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Abstract

:

Targeted drug delivery using micro-nano robots (MNRs) is a rapidly advancing and promising field in biomedical research. MNRs enable precise delivery of drugs, addressing a wide range of healthcare needs. However, the application of MNRs in vivo is limited by power issues and specificity in different scenarios. Additionally, the controllability and biological safety of MNRs must be considered. To overcome these challenges, researchers have developed bio-hybrid micro-nano motors that offer improved accuracy, effectiveness, and safety for targeted therapies. These bio-hybrid micro-nano motors/robots (BMNRs) use a variety of biological carriers, blending the benefits of artificial materials with the unique features of different biological carriers to create tailored functions for specific needs. This review aims to give an overview of the current progress and application of MNRs with various biocarriers, while exploring the characteristics, advantages, and potential hurdles for future development of these bio-carrier MNRs.
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1. Introduction


Recently, the rapid advancement of micromotors has led to significant progress in nanomedicine, particularly in targeted therapy for diagnostics and disease treatment [1,2,3]. Micro-nano robots (MNRs) move in a controlled manner by utilizing different external power sources like magnetic [4,5,6,7,8,9], optical [10,11,12], acoustic waves [13,14,15], heat [16], and other innovative methods [17]. MNRs have shown great potential in drug delivery [18], chemotherapy regimens [19], thrombus treatment [20], and other related applications. However, traditional MNRs face challenges, such as dynamic and manipulative problems in deep targeted drug delivery [21], high sensitivity and permeability requirements in complex conditions like the tumor microenvironment, tumor cell heterogeneity [22], and biocompatibility issues [23]. Additionally, MNR power and handling issues are concerning. For instance, chemical fuel-driven motors might not be suitable for microvascular applications, as exhaust gases can cause embolization in small blood vessels in the lungs or brain. As the micromotor travels deeper into the body, external power decreases, limiting its ability to move farther [24]. To overcome these challenges, researchers have turned to hybrid MNRs and bio-motors, which are highly biocompatible and specific [25].



Biohybrid micro-nano robots (BMNRs) combine artificial materials and biological entities, offering functions and advantages that only man-made motors lack [26]. Scientists have used bacteria [5,27,28,29,30,31], immune cells [32,33,34,35,36], and sperm [37,38,39,40,41] as common biological carriers, each having a certain degree of voluntary movement. Compared to previous physical models, most biohybrid MNRs integrate phagocytic ability and cell-specific characteristics, enhancing drug net charge and therapeutic effects. Special biological carriers, such as light-driven algae [42,43,44,45] and stem cells [46,47,48], are gaining attention, promising a bright future for BMNRs. This review summarizes different biological carrier categories supporting MNRs and their performance in their respective fields (Figure 1). It compares the relative merits between them and highlights the need for further research on specificity, power, and biosecurity. By comparing various biological carriers, the review showcases MNR applications and the potential for working with specific bio-carriers based on clinical use.




2. Nano/Micromotors Based on Immune Cells


When confronted with diseases of specific etiology, where conventional treatments are ineffective, MNRs have been predicted to be helpful to physicians with their good maneuverability and adaptability during treatment owing to some experiments conducted on animals [49], though further clinical study is still needed. The concept of cell-based MNRs was proposed in 2005 [50], and to date, cell-based MNRs can be broadly classified into somatic cells and germ cells. Somatic cells can be then simply divided into immune cells and non-immune cells. Immune cell carriers have unique properties that traditional MNRs lack, such as phagocytic capacity [51], specificity [52], chemotaxis [53], and good penetration when facing in vivo immune barriers like the blood–brain barrier. Research has focused on various immune cells, such as macrophages, natural killer (NK) cells, T and B lymphocytes, dendritic cells, and monocytes [54]. This review briefly discusses some of these cells and their application cases.



2.1. Nano/Micromotors Based on Macrophages


Macrophage-based MNRs possess unique characteristics not found in other immune cells. They have a strong inherent phagocytic capacity [55], which allows for a tight integration of immune cells and artificial machinery. Moreover, macrophages have a long half-life and excellent specificity, enabling increased drug payload during long-distance transport. The phenotype of macrophages can also be determined by the surface properties of the material they adhere to, allowing for functional changes under different stimulation conditions [56]. Macrophages are extensively used in tumor therapy because of their ability to home in on the tumor microenvironment through chemoattractive gradients [57]. However, commercial macrophages can sometimes trigger a host immune response, so using autoimmune cells as carriers might improve biocompatibility [58].



Combining a magnetic field drive with a macrophage drive is a classic model. Han et al. [32] designed a macrophage-based microrobot containing docetaxel-loaded nanoparticles for chemotherapy and magnetic nanoparticles for active targeting using an electromagnetic actuation system. In this study, tumor-associated macrophages were used as carriers to enhance drug concentrations. Macrophages were first transported to the target site under magnetic field control and then used their chemotactic function to penetrate tumor cells, driven by a mix of active movement and chemotaxis. The macrophage chemotaxis in the epithelial membrane antigen (EMA) system process shows promise for inhibiting tumor growth, but further in vivo and in vitro evaluations are needed. Apart from magnetic fields, near-infrared (NIR) laser induction is another major tool for targeting macrophages. Nguyen et al. [58] loaded macrophages with magnetic nanoparticles and doxorubicin (DOX) -containing thermosensitive nanoliposomes. This method avoided the direct toxicity of doxorubicin to macrophages and enabled magnetic targeting, while the photothermal effect under NIR radiation triggered drug release. Various in vitro experiments demonstrated the effectiveness of this approach. Cao et al. [35] considered the limitations of conventional manipulation modes and chose an acoustic manipulation system for macrophage-based MNRs containing magnetic nanoparticles. These motors can be pinpointed and rotated with high accuracy in a three-dimensional space. Acoustic manipulation offers high depth, good capture, and safety, with effectiveness supported by simulated experiments. However, its penetration requires further evaluation. Dai et al. [59] expanded on the use of macrophage carriers with MNRs, which can be precisely manipulated by magnetic fields (Figure 2a,b) and can also serve as a medium to manipulate other micro-motors, such as spermatozoa, through both contact and non-contact methods. Using a building block dipole-dipole structure, macrophage motors can form a chain-like cluster, greatly increasing their transport capacity, but potentially raising the risk of thrombosis.



However, despite significant progress in macrophage carrier motor research, some issues remain unaddressed. Toxicity in vivo still needs to be evaluated. In addition, the differentiation of macrophages should be further considered when they are used as BMNRs, which directly affects the therapeutic effect of the disease. It has been shown that MNRs themselves could affect macrophage differentiation. Song et al. [36] loaded positively charged DOX onto a magnetic microrobot by electrostatic action and made it exhibit pH-responsive release behavior. Notably, the surface of this magnetic robot was covered with nanoscale nickel and titanium to ensure a smooth surface, and the smooth surface of the nanorobot enabled macrophages to polarize in the M1 type. Macrophage differentiation is important in targeted tumor therapy, but the specific direction of macrophage differentiation should be assessed in typical macrophage BMNRs.




2.2. Nano/Micromotors Based on Other Immune Cells


Immune cells are diverse in type and function. For example, dendritic cells can be effective drug carriers [60], monocytes have potential to differentiate into dendritic cells and macrophages [61], neutrophils are abundant and first to reach inflammation sites [62,63], and well-studied T cells all hold promise in the bio-hybrid micro-nano-robotics field. Neutrophils, being highly abundant immune cells, make excellent biological carriers. Zhang et al. [64] encapsulated drug-loaded magnetic nano gel with E. coli and enabled neutrophils to engulf this bacterium, improving drug delivery efficiency and preventing premature drug leakage. External magnetic field manipulation allows accumulation in brain blood vessels, while autonomous neutrophil movement toward inflammation gradients enables crossing the blood–brain barrier to treat malignant gliomas.



