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Preface






Mankind has developed science and civilization because of its imagination. Many things are called fantasies at first, then become dreams, and finally can be practiced. Of course, most fantasies only exist for a short time and become broken soap bubbles.


There is a well‐known myth in China, that is, “Journey to the West.” The protagonist of this story is an omnipotent monkey in the Tang Dynasty (640–660). One of his skills is that he can drill into the enemy's stomach, and then the enemy naturally surrenders after his internal organs are severely hit. In addition, he also has micro‐ and nanotechnology, cloning technology, low‐temperature freezing biotechnology, and so on. In short, he is omnipotent, and his story has been circulated among the people.


About 1300 years have passed. In 1959, the great physicist Richard Feynman first mentioned the hazy concept of nanoscale and the dream of a swallowable surgeon in “There's plenty of room at the bottom.” Since then, his dreams have been put into practice by the scientific community of the world.


Eastern and Western civilizations or science have the same direction in many fields, which should be attributed to the obvious consistency of the needs of human survival and progress. The protagonist in this book is a biomedical micro‐ and nanorobot, and “Swallowable Surgeon” is its embryonic form. The purpose of studying it is very clear: to improve medical treatment technology and keep human beings away from the suffering caused by diseases. Turning a fantasy into a dream, and then into a scientific idea that may be realized, requires a lot of researchers to focus on it and go through difficult exploration. Here, we want to share our scientific understanding, theoretical accumulation, and research experience in the field of biomedical micro‐ and nanorobots with our colleagues around the world, so as to promote the early realization of clinical medical applications of biomedical micro‐ and nanorobots and truly start to serve human health.








	2022/09/10

	Chun Mao
Xianlin Campus of Nanjing Normal University,
Nanjing, China















  
    



1
Introduction






Robot is a multifunctional machine that can perform tasks such as work or movement through programming and automatic control. In 1920, Karel Capek, a Czech writer, published the science fiction script “Rossum's Universal Robots,” a classic of the world's science fiction literature. In the play, the writer changed the Czech word “robota,” which originally meant “slave,” into “robot,” which is the origin of the word “robot.” The play tells the story of a company called Rossum that introduced robots to the market as industrial products produced by human beings and let them act as labor instead of human labor, and predicts the tragic impact of the development of robots on human society, and has attracted extensive attention.


The invention of robots is to let human beings free their hands and better improve and enjoy life. With the deepening of people's understanding of the intelligent nature of robot technology, it began to penetrate into all fields of human activity. However, there is no unified standard for the classification of robots in the world, and there can be different classifications from different definition standards. Among them is a micro‐ and nanorobot defined according to the size of the robot, which has attracted more and more interest of researchers in many disciplines. It may completely change the application fields, including biomedicine, information storage, environmental detection and repair, and micro‐/nanoengineering. Especially in the biomedical field, biomedical micro‐ and nanorobots may become an important driver for the development of this field.






1.1 Origin of Biomedical Micro‐ and Nanorobots


The story of biomedical micro‐ and nanorobots can be traced back to the famous speech “There's plenty of room at the bottom” in 1959 (Figure 1.1). It is well known that the Nobel Prize‐winning theoretical physicist Richard Feynman first proposed the idea of “nanotechnology” in his classic speech. Although he did not use the word “nano,” he actually expounded the basic concept of nanotechnology. In addition, he said, “A biological system can be exceedingly small. Many of the cells are very tiny, but they are very active; they manufacture various substances; they walk around; they wiggle; and they do all kinds of marvelous things – all on a very small scale. Also, they store information.” His smart brain began to flash, “Consider whether it's possible: we can also make a little thing under our command; we can also make a thing to act according to plan on the above‐mentioned small scale!” [1].


  [image: An illustration of Richard Phillips Feynman, American physicist, Professor of Physics at Caltech, winner of the 1965 Nobel Prize in Physics.]



Figure 1.1 Richard Phillips Feynman (11 May 1918 to 15 February 1988), American physicist, Professor of Physics at Caltech, winner of the 1965 Nobel Prize in Physics.






“Under our command” and “small scale,” yes, this is the initial description of mini machine. In his subsequent speech, he continued, “A friend of mine (Albert R. Hibbs) suggests a very interesting possibility for relatively small machines. He says that, although it is a very wild idea, it would be interesting in surgery if you could swallow the surgeon. You put the mechanical surgeon inside the blood vessel and it goes into the heart and ‘looks’ around. (Of course, the information has to be fed out.) It finds out which valve is the faulty one and takes a little knife and slices it out. Other small machines might be permanently incorporated in the body to assist some inadequately‐functioning organ.” This is the most absurd and great idea of “swallowable surgeon”.


One might ask, does this “swallowable surgeon” idea come from Albert R. Hibbs or Richard Feynman? We can't find the right answer now. But Richard Feynman praised this idea, “I can hardly doubt that when we have some control of the arrangement of things on a small scale we will get an enormously greater range of possible properties that substances can have, and of different things that we can do.”


At the end of the speech, Richard Feynman offered an attractive reward of 1000 dollars to researchers who can prepare miniature books (can be read by an electron microscope) and working electric motors (only 1/64 in. cube with 1/64 in. side length) in future. The last sentence is “I do not expect that such prizes will have to wait very long for claimants”.


However, he did not offer a reward to researchers who could prepare “swallowable surgeons” in the future. Maybe it's because he can't afford it, because at the critical moment, the value of a surgeon may be far more than a miniature book or a miniature electric motor. After all, who doesn't cherish life? The “swallowable surgeon” mentioned by Richard Feynman or Albert R. Hibbs is the protagonist of our book – biomedical micro‐ and nanorobots.






1.2 A Long Journey


The wings of artistic spirituality always lead the heavy steps of science and technology. In 1966, a novel entitled “Fantastic Voyage”, written by Isaac Asimov, the most famous popular science writer and science fiction novelist in America, was published by Houghton Mifflin Harcourt [2]. This novel described the fantastic adventure of shrinking human beings to the size of cells through scientific means. In August of the same year, Richard Fletcher served as the director and used miniature technology to go deep into the human body to shoot the science fiction film Fantastic Voyage of the same name. It described, how under the background of the Cold War between the United States and the Soviet Union, five American doctors boarded a submarine reduced to a micron scale and entered the blood of a wounded Soviet diplomat. Although the blood fluctuation caused by each heartbeat kept the submarine on the verge of overturning at any time, and the antibodies in the body also took the submarine as the source of infection and madly attacked it, the heroic protagonists were still able to manipulate the submarine to avert danger in the blood and destroy life‐threatening thrombus. They succeeded in saving the diplomat's life. After the final task was completed, they escaped through the eye of the diplomat. This film had a novel idea and created a new vision for the theme of science fiction films. Therefore, it won two Golden Awards, the 39th Academy Award for best art direction and best visual effect in 1967. Politics and war aside, the film has successfully triggered more imagination about micro machines (microrobots) all over the world.


The realization of dreams ultimately depends on the development of science. It has been more than 60 years since the micro‐ and nanorobot was developed and applied to the research of in vivo treatment of major diseases. The major events in the research history of micro‐ and nanorobots are listed in Figure 1.2 [3]. From the swimming of microscopic organisms observed by Sir Geoffrey Taylor in 1951 [4], and the bacteria swimming by rotating their flagellar filaments observed by Howard C. Berg in 1973 [5], these belong to the movement of organic organisms, but they are also concerned by researchers about their internal rotating machines [6].


  [image: Schematic illustration of major events in the history of micro- and nanorobot research (1951-2022).]



Figure 1.2 Major events in the history of micro‐ and nanorobot research (1951–2022).


Source: Wang [3]/John Wiley & Sons.






Researchers turned their attention to smaller molecules, which may be caused by the random motion of the molecules driven by environmental heat. At the time of Feynman's speech, chemists did not master enough synthetic technology and analytical means to create artificial molecular machines. From the 1970s to the 1980s, the rapid development of synthetic chemistry and supramolecular chemistry (which won the Nobel Prize in chemistry in 1987) provided reliable synthesis templates and strategies for the construction of artificial molecular machines. In 1991, Fraser Stoddart published an article entitled “A Molecular Shuttle,” which described the earliest rotaxane‐based molecular machine synthesized with a receptor template [7]. He believed that the early molecular machines only limited the random movement to a certain dimension and space. For example, the molecular shuttle limited the random movement of the macrocycle to two equivalent binding sites on one axis. Jean‐Pierre Sauvage and Fraser Stoddart independently introduced the stimulus response mechanism into the design of molecular machines in 1994, realizing the control of external conditions on molecular machines [8, 9]. In 1999, Ben L. Feringa proposed the light‐driven monodirectional molecular motor and described how the first molecular machine designed by him experienced two cis/trans‐isomerizations of alkene and two thermal relaxation processes to realize 360° of unidirectional rotation under light. The carefully designed olefins with large steric hindrance and skillfully arranged steric hindrance groups make the thermal relaxation an irreversible unidirectional process, ensuring the unidirectional rotation of the molecular machine under light [10].


In 2000, Andrew J. Turberfield designed the first DNA‐fueled molecular machine, which is different from those DNA tiles and DNA bricks prepared only using DNA as building materials, and it is a walking machine [11]. If nature mainly uses proteins as parts to build molecular machines, it is easier for researchers to program DNA to produce DNA nanorobots with different shapes and functions than proteins. These DNA nanorobots are usually manufactured as initial folding structures with DNA aptamer‐based locks. The locked DNA structure can be opened by some protein mechanisms in the cell through the specific recognition of sensing chain (usually aptamer), so as to release the internal payload or form mechanical motion. In the biomedical field, these payloads can be used as drugs for disease treatment. DNA nanorobots have been proved to have the potential to target drug transport, and their targeting ability mainly depends on the protein recognition ability of aptamers, while the targeting ability of programmable energy‐driven micro‐ and nanorobots depends on the energy supply strategy or the comprehensive effect of energy supply and site recognition [12]. Li et al. designed a DNA molecular robot that can manipulate cells by continuously activating receptor signals on cell membranes. Interestingly, this DNA molecular robot was different from the traditional DNA Walker moving on the multivalent foothold fixed on the rigid track. It can randomly cross the random diffusive receptor‐anchored footholds mounted on the fluidic cell membrane, accumulate a large number of dimerized receptors, and amplify the transmembrane signal to control the cell. They believed that this strategy would potentially improve cell‐based precision medicine in the future (Figure 1.3) [13].


It should be mentioned here that the emergence of DNA origami, its precise drug‐loading function, and the natural affinity between DNA and cells have made it possible to promote the biomedical application of DNA nanorobots [14, 15]. However, DNA nanorobots need to be further improved in increasing the stability of nucleic acid in vivo, broadening the library of nucleic acid aptamers, reducing the synthesis cost, and designing a multi‐in‐one nanorobot with complete logic circuit [16].






1.3 Moment of Glory


The 2016 Nobel Prize in chemistry was awarded to Jean‐Pierre Sauvage, Fraser Stoddart, and Ben L. Feringa for their outstanding contributions in the field of designing and synthesizing molecular machines. Molecular machines are molecules that simulate biological macromolecular machines or macro machines in nature. Through exquisite design, scientists use organic synthesis reactions to construct these molecules that can move relatively internally, so as to realize accurate control at the molecular level.


  [image: Schematic illustration of DNA nanorobot walking and operating on cell-surface receptors to activate signal pathways regulating cell migration.]



Figure 1.3 DNA nanorobot walking and operating on cell‐surface receptors to activate signal pathways regulating cell migration.


Source: Li et al. [13]/John Wiley & Sons.






Although these molecular machines enjoy the glory of the Nobel Prize in chemistry, they have no practical application. As David A. Leigh, the leader of molecular machines in the younger generation, lamented, “This Nobel Prize is not about curing cancer (not yet), nor making wonder materials (not yet), nor harvesting energy from the sun (not yet). It is a Nobel Prize given for tremendous scientific creativity, inspirational science, science that makes you dream ‘what if.’ It is a Nobel Prize about what the future may bring and a call to arms to all those who wish to accept the challenge to invent it. Feynman would surely have approved” [17].


Indeed, at present, molecular machines have not really realized large‐scale practical applications to change human life, but we have to admit that molecular machines have brought human vision and thinking to another dimension, which may bring infinite possibilities to human beings in the future.


Discontent is the best wheel for mankind to move forward. The development of science often follows the law of understanding nature, simulating nature, and surpassing nature. Nature uses its own method, which scientists call “nanoengineering,” to turn cheap, rich, and inanimate units containing chemical elements such as oxygen, hydrogen, nitrogen, carbon, calcium, sulfur, phosphorus, iron, and magnesium into creatures with the ability of self‐generation, self‐maintenance, self‐repair, and self‐consciousness, which can walk, twist, swim, smell and vision, even think and dream. Then, biomedical micro‐ and nanorobot technology should also learn from nature, try to use bionic principles and methods to design and prepare micro‐/nanoscale products with biomedical functions, and finally apply them to clinical medicine.


In the past two decades, with the continuous proposal of new concepts and the emergence of real objects, such as chemical reaction‐driven micro‐ and nanorobots, physical field‐driven micro‐ and nanorobots, biologically driven micro‐ and nanorobots and composite‐driven micro‐ and nanorobots, the research of biomedical micro‐ and nanorobots that can be applied to the biomedical field has officially set sail, involving micro‐/nanoscience, Materials Science Physics, Chemistry, Life Science, Medicine, Electrical Automation, and many other fields are forming comprehensive interdisciplinary disciplines and rapidly becoming the forefront of biotechnology. It is providing new ideas, technologies, and methods for modern biomedical research, expanding new horizons for the solution of important biomedical problems and technologies on the micro‐/nanoscale, and establishing new disease diagnosis and treatment principles and possible application modes. Based on the latest progress in biomedical micro‐ and nanorobots made by scientists in the first two decades of the twenty‐first century, we can now be confident that they may contribute to the real realization of the wonderful vision of precision medicine.






1.4 Three Laws


It is worth mentioning that Isaac Asimov clearly put forward the famous “Three Laws of Robotics” for the first time in his work “Runaround” published in 1942. That is,




	A robot may not injure a human being or, through inaction, allow a human being to come to harm.


	A robot must obey orders given it by human beings except where such orders would conflict with the First Law.


	A robot must protect its own existence as long as such protection does not conflict with the First or Second Law [18].





These were the writing techniques used to simply promote the plot. But in 1981, Isaac Asimov himself wrote in “Compute!,” “Someone asked, I feel my Is it right? Three laws really can be used to regulate the behavior of robot flexible – until the degree of autonomy to choose a robot in different ways of behavior. My answer is, ‘yes, the three law is a rational human to robot (or anything else) the only way’.” Although a large number of skeptics of Isaac Asimov's “Three Laws of Robotics” appeared later, now in the 2020s, we will suddenly find that the laws of science fiction writer still shine in the medical application of biomedical micro‐ and nanorobots [19].




	A biomedical micro‐ and nanorobot may not injure a human being (biosafety requirements).


	A biomedical micro‐ and nanorobot must protect its own existence as long as such protection does not conflict with the First Law (avoid losing its own activity).


	A biomedical micro‐ and nanorobot must obey orders given to it by human beings except where such orders would conflict with the First or Second Law (requirements of controllable behavior), or, through action, must not allow a human being to come to harm (functional requirements of treatment).





What else can we say? Pay tribute to Mr. Richard Feynman and Mr. Isaac Asimov!






1.5 Main Contents of this Book


This book will discuss the definition, classification, design, preparation, and characterization, biosafety, autonomous motion behavior, functionality, biomedical applications, and development trend of biomedical micro‐ and nanorobots, with special emphasis on introducing and summarizing the research progress of biomedical micro‐ and nanorobots in recent 20 years.
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2
Definition and Classification






In 1959, Richard Feynman, the Nobel Laureate in physics, proposed that in the future, it is possible for mankind to build a molecular‐sized mini machine, which can take molecules or even single atoms as building components to fabricate devices in a very small space. He did not use the word “nano,” Subsequently, nanotechnology was proposed by the scientist Norio Taniguchi in 1974, and then nanobiology and nanorobot were derived. Micron robot just expands the size requirements of mini machines from nano to micron. Micro‐ and nanorobot is the collective name of microrobot and nanorobot. This is the simplest definition of micro‐ and nanorobots based on scale.


In fact, in the academic field, there are too many different definitions of micro‐ and nanorobots. This is because the research of micro‐ and nanorobots is a comprehensive interdisciplinary research, involving many fields, such as micro‐ and nanoscience, Materials science, Physics, Chemistry, Life science, Medicine, Electrical automation, and so on. The different understanding of micro‐ and nanorobots in different disciplines and the different stages of research and development of micro‐ and nanorobots in different disciplines have caused this somewhat chaotic situation. Even whether to call it “robot” or “motor” there is no consensus in the academic field.






2.1 Definition


Motor, also known as an engine, is a simple machine that can convert other forms of energy into mechanical energy. Robots are complex (intelligent) machines that can work semi‐autonomously or fully autonomously. From this original definition, it can be clearly seen that the so‐called motor is only a machine capable of energy conversion. It can bring new movement ability to the object loaded with it because of energy reception and conversion, but no more than that. The robot cannot work semi‐autonomously or fully autonomously without the support of mechanical energy. On this basis, it also has the basic characteristics of perception, decision‐making, and execution, which can assist or even replace human beings to complete dangerous, heavy, and complex work; improve work efficiency and quality; serve human life; and expand or extend the scope of human activities and capabilities (Figure 2.1). Therefore, in this book, we judge whether the mini devices mentioned belong to “micro‐ and nanorobots” or “micro‐ and nanomotors” in accordance with their definitions, and the “swallowable surgeon” envisaged by Richard Feynman should obviously belong to biomedical micro‐ and nanorobots.


  [image: Schematic illustration of definition of motor and robot.]



Figure 2.1 Definition of motor and robot.






Researchers in Physics, Electromechanical, Computer, and other disciplines have proposed that the first‐generation micro‐ and nanorobot is the product of the association between micro‐ and nanomechanical devices and biological systems, and the scale of its components reaches the micro‐ or nanolevels. The second‐generation micro‐ and nanorobot is a micro‐ and nanoscale molecular device with specific functions assembled directly from atoms or molecules. The third‐generation micro‐ and nanorobot will include micro‐ and nanocomputer, which is a device that can carry out man–machine dialogue. At present, the research and development of micro‐ and nanorobots has developed from the first generation to the second generation, and the third generation is still in the envisioning stage [1]. System engineering professionals believe that micro‐ and nanorobots involve a range of molecular bionics and electronic control technology. With the help of the most advanced chips and nanotechnology, robots that can accurately build and manipulate objects at the atomic level are highly integrated systems, requiring driving units, control units, and sensing units. At the same time, corresponding work units are required for different functions, such as drug storage and delivery units required for targeted therapy. However, researchers specializing in chemistry and biomaterials define it as an artificial micro‐ and nanodevice that can convert the chemical energy or other forms of energy in the surrounding environment into its own mechanical kinetic energy to produce autonomous motion. Others define it as a micro‐ and nanoscale robot that can perform tasks in the microscale environment. Specifically, it has one or more of the following functions in the micro‐ and nanoscale, such as driving, sensing, grasping, loading, releasing, signal transmission, and information processing.


Based on the current research status and biomedical needs, in this book, we define micro‐ and nanorobots as artificial micro‐ and nanodevices that can generate mechanical motion through their own energy, or convert chemical energy or other forms of energy in the surrounding environment into their own mechanical kinetic energy to generate autonomous motion, and can perform driving, sensing, grasping, loading, releasing signal transmission, and information processing. The biomedical micro‐ and nanorobots refer to those micro‐ and nanorobots with very small size, good biocompatibility, and good behavioral controllability, which can enter some narrow tissues and organs in the human body in a minimally invasive or even noninvasive way, and play a role in diagnosis and treatment of many diseases (Figure 2.2) [2].


  [image: Schematic illustration of definition of biomedical micro- and nanorobots.]



Figure 2.2 Definition of biomedical micro‐ and nanorobots.






To be more specific, the future application fields of biomedical micro‐ and nanorobots include treatment, surgery, diagnosis, and medical imaging, aiming to meet the scientific difficulties and challenges encountered in traditional medicine. Active biomedical micro‐ and nanorobots should be able to reach the body areas that cannot be reached through the catheter or invasive surgery for medical sampling or surgery, swim directly into the target area and deliver the precise dose of therapeutic drugs, and improve the treatment efficiency of drugs [3–5]. Obviously, the use of biomedical micro‐ and nanorobots with these functions can help reduce invasive surgery, thus reducing patient discomfort and postoperative recovery time, and providing technical support for precision medicine [6].


It should be noted that some researchers believe that micro‐ and nanorobots must have the ability to respond to input forces and information through algorithms, that is, they can perform tasks such as work or movement through programming and automatic control, and emphasize the formation of “information feedback closed loop” for the interaction between the micro‐ and nanoworld and the macroworld [7]. However, we think that this definition may be limited by the traditional robot concept. From the perspective of materials science, if the micro‐ and nanorobots entering the human environment can contact the delivery environment and the microenvironment of diseased tissues and make chemical, physical, or biological responses, including responsive movement, biodegradation, and controllable drug release, these response capabilities should belong to the “algorithm” in the field of biomedical materials. In the future, advanced biomedical micro‐ and nanorobots may also need to have the ability of swarm intelligence, self‐assembly and replication, and interaction between the nanoworld and the macroworld. Therefore, this is a topic that needs continuous discussion.






2.2 Classification


There are many ways to classify biomedical micro‐ and nanorobots. This is because for biomedical micro‐ and nanorobots, we usually need to consider the following aspects:




	The composition, structure, size, and biodegradability of micro‐ and nanorobots.


	The driving mode of micro‐ and nanorobots (such as magnetic, optical, ultrasonic, chemical reaction, and other different energy forms) and the type of driving source.


	The different functions of micro‐ and nanorobots, such as treatment, surgery, diagnosis, and medical imaging.


	The diagnosis and treatment of different diseases by different micro‐ and nanorobots. These can become the basis for the classification of biomedical micro‐ and nanorobots; that is to say, each classification describes the different characteristics, functions, application environments, and purposes of biomedical micro‐ and nanorobots based on their own perspectives.





According to the different compositions of micro‐ and nanorobot materials, they can be divided into metal‐based micro‐ and nanorobot, metal oxide‐based micro‐ and nanorobot, silicon dioxide‐based micro‐ and nanorobot, polymer‐based micro‐ and nanorobot, biological component‐based (DNA, cells, microorganisms, etc.) micro‐ and nanorobot, and composite micro‐ and nanorobot [8]. The different choice of materials is mainly based on the construction strategy of micro‐ and nanorobots. Some are to form a basic carrier, some are to form a driving source, some are loaded with targeting agents, therapeutic drugs, and imaging reagents, and some are for the above two or more reasons.


According to the different shapes of micro‐ and nanorobots, they can be divided into tubular, rod‐shaped, spherical, conical, polymer vesicular, cell‐shaped micro‐ and nanorobots, and so on [9]. Their production methods can be divided into two ways, including bottom‐up and top‐down. For the top‐down method based on chemical self‐assembly synthesis, simple shapes less than 100 nm, such as spherical, rod, tubular, and other simple geometries, can be easily prepared. The bottom‐up method can be used to prepare more complex structures, but the cost is very high. Some of these different structural shapes are designed to meet the structural asymmetry, which is required for the driving behavior of micro‐ and nanorobots, while others are based on the bionic concept and use a certain shape to obtain higher endocytosis efficiency [10]. It should be mentioned here that DNA origami can be used to customize complex geometric structures of almost any shape, including various solid or hollow 3D structures, complex curved surface structures, nano‐devices, and nanorobots that can be dynamically deformed [11–13]. There is also a classification method, that is, mesoporous silica micro‐ and nanomaterials, metal organic framework (MOF) micro‐ and nanomaterials, and polymer micro‐ and nanotubes are used to prepare mesoporous micro‐ and nanorobots, microporous micro‐ and nanorobots, and composite pore‐type micro‐ and nanorobots, which are usually used to load drugs, driving sources, or imaging agents (Figure 2.3) [14–16].


  [image: Schematic illustration of (A) Ultrasound-propelled tubular porous drug-loaded gold wire nanorobot for efficient drug loading and release. (B) Enzyme-based mesoporous nanorobots with NIR optical brakes.]



Figure 2.3 (A) Ultrasound‐propelled tubular porous drug‐loaded gold wire nanorobot for efficient drug loading and release.


Source: Garcia‐Gradilla et al. [14]/with permission of John Wiley & Sons. (B) Enzyme‐based mesoporous nanorobots with NIR optical brakes.


Source: Liu et al. [15]/with permission of American Chemical Society. (C) NIR light‐driven Janus mesoporous silica nanorobot to promote magnetic resonance imaging in vivo.


Source: Zheng et al. [16]/with permission of John Wiley & Sons.






According to the different sizes of micro‐ and nanorobots, they can be divided into microrobot and nanorobot. Cell robot, microorganism (bacteria) robot, metal magnesium‐based microball robot, and microtube and microrod robot belong to the former, and the latter has a wider variety. The difference between microrobots and nanorobots is not only in size, but also in their application range. Microrobots can be used to transport or manipulate microscale materials such as cells, while nanorobots have good display space in drug delivery and disease diagnosis and treatment.


According to the different biodegradabilities of micro‐ and nanorobots, they can be divided into biodegradable micro‐ and nanorobots and nonbiodegradable micro‐ and nanorobots. Whether biodegradability is necessary or not depends on the application environment of biomedical micro‐ and nanorobots. For example, micro‐ and nanorobots in the blood environment must consider their biodegradability and the safety of their degradation products, while micro‐ and nanorobots in the intestinal environment may not need to consider their own biodegradability.


According to the different driving modes of micro‐ and nanorobots, they can be divided into self‐driven micro‐ and nanorobots and field‐driven micro‐ and nanorobots. The former usually use asymmetric energy to break the balance to realize the autonomous motion of micro‐ and nanorobots. According to the different ways of obtaining power, it can be divided into self‐electrophoresis drive, self‐diffusiophoresis drive, self‐thermophoresis drive, bubble drive, and so on [17]. The latter are micro‐ and nanorobots driven by external fields, that is, micro‐ and nanorobots that can only move under the action of external field. This means that they cannot obtain power from the surrounding environment, so when no external fields are applied, such micro‐ and nanorobots will not generate motion (excluding Brownian motion). According to the stimulation of the external field conditions (such as light, electricity, magnetism, and ultrasound), the external field driving modes can be divided into light driving, electric field driving, magnetic field driving, sound field driving, etc. [18]. These two kinds of micro‐ and nanorobots have their own advantages and disadvantages. Chemical reaction driving is the most common driving method of self‐driving micro‐ and nanorobots. Its driving mode is simple, convenient, and fast, but its application in biomedical field is often limited by the use of toxic chemical fuels [19]. The micro‐ and nanorobots driven by outfield have gradually become a research hotspot because of their good biocompatibility, long service time, and accurate speed control. However, these methods usually require large external field generator and complex control process. At the same time, they need to track the position of the robots in real time and constantly adjust the external field parameters to accurately control their position.


According to the different driving power sources of micro‐ and nanorobots, they can be divided into biological micro‐ and nanorobots, physical field‐driven micro‐ and nanorobots, and chemical reaction‐driven micro‐ and nanorobots (Figure 2.4) [20]. Biological micro‐ and nanorobots refer to the micro‐ and nanorobots involved in micro‐ and nano‐scale bioactive species (such as bacteria, cells, cell derivatives, and DNA) based on the movement ability of the organism itself. Generally speaking, these kinds of micro‐ and nanorobots have good biocompatibility. Physical field‐driven micro‐ and nanorobots are micro‐ and nanorobots that use electric fields, light fields (ultraviolet [UV] and near‐infrared [NIR]), ultrasound (ultrasonic), magnetic fields (rotating magnetic fields and oscillating magnetic fields), and other driving methods to achieve movement. The common feature of this kind of micro‐ and nanorobot is that it can control the motion/stop of the micro‐ and nanorobot through the on/off of external physical stimulation. This sensitive and repeatable control ability is of great significance for the application of micro‐ and nanorobot in complex biomedical environment. However, we should also recognize that due to their lack of self‐driving ability, they generally need to rely on additional devices and also need to consider the actual field effect in medical applications. Chemical reaction‐driven micro‐ and nanorobots refer to the micro‐ and nanorobots that obtain self‐driving ability by chemical reaction with surrounding media. Compared with biological and physical field‐driven micro‐ and nanorobots, chemical reaction‐driven micro‐ and nanorobots generally do not need specific storage and use conditions and can realize self‐driving without relying on additional devices. This classification method can well include most types of micro‐ and nanorobots and can directly reflect the types and characteristics of micro‐ and nanorobots. Therefore, the preparation of biomedical micro‐ and nanorobots based on this classification will be discussed in detail in Chapter 3 of this book. Chapter 4 will describe the characterization of biomedical micro‐ and nanorobots. Chapters 5 and 6 will focus on the biosafety and autonomous motion behavior of biomedical micro‐ and nanorobots.


  [image: Schematic illustration of biomedical micro- and nanorobots with different driving sources.]



Figure 2.4 Biomedical micro‐ and nanorobots with different driving sources.


Source: Li et al. [20]/John Wiley & Sons.






According to the different functions and medical application purposes of micro‐ and nanorobots, they can be divided into micro‐ and nanorobots for drug treatment, micro‐ and nanorobots for surgery, micro‐ and nanorobots for diagnosis, and micro‐ and nanorobots for medical imaging, as well as composite multipurpose micro‐ and nanorobots, such as micro‐ and nanorobots for diagnosis and treatment integration. These contents will be introduced and discussed in detail in Chapter 7 of this book.


According to the different diagnosis and treatment applications of micro‐ and nanorobots for different diseases, they can be divided into micro‐ and nanorobots for tumor treatment, micro‐ and nanorobots for cardiovascular disease treatment, micro‐ and nanorobots for neurological disease treatment, micro‐ and nanorobots for orthopedic disease treatment, etc. These contents will be introduced and discussed in detail in Chapters 8–10 of this book.


It should be noted that in the research progress of micro‐ and nanorobots, the previous research should belong to the design and preparation of micro‐ and nanorobots, and then the micro‐ and nanorobots evolved into micro‐ and nanorobots after they were endowed with drug loading, imaging, treatment, and other functions. Therefore, different appellations of “micro‐ and nanomotor” and “micro‐ and nanorobot” will appear in our discussion, and this appellation is not necessarily proposed by the researcher in the reported case, but added according to the different definitions of “micro‐ and nanomotor” and “micro‐ and nanorobot.”


The choice of micro‐ and nanorobots depends on the consideration of the complexity and variability of diseases. Biosafety, controllability of driving behavior, and driving efficiency of driving mode are important factors in determining whether biomedical micro‐ and nanorobots can be applied to human tissue environment.


At present, scientific research has developed steadily from biomedical micro‐ and nanomotors to biomedical micro‐ and nanorobots, which is driven by biomedical clinical needs. From simple micro‐ and nanomotors to complex micro‐ and nanorobots, from simple autonomous movement ability to intelligent chemotaxis targeting, intelligent response to the focus microenvironment, controlled‐release drugs, and disease treatment, biomedical micro‐ and nanorobots have gone from the fantasy of scientists to the stage of laboratory animal models' in vivo research. It is believed that it may be in the next decade or a little longer, before it can obtain breakthrough research results in clinical application. At this critical moment, the accurate definition and classification of biomedical micro‐ and nanorobots is conducive to the formulation and implementation of industrialization standards in this field, which is the significance of this chapter.
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3
Design and Preparation






In fact, in that famous speech, Richard Feynman, the Nobel Laureate in physics, talked about how to make small machines, not about the swallowable surgeon. “Now comes the interesting question: How do we make such a tiny mechanism? I leave that to you.” But after all, he couldn't stop his enthusiasm for scientific research and gave his own suggestion, “However, let me suggest one weird possibility. You know, in the atomic energy plants, they have materials and machines that they can't handle directly because they have become radioactive. To unscrew nuts….” His suggestion should be the construction method of mechanical devices from the perspective of the mechanical industry. The design and construction of a “swallowable surgeon” will be more complex because of the complex physiological environment involved.


Based on the biological safety considerations for biomedical micro‐ and nanorobots, the substrates of biomedical micro‐ and nanorobots in the past two decades have mostly been DNA, cells, microorganisms, flexible organic polymer materials, mesoporous silica particles, magnesium‐based microspheres, etc., while the combination of nuts and screws should still belong to the micromation of steel macrorobots. It should be understandable that Richard Feynman could only propose such a design at that time. This can be found in his college studies. He entered the Massachusetts Institute of Technology in 1935, first studying mathematics and then physics. He graduated with a bachelor's degree in 1939 and received a doctorate in theoretical physics from Princeton University in June 1942. Because he is a theoretical physicist and not a biomaterial scientist, he may not consider that the first requirement for micro‐ and nanorobots to enter the human body is that they must be biosafe.


A mini‐iron man with advanced power armor, superhuman power, and flying ability. Even if he has the most developed control system, weapon system, and communication system, if he wants to show off his talents in the human body, he must first pass the biosafety test. Therefore, for biomedical micro‐ and nanorobots, it is necessary to carefully design and controllably produce their substrates and driving systems in order to obtain ideal biosafety and biomedical functionality (Figure 3.1).


  [image: Schematic illustration of different substrates and driving systems of biomedical micro- and nanorobots.]



Figure 3.1 Different substrates and driving systems of biomedical micro‐ and nanorobots.










3.1 Substrate Selection




3.1.1 Metal Materials


Metal micro‐ and nanomaterialss are one of the main substrates for preparing biomedical micro‐ and nanorobots (Figure 3.2). Aurum (Au) nanomaterials have become the focus of attention of micro‐ and nanorobot researchers because of their unique properties, such as biocompatibility, stability, easy modification, catalytic performance, and surface plasmon resonance. According to different needs, researchers can prepare Au nanomaterials with different shapes, such as nanowire, nanorod, nanocage, nanostar, nanotube, nanoshell, and nanospherical particles.


In recent years, Au nanomaterials used to prepare biomedical micro‐ and nanorobots are mostly Au nanowires and Au nanoshells. The preparation method for the former mainly includes the template‐directed electrodeposition method, and the construction of the latter often adopts the method of gold seed growth. Zhang and Wang's group used Au as the substrate of micro‐ and nanorobots, and modified anti‐carcinoembryonic antigen mAb on its surface by means of a binary self‐assembled monolayer for the capture and separation of circulating tumor cells (Figure 3.3A) [1].


With the change of application requirements, the substances modified or loaded on the surface of Au nanomaterials also change accordingly, such as drugs, polymer materials, inorganic materials, nucleic acid drugs (such as DNA/RNA), cell membranes (such as erythrocyte membranes), and antibodies that can be used to specifically recognize cells. The corresponding modification methods include covalent binding, electrostatic attraction, and template‐assisted layer‐by‐layer.


  [image: Schematic illustration of construction of metal-based micro- and nanorobots with different modifiers.]



Figure 3.2 Construction of metal‐based micro‐ and nanorobots with different modifiers.






Zhang and Wang's group used cell membrane‐coating technology to wrap the erythrocyte membrane and platelet membrane outside the gold nanowires so that they had functional proteins related to human erythrocytes and platelets, thereby improving the binding and detoxification efficiency of nanorobots to pathogens and toxins. In this way, the hybrid cell membrane with complex biological functions was combined with the fuel‐free propulsion technology of nanorobots to form a dynamic robot system, which was used to effectively isolate and simultaneously eliminate different biological threats. The research has taken an important step toward the creation of a broad‐spectrum detoxification robot platform [5].


The metal substrates widely used to construct biomedical micro‐ and nanorobots also include active metals represented by magnesium (Mg) and zinc (Zn). Mg can react with water to generate magnesium hydroxide (Mg(OH)2) and produce hydrogen (H2) bubbles, which can be used to effectively propel micro‐ and nanorobots.


In particular, as an essential trace element for the human body, moderate intake of Mg2+ helps to reduce the risk of cardiovascular disease. Mg is also an essential element of cells and a cofactor of many enzymes that participate in many reactions in the human body. It can be used as an essential element for neurochemical transmission, calcium metabolism, and blood pressure regulation. Mg2+ ions also act as a regulator of ion pumps and electrolyte homeostasis in cells. Therefore, Mg is one of the attractive substrates in the design of biomedical micro‐ and nanorobots.


  [image: Schematic illustration of (A) Anti-CEA mAb-modified microrobots for capture and isolation of cancer cells. (B) A DNAzyme/Hep/PDA/Fe3O4/Mg microrobot that can move in the whole blood environment was used to detect whole blood trace substances.]



Figure 3.3 (A) Anti‐CEA mAb‐modified microrobots for capture and isolation of cancer cells.


Source: Balasubramanian et al. [1]/with permission of John Wiley & Sons. (B) A DNAzyme/Hep/PDA/Fe3O4/Mg microrobot that can move in the whole blood environment was used to detect whole blood trace substances. (a) The generation process of Pt-coated silica nanoparticles; (b) The generation process of the porous microparticles and their applications.


Source: Wang et al. [2]/with permission of Elsevier. (C) Sodium alginate‐modified composite micro‐ and nanorobot with core–shell structure for wound repair.


Source: Liu et al. [3]/John Wiley & Sons/CC BY 4.0. (D) Silica composite nanorobot with microporous–mesoporous structure was used to realize the rapid release of large‐size drugs and the slow release of small‐size drugs.


Source: Wan et al. [4]/with permission of John Wiley & Sons.






The metallic Mg existing in nature has the characteristics of difficult separation, fast corrosion rate, and difficult surface treatment because of its unique activity. Therefore, researchers mostly directly purchase micron‐level (5–50 μm)‐sized Mg balls for surface modification. Wang and Zhang's group, as well as Guan's group, developed a series of microrobots based on Mg metal, and their surfaces were modified with different functional substances according to different application needs, such as using the spitter deposition method to modify metal platinum (Pt), zinc oxide (ZnO), and titanium dioxide (TiO2) on the side of the Mg ball, respectively, to form the Janus asymmetric structure for meeting the motion mechanism of Mg‐based microrobots.


In order to increase the effective absorption, transportation, and release of drug molecules by Mg‐based microrobots, Mou et al. tried to use the partial surface‐attached thermosensitive poly‐N(isopropylacrylamide) hydrogel layers to modify the surface of Mg spheres [6]. More modifiers such as Au nanoparticles, red blood cells, chitosan, poly(lactic‐co‐acid) (PLGA), and other substances can also be modified on the surface of Mg balls through electrical interaction, polymer coating, and other methods, respectively, providing more physiological effects for microrobots. In particular, Wei et al. used enteric coating technology to effectively deliver Mg‐based microrobots modified with antibodies to the intestine [7]. At the same time, the technology was also used for intestinal delivery of a model mineral payload containing a mineral pair of Fe and Se. Karshalev et al. used TiO2, PLGA polymer layer, a middle chitosan layer loaded with Fe and Se, and an outer pH‐responsive organic layer to modify the surface of Mg spheres by atomic layer deposition and polymer coating, respectively, providing a method of mineral supplements based on microrobots to alleviate nutritional deficiency [8].


Zhang et al. further expanded the preparation idea of Mg‐based microrobots, combined them with living macrophages, and prepared macrophage/Mg composite microrobots with the strong driving force of Mg‐based microrobots and retained the biological function of macrophages for specific phagocytosis of toxins in the body. This new type of biohybrid microrobot was prepared by coating the surface of Mg‐based microspheres with TiO2 and poly(L‐lysine) layers, and attaching macrophages to the outer poly(L‐lysine) coating through electrostatic interaction, resulting in a macrophage/Mg biohybrid microrobot that can maintain the function and vitality of macrophages and also provide effective transportation of living cells [9].


Through the combination of sputtering deposition, atomic layer deposition, polymer coating, and other technologies, Wang et al. fixed polymer matrix and viroid nanoparticles on the surface of Mg spheres for the treatment of acute ischemic stroke, tumors, and other diseases [10, 11]. Then, our group modified DNAzyme/heparin/polydopamine (PDA)/Fe3O4 to the surface of Mg spheres by using the co‐precipitation method, covalent bonding, and other methods to build a kind of microrobot that can move in the whole blood environment for the detection of whole blood trace substances (Figure 3.3B) [2].


In addition to gold and active metals, the metals used as the main substrates of micro‐ and nanorobots also include Pt, palladium (Pd), and liquid metals. Shafiee and coworkers prepared Pt nanoparticles (Pt NPs) by the reduction method and used the covalent bonding method to conjugate oxidized anti‐Zika virus mAb to the surface of Pt NPs to build an immune detection nanorobot that can be used to monitor the Zika virus [12]. Li et al. used the template‐assisted electrochemical deposition method to construct a Pd helical nanostructure and then used the cell membrane‐cloaking technique to trim the platelet membrane rich in multiple functional proteins to its outside, thus forming a powerful dynamic bionic system based on nanorobot technology [13].


He et al. used the pressure–filtration–template technique to prepare a kind of shape‐transformable and fusible rodlike swimming liquid metal nanorobot based on the biocompatible and transformable liquid metal gallium, whose diameter and length can be controlled by adjusting the nanopore template, filtration time, and pressure. The nanorobot can actively search for cancer cells and remove the gallium oxide layer in the acidic endosomes by drilling into the cells. The liquid robot can also change from rod‐shaped to liquid droplets. These modified nanorobots can fuse into cells and kill cancer cells through a photothermal mechanism under near‐infrared (NIR) light [14].






3.1.2 Inorganic Materials


Inorganic nanoparticles have the characteristics of uniform and controllable size, good stability, large and controllable specific surface area, and easy surface functionalization. They also have unique photothermal, electromagnetic, and other properties, so they have become excellent substrates for micro‐ and nanorobots. The inorganic material most commonly used as the substrate of micro‐ and nanorobots is mesoporous silica. This is mainly because mesoporous silica not only has good biocompatibility, adjustable pore size, easy‐to‐modify surface groups, high load, and other characteristics, but can also gradually degrade in the physiological environment in vivo without long‐term toxicity.


The preparation methods of silicon dioxide (SiO2)‐based micro‐ and nanorobots are mainly divided into three categories: using surface‐sputtering noble metals, such as gold and Pt, to construct Janus asymmetric structures; constructing silica nanomaterials with asymmetric morphology, such as nanobottle structures; and using the natural asymmetric distribution of enzyme molecules or metal nanoparticles on the surface of silica to build micro‐ and nanorobots.


Zhao and coworkers used the surface asymmetric sputtering method to build silica nanoparticles with a Janus structure as nanorobots, and then used a simple droplet microfluidics system to directly generate porous particles by introducing a bubble‐propelled nanorobot into the system, so as to build a composite micro‐ and nanorobot with a core–shell structure. Sodium alginate was then modified on their surface for wound repair (Figure 3.3C) [3].


Han and coworkers used the one‐pot synthesis method to construct a silica nanomaterial with a nanobottle structure, loaded small molecule drugs clarithromycin, nanocalcium peroxide (CaO2), and Pt NPs by an ultrasonic method, and used the chemical reaction of CaO2 to quickly consume gastric acid and temporarily neutralize gastric acid. The product hydrogen peroxide (H2O2) was catalytically decomposed into a large amount, and the local concentration gradient of oxygen (O2) bubble causes it to be discharged through the narrow opening in the nanobot and then drives the bottle‐shaped nanorobot to move, thereby providing the maximum drug release and prodrug efficacy [15].


Sańchez and coworkers prepared mesoporous silica nanoparticles by the hydrothermal synthesis method and then modified pH‐responsive supramolecular nanovalves, cargo molecules, and urease enzymes onto silica nanoparticles by using electrostatic interaction and the formation mode of inclusion complexes to build a kind of pH‐sensitive nanorobot. Instead of deliberately building significant asymmetry, it used the natural asymmetric distribution of enzyme molecules on the surface of silica nanoparticles [16].


Our group used hydrothermal synthesis to construct silica nanoparticles with a mesoporous–macroporous structure, and then used in situ reduction to construct Pt NPs with a size of 20–40 nm in the macroporous shell in situ. Then they used filter membrane extension technology to wrap the platelet membrane that can specifically target the thrombus site onto the surface of the nanorobot, so as to build a kind of nanorobot that can penetrate deeply into the thrombus [17].


From the perspective of silica nanopore structure as the substrate of micro‐ and nanorobots, it can also be gradually expanded from a single mesoporous pore to a mesoporous–macroporous composite pore structure so as to meet more biomedical needs. For example, silica‐based nanorobots prepared earlier often use cetyltrimethylammonium bromide as a template and tetraethyl orthosilicate as a silicon source to prepare nanorobots with pores distributed in the mesoporous range (generally less than 10 nm) and covalently combine urease and electrostatic adsorption of anticancer drug doxorubicin (DOX) to build drug‐loaded nanorobots. With the deepening of research, researchers have realized that different drugs may be required for the treatment of some diseases, and the release rate of different drugs may be controlled according to the treatment needs. Based on this, our group developed a kind of silica composite nanorobot with a microporous–mesoporous structure. By epitaxial growth of the shell with a macroporous structure (about 58 nm) on the outside of the mesoporous silica, Pt NPs with a size of 20–40 nm were obtained by in situ reduction in the macropores of the shell. The large‐sized drug heparin/folic acid hybrid nanoparticles (20–40 nm) and the small‐sized drug DOX (less than 5 nm) were loaded into the macroporous and mesoporous structures, respectively. The unique hierarchical pore structure of the nanorobot was used to realize the rapid release of large‐sized drugs and the slow release of small‐sized drugs, so as to achieve a better therapeutic effect (Figure 3.3D) [4].


Layered double hydroxide, Fe3O4, MnO2, TiO2, SiCN, CaCO3, and other inorganic materials are also used as the basic substrates for the preparation of different nanorobots. Wang and coworkers used the seed growth method to coat the hollow MnO2 shell on the surface of gold nanoparticles to obtain a kind of nanorobot with an asymmetric structure, and then used the catalytic performance of manganese dioxide to convert H2O2 into O2 to promote the movement of the nanorobot. At the same time, they used the covalent bonding method to connect fluorescein isothiocyanate to the surface of Au nanoparticles so as to prepare a kind of therapeutic nanoagent that can self‐report in the treatment process [18].


Tu and coworkers used the hard template method to construct biodegradable hollow MnO2 nanoparticles and then prepared highly dispersed gold nanoparticles asymmetrically on their surfaces by the surface‐sputtering method, so as to obtain a kind of nanorobot with a large specific surface area and high catalytic activity [19]. In addition, Pumera and coworkers synthesized Fe3O4/Au/Ag nanoparticles through a sequential chemical reduction method. As a nanocomponent of the nanorobot, it can realize controllable propulsion and navigation under the rotating magnetic field. Further, DNA probes were modified outside the magnetic nanorobot by means of a hybridization reaction. Magnetic driving can promote its targeted binding reaction with complementary nucleic acids, which was used to detect severe acute respiratory syndrome coronavirus‐2 RNA [20]. They also synthesized TiO2/CdS nanotubes by anodic oxidation/etching/annealing steps and then modified urease by covalent binding to build a kind of TiO2/CdS nanotube bundle robot based on urease immobilization, which can use urea as a biocompatible fuel and react to visible light. This hybrid microrobot opens the door to the future application of catheter disinfection or treatment of bladder‐related biomembrane infection [21].






3.1.3 Organic Materials


Compared with inorganic materials, organic materials have irreplaceable advantages in the following aspects:




	Biocompatibility and biodegradability.

Organic materials, especially polymer substrates, can simulate properties similar to cell membranes in vivo by changing some of their structures, so they have stronger biocompatibility and degradation properties. For example, a polymer micelle containing a hydrophilic shell and a hydrophobic core has the advantages of simple preparation (can be prepared at room temperature and neutral conditions), simultaneous loading of a variety of drugs, and easy surface modification.



	Shape variability.


	Relatively long internal circulation time.





The early research groups that used organic materials as the substrate of biomedical micro‐ and nanorobots are He's group and Wilson's group. In 2014, He's group proposed to build polymer nanoparticles based on negatively charged poly(styrenesulfonate) and positively charged poly(allylamine hydrochloride) using template‐assisted polyelectrolyte layer‐by‐layer deposition and hard template method, and loaded catalyst in the way of covalent bonding through N‐Hydroxysuccinimide (NHS)/1‐Ethyl‐3‐(3‐dimethylaminopropyl)carbodiimide (EDC) activation, so as to build a kind of Janus polymer multilayer capsule robot that can move in the H2O2 environment [22]. His group also used similar methods to dope magnetic nanoparticles into the polymer capsule and asymmetrically sputtered gold nanoparticles through sputtering to build Janus nanorobots, and confirmed that they had good wound repair functions [23].


Wilson's group proposed a kind of nanorobot based on polymersome stomatocyte. First, polyethylene glycol (PEG)‐b‐polystyrene (PS) was self‐assembled to construct polymer nanoparticles with a special bowl‐shaped structure. Pt NPs with catalytic effect and chemotherapy drug DOX could be loaded into its bowl‐shaped structure via hydrophilic–hydrophobic interaction. Researchers proved that these nanorobots can move in the direction of a high concentration of H2O2 [24].


Subsequently, they improved the main substrate of polymersome stomatocytes by introducing biodegradable components such as poly(ε‐caprolactone) or disulfide bonds (mainly introduced by atom transfer radial polymerization of styrene by starting from PEG‐SS‐Br and PEG‐Br macroinitiators) to build polymer bowl‐shaped nanorobots with good degradation performance or response performance. This kind of bowl‐shaped polymer nanorobot can also load Pt NPs with catalytic effect and chemotherapy drug DOX through hydrophilic–hydrophobic interaction, which is expected to be used for the controlled release of drugs [25, 26].


In addition to chemotherapy drugs, Hahn and coworkers also tried to load Cu(II) 5,9,14,18,23,27,32,36‐octabutoxy‐2,3‐naphthalocyanine and Pt NPs into polymer stomatocytes. Cu(II) 5,9,14,18,23,27,32,36‐octabutoxy‐2,3‐naphthalocyanine can be used as a strong NIR absorber and Pt NPs as an engine and catalytic decomposer of H2O2. NIR irradiation can trigger the temperature‐response behavior of stomatocyte nanorobots. It can move to the high concentration of H2O2 released by cancer cells through chemotaxis and show a photothermal ablation effect on cancer cells under NIR [27].


Polymer vesicles self‐assembled from amphiphilic copolymers are also used as the substrates of nanorobots. Polymer vesicles are considered as a substitute for liposomes because they can provide greater flexibility in chemical and physical properties, such as allowing a large number of biological molecules to pass through, and polymers with asymmetric structures can be obtained by controlling the proportion of two different copolymers. Joseph et al. mixed either poly[(2‐methacryloyl)ethyl phosphorylcholine]‐poly[2‐(diisopropylamino)ethyl methacrylate] (PMPC‐PDPA) or poly[oligo(ethylene glycol) methyl methacrylate] (POEGMA)‐PDPA with poly(ethylene oxide) poly(butylene oxide) (PEO‐PBO) copolymers based on the different complementary properties of polymers such as anti‐adhesion to proteins, sensitivity to pH, and high permeability, formed asymmetric polymersomes and further modified them with low‐density lipoprotein receptor‐related protein‐1 through covalent binding. The polymer nanorobots can be used as a platform to cross the blood–brain barrier (BBB) and enter the central nervous system [28].


Another kind of polymer substrate often used as the substrate of nanorobots is PDA. As one of the most important neurotransmitters, dopamine (DA) is an important small molecule‐simulating mussel protein, which can self‐polymerize to produce PDA under alkaline and normal temperature conditions. PDA has strong NIR absorption performance and high photothermal conversion efficiency, and its surface contains rich amine and catechol functional groups, which are easy to modify. When used in biological applications, it can effectively overcome the clearance of the mononuclear phagocytic system in vivo.


Choi and coworkers prepared magnetic nanoclusters by the solvothermal method, planted gold nanoparticles on their surface to improve their NIR absorbance, and then coated PDA to further improve their NIR absorbance and also enable drugs to be fully loaded. Then, the stealth effect was achieved through PEG modification, the cycle time was prolonged, and finally, folic acid was coupled to detect solid tumors, so as to build a kind of multifunctional nanorobot system that can be used for active treatment delivery and collaborative chemical photothermal therapy [29].


Hahn and coworkers constructed a kind of PDA NP with a hollow structure by the hard template method and then modified urease molecules to their surface by covalent bonding, and obtained a kind of nanorobot that can move under the condition of a high concentration of urea in the bladder environment, which is expected to be applied to the treatment of bladder disease [30].


