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Abstract 
Pharmaceutical nanotechnology has revolutionized drug delivery by enabling 
controlled, targeted, and sustained release of therapeutic agents, addressing limitations 
of conventional formulations including poor bioavailability, non-specific distribution, 
and rapid clearance. This review examines emerging trends in nanocarrier-based drug 
delivery systems designed to achieve precise spatial and temporal control over drug 
release kinetics. Key nanotechnological platforms discussed include polymeric 
nanoparticles, liposomes, solid lipid nanoparticles, dendrimers, metallic nanoparticles, 
and hybrid nanocarriers, each offering distinct advantages for specific therapeutic 
applications. Controlled release mechanisms encompass diffusion-mediated, 
degradation-controlled, and stimuli-responsive strategies, while targeting approaches 
exploit passive accumulation via enhanced permeability and retention effects and 
active targeting through ligand-receptor interactions. Sustained release systems 
provide prolonged therapeutic concentrations, reducing dosing frequency and 
improving patient compliance. Clinical applications span oncology, infectious 
diseases, chronic inflammatory conditions, and neurological disorders. Despite 
significant progress, challenges persist in scalability, manufacturing reproducibility, 
regulatory approval pathways, and long-term safety assessment. Future directions 
emphasize personalized nanomedicine, multi-functional nanocarriers integrating 
diagnostic and therapeutic modalities, and biomimetic systems mimicking natural 
biological structures. This review provides a comprehensive analysis of current 
pharmaceutical nanotechnology innovations, critically evaluating their translational 
potential and identifying research priorities for advancing controlled and targeted drug 
delivery toward routine clinical implementation. 
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1. Introduction 

The pharmaceutical industry faces persistent challenges in drug development, with approximately 40% of marketed drugs and 

90% of pipeline candidates exhibiting poor aqueous solubility, leading to suboptimal bioavailability and therapeutic efficacy [1]. 

Conventional drug formulations often fail to achieve adequate concentrations at disease sites while causing systemic toxicity 

through non-specific distribution [2]. Additionally, rapid drug clearance necessitates frequent dosing, compromising patient 

adherence and treatment outcomes [3]. 

Pharmaceutical nanotechnology has emerged as a transformative approach to overcome these limitations by engineering 

nanocarrier systems ranging from 1 to 1000 nanometers that enable precise control over drug release kinetics, spatial distribution, 

and duration of action [4]. These nanocarriers protect therapeutic agents from premature degradation, enhance solubility of 

hydrophobic drugs, facilitate cellular uptake, and enable targeted delivery to specific tissues or cellular compartments [5, 6]. 
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Controlled drug release refers to the ability to modulate 

release rates according to predetermined profiles, achieving 

consistent therapeutic concentrations [7]. Targeted delivery 

exploits unique pathophysiological characteristics of 

diseased tissues or utilizes molecular recognition 

mechanisms to concentrate drugs at specific anatomical sites 
[8]. Sustained release extends drug availability over prolonged 

periods, reducing dosing frequency and minimizing 

fluctuations between peak and trough plasma concentrations 
[9]. 

This review critically analyzes current advances in 

pharmaceutical nanotechnology for controlled, targeted, and 

sustained drug delivery, examining major nanocarrier 

platforms, release mechanisms, therapeutic applications, and 

translational challenges. The objective is to provide 

pharmaceutical scientists and clinicians with comprehensive 

insights into the state-of-the-art technologies shaping the 

future of nanomedicine and identify priority areas for further 

research and development. 

 

2. Nanocarrier-Based Drug Delivery Systems 

2.1. Polymeric Nanoparticles 

Polymeric nanoparticles represent versatile platforms 

constructed from biodegradable or biocompatible polymers 

such as poly(lactic-co-glycolic acid) (PLGA), poly(lactic 

acid) (PLA), chitosan, and polyethylene glycol (PEG) [10]. 

