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Abstract: Nanorobotics has emerged as a groundbreaking medical field, offering innovative solutions to
longstanding challenges in disease management and therapeutic strategies. This systematic review explores
the fundamentals of nanorobotics, its applications in targeted drug delivery, diagnostics, cancer treatment,
and minimally invasive surgery, as well as the associated challenges and future directions. Nanorobots,
characterized by their ability to operate at nanoscale dimensions, have demonstrated significant potential
in enhancing the precision and efficacy of medical interventions. In oncology, nanorobots enable targeted
drug delivery, reducing systemic toxicity while improving treatment outcomes. In minimally invasive
surgery, nanorobots facilitate precise interventions, minimizing collateral damage and expediting recovery.
Biocompatibility, technical limitations, and ethical concerns remain critical despite these advancements.
Issues like immune system interference, long-term toxicity, and difficulties in propulsion and control require
innovative solutions. Ethical considerations regarding patient privacy and regulatory frameworks
necessitate global collaboration for responsible implementation. The future of nanorobotics lies in its
integration with emerging technologies, such as artificial intelligence, which promises to enhance
navigation, predictive analytics, and personalized medicine. Advancements in biocompatible materials,
scalable manufacturing, and real-time imaging will further drive the clinical translation of nanorobotics.
This review underscores nanorobotics' transformative potential to revolutionize healthcare and emphasizes
the need for continued interdisciplinary research to overcome existing barriers and optimize its
applications.
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I. INTRODUCTION

Nanorobotics represents a revolutionary advancement in medicine, leveraging nanoscale technologies to address critical
therapeutic strategies and disease management challenges. Nanorobots, often microscopic machines, operate at the
molecular and atomic levels to perform highly specialized tasks, including targeted drug delivery, diagnostics, and
minimally invasive surgical procedures. Their ability to navigate complex biological environments with precision offers
unprecedented opportunities to improve the efficacy of treatments while minimizing side effects [1,2].

The integration of nanorobotics into therapeutic strategies is particularly significant in addressing diseases such as
cancer, cardiovascular disorders, and neurodegenerative conditions. By enabling site-specific drug delivery and real-
time disease monitoring, nanorobots enhance the precision and effectiveness of medical interventions. Additionally,
their potential to perform tasks autonomously within the human body, guided by advanced technologies such as
artificial intelligence and biosensors, underscores their transformative impact on healthcare [3].

This systematic review aims to provide an in-depth analysis of the current advancements in nanorobotics and their
applications in medicine. It explores the fundamental principles, technological enablers, and diverse therapeutic
applications of nanorobots, including their role in targeted drug delivery and diagnostics. The=seview also delves into
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the utilization of nanorobotics in specific therapeutic areas, such as oncology and minimally invasive surgery, while
addressing the associated challenges, including biocompatibility, technical complexities, and ethical considerations.
This review synthesizes evidence from existing literature to highlight nanorobotics' potential to redefine therapeutic
paradigms and improve patient outcomes. Furthermore, it identifies future research directions and the integration of
nanorobotics with emerging technologies to address existing limitations and unlock new possibilities in disease
management [4,5].

II. FUNDAMENTALS OF NANOROBOTICS
Nanorobotics, a subfield of nanotechnology, focuses on designing and constructing nanoscale machines capable of
performing complex functions in biological environments. These machines, termed nanorobots, are typically composed
of biocompatible materials and operate at dimensions ranging from 1 to 100 nanometers [6]. The principles governing
nanorobotics include nanofabrication, molecular self-assembly, and biomimicry, enabling the creation of devices that
can interact with biological systems at the cellular and molecular levels [7].

2.1 Definition and Principles

Nanorobots are engineered to mimic natural biological mechanisms, such as molecular motors and enzymes, which
operate with extraordinary efficiency in the human body. Core principles include precision targeting, adaptive response
to environmental cues, and energy-efficient operations. These principles make nanorobots highly suited for biomedical
applications, including drug delivery, tissue repair, and diagnostics [8,9].

