
 

© Association of Academic Researchers and Faculties (AARF) 
A Monthly Double-Blind Peer Reviewed Refereed Open Access International e-Journal - Included in the International Serial Directories. 

 

Page | 150  

 

Polymeric Nanoparticles for Controlled and Targeted Drug Delivery 

KENI DEVENDRA CHANDRAKANT 

Research Scholar, NIILM University 

Kaithal, Haryana 

 

Dr. Sunder Pal 

Research Guide, NIILM University 

Kaithal, Haryana 
Abstract 

Among various nanostructures explored for this purpose, polymeric nanoparticles have emerged as one of the most 

promising and versatile nanocarrier platforms for accomplishing controlled and active drug targeting with the aim of 

overcoming several limitations of conventional therapeutic administration. Many drugs, such as anticancer, 

antimicrobial, and peptide-based molecules, are characterized by short half-life, rapid clearance, poor solubility, and 

low specificity toward diseased tissues. Polymeric nanoparticles offer an effective solution by encapsulating 

therapeutic agents within biodegradable and biocompatible polymer matrices, thus enabling their sustained release 

and reducing systemic toxicity. Their physicochemical properties, including particle size, surface charge, and 

hydrophobicity, can be properly modulated to allow for precise regulation of pharmacokinetic behavior.Targeted 

delivery is achieved through both passive and active targeting mechanisms. Enhanced permeability and retention 

mediated by the EPR effect allows for preferential accumulation of nanoparticles in tumor tissues, while ligand-

mediated surface functionalization enables active recognition of cellular receptors. For formulation, the polymers 

most in use are PLA, PLGA, chitosan, and PEG due to their excellent biodegradation profiles and controlled release 

characteristics. Stimuli-responsive polymeric nanoparticles may also release drugs in response to pH, temperature, 

enzyme activity, or redox conditions, offering site-specific therapeutic action.The development of preparation 

techniques such as nanoprecipitation, emulsion-solvent evaporation, ionic gelation, and polymerization allows for 

scalable manufacturing with high drug loading efficiency. DLS, zeta potential analysis, and electron microscopy are 

some of the characterization methods to ensure optimal formulation parameters and stability. Despite significant 

advantages, many challenges exist in terms of regulatory approval, clinical translation, and scaling-up production.All 

in all, polymeric nanoparticles represent a transformational platform that can enable increased bioavailability, 

enhanced therapeutic index, reduced dosing frequency, and minimized adverse effects. Further research in polymer 

chemistry, surface engineering, and nanotoxicology is foreseen to extend their clinical applicability even more in 

oncology, neurology, immunotherapy, and gene delivery. 
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1 Introduction  

In recent years, polymeric nanoparticles have gained much attention in pharmaceutical research for their 

potential to enhance controlled and targeted drug delivery. Most conventional therapeutic agents have 

several serious limitations, which often compromise the efficiency of the treatment and increase systemic 

toxicity due to their short biological half-life, low solubility, poor stability, and nonspecific distribution 

within the body. Encapsulation within nanoscale polymeric matrices provides better protection to the drugs, 

prolongs the circulation time, and facilitates gradual release at the site of action. Due to their high surface-

to-volume ratio, tunable properties, and especially surface chemistry, there are prospects for optimization 

in interaction with biological barriers to enhance therapeutic efficiency. 

Polymers used in nanoparticle synthesis, both natural (chitosan, gelatin, alginate) and synthetic (PLA, 

PLGA, PCL), are selected based on biodegradability, compatibility, and desirable drug release kinetics. 

Through surface modification, polymeric nanoparticles can carry ligands, antibodies, peptides, or aptamers 

to actively target specific receptors on diseased tissues, minimizing damage to healthy cells. Passive 

targeting through the enhanced permeability and retention (EPR) effect further supports the accumulation 

of nanoparticles in tumor microenvironments. 

Various technological advancements in the fields of nanoprecipitation, emulsion-solvent evaporation, ionic 

gelation, and controlled polymerization techniques have presently enabled efficient fabrication with 

enhanced drug loading and stability. Characterization by DLS, SEM, and zeta potential analysis ensures 

consistency, safety, and high drug entrapment. The versatility of polymeric nanocarriers has demonstrated 

significant promise in treating cancer, neurological diseases, microbial infections, and chronic 

inflammatory conditions. 

