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Abstract
Aquasomes are emerging as a promising nanostructured platform for targeted drug delivery and controlled release, offering significant advantages over conventional delivery systems. Characterized by a unique core-shell architecture, aquasomes consist of a solid inorganic core, typically ceramic or metallic, enveloped by a biocompatible carbohydrate coating. This design stabilizes sensitive therapeutic agents such as proteins, peptides, and nucleic acids, protecting them from enzymatic degradation and enhancing their bioavailability. The carbohydrate shell also facilitates biocompatibility and enables functionalization for active targeting, improving specificity and reducing systemic toxicity.
Recent advances have expanded the applications of aquasomes across various biomedical fields, including anticancer and antimicrobial drug delivery, vaccine development, enzyme immobilization, biosensing, and theranostics. Their ability to respond to physiological stimuli such as pH and temperature allows for precise control over drug release kinetics, enhancing therapeutic efficacy while minimizing side effects. Integration with other nanotechnologies, such as liposomes and dendrimers, has further broadened their multifunctionality and potential for combination therapies.
Despite these advantages, challenges remain in scaling up production, ensuring reproducibility, and addressing safety and regulatory concerns. Future research focusing on biodegradable materials, personalized medicine, and artificial intelligence-driven design optimization is expected to overcome these barriers and accelerate clinical translation.
This review provides a comprehensive overview of aquasome structure, synthesis, mechanisms of controlled release, biomedical applications, and recent innovations, highlighting their potential to revolutionize nanomedicine and personalized therapy.
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1.Introduction
Nanotechnology has revolutionized the field of drug delivery by enabling the design of nanoscale carriers that improve the therapeutic efficacy and safety of drugs. Among various nanocarriers, aquasomes have emerged as a promising platform due to their unique core-shell architecture and ability to stabilize bioactive molecules. Aquasomes are self-assembled, spherical nanoparticles typically composed of a solid core often ceramic or metallic coated with a carbohydrate layer that facilitates the attachment and protection of proteins, peptides, and drugs [01]. This distinctive structure not only enhances the stability of sensitive therapeutic agents but also allows for controlled release and targeted delivery, addressing key challenges in modern medicine.
The concept of aquasomes was first introduced in the late 20th century as a means to improve the delivery and efficacy of protein-based drugs, which are often prone to degradation in physiological environments [02]. Since then, extensive research has expanded their applications to include vaccine delivery, enzyme immobilization, and diagnostic tools. The carbohydrate coating on aquasomes plays a critical role in mimicking biological surfaces, thereby improving biocompatibility and reducing immunogenicity [03]. Moreover, the ability to modify the surface chemistry of aquasomes enables active targeting to specific tissues or cells, enhancing therapeutic outcomes while minimizing side effects.
Controlled release and targeted therapy are pivotal in achieving optimal drug concentrations at the site of action over extended periods, reducing dosing frequency and improving patient compliance. Aquasomes offer a versatile platform to meet these demands by protecting the drug payload and releasing it in response to specific physiological triggers [04]. This review aims to provide a comprehensive overview of aquasomes, focusing on their structure, preparation methods, mechanisms of controlled release, and applications in targeted therapy. Additionally, recent advances and future perspectives in aquasome research will be discussed to highlight their potential in advancing nanomedicine.
2. Structure and Composition of Aquasomes
Aquasomes are characterized by their distinctive core-shell nanostructure, which plays a crucial role in their function as drug delivery vehicles. The core typically consists of inorganic materials such as ceramic compounds (e.g., calcium phosphate, silica) or metals (e.g., gold, iron oxide), chosen for their biocompatibility, stability, and ability to provide a rigid scaffold [5]. This solid core imparts mechanical strength and controls the overall size and shape of the nanoparticle, which generally ranges from 60 to 300 nanometers in diameter.
Surrounding the core is a carefully engineered carbohydrate coating, often composed of molecules like trehalose, glucose, or mannose derivatives. This carbohydrate layer serves multiple purposes: it stabilizes the therapeutic agents by preventing denaturation, enhances biocompatibility by mimicking natural cell surfaces, and facilitates specific interactions with biological receptors for targeted delivery [6]. The carbohydrate shell also protects the payload from enzymatic degradation and harsh physiological conditions, thereby improving the bioavailability of sensitive proteins and peptides.
The self-assembly of aquasomes occurs through non-covalent interactions such as hydrogen bonding and van der Waals forces between the core and the carbohydrate molecules. This process results in a uniform and stable nanostructure capable of efficiently loading and releasing drugs in a controlled manner [7]. The physicochemical properties of aquasomes, including particle size, surface charge (zeta potential), and hydrophilicity, can be tailored by modifying the core material or the carbohydrate coating, allowing for optimization based on the intended therapeutic application [8].
Understanding the structure-function relationship in aquasomes is essential for designing effective drug delivery systems. For instance, the choice of core material influences not only the mechanical stability but also the interaction with external stimuli such as pH or temperature, which can be exploited for triggered drug release [9]. Similarly, the carbohydrate coating can be functionalized with ligands or antibodies to achieve active targeting, enhancing the specificity and efficacy of the therapeutic agent [10].
Core Materials and Their Properties
