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ABSTRACT 

In the field of medicine the nanotechnology has been widely used in the creation of targeted 

drug delivery systems that make use of nanomaterial. This review emphasizes how novel 

medication delivery methods made possible by nanotechnology breakthroughs greatly 

improve the efficacy and safety of therapeutic interventions. Researchers have precisely 

targeted therapeutic chemicals to diseased tissues by using a variety of nanoparticle forms, 

such as liposomes, polymeric nanoparticles, dendrimers, and inorganic nanoparticles. This 

has reduced side effects and increased the effectiveness of treatment. Beyond oncology, 

these cutting edge drug delivery systems are used to treat a variety of medical conditions, 

including as illnesses of the central nervous system, diabetes, and orthopaedics. 

Nanotechnology has a lot of promise for medication delivery, but there are still a number 

of obstacles to overcome, such as toxicity issues, legal restrictions, and the requirement 

for efficient delivery systems. In order to get past current biological hurdles, future 
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perspectives in this sector place a strong emphasis on integrating personalized medical 

approaches and continuously improving delivery technology. By concentrating on these 

areas, researchers hope to improve patient outcomes and treatment efficacy, which will 

ultimately result in more effective therapeutic treatments across a variety of medical 

specialties 

 

Keywords: Therapeutic Intervention, Oncology, Personalize Medicine, Toxicity, 

Regulatory Challenges. 

 
INTRODUCTION 

Nanotechnology has rapidly evolved from a macro-scale curiosity to a transformative force 

in diagnostics and therapeutics, particularly through the development of innovative 

nanomaterial [1, 2]. Recent advancements have introduced ground breaking tools that 

enhance the safety and efficiency of both diagnostic and therapeutic procedures across 

various disciplines [3]. This fast-growing field, dealing with structures from a few to 

several hundred nanometers, offers wide-ranging applications in engineering, medicine, 

and life sciences [4]. Over the past decade, precise drug delivery systems have gained 

attention for their superior benefits over conventional therapies. Nanotechnology holds 

vast potential in healthcare, paving the way for novel and more effective treatments for 

numerous diseases [5,4,6, 7,8]. According to [9] and.[10], it has specifically made it 

possible to develop drug delivery systems that improve the safe and effective treatment of 

illnesses like cancer. Delivering therapeutic and diagnostic agents within biological 

systems for disease prevention, diagnosis, and treatment is the main goal of nanomedicine, 

which is characterised by the use of nanoscale materials (1–1,000 nm) [5,4, 7,8,9]. 

Nanotechnology is used in several medical specialities, such as surgery, dentistry, 

neuroscience, dermatology, and analytical sciences. It offers instruments that can target 

certain molecules and penetrate biological barriers [11]. 

 Nanotechnology-based drug delivery has become a viable way to overcome the drawbacks 

of conventional treatment, including low solubility, toxicity, and restricted bioavailability 

[12]. In order to minimise systemic side effects, targeted drug administration enables 

therapeutic agents to accumulate primarily in afflicted areas [13] Making sure the delivery 

system stays in the body long enough to interact with the targeted cells and tissues while 

avoiding immune system destruction results in high targeting efficiency [14]. The 

pharmaceutical and biomedical sectors have benefited greatly from the worldwide 

nanotechnology boom, with their markets expanding significantly [15]. Conventional 

medications continue to face inefficiencies like high dosages, toxicity, and non-specific 

targeting, even with the development of new drugs [16]. Because they allow for site-

specific and regulated drug release, drug delivery systems (DDS) have thus become more 

and more important [16,17]. DDS based on nanoparticles provide a way to co-deliver 

several therapeutic compounds straight to specific tissues, increasing therapy efficacy and 

safety [13]. All things considered, nanotechnology has transformed contemporary 

medicine by resolving long-standing issues with medication administration and providing 

a framework for upcoming innovations [14]. 
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Figure1: The Flow Chart of Various Routes Used in the Administration of Endovascular 

and Extravascular Targeting [18] 

 

Biodegradable materials like metals, lipids, and natural and manmade polymers make up 

drug delivery nanoparticles.They are usually less than 100 nm in at least one dimension 

[19, 20,21,22]. These nanoparticles' small size makes it easier for cells to absorb them, 

making them efficient delivery methods for medications.By using them, medication 

bioavailability, disease site targeting, and the uptake of poorly soluble medicines can all 

be improved [23,24]. According to[25,26], nanomaterials—defined as materials with a size 

between 1 and 100nm—are essential to the development of nanomedicine in fields such as 

drug delivery, tissue engineering, biosensors, microfluidics, and microarray technologies. 

Using therapeutic materials at the nanoscale to create nanomedicines, nanotechnology 

makes a substantial contribution to biomedical advancements such as nanobiotechnology 

[27]. Usually made of atomic or molecular materials, these nanoparticles are nanospheres 

[28] Longer circulation durations, better transmembrane transport, and increased stability 

and solubility of encapsulated medications are some advantages [29] Extravascular drug 

delivery refers to administration by means such as oral, inhaled, or subcutaneous methods, 

which allow particles to traverse endothelial barriers or reach target tissues, whereas 

intravascular drug delivery entails nanoparticles entering the bloodstream and acting 

directly at sites within blood vessels (Figure 1). Nanomaterials provide more technological 

adaptability by having different physicochemical properties from larger particles of the 

same composition [3] Moreover, nanoparticles can come from industrial, natural, or 

synthetic sources and can be tailored for a variety of uses [17] 

 

 

 

2) Different Kinds of Nanoparticles in Drug Administration: 
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Different therapeutic applications call for different kinds of nanoparticles. The many types 

of nanoparticles used in medicine delivery and disease targeting were reviewed in this 

article. Targeting ligands, surface coatings, or ph-responsive characteristics can be added 

to these nanoparticles to improve their performance and specificity in intricate disease 

settings. 

 

 

2.1) Liposomes: 

Because of their capacity to encapsulate hydrophilic pharmaceuticals in their aqueous core 

and hydrophobic medications within the lipid bilayers, liposomes—spherical vesicles 

made of lipid bilayers—are among the most researched nanocarriers in drug delivery [30]. 