Wei and coworkers developed a simple and mild method to produce bubble templates with uniform nanosize to prepare bowl‐shaped PDA. After loading the gas fuel generator Mn(CO)5Br and the photosensitive agent zinc phthalocyanine, they obtained a kind of nanorobot that can move in the tumor microenvironment and achieved the effective elimination of tumors using a combination of photothermal/photodynamic treatment [31].


Qu et al. constructed a kind of hollow PDA nanoparticles by the emulsion‐induced interface anisotropic assembly approach and then loaded nitric oxide (NO) donor BNN6 (N,N′‐di‐sec‐butyl‐N,N′‐dinitroso‐1,4‐phenylenediamine) and CysArg‐Glu‐Lys‐Ala peptide, which can effectively induce the aggregation of nanoparticles at the thrombus, to build a kind of nanorobot that can move under NIR light. This kind of nanorobot can successfully achieve efficient, safe, and site‐specific nondrug thrombolysis and can prevent the recurrence of thrombus, which is expected to become a candidate drug for thrombus therapy in the future [32].


There are also some clinically safe, biocompatible, and biodegradable materials approved by the U.S. Food and Drug Administration (FDA), which are frequently used as substrates by designers of micro‐ and nanorobots. PLGA has been approved by the U.S. FDA for human use. It has great potential as a carrier of peptides, DNA, and antigens. PLGA nanoparticles as the carrier of drug‐delivery systems have many advantages, such as nontoxicity, easy cell internalization, protecting the loaded drug from degradation, and prolonging the drug‐release time.


Choi and coworkers used the method of W–O–W emulsion‐based gelatin leaching to build a PLGA microscaffold, made magnetic microgroups adsorbed on its surface to build a kind of microrobot with a three‐dimensional porous support structure, and proposed a medical microrobot system for knee cartilage regeneration based on human adipose‐derived mesenchymal stem cells (MSCs). Considering the approval of clinical trials, the effectiveness of the microrobot was verified by the in vivo test of the cartilage defect model [33].


Kim et al. proposed a bilayer hydrogel microrobot that used the method of molding ultraviolet (UV) photocuring to construct a layer containing poly(ethylene glycol)diacrylate and iron oxide nanoparticles as well as a therapeutic layer of gelatin/polyvinyl alcohol and PLGA–DOX drug particles. Once the bilayer hydrogel microrobot reached the injury site, the treatment layer transported the drug particles to the injury site, while the magnetic nanoparticles layer provided the fluidity of the bilayer hydrogel microrobot heading to the injury site and was recycled after administration [34].


In addition to the biocompatibility and degradability of micro‐ and nanorobots, their anti‐protein adhesion performance after entering the blood also needs to be considered when selecting substrates of micro‐ and nanorobots. As is known to all, nanoparticles entering the human environment may face the possibility of adsorbing biological macromolecules to form protein crowns, thereby affecting their surface‐related functions. Therefore, as a nanorobot, if the surface is covered by biological macromolecular crowns, its motion and chemotaxis may be affected. According to the literature, when introduced into biological fluids, nanoparticles are first covered by high‐abundance/high‐affinity proteins to form an adsorption layer, which is called “protein corona.” The existence of the protein crown is attributed to the thermodynamics in the water environment, especially the minimization of free enthalpy and entropy increase, and is mediated by the Coulomb force and van der Waals force, hydrogen bond, and hydrophobic interaction.


Among many nanoparticles, there is a very special kind of nanoparticle, namely zwitterionic nanoparticles. Their surface charge can reach internal balance and they rarely form ion pairs with adsorbates. The strong interaction between the surface charge of zwitterionic nanoparticles and water molecules leads to the formation of ordered, strong hydrogen‐bonded water layers on the surface of nanoparticles, which can be used as a physical barrier to prevent dirt from adhering to the surface.


Based on this, our group selected zwitterionic sulfobetaine methacrylate (SBMA) as the polymerization monomer. Through free radical polymerization, PSBMA zwitterionic nanoparticles were obtained by polymerization with N,N′‐bis‐(acryloyl) cystamine as the crosslinking agent, which can break the bond in response to the specific high concentration of glutathione in the tumor microenvironment. Then L‐cysteine was loaded by electrostatic attraction, and the amphoteric hydrogen sulfide (H2S)‐driven nanorobot could be constructed. We confirmed that by using the unique anti‐protein adhesion properties of zwitterions, the nanorobot had a long cycle time in the body [35].


Similarly, we selected L‐arginine, an amino acid in the form of zwitterions with good biocompatibility, as the main substrate to build a series of NO‐driven nanorobots that can move in the microenvironment of diseases in vivo [36–42]. We first proposed using the self‐assembly effect of hyperbranched molecules to form a kind of nanorobot by combining electrostatic binding force with L‐arginine, which can move autonomously under the condition of high‐concentration reactive oxygen species (ROS) in the environment of cancer cells, thereby promoting the effective uptake of nanorobots by cells [36].


We also prepared heparin/folic acid nanoparticles with a cage structure by the covalent binding method, loaded hydrophilic L‐arginine and hydrophobic chemotherapy drug DOX into them by hydrophilic–hydrophobic interaction, and then constructed a kind of nanorobot that can move in the tumor microenvironment. The nanorobot can effectively reverse the multidrug resistance of cancer cells by using NO to inhibit the expression of P‐protein on the surface of the tumor cell membrane [37].


Subsequently, we covalently bonded Cy5.5 with fluorescence properties to heparin/folic acid and then loaded it with the hydrophilic immune checkpoint inhibitor and hydrophobic chemotherapy drug docetaxel (DTX) to build a kind of NO‐driven nanorobot with self‐imaging function. The nanorobot can take advantage of the important physiological and medical effects of NO produced during movement and combine it with chemotherapy drugs to achieve the effect of chemotherapy/immunotherapy [38].


We also developed a kind of nondrug therapeutic agent with cholesterol‐dissolving capacity. β‐Cyclodextrin and L‐arginine were combined by covalent bond, and stable nanoparticles were prepared by self‐assembly effect, and then gold nanoparticles with photothermal conversion properties were synthesized on their surface by an in situ reduction method, so as to build a kind of NO/NIR double‐driven nanorobot, which was a carrier‐free/drug‐free therapeutic nanoagent and can be used for the treatment of atherosclerosis [39].


Furthermore, we also chose trehalose, a natural substance as one of the mammalian targets of rapamycin (mTOR)‐independent autophagy inducers, to covalently bond with L‐arginine, and then formed nanoparticles through self‐assembly. Phosphatidylserine was covalently bonded on their surface, which can target inflammatory macrophages in the atherosclerosis microenvironment, resulting in a carrier‐free nanorobot that can move autonomously in the microenvironment. This can be used to regulate the microenvironment of atherosclerosis, where macrophages polarize and promote the repair of the endothelial barrier, so as to achieve effective treatment of atherosclerosis (Figure 3.4a) [40].


Many researchers also use other types of organic substrates to build biomedical micro‐ and nanorobots, such as carbon‐based materials, including reduced nanographene oxide (n‐rGO), multiwalled carbon nanotubes, and asymmetric porous and hollow carbon [45–47].


Wu and coworkers built a magnetic microrobot in a single pH‐responsive hydrogel with the function of environmentally adaptive shape transformation through one‐step four‐dimensional laser printing of heterogeneous architecture, which can realize multiple functions, including complex particle operation (clamping, transportation, and release), drug packaging, and controllable release for tumor cell therapy at a specific location [45].


The Pumera group used a template‐assisted method to prepare the n‐rGO/Pt microrobot by the electrodeposition of nanosized graphene oxide as the outer layer and then the electrodeposition of Pt as the inner layer, which can drive its movement under very low H2O2 concentration. DOX was loaded through simple π–π interaction, and a new on‐demand drug‐release mechanism based on electrochemical stimulation was proposed [47].


Kong's group synthesized hollow carbon nanoparticles with an asymmetric structure by using a kinetics‐controlled interfacial super‐assembly strategy. Janus resin and silicon hybrid nanoparticles were preliminarily obtained by accurately regulating the polymerization and assembly kinetics of the two precursors. Then, asymmetric porous hollow carbon nanoparticles were successfully prepared by calcining resin and silicon hybrid nanoparticles and removing silica. Under the irradiation of 980 nm NIR, asymmetric porous hollow carbon nanoparticles showed excellent photothermal conversion performance, so NIR‐driven nanorobots were prepared. After loading chemotherapy drugs, the controlled release and good anticancer activity of anticancer drugs can be achieved under the action of synergistic photothermal therapy and chemotherapy [46].


  [image: Schematic illustration of (a) Phosphatidylserine-modified Trehalose/l-arginine nanorobots for the treatment of atherosclerosis. (b) Construction of engineered exosome nanorobots based on the concept of “Independent module/Cascade function”.]



Figure 3.4 (a) Phosphatidylserine‐modified Trehalose/L‐arginine nanorobots for the treatment of atherosclerosis.


Source: Wu et al. [40]/with permission of American Chemical Society. (b) Construction of engineered exosome nanorobots based on the concept of “Independent module/Cascade function”.


Source: Wang et al. [43]/with permission of John Wiley & Sons. (c) Fabrication of metal–organic framework‐based biomedical microrobots.


Source: Wang et al. [44]/with permission of John Wiley & Sons.










3.1.4 Natural Materials


From the perspective of biocompatibility of substrates, natural materials, especially cells, proteins, nucleic acid molecules, and other substances that exist in the body as biomedical materials, will not cause immune reactions in the body and can also effectively escape the clearance of the mononuclear phagocytic system in the body, which has the advantages that synthetic materials do not have.


At the same time, through natural selection, nature has evolved many complex biomaterials with diverse structures and rich functions, including hydrophobicity, reversible adhesion, biodegradability, and tropism. These rich structures and functions provide enough space for the design of biomedical micro‐ and nanorobots. At present, natural materials commonly used as micro‐ and nanorobots include bacteria, spermatids, macrophages, neutrophils, red blood cells, platelets, subcellular components (such as mitochondria, exosomes, and platelet derivatives), algal substances, and DNA molecules.


Bacteria with autonomous movement ability can use the biochemical energy source (adenosine triphosphate [ATP]) within the cell membrane to promote themselves or be guided by the gradient of nutrients, O2, and pH in the cell, which makes it possible to specifically respond to the tumor microenvironment, showing that they can show strong propulsion and certain sensing ability in the physiological environment, so they have attracted the attention of researchers. It is an important method for researchers to build a biomedical microrobot by modifying bacteria appropriately to enhance their active movement, sensing and treatment functions. The methods mainly include biological coupling (such as biotin–streptavidin) and covalent binding (such as carbodiimide cross‐linking reaction).


Sitti's group proposed a manufacturing method of multifunctional bacteria‐driven microrobots for targeted drug‐delivery applications, that is, by combining Escherichia coli (E. coli) with polyelectrolyte multilayer microparticles prepared by a layer‐by‐layer self‐assembly technique, which encapsulated chemotherapy drugs DOX and Fe3O4 magnetic nanoparticles. The surface of the polyelectrolyte multilayer nanoshell deposited on PS particles had adjustable stiffness, which was conducive to the adhesion of bacteria. The technology also generates controllable surface charges and surface chemistry, which can make complementary noncovalent interacting bacteria adhere. They used the 4T1 in vitro model of breast cancer cells to conduct targeted drug‐delivery experiments on these microrobots, which proved that the swimming speed of these microrobots was faster than that of similar bacteria‐driven microswimmers in the literature. This design idea provided a systematic design and manufacturing method for multifunctional bacteria‐driven microrobots to improve swimming speed [48].


The same group also developed a cargo‐delivery system of biohybrid microrobots composed of bacteria‐driven double emulsions, which was mainly composed of W–O–W microemulsion combined with the moving E. coli. Bacteria can be guided to interested cells through external concentration gradients. This quasi‐monodisperse, biocompatible, and biodegradable double emulsion can load various organelle‐labeling dyes on their aqueous core as drug molecules and modify their shells with streptavidin to obtain biotin‐conjugated E. coli bacteria, so as to achieve efficient fluid propulsion. Biohybrid microrobots can swim through the barrier of a microporous membrane and effectively transport organelle‐tracking dye to living cells, which can realize real‐time living cell imaging of organelles inside cells [49].


Compared with other cellular drug carriers, sperm is considered to be more suitable for swimming in the female reproductive system, which makes it a candidate drug for the treatment of cervical cancer and other gynecological diseases. At the same time, sperm cells also have a good ability to encapsulate hydrophilic drugs, and the sperm membrane can protect the drugs from being diluted by body fluids, immune reactions, and enzyme degradation. Thanks to its compact membrane system, sperm can also effectively avoid dose loss. Accordingly, Medina‐Sánchez and coworkers proposed a kind of sperm‐hybrid microrobot for targeted drug delivery. The system includes a motile sperm cell as a propulsion source and drug carrier, and a three‐dimensional printed magnetic tube microstructure with four arms, which can release sperm cells in situ when they are bent. This microrobot had the characteristics of high drug loading, self‐propulsion, mechanical release of drug‐loaded sperm cells in situ, and penetration ability. Through this controllable guidance and release mechanism, drugs can be delivered to tumor cells, thus avoiding unnecessary drug accumulation in healthy tissues [50].


Further, this group constructed a cap with a horn‐like structure, which can not only be assembled with other microcaps for multiple sperm transportation but also act as an anchoring structure, using the external magnetic field to make the sperm microrobot maintain its position under strong blood flow velocity and point to the channel surface. The design of the cap can reduce resistance so that it can squeeze through blood cells and nonuniform liquids so as to effectively control resistance to flowing blood while swimming [51].


Another kind of natural cell that is often used to build biomedical microrobots are immune cells that exist in the body, such as macrophages and neutrophils. Among many immune cells, macrophages, as the main component of the innate immune system, have a variety of functions, such as phagocytosis of foreign pathogens, injury of cells and cell debris, activation of the immune system through antigen presentation, and secretion of various cytokines. In particular, tumor‐associated macrophages can infiltrate into or around tumor blocks through their chemical attraction gradients.


Based on this, the Park group proposed a hybrid‐driven, macrophage‐based microrobot drug‐delivery system, which used the phagocytosis of macrophages to internalize Fe3O4 NPs and PLGA nanoparticles coated with chemotherapy drug DTX into cells, which can not only be driven by an electromagnetic actuation system but also be driven by the tumor infiltration characteristics of macrophages [52]. This group also used the endocytosis of macrophages to swallow paclitaxel‐encapsulated magnetic liposomes into them and built a macrophage‐based magnetic microrobot that can move in a magnetic field environment for tumor treatment [53].


Neutrophils in the body are also one of the very important functional cells. As a key factor of thrombosis, they can actively target thrombosis. Therefore, neutrophils may be a good carrier of microrobots for thrombolytic drugs for thrombotic diseases. At the same time, neutrophils are powerful effector cells that can destroy infectious threats through phagocytosis, degranulation, ROS, and neutrophil extracellular traps. Therefore, the modification of neutrophils is mostly based on their own phagocytic function.


Sang and coworkers reported a neutrophil microrobot driven by urease catalysis. Firstly, urease was asymmetrically fixed on the surface of natural neutrophils by covalent bonding, and urokinase‐coupled Ag nanoparticles with thrombolytic function were endocytosed into cells. After intravenous administration, the microrobot can quickly chemotaxis to the invasive thrombus in the inflammatory blood vessels under the guidance of stimulating factors and be driven by a urease robot to play a thrombolytic role [54].


He's group has constructed a double‐responsive hybrid neutrophil microrobot, which can move in the blood vessel by magnetic drive and cross the BBB along the gradient of inflammatory factors according to the chemotactic behavior of neutrophils, for the treatment of glioma. Specifically, the chemotherapy drug paclitaxel was first wrapped into the magnetic nanogel, then wrapped by the outer membrane of E. coli, and then the nanogel was swallowed by neutrophils through phagocytosis. The neutrophil microrobot produced in this way can not only achieve controllable individual propulsion and group movement when the magnetic field is rotated but can also use the chemotaxis of the neutrophil itself to penetrate the BBB, so as to realize the double‐drive mode of the microrobot [55].


Rich red blood cells in the blood are often used as carriers of biomedical micro‐ and nanorobots because of their rich content, biocompatibility, biodegradability, nonimmune prototype, inert intracellular environment, and easy surface modification. In particular, mature red blood cells do not have nuclei and organelles, so there is a relatively complete volume inside, which can be used as cargo‐wrapping space and has a high deformation capacity.


Sitti's group reported a biological hybrid microrobot based on red blood cells and motile bacteria. Red blood cells were loaded with the anticancer drug DOX and superparamagnetic iron oxide nanoparticles, which can provide autonomous propulsion and magnetic field control, as well as efficient drug encapsulation and release [56]. Specifically, drugs and magnetic particles were first loaded into red blood cells, and then red blood cells were connected to the surface of E. coli by the biotin–avidin–biotin combination. Through the guidance of an external magnetic field and the movement ability of bacteria, they can be squeezed through narrow channels, which was expected to be used in biomedicine.


Platelets are also natural cells that are often used as substrates for micro‐ and nanorobots because they have some unique advantages, such as easy access (can be directly extracted from peripheral blood), rich content (1.5–4.0 × 1011 platelets per liter blood), long internal circulation time (8–10 days), and high membrane‐protein content, which allows them to play an important role in wound repair, antibacterial, immune regulation, and cancer treatment.


Wang and coworkers modified platelets with poly(L‐lysine), which can promote the attachment of negatively charged cells through electrostatic interaction, treated platelets with the partial blocking of the platelet membrane, and then asymmetrically modified urease on their surface with biotin streptomyces affinity‐binding complex, developing a new generation of platelet microrobot with targeting function, powered by biocatalytic reactions of biofuels [57].


Our group used PDA with good biocompatibility, degradation ability, rich functional groups (such as catechol, amine, imine, and other functional groups) and NIR absorption/conversion ability to modify platelets, formed a stable PDA coating on the surface of the platelet membrane, and loaded DOX onto the platelet membrane by π–π interaction between the PDA aromatic ring and DOX. A kind of platelet microrobot that can move under NIR without relying on external fuel was then constructed. This kind of microrobot can release chemotherapy drugs through the dissociated π–π interaction in the acidic microenvironment, and the movement ability of the microrobot can also enable them to achieve the purpose of deep penetration in tumor tissue, so as to better play the therapeutic effect [58].


In addition to using complete natural cells to build microrobots, their physiological subcellular structures such as mitochondria and exosomes have also been used by researchers to build biomedical micro‐ and nanorobots. Qian's group designed and developed an intelligent Janus‐like surface‐coated mitochondrial microrobot. The system was composed of asymmetrically modified mitochondria, modifier poly(acrylic acid), covalently bonded glucose oxidase (GOx), and the anti‐cancer drug epirubicin. The microrobot can simulate natural bacteria, use glucose as fuel, swim toward the tumor, automatically penetrate into the depth of tumor tissue, and retain it for a long time [59].


Our group proposed a kind of microneedle array loaded with stem cell exosome nanorobots to deal with the treatment of Achilles tendon disease. The main preparation processes included first modifying the zwitterionic polymer on the outside of the exosomes by in situ polymerization, then loading the power source L‐arginine into it by electrostatic bonding, building a kind of nanorobot based on exosomes, and finally loading the micro‐ and nanorobot into a degradable microneedle array [60].


In particular, we proposed a concept of “Independent module/Cascade function” for the construction of engineered exosome nanorobots, that is, first independently synthesized nanoscale artificial modules with motion/chemotaxis function, and then selectively and controllably combined with exosomes in a “one‐to‐one” manner. For the first time, an engineered exosome nanorobot combining artificial modules and natural exosome modules in a “one‐to‐one” manner was constructed. Specifically, zwitterionic nanoparticles with L‐arginine derivatives as monomers were first constructed by free radical polymerization as artificial modules and then combined with exosome modules by covalent bonding, in which guanidine groups can be used as active groups to actively look for chemical attractants in the disease microenvironment in vivo (such as ROS and induced nitric oxide synthase [iNOS] highly expressed in disease sites), drive the exosome module, and endow the engineered exosome nanorobot with the ability of movement chemotaxis, so as to realize the effective targeting of the disease microenvironment. It is worth mentioning that we also used a canonical ensemble Brownian dynamics simulation method with an implicit solvent model to screen the possible combination modes and corresponding ideal conditions of the two above nanomodules, so as to guide the selection of experimental conditions and provide a promising reference method for the modular construction of nanocomposites (Figure 3.4b) [43].


Algal materials existing in nature are also favored by researchers. Microalgae is a kind of natural photosynthetic bacteria with the most abundant sources that have a variety of unique properties, such as effective photosynthetic oxygen production capacity and their own inherent fluorescent pigments (such as chlorophyll). In particular, Spirulina platensis has a naturally uniform spiral structure, which provides an efficient and accurate model for the development of micro‐ and nanorobots with three‐dimensional motion ability. They can also be used as nutritional supplements and have certain medicinal values, so they have excellent biocompatibility, safety, and feasibility for biomedical applications.


Zhang's group took S. platensis as the main substrate, and functionalized superparamagnetic Fe3O4 nanoparticles onto its surface by the dip‐coating method. These nanoparticles can be used as precise directional motion and magnetic resonance imaging (MRI) contrast agents. The inherent characteristics of microalgae allow in vivo fluorescence imaging and remote diagnostic sensing without any surface modification. Researchers used in vivo MRI to track a group of microalgae microrobots in the stomachs of rodents. In addition, according to the thickness of the Fe3O4 coating, the microrobot can degrade cancer cells and show selective cytotoxicity, and the thickness of the coating can be customized through the dip‐coating process [61]. Chen and coworkers introduced PDA coating into the magnetized Spirulina, and the resulting PDA‐coated magnetized Spirulina microrobot could not only retain the ideal characteristics of the original magnetized Spirulina but also have the additional function of treating pathogenic bacterial infection [62].


Tu's group proposed a kind of microrobot prepared by sequentially coating the S. platensis with Fe3O4 and BaTiO3 nanoparticles through electrostatic adsorption, which can offer a highly controllable interactive platform with neural stem‐like cells. With the help of the low‐intensity rotating magnetic field, the microrobot can move to the targeted neural stem‐like PC12 cells and convert the ultrasonic energy into electrical signals with the help of piezoelectric BaTiO3 to induce the differentiation of target cells [63].


In addition, DNA nanorobots synthesized by self‐assembly based on base complementary pairing rules also have broad application prospects in the field of biological therapy. Its controllable design, simple manufacturing, and predictable space construction are very important for DNA nanorobot technology.


Li et al. reported an orthogonal regulatory DNA nanorobot for biological recognition and tumor treatment for space–time control. By selecting an aptamer that can recognize the overexpression of nucleolin on the surface of various cancer cells and hybridizing with a comprehensive strand containing a commercially available photocleavable 2‐nitrobenzoyl linker, using orthogonal upconversion nanotechnology, can realize the regulation of DNA nanorobots by using NIR light that can be penetrated by deep tissue so as to achieve high‐efficiency photodynamic therapy [64].


Lin and coworkers reported a tetrahedral framework DNA nanorobot loaded with therapeutic siCCR2 to treat intracranial hemorrhage. Four single‐stranded DNA with definite sequences were used to synthesize functional tetrahedral framework nanorobots through sequence pairing, while the therapeutic siCCR2 load was connected to the tetrahedral framework nanorobot through two long‐sequence complementary overhang DNA bases, so as to obtain a tetrahedral framework nanorobot with good biocompatibility, editability, structural stability, and inhibitory effect on the expression of CCR2 [65].


Ding and coworkers constructed a well‐defined DNA nanorobot vaccine, which was generated in the lumen of tubular DNA nanostructures by accurately assembling two types of molecular adjuvants and an antigen peptide, and can be activated in the subcellular environment to trigger T‐cell activation and stimulate a powerful tumor‐specific immune‐response strategy in cancer treatment [66].






3.1.5 Hybrid Materials


According to the complex needs of disease treatment, biomedical micro‐ and nanorobots usually need to combine several different types of substrates to build micro‐ and nanorobots that can meet the biomedical needs. For example, inorganic (such as Fe3O4), organic (polymer), and other substrates are usually used to modify natural materials, bringing more functions to microrobots based on natural cells. The hybrid combination of the above‐mentioned different substrates is an important direction in the design of biomedical micro‐ and nanorobots at present, and they are also described in detail above. This part mainly summarizes the hybrid between micro‐ and nanorobot substrates not mentioned above, such as motile metal–organic framework (MOF) substrates.


MOFs are a kind of hybrid network material composed of polydentate bridging organic ligands and metal cations. Because of their unique physical and chemical properties, they are widely used in the biomedical field. On the one hand, some nanoscale MOFs have good biocompatibility, high porosity, and biodegradability, which enable them to carry a variety of therapeutic drugs and degrade in response to the microenvironment of special diseases in the body so as to release drugs. On the other hand, some nanoscale MOFs have been reported to easily penetrate the cell wall and enhance the therapeutic effect or imaging characteristics through enhanced permeability and retention (EPR) effect [67]. At present, the main preparation methods of MOF materials include the traditional solvothermal method; room‐temperature precipitation method; inverse microemulsion method; microwave; or coordination modulation method.


Puigmartí‐Luis and coworkers prepared a kind of zinc‐based MOF, zeolitic imidazole framework‐8 (ZIF‐8) microrobot with good biocompatibility, pH‐response characteristics, and a magnetic helical structure. The microrobot can swim along the predesigned orbit under the control of a weak helical magnetic field and realize single‐cell targeting under in vitro conditions. The researchers formed a three‐dimensional structure through two‐photon polymerization stereolithography and then used a seeded bottom‐up synthesis to prepare MOF crystal robots. They first synthesized a spiral structure, also known as artificial bacterial flagella, and coated its surface with nickel and titanium to make it have good magnetism and biocompatibility. Then they used plasma to treat the surface of the sample, which helped PDA grow on its surface and then made MOF grow crystals on its surface (Figure 3.4c) [44].


The group further used a single‐step synthetic protocol to synthesize magnetic MOF materials, namely Fe@ZIF‐8. It can not only provide magnetic control for the movement of microrobots but also act as an active delivery agent of therapeutic compounds. The chassis of this microrobot was composed of a biodegradable hydrogel microstructure, which was made by direct‐laser writing of gelatin methacryloyl. It can carry out drug delivery under the guidance of an external magnetic field and degrade in cell‐culture medium [68].


Ma's group synthesized enzyme‐functionalized ZIF‐8‐encapsulated upconversion nanoparticles (UCNPs) and hydrophobic photosensitizers using the one‐pot synthesis method and constructed an enzyme‐driven nanorobot with the synergistic therapeutic ability of NIR‐responsive photodynamic therapy and biocatalytic reaction‐activated starvation therapy [69].


Wu and coworkers reported a bacteria–MOF biological hybrid microrobot that can complete the active transportation of drugs in a relatively harsh environment. They used tannic acid complexation to package E. coli into ZIF. The MOF layer formed on the surface of E. coli had an effective preservation effect on maintaining the morphology and motility of bacteria [70].








3.2 Driving System




3.2.1 Driving System Based on Biological Components


Some functional natural cells have the ability to move in the physiological environment in vivo, such as the chemotaxis of bacteria and neutrophils, without the help of additional devices or fuel drives. This kind of driving system is expected to be an ideal driving system for the construction of biomedical micro‐ and nanorobots. However, not all natural cells can move autonomously in the internal environment. The types of natural cells with exercise ability are relatively limited, mainly including bacteria, sperm cells, neutrophils, and macrophages.


Chemotaxis is an important way for bacteria to show pathogenicity and symbiosis to maintain the best environmental niche. It is based on the positive or negative reactions of bacteria to chemical substances or chemical attractants that they can find the food they need or survive in a suitable environment.


Escherichia coli is one of the most well studied bacterial systems because it is usually harmless and its biochemical metabolism is basically known. In its natural state, there are about four to six flagella on the surface of E. coli, and its movement is described as a series of running and tumbling. There is a reversible flagellum motor at the bottom of each flagellum, which can move through their rotation and can also swim in different directions. Researchers have tried to use bacterial chemotaxis to achieve more targeted drug delivery, especially for all areas that cannot be reached by drugs after administration by injection or swallowing.


Li's group developed an E. coli microrobot with thrombolytic drug urokinase‐type plasminogen activators (uPAs) that were assembled into PDA microtubules, which used the movement ability of E. coli in the thrombus to achieve deep penetration into the thrombus, improve the use efficiency of drugs, and reduce the off‐target effect [71].


A sperm cell is mainly composed of a head and flagella. The former mainly stores genetic information, while the latter endows sperm cells with the ability to move. Depending on the species, the length of spermatids can range from 30 to 300 μm. The main structural component of flagella is the axon, which is the motor of sperm movement. The energy required for the flagella movement of spermatids is generally provided by two independent biochemical pathways, namely, oxidative phosphorylation (occurring in mitochondria in the mitochondrial sheath) and glycolysis. The chemical energy of ATP produced by the two processes will be converted into kinetic energy by dynein, which allows adjacent microtubule diploids to slide relatively to one another, resulting in axonem bending and flagella movement.


The important feature of spermatids as biomedical micro‐ and nanorobots is that they may be able to move against the blood flow and close to the boundary (because of the existence of shear force, the blood flow velocity at the blood vessel boundary is lower than the average velocity), which provides an important guarantee for the driving system based on spermatid microrobots to transport goods to the target location. At present, researchers have taken the study of sperm cells as a new substitute for assisted reproductive biology and related medical and basic research [72].


Schmidt's group developed a series of microrobots based on sperm cells and explored the process of spontaneous movement of sperm cells and combination with oocytes under in vitro conditions, which was expected to provide a new strategy for in vitro fertilization [72, 73].


Neutrophils are the most abundant white blood cells in the blood, which can guide the host to resist infection or tissue damage and have a spontaneous migration response to inflammatory sites in the body. Acute injury in the body will produce a wide range of signal networks and establish the concentration gradient of chemical attractants in the whole injured tissue. As the leading cells in the host defense response, neutrophils can express more than 30 different receptors and can sense, prioritize, and integrate these chemotactic clues, thus forming a migration response to tissue damage. At the same time, neutrophils also show a strong collective clustering tendency, which leads to their aggregation and the formation of neutrophil clusters through the self‐organized migration mechanism and communication between clustered neutrophils so as to promote their migration.


He and coworkers used the unique ability of neutrophils to cross the BBB and chemotaxis along the concentration gradient of inflammatory factors to develop a kind of microrobot for effective targeting of brain tumors [55].


Macrophages are also natural cells with the ability to move. As leukocytes in the natural immune system, they play an important role in homeostasis, immune defense, and tissue repair. Macrophages can participate in adaptive immunity by presenting antigens and play an important role in immune defense, such as phagocytizing pathogens, removing infectious cells, dead cells, and cell debris, and repairing wounds to protect tissue integrity and maintain homeostasis. In particular, macrophages can respond to external stimuli, such as adhesion and migration, by expressing a variety of receptors.


In the disease microenvironment, inflammatory factors can recruit macrophages to migrate from the blood. Macrophage migration is the key to many inflammatory diseases, autoimmune diseases, and cancers, because it contributes to the accumulation of proinflammatory factors, tissue destruction, and tumor development. Therefore, macrophage migration is considered as a potential therapeutic target, and the driving system based on macrophage chemotaxis is also the direction often considered in the construction of biomedical micro‐ and nanorobots.


It is worth mentioning that although the above driving system based on the cell's own movement ability can achieve self‐driving in the internal environment to a certain extent, it is still very difficult to control the direction of the movement process. Therefore, some researchers try to introduce an external field‐driving mode that can control the direction of movement based on the above driving system, so as to better guide the movement of cells. The Cheng group chose nonpathogenic bacteria, E. coli, which have the ability of magnetotaxis and hypoxia perception to build a driving system of magnetic field and hypoxia response. In addition to using the microrobot's ability to sense and migrate forward to the hypoxia of the tumor microenvironment, in order to improve their remote control (i.e. real‐time tracking and monitoring), researchers used an external magnetic field to control their movement to improve their migration and enrichment in the tumor. This kind of microrobot with magnetic, thermal, and hypoxia‐triple perception can overcome the harsh biological environment and achieve satisfactory therapeutic effect (Figure 3.5a) [74].


Medina‐Sánchez et al. constructed a streamlined‐horned cap hybrid sperm microrobot that not only used the sperm cell's own movement ability and rheological/directional swimming ability but also used an external magnetic field to control the microrobot to guide the direction of movement. The conical‐horned cap also had the function of reducing energy loss caused by cell extrusion. Research showed that the sperm hybrid microrobot can self‐assemble into a sperm chain, which can move against the blood flow.


When building a driving system based on neutrophil chemotaxis, in order to improve the control of the motion direction of the microrobot, researchers introduced a rotating magnetic field to adjust its autonomous aggregation at the target site or modified neutrophils with urease to provide additional power, so as to build a dual‐response driving system to improve the therapeutic efficacy (Figure 3.5b) [54, 55]. Park and coworkers also constructed a dual‐response driving system based on macrophage chemotaxis and an external electromagnetic actuation system, and confirmed that the microrobot had a good response to magnetic fields, could move along a specific path, and could move along the chemical gradient generated by the tumor microenvironment [77].


  [image: Schematic illustration of (a) An engineered bacteria-hybrid microrobot with magnetothermal bioswitch for remotely collective perception and imaging-guided cancer treatment. (b) Engineering of neutrophil robots for nanodrug delivery and cell-based thrombolytic therapy.]



Figure 3.5 (a) An engineered bacteria‐hybrid microrobot with magnetothermal bioswitch for remotely collective perception and imaging‐guided cancer treatment.


Source: Chen et al. [74]/with permission of American Chemical Society. (b) Engineering of neutrophil robots for nanodrug delivery and cell‐based thrombolytic therapy.


Source: Zheng et al. [54]/with permission of American Chemical Society. (c) Preparation of magnetic S. platensis‐based microrobots for tumor targeting, enhanced radiation therapy, and combined photodynamic therapy.


Source: Zhong et al. [75]/with permission of John Wiley & Sons. (d) Preparation of Au‐BP@SP Janus nanorobots for cancer cell treatment under NIR laser irradiation.


Source: Yang et al. [76]/with permission of John Wiley & Sons.






Although the driving system of natural cells with self‐driving function has the advantages of no additional devices and fuels, good biocompatibility, and so on, their fate in the body should be considered. For cells without proliferative ability, such as erythrocytes, platelets, and neutrophils, their existence in the body is basically consistent with the metabolic cycle of these cells. The metabolic cycle of platelets is generally 8–10 days, and the metabolic cycle of neutrophils infiltrating into inflammatory sites is generally 5–8 days. For cells with the ability of self‐proliferation, such as bacteria, their fate after completing the treatment task in the body is worthy of careful treatment by micro‐ and nanorobot researchers. Some special designs may be needed to enable them to self‐destruct after completing the treatment task.


Some researchers have conducted a preliminary exploration. Sánchez and coworkers proposed adding a “kill switch” to the bacteria‐based biomedical microrobot, which can be activated after it completes a task, so as to avoid bacteria from attaching to unwanted positions and continuing to reproduce [78]. They designed an enzymatic reaction of urea catalyzed by urease as an environmental trigger to inhibit bacterial migration. The pH gradient caused by locally distributed NH3 produced by this reaction was considered to destroy bacterial migration, so it can be used as a stop switch for bacterial movement. The experiment proved that after 45 seconds to 1 minute, the bacteria in the biomedical microrobot stopped swimming and could remain stationary for a long time.


The Sitti group prepared an on‐demand light‐activated thermotherapy termination switch, which can be used to control the number of bacteria after delivery of goods, so as to prevent uncontrolled growth of bacteria and prevent any potential side effects. Under the irradiation of NIR light, the absorbed energy was converted into heat energy inside the molecule, resulting in a high temperature, which led to the rupture of soft erythrocyte‐based bacterial micro‐ and nanorobots and the death of attached bacteria. This termination strategy was confirmed by in vitro experiments [56].






3.2.2 Driving System Based on External Fields


Biomedical micro‐ and nanorobots driven by external fields mainly refer to micro‐ and nanorobots that convert external energy such as magnetic fields, light, ultrasonic fields, or electric fields into their own kinetic energy. They usually do not need to add additional fuel to the moving medium, nor do they need complex cell extraction steps and harsh storage and modification conditions like biological driving systems. They also have the advantages of highly controllable movement and long moving life. Therefore, the driving systems of these kinds of biomedical micro‐ and nanorobots are widely used in disease treatment.


This chapter mainly describes the related research of biomedical micro‐ and nanorobots that can be used in the internal environment, which are constructed by three kinds of widely used driving systems: magnetic field, light, and ultrasonic field.


A low‐intensity magnetic field is basically harmless to cells and tissues and does not rely on additional fuel. Therefore, magnetic field‐driven systems have been widely used to build biomedical micro‐ and nanorobots are used in a variety of biomedical applications, such as minimally invasive surgery, cell manipulation, and targeted medicine. In the construction of biomedical micro‐ and nanorobots, according to the difference in the role of magnetic field drive, the action mode of the driving system is mainly divided into two categories, namely, guiding direction and controlling movement mode. The former is mostly realized by adding external permanent magnets, while the latter requires the construction of a more complex electromagnetic actuation system composed of multiple electromagnetic coils.


When the external magnetic field is only used as the driving system to guide the direction of motion, there are no special requirements for the morphology of biomedical micro‐ and nanorobots. Generally, superparamagnetic Fe3O4 nanoparticles will be used because such nanoparticles will not cause unnecessary aggregation in addition to good magnetism.


Zhou et al. used superparamagnetic Fe3O4 nanoparticles to functionalize S. platensis, prepared biomedical micro‐ and nanorobots with precise directional motion and MRI contrast functions, and used external permanent magnets as the driving system to realize the controllable guidance of a single robot (Figure 3.5c) [75].


Liu and coworkers used the commercial NdFeB magnet as the magnetic driving system to guide the movement direction of enzymatic/magnetic hybrid microrobots [79]. Chu and coworkers also used two permanent magnets to apply magnetic force to the magnetized microrobot for remote drive, realizing the precise propulsion of the robot with an average propulsion speed of 60 μm s−1. It can also actively grasp and manipulate microgoods in a three‐dimensional space and release them at the target position [45].


Schmidt and coworkers used three‐dimensional printing to build a magnetic tubular microstructure with four arms, which can effectively load sperm cells and guide the movement direction of sperm cells under the action of an external magnetic field. When sperm is moved to the tumor sphere, sperm cells can be released in situ. This microrobot provided a controllable guidance and release mechanism, which can potentially deliver drugs to tumor cells so as to avoid unnecessary accumulation of drugs in healthy tissues [50].


Although the single magnet can guide the movement of the microrobot by applying a directional magnetic field, it may also be transported to a more accessible target location, such as the outside of the knee joint. However, it is difficult for a single magnetic source to adjust the motion form of the robot so as to transport the microrobot to a more hidden injury site, such as the inner side of the knee joint, because the accessibility of the single magnetic source to the knee is very limited [33].


As Choi and coworkers pointed out, in the patella and medial ankle defect models of the rabbit knee joint, the limitation of using a single magnetic source was very obvious. In the patella defect model, the targeting efficiency of the magnetic field driving system to transport the robot to the defect can be as high as 99.5%, while in the medial condyle defect model, the targeting efficiency was only about 60.7%. It was even lower than the targeting efficiency of passive particles in the driverless system (about 76%). These results showed that the targeting accuracy of the microrobot was related to the application of the magnetic field, and the single magnet had certain limitations in accurately transporting the microrobot. In contrast, the electromagnetic actuation system composed of multiple coils can generate an ideal magnetic field in three‐dimensional space and can also adjust the motion mode of the robot by changing the intensity and direction of the magnetic field. Therefore, it is widely used as the driving system of biomedical micro‐ and nanorobots [33].


Sitti and coworkers used a net magnetic moment along their easy axis when applying an external magnetic field, which was generated by the uneven distribution of superparamagnetic nanoparticles in bacteria, to realize the magnetic guidance of microrobots based on bacteria and superparamagnetic nanoparticles, with an average speed of 22.5 μm s−1 [48].


Zhang and coworkers used a uniform rotating magnetic field (mainly composed of a customized three‐axis Helmholtz coil system) to control robots with superparamagnetic properties under the control of a periodically changing magnetic field, which can ensure that they will not agglomerate and cause embolism when passing through blood vessels or spaces [61].


Chen and coworkers used the rotating magnetic field to deform the soft tail of the nano eel (decorated with nickel rings) into a flexible piezoelectric tail structure, which can be used as a propeller to provide translational motion for the robot. In a specially designed magnetic device (eight fixed electromagnet devices), the robot can selectively promote or release drugs by properly adjusting the magnetic parameters. By changing the external magnetic field, the robot can show three different motion modes. For example, under low magnetic field and rotation frequency, the robot can show rolling or surface walking motion, and this motion mode can be transformed into swing motion under medium‐intensity frequency, and under high magnetic field and high frequency, the robot can show spiral motion mode, enabling them to advance in three‐dimensional spiraling motion [80].


Applying additional fixation devices to the electromagnetic actuation system can also make them more clinically practical. When establishing the magnetic field drive system, Choi and coworkers not only used the electromagnetic actuation composed of six coils but also specially manufactured a support device that can be fixed according to the clinical treatment procedure for the precise control of microrobots in the knee joint model in vivo. At the same time, they verified it in the pig knee cartilage model and found that in the position of the medial condyle, when there was no magnetic field control, most microrobots could only float in the joint cavity, while the magnetic field control could place most microrobots at the defect, confirming that this driving system with magnetic microrobots, electromagnetic actuation system, and fixed devices at the same time can enhance drug delivery based on stem cells and improve targeting efficiency [33].


The low‐intensity rotating magnetic field can achieve the purpose of controllable navigation, which is being gradually confirmed by more researchers. Effective targeting of robots can be achieved without relying on traditional passive targeting [63]. This concept was also fully proved by He's group at the mouse level. They pointed out that magnetically modified neutrophils can perform intravascular movement under a rotating magnetic field and used a vision‐based magnetic navigation system for manipulation and verification. The system included an optical microscope for real‐time visualization, a triorthogonal Helmholtz coil pair system that can produce uniform magnetic intensity, and a closed‐loop feedback module as a motion planner. By combining real‐time position tracking, autonomous path planning, and vision‐based feedback functions, the magnetic robot can self‐navigate along the programmed path. They pointed out that under the magnetic intensity of 18 mT and a frequency of 25 Hz, the speed of the magnetic microrobot can reach 6.4 μm s−1, which is about 50 times the migration speed of the robot without a magnetic field [55].


With the deepening of research, the magnetic microrobot with a spiral structure has attracted more and more attention because it can simulate the movement form of bacterial flagella and better transfer the magnetic energy to the movement in the uniform oscillating magnetic field or rotating magnetic field. Puigmartí‐Luis and coworkers built a magnetic robot with a spiral structure, which can swim along a predetermined trajectory under the control of a weak rotating magnetic field, realize single‐cell targeting in cell‐culture medium, and control the delivery of cargo payload in a complex microfluidic channel network [44].


Peng and coworkers built a magnetic field‐driven microrobot with biodegradable Spirulina as the framework and superparamagnetic Fe3O4 nanoparticles as the built‐in functional unit. Using the low‐intensity rotating magnetic field, this integrated microrobot system can accurately navigate through biological fluids to achieve single neural stem cell targeting [81].


Pané and coworkers reported that when a low‐intensity rotating magnetic field was applied, the spiral robot could be driven to rotate around its long axis, transforming the rotating motion into translational motion under the action of the rotating magnetic field, which was considered to be one of the most effective propulsion methods in the low Reynolds number environment at the micro scale. It was even considered to be comparable to the flagella propulsion of E. coli. The microrobot can not only move forward but also drift laterally [82].


As an easy‐to‐control energy source, light‐driven systems are also an ideal choice for biomedical micro‐ and nanorobots. At present, the reported light sources used to drive micro‐ and nanorobots include UV light, visible light, and NIR.


UV light is difficult to truly apply in the biomedical field because of its great damage to normal tissues. Although visible light will not significantly damage tissues, it is rarely applied in the biomedical field because of its poor penetration ability (usually less than 1 cm). In contrast, the NIR light source not only has good biological safety (almost no damage to normal tissue) but also has high penetration ability (up to 4–10 cm), so it is widely used in the field of biomedicine [83].


At present, the NIR‐driven system selected for biomedicine is mainly based on asymmetric substrates with photothermal effects, such as noble metals Au and Pt, carbon‐based materials like porous carbon or polymer substrates such as PDA, which mainly use their electron relaxation under light excitation to transfer heat to the surrounding medium and improve local temperature. Asymmetric structures may cause uneven heat distribution around them, thus promoting their movement through autothermal effect.


He's group first proposed to build Janus micro‐ and nanorobots containing noble metal Au. In 2010, they constructed SiO2/Au Janus nanorobots with different sizes (50, 80, and 120 nm) and confirmed that these nanorobots had significant motion behavior under NIR light. Subsequently, they reported a series of spherical and tubular microrobots based on the construction of asymmetric Au and studied the movement behavior of these robots in aqueous phase and cell‐culture medium as well as the targeting ability of cancer cells [84].


In recent years, there are still many studies that continue their idea of constructing asymmetrically distributed Au, such as building Janus‐like nanohybrids containing star‐shaped Au nanoparticles and spherical bis‐pyrene particles, respectively, and using the special absorption function of their internal heterostructure to NIR, they can show active motion behavior under NIR irradiation (Figure 3.5d) [76].


In addition to building an obvious asymmetric structure, which enables micro‐ and nanorobots to effectively convert NIR light into kinetic energy, researchers also introduce noble metal nanoparticles (such as Au or Pt) into porous silica substrates through in situ reduction. The asymmetric distribution of noble metal nanoparticles caused by in situ reduction can also convert the absorbed light energy into asymmetrically distributed heat energy, thereby promoting their movement.


It is worth mentioning that although NIR light has good biocompatibility, the irradiation power and time when using this technology are still important factors affecting its effect. The usable power of NIR‐driven micro‐ and nanorobots built in the early stages is mostly higher than 3 mW μm−2. Higher irradiation power can indeed obtain higher movement speeds (in the range of 11–16 mm s−1 in water). Subsequently, many studies have been devoted to reducing the NIR light irradiation power. At present, the power can be reduced to 2 W cm−2, and animal experiments can confirm that the harmfulness of this frequency to normal tissues can be ignored [83].


Ultrasonic energy is based on ultrasonic transducers to produce high‐frequency sound waves. The safe range of ultrasound (3–10 MHz) is also one of the choices for in vivo applications. The ultrasonic‐driven micro‐ and nanorobots reported earlier show that the metal rod‐shaped material can realize the movement along the axis of the nanorod and in‐plane rotation in the external ultrasonic field [85]. This movement may come from the asymmetric pressure gradient at the concave end of the metal wire under the vertical ultrasonic field so as to promote the robot's movement. Because this harmless sound wave can remotely control the movement of biomedical micro‐ and nanorobots without additional fuel, such as guiding them to actively complete intracellular drug delivery, continuous movement in the intracellular space and drug delivery, and promote the effective uptake of them by cells, it has a wide range of biomedical applications.


Au nanorods are often used in ultrasonic field‐driven systems. Researchers often modify different kinds of functional substances on their surfaces, such as erythrocyte membranes and protein drugs, to build bionic microrobots, which are used to remove blood toxins or kill cancer cells. Yang and coworkers used mesoporous silica‐coated gold nanorods to build nanorobots and loaded 2,2‐azobis[2‐(2‐imidazolin‐2‐yl) propane] dihydrochloride into mesoporous silica. Under the action of ultrasound, 2,2‐azobis[2‐(2‐imidazolin‐2‐yl) propane] dihydrochloride loaded in mesoporous silica was transformed into nitrogen (N2), which can drive the nanorobot to move in a specific direction and achieve deep penetration into tumor tissue [86].


Although the driving system based on external fields has the advantages of highly controllable motion and long motion life, it inevitably has some limitations when applied to organisms. The magnetic field‐driven system is considered to be a very promising way to transport the micro‐ and nanorobots to the lesion site. However, the possible toxicity of its components, as well as the existence of field attenuation, reflection, or refraction, limit the precise control of the micro‐ and nanorobot in the complex internal environment. The NIR‐driven system has the advantages of a simple control method, low cost, low scattering performance, and little damage to tissue, but its penetration efficiency into deep tissue is still unsatisfactory, and it is more suitable for the application of shallow tissue. The ultrasound‐driven system has achieved good results at the cell level in vitro, but there are still many challenges in developing ultrasonic functional biomedical micro‐ and nanorobots suitable for more complex biological systems.






3.2.3 Driving System Based on Chemical Reactions


Unlike the driving system based on biological components and the driving system based on external fields, the driving system based on chemical reaction neither requires special (or even harsh) extraction, storage, and modification conditions as biological components nor requires additional equipment necessary for the external field‐driven system. As long as the internal environment can meet the needs of reaction, the self‐driven behavior of micro‐ and nanorobots may occur. Therefore, the driving system based on chemical reaction has attracted more attention from researchers, mainly including the driving system based on catalytic H2O2, catalytic urea, catalytic glucose, reaction with acid or water, self‐reaction in vivo, and composite driving systems.


In the first 10 years of research, the driving system based on H2O2 was the most widely studied driving system based on chemical reaction. The earlier research is to build micro‐ and nanorobots based on catalysts such as precious metals (such as Pt) or metal oxides (such as manganese dioxide). The main catalytic principle is that H2O2 is decomposed into H2O and O2 in the presence of the above catalysts, The generation of O2 bubbles can drive micro‐ and nanorobots with asymmetric structure. Subsequently, catalase with the ability to catalyze H2O2, Prussian blue, and other catalysts are also used to build micro‐ and nanorobots. Because too high a concentration of H2O2 will cause oxidative stress and protein denaturation in vivo, it cannot be applied to the in vivo environment, so many studies mostly stay at the cell level in vitro.


After that, researchers are committed to developing micro‐ and nanorobots that can reduce the concentration of H2O2 in the driving system from the aspects of material morphology, catalyst loading mode, dispersion degree, etc. and gradually extend the research method from the two‐dimensional cell level in vitro to the three‐dimensional cell sphere and even the environment in vivo.


At present, the concentration of H2O2 used in the driving process of micro‐ and nanorobot based on this driving system has been reduced from about 6.6 M (20%) to 0.1 mM, which also makes the in vivo application of this driving system possible. Wang et al. built a kind of nanorobot with a CaCO3 core, polyethyleneimine, and catalase as the shell, which can use H2O2 in the tumor microenvironment to achieve autonomous propulsion and confirmed that the movement effect can improve the uptake efficiency of cells and promote their effective escape from lysosomes and thus play a good anti‐tumor effect (Figure 3.6a) [87].


As mentioned above, the driving system that relies on high‐concentration H2O2 as fuel cannot be successfully applied to the in vivo environment because of its toxicity to mammalian cells. Researchers strive to reduce the concentration of the driving system, and at the same time, they are also committed to exploring the use of body fluids or other components existing in the physiological environment as a driving system with higher biocompatibility.


The driving system based on enzyme catalysis generally depends on the biocatalysis reaction of biocompatible fuels widely existing in the body. Therefore, it has great potential to be applied in the biomedical field. The use of urease to catalyze urea to produce carbon dioxide (CO2) and ammonia (NH3) is one of the most in‐depth research methods. Micro‐ and nanorobots based on urease‐catalyzed urea can be constructed by modifying urease on the surface of nanomaterials. The unique biological macromolecular properties of enzyme molecules will show natural asymmetry on the surface of nanoparticles, so there is no need to specially construct asymmetric structures.


In the early stages, porous silica nanoparticles were widely used as nanocarriers. By grafting urease onto their surface through covalent bonding, the micro‐ and nanorobots that can enhance the diffusion in the urea environment can be constructed, which can move in the simulated bladder environment in vitro and penetrate deeply into the interior of the tumor ball. Researchers have also developed some methods that can regulate urease activity and the switching motion of nanorobots or combine them with magnetic components to build a urease‐based driving system that can be magnetically guided (Figure 3.6b) [88].


Urease can also be grafted onto the surface of polymer nanoparticles, such as PDA, to build an enzyme‐driven polymer nanorobot with biocompatibility and bioavailability. After injecting the nanorobot into the bladder, it can go deep into the bladder tissue by relying on its self‐driving ability and remain in the bladder after repeated urination. The long‐term retention of nanorobots will greatly help to improve the therapeutic effect of drugs on various bladder diseases.


As a biological macromolecule with good biocompatibility, urease can also be modified on the surface of functional living cells, giving natural cells better motion ability so as to play a better therapeutic role. Wang and coworkers modified urease asymmetrically on the surface of platelets to build platelet‐based microrobots, which not only retained the inherent physiological functions of platelets, that is, targeting cancer cells and bacteria, but also gave them good motion ability to self‐promote in the urea environment. In vivo experiment results confirmed their therapeutic potential for bladder diseases (such as urinary tract infection or bladder cancer) [57].