The core of aquasomes acts as the essential scaffold that defines the nanoparticle’s size, shape, and mechanical integrity. Common core materials include ceramics such as calcium phosphate and silica, as well as metals like gold and iron oxide. Ceramic cores are preferred due to their excellent biocompatibility, chemical stability, and their ability to closely resemble the mineral components of bone, making them highly suitable for biomedical uses [5]. In contrast, metallic cores provide distinctive optical and magnetic properties, which are valuable for applications in imaging and targeted therapies [11]. The selection of the core material plays a crucial role in determining the physicochemical characteristics of aquasomes, affecting their stability in physiological environments and their responsiveness to external stimuli.
Carbohydrate Coating: Types, Functions, and Significance
Encasing the core is a carbohydrate-based shell, which is critical for the functional performance of aquasomes. Common carbohydrates used include trehalose, glucose, mannose, and other polysaccharides that provide a hydrophilic surface [6]. This coating stabilizes the therapeutic molecules by forming a protective layer that prevents denaturation and enzymatic degradation. Additionally, the carbohydrate shell enhances biocompatibility by mimicking the glycosylated surfaces of cells, reducing immunogenicity and improving circulation time in vivo [12]. The carbohydrate layer also facilitates specific interactions with cell surface receptors, enabling targeted delivery to particular tissues or cell types.
Self-Assembly Process and Resulting Nanostructure
Aquasomes are formed through a self-assembly process driven primarily by non-covalent interactions such as hydrogen bonding, electrostatic forces, and van der Waals interactions between the core and carbohydrate molecules [7]. This process results in a uniform, spherical nanostructure with a well-defined core-shell architecture. The self-assembly is typically carried out under controlled conditions of pH, temperature, and ionic strength to ensure reproducibility and stability of the nanoparticles. The resulting nanostructure provides a high surface area for drug loading and allows for the incorporation of various therapeutic agents without compromising their biological activity.
Physicochemical Characteristics
The physicochemical properties of aquasomes, including particle size, surface charge (zeta potential), and stability, are crucial determinants of their biological performance. Typically, aquasomes range from 60 to 300 nm in diameter, a size range that facilitates efficient cellular uptake and avoids rapid clearance by the reticuloendothelial system [8]. The surface charge, influenced by the carbohydrate coating, affects the interaction of aquasomes with biological membranes and proteins; a slightly negative or neutral zeta potential is often preferred to minimize nonspecific interactions and toxicity [13]. Stability studies have shown that aquasomes maintain their structural integrity under physiological conditions, which is essential for controlled drug release and targeted delivery [14]. 
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Fig No 1 – Structure and Composition of Aquasomes
3. Preparation and Characterization Techniques
Preparation Methods
The synthesis of aquasomes involves a multi-step process designed to create a stable core-shell nanostructure capable of efficient drug loading and delivery. The core is typically prepared first using methods such as sol-gel processing, precipitation, or hydrothermal synthesis, depending on the material chosen. For ceramic cores like calcium phosphate or silica, the sol-gel method is widely used due to its ability to produce uniform particles with controlled size and porosity [15]. Metallic cores, such as gold or iron oxide nanoparticles, are often synthesized via chemical reduction or thermal decomposition techniques, which allow precise control over particle morphology and surface properties [16].
Once the core particles are synthesized, they are coated with a carbohydrate layer through adsorption or covalent attachment. The carbohydrate coating is usually applied by incubating the core particles in a solution containing the desired sugar molecules under controlled pH and temperature conditions to promote self-assembly [17]. This step is critical for ensuring the stability of the aquasomes and their ability to protect and carry therapeutic agents.
Surface Modification and Functionalization
To enhance targeting capabilities and improve biocompatibility, the surface of aquasomes can be further modified with ligands, antibodies, or polyethylene glycol (PEG) chains. Functionalization techniques include carbodiimide chemistry for covalent attachment of targeting moieties or physical adsorption for simpler surface modifications [18]. These modifications enable active targeting of specific cells or tissues, improving therapeutic efficacy and reducing off-target effects.
Characterization Techniques
Comprehensive characterization of aquasomes is essential to confirm their size, morphology, surface chemistry, and drug loading efficiency. Common techniques include:
· Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM): These provide detailed images of the nanoparticle morphology and core-shell structure, confirming uniformity and size distribution [19].
· Dynamic Light Scattering (DLS): Used to measure the hydrodynamic diameter and polydispersity index, providing information on particle size distribution in suspension [20].
· Zeta Potential Analysis: Determines the surface charge of aquasomes, which influences stability and interaction with biological membranes [21].
· Fourier Transform Infrared Spectroscopy (FTIR): Confirms the presence of carbohydrate coatings and functional groups on the nanoparticle surface [22].
· Thermogravimetric Analysis (TGA): Assesses the amount of carbohydrate coating and thermal stability of the nanoparticles [23].
· Drug Loading and Release Studies: Quantify the amount of drug loaded onto aquasomes and evaluate release profiles under various physiological conditions, often using UV-Vis spectroscopy or high-performance liquid chromatography (HPLC) [24].
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Fig No 2 – Preparation and Characterization Techniques
Factors Affecting Preparation and Stability
Several parameters influence the quality and performance of aquasomes, including pH, temperature, ionic strength during synthesis, and the ratio of core to carbohydrate coating. Optimizing these factors is crucial to achieving nanoparticles with desired size, stability, and drug loading capacity [25]. Additionally, storage conditions such as temperature and medium composition affect the long-term stability of aquasomes, which is vital for their practical application.
	Technique
	Method/Principle
	Purpose
	Typical Outcomes/Information Obtained
	References

