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A B S T R A C T

The integration of robotics and artificial intelligence (AI) into nanomedicine represents a significant advance
ment in developing targeted therapeutic and diagnostic platforms. This field focuses on engineering micro- and 
nanoscale agents, such as magnetic nanoparticles (MNPs), microbots, and nanobots, for tasks like targeted 
therapies, sensing, and manipulation at diseased sites. MNPs are typically composed of iron oxides and serve as 
foundational components due to their biocompatibility, tunable surface chemistry, and responsiveness to 
external magnetic fields. They are used in targeted drug delivery, magnetic hyperthermia for tumor ablation, and 
as contrast agents in magnetic resonance imaging (MRI) and magnetic particle imaging (MPI).

Microbots and nanobots, which often incorporate MNPs for propulsion, can be actively guided using external 
magnetic fields to navigate complex biological environments, perform micromanipulation, and enable triggered 
drug release. The precise control of these magnetic agents relies on electromagnetic or permanent magnet-based 
guidance systems, which balance magnetic force strength, workspace volume, and clinical integration. Other 
classes like biohybrid microbots or DNA nanobots, utilize magnetic field independent mechanisms for molecular 
sensing and cargo delivery.

AI and machine learning enhance these systems by optimizing material and bot design through in silico 
modeling, facilitating real-time navigation via medical imaging feedback, and enabling adaptive pathfinding. AI 
can also support swarm control and data analysis for diagnostic improvement. However, clinical translation faces 
challenges, including ensuring long-term biocompatibility and biodistribution, achieving scalable Good 
Manufacturing Practice (GMP) production, demonstrating therapeutic advantage in preclinical models, navi
gating evolving regulatory frameworks, and securing sufficient funding.

1. Introduction

The incorporation of robotics and artificial intelligence (AI) into 
nanomedicine marks a major step forward in the creation of precise 
therapeutic and diagnostic systems. This area of research is dedicated to 
the design of micro- and nanoscale agents, including magnetic and non- 
magnetic nanoparticles, micro-robots, and nanorobots. These systems 
are designed for complex tasks—including targeted drug delivery, 
sensing, and manipulation—directly at diseased tissues, offering new 
possibilities for treating cancer, neurological disorders, and vascular 
conditions. However, translating these technologies from the laboratory 

to approved clinical routine presents distinct challenges that require a 
systematic translational medicine approach.

Magnetic nanoparticles (MNPs) are a core component, typically 
composed of iron oxides such as magnetite (Fe3O4) or maghemite 
(γ-Fe2O3) [1]. Variants doped with other metals are also being devel
oped to tune their properties. Iron oxide nanoparticles are valuable due 
to their biocompatibility, tunable surface chemistry, and responsiveness 
to external magnetic fields. In therapeutics, they serve as drug carriers 
for targeted delivery and as agents for magnetic hyperthermia. In di
agnostics, they act as contrast agents for magnetic resonance imaging 
(MRI) and magnetic particle imaging (MPI).
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Incorporating MNPs into mobile systems (see subchapter “Types of 
Micro-/Nanobots”) has enabled the development of a big portion of 
microbots and nanobots [2,3]. These micron- or submicron-scale devices 
use embedded MNPs for propulsion and navigation via externally 
applied magnetic fields, allowing active locomotion through complex 
biological environments. This capability aims to achieve precise navi
gation to pathological tissues, overcoming biological barriers, and can 
be expanded to include micromanipulation, biopsy, and triggered drug 
release. An alternative class, DNA nanobots, uses programmable nucleic 
acids as building materials for autonomous motion, sensing, computa
tion, and cargo delivery.

Magnetic guidance systems, such as electromagnetic coil arrange
ments or robot-mounted permanent magnets, enable precise control of 
the magnetic bots [4,5]. System selection involves trade-offs between 
magnetic force strength, workspace volume, and integration with clin
ical imaging.

AI and Machine Learning (ML) enhance functionality and potential 
autonomy of these systems. AI can accelerate the design of new mate
rials and magnetic field architectures through in silico modeling. During 
operation, AI can process real-time imaging feedback for adaptive 
navigation. Subsequently, ML can be used to analyze diagnostic data to 
refine nanomedical approaches.