In addition, NK cells and DC cells are made into BMNRs for active transport to the tumor sites. NK cells possess strong tumor-killing abilities and play a significant role as biological carriers in tumor-related fields. To boost NK cell virulence, Burga et al. [65] combined umbilical cord blood-derived NK cells with iron oxide nanoparticles (IONP), providing active magnetic-field-driven capabilities (Figure 2c). This improved NK cell cytotoxicity without affecting their phenotype and activity, suggesting magnetic driving has advantages over current methods. Furthermore, Song et al. [66] combined NK-92MI cells with sonazoid microbubbles using biotin/streptavidin conjugation, creating NK-Sona cells (Figure 2d), which can be imaged in real time using ultrasound. Sonazoid, a microbubble contrast agent, can infiltrate and enhance therapeutic target cells with ultrasound assistance, allowing for efficient drug delivery in the form of mRNA, antibodies, and immune cells [67]. The results show that sonazoid-coupled NK cells effectively kill tumors without losing efficiency. DC cells, the most functional antigen-presenting cells, are crucial for initiating, regulating, and maintaining immune responses, making them promising biocarriers. Cho et al. [68] synthesized multifunctional core-shell nanoparticles using magnetic NP (MNP) cores covered with a photonic ZnO shell. Internalized into DCs, these nanoparticles enable in vivo traceability and presentation of tumor antigens to DCs, resulting in strong anti- carcinoembryonic antigen (CEA) immune responses.



So far, there are still many cells that have not been exploited as BMNR, such as chimeric antigen receptor (CAR)-T cells, that could be well-suited to enhance immune cell infiltration and play a role in, for example, tumor therapy, if they could move in a targeted manner to the desired site. However, the uptake capacity of these cells is not as good as macrophages, making it difficult to introduce some magnetic particles into the cells. Stevens et al. [69] engineered two cells to adhere together by means of an engineered cell adhesion factor. Using this approach, it might be possible to link macrophages to cells such as CAR-T cells and achieve indirect transport of other immune cells through targeted transport of macrophages.
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Figure 2. (a,b) Confocal image of the cell robot in which the black part indicates the internalized iron nanoparticles (FeNs), scale bar: 10 µm. Trajectories of a cell robot in the rolling mode moving along a predefined “BUAA” shaped track. Scale bar: 40 µm. Reprinted/adapted with permission from Ref. [59]. 2022, Wiley-VCH GmbH. (c) Schematic of the bioconjugation strategy to generate the NK cell–iron oxide nanoparticle biohybrid (NK:IONP). Reprinted/adapted with permission from Ref. [70]. 2019, American Chemical Society. (d) Schematic diagram of the agarose flow phantom model and ultrasound probe. The wall-less tube was 1 mm in diameter and slanted at an angle of 11.31°. Reprinted/adapted with permission from Ref. [65]. 2021, Burga. (e) SEM images of microrobot structure (left), cell-loaded microrobot (middle), and confocal scan of GFP-MSCs cultured on the microrobot (right). In the confocal image, cell nuclei were stained with Hoechst 33342, and the microrobot was in purple. Reprinted/adapted with permission from Ref. [71]. 2020, Wiley-VCH GmbH. (f) Time-lapse bright-field images of 3D cell culture for the formation of a spheroid with the GelMA microrobot. Reprinted/adapted with permission from Ref. [33]. 2020, Wiley-VCH GmbH. 
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3. Nano/Micromotors Based on Non-Immune Cells


Blood circulation, lymphatic circulation, and released cytokines drive immune cells to reach certain places as BMNRs for transport or functional purposes. In blood circulation, red blood cells could also act as BMNRs, but red blood cells could only function as carriers for no other organelles in them. Other cells such as stem cells or fibroblasts, which have a weak migratory capacity compared to immune cells but play an important role in biological processes such as tissue repair and tumorigenesis, can also serve as BMNRs [72].



3.1. Nano/Micromotors Based on Stem Cells


Mesenchymal stem cells (MSCs) can differentiate into various mature cells under specific conditions. Stem cells have great potential, but the challenge is how to strictly direct and manipulate their differentiation. MNRs offer a possible solution for controlled stem cell differentiation [73]. Current research mainly involves nanoparticles such as upconversion nanoparticles (UCNPs), quantum droplets (QDs), MNPs, mesoporous silica nanoparticles (MSNs), graphene oxide (GO), plasmonic gold nanoparticles (AuNPs), and carbon nanobelts (CNBs) [73].



Mesenchymal stem cells are widely studied in the field of micro and nano robotics. Go et al. [74] designed a magnetic cellular micro-scaffold composed of poly(lactic-co-glycolic acid) (PLGA) for targeted MSC delivery for articular cartilage regeneration. The framework is coated with amine-functionalized MNPs, enabling targeted stem cell transport and manipulation by an external magnetic field. However, the issue of stem cell differentiation has not been described in detail. Kang et al. [75] designed an upconversion nanotransducer-based nanocomplex (UCNP) with photolabile caging of chondro-inductive kartogenin (KGN). This structure allows UCNP to be used as a pathway for light-induced stem cell differentiation. In another study by Go et al. [76], a similar magnetic microscaffold is immobilized with TGF-β1, allowing MSCs to ensure stable differentiation even in disease settings with minimal secretion of bioactive molecules. Wei et al. [71] designed a magnet-driven, image-guided degradable microrobot to deliver MSCs to treat hepatocellular carcinoma in mice. This robot has a burr-like porous spherical structure, providing biodegradability, mechanical strength, and magnetic drive capability (Figure 3a). The study also designed a photoacoustic imaging technology that combines acoustic imaging’s depth with optical imaging’s high resolution. This allows precise, real-time positioning of the robot by photoacoustic tomography (PAT) within 2 cm of the body. Nasal turbinate stem cells are also good vehicles for modification. Jeon et al. [48] designed a magnetically driven micro-nano-robot called Cellbot by internalizing MNPs into human nasal turbinate stem cells for minimally invasive brain delivery. The final Cellbots can proliferate and differentiate into neurons, neural precursor cells, and glial cells in the brain’s rich environment of bioactive molecules.



Otherwise, fibroblasts are often selected for their repair capacity. Gyak et al. [77] developed a biocompatible, magnetically activated silicon carbonitride (SiCN) ceramic microrobot, loaded onto fibroblasts for wound-healing applications. This ceramic robot has good mechanical stiffness, biocompatibility, and actuation ability under magnetic field manipulation. To address clinical and patient needs, Noh et al. [33] suggested a spherical gelatin methacrylate (GelMA)-based micro-nano-robot to carry SPION and deliver human nasal turbinate stem cells. They considered the challenges in manufacturing MNRs and biodegradation speed, comparing it with materials like poly(ethylene glycol) diacrylate (PEGDA), and poly(lactic-co-glycolic acid) (PLGA). The robot is created using a flow-focusing droplet generator process, which is fast and precise, allowing for complete enzymatic degradation by collagenase, ultimately enabling stem cells to differentiate into neuronal cells. Therefore, stem cells are usually not used as drug carriers, but rather as a vital part of therapy itself. It is crucial to ensure controlled induction and maintain biosafety when working with stem cell vectors.




3.2. Nano/Micromotors Based on Red Blood Cells


Red blood cells have unique surface properties [78,79,80] and serve as long-circulating delivery vehicles, making them excellent carriers in the blood. Wu et al. [81] reported a biomimetic motor sponge, which combines a biocompatible gold nanowire motor with erythrocyte nanoscale properties. Driven by an ultrasonic field, it absorbs toxins that disrupt cell membranes, thus completing bio-detoxification. Wu et al. [82] introduced MNPs asymmetrically into erythrocytes, using their inherent asymmetric shape and distribution for ultrasonic actuation, while using an external magnetic field for fine directional control and guidance, thus achieving drug delivery. Red blood cells are not only powerful carriers but also a raw material for the preparation of pure cell membranes. Cell membranes can be used to wrap nanoparticles to form bionanocytes [8,83]. However, there are many challenges that need to be overcome, such as their fragile membranes and limited drug-carrying capacity.





