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ABSTRACT  ARTICLE INFO 

This review provides an in-depth analysis of nanopharmaceuticals, focusing on 

their chemistry, nanostructures, and advanced drug delivery applications. Its highlights 

molecular design, synthesis techniques, synthesis techniques, and functionalization 

strategies that enable nano pharmaceuticals to revolutionize therapeutic delivery, The 

review also outlines key challenges such as stability, scalability, and regulatory 

compliance. In conclusion, nano pharmaceuticals hold transformative potential in 

advancing personalized medicine through controlled and targeted drug delivery. Future 

developments will depend on innovation in overcoming current limitations and 

ensuring clinical translation. 

This review presents a comprehensive overview of nanopharmaceuticals, 

emphasizing their chemistry, nanostructures, and advancements in drug delivery 

applications. It highlights molecular design, synthesis methods, and functionalization 

strategies that empower nanopharmaceuticals to revolutionize therapeutic delivery. 

Additionally, the review addresses critical challenges such as stability, scalability, and 

regulatory compliance, which must be navigated for successful clinical 

implementation. Nanopharmaceuticals represent a promising frontier in personalized 

medicine by enabling precise, controlled, and targeted drug delivery. In summary, 

nanopharmaceuticals have the potential to significantly enhance drug efficacy and 

patient outcomes. Continued research and innovation are essential to overcome current 

barriers and translate laboratory advancements into safe and effective clinical solutions. 

The future of drug delivery lies in the integration of smart nanomaterials, 

interdisciplinary collaboration, and rigorous regulatory frameworks. 
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1. INTRODUCTION 

Nanopharmaceuticals represent a cutting edge 

intersection of nanotechnology and pharmaceutical 

sciences, focusing on the creation of nano-sized drug 

delivery systems, which these materials typically ranges  

between 1 and 100 nanometers, possess unique 

characteristic that can make them highly effective for 

medical applications, like drug delivery, diagnostics, and 

therapeutics [1, 2]. Nanotechnology involves manipulating 

materials like atomic or molecular scale, has revolutionized 

drug design and delivery [3]. By operating at the nanoscale, 

these materials exhibit distinct physical, chemical, and 

biological characteristic that traditional formulations cannot 

match, these properties enable enhanced drug localization, 

controlled release, improved solubility, and increased 
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bioavailability [4]. The integration of nanotechnology into 

pharmaceuticals has been transformative. 

Nanopharmaceuticals can target specific sites within the 

body more precisely, reducing side effects and improving 

therapeutic outcomes [5]. This precision is particularly 

beneficial for treating complex diseases such as cancer, 

where targeted drug delivery can significantly enhance 

treatment efficacy, Nanopharmaceuticals can cross 

biological barriers that traditional drugs cannot, such as the 

blood-brain barrier, opening new avenues for treating 

neurological disorders [2]. The ability to engineer these 

materials at the nanoscale allows for the development of 

multifunctional systems that can diagnose, deliver therapy, 

and monitor treatment progress simultaneously. Overall, 

Nanopharmaceuticals hold great promise for advancing 

medical science by providing more effective, targeted, and 

safer therapeutic options. As research in this field 

progresses, we can expect to see even more innovative 

applications that will further enhance the capabilities of 

modern medicine[6]. 

2. MATERIAL AND METHOD 

2.1. Chemistry of Nano pharmaceuticals 

The Chemistry of Nano Pharmaceuticals is a 

fascinating blend of molecular precision and technological 

innovation, holding immense potential to transform health 

care. The makeup characteristics of chemicals of nanoscale 

material used in drug delivery can include: organic 

molecules, polymers, lipids, and inorganic compounds. 

Each possesses distinct features that make them ideal for 

therapeutic use.  

2.2. Molecular Design and Functionalization  

Nanostructures (NSs) have good character due to their 

small size, which ranges from 1 to 100 nanometers. Their 

chemical composition significantly impact their action for 

example , the surface chemistry of Nano Particles (NPs) 

affects their reactivity, stability, and interactions with other 

materials and they exhibit unique electrochemical character 

because of their high surface area, Understanding their 

redox behavior is critical for applications in batteries, 

sensors, and catalysis [7]. 

There are several chemical properties that affect (NSs) 

formations which are: 

a) Size Effects on Properties: NSs exhibit unique 

quantum confinement outcome, leading to separate 

electronic states and changes of the optical band gap. This 

affects the chemical reactivity of oxides, which generally 

possess wide band gaps and low reactivity in their bulk state 

[8]. 

b) Surface Properties: NSs have modified surface 

properties compared to their bulk coequal. The presence of 

under coordinated atoms and vacancies enhances chemical 

activity. The modification greatly alter surface properties 

such as sorption and acid\base behavior [8, 9].  

c) Chemical Reactivity and Stability: The surface 

reactivity of NPs is essential for their use in catalysis, 

environmental control and sensor devices .The chemical 

reactivity of NPs is greatly influenced by their high surface 

to volume ratio and modified local geometries at their 

surface sites [8]. Attaching stabilizing agents and functional 

groups to NPs helps prevent them from aggregation [7].  

d) Intermolecular Interactions: The self-assembly 

process is influenced by various interactions such as van der 

waals forces, electrostatic interactions, and hydrogen 

bonding. The equilibrium among these forces dictates the 

ultimate structure of the NPs assembly [7, 9]. 

e) Self-Assembly of NPs: Creating molecular 

components that naturally form into specific nanostructures 

is essential. The selection of these components, based on 

their chemical characters and the conditions under which 

they assemble is critical in defining the final structure and 

function of the NPs [7]. The figure shows that the self-

assembly process of NPs. At First, the individual NPs come 

together to form intermediate structures, after that, they 

encapsulate into a completely NPs structure assembly. 