Despite technological progress, clinical translation of micro-/nano
bots remains a central challenge. Key hurdles include reproducible, 
scalable manufacturing under Good Manufacturing Practice (GMP) 
standards evaluating long-term biocompatibility, biodistribution, and 
clearance mechanisms. Preclinical validation must demonstrate a clear 
therapeutic advantage and cost-effectiveness over existing treatments. 
Evolving regulatory frameworks for combination products and sub
stantial financing requirements further complicate the clinical 
translation.

This review provides an overview of magnetic nanoparticle-, 
microbot-, and nanobot-based systems, examining their operating 
principles, recent advances in design and fabrication, and the expanding 
role of AI in enhancing their capabilities.

2. Magnetic nanoparticles

In nanomedicine, typically superparamagnetic iron oxide nano
particles (SPIONs) are used, which are initially produced as magnetite 
(Fe3O4) single or mulitcores, which undergo oxidation processes during 
storage under inert atmosphere, transforming them into mixed crystals 
of maghemite (γ-Fe2O3) and magnetite [1]. For colloidal stability and 
functionality, these iron cores have to be coated with at least one surface 
layer, which can be e.g., small molecules, polymers which can be both 
charged or non-charged or proteins. Due to their (within limits) 
adjustable size, superparamagnetic properties, and biological functio
nalizability, they represent a versatile nanoscale material in nano
medicine [6–8].

The main areas of SPION application are targeted drug delivery, 
primarily but not exclusively in the treatment of solid tumors such as 
breast cancer [9], lung tumors [10], and brain tumors [11]. Their 
magnetic properties enable targeted drug and gene delivery via external 
magnetic fields, which increases the local concentration of active sub
stances and reduces systemic side effects [6,7,12,13]. In addition to 
active substance-based therapies, SPIONs offer another possibility: tar
geted magnetically induced hyperthermia. In this process, SPIONs are 
manipulated with alternating magnetic fields in the kilohertz range in 
such a way that they and the surrounding tissue are heated. A distinction 
is made between classic hyperthermia at temperatures up to approx. 
45 ◦C and thermal ablation at higher temperatures [6,13–17].

SPIONs can also be used in diagnostic imaging. In magnetic reso
nance imaging (MRI), they have primarily been used as contrast agent 
for liver imaging to date [18]. Here, the signal extinction induced by 
MNPs in T2 or T2* sequences is typically used. However, recent study 
has shown that signal amplification in T1-weighted sequences can also 

be achieved with intelligent sequences [19], which should significantly 
improve clinical use. In addition, SPIONs are also used as tracers in 
magnetic particle imaging [MPI], which, thanks to its real-time capa
bility, should open up completely new fields for the use of magnetic 
nanoparticles in diagnostic imaging [20].

Ultimately, the properties of SPIONs make it possible to combine 
diagnostics and therapy (theranostics), thereby enabling real-time 
monitoring of treatment success. In this context, functionalization of 
the surface with specific antibodies against tumor surface markers can 
enable targeted molecular imaging [20,21].

Despite advances and initial approvals, challenges remain with re
gard to optimized biocompatibility, targeted biodistribution profiles, 
and long-term toxicity [6,8,11]. Current research focuses on the devel
opment of advanced functionalizations and intelligent theranostic sys
tems for personalized medicine [7,8,21].

3. DNA nanostructures and nanorobots

DNA nanotechnology repurposes DNA as a programmable building 
material for constructing nanoscale structures and devices. The field has 
evolved from creating static objects to dynamic systems, often termed 
DNA nanorobots or “walkers”, capable of molecular sensing, computa
tion, and targeted cargo delivery [14].

The predictability of Watson-Crick base-pairing enables the self- 
assembly of DNA into complex structures. The DNA origami tech
nique, which folds a long single-stranded DNA scaffold with short staple 
strands, allows the precise construction of two- and three-dimensional 
shapes [22]. Furthermore, the mechanical properties of DNA, which 
can behave as an entropic spring, can be harnessed to create dynamic 
components like hinges and actuators [23].

Functional DNA nanorobots integrate key modules like aptamers as 
targeting ligands for cell-specific recognition, stimuli-responsive ele
ments (e.g., molecular locks) that can trigger upon specific signals, and 
cargo capacities for therapeutic agents [24]. Recent advances include 
ssDNA frameworks, whose design is enhanced by computational 
methods like molecular dynamics simulations to optimize stability and 
folding [25].

