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Abstract: Nanosponges have emerged as a cutting-edge drug delivery platform with significant potential for targeted therapy and
controlled drug release. These nano-sized, porous, and biocompatible carriers are designed to encapsulate therapeutic agents
and selectively deliver them to specific sites in the body, improving drug efficacy while minimizing side effects. Nanosponges are
typically composed of cyclodextrins, hyper-crosslinked polymers, or biodegradable materials, making them suitable for a wide
range of pharmaceutical applications. Their unique sponge-like structure provides a high surface area and tunable porosity,
allowing for the sustained and controlled release of drugs.

One of the most promising applications of nanosponges is in cancer therapy, where they enhance the targeted delivery of
chemotherapeutic agents, reducing systemic toxicity and improving treatment outcomes. Additionally, nanosponges have been
explored for antimicrobial drug delivery, overcoming antibiotic resistance by providing prolonged drug release and biofilm
penetration. Their role in gene therapy is also gaining attention, as they can effectively deliver nucleic acids such as siRNA and
mRNA, protecting them from enzymatic degradation. Furthermore, nanosponges have demonstrated potential in anti-
inflammatory therapies, cardiovascular treatments, and neurological drug delivery, making them a versatile tool in modern
medicine.

The use of stimuli-responsive nanosponges, which release drugs in response to environmental triggers such as pH, temperature,
or enzymatic activity, has further advanced their applications in precision medicine. Recent research has also focused on
targeting ligands and surface modifications to enhance the specificity of drug delivery, ensuring selective accumulation at
diseased sites while reducing off-target effects.

Despite their advantages, challenges such as large-scale production, stability issues, regulatory hurdles, and potential
immunogenicity must be addressed for widespread clinical translation. Ongoing advancements in nanotechnology, biomaterials,
and bioengineering continue to refine the design and functionality of nanosponges, making them a promising candidate for the
future of targeted drug delivery.

This review explores the fundamental principles, recent advancements, applications, and challenges of nanosponges in targeted
drug delivery and therapeutic interventions, highlighting their transformative potential in modern healthcare.
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I. INTRODUCTION
The development of targeted drug delivery systems (TDDS) has revolutionized modern medicine by improving therapeutic efficacy
while minimizing side effects. Among the various innovative drug carriers, nanosponges have emerged as a promising platform for
targeted and controlled drug delivery. These nano-sized, porous structures possess a high surface area, tunable porosity, and the
ability to encapsulate both hydrophilic and hydrophobic drugs. Their sponge-like architecture allows for sustained drug release,
ensuring prolonged therapeutic effects and reducing the frequency of dosing.
Nanosponges are typically composed of cyclodextrins, hyper-crosslinked polymers, or biodegradable materials, making them highly
biocompatible and versatile. Their design enables them to circulate in the bloodstream for extended periods, selectively
accumulating at disease sites due to passive or active targeting mechanisms. In recent years, the incorporation of stimuli-responsive
functionalities, such as pH-sensitive or enzyme-triggered drug release, has further enhanced their precision in cancer therapy,
antimicrobial treatments, gene therapy, and neurological disorders.
One of the most significant advantages of nanosponges is their potential in oncology, where they improve the targeted delivery of
chemotherapeutic agents, reducing systemic toxicity and overcoming drug resistance.
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Additionally, nanosponges loaded with antibiotics have shown the ability to penetrate bacterial biofilms, addressing the growing
challenge of antibiotic resistance. Their ability to deliver nucleic acids like siRNA and mRNA has also paved the way for
advancements in gene therapy.

Despite their numerous benefits, several challenges remain in the widespread clinical application of nanosponges. Issues related to
scalability, stability, regulatory approvals, and potential immunogenicity must be addressed before these systems can be widely
adopted in healthcare. Furthermore, optimizing their targeting efficiency, biodegradability, and safety profile requires continued
research and technological advancements.

This review provides an in-depth analysis of nanosponges, focusing on their mechanism of action, fabrication techniques, drug-
loading strategies, recent advancements, biomedical applications, and challenges. By understanding the potential and limitations of
nanosponges, researchers can develop more effective drug delivery strategies for treating complex diseases and advancing precision
medicine.; 23

II. MECHANISM OF ACTION: HOW NANOSPONGES WORK
Nanosponges function as highly efficient drug carriers due to their unique porous, sponge-like structure, which allows them to
absorb, transport, and release therapeutic agents in a controlled manner. Their working mechanism involves several key steps: drug
loading, circulation, targeted accumulation, controlled drug release, and biodegradation or clearance.