 

 

Targeting Material 

Drug or Antigen 

Nano Particles Assembly  
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Figure 1. Nanoparticles self-assembly 

To enhance tissue targeting and cellular uptake NPs 

can be functionalized by modifying their surface character 

with specific molecules, key methods include: 

a) Ligand Attachment: By attaching ligands such as 

antibodies or peptides to NPs, they can be directed to 

specific cells or tissues. These ligands bind to receptors on 

target cells, ensuring precise delivery of drug payload 

[10].For example ligands can be linked to polymer chains 

using N-hydroxysuccinimide (NHS) chemistry, studies 

have shown that increasing the local density of ligands can 

improve integrin binding and promote osteogenic 

differentiation [11]. 

b) Polymer Coating: coating NPs with polymers like 

polyethylene glycol(PEG) enhance their stability and 

biocompatibility, reduce immunogenicity, and extend their 

circulation time in bloodstream [12], The processes 

involved in polymer coating, such as activation of 

functional groups with EDC/NHS and the use of initiators 

for polymerization [13]. 

c) Cationic Polymers and Peptides: These 

substances can be utilized to alter the surface characteristics 

of NPs, facilitating endosomal escape and improving drug 

delivery efficiency by exploiting the proton sponge effect 

[10]. 

d) Chemical Conjugation: Reactive groups such as 

NHS (N-hydroxysuccinimide) and EDC(1-ethyl-3-

(3dimethylaminopropyl)carbodiimide)can be utilized for 

conjugate therapeutic agents and targeting ligands to 

nanoparticles under mild conditions, preserving the activity 

of sensitive biological molecules [10, 12]. Figure 2 shows 

how nanoparticles can be customized with different ligands 

to target specific cells. 

Nano pharmaceuticals are designed to enhance drug 

delivery by exploiting the unique properties of 

nanoparticles. One key application is controlled drug 

release, which aims to achieve specific release kinetics for 

therapeutic benefits while minimizing side effects. Figure 3 

shows how a drug is gradually released over time from a 

controlled delivery system. The y-axis represents the 

percentage of drug released, while the x-axis corresponds to 

time. This controlled release ensures therapeutic 

effectiveness without harmful toxicity. 

 

Figure 2. Time dependent drug release profile  

e) Surface properties: The surface character of NPs, 

like surface charge, hydrophobicity, and the presence of 

targeting ligands, significantly influence drug release 

kinetics and targeting efficacy: 

• Surface Modification: (PEG) polyethylene glycol 

can minimize opsonization and extend circulation time (a 

process known as PEGylating) [16]. 

• Targeting Ligands: By attaching ligands that interact 

with specific receptors on target cells, the precision of drug 

delivery can be improved leading to better therapeutic 

results [15]. 

Figure 4 shows that Nanoparticles impact drug release 

profiles through factors like size, surface chemistry, shape, 

and structure. 
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Figure 3. Controlled Drug release profile 

There are strategies for controlled drug release which 

are: 

1) Sustained Release: Achieving sustained drug 

release involves designing nanoparticles that release their 

payload over extended periods. This can be accomplished 

through: 

• Biodegradable Polymers: Employing polymers 

such as PLGA, which slowly break down and dispense the 

medication in a regulated fashion [17]. 

• Matrix Systems: Embedding the drug in a polymer 

structure that gradually breaks down or expends  to release 

medication [17]. 

2) Triggered Release: Triggered drug release 

utilizes external or internal stimuli to control the release of 

drug at specific periods or locations: 

• Exogenous Triggers: Such as temperature changes 

(thermoresponsive polymers), light (light-responsive 

materials), or ultrasound [18]. 

• Endogenous Triggers: Like changes in pH, redox 

conditions, or enzymatic activity within the target tissue 

(e.g., tumor microenvironment) [18]. 

3) Site-Specific Release: Site-specific drug release 

aims to concentrate the drug at the desired location, 

reducing systemic side effects: 

• Targeting Moieties: Employing antibodies, 

peptides, or small molecules that selectively attach to 

markers on the target tissue [19]. 

• Environmental Sensitivity: Designing 

nanoparticles that respond to the unique biochemical 

environment of the target site, such as acidic pH in tumors 

or inflamed tissues [19]. 

f) Modification of Nanoparticles by Schiff base 

Schiff bases are intriguing organic compounds 

characterized by an azomethine group (-C=N), formed 

when a primary amine reacts with aldehyde or ketone. 

These compounds can form stable complexes with metal 

ions, leading to applications in antimicrobial agents, 

antioxidants, and catalysts [20]. 

 

 

Figure 4. General structure of Schiff Base 

 

When Schiff bases are combined with nanoparticles, 

they exhibit enhanced properties. For example, Fe3O4.SiO2 

core-shell nanoparticles functionalized with Schiff bases 

and copper (II) ions show increased apoptosis in cancer 

cells. The synthesis involves coating Fe3O4 nanoparticles 

with a SiO2 shell, functionalizing with (3-aminopropyl) 
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triethoxysilane (APTS), and reacting with an aldehyde to 

form Schiff base ligands [21]. These Schiff base-

functionalized nanoparticles also find use in catalysis. Their 

metal-Schiff base complexes create robust, recyclable 

catalytic systems. Overall, integrating Schiff bases and 

nanoparticles offers exciting possibilities in biomedical 

applications and catalysis [22]. 

2.2. Nanoparticle Synthesis Techniques 

Synthesis techniques are important for creating 

nanoparticles(NPs) for drug delivery in general there are 

two categories , which are top-down and bottom-up 

approaches [23]. Figure 5 shows the classification of NPs 

Synthesis based on physical and chemical approaches.

Figure 5. Classification of synthesis NPs, including physical and chemical routs 

 

 

In top-down synthesis, nanoparticles are made by 

breaking down larger molecules. this can cause surface 

imperfections, which affect the nanoparticles surface 

chemistry and physical properties [3], the techniques 

include: 

a) Mechanical Milling (MM): is a process used to 

create nanomaterials by grinding and blending powders in a 

high-energy mill, the main goal is to reduce particles size 

and form new material phases, MM is efficient and cost-

effective for producing nano-sized materials on a large scale 

[24], The efficiency of MM Depends on factors like milling 

speed, ball size, and milling duration, high density materials 

like steel which is alloy of Carbon and iron or Tungsten 

carbide are preferred by milling balls due to their  higher 

kinetic energy [25], Temperature also influences the milling 

outcome, affecting phase transformations. Higher 

temperatures promote phases needing high atomic mobility, 

while lower temperatures favor amorphous phase formation 

[25].  