Sang and coworkers constructed a kind of microrobot based on urease; that is, urease was modified to the surface of natural neutrophils and loaded with thrombolytic drugs, which not only utilized the chemotaxis of neutrophils but also used the catalytic performance of urease on urea to drive the movement of the microrobot and improve the bioavailability of thrombolytic drugs [54].


  [image: Schematic illustration of (a) Fabrication process of enzyme-powered nanorobots with enhanced cell uptake and lysosomal escape for combined therapy of cancer. (b) Regulation of urease activity and controllability of nanorobot switch motion, and operation of urease-based drive system.]



Figure 3.6 (a) Fabrication process of enzyme‐powered nanorobots with enhanced cell uptake and lysosomal escape for combined therapy of cancer.


Source: Ren et al. [87]/with permission of Elsevier. (b) Regulation of urease activity and controllability of nanorobot switch motion, and operation of urease‐based drive system.


Source: Ma et al. [88]/with permission of American Chemical Society. (c) Physical disruption of Mg‐based microrobots by immunostimulatory microrobots enhances antitumor immunity.


Source: Zhou et al. [89]/with permission of John Wiley & Sons. (d) Formation of NO‐driven zwitterion‐based nanorobots based on human endogenous biochemical reaction.


Source: Wan et al. [36]/Springer Nature/CC BY 4.0.






Because of its good biocompatibility, the driving system based on urease catalyzed urea can realize self‐driving behavior in a specific environment in vivo, which greatly promotes the application progress of chemical driving systems in the biomedical field. However, because most of the urease‐catalyzed micro‐ and nanorobots can only be applied to specific environments, such as the bladder‐related microenvironment, their application in other disease types is limited. So it is necessary for researchers to explore other types of driving systems based on chemical reactions.


In contrast to urea, glucose is a kind of substance widely existing in organisms with an adjustable concentration. The construction of micro‐ and nanorobot‐driving systems with glucose has a broader application scenario. Researchers have developed a series of driving systems based on GOx to catalyze glucose to produce gluconic acid and H2O2 and have applied micro‐ and nanorobots under this driving system to the internal environment.


Battaglia's group used the difference in glucose concentration on both sides of the brain's BBB (concentration gradient) to construct polymer vesicles loaded with GOx. The chemotactic behavior of GOx caused by its sensitive perception of glucose concentration gradient gives polymer vesicles the ability to self‐promote in the presence of glucose gradient so as to achieve the purpose of crossing the BBB [28].


Chen et al. modified GOx to the mitochondrial surface, which can make it sensitive to the glucose concentration gradient in the tumor microenvironment so as to achieve aggregation in the tumor. They confirmed that this chemotactic behavior can promote the penetration and retention of drugs into the tumor site at the in vivo level [59]. In particular, because of the particularity of the GOx catalytic system, the H2O2 produced in this process can also be used by catalase to produce O2 and H2O. Therefore, researchers usually build the two into the same driving system, so as to establish a cascade reaction and improve the driving effect. Gao and coworkers loaded GOx and catalase into the carrier at the same time to build a kind of nanorobot and used the cascade reaction between them in the driving process to efficiently promote the nanorobot so that it could be ingested by cancer cells at a faster speed and escape from lysosome phagocytosis so as to better play the anti‐cancer role [90].


However, it is worth noting that glucose is an energy substance widely existing in organisms (blood and tissues), so micro‐ and nanorobots based on this driving system will inevitably be affected by glucose in blood and normal tissues when applied to the body, and self‐driving behavior will occur at unnecessary driving positions, resulting in toxic H2O2. Therefore, how to selectively drive micro‐ and nanorobots at the required position is the difficulty of this kind of driving system.


Another widely existing reaction in organisms that can be used as a driving system is the reaction of active metals with acid or water to produce H2. For example, Mg (Zn) reacts with acid to produce MgCl (ZnC) and H2, and Mg reacts with water to produce Mg(OH)2 and H2. This kind of driving system is applied to the internal environment early because of its high realizability in animals, initially in the gastric acid environment. Mg‐based or Zn‐based microrobots can be used to react with gastric acid to generate bubbles to promote the robot's movement so as to promote their adhesion behavior in the gastric mucosa and improve the drug release and retention time.


Chai and coworkers also combined the Mg‐based microrobot with unique morphology (such as sucker morphology), which not only used the bubbles generated by the driving system to promote the movement of the microrobot but also cooperated with the unique sucker structure to make it adhere effectively to the tissue, so as to better realize drug delivery and effectively treat gastric ulcers [91].


He and coworkers built a microrobot with active metal Zn as the core and Ga as the shell, and they used the bubbles generated by the reaction between Zn and gastric acid to promote the movement of microrobots in the stomach and enhance their antibacterial effect on Helicobacter pylori [92]. In particular, Mg‐based microrobots can be used to achieve efficient intestinal drug delivery, such as oral delivery of antigen vaccines or mineral supplements that can be used to treat iron deficiency anemia by applying a layer of enteric coating (nondegradable in a gastric‐acid environment and degradable in the intestinal microenvironment).


Recently, researchers have gradually tried to apply this driving system to the treatment of in vivo diseases in nongastrointestinal environments. Zhang and coworkers constructed a kind of Mg‐based microrobot that used its self‐driving ability to react with water to produce bubbles to cause local destruction in tumor tissue and was used to enhance the effect of tumor immunotherapy (Figure 3.6c) [89].


Tu and coworkers tried to apply the driving system to the treatment of acute ischemic stroke and built a microrobot that can react with water to produce H2 so as to realize self‐drive [11]. With the help of the stereotactic device, this kind of microrobot was accurately injected into the lateral ventricle of rats with middle cerebral artery occlusion. It not only used H2 produced by the driving system as the driving source but also used it as a scavenger of ROS and inflammation.


This local‐guided drug‐delivery method is also applied to the treatment of arthritis. Li and coworkers built a kind of Mg‐based microrobot with an anti‐inflammatory function that also used the inflammatory clearance ability of the driving system to produce H2. At the same time, H2 bubbles were used for ultrasonic imaging to achieve accurate in vivo positioning [11].


Although some progress has been made, microrobots based on the driving‐system concept of active metal–water reaction will inevitably face some limitations in application, such as poor size adjustability (usually 5–20 μm) and short life (usually consumed within 12 hours). Furthermore, whether the water in the blood will interfere with the reaction efficiency of this kind of microrobot during intravenous administration, whether the Mg(OH)2 passivation layer is easily formed when reacting with water, preventing the reaction from continuing, and whether the bubbles generated in the blood vessels will cause gas thrombosis have not been studied in depth. Therefore, more research on this kind of driving system needs to be carried out in depth.


The above driving systems based on chemical reactions have their own application cases when applied to the in vivo environment, but they often inevitably face some problems. Among them, the most important thing to pay attention to is the selectivity of the driving system; that is, the driving system for disease treatment is best able to maintain stability in the normal blood or tissue environment without consumption and can selectively identify the microenvironment of diseased tissue and promote the therapeutic effect through exercise behavior in the pathological microenvironment.


We proposed a new driving system based on self‐reaction in vivo; that is, L‐arginine can be catalyzed by the highly expressed iNOS activated by the disease microenvironment (such as tumor) or react with the highly expressed ROS in the disease microenvironment to produce NO (Figure 3.6d) [36, 93] so as to build a kind of NO‐driven nanorobot based on this driving system. In vitro cell experiments confirmed that this kind of nanorobot can move autonomously, and this movement behavior can promote the uptake efficiency of cancer cells. The important advantage of this system lies in the use of chemical reactions existing in the body as the driving system. Its reactants and products are harmless substances (zero waste), which have natural biocompatibility and practicality. In addition to being a driving source, NO released in this process can also be used as a therapeutic agent for many diseases.


Subsequently, we further expanded this concept, designed a series of NO‐driven nanorobots, which were applied to the treatment research of tumors, cardiovascular diseases, neurological diseases, and other aspects, and proposed the corresponding nanorobot‐targeted chemotaxis mechanism and multimode combined treatment mechanism. What deserves special attention is that researchers have recognized that more than 50% of deaths can be attributed to chronic inflammatory diseases. Therefore, based on the effective interaction between inflammatory factors at the lesion site and responsive nanoparticles, our group proposed and constructed a class of chemotactic nanomotors for the first time. In the inflammation related disease model, the up‐regulated ROS and iNOS can induce the chemotaxis of these nanomotors to the lesion tissue. And this chemotactic delivery strategy is applicable to a variety of inflammatory diseases. Moreover, this is an innovative drug targeting delivery mechanism that is different from the previous drug small molecules or nanocarriers through molecular recognition. It is a kind of behavior similar to moths fighting to fire. From the perspective of action distance, its ability to recognize and chemotaxis targets is obviously more advantageous than that of drug molecular with recognition and targeting based on the mechanism of “one key for one lock.” This is of great significance for building a universal precise targeting strategy for drug delivery systems in vivo [93].


The biomedical micro‐ and nanorobots designed and prepared based on biosafety and medical functionality will become a new technology platform with great potential in the future of medicine.
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4
Characterization






The characterization of biomedical micro‐ and nanorobots can be divided into the characterization of structure and basic properties. The former mainly involves the morphology, particle size, surface electricity, surface functional group modification process, drug loading, and release performance of micro‐ and nanorobots. The latter is about the characterization of motion performance, photothermal, electrical, magnetic, ultrasonic, and biomedical properties of micro‐ and nanorobots.


The performance characterization of photothermal, electrical, magnetic, and ultrasonic properties of micro‐ and nanorobot is similar to that of traditional nanoparticles, which basically continues the standard characterization method of traditional nanoparticles, so there is no more detail here.


It is very important to characterize the biomedical performance of micro‐ and nanorobots, but this part of research is not perfect in the field of biomedical micro‐ and nanorobots at present, and most of it stays at the level of blood and cells (such as evaluating hemolysis rate, coagulation, and cytotoxicity). There are few relevant studies to evaluate its short‐term and long‐term toxicity in the in vivo environment (such as protein crown formation, histocompatibility, organ toxicity, immune activation, and metabolic cycle). This part of the relevant research can also refer to the biocompatibility evaluation process of traditional nanoparticles, which is not repeated in this book.


This section mainly discusses the difference between biomedical micro‐ and nanorobots and traditional (passive) nanoparticles, that is, the movement ability brings about the difference in characterization, which mainly involves the movement characterization and in vivo tracking of biomedical micro‐ and nanorobots.






4.1 Characterization of Motion




4.1.1 In Aqueous Environment


The motion characterization of biomedical micro‐ and nanorobots in the aqueous phase is generally divided into the capture of the motion behavior of a single particle and the capture of the motion behavior of multiple particles (group behavior or chemotaxis behavior).


The former has different characterization methods because of the size difference of micro‐ and nanorobots (micron or nano size). Precise positioning of nano‐sized robots requires higher spatial resolution of observation equipment, and distinguishing their autonomous motion from Brownian motion also requires higher temporal resolution. Therefore, the motion representation of nano‐sized robots is more challenging than micron robots.


For the capture of the motion behavior of a single particle of a microrobot, generally, an optical microscope can be used to obtain an ideal motion video. Many researchers use upright microscopes or inverted microscopes, equipped with 10×, 20×, or 40× objective lenses and charged‐coupled device cameras. In the early stages of video shooting, micron robot solution (usually containing surfactant) is dropped onto the glass sheet to shoot motion videos at different times (a few seconds to dozens of minutes). If external field stimulation (such as magnetic field, light field, ultrasound, and electric field) is required, a stable stimulation device needs to be built into the optical microscope to ensure the stability and repeatability of each shooting parameter.


Many research groups have built external field stimulation devices that can be used in combination with microscopes. Sitti's group used a customized five‐coil magnetic guidance device, which was built on an inverted microscope, in which a microfluidic channel was installed and can generate a magnetic field of up to 20 mT in the X and Y directions. Each coil was independently controlled by a current controller, and the required current value was determined by the precalibrated electric field current ratio to track the motion of the micro‐ and nanorobots in the magnetic field [1].


Guan's group studied the movement of microrobots under near‐infrared (NIR) light, fixed the NIR laser emitter on the support of a high‐precision micromanipulator, and controlled the movement of the laser head in three‐dimensional space by rotating the knob of the micromanipulator, so as to accurately adjust the position of the NIR light spot [2].


Although using an optical microscope to capture the motion of a single particle has the advantages of convenience, simplicity, and low cost, for nanorobots (especially below 200 nm), their size has exceeded the recognition limit of an optical microscope (generally greater than 200 nm), and it is difficult for optical microscope to accurately capture the motion behavior of this kind of nanorobots, so it is necessary to use some special imaging technologies, such as dark field microscope, fluorescence microscope, laser confocal microscope, Nanosight, and other instruments to observe or track their motion behavior.


Kong and coworkers used nanoparticle tracking analysis to record the X and Y coordinates of the real‐time motion of a single microrobot and provided the analysis of a single particle, mainly through the use of a Nanosight NS300 (Malvern Instruments) [3]. When fluorescent groups, such as Cy5, are attached to the surface of nanorobots, their motion behavior can be captured by a fluorescence microscope or laser confocal microscope. Even if the size is as low as tens of nanometers, the motion behavior can still be reflected by fluorescence signals. In addition, a digital holographic microscope, positron emission tomography (PET), standard optical coherence tomography, and other methods can also be used to track the trajectory of micro‐ and nanorobots in vitro.


After obtaining the motion video of micro‐ and nanorobot, software is usually used to analyze its motion trajectory and calculate the mean squared displacement (MSD), motion speed, or diffusion coefficient. Common tracking software includes commercial software (such as TrackMate, Video Spot Tracker, or Physmo) or self‐coded software, which outputs Excel tables containing micro‐ and nanorobot coordinates for subsequent MSD calculation.


In order to make the motion‐tracking data effective, drift processing is usually required. As drift is difficult to remove in experiments, it is usually corrected during video processing, and some open‐source codes can be used for correction. MSD refers to the measurement of the deviation of the position of the micro‐ and nanorobot relative to its reference position with time. Generally, the curve of MSD vs. Δt is obtained by tracking the motion trajectory position of the micro‐ and nanorobot in each frame of practice and processing its position with statistical data. The formula is obtained as follows:


According to the literature, the motion of particles can be analyzed more quantitatively using particle tracking. From the records of the particle trajectory, the average value of MSD as a function of time can be calculated.


For a purely Brownian particle of radius R, the squared displacement is linear in time with the slope controlled by the particle diffusion coefficient D = kB/(6πηR), where kBT is the thermal energy, and η is the viscosity of water. As illustrated in the above articles, for a particle propelled with velocity V, the direction of motion is itself subject to rotational diffusion that leads to a coupling between rotation and translation. In this case, one can show that the (2D projection) MSD is given as
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This expression has limiting forms of
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in which D represents diffusion coefficient, V represents velocity, and τR is a characteristic timescale [4].


Fitting the curve, if the curve shows a linear fitting result, it indicates that the motion is Brownian motion, and the diffusion coefficient can be calculated from the linear MSD diagram. If the curve fitting result is close to the quadratic function, it indicates that its motion is ballistic motion (or autonomous motion), and its motion speed can be obtained from the parabolic MSD diagram [4].


Some researchers also pointed out that MSD can also be analyzed by the following equation:
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parametrized by the anomalous diffusion exponent α: (i) subdiffusion for 0 < α < 1, (ii) superdiffusion for 1 < α < 2, (iii) α = 1 represents the normal Brownian diffusion, and (iv) α = 2 represents the ballistic motion [5].


For calculating the motion speed through the motion trajectory of micro‐ and nanorobots, it is usually divided into two categories: the direct average method and the peak fitting method. The former is to directly calculate the average trajectory speed of all micro‐ and nanorobots in multiple videos, whereas the latter needs to count the instantaneous speed in all videos, divide the displacement of a robot between two adjacent frames in a video by the interval time of two frames as the instantaneous speed, count the instantaneous speed of micro‐ and nanorobot in all videos at once, and make the distribution map of all instantaneous speeds [6].


The theoretical simulation of micro‐ and nanorobot's motion behavior is also one of the important aspects of motion characterization. For example, in order to better explain the photothermal effect of micro‐ and nanorobots under NIR light, the thermal diffusion equation is usually used to simulate the temperature‐response change of micro‐ and nanorobots under NIR light radiation, draw the temperature‐gradient distribution diagram, and use the heat‐transfer equation to calculate and analyze, so as to theoretically discuss and analyze the motion behavior of micro‐ and nanorobots.


He and coworkers simulated the high‐temperature distribution near the micro‐ and nanorobot and its internal temperature gradient under NIR light according to the theory of thermal diffusion equation to study the propulsion mechanism triggered by NIR light [7].


Choi and coworkers conducted theoretical simulation combining microrobot tracking and magnetic field calculation, characterized and calibrated the robot module through numerical simulation, generated magnetic field measurement and open‐loop alignment tests, and used the simulation to determine the strength of the magnetic field required by the workspace to determine the basic parameters of the actual experiment (Figure 4.1A) [8].


To study the motion of micro‐ and nanorobots, in addition to capturing the motion behavior of a single nanorobot, the clustering effect of many micro‐ and nanorobots with a clustering effect in response to the external environment also needs to be characterized in detail. Usually, an optical microscope is used to capture the process of clustering effect.


Another kind of characterization of the collective motion behavior of micro‐ and nanorobots is trend behavior characterization. Trend behavior is the response of natural cells (or organisms) to stimuli, which helps organisms migrate to find food or avoid danger. Simulating the behavior of natural cells, a series of artificial trend systems for biological components can also be constructed by means of artificial synthesis, including magnetotactic, phototactic, and chemotactic systems [11, 12]. The characterization of trend behavior requires the establishment of a more systematic evaluation model.


At present, the evaluation models used by researchers mainly include two‐dimensional models, three‐dimensional models, and dynamic microfluidic models. Among them, the two‐dimensional plane evaluation model also includes horizontal and vertical evaluation models, which can not only characterize the collective trend behavior of the trend system but also lock some individuals for trend dynamics analysis to clarify the trend speed, trend index, and other parameters. The three‐dimensional evaluation model can generally be used to simulate the trend in the more complex cell and tissue environment, while the dynamic microfluidic model can evaluate the trend results under the simulated blood‐flow conditions, so as to reflect the trend ability under the flow state and provide a reliable reference for evaluating the possibility of their application in vivo [13].
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Figure 4.1 (A) Simulation and experimental results for the characterization of multifunctional nanorobot structure actuation. (a) Schematic diagram of the structure of the electromagnetic actuation module. (b) Magnetic field maps for numerical simulations at different magnetic fields and gradients, which denote the maximum output of the electromagnetic actuation module. (c) Mechanism of the gradient pulling motion in a two‐dimensional view. (d) Captured images of the aggregation and disaggregation processes of nanorobots based on dipole–dipole interactions.


Source: Jin et al. [8]/with permission of American Chemical Society. (B) Using phase‐contrast technology to monitor the movement of nanorobots in the cell environment.


Source: Fan et al. [9]/with permission of Springer Nature. (C) Using the three‐dimensional hydrogel environment to evaluate the movement ability of micro‐ and nanorobots in complex matrices.


Source: Peng et al. [10]/with permission of John Wiley & Sons.










4.1.2 In Complex Environments In Vitro


The future application environment of biomedical micro‐ and nanorobots is the complex physiological environment in vivo, so characterization of their movement behavior in the aqueous environment is not enough to predict their performance in the more complex physiological environment (such as cells, blood, and tissues). Many researchers have developed different representations to evaluate their movement behavior in more complex environments.


Levchenko and coworkers used phase contrast technology to monitor the movement of nanorobots in the cell environment and obtained a series of phase‐contrast images, which can understand the process of interaction between a single nanowire and cells under the action of an electric field (Figure 4.1B) [9].


Fischer and coworkers used mucin gel constructed in vitro (containing 1 mM sodium taurocholate and 1 mM sodium glycoside deoxycholate), studied the driving behavior of urease‐based micro‐ and nanorobots in gel, and confirmed that urease‐driven micro‐ and nanorobots still have the propulsion ability in mucin solution containing 1 mM bile salt with a concentration of up to 2% [14].


Using the three‐dimensional hydrogel environment to evaluate the movement ability of micro‐ and nanorobots in complex matrices can also be achieved through a special model. Wilson and coworkers used μ‐slide model to establish a three‐dimensional hydrogel model and inoculated cancer cells in it, which can simulate the cell state growing in the three‐dimensional environment in the body to a certain extent. Under this condition, the laser confocal microscope was used to record the movement position changes of the micro‐ and nanorobots at different times and to evaluate their movement and chemotaxis. This was more valuable than the results given in the plane cell environment (Figure 4.1C) [10].


Our group built a kind of three‐dimensional tumor cell ball model to study the movement behavior of micro‐ and nanorobots in order to reflect their ability to penetrate more complex multicell models in vitro [15].


Stadler and coworkers constructed an extracellular matrix simulating the tumor microenvironment to evaluate the movement behavior of micro‐ and nanorobots under this condition [16]. In vitro tissue will also be used to study the penetration ability of micro‐ and nanorobots. Sánchez and coworkers used in vitro pig liver tissue to study the drilling ability of magnetic field‐driven microrobots [17].


The characterization of the motion behavior of micro‐ and nanorobots in plasma or blood is very important for the application of the blood environment. Therefore, many researchers study the motion behavior in plasma with high viscosity, whole blood (with the interference of red blood cells), and bovine vitreous humor to evaluate the difference in the motion behavior of micro‐ and nanorobots in the above complex environment. In addition to characterization of the motion behavior of the micro‐ and nanorobots in a high‐viscosity environment under static conditions, researchers also explore the kinematics of the micro‐ and nanorobot by establishing a more complex in vitro fluid model that can better simulate the state of blood flow.


Xu et al. used a polydimethylsiloxane (PDMS) microfluidic chip to simulate microvessels with a cross‐section of about 0.4 mm2, and used a syringe pump to apply continuous or pulsating flow for subsequent experiments to study whether microrobots based on sperm cells can overcome the impact of blood cells and the resistance of high‐speed serum under the guidance of a magnetic field, which confirmed that such microrobots can actively swim against the blood flow and perform the function of drug transportation [18].








4.2 In Vivo Tracking Technologies




4.2.1 Fluorescence Imaging Technology


The fluorescence imaging technique has the characteristics of noninvasive, simple operation, high sensitivity, fast feedback (imaging in a few milliseconds), low price, and nonradiation, which has attracted extensive attention in the field of biomedical research. Applying fluorescence imaging technology to the characterization of biomedical micro‐ and nanorobots can not only capture their motion behavior and interaction with cells but also track and locate biomedical micro‐ and nanorobots under in vivo conditions, so it is widely used in the in vivo application detection of biomedical micro‐ and nanorobots.


Most of the fluorescence probes developed earlier show good fluorescence properties in the visible light range (400–650 nm). Wang and coworkers loaded CdTe quantum dots and DOX with fluorescence properties into a multiparticle microrobot system based on natural red blood cells, providing their direct visualization under two different wavelengths (510 and 580 nm) [19]. Escarpa and coworkers also developed a microrobot encapsulated with graphene quantum dots for bacterial endotoxin detection, which showed good fluorescence properties at the emission wavelength of 470 nm [20].


Although the fluorescence imaging technique has great advantages in detection safety and resolution, due to the absorption and scattering of melanin, hemoglobin, and bilirubin in many biological tissues in the visible light region, it will reduce the penetration and sensitivity of light and interfere with the fluorescence imaging within the wavelength range of visible light. Therefore, the fluorescence imaging under this condition is mostly focused on the in vitro sensing biomedical micro‐ and nanorobots and rarely applied to in vivo imaging research.


In vivo imaging in the NIR spectral region based on fluorescence has been proven to be more able to meet medical needs. This technique makes it possible for imaging agents with a higher signal‐to‐background ratio, and because endogenous biomolecules have low‐photon absorption in the wavelength range of 650–1000 nm, they can penetrate deep tissues. For example, Nelson and coworkers selected NIR‐797 as the NIR‐emitting fluorophore and monitored the in vivo navigation of the magnetic‐controlled microrobot by using whole‐body optical (fluorescence) imaging [21].


Researchers also use the inherent fluorescence of the microrobot itself as an imaging agent for in vivo fluorescence imaging. Zhang's group used Spirulina microalgae with the characteristics of in vivo fluorescence imaging and remote diagnostic sensing to build microrobots and developed a kind of microrobot platform that can be used for in vivo imaging‐guided therapy [22].


Appropriate fluorescence modification on the surface of micro‐ and nanorobot is also an important means to achieve its in vivo imaging‐tracking purpose. When building NO‐driven nanorobots, our group modified NIR fluorescent dye Cy5.5 into the interior of nanorobots by covalent binding (emission wavelength is 680 nm), which can achieve efficient treatment and in vivo fluorescence imaging tracking (Figure 4.2A) [23]. By modifying Cy5, another fluorescent dye, on the surface of the nanorobot (the emission wavelength is 680 nm), we can observe the aggregation, organ distribution, metabolic cycle, and other conditions of nanorobots in vivo [27, 28].


However, although fluorescence imaging technology can be used for in vivo tracking and positioning of micro‐ and nanorobots to a certain extent, its in vivo application still has certain limitations. From the perspective of substrates, there are limited substrates that can be used for in vivo fluorescence imaging at present. Although quantum dots have been reported to have potential applications in biotechnology and medical applications because of their unique optical properties and surface chemical properties, it cannot be ignored that the toxicity of many quantum dots must be considered [29].


Although common commercial NIR fluorescent dyes can be modified to the surface of micro‐ and nanorobots by covalent binding, the effects of their modification on the motion ability and biocompatibility of micro‐ and nanorobots also need to be considered [29]. At the same time, the fluorescent dye in the NIR‐I region (650–1000 nm) shows better anti‐interference ability in vivo imaging than the fluorescent dye in the visible light range, but the deep tissue may show relatively strong self‐fluorescence, which may still interfere with the imaging effect of the fluorescent dye in the NIR‐I region. In contrast, the NIR‐II fluorescent dye (1000–1700 nm) with higher penetration depth and lower tissue autofluorescence interference performance can show better imaging effect in in vivo conditions, and it is also a key aspect that should be considered in the fluorescence imaging design of biomedical micro‐ and nanorobots in the future.






4.2.2 MRI Technology


The MRI technology is that researchers use the principle of nuclear magnetic resonance to detect the emitted electromagnetic wave through the external magnetic field according to the different attenuation of the released energy (also known as signal) in different structural environments inside the material, so as to know the location and species of the atomic nucleus of the object and to draw the structural image inside the object.
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Figure 4.2 (A) Fluorescent dye‐modified nanorobot for efficient treatment and in vivo fluorescence imaging tracking.


Source: Chen et al. [23]/with permission of American Chemical Society. (B) PET/CT can visualize the motion of microrobots in real‐time and can eventually be used for in‐vivo tracking of microrobots.


Source: Vilela et al. [24]/with permission of American Chemical Society. (C) Ultrasound‐based visualization of O2 microbubbles formed by microrobots.


Source: Olson et al. [25]/with permission of Elsevier. (D) Using the multispectral optoacoustic tomography (MSOT) platform to track a single microrobot moving under the centimeter thick tissue and the isolated chicken breast in real‐time. (a) MSOT imaging system, illustrating the position of the phantom, the micro‐objects, the excitation source and the ultrasound detectors. (b) Principle of MSOT operation.


Source: Aziz et al. [26]/with permission of American Chemical Society.






As a powerful imaging technology, the contrast agent used in it generally has no related nephrotoxicity, and patients and medical staff will not be exposed to ionizing radiation. It not only provides a safe and effective clinical medical diagnostic tool, but also opens up a visual research way for human beings to know themselves. It has good tissue penetration ability, high spatial resolution, and superior tissue contrast. At present, it has been widely used in clinical medicine.


MRI imaging technology can be used not only to guide the movement direction of biomedical micro‐ and nanorobots in the body, but also to characterize their distribution in various tissues and organs in the body. In 2009, Matin and coworkers proposed using MRI technology to characterize hybrid magnetotactic microrobots, showing their tumor aggregation in mice [30].


Martel et al. developed a medical nanorobot intervention platform for human vascular operations, including complex microvascular networks. With the help of MRI technology, it used real‐time navigation or trajectory control to improve the positioning efficiency, allowing the nanorobot to reach the deep positions of the human body, and enhance the targeting efficiency and operation in very difficult positions (such as tumor lesions that can only be accessed through complex microvascular networks) [31].


Zhang and coworkers used superparamagnetic ferric oxide to modify Spirulina to build a microrobot, which can not only use the rotating magnetic field to achieve its navigation in the body but also track its movement in the body through MRI, especially in deep tissue parts, showing better imaging ability [22].


Wang's group was committed to enhancing MRI contrast ability with the help of active propulsion of nanorobots and provided a method to track nanorobots in vivo in real‐time, thereby improving diagnostic efficiency [32].


At present, MRI still has some challenges in tracking the internal trajectory of biomedical micro‐ and nanorobots. On the one hand, the size resolution of MRI instruments is limited (generally greater than 500 μm), and tracking a single micro‐ and nanorobot (especially a nanorobot) is difficult. On the other hand, the limited contrast of MRI in vivo imaging is also an important factor that limits its use to accurately locate the position of micro‐ and nanorobots. Although the modification of superparamagnetic nanoparticles (such as superparamagnetic ferric oxide) on micro‐ and nanorobots can enhance the imaging contrast of MRI in vivo to a certain extent, this may lead to the emergence of imaging artifacts, thus limiting the application of MRI in real‐time tracking in vivo [33].






4.2.3 Radionuclide Imaging Technology


Molecular imaging technology is the imaging, characterization, and measurement of biological processes in human or other living bodies at the cellular and molecular levels. It has the advantages of accuracy and targeting and can realize molecular‐level diagnosis. The most representative is radionuclide imaging technology.


Common radionuclide molecular imaging technologies mainly include PET (generated as a consequence of the positron–electron annihilation process) and single photon‐emission computed tomography (directly emitted by gamma‐emitting isotopes), which can be applied to real‐time quantitative monitoring of key targets at gene, protein, and cell levels. This technology is often used in combination with computed tomography (CT), which has high‐penetration ability. Because PET/CT technology has the advantages of high sensitivity, quantifiable, clinical transformation potential, and so on, it is the only molecular imaging technology that can absolutely quantitatively evaluate the changes at a molecular level in vivo. The radiation amount is proportional to the concentration of labeled species, and it plays an important role in molecular imaging.


Based on this, Sánchez group built a 124I‐labeled microrobot, which can be detected by PET/CT, tracked their movement for up to 15 minutes, accurately tracked the position of groups of microrobots, and provided quantitative information about their spatial distribution within the phantoms. This confirmed that PET/CT can visualize the motion of microrobots in real‐time and can eventually be used for in vivo tracking of microrobots, especially for tracking imaging in narrow channels (Figure 4.2b) [24].


Although radionuclide molecular imaging technology has made some progress in the application of micro‐ and nanorobot in vitro imaging, there are still many challenges in the application of real‐time tracking of micro‐ and nanorobots in vivo. The accumulation of molecular imaging probes in nontarget organs leads to problems such as low background value and poor image quality of target organs. The key lies in the poor targeting specificity of molecular imaging probes, so it is particularly important to develop highly targeted markers. In addition, radionuclide probes are not suitable for multistep complex labeling because of their short half‐life, and markers with a long half‐life may damage normal tissues, so it is also very important to choose molecular imaging probes with high safety.






4.2.4 Ultrasonic Imaging Technology


Because sound waves can penetrate metal or nonmetal surfaces to the interior, when encountering the interface with discontinuous acoustic impedance, acoustic phenomena such as reflection, diffraction, and transmission will occur at the interface. Therefore, the interaction between ultrasonic waves and defects can be used to obtain the acoustic characteristic information of the internal structure of the object so as to obtain visual images. Ultrasonic imaging technology has unique advantages in real‐time and dynamic imaging because of its noninvasive, nonradiation, good safety performance, strong tissue penetration (centimeter level), and high contrast.


As a common ultrasound contrast agent, microbubbles are generally the size of microns and contain gases that do not match the acoustic impedance of the surrounding medium, which has a strong scattering effect on ultrasound. Because of their compressibility, they will produce harmonic signals when stimulated by megahertz ultrasound, which can significantly enhance the contrast and signal‐to‐noise ratio of the image. Therefore, they are widely used in the diagnosis of a variety of clinical disease models, such as atherosclerosis, inflammation, thrombus, and malignant tumors. Similarly, researchers have also tried to apply ultrasonic imaging technology to the tracking of biomedical micro‐ and nanorobots.


The Mattrey group proposed a microrobot that can catalyze H2O2 to produce bubbles and confirmed that the discharged microbubbles can be used as ultrasonic imaging agents, which can track the movement of the microrobot under in vitro conditions. At the same time, they also conducted a preliminary in vivo experiment, using ultrasound to detect oxygen microbubbles, which can produce high contrast signals in the in vivo abscess model (Figure 4.2C) [25].


Although ultrasonic imaging has irreplaceable noninvasive advantages, this imaging method also has limitations in positioning error, artifact, background signal, and so on. Its dependence on microbubbles still limits its application in micro‐ and nanorobot tracking in the in vivo environment.






4.2.5 Other Imaging Methods


Researchers have also developed other technologies that can be used for imaging micro‐ and nanorobots in vivo, such as photoacoustic CT and multispectral optoacoustic tomography. Gao and coworkers developed the photoacoustic CT that can be used to guide the intestinal microrobot, which can not only visualize the migration process of the microrobot from the intestinal tract to the target area in real‐time but also perform deep imaging and precise control of the microrobot in vivo, laying the foundation for tissue‐targeted drug delivery and providing opportunities for precise microsurgery [34].


Aziz et al. used the multispectral optoacoustic tomography platform to track a single microrobot moving under the centimeter‐thick tissue and the isolated chicken breast in real‐time. This technology combines the advantages of ultrasonic imaging in depth and resolution with the molecular specificity of optical methods, which can help to distinguish the spectral characteristics of microscopic objects from the spectral characteristics of internal tissue molecules. Coating gold nanorods on the surface of microrobots can further improve the contrast and specificity of multispectral optoacoustic tomography signals, which can help them effectively distinguish surrounding biological tissues when they are applied to the body in the future (Figure 4.2D) [26].


It is worth pointing out that although the current imaging platform can be verified in small animal experiments, human clinical transformation may also require imaging devices to have better tissue penetration performance. Most current technologies have insurmountable limitations. This means that using a single imaging method cannot meet the current purpose of effectively tracking micro‐ and nanorobots in vivo. Therefore, multimodal imaging is an important direction for tracking micro‐ and nanorobots in vivo in the future to improve tissue penetration and resolution.
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5
Biosafety






When biomedical micro‐ and nanorobots are used in the internal environment of living bodies, they will contact and interact with cells and tissues through the processes of absorption, metabolism, clearance, and transport. The main manifestations of their biological toxicity are changes in the morphology and function of tissues and organs, growth retardation, changes in cell morphology, chromosome damage, abnormal cell division, cell death (apoptosis), etc.


Existing studies have shown that the toxicity of biomedical micro‐ and nanorobots is closely related to their size, morphology, surface modification, concentration, preparation method, and action time. Therefore, the design and evaluation of their biosafety is very important, and it has become the cornerstone of its biomedical application, which is also a fundamental issue related to the sustainable development of nanomedical technology.


The complex physical and chemical properties of micro‐ and nanorobots determine the diversity of their biomedical effects. In order to design and evaluate the biosafety of biomedical micro‐ and nanorobots, we should understand and follow these basic concepts. First, no biomedical micro‐ and nanorobot is a completely bioinert material. Second, biosafety is not simply the nature of the substrate of the biomedical micro‐ and nanorobots themselves, but the result of the interaction between the biomedical micro‐ and nanorobots and the cells and tissues in the living environment. Thirdly, to study the biological safety of biomedical micro‐ and nanorobots, the factors of their autonomous motion behaviors should be considered. Fourth, biosafety is a dynamic evaluation process, not static.


This means that, in the presence of complex physiological mechanisms and environments, it is far from enough to determine the biological safety of one kind of biomedical micro‐ and nanorobot through a cell or tissue, and it is also necessary to determine their long‐term evaluation process based on their life cycle.


Accurate understanding of material biocompatibility and biological distribution in vivo of biomedical micro‐ and nanorobots is the key to understand their biosafety/toxicity. The former needs to fully consider the biosafety of substrate and driving system of micro‐ and nanorobots. The latter mainly depends on the physical and chemical properties, driving mechanism, motion behavior, and local special microenvironment of biomedical micro‐ and nanorobots.


Here, we divide the biosafety of biomedical micro‐ and nanorobots into substrate biosafety, driving system biosafety, and autonomous motion behavior biosafety (Figure 5.1).


  [image: Schematic illustration of factors involved in biosafety of biomedical micro- and nanorobots.]



Figure 5.1 Factors involved in biosafety of biomedical micro‐ and nanorobots.










5.1 Biosafety of Micro‐ and Nanorobot Substrate


When the micro‐ and nanorobot enters the human body environment, many factors need to be considered, such as blood compatibility, anti‐protein adhesion, possible immune response, biological distribution, tissue toxicity, degradability, and the possibility of eventual removal from the human body. Therefore, the substrate made of micro‐ and nanorobots must be biocompatible or biodegradable.


When these micro‐ and nanorobots are used in vivo, the blood and tissues in the organism should have a considerable degree of compatibility with them. The interaction between the micro‐ and nanorobots and the human body will continue until it reaches equilibrium or the biomedical micro‐ and nanorobots are removed. In this process, biomedical micro‐ and nanorobots must be nontoxic, nonallergenic, nonirritating, nongenotoxic, noncarcinogenic to human body, and have no adverse reactions to human tissue, blood, and immune system.




5.1.1 Material Composition


The physicochemical properties of the materials for biomedical micro‐ and nanorobots, such as chemical composition, size, shape, surface charge, surface chemical functional groups, and specific surface area, have an important impact on the internal circulation of micro‐ and nanorobots and their clearance in tissues and organs. Among them, chemical composition should be the most critical factor for their biological safety and toxicity in vivo. Therefore, in the initial stage of constructing biomedical micro‐ and nanorobots, it is necessary to select materials with good biocompatibility (safety) as the substrate of micro‐ and nanorobots, such as DNA, cells, exosomes, microorganisms, polydopamine, zwitterionic polymers, a variety of hydrogels, porous silica, gold, silver, magnesium‐based microspheres, and hybrid materials.


Natural active ingredients come from organisms and have unique advantages in biocompatibility. Natural cells often have good targeting or pathological tissue permeability in vivo. In recent years, researchers have developed a variety of self‐driven biological microrobots based on motile bacteria, neutrophils, macrophages, sperm cells, and cardiomyocytes, respectively [1].


Sperm cells are excellent candidates for biological robots because they can be used at any time, are easy to handle, do not need to be cultured, and are harmless. They are suitable for moving in high‐viscosity media. Neutrophils have chemotaxis, phagocytosis, and bactericidal effects. When inflammation occurs, they are attracted to the site of inflammation by chemotactic substances. This is one of the important factors for them to become candidates for micro‐ and nanorobot [2].


However, the potential immunogenicity, tumorigenicity, and other hazards of biological components must be considered when using natural active ingredients to construct biomedical micro‐ and nanorobots. Based on this, researchers have actively developed aggregates of organic active ingredients, such as vesicles, exosomes, and platelet‐derived particles [3]. In addition, existing studies have shown that these nanoscale organic aggregates have the advantages of low immunogenicity, low toxicity, and can better cross the blood–brain barrier and other biological barriers, so they can be used to design micro‐ and nanorobots. DNA has a natural affinity with cells, which makes DNA nanorobots have good biosafety.


Our group designed a kind of NO‐driven engineering exosome robot that can chemotactic Parkinson's disease microenvironment with high expression of iNOS/reactive oxygen species (ROS) by taking advantage of the advantages of cellular exosomes with lower immunogenicity, lower toxicity, and better ability to cross biological barriers such as the blood–brain barrier. These nanorobots can make full use of the physiological function of the stem‐cell exosomes, the movement effect of the nanorobot, and the physiological and medical efficacy of NO to efficiently pass through the blood–brain barrier and accurately target the damaged neuron cells and mitochondria in the microenvironment of Parkinson's disease, so as to realize the multilink collaborative intervention and effective treatment of Parkinson's disease (Figure 5.2a) [4].


Similarly, microvesicles and platelet‐derived particles can also be considered. Our research team also used a general dopamine self‐polymerization modification method to fabricate a kind of drug (DOX)‐loaded platelet microrobot (platelet@PDA‐DOX) that can be targeted to the tumor site through the specific binding of PLT and cancer cells, and then activated platelet@PDA‐DOX through the tumor microenvironment to release DOX‐loaded platelet‐derived particles (PMP@PDA‐DOX) nanorobot, which can realize the deep penetration of drugs in tumor sites under the drive of light (Figure 5.2b) [5].


  [image: Schematic illustration of (a) Construction process of engineered exosomes with independent modules and their cascading functions for the treatment of Parkinson's disease. (b) Preparation of the Platelet@PDA-DOX microrobot for targeting tumor cells.]



Figure 5.2 (a) Construction process of engineered exosomes with independent modules and their cascading functions for the treatment of Parkinson's disease.


Source: Wang et al. [4]/with permission of John Wiley & Sons. (b) Preparation of the Platelet@PDA‐DOX microrobot for targeting tumor cells.


Source: Li et al. [5]/with permission of John Wiley & Sons. (c) The H2S‐driven zwitterionic polymer PSBMA‐based nanorobots induced multiple acidosis of tumor cells.


Source: Wan et al. [6]/with permission of John Wiley & Sons. (d) Light‐triggered PEGylation/dePEGylation strategy for surface modification of micro‐ and nanorobots.


Source: Zhou et al. [7]/with permission of American Chemical Society.






The preparation of micro‐ and nanorobots using organic polymers whose modulus and stiffness may be close to real biological cells and tissues may have good biomechanical compatibility, so it is more conducive to the biomedical application of micro‐ and nanorobots in vivo. Zwitterionic polymers have biomimetic structures of phospholipid layer of the cell membrane, neutral charge, and super hydrophilic properties, which can increase the solubility and stability of drug‐delivery systems and reduce or overcome blood clearance. In addition, it can effectively block the nonspecific adsorption of proteins, platelets, cells, and microorganisms on the surface of drug‐delivery system materials. Such performance can make them play a role in the construction of biomedical micro‐ and nanorobots, such as overcoming the protein crown phenomenon, prolonging the cycle time of micro‐ and nanorobots in the body, and reducing their immunogenicity. Our research team has designed an amphoteric polymer PSBMA as a hydrogen sulfide (H2S)‐driven nanorobot loaded with L‐Cys, which was used to treat cancer by destroying the symbiosis of tumor metabolism and inducing multiple acidosis of tumor cells (Figure 5.2c) [6].


In addition, the biosafety and bioavailability of micro‐ and nanorobots can be improved by surface modifications of organic molecules or functional groups with good biocompatibility. This is based on the fact that certain chemical modification or physical treatments can eliminate the toxicity of some micro‐ and nanorobots and maintain their beneficial nanocharacteristics. Therefore, while studying the biological effects of micro‐ and nanorobots, researchers actively carry out research on chemical and physical methods to eliminate nanotoxicity.


Polyethylene glycol (PEG) and polypeptide are commonly used to modify the surfaces of micro‐ and nanorobots. The former is used to couple the activated PEG to the surface of micro‐ and nanorobots by covalent bond through chemical method, which can significantly improve the water solubility and stability of the robot, prolong the circulation time in the body, and reduce its immunogenicity and antigenicity.


However, PEG is not very stable and will still be oxidized in the body. Therefore, researchers use polyvinyl pyrrolidone and betaine to replace PEG as an anti‐protein treatment for micro‐ and nanorobots. Furthermore, PEG has an accelerated blood clearance effect, which can be attributed to the abuse of PEG leading to a large number of anti‐PEG immunoglobulins G in the human body, that is, the immunogenicity of PEG will cause an obvious humoral immune response. After the neutralizing antibody secreted by B cells combines with PEG, the carrier modified by PEG will be recognized and cleared by phagocytes, and its half‐life in the blood will be significantly shortened. In addition, the zeta potential of the surface of PEG modified micro‐ and nanorobots is neutralized, which is not conducive to the phagocytosis of tumor cells.


These are the possible limitations of PEG‐modified micro‐ and nanorobots. Therefore, in many studies, PEG‐breaking links are specially designed, that is, PEG is connected to the surface of micro‐ and nanorobot by a bonding method sensitive to environmental response, which can avoid the micro‐ and nanorobot being engulfed by the reticular endothelial system and has the effect of a long cycle. The PEG layer is very stable in the blood circulation, reaches the disease tissue, and then, through the pathological microenvironment or external response, the sensitive bond breaks, causing the PEG layer to fall off, which can solve the above difficulties.


Hu designed a light triggered PEGylation/dePEGylation strategy to successively complete the processes of dePEGylation, activation of iRGD, tumor targeting and deep penetration in the near infrared (NIR)/acidity joint response mode (Figure 5.2d) [7]. This strategy is obviously applicable to the surface modification of micro‐ and nanorobots. So far, PEG is the most thoroughly studied material, so it has been widely used.


The latter (polypeptides) can not only improve the biological stability, binding activity, and selectivity of robots but also often bear the targeting role for robots, such as RGD (Arg‐Gly‐Asp) that can target tumors. However, it also has some disadvantages, such as being easily destroyed by proteolytic enzymes in the gastrointestinal tract, poor water solubility, strong antigenicity, easy to cause allergy, and easy to cause the production of neutralizing antibodies.






5.1.2 Micro‐ and Nanoscale Influence


The basis of life process is a series of highly ordered physical and chemical processes that occur on the micro‐ and nanoscale. The ribonucleoprotein complex, one of the life elements, has a linear degree of 15–20 nm. The sizes of various viruses in organisms are also on the nanometer scale, while many cells are on the micron scale. When the micro‐ and nanorobot enters the living body, what interaction happens with cells/subcellular organelles and tissues? Does it affect the life process (including heredity)? This is the micro‐ and nanobiological effect that biomedical micro‐ and nanorobots should be particularly concerned by researchers, and it can also be attributed to biosafety.


Existing studies have shown that when the particle size of drug‐loaded nanoparticles is between 10 and 1000 nm, the physical and chemical properties, pharmacodynamics, and pharmacokinetic characteristics of nanodrugs have shown significant differences from those of conventional small‐molecule drugs [8]. Nanorobots belong to the category of nanoparticles. Therefore, we must pay attention to the biological toxicity brought by the nanoscale, that is, the huge specific surface area of nanorobots makes them have strong chemical reaction activity. These active surfaces can quickly produce active chemical molecules, such as ROS and free radicals, which may lead to oxidative stress, inflammatory reactions, protein denaturation, cell membrane damage, and DNA damage.


In addition, there may be physical damage, that is, the micro‐ and nanorobot and biological macromolecules, biofilms, organelles, and cells are all in the micro‐ and nanoscale range. When the size of the robot and the basic unit structure in organism is in the same order of magnitude, there is a physical basis for mutual disturbance. The interaction and the spatial point‐to‐point relationship between micro‐ and nanorobots and biological macromolecules, organelles, and cells may produce structural deformation or damage to bioactive targets, resulting in physical damage. Furthermore, the biochemical reaction stimulated by physical damage, that is, the effect after physical damage, may aggravate the performance of biological toxicity. Compared with traditional micro‐ and nanoparticles, the physical damage caused by micro‐ and nanorobots with autonomous movement ability should be more obvious. However, there are few biosafety studies in this field.


It is worth mentioning that such physical damage is sometimes necessary. He et al. combined the nanopore template‐assisted layer‐by‐layer self‐assembly technology and the gold seed‐growth method to construct a tubular polymer nanorobot with gold nanoshell functionalization. Under the external ultrasonic field, the nanorobot can move autonomously in the fluid and actively target a single cell. Further, under the synergistic action of the ultrasonic propulsion force and the self‐thermophoresis force generated by the photothermal effect of the gold nanoshell at the tail end, the nanorobot can mechanically open the cell membrane within 0.1 seconds, so that foreign substances can quickly penetrate into the cell through the opening. In the future, it is expected to realize the application of active targeting single‐cell drug delivery, intracellular imaging. and cell surgery (Figure 5.3a) [9].


  [image: Schematic illustration of (a) Tubular polymer nanobot with gold nanoshell functionalization can mechanically open the cell membrane. (b) Active metal microrobot can degrade under special gastric environment.]



Figure 5.3 (a) Tubular polymer nanobot with gold nanoshell functionalization can mechanically open the cell membrane.


Source: Wang et al. [9]/with permission of American Chemical Society. (b) Active metal microrobot can degrade under special gastric environment.


Source: Li et al. [10]/with permission of John Wiley & Sons. (c) Effect of Pt nanoparticles on DNA damage.


Source: Panikkanvalappil et al. [11]/with permission of American Chemical Society.










5.1.3 Interaction with Physiological Environment In Vivo


When the micro‐ and nanorobot moves autonomously in the physiological environment of the human body, it will be affected by cells, tissues, and various humoral media. For example, proteins in the blood may adhere to the surface of the micro‐ and nanorobot, and macrophages in the blood may swallow the micro‐ and nanorobot, while most of nanorobots entering cells may also be digested and degraded by lysosomes. Therefore, the biosafety research of micro‐ and nanorobots also involves the interaction interface of nanosubstrate–biological organisms under different exposure pathways; the impact of exposure pathways on the biotransformation and biological effects of micro‐ and nanorobots; and the molecular mechanism of the biotransformation of micro‐ and nanorobots. It is necessary to explore the specific physical and chemical reactions and their relationship with the mechanism of cytotoxicity involved in the aggregation, dissociation, formation of biological crown, and redox reaction of micro‐ and nanorobots. In 2013, Pumera elaborated on how blood components affect the movement of catalytic microrobots [12].


Taking the intravenous anti‐tumor nanorobots as an example, they generally need to go through five processes from intravenous injection to entering tumor cells: Intravenous injection into the blood circulation (circulation); through infiltration, retention effect, or targeted accumulation to the tumor site (accumulation); infiltrate into tumor tissue (penetration); endocytosis (internalization); and intracellular drug release (drug release).


In these processes, micro‐ and nanorobots may be captured by immune cells in the circulatory system (such as monocytes, leukocytes, platelets, and dendritic cells) and immune cells in tissues/organs (such as resident phagocytes) [13]. There are also many kinds of biological barriers in the human body, such as blood–brain barrier, vascular endothelial barrier, and glomeruli filter, which can prevent micro‐ and nanorobots from passing through. The existence of these barriers has set numerous difficulties and dangers for the internal journey of the micro‐ and nanorobots, which is no less than the suffering endured by the monkey named Sun on his way to the Buddhist Scripture in the most widely spread myth in the East.


The biomedical nanorobot injected intravenously should have good dispersion. Although the robot group army (robots with a certain concentration) is required to fight with tumor cells when it reaches the diseased tissue, the relationship between the particle size of the nanorobot and its fate in vivo must be based on the stability of a single nanorobot, that is to say, the nanorobot particle is stable both in the body and in vitro, and there is no flocculation and aggregation problem, so that they can circulate in the blood for a long time without causing possible blood vessel blockage.


However, when nanorobots are injected into the bloodstream, their surfaces may be rapidly covered by many kinds of protein molecules to form a “protein corona.” The formation of the protein crown mainly depends on the noncovalent interactions between the metal atoms in the nanorobot substrate and the protein sulfhydryl group, the electrostatic adsorption, and hydrophobic interactions between the substrate and the protein. The formation of a protein crown will obviously change the size and surface properties of the nanorobot, as well as the stability of the nanorobot in blood, and thus affect or even change the subsequent cellular uptake, intracellular transport, pharmacokinetics, biological distribution, and toxicity of the nanorobot.


If the nanorobot is unfortunately adsorbed by opsonin, it will be recognized and cleared by the mononuclear phagocyte system. If it is lucky enough to get a protein crown rich in dysopsonin proteins (such as apolipoprotein and albumin), it can inhibit the uptake of the nanorobot by phagocytes, thus enhancing the concealment effect of the nanorobot, which means protecting itself.


However, the obtained protein crown may make these nanorobots with stealth effects lose the targeting ability because of the special ligands originally modified on their surfaces and become disoriented tourists in their blood. In this case, some specific plasma proteins may be used to modify the surface of the nanorobot in advance, and these specific plasma proteins should not only help the nanorobot achieve stealth effect but also have target specificity for some organs or tissues.