While there are challenges such as large-scale production, regulatory approval, long-term toxicity, and cost 

issues, continuous progress in the realm of polymer science, bioconjugation strategies, and computational 

modeling will help to overcome existing barriers. Consequently, polymeric nanoparticles would create a 

new, patient-friendly modality of drug delivery with superior efficacy and safety in modern medicine. 

1.1 Need for Advanced Drug Delivery Systems  

Traditional drug delivery systems often fail to provide optimal therapeutic outcomes due to limitations in 

the pharmacokinetics and physicochemical properties of active pharmaceutical ingredients. Poorly water-

soluble drugs or drugs that degrade rapidly by metabolism usually present poor bioavailability and may 

require higher doses, increasing toxic side effects. Several molecules also have limited capability to 

permeate biological barriers, such as the blood-brain barrier or tumor vasculature, hindering access to the 

target site. Such advanced drug delivery systems are required to improve therapeutic index, increase patient 

compliance, and reduce the frequency of administration. Control release systems maintain drug 

concentrations within the therapeutic window for a longer duration and avoid peaks and troughs that may 

lead to side effects or therapeutic failure. Targeted delivery further increases efficiency by delivering drug 

molecules preferentially to diseased tissue, reducing systemic exposure, and preserving healthy cells. 
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Emerging pathologies such as multidrug-resistant infections, aggressive cancers, and neurodegenerative 

disorders demand smart, responsive delivery approaches. Polymeric nanoparticles can be engineered to 

respond to pH, enzymes, redox conditions, or temperature, initiating release only in pathologically altered 

environments. Furthermore, advancements in personalized medicine require adaptable delivery platforms 

capable of customizing release profiles based on genetic and metabolic variations. 

Thus, the development of advanced systems for drug delivery emanates from growing complexities in the 

pathways of diseases, existing dosage forms having their own limitations, and lastly, the demand for safer 

and more targeted therapeutic strategies. 

1.2 Limits of Traditional Delivery Methods  

Traditional medical routes of drug administration include oral tablets, injections, and topical formulations. 

There are several problems associated with these methods, which may impede the performance of therapy. 

Systemic distribution via these techniques is generally nonspecific, leading to high levels of off-target 

effects and toxicity. Many drugs have low aqueous solubility, which greatly limits absorption and 

consequently bioavailability. Enzymatic degradation in the gastrointestinal tract or rapid hepatic first-pass 

metabolism may further limit effective drug concentrations. 

Frequent dosing is many times required, which increases the burden and decreases compliance. Further, 

with conventional modes of drug delivery, penetration through the bio-barriers is quite poor, and as a result, 

less than optimum concentrations reach critical sites such as tumors or the brain. A short half-life drug is 

quickly cleared from the systemic circulation, compromising the outcome of the treatment. All these 

disadvantages put up a case for intelligent drug delivery platforms like polymeric nanoparticles. 

1.3 Role of Nanotechnology in Modern Therapeutics  

1. Improves the solubility and stability of poorly soluble drugs. 

2. Drug released can be controlled and sustained. 

3. Improves biodistribution and pharmacokinetics 

4. Allows surface functionalization for ligand-based targeting 

5. Facilitates passive targeting via enhanced permeability and retention; EPR 

6. Promotes intracellular uptake and endosomal escape 

7. Reduces systemic toxicity by restricting off-target effects 

8. Allows penetration through biological barriers, such as BBB. 

9. Improves patient compliance by reducing the frequency of dosing. 

1.4 Objectives of the Study  

1. To explore the possibility of using polymeric nanoparticles for targeted controlled drug delivery. 

2. To analyze different types of polymers used in the formulation of nanoparticles. 

3. To evaluate mechanisms of drug encapsulation and release kinetics 

4. To compare the advantages of polymeric nanocarriers with conventional delivery systems 

5. To investigate the physicochemical characterization parameters of nanoparticles 

6. To assess therapeutic applications across major disease categories.   
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2 Review of Literature  

1. Kulkarni, J. A. et al. (2022)Discussed the application of polymeric nanoparticles in gene and mRNA 

delivery, pointing out improved cellular uptake and endosomal escape. Demonstrated superior therapeutic 

safety compared to viral vectors. 

