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Abstract

Nanosponges represent a recent breakthrough in the field of nanotechnology. Initially designed for topical drug
delivery, they have evolved to facilitate oral drug delivery using water-soluble and biodegradable polymers.
Nanosponges are porous structures with dimensions akin to viruses, boasting an average diameter of less than 1um.
Their diminutive size and porous nature enable them to effectively bind to poorly soluble drugs, thereby enhancing
their bioavailability. These nanosponges can circulate within the body and selectively interact with specific target sites,
releasing drugs in a controlled manner upon reaching their intended destinations. Various techniques have been
reported for nanosponge preparation, including the emulsion solvent method, solvent method, ultrasound-assisted
method. Nanosponges offer a highly advantageous approach to targeted drug delivery, with the added benefit of
minimizing side effects. One of their key advantages lies in their ability to enhance the solubility of poorly soluble drugs
and accommodate higher drugloads compared to other nanocarriers. This review provides insights into the formulation
methods, excipients employed, nanosponge significant advantages they offer in transforming the undesirable
properties of drugs into desirable ones.
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1. Introduction

The field of medicine has witnessed remarkable growth since the 19th century. The inception of nanoparticles is
credited to Peter Paul Speiser [1], while the term "nanosponge" was coined for the first time in 1999 by Min Ma and De
Quan Li [2]. Nanosponges constitute a novel category within drug delivery systems, comprising small spherical
nanoparticles with spacious cavities of a few micrometers, capable of encapsulating a diverse range of materials [3].
These nanosponges are microscopic, sponge-like structures with cavities less than one millimeter in diameter and an
average size of a few nanometers [4]. They serve as porous polymeric colloidal systems, resembling the size of a virus,
and possess the unique ability to entrap both hydrophilic and lipophilic drugs [5]. The objective of any drug delivery
system is to deliver an effective dose of medication to the correct location within the body and to establish and sustain
the desired drug concentration in the bloodstream for a specific duration of time [6].

Initially, the use of nanosponges in medication delivery was limited to topical applications. However, in the twenty-first
century, they have become accessible for intravenous and oral use (IV) [7]. The "nanosponge" technique facilitates drug
delivery through nanoparticle-sized mechanisms [8]. Nanomedicine explores the interaction of nanostructured
materials with the human biological system, leading to the development of various nano-systems like nanocomputers,
nanoantibiotics, nanorobotics, and nanosponges, each with extensive applications [9].
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Nano-formulations have proven highly effective in delivering poorly soluble drugs, benefiting drugs with narrow
therapeutic windows by enhancing their water solubility [10]. These minute sponges circulate within the body until
they encounter specific target sites, adhering to their surfaces and releasing drugs in a controlled and predictable
manner, resulting in more effective and targeted dosing [11]. This precision in drug release at specific sites, rather than
circulating throughout the body, offers a distinct advantage [12]. Moreover, nanosponges possess the advantage of easy
regeneration through various treatments, such as environmentally friendly solvent washes, stripping with inert hot
gases, mild heating, or pH and ionic strength adjustments. Due to these characteristics, nanosponges have found
applications in diverse sectors, including cosmetics and pharmaceuticals [13]. The technology of nanosponges has
undergone extensive research for drug delivery via oral, topical, and parental administration. Nanosponges have proven
effective in delivering enzymes, proteins, vaccines, and antibodies [14].
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Figure 1 The schematic and actual structure of the Nanosponge [15]

2. Types of nanosponges [16,17]

Encapsulating Nanosponges: These nanosponges function as amalgamations and exhibit numerous cavities like
alginate nanosponges. Their primary role is to encase medications within these cavities.

Complex Nanosponges: Within complex nanosponges, drug molecules are held in place by utilizing electrostatic
charges.

Conjugating Nanosponges: Conjugating nanosponges depend on the formation of robust covalent bonds to
firmly attach medications to the nanoparticles.

3. Characteristics features of nanosponges: [18,19,17,6,20]

A key characteristic of these sponges is their aqueous solubility, which makes them suitable for delivering
medicines with limited solubility.

Nanosponges have the ability to transport both lipophilic (fat-soluble) and hydrophilic (water-soluble)
medications.

These nanosponges offer a wide range of dimensions, typically less than 1 pm, and their cavities’ polarity can
be adjusted as needed.

They are non-toxic, porous particles that do not dissolve in most organic solvents and can withstand
temperatures up to 300°C.

Nanosponges exhibit stability within a pH range of 1-11.

In water, nanosponges form clear and opalescent suspensions.

The particle size of nanosponges can be modified by altering the amount of cross-linker used in the polymer.
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o They provide a therapeutic onset of action.
e Nanosponges are non-mutagenic and non-irritating, making them safe for pharmaceutical and medical
applications.

4. Composition and requirements: [20-23,15]

4.1.1. Polymer

The choice of polymer is critical in the development and functionality of nanosponges. It depends on the specific drug
to be encapsulated and the desired release profile. The selected polymer should have the ability to bind to specific
ligands. The presence of substitutable functional and active groups determines whether a polymer can be cross-linked
successfully. Additionally, the polymer should be capable of binding with specific ligands to facilitate targeted drug
release.

