www.ijcrt.org © 2026 IJCRT | Volume 14, Issue 2 February 2026 | ISSN: 2320-2882

IJCRT.ORG ISSN : 2320-2882

INTERNATIONAL JOURNAL OF CREATIVE
RESEARCH THOUGHTS (1JCRT)
An International Open Access, Peer-reviewed, Refereed Journal

Nanoboat Drug Delivery Systems: From
Molecular Propulsion to Precision Therapy.

*Sudarshan Yadav*, Prof. Pallavi Kaple, Sakshi Purwar, Dr. Abhishek Pawar.
Department of Pharmaceutics

Alard School of pharmacy Pune Maharashtra.

Abstract

Nanoboats represent a cutting-edge class of nanoscale delivery vehicles inspired by biological propulsion
mechanisms and engineered for enhanced targeting, controlled release, and precision therapy. These
nanosystems integrate navigation strategies derived from motor proteins, synthetic swimmers, and
nano-propellers with advanced drug encapsulation techniques to traverse physiological barriers. This
review synthesizes recent advances in nanoboat design, propulsion mechanisms, therapeutic payload
integration, targeting strategies, and clinical translation challenges. We discuss key propulsion
technologies — from catalytic and magnetic fields to biohybrid designs — and analyze their impact on
delivery efficiency, tissue specificity, and biocompatibility. Finally, we assess current limitations, safety
concerns, and future directions in harnessing nanoboat systems for targeted cancer therapy, neurological
treatments, and personalized medicine applications. '
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1. Introduction

Drug delivery is a cornerstone of modern medicine, but traditional drug administration methods face
several limitations that hinder therapeutic efficacy. Oral, intravenous, and topical delivery systems often
suffer from poor bioavailability, off-target distribution, and systemic side effects, which limit the
therapeutic index of many drugs. For instance, chemotherapeutic agents typically affect both tumor and
healthy tissues, leading to severe toxicity. Similarly, neurological drugs often fail to cross the blood—brain
barrier (BBB), reducing their effectiveness in treating central nervous system disorders. These challenges
have driven the development of nanoscale delivery platforms, which can improve drug solubility, stability,
and controlled release. Over the past two decades, nanoparticles such as liposomes, polymeric micelles,
dendrimers, and inorganic nanocarriers have demonstrated considerable promise. While these passive
systems rely on diffusion or enhanced permeability and retention (EPR) effects for tumor accumulation,
their limited active targeting capabilities and slow tissue penetration restrict their clinical potential.
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To overcome these shortcomings, active nanoscale delivery systems have been developed. Among them,
nanoboats have emerged as a novel and transformative technology. A nanoboat is a nanoscale structure
engineered to navigate biological environments autonomously or under external guidance, carrying
therapeutic agents precisely to the target site. The concept of nanoboats draws inspiration from natural
molecular motors, such as bacterial flagella, kinesin, and dynein proteins, which demonstrate remarkable
efficiency in transporting cargo across crowded cellular environments. By mimicking these propulsion
mechanisms, nanoboats can actively traverse biological barriers, enhancing localization and minimizing
off-target effects. Unlike conventional nanoparticles, which passively rely on blood flow and diffusion,
nanoboats can be actively steered toward specific tissues or cellular microenvironments, offering
unprecedented control over drug delivery kinetics.

Nanoboats integrate multiple functional components, including structural scaffolds, propulsive elements,
surface modifications, and drug payloads. Structural design is critical for optimizing hydrodynamics,
stability, and biocompatibility, while propulsion mechanisms determine their speed, maneuverability, and
ability to overcome physiological obstacles. Current propulsion strategies include chemical self-
propulsion, enzyme-mediated movement, magnetically guided locomotion, and biohybrid approaches that
incorporate biological motors. These mechanisms can be combined with sophisticated surface
engineering, such as ligand conjugation, PEGylation, or antibody targeting, to enhance tissue specificity
and evade immune recognition.