4. Nano/Micromotors Based on Sperm Cells


Sperm cells can also be used as biological carriers in the human body. Mammalian sperm cells have strong autonomous propulsion [39], chemotaxis [84], and versatility when used as biological carriers or bionic robotic templates. However, research on sperm bio-motors faces challenges, such as the presence of anti-sperm antibodies (ASAs) and the size and rigidity of bionic manufactured motors [85]. The transverse waves [86] generated during sperm motility also offer the possibility of controlled motility [38]. However, research on sperm bio-motors also faces many problems. The larger size [87] and rigid shell [88] of bionic manufactured motors can be detrimental to the organism, despite their rapid surging speed. In contrast, flexible motors that are covered with too many nanoparticles can have reduced motility [41].



To solve this problem, Chen et al. [40] protected biohybrid sperm motors from their surroundings during drug delivery via multifunctional metal–organic framework exoskeletons. They fabricated metal organic frameworks (MOFs) and zeolitic imidazolium framework-8 (ZIF-8) nanoparticles (NPs) for encapsulating sperm cells via the complexation with tannic acid (Figure 3a). Such binding has little effect on the dynamics of the sperm themselves and protects the sperm cells from ASAs damage through selective penetration and oxidation through the continuous release of zinc ions. This design leaves the source of power entirely to the sperm themselves and instead mechanizes the sperm cells by protecting the sperm from the environment.



Based on not compromising motility, some researchers began to pursue the manipulability of sperm motors. Magdanz et al. [89] reported a magnetic microtubule consisting of ferromagnetic layers for holding sperm. The diameter of this microtubule is slightly larger than the head of the sperm, allowing it to be mechanically trapped once the sperm enters. By varying the temperature, the speed of sperm movement can be manipulated by taking advantage of the sperm’s tendency to heat, thus achieving the function of stopping and advancing. The magnetic microtubules also give the sperm the ability to be finely manipulated by an external magnetic field. This process reduces the speed of sperm movement by approximately 10% compared to their natural state. This research not only contributes to reproductive medicine but also offers the potential for precision medicine and targeted drug delivery.



In reproductive medicine, it is essential to maintain sperm vitality. Medina-Sanchez et al. [90] produced microhelices to transport motility-deficient sperm using a rotating magnetic field for propulsion (Figure 3b). This research not only contributes to reproductive medicine but also has potential for precision medicine and targeted drug delivery. There are still challenges to address, such as potential damage to sperm cells by robotic structures, biodegradation of remaining material after transport, and maintaining sperm cell viability.
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Figure 3. (a) Fluorescence images of ZIF Spermbots with RhB-labeled ZIF-8 NPs: (i) optical channel, (ii) RhB channel, and (iii) merged image of optical and RhB channels. Reprinted (adapted) with permission from Ref. [40]. 2021, American Chemical Society. (b) An immotile sperm is captured by a remotely controlled magnetic helix and delivered to the oocyte for fertilization. Reprinted/adapted with permission from Ref. [90]. 2016, American Chemical Society. 
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5. Nano/Micromotors Based on Microbe


Compared to cell-based MNRs, microbe-carrier MNRs have very many unique properties. In contrast to most cell-based motors that require active actuation, the most important feature of microbe-based motors is their sensing and self-driving capabilities [91]. Especially, they have good performance in the face of low Reynolds number environments. This is due in large part to the transverse wave that they generate during their movements [86]. This property of converting chemical energy into flagellar-driven mechanical energy allows microbial-based MNRs to be designed with only the manipulation in mind and without the need to provide an additional power source. The most commonly used microbial-based MNRs today include bacterial and algal carriers.



5.1. Nano/Micromotors Based on Bacteria


Bacterial carriers were first used in microfluidic studies [43]. Back in 2006, Tung et al. [92] immobilized E. coli on the inner surface of a microfluidic chip and relied on the rotation of the bacteria to pump the fluid in the microfluidic channel. Based on the bacteria’s properties, the BMNRs have unusual characteristics. The bacteria are easily modified by engineered plasmids and are highly manipulable, and some bacteria have the good penetrating ability and anti-tumor activity in the face of tumor therapy [93]. Bacteria can also respond to a variety of factors in the host environment, including temperature, oxygen, and pH, and thus have a certain degree of chemotaxis [31],which allows bacteria to have a very important role in anti-infection and tumor therapy. At the same time, bacteria are inherently immunogenic, which allows them to further stimulate the body’s immunity when delivering drugs to environments with low immunogenicities, such as TME [94]. The combination of these factors makes bacterial vector bio-motors primarily relevant in the field of oncology. The sensitivity of bacteria to antibiotics also ensures their biosafety to a certain extent.



Engineered bacteria and bacterial bionic materials are widely used in BMNRs. Rogowski LW et al. [95,96] have developed a flagellar-propulsion-based nanoparticle, mimicking the flagella of Salmonella typhimurium. Cheng et al. [30] designed a composite bacterial robot. This robot is simultaneously sensitive to magnetic, thermal, and hypoxic environments and can improve the reporting of heat and location signals in targeted cancer therapies through internal fluorescent proteins. The perception of magnetism and hypoxia comes from E. coli Nissle 1917 loaded with MNPs, while the reporting of heat and position comes from a thermal-logic circuit loaded within the bacteria. The EcN gene is encoded with the NDH-2 or NDH-2/mCherry gene, which functions to induce reactive oxygen species as a means of anti-tumor therapy. Beyond oncology treatment, bacterial tropism can also be used in oncology diagnosis. Park et al. [27] combined attenuated S. typhimurium, which has high athleticism with Cy5.5-coated polystyrene microbeads through the high-affinity interaction between biotin and streptavidin, and performed bacterial detection and localization by arterial luciferase (lux) or green fluorescent protein (GFP) expressed by the bacteria. These bacteria were sensitive to environmental stimuli and their biosafety was ensured because of the attenuated toxicity. However, the low drug-carrying concentration and the limited simulated environment still left several questions about the study.



In biological environments distant from human society, certain rare bacteria deserve our attention. For example, Song et al. [29] developed a bacterial robot using magnetotactic cells with powerful motility. The MO-1 bacterium, a type of polar magnetotactic bacteria, can move along magnetic lines of force with the help of its two sturdy flagella. Each flagellum consists of seven filaments enclosed in a specialized sheath and can travel at speeds up to 300 μm/s. The researchers bound the bacteria to polystyrene microbeads using an antigen-antibody reaction, creating a firm bond between them. In experiments, the bacteria swam effortlessly in microfluidic channels, guided by a rotating magnetic field. They also functioned as stirrers and demonstrated potential for detecting and capturing pathogens. Meanwhile, Schürle et al. [28] utilized a naturally magnetic bacterium from the Magneto spirillum genus, which contains iron oxide particles. By applying an external rotating magnetic field, they directed the bacterium through the vessel wall near cancer cells. The size of the cell gap in the vessel wall was temporarily adjusted to allow the bacteria to pass through. Notably, rotating magnetic fields offer several advantages over static magnetic fields. The rotating magnetic field is highly propulsive and does not rely on the active movement of bacteria before entering the tumor microenvironment, increasing efficiency. In addition, rotational motion along the vessel wall increases the chances of bacteria entering the vessel wall and reduces off-targeting. Once in the vicinity of the lesion, the bacteria can then be targeted by their chemotaxis to reach the central part of the tumor. However, the team only verified the effect of the magnetic field on bacterial aggregation at the target cells but did not make the bacteria carry the drug, so the clinical efficacy needs to be further investigated.