	Sol-gel method
	Hydrolysis and condensation of metal alkoxides to form ceramic nanoparticles
	Synthesis of uniform ceramic cores (e.g., silica)
	Controlled particle size, porosity, and morphology
	[15]

	Chemical reduction
	Reduction of metal salts to form metallic nanoparticles (e.g., gold, iron oxide)
	Synthesis of metallic cores
	Particle size control, shape, and surface properties
	[16]

	Precipitation
	Formation of insoluble particles by mixing reactants under controlled conditions
	Ceramic core synthesis
	Particle size and crystallinity control
	[15]

	Hydrothermal synthesis
	High-temperature, high-pressure aqueous synthesis
	Produces crystalline nanoparticles
	High purity and crystallinity
	[15]


Table 1. Core–Shell Architecture and Surface Characteristics of Aquasomes
Methods of Synthesis
The synthesis of aquasomes involves the fabrication of a stable core followed by the application of a carbohydrate coating. The core materials, typically ceramic or metallic nanoparticles, are synthesized using various established methods. The sol-gel method is widely employed for ceramic cores such as silica or calcium phosphate. This technique involves the hydrolysis and condensation of metal alkoxides under controlled conditions, resulting in uniform nanoparticles with tunable size and porosity [15]. Another common approach is precipitation, where insoluble particles form by mixing reactants under specific pH and temperature conditions, allowing control over particle crystallinity and morphology [15]. For metallic cores like gold or iron oxide, chemical reduction methods are used, where metal salts are reduced by agents such as sodium borohydride to produce nanoparticles with controlled size and shape [16]. Additionally, hydrothermal synthesis utilizes high temperature and pressure in aqueous media to yield highly crystalline and pure nanoparticles, suitable for biomedical applications [15].
Surface Modification and Functionalization Strategies
Following core synthesis, the nanoparticles are coated with a carbohydrate layer to form aquasomes. This coating is typically achieved through adsorption, where carbohydrate molecules physically adsorb onto the nanoparticle surface, forming a protective and stabilizing shell [17]. For enhanced stability and functionality, covalent attachment methods chemically bond carbohydrates or other ligands to the nanoparticle surface, ensuring durable coatings that resist desorption [18]. To improve targeting capabilities, surface functionalization with ligands such as antibodies, peptides, or aptamers is performed via covalent conjugation, enabling active targeting of specific cells or tissues [18]. Additionally, PEGylation, the attachment of polyethylene glycol chains, is commonly used to increase nanoparticle circulation time and reduce immunogenicity by providing a hydrophilic steric barrier [18].
Analytical Techniques for Characterization
Comprehensive characterization of aquasomes is crucial to validate their structural integrity and functional performance. Scanning Electron Microscopy (SEM) provides high-resolution images of the nanoparticle surface, revealing details about morphology, size distribution, shape, and aggregation state [19]. Transmission Electron Microscopy (TEM) allows for in-depth visualization of the internal core-shell structure, confirming the presence and uniformity of the carbohydrate coating [19]. Dynamic Light Scattering (DLS) measures the hydrodynamic diameter and polydispersity index of nanoparticles in suspension, offering insights into size distribution and colloidal stability [20]. Zeta potential analysis evaluates the surface charge, which plays a key role in nanoparticle stability and their interactions with biological membranes [21]. Fourier Transform Infrared Spectroscopy (FTIR) identifies characteristic functional groups, confirming the carbohydrate coating through detection of specific vibrational modes [22]. Together, these analytical techniques ensure that aquasomes possess the necessary physicochemical properties for effective biomedical application.
Factors Influencing Particle Size, Morphology, and Drug Loading
Several factors during synthesis and post-synthesis processing influence the size, shape, and drug loading capacity of aquasomes. The pH, temperature, and ionic strength of the reaction medium critically affect nucleation and growth rates of the core nanoparticles, thereby controlling particle size and morphology [25]. The ratio of core material to carbohydrate coating determines the thickness and uniformity of the shell, which in turn impacts the stability and drug encapsulation efficiency [25]. Surface functionalization with targeting ligands or polymers can alter surface charge and hydrophilicity, affecting drug binding and release kinetics [18]. Finally, storage conditions such as temperature and medium composition influence the long-term stability of aquasomes, preserving their structural integrity and therapeutic payload [25]. Optimizing these parameters is essential to develop aquasomes with reproducible properties and effective drug delivery performance.