They are efficient transporters for a variety of pharmacological drugs due to their 

amphiphilic nature, biocompatibility, and flexibility. By shielding encapsulated molecules 

from enzymatic breakdown and other destabilizing processes, liposomes improve 

therapeutic stability and increase the percentage of active medication that reaches target 

areas [31]. Because of these qualities, they are widely used in medicine, especially in 

oncology. For instance, Doxil® (liposomal doxorubicin), a PEGylated liposomal 

formulation, offers clinical advantages over traditional doxorubicin due to its decreased 

cardiotoxicity and improved tumor targeting via the increased permeability and retention 

(EPR) effect [32,33].PEGylated liposomes, which are altered with polyethylene glycol 

(PEG) to avoid detection by the mononuclear phagocyte system (MPS), are an example of 

advancements in liposome technology that lead to longer circulation and enhanced 

therapeutic efficacy [34]. 

Furthermore, controlled, site-specific drug release in response to environmental triggers 

such as pH, temperature, or enzymes is made possible by the development of stimuli-

responsive ("smart") liposomes [35]. These characteristics help to maximize therapeutic 

results while minimizing systemic negative effects. Because liposomes can carry a variety 

of molecules, they are also being used for purposes other than cancer therapy, such as the 

delivery of vaccines, antifungals, antibiotics, and gene therapies [36]. 

Liposomes have demonstrated significant potential in herbal therapy as delivery systems 

for hydrophilic and hydrophobic herbal chemicals. They allow for targeted and controlled 

release while enhancing the solubility, stability, and bioavailability of herbal medications. 

Targeting ligands, antibodies, or peptides can be added to the surface of liposomes to 

enable selective delivery to particular cells, tissues, or receptors while minimizing 

exposure to non-target regions and minimizing adverse effects [37,38]. The specificity and 

therapeutic results of herbal medication delivery are greatly improved by these targeted 

liposomal formulations. Liposomes continue to be a vital component of contemporary drug 

delivery systems as nanotechnology advances, and their adaptability and biocompatibility 

spur innovation in a wide range of therapeutic fields. 

 

2.2) Polymeric NPs: 

Because of their high drug-loading capacity, controlled and sustained release, and capacity 

to shield therapeutic agents from degradation, polymeric nanoparticles—which are made 

of biodegradable and biocompatible polymers like poly(lactic-co-glycolic acid) (PLGA), 

polyethylene glycol (PEG), polylactic acid (PLA), polyglycolic acid (PGA), or chitosan—

offer substantial advantages in drug delivery systems [39]. The stability, bioavailability, 

and therapeutic efficacy of a variety of medications, including herbal substances, can be 

improved by these nanoparticles' ability to encapsulate or adsorb them within or on their 

surfaces. Through modifications such as ligand, antibody, or PEG attachment, their 
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variable surface features allow for targeted distribution, increasing biological stability, 

lowering immune detection, and improving targeting efficiency [40].Polymeric 

nanoparticles have demonstrated efficacy in oncology by delivering chemotherapeutic 

drugs directly to tumors, reducing systemic toxicity and improving results. Additionally, 

they are being investigated for better antimicrobial delivery in infectious diseases and for 

prolonged insulin release in diabetes [41]. They also play a part in regenerative medicine, 

gene therapy, and vaccine delivery, where they safeguard and distribute delicate 

biomolecules like proteins, RNA, or DNA to particular cells. Their capacity to encapsulate 

and preserve plant-based compounds while guaranteeing regulated release has made them 

a promising platform for augmenting the therapeutic potential of natural remedies, 

especially in the field of herbal medicine. All things considered, polymeric nanoparticles 

are a revolutionary development in nanomedicine, providing adaptable, secure, and 

effective remedies for a variety of medicinal uses [42]. 

 

2.3) Dendrimers: 

A central core, multiple branching units, and a distinct outer shell define dendrimers, which 

are highly branched, three-dimensional macromolecules that form a homogeneous and 

symmetrical nanoscale structure [43]. Functional groups that can be chemically modified 

to attach a broad range of molecules, including as medicinal medicines, targeting ligands, 

and diagnostic instruments, are densely packed on their surfaces [44]. Because of their 

special structure, dendrimers can combine pharmaceuticals on their surfaces or encapsulate 

them in their internal cavities, enabling effective and precise delivery. Dendrimers can 

precisely target medications to diseased cells, such as cancer cells, by attaching targeting 

ligands like peptides or antibodies. This increases therapeutic efficacy and reduces off-

target effects. Their homogeneity and tiny size facilitate effective tissue penetration and 

circulation, improving medication distribution throughout the body.Dendrimers are perfect 

for targeted and prolonged drug release, especially in cancer therapy, since they provide 

precise control over drug release kinetics that may be adjusted in response to stimuli like 

pH, temperature, or enzyme activity [45].Dendrimers have been investigated in gene 

therapy in addition to medication delivery because of their positively charged surfaces, 

which allow them to interact with negatively charged nucleic acids (such as DNA and 

RNA) to prevent degradation and improve cellular uptake. Furthermore, by rupturing 

bacterial membranes or delivering medications straight to infection sites, dendrimers 

exhibit potential in antimicrobial applications. Their application in medical imaging is also 

expanding; dendrimers are useful imaging probes for MRI and CT scans that enhance 

disease monitoring and diagnostic precision when coupled with contrast agents or 

fluorescent dyes [46].In herbal medicine, dendrimers can improve solubility, stability, 

bioavailability, and therapeutic efficacy by encasing hydrophilic herbal chemicals on their 

surfaces or functional groups and hydrophobic ones within their internal cavities. By 

functionalizing them with certain targeting ligands, herbal substances can be delivered to 

targeted cells or tissues with greater efficiency and fewer negative effects [47,48]. All 

things considered, dendrimers are innovative nanomaterials that have a wide range of uses 

in drug delivery, gene therapy, antibacterial treatments, diagnostics, and herbal medicine. 

Their high loading capacity, precise control, and targeted distribution will transform 

contemporary healthcare. 

