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The aim of this review is to systematically cover the progress, limitations as well as future perspectives of nano drug-delivery systems with a view to alter drug- efficacy and toxicity. The main focus of the review has been on evolution over time, formulation methods and biomedical applications of various types of nanoparticle systems to protect against drug degradation and to improve solubility/ bioavailability for safe targeted delivery in vivo. This review utilizes a comprehensive analysis through the literature in the primary sources or secondary sources are integrated. A qualitative and quantitative analysis of the published literature was done to identify developments in nanoparticle formulation design, mechanisms of action and technological improvements associated with drug carriers. Nanoparticle-based formulations, such as liposomes, polymeric nanoparticles and dendrimers, are reported to enhance controlled drug release, bioavailability and target therapy for cancer, infectious diseases and chronic conditions. Nevertheless, they face multiple challenges such as formulation toxicity and commercial scale-up constraints as well as strict regulatory barriers, which compromise their clinical translation. Nanoparticle-mediated drug delivery technology has brought about a concept in precision medicine and clinical practice, with groundbreaking approaches to circumvent the problems of absorption, distribution, metabolism, and excretion of chemical drugs. The next generation of smart and metabolizable nanocarriers should drive the therapeutic performance and advance development in both drug delivery systems and healthcare approaches, as described in this review.
Introduction
The  drug delivery systems are a wide range of medical technologies, than enable effective disposal and transmission of therapeutic agents to their target site in the body. This comprehensive review surveys the field of drug delivery systems, including numerous approaches and devices designed to enhance therapy while minimizing side effects.
Overview of drug delivery systems
Oral Drug Delivery: Oral drug delivery is convenient, commonly used method of delivering the drugs that include tablets, capsules and liquid dosage form. This technique entails oral administration of agents for systemic or local effects in the gastric mucosa. However, achieving an efficient oral drug absorption requires in-depth knowledge about multidimensional factors that influence the gastrointestinal  bioavailability [1]. Key factors include the diverse conditions of the gastrointestinal environment, including differing pH and enzymatic activity in different parts of the digestive system. Drug formulations are also faced with problems when the drug is highly pH sensitive, for stability and rate of dissolution. In addition, enzymatic degradation in stomach and intestine (mainly enzymes derived from them) is capable of influencing drug bioavailability [2]. To address such issues, pharmaceutical scientists utilize high-efficient formulation approaches. Drugs covered with enteric coatings, or drugs encapsulated in some way are designed to shield themselves from stomach acid and only release once the fall into the intestines. One of the strategies is to modify the drug and utilize new drug delivery systems to increase drug stability, or enhance residence time in GIT to maximize absorption area [3]. Oral Drug Delivery depends on the fine balance between design of formulations and physiological aspects. Such a balance of the drug properties, formulation technology and GI dynamics is still critical for improving the absorption of drugs and their resultant therapeutic effects by this commonly used route [4].
Injectable Drug Delivery: Injectable Drug Delivery Injectable drug delivery provides the potential for numerous routes including intravenous, intermuscular, subcutaneous and intradermal delivery based on the efficient introduction of therapeutic agents into body. These routes of administration allow rapid and direct entry into the circulation or certain target tissues for fast onset action and immediate effect. Intravenous (IV) injection enables drugs to be injected directly into a vein for immediate access to the systemic circulation [5]. This pathway allows fast delivery of drugs into the circulation, which is good for emergency or elsewhere, instant drug effects. IM injections involve drug delivery into the muscle, whereupon absorption is more gradual and drug release can be prolonged. This process is suitable for those drugs which have a delayed onset of action or for the preparation, in which sustained effect is desired [6].
Subcutaneous injections deliver drugs to the subcutaneous layer of tissue below the skin. This pathway enables a more moderate rate of absorption, representing an intermediate between IV and IM injection. Insulin and some other agents that must be absorbed steadily are traditionally given as subcutaneous injections [7]. Drugs can also be administered for diagnostic or therapeutic reasons by intradermal injection into the skin (dermis) through which it is possible to use them, for example, in an allergy test or vaccination. Absorption is controlled through shallow injecting (similar to local effects). Injectable drug delivery systems are indispensable in emergency care, urgent therapy, controlled release of drugs and special interventions by virtue of its flexibility and rapid accessibility. Their versatility is indicative to their importance in therapeutics for delivering rapid effective treatment for successful clinical outcomes [8].
Topical Drug Delivery: Topical drug delivery is an indispensable approach, where the drug application to the skin or mucosa allows a site-specific therapeutic action. This route comprises a range of categories including creams, ointments, gels, patches and modification transdermal drug delivery systems (TDS) that are delicately designed to enhance dermal absorption of drugs [9]. Absorbed through the skin. Creams, ointments, and gels are available with different bases and compositions to stay on the surface of the skin while allowing an extended period of drug release to act locally. Compositions of this type are convenient to use and are frequently employed in the treatment and pain relief at the site of application [10]. Transdermal delivery systems, such as patches, employ specialized matrices for controlled release of the drug across the skin to achieve a systemic effect. These reservoirs are loaded with drugs that need to cross the skin barrier, and as such provide fixed, long-term administration of drug for a predetermined period. They are helpful for giving drugs that need a steady blood level, such as some pain medicines or hormone replacements [11]. Unique Skin Structure There are many layers of skin, from the epidermis to dermis up to subcutaneous tissues, which bring challenges and opportunities for delivering drugs. Other factors such as the thickness of skin, its barrier function and blood perfusion determine the rate and extent of absorption of drugs. Design researchers work to enhance drug delivery using creative approaches, which allow for additional improvements in skin compatibility and side effects mitigation pools. Topical drug delivery systems play a central role in providing targeted therapy for various skin conditions, local pain relief, and systemic drug delivery [12]. The versatility of formulations and delivery methods highlight their importance in achieving effective and precise treatment outcomes while minimizing systemic side effects 
Pulmonary Drug Delivery:  Pulmonary drug delivery is the delivery to the lung is a major route of drug administration via devices such as inhalers, nebulising particles and dry powder formulations. These approaches address efficient drug delivery for diverse pulmonary diseases. Inhaler, A handheld device that enables dispersal of medication to be breathed in aerosol form, for example it provides means permitting exact dosages of medication to the lung [13]. These devices come in different types such metered-dose inhalers (MDIs) and dry-powder inhalers to specifically address ailments ranging from asthma, chronic obstructive pulmonary disease and bronchitis. Nebulizers, alternative methods of converting liquid medications into an aerosol form, are instruments that allow patients to receive breathing treatments such as asthma medications continuously, especially in individuals struggling with inhalers. This approach facilitates delivery of the drug, especially in young or seriously ill people [14].
Dry powder formulations are composed of dry powders passed through specific inhalers. Unlike pMDI (pressurised metered dose inhaler)-based inhalers that use propellants for drug delivery, dry powder inhalers work by releasing the medicine when a person breathes in, providing accurate and consistent dosage directly to the lungs. In relation to this field, the pulmonary route is especially advantageous as it benefits of a large surface area in the lungs where drugs can be quickly absorbed directly into the bloodstream [15]. This direct mode of therapy minimizes systemic adverse events and enhances therapeutic efficacy. In the treatment of these respiratory diseases, pulmonary drug delivery system has been increasingly advocated due to their ability to achieve localized pain relief, improvement in patient compliance and overall therapeutic advantage. Different lung conditions. Due to their flexibility and efficiency, VDRs are crucial for the therapy and care of numerous respiratory pathologies [16].