However, mechanical milling often results in non-

uniform size distribution and achieving a uniform size can 

be challenging because high mechanical energy applied 

during process of milling [26]. 
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Figure 6. Factors affecting NPs synthesis by mechanical milling technique 

 

 

b) Laser Ablation: is a method for creating 

nanoparticles by directing a laser beam at a solid target 

which acts as stationary phase in a gas or liquid medium 

serves as mobile phase [27], the laser heat vaporize the 

target forming a plasma plume of atoms and clusters, the 

plume properties such a size and emission spectrum are 

influenced by the target(Solid) material surrounding 

medium , pressure , and laser settings. Laser ablation creates 

high-purity NPs with precise control over their sizes and 

shapes [28]. 

However Synthesis of (NPs) by laser ablation method 

needs high energy consumption, limited production scale, 

equipment costs are expensive, difficult particle size control 

and material waste [29].Figure 6 shows that Nps synthesis 

by laser ablation process which include first, evaporation of 

targeted material by heat of laser  to form of plasma then 

nucleation process occurs and finally agglomeration which 

means the primary particles can clump together to form 

larger structure into NPs.   

 

 

 

Figure 7. Diagrammatic of particle generation procedure in the laser ablation process
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c) Thermal Decomposition: It is common approach 

for synthesizing nanoparticles like iron(II)oxide FeO, a 

metal complex like iron(III)acetyl acetone decomposes in 

the midst of high-boiling organic solvent and surfactants, 

this method is recognized for producing high-grade NPs 

with small size, narrow distributions of size and high 

crystallinity NPs which is very stable in organic solvents 

[30]. The thermal decomposition method has some 

drawbacks, including the requirement of working under 

stable atmosphere, very high reaction temperatures, and 

long time needed, leading to highest energy and time 

consumption and Non-uniform Particle Size Distribution 

[31].   

Figure 8. NPs Synthesis by thermal decomposition 

process 

 

In bottom-up synthesis nanomaterial are created by 

assembling from atoms or molecules through chemical 

reactions , this method enables particles of the precursor to 

grow in size while minimizing structural defects , resulting 

High-quality nanomaterials [3] , techniques include :  

a) Green synthesis: it is an eco-friendly method using 

plant extracts or microbial agent , converts metal ions into 

nanoparticles this technique avoids toxic chemical and 

harsh physical condition , green synthesis typically involves 

plant extracts or microbial enzymes that acts as reducing 

agents, which results unique properties of the nanoparticles 

, green synthesis occurs as in-vitro [32-34]. However 

bacteria may be not a very sufficient way to synthesis NPs 

due to Toxicity Concerns of NPs to plants, animals, and 

humans requires comprehensive toxicological studies to 

ensure safety in various applications [35]. 

 

 

 

Figure 9. Biological synthesis 

 

 

a) Sol-Gel method: The wet chemical method entails 

transforming a system from liquid to sol which is typically 

colloidal into a solid gel phase ,it is widely used chemical 

synthesis approach to prepare high-quality metal oxide 

nanoparticles (MONPs) and mixed oxide composites which 

the process involves (Hydrolysis, polycondensation, Aging, 

Drying and Thermal decomposition) [36] , In the sol-gel 

method first, metal alkoxide can be dissolved in water or 

alcohol then converted to a gel through hydrolysis or 

alcoholysis with heating and stirring, finally, The wet gel is  

dried, often by burning off the solvent, and the resulting 

dried gels are powdered and calcined [37].However  drying 

process is comprehensive in sol gel method because water 

and organic components must be removed from the gel, 

which can disturb its structure [36]. 
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Figure 10. Steps involved in sol-gel method 

 

 

b) Hydrothermal Synthesis: This technique uses 

high- temperature and high- pressure water to crystallize 

materials from solution. It's particularly useful for 

producing NPs with shape and size controlled , and is often 

used for synthesizing metal oxides and other inorganic 

materials [38], The reaction temperature strongly 

influenced the particle. Higher temperatures lead to bigger 

particle sizes because of the changes in the growth rate 

between different crystallographic planes, The 

hydrothermal synthesis method offers several advantages, 

including the ability to obtain nanometer-sized powders 

under moderate conditions, control over particle 

morphology and properties by adjusting reaction 

parameters, and a simple, cost-effective, and 

environmentally-friendly process, However hydrothermal 

process is difficult to control due to inert required 

conditions [26].  

Each technique presents unique benefits and 

obstacles, particularly in managing the size, shape, and 

surface features of nanoparticles. These factors significantly 

influence their interactions within biological systems. 

Therefore, it is essential to customize nanoparticles with 

precise attributes to suit various applications, such as drug 

delivery.   

 

 

Figure 11. Common NPs synthesis approaches 

3. RESULTS AND DISCUSSIONS  

3. Nanostructures in Drug Delivery: 

NSs (Nanostructures), leading the charge in 

contemporary medical advancements, hold immense 

promise for targeted drug delivery. These minuscule 

carriers ranging from liposomes to polymeric nanoparticles 

initiate a groundbreaking phase in precision medicine. By 

encapsulating therapeutic agents, they enhance solubility, 

reduce toxicity, and ensure drug delivery to designated 

areas within the body. In this exploration, we unravel the 

secrets of these tiny allies and their pivotal role in 

revolutionizing pharmaceutical science [39, 40]. 