 

 

2.4) Inorganic Nanoparticles: 

Because of their superior biocompatibility and functionalization capacities, inorganic 
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nanomaterials—which are mainly made of metals and metal oxides—offer encouraging 

promise for the treatment of obesity. The ability to easily modify the surface of gold 

nanoparticles (AuNPs) with aptamers, peptides, or antibodies makes them stand out among 

the others. This allows for effective, targeted drug delivery to adipose tissue, increasing 

therapeutic efficacy while reducing adverse effects [49]. AuNPs can also break down fat 

cell membranes and release lipids for metabolic clearance because of their localized 

surface plasmon resonance, which enables them to absorb particular light wavelengths and 

transform that energy into heat [50].By lowering cytokine release and reducing 

inflammatory responses, silver nanoparticles (AgNPs) also exhibit anti-obesity potential 

[51]. Furthermore, superparamagnetic iron oxide nanoparticles can be targeted to adipose 

tissue using external magnetic fields, resulting in a photothermal action akin to that of 

AuNPs [52][53]. Zinc oxide nanoparticles (ZnO NPs) also have potent antioxidant 

qualities [54].Due to their special nanoscale characteristics, which include a high surface 

area-to-volume ratio, quantum effects, and improved chemical reactivity, inorganic 

nanoparticles—which are mostly made of metals, metal oxides, and semiconductors—are 

extremely beneficial in a wide range of scientific and industrial fields. The optical and 

electrical properties of gold nanoparticles, especially their surface plasmon resonance, 

make them noteworthy and allow for uses in biosensing, targeted drug administration, and 

medical imaging. Due to their superparamagnetic properties, iron oxide nanoparticles are 

frequently utilized in magnetic resonance imaging (MRI) and magnetically based cancer 

treatments.Because their surfaces can be readily altered for specific applications, silica 

nanoparticles are notable for their stability, biocompatibility, and adaptability in 

transporting medications or imaging agents. Each way of creating these nanoparticles—

physical, chemical, or biological—offers control over their size, shape, and functioning. 

Additionally, their surfaces can be designed to interact better with biological systems, 

increasing their effectiveness in environmental, electronics, and catalysis applications. 

These materials' versatility facilitates theranostics, which combines therapy and 

diagnostics on a single platform and enables real-time treatment monitoring and 

modification, improving patient outcomes, efficacy, and precision. 

 

2.5) Organic Nanoparticles: 

Because of their phospholipid bilayer structure, which is similar to biological membranes, 

liposomes have exceptional fluidity and biocompatibility. This allows them to fuse with 

adipocyte membranes efficiently and release encapsulated chemicals that limit fat 

formation and increase lipolysis, which helps treat obesity.  

To increase drug-carrying capacity, its structural design facilitates the distinct 

encapsulation of hydrophilic pharmaceuticals in the lipid bilayer and hydrophobic 

medications in the aqueous core [55].In addition to exhibiting good biocompatibility, 

polymeric nanoparticles (PNPs) like PLA and PLGA enable surface modification with 

drugs and targeting ligands to enhance stability, bioavailability, and targeted delivery to 

adipose tissues, reducing off-target effects and improving weight loss results [56, 57]. With 

their highly branched three-dimensional architectures, dendrimers provide exquisite 

control over molecular characteristics and a high drug-loading capacity, which makes them 

appropriate for tailored therapeutic applications [58].  

In addition to acting as active therapeutic agents and drug carriers, cationic nanomaterials, 

such polyamidoamine dendrimers, can neutralize negatively charged pathogens and treat 

cancer and inflammatory conditions. Third-generation polyglutamine (P-G3), for instance, 

increases energy expenditure and reduces metabolic dysfunctions associated with obesity 

by targeting visceral fat [59,60].Through catechol or galloyl groups, polyphenols—natural 
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plant chemicals with antioxidation, UV absorption, and metal ion coordination—support 

dynamic and reversible binding to substrates. This makes it possible to create multipurpose 

polyphenol-functionalized nanostructures for immunological modulation and medication 

administration [61,62,63].  

Multifunctional treatment approaches are made possible by further engineering these 

structures by adjusting metal ion types, concentrations, or the addition of polymers. Tannic 

acid and ferric ion-based coatings have demonstrated potential for enhancing gut health 

during antibiotic therapy [64], and tea polyphenols and D-𝛼-tocopherol-containing pH-

responsive polyphenol microspheres efficiently absorb and eliminate fat derivatives in the 

gastrointestinal tract, thereby lowering fat absorption [65]. These cutting-edge 

nanomaterials offer creative, multifaceted uses in the battle against obesity. 

 

 

 

 
 

                       Figure 2: Different types of NPs [66]  

 

 

 

Table 1: Applications of Drug-loaded Nanoparticles 

 

 

Drug Name 

 

Type of NPs 

 

Active Drug 

 

Uses / Application 

 

Reference 

 

  Doxil 

 

  Liposome 

 

 

  Doxorubicin 

 

 

Breast cancer, Ovarian 

cancer 

 

        [67] 

 

Ambisome 

 

Liposome 

 

 

   

Amphotericin 

B 

 

Fungal infections 

 

        [68] 
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Abraxane 

 

 

Polymer 

(Albumin NPs) 

 

     Paclitaxel 

 

 

Breast, pancreatic, non-

small cell lung cancer 

 

        [69] 

 

Genexol-PM 

 

Polymer (PEG-

PLA micelles) 

 

     Paclitaxel 

 

 

   Breast cancer 

 

        [70]  

 

 

VivaGel 

 

Dendrimer 

(PAMAM) 

 

    SPL7013 

 

  Anti-viral (HIV 

prevention) 

 

          [71] 

 

Auroshell 

 

 

Inorganic 

(Gold 

nanoshells) 

 

       — 

 

 

Photothermal therapy 

for solid tumors 

 

          [72] 

 

 

AguIX 

 

Inorganic 

(Gadolinium 

NPs) 

 

    Gadolinium 

 

 

 

 MRI contrast agent, 

radiosensitizer      for 

cancer 

 

 

          [73] 

 

 

BIND-014 

 

Polymeric NP 

(targeted) 

 

    Docetaxel 

 

    Prostate and lung 

cancer 

 

           

          [74] 

 

Theracurmin 

 

Organic NP 

(Colloidal) 

 

     Curcumin 

 

Arthritis, cancer, 

Alzheimer’s 

 

         [75] 

 

3) Advanced Application of Nanotechnology: 

Here is the advance Application of Nanotechnology Are Listed below in Table:  

 

Table 2 

Application 

Area 

Technology / 

Approach 

Key Benefits / 

Novelty 

Challenges / 

Future Steps 

 