Nanoparticle Drug Delivery: The field is advancing at a host of levels, with nanoparticle drug delivery leading the forefront of innovation as it leverages unique properties and nanoscale size to change how we deliver drugs. Such nanoparticles prepared from lipids, polymers and metals emerge as potential candidates for drug targeting or controlled release strategies and protection of drugs by biological barriers [17]. Due to their small size, typically 1–100 nm, they have unique properties that are not observed in larger drug delivery systems. This size offers improved bioavailability, extended circulation in vivo, and is able to penetrate the complex biological barriers of human bodies. Nanoparticles provide the ability, through several materials, to encapsulate drugs, thus preventing their degradation and premature release.This encapsulation not only preserves drug efficacy but also facilitates controlled and sustained release at specific target sites, thereby maximizing treatment outcomes [18]. 
Furthermore, nanoparticles may be engineered with surface modification or targeting capacity that can be targeted to particular tissues or cells. This programming leads to greater drug accumulation at the target site, reduced off-target effects and maximized treatment efficacy. Compared with traditional drug delivery systems, NP-based DDSs offer specific treatment for different therapeutic requirements. Their distinct characteristics also allow them to penetrate within biological complexes, offering the possibility of targeted delivery with minimal systemic effects and improved outcomes [19]. Nanoparticles can be designed to include surface modifications for tissue or cell targeting. This personalization improves drug accumulation at the target site, reducing off-target side effects and improving treatment efficacy. Nanoparticle-based drug delivery systems transcend conventional drug administration methods by providing tailored solutions for diverse therapeutic needs. Their unique properties empower them to navigate biological complexities, allowing for optimized drug delivery strategies with reduced systemic toxicity and improved patient outcomes [20].
Implantable and Injectable Depots: Implanted devices and injection depots, such as microspheres or implants, are sophisticated systems that can provide controlled-release for extended duration fulfilling the need of chronic therapy. The advent of such sophisticated drug delivery systems provides substantial advantages over traditional systemic administration, including less frequent dosing and higher patient compliance [21]. Microspheres, micro-spheroids and implants are formulated to contain the drug which will be released in a controlled manner over an extended period. These devices are implanted just under the skin or in other sites of the body such as, for example, where tropic hormones or neuropeptide hormone- Neurotransmitter compounds have bound receptors and site-specific body compartments, and can release drug substances chronically to thereby establish therapeutic levels of active ingredient in blood plasma or target tissue over an extended period [22]. Such systems are particularly advantageous for chronic diseases with drugs having to be administered constantly, as they eliminate the necessity of regular intake of medication. Through long-term slow release of a drug from a minimally invasive device or injectable reservoir, implantable devices and injectable drug reservoirs level profile fluctuations observed after traditional dosing. Long term delivery using microspheres and implants results in better patient compliance as well as treatment efficacy [23]. This prolonged drug delivery profile also Then maximizes beneficial effect at the time of disease, without accompanying side effects. Furthermore, the decrease in dosing frequency achieved by these systems increases patient comfort and compliance, which may result in better treatment success. Implantable and injectable depots are highly advanced drug delivery systems that offer a great potential for long-term therapies through controlled and constant drug release, thus contributing to the convenience and efficiency of patient care [24].
Targeted Drug Delivery Systems: Targeted drug delivery systems are the way of localizing and concentrating an increasing amount of drugs at specific sites in the human body. A key aspect of the approach is ligand guided targeting, a strategy whereby drugs are attached or conjugated to certain molecules that can recognize the drug selectively. Receptors of target cells or target tissue filter. Ligand-mediated targeting ligands are molecules with high affinity to given receptors or biomarkers expressed on surface of specific cells, tissues [25]. Such ligands include antibodies, peptides, aptamers and other targeting moieties, which can have a high degree of specificity for their corresponding receptors. Upon the conjugation of drugs to these ligands, a drug-ligand complex is formed that selectively can identify and bind to receptors of the target cell or tissue. Upon docking, the complex mediates delivery of the drug-load directly to its site of action, resulting in localized treatment [26]. This is a targeted but offers several advantages for drug delivery. It makes it possible for more drug to be deposited at a specific target and ultimately work better instead of having to take so much medicine, thus in comparison the systemic toxicity and side-effects would most likely decrease [27]. Furthermore, this approach can be used for the treatment of diseases, which were hard to cure with limited access or complicated drug ingestion. Ligand-mediated targeted drug delivery systems have been developed for many medical applications, such as tumour chemotherapy, which possess the effectiveness of increasing accumulation of chemotherapeutic agents in the intended site. Particularly in tumor cells and sparing normal tissues. Moreover, these systems may also transform treatments for certain diseases by facilitating precise drug dosage and action to promote patient recovery without severe side effects. Side effects on non-target tissues [28].
Introduction of Nanoparticles in drug delivery
A glimpse of current and potential applications in industry Nanoparticles for drug delivery application are ground-breaking, they define the new trend that is setting the basis in modern medicine. These nanoparticles, which can be between 1 and 100 nanometres (nm) in size, have huge potential to change the way drugs are taken up and entered into the blood stream of the human body. Their nanoscale size is a critical feature that enables the nanoparticles to navigate through biological barriers and nuances that larger drug delivery vehicles cannot readily traverse. Nanoparticles ensure inclusion of drugs with distinct materials like lipid, polymer, metals and inorganic substances resulting the active drug from degradation and premature release [29].
There are various applications of nanoparticles in drug delivery. These small vehicles allow for targeted, controlled drug release, as well as protection of the drug so it can reach certain areas in the body. By modifying the surface properties and coatings of nanoparticles, researchers are able to direct them to certain cells, tissues or organs with resulting improvements in drug accumulation and therapeutic activity as well as reduction of off-target effects. One of the main benefits of nanoparticle drug delivery is to facilitate better solubility, stability and bioavailability of the drugs. Furthermore these systems provide constraints for personalized medicine by permitting the delivery of an accurate dose to a targeted location, targeting treatment for each patient [30].
In health care we see that which is possible is the application of nanotechnology in drug delivery for a wide range of diseases from cancer, to infectious diseases, to neurological disorders as well as many more. What this technology brings to the table is that it does not only improve on the performance of current drugs which is its great value but also introduces to the market new therapeutic options which till date have been very hard to put into practice [31]. Also at the very front of innovation is what we see in nano based drug delivery systems which are in the process of transforming the medical field by way of targeting, precision and effectiveness of treatment, at the same time we are seeing the introduction of a new age of which treatments will be more consistent and very effective.
Nanoparticles' value is in what they do to transform many fields and sciences via their nanoscale properties which are unique. In health we see nanoparticles transform disease treatment via targeted drug delivery which is a game changer. Their small scale allows for precise delivery to particular cells or tissues which in turn maximizes treatment results and minimizes side effects. Also we are seeing large scale changes in what we treat which these particles do  [32]. Also in diagnosis we see nanoparticles used as contrast in imaging that improves resolution and accuracy. This in turn is for very early disease detection which is especially true in cancer which does better with early intervention. In materials science we see nanoparticles improve material properties which is also a large-scale shift [33].
They see to it that materials used across many industries like electronics, manufacturing and construction perform better in terms of mechanical strength, electrical conductivity and stability thus they in turn bring out better in terms of design and function. Also in the environmental field nanoparticles are used for the purest of water and air and in the control of pollution. It is at this point that we see their high surface area and reactivity put to good use in the removal of pollutants which in total plays a great role in environmental sustainability [34]. In the energy field we see nanoparticles to be very much at home in the improvement of energy storage, catalysis and renewable energy tech. What we also see is that they improve the performance of solar cells and the development of what we may term as advanced energy storage solutions which in the long run promise better sustainable energy production [35]. The wide range of what they do and the unique properties that they have is what explains their large scale importance in the transformation of health care, environment sustainability and energy. Their integration into technologies and applications not only solves current challenges but also offers the potential to solve future social and global problems. The role of nanoparticles in improving the precision, efficiency and effectiveness of treatments, diagnostics, materials and environmental solutions positions them as catalysts for scientific innovation and progress in technology, paving the way to a more advanced and sustainable future [36].
