnetic 

techniques remain the more definitive tool to discriminate CTCs from other cells in 

circulation. More recently, EpCAM-functionalized micro-posts within microfluidic channels 

have been developed to capture CTC under precisely controlled laminar flow conditions to 

potentially decrease the number of CTC loss and false negative results [65].

Along with rapid technological advances in CTC detection, micro/nanomotors are also 

increasingly explored for in situ cargo manipulation and transport, with a goal to achieve 

simple, fast, and effective capture and isolation of CTCs. In early studies, magnetic 

segments were integrated into nanowire-based motors that allowed for dynamic loading, 

transport, and controlled release of magnetic microparticles [10, 11, 66]. In addition to 

magnetic control, chemical reaction-based cargo drop-off strategies were also explored. For 

example, cargos were linked to the motor through a photocleavable o-nitrobenzyl-based 

linker, which underwent photolysis and unloaded cargo upon UV irradiation [67]. Direct 

single cell manipulation was attempted with helical micromotors [68]. In this study, 

micromotors were first steered toward a human B lymphocyte cell; upon contact, the cell/

micromotor assembled and continued toward a target location. Upon arrival the motors 

disassembled and retreated. Overall, these studies paved the way of using steerable motors to 

accomplish ‘pick-up, transport, and release’ of various cargos including cancer cells.

These initial studies led to the development of micromotors specifically for CTC isolation 

[69]. In this design, the micromotor contained a rolled-up metal sheet with platinum, iron, 

and gold from the inside out (Figure 4). The inner platinum layer converts peroxide to 

oxygen and water. The mid iron layer allows the micromotor to be steered with an external 

magnetic field. The outer gold layer can be decorated with antibody molecules that target 

carcinoembryonic antigen (CEA) over-expressed in colorectal, gastric, and pancreatic 

cancers. The specificity of the antibody allows the micromotor to detect and capture the cells 

of interest while bypassing non-targeted cells. Unique designs allowed micromotor to tow 

cancer cells with much larger sizes. For example, the hollow shape of the motor minimized 

its weight and a rolled-up design further stretched the surface-to-volume ratio of the motor. 

As a result, the micromotor acquired adequate power that allowed it to travel at a relatively 

high speed of approximately 85 μm/second in a diluted serum. Remarkably, this speed only 

dropped slightly to approximately 80 μm/second in the same medium after picking up a 

CTC. In addition, the tubular structure of the motor also confined the catalytic sites solely to 

its inner surface, therefore sparing the outer surface for antibody conjugation without 

interfering with the “power system”. Furthermore, increasing the thickness of the iron layer 

allowed the micromotor to gain a larger magnetic force for fast transport of CTC in complex 

medium. For future CTC isolation, the study proved that microscopic machines powered by 

miniature motors can be biologically functionalized and transport large cellular cargos in 

biological fluids despite the high ionic strength and viscosity.
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5. Summary

Micro/nanomotors distinguish themselves as a unique platform technology with in situ 

energy conversion capability for autonomous movement, a feature that confers remarkable 

potentials to improve cancer treatment. Herein, we highlighted three areas where these 

artificial motors have established themselves as powerful tools for potential cancer 

intervention: (1) through propelled navigation, micro/nanomotors act as highly diffusive 

delivery vehicles to promote cancer cell targeting; (2) by engaging movements powered 

through in situ energy conversion, micro/nanomotors gain considerable propelling force to 

penetrate cell membrane and enhance intracellular delivery; and (3) with built-in cargo 

manipulation mechanism and external steering, micro/nanomotors isolate circulating cancer 

cells for detection. Significant progress has been made in these areas, which together has 

offered promising inspiration and opportunities in advancing cancer diagnosis and treatment.

Despite these promises, the development of micro/nanomotors toward in vivo applications is 

still in its infancy stage and confronting multiple challenges. For example, the majority of 

catalytic micro/nanomotors use hydrogen peroxide for propulsion, a fuel source that has 

limited in vivo applications. Those motors powered by active materials such as Al, CaCO3, 

Mg, or Zn are more bio-friendly but only last a relatively short lifetime because of rapid 

consumption of these propellants. Therefore, new alternative fuels and propulsion 

mechanisms are desired for safe and sustainable operations in the human body. Moreover, to 

navigate through in vivo environments, micro/nanomotors are required to respond to 

unanticipated biological events and ever-changing physiological conditions. Such 

complexity demands motor designs to be highly responsive. To address these challenges, 

recently some novel micro/nanomotor designs have emerged with encouraging in vivo 

performance. For example, zinc-based micromotors were recently administered into the 

stomach of mice, marking the first in vivo evaluation of micro/nanomotors in live animal 

models [70]. These motors were able to engage acid-driven propulsion and significantly 

enhanced the binding and retention of the motors and their payloads on the stomach wall. 