When the nanorobot arrives at the tumor tissue through thousands of hardships, crosses the barrier of the tumor cell membrane, and enters the cell through endocytosis or other mechanisms (the autonomous movement ability of the nanorobot brings possible mechanical penetration), the endocytotic nanorobot needs to be able to separate from the nuclear endosomes as soon as possible to avoid being decomposed by the lysosome of the dynamic system composed of acid vesicles (pH ≈ 4.8). If this happens, it will not have any tumor treatment effect.


The formation of protein crowns, the phagocytosis of macrophages, and the internalization and decomposition of lysosomes are directly related to the surface properties of nanorobot materials and become the evaluation factors for the biological safety of nanorobots. Using chemical or physical surface modification methods and biomimetic concepts, researchers put polypeptide, albumin, liposome, PEG, zwitterionic polymer shell, red blood cell membranes, white blood cell membranes, and platelet membranes on the nanorobot to help the nanorobot improve its biological safety, prolong the blood circulation cycle, and give full play to the treatment skills of tumor therapists after safely reaching the tumor site.


It should be noted that it is not necessary to maintain the integrity of micro‐ and nanorobot materials throughout the actual application process. Many micro‐ and nanorobots change gradually in the application process and even have obvious consumption. For micro‐ and nanorobots in the human body, when they play the role of disease treatment, their final fate must be self‐destruction or be eliminated, which is conducive to the biological safety requirements of the human body. In other words, the so‐called “must protect its own existence” should only occur in part of the application process of biomedical micro‐ and nanorobots in vivo in order to avoid losing their own activity before playing and completing the therapeutic effect.






5.1.4 Ultimate Destiny


The biosafety evaluation of micro‐ and nanorobot must run through the whole process in vivo. How micro‐ and nanorobots metabolize and scavenge from the body, such as internal circulation and organ clearance, is the most important basic scientific problem in the biomedical applications of micro‐ and nanorobots. Especially, the blood circulation characteristics and organ clearance mode of micro‐ and nanorobots determine the delicate balance between their biological activity and biological toxicity in vivo.


The ultimate fate of biomedical micro‐ and nanorobots must be self‐destruction or elimination, so their size should also be an important design consideration (from the perspective of elimination) because it directly determines the performance and fate of biomedical micro‐ and nanorobots in the human body. The nanorobot with small‐enough size (<10 nm) can be removed from the body by the kidney. For large‐scale micro‐ and nanorobots, their degradability needs to be considered, that is, biodegradable materials are preferred in the design process, which are degraded into noncytotoxic substances in the biological environment with little harm to the human body, or they can be applied to the intestinal environment and directly discharged out of the body [13]. Researchers use degradable polymers, active metals (such as magnesium and zinc), and porous silicon to construct micro‐ and nanorobots, which can degrade (self‐destruct) after completing the degradation reaction in special environment (such as pH and enzyme) (Figure 5.3b) [10, 14].


At present, many studies have reported that the drug‐delivery routes of animal models of micro‐ and nanorobots are mainly tail vein injection, oral administration, and intraperitoneal injection. On the premise that the targeting problem of micro‐ and nanorobots can be solved, tail vein injection is the most commonly used drug‐delivery route, and its advantage is that it can quickly enter all organs of the body with the blood. However, from the perspective of toxicology, after these micro‐ and nanorobots are distributed in all organs of the body, how to achieve metabolism and excretion in the body needs to be further studied and clarified, otherwise the clinical use of micro‐ and nanorobots will be seriously restricted.


The excretion pathways of micro‐ and nanorobots in vivo under the other two modes of administration are mainly the “kidney–urine” pathway and the “liver–feces” pathway. The former is generally a nanorobot with of less than 10 nm in size, whereas the latter is mainly used to excrete some large micro‐ and nanorobots, but the specific removal efficiency needs more research data support. In a word, the physical and chemical characteristics of micro‐ and nanorobots, such as size, shape, surface charge, surface chemical functional groups, and specific surface area, have an important impact on the internal circulation of micro‐ and nanorobots and their clearance in tissues and organs.






5.1.5 Genotoxicity


Many metal materials have been tried to participate in the construction of biomedical micro‐ and nanorobots. When these micro‐ and nanorobots enter the body, if they agglomerate after entering the tissues and organs, and the particles with too large a particle size cannot be phagocytized by phagocytes, they will remain in the tissues. If the degradation occurs after phagocytosis by phagocytes, the degradation products may participate in the metabolism of elements in the body. For example, the iron element in ferromagnetic micro‐ and nanorobots can participate in the synthesis and metabolism of hemoglobin [15].


For some micro‐ and nanorobots carrying gold, platinum, and other metal nanoparticles, if the metal nanoparticles invading the body are difficult to remove for a long time, they may have toxic effects on the body. For example, the direct interaction between gold and DNA molecules can cause DNA breakage and inhibit DNA replication, showing genotoxic effects [16].


Pt nanoparticles have been reported to reduce genome stability in eukaryotic cells, but it has also been reported that they can also promote the clearance of ROS, resist DNA oxidative damage, and protect genetic material (Figure 5.3c) [11].






5.1.6 Research Method of Biosafety


The current biosafety research of biomedical micro‐ and nanorobots generally involves the study of the absorption, distribution, and metabolism of micro‐ and nanorobots in organisms, as well as the impact on cell activity and physiological function of target organs at constant, micro‐ and ultramicrodosing. As micro‐ and nanorobots are in the process of spatiotemporal dynamic changes in the organism, the development and establishment of in‐situ, real‐time, and quantitative characterization methods of micro‐ and nanorobots in the organism, as well as the establishment of appropriate physiological‐based pharmacokinetic and quantitative structure–activity relationship models to predict the biological behavior of the micro‐ and nanorobot in vivo should be the focus of metabolic research on the micro‐ and nanorobot in the organism. It can better improve the biological effectiveness of micro‐ and nanorobots in organisms and reduce toxicity at the same time [17].


Li and coworkers used protein–metabonomics technology to establish a multidimensional evaluation method of nano‐bioeffects and used this method to evaluate the multiple structure–activity relationships between the seven basic physical and chemical properties of iron oxide nanorods and their six biological effects. It was found that the inflammatory effect was mainly determined by the aspect ratio of iron oxide nanorods, and the surface activity was the main factor affecting cell migration. Iron oxide nanorods entered cells through endocytosis, destroyed lysosomes, triggered Cathepsin B release, activated NLRP3 inflammatory body, and triggered Caspase‐1 to cleave pro‐IL‐1β and release inflammatory factor IL‐1β. These biological mechanisms were further verified in the mouse model [18, 19]. Iron oxide, as a common component in micro‐ and nanorobot, deserves further research on its biosafety. This kind of biosafety evaluation method using nanotechnology, biotechnology, analytical technology, toxicology, and medical technology to establish biomedical micro‐ and nanorobots has become a trend.


In addition, while carrying out biosafety research on micro‐ and nanorobots, we can also carry out reverse application research on biological negative effects (toxicity) of micro‐ and nanorobots, and apply the observed negative biological effects to nanomedical diagnosis and treatment technologies.


At present, the biosafety research of biomedical micro‐ and nanorobots is still in its infancy. It should be noted that biomedical micro‐ and nanorobots belong to the category of micro‐ and nanoparticles. Therefore, all the previous research data and theories on the biosafety of micro‐ and nanoparticles can be used to support the biosafety research of biomedical micro‐ and nanorobots. However, the biosafety requirements of the latter are obviously more complex than those of the former, because the latter also needs to consider the biosafety assessment brought by the power source and motion ability.








5.2 Biosafety of Driving System of Micro‐ and Nanorobots




5.2.1 Biological Micro‐ and Nanorobots


Biological micro‐ and nanorobots have the ability of autonomous movement because of their own biological activity. They basically do not have the biological safety problem of the driving system. However, it is necessary to consider the potential immunogenicity, tumorigenicity, and other hazards of their biological components, and clearly know that their application is limited because of the need for specific storage and use conditions to maintain their biological activity.


In particular, the excessive infiltration and activation of immune cells in the body, such as neutrophils, at the site of tissue damage can lead to chronic inflammation, limit damage repair, and lead to loss‐of‐organ function [20]. Studies have also shown that neutrophils that have infiltrated inflammatory tissue may also undergo a reverse migration process to leave the injured tissue and re‐enter the vascular system (known as the reverse cross endothelial migration process of neutrophils), which may affect the infiltration efficiency of microrobots based on neutrophils [21, 22]. Therefore, whether the introduction of too many neutrophil microrobots will overactivate the autoimmune system in the body and how to avoid the reverse transfer of neutrophils are all questions worth considering in the future construction of neutrophil‐based microrobots.


In addition, for many composite micro‐ and nanorobots based on natural cells or microorganisms or cell derivatives modified by synthetic substances, the source of driving force mainly depends on postmodified substances (such as magnetic fields or catalytic solutions). Therefore, the biosafety of its driving system is related to the biosafety of the driving systems of physical and chemical micro‐ and nanorobots discussed below.






5.2.2 Physical Field‐Driven Micro‐ and Nanorobots


The physical field‐driven robot, which does not need any fuel, can obtain the movement ability only by using a variety of field effects such as light, electricity, magnetism, and ultrasonic fields, and has been pursued by researchers. However, this does not mean that as long as enough field strength penetrating biological tissue can be constructed, micro‐ and nanorobots can be used to complete biomedical tasks at will. Researchers have realized that the additional physical field cannot damage biological tissues or normal cells before it can be truly applied [23].


In order to avoid the harm of chemical fuels to organisms, many researchers are committed to the research of light‐driven micro‐ and nanorobots that do not require fuel. Bernard L. Feringa, a professor at Groningen University in the Netherlands, was the first person to develop a molecular machine. The motion of molecules is determined by chance, but Feringa used ultraviolet (UV) pulses to force a molecular rotor blade to continuously spin in the same direction in 1999 [24]. This research earned Feringa and his colleagues the Nobel Prize in chemistry in 2016.


Energy input is the focus of this new study. In the early days, molecular robots were driven by high‐energy UV light. But to use these machines in biological applications, they need to be driven by low‐intensity light that is harmless to the surrounding materials. Both visible light and UV light are short‐wavelength light sources. Long‐time exposure of living tissues to shorter wavelengths will lead to DNA damage and normal cell death [25, 26].


In addition, the penetration ability of light in the UV and visible regions is weak, which is only suitable for superficial treatment and makes it difficult to apply to the treatment of deep pathological tissues. Tang clearly proposed to developing biocompatible visible light or NIR light to replace harmful UV light to drive microdevices [25]. Visible light is completely green and safe, but it is difficult for visible light to penetrate tissues. Therefore, it is not able to provide ideal energy to drive micro‐ and nanorobots, but researchers have been committed to developing robot substrates with better photosensitivity to solve this problem [26, 27].


Using NIR light sources (wavelength 0.76–1.5 μm) to drive biomedical micro‐ and nanorobots has become a trend. In clinical medicine, the greatest advantage of NIR light is that it has good permeability to tissues and can directly affect blood vessels, lymphatic vessels, nerve endings, and other subcutaneous tissues. In addition, NIR light can also make micro‐ and nanoparticles with photothermal conversion ability produce local high temperatures, which can not only be used to drive micro‐ and nanoparticles to move but also be used for photothermal therapy.


Many researchers have invested in the research of NIR‐driven micro‐ and nanorobots. He and coworkers reported that a kind of Janus mesoporous silicon nanorobot with a diameter of 50 nm moved in the water at a speed of more than 950 body lengths per second under remote NIR light irradiation. The movement speed depends on the irradiation power of the NIR light source. The reversible “On/Off” motion of the nanorobot and their directed movement along the light gradient can be conveniently modulated by a remote NIR light source. Experiments and theoretical calculations revealed that the motion mechanism of the nanorobot is attributed to the photothermal effect on one side of the gold nanoshell under NIR light and the local temperature gradient (i.e. self‐thermophoresis) formed on the surface of mesoporous silicon. The generated self‐thermophoresis can effectively overcome the effect of surrounding water on the nanorobot (i.e. Brownian motion) [28].


Inspired by the vehicle brake, Zhao and coworkers developed an enzyme‐based mesoporous nanorobot using the NIR optical brake, which can realize remote speed regulation. The nanorobot can be driven by glucose biofuel under the catalysis of enzymes (glucose oxidase/catalase) on the periodic mesoporous organosilica domain. At the same time, in SiO2@Au, magnetic domains can generate local thermal gradients under NIR light irradiation and drive nanorobots through thermophoresis [29].


However, the NIR‐driven micro‐ and nanorobot systems also have application limitations. The penetration of NIR light into tissues is about 5–10 mm, which can only be used for the treatment of superficial diseases by biomedical micro‐ and nanorobots. In addition, if the intensity and irradiation time of the NIR light source are not properly controlled, the denaturation of proteins and other macromolecules will still occur because of the heating of body tissues. At present, the light intensity of micro‐ and nanorobots driven by NIR is generally 0.5–2.5 W cm−2, and the illumination time is generally controlled within 10 minutes per day.


The ultrasonic driving system of ultrasound‐powered micro‐ and nanorobots has the advantages of high controllability, long service life, and good biocompatibility. It has great application prospects in enrichment detection and targeted therapy. Xu et al. studied the rapid and accurate control of the speed of tubular microrobots by ultrasound. The results showed that ultrasonic voltage can accurately control the velocity of the tubular microrobot. Compared with other control methods, it had the advantage of fast response. In addition, their research also showed that the aggregation effect of nanorobots under ultrasound depends on the interaction between the sound field and a single nanorobot, and the ultrasonic trigger induced the robot to quickly gather around the nearest pressure node. The bionic aggregation behavior of nanorobots induced by sound fields has great application prospects in enrichment detection and targeted drug delivery [30, 31].


However, there are also some problems in ultrasonic operation, that is, because the energy is focused on the deep part of the tissue, if the setting conditions are improper or the operation is wrong, the tissue may also be burned and scalded. For the ultrasonic driving field, as long as attention is paid to the intensity and power of ultrasonic used, the damage to human tissue can be avoided [32]. On the contrary, it is very beneficial for low‐power ultrasound to act on human tissues in an intermittent manner. It can cause the movement of substances in tissues and cells, thus changing the permeability of cell membranes, softening tissues, promoting metabolism, accelerating blood and lymph circulation, stimulating nervous system and cell functions, etc. [33]. The medical application of ultrasound has been developed for decades and has been widely used, especially in the MHz frequency band, which has the least harmful impact on biological systems.


At present, many scientists are safely using ultrasonic fields to drive micro‐ and nanorobots for biological diagnosis and treatment [34, 35]. Generally, researchers set the ultrasonic power level in the experiment between therapeutic ultrasound (several W cm−2 or higher) and diagnostic ultrasound (740 mW cm−2, the maximum power approved by the Food and Drug Administration [FDA]).


Chien and coworkers reported on the biosafety of the electric field‐driven system of the nanorobot. In their research, the gold nanowire robot combined with tumor necrosis factor‐α can be transported along any prescribed trajectory or orientation by electrophoretic and dielectrophoretic forces to a specific location with subcellular resolution, while the electric‐field conditions (maximum electric field was 24 V mm−1, lasting for two minutes) used to manipulate the gold nanowire robot were proved not to damage the cultured cells [36].


The effects of external magnetic field on human cardiovascular, blood, gastrointestinal function, immune function, and tumors are being studied. In the micro‐ and nanorobot systems controlled by magnetic fields, the magnetic field strength is usually between 1 and 30 mT, which is a driving system with good biosafety and can be applied to the human body.






5.2.3 Chemical Reaction‐Driven Micro‐ and Nanorobots


Chemical reaction‐driven micro‐ and nanorobots achieve self‐driving ability through chemical reaction, do not require specific storage conditions, and do not rely on additional devices, which has been widely concerned by chemical and material researchers. However, many chemical micro‐ and nanorobots are driven by toxic fuels, such as high concentrations of hydrogen peroxide (H2O2). In 2002, Whitesides and coworkers reported the first chemical reaction‐driven micromotor, which is a microdevice driving force formed by H2O2 catalyzed by metal Pt to obtain oxygen bubbles [37]. Subsequently, researchers launched the research of micro‐ and nanorobot based on this driving principle.


However, researchers soon realized the strong physiological toxicity of H2O2, which made the micro‐ and nanorobots unable to be applied to the physiological environment. Therefore, researchers are committed to reducing the concentration of H2O2. In the initial study, the concentration of H2O2 fuel was as high as 5–20%, which is far beyond the tolerance of the human environment [38].


Sanchez used temperature control to improve the efficiency of the microjet engines and reduce the amount of H2O2 fuel required. At a physiological temperature of 37 °C, only 0.25% H2O2 is needed to propel the microjets at 140 μm s−1, which corresponds to three body lengths per second [39].


Wang proposed that the bubble‐driven microrobot based on Ag and MnO2 can also show rapid movement when the H2O2 fuel concentration is as low as 0.1% [30]. However, the cytotoxicity test showed that 0.1% H2O2 still had the cytotoxicity that organisms could not bear. The concentration of H2O2 in the human body is lower than 0.002% [40], which makes H2O2 fuel a huge obstacle to the biomedical application of micro‐ and nanorobots. Wang also frankly said, if all molecular propulsion devices are built in the environment of an H2O2 solution, we really should be skeptical about the prospects of this field.


In addition, the self‐driving process of existing chemical micro‐ and nanorobots mostly produces or retains wastes that are not beneficial or even harmful to human body (such as H2 [41], CO2 [42], NH3 [43], Mg(OH)2 [44], and Pt [45], where excessive H2 may lead to gas thrombosis, acidic, or alkaline products may lead to local acid–base imbalance in the body, and residual materials will not degrade in the body [46, 47]). All these limit the practical application of chemical reaction‐driven micro‐ and nanorobots in the human environment. Therefore, fabricating chemical reaction‐driven micro‐ and nanorobots that can actually be self‐driven and zero waste in human tissue is still facing great challenges.


Our group has put forward the concept of chemical reaction‐driven micro‐ and nanorobots with zero waste, which cleverly utilizes the human body's own reaction (arginine reacts in the presence of ROS to obtain NO and citrulline). In this reaction, both reactants and products are substances beneficial to the human body [48], and NO can not only be used to provide driving force but also be used as a therapeutic agent for the treatment of cardiovascular diseases and cancer.


In order to further expand, we used another kind of human self‐reaction, that is, through cystathionine‐β‐synthetase and cystathionine‐γ‐lyase catalyzes L‐cysteine to produce H2S. H2S‐driven nanorobots with zero waste were prepared and used for the treatment of animal living cancer models. It is worth mentioning that in this system, H2S plays a composite role as a driving source and therapeutic agent [6].


The first proposal and successful preparation of these kinds of micro‐ and nanorobots, which obtain their driving force based on the human body's own chemical reaction, has opened a broad sky for the application of chemical reaction‐driven micro‐ and nanorobots in the biomedical field. It provides a good strategy for solving the current application dilemma of chemical reaction‐driven micro‐ and nanorobots in human tissue and should be paid attention to and promoted [49].


Another kind of chemical reaction‐driven micro‐ and nanorobots has a driving system with good biological safety and a corresponding safety promotion strategy and energy conversion mechanism, which is enzyme‐driven micro‐ and nanorobots. The enzyme‐triggered biocatalysis reaction they rely on usually takes place in a mild physiological environment and uses the substrate available in the physiological environment as fuel. Therefore, the enzyme reaction system of enzyme‐driven micro‐ and nanorobots has good biocompatibility.


Researchers of biomedical micro‐ and nanorobots are trying to find better driving systems with biological safety. Many micro‐ and nanorobot construction technologies that focus on biosafety have been applied. Zhang and coworkers reported an ultrasound‐driven red blood cell functional microrobot with a magnetic switch. The robot skillfully used the net magnetization caused by the asymmetric distribution in the cells formed by iron oxide nanoparticles loaded into red blood cells to achieve magnetic alignment and guidance under the propulsion of sound waves. It is worth mentioning that in this system, the erythrocyte membrane can not only protect iron oxide nanoparticles from the corrosion of coexisting ions (such as chloride and phosphate) in the blood but also significantly reduce the absorption of iron oxide nanoparticles by immune cells such as macrophages, thus providing the indispensable biocompatibility of microrobots in the actual biomedical application environment [50].








5.3 Biosafety of Autonomous Motion Behavior of Micro‐ and Nanorobots


In addition to the biosafety requirements for the substrate and power source of micro‐ and nanorobots, there may also be biosafety requirements for the motion behavior of micro‐ and nanorobots. What happens when a lively foal enters a Chinese shop? Can a normal cell accept the rapid autonomous movement of several or hundreds of micro‐ and nanorobots with strong autonomous movement ability in the cell? This obviously requires in‐depth study. Such unknown frontier scientific problems often breed opportunities for major breakthroughs. Especially for those biomedical micro‐ and nanorobots that have important application prospects in biological regulation, disease diagnosis and treatment, biomarkers, and other fields, in order to truly realize their practical applications, researchers must conduct comprehensive and in‐depth research and evaluation on their biosafety.


Micro‐ and nanorobots have autonomous movement behavior, so it will form mechanical impact on micro‐ and nanoscale. Whether such mechanical impact will cause biosafety problems for cells, tissues, and the biological environment is a very interesting and important research hotspot.


Cai reported a molecular transfer technology based on a nanotube probe. Driven by a magnetic field, nickel nanotubes loaded with DNA plasma containing the enhanced green fluorescent protein sequence were inserted into the target cells. This technology may provide a powerful tool for highly efficient gene transfer into a variety of cells, especially hard‐to‐transfect cells. The experimental results showed that under the driving of a magnetic field, the survival rate of cells punctured by nickel nanotubes with nanoscale mechanical impact did not change [51].


Fujita and Nelson also used the low‐intensity rotating magnetic field to accurately drive the artificial bacterial flagellas carrying plasmid DNA (pDNA) to successfully target in vitro and introduce into human embryonic kidney (HEK 293) cells, thereby successfully transfecting with the transported pDNA and expressing the encoding protein. Such functionalized artificial bacterial flagella did not affect cell division and migration after they were introduced into target cells through autonomous movement, which meant they were safe and harmless to cells [52].


Medina‐Sánchez and Schmidt reported a new type of hybrid microrobot based on customized microhelices, which was used to transfer sperm cells with motion deficiencies to the oocyte cell wall so as to help them carry out their natural function. Experiments showed that the manipulation behavior of microhelical robots on sperm did not significantly affect sperm cell viability [53].


Saini and Ghosh proved in more detail that the cellular internalization and subsequent intracellular manipulation of a system of helical nanorobots driven by small rotating magnetic fields with no adverse effect on the cellular viability were demonstrated [54].


Using the autonomous movement ability of micro‐ and nanorobots to do some destructive things cannot be simply attributed to its poor biosafety. For example, Miller and Zhou reported that chemical energy was converted into kinetic energy of iron pipe microdevices based on the contraction of R‐type bacteriocin to pass through the bacterial surface, thus killing bacteria [55]. This strategy cleverly uses the mechanical impact and destructive power of micro‐ and nanorobot to complete local medical treatment, which is exactly the phenomenon that micro‐ and nanorobot researchers hope to see.






5.4 Biosafety Evaluation Methods for Micro‐ and Nanorobots


Biosafety must be the cornerstone of the application of micro‐ and nanorobot technology. It cannot be overestimated. It is based on the safety of life. At present, the biosafety evaluation methods for micro‐ and nanorobots can fully draw on the evaluation methods of biomedical micro‐ and nanomaterials, including blood reaction, immune reaction, tissue reaction, and material reaction.


In particular, the impact of micro‐ and nanorobots on cell metabolism, in vivo metabolism, and gene expression should be considered, as well as the impact on human immunity and heredity. It will be a trend to introduce genomics, proteomics, and metabonomics technology platforms into the research of biomedical micro‐ and nanorobots.


Zhao and coworkers proposed that the absorption, distribution, metabolism, and excretion of biomedical nanorobots and their possible degradation products should be marked and detected in a variety of ways at the level of health and disease animal models, and the space–time distribution of biomedical nanorobots from entering to discharging living bodies should be mapped in detail. At the tissue level, in addition to traditional pathological sections, new technologies such as mass spectrometry–flow cytometry and single‐cell multiomics can be used to describe the distribution of cell types and affected signal pathways in detail. At the cellular level, the endocytosis pathways of biomedical nanorobots and their effects on inflammatory pathways, programmed death, and functional regulation pathways should be fully studied. The in‐depth study of this series of problems is not only a necessary link in the preclinical research of biomedical nanorobots but also an important method to evaluate the biosafety of nanomaterials in the environment and commodities [56].


At present, the main difficulties and problems in the biosafety research of biomedical micro‐ and nanorobots are that, on the one hand, the characterization of biomedical micro‐ and nanorobots still lacks scientific, systematic, and recognized methods and standards. On the other hand, there is no systematic, recognized, and universal evaluation index system for the biosafety evaluation of biomedical micro‐ and nanorobots, which also seriously affects the in‐depth research on the biosafety of biomedical micro‐ and nanorobots.


The key to the biosafety evaluation of biomedical micro‐ and nanorobots lies in the establishment of standardization, including materials, material production processes, chemical composition, surface properties, and even experimental objects. These factors will affect the safety evaluation results of biomedical micro‐ and nanorobots. The establishment of scientific evaluation standards and systems is of great significance to the safe application of biomedical micro‐ and nanorobots and the healthy development of related industries.
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6
Autonomous Motion Behavior






The driving of micro‐ and nanorobots is essentially an expression of energy conversion, which converts a variety of energies (such as magnetic energy, electrical energy, optical energy, and chemical energy) into their own kinetic energy for various types of specific motion forms, such as linear motion, circular motion, and helical motion. The autonomous movement ability of biomedical micro‐ and nanorobots shows great potential advantages in biomedicine. However, in view of the small size effect of micro‐ and nanorobots, especially the nanorobots, they need to have the ability to overcome the micro fluid dynamics that exist at low Reynolds number, which has become the focus of research. In addition, the influence of Brownian motion on the autonomous motion of nanorobots must be considered.


How to generate autonomous motion? Is it enhanced Brownian motion or autonomous motion? How to control autonomous motion? How to use autonomous motion? This will determine the possibility of clinical medical application of micro‐ and nanorobots. Furthermore, even if scientists have confirmed and accepted the autonomous movement of biomedical micro‐ and nanorobots, can this movement ability in the micro‐ and nanoscale world resist the macroflow of blood full of pressure and material rich in blood vessels? Can it improve the permeability of cell membranes or overcome gastrointestinal mucosal obstruction? Can it penetrate many physiological barriers, including the blood–brain barrier and the blood–spinal cord barrier? Therefore, it is very important to study the autonomous motion behavior of biomedical micro‐ and nanorobots (Figure 6.1).






6.1 Autonomous Motion Mechanism


Understanding the motion mechanism of biomedical micro‐ and nanorobots makes it possible to design micro‐ and nanorobots with specific motion functions according to medical needs and control and utilize their motion behavior to perform more complex tasks. This chapter will elaborate on the motion mechanisms of three types of biomedical micro‐ and nanorobots (biological, physical field‐driven, and chemical reaction‐driven types), focusing on the driving mechanisms that may be applied in the in vivo environment. Then, the very important trend behavior, classification, and related mechanisms are involved. Finally, the control methods and related progress of biomedical micro‐ and nanorobots' motion behavior are discussed.


  [image: Schematic illustration of research on autonomous motion behavior and mechanism of micro- and nanorobots.]



Figure 6.1 Research on autonomous motion behavior and mechanism of micro‐ and nanorobots.








6.1.1 Motion Mechanism of Biological Micro‐ and Nanorobots


Biological biomedical micro‐ and nanobots are mainly constructed based on natural cells with motion ability, so their main movement depends on the motion mechanism of natural cells in special environments. Here, the motion mechanisms of several representative natural cells, such as bacteria, sperm cells, and immune cells, are mainly described.




6.1.1.1 Bacteria


The motility of bacteria plays an important role in their survival, chemotaxis, and pathogenicity. The flagellar motors can drive the rotation of the bacterial flagella, which propels bacteria to swim in the liquid at a speed of up to 10 times the individual length per minute [1]. Escherichia coli (E. coli) is one of the most well studied bacterial systems, whose motility has been investigated in detail.


The movement patterns of E. coli mainly include running and tumbling. Each E. coli has an average of 4–10 flagella, and each flagellar motor can rotate in either a counterclockwise or clockwise direction. When all flagellar robots rotate counterclockwise, the flagella will gather into bundles and push the bacteria forward, which is called running motility. When one or more flagellar robots rotate clockwise, the flagella no longer form bundles and the bacteria begin to move in a tumbling manner. In addition, the flagella of bacteria are also involved in another movement pattern of swarming. That is, when bacteria are inoculated on the surface of the energy‐rich solid matrix, they will differentiate into swarming bacteria. Other movement patterns of common bacteria include gliding, twining, sliding, and darting [1].


Bacteria are sensitive to transient changes in chemical concentration gradients. It is generally assumed that they have a “short‐term memory” that can compare current and past stimulus concentrations to control their flagellum movement. In the isotropic environment, bacteria will move in a random walking mode, that is, they will swim for a distance in the direction of running motility, and then choose a new direction in the way of tumbling motility and run again. In an environment with a concentration gradient, they will keep running motility along the direction of the concentration gradient for a long time and a long distance while inhibiting the frequency of transition direction. However, when they are in an environment containing repellents, they will constantly tumble and choose new directions to stay away from the harmful environment.


There are abundant transmembrane receptors on the surface of the E. coli cell body, such as aspartate receptor (Tar), serine receptor (Tsr), ribose and galactose receptor (Trg), peptide transporter (Tap), and aerotaxis (oxygen‐sensing) receptor (Aer), which can bind to stimulants in the environment and transmit signals to downstream histidine kinase. Most of these receptors belong to the methyl‐accepting chemotactic proteins, which are the hub linking extracellular stimuli and the intracellular chemotactic transduction networks. As a small‐molecule second messenger, CheY plays a messenger role in the chemotactic transduction network. Its acetylation and phosphorylation states can affect its binding with other molecules and act on flagella motor protein to regulate the rotation direction of the motor and control the movement mode of the cell body [2].


The chemotactic signal transduction network of E. coli generally takes the receptor protein as the input of the network and changes its activity by detecting chemical signals. This change in activity will undergo an amplification process, thereby changing the phosphorylation level of the signal protein CheY in the bacteria. Phosphorylated CheY will act on flagella motor protein, increasing the probability of clockwise rotation of the motor and corresponding to the in situ overturning state of the cell body. When the concentration of phosphorylated CheY in the cell is too high, phosphatase will dephosphorylate it and speed up the system response [2].






6.1.1.2 Sperm


Sperm cells are guided to the ovum by the concentration gradient of chemical attractants. The whole process is called chemotaxis. In the past few decades, researchers have identified a variety of chemical attractants. Sperm can use a variety of sensing mechanisms to collect these signals and then undergo chemotaxis, thermotaxis, or rheotaxis to realize the fertilization process through the narrow fallopian tube [3].


Friedrich et al. pointed out that chemical attractants can bind to flagellum surface receptors, thus triggering a series of signal events such as the specific receptors on the flagellum membrane being activated when they bind to chemotactic molecules and beginning to produce cyclic guanine monophosphate (cGMP). Elevated cGMP can open potassium channels, leading to hyperpolarization of the flagella membrane. This hyperpolarization phenomenon can trigger the opening of voltage‐gated channels, leading to membrane depolarization [4]. The result of this signal cascade was a temporary influx of calcium ions along the length of the flagellum. Based onthe fluctuation of calcium ions, the waveform of flagellum beating can be adjusted and controlled so as to guide the sperm to swim to the ovum [5].


In addition to sensing the concentration gradient of chemical attractants, the movement of sperm cells in chemical attractant solutions is also an important part of its chemotaxis. Usually, the motility protein in the sperm flagellum can produce regular flagellum pulsations, thus promoting sperm. Some researchers pointed out that in the absence of chemical attractants, sperm can swim in a circle in two‐dimensional space and in a spiral in three‐dimensional space. Chemical attractants can stimulate the signal system in the flagellum and control the swimming of sperm by regulating the flagellum motor so as to complete the chemotaxis process [4].






6.1.1.3 Immune Cells


The migration of neutrophils to inflammatory sites has always been the focus of attention. This behavior has also been used by researchers to build microrobots with the ability to tend to inflammatory sites. The migration of neutrophils in inflammatory sites generally goes through the following stages: early recruitment stage, reaction amplification stage, and neutrophil migration and infiltration stage from the blood [6]. Among them, the migration process is very important for the chemotactic behavior of neutrophils. The precondition of migration is to establish a weak and transient adhesion between the neutrophils and the endothelial cells near the walls of postcapillary venules in the inflammatory tissue, which is conducive to the exposure of the luminal chemical attractants on the endothelial cells and in situ activation of neutrophils. At the luminal side of capillaries, neutrophils go through arresting, adhesion strengthening, intraluminal crawling, and paracellular and transcellular migration [6].


It is generally accepted that the adhesion cascade is mainly mediated by the selectin family (expressed on leukocytes and endothelial cells) and the integrin family (leukocytes). The activation of the endothelium is the decisive step in this process, which can occur in a rapid manner independent of protein synthesis, usually within a few minutes, contributing to the expression of prefabricated adhesion molecules on the cell surface and participating in the initiation of rapid adhesion of leukocytes and blood vessels [6].


Servant et al. proposed that the activation of chemotactic attractants induced cellular spatially localized signals can lead to the polymerization and polarization of actin in the pseudopodium of neutrophils, and cause them to move to the place of high chemotactic concentration. In this process, there was a periodic traction in the leading edge and the trailing edge of neutrophils, and neutrophils coordinated the leading‐edge adhesion and trailing‐edge desorption to ensure continuous movement [7].








6.1.2 Motion Mechanism of Physical Field‐Driven Micro‐ and Nanorobots




6.1.2.1 Magnetic Field‐Driving Mode


Moving charges generate a magnetic field, and the strength of the magnetic field is related to the charged amount, velocity, and acceleration of particles. In general, if electrons flow on a closed line, the magnetic moment vector m (A m2) can be defined according to the formula:
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in which I represents the flowing current (A), and A represents the included area (m2).


The types of magnetic fields can be divided into uniform magnetic fields and nonuniform magnetic fields according to whether the magnetic field in a specific area is completely consistent in size and direction, and can also be divided into magnetic fields generated by permanent magnets and magnetic fields generated by electromagnetic coils according to the source of magnetic field. The electron spin of a permanent magnet can be understood as the charge rotating around a certain region, so it has the minimum magnetic moment. In most materials, the spin is disordered and offset from each other. If most of the magnetic moments are spontaneously arranged in the material, the side material will produce a net magnetic moment, and it will also be a permanent magnet, such as room‐temperature nickel, cobalt, and iron.


The size and direction of the magnetic field can be described by the density and path direction of the magnetic flux lines. The magnetic flux density is expressed in B, and its unit is Tesla (T). Magnetic materials in the magnetic field will be affected by magnetic force (F) and magnetic moment (T), which can be expressed as follows:
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in which ∇B is the magnetic flux density, and it always points to the areas of greatest magnetic flux density.


The magnetic force acting on the magnetic material in the magnetic field is a function of the magnetic flux density gradient, and the magnetic moment is a function of the magnetic flux density. Therefore, controlling the distribution of magnetic field intensity and gradient in the magnetic field is very important for controlling the movement of magnetic materials. It also means that magnetic field‐driven micro‐ and nanorobots with a magnetic moment can either be pulled by the magnetic field gradient or guided to move along the magnetic field line. Due to the effect of magnetic moments, the magnetic field‐driven micro‐ and nanorobots may be guided move in a direction parallel to the uniform magnetic field. When there exists a gradient intensity of the magnetic field, the magnetic field‐driven micro‐ and nanorobots can be tilted to its propulsion direction (Figure 6.2a) [8].


When the electromagnetic coil is used as the power source, different kinds of magnetic fields may be generated, including gradient magnetic fields, oscillating magnetic fields, and rotating magnetic fields. Using the magnetic field generated by the electromagnetic coil can not only simply and quickly adjust the size and direction of the magnetic field, but also obtain the magnetic field in any direction in three‐dimensional space by using the coupling of multicoil magnetic fields. Therefore, it has been paying more attention to the control of micro‐ and nanorobots. When there is a gradient intensity in the magnetic field, the magnetic force affecting the robots will generate and attract them to move along the magnetic direction. At the same time, in the gradient magnetic field, the direction of the magnetic field can be changed by the superposition of magnetic fields generated by multiple coils or by changing the current in the coils, so as to change the force direction of the robots. In addition, the electromagnetic coil can also generate an oscillating magnetic field with periodic changes in size and direction, which can control the periodic change of the shape of the robots with the change of the magnetic field in the oscillating magnetic field so as to realize specific functions. Further, by using several different Helmholtz coils, a rotating magnetic field can be constructed whose magnetic field vector rotates completely and continuously around the axis, so as to better control the spiral robots [12]. It is generally believed that the uniform rotating magnetic field cannot directly exert magnetic force on the robots but can generate torque on them, so as to push them into spiral propulsion.
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Figure 6.2 (a) The motion of the magnetic micro‐ and nanorobots was controlled by controlling the distribution of magnetic field intensity and gradient in the magnetic field.


Source: Erb et al. [8]/with permission of John Wiley & Sons. (b) Self‐thermophoresis of Janus mesoporous silica nanorobot under NIR radiation.


Source: Xuan et al. [9]/with permission of American Chemical Society. (c) Ultrasound‐driven metallic microrod robot.


Source: Wang et al. [10]/American Chemical Society. (d) The acoustic actuation of a nanorobot and the microvortex advection of a nanoparticle.


Source: Balk et al. [11]/with permission of American Chemical Society.










6.1.2.2 Photic Driving Mode


According to the materials used in the photic‐driven micro‐ and nanorobots, researchers have different explanations for the photic‐driven mechanism. On the basis of the different response properties of photosensitive materials (such as photothermal materials, photosensitive materials, or photocatalytic materials), photic‐driven micro‐ and nanorobots under light conditions may generate temperature gradients, solute concentration gradients, or local electric fields. All of the above may lead to the autonomous motion of robots via self‐thermophoresis, self‐diffusiophoresis, or self‐electrophoresis [13].


Specifically, most photothermal materials under NIR light irradiation move by a self‐thermophoresis mechanism. However, when materials with photocatalytic properties are irradiated by UV or visible light, they will generate a local electric field or the osmotic pressure caused by electrolytes with different diffusion speeds, thus driving the micro‐ and nanorobots to move. Considering the feasibility of in vivo application, NIR with strong penetration ability is more likely to be applied. The driving mechanism of self‐thermophoresis caused by NIR light irradiation will be primarily discussed in detail.


Some noble metals, such as gold nanoparticles, can generate plasma resonance absorption in the NIR optical region and convert the absorbed photons into heat energy via the photothermal effect, resulting in local temperature changes. For spherical nanoparticles symmetrically coated with photothermal materials, they only show enhanced Brownian motion under the irradiation of NIR light since the increase in the temperature is symmetry rather than a directional gradient.


However, for micro‐ and nanorobots with asymmetric structures or when their dispersed solutions are under the irradiation of the directional NIR, the ambient temperature gradient will be established and the surface tension of the liquid in the corresponding area will be changed. The liquid with low surface tension will move toward the area with high surface tension along the gradient of tension change, resulting in the local liquid flow and driving the movement of micro‐ and nanorobots (Figure 6.2b) [9]. Micro‐ and nanorobots driven by self‐thermophoresis can overcome Brownian motion, and their MSD is significantly greater than that of particles propelled by Brownian diffusion. Due to the size effect, microrobots and nanorobots are differently affected by Brownian forces, so they will show different motion states.


For nanorobots (taking gold nanoparticles as an example), Janus gold nanoparticles with an asymmetric structure will absorb electromagnetic waves to stir up the plasma excitation of electrons, and the gold nanoparticles will be heated within about 300 ps [14]. The theoretical temperature distribution of nanoparticles from the far end to the local vicinity can be calculated by the thermal diffusion equation:
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in which ρ(r) represents the mass density, c(r) represents the specific heat, k(r) represents the thermal conductivity, Q(r, t) is the energy source stimulated by laser, hc is the convection coefficient of heat transfer, A is the area for the heat transfer, and dT is the temperature difference between the surface and the bulk fluid.


This equation can give a theoretical estimate of the temperature rise of the Janus nanoparticle. The increase in local temperature around gold nanoparticles is proportional to their volume:
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where d is the thickness of gold, and R is the radius of Janus particle.


According to the theoretical simulation results, there is an instantaneous temperature rise of up to 200 °C at the interface between the Janus particles and water. The water at the interface is wrapped around the Janus particles in the form of a steam layer. The steam gas layer on the side covered by Au generates a thermophoretic force, while on the other side without gold, the steam layer will reduce the viscous force. The velocity of Janus particles is controlled by the Langevin equation of motion [15].


In addition, the thermophoretic force of small particles is also stronger than that of large particles, usually because of the temperature gradient quantification to the unbalanced collision between the hot side and the cold side. The free zone around the small nanoparticles is limited, and only a limited number of particles can collide with the particle surface. Therefore, for the small particles, it is less likely that the opposite collision will offset each other because the fluctuation of particle number around the small particles is stronger than that around the large particles. Based on this, Janus nanoparticles will be pushed to the cold side by the molecules around the gold nanoparticles on the hot side [15].


For microrobots, because their particle size is much larger than the gas mean‐free path (0.066 mm), their Brownian motion can be ignored. The thermophoresis mechanism of microrobots can be divided into spherical particles and tubular particles. For the Janus microrobots, when they are under the irradiation of NIR light, the asymmetric gold nanoparticles also generate asymmetric heat sources, and the thermophoresis force drives the movement of the robots. In the situation, the motion trajectory is not a random zigzag but generally smooth, which means that the Brownian motion is suppressed [16]. Asymmetric microtubes with a uniform distribution of gold nanoparticles can also move at a high speed under NIR light. The thermophoretic force of such asymmetric microtubes is about 100 times that of Janus particles. Lin et al. pointed out that because the length of the microtube is greater than the wavelength of the laser, the microtube is like a microwave oven. The electromagnetic wave will oscillate in the tubular gold film in the form of a standing wave, enhancing the adsorption of photons. The heat generated by the plasma resonance will generate a local temperature gradient inside and outside the cavity, and the liquid water around the cavity will become nanobubbles wrapped on the inner surface of the heat pipe, which in turn enhances the buoyancy of the microtube. The steam molecules near the inner and outer surfaces randomly collide with the asymmetric microtube surface. Although the thermophoresis forces on the outer and inner surfaces are perpendicular to the tubular surface, they are in the opposite direction. The water molecules near the inner wall have a higher temperature than those near the outer wall, and thus a higher thermal penetration force will be generated. The sum of these two thermophoresis forces leads to a net resultant force pointing to the front opening along the longitudinal axis, and drives the microtubes to move [15].






6.1.2.3 Ultrasonic Field‐Driving Mode


Ultrasonic has huge energy, and the short‐term ultrasonic treatment does not cause obvious damage to organisms. Therefore, the ultrasonic can be used as a power source to drive the micro‐ and nanorobots without direct contact with the robots, which provides a wide range of application scenarios. The principle of an ultrasonic field acting on an object roughly includes the following processes: When an object (microbubble or solid particle) is suspended in a fluid, and an ultrasonic field is applied, the suspended object will be subject to several stable hydrodynamic forces. There is an interaction between ultrasonic force and the object. Due to the different acoustic characteristics (density and compressibility) of the objects, they will be in different states such as suspension, aggregation, mutual attraction, or rotation.


The acoustic force can be divided into primary radiation force (PRF) and secondary radiation force. The former is the main force of the acoustic field and is responsible for the migration or aggregation of particles in some areas, while the latter can make particles repel and attract each other, or sometimes form a stable multiparticle structure. In two plane standing wave fields with the same wavelength and opposite directions, the PRF acting on ideal compressible spherical particles can be calculated by formula. It is generally considered that the particle volume is proportional to the acoustic pressure amplitude. When particles are close to each other, secondary radiation forces play an important role in the acoustic manipulation. Generally speaking, for two ideal particles, secondary radiation force, depending on the properties of particles (attraction or repulsion), is proportional to the acoustic pressure amplitude and particle volume, and is inversely proportional to the distance between particles [17].


Based on the above basic principles of ultrasound, researchers have constructed a series of micro‐ and nanorobots driven by ultrasound. Wang et al. reported the first micro‐ and nanorobots driven by ultrasound in 2012 (Figure 6.2c). They put the micron‐level Au–Ru bimetallic rods in the ultrasonic field – the rods suspended to the node plane under the action of the main radiation force generated by the ultrasonic field. At the point of strong ultrasonic force, some microrobots can gather on the node and spin fast in a circular motion near the node. The speed of the microrobots on the suspension plane can reach 200 μm s−1. And in the resonant node plane, the microrobots can perform specific trajectories, such as chains, rings, and so on. The researchers pointed out that this movement was not simply driven by the fluid convection but by autonomous rapid movement in different directions. They found that the shape of the micro‐ and nanorobots had a great impact on the direction and speed of their axial movement and proposed that a critical density (or acoustic contrast) was needed for acoustic propulsion. That is, when the shape and size are similar, the bimetallic rods can respond to acoustic movement, while the polymer rods cannot [10]. On the basis of the shape asymmetry of the metal nanorods, researchers proposed a self‐acoustophoresis mechanism to explain this axial random propulsion phenomenon [10]. However, considering that the sound wavelength was about 100 times the size of particles, this mechanism was not reasonable. The researchers also developed a new theory in which the metal rod was simulated as an axisymmetric near‐sphere in the standing sound wave. They regarded the particle as a rigid body moving in a uniform oscillating velocity field, which caused the so‐called stable flow on the particle surface. By integrating the flowing stress on the surface, the shape asymmetry of the particle can generate the propulsion force [18].


Furthermore, in addition to the circular spin motion in the ultrasonic reaction chamber, the micro‐ and nanorobots also spin rapidly along the axial direction under the action of ultrasonic‐driven eddy current. When contacting the microrobots moving in the same direction, they will assemble into a chain shape under the action of eddy current and spin rapidly around the axis (Figure 6.2d) [11]. Surface acoustic streaming may be used to explain the rotation chain of metal microrods formed by acoustic propulsion [19].








6.1.3 Motion Mechanism of Chemical Reaction‐Driven Micro‐ and Nanorobots


Micro‐ and nanoparticles usually have several fluid layers fixed on their surface by van der Waals force, forming the no‐slip condition. Outside this fixed layer, charged particles are usually surrounded by a mass of counter ions to form an interface. The thickness of the interface layer is determined by the surface charge of the particles and the local ionic strength of the medium, which is denoted by the Debye length (κ−1 by convention) of the particles. Generally speaking, without the action of an external field, each particle and its interface layer are electrically neutral and in equilibrium. They can move through various external fields, and most of the motion mechanisms involve the generation of some kind of asymmetric force field around particles. Under the action of the local force field pair, the movable ions in the interface layer of each particle move and cause the liquid to flow, causing the particles to drift in the opposite direction. This movement is caused by the force acting on the interface layer of the particle rather than the force acting on the particle body, which is generally called electrophoretic movement. The general motion mechanism of chemical reaction‐driven micro‐ and nanorobots is to use chemical reaction to establish an asymmetric field around them to make them move autonomously. According to the form of an asymmetric field, the motion mechanisms of chemical biomedical micro‐ and nanorobots mainly include self‐electrophoresis, self‐diffusiophoresis, and bubble‐propulsion mechanisms.




6.1.3.1 Self‐Electrophoresis Mode


The migration of charged particles in external electric field is called electrophoresis, which describes the transport of micro‐ and nanoparticles in liquid medium. The migration velocity (U) of charged particles in an electric field (E) is generally determined by the Smoluchowsky equation:
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in which ζrod represents zeta potential of the surface, ε denotes the permittivity of a medium, and μ represents the dynamic viscosity of water [20].


In contrast to the ordinary electrophoresis method, some particles will not react to the external electric field but generate a local electric field in the solution with chemical substrate and drive themselves under the influence of the local electric field, which is called self‐electrophoresis.


The micro‐ and nanorobots driven by self‐electrophoresis mechanism is generally a bimetallic system with one metal as the anode and another metal as the cathode. It can form a local electric field through the asymmetric distribution of positive and negative ions generated during the chemical reaction. The micro‐ and nanorobots move autonomously in response to this spontaneous local electric field, which is essentially generated by electrochemistry (Figure 6.3a) [21]. For instance, Wang et al. dispersed Pt–Au bimetallic nanorods in H2O2 solution. The oxidation of H2O2 preferentially occurred at the Pt end and the reduction of H2O2 (and O2) preferentially occurred at the Au end. The Pt end of the bimetallic nanorod can be used as an anode to oxidize H2O2 into O2, H+, and electrons, and the Au end can be used as a cathode to reduce O2 and H2O2. This bipolar electrochemical reaction resulted in a higher proton concentration near the Pt end and a lower proton concentration near the Au end. The flow of electrons between the two ends of the nanorod provided power for the flow of electrons parallel to the nanorod [21].


In addition to rod‐shaped bimetallic micro–nanorobots, researchers are also committed to developing micro‐ and nanorobots with other morphologies based on self‐electrophoretic driving mechanism. Gibbs et al. prepared bimetallic spherical particles and studied their motion behavior by systematically changing the exposed gold surface area [24]. And by building half a gold layer on a Pt‐coated microsphere, Catchmark et al. built a self‐electrophoretic‐driven microrobot and demonstrated that breaking the symmetry of the robot's shape could introduce torque to make it turn [25]. In addition to hydrogen peroxide, Ibele et al. developed other fuel systems that can build self‐electrophoretic mechanisms, For example, hydrazine (N2H4) and its derivative Asym‐N,N‐dimethylhydrazine (N2Me2H2) can be oxidized or reduced by Au and Pt to cause electron flow [26]. As well, I2 or Br2 solutions can generate electron flow under Cu–Pt nanorod catalysis [27].


  [image: Schematic illustration of (a) The microrobot with a metal anode and a cathode has a self-electrophoresis mechanism. (b) The Au-SiO2 Janus robots can initiate movement depending on the concentration gradient of nonelectrolyte.]



Figure 6.3 (a) The microrobot with a metal anode and a cathode has a self‐electrophoresis mechanism. Source: [21]/with permission of American Chemical Society. (b) The Au‐SiO2 Janus robots can initiate movement depending on the concentration gradient of nonelectrolyte.


Source: Pavlick et al. [22]/with permission of John Wiley & Sons. (c) Promotion mechanism of NaHCO3 aqueous solution on the motion of Mg‐based microrobot.


Source: Mou et al. [23]/with permission of John Wiley & Sons.










6.1.3.2 Self‐Diffusiophoresis Mode


Diffusiophoresis is a phenomenon of particle movement driven by a solute concentration gradient. It is generally divided into two categories: electrolyte diffusiophoresis (charged ions) and nonelectrolyte diffusiophoresis (uncharged molecules). In general, chemical reactions on the surface of micro‐ and nanorobots consume reactants and produce products, resulting in concentration gradients of products that in turn provide driving power for micro‐ and nanorobots. When this concentration gradient is generated by the robot itself, it is considered self‐diffusiophoresis.


Specifically, the self‐diffusiophoresis mechanism refers to the mechanism that drives the movement of the micro‐ and nanorobots through the asymmetric chemical concentration gradient field existing in the system. When the catalyst (or reactant) is asymmetrically distributed on the micro‐ and nanorobot, the product accumulates on the side with more catalyst (or reactant), resulting in an asymmetric product concentration gradient on the surface of the micro‐ and nanorobot. The local product concentration at one end of the catalyst (or reactant) is high. When the concentration gradient is accumulated to a critical value, the diffusion of the product can cause the micro‐ and nanorobots to move away from the catalyst (or reactant).


Micro‐ and nanorobots powered by self‐diffusiophoresis formed by electrolyte diffusion generally produce small forces, but have high ion tolerance. The earlier reported micro‐ and nanorobots based on this mechanism are photocatalytic silver chloride particles. Under UV irradiation, silver chloride particles reacted with water to produce H+, Cl−, and hypochlorous acid on their surface. As the diffusion rate of H+ was much higher than Cl−, an inward electric field would be generated to produce electrophoresis of the particles and electroosmosis along the wall due to the asymmetry of the particles themselves. The local electric field formed by the uneven electrolyte concentration around them can drive them to move in a directional direction [28].