A significant challenge for application is maintaining the stability of 
the nucleic acid multimers under physiological conditions. DNA nano
structures are susceptible to nuclease degradation and denaturation in 
low concentrations of divalent cations like Mg2+ [26]. To solve this 
challenge, the stability of the DNA nanobots can be enhanced by 
compact structural design, chemical cross-linking [27], and protective 
surface coatings such as lipid bilayers [28], proteins [29] or cationic 
polymers [30].

The cellular uptake of DNA nanobots is typically mediated via 
endocytosis. Here, a study of Liang et al. on tetrahedral DNA nano
structures (TDNs) indicated caveolin-mediated internalization [31]. 
Beyond aptamers, with this kind of molecules, the targeting specificity 
and controlled activation can also be achieved through logic-gated 
systems, where a nanorobot requires multiple molecular inputs to 
release the drug, minimizing off-target effects [24].

The possible applications range from therapy to diagnosis of dis
eases. DNA nanostructures can function as carriers for various thera
peutics. As an example, the anticancer drug doxorubicin (DOX), can be 
intercalated directly into DNA helices, and DNA-based carriers have 
been shown to enhance its delivery and circumvent multidrug resistance 
in cancer cells [32]. Another example is functional nucleic acid delivery, 
including immunostimulatory CpG oligonucleotides [33] and 
gene-silencing siRNAs [34].

The programmability of DNA enables designing of sophisticated 
devices. Douglas et al. reported the development of a logic-gated 
nanorobot that releases its payload only after recognizing specific cell- 
surface antigens [24]. As another example, a DNA nanorobot loaded 
with thrombin was able to induce localized thrombosis in tumor blood 
vessels when binding nucleolin, leading to tumor necrosis [35].
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In diagnostics DNA devices can act as biosensors. Their capacity of 
recognizing targets and subsequent conformational changes in response 
to targets like intracellular ions can be measured by FRET [36]. Inter
estingly, also DNA nanobots can be used as theranostic tools. Shen et al. 
reported on a ssDNA nanorobot that is disintegrated when binding 
specific microRNAs, which triggers a fluorescent signal for detection 
while simultaneously releasing therapeutic siRNAs [25].

Challenges for the clinical translation of DNA nanorobots are their 
stability in biological fluids, scalable production according to cGMP 
standards, and a comprehensive understanding of in vivo pharmacoki
netics and immunogenicity [37].

In conclusion, DNA nanostructures represent a highly programmable 
platform for biomedical engineering. They have demonstrated signifi
cant potential for targeted delivery and diagnostics in pre-clinical 
models. While challenges remain, ongoing research focused on stabil
ity and manufacturability is paving the way for their future clinical 
application.

4. Microbots

Miniaturized functional devices that are operating at the microscale 
are named microrobots or microbots (MRBs). They can be mobile by 
themselves or guided by external physical forces or by harnessing bio
logical entities [38]. Their unique ability to perform tasks in confined 
microenvironments makes them promising tools for advancing precision 
medicine in diagnostics, targeted therapy, and minimally invasive sur
gery [39].

MRBs can be fabricated in various architectures, which often deter
mine their propulsion mechanism and functional capabilities. Likewise, 
there is a big variety of different types, briefly listed below.

4.1. Types of MRBs

Tubular MRBs are hollow structures that are often produced by self- 
coiling techniques or template-assisted electrochemical deposition. For 
example, Mei et al. realized the coiling of various inorganic material 
films (e.g., Pd/Fe/Pd, TiO2) into tubular microstructures using tech
nology [2].

Spherical and especially Janus particles with asymmetric surface 
chemistry can be set into motion by direct physical vapor deposition, 
which enables chemical/optical synergistic propulsion control [40].

Helical or Spiral MRBs mimic bacterial flagella and are typically 
driven by rotating magnetic fields, allowing for efficient navigation in 
viscous fluids [3].

Rod-Like and Peanut-Like structures are often synthesized via wet 
chemical methods and can be driven by various means, including self- 
electrophoresis and magnetic fields [39].

Biohybrid MNBs integrate biological components (e.g., cells, bacteria, 
sperm) with synthetic structures for enhanced biocompatibility and bio- 
derived propulsion. As some examples, Xu et al. developed sperm-hybrid 
micromotors by capturing sperm cells within magnetic microtubes for 
assisted drug delivery and fertilization [41] and Janko et al. function
alized CAR-T cells with SPIONs to make them magnetically steerable 
[42].