Types of Nanoparticles in Drug Delivery
Liposomes: The structure of liposomes is essentially like that of a small spherical vesicle, including a bilayer which includes lipid molecules. This bilayer structure is similar to that of the cell membrane in living organisms. The water-like solution in between the lipid bilayer or entrapped inside it makes space inside the liposome. Liposomes can have different sizes, typically in the tens to a few hundred nanometers in diameter [37]. This dimension variation is possible due to its ability to be used in pharmaceutical applications. The capability of controlling the thickness allows a large spectrum of size for drugs that can influence their application in different types of pharmaceutical formats. They are also excellent for the encapsulation of hydrophilic (water-soluble) and hydrophobic (water-insoluble) drugs, enabling their application in many pharmaceutical formulations [38].
Liposomes are also established to be bio-compatible and biodegradable, making them safe once again in the bodily system with no side effects. They are easily modified on the surface, more desirable for targeted drug transport in order to enhance cell or toxic selectivity of tissue. Liposomes are excellent delivery vehicles for a number of drugs as they can be directed specifically to desired sites within the body [39]. As an enclosing defender, liposomes can shield drugs from degradation, and enhance their stability and efficacy. These systems allow controlled or sustained release of drugs and provide constant dose with passage of time resulting in maximum therapeutic response. A partial solution consists in using molecules that are compatible with biological systems - they will be biocompatible!-thus minimizing any risk of side-effects during drug delivery [40].
Polymeric Nanoparticles: Polymeric nanoparticles are formed by small polymer spheres prepared from polymers that are biodegradable or biocompatible. Present in sizes from tens to hundreds of nanometers, their small size makes it possible for the nanoparticles to interact effectively with biological targets for drug delivery and treatments within the body. Can. They are made from different kind of polymers including PLGA (polylactic-co-glycolic acid), chitosan and PEGylated polymers, where each possesses individual properties targeting special applications [41]. For instance, PLGA is characterized by controlled drug delivery, and chitosan is a mucoadhesive substance that sticks to mucosal tissues. They have a remarkable surface area/volume ratio, making them high drug loading capacity resulting into encapsulation of variety of therapeutic agents, thereby widening their range for applications in aliquots. Drug distribution [42].
These nanoparticles allow for tailoring of surface properties, enabling modification to suit particular drug delivery requirements. Moreover, they have an adjustable degradation rate offering good control over drug release kinetics for best therapeutic outcomes. Polymer nanoparticles have been shown to adjust and prolong drug release (including a simultaneous controlled-release profile or time regulation profiles) providing continuous and sustained dosage which is critical for effective therapeutic performance. Their surface can be engineered for specific delivery to a certain type of cell or tissue, thus enhancing the efficacy and reducing non-targeted damage [43]. Biosafety Nanoparticles have good compatibility with biological systems and they are biodegradable, which means the low probability of causing toxic side effects is negligible if any reaction occurs when these particles are used in medical areas. medical application. These nanoparticles possess an intrinsic capability to load different drugs and biomolecules, which makes them promising tools in many medical therapies. This combination of characteristics and features has made polymeric nanoparticles very attractive as potential drug delivery systems for efficient, specific (targeted) and safe therapeutic intervention in vivo [44].
Dendrimers: Dendrimers are a type of precisely structured macromolecules characterized by highly ordered and complex patterns of branching. They have a more or less central core and many branches that sprawl radially outwards from it in similar fashion to that of the tree. This clearly defined architecture is a hallmark of dendrimers and allows for an extremely organized and predictable molecular structure [45]. Dendrimers can be easily tuned in terms of size, shape and surface functionality. Such high resolution will enable fine-tuning for applications such as drug application, diagnostics, and nanotechnology. Proposed architecture of their assembly incorporates multiple reaction sites, which allow for multiple modifications or functionalization’s. In this way, these reactive groups can be used to attach a variety of compounds, and are also considered to be versatile. This low generation dendrimers enjoy the big challenge when forming drug-dendrimer complex taking advantage of their structured shape [46]. They also offer opportunities to obtain sustained release, targeted therapeutic delivery. Pertinent to therapeutic application of the dendrimer, it has well-defined, reproducible monodispersity and offers facile encapsulation, maximum loading of the drugs. Their surface can be functionalized with specific groups or ligands for better targeting to particular cells or tissues in the body. This targeted variation reduces potential damage to non-target regions [47]. Dendrimer provides controlled release kinetics to guarantee the slow and consistent release of drugs. This extended release profile is believed to be advantageous therapeutically. Because of their very helpful features, namely multifunctionality, and the modularity of this architecture, dendrimers are used far beyond drug delivery in imaging, diagnostics and materials science. Due to well-defined structure and unique properties dendrimers have vast potential as carriers for targeted drug delivery systems are used in diverse fields such as biomedical and nanotechnological applications [48].
Formulation Techniques in Nanoparticle Drug Delivery
Emulsification/ Solvent Evaporation: In this approach, the drug polymer blend is dissolved in a solvent to give an emulsion. The emulsion is prepared by mixing two non-miscible liquids, and the one which cannot mix liquid droplet (micelle) is dispersed in the solvent. Then, these droplets are converted to nanoparticles by solvent evaporation. Evaporation of the solvent causes removal of the same and in turn, resultant nanoparticles obtained are supposed to encapsulate the drug within the polymer matrix. Because of its generality and versatility in drug encapsulation within these nanoparticle assemblies, this approach has been employed extensively in preparing liposomes and polymeric nanoparticles [49]. It may be used as an encapsulant for both hydrophilic (water soluble) and hydrophobic (water insoluble) drugs, offering versatility for a variety of therapeutic agents. This strategy provides an accurate regulation of nanoparticle size and drug payload. This modality is critical for improving drug delivery and treatment efficacy. It enabled prolonged drug release by controlled kinetics in order to provide a steady and long-term release of the trapped drug [50]. This sustained release model enhances the efficacy of treatment and patient compliance. The emulsification/solvent evaporation is a powerful method to prepare nanoparticles and can be used to control the particle size, drug loading and release kinetics. Because of its ability to use a variety of drugs, it is one good method for the drug formulation in oral NPs [51].
Nanoprecipitation: Nanoprecipitation involves mixing two distinct solutions, one that has a polymer dissolved in organic solvent and the second with nonsolvent. Upon rapid and strong mixing of these solutions, phase separation occurs instantly leading to polymer precipitation. Nanoparticles are therefore spontaneously created by the fast diffusion of solvent to the nonsolvent phase. This immediate mixing results in the production of stable nanoparticles in suspension [52]. Nanoprecipitation is predominantly applied on polymer nanoparticles because of its efficiency in forming these particular nanoparticle structures. It is particularly suitable for the encapsulation of a drug which is hydrophobic or not water-soluble. This approach facilitates high loading encapsulation of these drugs within the nano particle matrix to enhance their bioavailability and stability. Nanoprecipitation is a technique to tailor the final particle size, which is critical for an efficient drug delivery system [53]. Furthermore, this substantially increases the efficiency of drug encapsulation within these nanoparticles, which is important for high loading levels of therapeutic agents19. Scalability and reproducibility of the method render it compatible for large-scale production. Its capability of producing nanoparticles with controlled properties in a reproducible manner makes this method more preferable for large-scale production [54].
Layer-by-Layer Assembly: In this method, the coated surface or substrate and/or nanoparticle are laminated with care. In each first and second immersion alternately the surface is exposed to a solution of molecules or polymers having an opposite charge. This intercalation can be responsible for depositing layers one by one, obtaining a multilayer structure with controlled properties on the substrate or NP surface. LbL (layer-by-layer) deposition technique has been employed to fabricate on the surface of nanoparticles that could be used to tailor their properties for specific applications [55]. This property allows the control over drug and biomolecule release through the formation of layered structures with programmable release profiles. The excellent control over surface characteristics afforded by the LbL assembly makes it possible to develop programmed drug release profiles. Such control is crucial to ensure the success of treatment and that such desired results are achieved [56]. This method is relatively versatile and can be used to produce multifunctional NP platforms that can be applied in various biomedical contexts. By stacking materials with different characteristics, nanoparticles can be designed to serve several functions such as for drug delivery and imaging or targeting specific sets of cells or tissue [57].