The concentration gradient of nonelectrolyte can also cause the movement of nanorobots. The force generally comes from the spatial repulsion generated by the interaction between solute and particle surface, and the pressure gradient is generated along the nanorobots. The asymmetry of nanorobot composition, morphology, or reaction rate may lead to the asymmetric distribution of chemical substances, thus breaking the symmetry of pressure distribution and promoting the movement of nanorobot. Pavlick et al. constructed the Au‐SiO2 Janus nanorobot with an asymmetric structure and modified the Grubbs' ring‐opening metathesis polymerization catalyst on the SiO2 side, which can consume the monomer in the solution, while the other side does not. As a result, a monomer concentration difference was formed on both sides of the nanorobot, fluid flowed from the side with low monomer concentration to the side with high concentration, and then the nanorobot moved in the opposite direction (Figure 6.3b) [22].


Many enzyme‐driven micro‐ and nanorobots are based on this above mechanism. He and his collaborators built nanoflask robots loaded with GOx and catalase. The cascade reaction of GOx and catalase in nanoflask robots in glucose solution can promote their movement in the way of “self‐diffusiophoresis.” The main process is as described in the following [29].


In the glucose solution, the GOx loaded on the nanorobot can catalyze glucose to produce gluconic acid and H2O2. The reactant glucose and the product gluconic acid formed a local concentration gradient around the nanorobot. As glucose and gluconic acid had similar diffusion rates, the local concentration gradients spontaneously generated around the nanorobot were the same in size and opposite in direction. Therefore, the self‐driving speed of the nanorobot was approximately:
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in which α is the diffusiophoretic factor, and ∂c is the self‐generated glucose acid local concentration gradient.


The Wang group focused on the details of ion‐driven micro‐ and nanorobots and proposed a universal method for distinguishing the speed and cluster behavior of micro‐ and nanorobots with different motion mechanisms (mainly self‐diffusiophoresis and self‐electrophoresis). They pointed out that the self‐diffusiophoresis micro‐ and nanorobot is essentially an ion source, so it can continuously increase the ion concentration in the surrounding environment during the moving process. As the ions shield the electric field, the higher the particle density of the self‐diffusiophoresis micro‐ and nanorobot, the slower its speed will be, and the growing large clusters will be formed. However, as the rate of generation and consumption of ions is almost the same, the self‐electrophoresis micro‐ and nanorobots will not change the concentration of surrounding ions. Therefore, no matter what the particle density is, its speed is basically unchanged, and dynamic clusters with limited size will be formed. Therefore, by observing the speed of micro‐ and nanorobots under different particle densities and their agglomeration processes, researchers can easily and accurately distinguish micro‐ and nanorobots driven by two mechanisms. They also proposed that this rule is not sensitive to the specific material composition (metal, polymer, or oxide), shape (ball or rod), or size (micron or nanometer) of the micro‐ and nanorobots, and is expected to be applied to predict the dynamics of unconventional ones that are yet to be experimentally realized, even those involving enzymes [30].






6.1.3.3 Bubble Mode


The propulsion caused by the reverse thrust generated by bubbles is also a widely studied mechanism to promote micro‐ and nanorobots. Asymmetric catalysts (or reactants) are used to catalyze the substrate of the chemical reaction (or react with the substrate) to produce gas. Through the nucleation and growth of bubbles, they are finally separated from the surface of micro‐ and nanorobots and generate momentum changes, driving the micro‐ and nanorobots to move in the opposite direction. The bubble‐driving mode is less affected by the ionic strength in the system and has higher driving ability and driving speed [31]. Catalyst Pt can catalyze substrates such as H2O2 to produce gas O2, which is one of the reactions commonly used to build bubble‐driven micro‐ and nanorobots. Its main mechanism is that molecular oxygen diffuses from the surface of the catalyst, and then O2 bubbles nucleate on its surface and continue to generate according to the surface curvature and particle size. The bubbles expand and recoil, replacing the fluid mass near the particles, providing jet force, and driving the micro‐ and nanorobots forward [32]. At present, micro‐ and nanorobots with different shapes (such as rods, tubes, and spheres) based on this mechanism have been developed. In addition to Pt, catalase, manganese dioxide (MnO2), and other catalysts catalyze the decomposition of H2O2 to produce O2 bubbles, which are also used to promote the movement of micro‐ and nanorobots [33].


In addition to the catalytic reaction, the micro‐ and nanorobots based on the principle that active metals (such as magnesium, zinc, and aluminum) react with acid or water to produce H2 bubbles also move based on the bubble‐driving mechanism. Such micro‐ and nanorobots are mostly obtained by constructing asymmetric structures (such as the Janus structure) on the surfaces of active metal balls. The surrounding medium reacts with active metals, producing a large number of bubbles on one side, and generating thrust during disengagement, thus promoting the robot's movement [34].


The reaction between active metals and acids is easy to occur. The general condition is to simulate the gastric juice environment, which can continuously produce H2 bubbles to promote the high‐speed movement of micro‐ and nanorobots. In contrast, the reaction between active metals and water is easily interfered with by factors that hinder the reaction. For example, the reaction between Mg and water may form a passivation layer as a result of the accumulation of Mg(OH)2 generated by the reaction, and bubbles cannot be generated continuously.


In order to solve this problem, Gao et al. coated a layer of gold on the surface of Mg balls. In the presence of electrolyte Cl−, due to the synergistic effect of the macroscopic corrosion and pitting corrosion processes, Mg‐based microrobots can continuously produce bubbles under seawater conditions. The possible principle was that, after immersion in seawater, such robots could form a short‐circuit galvanic cell. The Mg–Au system had a large electrochemical potential difference, so Mg would experience a faster corrosion rate [35]. Zheng found that aggressive anionic species, such as chloride, can penetrate the passivation layer and accelerate the above reaction [36]. Mou et al. pointed out that NaHCO3 aqueous solution can quickly dissolve the passivation layer, continuously expose the nonreactive surface of Mg‐based microrobot, and make it continue to generate bubbles to promote movement of Mg‐based microrobot (Figure 6.3c) [23]. Actually, the most important thing for clinical medicine is how to use the physiological environment in the body to build a lively metal‐based micro‐ and nanorobot with sustainable movement.


It is worth mentioning that most researchers are committed to building the asymmetry in the morphology of micro‐ and nanorobots to obtain the ability of directional motion. However, the use of asymmetric environments can also provide a mechanism for micro‐ and nanorobots to generate directional motion, such as the concentration gradient field of some substances in the microenvironment of diseased tissue.










6.2 Trend Behavior Mechanism


Trend behavior refers to the object's ability to sense changes in the surrounding environment (usually the vector field given by the signal source) and move to or away from a specific position accordingly. In nature, many organisms can perceive the changes in the surrounding environment according to the gradient field given by the signal source, such as insects flying to the light source in a dark environment. Escherichia coli can transmit signals to the flagella motor through the phosphorylation of diffusion reaction regulating proteins according to chemical effects. And green algae can swim to the light source (positive phototaxis) to obtain more energy for photosynthesis, or swim away from the light source (negative phototaxis) to avoid radiation damage or avoid predators. Inspired by this, researchers gradually build micro‐ and nanorobot trend systems that can respond to different environments.


The micro‐ and nanorobot with tendentiousness will interact with its own signal source environment and autonomously perceive the signal source, resulting in movement toward or away from the signal source. The trending micro‐ and nanorobots in the vector field (such as magnetic field, flow field, and chemical concentration gradient) have a certain effective potential energy (Ut), and will move toward or away from the signal source to reduce the total potential energy [37]. As stated in the formula:
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in which Ut is determined by the attributes of vector field and micro‐ and nanorobot itself, μ(x) represents the effective potential energy of the gradient field, which depends on the relative position X of the signal source, and Sm represents the response parameters of the micro‐ and nanorobot to the vector field.


The effective potential energy of the micro‐ and nanorobot at the signal source is recorded as zero, and the trend direction is determined by the symbol of Sm: when Sm is positive, the micro‐ and nanorobot will show a positive trend and move toward the signal source; otherwise, it will show a negative trend and move away from the signal source. For particles with micro‐ and nanosize, their own motion will be affected by Brownian rotational diffusion, which is usually related to Brownian rotational diffusion coefficient:
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in which kBT represents thermal energy, η represents the viscosity of liquid, and R0 is the radius of particles [38]. The random rotation caused by Brownian motion will make the symmetry axis of the micro‐ and nanorobots deviate from the gradient direction of the vector field.


For micro‐ and nanorobots with different properties, different signal sources will show different chemotaxis. For example, anisotropic (asymmetric) micro‐ and nanorobots usually encounter direct or indirect interaction of the vector field in an uneven signal source environment. When its axis of symmetry is consistent with the direction of the vector field, the micro‐ and nanorobot will obtain directional thrust and generate directional motion to approach or away from the signal source. When a certain deviation angle is generated, the micro‐ and nanorobots will produce a torque M to maintain their orientation and constantly adjust their direction to align the axis of symmetry with the vector field to continue directional movement. For isotropic micro‐ and nanorobots, the chemotaxis direction is basically determined by the vector field, and Brownian rotation has little effect on this process [39].


According to different signal sources, the trend system can generally be divided into phototactic systems, magnetotactic systems, chemotactic systems, gravitaxis systems, rheotaxis systems, etc. We will focus on the basic principles of magnetotactic, phototactic, and chemotactic systems according to several signal sources that may be used in vivo.




6.2.1 Magnetotactic System


Magnetotactic bacteria can arrange magnetic nanoparticles in cells in the form of linear chains under the condition of a magnetic field, so as to produce permanent magnetic dipoles, which enables them to actively perceive the magnetic field and coordinate their movement. This process is called magnetotaxis. Inspired by this, researchers constructed a series of synthetic magnetotactic systems that can respond to the magnetic field and realize different movement modes.


Understanding the influence of magnetic anisotropy was the basic condition for controlling the motion of magnetotactic micro‐ and nanorobots. Peters et al. believed that magnetic anisotropy generally describes the phenomenon that the magnetic moment of an object tends to be arranged along the easy axis, which is the beneficial direction of the energy of spontaneous magnetization. Generally speaking, if a magnetic spiral microrobot is exposed to a magnetic field, it will magnetize along the easy axis (usually the long axis) and then align with the magnetic field. When they are placed in a rotating magnetic field, spiral microrobots generally do not do spiral motion, but tumble motion. On the other hand, if the spiral microrobot can be magnetized along the short axis, it will spiral around its long axis in the rotating magnetic field [40].


On the basis of this principle, Nelson and coworkers discussed the role of embedded magnetic nanoparticles and overall shape anisotropy in determining the magnetic properties of reconfigurable microstructures. They pointed out that the size of the magnetic easy axis depended on the competition or cooperation between the anisotropy of the magnetic nanoparticle assembly chain and the anisotropy of the reconfigured shape, and they proved that the reconfigurable swimming microbody encoded by shape‐invariant magnetic compliance can maintain the same motion mode without changing the shape, and through the coordination of shape reconfiguration and shape‐variable magnetic tropism, a single robot can achieve a variety of motion modes [41].


Schattling et al. proposed that a magnetotactic microrobot can be subjected to a horizontal force in a gradient magnetic field and move toward the region with a stronger magnetic field, and the strength of the force was linear with the total magnetic moment and the magnetic field gradient of the microrobot, and the microrobot can be accelerated in the direction of the magnetic field gradient, resulting in ballistic drift along the magnetic field gradient (Figure 6.4a) [42]. Santomauro et al. proposed that in a uniform magnetic field generated by permanent magnets, magnetized magnetic microrobots can be passively arranged and swim toward the magnet in one direction, showing a magnetotactic behavior similar to magnetotactic bacteria, that is, passively align with the magnetic field line and actively swim toward the magnet [46].






6.2.2 Phototactic System


Phototaxis refers to the ability of an organism to perceive the direction of light, and according to the characteristics of light intensity, nutritional state, and so on, the organism can approach (positive phototaxis) or move away from (negative phototaxis) light sources. In nature, this phototactic ability can benefit microorganisms by enabling them to obtain more food or avoid harm. Both natural light sources and artificial light sources have controllable directivity, so vector fields can be established according to needs. Researchers have also developed a series of trend systems based on light control, in order to simulate the trend behavior of microorganisms in nature and achieve the purpose of guiding the artificial synthesis of micro‐ and nanorobots.
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Figure 6.4 (a) The assembly of the magnetic swimmer robot and its magnetotactic behavior.


Source: Schattling et al. [42]/with permission of American Chemical Society. (b) Light‐steered isotropic semiconductor microrobots.


Source: Chen et al. [43]/with permission of John Wiley & Sons. (c) Chemotactic behavior of enzyme molecules.


Source: Sengupta et al. [44]/with permission of American Chemical Society. (d) Tubular and spherical microrobots exhibited similar chemotactic behavior in environments with substrate concentration gradient.


Source: Baraban et al. [45]/with permission of John Wiley & Sons.






The trend mechanism of micro‐ and nanorobots with different structures and substrates will be different under light conditions. The majority of micro‐ and nanorobots commonly used to build artificial synthetic phototactic systems are anisotropic micro‐ and nanoparticles. At present, many proposed phototactic mechanisms of micro‐ and nanorobots mainly include self‐electrophoresis and diffusiophoresis.


The Tang group designed a kind of microrobot based on a photocathode and a photoelectric anode, which can trigger photochemical reactions under light conditions (UV light), produce anions and cations at both ends of the microrobot, resulting in an asymmetric distribution of the generated particles, and form self‐electrophoresis, so as to promote the movement of the microrobot and realize phototaxis (including positive phototaxis and negative phototaxis). Thus, the behavior of natural phototaxis algae was simulated [47]. The specific mechanism included that when TiO2 nanowires (head) were used as photoanodes, silicon nanowires (tail) were used as photocathodes, and H2O2 was used as electron–hole scavenger‐coupling systems, the following reactions occurred in the head and tail under light conditions:
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The electrons and holes on the head and tail interfaces recombined. The ions had low mobility in the solution, and the charges could be quickly balanced. Therefore, a local electric field was formed around the microrobot, making it move in this spontaneous electric field by self‐electrophoresis. According to this mechanism, a robot with positive or negative phototaxis can be constructed by adjusting the different modification components of the head and tail of the microrobot. They also pointed out that if the head and tail of the whole microrobot are positively or negatively charged, it will show positive phototaxis, while if the head and tail of the microrobot have different charge polarities, it will show negative phototaxis.


Bechinger and coworkers proposed a phototaxis microrobot based on diffusiophoresis, which breaks the axial symmetry of the diffusiophoresis speed around the particles in the nonuniform light field so as to respond to the external light gradient and generate diffusiophoretic torques, resulting in the arrangement of particles and the directional movement along the light intensity gradient, so as to achieve phototaxis [48].


Zhang and coworkers constructed an isotropic microrobot and proposed that the phototaxis mechanism of this kind of microrobot was based on simple isotropic semiconductor particles that took advantage of the limited penetration depth of light to induce asymmetrical surface chemical reactions, which in turn induced concentration gradients of photocatalytic products to propel the micro‐ and nanorobots. Further, the micro‐ and nanorobots were allowed to continuously move with both motion direction and speed precisely controlled by light, which induced a net concentration gradient of photocatalyzed products, independent of the random rotation of themselves (Figure 6.4b) [43].


Further, they studied the phototaxis mechanism of this kind of microrobot in detail. Their team used theoretical simulation to obtain the propagation depth of UV light inside the TiO2 microrobot and found that the intensity of UV light decreased exponentially with the increase of propagation depth. As a result, the O2 molecules produced by the decomposition of substrate H2O2 by the microrobot were concentrated on the illuminated hemispherical surface, which was determined by the direction of illumination and had nothing to do with its own rotation. This osmotic O2 gradient (∇C) formed around the microrobot can generate a local fluid flow to drive the microrobot to flow toward the region with low O2 concentration in the form of velocity U. According to the following diffusiophoresis model [43]:
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in which k represents the Boltzmann constant, T denotes the temperature of the solution, η is the viscosity of the fluid, and K and L are the absorption strength (Gibbs' absorption length) and the length of the solute‐surface interaction, respectively.


They also pointed out that the phototaxis of this isotropic microrobot was very dependent on its size. The size was too small (such as 0.4 μm), the phototactic effect cannot be observed because UV light can strongly penetrate particles. If the size is too large (such as 3.5 μm), the phototaxis may not be reflected because the thrust of the chemical concentration gradient cannot overcome the strong static friction between the particles and the substrate. This mechanism may provide a subversive strategy for the design of trend micro‐ and nanorobots, simplify the manufacturing process (without special construction of asymmetry), and enrich the design strategy of trend system.






6.2.3 Chemotaxis System


Chemotactic behavior is the ability of organisms to sense the concentration gradient of surrounding chemicals and respond, such as the process that bacteria and immune cells can approach or leave along the concentration gradient of chemical attractants. Directional migration in response to specific chemical signals is crucial in biological systems. Chemotaxis enables living cells to protect themselves, exchange chemical signals with the environment, transport goods, and coordinate collective behavior. Inspired by these phenomena, researchers have developed a series of synthetic chemotactic systems to simulate the behavior of organisms, especially immune cells in vivo, and hope to achieve targeted drug delivery through positive chemotaxis.


The chemotactic behavior studied earlier is based on the molecular scale chemotaxis of enzyme molecules. Sengupta et al. studied the chemotactic form of enzyme molecules (such as catalase and urease) in the direction of a substrate concentration gradient, and found that the enzyme molecules can diffuse to the region with a higher substrate concentration. This enhanced diffusion movement made the enzyme molecules show collective directional diffusion (chemotactic behavior). They speculated that this chemotactic behavior of enzyme molecules comes from the enhanced diffusion mechanism. At every point in space, enzyme molecules diffuse along the substrate concentration gradient. With the constant change of substrate concentration, the diffusion rate of enzyme molecules increased with the upward movement of the gradient and decreased with the downward movement of the gradient. The larger the diffusion coefficient was, the easier the enzyme molecules would diffuse to the side with high substrate concentration. This diffusion mechanism was also confirmed by theoretical simulation results, that is, only the increase of substrate‐dependent enzyme molecular diffusivity is enough to make them migrate collectively to higher substrate concentration (Figure 6.4c) [44].


When the catalyst is loaded into the carrier to construct the micro‐ and nanorobot, the chemotactic behavior induced by similar mechanism can still occur. Baraban et al. studied the influence of different morphologies (tubular and spherical with Janus structure) on the chemotactic behavior of the micro‐ and nanorobots and proposed that, although the tubular and spherical microrobots had different driving mechanisms, they can still show similar chemotactic behavior in the environment with substrate concentration gradient, that is, diffusion toward higher substrate concentration. Spherical microrobots were more sensitive to the substrate concentration gradient applied in the system, which could be controlled by the translational and rotational diffusion processes of this catalytic microrobot (Figure 6.4d) [45].


The specific mechanism was as follows: the self‐driven microrobot would be affected by Brownian diffusion, which depended on the size and symmetry of the microrobot. The displacement of particles is generally defined by the translational and rotational diffusion with coefficients:
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in which kBT represents the thermal energy, η is the water viscosity, and R0 is considered as the radius of the microrobots.


After entering the substrate molecular region, the microrobot would cause a local chemical reaction in the part containing the catalyst, resulting in the increase of particle fluctuation. The movement of tubular and spherical microrobots toward high substrate concentration was controlled by the rotational diffusion process, in which the important parameter was the characteristic time of the rotational diffusion:
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This parameter decreased with the increase of substrate concentration, and there was a great difference between spherical and tubular microrobots. Within the gradient range of substrate concentration, spherical microrobots experienced a much stronger affinity to reorient than tubular microrobots. Once the substrate concentration increased, the difference in chemotactic behavior between spherical robots and tubular robots became more obvious [45]. This chemotactic mechanism of enhanced diffusion has also been proposed and confirmed by many researchers. Wilson and his collaborators designed a kind of supramolecular cargo‐loaded nanorobot with chemotactic behavior toward cells. When the robot moved along the direction of substrate (H2O2) concentration increase, the distance was longer than the reverse movement, resulting in a net displacement toward the direction of the high‐substrate concentration gradient [49].


In addition, researchers have also proposed some other chemotactic mechanisms to explain the chemotactic behavior of different chemotactic systems. The Chattopadhyay group built a class of synthetic microrobots with a pH chemotaxis function, which can move along the pH gradient and have walking, translation, vertical motion, jumping, and pulse motion. These motions were mainly caused by the imbalance of solute pressure across the robot surface, originating from the coupled surface and volumetric decompositions of the peroxide fuel across the microrobot and away from it [50]. Specifically, when anisotropic particles are placed in a substrate solution with a concentration gradient, the local solute interaction can be enhanced by the overall volume solute gradient established in the medium, thereby amplifying the net propulsion displacement of the microrobot.


Sen and coworkers constructed a chemotactic system that simulated cell behavior and proposed a positive chemotactic mechanism induced by enzyme catalysis and a negative chemotactic mechanism induced by solute phospholipids. They believed that the driving mechanism of positive chemotaxis based on the enzyme catalytic system stemmed from the thermodynamic driving force, which reduced the chemical potential of the system due to the favorable substrate–enzyme binding by specific affinity and transferred the robot to the region with higher substrate concentration through the enzyme chemotaxis guided by the substrate concentration gradient of cross diffusion. At the same time, after excluding the effects of electrolyte diffusion electrophoresis, osmotic electrophoresis, thermophoresis, and density effect on negative chemotaxis, they believed that the negative chemotaxis came from the repulsive interaction between specific ions and liposome phospholipid groups, and that this could be an extension of Hofmeister effect. The direction and degree of liposome chemotaxis can be controlled by systematically changing the chemical composition of the applied gradient, which provides a new idea for designing a system with multiple chemotaxis [51].








6.3 Motion Control




6.3.1 Speed Control Mode


All parts of the micro‐ and nanorobot driving systems may affect their final driving speed, such as substrate, driving mode (outfield driving or chemical reaction driving), and fuel concentration. The motion speed of micro‐ and nanorobots can be adjusted by the selection of active components (such as the selection of catalysts with different catalytic activities), geometry (spherical, tubular, bottle, hollow, etc.), fuel concentration, light power, ultrasonic power, and other factors. Researchers have done a lot of research on this aspect.


Mou et al. used UV light to control the TiO2/Pt photocatalytic oxidation–reduction reaction of H2O and confirmed that by adjusting the intensity, pulse, and continuous irradiation mode of UV light, the reversible control of the motion state, speed, aggregation, and separation behavior of microrobots can be achieved [52].


He constructed the Janus ZnO/Pt microrobot with a photocatalytic function. On the two hemispheres of the microrobot, the uneven distribution of zeta potential led to a light‐triggered electric field parallel to the UV light, which can promote the continuous directional movement of the microrobot. They also confirmed that the motion speed of the microrobot increased with the increase in light intensity. When the light intensity is 135 MW cm−2, the speed of a microrobot can reach 32 μm s−1 [53].


Usually, it is easier to improve the controllability of micro‐ and nanorobot movement when multiple driving sources are used at the same time. Therefore, many researchers have developed micro‐ and nanorobots under various driving modes and studied the synergistic or antagonistic effects between them in order to better control the movement of micro‐ and nanorobots. The Wang group built a kind of TiO2–Pt Janus microrobot. Under the action of UV light and an alternating current electric field, its moving speed was 90% faster than simply adding up the speed powered by either source. They proposed a mechanism where the electrokinetically powered TiO2–Pt microrobot moved near a substrate with an inclined Janus interface, which was corrected to be perpendicular to the substrate when an electric field was applied. They found that the results of control experiments with magnetic fields and three types of microrobots can clearly and quantitatively show that the tilting angle of the microrobot was positively correlated with its instantaneous speed, reaching a maximum at the vertical Janus interface (Figure 6.5a) [54].
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Figure 6.5 (a) Synergistic speed enhancement of an electric–photochemical hybrid microrobot by tilt rectification.


Source: Xiao et al. [54]/with permission of American Chemical Society. (b) Enzyme‐based mesoporous nanorobots with NIR optical brakes.


Source: Liu et al. [55]/with permission of American Chemical Society. (c) SiO2–Pt microrobots reversed their motion direction by phase control.


Source: Lyu et al. [56]/with permission of John Wiley & Sons. (d) Strategy of starting and stopping tubular microrobot driven by ultrasonic stimulation.


Source: Xu et al. [57]/with permission of American Chemical Society.






Liu et al. used NIR light to remotely regulate the motion speed of enzyme‐based micro‐ and nanorobots. They constructed a new kind of nanorobot based on the Janus mesoporous nanostructure, which was composed of SiO2@Au core–shell nanospheres, and enzyme‐modified periodic mesoporous organosilicon can be driven by biofuel glucose under the catalysis of periodic mesoporous organosilicon domain enzymes (GOx/catalase). At the same time, the Au nanoshell generates a local thermal gradient under the irradiation of NIR light, which can also drive the nanorobot through thermophoresis. Using Janus unique nanostructure of nanorobot, the dynamic direction of enzyme catalysis was opposite to that of thermophoresis induced by NIR photothermal effect. Based on this, the nanorobot driven by the NIR optical governor and glucose can realize remote speed regulation of 3.46–6.49 μm s−1 (9.9–18.5 body length/s) under fixed glucose concentration (Figure 6.5b) [55].






6.3.2 Direction Control Mode


For biomedical micro‐ and nanorobots, their role in the body is often inseparable from their precise delivery in the body, so the control of their movement direction is very important. At present, researchers have developed a variety of ways for controlling the motion direction of micro‐ and nanorobots, such as magnetic field, light, ultrasound, and substrate concentration gradients, and have conducted a more detailed study on the degree of control from the in vitro and in vivo levels, in order to achieve accurate delivery in the complex physiological environment in vivo by controlling the motion direction of micro‐ and nanorobots.


The most commonly used way to control the motion direction of micro‐ and nanorobots is magnetic field control, which is also considered to be one of the most effective methods at present, because the magnetic field can remotely guide and intervene in the motion of micro‐ and nanorobots in a noninvasive way and can conduct controllable navigation in the cavity that is difficult to touch by the human body. If a small amount of magnetic components, such as nickel and ferric oxide, are added to the micro‐ and nanorobot, the direction of the external magnetic field can be adjusted to control the micro‐ and nanorobot parallel to the direction of the external magnetic field, so as to achieve more accurate control of the direction of motion (Figure 6.5c). In addition to the parallel direction, researchers can also realize the circular motion of the tubular microrobot by applying a rotating external magnetic field around the magnetic microrobot [58], or control the microrobot to move in a closed loop and in the three‐dimensional direction [59].


Many researchers use magnetic fields to guide microrobots to move to specific positions. Xu et al. designed a hybrid microrobot containing a magnetic‐guiding device and a sperm cell. Under the guidance of an external magnetic field, sperm cells can be guided to target sites (such as tumor cells) and released in situ to avoid unnecessary accumulation of drugs in healthy tissues [60]. Another hybrid microrobot built by the same team based on magnetic components and sperm cells can also use the high driving force provided by sperm flagella and magnetic guidance to achieve efficient cargo transportation under blood flow conditions [61].


Liu et al. constructed a kind of combined magnetic drive and piezoelectric nanoparticle‐loaded microrobot, which can be used as a highly controllable interactive form of neural stem cells and can realize wireless controllable directional movement and precise stimulation at the single‐cell level under a low‐intensity rotating magnetic field. The system used the piezoelectric effect to convert ultrasonic energy into in situ electrical signals to realize single‐cell directional movement and then accurately induce neural stem‐cell directional differentiation [62]. Other researchers applied this technology to the in vivo environment to guide the effective aggregation of micro‐ and nanorobots at specific positions in vivo. Jeon et al. developed a biocompatible porous three‐dimensional microrobot and evaluated the feasibility of using magnetic motion for three‐dimensional culture and delivery of stem cells. Under the action of a rotating magnetic field, this kind of robot showed rolling and spiral motion, can be guided to the target position, and can achieve precise control of the microrobot in the mouse cerebrovascular environment in vitro and the mouse abdominal environment in vivo [63].


Yan et al. constructed a biological hybrid magnetic microrobot, which had strong navigation ability in various biological fluids and realized noninvasive tracking in superficial tissues or deep organs, and had remote diagnosis and sensing ability. It was expected to further develop a microrobot platform for in vivo imaging and guided therapy [64].


Go et al. prepared a medical microrobot system based on human adipose‐derived mesenchymal stem cells. The microrobot system included a microrobot capable of loading mesenchymal stem cells; an electromagnetic drive system for three‐dimensional positioning of the microrobot; and a magnet for fixing the microrobot to the damaged cartilage. After being injected into the articular cavity, a strong magnetic field can be used to realize the safe fixation of the microrobot, which enhances the drug delivery based on stem cells and high targeting efficiency [65].


The He group built a kind of magnetic microrobot based on neutrophils, which can realize controllable individual propulsion and group movement through the action of an external rotating magnetic field, control the movement of the robot in the blood vessel, and focus on the brain environment [66].


In addition to magnetic fields, illumination (especially NIR light) is also one of the effective ways for controlling the motion direction of micro‐ and nanorobots. Zhang and coworkers designed a kind of photocatalytic microrobot that used the limited penetration depth of light in semiconductor materials to design asymmetric surface chemical reactions on isotropic semiconductor particles so as to induce the concentration gradient of photocatalytic products, realize the promotion of the microrobot and accurately control the direction of motion. Due to its isotropic structure, the motion direction of the microrobot was not disturbed by its rotational Brownian diffusion or local flow but always along the direction of the irradiated light. Therefore, by adjusting the direction of the incident light, the researcher can quickly and accurately control the motion direction of the microrobot [43].


The directional penetration of micro‐ and nanorobots driven by NIR light into disease tissues in vivo (such as tumors, thrombus, and biofilm) has gradually been proposed and verified by researchers. For example, the movement ability of nanorobots under NIR light can effectively promote their penetration into thrombus sites (the penetration depth can be increased from 650 μm [ordinary nanoparticles] to 4000 μm [nanorobots]) and improve the retention rate of drugs [67]. Another research was to obtain the high‐efficiency self‐propelled ability of nanorobots through the asymmetric distribution of photothermal effects and realize the directional deep penetration in the biofilm (completed within five minutes) [68].


Researchers have also constructed an ultrasonic‐driven gold nanoshell tubular microrobot, which uses ultrasonic methods to control the microrobot to target cells efficiently, so as to achieve the purpose of accurately perforating the cell membrane under NIR light [69].This film‐opening microrobot with motion control function may provide a new concept for the future development of micro‐ and nanorobots for rapid drug delivery, subcellular surgery, and treatment.


In addition to using the external field to control the movement direction of the micro‐ and nanorobots, chemical substances with concentration gradients existing in some pathological environments in the body may also be used as fuel to promote the directional movement of the chemical micro‐ and nanorobots in the pathological tissue, so as to achieve in‐depth penetration in the pathological tissue.


Gao and coworkers built a cascade enzyme‐driven nanorobot, which can continuously produce O2 by using the cascade reaction and realize directional movement according to the H2O2 concentration gradient existing in the blood vessel–tumor–deep tumor [70].


Liu et al. constructed a kind of nanorobot that can respond to glutathione based on the fact that the tumor microenvironment has a higher concentration of glutathione (compared with the vascular environment), and the deep tumor has a higher concentration of glutathione, and they realized the directional movement of nanorobots and their deep penetration into the tumor tissue guided by the glutathione concentration gradient [71]. It is worth mentioning that the highly expressed ROS and iNOS in the inflammatory microenvironment can also be used as attractants to guide the directional movement of micro‐ and nanorobots, so as to achieve effective targeting of the inflammatory microenvironment and deep penetration into pathological tissues.


Some researchers have proposed that the use of phase regulation can also achieve the purpose of controlling the movement direction of micro‐ and nanorobots. For example, the common movement mode of Pt‐plated micro‐ and nanorobots catalyzing H2O2 to produce O2 is that the Pt side moves behind. The Wang group proposed a strategy of sputtering a Pt layer containing PtO on the surface of a Janus microrobot, which can reverse the movement direction of the microrobot through the mechanism of self‐electrophoresis. The microrobot can recover its original motion direction by decomposing or chemically reducing the metal oxide at a high temperature to convert it into metal. This method of controlling the motion direction of a microrobot by using phase control was expected to be extended to other types of microdevices, such as micropumps and microrotors. Meanwhile, the research on this phenomenon was of great significance for understanding and regulating catalytic materials (Figure 6.5c) [56].






6.3.3 Control of Start and Stop


Micro‐ and nanorobots driven by magnetic fields, light, and ultrasound can generally control the “start and stop” of physical micro‐ and nanorobots by turning on or off the external field. The Guan group proposed a strategy of using UV light to control the self‐assembly and motion state of Janus microrobots. Using the efficient motion of TiO2/Pt Janus microrobots and their light‐switchable electrostatic interaction with colloidal particles, the colloidal particles can be captured and assembled one by one in the process of movement to form swimming colloidal molecules with specific configurations. The assembled colloidal molecules can be fixed to the required configuration and decomposed into single colloidal particles by simply adjusting the intensity of light. The intensity of light determined the stop‐and‐go motion of the microrobot and its assembly, as well as the robot–colloid/colloid–colloid interaction [72].


Solovev et al. used visible light sources to control the propulsion process of the Ti/Cr/Pt microrobot driven by microbubbles. This process was adjusted by illuminating the fuel solution on the Pt‐patterned surface, which can cause a local decrease in the concentration of H2O2 fuel and surfactant, thus reducing the dynamics of the micro jet and stopping the movement of the microrobot. They also pointed out that shorter wavelengths can inhibit the generation of microbubbles faster than longer wavelengths [73].


Xu et al. developed a strategy for using ultrasonic stimulation to adjust the start and stop of the bubble‐driven tubular microrobot, which can quickly and reversibly control the movement of microrobot (Figure 6.5d) [57]. They found that without additional ultrasound, the microrobot would move in a bubble‐driven manner (up to 231 speeds μm s−1), and after applying ultrasonic stimulation, the motion speed almost completely stops (within 0.1 seconds). After stopping the ultrasonic action, the microrobot quickly resumed motion (within 0.1 seconds). Such an “On/Off” cycle can be repeated many times. The control method proposed by the researchers can directly affect the bubble evolution process through ultrasound, resulting in extremely fast response time, which was different from simply adjusting the motion behavior of the micro‐ and nanorobot by controlling the fuel level.


In addition to reversibly adjusting the “start/stop” state of micro‐ and nanorobots, it is also necessary to “stop” the motion of micro‐ and nanorobots as needed after they complete their tasks, especially for those biomedical micro‐ and nanorobots that will be applied to the body. Therefore, researchers have also proposed different “termination” strategies.


For example, in order to avoid the risk of bacterial infection caused by the attachment and reproduction of bacterial microrobots in unwanted positions in the body after completing tasks, Stanton et al. added enzymatic hydrolysis of urea as an environmental trigger to the driving system of bacterial microrobots to inhibit bacterial migration; that is, in the presence of urea aqueous solution, urease decomposes it into CO2 and NH3. The pH gradient caused by the local distribution of NH3 can destroy the swimming of the bacterial robot as a method to inhibit the biological mixing movement. They found that after 45–60 seconds, the bacterial microrobot can stop moving and remain stationary for a long time [74].


Researchers also use NIR as a termination switch to control the movement of biological micro‐ and nanorobots. The Sitti group loaded indocyanine green with photothermal effect into the red blood cell/E. coli composite microrobot. Under the irradiation of NIR light, the microrobot can convert the absorbed light energy into heat energy and generate heat therapy (the highest temperature can reach 60 °C), resulting in the rupture of the red blood cell membrane and the death of E. coli, so as to terminate the microrobot when necessary to avoid unnecessary proliferation and infection in vivo [75].


The cluster behaviors (including direction control) induced by light control, chemical attractants, magnetic fields, etc. are also widely used in the construction of micro‐ and nanorobots and biological applications. This part has been introduced in detail in the forth chapters about trend behavior, and will not be repeated here.


It should be pointed out that from the perspective of micro‐ and nanorobot construction, it may be meaningful to study the control of a single micro‐ and nanorobot. However, considering the complexity of future in vivo application scenarios, because of the limited spatial resolution of deep tissue imaging technology, the operation of a single micro‐ and nanorobot cannot achieve in vivo imaging and operation. At the same time, like swimming microorganisms, these micro‐ and nanorobots rarely swim alone but in groups. Therefore, the control of micro‐ and nanorobot cluster behavior is more important, especially in the living physiological environment, and more in‐depth research in this direction is needed in the future.
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7
Functions






The functions of biomedical materials are always closely related to their structure and composition. Therefore, the functions of biomedical micro‐ and nanorobots are derived from their carrier properties, the functional group/molecule/particle properties loaded on the carrier, the autonomous movement ability, and the synergistic effect of these factors. Careful division and detailed discussion of these basic functions of micro‐ and nanorobots will help researchers in better understanding the performance of biomedical micro‐ and nanorobots, so that these biomedical micro‐ and nanorobots can perform and complete tasks on the micro‐ and nanoscale space that cannot be completed by other means, and thus better serve practical medical applications (Figure 7.1).


Professor J. Fraser Stoddart, who won the Nobel Prize in Chemistry for DNA molecular nanomachines (nanorobots) in 2016, believed that the future development of this field should start with two aspects: At the micro‐level, let these micro‐ and nanorobots perform and complete tasks that cannot be completed by other means on the micro‐ and nanoscale. At the macro‐level, use the cluster effect of trillions of micro‐ and nanorobots to reshape the shape of materials, or let them lift things much heavier than themselves, like ant colonies.






7.1 Moving in Complex Physiological Environment


The reason why micro‐ and nanorobots are different from traditional passive micro‐ and nanoparticles lies in their active motion ability. Biological robots acquire the movement ability through their own activity; physical field‐driven robots acquire the movement ability by virtue of field‐driving effect; and chemical reaction‐driven robots acquire the ability to move in the medium with the help of chemical reaction driving force. From initial movement in the water phase to phosphate buffer solution (PBS) solution, to simulated body fluid, to in vitro serum or blood, and finally to the real human physiological environment, the mobile function, and behaviors of micro‐ and nanorobots in complex environments have attracted more and more attention of researchers.


When micro‐ and nanorobots move autonomously in the physiological environment of the human body, they will be affected by cells, tissues, and various humoral media. For example, proteins in the blood will adhere to the surface of the micro‐ and nanorobots, macrophages in the blood will also swallow the micro‐ and nanorobots, and nanorobots entering the cells will also be digested and degraded by lysosomes, etc. In addition, the blood flow rate is relatively high (the blood flow rate of vena cava vessels is about 7–8 cm s−1, and that of the aorta can reach 20 cm s−1). The complex blood components and environment will hinder the autonomous movement of micro‐ and nanorobots and the corresponding biomedical applications, especially for robots smaller than 10 μm.


  [image: Schematic illustration of multiple physiological functions of biomedical micro- and nanorobots.]



Figure 7.1 Multiple physiological functions of biomedical micro‐ and nanorobots.






In 2013, Pumera and coworkers elaborated on how blood components affect the movement of catalytic microrobots in the blood [1]. Due to the high viscosity of blood and the obstruction of red blood cells, most catalytic micro‐ and nanorobots can only rely on additional fuel and be used to dilute blood. For this reason, many researchers are committed to improving the movement ability of micro‐ and nanorobots in complex physiological environment through the innovative design of power sources and the improvement of substrate of micro‐ and nanorobots. Pumera et al. developed a kind of bubble‐driven microrobot based on H2O2 catalyzed by Ag and MnO2, which can also show rapid movement when the concentration of H2O2 fuel was is low as 0.1%. The low cost, high efficiency, and good stability of Ag and MnO2 make them attractive substitutes for the current popular metal Pt. It was used to extend the propulsion time of micro‐ and nanorobots in various practical applications [2].


  [image: Schematic illustration of (a) The magnetically driven arachid-like hematite colloidal robot can transport and release cells to predetermined positions in a noncontact manner by integrating rolling and swinging motion modes. (b) Sperm-based hybrid microrobots realized the reverse movement in flowing blood. (c) Urease-driven polydopamine nanorobots were used for intravesical treatment of bladder diseases.]



Figure 7.2 (a) The magnetically driven arachid‐like hematite colloidal robot can transport and release cells to predetermined positions in a noncontact manner by integrating rolling and swinging motion modes [3]/with permission of American Chemical Society. (b) Sperm‐based hybrid microrobots realized the reverse movement in flowing blood [4]/with permission of American Chemical Society. (c) Urease‐driven polydopamine nanorobots were used for intravesical treatment of bladder diseases.


Source: Choi et al. [5]/with permission of American Chemical Society.






He's and Xie's groups designed peanut‐shaped hematite colloid robots, which can transport and release cells to predetermined positions in a noncontact manner by integrating rolling and swinging motion modes under a rotating or conical rotating magnetic field (Figure 7.2a) [3].


In addition, the rapid movement of micro‐ and nanorobots in complex environments can be realized by reducing the quality of robot substrate and improving the compatibility between the substrate and a complex physiological environment. For example, the micro‐ and nanorobots' surface modification technology is used to reduce the adhesion of proteins to them, so as to improve the moving speed of the micro‐ and nanorobots in the physiological environment. What is more interesting is that the drugs or released substances carried by the micro‐ and nanorobots can not only achieve the solubilization of targeted diseased tissues, or even the material ablation of diseased tissues, but also greatly improve the mobility of the micro‐ and nanorobots in the complex physiological environment [6].


At present, the micro‐ and nanorobots that can move against the blood flow may be the hybrid microrobots based on sperm cells reported by Xu et al. in which the high driving force was provided by sperm flagella and the direction of motion was guided by an external magnetic field. The microrobot made use of the powerful self‐propulsion and rheological properties of sperm to realize reverse movement in flowing blood with a blood flow velocity of up to 0.833 mm s−1 (Figure 7.2b) [4]. Sitti and coworkers also reported multifunctional surface microrollers inspired by leukocytes, which can realize targeted active cargo transportation and movement under the promotion of magnetic fields [7].


Some biomedical micro‐ and nanorobots are used not in the blood but in the internal environment of specific organs or tissues to treat specific diseases such as gastrointestinal diseases and cancer. Such micro‐ and nanorobots often react to special components in the disease environment (such as gastric acid and urea) and generate autonomous motion (Figure 7.2c) [5, 8, 9]. Zhang's group reported that the platelet robot modified by asymmetric urease can obtain an effective driving force in urea fuel, improve the binding efficiency between the platelet robot and tumor cells or bacteria, so as to enhance the targeted treatment effect of the platelet robots, and provide technical support for the treatment of bladder cancer or urethral infection [10].






7.2 Loading Power Source, Drug, or Imaging Agent


As particles that can move autonomously, biomedical micro‐ and nanorobots must undertake the task of loading goods, including power sources of micro‐ and nanorobots (such as various catalysts and reaction sources required by chemical reaction‐driven robots), targeting agents, disease treatment drugs, and reagents that provide medical imaging capabilities to assist in treatment.


After the chemical power source is loaded by the micro‐ and nanorobot, when it contacts the surrounding medium, it can release gas or cause ion concentration difference through reaction. How to build the power source that can cause the asymmetry of chemical reaction‐driven micro‐ and nanorobots is a process that needs to be designed and carefully fabricated. Many researchers used asymmetric sputtering technology of gold or Pt nanoparticles to build the asymmetric power source of Janus micro‐ and nanorobots (Figure 7.3a) [11], and also used the pores of micro‐ and nanorobot matrix to asymmetrically load metal nanoparticles with catalytic ability to build micro‐ and nanorobots. Enzyme molecules can also be used to construct enzyme‐driven micro‐ and nanorobots by asymmetric loading technology. Albertazzi and Sánchez used the nonuniform distribution of urease on the surface of polystyrene@SiO2 particles to build non‐Janus enzyme‐driven microrobots. The biological enzyme can not only drive the enzymatic biocatalysis reaction but also break the symmetry of active propulsion after reaching a certain critical value of the enzyme molecule, so as to realize the autonomous movement of the micro‐ and nanorobots (Figure 7.3b) [12].


Furthermore, based on the complexity and variability of the disease, a combined drug‐delivery strategy is also a key factor to achieve better therapeutic effect of micro‐ and nanorobots. Researchers try to load drugs with different functions on micro‐ and nanorobots. Park et al. fixed functional DNA, photosensitizer (zinc phthalocyanine), and DOX on the surface of gold nanoparticles and constructed a kind of triple‐combination nanorobot therapeutic agent to achieve joint cancer treatment (Figure 7.3c) [13]. Considering that most micro‐ and nanorobots are used to be loaded with goods in a single channel form, which cannot well meet the needs of combined treatment of diseases, our group designed a class of micro‐ and nanorobots with macroporous–mesoporous composite structure, which can be loaded with small‐size drug DOX and large‐size targeted anticancer drug heparin folic acid nanoparticles, respectively, and achieved ideal curative effect in the treatment of cancer (Figure 7.3d) [14].


  [image: Schematic illustration of (a) The phoretic transformation mechanism of core@satellite Janus nanorobots. (b) Preparation of non-Janus urease-driven microrobots.]



Figure 7.3 (a) The phoretic transformation mechanism of core@satellite Janus nanorobots.


Source: Xing et al. [11]/with permission of John Wiley & Sons. (b) Preparation of non‐Janus urease‐driven microrobots.


Source: Patiño et al. [12]/with permission of American Chemical Society. (c) Triple‐combination antitumor therapy with nanorobots equipped with multiple therapeutic agents.


Source: Park et al. [13]/with permission of John Wiley & Sons. (d) Microrobots with macroporous and mesoporous composite structures carrying drugs of different sizes for cancer treatment.


Source: Wan et al. [14]/with permission of John Wiley & Sons.






Biomedical micro‐ and nanorobots can also be used as cell carriers in some application scenarios. The ability to use micro‐ and nanorobots as cell carriers to deliver to target tissues or stem cell niches provides the possibility of innovative development for regenerative or reproductive medicine. Using the large load capacity of micro‐ and nanorobots, they can implement engineering transformation with various types of cells, and maintain the different biological features of the original cells as much as possible [15, 16].


Yasa et al. designed a remotely controllable 3D printing microrobotic cell transporter that had a biophysically and biochemically recapitulated stem cell niche for directing stem cells toward a predestined cell lineage [17]. The microrobot had a magnetically driven double helix structure with a cell transporter length of 76 μm and an inner cavity diameter of 20 μm, where biological and mechanical information regarding the stem cell niche were encoded at the single‐cell level. The repeated emergence of stem cell niches in the microrobot cavity can increase the adhesion stability of stem cells in microrobotic cell transporters. This way, the cells would not be lost in the process of transmission and ensure that the characteristics of stem cells were not lost or that stem cells did not spontaneously differentiate into other lineages. Finally, it can direct the cell's fate toward the desired lineage. Under the rotating magnetic field, the microrobot with a double helix structure loaded with cells moved in the restricted microchannel along the trajectory controlled by the computer. The results also showed that the stem cells were preserved in the microrobotic cell transporter without external stimulation. Bone morphogenetic protein‐2 was used to stimulate stem cells stored in the cell niche, resulting in differentiation into a preosteogenic lineage. This microrobot method provides the possibility to solve the main clinical obstacles of stem cell transplantation (low retention rate, low targeting accuracy, and spontaneous transformation of stem cells) and may be suitable for controlling and accurately positioning the delivery of therapeutic cells.


Schmidt and coworkers also developed a spiral microrobot, which can be used to transport sperm cells with motion defects to help them realize their natural functions, so as to provide technical support for solving male infertility. At present, the research is still trying to achieve replication in the human body. If the researchers can successfully replicate their lab results inside the human body, it could be a new option for couples struggling to conceive [18].


The leakage of drugs in the transportation process and the release speed at the targeted location also directly affect the treatment effect and side effects. How to design a controllable release system for biomedical micro‐ and nanorobots that can meet the needs of medical treatment is also the research focus in this direction. At present, the commonly used controlled release can be divided into two categories: One is to use the thermal effect caused by NIR light or ultrasound to induce the release of drugs loaded by biomedical micro‐ and nanorobots [19]. The other is to use the special microenvironment characteristics of the disease site, such as special pH value (weak acidity of the tumor environment)/enzyme/special component (for example, glutathione in the tumor environment) to make the biomedical micro‐ and nanorobots controllably release the loaded drugs through degradation [20].


The ability of DNA nanorobots to load goods has also attracted the attention of scientists. Douglas et al. created a kind of DNA robot by using DNA origami technology. The DNA robots can be loaded with specific materials in a highly organized fashion and are controlled by an aptamer‐encoded logic gate, enabling them to respond to a wide array of cues. The researchers implemented several different logical AND gates and demonstrated their effectiveness in the selective adjustment of nanorobot functions. They also tried to load DNA robots with gold nanoparticles and fluorescent‐labeled antibody fragments so as to target specific cell populations and manipulate their cell signal pathways. This device can deliver different molecular doses to target cells, which can be used to improve the current drug‐delivery system [21].






7.3 Targeting Specific Cells or Physiological Tissues


Many drugs have been proven to have the ability to kill harmful cells or alleviate diseases. However, in the complex environment of the body, these drugs cannot be effectively enriched at the lesion site because of their poor targeting, resulting in poor efficacy. Therefore, the drug‐loaded biomedical micro‐ and nanorobots should be responsible for the function of targeting cells or physiologically diseased tissues. There are many ways for micro‐ and nanorobots to target cells or physiologically diseased tissues, such as loading targeted molecule folate or nanolipid carriers (Figure 7.4a,b) [22, 23], using tendentiousness [25], and targeting and guiding with the help of external fields [26], which are all used to provide targeting capability for biomedical micro‐ and nanorobots. Among these ways, the targeting strategy based on tendentiousness may be the most important because it involves the bionic concept.


  [image: Schematic illustration of (a) Nanobots loaded with targeted molecular folate for tumor immunochemotherapy. (b) Covalent binding of nanoliposomes to the surface of magnetotactic bacteria for targeted therapy.]



Figure 7.4 (a) Nanobots loaded with targeted molecular folate for tumor immunochemotherapy.


Source: Chen et al. [22]/with permission of American Chemical Society. (b) Covalent binding of nanoliposomes to the surface of magnetotactic bacteria for targeted therapy.


Source: Taherkhani et al. [23]/with permission of American Chemical Society. (c) The subtle DNA gradient of tumor cells induced the chemotactic behavior of the nanorobot system.


Source: Ye et al. [24]/with permission of American Chemical Society.






The concentration gradients of glucose in the lesion are the external conditions that can be used to build biomedical micro‐ and nanorobots with trend ability [27]. Tu and Peng constructed a deoxyribonuclease functionalized Janus nanorobot system. In the presence of a DNA gradient generated by apoptotic tumor cells, the nanorobot can sense the DNA signals released by cells and show a directional movement toward tumor cells. The experimental results showed that a fine DNA gradient of a small amount (10 μl) tumor cells was enough to induce the chemotaxis of the self‐navigation and self‐targeting ability of the nanorobot system, which was expected to provide a new reference for tumor diagnosis and treatment (Figure 7.4c) [24].


Our group proposed a more universal targeting strategy for the application of biomedical nanorobots in tumor treatment. This targeting strategy is based on the fact that the pathological process of most tumors is accompanied by the production of a large number of reactive oxygen species, which will lead to oxidative stress imbalance and body damage. There is a significant difference in ROS concentration between tumor lesions and normal tissue. Therefore, a series of NO‐driven nanorobots were developed, which can quickly respond to inflammation, cross multiple physiological barriers through chemotaxis to reach the sites with high expression of tumor inflammation levels, and achieve precise treatment.


In order to combine active targeting with precise guidance and control, the future generation of drug‐delivery micro‐ and nanorobots needs to have strong propulsion and navigation capabilities to transport payloads to predetermined body positions, which is of great significance to improving the therapeutic effect and reducing the side effects of toxic drugs.






7.4 Promoting Cell Uptake and Improving Tissue Permeability


The efficiency of cytotoxic drug‐loaded micro‐ and nanorobots in entering pathological cells is an important factor in disease treatment. Generally, nanoparticles enter cells by endocytosis, and some enter cells by nonendocytosis with the help of membrane‐penetrating peptides and fusion peptides. Studies have shown that endocytosis is energy‐dependent. Therefore, biomedical micro‐ and nanorobots can promote the endocytosis process of cells because of their own active motion ability and achieve effective intracellular drug distribution.


In 2014, Mallouk and coworkers clearly pointed out that micro‐ and nanorobots can exhibit significantly different behavior from passive particles when interacting with cells. When passive particles adhere to the cell surface, they lose their fluidity. The micro‐ and nanorobots designed by them can still respond to the ultrasonic field even after entering the cancer cells, so as to effectively promote their absorption into the cancer cells [28]. Through energy inhibition experiments, our group studied in detail the mechanism of NIR‐driven mesoporous–macroporous silica/Pt nanorobot uptake by MCF‐7 cells and the effect of the autonomous movement ability of the nanorobots on the promotion of cell uptake [14]. Zhang and Wang investigated the faster internalization of cell uptake by ultrasound‐driven nanorobots and built an attractive intracellular “off‐on” fluorescent switch, so as to quickly detect the target miRNA expressed in intact cancer cells at the single‐cell level (Figure 7.5A) [29].