References 

Targeted 

Brain‑Drug 

Delivery 

IRAK4 inhibitor-

loaded dual-

peptide 

nanocarriers for 

glioblastoma-

associated 

cachexia 

Enhanced 

delivery across 

the BBB, 94% 

bodyweight 

retention in 

vivo 

Clinical 

translation, 

human BBB 

modeling, 

polymer 

toxicity 

 

         [76] 
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Nano‑needle 

Patch for Cancer 

Diagnostics 

Silicon 

nanoneedles 

paired with AI-

based MS 

analysis for real-

time tumor 

detection 

Enables rapid, 

non-invasive 

diagnosis (≈20 

min), 

intraoperative 

use 

Large-cohort 

validation, 

clinical 

approval 

         

         [77] 

Swarm-

Controlled 

Nanobots 

Electromagnetic 

control via 

intermittent 

randomization of 

magnetic field 

vectors 

Individual 

nanobot control 

in swarm 

without need 

for embedded 

electronics 

Scale-up for 

biological 

delivery, 

integration with 

imaging 

 

        [78] 

Quantum-AI 

Nanopore DNA 

Sequencing 

AI-augmented 

nanopore 

tunneling-based 

DNA readout 

with high 

sensitivity 

Accurate 

mutation 

detection, 

label-free, 

beyond current 

NGS limits 

Device 

fabrication, AI 

model 

generalizability 

 

         [79] 

Nutraceutical 

Delivery 

Polymeric 

nanocarriers, 

liposomes, 

nanogels for 

targeted delivery 

of natural 

compounds 

Enhanced 

solubility, 

bioavailability, 

disease 

prevention 

Stability, 

safety, 

regulatory 

issues 

 

         [80] 

Skyrmion‑Based 

Devices 

Topological 

magnetic 

skyrmions for 

memory and 

environmental 

sensing at 

nanoscale 

Ultra-dense 

storage, robust 

data retention, 

low energy 

usage 

Room-

temperature 

stabilization, 

fabrication 

methods 

 

          [81] 

Water 

Purification 

Graphene oxide 

membranes, 

TiO2 

nanocatalysts, 

and AgNP filters 

Heavy metal 

removal, dye 

degradation, 

antibacterial 

properties 

Scalability, 

membrane 

fouling, long-

term stability 

 

          [82] 

Energy 

Conversion and 

Storage 

Carbon 

nanotubes, 

nanowires, and 

perovskite 

nanostructures 

for solar and 

battery tech 

Higher energy 

density, faster 

charging, 

longer lifespans 

Material cost, 

integration, 

environmental 

impact 

 

         [83] 

 

4) Nanotechnology’s Role in Combating Diseases:  

Modern medicine has seen a transformation because to nanotechnology, which provides 

precise and creative methods to treat a variety of diseases. Scientists can create medication 
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delivery devices that target diseased cells without endangering healthy tissue by modifying 

materials at the nanoscale. This method reduces negative effects while greatly enhancing 

therapeutic results. By using sophisticated imaging and diagnostic methods, nanoparticles 

can also identify illnesses in their early stages. Nanotechnology gives up new possibilities 

in personalized and regenerative medicine, addressing anything from genetic abnormalities 

to cancer and infections. Research keeps changing our understanding, diagnosis, and 

treatment of diseases. 

 

4.1) Atherosclerosis: 

 Approximately 20 million occurrences of acute coronary syndrome each year and a high 

one-year mortality rate, atherosclerosis—the principal cause of coronary artery disease 

(CAD)—remains the leading cause of death worldwide, especially in middle- and high-

income nations [84–85]. The process starts with the buildup of oxidized phospholipids and 

lipoproteins containing apoB, which stimulate endothelial cells. This causes monocyte 

adhesion, macrophage infiltration, foam cell formation, plaque development, and vascular 

inflammation [86–91]. Plaques become unstable as the necrotic core grows and matrix-

degrading enzymes erode the fibrous cap, raising the risk of rupture, ischemia, thrombosis, 

and abrupt cardiac events like myocardial infarction and stroke [92-94].The resolution or 

molecular data limitations of current diagnostic imaging technologies, including MRI, CT, 

IVUS, and OCT, limit their ability to detect high-risk plaques and call for novel methods 

[95]. By enhancing targeted delivery and reducing toxicity, nanoparticle-based drug 

delivery systems present promising alternatives to conventional and surgical therapies, 

which are limited in advanced stages of the disease. This opens the door to safer and more 

efficient treatment of atherosclerosis [96–99]. 

Nanoparticle (NP) systems are used in targeted drug delivery for atherosclerosis in order 

to obtain precision therapy by taking advantage of particular plaque properties like 

inflammation, endothelial dysfunction, and enzymatic activity. While endothelial markers 

such as ICAM-1 and αvβ3 integrin direct antibody-liposomes and RGD-peptide NPs to 

activated endothelium and neovessels [100-103], macrophage targeting via the mannose 

receptor (CD206) using Cy7-labeled glycol chitosan NPs allows localization to inflamed 

plaques [104-109]. Passive targeting through leaky vasculature allows accumulation of 

NPs like USPIO and PEG-gold nanorods [110-116], while enzyme-responsive systems 

like MMP-2-targeted gold nanorods allow imaging of unstable plaques [117-120].Lesion-

specific release is further enhanced by stimuli-responsive NPs that are activated by pH, 

ROS, or shear stress [121-125], and biomimetic carriers (leukosomes, PLNs, RBC-coated 

NPs) promote immune evasion and plaque adhesion [126–133]. All of these approaches, 

in addition to localized delivery techniques such as microneedles and drug-eluting stents 

[134-139], provide a comprehensive platform for effective, site-specific atherosclerosis 

treatment [140-145]. 

When it comes to treating atherosclerosis, nanorobotics—which is influenced by 

molecular biology, supramolecular chemistry, and nanoscale physics—offers substantial 

improvements over conventional techniques. Nanorobots can deliver contrast agents or 

medications to inflammatory areas by physically or chemically targeting stenotic arteries. 

Plaque stabilization and arterial repair have been demonstrated in vivo by polymeric 

collagen type IV nanoparticles loaded with biomimetic peptides and anti-inflammatory 

agents.  For targeted drug delivery, a variety of polymeric nanocarriers are also being 

developed, including metal or lipid-based NPs, PEG, PEO, poly(lactic acid), 

poly(caprolactone), and poly(lactic acid). Advanced techniques also include magnetic 

field-guided nanocarriers for improved plaque targeting, exosome-based delivery systems 
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for anti-miRNA therapies, and CRISPR-Cas9-loaded NPs for gene editing of pro-

atherogenic pathways. 