4. Mechanism of Controlled Release and Targeted Delivery
Interaction of Aquasomes with Biological Systems
Aquasomes interact with biological systems primarily through their unique surface properties, which are largely governed by the carbohydrate coating. This hydrophilic shell mimics natural glycosylated cell surfaces, facilitating biocompatibility and reducing recognition by the immune system, thereby prolonging circulation time in vivo [26]. The carbohydrate layer also mediates interactions with cell surface receptors, enabling cellular uptake via endocytosis or receptor-mediated pathways. Once administered, aquasomes can navigate the complex biological environment, avoiding rapid clearance by the reticuloendothelial system (RES) and minimizing nonspecific protein adsorption (opsonization), which is critical for effective drug delivery [27]. The size and surface charge of aquasomes further influence their biodistribution and cellular internalization, with nanoparticles in the 50–200 nm range showing optimal uptake by target cells [28].
Drug/Protein Loading and Stabilization on Aquasomes
One of the key advantages of aquasomes is their ability to load and stabilize sensitive therapeutic agents such as proteins, peptides, and nucleic acids. The carbohydrate coating provides a protective microenvironment that shields these biomolecules from enzymatic degradation and denaturation, preserving their biological activity [29]. Drugs or proteins are typically adsorbed onto the carbohydrate shell via hydrogen bonding, electrostatic interactions, or hydrophobic forces, depending on the nature of the therapeutic agent and the coating material [30]. This non-covalent loading approach allows for high drug encapsulation efficiency while maintaining the structural integrity of the payload. Additionally, the porous nature of the carbohydrate layer facilitates controlled diffusion of the drug, enabling sustained release over time [31].
Release Kinetics and Stimuli-Responsive Behavior
Controlled release from aquasomes is governed by the physicochemical interactions between the drug and the carbohydrate coating, as well as environmental stimuli. The release kinetics often follow a biphasic pattern, with an initial burst release of surface-bound drug followed by a sustained release phase as the drug diffuses through the carbohydrate matrix [32]. Importantly, aquasomes can be engineered to respond to specific physiological triggers such as pH, temperature, or enzymatic activity. For example, in acidic tumor microenvironments or intracellular lysosomes, pH-sensitive carbohydrate coatings can undergo conformational changes or degradation, accelerating drug release at the target site [33]. Similarly, temperature-sensitive coatings can release drugs upon mild hyperthermia, providing spatial and temporal control over therapy [34]. This stimuli-responsive behavior enhances therapeutic efficacy while minimizing systemic side effects.
Targeting Strategies: Passive vs. Active Targeting
Aquasomes employ both passive and active targeting strategies to enhance drug delivery specificity. Passive targeting exploits the enhanced permeability and retention (EPR) effect, where nanoparticles preferentially accumulate in tumor tissues due to leaky vasculature and poor lymphatic drainage [35]. The size and surface properties of aquasomes are optimized to maximize this effect, allowing for increased drug concentration at the disease site without the need for specific ligands.
In contrast, active targeting involves functionalizing the aquasome surface with ligands such as antibodies, peptides, or small molecules that specifically bind to receptors overexpressed on target cells [36]. This ligand-receptor interaction facilitates receptor-mediated endocytosis, improving cellular uptake and therapeutic outcomes. For instance, mannose-coated aquasomes can target macrophages by binding to mannose receptors, making them useful in vaccine delivery and immunotherapy [37]. The combination of passive and active targeting strategies enables aquasomes to achieve high specificity and efficacy in delivering therapeutic agents.
	Aspect
	Description
	Key Features / Outcomes
	References