A. Drug Loading

Nanosponges have a porous, crosslinked polymeric structure, which provides a high surface area and internal cavities to encapsulate
a wide range of drugs, including:

1) Hydrophobic drugs (which are poorly water-soluble)

2) Hydrophilic drugs (which dissolve easily in water)

3) Macromolecules like proteins, peptides, and nucleic acids (DNA, siRNA, mRNA)

4) Drugs can be loaded into nanosponges via different methods:

5) Physical adsorption — Drug molecules are trapped inside the sponge-like cavities through non-covalent interactions.

6) Covalent attachment — The drug is chemically bound to the nanosponges, allowing for controlled release.

7) Encapsulation through polymerization — The drug is embedded within the nanoparticle matrix during its formation.

B. Circulation in the Body

Once administered (via oral, intravenous, or topical routes), nanosponges circulate in the bloodstream. Their small size (typically
50-200 nm) allows them to evade rapid clearance by the immune system and prolong drug circulation time.

Nanosponges can be surface-modified with PEG (polyethylene glycol) or targeting ligands (e.g., antibodies, peptides) to:

1) Prevent recognition and elimination by the reticuloendothelial system (RES)

2) Improve their stability and solubility in biological fluids

3) Enhance their selectivity for diseased tissues

C. Targeted Accumulation at the Disease Site

Nanosponges can accumulate at specific sites in two ways:

1) Passive Targeting:

e  Tumors and inflamed tissues have leaky blood vessels and poor lymphatic drainage.

e Nanosponges accumulate in these regions via the Enhanced Permeability and Retention (EPR) effect, increasing drug
concentration at the diseased site.

2) Active Targeting:

e Nanosponges can be functionalized with targeting ligands (antibodies, aptamers, folic acid, peptides) that bind to specific
receptors on diseased cells.

o  This ensures that the drug reaches the intended site, minimizing off-target effects.
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D. Controlled and Stimuli-Responsive Drug Release

Once nanosponges accumulate at the target site, they release the drug in a controlled manner to maximize therapeutic efficiency.

Drug release can be triggered by:

1) pH-sensitive release — Some nanosponges are designed to release the drug in the acidic tumor microenvironment or infected
tissues.

2) Enzyme-triggered release — Certain enzymes present in diseased tissues degrade the nanosponge matrix, causing the drug to be
released.

3) Temperature-responsive release — In conditions where body temperature is elevated (e.g., fever, inflammation, or hyperthermia
therapy), nanosponges disassemble and release their payload.

4) Redox-responsive release — High levels of glutathione in cancer cells can break chemical bonds within the nanosponges,
triggering drug release.

These stimuli-responsive properties ensure that the drug is delivered only where it is needed, reducing side effects and improving

treatment efficiency.

E. Biodegradation and Clearance

After drug release, biodegradable nanosponges (e.g., those made from cyclodextrins, PLGA, or polysaccharides) break down into

harmless byproducts that are eliminated through natural metabolic pathways (kidneys, liver, or reticuloendothelial system).

1) Non-biodegradable nanosponges are gradually cleared from the body through the mononuclear phagocyte system.

2) Surface modifications (e.g., PEGylation) can help prevent rapid immune clearance, prolonging systemic circulation and
enhancing therapeutic effects.4,5,6

II1. ADVANTAGES AND DISADVANTAGES OF NANOSPONGES IN TARGETED DRUG DELIVERY
Nanosponges have gained significant attention in targeted drug delivery systems (TDDS) due to their unique properties such as high
drug-loading capacity, controlled drug release, and biodegradability. However, like any emerging technology, they come with both
advantages and limitations that must be considered for their effective clinical application.

A. Advantages of Nanosponges

1) High Drug-Loading Capacity

e  Due to their porous, sponge-like structure, nanosponges can encapsulate large amounts of drugs.

e They can carry both hydrophilic and hydrophobic drugs, making them versatile carriers.

2) Controlled and Sustained Drug Release

e Nanosponges provide slow and controlled drug release, reducing the need for frequent dosing.

e This improves patient compliance and enhances therapeutic outcomes.

3) Targeted Drug Delivery

e Can be modified with targeting ligands (antibodies, peptides, folic acid) to deliver drugs directly to diseased tissues (e.g.,
tumors, infections).

e This reduces off-target effects and systemic toxicity.

4) Increased Drug Stability

e Protects encapsulated drugs from degradation by enzymes, light, or oxidation.

e Enhances shelf life and bioavailability of drugs.

5) Biodegradability and Biocompatibility

e Many nanosponges (e.g., cyclodextrin-based, PLGA-based) are biodegradable, breaking down into harmless byproducts.

e Reduces long-term toxicity compared to non-degradable nanocarriers.