Supercritical Fluid Technology: This novel approach is supercritical fluid (SCF) mediated nanoparticle synthesis in which methylene chloride, CO2 or other solvents are used as the media for making nanoparticles. This comprises two main types 1) Rapid Expansion (in which the solution of the material to be nano-processed is rapidly pumped into a super critical fluid chamber. The resultant rapid decrease of pressure prompts the formation of nanoparticles from solution.(‘Rapid ’ refers to such fast afflux that a sound speed may be ignored [58]. 2) Extraction (The method that uses dissolving the material of concern in a supercritical fluid and afterwards extracting it very fast, there, as a result nanoparticles are formed by solvent extraction.) This technology has widespread application for downsizing of lipids and polymers to nanoparticles. It's key to a number of drug delivery systems and applications. It is particularly useful in the preparation of heat sensitive drugs. Low temperature operation of the process for forming the nanoparticles is important in order to stabilize and keep thermally labile pharmaceutical drug compounds effective [59]. Supercritical Fluid Technology guarantees the purest nanoparticles deposited with specific particle size. These particles are free from residual solvents guaranteeing product consistency and performance. Operation at lower temperatures represents a great advantage, especially when considering drugs which are prone to degradation by heat. The low temperature of operation of the method allows it to maintain its stability and property heat-sensitive pharmaceutical compounds during nano-particle production [60].
The development of these formulation approaches has significant implications in the engineering on nanoparticle-based drug delivery systems, enabling precise control over a number of parameter critical parameters including: particle size, drug encapsulation and surface properties, as well as release kinetics. They are important for the design of accurate and efficient drug carriers leading towards improved stability, bioavailability and better therapeutic effects in a wide range of biomedical uses [61]. These methods offer fine tuning capability over nanoparticle size, an important determinant of behavior in biologic systems. Modulation of the particle size enables proper interaction with targeted cells or tissue leading to drug delivery efficiency and treatment output. These enable accurate encapsulation of therapeutic drugs in nanoparticles with high drug loading capacity. Moreover, these approaches also enable regulation of the release kinetics; that is, adjusting the rate and period that drugs are released or delivered. This sustained release profile is necessary for providing therapeutic dosages of the compounds, especially where the compound has a short half-life [62]. These methods open the opportunity of tailoring surface properties of nanoparticles. Surface functionalization can be easily achieved to allow personalized modifications, e.g., for specific cell/tissue targeting, extended blood circulation or reduction of off-target effects. This functionalization enhances the biocompatibility of nanoparticles and promotes their targeted delivery. The innovative and advanced drug delivery systems prepared by these methods found in several biomedical areas. They contribute significantly in the targeted delivery of drugs to particular body sites, leading to increased drug stability, bioavailability, and therapeutic efficacy [63].
Nanoparticles to Improve Bioavailability of Drugs: Nanoparticles are very valuable for enhancing the stability and solubility of drugs, which are otherwise very challenging tasks with respect to classical drug formulations. Then, on account of small particle size and configuration it provides a protective home to the entrapped drug. This barrier prevents drug degradation resulting from environmental conditions, including light, temperature and enzymatic degradation [64]. Moreover, due to their oxidation resistance properties, nanoparticles can protect drug molecules from chemical decomposition during storage and retard spoilage of drugs. Encapsulation in nanoparticles protects the drug from unfavorable environments, ensuring stability of active pharmaceutical ingredients (API) during storage and transport. Particularly nanoparticles, when having a high ratio of surface area to volume, can greatly enhance solubility of biopharmaceuticals that show low solubility (poorly soluble drugs are also known as poorly water-soluble drugs or lipophilic drugs) [65]. When encapsulated or associated with a nanoparticle surface, these drugs increase their potential for surface interaction with exogenous fluids and thus their ability to dissolve and become bioavailable following administration. Nanoparticles address the poor solubility problem by producing nanometre-scale pharmaceuticals that disperse more evenly in physiological fluids, thus increasing absorption and enhancing treatment effectiveness of poorly soluble drugs [66]. In brief, drugs are generally packed in the core or inserted onto the surface of nanoparticles that act as potential carriers preventing degradation and increasing their solubility. These characteristics are of great help to solve the problems performed by traditional drug formulations, and promote enhanced stability, solubility and bioavailability of pharmaceutical compounds in different medical  use [67]. 
Targeted drug delivery systems and controlled release mechanisms enabled by nanoparticles: Nanoparticle-based targeted drug delivery is an advanced system. Cell, tissue or receptor specific recognition and binding of nanoparticles can be realized by surface-engineering, e.g. coupling particles with defined ligands or antibodies. This focused delivery method provides more efficient drug transport right to the target site with fewer off-target effects and systemic toxicity [68]. Nanoparticles take advantage of the EPR effect, which permits selective pooling in certain regions of the body. This effect provides passive targeting of the diseased or inflamed tissues with leaky vasculature by nanoparticles. Therefore, nanoparticles could collect more in these regions and from inhibition to the conveyance of drugs to certain locations. The release kinetics can be controlled by NPs encapsulated drug. The release profile of drug is influenced by the nanoparticle composition, size and surface modification [69]. Simultaneously, by these ways nanoparticles can prolong the drug release time. By this gradual release, a sustained therapeutic level in situ is maintained with less variation and dosing interval. Nanoparticles can be engineered to trigger in response to particular conditions at the site of interest, such as alterations in pH, temperature or enzyme level [70]. The responsive NPs are subjected to alterations or disintegration of the nanoparticle in response to these stimuli that result in controlled, site specific drug delivery. Such a measure can respond to drug only under certain physiological conditions, so that the accuracy and efficiency of drug release is significantly improved [71].
Overcoming Biological Barriers for Effective Drug Delivery using Nanoparticles: Nanoparticles have demonstrated potential as a means for bypassing the BBB, which generally prevents drug penetration into the brain. Through alteration of the surface and/or by employing specific receptor-mediated transport mechanisms, nanoparticles can cross the BBB to deliver drugs into the brain, treating neurological disorders [72]. Nanoparticles are formulated to penetrate mucosae in the gastrointestinal or respiratory tracts. They can protect drugs from acidic pH in the stomach and enzymatic degradation so that the stability and bioavailability of the drug during oral administration are enhanced. Likewise, in drug delivery to the lung, nanoparticles provide a means to bypass mucus by delivering drugs directly into lungs [73]. Nanoparticles have the potential to increase cellular uptake and for targeting drugs toward cell types. Particle surfaces may be modified or functionalized with ligands to mediate receptor targeted internalization and cytosolic delivery of therapeutic payloads in target cells. Designing nanoparticles to escape immunological recognition and clearance strategies. Surface functionalisation (e.g., nanoparticle encapsulation in hydrophilic polymers, PEGylation) reduces opsonisation, increasing circulation time and exposure to targeted sites [74]. Nanoparticles exploit the EPR effect, so that they can retain in tumors by their leaky vasculature. Thanks to this passive targeting, drugs can be delivered preferentially within cancer (tumour) cells, causing little or no harm to healthy cells and increasing the strength of anti-cancer therapies. Through the capability of penetrating through intracellular blocks including cell membranes and organelle membrane systems, nanoparticles enable drugs that could be taken up in a specific compartment of cells where they work with more specificity [75].