For tumor therapy, bacterial robots are equally effective. Park et al. [97] combined a paclitaxel-loaded liposomal microcargo with tumor-targeting Salmonella typhimurium bacteria. This bacterially driven liposome has a higher mobility compared to regular liposomes and demonstrated a strong tumor-killing ability in an in vitro test based on a breast cancer cell line (4T1), heralding a promising future for a nanomotor based on bacteria in tumor therapy.



Despite their potential as biological vectors, the use of bacteria in this capacity carries several risks. Firstly, due to their pathogenic nature, many bacteria can be rapidly eliminated from the bloodstream by the immune system. Second, achieving effective attachment of bacteria to micro-nanostructures is a challenging task. Lastly, bacteria possess limited propulsive force, which can result in poor targeting and movement of the MNRs. Currently, Listeria, Escherichia, Clostridium, and Salmonella are the most studied bacteria for cancer gene therapy [98,99]; whereas the specificity of bacterial motors can be controlled by promoters, and specific promoters that are active only when induced by specific factors are most commonly used [100].




5.2. Nano/Micromotors Based on Algae


Algae have also been utilized as carriers for MNRs. Algal cells can convert light energy into mechanical energy through the process of photosynthesis [101], and their flagella-driven movement allows them to be used as self-propelling MNRs. Among the different types of algae, Chlamydomonas reinhardtii has been widely studied for its potential in MNR applications.



One of the main advantages of using algae-based MNRs is their ability to be powered by light, which is a non-invasive and renewable energy source. This property has been exploited in the development of light-driven algal micromotors. For instance, Xie et al. [43] reported the fabrication of an algal micromotor using Chlamydomonas reinhardtii and demonstrated its ability to transport cargo under light irradiation. The algal micromotor was able to propel itself in response to light and deliver the cargo to a desired location. Another advantage of algae-based MNRs is their biocompatibility and biodegradability [43], which makes them a promising option for drug delivery and other biomedical applications. Algae can be easily modified genetically or chemically, and their surface can be functionalized with different targeting molecules or therapeutic agents.



However, there are still several challenges associated with the use of algae-based MNRs. One of the main issues is the limited propulsion force generated by the algae, which can result in inefficient transport of the MNR and its cargo. Additionally, the sensitivity of algae to environmental factors, such as temperature and pH, can affect their viability and functionality. Moreover, the potential immune response elicited by the algal cells needs to be considered when designing algae-based MNRs for biomedical applications. However, not all algae are phototropic, and thus, magnetic nano-beads, which are commonly used in other bio-carrier MNRs, come in handy. Liu et al. [102] proposed a biohybrid magnetized microrobot based on Thalassiosira weissflogii frustules to which MNPs are attached by electrostatic adsorption. Algae has a natural porous silica structure, a large surface area, is stable and heat resistant, and is a good carrier for drugs. The diatoms themselves have poor motility, whereas the MNRs designed by this method have high drug-loading capacity, controlled and flexible motion, the ability to switch between two different modes of motion, and the ability to release drugs based on pH sensitivity. By loading doxorubicin, targeted therapy against MCF-7 human breast cancer cells was achieved.



Zhang et al. [44] loaded magnetized nanomaterials onto Spirulina by a sol-gel process and loaded it with DOX. The micro-robot not only has an efficient propulsion performance with a maximum speed of 526.2 μm/s under a rotating magnetic field but also has a pH+NIR dual manipulation drug release mechanism with a high drug-loading capacity and a wide range of drug release means. Under the action of a magnetic field, algae can be integrated into clusters. Cai et al. [45] covered MNPs with Chlorella and simultaneously loaded DOX. By using magnetic dipolar interactions, the robotic units undergo reversible assembly, reconfiguring into chain-like motors as tiny dimers and trimers. Such aggregates can be rolled and tumbled and can reach speeds of 107.6 μm/s under the application of a magnetic field. The algal motors are highly drug loaded, flexible, simple to manufacture, and pH-sensitive and have also been shown to be tumor-killing in in vitro experiments on Hela cells.



Microbe-based MNRs, including those based on bacteria and algae, offer unique properties and advantages for various applications, such as drug delivery, diagnosis, and environmental sensing. However, there are still several challenges to overcome, such as improving the propulsion force, enhancing targeting capabilities, and ensuring biocompatibility and biosafety. From the existing research on microbial vectors, it is clear that the prevention of immune responses triggered by microbial antigenicity is crucial. Further research and development in this field are needed to optimize microbe-based MNRs and unlock their full potential for a wide range of applications.





6. Summary and Expectation


In summary, bio-carrier MNRs have shown great potential for various therapeutic applications, especially targeted drug delivery for tumors. The unique autonomous biological functions of bio-carriers provide these MNRs with exceptional maneuverability and autonomous actuation capabilities, allowing precise drug delivery to otherwise inaccessible lesions. The bio-derived structure also significantly improves the efficiency and safety of these MNRs. However, the stability and practicality of bio-hybrid MNRs in complex human environments still need further exploration and optimization.



A competent bio-carrier micro/nanorobot of the future should possess the following characteristics: (A) good biocompatibility, avoiding recognition as a foreign body and clearance by the immune system, (B) high carrying capacity to improve transport efficiency, (C) high carrying capacity to improve transport efficiency, (D) high maneuverability, with both active manipulation and spontaneous drive modes, (E) good biosafety, allowing for simple clearance after task completion, and (F) easy and cost-effective manufacturing. Building on these characteristics, researchers should also consider the natural properties of different biological carriers to develop specialized motors adapted to various situations.



As research progresses, bio-hybrid MNRs are expected to become increasingly versatile and better suited for diverse applications. Continued innovation and development in this field will unlock the full potential of bio-carrier MNRs for targeted drug delivery, diagnostics, environmental sensing, and other important applications.







Author Contributions


Writing—original draft preparation, R.P., Y.L. and H.M.; writing—review and editing, X.Y., Y.T., H.M. and H.W.; supervision, H.W.; project administration, H.M., H.W. and W.S.; funding acquisition, W.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key Research and Development Program of China (2021YFC2400600/2021YFC2400605), Shanghai Sailing Program (21YF1436500), and the National Natural Science Foundation of China (82203043).




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Feng, A.; Cheng, X.; Huang, X.; Liu, Y.; He, Z.; Zhao, J.; Duan, H.; Shi, Z.; Guo, J.; Wang, S.; et al. Engineered Organic Nanorockets with Light-Driven Ultrafast Transportability for Antitumor Therapy. Small 2023, e2206426. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Li, T.; Liu, Z.; Tang, S.; Tong, J.; Tao, Y.; Zhao, Z.; Li, N.; Mao, C.; Shen, J.; et al. A nitric-oxide driven chemotactic nanomotor for enhanced immunotherapy of glioblastoma. Nat. Commun. 2023, 14, 1–21. [Google Scholar] [CrossRef] [PubMed]

	



Di Francesco, M.; Pastorino, F.; Ferreira, M.; Fragassi, A.; Di Francesco, V.; Palange, A.L.; Celia, C.; Di Marzio, L.; Cilli, M.; Bensa, V.; et al. Augmented efficacy of nano-formulated docetaxel plus curcumin in orthotopic models of neuroblastoma. Pharmacol. Res. 2023, 188, 106639. [Google Scholar] [CrossRef]

	



Xie, H.; Sun, M.; Fan, X.; Lin, Z.; Chen, W.; Wang, L.; Dong, L.; He, Q. Reconfigurable magnetic microrobot swarm: Multimode transformation, locomotion, and manipulation. Sci. Robot. 2019, 4, eaav8006. [Google Scholar] [CrossRef] [PubMed]

	