	Interaction of Aquasomes with Biological Systems
	Aquasomes interact with biological systems through a hydrophilic carbohydrate coating that mimics natural glycosylated cell surfaces.
	Enhanced biocompatibility, reduced immune recognition, prolonged circulation time, reduced opsonization, avoidance of RES clearance; optimal uptake at 50–200 nm particle size.
	[26–28]

	Drug/Protein Loading and Stabilization
	Therapeutic agents are adsorbed onto the carbohydrate shell via non-covalent interactions.
	Protection of proteins, peptides, and nucleic acids from degradation; preservation of biological activity; high encapsulation efficiency; sustained drug diffusion.
	[29–31]

	Release Kinetics
	Drug release is governed by interactions between the drug and carbohydrate coating.
	Biphasic release pattern: initial burst release followed by sustained release through carbohydrate matrix diffusion.
	[32]

	Stimuli-Responsive Behavior
	Aquasomes can be engineered to respond to physiological triggers such as pH, temperature, or enzymes.
	Target-site-specific drug release; accelerated release in acidic tumor environments or lysosomes; controlled release under hyperthermia conditions; reduced systemic toxicity.
	[33–34]

	Passive Targeting
	Relies on the enhanced permeability and retention (EPR) effect in tumor tissues.
	Preferential accumulation in tumors due to leaky vasculature and poor lymphatic drainage; no need for targeting ligands.
	[35]