The potential therapeutic applications of nanoboats are vast. In oncology, they offer precise tumor
targeting, enhanced tissue penetration, and reduced systemic toxicity. In neurology, nanoboats capable of
crossing the BBB can deliver neuroprotective agents directly to affected regions, opening new possibilities
for treating Alzheimer’s, Parkinson’s, and stroke-related injuries. Furthermore, their stimuli-responsive
drug release capabilities allow controlled and localized therapy, minimizing adverse effects while
maximizing therapeutic outcomes. Despite the promise, several challenges remain, including
biocompatibility, long-term stability, in vivo tracking, scalability, and regulatory approval for clinical use.

In conclusion, nanoboats represent a paradigm shift in drug delivery, merging principles of molecular
propulsion with precision therapy. By combining active navigation, targeted delivery, and controlled
release, these nanosystems address the limitations of conventional nanoparticles, offering new avenues
for effective and personalized medicine. The subsequent sections of this review will explore the design
principles, propulsion strategies, targeting mechanisms, drug loading approaches, therapeutic
applications, and translational challenges of nanoboat drug delivery systems.

2. Design Principles of Nanoboats

The design of nanoboat drug delivery systems is a multidisciplinary challenge that integrates materials
science, nanotechnology, biology, and physics. The overarching goal is to create a nanoscale vehicle that
can carry therapeutic payloads, navigate complex biological environments, and release drugs precisely at
the target site. Successful nanoboat design relies on three core elements: structural architecture, propulsion
mechanism, and surface functionalization. Each element must be carefully optimized to achieve high
biocompatibility, stability in physiological fluids, and controlled drug delivery kinetics.

Structural architectures play a crucial role in determining the hydrodynamics, stability, and cargo capacity
of nanoboats. Various geometries have been explored, including core—shell, tubular, rod-like, and boat-
shaped designs. Core—shell structures, typically consisting of a biodegradable polymeric core and a
protective outer shell, offer high drug-loading efficiency and controlled release properties. Tubular and
elongated geometries improve hydrodynamic efficiency, facilitating faster propulsion through viscous
biological fluids. Boat-shaped nanostructures, which mimic macroscopic watercraft at the nanoscale,
optimize surface area for functionalization and allow for directional movement when combined with
propulsive forces. Material selection for these architectures is also critical; biodegradable polymers such
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as poly(lactic-co-glycolic acid) (PLGA) and polyethylene glycol (PEG) are widely used due to their
biocompatibility and ease of surface modification. Inorganic materials like silica, gold, and magnetic
nanoparticles provide structural rigidity and enable external field-guided navigation, while hybrid
organic—inorganic composites combine the advantages of both systems.
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Fig.1 Design Principles of Nanoboats

Propulsion mechanisms are central to the functionality of nanoboats. Active movement distinguishes
nanoboats from passive nanoparticles, enabling precise navigation against fluid flow, toward chemical
gradients, or under external control. Chemical propulsion relies on asymmetric catalytic reactions on the
nanoboat surface, generating local concentration gradients that propel the vehicle. Common catalytic
materials include platinum, which decomposes hydrogen peroxide, or enzyme-based systems that convert
physiological substrates into movement-inducing products. Magnetic propulsion uses external magnetic
fields to steer magnetic nanoparticles or nanoboat assemblies, offering high precision without relying on
chemical fuels. Biohybrid designs incorporate biological motors such as flagella or motor proteins,
providing highly efficient, biocompatible movement that can navigate crowded intracellular
environments. Each propulsion strategy has distinct advantages and limitations in terms of speed,
biocompatibility, and in vivo applicability.