Applications of Nanoparticles in Disease Treatment
Nanoparticles in Cancer Therapy: Precise targeting due to the presence of specific ligands or antibodies on the surface of nanoparticles used in cancer therapy. These functionalization's allow nanoparticles to specifically target and adhere to certain receptors or biomarkers that are overexpressed by cancer cells. Functionalized nanoparticles with targeted mechanisms enable an efficient penetration in blood flow and extravasate into tumours. By doing so, the concentration of nanoparticles is increased in the tumour microenvironment without affecting healthy tissues [76]. Through the precise drug delivery to the cancer cells, targeted nanoparticles are able to reduce off-target effects and systemic toxicity traditionally observed with conventional chemotherapy while decreasing drug exposure to healthy tissues. This approach improves the therapeutic window of anticancer agents. The drug-loaded nanoparticles could be specifically bound and uptake by cancer cells, resulting in higher local concentration of the drug at tumor site [77]. This thereby enhances the efficacy of the delivered drug and a greater portion of the therapeutic agent is able to reach the cancerous cells. Nanoparticles represent a therapeutic solution to drug resistance in the oncologic field. They provide the means for combined delivery of multiple drugs, which is what will be necessary to hit cancer progression from several sides. This might be a strategy to circumvent drug resistance mechanisms and improve therapy results [78]. Nanoparticle-mediated delivery of drugs appears to offer hope for personalized cancer therapy. Customization of nanoparticle properties and targeting ligands for a given “cancer cell profile” is what makes the therapy a personalized one, which provides an effective solution to treat cancer [79].
Nanoparticles in Facilitating Combination Therapies for Cancer Treatment: Nanoparticles (NPs) can function as multifunctional carriers for the co-delivery of multiple therapeutic agents to tumours. They allow simultaneous administration of chemotherapeutics with other adjuvants, e.g., nucleic acids (siRNA, miRNA, DNA) or immunomodulators. Nanoparticle-mediated combination therapies are more effective than monotherapy [80]. This combinatory therapy, inhibiting different pathways implicated in tumorigenesis, is believed to be the key for successful treatment of cancer. As a result, tumours are more effectively killed and the normal tissue is less damaged. The complementary effects of nanoparticles combination therapy contribute to overcoming drug resistance which occurs frequently in cancer therapy. These treatments provide multiple agents at once, and thus suppress different resistance mechanisms that cancer cells can use to resist one agent or another, making it more difficult for them to develop simultaneous resistance against the drugs [81]. Combination therapy assisted by nanoparticles facilitates the synergistic action of multiple agents. The combined delivery of drugs with diverse mechanisms of action (such as cytotoxic drug and immunomodulator or gene therapy agents) can invoke synergistic interactions, to produce amplified treatment outcome, hence improved cancer cell eradication [82]. Nanoparticles as a personalized choice for leveraged precision therapy in cancer oncotherapy. The capacity to design nanoparticles carrying specific cocktails of drugs enables personalized therapeutic combinations geared towards patient profiles or tumour properties. Nanoparticles act as vehicles to deliver anticancer agents directly to the tumour location, avoiding side effects in healthy tissue. This site-specific delivery can minimize side effects, which is one of the major problems associated with systemic chemotherapy [83].
Nanoparticles in Improving Antibiotic Delivery for Treating Infectious Diseases: Nanoparticles play an important role in stability and bioavailability enhancement of antibiotics, especially for unstable antibiotics or those with poor solubility. Further, the encapsulation of drug in nanoparticles shields the drug molecules from degrading enzymes or harsh external environments leading to improved stability and better availability of drug at site of infection [84]. Nanoparticles can deliver antimicrobials to specific areas of infection, allowing for increased local drug concentrations on the site of infection. Functionalized nanoparticles could be designed to target markers or receptors on infected cells or in biofilms, and accumulate specifically at these locations, from which they release drug [85]. In addition to that, nanoparticles help in combating bacterial resistance through improving the efficiency of antibiotics. They may increase the permeability of bacterial cell walls or biofilm, leading to increased access of antibiotics to their targets and enhancement of antibacterial activity against resistant bacteria. Biofilms, which are protective layers formed by communities of bacteria, present a frequent problem in antibiotic therapy [86]. Nanoparticles, which can infiltrate biofilms because of their small size and the nature of their surfaces. This penetration allows antibiotics loaded in nanocarriers to access, and subsequently kill bacteria present in the biofilms, increasing the therapeutic efficiency [87]. Nanoparticle-mediated targeted antibiotic delivery concentrates the antibiotic directly in the infectious site resulting in minimization of exposure to healthy tissue as well as effective reduction of systemic toxicity related to antibiotics administered systemically. Nanoparticle may provide a possibility for the combination of antibiotics with other agents (including anti-inflammatory drugs and antimicrobial peptides), which is beneficial for co-administration drugs in treatment of infectious disease [88].
Nanoparticles as Carriers for Antiviral Agents: Nanoparticles contribute to accurate and efficient solubilising of antiviral drugs, especially poorly soluble ones. By entrapping drugs into nanoparticles, they are protected from hostile surroundings and degradation, resulting in their solubility in physiological fluids. This improved solubility allows a more effective distribution and delivery of the drug at the site of infection. The antiviral drugs have controlled release kinetics in the form of nanoparticles. They may also be formulated to provide the drug in a gradual and controlled release over time, thereby maintaining therapeutic levels of the agent for extended periods [89]. This sustained release profile of the antiviral drug may contribute to a long term action of the antiviral agent which could ultimately increase its efficacy against viral infections. Functionalized nanoparticles can be designed and applied to deliver specifically to certain such viral sites or infected cells. Surface functionalization enables the NP to recognize and attach to viral proteins or receptors, leading the antiviral drug directly to the infected cells minimizing exposure of healthy tissues [90]. Encompassment in nanoparticles protects antivirals from enzymatic attack or immune system elimination. This shielding protects the drug from degradation in circulation, and allows the drug to reach the target region unchanged which leads to increased effectiveness. Nanoparticles as prospects for combination therapy in antiviral treatment. They allow combinatory delivery of several antiviral drugs or complementary treatments (e.g., immune stimulating agents, RNA-based therapeutics), thus promoting synergizing effects and increasing the effectiveness of the overall antiviral response. Nanoparticles can selectively deliver antivirals to infected tissues, limiting the exposure of the healthy tissue to avoid systemic side effects typical of traditional antiviral therapies [91].
Nanoparticles in Addressing Chronic Conditions (Diabetes) : Nanoparticles have the promise as a candidate for site specific insulin release in diabetes treatment. They are capable of entrapping insulin, shielding it from enzymatic degradation in the GI tract and enhancing transit across biological interfaces. Modifications of the particle surfaces can provide nanoparticles that directly target pancreatic cells or escape from systemic degradation, thus carrying insulin into circulation [92]. Particles can control the release of insulin in a sustained way similar to physiological secretion pattern of endogenic insulin. This controlled release rate facilitates a slow and sustained provision of insulin so as to maintain blood glucose within normal physiological levels for longer periods, decrease swings in blood glucose, and improve overall glycemic control [93]. In addition to insulin delivery, nanoparticles provide a protective and multitargeted treatment modality for diabetic complications. They can be utilized to administer therapeutics for treatment of diabetic complications, e.g. medications for diabetic neuropathy, diabetic retinopathy or diabetic nephropathy. These targeted delivery-based nanoparticles facilitate to alleviate diabetic complications and reduce its severity [94]. Optimizing the delivery of therapeutic agents through nanoparticles involves packaging and protection from degradation, ultimately stabilizing their bioavailability post-delivery. This superior stability can guarantee the efficacious transport of drugs for diabetic complications to be delivered to the target locations [95]. Nanoparticles for use in diabetes care, the promising prospect of tailored drug delivery, a personal example of tailored medicine specific to diabetic patients. Personalized nanoparticles can be designed for specific patients, enhancing treatment efficacy and patient compliance. Nanoparticle-mediated targeted delivery decreases off-target effects of medication, which may lead to lower systemic side effects that arise due to general treatment for diabetic complications [96].