	Active Targeting
	Surface functionalization with ligands such as antibodies, peptides, or sugars.
	Receptor-mediated endocytosis; enhanced cellular uptake; increased specificity; example: mannose-coated aquasomes targeting macrophages.
	[36–37]


Table 2. Interaction, Drug Loading, Release Kinetics, and Targeting Strategies of Aquasomes
5. Biomedical Applications
Drug Delivery: Anticancer, Antimicrobial, and Other Therapeutic Agents
Aquasomes have demonstrated significant potential as nanocarriers for a wide range of therapeutic agents, including anticancer drugs, antimicrobials, and other pharmaceuticals. Their unique core-shell structure allows for the stable loading and controlled release of drugs, improving bioavailability and reducing systemic toxicity [38]. In cancer therapy, aquasomes facilitate targeted delivery of chemotherapeutic agents directly to tumor cells, minimizing damage to healthy tissues and overcoming multidrug resistance mechanisms [39]. Similarly, antimicrobial drugs loaded onto aquasomes exhibit enhanced stability and sustained release, which can improve treatment efficacy against resistant bacterial strains [40]. Beyond these, aquasomes have been explored for delivering anti-inflammatory, antiviral, and gene therapy agents, showcasing their versatility in addressing diverse medical conditions [41].
Vaccine Delivery and Immunogenicity Enhancement
The carbohydrate coating of aquasomes plays a pivotal role in vaccine delivery by mimicking pathogen-associated molecular patterns (PAMPs), which can enhance immune recognition and response [42]. Aquasomes can effectively present antigens in their native conformation, protecting them from degradation and facilitating uptake by antigen-presenting cells (APCs) [43]. This results in improved immunogenicity and prolonged immune stimulation, making aquasomes promising candidates for subunit and peptide-based vaccines. Additionally, their ability to co-deliver adjuvants alongside antigens further potentiates vaccine efficacy [44]. Studies have demonstrated successful applications of aquasomes in vaccines against infectious diseases and cancer immunotherapy [45].
Enzyme Immobilization and Biosensor Applications
Aquasomes provide an excellent platform for enzyme immobilization due to their stable and biocompatible carbohydrate surface, which preserves enzyme activity and facilitates repeated use [46]. Immobilized enzymes on aquasomes exhibit enhanced stability against environmental factors such as pH and temperature, making them suitable for industrial and biomedical applications [47]. In biosensor development, aquasomes serve as carriers for enzymes or antibodies, improving sensitivity and specificity by maintaining the biological activity of the sensing elements [48]. This has led to advancements in diagnostic devices for detecting glucose, pathogens, and biomarkers with high accuracy and rapid response times [49].
Diagnostic and Theragnostic Uses
The multifunctional nature of aquasomes enables their use in diagnostic imaging and theragnostic, where therapy and diagnosis are combined in a single platform. Metallic or magnetic cores within aquasomes can serve as contrast agents for imaging modalities such as magnetic resonance imaging (MRI), computed tomography (CT), and photoacoustic imaging [50]. Functionalization with targeting ligands allows for precise localization of diseased tissues, enhancing diagnostic accuracy [51,79]. Furthermore, theragnostic aquasomes can deliver therapeutic agents while simultaneously monitoring treatment response, enabling personalized medicine approaches [52]. This dual functionality holds promise for improving disease management and patient outcomes.
	Application Area
	Role of Aquasomes
	Key Advantages / Outcomes
	References

	Drug Delivery (Anticancer, Antimicrobial, and Other Therapeutics)
	Act as nanocarriers for anticancer, antimicrobial, anti-inflammatory, antiviral, and gene therapy agents.
	Improved drug stability and bioavailability; controlled and sustained release; reduced systemic toxicity; targeted tumor delivery; enhanced efficacy against resistant microbes.
	[38–41]

	Vaccine Delivery and Immunogenicity Enhancement
	Serve as antigen carriers and immune response enhancers through carbohydrate-coated surfaces.
	Preservation of antigen conformation; enhanced uptake by antigen-presenting cells; prolonged immune stimulation; co-delivery of antigens and adjuvants; improved vaccine efficacy.
	[42–45]