2.2 Types of Nanorobots and Their Functionalities
Nanorobots can be classified based on their design and function:
e Chemical Nanorobots: Operate using chemical reactions for propulsion and therapeutic action. For instance,
enzyme-powered nanomotors release drugs at targeted sites [10].
e  Magnetic Nanorobots are controlled using external magnetic fields, allowing precise navigation and control
in complex biological environments [11].
e Hybrid Nanorobots: Combine biological and synthetic components, such as DNA nanostructures coupled
with inorganic nanoparticles, to perform multifunctional tasks [12].

Table 1: Classification and Functionalities of Nanorobots
Type of Nanorobot Primary Mechanism Key Applications Advantages
Catalytic  reaction-based | Targeted drug delivery and | High-precision,
propulsion therapy autonomous operation

Chemical Nanorobots [10]

. .. Intracellular  diagnostics, | Non-invasive, remote
Magnetic Nanorobots [11] | Magnetic field navigation g

surgery control
. Synthetic-biological Multifunctional Versatile functionality,
Hybrid Nanorobots| 12] hybrid design biomedical tasks programmability

2.3 Technologies Enabling Nanorobotics
The development of nanorobots relies on advanced technologies:
e Nanofabrication Techniques: Lithography, molecular assembly, and 3D printing enable precise construction
of nanostructures [13].
e Biomolecular Engineering: Incorporates DNA, RNA, and protein-based designs for programmable
functionality [14].
e  Propulsion Mechanisms:Catalytic, magnetic, and ultrasonic propulsion advances enhance manoeuvrability in
fluidic environments [15].
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Table 2: Enabling Technologies for Nanorobotics

Technology Description Application in Nanorobotics
L. . Methods like lithography and molecular | Precision  construction  of
Nanofabrication Techniques [13]
assembly nanorobots
. . P bl d
Biomolecular Engineering [14] Use of biomolecules for nanorobot design rogrammable an

biocompatible nanorobots

Catalytic, magnetic, and ultrasonic | Enhanced navigation and

Propulsion Mechanisms [15] methods L

II1. APPLICATIONS OF NANOROBOTICS IN MEDICINE
Nanorobotics has emerged as a transformative tool in medicine, with applications ranging from targeted drug delivery
to advanced diagnostic methods. These innovations aim to improve patient outcomes by enhancing precision, reducing
side effects, and enabling early disease detection.
3.1 Targeted Drug Delivery
Targeted drug delivery using nanorobots has revolutionized therapeutic strategies by ensuring drugs reach the desired
site while sparing healthy tissues. Nanorobots can identify specific disease markers, such as overexpressed proteins or
unique pH levels, and release drugs accordingly [16].

3.1.1 Mechanisms of Targeted Drug Delivery
Nanorobots utilize diverse mechanisms to achieve site-specific drug delivery:
¢ Surface Functionalization: Functionalized nanorobots with ligands recognize and bind to target cells [17].
e Stimuli-Responsive Systems: These nanorobots release drugs in response to environmental cues, such as pH
or temperature changes, in the target tissue [18].
e Controlled Release: Integration with magnetic or ultrasound stimuli allows precise control over drug release
timing and dosage [19].
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Figure 1:Pie Chart of Applications of Nanotechnology in Medicingp 8]
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3.1.2 Case Studies and Effectiveness
e Cancer Treatment: Nanorobots loaded with chemotherapeutic agents have demonstrated efficacy in targeting
tumor cells, minimizing systemic toxicity. A study on doxorubicin-loaded nanorobots showed enhanced
therapeutic outcomes in breast cancer patients [20].
e Antimicrobial Therapy: Infections resistant to conventional antibiotics have been effectively managed using
nanorobots programmed to disrupt bacterial biofilms [21].