3.1. Lipid-Based Nanocarriers 

Lipid-based nanoparticles have shown potential as an 

effective delivery method in recent years, with liposomes 

being a standout option due to their versatility and unique 

properties. These lipid-based structures provide several 

benefits for drug delivery, possessing the capability to 
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precisely control drug release duration, improve bio 

distribution, and improve permeability. However, safety 

considerations remain crucial when exploring the 

anticipated applications of these Nano carriers in the 

pharmaceutical and food industries [41-43] describes so 

many types let's divine into this here: 

3.1.1.  Liposome 

Nano carriers are versatile class of delivery systems, 

and liposomes are a particularly promising type of Nano 

carriers, as a nanotechnology-based approach, liposomes 

Due to their distinctive structural characteristic and 

potential benefits they have attracted considerable interest 

in drug delivery. Liposomes are a remarkable type of drug 

delivery vehicles that have captured the consideration of 

researchers and clinicians alike [44] ,These tiny spherical 

vesicles exhibit distinctive structural and functional 

characteristics which can make them promising platform for 

the controlled and targeted delivery of different therapeutic 

agents [43]. Liposome can be prepared through a series of 

steps. Initially, phospholipids and cholesterol can be 

dissolved in organic solvent, forming a thin lipid film. 

Hydration with aqueous solution leads to multilamellar 

vesicles (MLVs). Ultrasonic energy reduces the MLVs to 

small unilamellar vesicles (SUVs). Extrusion through 

polycarbonate membranes ensures uniform size 

distribution. Finally, detergent removal yields liposomes 

[45, 46]. 

a) Structure and Composition: Liposomes consist 

of phospholipid bilayers, mimicking natural cell 

membranes, The hydrophilic heads face outward, while the 

hydrophobic tails form the inner core, This structure allows 

liposomes to encapsulate drugs, proteins, or nucleic acids 

[47].  

b) Evolution and Enhancements: Early liposomes 

primarily used natural phospholipids like 

phosphatidylcholine, Challenges included stability issues 

and rapid clearance from the bloodstream Researchers 

introduced modifications [48]: 

• PEGylating: Applying polyethylene glycol (PEG) 

to the surface of NPs grants them stealth properties. 

• Cholesterol: Enhancing membrane stability. 

• Targeting Ligands: Adding molecules for tissue-

specific delivery. 

Overall liposomes provide an innovative approach for 

drug delivery, with tunable properties and applications for 

the treatment of conditions such as cancer and infections. 

Their stability and altering the surface properties is essential 

for optimizing drug release and targeting specificity [49, 

50]. 

3.1.2. Solid lipid nanostructures (SLNs) 

SLNs are microscopic particles created from safe and 

biodegradable lipids. They act as an innovative method to 

transport drugs [51]. taking the benefits of traditional 

liposomes and polymeric NPs while reducing their 

drawbacks, they have ability to enclose a variety of drugs, 

safeguarding them from breakdown and enhancing the 

stability and effectiveness of the enclosed drug [52]. SLNs 

can be synthesized using several techniques. Solvent 

Emulsification-Diffusion Method. These techniques 

encompass High Pressure Homogenization (HPH), Ultra 

sonication/High-Speed Homogenization, Solvent 

Evaporation, Solvent Emulsification-Diffusion, 

Supercritical Fluid method, Microemulsion-Based 

approaches, Spray Drying, and Double Emulsion processes. 

Each method has its own advantages and limitations, the 

choice is based on factors such as drug solubility, lipid type, 

and intended administration route [46]. 

Structure and Composition: The core of an SLN is 

made up of a solid lipid material, which can include a 

variety of lipids like triglycerides, partial glycerides, fatty 

acids, waxes, and sterols this solid lipid core encapsulates 

the drug that is to be delivered. Surrounding the solid lipid 

core is a stabilizing layer of surfactants [53]. These 

surfactants can be non-ionic, ionic, or amphiphilic. Aim of 

this surfactant layer is to offer stability on the whole SLN 

structure and prevent aggregation [54]. The combination of 

the solid lipid core, the stabilizing surfactant layer, and any 

additional layers or coatings results in the exceptional 

structure and composition of SLNs, so that it can be tailored 

to meet the specific requirements of a given drug delivery 

application [55]. 

3.1.3. Nano Emulsion 

Nano Emulsions (NEs) are formed by dispersing oil 

and water with help of satiable surfactant, resulting in very 

small droplet size. These emulsions, which usually have 

droplets between 20 to 200nms, are used in various fields 

such as drug delivery, food, cosmetics, and material 

synthesis. In NEs, the immiscible liquid is dispersed within 

another, forming tiny droplets [56], NEs can be synthesized 

through various techniques, which are two methods high-

energy methods and low-energy methods. One way to 

synthesize NEs is through High-Pressure Homogenization 

(HPH). This process first, starts with a coarse oil-in-water 

(O/W) emulsion, then passed through a narrow valve at high 

pressures, typically ranging from 50 to 100 MPa, or even up 

to ultra-high pressures of 400 MPa [57]. The basic 

components of a Nano emulsion are: 

a) Oil Phase: This phase exists in oil-in-water (O/W) 

NEs or serves as the continuous phase in water-in-oil (W/O) 

NEs [58]. 
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b) Aqueous Phase: In O/W Nano emulsions, this 

phase is continuous, while in W/O NEs, it is dispersed [58]. 

c) Surfactants: These surface-active agents stabilize 

the NEs by reducing the tension between the oil and water 

phases [59]. 

d) Co-surfactants: Often combined with surfactants, 

co-surfactants enhance formulation stability and help 

achieve desired droplet size [59]. 

The specific structure of NEs varies based on 

component types, ratios, and preparation methods. High-

energy methods like high-pressure homogenization, ultra-

sonication and low-energy methods like phase inversion 

temperature, spontaneous emulsification influence their 

properties [60]. 

3.1.4. Nano capsule 

Nano capsules, featuring a central core enveloped by 

a polymeric shell, acts as carriers for active substances such 

as drugs, enzymes, or bioactive compounds. Their structure 

allows for controlled release and targeted delivery, making 

them highly promising for pharmaceutical drug delivery 

application [61]. NanoCapsule can be produced through 

several methods, with nanoprecipitation being one of the 

most efficient. This method involves forming a colloidal 

suspension by mixing two distinct phases. Researchers can 

precisely control the particle size by tweaking parameters 

like polymer concentration and agitation speed. This 

technique is especially beneficial for bioimaging and 

targeted drug delivery applications[62]. 