  [image: Schematic illustration of (A) The ultrasound-driven nanorobot had a faster internalization process of cell uptake and a corresponding “off on” fluorescence switch in the cell. (B) Nanorobot-based osmotic enhancement strategy for transvascular model.]



Figure 7.5 (A) The ultrasound‐driven nanorobot had a faster internalization process of cell uptake and a corresponding “off on” fluorescence switch in the cell.


Source: Fernandez de Avila et al. [29]/with permission of American Chemical Society. (B) Nanorobot‐based osmotic enhancement strategy for transvascular model.


Source: Peng et al. [30]/with permission of John Wiley & Sons.






In addition to studying the promoting effect of biomedical micro‐ and nanorobot movement on cell uptake, researchers also pay attention to the penetration and transfer ability of micro‐ and nanorobots between cells. The Transwell model is well used in vitro to study the efficiency of biomedical micro‐ and nanorobots passing through one‐cell barrier to reach another cell. Wilson and coworkers built a tumor vascular system model to evaluate the penetration efficiency of the nanorobot and confirmed that Janus polymeric nanorobots with adjustable size can enhance the penetration to the endothelium and penetrate the blood vessels, thus proving the possibility of EPR enhancement strategy (Figure 7.5B) [30]. This ability of nanorobots to penetrate tumor vascular endothelium is very important for human internal drug delivery.


It should be noted that the simple operation method of the two‐dimensional cell culture mode also makes it unable to accurately simulate and investigate the complex biological processes of cells in the complex microenvironment in vivo, such as cell signal transmission, biochemical processes, or geometric changes. In addition, the data obtained by the two‐dimensional cell culture method will be misleading and unpredictable when applied in vivo. These reasons have prompted many researchers to turn to three‐dimensional cell culture technology, a method that can more accurately reflect the real microenvironment of cells in vitro. Researchers used the three‐dimensional cell ball model closer to the tumor state in vivo to study the penetration ability of micro‐ and nanorobots between multilayer cells so as to better predict their penetration performance in solid tumors in vivo. Medina‐Sánchez and coworkers built three‐dimensional models of bladder cancer, cervical cancer, and other cancer cells, and studied the penetration abilities of the magnetic field‐guided sperm microrobots and enzyme‐driven nanorobots on the three‐dimensional models. The experimental results confirmed that the autonomous movement ability of the micro‐ and nanorobots was conducive to improving the penetration of drugs into cell tissues [31, 32].


Although the biological barriers encountered by drug‐loaded micro‐ and nanoparticles in the process of disease treatment are indeed very complex, they are by no means insurmountable. Researchers have developed innovative designs for micro‐ and nanoparticles, such as using nontraditional geometry to improve vascular dynamics or using biomimetic membrane functionalization to avoid phagocyte uptake. For the difficulty of poor tissue permeability of micro‐ and nano particle carriers and their therapeutic drugs, clinical needs still call for more advanced methods. The emergence of biomedical micro‐ and nanorobots may promote the solution of this problem.


Martel and coworkers reported a hybrid nanorobot based on magnetotactic bacteria, which can be tracked by MRI. Research results showed that these magnetotactic bacteria can target deep in the human body and penetrate the interstitial region of tumors. This is an early study on the impact of micro‐ and nanorobots on the internal environment [33]. Fischer and coworkers reported that biomimetic microrobots with enzyme activity can improve the penetration of mucin gel with the help of autonomous movement ability [34]. The drug‐loaded microrobots developed by Zhang and Wang can be effectively embedded into the mucosal lining of gastrointestinal tissue through autonomous movement, increasing the drug residence time, thereby enhancing the treatment effect. Because the movement process of the microrobots in the stomach cannot be directly characterized, the researchers analyzed the content of the microrobots in the gastric tissue by inductively coupled plasma‐mass spectrometry and indirectly confirmed that the movement ability of the microrobots in the stomach can improve their retention efficiency. They also reported a kind of magnesium‐based microrobot wrapped in a casing, which can automatically advance in the intestinal environment and perform local tissue penetration and retention. In addition to using inductively coupled plasma‐mass spectrometry to analyze the retention efficiency of microrobots in the intestinal tract, the researchers also used fluorescence microscopy to characterize the visual results of microrobot retention in the intestinal tract of mice [8, 35, 36]. Further, researchers can also evaluate the penetration and efficacy of biomedical micro‐ and nanorobots in tissues by observing tumor slices, so as to indirectly prove the movement ability of biomedical micro‐ and nanorobots in tissues.


More and more attention has been paid to the promoting effect of autonomous motion of biomedical micro‐ and nanorobots on their deep penetration and retention efficiency in tumor and vascular diseased tissues (atherosclerosis and thrombosis models). Felfoul et al. developed a magnetotactic bacterium, Magnetococcus marinus strain MC‐1, which can be used to transport drug‐loaded nanoliposomes into hypoxic regions of the tumor under the guidance of an external magnetic field. Up to 55% of MC‐1 cells penetrated into hypoxic regions of HCT116 colorectal xenografts. Such experimental data reflected the effectiveness of the microrobot motion effect [33]. Our group built a tissue permeability evaluation system for nanorobots and used static thrombosis models, dynamic thrombosis models, in vivo thrombosis models, and laser confocal technology to detect the retention efficiency of nanorobots in thrombosis and blood vessels. The experimental results confirmed that the autonomous motion effect of nanorobots can significantly enhance the permeability of atherosclerosis and thrombosis models [6].


The researchers continued to study the permeation behavior of biomedical micro‐ and nanorobots in the kidney, liver, and in vitro gel model. The experimental results confirmed that the movement ability of biomedical micro‐ and nanorobots promoted the permeation behavior [37, 38]. These studies showed that the autonomous movement behavior of micro‐ and nanorobots in the physiological environment can promote the uptake of therapeutic nanoagents by pathological cells as well as the effective enrichment, retention, and penetration of therapeutic drugs in pathological sites. These were conducive to disease treatment. In fact, the interactions between different types of micro‐ and nanorobots and diseased cells/tissues should be very different, so they should also have different penetration modes and mechanisms (such as the path into cells, the distribution after entering cells, and the transfer between cells). Therefore, the uptake behavior of the micro‐ and nanorobots by diseased cells/tissues, and how to improve the penetration ability, behavior, and mechanism of the micro‐ and nanorobots to the diseased parts need more detailed research.






7.5 Imaging Capability


Medical imaging plays an important role in disease screening, diagnosis, and treatment decision‐making. Currently, the clinical imaging technologies used include ultrasound, X‐ray CT, and MRI/PET, as well as preclinical imaging technologies that have not been applied to clinical practice but have been deeply studied, such as optical and photoacoustic (PA) imaging.


When the substrate of the biomedical micro‐ and nanorobot is a material with light absorption characteristics or can be combined with PA imaging, it can be imaged based on the characteristics of the robot substrate itself. For example, Gao and coworkers reported a photoacoustic computed tomography (PACT)‐guided investigation of microrobots in the intestines in vivo. Due to its high spatial–temporal resolution, noninvasive molecular contrast, and deep penetration, PACT made it possible to locate and navigate microrobots in vivo. The researchers believed that for deep tissue imaging in vivo, microrobot capsules should have higher optical absorption than the blood background. The experimental data confirmed that microrobot capsules showed strong PA contrast in the NIR wavelength range of 720–890 nm (from the gold nanolayer of the robot). Compared with whole blood, the PA amplitude of microrobot capsules increased about three times, which provided enough contrast for PACT to detect microrobot capsules in vivo with NIR illumination (750 nm). During operation, the small change in PA signal amplitude indicated that microrobot capsules had very high photostability. The migration of microrobot capsules toward the targeted regions in the intestines was visualized by PACT in real‐time in vivo. The integration of the developed microrobot system and PACT made it possible for microrobot in vivo depth imaging and precise control [39].


Medina‐Sánchez and coworkers also developed a microrobot with gold nanorods and then used multispectral optoacoustic tomography to track the microrobot at a depth of about 1 cm in the chicken breast tissue. Specifically, the microrobot constructed with the participation of gold nanorods covers the surface of small objects and has a unique absorption spectrum, which facilitated their discrimination from the surrounding biological tissues when it was transformed into an in vivo setting [40]. This technology combines the advantages of ultrasonic imaging in depth and resolution with the molecular specificity of an optical method, thus helping to distinguish the spectral characteristics of microscopic objects from those of internal tissue molecules.


Biomedical micro‐ and nanorobots can provide auxiliary imaging capabilities for disease diagnosis by loading materials with imaging functions, so as to realize effective monitoring of medical diagnosis and treatment process [41]. The chromogenic functional groups/reagents/particles for auxiliary imaging can be loaded by surface grafting or physical embedding of micro‐ and nanorobots.


For example, gold nanoparticles loaded on micro‐ and nanorobots can not only provide heat energy for the micro‐ and nanorobots to form a driving force for autonomous motion but also become a potential photothermal therapeutic agent and provide the possibility of fluorescence imaging [42]. Sánchez and coworkers attached iodine isotopes to the gold surface of the microrobot by chemical adsorption so that they could be detected by PET [43].


Zhang and coworkers reported a kind of microrobot based on superparamagnetic iron oxide‐coated Spirulina. These microrobots can utilize the natural characteristics of Spirulina (in vivo fluorescence imaging) and the MRI characteristics of superparamagnetic iron oxide to achieve noninvasive tracking imaging of superficial tissues or deep organs [44]. Ferromagnetic nanomaterials commonly used in micro‐ and nanorobot substrates are often used in MRI [45]. MRI is a noninvasive and nonionizing imaging method that can provide information on the structure, physiology, and even molecular level of living organisms. It can be felt more deeply throughout the entire body of the patient. However, the spatial resolution of this imaging technology cannot fully meet the needs of biomedical micro‐ and nanorobot research, and further exploration is needed.


Other researchers used the bubbles generated by micro‐ and nanorobots for ultrasonic imaging. Mattrey and coworkers developed an in vivo H2O2 imaging strategy, that is, the microrobot was used to catalyze H2O2, and then the escaped O2 microbubbles were captured and imaged by ultrasonic technology. It can not only be used to distinguish activated neutrophils and primordial neutrophils in vitro but also to provide insight into various H2O2‐related diseases. This imaging strategy was well applied in the in vivo abscess model [46].


The continuous improvement of the imaging capability of biomedical micro‐ and nanorobots can be achieved by optimizing the types of imaging agents loaded on micro‐ and nanorobots and improving in vitro precision imaging equipment, which is expected to be applied in biomedical fields such as drug delivery and precision therapy. However, it is undeniable that the in vivo application of biomedical micro‐ and nanorobot imaging technology is still in its infancy. Although some exciting results have been achieved, there is still a long way to go to achieve clinical transformation. In particular, it is of great significance to develop a biomedical micro‐ and nanorobot platform integrating accurate diagnosis and effective treatment.






7.6 Information Interaction and Intelligent Decision


Biomedical micro‐ and nanorobots have many biological functions, which can be used for the diagnosis and treatment of a variety of diseases. However, in this process, a variety of information exchanges and corresponding complex regulatory networks are needed to support the diagnosis and treatment of diseases. These information interactions exist not only between different biomedical micro‐ and nanorobots but also between biomedical micro‐ and nanorobots and complex physiological environments, such as information interaction with normal cells, cancerous cells, and subcellular organelles. Through information exchange, on the one hand, both sides of the interaction can obtain each other's information (current situation and needs) as soon as possible, on the other hand, it can also bring about further possible cooperation. For biomedical micro‐ and nanorobots, cooperation is the best way to improve the efficiency of disease diagnosis and treatment. Just as cells understood the importance of cooperation at the beginning of the formation of multicellular organisms, various cell types perform their respective duties and cooperate with each other to build a perfect living environment.


Existing studies have shown that the cooperations between cells are achieved by the “secret languages” composed of cytokines, membrane proteins, and other signals. How these “secret languages” connect cells in series to ensure the efficient and orderly operation of life is the main content of cell communication research. For biomedical micro‐ and nanorobots, the research on the construction, action mode, mechanism, and function of information interaction has just begun. Many researchers will take ant colony, fish colony, bird colony, bacterial colony, and other complex natural systems as bionic examples to explore the information interaction ability of biomedical micro‐ and nanorobots and the extended cluster behavior.


Sen and coworkers proposed that micro‐ and nanorobots can jointly complete tasks such as chemical sensing, particle assembly, and drug delivery, and these tasks require communication and cooperation between micro‐ and nanorobots. However, there is no research report on the cooperative behavior of such micro‐ and nanorobots. Sen introduced their exploration in this direction. They built a kind of light‐driven AgCl microrobot that can move autonomously and can self‐assemble with passive objects to change their trajectory. In their research, the solution containing high concentrations AgCl microrobots can show collective behavior similar to that of quorum‐sensing single‐cell organisms. The microrobots proposed by the research team can be used as an abiotic model to study cell signals and collective and emergency behaviors [47].


Wang and coworkers also studied the possibility of inducing swarming of synthetic micro‐objects outside living systems. They demonstrated the ability to organize gold particles in discrete regions by adding hydrazine to an H2O2 solution to trigger an electrolyte gradient. On this basis, a hypothetical model for a diffusiophoretic swarming mechanism was proposed, Researchers hoped to be expanded into using biological redox species for the purpose of creating “intelligent” artificial nanorobots [48].


In the above research, the movement of micro‐ and nanorobots is mainly controlled by the supply/emission of chemical fuel or energy (light, electric field, or magnetic field), so the collective behavior of micro‐ and nanorobots is based on irreversible reaction, which means that the observed collective behavior cannot be actively reversed.


However, Sen et al. constructed a new micro‐ and nanorobot system that showed reversible collective behavior in response to several external stimuli. Ag3PO4 microparticles in aqueous medium showed a transition between “repulsion” (dispersion similar to repulsion) and “schooling” (aggregation similar to attraction), which can be caused by changes in chemical equilibrium (by the addition or removal of NH3) or ultraviolet (UV) light [47]. The collective behavior of micro‐ and nanorobots was based on a self‐diffusion mechanism. The system can act as a NOR gate with NH3 and UV as inputs, function as a microscale pump, and lead to the hierarchical assembly of active particles (Ag3PO4 microparticles) and inert particles (0.9 μm polystyrene‐carboxylate and 2.34 μm silica tracers). This is a kind of micro‐ and nanorobot system based on a nonredox reaction that showed the new design principles of micro‐ and nanorobots (Figure 7.6A) [49]. Wang and coworkers also developed a new Janus microrobot driven by hydrazine, which can show reversible collective clustering behavior (Figure 7.6B) [50]. The team also studied the construction technology of chemical communication between different nanorobots [51].


Tang and Yang believed that nonreciprocal interaction between active matters may lead to collective intelligence beyond the capability of individuals. Therefore, collective intelligence generated from the interaction network of millions of single particles should be explored to achieve advanced functions. Inspired by the microbial symbiosis system, based on a simple ion‐exchange reaction, they coupled self‐propelled ZnO nanorobots and sulfonated polystyrene microbeads to form a complex system. The “waste” product of one species was the “nutrition” of the other species. Specifically, monodisperse sulfonated polystyrene microbeads were used as ion exchangers to interact with ZnO nanorobots. The microbeads had chemical activity and could produce osmotic flow around the matrix. Therefore, this osmotic flow can mechanically interact with other sulfonated polystyrene microbeads in a crowded environment so as to achieve mechanical movement at the overall level. This indicated that the chemical coupling established a communication‐dependent activity for the two particle species, which led to the emergence of sophisticated dynamic self‐organization and consultation decision‐making behavior. In other words, the establishment of chemical communication enhances the reactivity and movement of nanorobots and microbeads, thus forming a nanorobot/microbead complex group with the ability of macroscopic phase aggregation and intelligent consistent decision‐making [52].


  [image: Schematic illustration of (A) Collective behavior of microrobots composed of active particles and inert particles in response to different stimuli. (B) Reversible collective clustering behavior of microrobots catalyzed by iridium-based Janus powered by hydrazine with ultralow concentration.]



Figure 7.6 (A) Collective behavior of microrobots composed of active particles and inert particles in response to different stimuli.


Source: Duan et al. [49]/with permission of American Chemical Society. (B) Reversible collective clustering behavior of microrobots catalyzed by iridium‐based Janus powered by hydrazine with ultralow concentration.


Source: Gao et al. [50]/with permission of American Chemical Society.






In the future, we hope that each biomedical micro‐ and nanorobot will have its own independent and specialized functions, but at the same time, they will also interact with each other and with the living body, forming intelligent decisions through mutual coordination to complete a series of important disease diagnosis and treatment functions. Different kinds of biomedical micro‐ and nanorobots will form an interaction network through fine division of labor and mutual cooperation, so as to realize rapid material exchange and information exchange and implement a variety of biomedical processes for disease diagnosis and treatment under different conditions.






7.7 Diagnosis and Treatment of Disease


Since the first chemical reaction‐driven motor came out in 2002, more and more kinds of micro‐ and nanorobots have been designed, prepared, and applied in biosensor, disease treatment, environmental remediation, and other micro‐ and nano engineering. The research on biomedical applications (mainly diagnosis and treatment of disease) of micro‐ and nanorobots has become the main direction of the field of micro‐ and nanorobots. For this reason, in this paper, the biomedical applications of micro‐ and nanorobots will be reviewed in detail in Chapters 8–10.


The function of biomedical micro‐ and nanorobots is very clear; that is, they can be applied to disease diagnosis and treatment. When Richard Feynman put forward the idea of a “swallowable surgeon” in his speech in 1959, I wonder if he suddenly remembered that Arline Greenbaum, a girl a year or two younger than him, met her at the age of 13, married her at the age of 24, and watched her young lover die in his arms at the age of 27, because she had tuberculosis of the lymph nodes, which seemed to be a terminal disease at that time. At the age of 41, Feynman put forward the idea of a “swallowable surgeon.” Is it because of the deep and long‐term memory of love that this physics genius finally produced the idea of benefiting patients all over the world?
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8
For Cardiovascular Disease Treatment






In the 1966 sci‐fi film “Fantastic Voyage,” five American doctors were reduced to one in a few million and placed in water, then injected into a patient's body for vascular surgery to remove the deadly blood clots in the patient's brain. This classic film is one of many imaginative biological journeys to the big screen over the past few decades. It won the 39th Academy Awards for best art direction and best special effects, as well as best film editing (Nomination), best sound effects (Nomination), and best color photography (Nomination). In the long years that followed, scientists worked hard to turn a similar idea into reality – that is, using micro‐ and nanorobots to roam in the human body to achieve the purpose of detecting and treating diseases.


The flow of blood means the existence of life. Cardiovascular disease has replaced cancer as the primary cause of harm to human health. The systemic distribution of blood vessels and the complexity of the blood environment put forward higher requirements for blood administration. Compared with the traditional passive nanoparticle drug‐delivery system, micro‐ and nanorobots have attracted great attention of researchers because of their active motion ability. How to make use of the active movement ability of micro‐ and nanorobots to improve the targeting and residence time of drug‐delivery systems in high‐pressure, multicomponent, and multi‐interaction blood environments? How to build a medical micro‐ and nanorobot intervention platform that can be used for noninvasive surgery of human blood vessels (including complex microvascular networks)? And how to use active micro‐ and nanorobots to meet the emergency treatment needs of cardiovascular diseases? These questions have become the main content of biomedical micro‐ and nanorobots in the diagnosis and treatment of cardiovascular diseases.






8.1 Thrombus


Thrombus is composed of insoluble fibrin, deposited platelets, accumulated white blood cells, and trapped red blood cells. It is a disease caused by abnormal blood clots in blood vessels of human circulation. Thrombosis includes many related factors, such as blood vessel wall, platelet, coagulation and hemolysis, blood flow, and blood viscosity. It can also be attributed to vascular damage, blood changes, and blood stasis. Due to the differences of various basic diseases and thromboembolic sites, the clinical manifestations of thrombotic diseases are also different, but they often lead to fatal cardiovascular diseases, such as myocardial infarction, ischemic stroke, or pulmonary embolism.


Antithrombotic therapy is the use of thrombolytic drugs, antiplatelet drugs, and anticoagulants to deal with thrombosis. The standard treatment for patients with thrombosis is intravenous thrombolytic agents. Thrombolytic drugs (such as ateplase or urokinase) can be used to dissolve the thrombus and restore blood flow in the event of acute thrombosis. However, these drugs have short half‐life, high risk of bleeding complications, and often lead to re‐thrombosis. This means that the resulting bleeding complications and damage to normal hemostatic function will greatly offset the therapeutic effect. Therefore, it is still an open research field to seek innovative solutions for the drug treatment of thrombotic diseases. The development of drug‐delivery system is to solve the limitations of insufficient pharmacokinetics of thrombolytic agents, but it is inefficient in destroying the dense network of thrombus, and there are still challenges. It is a promising strategy to apply micro‐ and nanorobot drug‐delivery system with autonomous movement ability to thrombolytic therapy, which can improve the efficacy and safety of thrombolytic therapy.


Xie et al. developed a rod‐shaped tubular microrobot to effectively penetrate and completely destroy thrombus (Figure 8.1a) [1]. First, the aligned fibers of styrene–maleic anhydride copolymer (PSMA) were prepared by electrospinning technique, and then immersed in Tris buffer containing dopamine (DA), urokinase‐type plasminogen activator (uPA), and fucoidan (Fu) to obtain FuPDAuPA@PSMA fibers. The fiber fragments were prepared by freeze–cutting. After dissolving the PSMA core, FuPDAuPA microtubules were obtained. Then Escherichia coli Nissle 1917 (EcN) was assembled into each microtubule, and finally FuPDAuPA@EcN microrobot was obtained. The microrobot can reach the blood clot through the mediation of Fu, and then penetrate into the blood clot through bacterial propulsion. The transmission of uPA in thrombus can improve the thrombolysis efficiency and reduce the off‐target effect. Pharmacokinetic analysis showed that the half‐life of uPA was prolonged from 0.4 to 5.6 hours by the microrobot, and more importantly, the bioavailability of drugs could be increased by more than 10 times. In addition, the self‐propulsion of EcN can greatly improve the adsorption capacity of activated platelets to FuPDAuPA@EcN microrobots. Fu‐mediated targeting can increase the thrombolytic ability in vitro by 2 times, and the accumulation of uPA in vivo by more than 10 times. In the treatment of venous thrombosis in the hind limbs of mice, intravenous FuPDAuPA@EcN microrobots can completely remove blood clots and almost completely restore blood flow. This synergy based on Fu‐induced targeting and EcN‐driven motion provided the possibility to improve thrombolytic efficacy, reduce uPA dose, and bleeding side effects.


Using the autonomous movement ability of micro‐ and nanorobot to improve the penetration of thrombolytic drugs in the thrombus is only an advantage of micro‐ and nanorobot for thrombolysis. It is also necessary to solve the key problem of targeting thrombus with micro‐ and nanorobot for thrombolysis. Our group developed mesoporous/macroporous silica/platinum nanoparticles with platelet membrane (PM) modification (mesoporous/macroporous silica/platinum nanomotors/platelet membrane [MMNM/PM] nanorobots) to load and successively targeted delivery thrombolytic and anticoagulant drugs for the treatment of venous thrombosis [4]. Venous thrombosis, including deep venous thrombosis and pulmonary embolism, may be life‐threatening and has a high incidence rate worldwide. At present, the treatment of venous thrombosis is mainly divided into two stages. In the early stage, thrombolytic drugs are used to recanalize blood vessels, and in the late stage, anticoagulant drugs are used to prevent thrombus regeneration. However, the current clinical treatment methods have obvious shortcomings. First of all, as the half‐life of thrombolytic drugs is usually only a few minutes, frequent large‐dose systemic administration is required, which will increase medical costs, and may also lead to side effects such as bleeding, physical allergy, and unstable blood pressure. At the same time, because of the lack of targeting, pure thrombolytic drug injection also has the defect of low drug utilization, that is, less than 5% of the drugs reach the patient site. In addition, when a small amount of thrombolytic drugs reach the thrombus site, they often only stay on the surface of the thrombus, but it is difficult to penetrate the thrombus, so they cannot obtain the ideal therapeutic effect.


  [image: Schematic illustration of (a) FuPDAuPA@EcN rod-shaped tubular microrobot for thrombolytic therapy. (b) Urease catalysis microrobot-powered neutrophil nano-based drug-delivery system.]



Figure 8.1 (a) FuPDAuPA@EcN rod‐shaped tubular microrobot for thrombolytic therapy.


Source: Xie et al. [1]/with permission of Elsevier. (b) Urease catalysis microrobot‐powered neutrophil nano‐based drug‐delivery system.


Source: Zheng et al. [2]/with permission of American Chemical Society. (c) PDA‐based nanorobot for photothermal treatment of thrombotic diseases.


Source: Deng et al. [3]/with permission of American Chemical Society.






The MMNM/PM nanorobots we designed can use the rich GPIIb/IIIa complexes on PM to target the thrombus. In addition, the modification of the nanorobot by PM can also well inhibit the drug leakage of the nanorobot after intravenous injection. After reaching the thrombus through targeted action, PM was broken under near‐infrared (NIR) irradiation to achieve the ideal sequential drug release, including rapid release of thrombolytic urokinase (three hours) and slow release of anticoagulant heparin (>20 days). In this way, through the protection of PM and the control of NIR, the invalid waste and corresponding side effects of drugs in the transportation process were effectively avoided. At the same time, the movement ability obtained by the nanorobots under NIR radiation can effectively promote their penetration into the thrombus, so as to improve the retention of thrombolytic and anticoagulant drugs. The evaluation results in vitro and in vivo confirmed that based on the synergy of the targeting ability of PM and the movement ability of nanorobots, such nanorobots can significantly enhance the thrombolytic effect in static/dynamic thrombus models and rat models. This strategy using biomimetic chemotaxis is very suitable for the treatment of cardiovascular diseases in vivo.


It is worth mentioning that, the combined thrombolytic and anticoagulant therapy system we proposed also meets the needs of medical treatment. Existing studies have shown that the risk of recurrence after venous thrombosis treatment is about 5–10% in the first 12 months. For thrombosis, simple thrombolytic strategy cannot meet its therapeutic needs. The preferred treatment in clinic is the combination of short‐term thrombolysis and long‐term anticoagulation, so as to avoid thrombus regeneration. Through the ingenious design of the structure of the nanorobot, we can simultaneously load thrombolytic and anticoagulant drugs, and achieve short‐term rapid release of thrombolytic drugs and long‐term slow‐release of anticoagulant drugs. This special design can meet the needs of thrombolytic therapy, that is, in the early stage of thrombolytic therapy, more thrombolytic drugs are needed to dissolve the thrombus, while in the long‐term treatment, anticoagulant drugs are needed to prevent the recurrence of thrombus [4].


The advantage of biomimetic chemotaxis makes more research teams devote themselves to the application research of this strategy. As a drug carrier, natural cells have incomparable biocompatibility and specific targeting properties. The use of neutrophils to target and deliver nanodrugs to inflammatory sites has received considerable attention. Neutrophils are the key factors in the process of thrombosis, and can actively target thrombosis. Neutrophils can release a network of DNA filaments wrapped by histones and granulins, which is called neutrophil external traps. Such reticular formation contributes to thrombodilation in arteries, veins, and cancer‐related thrombosis. Therefore, neutrophils may be a natural chemotactic thrombolytic drug carrier for the treatment of thrombotic diseases. However, when neutrophils are used as drug carriers, they still need to overcome the shear stress from the blood flow to the target organs, which may increase the transport time and limit their therapeutic effect. In other words, neutrophils lack an effective power system to overcome blood flow resistance and achieve high targeting efficiency.


Zheng et al. reported the application of a urease catalysis microrobot (UM)‐powered neutrophil‐nanobased drug‐delivery system in promoting thrombolysis and inhibiting re‐thrombosis (Figure 8.1b) [2]. It was fabricated by immobilizing the enzyme asymmetrically onto the surface of natural neutrophils and loading urokinase‐coated Ag particles (Ag‐UK) to obtain the Janus UM‐neutrophil system. Urease‐catalyzed endogenous urea generated propulsive force by producing ammonia and CO2, thus promoting neutrophils to actively target thrombus. UM‐neutrophil system was activated by rich inflammatory cytokines at the thrombotic site, and neutrophil extracellular trapping nets were generated at the thrombotic site, resulting in the release of Ag‐UK. Ag‐UK induced thrombolysis to restore vascular recanalization. The neutrophil drug‐delivery system driven by the urease microrobot can significantly reduce the side effects of bleeding, promote thrombolysis, and inhibit re‐thrombosis. It had high bioavailability and biosafety, showed long circulation ability in the body, and can be used to treat thrombotic diseases caused by persistent vascular wall injury.


NIR radiation has dual functions, because it can not only be used to generate the autonomous movement of micro‐ and nanorobot but also be used for the energy conversion of photothermal micro‐ and nanoagent at the thrombus site, so that the fibrin skeleton structure, red blood cells, and other important thrombus components disintegrate, thus realizing photothermal ablation of thrombus. On the basis of the bionic principle and photothermal technology, Williams and van Hest, used chitosan (a natural polysaccharide with positive charge) and heparin (a glycosaminoglycan with negative charge) as wall materials, constructed biodegradable biocompatible capsules through layer‐by‐layer self‐assembly technology, and then partially plated gold on the capsules through sputtering coating to obtain the NIR response Janus structure. Therefore, a photothermal thrombolysis platform based on Janus capsule microrobot encapsulated by erythrocyte membrane was developed [5]. Erythrocyte membrane provided good biocompatibility for microrobot, enabling it to move efficiently in relevant biological environments (cell culture, serum, and blood). Under NIR radiation, the gold shell formed by asymmetric sputtering can generate local temperature gradient based on surface plasmon resonance adsorption. Therefore, Janus capsule microrobot can move rapidly under the action of heat conduction force. The NIR laser intensity can easily adjust the reversible “on/off” motion and motion behavior of the microrobot. The heat absorbed by the gold shell can also be used to provide photothermal therapy to ablate thrombus.


Qu et al. also developed a kind of polydopamine (PDA)‐based nanorobot for photothermal treatment of thrombotic diseases (Figure 8.1c). PDA is a biomimetic material of mussel, which can be obtained by self‐polymerization of dopamine in weak alkaline environment. PDA has many excellent properties, such as simple preparation method, good biocompatibility, and excellent photothermal properties. PDA also has excellent NIR photothermal conversion function and can be used for photothermal therapy of thrombosis. In this study, researchers first synthesized hollow asymmetric PDA nanoparticles and loaded a NO donor (BNN6) internally, and then modified the surface of PDA nanoparticles with a peptide (Cys‐Arg‐Glu‐Lys‐Ala [CREKA]) that can target the thrombus site. Finally, under the activation of NIR light, PDA transferred the absorbed energy to NO donor BNN6 to trigger the release of NO bubbles for mechanical thrombolysis. At the same time, NO bubbles promoted the rapid autonomous movement of the nanorobot, improved its own permeability in the thrombus, and thus significantly enhanced the thrombolytic effect. In addition, as PDA had high photothermal conversion efficiency, the thrombolysis was further accelerated by photothermal effect [3].


The above research has promoted the development of photothermal thrombolytic therapy, but there are still two problems worthy of attention. The first question is, due to the limited penetration of NIR, can the NIR‐driven micro‐ and nanorobot existing in the blood vessels deep in the body maintain its autonomous movement ability? The second question is, how to promote the rapid repair of vascular endothelium at the thrombus site, so as to help solve the problems of high thrombus recurrence rate and poor long‐term efficacy?


Previous studies have shown that there is excessive oxygen species (ROS) in the thrombus, which is produced by activated platelets in the damaged blood vessels and lesion sites [6]. The increase of ROS level will further aggravate the oxidative stress of endothelial cells and platelet activation, and then more platelet recruitment will aggravate thrombosis. In addition, with the increase of the interaction between platelets and intima, the expression of inflammatory factors in endothelial cells increased, and the vascular lumen is blocked gradually. Therefore, ROS clearance should also be considered in an effective thrombolytic strategy.


Based on this, our group designed a bowl‐shaped mesoporous PDA nanorobot, which was modified with Arg‐Gly‐Asp (RGD) and loaded with urokinase for the treatment of inferior vena cava thrombosis [7]. The bowl structure was designed to provide the ability of autonomous motion of nanorobot due to its asymmetric structure. The motion of the nanorobot came from the autothermal effect caused by the thermal gradient of NIR radiation, and its targeting was realized through the binding ability of RGD loaded by the nanorobot to GP IIb/IIIa receptors on activated platelets at the thrombus site. At the same time, L‐arginine in RGD peptide chain contains a guanidine group, which can interact with ROS at the thrombus site to generate NO, thus driving the nanorobot to move continuously. NO release can not only effectively consume ROS, but also promote the growth of vascular endothelial cells and repair damaged blood vessels. Therefore, under the dual‐mode driving of NO and NIR, the nanorobots can continuously penetrate thrombus. With the increase of temperature, the thrombus structure was destroyed, and urokinase was also released from the mesoporous of the nanorobot, playing an important role in fibrinolysis. Thus, dual‐mode driving and multimode combined treatment of thrombosis can be realized.






8.2 Atherosclerosis


Cardiovascular diseases, including coronary heart disease, cerebral infarction, and peripheral vascular disease, are the main causes of death in the world. They are usually related to atherosclerosis. This is a progressive chronic inflammatory disease. The disorder of lipid metabolism is the basis of its pathological changes. At the beginning, there will be yellow atherosclerotic lipid (low‐density lipoprotein) and complex carbohydrate accumulation, bleeding, and thrombosis in the intima of the affected artery. Furthermore, fibrous tissue hyperplasia and calcification, as well as gradual degeneration and calcification of the middle layer of the artery, lead to thickening and hardening of the arterial wall and narrowing of the vascular lumen. It mainly affects the large and medium arteries in the body, such as the coronary artery, carotid artery, cerebral artery, and renal artery. Once it develops enough to block the arterial cavity, the tissues or organs supplied by the artery will be ischemic or necrotic, and symptoms such as dizziness, heartache, chest tightness, abdominal pain, and intractable hypertension will occur.


At present, the treatment of atherosclerosis mainly includes drug therapy and interventional therapy. The former includes traditional lipid‐lowering drugs, antiplatelet drugs, vasodilator drugs, thrombolytic drugs, and anticoagulant drugs. These drugs have their respective therapeutic mechanisms in the specific drug use process. However, the deficiency of single‐drug therapy lies in its weak specificity, lack of targeting, inability to achieve the expected therapeutic effect, and possible numerous side effects.


In addition, as we know, vascular endothelial cells, as a selective permeability barrier between blood and tissues, can regulate vascular tension, vascular remodeling, inflammation, and thrombosis by producing a variety of cell molecules. When endothelial cells in plaque are damaged, a variety of cytokines will promote cholesterol and monocytes/macrophages to re‐aggregate and enter the subendothelial layer. Macrophages will act as scavengers, release inflammatory cytokines, and absorb a large amount of cholesterol into foam cells. Subsequently, a large number of smooth muscle cells migrate and proliferate to form fiber caps and lipid cores, thus accelerating the development of atherosclerosis. Therefore, early endothelial repair, clearance of inflammatory macrophages, and long‐term anti‐proliferative risk factors should be considered in the treatment of atherosclerosis. However, a few studies can solve the above problems at the same time. Although some researchers have developed nanobased drug‐delivery systems that can target damaged sites. But the nanomaterials are rapidly cleared by flowing blood, which makes their retention rate in atherosclerotic sites too low. Based on this, our group focused on the difficulties in the treatment of atherosclerosis, including the ablation of inflammatory macrophages, the repair of vascular endothelial damage, and anti‐tissue proliferation, and developed a class of new drugs involving microrobot technology.


Our group designed a tubular/mesoporous silica‐based NIR‐driven multifunctional microrobot with autonomous motion capability (Figure 8.2a) [8]. On the one hand, tubular/mesoporous silica materials can use their unique tubular macroporous and mesoporous structures to load drugs of different sizes. That is, macropores can be loaded with large‐sized drug molecules, while the presence of mesopores can realize the controlled long‐term release of small‐sized drugs. On the other hand, the microrobot technology can solve the problem of drug retention in vascular plaque because the microrobot can be guided to move in a specific direction by external forces during transportation. When they reach the vascular plaque, they can show a certain ability of tissue penetration so as to overcome the shear force caused by blood flow in the body. Specifically, first, mesoporous/macroporous silica (MMS) was synthesized using a polycarbonate template by the hard template method, and then Au NPs were grown in situ in the macropores of the tubes to form MMS/Au. Au NPs have the ability to absorb heat generated by NIR light; that is, under NIR light irradiation, the heat was generated and caused thermophoresis and drove the movement of MMS to form an MMS/Au microrobot. Finally, large‐scale vascular endothelial growth factor (VEGF, molecular weight: 39 kDa) and small‐scale anti‐proliferative drug paclitaxel (PTX, molecular weight: 0.853 kDa) were selected as drug molecules and loaded in different channels of the microrobot to form the MMS/Au/PTX/VEGF drug‐loading microrobot. The larger VEGF was mainly loaded in the tubular structure of the microrobot, and the smaller PTX was loaded in the mesoporous channel, so as to achieve the rapid release of VEGF and the slow release of PTX. In order to target damaged blood vessels, anti‐vascular cell adhesion molecule‐1 (anti‐VCAM‐1) polyclonal antibody (aV) that can target VCAM‐1 adhesion molecules on the surface of atherosclerotic vascular endothelial cells was modified on the surface of the microrobot to form a more complex MMS/Au/PTX/VEGF/aV microrobot. When the microrobots were injected into the blood through the vein and irradiated by the NIR laser at the disease site, the microrobots were driven by the NIR laser to obtain the movement ability and promote them to penetrate the damaged blood vessels. Using NIR light to absorb the transformed heat, the microrobots can play the role of photothermal ablation of inflammatory macrophages, and the rapid release of VEGF can be used to promote the short‐term endothelialization process, and the long‐term release of PTX can be used to inhibit tissue proliferation.


Atherosclerosis is a chronic inflammatory disease that is characterized by lipid deposition on the vascular walls of the large and middle arteries, forming a plaque microenvironment with high concentrations of ROS, which is accompanied by the up‐regulation of various inflammatory markers, such as iNOS. More and more evidence has confirmed that inducing macrophage autophagy to improve abnormal lipid metabolism is also an important way to treat atherosclerosis. Classical autophagy inducers rely on inhibition of mammalian targets of rapamycin (mTOR), and long‐term administration of these drugs is directly related to several adverse reactions, such as hyperlipidemia, immunosuppression, and thrombocytopenia. In addition, the current application of mTOR‐dependent autophagy inducers is limited by the lack of targeting and low bioavailability.


  [image: Schematic illustration of (a) A tubular/mesoporous silica-based NIR-driven microrobot can load different drugs with different sizes for atherosclerosis treatment. (b) Carrier-free trehalose-based nanorobots targeting macrophages in inflammatory plaque for treatment of atherosclerosis.]



Figure 8.2 (a) A tubular/mesoporous silica‐based NIR‐driven microrobot can load different drugs with different sizes for atherosclerosis treatment.


Source: Li et al. [8]/with permission of American Chemical Society. (b) Carrier‐free trehalose‐based nanorobots targeting macrophages in inflammatory plaque for treatment of atherosclerosis.


Source: Wu et al. [9]/with permission of American Chemical Society. (c) PM‐modified nanorobot‐coated balloon for atherosclerosis combination therapy.


Source: Huang et al. [10]/with permission of Royal Society of Chemistry.






Our group designed a carrier‐free/drug‐free NO‐driven nanorobot therapeutic agent based on the covalent combination of autophagy inducer trehalose with L‐arginine and phosphatidylserine (Figure 8.2b) [9]. It can target the disease microenvironment with high expression of ROS and iNOS through the chemotactic behavior of L‐arginine and accurately target the macrophages in the atherosclerosis plaque by using the “eat me” signal sent by phosphatidylserine. Finally, the nanorobot can accurately target as microenvironment macrophages step‐by‐step.


Trehalose was chosen as an autophagy inducer because it has great potential to treat a variety of diseases through an mTOR‐independent pathway. Trehalose can stimulate macrophage autophagy lysosome biogenesis by activating transcription factor EB, thereby reducing atherosclerosis without the side effects usually caused by mTOR‐dependent autophagy inducers. However, it should be noted that the medical efficacy of trehalose is limited by the route of administration. Because of its small molecular weight, intravenous trehalose is usually rapidly removed from plasma. The hydrophilicity of trehalose also makes it difficult to pass through the lipid bilayer of the cell membrane through passive diffusion, resulting in low‐drug bioavailability. In addition, oral administration of trehalose can produce a significant first‐pass effect because of the presence of trehalase in the digestive tract. Therefore, prolonging half‐life and improving drug utilization are important prerequisites for the anti‐atherosclerotic effect of trehalose.


In our study, we transferred trehalose to macrophages in plaque through a two‐step targeting strategy. The specific affinity between high expression of ROS and iNOS in atherosclerosis sites and NO‐driven nanorobots can promote the chemotactic behavior of nanorobots and realize the first step in the targeting of atherosclerosis sites. Then, the nanorobot loaded with phosphatidylserine coating can send an analog signal of “eat me” to macrophages to promote cell uptake and achieve the second step of targeting. The above‐mentioned targeting strategies are expected to improve the in vivo delivery and bioavailability of trehalose, enhance its role in alleviating macrophage autophagy dysfunction, and achieve the effect of anti‐atherosclerosis.


The results of in vitro and in vivo experiments confirmed that the introduction of the concept of carrier‐free nanorobot greatly improved the bioavailability of trehalose. The dose could be reduced from 2.5 g kg−1 (in the previous report) to 0.01 g kg−1 (in this work). In particular, both ROS consumed in the targeting process and NO production can play an active role in the treatment of atherosclerosis. The former can break the vicious cycle of excessive reactive oxygen species, persistent inflammation, and unbalanced macrophage polarization, thus promoting M2‐polarization of macrophages and plaque stability. The latter can not only provide a power source for nanorobots but also promote the reconstruction of the endothelial barrier, which is conducive to the multiple therapy of atherosclerosis.


When atherosclerosis develops to a more serious stage, interventional therapy such as stents or balloons is often required. Our group reported a new drug‐coated balloon, which used a drug‐loaded porous nanorobot with autonomous movement ability as the coating of the balloon (Figure 8.2c) [10]. Firstly, aminated‐mesoporous silica (AMS) with an ordered mesoporous structure was prepared for drug loading and release, and then a Janus aminated‐mesoporous silica (JAMS) porous nanorobot was obtained by Pt asymmetric sputtering technology. Furthermore, the nanorobot was modified with the anti‐proliferative drug PTX and an anti‐VCAM‐1 antibody targeting over‐expressed VCAM‐1 in the plaque, and finally the JAMS/PTX/aV nanorobot was obtained. PM was used to wrap the nanorobot to reduce the leakage of drugs before reaching the plaque. The results showed that the photothermal effect produced by Pt can not only be used as the driving source of nanorobots but also play a role in clearing inflammatory macrophages. The drug‐loaded porous nanorobot for drug balloon surface coating proposed in this study can penetrate the plaque and improve the drug retention efficiency, so as to achieve the short‐term photothermal elimination of inflammatory macrophages and the long‐term anti‐proliferative effect of drugs, which provides a possible choice for high‐efficiency drug balloon coating for the treatment of atherosclerosis.


In recent years, various functional nanocarriers have been introduced into the delivery of anti‐atherosclerotic drugs to improve the drug cycle half‐life and reduce the drug dose. However, these therapeutic drugs are still limited by limited drug‐loading efficiency, carrier degradation, and incomplete drug release. As an alternative, the concept of “carrier‐free nanorobot drugs” proposed by our group; that is, it is completely composed of pharmacologically active compounds without the use of nontherapeutic excipients, will bring new ideas to the treatment of cardiovascular diseases.






8.3 Cerebral Apoplexy


Arterial thrombosis may lead to myocardial infarction and stroke. Stroke, including ischemic stroke (cerebral infarction) and hemorrhagic stroke (cerebral parenchymal hemorrhage, intraventricular hemorrhage, and subarachnoid hemorrhage), refers to a group of diseases that cause brain tissue damage due to sudden rupture of cerebral blood vessels or the inability of blood to flow into the brain due to vascular obstruction, with the characteristics of high incidence rate, disability, recurrence, and mortality.


At present, the acute treatment of stroke requires the infusion of recombinant tissue plasminogen activator (rt‐PA or t‐PA) into the blocked vessels, which can activate plasminogen into plasmin, and then plasmin combines with fibrin to decompose blood clots in the cerebral vessels. Although tissue plasminogen activator () is considered to be safe in the treatment of thrombosis, the side effects in some patients have caused major concerns about the safety and effectiveness of t‐PA. In order to improve this therapy, a safer and more effective drug‐delivery strategy is needed.


When nanocarrier technology is used, special attention should be paid to the fact that the effectiveness of t‐PA loaded on nanocarriers may be affected because the activity of t‐PA depends on the conformation‐induced activation during fibrin binding. In view of this limitation, Cheng et al. used the rotating magnetic field‐driven nanorobot technology to study the dose control and effectiveness of local chemistry (t‐PA) in the treatment of stroke [11]. In vitro experiments showed that when combined with a magnetic nanorobot, the thrombolysis speed of low‐concentration t‐PA (50 μg ml−1, intravenous administration) could be increased by two times, reaching the maximum thrombolysis speed of high‐concentration t‐PA. The researchers took the nanorobot as an independent input and found that it could provide power for the enhancement of drug effectiveness without fixing and encapsulating drug molecules. The root cause of this enhancement was based on the convection‐enhanced diffusion/mass transfer of t‐PA molecules to the fibrin surface, which was caused by the active motion of the nanorobot. The rat embolic model well proved the effectiveness and efficiency of the drug stirring with micro‐ and nanorobot to strengthen the treatment of small‐vessel thrombosis. The researchers suggest this strategy as a general principle for the treatment of other diseases.


In the field of cerebrovascular diseases, ischemic stroke is a kind of disease that is difficult to cure. Its pathological symptoms are mainly oxygen‐free radical injury and inflammatory reactions after cerebral ischemia–reperfusion. t‐PA intravenous thrombolysis is the only proven effective drug therapy for acute ischemic stroke. However, because of the narrow treatment‐time window (4.5 hours) and the increased risk of cerebral hemorrhage after thrombolysis, only a few stroke patients can benefit from this. The direct cause of hemorrhage transformation after thrombolysis is that the integrity of the blood‐brain barrier (BBB) is damaged after cerebral ischemia, and blood components enter the brain parenchyma from the damaged BBB because of vascular recanalization. However, the pathophysiological mechanism of severe damage of BBB is not clear at present.


Based on this, Tu and coworkers prepared biodegradable H2‐powered Mg‐based microrobots with a Janus structure by asymmetrically modifying Mg microspheres (Figure 8.3) [12]. With the help of H2 treatment, that is, H2 can specifically remove harmful ROS including ·OH and ONOO− in the body but retain other ROS required for normal signals, so as to reduce in situ oxidative stress and down‐regulate inflammatory factors of cerebral ischemia–reperfusion injury. Thus, precise treatment of acute ischemic stroke was achieved in vivo. Specifically, the H2‐powered Mg‐based microrobots were prepared by asymmetrically coating Mg spheres with biodegradable poly(lactic‐co‐glycolic acid) (PLGA). Due to the reaction between Mg and water, H2 was produced not only as the driving force of microrobot movement but also as a scavenger of ROS and inflammation. However, the autonomous movement of microrobots in simulated body fluid can realize the controlled release and enhanced diffusion of H2, resulting in active H2 transport and improved intracellular reducibility. The results of animal experiments showed that, with the help of the stereotactic device, the microrobots were accurately injected into the lateral ventricle of rats with middle cerebellar artery occlusion. The microrobots produced the antioxidant and anti‐inflammatory effects of H2, which had a significant therapeutic effect on cerebral ischemia–reperfusion injury in vivo.


Researchers will continue to build biomedical multifunctional micro‐ and nanorobots with definite biosafety, which can accurately control movement and assist in the imaging and detection of diseased tissues based on the bionic concept and relying on multiple technologies, and will strive to overcome some major challenges in performing complex tasks in the complex environment of cardiovascular physiology, so as to fully expand the application potential of micro‐ and nanorobots in the field of cardiovascular disease treatment.


  [image: Schematic illustration of biodegradable H2-powered Mg-based microrobots with Janus structure for precise treatment of acute ischemic stroke in vivo.]



Figure 8.3 Biodegradable H2‐powered Mg‐based microrobots with Janus structure for precise treatment of acute ischemic stroke in vivo.


Source: Wang et al. [12]/with permission of John Wiley & Sons.
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9
For Cancer Treatment






At present, academic research on biomedical micro‐ and nanorobots is very extensive and not limited to a single application field, including biosensors, medical diagnosis, cancer treatment, cardiovascular diseases, gastrointestinal diseases, and ophthalmic diseases. However, because of the harmfulness and complexity of cancer, especially the high incidence rate, difficulty in treatment, and lack of radical cure, scientists' research on important application scenarios of biomedical micro‐ and nanorobots is often focused on tumor treatment.


As for the existing cancer treatment methods, surgical resection, chemotherapy, radiotherapy, and immunotherapy have been widely used, but these methods also have their own limitations. The emergence of nano‐based drug‐delivery technology has promoted the enrichment of cancer treatment methods. However, there are still many difficulties in using the existing nano‐based drug‐delivery system to deliver nanoparticles to tumor sites, mainly because of the physical obstacles encountered in solid tumors, such as abnormal blood supply, elevated interstitial pressure, and large transmission distance in tumor stroma. The rise of micro‐ and nanorobot technology will bring revolutionary breakthroughs to the limitations of passive drug‐loaded nanoparticles in cancer treatment. In recent years, great progress has been made in the research of biomedical micro‐ and nanorobots for cancer treatment, and many breakthrough basic theoretical research results have been achieved.






9.1 Cancer Diagnosis


There is no doubt about the importance of cancer diagnosis. It can diagnose the symptoms of cancer patients through a series of new cancer physical examination methods, such as blood chip detection, gene detection, nanodetection, thermal texture maps, and positron emission tomography/computed tomography, so as to further understand the disease condition and formulate the best treatment plan to achieve the purpose of early detection and early treatment. Biomedical micro‐ and nanorobots have also been applied to the diagnosis and treatment of cancer by researchers based on their micro‐ and nanoscale and autonomous motion characteristics.


In 1869, Ashworth, an Australian doctor, first proposed the concept of circulating tumor cells (CTCs). In 1976, Nowell revised the definition of CTCs as: tumor cells that originate from primary tumors or metastatic tumors, acquire the ability to detach from the basement membrane, and invade blood vessels through the tissue matrix. Although the primary tumor is very dangerous, it will only cause about 10% of the tumor patients to die, and about 90% of the tumor patients will eventually die of the growth of metastatic tumors outside the primary focus. The formation of this metastasis is the result of tumor cells leaving the primary focus to become CTCs along the “highway” in the body (blood vessels and lymphatic vessels), looking for new parts of the body and re‐growing to form cell clones. Sufficient studies have shown that CTCs are the main entities that produce cancer metastasis. Therefore, early detection of CTCs in the blood plays an important guiding role in prognosis judgment, efficacy evaluation, and individualized treatment of patients.


However, the content of CTCs in the human circulatory system is very low, and there are only 1–10 CTCs per ml of whole blood in patients with tumor metastasis. Therefore, the separation and enrichment of CTCs is a key step to realizing the detection of CTCs. The quality of CTC sorting and enrichment effects will directly affect its subsequent detection effect. Therefore, CTC sorting and enrichment with high purity, high sensitivity (without losing CTCs), fast and high cell activity is the focus and difficulty of CTC technology clinical application. In the currently developed CTC detection technology, samples flow through the surface of antibody‐coated magnetic beads or microchips to separate and count CTCs. However, such a method requires a large number of sample preparations and the construction of complex surface microstructures to detect the extremely low abundance of CTCs in blood.


Zhang and Wang first proposed a new strategy based on the selective binding of monoclonal antibody‐functionalized microrobots and their efficient transportation in complex media to separate CTCs in vitro (Figure 9.1a). This method was expected to directly detect CTCs without sample pretreatment. Results indicated that these microrobots can be easily functionalized with targeted ligands (such as monoclonal antibodies) to select highly specific cancer cells and provide sufficient propulsion to effectively transport captured target cells. Researchers believe that the autonomous transport characteristics of microrobots in viscous fluids (such as serum) may eliminate the multiple preparation steps required for existing bead‐based systems. In addition, the efficiency of the separation process of living cells can be improved by changing the interaction between antigen and antibody (i.e. by controlling the shear stress of blood flow). This micromachine‐based cell manipulator and sorter can be easily integrated into the microchannel network to create integrated microchip devices for efficient capture of target tumor cells [1].