 

4.2) Cancer: 

With a projected 9.7 million fatalities and approximately 20 million new cases in 2022, 

cancer is still a major global health concern. By 2050, it is predicted that there will be over 

35 million cases [146]. New research shows that mechanical changes, such as decreased 

cancer cell stiffness [147,148] and increased tumor microenvironment rigidity[149,150], 

play a crucial role in cancer progression and invasiveness, even though these changes have 

historically been understood through genetic pathways [151,152]. These mechanical 

changes have an impact on nuclear and cytoskeletal integrity [153], indicating that early 

cancer development may be triggered by destabilization of nuclear stiffness[154,155].By 

connecting mechanical forces to genetic and physiological cascades, this developing 

understanding of cancer mechanics expands upon early morphological observations and 

now influences diagnosis and treatment [156,157].Therefore, comprehending the 

biophysical characteristics of cancer cells offers a further avenue for deciphering its 

intricate pathophysiology and creating more potent treatments. 

By enabling precise targeting and lower toxicity using gold nanoparticles [158], which can 

transport medicines like TNF-α directly to tumors, recent advances in nanobiotechnology 

have transformed the delivery of cancer drugs. Gold-silica "nanobullets" enhance deep 

tissue therapy using near-infrared light [159], whereas dendrimers with pH-sensitive acetal 

groups and DNA-linkers offer controlled release and multifunctional delivery, including 

photodynamic and neutron capture therapies [160,161]. Albumin-based nanoparticles 

boost the transport of antisense oligonucleotides through improved degradation pathways, 

while folic acid-modified PAMAM dendrimers improve the administration of 

methotrexate to tumors that overexpress the folate receptor [162]. Targeting gastric cancer 

with transferrin-doxorubicin conjugates is a promising use of theranostic nanomedicines, 

particularly GNPs [163-170]. 

The absence of effective treatments for metastatic and recurrent malignancies, despite 

advancements in traditional cancer therapy, has led to a turn toward advanced gene editing 

and nanotechnology-based approaches. Although off-target effects and delivery issues still 

exist, CRISPR/Cas9's accuracy and effectiveness allow for targeted genomic alterations 

and transcriptional regulation. [171-173] To improve CRISPR delivery and therapeutic 

potential, rational nanocarrier designs are being investigated. [174-176] In the meantime, 

drug solubility, targeting, and controlled release are enhanced by nanocarriers such as 

liposomes, PNPs, and dendrimers through ligand modifications and the EPR effect, which 

dramatically lowers toxicity and overcomes drug resistance.Through the integration of 

gene therapy, precise delivery, and diagnostics into a single platform, these multifunctional 

nanosystems—including clinically effective formulations like Doxil—are transforming 

the treatment of cancer. 

 

4.3) Orthopedics: 

Nanotechnology, originally proposed by Richard P. Feynman in 1959 [177], has emerged 

as a multidisciplinary field revolutionizing medicine through nanomedicine, which enables 

targeted, efficient disease prevention, diagnosis, and treatment [178-180]. Orthopedic 

disorders—being the second leading cause of global disability—pose major health and 

economic challenges, especially among aging populations.[181,182]  Conventional 

treatments often fail due to the structural complexity of bone and poor drug 

specificity.[183]  Nanotechnology addresses these issues by improving drug solubility, 
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targeting, and therapeutic outcomes using advanced carriers like liposomes, dendrimers, 

and polymeric nanoparticles.[184-186] Yet, clinical success depends on overcoming 

barriers such as biocompatibility, immune responses, and toxicity through robust, 

standardized models.[187,188]. 

Using carriers such as polymeric, lipid, dendrimer, and metallic nanoparticles, 

nanotechnology-based drug delivery systems (DDS) have transformed the treatment of 

orthopedic conditions like osteoarthritis, osteosarcoma, and bone infections by providing 

targeted, controlled, and sustained therapeutic release with low systemic toxicity [ 189]. 

While multifunctional nanocarriers, such as hyaluronic acid nanogels and pH-responsive 

frameworks, improve tumor targeting in osteosarcoma and metastatic bone cancers [ 190], 

platforms such as kartogenin-loaded polymers and thermoresponsive nanospheres improve 

treatment efficacy in osteoarthritis [191,192]. Systems like bone-targeting nano-iron oxide 

(BTNPs) and TGF-loaded micellar nanoparticles also aid in bone remodeling and cartilage 

regeneration [193,194]. Additionally, 3D-printed ciprofloxacin implants [195], PMMA-

based carriers [196], and NSAID-releasing coatings [197-198] offer localized solutions, 

and 4D printing with shape-memory materials enables intelligent, long-acting DDS for 

orthopedic and chronic disease applications [199].These methods increase treatment 

results and patient comfort in addition to increasing therapeutic precision [200]. 

Despite the body's inherent ability to regenerate, large-scale abnormalities frequently 

necessitate intervention beyond the body's self-healing capacity, which has historically 

relied on bone transplants that are constrained by donor site morbidity and supply. With 

the ability to create dynamic, patient-specific scaffolds that adapt to the physiological 

conditions and bone defect geometries, 4D printing has become a game-changing option 

that improves osteogenesis and integration [201]. In order to support minimally invasive 

and customized bone and cartilage regeneration, methods that employ SMPs, hydrogels, 

and bioactive fillers (such as hydroxyapatite, alendronate, and Col-Dex coatings) exhibit 

efficient shape recovery, biocompatibility, and sustained drug release [202-

203].Additionally, 4D printing incorporates bioinks and smart materials, such as 

conductive graphene-based structures and periosteum engineering, for vascular and 

neuronal restoration in complex defects [204]. Additionally, the technology includes 

customized prosthetics that are made using CT data and react to heat, magnetic, and near-

infrared radiation, such as acetabular cups, spinal implants, and knee joints  As 4D–6D 

additive manufacturing develops, its combination with biomedicine opens up new, patient-

focused orthopedic treatments that promise better surgical results, comfort, and treatment 

efficacy [205]. 