6) Ability to Deliver Multiple Drugs Simultaneously

e Can co-load multiple drugs, allowing for synergistic therapy (e.g., in cancer treatment, where chemotherapy and gene therapy
can be combined).

7) Potential for Stimuli-Responsive Drug Release

e  Certain nanosponges are designed to respond to environmental stimuli such as:

» pH changes (e.g., tumor microenvironment)
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» Temperature fluctuations

» Enzyme presence

o Ensures that the drug is released only at the targeted site, minimizing side effects.

8) Wide Range of Applications

e Used in oncology, infectious diseases, gene therapy, wound healing, and neurodegenerative disorders.
e  Also explored in cosmetics, food preservation, and water purification.

B. Disadvantages of Nanosponges

1) Complex and Costly Manufacturing

e Large-scale production of nanosponges requires sophisticated techniques, making it expensive.

e Standardizing fabrication methods to ensure uniform size, porosity, and drug release profiles is challenging.

2) 2. Potential Immunogenicity and Toxicity

e Some non-biodegradable nanosponges may accumulate in the body, leading to toxicity.

e There is a risk of immune system activation, causing adverse effects.

e  Surface modifications (e.g., PEGylation) are often required to reduce immune recognition.

3) 3. Drug Leakage Before Reaching Target Site

e Some nanosponges may prematurely release drugs in the bloodstream, reducing therapeutic effectiveness.

e  This can be mitigated by stimuli-responsive designs and stronger drug-nanosponge interactions.

4) 4. Challenges in Targeting Specific Organs or Cells

e Passive targeting via the EPR (Enhanced Permeability and Retention) effect is effective in tumors but not all diseases benefit
from it.

e  Active targeting requires complex ligand modifications, increasing cost and formulation complexity.

5) 5. Limited Clinical Translation

e  Most research on nanosponges is still at the preclinical or early clinical trial stage.

e Regulatory hurdles and safety evaluations slow down approval processes for widespread clinical use.

6) 6. Possibility of Aggregation and Stability Issues

e Some nanosponges tend to aggregate in biological fluids, reducing their effectiveness.

e  Surface coatings and optimized formulations are needed to prevent aggregation and premature degradation.7g 9,10

Iv. USES AND APPLICATIONS OF NANOSPONGES
Nanosponges have gained considerable attention in targeted drug delivery and therapeutic applications due to their unique structural
and functional properties. Their high porosity, biocompatibility, ability to encapsulate both hydrophobic and hydrophilic drugs, and
controlled drug release mechanisms make them highly versatile for various biomedical and pharmaceutical applications. Below are
some of the key uses and applications of nanosponges in modern medicine.
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A. Cancer Therapy

1) Application: Nanosponges are extensively researched for the targeted delivery of anticancer drugs to tumor sites while
minimizing toxicity to healthy tissues.

e  Targeted chemotherapy: Nanosponges improve the solubility and bioavailability of chemotherapeutic agents such as paclitaxel,
doxorubicin, and camptothecin.
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e pH-sensitive drug release: Since tumor microenvironments are more acidic than normal tissues, pH-responsive nanosponges
can release drugs only in cancerous regions.

e Overcoming drug resistance: By sustaining drug release and enhancing drug accumulation, nanosponges help overcome
multidrug resistance (MDR) in cancer cells.

2) Example:

e Cyclodextrin-based nanosponges loaded with doxorubicin have been tested for breast cancer treatment, showing enhanced
tumor targeting and reduced cardiotoxicity.

B. Antibiotic and Antimicrobial Drug Delivery

1) Application: Nanosponges have shown promise in combatting bacterial infections and antibiotic resistance.

e Biofilm penetration: Nanosponges improve drug penetration through bacterial biofilms, making them effective against
persistent infections.

e Sustained antibiotic release: Helps reduce the frequency of antibiotic administration and prevent bacterial resistance.

o Enhanced antimicrobial action: Nanosponges can be functionalized with silver nanoparticles or antimicrobial peptides to
enhance their bactericidal effect.

2) Example:

e Nanosponges loaded with ciprofloxacin have shown prolonged antibacterial effects against resistant strains of Staphylococcus
aureus and E. coli.

C. Gene Therapy and Nucleic Acid Delivery

1) Application: Nanosponges have demonstrated potential in delivering genetic material (DNA, RNA, siRNA, mRNA) for gene
therapy applications.

e Protects nucleic acids from enzymatic degradation, improving their stability in biological systems.

o Efficient cellular uptake: Helps in the effective delivery of siRNA, miRNA, and mRNA for gene silencing and protein
expression.

e Potential in vaccine development: Nanosponges can be used as carriers for mRNA-based vaccines, similar to lipid nanoparticles
used in COVID-19 vaccines.