Table 3: Targeted Drug Delivery Applications
Disease Nanorobot Design Mechanism of Action | Outcome
Ligand-based  tumor
targeting

Cancer[20] Doxorubicin-loaded nanorobots Reduced systemic toxicity

Effective against resistant

Infections[21] | Antimicrobial peptide-coated nanorobots | Biofilm disruption strains

3.2 Diagnostics and Biosensing
Nanorobots have significantly enhanced diagnostic capabilities by enabling real-time, highly sensitive detection of
biomarkers. These applications focus on disease prevention, early detection, and monitoring progression.

3.2.1 Role of Nanorobots in Early Disease Detection
Nanorobots can detect biomarkers at minute concentrations, allowing diagnosis at early stages. For example, DNA-
based nanorobots detect circulating tumor DNA, a critical indicator of cancer metastasis [22].

Examples of Biosensing Applications
e Cardiovascular Diseases: Biosensors integrated with nanorobots detect biomarkers like troponins, enabling
rapid diagnosis of myocardial infarction [23].
e Neurodegenerative Disorders: Nanorobots equipped with amyloid-binding peptides have been employed to
identify beta-amyloid plaques in Alzheimer’s disease [24].

3.2.2 Impact on Diagnostics
The integration of nanorobots in diagnostics has transformed healthcare by providing:
e Non-invasive Testing: Nanorobots can collect samples from specific tissues with minimal patient discomfort
[25].
e Enhanced Sensitivity and Specificity: Their nanoscale precision ensures detection accuracy, reducing false
positives and negatives.
Case studies consistently highlight the potential of nanorobotics in improving diagnostic accuracy, promoting early
intervention, and lowering healthcare costs [26].

Table 4: Diagnostic Applications of Nanorobots

Disease Biomarker Detected | Nanorobot Technology Benefits
) . . Biosensors integrated with | Rapid and precise
Cardiovascular Diseases[23] | Troponins . .
nanorobots diagnosis
Amyloid-bindi tide | Early detecti f
Alzheimer’s Disease[24] Beta-amyloid plaques e R e
nanorobots pathology

IV. NANOROBOTICS IN SPECIFIC THERAPEUTIC AREAS
Nanorobotics has demonstrated profound potential in addressing complex medical challenges. Its applications in
specific therapeutic areas, such as oncology and minimally invasive surgery, have reyolutionized conventional

R
2D

treatment paradigms by offering precision, efficiency, and reduced invasiveness.
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4.1 Cancer Treatment
Nanorobotics has become a cornerstone of innovative cancer therapies, enabling targeted and personalized treatment

approaches.
Table 5: Nanorobotics in Cancer Treatment
Type of Cancer Nanorobot Mechanism Outcome
Breast Cancer[29] HER2-targeted nanorobots Tumor size reduction, enhanced delivery
Prostate Cancer[30] | Gold nanoparticle-based nanorobots | Tumor ablation via photothermal therapy

4.1.1 Innovations in Cancer Therapy Using Nanorobots
Nanorobots designed for cancer treatment focus on enhancing the specificity and efficacy of chemotherapeutics:
e Targeted Delivery: Functionalized nanorobots equipped with tumor-specific ligands deliver
chemotherapeutic agents directly to cancer cells, minimizing systemic toxicity [27].
e Hyperthermia Therapy: Nanorobots incorporating magnetic nanoparticles induce localized hyperthermia
when exposed to alternating magnetic fields, selectively killing tumor cells [28].

4.1.2 Case Studies and Advancements
e Breast Cancer: A clinical trial utilizing HER2-specific nanorobots demonstrated significant tumor size
reduction and improved patient outcomes [29].
e Prostate Cancer: Gold nanoparticle-based nanorobots have shown promise in photothermal therapy,
effectively ablating prostate tumors [30].

4.1.3 Challenges and Future Directions

Despite these advancements, challenges such as immunogenicity, scalability of manufacturing, and regulatory hurdles
remain. Ongoing research aims to improve biocompatibility and integrate real-time imaging capabilities for precision
control [31].

4.2 Minimally Invasive Surgery
Transformative innovations in minimally invasive surgery (MIS) have been made possible by nanorobotics, enabling
precise interventions with reduced trauma and faster recovery times.