  [image: Schematic illustration of (a) Highly efficient transportation of circulating tumor cells in complex media based on monoclonal antibody-functionalized microrobots. (b) Qualitative detection of AIB1 oncoprotein in MCF-7 breast cancer cells by aptamer-functionalized nanorobots.]



Figure 9.1 (a) Highly efficient transportation of circulating tumor cells in complex media based on monoclonal antibody‐functionalized microrobots.


Source: Balasubramanian et al. [1]/John Wiley & Sons. (b) Qualitative detection of AIB1 oncoprotein in MCF‐7 breast cancer cells by aptamer‐functionalized nanorobots.


Source: Beltran‐Gastelum et al. [2]/John Wiley & Sons. (c) Selective and rapid separation of cancer cells by Mg‐Fe3O4‐based magnetic fluorescence nanorobots.


Source: Wavhale et al. [3]/Springer Nature/CC BY 4.0. (d) ECL biosensor was constructed based on DNA robotics technology for ultrasensitive detection of miRNA‐21.


Source: Liu et al. [4]/American Chemical Society.






Using the same design principle, Wang and Subjakova also reported ultrasound‐driven graphene oxide‐coated gold nanowire robots (Figure 9.1b) [2], which were functionalized by fluorescein‐labeled DNA aptamers (FAM‐AIB1‐apt), and then used them for the qualitative detection of overexpressed AIB1 oncoprotein in MCF‐7 breast cancer cells. The experimental results also proved that the propulsive behavior of an aptamer‐functionalized nanorobot can effectively promote intracellular absorption and faster binding with the target protein. Therefore, a real‐time qualitative intracellular imaging method for rapid intracellular sensing of AIB1 oncoprotein was developed. This kind of cancer diagnosis and sensing strategy based on micro‐ and nanorobot technology had good universality.


Wavhale et al. reported magnetic fluorescence nanorobots based on Mg‐Fe3O4 (Figure 9.1c) [3], which can self‐propel in the blood without the use of any other additives and selectively and quickly separate cancer cells. It greatly improved the sensitivity, efficiency, and speed of cancer cell capture. Nanorobots showed almost 100% excellent cancer cell‐capture efficiency in serum and whole blood, especially for MCF‐7 breast cancer cells.


DNA nanorobots can move along the tracks designed in one‐, two‐, or three‐dimensions, which is attracting more and more interest in biosensors for accurate and effective signal amplification. Liu et al. cleverly used the function of a DNA nanorobot to design and prepare an electrochemiluminescence (ECL) biosensor based on the bipedal DNA walker signal amplification strategy for ultrasensitive detection of microRNA‐21 (miRNA‐21) (Figure 9.1d) [4]. The bipedal DNA walker triggered by targeting miRNA‐21 was driven by a toe‐mediated strand displacement reaction for signal amplification. Therefore, the ECL biosensor achieved ultrasensitive detection of miRNA‐21 with a linear range of 100 aM to 100 pM and the detection limit was 33 aM. At the same time, the biosensor was also successfully applied to detect the target miRNA‐21 in human cancer cell lysates. Therefore, this work constructed a new signal amplification platform, which shows great application potential in biomedical analysis and early clinical diagnosis.






9.2 Targeting and Delivery


Researchers are trying to manipulate the shape, size, and (surface) composition of micro‐ and nanorobots to improve their tumor‐targeting ability. Like the traditional nanobased drug‐delivery system, the passive targeting strategy based on enhanced permeability and retention (EPR) effect is still used in many studies. Peng et al. proposed an EPR‐enhancement strategy based on Janus polymer nanorobots [5], which can be used to effectively penetrate the tumor vascular endothelium. These nanorobots can be regulated in composition and size below 200 nm, and the preparation process does not need to accurately control the osmotic pressure, so they are widely used. However, in 2020, Sindhwani et al. discussed the tumor penetration of nanoparticles and questioned the mechanism of nanoparticles entering solid tumors [6]. Sufficient evidence shows that transcytosis may be the main mechanism for the enrichment of nanoparticles in tumor sites. Researchers have reexamined the bottleneck of nanodrugs in clinical application, and the traditional EPR effect mechanism has been challenged.


Many micro‐ and nanorobots also adopt an active targeting strategy, that is, using specific antibodies or tumor‐specific receptor‐binding peptides to modify the surface of micro‐ and nanorobots. This will inevitably make the micro‐ and nanorobots have the same targeting efficiency difficulties as the traditional nano‐based drug‐delivery system. In other words, precise navigation to the tumor location is still the goal of research and development of micro‐ and nanorobots. In previous studies, many micro‐ and nanorobots can achieve good motion controllability in phosphate buffer solution (PBS) or simple cell solutions and efficient uptake of tumor cells. However, for the complex physiological environment in vivo, tumor targeting and delivery of micro‐ and nanorobots are facing great challenges. Here, we mainly describe how the problem of tumor targeting and delivery of biomedical micro‐ and nanorobots has been solved by researchers at the level of living animals.


Magnetic field‐driven micro‐ and nanorobots are easy to think of for targeting and transportation in vivo, because under the control of an external magnetic field, micro‐ and nanorobots can be driven to target the target position in the body. In addition, the external magnetic field can also produce other functions, such as high temperature and piezoelectric effect. Recently, many advances have been made in the research of micro‐ and nanorobots driven by magnetic fields at the cellular level. Srivastava et al. demonstrated that the magnetic field‐driven microrobot can be fixed to target cells for drug activation at specific sites, and the alternating magnetic field can also be used to cause a hyperthermia effect. Researchers believe that it is necessary to understand the interaction between micro‐ and nanorobots and cells at the cellular level, which may be used to destroy harmful cells (such as cancer cells) in living systems in the future.


Jin et al. developed multifunctional nanorobots with precise magnetic control (Figure 9.2a) [7]. Magnetic propulsion can actively transport most multifunctional nanorobots to tumor sites without passive targeting (EPR effect), so as to solve the problem of low targeting caused by conditioning, isolation of the mononuclear phagocytic system, physical obstruction of hepatic sinuses or other organs, and increase in osmotic pressure gradient in tumors. The size of multifunctional nanorobots was about 100 nm, which was conducive to the extravasation through fenestration of the vascular system in the tumor area. Furthermore, folic acid on the surface of multifunctional nanorobots can enhance the uptake of multifunctional nanorobots by tumor cells through ligand action. In this research system, the multifunctional nanorobots controlled by magnetic field relied on the double synergy of magnetic propulsion/receptor‐mediated targeting to achieve the tumor targeting effect in the in vivo environment.


Drug‐loaded micro‐ and nanorobot transfer is not an easy task in real‐life research. Researchers try hard to use external forces such as magnetic field or ultrasonic waves to promote the precise guidance of micro‐ and nanorobots to tumor tissue. However, the hydrodynamics of animals' living blood circulation system may be a huge challenge to the autonomous movement of micro‐ and nanorobots with large specific surface area. For the micro‐ and nanorobots, when they navigate in the liquid environment of the vascular system, they may be like poor ants moving in honey.


He and coworkers reported for the first time the active targeted treatment of glioma by micro‐ and nanorobots [11]. In this research, they skillfully used bionic power to achieve in vivo targeting of microrobots. Specifically, neutrophils, a kind of white blood cell, are an important part of the immune system. Studies have shown that such cells can cross biological barriers without triggering immune responses that researchers do not want to see. In addition, neutrophils also have a tendency to respond to inflammatory factors. He et al. designed and prepared a double‐response biological hybrid neutrophil microrobot by using the characteristic that neutrophils can swim along the gradient of inflammatory factors and finally find the pathological tissue. These microrobots were prepared by the neutrophils phagocytizing the magnetic drug‐loaded water gel wrapped by Escherichia coli membrane, which can effectively and stably carry taxol and other anti‐cancer drugs. Relying on the self‐developed external magnetic field control system, the magnetic‐controlled microrobots can first be guided to the brain region for autonomous aggregation and then pass through the blood‐brain barrier (BBB) by virtue of the positive chemotaxis of neutrophils along the gradient of inflammatory factors possessed by malignant glioma. This is an exploratory study of controllable magnetic field‐driven neutrophil microrobots that relies on external magnetic field control and neutrophil chemotaxis to achieve drug delivery and treatment in the blood–brain system in vivo.
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Figure 9.2 (a) The multifunctional nanorobots relied on the double synergistic effect of magnetic propulsion/receptor‐mediated targeting to achieve tumor targeting in the in vivo environment.


Source: Jin et al. [7]/American Chemical Society. (b) On the basis of the homotypic binding of the cancer cell membrane, the cancer cell membrane‐modified microrobots accumulated onto the cancer cells.


Source: Zhang et al. [8]/John Wiley & Sons. (c) Mitochondrial microrobot systems use glucose as fuel and can autonomously move and penetrate tumors.


Source: Chen et al. [9]/with permission of Elsevier. (d) Chemotactic bacteria‐mimicking nanorobots based on glucose concentration gradients.


Source: Ji et al. [10]/John Wiley & Sons.






They also carried out another research using this bionic concept. Through the fusion of cancer cell membrane vesicles and gold nanoshell‐functionalized CaCO3 particles, they prepared a kind of microrobot that can move autonomously under the action of an external sound field. Due to the homotypic binding of the cancer cell membrane, cancer cell membrane coating provided these microrobots with the ability to target‐specific tumor sites, resulting in their massive accumulation on cancer cells (Figure 9.2b) [8].


Chen et al. developed a mitochondrial microrobot system that can use glucose as fuel and can move and penetrate tumors autonomously by taking advantage of the obvious glucose gradient of tumor tissue in its microenvironment (Figure 9.2c) [9]. The microrobot was obtained by asymmetric modification of the mitochondrial surface and loading of GOx. It can simulate natural bacteria, use glucose as fuel to swim toward the tumor, and spontaneously penetrate the tumor tissue. In addition, the healthy mitochondria it transports can contribute to the activation and transmission of apoptosis signals, thereby improving the therapeutic effect of the anti‐cancer drug epirubicin. However, it should be noted that in this study, the mitochondrial microrobots were locally injected into the tumor.


Li et al. combined the self‐propulsion and attraction of bacteria with multifunctional synthetic carriers to realize active cargo transportation and enhance the treatment effect [12]. However, in the biological engineering of biological hybrid microsystems, bacteria are very vulnerable when exposed to biological threats in the environment, especially in the innate immune system. Bacterial microfilaments may cause an immune response and be eliminated by enzyme degradation and phagocytosis of macrophages.


Zhao's group did more sophisticated research on the targeting of nanorobots [13]. They used DNA origami technology to build an autonomous DNA nanorobot that can be programmed to transport drugs. The nanorobot can be functionalized externally by DNA aptamer‐binding nucleolin (a protein specifically expressed on tumor‐related endothelial cells) and its coagulation protease thrombin in its lumen. The nucleolin‐targeting aptamer was not only a targeting domain but also a molecular trigger for the mechanical opening of DNA nanorobots. Thrombin transported by DNA nanorobots thus exposed and activated coagulation at the tumor site. The results of animal experiments showed that intravenous DNA nanorobots can specifically deliver thrombin to tumor‐related blood vessels, induce intravascular thrombosis, lead to tumor necrosis, and inhibit tumor growth. Furthermore, the nanorobots were also been proved to be well tolerated and immune inert in mice and Bama miniature pig models. Such a DNA nanorobot application case should represent a promising strategy for the precise delivery of cancer treatment drugs.


On the basis of the bionic concept, it has become a research trend to realize the accurate drug delivery of micro‐ and nanorobots in vivo through chemotaxis. Although some studies have reported chemotactic micro‐ and nanorobots that can respond to H2O2, pH, CO2, or glucose concentration gradients to complete directional transport (Figure 9.2d) [10, 14, 15], most of them still remain in the stage of in vitro proof‐of‐concept. Among these works, there are many studies on the chemotaxis of glucose concentration gradient formation [16]. However, the chemotaxis designed based on the glucose concentration response gradient may be limited by two aspects. On the one hand, glucose is not a typical substance in the disease microenvironment, which means that it cannot be used as a chemical attractant in the targeted treatment of many diseases. On the other hand, for tumors, the concentration gradient of glucose is inversely proportional to the depth of tumor tissue, which may hinder the further penetration of therapeutic agents into tumor tissue.


So far, synthetic nanorobots that can truly be chemotactic to the microenvironment of the lesion in vivo are still very limited. Therefore, it is necessary to explore more reasonable chemokines (chemical inducers) in the disease microenvironment and further design and prepare micro‐ and nanorobots that can tend to the disease microenvironment in vivo. This is still a huge challenge for micro‐ and nanorobot technology.


The occurrence and development of tumors are closely related to chronic inflammation, and a variety of tumor treatment methods will also cause acute inflammation. The pathological process of various acute and chronic inflammatory diseases is accompanied by the production of a large number of reactive oxygen species (ROS), which will lead to oxidative stress imbalance and body damage. Therefore, ROS has become a marker of the occurrence and development of many diseases. There is a significant difference in ROS concentration between pathological tissue and normal tissue. Based on this, our group proposed a more universal targeting strategy for the application of nanorobots in tumor treatment. We developed a nanorobot driven by NO that can quickly respond to inflammation and reach the high expression site of tumor inflammation through chemotaxis across multiple physiological barriers. We applied it to the treatment of glioblastoma.


During the formation of glioblastoma, it will cause a high concentration of ROS microenvironment significantly higher than that of normal tissue. The concentration of ROS in the environment of cancer cells can be as high as 100 μM. However, the concentration of ROS in normal tissues is only about 20 nM. This obvious ROS concentration gradient makes it possible to design nanorobot‐targeting strategies that respond to the microenvironment of brain tumors in situ. We constructed a NO‐driven polymer‐based drug‐loading nanorobot, which was polymerized with arginine derivatives as monomers, modified with polypeptide Ang that can specifically target endothelial cells and glioblastoma cells at the BBB site at the same time, and then loaded with triphenylphosphine lonidamine (TLND), a drug that can destroy the symbiosis of tumor metabolism, which was obtained by modifying lonidamine (LND) with triphenylphosphine (TPP), a mitochondrial targeting group.


Aiming at the difficulty of brain tumor targeting, the nanorobot we proposed can be overcome it by the step‐by‐step targeting strategy. That is, firstly, the endothelial cells and glioblastoma cells at the BBB site were identified by the polypeptide Ang modified by the nanorobot itself, and the ROS concentration gradient between BBB and brain tumor tissue was used as chemical induction to make the nanorobot produce chemotactic behavior on ROS so as to achieve the penetration of BBB as well as the targeted and in‐depth penetration of brain tumor tissue (the ROS concentration increases with the increase of tumor tissue density). When the nanorobot enters the tumor cells, the modification of TPP can realize the drug's TLND targeting to mitochondria, so as to play a better role. Therefore, the step‐by‐step targeting strategy of BBB–tumor–tissue tumor cells–mitochondria was implemented based on the combination of chemical recognition and chemotaxis to the microenvironment.


Further studies found that in addition to the high expression of ROS in the microenvironment of these diseases, the expression of iNOS in the NOS family was also activated [17]. iNOS is an enzyme molecule that is not expressed in normal tissues and will be significantly up‐regulated in the microenvironment of many diseases [18]. Due to the difference in enzyme kinetic parameters, when catalyzed by iNOS, L‐arginine produces NO faster than other members of NOS, such as neuronal nitric oxide synthase (nNOS) and endothelial nitric oxide synthase (eNOS). The significant concentration difference of iNOS and ROS between disease sites and normal tissues in vivo makes them possible to become chemical attractants. Therefore, our group was committed to building an active search and targeting system in vivo for nanorobots suitable for a variety of disease models.






9.3 Treatment of Different Cancer Species


The intervention of biomedical micro‐ and nanorobot technology in cancer treatment has just begun, especially at the living animal level. Most of the existing studies use the subcutaneous tumor‐bearing model, that is, the cell‐line‐derived tumor xenograft model, which is widely used because of its easy construction, high tumor‐formation rate, short cycle, and other advantages.


There are many research teams dedicated to the treatment of specific cancer species. Li et al. developed a kind of nanorobot to intelligently deliver therapeutic thrombin to tumor‐related blood vessels in vivo [13], so as to effectively block tumor blood supply and inhibit tumor growth. In the mouse model of melanoma, these nanorobots not only inhibited the growth of primary tumors but also prevented the formation of metastasis. The difficulties in the treatment of peritoneal metastatic tumors (ovarian cancer) include large peritoneal space, rapid excretion of therapeutic drugs, and the need for multiple injections.


Wang, Steinmetz, and coworkers [19] introduced phage Qβ on Mg‐based microspheres to form virus‐like nanoparticle‐loaded Mg‐based microrobots for the treatment of peritoneal ovarian cancer. The results showed that the microrobot with autonomous propulsion function in peritoneal fluid greatly enhanced Qβ virus‐like nanoparticles' local distribution and retention. And compared with treatment by Qβ, the improvement of distribution and retention time of Qβ in the abdominal cavity led to the enhancement of immune stimulation, which effectively improved the survival rate of tumor‐bearing mice. The combination of the intervention of microrobot technology and the immune stimulation characteristics of virus‐like nanoparticles had great prospects for tumor immunotherapy for the treatment of different types of primary and metastatic tumors in the peritoneal cavity.


Li et al. tried to use the self‐propulsion of bacteria to achieve drug delivery in vivo [12]. As a result of bioengineering of biological hybrid microsystems, bacteria are very vulnerable when exposed to biological threats in the environment, especially in the innate immune system. Bacterial microfilaments may cause an immune response and be eliminated by enzyme degradation and phagocytosis of macrophages. Therefore, they proposed a multifunctional bacterial microrobot with metal–organic framework zeolitic imidazole framework‐8 (ZIF‐8) encapsulation, that is, based on the selective permeability of ZIF‐8 nanoparticle (NP) (in which macromolecules larger than the pore size of ZIF‐8 [∼1.16 nm] were not allowed to diffuse through the ZIF‐8 layer), so that ZIF‐8 NP could be used to completely wrap E. coli, causing bacteria to maintain their inherent shape and mobility in the presence of lysozyme. Doxorubicin (DOX)‐loaded ZIF‐8@E. coli microsystem can still maintain its effective propulsive force after being treated with lysozyme, so that it can accelerate its passage through the porous membrane, thereby improving the anti‐cancer effect. The intrinsic mobility of bacterial microrobots also enhanced their combination with the bladder wall of mice, and led to the prolongation of the retention time in the bladder area. This strategy provided a new technical platform for the treatment of bladder cancer. The researchers also suggested that the cell surface modification technology of embedding bacteria with metal organic frameworks (MOFs) should be extended to other types of moving organisms (i.e. sperm and microalgae) so as to overcome some possible obstacles in biomedical application.


Glioblastoma is a tumor that originates from glial cells in brain neuroepithelial tissue. It is the most common primary brain malignant tumor, accounting for about 40–50% of all central nervous system tumors. Glioblastoma is the “Mount Everest” in the field of neurosurgery. Under the extremely high mortality rate, it is facing the dilemma of limited treatment options. He and coworkers [11] relied on the control of external magnetic fields and the chemotaxis of neutrophils to build a controllable magnetic field‐driven neutrophil robot, which realized the drug delivery of the blood–brain system in vivo and the treatment of glioblastoma.






9.4 Treatment Mechanism


At present, there are three main clinical treatments for cancer, namely surgery, radiotherapy, and drug therapy (including chemotherapy, targeted drug therapy, endocrine therapy, and immunotherapy). However, because of the complexity and variability of tumors, these traditional methods for tumor treatment (including traditional nano‐based drug‐delivery technology) have some inherent defects. Micro‐ and nanorobot technology is expected to be applied to tumor treatment to improve efficiency. A variety of micro‐ and nanorobot treatment mechanisms have been proposed and deeply studied.




9.4.1 Chemotherapy


The principle of chemotherapy is to effectively deliver specific therapeutic drugs to cells to change gene expression and subsequent protein production. This is a systemic treatment method. No matter what route of administration (oral administration, intravenous administration, body cavity administration, etc.), chemotherapy drugs will spread throughout most organs and tissues of the body with blood circulation. Therefore, chemotherapy is the main treatment for some tumors with systemic dissemination tendency and metastatic middle and advanced tumors. Chemotherapy drugs are cytotoxic drugs, and their use will be accompanied by some toxic and side effects. The payload, in vivo targeting and delivery, and controlled release of chemotherapeutic drugs by biomedical micro‐ and nanorobots can solve the problems existing in the treatment of existing chemotherapeutic drugs, such as their hydrophobicity, toxic and side effects, and lack of targeting of chemotherapeutic drugs.


Akin and Bashir reported a technology for introducing nanoparticles loaded with fluorescent agents or bioluminescent genes into cells by using the active invasiveness of bacterial robots (Figure 9.3a) [20]. The nucleic acid‐based model drugs loaded on the nanocarrier included plasmid DNA encoding green fluorescent protein, luciferase, and secretory alkaline phosphatase, which can be released from the nanocarrier, and then entered the nucleus, and then carried out the transcription and translation of their respective proteins, thereby introducing bacterial‐mediated nanoparticles and genes into cells.


Patiño, Sánchez, and coworkers used the urease‐driven nanorobots for the loading [24], releasing, and efficient administration of the anticancer drug DOX. Compared with passive drugs, the use of nanorobots can significantly enhance the release of drugs, coupled with the synergistic effect of ammonia produced by high concentration urea matrix, which can greatly improve the anticancer efficiency. In the same year, based on the same idea, Sánchez also studied a urease‐driven nanorobot that can target three‐dimensional bladder cancer spheres (Figure 9.3b) [21]. Its outer surface contained polyethylene glycol (PEG) and an anti‐FGFR3 antibody to actively target bladder cancer cells in a three‐dimensional bladder cancer sphere. Compared with bare nanorobots, the targeted nanorobots had a stronger inhibitory effect on the proliferation of spheres, which may be because of local ammonia production and the therapeutic effect of anti‐FGFR3.


Hoop et al. [25] turned their research idea to use magnetic FePd nanowire robot to activate the chemotherapeutic prodrug 5‐fluoro‐1‐propargyl‐uracil (Pro‐5‐FU) to achieve biorthogonal‐targeted tumor treatment. In order to prove their targeted therapeutic abilities, a magnetic field was used to attract the FePd nanowires to a predetermined area in a cultured cancer cell population, resulting in local Pro‐5‐FU activation and subsequent cell death in this region, which can significantly delay tumor growth without obvious side effects. This strategy had the potential to minimize the side effects of traditional chemotherapy and maintain high pharmacological efficiency in the tumor region.
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Figure 9.3 (a) Introduction of nanoparticles and genes into cells, mediated by bacterial robots.


Source: Akin et al. [20]/Springer Nature. (b) Urease‐powered nanorobots for targeting 3D bladder cancer sphere.


Source: Hortelao et al. [21]/American Chemical Society. (c) Adenovirus‐mimicking nanorobots for improving malignant tumor management.


Source: Zhang et al. [22]/with permission of John Wiley & Sons. (d) Zwitterionic‐based H2S‐driven nanorobots for destroying tumor metabolic symbiosis strategy.


Source: Wan et al. [23]/John Wiley & Sons.










9.4.2 Metabolic Therapy


The malignant proliferation of tumors requires a lot of nutrients, which is because of the need for new angiogenesis in the process of their growth. For solid tumors, the formation of new blood vessels is an important part of tumor progression and metastasis. Thrombus occlusion of tumor blood vessels can block the nutritional supply of tumors and induce tumor cell necrosis, which is particularly meaningful for cancer treatment. Zhao and coworkers used DNA origami technology to build a kind of autonomous DNA robot [13]. The nanorobot was functionalized externally through a DNA aptamer, which bound nucleolar protein (a protein specifically expressed on tumor‐related endothelial cells) and thrombin in its lumen. This aptamer can not only target the tumor site but also act as a molecular trigger for the mechanical opening of DNA nanorobots. Results showed that using the tumor‐bearing mouse model, intravenous DNA nanorobots can specifically (intelligently) deliver thrombin to tumor‐related blood vessels and induce intravascular thrombosis so as to effectively block tumor blood supply and inhibit tumor growth, leading to tumor necrosis. The DNA nanorobot for thrombin delivery had the functions of tumor‐targeted delivery, tumor microenvironment signal recognition, triggering nanostructure changes, and payload exposure, which promoted the application of DNA nanotechnology in cancer treatment. This method of transporting payloads through programming and presenting them specifically to tumors was a good strategy for precise cancer treatment.


On the basis of the similar mechanism of starvation therapy, Zhang et al. took the elevated glucose metabolism of malignant tumors as the treatment target and developed a kind of adenovirus‐mimicking nanorobot for improving the management of malignant tumors (Figure 9.3c) [22]. The adenovirus‐mimicking nanorobots had a good photothermal effect, which can significantly enhance the activity of GOx to kill cancer cells. At the same time, the nanorobots can trigger the generation of O2 catalyzed by MnO2, further improving GOx‐mediated starvation therapy, which greatly inhibits the expression of heat shock proteins, thereby enhancing the photothermal effect and producing a synergistic anticancer effect. In vivo research results showed that the adenovirus‐mimicking nanorobots can selectively invade tumor cells and trigger metabolic competition to limit the availability of nutrients, so as to effectively eliminate tumors without side effects.


The large amount of lactic acid produced by glycolysis in the tumor microenvironment was previously considered to be just a metabolic waste. However, more and more studies have proved that lactic acid can play a role in promoting tumor progression. Otto Warburg, the Nobel Prize winner (1931), found through research that normally differentiated cells rely mainly on oxidative phosphorylation of mitochondria for cell energy, while most tumor cells rely on aerobic glycolysis. This metabolic feature of aerobic glycolysis is called “The Warburg Effect,” which is still one of the main features of cancer. The main characteristics are rapid depletion of glucose, active glycolysis, and a high content of lactic acid. Our group proposed a kind of nanorobots driven by zwitterionic H2S loaded with the monocarboxylic acid transporter inhibitor a‐cyano‐4‐hydroxycinnamic acid (Figure 9.3d) [23]. The nanorobots can move in the tumor microenvironment and induce multiple acidosis of tumor cells and inhibit tumor growth through the synergistic effect of movement effect, driving force H2S, and a‐cyano‐4‐hydroxycinnamic acid. Specifically, H2S plays an important role in human physiological activities. In particular, exogenous H2S can promote the uptake of glucose by cells and inhibit the outflow of protons. We combined exogenous H2S with a monocarboxylic acid transporter inhibitor. The synergistic effect of the above two factors can lead to excessive accumulation of lactic acid and protons in cells and lead to multiple acidosis of tumor cells, thus achieving a better tumor inhibition effect. This strategy of destroying tumor metabolic symbiosis was a very attractive tumor treatment method because it targeted tumor cells while causing very little damage to normal cells.






9.4.3 Gas Therapy


Gas therapy is a kind of treatment mode based on specific gas signal molecules such as NO, H2S, and CO to effectively inhibit tumor cells. In addition, O2 and sulfur dioxide (SO2) are also used in the gas therapy of cancer because they can play an important role in the physiological process of cells, tissues, or organisms. Gas therapy has attracted the attention of many researchers, among whom the construction of biomedical micro‐ and nanorobots based on gas donor nanomaterials, as well as the directional, controllable release, and related treatment mechanisms of gas molecules, have become the main research topics.


Inspired by the endogenous biochemical reaction of human body, that is, nitric oxide synthase converts ROS and L‐arginine into NO and citrulline, our group first reported a kind of nanorobot made of hyperbranched polyamide/L‐arginine, which uses the NO gas produced by fuel L‐arginine as the driving force (Figure 9.4a) [26]. In addition to being a driving gas, NO also has the effects of promoting endothelialization and fighting cancer. Subsequently, we made full use of the biomedical efficacy of NO, including improving the penetration ability of nanorobots in tumor sites, reversing the multidrug resistance of tumor cells, regulating the normalization of the tumor vascular system, promoting the degradation of extracellular matrix, and regulating the infiltration and activity of immune cells in the tumor microenvironment, and developing a series of NO‐driven nanorobots that can be applied to chemotherapy and chemotherapy/immunotherapy of tumors.


As a gaseous transmitter, SO2 as a chemotherapeutic molecule, vasodilator, myocardial ischemia/reperfusion drug, and antifungal drug, shows potential in fighting various diseases. Yue et al. designed a self‐propelled, asymmetrical Au@MnO2 nanorobot for deep tissue penetration and self‐reported cancer gas therapy [29]. The hollow MnO2 shell can catalyze H2O2 into O2, which can effectively promote the movement of nanorobots based on its asymmetric structure. At the same time, MnO2 can be decomposed into Mn2+ in cells, releasing benzothiazole sulfite, a precursor of SO2, for the production of SO2 in cells. SO2 can cause serious oxidative damage to organelles and apoptosis by consuming glutathione and producing ROS in tumor tissues.


In addition, hypoxia is one of the typical characteristics of malignant solid tumors. Its accurate definition is a pathological phenomenon that occurs when the body tissue cannot get enough oxygen or cannot use oxygen. Hypoxia will lead to the activation of the hypoxia‐inducible factor‐signaling pathway, which affects the expression of hundreds of genes, including vascular epithelial growth factor and angiopoietin‐1, and also stimulates the production of anaerobic metabolic enzymes, so that cells can continue to survive in the hypoxic environment. Hypoxia is closely related to tumor angiogenesis, metastasis, and drug resistance. Existing studies have found that tumor cells induce hypoxia through various mechanisms, such as high metabolic rate and high oxygen consumption, which cause endothelial dysfunction or destroy oxygen delivery because of various effects on blood vessels; create a chronic hypoxic environment; activate the hypoxia‐inducible factor signaling pathway; accelerate tumor growth; improve tumor invasiveness; and promote tumor metastasis.


  [image: Schematic illustration of (a) NO-driven nanorobots based on human endogenous biochemical reaction. (b) the Trojan horse therapeutic nanorobot delivery into the hypoxic region of tumor.]



Figure 9.4 (a) NO‐driven nanorobots based on human endogenous biochemical reaction.


Source: Wan et al. [26]/Springer Nature/CC BY 4.0. (b) Schematic illustration of the Trojan horse therapeutic nanorobot delivery into the hypoxic region of tumor.


Source: Choi et al. [27]/American Chemical Society. (c) Schematic illustration of the nanorobot‐enabled pH‐responsive intracellular delivery of Caspase‐3.


Source: Avila et al. [15]/with permission of American Chemical Society. (d) Schematic illustration of the immunostimulatory microrobots.


Source: Zhou et al. [28]/John Wiley & Sons.






In view of the key problems that restrict the clinical efficacy, such as tumor recurrence and insensitivity of patients to radiotherapy and chemotherapy, researchers are working hard to develop nanorobots that can release O2 at a high level, providing a new way to improve the hypoxic microenvironment of tumors and improve the chemotherapy efficacy of drug‐resistant solid tumors. O2 is the most widely used gas molecule in cancer treatment, which is used to overcome hypoxia. In addition, O2 can also help to enhance the therapeutic effect of photodynamic therapy (PDT) or sonodynamic therapy. Wang et al. synthesized ultrafine TiO2 nanoparticles on the surface of Pd nanoparticles in situ and obtained Pd@TiO2 [30]. And then put zinc phthalocyanine into Pd@TiO2 to form a nanorobot (denoted PTZCs) with the synergistic activities of PDT and photothermal therapy (PTT). The excellent catalase activity of Pd@TiO2 can effectively catalyze the decomposition of H2O2, producing sufficient O2, which can further alleviate tumor hypoxia and promote nanorobot movement to enhance the synergistic therapeutic effects of PDT and PTT against hyperoxic tumors.






9.4.4 Optical Therapy


In the process of traditional cancer treatment, chemotherapy drugs usually play an important role. These drugs act directly on tumor cells without external stimulation. But there are also some drawbacks. In order to reduce the side effects of anticancer drugs and optimize their controllability, researchers have developed new tumor treatment methods based on external stimulation, such as PDT and PTT. Biomedical micro‐ and nanorobots can produce ROS or thermal effects under external excitation, so as to controllably kill tumor cells.


Nano‐optical therapy technology has shown great application value in the field of cancer treatment because of its wide range of application, simple operation, strong selectivity, noninvasive, small toxic and side effects, but it still has great challenges in clinical treatment. In nano‐optical (photodynamic) therapy, the excitation light of traditional photosensitizers is mostly visible light, which has obvious shortcomings as follows:




	Light with a wavelength of less than 800 nm has a shallow penetration depth, which is only suitable for shallow treatment, and it is difficult to apply to deep tumor treatment research.


	After receiving optical therapy, patients still need to avoid light for a long time to reduce adverse reactions such as pigmentation and skin inflammation.


	The heat generated by optical (photothermal) treatment is often unevenly distributed in the tumor, and some cancer cells may survive after surgery, resulting in tumor recurrence.


	Monotherapy has poor effect on tumor treatment.





In recent years, the intervention of near infrared (NIR)‐driven nanorobot technology has made it possible to solve the above problems. In recent years, the use of NIR irradiation of photothermal conversion nanoparticles to make local thermal ablation to treat cancer is a rising technology, and the active motion ability of micro‐ and nanorobots has brought new ideas to PTT.


Choi et al. reported a cellular Trojan horse strategy for delivering therapeutic nanoparticles to tumor tissue (Figure 9.4b) [27]. Specifically, macrophages were used to recruit therapeutic gold nanoshell, and then NIR irradiation was performed after macrophages entered the hypoxic region of the tumor, so as to obtain light‐induced ablation of gold nanoshell‐loaded monocytes and macrophages, tumor recruitment, and light‐induced cell death of macrophages in the hypoxic microenvironment of a human breast tumor spheroid. This Trojan horse strategy can ensure that the therapeutic nano‐agent‐loaded by the cells remains noncytotoxic before macrophages enter the hypoxic region of the tumor, which was very important for the implementation of the treatment strategy.


Yang et al. explored in detail the role of Janus‐like nanorobots with controllable active motion under NIR irradiation in the treatment of cancer cells with enhanced photothermal effect [31]. He also used macrophage membrane to modify Janus mesoporous silica nanorobots driven by NIR light [32]. They believe that in biological medium, the macrophage membrane camouflaging can not only prevent dissociative biological blocks from adhering to nanorobots but also improve the seeking sensitivity of the nanorobots by specifically recognizing cancer cells. This method integrated the functions of active targeting, cytomembranes perforating, and PTT, paving the way for the application of self‐propelled nanorobots in the biomedical field.


Gold nanoparticles have good photothermal effects, which can transfer heat to the surrounding medium through electron–photon relaxation under light excitation and increase local temperature. Therefore, they are widely used in PTT for cancer diseases. Yang et al. reported for the first time that a Janus‐like nanorobot with active motion was helpful to enhance the cancer cell therapy photothermal effect [31]. Under the action of the NIR laser, the prepared nanorobot showed space–time controllable active motion and could effectively improve the temperature of processing cells, showing enhanced PTT, so it had high tumor cell‐killing efficiency. The tumor cells were effectively killed after two days of treatment by photothermal ablation irradiated by the NIR laser.


Liu et al. used the optical properties of rare earth (upconversion nanoparticles [UCNPs]) to prepare the UCNPs@mSiO2‐Au‐Cys nanorobots for multimode imaging and PTT/PDT therapy of tumors [33]. First, Au NP and the photosensitizer Cy–S–Ph–NH2 (Cys) were loaded with UCNPs and connected with a mesoporous silica shell. The autonomous movement of nanorobots under 808 nm laser irradiation can significantly increase their permeability in tumor tissue. At the same time, gold nanoparticles can provide photothermal conversion, photothermal imaging, and as nanocatalytic enzymes, they can enhance the efficacy of oxygen‐dependent PDT. Cys can also increase the photothermal effect. In addition, UCNPs were emitted at 659 and 800 nm under 980 nm excitation, which made it possible to realize real‐time online monitoring of therapeutic effects and tumor fluorescence imaging. This treatment nanoplatform based on UCNP's optical properties and nanorobot technology will provide potential methods for tumor treatment.


In the field of micro‐ and nanorobot research, Fe3O4 nanoparticles are widely used in the construction of magnetically driven micro‐ and nanorobots because of their magnetism. They are also used in the diagnosis of tumors as excellent MRI reagents. There are also reports that magnetic nanoparticles have been used in PTT of tumors because of their strong absorption in the NIR light region and the characteristics of converting light into heat. However, magnetic Fe3O4 nanoparticles are not excellent PTT reagents, which is attributed to their low efficiency of photothermal energy conversion. In addition, the reticuloendothelial system can easily absorb magnetic nanoparticles and quickly reduce blood circulation, which hinders the effectiveness of magnetic nanoparticles as nanorobots in diagnosis and PTT. In order to solve this problem, researchers have developed a variety of methods to modify magnetic Fe3O4 nanoparticles. The self‐polymerization of dopamine on the surface of magnetic nanoparticles is the most common method. PDA has excellent biocompatibility and biodegradability, as well as a higher photothermal conversion efficiency (40%), making it an ideal photothermal material for ablation of tumor cells without affecting healthy tissues. Therefore, using PDA to cover Fe3O4 magnetic nanoparticles can prepare multifunctional composite nanorobots and enhance their photothermal properties. Gao and coworkers developed a magnetic field‐driven Fe3O4@PDA@DNA nanorobot, which can perform MRI in vivo and be used for PDT/PTT under the guidance of imaging and achieved good results [34].






9.4.5 Biotherapy


Zhang and Wang first reported a cancer biotherapy based on nanorobot technology, which can deliver the active caspase‐3 (CASP‐3) enzyme directly and efficiently to the cytosol of tumor cells, leading to the rapid apoptosis of tumor cells (Figure 9.4c) [15]. CASP‐3 enzyme loaded on the ultrasonic‐driven nanorobots was protected by a pH‐responsive polymer coating. When they entered into the cell and were exposed to intracellular medium with a higher pH value, the polymer coating dissolved, thus releasing the active CASP‐3 enzyme. The reported nanorobot system can achieve 80% apoptosis of human gastric adenocarcinoma cells in five minutes, which was significantly better than other CASP‐3 enzyme‐delivery pathways. This improvement of this kind of drug‐delivery system reflects the necessity and importance of rapid internalization and intracellular movement of nanorobots for effective cytoplasmic protein delivery. It has great therapeutic potential to deliver enzymes directly and efficiently to the cell cytosol.






9.4.6 Immunotherapy


Immunotherapy has attracted much attention because it can inhibit and eliminate tumors by restarting and maintaining the tumor‐immune cycle, restoring the normal anti‐tumor immune response of the body and providing the possibility to avoid cancer recurrence and treat metastatic tumors, and will not cause damage similar to chemotherapy drugs to normal cells in this process. Immunotherapy has become an attractive strategy and has proven to have clinical benefits for a variety of cancers. The prospect of immunotherapy depends on its ability to reconstruct the inhibitory tumor microenvironment and promote anti‐tumor immunity.


Zhang and Wang proposed a cancer immunotherapy strategy based on microrobot intervention technology (Figure 9.4d) [28], which combined tumor tissue destruction with biological stimulation. This kind of microrobot was prepared by loading bacterial outer membrane vesicles onto an automatically propelled Mg‐based microsphere, which can react with water to generate propulsion, thereby destroying the surrounding tumor tissue. And the damaged cancer cells can be used as the source of tumor antigen, which is engulfed by local antigen‐presenting cells to train the immune system. When the drug is administered into the tumor, it can be found that the microrobot loaded with outer membrane vesicles can form a large cavity in the tumor and promote cell death. At the same time, immunogenic outer membrane vesicles promoted the effective recruitment and activation of immune cells, started the downstream cascade reaction, and finally inhibited the growth of treated tumors and distant tumors.


At present, one of the key reasons for the limited application of immunotherapy is the inhibition of T‐cell activity by the tumor microenvironment and their poor permeability at the tumor site. The former is mainly caused by the existence of immune checkpoints. For example, programmed cell death ligand 1 (PD‐L1), as an immunosuppressive checkpoint ligand, is usually highly expressed in tumor cells and interacts with programmed cell death‐1 (PD‐1) on the surface of T cells, thereby hindering the activation and proliferation of T cells. The latter is caused by the specific microenvironment of the tumor, such as high interstitial pressure, solid tumor stress, and tumor collagen. The existence of abnormal blood vessels in the tumor microenvironment and tumor extracellular matrix is the key factor. Vascular abnormalities are highly disordered, tortuous, and excessive branching, which will lead to blood flow disorders, hypoxia, and the formation of acid accumulation, leading to abnormal vascular function, such as increased leakage and increased tissue fluid pressure. The tumor extracellular matrix will make the tissue hard and prevent the therapeutic agent from expanding into the tumor tissue.


In order to solve the problem that T‐cell activity is inhibited by the tumor microenvironment, some researchers use nanoparticles to encapsulate immune checkpoint inhibitors to block their inhibitory immune regulation, such as blocking the interaction between PD‐1 on the surface of T cells and PD‐L1 on the surface of cancer cells, so as to maintain T‐cell activity. However, due to the complexity of the tumor microenvironment, nanoparticles (below 200 nm) can accumulate at the tumor site, but most of them are limited to the periphery of blood vessels and are difficult to penetrate the tumor. In addition, the improvement of T‐cell infiltration is mostly limited to one strategy, while there are few multifaceted collaborative solutions for degrading dense extracellular matrix, improving vascular abnormalities, and increasing therapeutic drugs and T‐cell penetration. But for complex tumor environments, collaborative strategy is very necessary.


Our group constructed a new type of NO‐driven nanorobot, which can not only promote the permeability of therapeutic agents into tumor tissues but also activate and enhance the activity of T cells in a variety of ways to achieve good immunochemotherapy [35]. Firstly, a NO‐driven nanorobot with targeting and NIR fluorescence imaging ability was designed and synthesized, which was composed of heparin‐folate/cy5.5/L‐arginine. The introduction of fluorescent group cy5.5 can help better locate the location and distribution of nanorobots in tumors. Then, the chemotherapy drug docetaxel and the immune checkpoint inhibitor anti‐PD‐1 were loaded on the above NO‐driven nanorobot, in which the chemotherapy drug can cleave cancer cells to release antigens, and combine with immune checkpoint inhibitors to further enhance the lethality of T cells.


In particular, NO is an important multifunctional physiological signal molecule in vivo, which plays a crucial role in mediating tumor formation and progression. Our results showed that NO can significantly inhibit the expression of PD‐L1 in tumor cells and avoid the damage to T‐cell activity caused by immune checkpoint molecular damage and indirect activation of T cells. In addition, NO can form a certain concentration around tumor blood vessels, thereby improving the shape and function of tumor blood vessels. At the same time, NO can also react with superoxide anion in the tumor environment to form ONOO−, which activates matrix metalloproteinases in the tumor matrix and degrades collagen in the tumor extracellular matrix so as to promote the penetration of therapeutic agents and the infiltration of T cells into tumor tissue. The experimental results showed that the efficiency of T‐cell infiltration in tumor tissue in vivo increased from 2.1% to 28.2%. Subcutaneous and intraperitoneal tumor models can verify that the drug‐loaded NO‐driven nanorobot had a good anti‐tumor effect [35]. This study realized the efficient combined treatment of chemotherapy and immunotherapy and provided innovative ideas for solving the scientific problems existing in the current tumor immunotherapy.


We also extended the use of the nanorobot for immunotherapy to the treatment of glioblastoma. At present, a key factor limiting the effect of brain tumor immunotherapy is the existence of a complex tumor immune mechanism. As early as 2013, Chen and Mellman proposed the concept of the tumor immune cycle, which included (i) the release and (ii) presentation of tumor antigens, (iii) the activation and (iv) transportation of effector T cells, (v) the infiltration of T cells into tumor tissue, (vi) T‐cell recognition, and (vii) elimination of tumor cells [36].


Current studies often use different drugs to intervene in the limited links of the above cycle, such as using chemotherapy drugs or photothermal effects to induce tumor immunogenic cell death, so as to expose tumor immune antigens and promote the presentation of tumor antigens (for links (i) and (ii)) [37], or using immune checkpoint inhibitors to enhance the killing capacity of T cells (for links (vi) and (vii)) [38], and improving the tumor immunosuppressive microenvironment by destroying the symbiosis of tumor metabolism, so as to improve the effect of immunotherapy (for link (vii)) [39]. However, the effect of intervention in limited links may be limited because of immune escape in other links [40]. However, if different drugs are used to intervene in the above links respectively, complex designs of therapeutic agents and administration modes are required, and there is a risk of excessive immune response resulting in damage to normal cells and tissues, which is the so‐called immune‐related adverse events (irAEs) [41].


Through in‐depth analysis of the physiological characteristics of brain tumors, we prepared a kind of nanorobot. Through the beneficial product NO released by the nanorobot in the brain tumor ROS environment and its loaded TLND, we can carry out the multilink intervention synergy of the tumor immune cycle process, reshape the positive tumor immune cycle, and avoid the occurrence of irAEs. Specifically, the high concentration of NO produced during the movement of the nanorobot can be used as an immunogenic cell death inducer to enhance the production of tumor immune antigen, thereby promoting the maturation of antigen‐presenting cells and the activation of T cells (links (i)–(iii)). Further, NO can normalize abnormal blood vessels in tumor tissue, thereby improving the transport efficiency of T cells at tumor sites (link (iv)). NO can also react with ROS (O2−) to produce ONOO−‐upregulate matrix metalloproteinases and promote the degradation of tumor extracellular matrix, thus effectively improving the infiltration of T cells and drugs into tumor tissue (link (v)). At the same time, NO can also downregulate the expression of PDL‐1 on the surface of tumor cells, thereby improving the recognition ability of T cells to tumor cells (link (vi)). The unique function of the drug TLND to selectively inhibit aerobic glycolysis and energy metabolism in tumor cells makes it possible to improve the tumor immunosuppressive microenvironment by destroying the symbiotic process of tumor metabolism (link (vii)). In general, the nanorobot released NO in response to the tumor ROS microenvironment through the matrix component (arginine derivative), and with the help of the chemotactic behavior of the nanorobot, it can become an important therapeutic agent for the multilink intervention of brain tumor immune enhancement. In addition, TLND can produce ROS when it works, which can improve the efficiency of NO production and the corresponding autonomous movement ability of nanorobots, forming a cascade effect of NO production and providing a guarantee for the chemosensitivity of such nanorobots to the ROS microenvironment. It should be noted that in this research system, researchers did not directly use immune checkpoint inhibitors but gave full play to the versatility of NO by promoting the chemotactic behavior of nanorobots, so as to achieve multi‐link intervention, and the irAE phenomenon can be avoided to a great extent.






9.4.7 Multimodal Combined Therapy


For cancer treatment, the traditional single treatment has the problems of low drug utilization, poor effect, and easy recurrence, resulting in the phenomenon of drug resistance. Moreover, its endogenous and exogenous mechanisms are not clear. In addition, tumor heterogeneity is a challenge for precision treatment. Tumor heterogeneity can be divided into individual heterogeneity, tumor heterogeneity, and intratumor heterogeneity, and can be further divided into DNA‐level, RNA‐level, and protein‐level heterogeneity. In order to delay or overcome drug resistance and heterogeneity and improve the efficacy of cancer treatment, it is necessary to combine a variety of treatment methods as an effective means of anti‐tumor.


Taking immunotherapy as an example, immunotherapy has completely changed the types of cancer treated in clinics. Compared with traditional treatment, immunotherapy often greatly improves the prognosis of patients. Although many successes have been achieved, most immunotherapies are effective only under specific conditions and only for some patients. To overcome these challenges, researchers have tried to combine immunotherapy with different types of conventional therapies, such as chemotherapy, optical therapy, and radiotherapy. Combined immunotherapy is a powerful strategy that can solve the problem of tumor immunosuppression from multiple perspectives so as to improve the curative effect.








9.5 Theranostics


The concept of theranostics (integration of diagnosis and treatment) was first proposed by John Funkhouser in 1998 and is defined as “the ability to affect therapy or treatment of a disease state” [42]. With the rapid development of theranostics, its definition has also become more broad. It is now generally believed that theranostics is a new biomedical technology that organically combines the diagnosis or monitoring of diseases with treatment.


In the process of tumor treatment, the type and size of tumor significantly affect the enrichment and treatment effect of micro‐ and nanorobots in the tumor site. Therefore, in situ real‐time monitoring of the absorption, distribution, metabolism, and excretion processes of micro‐ and nanorobots in the body and timely evaluation of treatment effects have become the key issues of micro‐ and nanorobot medicine in cancer treatment. Theranostics has obvious advantages compared with a single means of diagnosis or treatment. In particular, it shows great potential in personalized medicine, real‐time monitoring of micro‐ and nanorobot treatment processes, and feedback of micro‐ and nanorobot treatment effects.


Zhong et al. designed and prepared a kind of photosynthetic biohybrid nanorobot system for tumor‐targeted imaging and treatment [43]. The robot selected natural Spirulina platensis as the biological template to produce magnetic microfilaments, magnetic‐engineered bacteria – Spirulina platensis. Then, superparamagnetic Fe3O4 NPs were modified by the dip‐coating process to make them have tumor‐targeting and magnetic resonance imaging characteristics after intravenous injection. The experimental results showed that the robot can act as an oxygen generator through photosynthesis, produce oxygen in situ in hypoxic solid tumors, and adjust the tumor microenvironment so as to improve the effect of radiotherapy. Furthermore, the natural chlorophyll released by the radiotherapy‐treated robot can be used as a photosensitizer to produce cytotoxic ROS under laser irradiation so as to synchronously realize PDT. Such multimodal combined therapy achieved good tumor inhibition effect. The robot also had the ability to self‐fluorescence and photoacoustic imaging based on chlorophyll, which can monitor tumor treatment and tumor microenvironment so as to realize the integration of diagnosis and treatment.


Ye et al. prepared ultrasound‐propelled Janus mesoporous SiO2‐partially coated gold nanorod (Au NR‐mSiO2) robots for deep tumor NIR‐II photoacoustic imaging and synergistic sonodynamic gas therapy (Figure 9.5a) [44]. Following ultrasound irradiation, 2,2‐azobis[2‐(2‐imidazolin‐2‐yl) propane] dihydrochloride loaded in the robot generated N2 microbubbles, which can not only drive nanorobots but also serve as ultrasound imaging contrast agent to enhance imaging signals. Furthermore, due to the deep penetration of ultrasound, the nanorobot can go deep into the tumor and enhance photoacoustic/ultrasound dual‐imaging inside the tumor. In addition, researchers completed cancer treatment by cooperating with N2 gas and sonodynamic therapy. This research showed a new strategy based on nanorobot technology that can simultaneously perform photoacoustic and ultrasound dual‐imaging in the depth of tumor tissue and accurately treat tumors.


Yu et al. developed an aptamer‐tethered DNA–gold particle (Apt‐DNA‐Au) nanorobot for in situ imaging and targeted multimodal synergistic therapy of breast cancer (Figure 9.5b) [45]. The designed Apt‐DNA‐Au nanorobot was based on the entropy‐driven DNA strand displacement reaction and consisted of three major modules. In order to improve the therapeutic effect, four model drugs, including chemotherapeutic drugs (DOX), therapeutic genes (antisense DNA), photosensitizers (zinc phthalocyanine), and AuNPs with plasma properties, were integrated into the nanorobot. In the presence of TK1 mRNA, Apt‐DNA‐Au nanorobot was triggered by toehold‐mediated strand displacement reaction, thereby activating the synergistic anticancer treatment of combined chemotherapy, gene therapy, PDT, and PTT. The fluorophores in the three‐component DNA hybrid were used to monitor the dynamic changes of tumors during treatment in real‐time, in which the fluorescence intensity depended on the expression of tumor growth‐related biomarker TK1 mRNA related to cell division. The research results confirmed that the proposed nanorobot can provide a powerful diagnostic nanoplatform for in situ imaging‐guided combined anticancer therapy.