Nanoparticles in Targeted Drug Delivery for Cardiovascular Diseases: Nanoparticles are a potential targeted drug carrier in particular to the cardiovascular tissues relevant to different types of Cardiovascular Diseases (CVD). Designed nanoparticles can traffic selectively to certain sites in circulation as well as the target location within the cardiovascular system such as vessel walls, heart tissue or vascular plaques. Nanoparticles can facilitate delivery of drugs for down-regulating inflammation in the cardiovascular tissues [97]. Functionalized nanoparticles may be loaded with anti-inflammatory drugs or cytokine antagonists and be guided to sites of inflammation in blood vessels or cardiac tissue, where inflammation-related adverse outcomes can be reduced, such as inflammation associated complications are atherosclerosis, myocarditis [98]. Nanoscale compounds for the release of drugs that are used to prevent the appearance of plaques on vessel walls. They can deliver drugs aimed at decreasing cholesterol deposition, preventing platelet aggregation or blocking the proliferation of smooth muscle cells in arterial walls which will tend to slow the growth of atherosclerotic plaques [99]. Nanoparticles appear to be a viable approach for implementing therapeutics that induce vascular repair and regeneration. We also can use them to deliver growth factors, stem cells or gene therapies designed to promote endothelial cell repair, help generate new blood vessels (angiogenesis) or improve vascular function with the hope that we can restore damage vasculature under certain conditions of disease such as ischemic heart disease [100]. Drug administration through nanoparticles realizes an endogenous drug accumulation that occurs primarily in the cardiovascular sites, which reduces exposure to non-target tissues and systemic side effects of systemic drugs as compared with typical systemic drug delivery. Nanoparticles offer the ability of multimodal strategies by co- delivery of multiple drugs or therapeutic agents with distinct mechanism and mode of action. This strategy combinatorially acts on multitargeted pathophysiologies of cardiovascular diseases, and provides a global treatment Policy [101].
Advancements of Nanoparticle-Based Drug Delivery Systems in Disease Treatment: Nanoparticle drug delivery systems are designed to home in on where disease occurs in the body. By surface modification and functionalization NPs can specifically target for the diseased tissues or cells, and therefore resulting in safe and selective drug delivery with minimum side effect to healthy tissues. The “specificity” of nanoparticles can reduce off-target effects, the downside of most (but not all) common methods to administer drugs [102]. This focused delivery of therapeutic agents to target tissues minimizes side-effects on no-target tissues and increases safety during treatment. Drug encapsulation in nanoparticles provides stability, protection from degradation and increased bioavailability of drugs. This greater stability makes the therapeutic effect of drugs last longer, and increases drug levels at the site taking in charge as a result therapeutic efficiency improves [103]. Nanoparticle-based drug delivery vehicles make it possible to co-deliver different drugs, achieving combination therapy. Such a strategy combined different drugs or treatments synergistically to target multiple disease transmission pathways and could potentially circumvent drug re-sensitisation, leading to enhanced treatment efficacy [104]. Nanoparticle delivery platforms can be used for numerous disease types such as cancer, infectious diseases, diabetes, cardiovascular and many others. Their versatility in the delivery of other drugs and therapeutic agents make them an attractive vehicle for drug treatment in a variety of pathologies. With this flexibility, nanoparticle-based therapies are now the prospect for personalized medicine, where drug delivery systems can be tailored according to details of individual patients. Customized nanoparticles based on patient characteristics and disease subtypes may lead to better treatment outcomes and patient response [105].
Challenges and Limitations: Because of their atypical physiochemical characteristics and small dimension, nanoparticles can behave distinctively in biological systems. This interaction could result in unexpected negative influences on cells, tissues, or organs with regard to their biocompatibility and safety [106]. Nanoparticles for drug delivery have also been known to inadvertently distribute to remote organs, resulting in unintended systemic responses. One of characteristic features of NPs is their size, which enables them to pass biological barriers and to have enrichment in organs that could cause unwanted toxicity in off-target tissues or organs [107]. Owing to their foreign nature, nanoparticles can stimulate the immune system or inflammation if injected into the body. This inflammatory response could be harmful, particularly when the exposure of nanoparticles is long-term or chronic, which may result in tissue damage or chronic inflammation. Certain types of nanoparticles may be more likely to accumulate and remain in some organs or tissues, which could cause long-term cumulative damage. Nanoparticles accumulation can also disrupt cellular homeostasis and modulate physiological functions that may ultimately contribute to toxicity related concerns [108]. Nanoparticle dimension is a critical determinant to their interaction with biological systems. Smaller nanoparticles are believed to be more reactive and penetrated the cells, factors that could contribute to higher toxicity than for large counterparts. Because of the unique features of nanoparticle-biological interactions, a thorough safety assessment is essential [109]. Appropriate preclinical and clinical studies are necessary to achieve a real knowledge of the possible side effects of nanoparticles. Addressing nanoparticle related toxicity raises a number of challenging regulatory and ethical questions. Standardized protocols for evaluating the safety of nanoparticles and their ethical use in clinical environments are important issues that need special consideration [110].
Regulatory Hurdles and Approval Processes for Nanoparticle-Based Drug Delivery Systems : Nanoparticulate drug delivery systems present new challenges related to their unique properties, which are not always easily categorized within existing regulatory frameworks. Regulators have long grappled with setting uniform rules for these rapidly advancing technologies. Regulatory bodies mandate specific endpoints for the assessment of safety, efficacy and quality of nanoparticle-based drug delivery systems [111]. These parameters should take into account NP size, surface properties, biocompatibility and long-term toxicity. Preclinical safety evaluation of nanoparticles is indispensable and challenging because of the broad nano-bio interactions. These evaluations should include toxicity, biodistribution, biodegradation and long-term effects to guarantee before clinical trials. Planning of clinical trials in the field of nano-particles for drug delivery is very crucial [112]. Optimization of each of these variables, as well as consideration concerning the patient population and doses, parameters and monitoring on safety may also need to be customized in relation to the individual characteristic of nanoparticles. Maintenance of uniformity and quality control in process of nanoparticle production is integral to regulatory acceptance [113]. Keeping the “same” batch-to-batch and standardization of manufacturing is a technical problem in nanomaterial production. International collaboration and harmonization of restriction among agencies is essential. Harmonization and mutual acceptance of the standards applied for NDDS across regions streamline regulatory procedures [114]. Ethical dimensions for the use of novel nanoparticle technologies and continuous safety surveillance after approval are critical. Continuous monitoring for potential long-term effects and adverse events is vital to prevent patients from harm. Flexible regulatory modes that facilitate rapid advances and new nanoparticle technology needs to be established. Regulatory authorities require flexible approaches in order to assess and approve these developing treatment options effectively [115].
Scale-Up Limitations Encountered in Production of Nanoparticle-Based Drug Delivery Systems : Manufacturing NPs is generally complicated and involves the use of complex methodologies. However, upscaling of these processes from the laboratory- to industrial-scale is complicated as establishing the same quality and characteristic level of nanoparticles with larger amounts is complex [116]. Maintaining consistency from batch to batch of nanoparticles is a difficult task. Smaller differences in manufacturing and raw material properties could lead to a significant variation in nanoparticle properties that is challenging for consistent reproducibility of large scale production. The challenge of upscaling the production of nanoparticles is that for larger volumes greater equipment throughput is required to produce them without losing quality [117]. Modifying existing equipment to handle higher production rate in conjunction with maintaining good control of particle size, shape and distribution creates further complications. There are a number of obstacles to synthesising nanoparticles at large scale in a cost-effective manner [118]. If the first one has too high an opportunity cost of producing specialized equipment and raw materials to start large-scale production, and the second not just people do not profit from their labor power for them. Simulation of rise in nanoparticle production brings stringent regulatory constraints and quality control into play [119]. This challenge of regulatory-compliant scaling includes complexities in documentation, quality control and regulatory approvals. Rising production volumes raises concern for labor safety, waste disposal and environmental impact. In the practical production of nanoparticles, it is essential to treat particles carefully on a large scale and continue to provide occupational safety and prevent occupational hazards caused by nanoparticle materials, And to keep up with scalability requirements, continuous technological evolution will be necessary. Evolution in scalable manufacturing processes, new equipment designs and automation can support more efficient production while maintaining quality and uniformity [120]. An academic-industrial-regulator triad is essential. The exchange of information regarding best practices, optimized protocols and standardized procedures to achieve scalable production can stimulate developments in manufacturing techniques and help to remove feasibility bottlenecks [121].
