Highlights in Science, Engineering and Technology AMCCE 2025
Volume 160 (2025)

Advances in Nanorobotics for High-Precision Disease
Treatment

Candice Geng”
West Point Grey Academy, Vancouver, V6T1W5, Canada
* Corresponding Author Email: gyjjygc@gmail.com

Abstract. One of the greatest challenges in modern medicine is to find ways to cure diseases with
high precision without many invasive procedures. Current therapies mostly rely on spreading
treatment throughout the entire body because of the lack of precision, which leads to less effective
treatment and possible negative side effects. The field of nanorobotics offers a new solution to this
problem; these micromachines can be designed to work directly at the cellular level within our bodies.
The field of medical robotics advances because "the combination of extraordinary advances in
robotics medicine, materials science, and computing could bring safer, more efficient, and more
widely available patient care in the future." This paper will look closely at the role of nanorobots in
three critical areas: targeted drug delivery, precise targeting of cancerous cells, and advanced
medical imaging. These applications demonstrate the main uses of nanorobotics and symbolize a
shift toward more personalized and effective medical treatment. The potential development of
nanorobotics can address current limitations, including safety, manufacturing, and the treatment of
otherwise deadly diseases. This invention will shape the future of healthcare for generations to come.
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1. Introduction

The burgeoning field of medical micro robotics represents a shift in strategies for treating diseases,
offering a revolutionary approach to healthcare [1]. These devices, ranging from micrometers to sub-
millimeters, are designed to navigate the human body’s systems to perform specific tasks with high
precision. Microrobots can minimize off-target effects and toxicity, which often lead to failure in
other promising methods. The principle of these technologies is their ability to achieve active,
controlled motion within complex environments. These features distinguish them from other delivery
methods used in the past.

These robots are often powered and controlled by external fields such as magnetism, ultrasound,
or programmed signals, allowing direct access to locations that are otherwise hard to reach. "Powered
by external physical fields or chemical reactions, these untethered microdevices are promising
candidates for in vivo complex tasks, such as targeted delivery, imaging and sensing, tissue
engineering, hyperthermia, and assisted fertilization, among others. [2]" This capability opens the
door to reconsidering drugs that were previously abandoned due to toxicity, as well as the
development of novel treatments with minimal systemic side effects.

The translation of microrobots into practice relies on a thorough understanding of their design,
actuation, and biocompatibility. Material choice is very important, and most current designs focus on
biodegradable components that allow the microrobots to perform their function and then safely
degrade in the body. This focus on degradability ensures the microrobots’ temporary presence aligns
with the body’s natural processes, avoiding toxic residues and side effects. "The successful
integration of well-designed m-bots with surface functionalization, remote actuation systems, and
imaging techniques becomes the crucial step toward biomedical applications, especially for in vivo
uses [3]."

The success of these devices is directly linked to precise control of their movement and position.
For example, advanced techniques like magnetic guidance and ultrasound-based tracking are used to
localize microrobots in real time, allowing scientists and doctors to monitor their journey and confirm
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their arrival at the target site. This real-time control is key for complex procedures such as targeted
drug or cell delivery and localized microsurgery.

Medical microrobots are not only small but also highly functional. In addition to transporting
medicine, they are designed with sensors to perform a variety of tasks. For example, some are being
developed for in vivo disease diagnosis at the cellular level, while others aim to fight tumors through
localized heating. The use of artificial intelligence can further expand their capabilities, enabling
autonomous or semi-autonomous operation within the body. "Medical micro robotics is an emerging
field that aims at non-invasive diagnosis and therapy inside the human body through miniaturized
sensors and actuators [4]."

This approach addresses some of the most challenging problems in modern medicine, from treating
complex tumors to advancing reproductive medicine. "It is important to remember that microrobots
have come a long way, especially during the last few years, and many open challenges will need to
be addressed [5]." The ongoing evolution of the field shows how important this technology is. As
progress continues to overcome challenges in various areas, medical micro robotics promises to
transform healthcare, offering a new frontier of personalized, precise, and less invasive treatments.
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Figure 1. Propulsion mechanisms and biomedical applications of microrobot [6]

2. Different Types of Nanorobots

As shown in Fig.1, medicine is constantly evolving, with researchers and scientists discovering
new therapies and technologies to diagnose and treat diseases. One of the newest areas of exploration
IS nanorobots—machines that can operate at the sub-microscopic level inside the human body. With
the rise of Al, nanorobots are becoming even more advanced, allowing medicine to move in entirely
new directions. Unlike traditional therapies that rely on widespread drug delivery throughout the body,
nanorobots can provide precise treatments that systemic therapies cannot achieve.

Nanorobots are miniature machines designed to function at the nanoscale, performing specific
medical tasks with high precision. Their operation relies on several key principles, starting with their
ability to navigate the body’s complex fluids and tissues. This movement can be guided by external
stimuli, such as magnetic fields, or powered by chemical reactions that enable self-propulsion.