Structure and Composition 

1. Core: the core of the Nano capsule is its innermost 

part, which can exist in liquid, solid, or even a gaseous state. 

It houses the active ingredient or drug intended for delivery 

[63]. 

2. Shell: The outer layer or coating of the Nano 

capsule is crafted  from biodegradable substances such as 

polyalkylcyanoacrylate, poly-e-caprolactone, or proteins 

like bovine serum albumin (BSA) and silk fibroin [64].The 

material used for shell plays a crucial role in determining 

the release rate of encapsulated substance and overall 

stability of NanoCapsule  [65]. 

The core-shell design of Nano capsules ensures 

efficient encapsulation and targeted delivery of active 

ingredients. By adjusting the shell material [61, 66]. 

Over all Nano capsules present a promising method 

for improving drug delivery system by enabling controlled 

release and targeted delivery. 

 

 

Figure 12. Lipid based nanocarriers 

 

3.2. Polymeric Nanoparticles 

Polymer nanoparticles are a remarkable class of 

nanomaterials composed of polymers that self-assemble 

into particles in the nanometer range. These tiny particles 

possess unique characteristic that can make them highly 

valuable in biomedical applications. One key advantage it 

is ability to encapsulate and transport therapeutic payloads, 

improving drug delivery and efficacy. Polymer NPs 

function as diagnostic contrast mediums for medical 

imaging, enhancing visualization and enabling earlier 

disease diagnosis [72]. These nanomaterials can provide 

scaffolds for promoting cell growth and aiding tissue 

regeneration, which plays a crucial role in the progress of 

regenerative medicine. As a versatile platform, polymer 

nanoparticles show great promise in improving patient 

outcomes across various healthcare applications [73]. 

 

 

 

 

Figure13. Preparation for Nano Formulation by 

various method 
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3.2.1. Poly Lactic-co-glycolic-acid (PLGA) 

Nanoparticles 

PLGA stands out as a remarkable biodegradable 

polymer in drug delivery. Its unique characteristic which 

make it an attractive choice for designing nanostructures 

that can efficiently transport therapeutic agents [73]. 

Emulsification-Solvent Evaporation Technique in this 

process PLGA can be synthesis first, by making oil-in-water 

(O/W) emulsion, then by mixing PLGA which dissolved in 

an organic solvent (e.g., dichloromethane) after that, with 

an aqueous phase containing a surfactant (e.g., polyvinyl 

alcohol, PVA) then  Sonicate the mixture to form Nano 

droplets finally ,Evaporate the solvent, leading to PLGA 

NPs [74]. 

Key properties of PLGA are: 

•Degradation Rate: PLGAs degradation across 

different duration, it depends on the molar ratio of lactide to 

glycol ide. With ratio 50:50  results the fastest and highest 

degradation, while ratios like 85:15 or 75:25 lead to slower 

degradation [75]. 

•Biocompatibility and Safety: PLGA is highly 

biocompatible, ensuring minimal adverse effects when used 

in biomedical applications. Also it is degradation products 

like lactic acid and glycolic acid which are metabolized and 

then excreted by the body [76, 77]. 

•Physicochemical Properties: Functional carboxylic 

end groups in PLGA allow covalent bonding with 

therapeutic agents. This property enables precise control 

over drug release rates. Additionally, PLGA can form block 

copolymers with polyethylene glycol (PEG), enhancing 

shelf stability and altering release kinetics [78]. 

3.2.2. Chitosan Nanoparticles  

Chitosan, resulting from chitin which found in 

crustacean exoskeletons, has gained attention in biomedical 

fields. Its biocompatibility, biodegradability, and unique 

properties make it valuable [79]. Ionotropic gelation is a  

method for synthesizing chitosan nanoparticles , which start 

from Preparing a chitosan solution first, dissolving chitosan 

in an acidic aqueous medium (e.g., acetic acid) and 

Gradually adding a poly anion solution (e.g., sodium 

tripolyphosphate) to the chitosan solution while stirring, 

This ionic interaction leads to chitosan nanoparticle 

formation [80].After separation, characterize the NPs using 

methods like dynamic light scattering (DLS) and electron 

microscopy. 

Key properties of Chitosan Nanoparticles are: 

 •Biocompatibility: Chitosan is safe for medical and 

pharmaceutical use, which is Non-toxic and compatible 

with the human body [76, 81]. 

•Biodegradability: Chitosan naturally breaks toxic 

into non-toxic products (glucosamine and N-acetyl 

glucosamine) [82] . 

•Antimicrobial Properties: its anti-microbial 

activity against bacterial and fungi, aiding wound healing 

and other medical applications [83]. 

3.2.3. Polymeric Micelles 

Polymeric micelles are nanoscale structures which are 

formed from the self-assembly of an amphiphilic block 

copolymers in an aqueous solution. These micelles exhibit 

a core shell architecture, made up of hydrophobic core and 

a hydrophilic shell. Their unique characteristic make them 

excellent for drug delivery systems [84]. One method for 

synthesizing polymeric micelles involves the core first 

approach. In this method, small gel particles are first formed 

by polymerizing a bis-unsaturated monomer (such as 

divinylbenzene) using BuLi in a hydrocarbon solvent. The 

surface of these particles is then modified with metal 

organic functions to create a polystyrene shell structure. 

This results in core-shell polymeric micelles [85].  

Key properties of Polymeric Micelles are: 

•Enhanced Solubility: Hydrophobic core of 

polymeric micelles can be encapsulate poorly in water 

soluble drugs, by solubilizing hydrophobic compounds, 

micelles improve drug bioavailability. This property is 

important for enhancing therapeutic efficacy of 

hydrophobic drugs [86]. 

•Stability in Biological Fluids: The hydrophilic shell 

surrounding the core provides stability to polymeric 

micelles. In biological environments (such as blood or 

interstitial fluid), micelles remain intact and prevent 

aggregation. Stable micelles ensure controlled drug release 

and prolonged circulation duration [87]. 

•Controlled Drug Release: Polymeric micelles allow 

achieving meticulous regulation of drug release rates. 