Following the breakthrough, an enteric micromotor system made with magnesium-based 

tubular structure and coated with an enteric polymer layer were shown to precisely position 

in desired segments of the gastrointestinal tract and deliver payload via dissolution of enteric 

coating [71]. These studies demonstrated micro/nanomotors as a robust micro/nanomedicine 

platform for site-specific delivery that is also applicable for future cancer treatment. 

Meanwhile, natural materials ranging from intact cellular membranes [72, 73] to living cells 

such as sperms [74] and bacteria [75] are increasingly combined with synthetic building 

blocks to enhance the functionality and performance of the motors.

In the perspective of biomimicry, membranes derived from red blood cells to functionalize 

micro/nanomotors may be applicable to membranes of cancer cells or platelets, which have 

been coated onto other nanostructures for enhanced cancer targeting [76-78]. As another 

example of biomimetic design, a sperm-driven micromotor was recently developed as a 

cargo-delivery system promising for the treatment of gynecological cancers [79]. In this 

design, sperms provided naturally optimized swimming capability, high drug loading 

capacity, and natural somatic cell-fusion ability. A laser-printed microstructure component 

coated with iron was used to guide and release the sperm in the desired area by external 
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magnet and mechanical actuation. These biomimetic approaches together with new designs 

of increasing motor controllability, biocompatibility, and fuel efficiency may be adapted for 

treatment of other cancers [80, 81]. Overall, we anticipate micro/nanomotors to become a 

powerful tool for biomedical applications, including cancer diagnosis and treatment.
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Figure 1. 
Schematic illustration (left column), representative scanning electron microscopic image 

(middle column), and motion image (right column) of various types of micro/nanomotors 

including (A) tubular [16, 17], (B) Janus [18,19], (C) stomatocyte [20], (D) helical [21, 22], 

and (E) flexible motors [23, 24]. (Reprinted with permission from the references.)
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Figure 2. 
Self-guided and cargo-loaded stomatocyte nanomotors with chemotactic behavior towards 

cells. (A) Procedure for preparing doxorubicin (DOX) and platinum nanoparticle (PtNP) 

loaded stomatocytes. (B) Cryo-TEM images of Dox-PtNP loaded stomatocytes. (C) 

Experimental setup for chemotaxis evaluation with neutrophils as hydrogen peroxide source 

and DOX-PtNP loaded stomatocytes in the solution (scale bar, 300 nm). (D) Control group 

set up using either DOX-PtNP loaded stomatocytes without cells, or neutrophils with DOX-

only loaded stomatocytes. (E) Bright field microscopy image of the center of the petri dish 

with the cells immobilized onto the cell culture substrate. The activated neutrophils can be 

observed at higher magnification in the inset. (F) Tracking paths over 5 consecutive frames 

of the DOX-PtNP loaded nanomotors moving directionally towards the activated 

neutrophils, (G) PtNP loaded nanomotors without activated neutrophils, (H) DOX-only 

loaded stomatocytes with activated neutrophils, at position 1. (H) Velocity distribution at 

position 1, 2, 3 for the experiment group. (Reprinted with permission from Ref 33. 

Copyright 2015)
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Figure 3. 
Intracellular detection of miRNAs by ultrasound-propelled ssDNA@GO-functionalized gold 

nanomotors. (A) Schematic illustrations of the “OFF-ON” fluorescent switching system for 

the specific detection of miRNA-21 in intact cancer cells. (B) Scanning electron microscopy 

(SEM) image of GO modified AuNW. (C-F) Actual time-lapse images at 4-s intervals 

illustrating the internalization process of one modified nanomotor (red circle) into a 

representative single MCF-7 cell (blue arrow) with some other nanomotors already 

internalized while some stuck on the membrane (ultrasound field, 6 V and 2.66 MHz, Scale 

bar, 10 μm). (G-J) Specific detection of miRNA-21 in different cell lines. Optical and 

fluorescence images of a single MCF-7 (G and H) and HeLa cells (I and J), respectively, 

after 10 min incubation with the ssDNA@GO-modified nanomotors under an ultrasound 

field (6 V and 2.66 MHz). Scale bar, 10 μm. (Reprinted with permission from Ref 57. 

Copyright 2016)
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Figure 4. 
Microrockets for capture and isolation of cancer cells. (A) Upon encountering the cells, the 

anti-carcinoembryonic antigen (CEA)-modified micromotors recognize the CEA surface 

antigens on the target cancer cells, allowing their selective pickup and transport. The top-

right and bottom-left insets illustrate the preparation of the antibody-modified micromotors 

and their functionalization, respectively. (B) Isolation of a CEA+ cell in a mixture of cells. 

The overlay images show sequential steps (1–5) of movement of the anti-CEA mAb-

modified micromotor in a mixture of CEA+ and CEA- cells (solid and dotted parentheses, 

respectively). For clear visualization, step 5 has been slightly displaced. (Reprinted with 

permission from Ref 69. Copyright 2011)
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