PLGA nanoparticles, approved by regulatory agencies for 

various applications, offer tunable degradation rates by 

adjusting the lactide-to-glycolide ratio, enabling customized 

release profiles from days to months [11]. Surface 

modification with PEG (PEGylation) reduces opsonization 

and extends circulation half-life by creating a hydrophilic 

barrier that minimizes protein adsorption and macrophage 

recognition [12]. 

Polymeric micelles self-assemble from amphiphilic block 

copolymers, forming core-shell structures with hydrophobic 

cores that solubilize poorly water-soluble drugs and 

hydrophilic coronas that provide steric stabilization [13]. 

Critical micelle concentrations determine stability under 

physiological conditions, with formulations designed to 

remain intact during circulation but release payloads upon 

reaching target sites through environmental triggers such as 

pH changes or enzymatic degradation [14]. 

 

2.2. Lipid-Based Nanocarriers 

Liposomes, spherical vesicles composed of phospholipid 

bilayers enclosing aqueous compartments, represent the most 

clinically advanced nanocarrier platform with multiple FDA-

approved formulations including Doxil® for ovarian cancer 

and Ambisome® for fungal infections [15]. Conventional 

liposomes exhibit rapid clearance by the mononuclear 

phagocyte system, prompting development of sterically 

stabilized "stealth" liposomes incorporating PEG-conjugated 

lipids that achieve circulation times exceeding 24 hours [16]. 

Solid lipid nanoparticles (SLNs) and nanostructured lipid 

carriers (NLCs) comprise solid lipid matrices at physiological 

temperature, offering enhanced stability compared to liquid 

lipid emulsions [17]. NLCs incorporate liquid lipids within 

solid matrices, creating imperfect crystalline structures that 

accommodate higher drug loading capacities and prevent 

drug expulsion during storage [18]. These systems enable 

sustained release through diffusion from the lipid matrix and 

gradual matrix erosion, with release kinetics modulated by 

lipid composition and particle size [19]. 

2.3. Emerging Nanocarrier Platforms 

Dendrimers are highly branched, monodisperse 

macromolecules with precisely defined structures offering 

multivalent surface functionalization sites for drug 

conjugation and targeting ligands [20]. PAMAM 

(polyamidoamine) dendrimers exhibit generation-dependent 

properties, with higher generations providing increased drug 

loading through interior cavities and surface functional 

groups [21]. 

Metallic nanoparticles, particularly gold and iron oxide 

nanoparticles, combine therapeutic delivery with diagnostic 

capabilities, enabling theranostic applications [22]. Gold 

nanoparticles facilitate photothermal therapy through near-

infrared light absorption while serving as drug carriers, 

whereas superparamagnetic iron oxide nanoparticles enable 

magnetic resonance imaging and magnetically guided 

targeting [23]. 

Carbon-based nanocarriers including carbon nanotubes and 

graphene oxide offer ultra-high surface areas for drug 

loading, exceptional mechanical strength, and unique optical 

properties [24]. However, concerns regarding biodegradability 

and long-term biocompatibility require comprehensive safety 

evaluation before clinical translation [25]. 

Table 1 summarizes major nanocarrier systems and their 

pharmaceutical applications, while Table 2 presents 

physicochemical characteristics influencing drug release 

kinetics. 

 

3. Mechanisms of Controlled, Targeted, and Sustained 

Release 

3.1. Controlled Release Kinetics 

Controlled drug release from nanocarriers occurs through 

multiple mechanisms including diffusion, degradation, 

swelling, and stimuli-responsive release (Figure 2) [26]. 

Diffusion-controlled systems follow Fick's laws, with release 

rates determined by drug solubility, diffusion coefficient 

through the carrier matrix, and surface area-to-volume ratio 
[27]. Matrix systems exhibit square-root-of-time dependent 

release kinetics, while reservoir systems surrounded by rate-

controlling membranes achieve zero-order release profiles 

maintaining constant drug concentrations [28]. 