4.2.1 Techniques for Using Nanorobots in Surgical Procedures
Nanorobots assist in MIS by performing intricate tasks at the cellular level:
e Guided Navigation: Magnetic-field-controlled nanorobots navigate vascular and tissue networks to perform
localized interventions [32].
e  Micro-Surgical Repairs: DNA-based nanorobots are utilized for tissue repair and vascular sealing, reducing
the need for sutures [33].

4.2.2 Benefits and Limitations

The integration of nanorobotics in MIS offers several benefits:
e Reduced Tissue Damage: Nanorobots operate at microscopic scales, minimizing collateral damage [34].
e Enhanced Precision: Surgeons achieve unparalleled accuracy in accessing difficult-to-reach areas [35].

4.2.3 Comparative Advantage Over Traditional Methods
Nanorobot-assisted MIS significantly reduces recovery times, postoperative complications, and healthcare costs
compared to conventional surgical methods. Studies report faster patient recovery in cardiac and neurological
procedures involving nanorobotics [36].
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Table 6: Applications of Nanorobotics in Minimally Invasive Surgery

Procedure Type Nanorobot Role Advantages
Cardiovascular Surgery[33,36] | Vascular sealing and repair Reduced recovery time and complications
Neurological Surgery[32,35] Navigation and localized repair | Enhanced precision in complex regions

V. CHALLENGES AND LIMITATIONS OF NANOROBOTICS IN MEDICINE
Despite its immense potential, implementing nanorobotics in medicine faces several challenges, including
biocompatibility, technical limitations, and ethical concerns. Addressing these issues is crucial for successfully
translating nanorobotics from research to clinical practice.

5.1 Biocompatibility and Safety Concerns
Ensuring that nanorobots are biocompatible and non-toxic remains a significant challenge:
e Immune System Interference: Nanorobots may trigger immune responses, leading to inflammation or
rejection. Studies have focused on coating nanorobots with biocompatible materials such as PEG (polyethene
glycol) to evade immune detection [37].
e Long-term Toxicity: The accumulation of nanomaterials in tissues raises concerns about potential toxicity,
especially for metallic nanoparticles [38].

5.2 Technical Challenges in Design and Control
Developing nanorobots capable of performing complex functions in the human body involves significant technical
hurdles:
e  Propulsion Mechanisms: Effective navigation in viscous biological fluids is difficult. Catalytic and magnetic
propulsion innovations aim to overcome this barrier [39].
e Real-time Monitoring: Current imaging technologies, such as MRI and ultrasound, limit the ability to achieve
real-time imaging and control of nanorobots [40].

5.3 Ethical and Regulatory Considerations
The use of nanorobots in medicine also raises ethical and regulatory concerns:
e Patient Consent and Privacy: The ability of nanorobots to collect real-time data requires stringent measures
to protect patient privacy [41].
e Regulatory Approvals: Standardized guidelines are lacking for evaluating the safety and efficacy of
nanorobotic technologies [42].

VI. FUTURE PERSPECTIVES AND RESEARCH DIRECTIONS
The future of nanorobotics in medicine lies in advancing technology, integrating with other disciplines, and addressing
current limitations. Emerging trends indicate a promising horizon for nanorobotic applications.

6.1 Emerging Trends in Nanorobotics Research
Research continues to explore innovative designs and functionalities for nanorobots:
e Programmable Nanobots: DNA-based nanorobots with programmable logic circuits are being developed to
perform specific tasks, such as delivering drugs upon detecting biomarkers [43].
e Biohybrid Nanorobots: Combining synthetic components with biological cells, such as bacteria or red blood
cells, enhances the biocompatibility and functionality of nanorobots [44].

6.2 Integration with AI and Machine Learning

Artificial intelligence (AI) and machine learning (ML) play a pivotal role in advancing nanorobotics:
e Improved Navigation: Al algorithms optimize nanorobot movement in complex higlogical environments
[45].
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e Predictive Analytics: ML models predict disease progression and tailor nanorobot interventions for
personalized medicine [46].