Surface functionalization enhances stability, targeting, and immune evasion. Nanoboats can be coated with
hydrophilic polymers like PEG to prevent opsonization and prolong circulation time. Ligands, antibodies,
and aptamers can be conjugated to target specific cell receptors, allowing selective drug delivery to
diseased tissues such as tumors or inflamed regions. In addition, responsive coatings can facilitate stimuli-
triggered drug release in response to pH, enzymes, or temperature changes, enhancing therapeutic
precision. The combination of propulsion and functionalization is particularly powerful, allowing
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nanoboats to sense and respond dynamically to their microenvironment while remaining stable in the
bloodstream.

Finally, integrating these design principles requires a careful balance between performance and
biocompatibility. Nanoboats must be small enough (typically 50—-500 nm) to circulate freely and penetrate
tissues, yet large enough to carry sufficient drug payloads and propulsion components. Stability in
physiological fluids, minimal toxicity, and efficient clearance are essential for safe in vivo applications.
Emerging computational models and high-throughput fabrication techniques are increasingly used to
optimize nanoboat design, enabling rational engineering of propulsion, drug loading, and targeting
properties.

In summary, nanoboat design integrates structural optimization, propulsion strategies, and surface
functionalization to achieve precise, active drug delivery. These principles form the foundation for
subsequent discussion of molecular propulsion mechanisms, targeting strategies, and therapeutic
applications, highlighting how careful engineering can transform nanoboats into highly effective precision
medicine tools.

3. Molecular Propulsion Strategies

Molecular propulsion is the defining feature of nanoboat drug delivery systems, distinguishing them from
conventional passive nanoparticles. Effective propulsion enables nanoboats to navigate complex
biological environments, overcome fluidic resistance, and actively reach targeted tissues or cellular
compartments. Several molecular propulsion strategies have been developed, leveraging chemical,
enzymatic, magnetic, and biohybrid mechanisms, each with unique advantages and challenges.

Chemical propulsion is one of the earliest and most widely studied mechanisms. It relies on asymmetric
surface reactions that create localized chemical gradients, driving nanoboat movement through self-
diffusiophoresis or bubble recoil. A common design involves Janus nanoparticles, which possess two
chemically distinct faces, with one catalyzing a reaction (e.g., hydrogen peroxide decomposition via
platinum) to generate thrust. This approach provides continuous propulsion, but careful control of fuel
concentration is necessary to avoid toxicity in vivo. Recent advances have focused on biocompatible
chemical fuels such as glucose or urea, enabling safer catalytic propulsion in biological fluids.

hydroiysis

Fig.2 Molecular Propulsion Strategies
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Enzyme-driven propulsion mimics natural biochemical processes. Specific enzymes immobilized on the
nanoboat surface convert physiological substrates into chemical energy that drives motion. For example,
urease-based nanoboats can hydrolyze urea to generate local gradients, producing propulsion in urine-rich
environments, while catalase-based systems decompose hydrogen peroxide to release oxygen bubbles that
push the nanocarrier forward. Enzyme-powered nanoboats are advantageous due to their high
biocompatibility, ability to operate in physiological conditions, and potential for tissue-specific activation.
Additionally, enzyme activity can be tuned by temperature, pH, or substrate availability, allowing
responsive control of nanoboat movement.

External field-driven propulsion uses magnetic, acoustic, or optical forces to guide nanoboats. Magnetic
propulsion incorporates magnetic nanoparticles into the nanoboat structure, enabling directional
movement under an applied magnetic field. This strategy offers precise steering and control over speed
without relying on chemical fuels, making it attractive for in vivo applications. Acoustic propulsion,
typically using ultrasound, can induce mechanical vibrations that propel nanoboats or enhance their
penetration into tissues. Light-activated propulsion utilizes photochemical reactions or photoresponsive
materials to generate movement upon light exposure, allowing spatiotemporal control. These external
stimuli-based methods are particularly useful for deep tissue targeting, remote navigation, and real -time
control.