	Enzyme Immobilization
	Provide a stable and biocompatible surface for enzyme attachment.
	Preservation of enzymatic activity; enhanced stability against pH and temperature variations; reusability; suitability for biomedical and industrial applications.
	[46–47]

	Biosensor Applications
	Function as carriers for enzymes or antibodies in diagnostic devices.
	Increased sensitivity and specificity; maintenance of biological activity; rapid and accurate detection of glucose, pathogens, and biomarkers.
	[48–49]

	Diagnostic Applications
	Utilize metallic or magnetic cores as imaging contrast agents.
	Enhanced imaging in MRI, CT, and photoacoustic modalities; improved localization of diseased tissues through targeting ligands.
	[50–51,79]

	Theragnostic Applications
	Combine diagnostic imaging and therapeutic delivery in a single platform.
	Simultaneous disease diagnosis and therapy; real-time monitoring of treatment response; support for personalized medicine.
	[52]


Table 3. Clinical and Biomedical Applications of Aquasome-Based Nanocarriers
6. Advantages and Challenges
Benefits Over Conventional Drug Delivery Systems
Aquasomes offer several distinct advantages compared to traditional drug delivery platforms. Their unique core-shell nanostructure, with a biocompatible carbohydrate coating, enhances the stability of sensitive therapeutic agents such as proteins and peptides, protecting them from enzymatic degradation and denaturation [53,80]. This structural design also facilitates controlled and sustained drug release, improving therapeutic efficacy and reducing dosing frequency [54]. Furthermore, the carbohydrate shell mimics natural cell surfaces, which improves biocompatibility and reduces immunogenicity, leading to better tolerance in vivo [55,82]. Aquasomes can be functionalized for active targeting, enabling precise delivery to specific tissues or cells, thereby minimizing off-target effects and systemic toxicity [56,81]. These features collectively make aquasomes a versatile and effective platform for a wide range of biomedical applications.
Limitations and Challenges
Despite their promising attributes, aquasomes face several limitations and challenges that must be addressed for successful clinical translation. One major challenge is scalability; producing aquasomes with consistent quality and reproducibility on an industrial scale remains difficult due to the complexity of their multi-step synthesis and coating processes [57]. Batch-to-batch variability can affect particle size, drug loading efficiency, and surface properties, impacting therapeutic performance [58]. Additionally, potential toxicity concerns arise from the core materials or surface modifications, necessitating thorough biocompatibility and safety evaluations [59]. Stability during storage and in physiological environments is another concern, as aggregation or premature drug release can compromise efficacy [60].
Regulatory and Clinical Translation Hurdles
The path from laboratory research to clinical application involves stringent regulatory requirements. Aquasomes, being complex nanostructures, pose challenges in terms of characterization, quality control, and standardization [61]. Regulatory agencies require comprehensive data on pharmacokinetics, biodistribution, toxicity, and immunogenicity, which can be resource-intensive to obtain [62,77]. Moreover, the lack of standardized protocols for nanomedicine evaluation complicates the approval process. Addressing these hurdles requires collaborative efforts between researchers, industry, and regulatory bodies to develop guidelines tailored for nanocarrier systems like aquasomes [63,78]. Successful clinical translation will depend on demonstrating consistent manufacturing, safety, and clear therapeutic benefits over existing treatments.
7. Recent Advances and Future Perspectives
Innovations in Aquasome Design and Multifunctionality
Recent years have witnessed significant innovations in the design of aquasomes, enhancing their multifunctionality and therapeutic potential. Advances include the development of stimuli-responsive aquasomes that release drugs in response to specific triggers such as pH, temperature, or enzymatic activity, enabling precise spatiotemporal control over drug delivery [64]. Researchers have also engineered multifunctional aquasomes capable of simultaneous drug delivery, imaging, and diagnostic functions, thereby advancing the field of theragnostic [65]. Surface modifications with novel ligands and polymers have improved targeting specificity and circulation time, while efforts to optimize carbohydrate coatings have enhanced stability and payload capacity [66].
