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Abstract:

Cancer remains a major global health burden, with traditional treatments often hampered by severe side effects, poor targeting, and the development of drug
resistance. In recent years, nano drug delivery systems (NDDS) have emerged as promising tools that could transform cancer therapy. By improving drug
targeting, enhancing therapeutic efficacy, and minimizing systemic toxicity, these nanotechnologies offer new hope for better patient outcomes. This review
explores various types of nanocarriers, their targeting mechanisms, clinical advances, ongoing challenges, and future directions in the pursuit of personalized
nanomedicine.

Introduction

Despite major advances in oncology, effectively treating cancer continues to be a formidable challenge. Traditional chemotherapy, while potent against
rapidly dividing cancer cells, often damages healthy tissues, leading to significant side effects. Furthermore, the frequent emergence of drug resistance
reduces the long-term success of many treatments.

Nanotechnology offers a new frontier in cancer therapy. Nano drug delivery systems—tiny carriers engineered at the molecular level—enable drugs to
be delivered directly to tumor cells, promising more precise and less toxic treatments. These systems exploit unique features of tumors, such as leaky
blood vessels and abnormal microenvironments, to improve drug delivery and retention at the tumor site.

This review highlights the major types of nano drug delivery platforms, their clinical applications, and the key challenges that must be overcome to
unlock their full potential.

Liposomes

Liposomes are small, spherical vesicles made from lipid bilayers that mimic natural cell membranes. They are capable of carrying both hydrophilic and
hydrophobic drugs, making them versatile vehicles for drug delivery. A well-known example is Doxil, a liposomal formulation of doxorubicin
approved for the treatment of ovarian cancer and Kaposi’s sarcoma. Encapsulating doxorubicin in liposomes helps reduce the drug’s cardiotoxicity, one
of its most serious side effects. However, challenges remain, including rapid clearance by the immune system and difficulties in achieving efficient
drug loading.

Polymeric Nanoparticles

Polymeric nanoparticles, crafted from biodegradable materials like polylactic acid (PLA) or polylactic-co-glycolic acid (PLGA), are designed for
sustained and controlled drug release. Abraxane, an albumin-bound nanoparticle formulation of paclitaxel, has improved treatment outcomes for breast,
lung, and pancreatic cancers by enhancing drug solubility without the need for toxic solvents. Despite their advantages, these nanoparticles must be
carefully engineered to avoid triggering immune responses and to ensure predictable behavior in the body.

Dendrimers

Dendrimers are highly branched, tree-like polymers with multiple functional groups on their surfaces, allowing them to carry several drug molecules
simultaneously. Studies have demonstrated that PAMAM dendrimers can effectively deliver chemotherapy agents like methotrexate. Nevertheless, their
positive surface charge can sometimes cause toxicity, and their complex synthesis processes make large-scale production challenging and costly.

Inorganic Nanoparticles

Inorganic nanoparticles made from materials like gold, iron oxide, and silica have also been explored for cancer therapy. These nanoparticles not only
deliver drugs but also enable imaging or localized heat treatment of tumors—a concept known as theranostics. For instance, gold nanoparticles can be
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used in photothermal therapy to convert light energy into heat, selectively destroying cancer cells. Despite their potential, concerns about the long-term
safety and clearance of inorganic nanoparticles from the body persist.

Passive Targeting

Tumors often have disorganized, leaky blood vessels and impaired lymphatic drainage, a phenomenon known as the Enhanced Permeability and
Retention (EPR) effect. Nanoparticles naturally accumulate in tumor tissues through this passive targeting mechanism.

Active Targeting

To enhance precision, nanoparticles can be functionalized with molecules such as antibodies, peptides, or aptamers that bind specifically to receptors
overexpressed on cancer cells. This active targeting strategy improves the selective delivery of therapeutic agents.

Stimuli-Responsive Targeting

Advanced nanoparticle designs allow drug release in response to specific stimuli within the tumor environment, such as acidic pH, elevated enzyme
levels, or higher temperatures, ensuring that the drug is released exactly where it is needed most.

Clinical Successes and Real-World Applications

Several nano drug delivery systems have successfully transitioned into clinical use.
- Doxil: Liposomal doxorubicin for ovarian cancer and Kaposi’s sarcoma.

- Abraxane: Albumin-bound paclitaxel for breast, lung, and pancreatic cancers.

- Onivyde: Liposomal irinotecan for metastatic pancreatic cancer.

Beyond these examples, numerous other nanoparticle-based therapies are in various stages of clinical development, aiming to overcome the limitations
of conventional cancer treatments.

Challenges That Remain

Despite the significant promise of nano drug delivery systems, several hurdles remain:

- Biological Barriers: Abnormal tumor vasculature and dense stromal tissue can impede nanoparticle penetration and uniform distribution.
- Immune Clearance: Nanoparticles are often recognized and eliminated by the body’s immune system before they reach their targets.

- Safety Concerns: The persistence of some nanoparticles in the body raises concerns about potential long-term toxicity.

- Manufacturing and Scalability: Consistently producing complex nanocarriers at a commercial scale remains a major technical challenge.

- Regulatory Complexity: The regulatory approval process for nanoformulations is rigorous, requiring extensive data on safety, efficacy, and
reproducibility.

Personalized Nanomedicine

Designing nanocarriers tailored to the specific genetic and molecular characteristics of an individual’s tumor could enhance treatment effectiveness and
reduce side effects.

Combination Therapy

Nanoparticles capable of delivering multiple therapeutic agents—such as chemotherapy drugs alongside immune modulators—may help overcome
drug resistance and improve clinical outcomes.

Intelligent Nanocarriers

Research is ongoing into 'smart' nanoparticles that respond to tumor-specific stimuli, enabling highly selective and efficient drug release.
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Theranostics

The integration of diagnostic and therapeutic functions into a single nanoparticle platform offers the potential for real-time treatment monitoring and
personalized adjustments to therapy.

Conclusion

Nano drug delivery systems are redefining the future of cancer therapy. By offering the potential for safer, more effective, and more personalized
treatments, nanotechnology is poised to address many of the longstanding challenges in oncology. While obstacles remain—particularly regarding
delivery barriers, immune system interactions, and manufacturing complexity—ongoing research and technological advances continue to drive
progress. With a deeper understanding of tumor biology and further innovations in nanomedicine, the next generation of cancer treatments is within
reach.
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