Recent Advancements and Breakthroughs in Nanoparticle Drug Delivery Systems: Current efforts focus on creating patient-specific nanoparticle-based drug delivery systems, which have gained a lot of prominence in the last few decades. This may be achieved through the use of patient-specific data (genomics, proteomics) in the development of nanoparticles for targeted therapy reducing side effects and increasing therapeutic efficacy [122]. Two types of smart nanoparticles with stimuli-responsive properties are recently developed. These nanoparticles can be designed to react to environmental stimuli (i.e. pH, temperature, enzymes and light) to release their drug payload at the desired target site. This can be exploited to precisely and on-demand deliver drugs leading to improved therapeutic effects. Theranostic nanoparticles integrating therapeutic and diagnostic functions have been widely explored [123]. Such multimodal nanoparticles allow simultaneous imaging and delivery of drugs to the tumor site, which could track treatment responses in real time and tailor patient’s treatment plans. The drug delivery potentials of nanostructured materials, such as lipids, polymers, metals and hybrids are facilitated by their capabilities for releasing drugs in the body [124]. Such materials promote higher to drug loading ability, protection against burst release and stability that result in more effective nanoparticulate therapies. Novel NP based to deliver drugs specifically within the cell (like nucleus, mitochondria) are under construction. Such accurate intracellular delivery facilitates selective actions in cells and holds great promise for treating a number of diseases on cellular levels [125]. Progress in the designing of biodegradable and green-synthesized nanoparticles is contemporary to achieve alleviating long-term accumulation and environmental questions, as well. Such nanoparticles after delivery of payload, will break down in the body or nature reducing potential toxicity and ecological harm. The marriage of machine learning algorithms and computational modeling is transforming how we design nanoparticles [126]. Predictive modeling enables the rational design of nanoparticles with desired physicochemical features, and therefore provides exciting opportunities to advance effective drug-delivery vehicles. Clinical translation and regulation-related attention has been further placed on in order to expedite the process of translating laboratory mockups into medical practice. There is increasing momentum to fast track regulatory approval pathways and clinical trials to accelerate transition of promising nanoparticle therapeutics into the clinic [127].
Novel Strategies and Approaches in Drug Delivery Using Nanoparticles: Innovative nanoparticle applications focus on the direct selective targeting of tissues or cells. Ligand-bound-nanoparticles have been developed that can recognize and bind uniquely to biomarkers expressed on diseased cells Providing a target specific delivery system) isolating these nanomaterials, thereby reducing off-target effects. Innovations facilitate the penetration of nanoparticles through biological barriers and intracellular delivery [128]. Methods, such as cell-penetrating peptides or surface modification more readily facilitate enhanced cellular uptake to effectively reach intracellular parts by nanoparticles. Construction of stimuli-responsive nanoparticles that respond to different stimuli in the body (e.g., pH, temperature, enzyme and light) is a key strategy for controlled/triggered drug release at the site of interest, leading to better therapeutic efficacy [129]. Recent progresses about co-encapsulation of multi-drugs or therapeutic agents in one nanoparticle vector leading to synergistic therapeutic effects. This technique can achieve accurate co-delivery of various drugs and improve the therapeutic effects and drug resistance. New approaches include the development of nanoparticles resembling natural extracellular vesicles [130]. These biomimetic nanoparticles facilitate biocompatibility, cellular uptake and cargo delivery that perform similarly to endogenous vesicles for drug trafficking and intercellular communication. The advancements that arise from biostructures and biological processes promote the formation of bioinspired surface engineering in nanoparticles [131]. By emulating aspects of nature such as (e.g.) cell membranes, viruses) it is able to increase the stability, biocompatibility and interaction of nanoparticles with biological systems. Application of nanozymes, nanoparticles possessing enzyme-like functions, provides tremendous potential in therapy and diagnosis. These nanoparticles are catalytically active, capable of therapeutic functions and act as biosensor for diagnostics of disease. Advances in the application of nanoparticles for gene delivery and RNA-based therapy are being developed. Loading genetic materials into nanoparticles may facilitate the transmission of genes to target cells, which provides a method for gene-editing and an approach to RNA interference therapies [132].
Integration of Nanoparticles in Diagnostics and Imaging Techniques: Nanoparticles are versatile imaging contrast agents for a wide range of imaging modalities including MRI, CT, and PET. Their distinctive physical properties contribute to the higher signal intensity suitable for imaging resolution and sensitivity [133]. Fluorescent particles, such as quantum dots or dye-labelled particles, are convenient tools for optical imaging. Their tunable emission behavior, photostability and large quantum yield also make them an ideal material for visualizing biological structures in diagnostics, live cells and other applications [134]. Biosensing platforms are composed of nanoparticles. Assay and Bioanalysis Functionalized nanoparticles can recognize particular biomarkers or analytes for sensitive diagnostics in short time ranges, these biosensors are used in point-of-care diagnostics for infectious  diseases [135].
Theranostic nanoparticles with capabilities for both diagnosis and therapy have emerged as a double-edged nanometer system. Provide the unique ability to image and deliver drugs at the same time for real-time treatment response monitoring and support personalized medicine applications [136]. Magnetic nanoparticles, such as superparamagnetic iron oxide nanoparticles (SPIONs), are employed in magnetic resonance imaging (MRI). Their magnetic properties make it possible for their use in the directed imaging of a particular tissue or organ, which positively affects the diagnosing results. Nanoparticles are contrast agents for ultrasound imaging, which improve the quality and resolution of images [137]. Gas-containing microbubbles or nanosized emulsions enhance detection and localization of the ultrasound signals. The targeted delivery of functionalized nanoparticles, which can be conjugated with specific biomarkers, is feasible for molecular imaging [138]. These receptor targeting nanoparticles are specifically accumulated at sites of disease, where it reports detailed molecular information for better diagnosis. By integrating nanoparticles into miniaturized diagnostic devices, rapid and sensitive POC tests are feasible. These point-of-care instruments rely on the detection of biomarkers or pathogens by using nanoparticles to transform diagnostics in low-resource environments [139].
Future Perspectives and Emerging Research in Nanoparticle-Based Drug Delivery Systems: Research in the years to come is very likely going to concentrate on personalized nanomedicine, i.e. translating patient-specific data (eg genomics or proteomics) into nanoparticle-based therapy. The advent of precision medicine will permit personalized drug delivery strategies for custom-designed nanoparticles. Multifunctional Nanoparticle that can do Multiple Tasks in the Body, including delivering drugs and diagnostic imaging and therapeutic monitoring [140]. These kind of multifunctional platforms can be the game changer for treatment efficiency and diseases control. Researches are continuing to more closely replicate nature and biology in an effort to improve both nanoparticle biocompatibility, and to minimize their harmful side effects. Biomimetic nanoparticles that mimic biological motifs can promote interactions within the biology. Investigation of nanotechnologies for guiding and delivering drug therapy to specific disease microenvironments, such as tumor microenvironments, or areas of inflammation. Development of nanoparticle-based gene editing (e.g., CRISPR/Cas9) and RNA-based therapies represent potential milestones in the treatment of genetic diseases, cancer and other genetic disorders [141]. Combining AI and computational modeling to design and optimize nanoparticles for targeted applications. Predictive modeling and machine learning techniques can accelerate nanoparticle production and translate into efficient drug delivery system design. Novel strategies aimed at the blood-brain barrier to improve drug delivery into the brain [142]. Progress in nanoparticles formations able to penetrate the barrier, brings hope for T therapies of neurological pathologies. Green nanotechnology is highlighted in relation to clean production processes, biodegradable materials, and environmental-friendly nanoparticles preparation for low environmental pollution. Research projects aiming to bridge bench to bedside. Standardization of regulatory procedures and fostering academia–industry–regulatory partnerships to expedite the clinical translation of nanoparticle-based therapies [143].