Factors influencing release include polymer composition, 

micelle size, and environmental conditions, external stimuli 

(e.g., pH, temperature, light) can also modulate drug release 

from micelles [88]. 
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Figure14.Polrymeric Micelles  

 

3.2.4. Polymeric Nanogels  

Polymeric Nano gels are hydrogels submicron-

dimensions that can form through either physically or 

chemically cross-linked polymeric chains. These Nano gels 

develop a three-dimensional (3D) tunable porous structure 

than can absorb water with a high capacity while remaining 

intact in an aqueous medium [89]. To synthesize Nanogels 

Inversion Emulsion Polymerization can be used which in 

this method involves a water-in-oil polymerization process. 

The resulting Nanogels exhibit specific surface properties, 

which can be tailored for targeted interactions [90]. 

•High Drug Loading Capacity: Because of their 

porous structure and surface area which is large, Nano gels 

can encapsulate a significant amount of drugs, it is essential 

for efficient drug delivery systems [91]. 

•Biocompatibility and Biodegradability: Nano gels 

are created from biocompatible and biodegradable 

polymers. As a result, they have safety to use in the human 

body and suitable for in vivo applications [92]. 

•Responsive Behavior: Nano gels can sense the 

changes in their medium, such as changes in pH or 

temperature variations. This responsiveness can allow  

controlled drug release at specific site, which can enhance 

therapeutic efficacy [93]. 

Over all Polymeric Nanoparticles, including PLGA 

and chitosan-based nanoparticles, as well as polymeric 

micelles and Nano gels, exhibit diverse characteristic that 

make them suitable for different biomedical applications. 

PLGA is versatile in drug delivery and tissue engineering 

because of controlled degradation. Chitosan's 

mucoadhesiveness and antimicrobial properties are ideal for 

drug delivery and wound healing. Polymeric micelles can 

enhance both stability and solubility of drugs, while 

polymeric Nano gels offer drug loading capacity high and 

responsive release. These NPs are advancing Nano 

medicine, providing solutions for gene therapy, drug 

delivery, and diagnostic imaging. 

4. Advanced Applications 

1)Targeted Drug Delivery 

Referring to a specialized approach where 

pharmacologically active agents (medicaments) are 

selectively delivered to targeted locations within the body. 

The goal is to maximize drug concentration at the intended 

location of action while minimizing exposure to non-target 

organs and tissues. By doing so, targeted drug delivery 

improves treatment effectiveness and minimize side effects 

associated with systemic drug administration [94]. 

 

 

Figure 15. Targeted Drug Delivery system 

 

•Basic Principles and Mechanisms and 

Applications: 

a) Pharmaceutical Carrier: The medication is 

paired with a uniquely designed molecule or system that 

guarantees efficient delivery to the targeted sites. This 

carrier must be non-toxic, non-immunogenic, 

biochemically inert, biodegradable, and biocompatible [95]. 

b) Controlled Release: The drug-targeting system 

must exhibit a predictable and controllable release of the 

drug, be readily eliminated from the body, and minimize 

drug leakage during transport [96]. 

c) Controlled Bio distribution: Targeted delivery 

helps in modulating pharmacokinetics and controlling bio 

distribution, which ensures that the drug is concentrated in 

the target area without affecting non-target compartments 

[95]. 

 



Yılmaz et al.  Journal of Physical Chemistry and Functional Materials 
 

35 

 

d) Nanoparticles (NPs): NPs are often employed as 

drug carriers because of ability to deliver higher doses of 

drugs without increasing toxicity. These carriers can be 

directed to specific tissues or cells passively or actively, 

which improves accuracy and efficiency of drug delivery. 

f) Cancer Treatment: Targeted drug delivery is 

especially beneficial in cancer therapy, as it can focus 

anticancer medications on tumor sites. This approach 

minimize harm to healthy tissues and addresses issues such 

as multidrug resistance [97]. 

•Nanoparticle-Mediated Drug Delivery: 

Nanomedicine has transformed drug delivery by 

introducing a variety of innovative techniques to enhance 

the effectiveness and safety of treatments. Utilizing the 

unique characteristics of nanomaterials, NPs based drug 

delivery systems have become a promising solution to 

overcome the challenges associated with conventional drug 

formulations[96]. 

NPs utilized in drug delivery can be divided into three 

primary categories: liposomes, polymer-based carriers, and 

inorganic nanoparticles. Liposomes, which are vesicles 

composed of phospholipid bilayers, can encapsulate both 

water-soluble and fat-soluble drugs, thereby improving 

their bioavailability and stability. Polymer-based carriers, 

such as PLGA. Inorganic nanoparticles, including those 

made of metals and metal oxides, possess distinctive optical 

and magnetic properties, making them ideal for theranostic 

applications, which combine diagnosis and therapy 

[98].Nps can be infused with medications through methods 

like adsorption, encapsulation, and surface attachment. 

Once loaded, these nanoparticles can be directed to specific 

cells or tissues using passive strategies, such as the 

enhanced permeability and retention (EPR) effect, or active 

strategies, which involve ligand-receptor interactions [99].  

2) Theranostic Nanosystem  

Theranostic nanosystems are at the forefront of 

personalized medicine, offering a sophisticated blend of 

therapeutic and diagnostic functions. These advanced 

nanoparticles are designed to deliver cancer treatments 

directly to tumors while simultaneously providing real-time 

monitoring of the treatment’s effectiveness. By integrating 

therapeutic agents, such as chemotherapy drugs, with 

imaging markers like fluorescent dyes, these systems enable 

precise targeting of cancer cells. This targeted approach not 

only enhances the efficacy of the treatment but also reduces 

side effects by limiting the exposure of healthy tissues to the 

drugs. Consequently, theranostic nanosystems improve 

treatment outcomes and minimize adverse effects for 

patients [102]. 

•Multifunctional Design: Theranostic NPs are 

intentionally designed to serve multiple functions 

simultaneously. They integrate both therapeutic and 

diagnostic functions into single system. The therapeutic 

component delivers drugs (such as chemotherapy agents) to 

the tumor site, while the diagnostic component provides 

real-time imaging feedback [102]. 