Servant, A.; Qiu, F.; Mazza, M.; Kostarelos, K.; Nelson, B.J. Controlled In Vivo Swimming of a Swarm of Bacteria-Like Microrobotic Flagella. Adv. Mater. 2015, 27, 2981–2988. [Google Scholar] [CrossRef] [PubMed]

	



Peyer, K.E.; Zhang, L.; Nelson, B.J. Bio-inspired magnetic swimming microrobots for biomedical applications. Nanoscale 2012, 5, 1259–1272. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Niu, F.; Li, J.; Li, X.; Sun, D. Gradient-Enhanced Electromagnetic Actuation System With a New Core Shape Design for Microrobot Manipulation. IEEE Trans. Ind. Electron. 2019, 67, 4700–4710. [Google Scholar] [CrossRef]

	



Fang, R.H.; Gao, W.; Zhang, L. Targeting drugs to tumours using cell membrane-coated nanoparticles. Nat. Rev. Clin. Oncol. 2022, 20, 33–48. [Google Scholar] [CrossRef]

	



Diller, E.; Giltinan, J.; Sitti, M. Independent control of multiple magnetic microrobots in three dimensions. Int. J. Robot. Res. 2013, 32, 614–631. [Google Scholar] [CrossRef]

	



Wang, Y.; Chen, W.; Wang, Z.; Zhu, Y.; Zhao, H.; Wu, K.; Wu, J.; Zhang, W.; Zhang, Q.; Guo, H.; et al. NIR-II Light Powered Asymmetric Hydrogel Nanomotors for Enhanced Immunochemotherapy. Angew. Chem. Int. Ed. 2022, 62, e202212866. [Google Scholar] [CrossRef]

	



Dai, B.; Zhou, Y.; Xiao, X.; Chen, Y.; Guo, J.; Gao, C.; Xie, Y.; Chen, J. Fluid Field Modulation in Mass Transfer for Efficient Photocatalysis. Adv. Sci. 2022, 9, e2203057. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Yao, C.; Shen, B.; Zhu, X.; Li, Y.; Shi, L.; Zhang, Y.; Liu, J.; Wang, Y.; Sun, L. Upconversion-Magnetic Carbon Sphere for Near Infrared Light-Triggered Bioimaging and Photothermal Therapy. Theranostics 2019, 9, 608–619. [Google Scholar] [CrossRef] [PubMed]

	



Abbas, M.; Alqahtani, M.; Algahtani, A.; Kessentini, A.; Loukil, H.; Parayangat, M.; Ijyas, T.; Mohammed, A.W. Validation of Nanoparticle Response to the Sound Pressure Effect during the Drug-Delivery Process. Polymers 2020, 12, 186. [Google Scholar] [CrossRef] [PubMed]

	



Das, S.S.; Erez, S.; Karshalev, E.; Wu, Y.; Wang, J.; Yossifon, G. Switching from Chemical to Electrical Micromotor Propulsion across a Gradient of Gastric Fluid via Magnetic Rolling. ACS Appl. Mater. Interfaces 2022, 14, 30290–30298. [Google Scholar] [CrossRef] [PubMed]

	



Wu, D.; Baresch, D.; Cook, C.; Ma, Z.; Duan, M.; Malounda, D.; Maresca, D.; Abundo, M.P.; Lee, J.; Shivaei, S.; et al. Biomolecular actuators for genetically selective acoustic manipulation of cells. Sci. Adv. 2023, 9, eadd9186. [Google Scholar] [CrossRef]

	



Tu, Y.; Peng, F.; Sui, X.; Men, Y.; White, P.B.; Van Hest, J.C.M.; Wilson, D.A. Self-propelled supramolecular nanomotors with temperature-responsive speed regulation. Nat. Chem. 2016, 9, 480–486. [Google Scholar] [CrossRef]

	



Shamsudhin, N.; Laeubli, N.; Atakan, H.B.; Vogler, H.; Hu, C.; Haeberle, W.; Sebastian, A.; Grossniklaus, U.; Nelson, B.J. Massively Parallelized Pollen Tube Guidance and Mechanical Measurements on a Lab-on-a-Chip Platform. PLoS ONE 2016, 11, e0168138. [Google Scholar] [CrossRef]

	



Nikezić, A.V.; Novaković, J.G. Nano/Microcarriers in Drug Delivery: Moving the Timeline to Contemporary. Curr. Med. Chem. 2022, 30, 2996–3023. [Google Scholar] [CrossRef]

	



Park, J.; Jin, C.; Lee, S.; Kim, J.; Choi, H. Magnetically Actuated Degradable Microrobots for Actively Controlled Drug Release and Hyperthermia Therapy. Adv. Health Mater. 2019, 8, e1900213. [Google Scholar] [CrossRef]

	



Zhou, S.; Zhao, W.; Hu, J.; Mao, C.; Zhou, M. Application of Nanotechnology in Thrombus Therapy. Adv. Health Mater. 2023, 12, e2202578. [Google Scholar] [CrossRef]

	



Wang, J. Can Man-Made Nanomachines Compete with Nature Biomotors? ACS Nano 2009, 3, 4–9. [Google Scholar] [CrossRef] [PubMed]

	



Alizadeh, S.; Esmaeili, A.; Barzegari, A.; Rafi, M.A.; Omidi, Y. Bioengineered smart bacterial carriers for combinational targeted therapy of solid tumours. J. Drug Target. 2020, 28, 700–713. [Google Scholar] [CrossRef] [PubMed]

	



Soto, F.; Wang, J.; Ahmed, R.; Demirci, U. Medical Micro/Nanorobots in Precision Medicine. Adv. Sci. 2020, 7, 2002203. [Google Scholar] [CrossRef] [PubMed]

	



Huang, S.; Gao, Y.; Lv, Y.; Wang, Y.; Cao, Y.; Zhao, W.; Zuo, D.; Mu, H.; Hua, Y. Applications of Nano/Micromotors for Treatment and Diagnosis in Biological Lumens. Micromachines 2022, 13, 1780. [Google Scholar] [CrossRef]

	



Shivalkar, S.; Chowdhary, P.; Afshan, T.; Chaudhary, S.; Roy, A.; Samanta, S.K.; Sahoo, A.K. Nanoengineering of biohybrid micro/nanobots for programmed biomedical applications. Colloids Surf. B Biointerfaces 2023, 222, 113054. [Google Scholar] [CrossRef] [PubMed]

	



Mestre, R.; Patiño, T.; Sánchez, S. Biohybrid robotics: From the nanoscale to the macroscale. WIREs Nanomed. Nanobiotechnol. 2021, 13, e01703. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.J.; Park, S.-H.; Cho, S.; Kim, D.-M.; Lee, Y.; Ko, S.Y.; Hong, Y.; Choy, H.E.; Min, J.-J.; Park, J.-O.; et al. New paradigm for tumor theranostic methodology using bacteria-based microrobot. Sci. Rep. 2013, 3, 3394. [Google Scholar] [CrossRef]

	



Gwisai, T.; Mirkhani, N.; Christiansen, M.G.; Nguyen, T.T.; Ling, V.; Schuerle, S. Magnetic torque–driven living microrobots for increased tumor infiltration. Sci. Robot. 2022, 7, eabo06657. [Google Scholar] [CrossRef]

	



Ma, Q.; Chen, C.; Wei, S.; Chen, C.; Wu, L.-F.; Song, T. Construction and operation of a microrobot based on magnetotactic bacteria in a microfluidic chip. Biomicrofluidics 2012, 6, 024107–2410712. [Google Scholar] [CrossRef]

	



Chen, H.; Li, Y.; Wang, Y.; Ning, P.; Shen, Y.; Wei, X.; Feng, Q.; Liu, Y.; Li, Z.; Xu, C.; et al. An Engineered Bacteria-Hybrid Microrobot with the Magnetothermal Bioswitch for Remotely Collective Perception and Imaging-Guided Cancer Treatment. ACS Nano 2022, 16, 6118–6133. [Google Scholar] [CrossRef]