Potential Breakthroughs to Address Current Limitations in Nanoparticle-Based Drug Delivery Systems: Advances in nanoparticle design and the ability to engineer more specifically for enhanced targeting modalities. This may include adjusting surface properties, modifying ligands, or adding smart features to further tailor specific interactions with target cells or tissues and decrease off‐target effects. Advances on biocompatible and biodegradable nanomaterials for in vivo accumulation and long-term toxicity [144]. Studies centered on natural or sustainable materials could provide answers for safer nanoparticles constructs. Progress in application of nanotechnology with immunotherapy paradigms like immune checkpoint inhibitors or vaccines. Nanoparticles might help make immunotherapy more effective if nanoparticles acted as immune modulator carriers, to stimulate better immune response against cancer or infections [145]. The development of nanoparticles that can cross biological barriers including the blood-brain or epithelial barriers, providing for delivery to new regions within the body. Design of advanced stimulus-sensitive drug delivery systems integrated into nanoparticles. They had the potential to reach high regulatory specificity over on-demand drug release kinetics, therefore ensuring better treatment efficacy with reduced side effects [146]. Studies that aim to develop multi-drug-loaded nanoparticles. Such a discovery might be used to exacerbate the synergistic dose effects, and to overcome drug resistance in a variety of diseases with better treatment efficacy. Progress toward effectively translating promising nanoparticle-based therapies from preclinical development through clinical trials to market [147]. Simple regulatory frameworks and new clinical trial designs could help in speeding adoption into patient practice of these life-saving interventions. Advancements on the integration of imaging and nanotherapy in real-time monitoring and drug delivery guided treatment. Such an integration permits real-time imaging of particle behavior, facilitating the development of therapeutic strategies [148].
Expected impact on the healthcare and pharmaceutical industries of nanoparticle drug delivery systems: Such nanoparticle drug delivery systems permit the efficient and targeted transportation of therapeutics for increasingly effective patient-specific treatments. This movement toward personalized medicine may help revolutionize the treatment of disease and result in better patient outcomes. Nanoparticles can load drugs with high specificity to increase therapeutic effects and decrease off-target side effects and systemic toxicity [149]. This development could improve patient health by ensuring more effective treatment for a range of diseases. Nanoparticle-based technology represents a novel way to develop drugs, as it provides the opportunity of reformulating existing drugs or delivering better new compounds. This development may eventually result in new formulations, patent extension and optimized drug efficiency [150]. Much higher throughput drug delivery systems could reduce overall cost in the health system by improving efficacy of therapy and reducing repeat dosing or hospital visits. Further, advances could help bring therapies to those in need, particularly in less served regions. The use of nanotechnology in drug delivery is expected to grow rapidly within the pharmaceutical and biotech industries [151]. More research on, development of as well as multicentricity in implementing nanotherapeutics could create new markets and sources of revenue. Nano-technology based drug delivery becomes the enabler of innovation, which also fosters collaboration between pharmaceutical companies and research institutions, as well as tech players [152]. Such cooperation might produce breakthroughs that help speed new therapies to the market. By focusing on the principles of green nanotechnology, there may be potential for developing environmentally friendly processes for drug synthesis using biocompatible materials and low environmental impact [153]. This shift accords with the increasing demand for green healthcare solutions by the community. The introduction of nanoparticle-based treatments may motivate agencies to revise guidelines and standards in a way that promotes innovation while protecting consumers from adverse effects and guaranteeing efficiency, safety and quality [154].
Conclusion: In this review, we explored the different nodes of Nanoparticle based drug delivery systems and their revolutionary approach towards the current generation treatments. We have reviewed  here the versatile applications of nanoparticles and highlighted their potential in targeted drug delivery, controlled release and protection of therapeutic molecules. The relative advantages and disadvantages of different drug-administration methods - oral, injectable, topical, and pulmonary - were discussed in detail along with the mechanisms of drug absorption. We described how they may offer better therapeutic responses by increasing drug stability, solubility and bioavailability. Many different kinds of NPs, including liposomes, polymeric NPs and dendrimers and their positive benefits for use as drug-delivery systems have been broadly reported. Applications of nanoparticle-based drug delivery on several diseases including cancer, infectious diseases, diabetes and cardiovascular diseases are extensively reviewed in the following. These applications illustrated the whole prospects for more efficient, species-specific therapies. Potential directions for future research and the progression of precision medicine are discussed, focusing on toxicity considerations, regulatory barriers, scale-up challenges and breakthroughs as well as the perspectives in personalized medicine (medicine-on-demand), smart nanoparticles related to clinical application (real-time monitoring), and sustainable issues. Nanoparticle-based drug delivery systems, and bulking The anticipated effects in medicine and pharmacy such as the therapeutic effectiveness, cost savings, and technological advancements have brought significant attention to the development potential of nanoparticle carriers. In summary, this review on nanoparticle-based drug delivery systems emphasizes that nanoparticles have played diverse roles in changing the landscape of drug delivery and despite being only focused on targeted, efficient and precise therapeutics against different diseases. This thorough review provided an overview of current situation, challenges and promising future prospects in a way that could change medical practice and pharmaceutical innovative system leading to better patient care and outcome.
Nanoparticles are leading the charge in a drug delivery revolution that is providing unprecedented improvements to and challenging our treatments. Nanoparticles ensure a controlled delivery of drugs to the cells, tissues or organs and hence reduction in off-target effects and better treatment efficacy. This feature is very exciting for customized care in terms of treatment and can result in personalized medicine approaches. Superior characteristics of nanoparticles allow for the enhanced stability, solubility and bioavailability of drugs which prevail in conventional drug delivery systems. This enhancement leads to improved drug efficacy and better dosing intervals, favoring the compliance of patients. The composability of nanoparticles enables the co-delivery of several drugs through a single carrier, in view to synergism as well as circumvention of drug resistance. This multivalence allows the possibility of multifunctional therapies promoting better treatment results. Nanoparticles have shown ability to go through flesh barrier and blood brain barrier for drug delivery in previously unreachable locations. The advance paves the way for treating diseases that attack the brain and other challenging targets.
Discussions and outlook In view of the development in nanoparticle applications for drug delivery, it is possible that its future directions are both exciting and versatile. Further studies on nanoparticles will shift toward improved personalized medicine approaches, where customization of nanoparticle features (size, surface charge and targeting ability) can be employed to enhance the therapeutic effects for each patient. Treatment while minimizing side effects. The generation of smart nanoparticles with controlled drug release during response to specific in vivo stimuli will achieve site and time-specific drug delivery. This is, in particular, to enhance the accuracy of treatment. Together with the evolution in this field of research, regulatory bodies will adapt to pave the way for translational progress of novel nanoparticle therapies from bench to bedside, aiming at improving patients’ access to cutting edge treatments warranting optimism. Nanoparticles, therefore, are the cornerstones of the advanced drug delivery systems and they hold great promise for revolutionizing health care. Their precise ability to deliver, enhance drug stability, and overcome biological barriers shines a light on their promising prospects in the future of medicine. This path is articulated through personalized therapy, targeted nanoparticles sensitive to stimuli, the synergy with new therapies, and novel regulatory paths leading into a new era of therapeutic innovation.
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