 

4.4) Diabetes: 

T1DM is caused by autoimmune destruction of pancreatic β-cells [206,207], while T2DM 

is associated with insulin resistance and impaired insulin signaling [208]. Diabetes mellitus 

(DM) is a chronic and increasingly common metabolic disorder that is characterized by 

persistent hyperglycemia due to insulin deficiency or resistance [209]. Over 400 million 

people worldwide are impacted by it, and by 2045, that number is expected to rise to 700 

million [210,211]. Particularly in T1DM, where lifetime insulin use may result in 

hypoglycemia, conventional treatments like insulin and oral medications have drawbacks 

such low patient adherence and poor bioavailability [212].Through cutting-edge drug 

carriers like liposomes and nanoparticles, nanotechnology provides game-changing 

solutions that enhance delivery, minimize side effects, and enable non-invasive insulin 

administration (e.g., oral or inhalable methods) [213–214]. Additionally, wearable 

biosensors for real-time monitoring and glucose-responsive insulin systems are being 
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advanced by nanomedicine, which also has the potential to cure diabetes complications 

such retinopathy and nephropathy [215,216; 217,218]. 

By enhancing the solubility, absorption, and targeted release of both conventional and 

biological therapies, nanotechnology has revolutionized the delivery of diabetes 

medications [219]. Nanostructured medications such as nanocrystals and nanocarrier 

systems composed of synthetic or natural polymers that improve the stability and half-life 

of loaded medicines are included in nanomedicine [220, 221]. Delivery systems that mimic 

the physiological action of insulin and provide controlled, glucose-responsive, and 

minimally invasive treatment options include nanoparticles, liposomes, nanogels, and 

microneedles [222,223]. Through particular processes like biodegradation or phospholipid 

encapsulation, polymeric nanoparticles, nanocapsules, and lipid-based carriers like 

liposomes and lipid nanoparticles offer customized delivery of hydrophilic or lipophilic 

medications [224]. Together, these interconnected nanotechnologies improve accuracy and 

results in the treatment of type 2 diabetes by overcoming the drawbacks of traditional 

insulin therapy. 

Insulin therapy for type 1 diabetes  and several medication classes for type 2 diabetes, 

including biguanides, sulfonylureas, thiazolidinediones, DPP-4 inhibitors, and GLP-1 

analogues [225], are included in the treatment of diabetes; however, these frequently result 

in side effects and low adherence [226]. Traditional methods, such as altering one's 

lifestyle, work well but are constrained by difficulties with adherence and the inability to 

stop the progression of the disease or regenerate β-cells [227,228]. Technologies that target 

the AMPK or PTP1B pathways and teplizumab immunotherapy have the potential to 

improve insulin sensitivity and preserve β-cell function [229,230,231]. Nanotechnology-

based systems, using PLGA, chitosan, or Fc-functionalized carriers, enhance drug 

stability, targeted delivery, and bioavailability, mimicking physiological insulin action. A 

notable advancement is HDV insulin, which demonstrates safety and efficacy by 

replicating natural hepatic insulin delivery in clinical trials [232]. 

 

4.5) Obesity: 

Nearly 64% of Americans are expected to be overweight or obese by 2025, making obesity, 

a chronic and multifactorial inflammatory illness, a global health concern that affects over 

1 billion people [233,234]. Through dysfunctions in white adipose tissue and systemic 

metaflammation, it contributes to serious health risks such as cardiovascular disease, type 

2 diabetes, MASH, and cancer [235,236]. The WHO defines excessive fat accumulation 

as having a BMI ≥30 kg/m². The long-term effectiveness and safety of traditional 

treatments, such as medication, surgery, and lifestyle modifications, are frequently limited 

[237,238].By improving drug delivery, regulating immunological responses, and 

regulating metabolism, nanotechnology presents intriguing answers. It also has 

advantages, such as increasing gut microbiota [239–240,241]. Together with new 

nanomaterial treatments, diagnostic techniques such as BMI, waist circumference, and in-

silico prediction models suggest a more focused, individualized, and long-term strategy 

for managing obesity [242,243]. 

To enable precise, long-lasting, and tissue-specific therapies, nanotechnology-based drug 

delivery systems in the management of obesity use a variety of nanomaterials, including 

inorganic (e.g., AuNPs for hyperthermia), organic (e.g., liposomes for 

hydrophilic/hydrophobic drug encapsulation), and biomimetic (e.g., exosomes for targeted 

delivery) nanomaterials [244]. The bioavailability, adipose targeting, and systemic side 

effects of drugs such as resveratrol, capsaicinoids, T3, and mirabegron are all improved by 

liposomes and polymeric nanocarriers like PLGA and PEG-PLGA NPs [245]. Bio-
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nanomaterials, such as rHDL platforms and systems coated with macrophage membranes, 

improve delivery that targets inflammation and work in concert to control angiogenesis 

and adipose browning [246].By facilitating the localized, minimally invasive, and long-

acting delivery of medications or gene materials to WAT and BAT, transdermal techniques 

employing microneedles and hydrogels further improve the treatment of obesity [247]. 

Furthermore, hybrid nanoplatforms, such as lipid-silica nanohybrids, MSN-polymer 

systems, and tFNA carriers, are examples of multifunctional strategies that alter 

metabolism, cause WAT browning, and go past leptin resistance for all-encompassing anti-

obesity benefits [248–249]. By facilitating the localized, minimally invasive, and long-

acting delivery of medications or gene materials to WAT and BAT, transdermal techniques 

employing microneedles and hydrogels further improve the treatment of obesity [250]. 

Furthermore, hybrid nanoplatforms, such as lipid-silica nanohybrids, MSN-polymer 

systems, and tFNA carriers, are examples of multifunctional strategies that alter 

metabolism, cause WAT browning, and go past leptin resistance for all-encompassing anti-

obesity benefits. 

To improve fat metabolism, inflammatory control, and targeted drug delivery, obesity 

treatment incorporates cutting-edge nanotechnologies, including inorganic (e.g., AuNPs, 

ZnO NPs), organic (e.g., dendrimers, polyphenols), and biomimetic systems (e.g., 

exosomes, cell membrane-coated NPs) [251,252]. While organic and biomimetic systems 

provide biocompatibility, immune evasion, and blood-brain barrier penetration for appetite 

management, inorganic NPs, such as AuNPs, use photothermal effectsThe shortcomings 

of traditional techniques, such as pharmaceutical medications (orlistat, sibutramine, etc.) 

and surgery, which frequently result in major adverse effects like depression and 

cardiovascular risks, are addressed by these contemporary strategies [253]. In addition to 

these, herbal medications are becoming available for the safer treatment of obesity and 

associated diseases like diabetes and cancer [254]. In order to maintain energy balance and 

avoid relapse, effective long-term results still depend on customized diet plans that are 

informed by BMI and other metrics in addition to regular physical activity. 