5. Biomedical applications of MRBs

The functional possibilities of MRBs span several key areas in 
biomedicine.

5.1. MRBs as therapeutic tools

In targeted drug delivery MRBs can transport therapeutic agents 
directly to diseased sites, improving efficacy and reducing systemic side 
effects. For example, Mg-based micromotors loaded with antibiotics are 
developed for active drug transport in the stomach to treat Helicobacter 

pylori infection [43] and another group Park et al. created biodegradable 
magnetic spiral microrobots that released the anticancer drug 5-fluoro
uracil (5-FU) upon ultrasound stimulation that were able to kill cancer 
cells via a combination of magnetic hyperthermia and chemotherapy 
[44]. Magnetotactic bacteria-MRBs could be shown to be able to attach 
to and kill Staphylococcus aureus by using oscillating magnetic fields [45] 
and finally, Janko et al. were able to show the functionality of 
SPION-laden CAR-T cells could be demonstrated to be attracted by 
magnetic fields and still were active in killing melanoma cells [42].

5.2. Medical diagnosis and biosensing

MRBs can act as mobile sensors for detecting ions, biomarkers, and 
pathogens, often enhancing mixing and interaction with targets. E.g., 
Wang et al. designed a magnetic mesoporous silica-based micromotor 
(MMS/ZM/Au/T/Hep) for the simultaneous detection and removal of 
copper ions in blood [46] and Molinero-Fernández et al. established a 
polymer-based micromotor fluorescence immunoassay for sensitive 
detection of the sepsis biomarker procalcitonin [47].

For imaging and tracking MRBs can be functionalized with contrast 
agents like SPIONs or nano-/microbubbles, enabling real-time, non- 
invasive monitoring in deep tissues [48,49].

5.3. Assisted fertilization and cell transport

Biohybrid systems can assist in reproductive medicine and cell-based 
therapies by transporting delicate biological cargo. Xu et al. designed 
sperm-hybrid micromotors to transport immotile sperm cells to oocytes 
for assisted fertilization [41] and Jeon et al. developed spherical and 
spiral magnetic MRBs for the 3D culture and targeted delivery of neural 
stem cells [50].

6. Actuation and guidance of micro-/nanobots

The guidance of Micro-/Nanobots from outside the body is ulti
mately non trivial. As pointed out before, for really guiding them, the 
actual position at a certain time point has to be known or at least exactly 
calculated. The somehow simplest but for superficial tumors (penetra
tion depth so far up to ca. 5 cm) very feasible approach is to use one 
strong magnetic field with a magnetic field trajectory pointing outside of 
the body, like it is used by Tietze et al. to accumulate chemotherapeutic 
loaded SPIONs into the tumor area [4]. For more complex magnetic field 
applicators and scenarios, reliable trajectory planning is of the utmost 
importance for guiding magnetic materials into the targeted area 51,
52]. For example, Hoshiar et al. demonstrate this with a guiding algo
rithm for a coil system of three electromagnets in COMSOL® [5]. 
However, in this case, the tracing of particles within the body is not 
performed. As mentioned before, MPI is capable of simultaneously im
aging and steering magnetic nanoparticles and microbots. This was 
shown for large SPIONs by Griese et al. [53] and Zhang et al. for SPIONs 
of a size of ca. 90 nm [54]. In general, bigger objects are easier to guide. 
Friedrich et al. showed the 2D navigation of SPION loaded human 
endothelial and fibroblast cells with a Hallbach Array [55] and Bake
necker et al. the guidance of a micro-robot through a much more com
plex cerebral aneurysm phantom, again with an MPI-device [56]. But 
also other electromagnetic manipulation systems (EMMs) are being 
developed, like Batgerel et al. is showing with a six solenoid coil system 
allowing a manipulation area with a diameter of 90 mm [57] or Kim 
et al. with saddle coils as an alternative coil design and an approximately 
similar workspace [58] and also the Zhang lab in Hong Kong has 
developed several devices for steering microbots with parallel mobile 
coil systems [59] with closed loop control [60] and open loop control 
[61]. Nevertheless, external guiding systems based on mechanical ro
bots that can be embedded into a real clinical setting are gradually being 
developed. Wang et al. report on a system consisting of tPA-anchored 
magnetic nanorobots for in vivo arterial recanalization. In this work, 
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the magnetic field guidance is realized by an external electromagnet 
mounted on a 6-axis robot. The nanobots were then brought into prox
imity with a thrombus via a catheter. The vessel was obstructed by the 
catheter's balloon and the nanobots were released. They were then 
directed towards the clot by means of the robot-mounted magnet. 
Following dissolution of the blood clot, the nanobots could be guided 
back to the catheter and the majority of them removed again [62].