As shown in Fig. 2, these machines show enormous potential across a wide range of medical
applications. Three of the most important and well-developed uses of nanorobots are drug delivery,
cancer targeting, and medical imaging. Some nanorobots are designed to transport therapeutic agents
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directly to diseased areas, following precise instructions to treat specific conditions. Others act as tiny
sensors, enabling doctors to see inside the body with unprecedented clarity. By examining these three
applications, we can better understand how science is advancing nanorobotics to create safer, more

effective, and more precise medical interventions for the future.
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Figure 2. Nanotheranostic Materials for Cardiovascular Disease [7]

2.1. Nanorobots for drug delivery

2.1.1. What are drug delivery nanorobots?

Drug delivery nanorobots are nanoscale systems capable of transporting various drugs and
therapeutic compounds directly to diseased tissues. There are many designs, but some of the most
common include polymeric nanoparticles, liposomes, metallic nanocarriers, and DNA-origami
frameworks. These nanorobots work by encapsulating the drugs and releasing them in response to
specific stimuli at the target site. The stimuli can be endogenous, such as pH changes in tumor tissues,
or exogenous, such as applied magnetic fields. Some nanorobots also incorporate smart gating
mechanisms, allowing them to release their cargo only in response to specific biological signals.

2.1.2. Applications for drug delivery?

Drug delivery nanorobots have been developed for many different purposes. Microrobots aim to
"overcome the limitations of how drugs diffuse throughout the body" and can be "delivered precisely
to the location of the disease and not throughout the entire body [8]". These tiny machines, ranging
from nanometers to submillimeter sizes, are designed to navigate through bodily fluids and tissues to
reach specific targets, such as tumors or blood clots. For example, a nanorobot could treat a blocked
artery by traveling directly to the clot and delivering clot-busting medicine, rather than having the
drug affect the entire circulatory system (as shown in Fig.3) [9].

2.1.3. Advantages

® High specificity and precision: Targeted drug release minimizes off-target effects.
Reduced systemic toxicity: Concentration of drugs at the diseased site decreases exposure to healthy
tissues.

® Controlled release profiles: Enables long-term, sustained therapeutic effects.

® Versatility: Can deliver a wide range of drugs including small molecules, peptides, and nucleic
acids.
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2.1.4. Limitations

® Limited drug-loading capacity: Some nanocarriers cannot accommodate large or multiple drug
types simultaneously.

® Clearance and biodegradation: Non-biodegradable materials may accumulate, leading to
toxicity.

® Immune recognition: The body may identify nanorobots as foreign, triggering rapid clearance
or immune reactions.

® Manufacturing and scalability challenges: High costs and complex fabrication processes hinder
widespread clinical adoption.
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Figure 3. Nanoscale robots: from dynamic control and self-propulsion to cargo delivery [9]

2.2. Nanorobots for cancer targeting

2.2.1. What are nanorobots for cancer targeting?

In the fight against cancer, one of the biggest challenges is delivering medication effectively
without harming healthy tissues. About "30% of drug candidates fail clinical testing owing to
unmanageable toxicity”, a problem often caused by how drugs are delivered. This is where nanobots
for cancer targeting come in. The concept behind these microscopic machines is to enable "physically
targeted therapeutic delivery by cargo-carrying micromachines [10]". These nanobots offer a new
way to target treatments with unprecedented accuracy. They have the potential to make therapies
safer and more effective, and could even allow the use of drugs that were once considered too toxic.

2.2.2. Applications for cancer treatment

The use of nanobots in cancer treatment is a recent innovation, as they can actively seek out and
target tumors. Previously, doctors relied on drugs that spread throughout the entire body, but these
nanobots are designed to "overcome the limitations of how drugs diffuse throughout the body™ [8].
Once injected, the robots can be guided using external forces, such as magnetic fields, or pre-
programmed Al, to navigate through the human body. When they reach a tumor, they release their
cancer-fighting medication directly into the cancerous cells. This targeted approach delivers a higher
concentration of the drug to the tumor while minimizing harmful side effects elsewhere. Such
precision not only improves treatment effectiveness but also significantly enhances a patient’s quality
of life during therapy.

2.2.3. Advantages

® High selectivity for cancer cells: Reduces collateral damage to healthy tissues.
® Potential for multifunctionality: Can deliver drugs, disrupt vasculature, and perform genetic
interventions.
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® Improved therapeutic outcomes: Localized release increases drug concentration at the tumor
site.
® Personalization potential: Functionalization can be tailored to patient-specific tumor markers.

2.2.4. Limitations

® Tumor heterogeneity: Cancers may evolve or express variable markers, reducing nanorobot
effectiveness.

® Immune clearance and biosafety: Functionalized nanobots risk triggering immune responses.

® Complex fabrication: High costs and technical barriers limit clinical-scale production.

® Regulatory challenges: Long approval processes for oncology therapeutics delay clinical
translation.