 

 4.6) CNS Disorders: 

As the population ages, neurodegenerative disorders (NDs) like AD, PD, HD, ALS, FTD, 

and prion diseases are becoming more prevalent. They account for 8% of the world's health 

burden and cause significant impairments in cognition, motor skills, and behavior 

[255,256]. Pathological characteristics such as neuroinflammation, oxidative stress, 

mitochondrial dysfunction, and protein aggregation are common to many multifactorial 

disorders and are frequently impacted by environmental, genetic, and epigenetic variables 

[257,258]. Current therapies are hampered by issues like drug delivery across the blood-

brain barrier (BBB) and continue to cause symptoms despite treatments like memantine, 

cholinesterase inhibitors, and levodopa [259,260].While novel biomarkers and insights 

into mechanisms like RNA modifications and the gut-brain axis support early diagnosis 

and targeted intervention, emerging nanocarrier strategies, such as cyclodextrin-based 

nanoparticles, offer promising solutions by improving solubility, targeting specificity, and 

minimizing toxicity [261]. Through customized therapy, nanotechnology-based 

treatments, and a deeper comprehension of the molecular mechanisms underlying CNS 

illnesses, ongoing research seeks to enhance outcomes [262,263]. 

Drug access and efficacy through systemic routes are restricted by restrictive barriers such 

as the BCSFB and BBB, which pose significant challenges to effective drug delivery to 

the central nervous system [264,265]. To get over these obstacles and promote drug 

retention, tissue penetration, and targeted distribution, intrathecal and localized 
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administration techniques have been developed, including polymer pellets, liposomal 

nanoparticles, and convection-enhanced delivery (CED) [266,267]. Despite issues like 

toxicity and cost, nanomedicine further improves CNS drug delivery by increasing 

solubility, controlled release, and targeting precision using formulations including 

liposomes, dendrimers, and micelles [268-269].Techniques like intranasal administration 

and CED, especially with nanoparticles under 100 nm, facilitate access to deep brain 

regions by overcoming ECM resistance and enabling real-time guided infusion [270,271]. 

When combined, anatomical knowledge and Nano technological advancements offer 

revolutionary approaches to better treating CNS illnesses [272,273]. 

 pharmacological and non-pharmacological approaches, the therapy of CNS and 

neurodegenerative disorders (NDs) is becoming more individualized, focusing on 

underlying pathologies including protein misfolding, neuroinflammation, and 

mitochondrial dysfunction in addition to symptom relief [274]. However, due to systemic 

constraints and genetic diversity, correct identification remains a major issue, sometimes 

leading to misdiagnosis and delayed treatment, especially for rare illnesses like ALS. 

Through processes like transcytosis and paracellular diffusion, nanotechnology-based 

systems are assisting in overcoming the problems that traditional therapies for diseases like 

AD and PD face, such as poor BBB penetration, low bioavailability, and rapid drug 

degradation [275].While hydrogels and cyclodextrins increase solubility and regulate drug 

release, advanced nanocarriers—including liposomes, PNPs, SLNs, NLCs, and MNPs—

offer targeted, prolonged delivery, improved bioimaging, and therapeutic efficacy [276-

277]. Together, these developments in nanomedicine are changing CNS treatment by 

enabling precise medication delivery, minimizing adverse effects, and potentially 

influencing disease progression [278]. 

 

4.7) Ocular Disease: 

Due to aging, diabetes, and lifestyle factors, ocular disorders as diabetic retinopathy (DR), 

age-related macular degeneration (AMD), glaucoma, and cataract are becoming more 

common worldwide. These conditions greatly contribute to vision loss and public health 

burdens [279,280]. Anatomical and physiological ocular barriers (such as blood-retina and 

blood-aqueous barriers) impede traditional treatments, such as anti-VEGF agents, 

corticosteroids, and eye drops, resulting in low bioavailability, short retention, and possible 

complications from invasive methods [281,282]. Over 217 million people are impacted 

globally, and effective medication administration and early diagnosis continue to be 

significant obstacles [283].Nanotechnology offers customized, long-lasting, and less 

invasive ocular treatments through complex systems such as nanomicelles, nanoparticles, 

liposomes, and microneedles that improve permeability, bioavailability, and therapeutic 

results while reducing side effects [284].Although they are still being studied, magnetic, 

lipid, and polymer-based nanocarriers have enormous promise to transform ocular therapy 

and regenerative ophthalmology [285]. 

Effective medication administration, particularly to the posterior region, is extremely 

difficult due to the eye's complex anatomy and physiological barriers, including the tear 

film, cornea, and blood-ocular barriers [286-287]. Traditional methods, such as systemic 

administration and eye drops, frequently have low bioavailability and require frequent 

dosing [288]. Advanced carriers such as liposomes, SLNs, NLCs, dendrimers, polymeric, 

and lipid-based nanoparticles have been made possible by nanotechnology. These carriers 

improve patient compliance by increasing drug penetration, extending retention, 

preventing drug degradation, and lowering the frequency of dose [289]. Notwithstanding 

their potential, worries regarding nanotoxicity—which are linked to the size, charge, and 
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deposition of nanoparticles in ocular tissues—emphasize the necessity of thorough safety 

assessments [290,291]. Nanomedicine is a potential yet developing approach to ocular 

medication administration since Quality-by-Design (QbD) is now used to address 

problems such nanoparticle instability and repeatability [292]. 

