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ABSTRACT 

Biodegradable polymer nanoparticles have emerged as versatile 

platforms in drug delivery, diagnostics, and theranostics due to their 

ability to improve bioavailability, reduce systemic toxicity, and 

provide controlled release. Recent advances in polymer science and 

nanotechnology have enabled the design of nanoparticles with tunable 

size, surface charge, biodegradation kinetics, and functionalization 

capacity. This review provides an in-depth analysis of the formulation 

approaches, critical quality attributes, evaluation methodologies, and 

therapeutic applications of biodegradable polymer nanoparticles. 

Challenges such as scalability, reproducibility, regulatory 

considerations, and clinical translation are also discussed, with future 

perspectives on integrating green synthesis, smart polymers, and 

nanotheranostic systems.  

 

1. INTRODUCTION 

Nanoparticles have become an integral part of modern pharmaceutical research, offering 

unique physicochemical properties for effective therapeutic interventions. Biodegradable 

polymers such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(lactic-co-glycolic 

acid) (PLGA), polycaprolactone (PCL), and natural polymers (chitosan, alginate, gelatin) are 

preferred carriers due to their safety, tunable degradation, and FDA approval history. Their 

use enables site-specific delivery, sustained release, and compatibility with diverse drugs, 

ranging from hydrophobic molecules to biologics. 
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2. Polymers Used in Biodegradable Nanoparticles 

Biodegradable polymers can be classified into synthetic, natural, and smart categories. The 

choice of polymer influences nanoparticle stability, drug loading, degradation, and release 

kinetics. 

 

Table 1: Formulation Techniques of Biodegradable Nanoparticles. 

Polymer Type Examples Key Features 

Synthetic PLA, PGA, PLGA, PCL 
Stable, reproducible, tunable 

degradation rates 

Natural Chitosan, Alginate, Gelatin Biocompatible, mucoadhesive, less toxic 

Smart 
pH-sensitive, thermo-sensitive 

polymers 
Stimuli-responsive, targeted release 

 

3. Formulation Development Strategies 

Several techniques are employed for the preparation of biodegradable polymer nanoparticles, 

each with advantages and limitations depending on the type of drug and desired application. 

3.1 Emulsion-Based Methods: Include single and double emulsion-solvent evaporation 

techniques widely used for hydrophilic and hydrophobic drugs. 

3.2 Ionic Gelation: A solvent-free process, particularly useful for protein and peptide 

encapsulation. 

3.3 Supercritical Fluid Technology: An eco-friendly approach to obtain solvent-free 

nanoparticles. 

3.4 Emerging Techniques: Microfluidics, spray drying, and freeze-drying allow better control 

and scalability. 

 

4. Critical Quality Attributes (CQA) of Nanoparticles 

Critical quality attributes (CQAs) define the performance of nanoparticles and are essential 

for consistency, stability, and therapeutic efficacy. 

 

Table 2: Evaluation Methods for Biodegradable Nanoparticles. 

CQA Impact 

Particle Size Affects cellular uptake, circulation, and biodistribution 

Zeta Potential Determines stability and interaction with membranes 

Drug Loading Impacts therapeutic dose and efficacy 

Biodegradation Rate Controls release kinetics and polymer clearance 

 

5. Evaluation Parameters 

Evaluation of biodegradable nanoparticles includes physicochemical characterization, in vitro 

testing, and in vivo studies to ensure safety and efficacy. 
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5.1 Physicochemical: Techniques like DLS, SEM/TEM, FTIR, DSC, and XRD are used. 

5.2 In Vitro: Drug release studies, cytotoxicity assays, and stability testing. 

5.3 In Vivo: Pharmacokinetics, biodistribution, efficacy, and safety assessments. 

 

6. Applications in Drug Delivery 

Biodegradable nanoparticles are applied across a wide range of therapeutic areas. 

Cancer therapy: Targeted delivery of chemotherapeutics 

Gene therapy: siRNA and DNA delivery 

Vaccine delivery: As adjuvants for antigen stability 

CNS therapy: Overcoming the blood–brain barrier 

 

7. Challenges and Future Perspectives 

Despite their advantages, challenges remain in translating biodegradable polymer 

nanoparticles to clinical use. Issues include scalability, reproducibility, regulatory hurdles, 

and toxicity of degradation products. Future directions include green synthesis, smart 

polymer systems, theranostics, and AI-assisted formulation design. 

 

Figures 

 

Figure 1: Classification of biodegradable polymers. 

 

 

Figure 2: Workflow for formulation of biodegradable polymer nanoparticles. 
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Figure 3: Evaluation pipeline of biodegradable polymer nanoparticles. 