2) Example:

e Cyclodextrin-based nanosponges have been explored for the targeted delivery of siRNA to silence oncogenes in cancer therapy.

D. Neurological Disorder Treatment

1) Application: The ability of nanosponges to cross the blood-brain barrier (BBB) makes them ideal for neurological drug delivery
in conditions like Alzheimer’s disease, Parkinson’s disease, and brain tumors.

e Controlled drug release in the brain reduces systemic toxicity and enhances therapeutic effects.

e Nanosponges can encapsulate neuroprotective agents such as curcumin, resveratrol, and dopamine to treat neurodegenerative
diseases.

2) Example:

e PLGA-based nanosponges loaded with dopamine have been investigated for Parkinson’s disease, enhancing dopamine delivery
to the brain.

E. Anti-Inflammatory and Pain Management Therapies

1) Application: Nanosponges can be used to deliver anti-inflammatory and analgesic drugs in a controlled manner.

e Enhancing NSAID efficiency: Nanosponges improve the bioavailability of non-steroidal anti-inflammatory drugs (NSAIDs)
such as ibuprofen, naproxen, and diclofenac.

e  Targeted delivery to inflamed tissues minimizes systemic side effects, reducing risks such as gastric ulcers.

2) Example:

e Cyclodextrin nanosponges have been used to encapsulate curcumin, an anti-inflammatory compound, for the treatment of
arthritis and inflammatory bowel diseases.
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F. Cardiovascular Drug Delivery

1) Application: Nanosponges are being explored for targeted cardiovascular therapies, including:

e Anti-hypertensive drug delivery (e.g., for sustained release of beta-blockers or calcium channel blockers).

o  Targeted delivery of clot-dissolving drugs in thrombotic disorders.

e Controlled statin release to lower cholesterol levels and reduce cardiovascular risks.

2) Example:

e Nanosponges loaded with atorvastatin have shown improved cholesterol-lowering effects with reduced side effects.

G. Wound Healing and Skin Regeneration

1) Application: Nanosponges are increasingly used in topical drug delivery for wound healing and skin regeneration.

e Encapsulation of growth factors to promote tissue repair.

e Sustained release of wound-healing agents, such as curcumin, silver nanoparticles, or antibiotics.

e Used in burn treatment to prevent infections and enhance skin regeneration.

2) Example:

e Silver nanoparticle-loaded nanosponges have demonstrated antimicrobial effects in diabetic foot ulcers and burn wounds.

H. Vaccines and Immunotherapy

1) Application: Nanosponges can serve as vaccine adjuvants to enhance immune response.

e Stimulating immune cells for better vaccine efficacy.

e Controlled antigen release, ensuring prolonged immunity.

e Potential in cancer immunotherapy by delivering immune checkpoint inhibitors or tumor antigens.

2) Example:

e Nanosponges loaded with viral proteins are being explored for influenza and COVID-19 vaccine formulations.

1. Detoxification and Removal of Toxins

1) Application: Nanosponges can act as biological sponges to absorb and neutralize toxins in the bloodstream.

e  Used to treat sepsis and bacterial endotoxin poisoning.

e Canremove toxins, venoms, and harmful metabolic byproducts from the body.

2) Example:

e Red blood cell membrane-coated nanosponges have been developed to neutralize bacterial toxins and reduce sepsis-related
mortality.

J.  Cosmetic and Personal Care Applications

1) Application: Nanosponges are used in skincare, cosmetics, and dermatological formulations.

e Sustained release of active ingredients in anti-aging creams, sunscreens, and moisturizers.

e Encapsulation of vitamins (A, E, C) and antioxidants for enhanced skin protection.

e Used in acne treatments to deliver antimicrobial and anti-inflammatory agents.

2) Example:

e Retinol-loaded nanosponges provide gradual release for prolonged anti-aging effects.11,12,13,14.15

V. CONCLUSION
Nanosponges have transformed the field of targeted drug delivery, offering controlled, site-specific, and efficient drug
administration in various medical fields, including oncology, infectious diseases, neurology, cardiology, and dermatology. Their
potential to improve drug bioavailability, reduce toxicity, and enhance therapeutic outcomes has positioned them as next-generation
drug carriers. While scalability, biocompatibility, and regulatory challenges remain, ongoing research and technological
advancements continue to refine nanosponge-based formulations, paving the way for their widespread clinical adoption in modern
medicine and biotechnology.i6,17,1s,19
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