Biohybrid propulsion combines synthetic nanostructures with biological motile components such as
flagella, cilia, or motor proteins. By harnessing the inherent efficiency of biological motors, biohybrid
nanoboats can achieve high maneuverability in crowded cellular or extracellular environments. For
instance, bacteria-driven nanocarriers have been engineered to transport drugs by leveraging bacterial
chemotaxis toward tumor microenvironments. Similarly, sperm or cilia-based biohybrids can deliver
payloads to specific mucosal tissues. Biohybrid systems are highly biocompatible, self-powered, and
capable of complex navigation, though they require careful handling to prevent immune responses or
premature clearance.

Comparative evaluation of propulsion strategies reveals trade-offs between ~ speed, control,
biocompatibility, and fuel availability. Chemical propulsion offers autonomous motion but may introduce
toxicity, while enzyme-driven systems provide biocompatible self-propulsion with moderate speed.
External field-driven nanoboats enable precise directional control but require specialized equipment,
limiting portability. Biohybrids offer highly efficient, adaptive movement but face challenges in scalability
and regulatory approval.

In conclusion, molecular propulsion is central to the function of nanoboat drug delivery systems, enabling
active navigation and precise targeting. The choice of propulsion strategy depends on the intended
therapeutic application, physiological environment, and safety considerations. Integration of chemical,
enzymatic, external, and biohybrid propulsion mechanisms continues to expand the versatility of
nanoboats, providing new opportunities for precision therapy, targeted drug delivery, and minimally
invasive interventions.

4. Targeting and Navigation in Biological Systems

One of the most critical advantages of nanoboat drug delivery systems is their ability to actively target
specific tissues or cellular environments, overcoming the limitations of passive nanoparticle distribution.
Efficient targeting and navigation are essential for achieving high therapeutic efficacy, minimizing
systemic toxicity, and ensuring precision therapy. Nanoboats utilize a combination of passive and active
targeting strategies, surface functionalization, chemotactic sensing, and physiological barrier navigation
to achieve controlled localization.

Passive targeting relies primarily on the enhanced permeability and retention (EPR) effect observed in
tumors and inflamed tissues. The leaky vasculature in such regions allows nanoparticles to accumulate
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selectively, while impaired lymphatic drainage retains them locally. However, passive targeting is limited
by slow diffusion, heterogeneous vascularization, and low penetration depth. Nanoboats, while benefiting
from EPR, surpass passive strategies by actively moving toward target sites using propulsion and guidance
mechanisms, improving tissue penetration and drug delivery efficiency.

Active targeting involves engineering nanoboats with surface ligands, antibodies, or aptamers that
recognize specific cellular receptors. These functionalizations enable selective binding to tumor cells,
inflamed endothelium, or other diseased tissues. For example, nanoboats conjugated with folate or
transferrin ligands target overexpressed receptors on cancer cells, while antibodies against adhesion
molecules guide carriers to sites of vascular inflammation. Active targeting enhances uptake by diseased
cells, reduces off-target interactions, and increases therapeutic index. Additionally, multi-ligand or dual-
targeting approaches improve specificity and reduce the likelihood of immune clearance.
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Fig.4 Targeting and Navigation in Biological Systems

Chemotaxis and microenvironment sensing represent sophisticated navigation strategies that exploit
chemical gradients in tissues. Nanoboats can sense local concentrations of metabolites, signaling
molecules, or pH variations to guide themselves toward target microenvironments. For instance, tumor
tissues often exhibit hypoxia and acidic pH, which can be used to direct nanoboat movement and activate
stimuli-responsive drug release. Enzyme-driven nanoboats can utilize gradients of urea or glucose to
navigate specific biological compartments, while biohybrid systems incorporating bacteria or motor
proteins respond to chemotactic cues for precise localization.

Overcoming physiological barriers is a key challenge in targeted drug delivery. The circulatory system,
endothelial barriers, mucus layers, and the blood—brain barrier (BBB) limit passive nanoparticle access.
Nanoboats utilize active propulsion to traverse viscous fluids and penetrate dense tissues. Magnetic and
ultrasound-guided systems provide external control to reach deep or restricted regions. Biohybrid
nanoboats, such as bacteria-driven carriers, can actively cross tight junctions, penetrate tumors, or navigate
mucosal surfaces. Surface modifications, including PEGylation and hydrophilic coatings, reduce
opsonization and immune clearance, extending circulation time and increasing the probability of reaching
the target site.