	



Hosseinidoust, Z.; Mostaghaci, B.; Yasa, O.; Park, B.-W.; Singh, A.V.; Sitti, M. Bioengineered and biohybrid bacteria-based systems for drug delivery. Adv. Drug Deliv. Rev. 2016, 106, 27–44. [Google Scholar] [CrossRef] [PubMed]

	



Han, J.; Zhen, J.; Du Nguyen, V.; Go, G.; Choi, Y.; Ko, S.Y.; Park, J.-O.; Park, S. Hybrid-Actuating Macrophage-Based Microrobots for Active Cancer Therapy. Sci. Rep. 2016, 6, 28717. [Google Scholar] [CrossRef]

	



Noh, S.; Jeon, S.; Kim, E.; Oh, U.; Park, D.; Park, S.H.; Kim, S.W.; Pané, S.; Nelson, B.J.; Kim, J.; et al. A Biodegradable Magnetic Microrobot Based on Gelatin Methacrylate for Precise Delivery of Stem Cells with Mass Production Capability. Small 2022, 18, 2107888. [Google Scholar] [CrossRef]

	



Sakar, M.S. Immune evasion by designer microrobots. Sci. Robot. 2020, 5, eabc7620. [Google Scholar] [CrossRef]

	



Cao, H.X.; Du Nguyen, V.; Jung, D.; Choi, E.; Kim, C.-S.; Park, J.-O.; Kang, B. Acoustically Driven Cell-Based Microrobots for Targeted Tumor Therapy. Pharmaceutics 2022, 14, 2143. [Google Scholar] [CrossRef] [PubMed]

	



Song, X.; Fu, W.; Cheang, U.K. Immunomodulation and delivery of macrophages using nano-smooth drug-loaded magnetic microrobots for dual targeting cancer therapy. iScience 2022, 25, 104507. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.V.; Ansari, M.H.D.; Mahajan, M.; Srivastava, S.; Kashyap, S.; Dwivedi, P.; Pandit, V.; Katha, U. Sperm Cell Driven Microrobots—Emerging Opportunities and Challenges for Biologically Inspired Robotic Design. Micromachines 2020, 11, 448. [Google Scholar] [CrossRef]

	



Magdanz, V.; Vivaldi, J.; Mohanty, S.; Klingner, A.; Vendittelli, M.; Simmchen, J.; Misra, S.; Khalil, I.S.M. Impact of Segmented Magnetization on the Flagellar Propulsion of Sperm-Templated Microrobots. Adv. Sci. 2021, 8, 2004037. [Google Scholar] [CrossRef]

	



Magdanz, V.; Medina-Sánchez, M.; Schwarz, L.; Xu, H.; Elgeti, J.; Schmidt, O.G. Spermatozoa as Functional Components of Robotic Microswimmers. Adv. Mater. 2017, 29, 1606301. [Google Scholar] [CrossRef]

	



Chen, Q.; Tang, S.; Li, Y.; Cong, Z.; Lu, D.; Yang, Q.; Zhang, X.; Wu, S. Multifunctional Metal–Organic Framework Exoskeletons Protect Biohybrid Sperm Microrobots for Active Drug Delivery from the Surrounding Threats. ACS Appl. Mater. Interfaces 2021, 13, 58382–58392. [Google Scholar] [CrossRef]

	



Magdanz, V.; Khalil, I.S.M.; Simmchen, J.; Furtado, G.P.; Mohanty, S.; Gebauer, J.; Xu, H.; Klingner, A.; Aziz, A.; Medina-Sánchez, M.; et al. IRONSperm: Sperm-templated soft magnetic microrobots. Sci. Adv. 2020, 6, eaba5855. [Google Scholar] [CrossRef] [PubMed]

	



Xie, S.; Jiao, N.; Tung, S.; Liu, L. Controlled regular locomotion of algae cell microrobots. Biomed. Microdevices 2016, 18, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Xie, S.; Qin, L.; Li, G.; Jiao, N. Robotized algal cells and their multiple functions. Soft Matter 2021, 17, 3047–3054. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Cai, J.; Sun, L.; Zhang, S.; Gong, D.; Li, X.; Yue, S.; Feng, L.; Zhang, D. Facile Fabrication of Magnetic Microrobots Based on Spirulina Templates for Targeted Delivery and Synergistic Chemo-Photothermal Therapy. ACS Appl. Mater. Interfaces 2019, 11, 4745–4756. [Google Scholar] [CrossRef] [PubMed]

	



Gong, D.; Celi, N.; Zhang, D.; Cai, J. Magnetic Biohybrid Microrobot Multimers Based on Chlorella Cells for Enhanced Targeted Drug Delivery. ACS Appl. Mater. Interfaces 2022, 14, 6320–6330. [Google Scholar] [CrossRef]

	



Go, G.; Jeong, S.-G.; Yoo, A.; Han, J.; Kang, B.; Kim, S.; Nguyen, K.T.; Jin, Z.; Kim, C.-S.; Seo, Y.R.; et al. Human adipose–derived mesenchymal stem cell–based medical microrobot system for knee cartilage regeneration in vivo. Sci. Robot. 2020, 5, eaay6626. [Google Scholar] [CrossRef]

	



Jeon, S.; Kim, S.; Ha, S.; Lee, S.; Kim, E.; Kim, S.Y.; Park, S.H.; Jeon, J.H.; Kim, S.W.; Moon, C.; et al. Magnetically actuated microrobots as a platform for stem cell transplantation. Sci. Robot. 2019, 4, eaav4317. [Google Scholar] [CrossRef]

	



Jeon, S.; Park, S.H.; Kim, E.; Kim, J.; Kim, S.W.; Choi, H. A Magnetically Powered Stem Cell-Based Microrobot for Minimally Invasive Stem Cell Delivery via the Intranasal Pathway in a Mouse Brain. Adv. Health Mater. 2021, 10, e2100801. [Google Scholar] [CrossRef]

	



Sheikhpour, M.; Barani, L.; Kasaeian, A. Biomimetics in drug delivery systems: A critical review. J. Control. Release 2017, 253, 97–109. [Google Scholar] [CrossRef]

	



Vogel, P.D. Nature’s design of nanomotors. Eur. J. Pharm. Biopharm. 2005, 60, 267–277. [Google Scholar] [CrossRef]

	



Si, J.; Shao, S.; Shen, Y.; Wang, K. Macrophages as Active Nanocarriers for Targeted Early and Adjuvant Cancer Chemotherapy. Small 2016, 12, 5108–5119. [Google Scholar] [CrossRef] [PubMed]

	



Granger, D.N.; Senchenkova, E. Integrated Systems Physiology—From Cell to Function. In Inflammation and the Microcirculation; Morgan & Claypool Life Sciences: San Rafael, CA, USA, 2010. [Google Scholar]

	



Zhao, Y.; Yue, P.; Peng, Y.; Sun, Y.; Chen, X.; Zhao, Z.; Han, B. Recent advances in drug delivery systems for targeting brain tumors. Drug Deliv. 2023, 30, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, B.P.; Hardie, J.; Farkas, M.E. Harnessing Biology to Deliver Therapeutic and Imaging Entities via Cell-Based Methods. Chem.–Eur. J. 2018, 24, 8717–8726. [Google Scholar] [CrossRef]

	



Zhang, F.; Mundaca-Uribe, R.; Gong, H.; de Ávila, B.E.; Beltrán-Gastélum, M.; Karshalev, E.; Nourhani, A.; Tong, Y.; Nguyen, B.; Gallot, M.; et al. A Macrophage–Magnesium Hybrid Biomotor: Fabrication and Characterization. Adv. Mater. 2019, 31, e1901828. [Google Scholar] [CrossRef]