6.3 Recommendations for Future Studies

e Focus on Biocompatibility: Research should prioritize developing biocompatible materials to minimize
immune responses.

e Scalable Manufacturing Techniques: Efforts are needed to improve the scalability and cost-effectiveness of
nanorobot production.

e Enhanced Imaging Technologies: Innovations in real-time imaging will enhance the precision and safety of
nanorobotics applications.

e Ethical Framework Development: Establishing global ethical guidelines will ensure responsible use of

nanorobots.
e Clinical Trials: Conducting large-scale trials will validate the safety and efficacy of nanorobots in diverse
populations.
Table 7: Challenges in Nanorobotics
Challenge Description Proposed Solutions
Biocompatibility[37,38] Immune rejection and long-term toxicity Use of biocompatible coatings
Difficulty i Ision through vi . .

Navigation in Fluids[39] ﬂllli ;gu o ephEe S e Development of catalytic propulsion
Real-time Monitoring[40] | Limited imaging resolution Advanced imaging technologies

VII. CONCLUSION
Nanorobotics represents a transformative frontier in medicine, potentially revolutionising therapeutic strategies and
disease management. By enabling precision-targeted interventions, early diagnostics, and minimally invasive
procedures, nanorobots have redefined the scope of modern healthcare. This systematic review highlights the profound
impact of nanorobots in cancer treatment and minimally invasive surgery, where they have enhanced therapeutic
efficacy while minimizing side effects.
However, the journey toward widespread clinical application is fraught with challenges. Issues such as
biocompatibility, long-term toxicity, and technical limitations in navigation and control remain significant barriers.
Furthermore, ethical considerations, including patient privacy and regulatory approvals, require immediate attention to
ensure responsible implementation.
Future research should focus on developing biocompatible materials, advancing imaging technologies, and integrating
artificial intelligence to optimize nanorobotic functions. Additionally, global collaboration is needed to establish
standardized ethical and regulatory frameworks.
In conclusion, nanorobotics holds immense promise in transforming medical practices, bridging gaps in current
therapeutic and diagnostic modalities, and paving the way for precision medicine. Continued interdisciplinary efforts
will be crucial in overcoming existing limitations and fully realizing nanorobotics' potential to enhance patient care.

VIII. ACKNOWLEDGEMENT
The authors thank the institutions, organizations, and individuals who contributed to this research. We acknowledge the
support of our affiliated institutions for providing resources and logistical assistance. Additionally, we appreciate the
constructive feedback from peer reviewers, which significantly improved the quality of this manuscript.

Conflict of Interest
The authors confirm that there are no competing interests with any institutions, organizations, or products that may
influence the findings or conclusions of this manuscript.

i{ 2581-0429 )8

Copyright to IJARSCT DOI: 10.48175/IJARSCT-23071 T arser 1 615
www.ijarsct.co.in Z




(/ IJARSCT ISSN (Online) 2581-9429

xx International Journal of Advanced Research in Science, Communication and Technology (IJARSCT)
IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal
Impact Factor: 7.53 Volume 5, Issue 2, January 2025
REFERENCES

[1] Freitas RA. Nanomedicine, Volume I: Basic Capabilities. Georgetown, TX: Landes Bioscience; 1999.

[2] Cavalcanti A, Shirinzadeh B, Freitas RA Jr, Hogg T. Nanorobot architecture for medical target identification.
Nanotechnology. 2008;19(1):015103.

[3] Drexler KE. Nano-systems: Molecular Machinery, Manufacturing, and Computation. New York: Wiley; 1992.

[4] Mazzolai B, Laschi C, Mattoli V, et al. The grand challenge of living machines: A roadmap for biohybrid and
bioinspired systems. Biomimetics. 2019;4(1):7.