Degradation-controlled release depends on polymer 

hydrolysis or enzymatic cleavage, with bulk erosion 

occurring throughout the matrix and surface erosion 

proceeding layer-by-layer [29]. PLGA undergoes bulk 

hydrolysis through ester bond cleavage, with acidic 

degradation products autocatalyzing further breakdown and 

creating initial lag phases followed by accelerated release [30]. 

Stimuli-responsive "smart" nanocarriers respond to 

endogenous triggers (pH, redox potential, enzymes) or 

exogenous stimuli (temperature, light, magnetic fields) [31]. 

pH-sensitive systems exploit acidic tumor 

microenvironments (pH 6.5-6.8) and endosomal 

compartments (pH 5.0-6.0) through incorporation of 

ionizable groups or acid-labile linkages [32]. Redox-

responsive carriers utilize disulfide bonds cleaved by 

elevated glutathione concentrations in cytoplasm, enabling 

intracellular drug release [33]. 

 

3.2. Targeting Strategies 

Passive targeting leverages the enhanced permeability and 

retention (EPR) effect arising from fenestrated tumor 

vasculature and impaired lymphatic drainage, allowing 

preferential accumulation of nanoparticles between 10-200 
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nm in solid tumors (Figure 3) [34]. However, EPR 

heterogeneity across tumor types and between patients limits 

universal applicability, with recent studies questioning its 

clinical relevance in human cancers [35]. 

Active targeting employs surface-conjugated ligands 

recognizing overexpressed receptors on target cells, 

enhancing cellular internalization through receptor-mediated 

endocytosis [36]. Common targeting moieties include folate 

for folate receptors on cancer cells, transferrin for transferrin 

receptors, antibodies against tumor-associated antigens, and 

peptides such as RGD sequences binding αvβ3 integrins on 

angiogenic endothelium [37, 38]. 

Cell-penetrating peptides (CPPs) derived from viral proteins 

or synthetic sequences facilitate membrane translocation and 

intracellular delivery through direct penetration or endocytic 

pathways [39]. Dual-targeting strategies combining vascular 

targeting with cellular targeting enhance tumor penetration 

and therapeutic efficacy [40]. 

 

3.3. Sustained Drug Delivery Approaches 

Sustained release extends drug availability from single 

administrations through depot formation, gradual dissolution, 

or controlled degradation [41]. Injectable long-acting 

formulations based on PLGA microspheres provide 

therapeutic concentrations for weeks to months, exemplified 

by Risperdal Consta® for schizophrenia delivering 

risperidone over two weeks [42]. 

Nanoparticle-based ocular drug delivery systems overcome 

rapid tear clearance and corneal barrier limitations, with 

nanocarriers suspended in thermosensitive gels that undergo 

sol-gel transition at ocular surface temperature, prolonging 

residence time [43]. Intravitreal nanoparticle injections 

provide sustained intraocular drug levels for treating 

posterior segment diseases including age-related macular 

degeneration and diabetic retinopathy [44]. 

Figure 2 illustrates key mechanisms governing controlled and 

sustained release from nanocarrier systems. 

 

4. Therapeutic Applications 

4.1. Cancer Therapy 

Nanomedicine has profoundly impacted oncology, with 

nanocarrier formulations enhancing therapeutic indices of 

cytotoxic agents through tumor-selective delivery and 

reduced systemic toxicity [45]. Doxil®, a PEGylated 

liposomal doxorubicin formulation, demonstrates 

significantly reduced cardiotoxicity compared to free 

doxorubicin while maintaining antitumor efficacy in ovarian 

cancer, multiple myeloma, and Kaposi's sarcoma [46]. 

Abraxane®, an albumin-bound paclitaxel nanoparticle 

formulation, eliminates toxic solubilizing agents required for 

conventional Taxol® while enhancing tumor delivery 

through albumin receptor-mediated transcytosis across 

endothelial barriers [47]. Clinical trials demonstrate superior 

response rates and progression-free survival in metastatic 

breast cancer and non-small cell lung cancer [48]. 