Integration of propulsion and targeting is essential for optimal nanoboat performance. The combination
of chemotactic sensing, surface functionalization, and external guidance ensures that nanoboats can

IJCRT2602056 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | a509


http://www.ijcrt.org/

www.ijcrt.org © 2026 IJCRT | Volume 14, Issue 2 February 2026 | ISSN: 2320-2882

dynamically respond to complex biological environments. This multi-modal approach improves tissue-
specific accumulation, penetration, and retention, ultimately enhancing therapeutic outcomes.

In conclusion, targeting and navigation in biological systems are defining features that enable nanoboats
to achieve precision therapy. By integrating passive accumulation, ligand-mediated active targeting,
chemotactic sensing, and barrier-penetration strategies, nanoboats overcome the limitations of
conventional nanoparticles. Effective navigation enhances drug localization, reduces systemic toxicity,
and opens new possibilities for treating cancer, neurological disorders, infectious diseases, and other
pathologies where conventional delivery methods fail.

5. Drug Loading and Controlled Release

Effective drug loading and controlled release are central to the therapeutic success of nanoboat systems.
The primary goal is to encapsulate or attach sufficient drug molecules while maintaining nanoboat
stability, ensuring that the payload is delivered precisely to the target tissue, and releasing it at the
appropriate time. Nanoboats employ multiple strategies for drug incorporation, including physical
encapsulation, chemical conjugation, and stimuli-responsive loading, each with distinct advantages.
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Fig, 5 Drug Loading and Controlled Release

Encapsulation techniques are widely used for hydrophobic and hydrophilié drugs. Hydrophobic drugs can
be incorporated into polymeric or lipid cores, while hydrophilic drugs are often loaded into aqueous
compartments or attached to hydrophilic shells. Nanoboats can also carry multiple therapeutic agents,
enabling combination therapies that synergistically improve efficacy. Core—shell architectures and tubular
designs maximize drug loading capacity while maintaining hydrodynamic efficiency and stability.

Chemical conjugation methods involve covalent attachment of drugs to the nanoboat surface or scaffold.
This strategy allows precise control over drug dosage and release kinetics, often through cleavable linkers
responsive to specific stimuli, such as pH, enzymes, or redox conditions. Conjugation is particularly
valuable for targeting sensitive molecules like proteins, peptides, or nucleic acids, which require protection
during systemic circulation.

Stimuli-responsive release enhances precision therapy by ensuring that drugs are released specifically at
the target site. Environmental cues, such as acidic pH in tumor microenvironments, enzymatic activity,
elevated temperature, or external triggers like light and magnetic fields, can induce structural changes in
the nanoboat or cleave linkers, releasing the therapeutic payload. For instance, pH -sensitive coatings swell
and release drugs in acidic regions, while enzyme-sensitive linkers degrade in the presence of disease-
specific enzymes.

Pharmacokinetics and bioavailability are significantly improved with nanoboat-mediated drug delivery.
Active propulsion and targeted navigation reduce premature clearance and increase local drug
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concentration, enhancing therapeutic effects while minimizing systemic toxicity. Controlled release
ensures sustained drug availability at the target site, reducing dosing frequency and improving patient
compliance. Additionally, nanoboats can be designed to release drugs sequentially, enabling combination
therapy or multi-step treatment strategies.

In conclusion, advanced drug loading and controlled release mechanisms are integral to nanoboat
functionality. By combining physical encapsulation, chemical conjugation, and stimuli-responsive
systems, nanoboats deliver precise drug doses to specific tissues, overcoming limitations of conventional
delivery platforms. These strategies maximize efficacy, minimize off-target effects, and provide a versatile
platform for diverse therapeutic applications, including cancer therapy, neurological treatments, and
infectious disease management.