[5] Xie X, Xu AM, Leal-Ortiz S, Cao Y, Garner CC, Melosh NA. Nano-straw-electroporation system for highly
efficient intracellular delivery and transfection. ACS Nano. 2013;7(5):4351-4358.

[6] Reddy LH, Arias JL, Nicolas J, Couvreur P. Magnetic nanoparticles: Design and characterization, toxicity and
biocompatibility, pharmaceutical and biomedical applications. Chem Rev. 2012;112(11):5818-5878.

[7] Jain KK. Nanomedicine: Application of nanobiotechnology in medical practice. Med Princ Pract. 2008;17(2):89—
101.

[8]Gupta A, Gupta M. Cytotoxicity of nanomaterials: A review. Environ ToxicolPharmacol. 2005;20(1):1-7.

[9] Ferrari M. Cancer nanotechnology: Opportunities and challenges. Nat Rev Cancer. 2005;5(3):161-171.

[10] Sun T, Zhang YS, Pang B, Hyun DC, Yang M, Xia Y. Engineered nanoparticles for drug delivery in cancer
therapy. Angew Chem Int Ed Engl. 2014;53(46):12320-12364.

[11] Jang B, Park JY, Tung CH, Kim IH, Choi Y. Gold nanoparticle-mediated photothermal therapy: Current status and
future perspectives. Nanomedicine. 2011;6(3):443-457.

[12] Li SD, Huang L. Pharmacokinetics and biodistribution of nanoparticles. Mol Pharm. 2008;5(4):496—504.

[13] Couvreur P, Vauthier C. Nanotechnology: Intelligent design to treat complex disease. Pharm Res.
2006;23(7):1417-1450.

[14] Zhang L, Gu FX, Chan JM, Wang AZ, Langer RS, Farokhzad OC. Nanoparticles in medicine: Therapeutic
applications and developments. Clin Pharmacol Ther. 2008;83(5):761-769.

[15] Chauhan VP, Jain RK. Strategies for advancing cancer nanomedicine. Nat Mater. 2013;12(11):958-962.

[16] Weissleder R, Pittet MJ. Imaging in the era of molecular oncology. Nature. 2008;452(7187):580-589.

[17] Kim BY, Rutka JT, Chan WC. Nanomedicine. N Engl J Med. 2010;363(25):2434-2443.

[18] Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA, Langer R. Engineering precision
nanoparticles for drug delivery. Nat Rev Drug Discov. 2021;20(2):101-124.

[19] Torchilin VP. Multifunctional nanocarriers. Adv Drug Deliv Rev. 2006;58(14):1532—-1555.

[20] Gao X, Cui Y, Levenson RM, Chung LW, Nie S. In vivo cancer targeting and imaging with semiconductor
quantum dots. Nat Bio-technol. 2004;22(8):969-976.

[21] Barua S, Mitragotri S. Challenges associated with penetration of nanoparticles across cell and tissue barriers: A
review of current status and prospects. Nano Today. 2014;9(2):223-243.

[22] Singh R, Lillard JW Jr. Nanoparticle-based targeted drug delivery. Exp Mol Pathol. 2009;86(3):215-223.

[23] LaVan DA, McGuire T, Langer R. Small-scale systems for in vivo drug delivery. Nat Bio-technol.
2003;21(10):1184-1191.

[24] Langer R, Tirrell DA. Designing materials for biology and medicine. Nature. 2004;428(6982):487—492.

[25] Kim ES, Ahn HJ, Park DY, et al. Immunogenicity of polyethylene glycol-coated nanoparticles. J Control Release.
2020;329:78-85.

[26] Choi HS, Liu W, Misra P, et al. Renal clearance of quantum dots. Nat Biotechnol. 2007;25(10):1165-1170.

[27] Kalyane D, Raval N, Maheshwari R, et al. Employment of nanorobots in targeted drug delivery for cancer
treatment. Drug Dev Res. 2020;81(5):587-599.

[28] Ling D, Park W, Park SJ, et al. Multifunctional tumor-targeting nano-theranostics for multimodal imaging and
therapeutic applications. Adv Mater. 2014;26(28):5129-5136.