 

Supplementary Tables 

Table 1: Formulation Techniques of Biodegradable Nanoparticles. 

Technique Description Advantages Limitations 

Single Emulsion 
Oil-in-water method for 

hydrophobic drugs. 
Simple, reproducible. 

Limited for 

hydrophilic drugs. 

Double Emulsion 
Water-in-oil-in-water for 

hydrophilic drugs. 

Efficient 

encapsulation of 

proteins/peptides. 

Complex, risk of 

instability. 

Nanoprecipitation 
Polymer precipitation 

from organic solvent. 

Mild process, small 

particle size. 

Low encapsulation 

for hydrophilic 

drugs. 

Ionic Gelation 

Polyelectrolyte 

complexation (e.g., 

chitosan-alginate). 

Mild, solvent-free, 

good for proteins. 

Less control over 

particle size. 

Supercritical 

Fluid 

Supercritical CO2 as 

solvent/antisolvent. 

Solvent-free, eco-

friendly. 

High cost, 

specialized 

equipment. 

Microfluidics 
Lab-on-chip controlled 

mixing. 

Precise control, 

scalable. 

Requires advanced 

setup. 

 

Table 2: Evaluation Methods for Biodegradable Nanoparticles. 

Evaluation Method Application Advantages Limitations 

Dynamic Light 

Scattering (DLS) 

Measures particle size & 

PDI. 

Quick, widely 

available. 

Sensitive to 

aggregates. 

SEM/TEM 
Morphology & surface 

imaging. 
High resolution. 

Expensive, requires 

sample prep. 

FTIR/NMR 
Chemical composition & 

interactions. 

Detailed molecular 

data. 

Interpretation can 

be complex. 

DSC/XRD 
Thermal and crystalline 

analysis. 

Detects stability 

changes. 

Requires 

specialized 

instruments. 

In vitro drug release 
Drug release kinetics in 

buffers. 

Predicts release 

behavior. 

May not mimic in 

vivo conditions. 

Cytotoxicity assays 

(MTT, LDH) 
Cell viability assessment. 

Standardized assays 

available. 

Cell line 

dependent. 

Animal PK/PD Biodistribution, Realistic biological Ethical and 
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pharmacokinetics. relevance. regulatory issues. 

Technique Description Advantages Limitations 

Single Emulsion 
Oil-in-water method for 

hydrophobic drugs. 
Simple, reproducible. 

Limited for 

hydrophilic drugs. 

Double Emulsion 
Water-in-oil-in-water for 

hydrophilic drugs. 

Efficient 

encapsulation of 

proteins/peptides. 

Complex, risk of 

instability. 

Nanoprecipitation 
Polymer precipitation 

from organic solvent. 

Mild process, small 

particle size. 

Low encapsulation 

for hydrophilic 

drugs. 

Ionic Gelation 

Polyelectrolyte 

complexation (e.g., 

chitosan-alginate). 

Mild, solvent-free, 

good for proteins. 

Less control over 

particle size. 

Supercritical Fluid 
Supercritical CO2 as 

solvent/antisolvent. 

Solvent-free, eco-

friendly. 

High cost, 

specialized 

equipment. 

Microfluidics 
Lab-on-chip controlled 

mixing. 

Precise control, 

scalable. 

Requires advanced 

setup. 

Evaluation Method Application Advantages Limitations 

Dynamic Light 

Scattering (DLS) 

Measures particle size & 

PDI. 

Quick, widely 

available. 

Sensitive to 

aggregates. 

SEM/TEM 
Morphology & surface 

imaging. 
High resolution. 

Expensive, requires 

sample prep. 

FTIR/NMR 
Chemical composition & 

interactions. 

Detailed molecular 

data. 

Interpretation can 

be complex. 

DSC/XRD 
Thermal and crystalline 

analysis. 

Detects stability 

changes. 

Requires 

specialized 

instruments. 

In vitro drug release 
Drug release kinetics in 

buffers. 

Predicts release 

behavior. 

May not mimic in 

vivo conditions. 

Cytotoxicity assays 

(MTT, LDH) 
Cell viability assessment. 

Standardized assays 

available. 

Cell line 

dependent. 

Animal PK/PD 
Biodistribution, 

pharmacokinetics. 

Realistic biological 

relevance. 

Ethical and 

regulatory issues. 

 

8. CONCLUSION 

Biodegradable polymer nanoparticles represent a promising frontier in nanomedicine. 

Advances in formulation science, coupled with innovative characterization techniques, 

continue to improve their clinical potential. 
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