Combination therapy using nanocarriers co-delivering 

multiple drugs addresses resistance mechanisms and achieves 

synergistic effects [49]. Ratiometric co-delivery maintaining 

optimal drug ratios throughout circulation and at tumor sites 

enhances efficacy compared to separate administration of 

individual agents [50]. 

4.2 Infectious and Chronic Diseases 

Lipid-based nanocarriers improve antifungal therapy through 

enhanced drug solubilization and reduced nephrotoxicity, 

with liposomal amphotericin B (AmBisome®) becoming 

standard treatment for invasive fungal infections. 

Nanoparticle-based antiretroviral therapy for HIV achieves 

sustained drug levels in viral reservoir sites including 

lymphoid tissues and the central nervous system, potentially 

enabling dose reduction and improved adherence. 

Tuberculosis treatment benefits from nanocarrier-mediated 

delivery targeting infected macrophages and providing 

sustained drug release, addressing challenges of lengthy 

treatment regimens and intracellular mycobacterial 

persistence. Inhaled nanoparticle formulations deliver drugs 

directly to pulmonary sites of infection while minimizing 

systemic exposure. 

Chronic inflammatory diseases including rheumatoid 

arthritis and inflammatory bowel disease represent emerging 

applications for targeted nanocarriers delivering anti-

inflammatory agents to sites of inflammation. RGD-

conjugated nanoparticles target activated endothelium in 

inflamed joints, while orally administered nanoparticles with 

pH-sensitive coatings release drugs in the colonic 

environment. 

Table 3 presents therapeutic applications of nanotechnology-

based drug delivery across various disease areas. 

 

5. Challenges and Future Perspectives 

5.1. Formulation Challenges 

Manufacturing reproducibility remains a critical challenge, 

with nanoparticle characteristics highly sensitive to 

processing parameters including mixing rates, temperature, 

and component ratios. Batch-to-batch variability in particle 

size distribution, drug loading, and release kinetics 

complicates scale-up from laboratory to commercial 

production. Implementation of quality-by-design principles 

incorporating real-time process monitoring and feedback 

control enhances manufacturing consistency. 

Long-term stability of nanocarrier formulations requires 

careful optimization of storage conditions and excipient 

selection to prevent aggregation, drug leakage, and chemical 

degradation. Lyophilization with cryoprotectants preserves 

nanoparticle integrity during storage but may alter 

reconstitution characteristics. 

 

5.2. Scale-Up, Regulatory, and Clinical Translation Issues 

Scaling production from milligrams to kilograms while 

maintaining nanoparticle quality attributes necessitates 

transition from batch to continuous manufacturing 

technologies. Microfluidic synthesis platforms enable precise 

control over mixing and reaction conditions, producing 

uniform nanoparticles suitable for clinical applications. 

Regulatory pathways for nanomedicines remain 

incompletely defined, with agencies requiring 

comprehensive physicochemical characterization, 

pharmacokinetic profiling, and toxicological assessment. The 

complex nature of nanocarriers as drug-device combination 

products complicates regulatory classification and approval 

requirements. 

Clinical translation faces challenges including limited 

predictive value of preclinical models, heterogeneity of EPR 

effects in human tumors, and insufficient understanding of 

long-term nanoparticle fate and potential accumulation in off-

target organs. Companion diagnostics identifying patients 
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most likely to benefit from nanoparticle-based therapies 

could enhance clinical trial success rates. 

 

5.3. Future Research Directions 

Personalized nanomedicine tailoring nanocarrier 

characteristics to individual patient physiology and disease 

characteristics represents a promising frontier. Integration of 

artificial intelligence and machine learning algorithms 

accelerates nanocarrier design by predicting structure-

activity relationships and optimizing formulation parameters. 

Biomimetic nanocarriers camouflaging synthetic materials 

with natural cell membranes evade immune recognition while 

inheriting targeting properties of source cells. Erythrocyte 

membrane-coated nanoparticles demonstrate prolonged 

circulation, while cancer cell membrane-coated particles 

exhibit homotypic targeting to tumors. 