In contrast to magnetic nano-/microbots, which are mainly guided 
by external magnetic forces, DNA nanobots can be controlled through 
various external and internal stimuli. These include electric fields, which 
influence the intrinsic charge of the DNA-molecules for precise, high- 
speed, and programmable control at the single-molecule level [63,64]. 
Photoactuation can also provide reversible and remote control by 
incorporating photo-switchable molecules or buffer systems, which can 
induce dynamic conformational changes [65,66], but the penetration 
depth is limited. Furthermore, chemical and ionic stimuli, such as spe
cific nucleic acids, proteins, or ions, can trigger rapid, logic-gated re
sponses via mechanisms like strand displacement or aptamer binding 
[35,67]. Another strategy uses the combination of DNA structures with 
magnetic nanoparticles, enabling their remote steering and reconfigu
ration with external magnetic fields [68,69].

Due to their unique molecular structure, the guidance of DNA- 
nanobots can also be achieved through programmable molecular logic 
gates that ensure actuation only in the presence of combinations of 
specific stimuli [67,70], external field navigation for real-time posi
tioning [63,68,69], and molecular recognition elements like aptamers 
for site-specific targeting [35,71]. However, significant challenges 
remain in achieving robust, reversible, and multi-modal control within 
complex physiological environments, where issues of stability, immune 
response, and precise in vivo navigation persist [67,70].

Non-magnetic micro- and nanobots are a class of mobile microscale 
devices that are propelled and steered by stimuli other than magnetic 
fields. This makes them suitable for applications where magnetic actu
ation is not a feasible option [72,73] or constitutes one of the possibil
ities [74]. Chemical propulsion generates thrust through catalytic 
reactions, but is often limited by fuel toxicity and biocompatibility 
concerns [72]. Light-based actuation provides high spatial and temporal 
control by using light-sensitive materials or biohybrid systems, enabling 
precise navigation and independent control of multiple bots like shown 
by Pellicciotta et al. by combining a smooth swimming E. coli strain with 
light-driven proton pump [73]. Other than light, non-magnetic actua
tion of micro-/nanobots via ultrasound waves can penetrate deeper into 
the tissue and propel microbots in biological fluids, although it requires 
complex equipment [74]. Other methods include electric field actuation, 
which enables rapid and precise movement, and biological propulsion, 
which uses motile cells to provide a biocompatible, self-propelled 
approach. However, this method has limitations in terms of speed and 
external control [72,73].

Guidance strategies for these systems are tailored to the actuation 
method. Light patterning allows for the dynamic steering of light- 
responsive bots [73], while acoustic field modulation facilitates steer
ing and collective behaviors [74]. Chemical gradients can direct bots via 
chemotaxis, and closed-loop feedback control systems, integrating 
real-time imaging, enhance precision and adaptability in complex en
vironments. Nevertheless, overcoming the inherent limitations of each 
method, such as control fidelity, environmental constraints, and 
biocompatibility, is necessary to advance these techniques in biomedical 
and environmental applications [72–74].

7. Imaging of SPIONs and micro-/nanobots

Precise controlling of nanoparticles, particle swarms, or microbots 
requires knowledge of their position relative to anatomy. Therefore, 
suitable sensors or imaging techniques are required. Key considerations 
include spatial and temporal resolution, penetration depth, and the 
ability to detect the agents. All methods rely on a physical signal 

penetrating tissue and interacting with the particles in a way that can be 
measured from outside the body. This manuscript focuses on three 
relevant techniques: magnetic resonance imaging (MRI), ultrasound 
(US), and magnetic particle imaging (MPI). MRI and MPI use magnetic 
fields directly, while magnetomotive ultrasound (MMUS) employs them 
indirectly.