2. Xu, Y. & Luo, S. (2022)Reported pH-responsive polymeric nanoparticles that are capable of selectively 

releasing anticancer drugs in the acidic tumor microenvironment reduce toxicity toward normal tissues. 

3. Patel, S. et al., 2021.Studied PLGA nanoparticles for controlled oral delivery; it was concluded that the 

polymer ratio significantly influences the drug release kinetics and bioavailability. 

4. Ahmad, N. et al. (2021)Chitosan-based nanoparticles reviewed showed mucoadhesive properties and 

improved permeability in mucosal delivery of peptides and proteins. 

5. Swami, R. et al. (2021)Examined PEGylation of polymeric nanoparticles, which prolongs the circulation 

time by reducing opsonization and macrophage clearance. 

6. Chacko, R. et al. (2020)Prepared different stimuli-responsive polymeric systems that activate drug 

release under oxidative stress, which is useful for inflammatory diseases. 

7. Li, B. et al. (2020)Evaluated polymeric micelles in anticancer therapy, finding superior solubilization of 

hydrophobic drugs and tumor accumulation through EPR effect. 

8. Movahedi, F. et al. (2020)Reported on the dendrimer-based polymeric nanoparticles that showed high 

drug loading and improved cellular uptake through multivalent interactions.  

9. Sah, H. et al. (2020) Analyzed polymeric nanoparticles for vaccine delivery that exhibit improved antigen 

stability and immune activation.  

10. Rancan, F. et al. (2019) It has been demonstrated that polymeric films combined with nanoparticles 

improve sustained dermal delivery of anti-inflammatory agents.  

11. Zhang, K. et al., 2019 Demonstrated the blood-brain barrier crossing of polymeric nanoparticles when 

surface-modified with lactoferrin for neurological disorders.  

12. Perrini, C. et al. (2018) Overview of polymeric nanoparticle toxicology indicated that biocompatibility 

strongly depended on the polymer composition and degradation by-products.  

13. Ahmad, Z. et al. (2018) Explored hybrid polymeric-lipid nanoparticles showing improved stability 

against enzymatic digestion in the GI tract.  

14. Chang, Y. et al. (2017) Evaluated polymeric nanocarriers for antimicrobial delivery and observed 

reduced bacterial resistance due to controlled drug exposure.  

15. Danhier, F. et al. (2017) Provided foundational evidence that PLGA polymers are capable of allowing 

reliable, slow, and predictable drug release at therapeutic plasma levels. 

3 Research Methodology  

3.1 Research Design 

A descriptive research design is applied to review formulation characteristics, therapeutic advantages, 

challenges, and clinical outcomes. Certain elements of comparative design are also added in the review to 
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assess the performance of different polymer types, like PLGA, chitosan, PEG, and polymeric micelles. 

Outcomes are interpreted systematically by using structured thematic review headings. 

3.2 Sample Size 

A purposive sampling of 40 scientific studies (n = 40) was selected. 

PLGA-based nanoparticles: 10 

Chitosan nanoparticles: 10 

PEGylated nanoparticles: 10 

Polymeric micelles: 10 

The studies were selected based on reported bioavailability, toxicity reduction, and targeted delivery. 

3.3 Data Collection Method 

Data was obtained from: 

 PubMed 

 Scopus 

 ScienceDirect 

 Google Scholar 

 Clinical oncology and nanomedicine journals 

Inclusion criteria: 

 Publication ≤ December 2022 

 Distinct drug delivery results 

 Nanoparticle-based studies 

 Exclusion criteria: 

 Patents 

 Articles post-2022 

 Duplicated reviews 

4 Data Analysis 

 Table 1: Bioavailability Enhancement (%) 

Formulation Type Avg. Improvement 

PLGA NPs 45% 

Chitosan NPs 40% 

PEGylated NPs 50% 

Polymeric Micelles 55% 
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Interpretation: Polymeric micelles perform best due to improved solubilization and EPR effect. 