Multi-functional theranostic nanocarriers integrating 

therapeutic delivery with real-time imaging enable treatment 

monitoring and personalized dose adjustment. Biodegradable 

nanoparticles that completely eliminate from the body 

address long-term safety concerns associated with persistent 

nanomaterials. 

Table 4 summarizes advantages, limitations, and translational 

challenges of pharmaceutical nanocarriers, while Figure 1 

provides a comprehensive overview of nanocarrier platforms 

for controlled, targeted, and sustained drug delivery, and 

Figure 3 illustrates targeting strategies in nanotechnology-

based drug delivery. 

 

6. Figure  

 

 
 

Fig 1: Overview of Pharmaceutical Nanocarriers for Controlled, Targeted, and Sustained Drug Delivery 
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Fig 2: Mechanisms of Controlled and Sustained Drug Release from Nanocarrier Systems 

 

 

 
 

Fig 3: Targeting Strategies in Nanotechnology-Based Drug Delivery (Passive vs Active Targeting)
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7. Tables 
Table 1: Major Nanocarrier Systems and Their Pharmaceutical Applications 

 

Nanocarrier Type 
Size Range 

(nm) 
Key Components Drug Loading Mechanism Primary Applications 

Liposomes 50-500 Phospholipids, cholesterol 
Hydrophobic: lipid bilayer; Hydrophilic: 

aqueous core 

Cancer, fungal infections, 

vaccines 

Polymeric 

nanoparticles 
10-1000 

PLGA, PLA, chitosan, 

PEG 
Encapsulation, adsorption, conjugation 

Cancer, inflammation, gene 

delivery 

Solid lipid 

nanoparticles 
50-1000 Solid lipids, surfactants Incorporation into lipid matrix 

Oral/topical delivery, brain 

targeting 

Dendrimers 1-100 PAMAM, PPI 
Interior encapsulation, surface 

conjugation 
Cancer, gene delivery, imaging 

Polymeric micelles 10-100 
Amphiphilic block 

copolymers 
Hydrophobic core incorporation Cancer, poorly soluble drugs 

Metallic 

nanoparticles 
1-100 Gold, silver, iron oxide Surface adsorption, conjugation 

Theranostics, photothermal 

therapy, imaging 

Carbon nanotubes 
1-100 

(diameter) 
Carbon Surface functionalization Drug/gene delivery, biosensing 

 
Table 2: Physicochemical Characteristics of Common Nanocarriers Influencing Drug Release 

 

Parameter Effect on Drug Release Optimal Range/Characteristics Clinical Relevance 

Particle size 
Smaller particles: faster release due to higher 

surface area 
10-200 nm for EPR effect 

Tissue penetration, 

biodistribution 

Surface charge Affects protein adsorption, cellular uptake Near-neutral to slightly negative Circulation time, targeting 

Hydrophobicity 
Determines plasma protein binding, 

opsonization 
Hydrophilic corona (PEGylation) Stealth properties, stability 

Drug loading Higher loading may cause burst release 5-20% w/w for sustained release Dose reduction, efficacy 

Polymer molecular 

weight 
Higher MW: slower degradation and release PLGA: 10-100 kDa Release duration control 

Crystallinity Amorphous: faster release; Crystalline: slower Depends on therapeutic need Storage stability 

Drug-polymer interaction Strong interaction: sustained release Ionic, H-bonding, hydrophobic Release predictability 

Table 3: Therapeutic Applications of Nanotechnology-Based Drug Delivery Systems 
 

Disease Area Nanocarrier Type Drug/Agent Targeting Strategy Clinical Status Key Benefit 

Breast cancer 
Albumin 

nanoparticles 
Paclitaxel (Abraxane®) 