MRI is the most common clinically available technique for imaging 
magnetic nanoparticles (MNPs). Magnetic materials locally distort the 
MRI field, causing signal extinction in T2/T2* sequences [75]. A single 
iron oxide particle can disturb a field area ~50 times its own size [76], 
enabling detection of small microbots or SPION swarms. MRI has 
tracked magnetotactic bacteria delivering nanoliposomes [77] and 
swarms of magnetite-functionalized microswimmers [49]. SPIONs are 
established MRI contrast agents. A lymphotropic formulation detected 
90% of pathological lymph nodes in prostate cancer versus 34% with 
conventional MRI [78], though it was not approved. Ferucarbotran 
(Resovist®) has been clinically used for liver imaging [79,80]. Of five 
clinically tested SPION agents, only Resovist® and its generic Resotran® 
remain on the market [81]. While T1-contrast with SPIONs was 
demonstrated as early as in the early 1990s [82,83], recent de
velopments show a renaissance of this knowledge and maybe renewed 
clinical relevance [84,85].

Ultrasound (US) images tissue by transmitting acoustic waves and 
receiving echoes. Microparticles are visible if they generate sufficient 
backscatter. This echogenicity can be enhanced using gas-filled micro-/ 
nanobubbles, the only particles directly detectable using US. Here, 
nonlinear imaging and super-resolution techniques exploit bubble os
cillations [86]. In contrary, solid nanoparticles cannot be distinguished 
directly from speckle noise of tissue or blood. For solid nanoparticles like 
SPIONs, indirect imaging by techniques like magnetomotive ultrasound 
(MMUS), which uses alternating magnetic fields to induce motion for 
their US visualization [87–89]. Ultrasound cavitation (USC) with 
high-intensity focused ultrasound (HIFU) can utilize certain MNPs, 
inducing bubble formation and collapse for monitoring and drug release 
[90]. MNPs can mediate cavitation, supporting perfusion, drug release, 
and imaging [91,92], making USC a promising theranostic approach 
[91–93].

Magnetic Particle Imaging (MPI) is a developing modality for 
highly sensitive, quantitative, real-time visualization of SPIONs and 
magnetic microbots. It detects the nonlinear magnetization of SPIONs, 
producing images with high resolution and no tissue background 
[94–96]. Performance depends on SPION size, shape, and magnetic 
properties [94,95,97,98]. Advances include novel tracers like magne
tosome chains for high resolution [95,97]. MPI has been shown to 
enable non-invasive tracking of magnetic microbots for drug delivery, 
surgery, and therapy [95,98–100]. Examples include 3D-printed 
microrobots with Fe3O4/CoFe2O4 for monitoring movement and imag
ing [95,100] and alginate-based robots containing multiple magnetic 
materials [99].

Comparative Parameters: Guiding MNPs/MRBs requires evalu
ating spatial resolution, temporal resolution, penetration depth, and 
interaction mechanism. 

• US/MMUS: The spatial resolution ranges from 25 to 100 μm, 
dependent on frequency and depth [101,102]. The temporal reso
lution is real-time (25–51 Hz, up to >1000 fps [101,103]). In MMUS, 
magnetic field oscillation is typically 2–5 Hz, with a spatial resolu
tion of 0.1–2 mm [104–106]. The penetration depth is up to 10 cm 
for US [107,108] but reduces to ~5 cm for MMUS due to magnetic 
field limits [104,109].

• MRI: The penetration depth is whole-body. The spatial resolution is 
1–3 mm clinically [110,111]. The acquisition time is substantial 
(minutes per volume). When imaging MNPs, the area of signal 
extinction can exceed the particle's actual location if magnetic ma
terial concentration is high.
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• MPI: The spatial resolution is typically 1–5 mm. The temporal res
olution is up to 40 vol/second in preclinical systems [112,113]. The 
penetration depth depends on the system bore size. Standard scan
ners now are able to image small animals, but new developments 
reaching primate or human head (190 mm bore) [114] as well as leg 
(200 mm bore) sizes [115].

8. AI in nano- and microrobotics

Artificial intelligence can be used in all aspects of nano- and micro
bots from design and fabrication to enhanced sensing, navigation and 
control. AI algorithms are increasingly used to optimize the develop
ment, synthesis, structural design and fabrication of micro-/nanobots. In 
DNA nanobots design AI and Machine Learning (ML) algorithms can 
predict the most effective DNA sequences and structures for the aimed 
task and help overcome challenges like insufficient biocompatibility and 
stability [116–119]. AI-driven computational models can also enable the 
creation of DNA nanobots with advanced features, such as logic-gated 
responses and programmable behaviors [116,118,119].