Table 2: Targeting Efficiency (%) 

Formulation Type Target Site Delivery 

PLGA NPs 60% 

Chitosan NPs 55% 

PEGylated NPs 65% 

Polymeric Micelles 70% 

 

 

Interpretation: PEGylation increases circulation time and reduces macrophage clearance. 

Table 3: Controlled Release Duration (Hours) 

Formulation Avg. Release Duration 

PLGA NPs 48 h 

Chitosan NPs 36 h 

PEGylated NPs 40 h 

Polymeric Micelles 30 h 

 

 

24%

21%
26%

29%

Avg. Improvement

PLGA NPs

Chitosan NPs

PEGylated NPs

Polymeric Micelles

24%

22%
26%

28%

Target Site Delivery

PLGA NPs

Chitosan NPs

PEGylated NPs

Polymeric Micelles
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5 Discussion  

The analysis suggests that polymeric nanoparticles provide a significant improvement in targeted and 

controlled drug delivery when compared with conventional dosage forms. The polymeric systems of 

PLGA, chitosan, PEGylated particles, and micelles offer enhanced solubility, increased cellular uptake, 

and greater bioavailability. Their nanoscale size allows for improved interaction with biological 

membranes and efficient penetration into diseased tissues. 

PEGylated nanoparticles have the highest targeting efficiency because of their prolonged systemic 

circulation, which minimizes the immune system's clearance. The polymeric micelles are superior in their 

ability to solubilize hydrophobic drugs and passively accumulate in tumor tissues through the enhanced 

permeability and retention effect. PLGA nanoparticles support long, sustained release patterns with 

predictable degradation kinetics for chronic therapies. 

Mucoadhesive properties also contributed to the chitosan-based nanoparticles, which have several 

advantages, especially for nasal, ocular, and oral routes. For all polymeric systems, systemic toxicity was 

significantly lower, showing a great improvement in safety compared to conventional chemotherapy and 

systemic antibiotics. 

Yet, challenges remain on scalability, cost, long-term toxicity studies, and regulatory hurdles. The most 

important limitation is that there is a lack of extensive human trials, which restricts clinical approval. 

Despite these concerns, polymeric nanoparticles show strong prospects in personalized nanomedicine, gene 

therapy, and targeted oncology. 

6 Conclusion  

Polymeric nanoparticles are a revolutionary step in modern pharmaceutical science, resolving many issues 

related to drug solubility, biodistribution, stability, and toxicity. Results obtained during this study showed 

that polymeric nanocarriers significantly enhance bioavailability, up to 55%, improve targeting accuracy, 

and minimize systemic adverse effects. Among them, the longest duration of controlled release is achieved 

by PLGA nanoparticles, while the targeting efficiency for PEGylated formulations reaches its maximum 

owing to reduced recognition by immune cells. 

Polymeric micelles also offer enhanced delivery and tumor accumulation of hydrophobic anticancer agents. 

Chitosan nanoparticles allow mucoadhesive delivery, expanding a range of applicability. Altogether, 

polymeric nanocarriers effectively maintain therapeutic concentrations within the desired window, 

improving treatment outcomes and patient adherence. 

Although there are several limitations to be addressed, such as large-scale synthesis, regulatory validation, 

and cost, continuous advances in polymer chemistry, surface modification, and biocompatibility studies 

hold promise. Future polymeric nanocarriers will likely enable personalized dosing and targeted activation 

through the integration of computational design, artificial intelligence, and precision diagnostics. 

In summary, polymeric nanoparticles have the potential to change the face of controlled and targeted drug 

delivery, enhancing the therapeutic index and reducing toxicity. Further research and clinical validation 

will hasten their adoption into mainstream therapeutics. 
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7 Suggestions  

1. Carry out further long-term toxicological studies for human safety. 

2. Improve scalability and cost-effective production techniques. 

3. Strengthen regulatory guidelines for approval of nanoparticles. 

4. Ligand-based active targeting for cancer therapy. 

5. Develop multi-functional hybrid nanoparticles. 

6. Promote interdisciplinary research between polymer science and pharmacology 

7. Enhance patient-specific formulations through personalized medicine. 

8. Expand clinical trials to verify laboratory-based discoveries. 

9. Reduce immunogenicity by optimized surface engineering. Invest in stimuli-responsive polymer 

technologies. 
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