Passive (EPR) + 

albumin receptor 
FDA approved 

Improved efficacy, reduced 

toxicity 

Ovarian cancer 
PEGylated 

liposomes 
Doxorubicin (Doxil®) Passive (EPR) FDA approved Reduced cardiotoxicity 

Kaposi's sarcoma Liposomes 
Daunorubicin 

(DaunoXome®) 
Passive (EPR) FDA approved Tumor-selective delivery 

Fungal infections Liposomes 
Amphotericin B 

(AmBisome®) 
Organ distribution FDA approved Reduced nephrotoxicity 

Age-related macular 

degeneration 

Polymeric 

implants 
Fluocinolone acetonide 

Intravitreal sustained 

release 
FDA approved 

Prolonged efficacy, 

reduced injections 

Schizophrenia 
PLGA 

microspheres 
Risperidone (Consta®) Depot formation FDA approved Bi-weekly dosing 

Multiple myeloma Liposomes Doxorubicin Passive targeting FDA approved Enhanced therapeutic index 

Hepatitis C Lipid nanoparticles siRNA Hepatocyte targeting Clinical trials Gene silencing 

Solid tumors Polymeric micelles 
Paclitaxel (Genexol-

PM®) 
Passive (EPR) 

Approved (South 

Korea) 
Solvent-free formulation 
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Table 4: Advantages, Limitations, and Translational Challenges of Pharmaceutical Nanocarriers 
 

Aspect Advantages Limitations Translational Challenges Mitigation Strategies 

Efficacy 

Enhanced bioavailability, 

targeted delivery, reduced off-

target toxicity 

Variable EPR effect, 

heterogeneous tumor 

penetration 

Patient selection, tumor 

heterogeneity 

Companion diagnostics, 

imaging biomarkers 

Manufacturing 
Precise size control, versatile 

platforms 

Batch-to-batch variability, 

complex scale-up 

GMP compliance, 

reproducibility 

Microfluidics, continuous 

processing, QbD 

Stability Protection from degradation 
Aggregation, drug leakage 

during storage 
Long-term shelf-life 

Lyophilization, optimized 

excipients 

Safety Reduced systemic toxicity 
Unknown long-term effects, 

accumulation concerns 

Immunogenicity, 

complement activation 

Biodegradable materials, 

thorough toxicology studies 

Regulatory 
Established approval pathways 

(liposomes) 

Lack of standardized 

characterization methods 

Complex drug-device 

classification 

Harmonized guidelines, 

collaborative efforts 

Cost Potential for dose reduction 
Expensive manufacturing, 

specialized equipment 

Economic viability, 

reimbursement 

Process optimization, 

generic development 

Pharmacokinetics 
Prolonged circulation, controlled 

release 

Non-linear PK, accelerated 

blood clearance 

Predictive modeling 

difficulties 

Population PK studies, 

PBPK modeling 

8. Conclusion 

Pharmaceutical nanotechnology has fundamentally 

transformed drug delivery, enabling unprecedented control 

over release kinetics, biodistribution, and therapeutic 

targeting. The diverse array of nanocarrier platforms—from 

clinically established liposomes to emerging biomimetic 

systems—offers tailored solutions for specific therapeutic 

challenges across oncology, infectious diseases, and chronic 

conditions. Controlled release mechanisms incorporating 

diffusion, degradation, and stimuli-responsive strategies 

provide temporal control, while passive and active targeting 

approaches achieve spatial selectivity. Sustained release  

formulations reduce dosing frequency and improve patient 

compliance. 

Despite significant progress, translational challenges 

including manufacturing scalability, regulatory uncertainty, 

and incomplete understanding of nanoparticle-biological 

interactions require continued research efforts. Future 

directions emphasizing personalized nanomedicine, multi-

functional theranostic platforms, and biomimetic designs 

promise to expand clinical applications and improve 

therapeutic outcomes. As the field matures, pharmaceutical 

nanotechnology is poised to become integral to standard 

clinical practice, offering patients more effective, safer, and 

convenient treatment options across diverse disease sta
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