•Targeted Drug Delivery: These nanoparticles are 

engineered to specifically target cancer cells. They can be 

modified with ligands or antibodies that can recognize 

tumor receptors. By increasing the drug concentration 

payload at the tumor site, Theranostic nanosystems reduce 

exposure to healthy tissues, minimize side effects [103]. 

•Imaging Modalities: Various imaging techniques 

can be incorporated into theranostic nanosystems: 

a) Magnetic Resonance Imaging (MRI): 

Nanoparticles containing paramagnetic or 

superparamagnetic materials enhance contrast in MRI scans 

[104]. 

b) Computed Tomography (CT): NPs with 

elements which have high atomic number (e.g., gold) 

enhance CT imaging [105]. 

c) Nuclear Imaging (PET/SPECT): Radioactive 

isotopes can be incorporated for molecular imaging [106]. 

•Real-Time Monitoring: During treatment, 

clinicians can monitor the nanoparticles' behavior in real 

time using the chosen imaging modality. This monitoring 

helps assess drug delivery efficiency, tumor response, and 

potential adverse effects [103, 107]. 

•Personalized Medicine: Theranostic nanosystems 

enable personalized treatment strategies. Clinicians can 

adjust drug dosages based on the individual patient 

responses. 

•Challenges and Future Directions: Challenges 

include ensuring biocompatibility, scalability and stability, 

of these nanoparticles, Researchers do continue to explore 

novel materials, surface modifications [108]. 

In summary, theranostic nanosystems offer a powerful 

combination of targeted therapy and real-time imaging. 

Their potential impact on personalized medicine is immense 

Theranostic nanosystems leverage the advantages of Nano 

medicine to revolutionize cancer treatment [108]. 
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Figure16. Theranostic System 

 

5. Challenges and Future Perspectives: 

This section discusses current challenges in the field, 

including toxicity concerns, regulatory barriers, and issues 

related to mass production, and future perspectives which 

delves into the future prospects of Nanomedicine, 

examining new trends, possible advancements, and the 

changing landscape of this vibrant field. 

Key challenges associated with Nps (Nano 

pharmaceutical), particularly for cancer treatment: 

a) Stability and Formulation Challenges 

•Self-Aggregation and Size Control: Nps often face 

significant stability issues because of their propensity to 

self-aggregate when the drug concentration low. For 

instance, the Nano-formulated version of the 

chemotherapeutic agent doxorubicin has demonstrated this 

problem, where the aggregation of nanoparticles has 

resulted in a decrease in its anticancer effectiveness [106, 

109]. 

•Swelling Mechanism in Drug Delivery: Some Nps 

utilize a swelling mechanism to facilitate the release of the 

drug at the targeted location. While this approach can 

enhance the precision of targeted drug delivery, it also poses 

challenges. Larger NPs may have difficulty passing through 

tight biological barriers, hindering ability of drug to 

successfully deliver to target cells [4, 110]. 

•Stability Under Physiological Conditions: 

improving the stability of Nps under various physiological 

situations critical for their efficacy. NPs need to maintain 

their stability in the bloodstream and within tissues to 

effectively deliver drugs to the desired location. However, 

changes in pH, ionic density, and proteins can lead to the 

aggregation or disintegration of nanoparticles, reducing 

their overall therapeutic effectiveness [111]. 

b) Drug Delivery Challenges 

•Targeted Drug Delivery Issues: Nps are frequently 

designed to transport drugs directly to specific cells or 

tissues, like cancer cells, to enhance effectiveness and 

minimize side effects. Achieving precise targeting is a 

significant challenge because of complex tumor 

microenvironment, which consists of surrounding blood 

vessels, immune cells, and extracellular matrix, can act as a 

barrier, preventing nanoparticles from reaching the tumor 

cells effectively. Moreover, the heterogeneity of tumors, 

meaning the variation in tumor cell types and structures, 

makes it difficult for a single nanoparticle formulation to be 

universally effective [112]. 

•Tumor Microenvironment and Drug Resistance: 

The complex and often hostile tumor microenvironment 

presents a significant hurdle in cancer treatment. The 

environment can feature irregular blood vessels that hinder 

NPs penetration, elevated interstitial pressure that obstructs 

drug entry, and proteins that actively expel drugs from 

cancer cells, causing drug resistance. NPs must be designed 

to navigate these obstacles, but current technologies are not 

always effective in overcoming these challenges [113]. 

c) Regulatory and Manufacturing Hurdles 

•Compliance with FDA Regulations: 

Manufacturing NPs that comply with FDA (Food and Drug 

Administration) regulations is a significant challenge. The 

FDAs and cGMPs (Current Good Manufacturing Practices) 

are stringent, and many Nps struggle to meet these quality-

related standards. Due to the intricate nature of 

nanotechnology, even minor changes in the manufacturing 

process can result in variations in the final product, 

potentially impacting its safety and effectiveness. Ensuring 

uniformity in particle size, surface characteristics, and drug 

loading in large-scale production is essential for regulatory 

approval but remains a significant challenge [4]. 

•Cost and Complexity of Manufacturing: The 

production of Nps is not only complex but also costly, 

Scaling up the production of these drugs while ensuring 

they meet quality and consistency standards demands 

substantial financial and technical resources , which can 

pose a considerable challenge. The nanoscale nature of 

these drugs often requires the adaptation or complete re-

engineering of traditional pharmaceutical manufacturing 

processes, further adding to the complexity and cost of 

production. These factors can limit the widespread adoption 

of Nps. 

d) Cancer Treatment-Specific Challenges 

•Innovations in Antitumor Agents: Nanotechnology 

has brought about significant innovations in the 

development of antitumor agents. Nps can be engineered to 

insure the delivery and effectiveness of these agents, 

potentially leading to better outcomes for patients. 
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However, despite these advances, the challenges of drug 

delivery in the complex tumor environment persist. The 

variability in tumor biology and the adaptive nature of 

cancer cells often result in less than optimal therapeutic 

results, even with the use of nanoparticle-based 

formulations [109, 111]. 