For other micro-/nanobots, machine learning models can also 
accelerate the discovery of new materials, predict biocompatibility, and 
enable the rational design of robots tailored for specific biomedical 
tasks, such as crossing the blood-brain barrier or targeting tumor mi
croenvironments [117,120–122]. Furthermore, it can also support the 
development of biohybrid robots, that integrate living cells or micro
organisms within synthetic components to achieve an enhanced func
tionality [117,123].

In navigation and control Reinforcement Learning (RL) will enable a 
new generation of autonomous microbots, because it is thought to 
bypass the need for a precise and predefined physical models of the MRB 
or its environment [124]. RL algorithms, such as Proximal Policy Opti
mization (PPO) and Deep Q-Networks (DQN), allow a microrobot to 
learn optimal navigation strategies through a process of trial and error 
within a simulated or real environment [124]. Also, the aspect of an 
enhanced tracking is fostered by AI. Deep Learning models, like Con
volutional Neural Networks (CNNs), are exceptionally proficient at 
processing and interpreting noisy data from medical imaging modalities 
like or ultrasound [124,125] and by accelerating MRI by enabling ac
curate 3D-Tracking from fewer lower-resolution 2D-slices [124,125]. 
The enhanced perception forms the basis of effective closed-loop feed
back control, where the robot's real-time position is fed back into the 
control system, allowing for continuous and precise adjustments to its 
actuation and trajectory.

Finally, ML techniques are well suited to address the challenge of 
swarm robotics: managing emergent collective behavior without con
trolling individual agents. By manipulating global control parameters, 
such as the frequency and amplitude of an external magnetic field, ML 
algorithms can induce specific and predictable collective actions, 
including MNP/MRB swarm assembly, disassembly, and complex 
pattern formation [124,125]. This capability allows a swarm to intelli
gently reconfigure itself to adapt to its environment. For example, a 
swarm could adopt a dispersed formation to navigate through a narrow 
capillary and then, upon reaching a target location, reassemble into a 
dense cluster to maximize its therapeutic effect at the site.

9. Conclusion

The introduction of robotics and artificial intelligence into nano
medicine represents a paradigm shift toward even more precise, tar
geted, and dynamic therapeutic and diagnostic interventions. The 
current nano-/microbot platforms, including well-established magnetic 
nanoparticles (MNPs), actively propelled MRBs as well as programmable 
and sophisticated DNA nanobots, each offer distinct advantages. MNPs 
provide a versatile, magnetically responsive platform for drug delivery, 
hyperthermia, and multimodal imaging. Microbots and nanobots, often 
incorporating MNPs as a magnetic component, introduce the critical 

capability of active locomotion and navigation, allowing them to over
come biological barriers and perform complex mechanical tasks at the 
micro-scale. DNA nanobots utilize the predictability of molecular self- 
assembly to create devices capable of molecular sensing and logic- 
gated, stimulus-responsive behavior.

A critical feature for the functionality of these mobile agents is the 
integration of advanced imaging and guidance systems. Magnetic 
Resonance Imaging (MRI), Magnetic Particle Imaging (MPI), and mag
netomotive ultrasound (MMUS) are the main imaging techniques in this 
respect. All these techniques have advantages but also still some dis
advantages but recent developments propose that the latter will be 
overcome and, in the future, it will possible to provide the real-time, 
high-resolution tracking essential for closed-loop control within the 
body. Concurrently, artificial intelligence and machine learning are 
transforming the entire development pipeline. AI accelerates the in- 
silico design of novel materials and bot architectures, enhances real- 
time navigation through complex physiological environments by pro
cessing imaging data, and facilitates the control of collective swarm 
behaviors. This synergy between advanced agents, precise guidance, 
and intelligent control algorithms points toward a future of increasingly 
complex, autonomous and adaptive nanomedical systems and the 
necessary medical technology application environment.

However, the path from compelling laboratory proof-of-concept to 
routine clinical application is associated with significant translational 
challenges. From a manufacturing perspective, the reliable, reproduc
ible, and scalable production of these often very complex systems under 
Good Manufacturing Practice (GMP) standards remains a major 
obstacle. Long-term biocompatibility, biodistribution, and clearance 
mechanisms must guarantee patient safety. Furthermore, pre-clinical 
validation must demonstrate a clear therapeutic advantage and cost- 
effectiveness over existing standard-of-care treatments in clinically 
relevant models. The constantly changing and increasingly complex 
regulatory landscape for such combination products creates additional 
uncertainty, which is compounded by the significant financial in
vestments required to achieve this goal of clinical translation.

