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Abstract: The advent of smart nanocarrier drug delivery systems has transformed therapeutic strategies by en-
abling precise, targeted, and controlled delivery of drugs. This review presents an integrative overview of recent
advancements in bioinspired vesicular systems, including liposomes, polymeric nanoparticles, and programma-
ble lipid nanoparticles, emphasizing their structural innovations and mechanisms of action. Liposomal modifi-
cations, such as PEGylation and ligand conjugation, have improved circulation time and site-specificity, while
pH-responsive nanoparticles enhance drug release in tumor microenvironments. The emergence of magnetic
microrobots introduces an active, controllable delivery paradigm, complementing passive targeting approaches.
Traditional dosage forms like proniosomes and effervescent tablets retain their relevance by enhancing drug
solubility and bioavailability. Herbal-based therapies, integrated with nanotechnology, offer promising adjuncts
in managing diseases like urolithiasis. Additionally, the role of extracellular vesicles as natural carriers under-
scores the translational challenges and safety considerations critical to clinical success. By synthesizing multidis-
ciplinary research findings, this article underscores the potential of these nanotechnologies to improve thera-
peutic efficacy, minimize side effects, and pave the way for personalized medicine. This comprehensive review
serves as a foundation for future research and clinical applications in targeted drug delivery systems.
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1. Introduction to Bioinspired and Smart Nanocarrier Drug Delivery Systems

The field of targeted drug delivery has experienced significant advancements due to the devel-
opment of bioinspired and smart nanocarrier systems, which offer precise delivery of therapeutics to
specific sites within the body, minimizing off-target effects and enhancing efficacy [1]. These smart
nanocarriers are engineered to respond to physiological triggers, improving drug release profiles and
enabling personalized therapeutic interventions tailored to patient-specific needs [2]. Nanotechnol-
ogy-based approaches in cancer treatment, for example, leverage the unique properties of nanoscale
materials to overcome biological barriers and improve drug accumulation in tumors, thus addressing
long-standing challenges in oncology [3].

Table 1. Introduction to Bioinspired and Smart Nanocarrier Drug Delivery Systems.

Topic Description
Development of bioinspired and smart nanocarriers enables site-specific drug delivery, reducing off-target
effects and improving therapeutic efficacy.

Advancement in Targeted Delivery

Smart nanocarriers are designed to respond to physiological cues (e.g., pH, temperature, enzymes), allowing

Stimuli-Responsive Systems for controlled and personalized drug release.

. Nanocarriers help overcome biological barriers and improve drug accumulation in tumors, significantly
Nanotechnology in Oncology . .
enhancing outcomes in cancer treatment.

2. Liposomal Innovations and Vesicular Drug Delivery Advances

Liposomal drug delivery systems have evolved as versatile carriers capable of encapsulating
both hydrophilic and hydrophobic drugs, thereby enhancing drug stability and bioavailability while
reducing systemic toxicity [4]. Various types of liposomes, including multilamellar and stealth lipo-
somes, have been tailored to improve circulation time and target specificity, making them valuable
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tools in modern therapeutics [5]. Recent innovations have focused on modifying liposomal surfaces
with ligands and polymers to achieve site-specific delivery and controlled release, thus increasing
therapeutic efficiency [6]. Furthermore, advances in liposomal formulations have demonstrated sig-
nificant potential in treating diverse diseases by improving drug pharmacokinetics and biodistribu-
tion profiles [7].

Table 2. Liposomal Innovations and Vesicular Drug Delivery Advances.

Subsection Description

Liposomal systems can encapsulate both hydrophilic and hydrophobic drugs, improving their stability and
bioavailability while reducing systemic toxicity [4].
Formulations such as multilamellar and stealth liposomes are engineered to enhance circulation time and
target specificity, playing a critical role in modern drug delivery [5].
Recent strategies involve ligand and polymer surface modifications for site-specific targeting and controlled
release, thereby improving therapeutic outcomes [6].
Advanced liposomal formulations have shown improved pharmacokinetics and biodistribution, supporting
their use across various disease treatments and expanding clinical applicability [7].