•Overcoming Biological Barriers: Effectively 

crossing biological barriers like the blood-brain barrier 

(BBB) or the intestinal barrier is essential for nanoparticles 

(NPs) to treat diseases in these regions. Delivering 

therapeutic agents across the BBB remains a major obstacle, 

particularly in the context of certain cancers that affect the 

brain. Nps must be small enough and have the right surface 

characteristics to cross these barriers without being 

recognized and removed by the body's defense mechanisms 

[114]. 

Over all challenges associated with Nano 

pharmaceuticals, notably in cancer care, are multifaceted 

and interconnected. Problems related to stability, drug 

delivery, manufacturing, and regulatory compliance must 

be addressed to fully realize potential of nanotechnology in 

developing effective and safe pharmaceutical therapies. 

Ongoing research and technological advancements are 

essential to overcome these barriers and bring more Nps to 

clinical use, ultimately improving patient outcomes in 

cancer treatment and other medical applications. 

 

 

 

 

Figure17. Challenges of Nano Pharmaciticules 

 

 

a) Multifunctional Nanocarriers 

Creating advanced nanocarriers that integrate 

therapeutic, diagnostic, and monitoring capabilities into one 

platform is a promising development. These versatile 

nanoparticles can improve targeting, regulate drug release, 

and monitor treatment effectiveness. For instance, some 

NPs can identify specific biomarkers, release drugs based 

on environmental triggers like pH or temperature, and 

provide real-time updates on treatment progress [115, 116]. 

b) Precision Medicine 

Nanotechnology is anticipated to be pivotal in 

advancing precision medicine by facilitating treatments 

tailored to the specific disease characteristics of individual 

patients. Personalized Nanomedicine might involve 

creating nanoparticles designed to deliver drugs that target 

unique tumor markers or genetic mutations in patients. This 

strategy could result in more effective and precise therapies, 

particularly in oncology, where the diversity of tumors 

presents a significant challenge [116]. 

c) Nanotechnology in Gene Therapy 
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Nps hold significant promise for advancing gene 

therapy by enabling the direct delivery of DNA, RNA, or 

CRISPR (Clustered Regularly Interspaced Short 

Palindromic Repeats) components to specific cells. This 

approach could enhance the precision and efficiency of 

genetic material delivery, paving the way for new 

treatments for genetic disorders, the development of 

nanoparticles capable of bypassing biological barriers, such 

as the cell membrane and nuclear envelope, is crucial for 

the successful delivery of these genetic payloads [117]. 

d) Nano pharmaceuticals in Regenerative 

Medicine 

Nanotechnology holds great promise in regenerative 

medicine, particularly through the use of nanoparticles to 

deliver growth factors or other therapeutic agents that aid in 

tissue repair and regeneration. These nanoparticles can be 

engineered to replicate the extracellular matrix, creating an 

optimal environment for stem cell differentiation and tissue 

regeneration. This approach could significantly advance 

treatments for various conditions, including organ damage 

and neurological disorders [117]. 

e) Stimuli-Responsive Drug Delivery Systems 

Researchers are creating nanoparticles that can react 

to external triggers, like magnetic fields, or internal ones, 

such as the acidic conditions found in tumors. These 

responsive nanoparticles can release their therapeutic 

contents in a controlled way, enhancing the precision and 

effectiveness of drug delivery, for example , pH-sensitive 

liposomes can discharge their cargo in the acidic 

environment of a tumor, while magnetic nanoparticles can 

be directed to a specific location using an external magnetic 

field [115]. 

f) Combination Therapies 

The information anticipates the increased use of NPs 

to deliver combination therapies, where multiple 

therapeutic agents are delivered in a coordinated manner to 

enhance treatment efficacy. NPs can be engineered in order 

to carry and release different drugs simultaneously, leading 

to synergistic effects, especially for addressing intricate 

conditions such as cancer. This approach could help address 

drug resistance and enhance patient outcomes by 

simultaneously targeting multiple biological pathways or 

mechanisms [115, 118]. 

g) Global Impact 

As manufacturing techniques improve and costs 

decrease, Nano pharmaceuticals could become more widely 

available, potentially revolutionizing healthcare across the 

globe, especially in resource-limited settings the enhanced 

targeting, controlled drug release, and improved 

bioavailability offered by Nano pharmaceuticals could 

make lifesaving treatments more accessible to underserved 

populations. This global impact could help address 

disparities in healthcare and improve patient outcomes 

worldwide [119]. 

Over all future prospects of Nano pharmaceuticals and 

drug delivery systems are remarkably promising to 

transform the landscape of modern medicine. From 

personalized treatments to regenerative therapies, the 

integration of nanotechnology into the pharmaceutical 

industry holds the promise of improved patient outcomes, 

enhanced therapeutic efficacy, and a more equitable global 

healthcare system. 

 

4. DISCUSSION 

NPs mark a major advancement in drug delivery, 

providing unparalleled opportunities to enhance the 

precision, efficacy, and safety of therapeutic interventions. 

The complex chemistry and NS design of these agents 

enable the development of highly specialized drug delivery 

systems that can target specific tissues or cells, thereby 

reducing side effects and improving therapeutic outcomes. 

This review explores various aspects of NPs, from their 

molecular design and synthesis techniques to their use in 

targeted drug delivery and therapeutic. Each area presents 

unique challenges but also offers significant potential for 

innovation and improvement. The review underscores the 

importance of understanding the chemical characteristics 

and functionalization strategies essential for the successful 

deployment of NPs. These strategies include the use of 

lipid-based carriers, polymeric nanoparticles, and stimuli-

responsive systems, each providing distinct advantages 

depending on the therapeutic context. However, the 

development and application of these systems face 

challenges such as stability, scalability, and regulatory 

hurdles, which remain significant barriers to their 

widespread adoption. Overcoming these challenges will 

require dedicated research and development efforts focused 

on improving the biocompatibility, effectiveness, and 

manufacturability of these systems. 
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