[29] Tsai DH, DelRio FW, Keene AM, et al. Quantifying nanoparticle-cell interactions in cancer nanomedicine. Nat
Nano-technol. 2011;6(7):479-484.

[30] Welch HG, Schwartz LM, Woloshin S. Overdiagnosed: Making people sick in pursyg@=iigalth. Boston: Beacon
Press; 2011. 7 R

Copyright to IJARSCT DOI: 10.48175/IJARSCT-23071 i 2o e 616
www.ijarsct.co.in Z




(/ IJARSCT ISSN (Online) 2581-9429

xx International Journal of Advanced Research in Science, Communication and Technology (IJARSCT)
IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal
Impact Factor: 7.53 Volume 5, Issue 2, January 2025

[31] Morales-Narvaez E, Baptista-Pires L, Zamora-Galvez A, Merko¢i A. Graphene-based biosensors: A review.
Analyst. 2017;142(7):1235-1256.

[32] Martel S, Mohammadi M, Felfoul O, Lu Z, Pouponneau P. Flagellated magnetotactic bacteria as controlled MRI-
trackable propulsion and steering systems for medical nanorobots. Int J Robot Res. 2009;28(4):571-582.

[33] Li J, Esteban-Fernandez de Avila B, Gao W, Zhang L, Wang J. Micro/nanorobots for biomedicine: Delivery,
surgery, sensing, and detoxification. Sci Robot. 2017;2(4):caam6431.

[34] Zhou H, Mayorga-Martinez CC, Pumera M. Micro/nanomotors for water purification. Chem Rev.
2021;121(9):4999-5041.

[35] Yang GZ, Cambias J, Cleary K, et al. Medical robotics—Regulatory, ethical, and legal considerations for
increasing levels of autonomy. Sci Robot. 2017;2(4):eaam8638.

[36] Medina-Sanchez M, Schmidt OG. Medical micro-bots need better imaging and control. Nature.
2017;545(7655):406—408.

[37] Sun H, Zeng X, Huang J, et al. Multicomponent nanorobots for targeted therapy. Nat Bio-technol. 2022;40(5):678—
689.

[38] Jastrzebska AM, Kurtyka K. Potential toxicity of nanomaterials. Adv Clin Exp Med. 2016;25(1):1-10.

[39] Purcell EM. Life at a low Reynolds number. Am J Phys. 1977;45(1):3-11.

[40] Connell JL, Wessel AK, Parsek MR, et al. Probing the impact of biofilm matrix on 3D architecture using a
microfluidic model. Integr-Biol (Camb). 2010;2(9):490-498.

[41] Stanovich KE, West RF. Ethical challenges of nanotechnology: Building a fair, just, and equitable system. Nano-
ethics. 2007;1(2):177-184.

[42] Singh K, Pandey SK, Singh MK, Pal S. Nanotechnology standards: A review. Mater Today Proc. 2019;11(3):637—
646.

[43] Kim S, Lee H, Lee JH, Choi H, Jung HS, Kim BK. Biohybrid nanorobots: Harnessing biological cells as
nanorobotic machines. ACS Nano. 2021;15(10):15926-15940.

[44] Balasubramanian S, Kagan D, Manesh KM, Calvo-Marzal P, Flechsig GU, Wang J. Autonomous nanomotors
driven by magnetic fields. ACS Nano. 2009;3(10):2449-2456.

[45] Choi J, Kim SH, Jung KH, et al. Machine learning and artificial intelligence in nanomedicine. Nanomedicine.
2021;15(11):1227-1241.

[46] Kim MJ, Lim J, Yun H. Predictive analytics in nanomedicine: Current status and future directions. Trends Bio-
technol. 2022;40(4):375-385

i{ 2581-0429 )8

Copyright to IJARSCT DOI: 10.48175/IJARSCT-23071 o ARear 4 617
www.ijarsct.co.in Z