Versatility of Liposomal Carriers

Types of Liposomes

Surface Modification Techniques

Clinical Potential of Liposomes

3. Polymeric Nanoparticles and Programmable Lipid Systems

Polymeric nanoparticles have gained considerable attention due to their tunable properties, bi-
ocompatibility, and ability to provide controlled drug release, making them suitable for a wide range
of therapeutic applications [8]. Recent advancements in programmable lipid nanoparticles have in-
troduced a four-domain model that allows precise manipulation of particle structure and function,
facilitating targeted drug delivery with enhanced cellular uptake [9]. Liposomal systems continue to
diversify, with different types being developed to address specific therapeutic challenges, such as
improving drug loading capacity and stability [10]. The composition of liposomes critically influences
their pharmacokinetics and therapeutic outcomes, underscoring the importance of rational design
and thorough characterization in clinical applications [11].

Table 3. Polymeric Nanoparticles and Programmable Lipid Systems.

Subsection Description
Advantages of Polymeric Polymeric nanoparticles are valued for their tunable properties, high biocompatibility, and ability to
Nanoparticles provide sustained and controlled drug release, making them applicable across various therapeutic areas [8].

A four-domain structural model enables precision in design and function of lipid nanoparticles, improving
targeted delivery and cellular uptake [9].
Continuous innovation in liposome design targets specific challenges such as drug loading efficiency,
encapsulation stability, and delivery precision [10].
The pharmacokinetics and therapeutic performance of liposomal drugs are strongly influenced by their
composition, highlighting the need for rational formulation and clinical validation [11].

Programmable Lipid Nanoparticles

Diversification of Liposomal Systems

Impact of Liposomal Composition

4. pH-Responsive and PEGylated Nanoparticles for Targeted Therapy

pH-responsive nanoparticles have emerged as effective platforms for targeted drug delivery,
exploiting the acidic microenvironment of tumors to trigger controlled drug release and enhance
therapeutic outcomes [12]. The design of dextran-doxorubicin prodrug-based systems demonstrates
the utility of pH-sensitive linkages in improving drug stability and minimizing premature release
during circulation [13]. Additionally, PEGylation of nanoparticles improves their systemic circulation
time by reducing opsonization and clearance, thereby increasing accumulation in solid tumors
through enhanced permeability and retention effects [14].
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Figure 1. pH-Responsive and PEGylated Nanoparticles for Targeted Therapy.

5. Microrobots and Magnetic Nanotechnologies in Drug Delivery

Magnetic microrobots represent a cutting-edge advancement in targeted therapies, offering pre-
cise navigation and controlled drug release within the human body. These clinically ready micro-
robots leverage external magnetic fields to reach specific sites, improving treatment efficacy while
minimizing systemic side effects [15].

4 ™
L] [ ]
Microrobots & Magnetic
L] [ ]
Nanotechnologies in Drug
L ]
Delivery
- J
4 Y4 I
Key Features: Advantages:
- AN J
4 N\ N/ N N\ Y4 ™\
: Enable Clinically
M t . . Enh d
microrobots | Navigitedby ||| preette || atinimized | treatment | ready
L e magnetic and on- systemic efficacy at ell)dvancing
d{‘ug figelllds demand side effects spec1ﬁf: disease personalized
delivery drug release sites therapies
\ AN N J . AN AN J

Figure 2. Microrobots and Magnetic Nanotechnologies in Drug Delivery.
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6. Proniosomes, Effervescent Systems, and Herbal-Based Approaches

Proniosomes serve as stable precursors to niosomes, enhancing the delivery of poorly soluble
drugs through their unique vesicular structure and ease of formulation [16]. Effervescent tablets offer
distinct advantages in drug administration by providing rapid disintegration and improved bioavaila-
bility, which can be strategically used in combination therapies [17]. Herbal medicines, such as Tribulus
terrestris fruits, are gaining attention for their potential in treating urolithiasis, presenting a comple-
mentary approach that can be integrated with nanotechnology-based drug delivery systems [18].