Dynamic DNA nanorobots can realize biological computing, signal transmission, and specific mechanical operations based on strict Watson–Crick base‐pairing rules. Zhang's team used the high specificity and programmability of hybridization to make the DNA nanorobot a powerful tool for signal amplification and logical assembly (Figure 9.5c) [46], and thus developed an integrated intelligent nanodevice, which was composed of Au@Cu2−xS@PDA nanoparticles and fuel DNA‐conjugated tetrahedral DNA nanostructures (fTDNs). Using Au@Cu2−xS@PDA as an efficient detection matrix, combined with fTDNs assisted DNA walking nanorobot as a superior amplification strategy, the researchers constructed a surface‐enhanced Raman scattering–fluorescence dual spectrum biosensor, which had ultralow background signal and high sensitivity. In addition, the dual‐signal ratio strategy also realized the rapid fluorescence imaging and accurate surface‐enhanced Raman scattering quantitative detection of miRNA in cancer cells, which improved the accuracy of diagnosis. In terms of therapeutic application, Au@Cu2−xS@PDA can also be used as an integrated nano‐agent for multimodal synergistic tumor therapy because of its high‐reactive oxygen species generation ability and excellent photothermal conversion efficiency. Both in vivo and in vitro experiments confirmed its high biological safety and strong anticancer effect, indicating that it had a good prospect for theranostics applications.
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Figure 9.5 (a) Ultrasound‐propelled Janus mesoporous SiO2‐partially coated gold nanorod (Au NR‐mSiO2) robots for deep tumor NIR‐II photoacoustic imaging and synergistic sonodynamic gas therapy.


Source: Ye et al. [44]/Springer Nature. (b) Aptamer‐tethered DNA–gold particle (Apt‐DNA‐Au) nanorobots for in situ imaging and targeted multimodal synergistic therapy of breast cancer.


Source: Yu et al. [45]/John Wiley & Sons. (c) With the help of signal amplification and logical assembly of DNA nanorobots, rapid fluorescence imaging of miRNAs and accurate surface‐enhanced Raman scatting (SERS) quantitative detection in cancer cells, as well as multimodal cooperative tumor therapy, were realized.


Source: He et al. [46]/American Chemical Society.
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10
For Other Diseases' Treatment






Under certain conditions, micro‐ and nanorobots can actively move and gather at the lesion site and deliver therapeutic or diagnostic drugs to the target site, which is expected to carry out refined diagnosis and treatment operations in the complex human environment. Therefore, micro‐ and nanorobots have great development space in disease prevention, diagnosis, treatment, and prognosis. In Chapters 8 and 9, we described in detail the application progress of biomedical micro‐ and nanorobots in cardiovascular disease and tumor treatment research. In fact, through the efforts of scientists for nearly a decade, biomedical micro‐ and nanorobots have made substantial theoretical research progress in ophthalmic diseases, orthopedic diseases, gastrointestinal diseases, neurological diseases, bacterial infections, blood poisoning, biological sensing, etc., which will be described in detail in this chapter (Figure 10.1).






10.1 Ophthalmic Diseases


The eye is the most important organ in human perception, and most of the external information obtained by the human body comes from vision. Therefore, it is particularly important to ensure the health of the visual organ, the eye, especially its visual function. Ophthalmic diseases greatly affect the ability and quality of life of patients. There are more than 100 kinds of hereditary eye diseases, which have become the main blinding eye diseases of children and adolescents. How to prevent and early diagnose and treat eye diseases has become a key research frontier in the biomedical field.


The eye is a relatively isolated organ, usually divided into anterior and posterior segments, with many avascular structures. This unique structure determines the special drug‐delivery method for the treatment of eye‐related diseases. At present, ocular drug delivery depends on the random passive diffusion of drug molecules in biological fluids, so it is difficult to realize the centralized and rapid delivery of drugs to specific areas inside the eyes. The common methods of eye drops are limited to the treatment of diseases located in the anterior segment, and it is almost impossible to reach the posterior segment. Although nano‐based drug loading technology is conducive to targeted drug delivery and can prolong the residence time of drugs in front of the cornea and improve the bioavailability of drugs in the anterior segment, it still faces great challenges. For example, most tissues in the eye, including the vitreous, are dense macromatrix, which will become a barrier for drug diffusion and prevent its penetration. The traditional nano‐based drug‐delivery system cannot improve the retention efficiency of drugs in the posterior segment of the eye, which is the most important part of vision‐related diseases. In order to overcome these difficulties, advanced minimally invasive surgery and drug‐delivery systems are the focus of ophthalmologists and researchers.


  [image: Schematic illustration of research on the application of biomedical micro- and nanorobots in the treatment of various diseases. With the help of Figdraw.]



Figure 10.1 Research on the application of biomedical micro‐ and nanorobots in the treatment of various diseases. With the help of Figdraw (www.figdraw.com).






Micro‐ and nanorobots are promising implantable micro‐ and nano devices that can be used for drug delivery and minimally invasive eye surgery. At present, most micro‐ and nanorobots for eye treatment are driven by magnetic fields. Nelson and his collaborators did a lot of pioneering work in this research direction. In 2006, they first proposed the basic design, modeling, and control of unconstrained biomedical microrobots guided by the external magnetic field in the human body, in order to explore the possible application of the microrobots in the intraocular environment [1].


Subsequently, based on the importance of intraocular O2 measurement for diagnosis and treatment, they, respectively, developed magnetic control wireless sensor devices and microrobots for minimally invasive intraocular O2 concentration measurement based on different O2‐sensitive luminous material sensors (iridium phosphorescent complex and Pt(II)/octaethylporphine dye luminous material), making it possible to conduct long‐term noninvasive O2 tension measurement at locations where human intervention is too invasive at present. It provides technical support for further exploration of the treatment of eye diseases, including diabetic retinopathy, glaucoma, retinopathy of prematurity, age‐related macular degeneration, and retinal vein occlusion, which may be related to insufficient O2 supply [2, 3].


On the diagnostic technology platform, they continue to make efforts to promote the research of drug‐loaded micro‐ and nanorobot technology in the treatment of ophthalmic diseases. In September, 2008, at the 2008 IEEE/RSJ International Conference on Intelligent Robots and Systems held in France, they presented the report “Toward Targeted Retinal Drug Delivery with Wireless Magnetic Microrobots.” In the report, they put forward the idea of a retinal targeted drug‐delivery system based on wireless magnetic microrobots, hoping to solve the problem of retinal vein occlusion, which is one of the most common causes of vision loss. They discussed in detail the basic problems involved in the retinal targeted drug‐delivery system, including biocompatible coating of magnetic microrobot, drug delivery based on diffusion, the characteristics of force required to puncture the retinal vein, and wireless magnetic generation. They called for the magnetic microrobot to achieve targeted drug delivery was possible, and it was also time to be applied to clinical research. They also reported a method to realize the functionalization of a controllable magnetic microrobot by co‐electrodeposition of drug‐loaded chitosan hydrogel and applied it to the treatment of posterior eye diseases. On the basis of the faster and more effective pH‐response behavior and drug‐delivery capacity of chitosan under slightly acidic conditions, the author proposed the concept and prototype of intelligent microrobot devices (Figure 10.2A) [4].


Nelson's group put forward the possibility of microrobots performing minimally invasive surgery in the eye for the first time, and based on their controllable mobility, they designed a wireless magnetic control system for unconstrained microrobots and studied in detail the mobility and controllability of the microrobots in different media: special vitreous, balanced salt solution, and silicone oil. In vivo and in vitro experiments showed that the microrobots can perform precise operations inside the eyes and have the potential to treat a variety of ophthalmic diseases, such as targeted drug delivery for macular disease (age‐related macular degeneration), intravenous anticoagulant therapy for retinal vein occlusion, and mechanical applications, such as retinal anterior membrane detachment. The intervention of micro‐ and nanorobot technology may reduce invasiveness of ophthalmic surgery and improve treatment efficiency [6].


  [image: Photos depict treatment of ophthalmic diseases. (A) Functionalization of steerable magnetic microdevices by co-electrodeposition of drug-loaded chitosan hydrogel was achieved for drug delivery in the posterior segment of the eye. In the inset (a), a final implant with an additional needle.]



Figure 10.2 Treatment of ophthalmic diseases. (A) Functionalization of steerable magnetic microdevices by co‐electrodeposition of drug‐loaded chitosan hydrogel was achieved for drug delivery in the posterior segment of the eye. In the inset (a), a final implant with an additional needle.


Source: Fusco et al. [4]/with permission of John Wiley & Sons. (B) Electroforming of implantable tubular magnetic microrobots for wireless ophthalmologic applications.


Source: Chatzipirpiridis et al. [5]/with permission of John Wiley & Sons. (C) Schematic illustration of a microrobot around three axes at a field rotational frequency of 1 Hz in the vitreous humor of a living rabbit's eye.


Source: Chatzipirpiridis et al. [5]/with permission of John Wiley & Sons.






Pané et al. reported a kind of implantable CoNi magnetic tube microrobot for targeted drug delivery in the posterior segment of the eye with minimally invasive surgery. In order to reduce the retinal cytotoxicity that may be caused by the ionic form of cobalt and nickel at a small concentration, the researchers adopted the electropolymerized polypyrrole film‐coating technology to ensure its biocompatibility, which can not only reduce the corrosion behavior of cobalt and nickel in the biological tissue environment but also reduce biological fouling and cell adhesion because of the chemical inertness of polypyrrole, which is of great benefit to the movement of magnetic field‐driven microrobots in the eye environment. This surface modification technology plays an important and decisive role in the biomedical application of micro‐ and nanorobots (Figure 10.2B,C) [5].


Qiu and Fischer proposed a spiral magnetic nanorobot that can break through the vitreous barrier in the eye. The lubrication coating on the surface of these nanorobots can effectively overcome the adhesion of biomolecules under the guidance of an external magnetic field and complete the long‐distance controllable cluster movement from the center of the eye vitreous to the retina with the aid of the biological imaging technology of optical coherence tomography. Dr. Wu, the first author of this paper, was selected as one of the “Innovators under 35 China” in the third MIT Technology Review (2019) for the research work [7].


Micro‐ and nanorobots are promising implantable micro‐ and nanodevices that can not only be used for drug delivery and minimally invasive surgery in the eye but also for targeting other diseases in the narrow space of the human body, such as the brain system. The novel multifunctional micro‐ and nanorobots with better biocompatibility, strong controllable operation, and more complex medical functions will become the technological platform for innovative treatment of ophthalmic diseases.






10.2 Orthopedic Diseases


Orthopedic diseases have become the current high incidence, seriously threatening the health of patients. The corresponding treatment is mainly based on reconstruction, committed to restoring the normal motion structure of the human body and achieving good motion function. But depending on surgery alone, the human body's self‐repair ability cannot meet the medical needs in the treatment of some diseases. Osteoarthritis is one of the most common orthopedic diseases, which is mainly caused by the injury of articular cartilage and underlying bone. Its characteristics include joint pain and articular cartilage degeneration, which seriously affect patients' quality of life. Studies have shown that the possible causes of osteoarthritis include chondrocyte degradation, ultrastructural changes, and inconsistent gene expression. The articular cavity is a discrete cavity, so intraarticular administration can improve the bioavailability of drugs and reduce the possible deviation from the target and side effects in the process of systemic administration. However, for drugs or drug carriers, it is still a challenge to accurately find the lesion site in the articular cavity and achieve drug penetration. The emergence of micro‐ and nanorobot technology has made it possible to break through the limitations of traditional treatment methods.


There is no typical acid or special fuel in the microenvironment of the articular cavity, so the magnetically driven micro‐ and nanorobots are suitable for intraarticular drug delivery. Moreover, stem cells have the ability of self‐replicate and have multidirectional differentiation potential. Combining stem cells with traditional therapies, or even replacing traditional therapies, will hopefully solve the thorny problems of current orthopedic diseases. The use of mesenchymal stem cells to treat cartilage defects, arthritis, and other diseases is the current research focus in this direction. Intraarticular stem cell transplantation without scaffold and growth factor is a more attractive option because it can reduce surgical intervention to simple arthroscopic cell injection. However, current research shows that the actual therapeutic effect of this technology is poor. Cell therapy is hindered by the difficulty of transporting cells to the target tissue and storing them in the target tissue for a long enough time to repair or regenerate local tissues. It is urgent to introduce new solutions [8, 9]. The intervention of magnetic field‐driven micro‐ and nanorobots may bring a new regenerative medicine stem cell‐delivery system for the treatment of orthopedic diseases.


Go and Park proposed the concept of magnetic microrobots with the ability to target mesenchymal stem cells for articular cartilage regeneration. The microrobots were composed of poly(lactic‐co‐glycolic acid) (PLGA) microcapsules, which contained magnetic nanoparticles coated with polyethyleneimine. After incubation with mesenchymal stem cells, the microrobots containing stem cells were obtained and then injected into the articular capsule. Driven by the external magnetic field, the microrobots were enriched in the damaged cartilage, and the loaded mesenchymal stem cells differentiated into chondrocytes to complete cartilage repair. This study could not solve the biocompatibility problem of microrobot materials and could not consider the stable fixation conditions of microrobots in the target area, so it could not verify the in vivo therapeutic effect of the microrobot system (Figure 10.3a) [10].


Subsequently, Go et al. continued to deeply study the substrate biocompatibility of the microrobots loaded with mesenchymal stem cells. They used the chitosan of the magnetic microcluster and the negative ionic charge of the PLGA microscaffold with good biocompatibility to synthesize magnetic microrobots. After loading mesenchymal stem cells, the microrobots driven by a specific magnetic field were enriched and fixed in the damaged area of cartilage. Finally, the mesenchymal stem cells differentiated into chondrocytes to complete the task of cartilage repair. Different from the traditional invasive cartilage regeneration technology, the animal rabbit model test well verified that the microrobot system can achieve the minimally invasive cartilage regeneration of the clinical trial through short‐term culture, which enabled patients to recover quickly and had a good prognosis [13].


  [image: Schematic illustration of treatment of orthopedic diseases. (a) Articular cartilage repair using magnetically actuated microscaffold. (b) Hairbots loaded with magnetic particles and drugs for enhancing the differentiation of bone marrow mesenchymal stem cells into bone tissue.]



Figure 10.3 Treatment of orthopedic diseases. (a) Articular cartilage repair using magnetically actuated microscaffold.


Source: Go et al. [10]/John Wiley & Sons. (b) Hairbots loaded with magnetic particles and drugs for enhancing the differentiation of bone marrow mesenchymal stem cells into bone tissue.


Source: Singh et al. [11]/with permission of Elsevier. (c) Bone crack detection, drug delivery, and repair strategy based on ion gradient self‐propelled robot.


Source: Yadav et al. [12]/with permission of John Wiley & Sons.






Singh et al. reported for the first time that the biogenic hair was sliced into discs as a unique multifunctional material for microrobotics (hairbots), which became autologous cargo carriers for guided drug delivery, untethered osteogenesis, and sonographic contrast agents. The biological hair microrobots showed good biocompatibility, which was characterized by cell adhesion and proliferation. Further research indicated that hair microrobots can be used to enhance the differentiation of bone marrow mesenchymal stem cells into bone tissue. In addition, they had the ability to drug load, target drug delivery, and ultrasound contrast agents. It has applications in biological imaging (Figure 10.3b) [11]. The ultimate success of these orthopedic disease treatment strategies that integrate stem cell technology and micro‐ and nanorobot technology will also depend on the biocompatibility and functionality of robot materials and the matching design of additional outfield.


In addition to the above joint strategy of stem cell transplantation and magnetic field‐driven microrobot, Grinstaff and Sen reported for the first time an active, self‐propelled robot‐based bone‐crack detection, drug delivery, and repair strategy based on ion gradients. This strategy did not require an external trigger or fuel supply, but used the damaged matrix itself as a trigger and fuel to detect bone damage. Cracks in high‐mineral‐content materials, such as bone, produce an ion gradient‐driven electric field, which can be used for active targeting and treatment of robots. This method of using charged quantum dots to actively detect human bone cracks in vitro, as well as the repair strategy based on the phenomenon of electrophoresis, is also a pioneering research on the use of micro‐ and nanorobot technology in the diagnosis and treatment of orthopedic diseases (Figure 10.3c) [12].


In the challenge of micro‐ and nanorobot technology applied to orthopedic disease treatment, the exploration of new materials is the primary task to support the technology. Synthetic multifunctional materials with excellent biosafety, loading capacity, driving, sensing performance, and imaging ability are the goals of researchers. Then, further combined with the theory of cytology, some reasonable and practical medical treatment plans will be designed to construct a multifunctional platform of micro‐ and nanorobots for orthopedic treatment in the future.






10.3 Gastrointestinal Diseases


Gastrointestinal diseases are common diseases of the digestive system. The acidity and alkalinity of the gastrointestinal environment and the structural characteristics of organs determine the unique mode of oral administration. This is considered to be a very convenient and effective way of administration for gastrointestinal inflammation‐related diseases, avoiding the side effects of systemic administration. Traditional oral drugs and nano‐based drug carriers have some defects, such as weak targeting and short drug‐retention time. The emerging micro‐ and nanorobots can penetrate the gastrointestinal mucosa with the help of autonomous movement, so they can stay for a long time and reduce the number of oral administrations. How to use the fuel provided by the gastrointestinal environment to develop a unique micro‐ and nanorobot with acid‐powered propulsion, high drug‐loading capacity, and nontoxic self‐destructiveness is becoming a research hotspot.


Wang first reported the tubular polyaniline/Zn microrobots, which can generate autonomous motion in an extremely acidic environment without any additional chemical fuel. The microrobots showed ultrahigh‐speed propulsion (up to 100 body lengths/s), which provided the possibility and potential for biomedical applications [14]. Later, Zhang and Wang also applied the acid‐driven zinc‐based artificial microrobots to the living mouse model for the first time. They realized the in vivo evaluation of the microrobots by checking the distribution, retention, cargo transport capacity, and acute toxicity of the synthetic microrobots in the mouse stomach, which was an important step toward the use of synthetic microrobots in vivo. In other words, it opened the door for the operation of micro‐ and nanorobots in living animals for the first time [15].


Furthermore, in order to overcome the physiological barrier caused by the highly acidic gastric environment to the use of therapeutic drugs in the stomach, Zhang and Wang developed a Mg‐based microrobot modified by an enteric polymer coating for application of intestinal therapy. The enteric polymer coating of Mg‐based microrobots was stable in acidic conditions but soluble in neutral or alkaline medium, so the microrobots will not be affected by the acidic gastric juice environment (pH 1–3) but can dissolve in intestinal fluid (pH 6–7), allowing infiltration and retention of local tissue and thus personalized treatment (Figure 10.4a) [16].


The next year, they designed a Mg‐based microrobot, which can rapidly consume local protons, form effective chemical propulsion in gastric juice, and neutralize gastric acid automatically and temporarily, becoming an attractive alternative to proton pump inhibitors. In addition, these microrobots were coated with a pH‐responsive polymer layer, which automatically released the encapsulated payload when the microrobots neutralized gastric acid without causing significant acute toxicity or affecting gastric function. The normal gastric pH value was restored within 24 hours after microrobot administration (Figure 10.4b) [17].


On this basis, Zhang and Wang further developed a Mg‐based microrobot that can neutralize gastric acid and treat Helicobacter pylori infection in gastrointestinal tract in a living mouse disease model (Figure 10.4c) [18]. On the basis of the bionic concept, Zhang and Wang prepared a self‐driving Mg‐based microrobot with a biomimetic cell membrane coating for active delivery of an oral antiviral vaccine. When entering the mice by oral route, the experimental data confirmed that the propulsive force of the microrobots can greatly improve the retention and absorption of antigen substances in the small intestine. The authors emphasized the benefits of active oral administration based on micro‐ and nanorobot technology for vaccine development (Figure 10.4d) [19].


Micro‐ and nanorobot technology can realize drug delivery and prolong retention time in the gastrointestinal tract. However, because of the lack of imaging guidance control, how to achieve the precise target delivery of microrobots in vivo has attracted the attention of researchers. Recently, Wang and Gao proposed a new way to treat gastrointestinal diseases with the help of microrobots, which can not only deliver drugs to specific parts of the body but also assist in imaging and observation of pathological tissues. It benefited from the photoacoustic computed tomography technology developed by Wang's group, which uses infrared laser pulses to generate ultrasonic vibration of the target molecules in vivo. The ultrasonic vibration was then received by a sensor that was pressed on the skin to construct images of the internal structure of the body.
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Figure 10.4 Treatment of gastrointestinal diseases. (a) Preparation of Mg‐based microrobots modified by enteric coating and their application in the treatment of intestinal diseases.


Source: Li et al. [16]/American Chemical Society. (b) Mg‐based microrobot for an attractive alternative to proton pump inhibitors.


Source: Li et al. [17]/with permission of John Wiley & Sons. (c) Mg‐based microrobot for neutralizing gastric acid and treating Helicobacter pylori infection in gastrointestinal tract in a living mouse disease model [18]. (d) Mg‐based microrobot with biomimetic cell membrane coating for active delivery of oral antiviral vaccine.


Source: Wei et al. [19]/American Chemical Society.






Wang and Gao prepared Mg‐based microrobots for drug loading, and then wrapped the microrobots in paraffin microcapsules and sent them to the body. When the photoacoustic computed tomography program was started, the paraffin microcapsules were activated by the high‐power near‐infrared (NIR) laser beam. Because the ability of the microrobot to absorb infrared light is very strong, it can cause a short‐term temperature rise, thus melting the surrounding paraffin microcapsules. Then, the bubble jet of the Mg‐based microrobot was activated, generating movement and adhesion around the pathological tissue and then releasing the loaded drugs.


At the same time, because the microrobots were obvious in the image of photoacoustic computed tomography, they can assist in the imaging observation of pathological tissue. At present, the system still has some limitations; for example, the infrared laser used is difficult to enter the deep body, so researchers are continuing to explore the interaction mode between the photoacoustic computed tomography system and the microrobots [20]. This kind of research is dedicated to making the microrobot able to image deep tissue and deliver drugs precisely in vivo, which has practical biomedical application value.


Acid‐driven drug‐loaded microrobots in the treatment of gastrointestinal diseases have achieved good results in in vivo experiments. In order to cope with the actual production of pharmaceutical companies, Zhang and Wang proposed using the pill platform to protect and concentrate the active Mg‐based microrobots for the final application in vivo of drug release. This research links the emerging technology of micro‐ and nanorobots with the development of established formulas of pharmaceutical science, so it means an important step toward the application of micro‐ and nanorobots in vivo [21].






10.4 Neurological Diseases


As one of the most important neurodegenerative diseases, the exact pathogenesis of Parkinson's disease (PD) has not been fully understood. The process that has been revealed can be summarized as that the nuclear gene mutation of dopaminergic neurons inhibits the mitochondrial respiratory complex from producing α‐Synuclein (α‐syn) hydrolase, thus hindering α‐syn's hydrolysis, and promoting its aggregation in mitochondria to produce a high concentration of reactive oxygen species (ROS). Microglia are activated and release inflammatory cytokines, which lead to neuroinflammation and damage both themselves and their surrounding neuronal cells. The pathogenesis of PD is complex and involves many factors. Traditional drug therapy can not completely cure PD.


At present, the main challenges lie in the difficulty of therapeutic agents to break through the blood–brain barrier and accurately target the diseased cells, as well as the effective intervention of the treatment process on the multilink pathological process. More advanced research mostly uses mesenchymal stem cell exosomes as drug carriers for PD treatment because mesenchymal stem cell exosomes not only retain some functions of stem cells but also retain the unique homing ability of stem cells to the inflammatory microenvironment of the disease site, so they have a certain targeting ability. However, exosomes do not have the ability to directly target the damaged neuronal cells that cause PD. This means that, although exosomes have certain ability to penetrate the blood‐brain barrier (BBB) and have inflammatory tendencies, there are still challenges on how to target, stay, and gather at the damaged neuron cells and mitochondria at the disease site, as well as how to play a multilink intervention in the treatment of PD.


Tracing back to the source, previous studies have proved that, as one of the important pathological causes of PD, ROS concentration will show a gradient distribution with the cell density of damaged neurons, which has also become an important pathological feature of the PD microenvironment. At the same time, mitochondria, as the source organelle of ROS, showed a higher concentration in the damaged neuron cells, which provided an important basis for the development of targeting damaged neuron cells and mitochondria based on the ROS concentration gradient. In view of this, our group prepared an NO‐driven matrix that can chemotactic PD microenvironment with high expression of inducible nitric oxide synthase/ROS and used it for engineering modification of mesenchymal stem cell exosomes. Through optimization, the driving matrix can be selectively and controllably combined with natural exosome modules in a “one‐to‐one” manner, so as to build an engineering exosome robot with an “independent module/cascade function.” The nanorobot can generate homing ability to the PD inflammatory microenvironment (from exosomes) and chemotactic behavior to the ROS gradient of damaged neuron cells/mitochondria (from ROS chemotactic agents), so as to efficiently pass through the BBB and accurately target damaged neuron cells and mitochondria in the microenvironment of PD, and finally fully utilize the physiological function of stem cell exosomes, the movement effect of nanorobot, and the physiological and medical efficacy of NO to achieve multilink collaborative intervention and effective treatment of PD [22].


In the process of synthesizing engineering stem cell exosome robots, the concept of “independent module” can be free from the restriction of exosome activity conditions and enrich the preparation methods and types of artificial modules. At the same time, based on the selective and controllable combination technology between different modules, this method can effectively protect the integrity of exosome membrane structure and the activity of membrane surface functional proteins and nucleic acids. The “cascade function” refers to how the artificial module can endow the exosomes with new functions and meet the complex needs of disease treatment by establishing a cascade effect with the exosomes. On the basis of this, our group applied this kind of engineering exosome robot to the treatment of PD, effectively solving the problem of drug targeting and complex pathological mechanisms in PD treatment, and proposed the multistep targeting strategy of “disease microenvironment‐damaged neuron cells‐diseased mitochondria” and the multistep intervention treatment concept of “inhibiting deterioration and promoting repair” to achieve efficient treatment of PD [22].






10.5 Bacterial Infection


Bacterial infection is an acute systemic infection caused by pathogenic bacteria or conditional pathogenic bacteria invading the blood circulation, growing and reproducing, and producing toxins and other metabolites. Bacterial infections in different parts of the human body will cause some different symptoms, and will seriously threaten human health. However, the increasing resistance of bacteria to existing antibiotics has posed a major global public health threat. Developing more advanced technology to deal with this problem has become one of the important directions of the biomedical industry.


Miller and Zhou reported that based on the contraction of R‐type bacteriocins (minimal contractile nanomachines), chemical energy was converted into the kinetic energy of an iron‐tipped tube passing through the surface of bacterial cells, thereby killing bacteria [23]. Zhang and Wang prepared ultrasound‐driven functionalized gold nanowire robots that wrap red blood cell membranes and platelet membranes. This hybrid cell membranes had a variety of functional proteins that can give the nanorobots many attractive biological capabilities, including adhesion and binding to platelet membrane‐adhering pathogens (such as Staphylococcus aureus) and neutralization of pore‐forming toxins (such as α‐toxin), which can eliminate pathogenic bacteria and toxins, so as to construct a broad‐spectrum detoxification nanorobot platform [24].


At present, most antibiotic treatments are hindered by drug delivery at the infected site, resulting in off‐target effects and drug resistance. The formation of bacterial biofilm is one of the important reasons for bacterial drug resistance. After the free bacteria gather together, they secrete extracellular polymeric substances that bind the bacteria together and continue to form biofilm as the bacteria proliferate. The dense structure of biofilm will prevent the entry of antibiotics and help bacteria escape the immune attack of the host, which will cause various problems, such as clinically persistent chronic infection. Kragh et al. pointed out that the development of antibiotics is not to fight against biofilm. In many cases, antibiotics cannot cure chronic infections. Part of the reason may be that the development of antibiotics is largely to fight against single bacteria rather than biofilms [25].


Biofilms are usually resistant to antibiotics, indicating the need for physical methods to treat diseases. Using the movement of micro‐ and nanorobots to open up channels in biofilm to promote the penetration of antibiotics is an important antibacterial method.


Quan et al. used the external magnetic field to control the magnetic nanorobot to move vertically and in parallel in the biofilm formed by S. aureus and constructed a large number of channels to effectively enhance the delivery efficiency of gentamicin in the biofilm (Figure 10.5a) [26]. Although this method can effectively kill a large number of bacteria in the biofilm, there are still some residual biofilm fragments.


Dong et al. used the rotating magnetic field to control the micro‐ and nanorobots to gather together. This micro‐ and nanorobot cluster can produce a strong mechanical force to destroy the biofilm. Within 30 minutes of the action of the robot, the removal efficiency of millimeter‐thick Escherichia coli biofilm was as high as 99% (Figure 10.5b) [27].


  [image: Schematic illustration of antimicrobial therapy. (a) Magnetic nanorobots can be used to engineer artificial channels in infectious biofilms to improve antimicrobial penetration and enhance bacterial killing over the depth of a biofilm.]



Figure 10.5 Antimicrobial therapy. (a) Magnetic nanorobots can be used to engineer artificial channels in infectious biofilms to improve antimicrobial penetration and enhance bacterial killing over the depth of a biofilm.


Source: Quan et al. [26]/John Wiley & Sons/CC BY 4.0. (b) Using the rotating magnetic field to control micro‐ and nanorobots to generate strong mechanical force to destroy biofilm.


Source: Dong et al. [27]/American Chemical Society. (c) Gastric acid‐powered nanorobots release drugs for in vivo treatment of H. pylori infection.


Source: Wu et al. [28]/with permission of John Wiley & Sons.






Arqué et al. developed a silicon‐based micro‐ and nanorobot that can deliver antibiotics autonomously and effectively to the target site. The active motion and antibacterial activity of silicon‐based nanorobots were driven by the catalysis of urease and antibacterial peptides, respectively. The experimental results in vivo and in vitro showed that these antibacterial robots killed different gram‐positive and gram‐negative pathogenic bacteria in vitro by rapidly depolarizing the membrane of pathogenic bacteria, and they also showed good autonomous anti‐infection effects in clinically related abscess infection mouse models. It has become a trend to realize the treatment of drug‐resistant infections by using the penetration advantage brought by the autonomous movement ability of antibacterial micro‐ and nanorobots, as well as their physical destruction ability, and cooperating with antibacterial drugs [29].


The health problems caused by bacterial infections in the human body should not be underestimated. Helicobacter pylori infection may lead to gastric cancer. In 2005, Australian scholars Marshall and Warren won the Nobel Prize in physiology or medicine for their discovery of H. pylori and its pathogenic mechanism for peptic ulcer disease. At present, H. pylori infection is globally distributed and has been identified as the strongest single risk factor for gastric cancer, the fourth most common cancer in the world, with a risk of gastric cancer of about 75%.


Han and Zhang reported a bottle‐shaped silicon‐based nanorobot with cavity that can quickly consume gastric acid through the chemical reaction of CaO2, so as to temporarily neutralize gastric acid. The product H2O2 was catalytically decomposed into a large amount of O2 by platinum nanoparticles. The local concentration gradient of O2 bubbles caused them to be discharged from the nanobottle through the narrow opening and then pushed the nanorobot forward, releasing drugs for the treatment of H. pylori infection. The results of animal experiments in vivo showed that the nanorobot can neutralize gastric acid safely and quickly, release prodrugs at the same time, and had a good therapeutic effect for reducing H. pylori. This acid‐driven nanorobot can withstand and utilize the harsh gastric acid environment and provide a treatment platform for H. pylori‐infected gastropathy (Figure 10.5c) [28].






10.6 Blood Heavy Metal Poisoning


Heavy metal poisoning refers to the poisoning caused by heavy metal elements or their compounds with a relative atomic mass greater than 65, such as lead poisoning and mercury poisoning. Heavy metals can make irreversible changes in the structure of proteins, thus affecting tissue and cell functions and then affecting human health. Each heavy metal has different physiological characteristics, so different strategies need to be adopted to deal with different heavy metal poisoning conditions.


Lead is a heavy metal element with neurotoxicity that has no physiological function in the human body, and its ideal blood lead concentration is zero. However, because of the widespread presence of lead in the environment, a certain amount of lead exists in most human bodies. If the amount of lead in the body exceeds a certain level, it will cause a series of abnormal manifestations in the nervous system, blood system, and digestive system of the body, affecting the normal function of the human body. When lead enters the human body, it is mainly deposited in bones, soft tissues, and blood.


It is worth mentioning that children are particularly sensitive to lead toxicity because of their metabolic and developmental characteristics. At the current biomedical level, it is very difficult to remove lead ions from human bones and soft tissues. Although there is a dynamic balance of lead in these three parts, it takes a long time to achieve this balance. Therefore, it is certain that removing lead from blood is of great significance.


However, the reality is cruel. Research shows that more than 95% of lead entering the blood exists in red blood cells and mainly chelates with hemoglobin. On the basis of the existence of the red blood cell membrane and the stability of chelation, it is difficult to remove trace lead from the blood. Clinically, doctors usually use mercaptan, dimercaptosuccinate, or other chelating agents to treat patients with blood lead poisoning with traditional chelation therapy, which takes a long time and often produces toxic renal effects.


Some researchers have proposed strategies for developing blood lead adsorbents. They use ultrasonic technology or add H2O2 to destroy all erythrocyte membranes in lead‐containing blood, resulting in complete hemolysis, and then use traditional heavy metal adsorbents to treat blood samples to remove heavy metals. Obviously, it is impossible to implement such a strategy in practical biomedical applications.


Our group believed that it was necessary to establish a new strategy to safely and effectively remove blood lead; that is, to design a nanoremover that can safely enter red blood cells and effectively capture blood lead bound to hemoglobin, and then safely leave red blood cells and blood. On the basis of Fe3O4 nanoparticles modified by 2,3‐dimercaptosuccinic acid, a magnetic nanorobot adsorbent with the ability to move under an alternating magnetic field was prepared.


In the removal process, the nanorobot can safely enter the red blood cells through endocytosis. Through the strong coordination between lead and functional groups in 2,3‐dimercaptosuccinic acid, the competitive adsorption of Pb(II) by nanorobot adsorbent was realized. Finally, the nanorobot capturing blood lead was separated from red blood cells and blood by an external magnetic field, so as to effectively reduce the blood lead concentration. In the cell experiment, the adsorption efficiency of magnetic nanorobot adsorbent under static conditions was only 40.6%. However, under the condition of a continuous alternating magnetic field, the adsorption efficiency of the magnetic nanorobot adsorbent was 80.6%, indicating that the active movement of the magnetic nanorobot adsorbent can effectively increase the contact probability between the magnetic nanorobot adsorbent and hemoglobin containing Pb(II) in red blood cells, thus greatly improving the adsorption efficiency. In vivo blood circulation experiments verified the removal ability of the nanorobot adsorbent for Pb(II) in the blood of a high blood lead pig model. The removal efficiency of blood lead in 50 minutes of the first circulation was 43%, and the removal efficiency of blood lead in 50 minutes of the second circulation was 51% for the initial concentration of blood lead in the second blood sample. This study showed that the combination of surface modification technology and nanorobot technology may provide important technical support for the removal of Pb(II) in blood and provide innovative ideas for the removal of heavy metals in blood in the future [30].


On the basis of the same principle, the research using nanorobot technology to remove excessive copper ions in the blood was also implemented, which also achieved a good therapeutic effect and enabled the synchronous detection of copper ion concentration [31].
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11
Future Development Trend






In order to further meet the growing demand for biomedical applications and improve the quality of life of patients, the key is to realize the clinical application of biomedical micro‐ and nanorobots as soon as possible. Some new concepts, new ideas, new materials, new technologies, new detection and characterization technologies, and new biomedical applications about micro‐ and nanorobots have been put forward by scientific researchers. These innovative research work focus on the design of better biosafety micro‐ and nanorobots and intelligent micro‐ and nanorobots, new treatment modes, new biomedical needs, and the construction of a more systematic in vivo and in vitro experimental research system for micro‐ and nanorobots (Figure 11.1).






11.1 Biosafety of Micro‐ and Nanorobots


Biosafety is the foundation and entrance of the micro‐ and nano‐world. Without safety, all the functions of materials are useless. In view of this, in the upsurge of research on micro‐ and nanorobot, researchers are more and more aware that it is necessary to design the safety of micro‐ and nanorobot substrate, driving source, and movement process in vivo. In addition, it is also necessary to determine the long‐term evaluation of these micro‐ and nanorobots based on the life cycle.


For the research of biological micro‐ and nanorobots, it is necessary to effectively solve the problems of potential immunogenicity and tumorigenicity of their biological components. For the physical field‐driven micro‐ and nanorobots, the research focuses on how to design a safer and more efficient driving field, and manufacture related high‐sensitive driving materials. The researchers who are committed to chemical reaction‐driven micro‐ and nanorobots should design the micro‐ and nanorobots driven by biological enzymes, or by the human body's own reaction according to the bionic concept. For the latter, the strategy of using the gas or ion current emitted by the human body's own reaction as the power source can provide the possibility to solve the problem that the chemical reaction‐driven micro‐ and nanorobots is difficult to self‐drive and waste generation in the human environment from the source.


  [image: Schematic illustration of outlook and future challenges of biomedical micro- and nanorobots.]



Figure 11.1 Outlook and future challenges of biomedical micro‐ and nanorobots.






In addition, the genotoxicity of micro‐ and nanorobots may have a profound impact on ecology, human health, and even species reproduction. Therefore, in the research on the genotoxic effect and toxicological mechanism of micro‐ and nanorobots, it is necessary to deeply explore the signal mechanism related to biological effects, and comprehensively examine the genotoxic effect risk and biological safety of micro‐ and nanorobots from the perspective of integrated biology and functional genomics.






11.2 New Materials and Technologies of Micro‐ and Nanorobots


The continuous emergence of new micro‐ and nanomaterials and new micro‐ and nanotechnologies will be one of the real driving forces for the innovative research of biomedical micro‐ and nanorobots.


For example, in the research of light‐driven biomedical nanorobots, NIR light is generally used because its damage to tissues is significantly reduced, light penetration is significantly deepened, and the autofluorescence background is low. But many photochemical reactions need UV light. However, direct use of UV light may cause phototoxicity and damage to body tissues. On the basis of this, some researchers are working to build a UV radiation‐induced nanoplatform in the tumor microenvironment by using the optical characteristics of UCNPs. Specifically, rare earth UCNPs have anti‐Stokes luminescence characteristics; that is, under the excitation of long‐wavelength and low‐frequency light, the materials can emit short‐wavelength and high‐frequency light. In other words, under NIR radiation, UCNPs can emit light from UV to NIR bands. Therefore, as long as UCNPs are used as the substrate of nanorobots, and biocompatible surface modification is carried out, they can be used as a nanoplatform that can provide UV radiation‐induced effect in the tumor microenvironment, participate in the photochemical reaction of substances in the microenvironment, and be used for multimodal combined treatment of tumors.


In addition, some new technologies are also trying to be introduced into the preparation and application of biomedical micro‐ and nanorobots. For example, biological orthogonal reaction technology refers to a kind of chemical reaction that can be carried out in biological systems (living cells or tissues) and will not interfere with natural biochemical processes. This concept was first proposed by Carolyn R. Bertozzi [1]. The emergence of such reactions has brought revolutionary technologies to the in situ study of life processes by scientists and has become one of the core directions in the emerging cross‐field of chemical biology. How to combine the biological orthogonal reaction technology with the biomedical micro‐ and nanorobot and upgrade the application scenario from a simple living cell system to a more complex biological living body are all desirable research directions in the field of biomedical micro‐ and nanorobots.






11.3 Intelligent Micro‐ and Nanorobots


Intelligent performance of for micro‐ and nanorobots is always the goal of researchers. It is worth mentioning that biomimetic design and construction strategy should be the best way to realize intelligent micro‐ and nanorobots. After hundreds of millions of years of natural evolution, organisms have many characteristics, such as optimal macro/microstructures, self‐adaptability and self‐healing ability, excellent mechanical properties, surface wettability, and adhesion. So, intelligent micro‐ and nanorobots with special excellent performance can be designed and synthesized by following the natural bionic principle, using biological materials with special excellent performance according to the relationship between material structure and function.


The construction of intelligent micro‐ and nanorobots is necessarily complex, but it is limited by the material synthesis method. Compared to the complexity of the microstructure of natural organisms, the structure of artificial micro‐ and nanorobots is relatively simple, which inevitably limits the intelligent performance of micro‐ and nanorobots. Imitating the structure of natural body is better than using it directly. Researchers have used erythrocyte membrane [2, 3], leukocyte membrane (Figure 11.2A) [4], and platelet membrane (Figure 11.2B) [5, 7] to wrap micro‐ and nanorobots, so as to use the function of these cell membranes to respond to various biological signals, such as the tendency of platelet membrane to thrombus sites [8]. In addition, it also uses the biological enzyme loaded by the micro‐ and nanorobots to respond to the collective chemotaxis on the corresponding substrate concentration gradient to achieve the efficient crossing of the BBB (Figure 11.2C) [6]. Guan and Mou believed that intelligent micro‐ and nanorobots with capacity of tropism have good practical application prospects. They explained the general principle of the micro‐ and nanorobots with capacity of tropism, and proposed that the use of the capacity of tropism of micro‐ and nanorobots is an important way to endow them with intelligent behavior. They further clearly pointed out the future development directions of this research, including enhancing the sensitivity of micro‐ and nanorobots to the target signal, increasing the diversity of chemical reaction‐driven robot system, and using the multiple driving mechanisms of robot to realize multifunctional robot with capacity of tropism [9].


  [image: Schematic illustration of macrophage cell membrane (MPCM)-cloaked Janus mesoporous silica nanorobots for light propulsion.]



Figure 11.2 Macrophage cell membrane (MPCM)‐cloaked Janus mesoporous silica nanorobots for light propulsion.


Source: Xuan et al. [4]/with permission of John Wiley & Sons. Biomimetic platelet membrane‐cloaked nanorobots for adhesion and binding to toxins and platelet‐adhering pathogens.


Source: Li et al. [5]/with permission of John Wiley & Sons. Construct chemotactic synthetic vesicle robots that can respond to an external gradient of glucose and effectively cross the blood–brain barrier.


Source: Joseph et al. [6]/American Association for the Advancement of Science/CC BY 4.0.






Now, some research has been carried out on micro‐ and nanorobots with pH/temperature/light response [10–12]. We believe that the higher intelligent micro‐ and nanorobots should be able to respond to biological signals from cells and tissues. When intelligent micro‐ and nanorobots can achieve self‐perception, real‐time diagnosis, and take the right action, this may be the ultimate goal of biomedical micro‐ and nanorobot research. It requires more sophisticated biochemical sensing technology and more complex material and structural design.


However, for micro‐ and nanorobots, it is not enough just to respond to the pathological microenvironment. The cluster behavior of intelligent decision‐making based on information interaction must also be the characteristics of intelligent micro‐ and nanorobots. How to create bionic ant colony, bee colony, fish colony and other biological clusters and build a complex network based on the sensitive and fast biochemical communication function between different micro‐ and nanorobots has become a key technology. Researchers should take the interaction between different kinds of biomedical micro‐ and nanorobots and between robots and life as the main line of research, discover new micro‐ and nanorobot interaction modes, clarify the molecular mechanism and biomedical effects of micro‐ and nanorobot interaction, draw the map of micro‐ and nanorobot interaction network, investigate the establishment, maintenance, dynamic change, and regulation mechanisms of micro‐ and nanorobot interaction networks, and reveal the disease diagnosis and treatment function of micro‐ and nanorobot interaction networks.


Research on the interaction between micro‐ and nanorobots and life is more challenging. Tu and Peng reported for the first time a new method to activate target neuronal cells and regulate their electrophysiological processes in biological systems by using the inherent photoelectric effect generated by TiO2 Au nanowire nanorobots as a stimulus under ultralow UV radiation. In this research, the nanorobot became an interactive electrical interface with nerve cells, which can achieve accurate and noninvasive transmission of bioelectric signals and regulation of neuronal activity and contribute to the development of a new generation of optoelectronic devices for subretinal repair (Figure 11.3) [13].


Martins et al. proposed a research project called “human brain/cloud interface system.” This project attempted to connect the Internet cloud with the human brain, which will inevitably require the design of a “human brain/cloud interface.” The researchers can implant the nanorobot into the human body with the help of a neuralnanorobotics technology to realize the real‐time connection with the network. It is expected that future neuralnanorobotics technology will help to accurately diagnose and eventually cure 400 diseases that affect the human brain [14].


  [image: Photoelectrochemical TiO2-Au-nanowire-based robot served as an interactive bioelectrical interface with nerve cells.]



Figure 11.3 Photoelectrochemical TiO2‐Au‐nanowire‐based robot served as an interactive bioelectrical interface with nerve cells.


Source: Chen et al. [13]/with permission of John Wiley & Sons.






It is worth mentioning that the interaction between micro‐ and nanorobots and life should be multilevel, not only with organs and tissues but also with cells and sub‐cells. Researchers should break through the limitations of previous research on a single micro‐ and nanorobot, develop innovative technical methods, study the interaction modes between different micro‐ and nanorobots and between micro‐ and nanorobots and life bodies under different physiological environment conditions, analyze the molecular mechanisms and regulation mechanisms that mediate these interaction processes, and reveal the role of micro‐ and nanorobot interaction in material transport and utilization, micro‐ and nanorobot steady‐state regulation, etc. Finally, from the perspective of different micro‐ and nanorobot interaction networks and functional coordination, the physiological functions of micro‐ and nanorobot interaction at the cell, organ, and individual levels and their role in disease occurrence are systematically and comprehensively analyzed.






11.4 New Treatment Mode


The ultimate research goal of biomedical micro‐ and nanorobots is to be applied to the clinical diagnosis and treatment of diseases. At present, 60% of the global deaths are caused by cardiovascular diseases and cancer, and these two kinds of diseases have complexity and variability. Medical researchers are committed to seeking compound treatment schemes and corresponding therapeutic agents.


When using biomedical micro‐ and nanorobots to deal with the complex treatment of disease, it may be necessary to replace the single drive technology with composite drive technology. He and Wu reported an ultrasonic/near‐infrared double‐driven gold nanoshell‐functionalized tubular nanorobot. The ultrasonic field can be used to drive the nanorobot to target the target cells, while the near‐infrared can assist the nanorobot to penetrate the cancer cell membrane through optical and mechanical means. This compound field‐driven mode may bring more technical support to a variety of biomedical applications, such as drugs, gene transfer, and artificial insemination [12].


When dealing with the complex treatment of disease, the combined treatment mode is also needed to replace the single treatment mode. For example, using the design of micro‐ and nanorobot substrate and structure, two or more treatment methods are combined, and the micro‐ and nanorobot therapeutic agent is used to implement the combined treatment of cancer to cope with the complexity and variability of tumor tissue. Such a design concept has become the current research focus.


In addition, different from the concept of traditional therapies such as surgery, chemotherapy, and radiotherapy, the antigen released by immunotherapy from the tumor location is presented by antigen‐presenting cells to activate T cells, form effector T cells, and migrate to the tumor location to recognize and kill cancer cells. This method has irreplaceable advantages, such as killing cancer cells specifically, causing little damage to healthy cells, killing metastatic cancer cells, and forming immune memory to prevent tumor recurrence. At present, cancer immunotherapy has made great progress. However, due to the security limitations of the traditional delivery system and the complexity of the tumor microenvironment, it is still an insurmountable gap from clinical application. One of the key reasons for the limited application of immunotherapy is the poor infiltration of T cells at the tumor site. Can micro‐ and nanorobot technology be used to improve the efficient penetration of T cells in tumor sites so as to bridge this gap? This may become a major research hotspot of micro‐ and nanorobot technology for cancer treatment in the future. The treatment of cardiovascular diseases based on micro‐ and nanorobot technology is also facing the same situation. The construction of combined therapy mode based on micro‐ and nanorobot technology should be the focus of this direction [15].


In addition, it is worth mentioning that stem cells have the potential to differentiate into a variety of functional cells and can self‐renew through cell division. Scientists use stem cells as a breakthrough to cure a variety of diseases, such as cartilage loss, Parkinson's disease, and diabetes. The combination of stem cell technology and micro‐ and nanorobot technology will become a very important research direction in combination therapy [16]. Gene transfection technology will also benefit from the intervention of micro‐ and nanorobots [17]. Researchers from different disciplines have carried out extensive cooperation to create a more complex platform with more medical treatment advantages by skillfully combining each other's advanced technologies, which is the significance of multidisciplinary intersection and the embodiment of progressiveness required by the development of the times.






11.5 New Detection Technology for Micro‐ and Nanorobots


The current in vivo imaging technology applied to biomedical micro‐ and nanorobots cannot meet the tracking requirements of in vivo micro‐ and nanorobots due to the lack of resolution and sensitivity, which has become a barrier for micro‐ and nanorobots to enter clinical trials. Researchers try to overcome it in two ways. One is to explore new materials that can provide stronger detectable signals, so as to prepare micro‐ and nanorobots that can be imaged more clearly. For example, Zhang et al. prepared fluorescent magnetic spore‐based microrobots, which can inherently exhibit good red fluorescence emission when moving in different media. This fluorescence characteristic may be better than short wave excitation for real‐time tracking in biological environments [18]. The other is to develop new detecting instruments and technologies. Wiest et al. are developing multispectral optoacoustic tomography. It can obtain 3D image with high contrast and high spatial resolution, which can reach resolutions of about 150 μm at depths of 2–3 cm [19]. Medina‐Sánchez et al. are exploring the possibility of tracking the direction and speed of microorganisms (possible microrobots) by measuring the reflection, transmission, or emission of infrared light at a specific frequency as a function of wavelength and time [20]. Sánchez first reported the use of positron emission tomography technology to image a large number of active microrobots in an opaque environment [21]. The future development of these new detection and imaging technologies may provide support for the clinical application of biomedical micro‐ and nanorobots. In this direction, more physicists, electrical engineers, and computer experts are required to participate in the joint development of sophisticated instruments and equipment that can meet the requirements of on‐line detection and monitoring of the movements of biomedical micro‐ and nanorobots in vivo, so as to promote the clinical medical application of biomedical micro‐ and nanorobots.






11.6 Outlook and Future Challenges


The future goal of micro‐ and nanorobots in biomedical field is to make progress in practical clinical application in early accurate diagnosis of disease, efficient drug delivery, local accurate treatment, clear imaging, and controllable manipulation of cells and tissues. The research of biosafe, efficient, and multifunctional diagnostic and therapeutic agents based on micro‐ and nanorobot technology and the implementation of relevant diagnosis and treatment programs will be a collaborative research challenge for experts in micro‐ and nanoscience, materials science, physics, chemistry, life science, and medicine in this field. In view of the great interest in this frontier research area, we expect that there will be more exciting new ideas and applications in the future. The development of science and technology will ultimately change the treatment and diagnosis of diseases, lead to significant improvement in the quality of human life, and contribute to the realization of the ideal of healthy life.


The machines of the macrocosm have made great contributions to human civilization, enabling human beings to complete tasks beyond their own capabilities, so as to improve the quality of human life. The extent to which biomedical micro‐ and nanorobots can affect human life and health will depend on the amount of energy invested by researchers.


Well, let's keep working hard. I think in the near future, the dream of “swallowable surgeon” will be realized in clinical medicine.
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Postscript
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We would like to dedicate this book to Professor Richard Feynman, the American theoretical physicist, the initiator of mini machines, or further, the initiator of biomedical micro‐ and nanorobots (Swallowable Surgeon). The more important reason for dedicating this book to him is that he is also an outstanding educator, and the world knows the importance of education.




Please excuse my not mailing this (letter) — but I don't know your new address.


– From Richard Feynman
 




Please excuse my not mailing this (book) — but I don't know your new address.


– From the authors of this book
 


Or should it be sent to Dr. Albert R. Hibbs? He is the systems designer for the first successful U.S. satellite (huge machine, but not mini machine). His doctoral supervisor is the Nobel physicist Richard Feynman, who called Hibbs “A friend of mine” in that great speech.


Tutors need mini machines, and students tend to make huge machines. In any case, it is conducive to human progress. Perhaps this is the real meaning of education, which is the ultimate purpose of this book.


This book is also dedicated to Nanjing Normal University on the occasion of the 120th anniversity of its foundation.
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There's Plenty of Room at the Bottom

An Invitation to Enter a New Field of Physics

by Richard P. Feynman

I imagine experimental physicists must often look with envy at men like Kamerlingh
Onnes, who discovered a ficld like low temperature, which seems to be bottomless and in
which one can go down and down. Such a man is then a leader and has some temporary
monopoly in a scientific adventure. Percy Bridgman, in designing a way to obtain higher
pressures, opened up another new ficld and was able to move into it and to lead us all
along. The development of ever higher vacuum was a continuing development of the
same kind.

I would like to describe a ficld, in which little has been done, but in which an enormous
amount can be donc in principle. This ficld is not quite the same as the others in that it
will not tell us much of fundamental physics (in the sensc of, *"What are the strange
particles?") but it is more like solid-state physics in the sense that it might tell us much of
great interest about the strange phenomena that occur in complex situations. Furthermore,
a point that is most important is that it would have an enormous number of technical
applications.

What | want to talk about is the problem of manipulating and controlling things on a
small scale.
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