	



Jin, S.-S.; He, D.-Q.; Luo, D.; Wang, Y.; Yu, M.; Guan, B.; Fu, Y.; Li, Z.-X.; Zhang, T.; Zhou, Y.-H.; et al. A Biomimetic Hierarchical Nanointerface Orchestrates Macrophage Polarization and Mesenchymal Stem Cell Recruitment To Promote Endogenous Bone Regeneration. ACS Nano 2019, 13, 6581–6595. [Google Scholar] [CrossRef]

	



Kelly, P.M.; Davison, R.S.; Bliss, E.; McGee, J.O. Macrophages in human breast disease: A quantitative immunohistochemical study. Br. J. Cancer 1988, 57, 174–177. [Google Scholar] [CrossRef] [PubMed]

	



Du Nguyen, V.; Min, H.-K.; Kim, H.Y.; Han, J.; Choi, Y.H.; Kim, C.-S.; Park, J.-O.; Choi, E. Primary Macrophage-Based Microrobots: An Effective Tumor Therapy In Vivo by Dual-Targeting Function and Near-Infrared-Triggered Drug Release. ACS Nano 2021, 15, 8492–8506. [Google Scholar] [CrossRef] [PubMed]

	



Dai, Y.; Jia, L.; Wang, L.; Sun, H.; Ji, Y.; Wang, C.; Song, L.; Liang, S.; Chen, D.; Feng, Y.; et al. Magnetically Actuated Cell-Robot System: Precise Control, Manipulation, and Multimode Conversion. Small 2022, 18, e2105414. [Google Scholar] [CrossRef] [PubMed]

	



Tran, T.H.; Tran, T.T.P.; Nguyen, H.T.; Phung, C.D.; Jeong, J.-H.; Stenzel, M.H.; Jin, S.G.; Yong, C.S.; Truong, D.H.; Kim, J.O. Nanoparticles for dendritic cell-based immunotherapy. Int. J. Pharm. 2018, 542, 253–265. [Google Scholar] [CrossRef]

	



Shi, M.; Zhang, P.; Zhao, Q.; Shen, K.; Qiu, Y.; Xiao, Y.; Yuan, Q.; Zhang, Y. Dual Functional Monocytes Modulate Bactericidal and Anti-Inflammation Process for Severe Osteomyelitis Treatment. Small 2020, 16, e2002301. [Google Scholar] [CrossRef]

	



Hao, J.; Chen, J.; Wang, M.; Zhao, J.; Wang, J.; Wang, X.; Li, Y.; Tang, H. Neutrophils, as “Trojan horses”, participate in the delivery of therapeutical PLGA nanoparticles into a tumor based on the chemotactic effect. Drug Deliv. 2019, 27, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.; Zhao, Q.; Shi, M.; Yin, C.; Zhao, Z.; Shen, K.; Qiu, Y.; Xiao, Y.; Zhao, Y.; Yang, X.; et al. Fe3O4@TiO2-Laden Neutrophils Activate Innate Immunity via Photosensitive Reactive Oxygen Species Release. Nano Lett. 2019, 20, 261–271. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Li, Z.; Gao, C.; Fan, X.; Pang, Y.; Li, T.; Wu, Z.; Xie, H.; He, Q. Dual-responsive biohybrid neutrobots for active target delivery. Sci. Robot. 2021, 6, eaaz9519. [Google Scholar] [CrossRef] [PubMed]

	



Burga, R.A.; Khan, D.H.; Agrawal, N.; Bollard, C.M.; Fernandes, R. Designing Magnetically Responsive Biohybrids Composed of Cord Blood-Derived Natural Killer Cells and Iron Oxide Nanoparticles. Bioconjugate Chem. 2019, 30, 552–560. [Google Scholar] [CrossRef]

	



Song, H.-W.; Lee, H.-S.; Kim, S.-J.; Kim, H.Y.; Choi, Y.H.; Kang, B.; Kim, C.-S.; Park, J.-O.; Choi, E. Sonazoid-Conjugated Natural Killer Cells for Tumor Therapy and Real-Time Visualization by Ultrasound Imaging. Pharmaceutics 2021, 13, 1689. [Google Scholar] [CrossRef]

	



Bernardini, G.; Antonangeli, F.; Bonanni, V.; Santoni, A. Dysregulation of Chemokine/Chemokine Receptor Axes and NK Cell Tissue Localization during Diseases. Front. Immunol. 2016, 7, 402. [Google Scholar] [CrossRef]

	



Cho, N.-H.; Cheong, T.-C.; Min, J.H.; Wu, J.H.; Lee, S.J.; Kim, D.; Yang, J.-S.; Kim, S.; Kim, Y.K.; Seong, S.-Y. A multifunctional core–shell nanoparticle for dendritic cell-based cancer immunotherapy. Nat. Nanotechnol. 2011, 6, 675–682. [Google Scholar] [CrossRef]

	



Stevens, A.J.; Harris, A.R.; Gerdts, J.; Kim, K.H.; Trentesaux, C.; Ramirez, J.T.; McKeithan, W.L.; Fattahi, F.; Klein, O.D.; Fletcher, D.A.; et al. Programming multicellular assembly with synthetic cell adhesion molecules. Nature 2022, 614, 144–152. [Google Scholar] [CrossRef]

	



The ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium; Campbell, P.J.; Getz, G. Pan-cancer analysis of whole genomes. Nature 2020, 578, 82–93. [Google Scholar] [CrossRef]

	



Wei, T.; Liu, J.; Li, D.; Chen, S.; Zhang, Y.; Li, J.; Fan, L.; Guan, Z.; Lo, C.; Wang, L.; et al. Development of Magnet-Driven and Image-Guided Degradable Microrobots for the Precise Delivery of Engineered Stem Cells for Cancer Therapy. Small 2020, 16, 1906908. [Google Scholar] [CrossRef]

	



Baksh, D.; Song, L.; Tuan, R.S. Adult mesenchymal stem cells: Characterization, differentiation, and application in cell and gene therapy. J. Cell. Mol. Med. 2004, 8, 301–316. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Luan, Z.; Li, J. Inorganic Nanoparticles-Based Systems in Biomedical Applications of Stem Cells: Opportunities and Challenges. Int. J. Nanomed. 2023, 18, 143–182. [Google Scholar] [CrossRef] [PubMed]

	



Go, G.; Han, J.; Zhen, J.; Zheng, S.; Yoo, A.; Jeon, M.-J.; Park, J.-O.; Park, S. A Magnetically Actuated Microscaffold Containing Mesenchymal Stem Cells for Articular Cartilage Repair. Adv. Health Mater. 2017, 6, 1601378. [Google Scholar] [CrossRef] [PubMed]

	



Kang, H.; Zhang, K.; Pan, Q.; Lin, S.; Wong, S.H.D.; Li, J.; Lee, W.Y.; Yang, B.; Han, F.; Li, G.; et al. Remote Control of Intracellular Calcium Using Upconversion Nanotransducers Regulates Stem Cell Differentiation In Vivo. Adv. Funct. Mater. 2018, 28, 1802642. [Google Scholar] [CrossRef]

	



Go, G.; Yoo, A.; Kim, S.; Seon, J.K.; Kim, C.; Park, J.; Choi, E. Magnetization-Switchable Implant System to Target Delivery of Stem Cell-Loaded Bioactive Polymeric Microcarriers. Adv. Health Mater. 2021, 10, e2100068. [Google Scholar] [CrossRef]

	



Gyak, K.; Jeon, S.; Ha, L.; Kim, S.; Kim, J.; Lee, K.; Choi, H.; Kim, D. Magnetically Actuated SiCN-Based Ceramic Microrobot for Guided Cell Delivery. Adv. Health Mater. 2020, 9, e2000055. [Google Scholar] [CrossRef]