7. Extracellular Vesicles, Safety, and Translational Considerations

Extracellular vesicles (EVs) play crucial roles in intercellular communication and have emerged
as promising natural nanocarriers for drug delivery due to their inherent biocompatibility and ability
to cross biological barriers [19]. However, the interaction of synthetic liposomes with blood proteins
can influence their biodistribution and clearance, necessitating careful design to enhance stability and
circulation time [20]. Liposomal vesicles have demonstrated efficacy in delivering anti-inflammatory
agents, showing improved therapeutic effects in topical applications [21]. The foundational work on
liposomes highlighted their versatility and set the stage for subsequent innovations in drug delivery
systems [22]. Mesoporous silica nanoparticles have been developed as smart nanocarriers, combining
high drug loading capacity with controlled release properties, particularly for colorectal cancer ther-
apy [23]. Nanotechnology continues to expand its applications in oncology, offering opportunities to
overcome traditional treatment limitations through enhanced targeting and reduced toxicity [24]. Re-
cent advancements emphasize integrating liposomal and nanoparticle platforms to refine targeted
drug delivery, enhancing clinical outcomes and safety profiles [25].

Table 4. Extracellular Vesicles, Safety, and Translational Considerations.

Subsection Description
EVs act as natural nanocarriers in intercellular communication and drug delivery due to their high
biocompatibility and capability to traverse biological barriers [19].
Synthetic liposomes can interact with plasma proteins, altering their biodistribution and clearance.
Strategic design is essential to improve circulation time and drug stability [20].
Therapeutic Efficacy in Topical Liposomal vesicles are effective in delivering anti-inflammatory drugs, improving therapeutic
Applications outcomes in localized treatments [21].

Role of Extracellular Vesicles (EVs)

Interaction with Blood Proteins

Foundational research established liposomes as versatile drug delivery platforms, paving the way for
future developments in nanomedicine [22].
These nanoparticles exhibit smart characteristics —high drug loading and responsive release —making
them particularly useful in colorectal cancer treatment [23].

Historical Significance of Liposomes

Mesoporous Silica Nanoparticles

Nanotechnology enables improved tumor targeting and reduced toxicity, addressing limitations of

Expanding Applications in Oncology conventional therapies [24].

Integration of Liposomal and Recent strategies merge liposomes and nanoparticles to optimize targeting, pharmacokinetics, and
Nanoparticle Systems patient safety, showing promise for clinical translation [25].
Conclusions

The evolution of drug delivery systems has been profoundly influenced by bioinspired and
smart nanocarriers, which offer unprecedented precision in targeting and releasing therapeutics. Lip-
osomal and vesicular platforms have expanded in versatility, enabling enhanced drug stability and
tailored delivery through surface modifications and controlled release mechanisms. Polymeric nano-
particles and programmable lipid systems further push these boundaries by allowing tunable, re-
sponsive designs that address complex biological environments. pH-responsive and PEGylated na-
noparticles optimize drug accumulation and reduce systemic clearance, particularly in cancer thera-
pies. Emerging technologies, such as magnetic microrobots, provide active, externally guided deliv-
ery options that promise to revolutionize treatment specificity. Meanwhile, traditional approaches
like proniosomes and effervescent formulations, along with herbal-based therapies, continue to com-
plement advanced nanotechnologies, creating integrated therapeutic strategies. Extracellular vesi-
cles, as natural nanocarriers, along with synthetic liposomes, highlight ongoing challenges and ad-
vancements in safety, biodistribution, and translational applications. Overall, the convergence of
these multidisciplinary approaches enhances the efficacy, safety, and personalization of drug deliv-
ery, offering significant potential for clinical translation and improved patient outcomes.
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