6. Therapeutic Applications

1. Nanoboat drug delivery systems hold transformative potential across a wide range of therapeutic
applications due to their active propulsion, targeted navigation, and controlled release capabilities.
By integrating these features, nanoboats address major limitations of conventional drug delivery,
including poor tissue specificity, limited penetration, and systemic toxicity.

2. Cancer therapy is the most extensively explored application. Tumors often have dense extracellular
matrices and heterogeneous vasculature, which hinder passive nanoparticle accumulation.
Nanoboats, with active propulsion, can penetrate deep into tumor tissues, increasing local drug
concentration and improving therapeutic outcomes. Surface functionalization with ligands,
antibodies, or aptamers further enhances specificity by targeting overexpressed receptors on cancer
cells. Nanoboats can also carry multiple therapeutic agents for combination therapy. For instance,
chemotherapy drugs combined with photothermal or photodynamic agents allow simultaneous
cytotoxic and hyperthermic effects, maximizing tumor cell death while minimizing off-target
toxicity. Additionally, stimuli-responsive nanoboats release drugs preferentially in acidic or
hypoxic tumor microenvironments, reducing systemic side effects.

3. Neurological disorders represent another promising application, particularly due to the challenge
of crossing the blood—brain barrier (BBB). Traditional therapies often. fail because the BBB
restricts drug entry into the central nervous system. Nanoboats can be engineered for active
propulsion across this barrier, utilizing magnetic guidance, enzyme-driven propulsion, or
biohybrid motile systems. Ligand functionalization targeting endothelial transporters, such as
transferrin receptors, further enhances brain accumulation. Such strategies enable precise delivery
of neuroprotective agents, growth factors, or nucleic acids for treating Alzheimer’s disease,
Parkinson’s disease, stroke, and other neurological conditions.

4. Infectious diseases benefit from nanoboats’ ability to penetrate biofilms and reach infection sites
that are poorly accessible to conventional antibiotics. Bacteria-driven biohybrid nanoboats or
enzyme-powered systems can navigate viscous mucus or infected tissues, enhancing drug delivery
to resistant bacterial colonies. Controlled release mechanisms ensure sustained drug
concentrations at the infection site, reducing the emergence of resistance and improving patient
outcomes.

5. Personalized medicine is an emerging area where nanoboats provide unique advantages. By
tailoring propulsion mechanisms, surface ligands, and drug payloads, nanoboats can be customized
for individual patients based on disease type, tissue architecture, and molecular biomarkers.
Theranostic nanoboats integrate diagnostic agents with therapeutic payloads, allowing real-time
monitoring of drug distribution, target engagement, and treatment response. For example,
nanoboats carrying fluorescent markers or contrast agents enable imaging-guided therapy,
providing a closed-loop system for precision medicine.
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6.

In addition, other applications include targeted delivery for cardiovascular diseases, autoimmune
disorders, and localized gene therapy. Nanoboats can deliver anti-inflammatory agents directly to
inflamed endothelium or deliver siRNA to specific immune cell populations. Their ability to
actively navigate complex physiological environments makes them suitable for minimally
invasive, high-precision therapeutic interventions across diverse medical domains.

In conclusion, nanoboats offer versatile and highly effective platforms for treating cancer, neurological

disorders, infectious diseases, and personalized medicine applications. By combining active propulsion,
targeted navigation, and controlled release, these systems enhance therapeutic efficacy, reduce systemic

toxicity, and expand the possibilities of precision medicine.

7. Safety, Biocompatibility, and Immunogenicity

1.

While nanoboat drug delivery systems offer significant therapeutic advantages, their clinical
translation depends heavily on safety, biocompatibility, and immunogenicity. Because these
nanosystems often involve synthetic materials, propulsion chemicals, or biohybrid components,
careful evaluation of their interactions with biological systems is essential to minimize adverse
effects and ensure safe use in humans.