2.3. Nanorobots for medical imaging

2.3.1. What are nanorobots for medical imaging?

Medical professionals have long sought ways to understand and treat diseases inside the human
body without performing invasive surgery. Nanobots offer a solution, acting like microscopic
cameras or artificial eyes that can travel through the body's complex systems, including the
bloodstream and digestive tract. A key goal is the "integration of medical imaging systems with
micro/nanorobotics to acquire precise feedback in vivo™ [11]. This means that these microrobots are
not only carriers but are also designed to be tracked, helping doctors obtain a clear, real-time view of
cellular-level processes. Scientists are continuing to develop nanobots that combine imaging and drug
delivery, creating "theranostic" agents capable of locating a problem and then releasing medicine to
treat it—merging two crucial medical functions into a single device.

2.3.2. Applications for medical imaging

The use of nanobots for imaging has many applications in medicine, particularly for early disease
diagnosis, and can have a significant impact. These robots are programmed and sent into the body to
locate specific cells for which they are designed. Once they reach their target, they can observe and
transmit images using techniques such as ultrasound, MRI, or fluorescence imaging. This allows
doctors to see precisely where and what the problem is, even in traditionally hard-to-reach areas. This
method is much more precise, detailed, and minimally invasive. As these technologies continue to
improve, doctors will be able to perform more targeted interventions with the help of real-time
imaging of problem areas.

2.3.3. Advantages

® High sensitivity and resolution: Enables detection of disease at earlier stages.

® Real-time monitoring: Provides clinicians with continuous information during treatment.

® Multimodal capability: A single nanorobot can carry agents for multiple imaging techniques.

® Potential integration with therapy: Theragnostic nanorobots reduce the need for separate
diagnostic and therapeutic interventions.

2.3.4. Limitations

® Toxicity of contrast agents: Some nanoparticles, especially those based on heavy metals, may
be toxic.

® L ong-term accumulation: Non-biodegradable materials risk bioaccumulation.

® Depth limitations: Optical imaging agents have difficulty penetrating deep tissues.

® Strict regulatory hurdles: Diagnostic agents require extensive validation for safety and efficacy.
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3. Future of Nanorobots

3.1. Nanorobots benefits

The analysis highlights one of the most transformative forces in the future of medicine: nanorobots.
These nanodevices are specifically designed to overcome many limitations of conventional treatments
by delivering drugs with high precision. Targeted delivery has the potential to dramatically reduce
systemic toxicity, a major cause of failure in many clinical trials. Additionally, nanorobots can
actively seek out and combat unhealthy cells, offering a new way to fight previously deadly diseases.
In medical imaging, nanorobots play a crucial role by providing unprecedented views of the body’s
internal systems, enabling earlier and more accurate diagnoses for patients and doctors alike. This
innovation marks a significant evolution in healthcare.

In the future, nanorobotics is expected to advance in several directions. One major focus is the
development of theragnostic nanobots, engineered to combine diagnostic imaging with therapeutic
functions. These devices could enter the body, identify diseased areas, and initiate treatment
immediately if needed. Another potential development is nanorobotic swarms, where large numbers
of nanobots work together to perform complex tasks, such as clearing widespread infections.
Advances in Al and machine learning could enable these swarms to navigate complex biological
systems independently. Progress in material science may also lead to nanorobots that can safely
perform their functions and then biodegrade, minimizing long-term risks. The future of nanorobotics
is about creating entirely new medical solutions, not just improving existing technologies.

3.2. Challenges

Despite their potential, nanorobots face several challenges. Safety and regulation remain primary
concerns, as many long-term effects are not fully understood and extensive testing is required to
ensure safe and effective use. Manufacturing and scalability are also significant barriers, as current
production methods are complex and costly. Researchers continue to explore more efficient ways to
produce these devices on a scale.

Ethical considerations must also be addressed. Questions arise regarding appropriate use, data
privacy, and accessibility, ensuring that these technologies do not become available only to a
privileged few. Privacy is a particular concern, as nanorobots can monitor an individual’s health
internally. Open discussions among scientists, doctors, and the public are necessary to ensure
responsible development and deployment of nanorobotics.

3.3. Discussion

An ideal nanorobot would be a fully autonomous, multifunctional device capable of addressing
most current limitations in medicine. It would be made of biocompatible and biodegradable materials
to avoid immune reactions and long-term accumulation. Using advanced technologies like artificial
intelligence, it could navigate the body’s complex systems, actively seek out diseases such as tumors
or sickle cells, and observe their behavior in real time. This advanced device could also act as a
theragnostic agent, combining high-resolution imaging with targeted therapeutic delivery. It would
carry multiple drugs and release them precisely in response to specific biological signals, maximizing
treatment effectiveness while minimizing systemic toxicity. Most importantly, an ideal nanorobot
could be mass-produced through a cost-effective, scalable process, making this transformative
technology accessible for widespread medical use and personalized healthcare.

4. Conclusion

In conclusion, nanorobotics represents a powerful scientific innovation. It emerged to address the
limitations of traditional medicine in treating complex diseases, but its potential extends far beyond
current achievements. While significant progress has been made, there is still room for improvement
in functionality, safety, ethics, and manufacturing. The benefits, ranging from minimizing harmful
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side effects to providing detailed diagnostic insights, are greater than most people realize. With
continued research and a strong focus on responsible development, nanorobots have the potential to
create a healthier, more precise, and promising future for medicine.
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