4.1.2. Cross-linking Compound

The selectin of a cross-linking agent depends on the structure of the chosen polymer and the drug being developed.

4.1.3. Drug Substance

Certain characteristics of drug compounds are essential for their incorporation into nanosponges:

o The molecules of the drug should have a weight between 100 and 400 Daltons.
e The drug molecule should contain a maximum of five condensed rings.
e The solubility of the drug should be below ten mg per milliliter in water.

5. Loading of drug in nanosponges

Nanosponges have a porous structure where the active substance is encapsulated within a carrier [24]. To formulate
nanosponges for drug delivery, the initial step involves pretreating them to achieve an average particle size below
500nm. Subsequently, these nanosponges are suspended in water and subjected to sonication to prevent the formation
of aggregates [25]. After sonication, the resulting product suspension undergoes centrifugation to obtain a colloidal
fraction. The supernatant obtained from this process is separated, and a sample is then freeze-dried [26]. The next steps
Involve preparing an aqueous suspension of nanosponges and adding an excess amount of the drug. This mixture is kept
under constant stirring for a specific duration until the complexation is complete. The undissolved drug (in an
uncomplexed condition) is separated from the complexed drug using centrifugation [27].

6. Mechanism of release of nanosponges

The structural configuration of sponge-like particles allows for the free movement of active substances in and out,
establishing equilibrium [28]. When applied topically to the desired tissue, the active ingredient within the vehicle is
absorbed into the tissue, depleting the vehicle and disrupting the equilibrium [29]. Consequently, this initiates a transfer
of the active component from the sponge particles into the vehicle and subsequently to the target tissue, continuing
until the vehicle is depleted or fully absorbed [30]. Furthermore, sponge particles remaining on the tissue surface
contribute to a gradual, sustained release of the active ingredient over time [31].

7. Advantages: [16,32-40]

e Reduced Risk of harmful side effects: Nanosponge drug delivery systems minimize the potential for harmful
side effects because they ensure that only small amounts of the drug come into contact with healthy tissue.

e Hydrophobic Drug Encapsulation: Nanosponge particles possess water solubility, allowing them to encapsulate
hydrophobic drugs when combined with an adjuvant reagent.

o  Self-Sterilization: Because of small pore size (0.25 um), nanosponges act as a self-sterilizing barrier, preventing
bacteria from penetrating and proliferating within them.

e Non-Irritating, Non-Mutagenic, and Non-Toxic: Nanosponge drug delivery systems are known for being non-
irritating, non-mutagenic, and non-toxic, making them safe for medical applications.

o Free-Flowing and Cost-Effective: Nanosponges exhibit free-flowing characteristics, making them practical for
drug delivery, and they are also cost-effective, enhancing their attractiveness for various applications.
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e Enhanced Thermal, Physical, and Chemical Stability: Nanosponges display superior stability in terms of
thermal, physical, and chemical properties, making them a reliable choice for drug delivery systems.

8. Disadvantages: [32,41-43]

e Nanosponges are primarily suitable for encapsulating small molecules.

e There is a risk of dose dumping due to early dissolution of crosslinker when using nanosponge drug delivery
systems.

e Nanosponges may exhibit the ability to slow down the release of drugs.

e The drug-loading capacity of nanosponges is closely related to their loading capabilities.

The degree of crosslinking in nanosponges directly impacts their drug-loading capacity, as it determines the

available void space for drug encapsulation.

The efficacy of nanosponge drug delivery relies on the loading capabilities of the drug molecules

Nanosponges are designed to accommodate small molecules and are not suitable for large ones.

Nanosponges can exist in either paracrystalline or crystalline forms, depending on their structure.

Indeed, the degree of crystallization plays a crucial role in determining the loading capacity of nanosponges.

However, it’s worth noting that the crystalline form of nanosponges can also be a drawback in some cases, as it

may limit their ability to efficiently encapsulate certain drugs or molecules. This highlights the importance of

optimizing the crystallinity of nanosponges for specific applications [3].

9. Methods of preparations

9.1. Emulsion Solvent Method:

Nanosponges can be synthesized using a combination of ethyl cellulose (EC) and polyvinyl alcohol (PVA) [44]. Initially,
ethyl cellulose and dichloromethane are blended together [45], and a cross-linker is introduced into the mixture,
followed by stirring at 2000 rpm for 2-4 hours [46]. The resulting nanosponges are collected through filtration [47].
The reaction is carried out within a temperature range of 10°C to the solvent’s reflux temperature, lasting from 1 to 48
hours [48]. Afterward, the nanosponges are collected, filtered, dried in an oven for approximately one day, and stored
in desiccators [49].