	



Brähler, M.; Georgieva, R.; Buske, N.; Müller, A.; Müller, S.; Pinkernelle, J.; Teichgräber, U.; Voigt, A.; Bäumler, H. Magnetite-Loaded Carrier Erythrocytes as Contrast Agents for Magnetic Resonance Imaging. Nano Lett. 2006, 6, 2505–2509. [Google Scholar] [CrossRef]

	



Lee, J.; Choi, J.; Park, J.H.; Kim, M.-H.; Hong, D.; Cho, H.; Yang, S.H.; Choi, I.S. Cytoprotective Silica Coating of Individual Mammalian Cells through Bioinspired Silicification. Angew. Chem. Int. Ed. 2014, 53, 8056–8059. [Google Scholar] [CrossRef]

	



Hu, C.-M.J.; Fang, R.H.; Luk, B.T.; Chen, K.N.H.; Carpenter, C.; Gao, W.; Zhang, K.; Zhang, L. ‘Marker-of-self’ functionalization of nanoscale particles through a top-down cellular membrane coating approach. Nanoscale 2013, 5, 2664–2668. [Google Scholar] [CrossRef]

	



Wu, Z.; Li, T.; Gao, W.; Xu, T.; Sánchez, B.J.; Li, J.; Gao, W.; He, Q.; Zhang, L.; Wang, J. Cell-Membrane-Coated Synthetic Nanomotors for Effective Biodetoxification. Adv. Funct. Mater. 2015, 25, 3881–3887. [Google Scholar] [CrossRef]

	



Wu, Z.; Li, T.; Li, J.; Gao, W.; Xu, T.; Christianson, C.; Gao, W.; Galarnyk, M.; He, Q.; Zhang, L.; et al. Turning Erythrocytes into Functional Micromotors. ACS Nano 2014, 8, 12041–12048. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.; Zhuang, J.; Li, Z.; Gong, H.; de Ávila, B.E.-F.; Duan, Y.; Zhang, Q.; Zhou, J.; Yin, L.; Karshalev, E.; et al. Nanoparticle-modified microrobots for in vivo antibiotic delivery to treat acute bacterial pneumonia. Nat. Mater. 2022, 21, 1324–1332. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Chang, X.; Angsantikul, P.; Li, J.; de Ávila, B.E.; Karshalev, E.; Liu, W.; Mou, F.; He, S.; Castillo, R.; et al. Chemotactic Guidance of Synthetic Organic/Inorganic Payloads Functionalized Sperm Micromotors. Adv. Biosyst. 2017, 2, 1700160. [Google Scholar] [CrossRef]

	



Restrepo, B.; Maya, W.C. Anticuerpos antiespermatozoides y su asociación con la fertilidad. Actas Urológicas Españolas 2013, 37, 571–578. [Google Scholar] [CrossRef]

	



Dreyfus, R.; Baudry, J.; Roper, M.L.; Fermigier, M.; Stone, H.A.; Bibette, J. Microscopic artificial swimmers. Nature 2005, 437, 862–865. [Google Scholar] [CrossRef]

	



Khalil, I.; Tabak, A.F.; Klingner, A.; Sitti, M. Magnetic propulsion of robotic sperms at low-Reynolds number. Appl. Phys. Lett. 2016, 109, 033701. [Google Scholar] [CrossRef]

	



Huang, H.-W.; Uslu, F.E.; Katsamba, P.; Lauga, E.; Sakar, M.S.; Nelson, B.J. Adaptive locomotion of artificial microswimmers. Sci. Adv. 2019, 5, eaau1532. [Google Scholar] [CrossRef] [PubMed]

	



Magdanz, V.; Sanchez, S.; Schmidt, O.G. Development of a Sperm-Flagella Driven Micro-Bio-Robot. Adv. Mater. 2013, 25, 6581–6588. [Google Scholar] [CrossRef]

	



Medina-Sánchez, M.; Schwarz, L.; Meyer, A.K.; Hebenstreit, F.; Schmidt, O.G. Cellular Cargo Delivery: Toward Assisted Fertilization by Sperm-Carrying Micromotors. Nano Lett. 2015, 16, 555–561. [Google Scholar] [CrossRef]

	



Alapan, Y.; Yasa, O.; Schauer, O.; Giltinan, J.; Tabak, A.F.; Sourjik, V.; Sitti, M. Soft erythrocyte-based bacterial microswimmers for cargo delivery. Sci. Robot. 2018, 3, eaar4423. [Google Scholar] [CrossRef]

	



Tung, S.; Kim, J. Microscale hybrid devices powered by biological flagellar motors. IEEE Trans. Autom. Sci. Eng. 2006, 3, 260–263. [Google Scholar] [CrossRef]

	



Magaraci, M.S.; Veerakumar, A.; Qiao, P.; Amurthur, A.; Lee, J.Y.; Miller, J.S.; Goulian, M.; Sarkar, C.A. Engineering Escherichia coli for Light-Activated Cytolysis of Mammalian Cells. ACS Synth. Biol. 2014, 3, 944–948. [Google Scholar] [CrossRef] [PubMed]

	



Nair, N.; Kasai, T.; Seno, M. Bacteria: Prospective savior in battle against cancer. Anticancer Res. 2014, 34, 6289–6296. [Google Scholar] [PubMed]

	



Rogowski, L.W.; Zhang, X.; Tang, J.; Oxner, M.; Kim, M.J. Flagellated Janus particles for multimodal actuation and transport. Biomicrofluidics 2021, 15, 044104. [Google Scholar] [CrossRef] [PubMed]

	



Rogowski, L.W.; Oxner, M.; Tang, J.; Kim, M.J. Heterogeneously flagellated microswimmer behavior in viscous fluids. Biomicrofluidics 2020, 14, 024112. [Google Scholar] [CrossRef]

	



Du Nguyen, V.; Han, J.-W.; Choi, Y.J.; Cho, S.; Zheng, S.; Ko, S.Y.; Park, J.-O.; Park, S. Active tumor-therapeutic liposomal bacteriobot combining a drug (paclitaxel)-encapsulated liposome with targeting bacteria (Salmonella typhimurium). Sensors Actuators B Chem. 2016, 224, 217–224. [Google Scholar] [CrossRef]

	



Bernardes, N.; Chakrabarty, A.M.; Fialho, A.M. Engineering of bacterial strains and their products for cancer therapy. Appl. Microbiol. Biotechnol. 2013, 97, 5189–5199. [Google Scholar] [CrossRef]

	



Ohlendorf, R.; Vidavski, R.R.; Eldar, A.; Moffat, K.; Möglich, A. From Dusk till Dawn: One-Plasmid Systems for Light-Regulated Gene Expression. J. Mol. Biol. 2012, 416, 534–542. [Google Scholar] [CrossRef]

	



Semenza, G.L. Hypoxia-Inducible Factors in Physiology and Medicine. Cell 2012, 148, 399–408. [Google Scholar] [CrossRef]

	



Foster, K.W.; Saranak, J.; Patel, N.; Zarilli, G.; Okabe, M.; Kline, T.; Nakanishi, K. A rhodopsin is the functional photoreceptor for phototaxis in the unicellular eukaryote Chlamydomonas. Nature 1984, 311, 756–759. [Google Scholar] [CrossRef]

	



Li, M.; Wu, J.; Lin, D.; Yang, J.; Jiao, N.; Wang, Y.; Liu, L. A diatom-based biohybrid microrobot with a high drug-loading capacity and pH-sensitive drug release for target therapy. Acta Biomater. 2022, 154, 443–453. [Google Scholar] [CrossRef] [PubMed]








[image: Micromachines 14 00983 g001 550] 





Figure 1. Review strategy. 
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