Integration with Other Nanotechnologies
To overcome limitations inherent to single nanocarrier systems, aquasomes are increasingly being integrated with other nanotechnologies such as liposomes, dendrimers, and polymeric nanoparticles. Hybrid systems combine the advantages of each component, such as the biocompatibility and drug encapsulation efficiency of liposomes with the structural stability and targeting capabilities of aquasomes [67,75]. For example, dendrimer-coated aquasomes have shown improved drug loading and controlled release profiles, while liposome-aquasome hybrids facilitate co-delivery of hydrophilic and hydrophobic drugs [68]. These integrative approaches expand the versatility of aquasomes and open new avenues for complex therapeutic regimens.
Potential for Personalized Medicine and Combination Therapies
Aquasomes hold great promise for personalized medicine by enabling tailored drug delivery based on individual patient profiles. Their modular design allows for customization of core materials, surface coatings, and targeting ligands to suit specific disease types and patient needs [69]. Moreover, aquasomes can be engineered to co-deliver multiple therapeutic agents, facilitating combination therapies that target different pathways simultaneously, which is particularly valuable in cancer and infectious disease treatment [70,76]. This capability enhances therapeutic efficacy while potentially reducing drug resistance and side effects.
Emerging Trends and Research Gaps
Despite progress, several research gaps remain in aquasome technology. There is a need for deeper understanding of in vivo behavior, long-term toxicity, and immunogenicity to ensure safety and efficacy [71,74]. Standardized protocols for large-scale production and quality control are lacking, hindering clinical translation [72]. Emerging trends focus on developing biodegradable and stimuli-responsive materials, improving targeting precision, and integrating artificial intelligence for design optimization [73]. Addressing these challenges will be critical for realizing the full potential of aquasomes in clinical settings.
Conclusion
Aquasomes represent a versatile and innovative nanostructured platform that has significantly advanced the field of targeted drug delivery and controlled release. Their unique core-shell architecture, featuring a biocompatible carbohydrate coating, enables the stabilization and protection of sensitive therapeutic agents such as proteins, peptides, and nucleic acids. This design facilitates enhanced bioavailability, reduced systemic toxicity, and improved therapeutic efficacy across a broad spectrum of biomedical applications, including anticancer therapy, vaccine delivery, enzyme immobilization, and diagnostic imaging.
The integration of stimuli-responsive features and multifunctionality further elevates the potential of aquasomes, allowing for precise spatiotemporal control of drug release and the combination of therapeutic and diagnostic capabilities within a single platform. Moreover, the ability to functionalize aquasomes for active targeting enhances specificity, minimizing off-target effects and improving patient outcomes.
Despite these promising attributes, challenges related to large-scale production, reproducibility, long-term safety, and regulatory approval remain significant barriers to clinical translation. Addressing these issues through standardized manufacturing protocols, comprehensive toxicity studies, and collaborative regulatory frameworks will be essential for the successful adoption of aquasomes in clinical practice.
Looking forward, continued research focusing on the development of biodegradable materials, integration with other nanotechnologies, and personalized medicine approaches will be critical. The incorporation of artificial intelligence and machine learning for design optimization also holds great promise in accelerating innovation. Overall, aquasomes stand poised to make a substantial impact in nanomedicine, offering new avenues for effective and personalized therapeutic interventions.



	Abbreviation
	Full Form

	RES
	Reticuloendothelial System

	SEM
	Scanning Electron Microscopy

	TEM
	Transmission Electron Microscopy

	DLS
	Dynamic Light Scattering

	FTIR
	Fourier Transform Infrared Spectroscopy

	PEG
	Polyethylene Glycol

	PAMPs
	Pathogen-Associated Molecular Patterns

	APCs
	Antigen-Presenting Cells

	EPR
	Enhanced Permeability and Retention

	MRI
	Magnetic Resonance Imaging

	CT
	Computed Tomography

	AI
	Artificial Intelligence
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