FDA-approved nanoformulations like Restasis®, Cequa®, Durezol®, and Cyclokat® 

improving drug stability, penetration, and reducing toxicity in dry eye syndrome through 

nanoemulsions, nanotechnology-based ocular drug delivery has seen tremendous clinical 

and commercial traction [293,294]. Targeted and long-lasting treatment for keratitis, 

neovascular disorders, macular edema, and uveitis is provided by cutting-edge platforms 

like Ikervis®, Visudyne®, and Macugen®, as well as implants like Ozurdex®, Iluvien®, 

and Retisert® [295]. Products such as SYSTANE®, Lacrisek®, and Artelac Rebalance® 

use lipid nanoparticles, micelles, PLGA matrices, and mucus-penetrating particles to 

increase bioavailability and patient compliance [296]. The effectiveness of liposomal and 

polymeric nanocarriers in treating diseases such ocular hypertension, glaucoma, and AMD 

is demonstrated by ongoing clinical trials (e.g., NCT03001466, NCT02466399) and 

experimental medications like POLAT-001 and AR-13503. [297,298].Patents like 

CN105726484B and US20190070302A1 support this advancement by revealing novel 

nanoparticle-based systems with potent drug-loading capacity and targeted delivery, 

establishing nanotechnology as a revolutionary and developing solution in ocular 

therapeutics [299]. 

 

5) Challenges and Future Perspective of Various Diseases: 

Clinical translation is still difficult in many diseases despite significant advancements in 

nanomedicine because to common issues such toxicity, inadequate long-term safety 

evidence, batch variability, and regulatory complexity. Through biomimetic, multi-

targeted, and stimulus-responsive systems such as pH- or ROS-sensitive probes, 

nanoparticle-based approaches in atherosclerosis hold promise for improving plaque-

targeted delivery and diagnostics [300,301]. Nonetheless, issues with immunological 

response, unclear excretion pathways, and unfavorable surface characteristics continue to 

exist [302,303]. Because of their poor safety validation, innovative techniques like 

nanorobots and micro/nanobubbles are still only used in preclinical investigations 

[304,305]. Enhancing immune evasion, improving nanoparticle dynamics, and adjusting 

to plaque-specific shear stress should be the main goals of future research. Concerns 

regarding toxicity, biodistribution, and off-target effects, especially with Cas9 RNPs, 

necessitate stringent standardization and quality control even though nanocarriers like 

MOFs, AuNPs, and vesicles enhance drug targeting and CRISPR/Cas9 gene editing in 

cancer [306,307,308]. While site-specific CRISPR delivery is made possible by 

responsive nanocarriers [309,310], smart nanoparticles (such as AgNPs) and green 

synthesis provide safer alternatives [311]. However, wider usage necessitates scalable, 

affordable systems [312]. Personalized tissue engineering in orthopedics is made possible 

by 4D-printed scaffolds and nanomaterials; yet, problems with inflammation, long-term 

biocompatibility, and non-standardized production impede their use. Integrating AI and 

ML can speed up the creation of customized nanoparticles, and working with regulators is 

essential to balancing innovation and clinical safety. Although polymer-coated 

medications, liposomes, and glucose-responsive microneedles are examples of 

nanocarriers that enhance bioavailability and compliance in diabetes, they encounter 

challenges with toxicity, ambiguous mechanisms, and scalability [313,314,315]. Although 

COVID-19-related immunological changes and complex gene regulation necessitate 

further research, personalized methods such as stem cell therapy, gene therapy, siRNA, 
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and bioprinting show promise [316]. Nanotechnology has made it possible to treat obesity 

by immune regulation, adipose-targeting, and photothermal therapies; nonetheless, 

biological heterogeneity, tissue accumulation, and oxidative stress remain significant 

obstacles [317]. Complex adipose architecture is being addressed by dual-targeting, 

biomimetic, and stimulus-responsive nanocarriers [318], while AI-guided design, 

nanofoods, and macrophage browning interventions provide promising future options 

[319,320]. Clinical prediction is hampered by the paucity of humanized models, but [321]. 

Since nearly 98% of CNS medications are unable to cross the blood-brain barrier, 

nanoparticle distribution over the BBB continues to be a crucial barrier for 

neurodegenerative disorders (NDs) [322,323]. New hope is provided by cyclodextrin-

based nanocarriers, sophisticated nasal and intravenous delivery, and gene therapy-

compatible systems [324]. However, more thorough research utilizing customized, 

primate-based models is required due to nanoparticle toxicity, off-target dangers, and age-

related vulnerabilities [325,326]. For accurate neuroinflammation targeting, future 

research must improve nanoformulations and clarify cell-nanoparticle interactions 

[327,328]. Low-toxicity, prolonged anterior segment drug release is made possible by 

PLGA-based polymeric nanoparticles in ocular illnesses [329,330], but bioavailability is 

still low (<5%) because to ocular obstacles [331,332]. Clinical progress is halted by poor 

in vivo human data, high production costs, and toxicity issues [333,334]. To improve the 

results of anterior and posterior ocular treatment, future efforts should concentrate on non-

invasive systems, surface charge optimization, and integration of gene therapy, exosomes, 

and diagnostic-therapeutic platforms. Ultimately, to get past translational constraints and 

realize the full clinical promise of Nano medicine, early regulatory alignment across all 

domains, biomimetic designs, and artificial intelligence must come together. 

 

6) Conclusion: 

Nanotechnology has revolutionized drug delivery systems, significantly enhancing the 

safety and efficacy of treatments, particularly in oncology. By utilizing various types of 

nanoparticles, including liposomes, polymeric nanoparticles, dendrimers, and inorganic 

nanoparticles, researchers can achieve targeted delivery of therapeutic agents, minimizing 

side effects and maximizing treatment effectiveness. These nanoparticles are engineered 

to possess unique properties that allow them to navigate biological barriers and deliver 

drugs directly to diseased cells, thereby improving therapeutic outcomes. The applications 

of these advanced drug delivery systems extend beyond cancer treatment to include areas 

such as orthopaedics, diabetes management, and central nervous system disorders, 

showcasing their versatility in addressing a wide range of medical challenges. However, 

the development and implementation of targeted medication delivery systems face several 

challenges, including potential toxicity, regulatory hurdles, and the need for effective 

delivery mechanisms that ensure the drugs reach their intended targets. Addressing these 

challenges is crucial for the successful translation of nanotechnology from laboratory 

research to clinical practice. Looking ahead, the future of targeted medication delivery 

systems lies in the integration of personalized medicine approaches, which tailor 

treatments to individual patient profiles, and the continued advancement of delivery 

technologies that can overcome existing biological barriers. By focusing on these areas, 

researchers aim to enhance the effectiveness of treatments and improve patient outcomes, 

ultimately leading to more successful therapeutic interventions in various medical fields. 
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