In summary, while the technological foundations for intelligent, ro
botic nanomedicine are rapidly being established, realizing their full 
clinical potential necessitates a concerted, interdisciplinary effort. 
Future progress is dependent on systematically addressing these trans
lational barriers through sustained collaboration between material sci
entists, engineers, clinicians, regulatory experts, and industry partners. 
Challenging and successfully overcoming these hurdles, could open a 
new era in medical diagnostics and treatment.
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Protein coating of DNA nanostructures for enhanced stability and 
immunocompatibility, Adv. Healthcare Mater. 6 (18) (2017).

[30] N. Ponnuswamy, M.M.C. Bastings, B. Nathwani, J.H. Ryu, L.Y.T. Chou, 
M. Vinther, et al., Oligolysine-based coating protects DNA nanostructures from 
low-salt denaturation and nuclease degradation, Nat. Commun. 8 (1) (2017) 
15654.

[31] L. Liang, J. Li, Q. Li, Q. Huang, J. Shi, H. Yan, et al., Single-particle tracking and 
modulation of cell entry pathways of a tetrahedral DNA nanostructure in live 
cells, Angew Chem. Int. Ed. Engl. 53 (30) (2014) 7745–7750.

[32] Q. Jiang, C. Song, J. Nangreave, X. Liu, L. Lin, D. Qiu, et al., DNA origami as a 
carrier for circumvention of drug resistance, J. Am. Chem. Soc. 134 (32) (2012) 
13396–13403.

[33] X. Liu, Y. Xu, T. Yu, C. Clifford, Y. Liu, H. Yan, et al., A DNA nanostructure 
platform for directed assembly of synthetic vaccines, Nano Lett. 12 (8) (2012) 
4254–4259.

[34] H. Lee, A.K. Lytton-Jean, Y. Chen, K.T. Love, A.I. Park, E.D. Karagiannis, et al., 
Molecularly self-assembled nucleic acid nanoparticles for targeted in vivo siRNA 
delivery, Nat. Nanotechnol. 7 (6) (2012) 389–393.

[35] S. Li, Q. Jiang, S. Liu, Y. Zhang, Y. Tian, C. Song, et al., A DNA nanorobot 
functions as a cancer therapeutic in response to a molecular trigger in vivo, Nat. 
Biotechnol. 36 (3) (2018) 258–264.

[36] S.M.G.S. Modi, D. Goswami, G.D. Gupta, S. Mayor, Y. Krishnan, A DNA 
nanomachine that maps spatial and temporal pH changes inside living cells, Nat. 
Nanotechnol. 4 (5) (2009) 325–330.

[37] F. Praetorius, B. Kick, K.L. Behler, M.N. Honemann, D. Weuster-Botz, H. Dietz, 
Biotechnological mass production of DNA origami, Nature 552 (7683) (2017) 
84–87.

[38] Z. Wu, Y. Chen, D. Mukasa, O.S. Pak, W. Gao, Medical micro/nanorobots in 
complex media, Chem. Soc. Rev. 49 (22) (2020) 8088–8112.

[39] Y. Zhang, Y. Zhang, Y. Han, X. Gong, Micro/Nanorobots for medical diagnosis 
and disease treatment, Micromachines 13 (5) (2022) 648.

[40] C. Chen, S. Tang, H. Teymourian, E. Karshalev, F. Zhang, J. Li, et al., Chemical/ 
Light-Powered hybrid micromotors with "On-the-Fly" optical brakes, Angew 
Chem. Int. Ed. Engl. 57 (27) (2018) 8110–8114.

[41] H. Xu, M. Medina-Sánchez, V. Magdanz, L. Schwarz, F. Hebenstreit, O. 
G. Schmidt, Sperm-hybrid micromotor for targeted drug delivery, ACS Nano 12 
(1) (2018) 327–337.

[42] F. Pfister, J. Dörrie, N. Schaft, V. Buchele, H. Unterweger, L.R. Carnell, et al., 
Human T cells loaded with superparamagnetic iron oxide nanoparticles retain 
antigen-specific TCR functionality, Front. Immunol. 14 (2023) 1223695.
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