Toxicity concerns are a primary consideration. Chemical propulsion systems, for example, may
rely on fuels like hydrogen peroxide or other reactive substrates, which can generate oxidative
stress or cytotoxic byproducts if not carefully controlled. Similarly, inorganic components such as
gold, silica, or magnetic nanoparticles, while offering structural stability and external-field
responsiveness, may accumulate in organs like the liver, spleen, or kidneys if clearance is
inefficient. Biodegradable polymers such as PLGA and PEG are generally safer, as they degrade
into metabolizable byproducts, but dose-dependent effects and interactions with blood proteins
must be considered. Comprehensive in vitro cytotoxicity studies, along with in vivo toxicity
assays, are necessary to evaluate cell viability, organ function, and systemic effects.

Immune activation and clearance present another challenge. Nanoboats are recognized as foreign
entities by the immune system, which can lead to opsonization, phagocytosis by macrophages, and
rapid clearance from circulation. Such immune recognition reduces therapeutic efficiency and may
provoke inflammatory responses. Surface modifications, such as PEGylation or hydrophilic
polymer coatings, can provide a “stealth” effect, reducing protein adsorption and immune
detection. Targeted ligands must also be designed to minimize off-target immune interactions.
Biohybrid nanoboats, while highly efficient in propulsion, require careful handling to prevent
immune activation, as components like bacterial flagella may trigger immune responses if not
properly modified.

Long-term effects and degradation are critical for clinical applicability. Nanoboats must be
designed to degrade or be cleared efficiently to prevent accumulation and chronic toxicity.
Biodegradable polymers, enzyme-labile linkers, or metabolizable inorganic components ensure
that nanoboats do not persist in tissues, avoiding potential long-term side effects. For biohybrid
systems, controlled inactivation or removal strategies are essential after drug delivery to prevent
unintended proliferation or interaction with host tissues.

Biocompatibility testing encompasses not only cytotoxicity but also hemocompatibility,
genotoxicity, and inflammatory responses. Blood compatibility ensures that nanoboats do not
induce hemolysis, clotting, or platelet activation. Genotoxicity studies evaluate the potential for
DNA damage, while inflammatory markers indicate systemic immune responses. Such testing
must be conducted in physiologically relevant models to predict in vivo outcomes accurately.
Regulatory considerations further underscore the importance of safety evaluation. Nanoboats
intended for clinical use must meet stringent standards for biocompatibility, reproducibility, and
predictable pharmacokinetics. Addressing immunogenicity, off-target toxicity, and degradation
profiles early in design reduces translational hurdles.
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In conclusion, safety, biocompatibility, and immunogenicity are critical determinants of nanoboat clinical
success. By carefully selecting materials, controlling propulsion chemistry, optimizing surface
functionalization, and ensuring efficient degradation, nanoboats can achieve high therapeutic efficacy
while minimizing adverse effects. Rigorous preclinical evaluation and thoughtful design are essential to
translate these advanced nanosystems into safe and effective precision medicine platforms.

8. Challenges and Future Directions

Despite the tremendous potential of nanoboat drug delivery systems, several challenges remain before
these nanoscale vehicles can achieve widespread clinical adoption. Addressing these challenges requires
interdisciplinary innovation in materials science, nanotechnology, biology, and regulatory science.

1. Manufacturing and Scalability:

Fabricating nanoboats with consistent size, shape, propulsion efficiency, and surface functionalization is
technically challenging. Many laboratory-scale methods, such as chemical synthesis of Janus particles or
biohybrid assembly with bacteria or flagella, are difficult to scale up for industrial production. Achieving
high batch-to-batch reproducibility and precise control over drug loading and propulsion components is
critical for clinical translation. Advanced microfabrication, 3D nanoprinting, and automated assembly
techniques are being explored to overcome these limitations.