Polyvinyl
alcohol

dry the residue in
boiler at 40°C for
24hrs 2®

blending at 1000
rpm for 2 hours

purified nanosponges

VT ~E\

Dichloromethane

Figure 2 Emulsion Solvent Method [41]

9.2. Solvent Method:

In this approach, a polar aprotic solvent like dimethyl formamide or dimethyl sulfoxide is combined with a suitable
polymer. This mixture is then blended with a substantial quantity of cross-linker at a molar ratio of 4-16 [50]. The
reaction takes place within a temperature range of 10°C to the solvent’s reflux temperature, spanning 1 to 48 hours
[51]. Commonly used cross-linkers include carbonyl compounds such as dimethyl carbonate and carbonyl diimidazole
(C7H6N40). After completing the reaction, the mixture is allowed to cool to room temperature [52]. The resulting
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product is then added to bi-distilled water, recovered through filtration, refined via Soxhlet extraction with ethanol, and

subsequently dried [53].
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Figure 3 Solvent Evaporation Method [54]

9.3. Ultrasound-Assisted Method

Polymers are subjected to reaction with cross-linkers in a flask without the need for a solvent. This flask is then placed
in an ultrasound bath filled with water, heated to 90°C, and sonicated for 5 hours [55]. Unreacted polymer is effectively
removed by adding excess water and subsequent extraction using ethanol over an extended period [56]. In the final
step, the product is dried under vacuum conditions and stored at 25°C for future use [57].
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Figure 4 Ultrasound-Assisted Method [41]

10. Application of nanosponges

10.1. Antiviral Applications

Current nanosponge drug delivery systems incorporate drugs such as zidovudine, saquinavir, interferon-5-007, and
acyclovir (Eudragit-based) for antiviral purposes [58].
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10.2. Solubility Enhancement

Nanosponges offer a solution for drugs with very low water solubility. By dispersing medications within the nanosponge
structure, the dissolution process is improved, resulting in enhanced apparent solubility [59].

10.3. Cancer Therapy

Nanosponges have become a vital component in targeting specific sites within cancer therapy. They address challenges
associated with various nanocarriers, including solid lipid nanoparticles, nanostructured lipid carriers, inorganic
nanoparticles, polymeric nanoparticles, and erythrocyte ghosts in conventional drug delivery systems. Nanosponges
can accommodate both hydrophilic and hydrophobic drugs [60].

10.4. Nanosponges for Drug Delivery

Nanosponges are solid and versatile, suitable for various drug delivery forms, including oral, parenteral, topical, and
inhalation. For oral administration, complexes may be dispersed within excipients, diluents, lubricants, and anticaking
agents, facilitating capsule or tablet preparation [61].

10.5. Nanosponges in Enzyme Immobilization

Enzyme immobilization, particularly relevant for lipases, improves stability and modulates properties like
enantioselectivity and reaction rates. The demand for solid supports suitable for this enzyme family is continually
increasing. Boscolo et al. reported high catalytic performance of Pseudomonas fluorescens lipase adsorbed onto
nanosponges [62].

10.6. Tumor Therapy

Nanosponges have demonstrated promise in stabilizing and enhancing the activity of molecules such as Camptothecin
and curcumin. Camptothecin, an effective antitumor agent, gains improved stability and a prolonged-release profile
when formulated as a nanosponge. Curcumin also holds potential for tumor treatment when incorporated into
nanosponges [22].

10.7. Nanosponges as biocatalyst

Nanosponges can serve as carriers for delivering enzymes, vaccines, proteins, and antibodies, primarily for diagnostic
purposes [1].

10.8. Nanosponges as gas delivery carrier

Nanosponges have been developed as oxygen delivery devices to address the challenge of providing the right amount
of oxygen to patients over time. This can be particularly beneficial for conditions related to inadequate oxygen flow,
such as inflammation and cancer [63].

10.9. Nanosponge in protein drug delivery

Nanosponges have found valuable applications in protein drug delivery. For instance, Bovine Serum Albumin (BSA)
protein, which tends to be unstable in solution form, can be stored in a lyophilized form. Expandable cyclodextrin-based
polymer nanosponges offer stability for proteins like BSA. Moreover, nanosponges are employed in various functions,
including enzyme immobilization, protein encapsulation with the aim of stabilization, and controlled drug delivery [64].

10.10. Neurotoxin detoxification

Neurotoxins pose significant health risks and security concerns as they can harm and damage the nervous system.
Current detoxification methods rely on the molecular structure of neurotoxins to develop specific treatments, but the
diverse range of neurotoxins makes this approach challenging and inefficient. A novel approach, known as “Neuron-NS,”
involves using neuronal membrane-coated nanosponges for effective neurotoxin detoxification. Neuron-NS acts as
decoys, attracting neurotoxins, binding to them, and neutralizing their harmful effects [65].

10.11. Antibody-Mediated Autoimmune Diseases

Contemporary clinical strategies for addressing this category of diseases exhibit limited specificity and are associated
with notable limitations. In this Topical Review, we delve into emerging therapeutic methodologies, with a specific
emphasis on cutting-edge nanomedicine platforms. Specifically, we will examine the application of biomimetic cell
membrane-coated nanosponges engineered to selectively bind and neutralize disease-causing antibodies [66].
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11. Conclusion

Nanosponges have shown promise in many areas because of their unique properties. They can make drugs that don't
dissolve easily dissolve better, hold more drugs, and release drugs in a targeted and sustained way. This makes them an
appealing way to deliver drugs. However, further research is needed to fully understand their potential applications
and risks, and to optimize their design and functionality for specific therapeutic uses.
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