2. In vivo Tracking and Imaging:

Monitoring nanoboats in real time is essential for assessing biodistribution, targeting efficiency, and
therapeutic outcomes. However, current imaging modalities, including fluorescence, MRI, and ultrasound,
have limitations in resolution, depth, and sensitivity. Integrating diagnostic agents within nanoboats
(theranostic design) allows simultaneous therapy and monitoring, but optimizing signal intensity without
affecting propulsion, targeting, or biocompatibility remains a challenge. Real-time tracking is particularly
critical for navigating deep tissues or crossing barriers like the blood—brain barrier.

3. Physiological Barriers:

Nanoboats must overcome complex physiological barriers such as vascular endothelium, dense
extracellular matrices, mucus layers, and the BBB. While propulsion enhances penetration, fluid shear
forces, immune clearance, and heterogeneous tissue architecture can impede navigation. Developing
adaptive nanoboats capable of sensing their environment and adjusting propulsion or surface properties
dynamically is an active area of research.

4. Biocompatibility and Safety:

Although biodegradable polymers and biohybrid systems offer promising biocompatibility, the long-term
effects of inorganic nanomaterials or residual chemical fuels remain a concern. Immune recognition, oft-
target accumulation, and potential genotoxicity must be carefully addressed. Standardized preclinical
models and comprehensive toxicity assays are required to ensure safe translation.

5. Regulatory and Translational Challenges:

Regulatory approval for nanoboat systems is complicated due to their multifunctional nature. They
combine aspects of drugs, devices, and biologics, leading to complex classification and evaluation criteria.
Demonstrating reproducibility, stability, predictable pharmacokinetics, and minimal immunogenicity is
essential for regulatory acceptance.
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Future directions focus on addressing these challenges while expanding therapeutic applications.
Integration with artificial intelligence (Al) and machine learning can optimize propulsion, navigation, and
targeting strategies. Smart nanoboats capable of autonomous decision-making based on local
microenvironment cues are emerging as a next-generation solution. Combining multi-modal propulsion
(chemical, magnetic, enzyme-driven) with theranostic functionality will enable precise, image-guided
therapy. Additionally, advances in biodegradable, bioresorbable, and stimuli-responsive materials will
enhance safety and efficacy. Researchers are also exploring personalized nanoboats, designed for
individual patient pathology and molecular profiles, to enable precision medicine in oncology, neurology,
and infectious disease.

9. Conclusion

nanoboat drug delivery systems face technical, biological, and regulatory challenges, ongoing innovations
in design, propulsion, targeting, and materials are steadily overcoming these obstacles. Future
developments promise to expand their applicability, improve safety, and enable fully autonomous, precise,
and patient-specific drug delivery solutions.

Nanoboat drug delivery systems represent a revolutionary approach in precision medicine, combining
nanoscale engineering, active propulsion, and targeted therapy to overcome the limitations of conventional
drug delivery platforms. By integrating structural optimization, propulsion mechanisms, surface
functionalization, and controlled drug release, nanoboats offer unprecedented control over the localization,
timing, and dosage of therapeutic agents. This active, targeted approach addresses the key challenges of
traditional nanoparticles, including poor tissue penetration, systemic toxicity, and lack of specificity.

Throughout this review, we have explored the multifaceted aspects of nanoboat design and application.
Structural architecture, including core—shell, tubular, and boat-shaped designs, provides the foundation
for stability, drug loading, and propulsion efficiency. Propulsion mechanisms, ranging from chemical and
enzyme-driven to magnetic and biohybrid systems, enable nanoboats to actively navigate complex
physiological environments, cross biological barriers, and reach previously inaccessible tissues such as
the central nervous system or dense tumor microenvironments. Surface functionalization strategies,
including ligand conjugation, PEGylation, and stimuli-responsive coatings, further enhance targeting
specificity, immune evasion, and controlled drug release, maximizing therapeutic efficacy while
minimizing adverse effects.
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