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   Poor aqueous solubility, chemical/enzymatic instability and low bioavailability remain major hurdles for many modern thera-
peutics (small molecules, peptides, and biologics) [1,2]. Over the last decade the field has advanced rapidly: polymeric nanopar-
ticles (PNPs), lipid-based nanocarriers (including solid lipid nanoparticles, nanostructured lipid carriers, liposomes and modern 
lipid nanoparticles — LNPs), and hybrid polymer–lipid systems [3-5]. Now offer validated strategies to increase apparent solubility, 
protect labile drugs, control release, improve mucosal uptake and reduce first-pass loss[6–8]. This review summarizes the recent 
technological advances (2022–2025), mechanisms by which these nanocarriers boost solubility/stability/bioavailability, formula-
tion and characterization strategies, representative in-vitro/in-vivo outcomes, translational and scale-up considerations, and current 
challenges/future directions[1,4,5]. 
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Introduction — Why nanoparticles?

Despite significant advances in drug discovery, the successful 
clinical translation of many therapeutic agents remains limited 
by fundamental biopharmaceutical challenges [1,2]. A substan-
tial proportion of newly developed drugs, as well as many exist-
ing therapeutics, suffer from poor aqueous solubility, chemical 
and enzymatic instability, rapid systemic clearance, and low or 
highly variable bioavailability. It is estimated that nearly 40–70% 
of small-molecule drugs fall under Biopharmaceutics Classification 
System (BCS) class II or IV, where dissolution-limited absorption 

leads to suboptimal therapeutic outcomes [14]. In the case of pep-
tides, proteins, and nucleic acids, additional barriers such as en-
zymatic degradation, poor membrane permeability, and inefficient 
intracellular delivery further restrict clinical efficacy [10,18].

Conventional formulation approaches—including salt forma-
tion, use of cosolvents, surfactants, and solid dispersions—have 
shown limited success in overcoming these challenges. These strat-
egies often fail to provide long-term physical and chemical stability, 
may cause precipitation upon dilution in physiological fluids, and 
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frequently result in dose-dependent toxicity or poor patient com-
pliance [2,11]. Moreover, traditional dosage forms generally lack 
the ability to control drug release, protect labile molecules in harsh 
biological environments, or selectively target drugs to specific tis-
sues or cells [7,12].

Nanoparticle-based drug delivery systems have emerged as a 
powerful and versatile solution to address these limitations. By 
reducing drug dimensions to the nanometer scale and encapsulat-
ing therapeutics within polymeric or lipid matrices, nanoparticles 
significantly enhance the apparent solubility and dissolution rate 
of poorly soluble drugs through increased surface area and mo-
lecular dispersion [2,9]. Encapsulation also shields drugs from 
chemical degradation, enzymatic attack, and premature metabo-
lism, thereby improving stability throughout storage and biologi-
cal transit [24,30].

Beyond solubility and stability enhancement, nanoparticles 
offer distinct pharmacokinetic and pharmacodynamic advan-
tages. Surface modification with polymers, surfactants, or target-
ing ligands allows modulation of particle–biological interactions, 
leading to improved mucosal adhesion, enhanced cellular uptake, 
prolonged systemic circulation, and reduced clearance by the re-
ticuloendothelial system [6,16]. Lipid-based nanoparticles can 
additionally promote lymphatic transport of lipophilic drugs, en-

abling partial bypass of hepatic first-pass metabolism and resulting 
in markedly improved oral bioavailability [3,19]. For nucleic acids 
and peptides, modern lipid nanoparticles incorporating ionizable 
lipids facilitate efficient cellular internalization and endosomal 
escape, a critical requirement for intracellular therapeutic action 
[18].

Importantly, nanoparticle systems enable controlled and stim-
uli-responsive drug release, allowing sustained therapeutic levels, 
reduced dosing frequency, and minimization of peak-related toxici-
ty. These advantages collectively translate into improved therapeu-
tic efficacy, enhanced safety profiles, and better patient adherence. 
The clinical success of lipid nanoparticles in mRNA vaccines has 
further validated the translational potential of nanotechnology-
based drug delivery and accelerated research into polymeric, lipid, 
and hybrid nanoparticle platforms for a broad range of therapeutic 
applications.

In this context, nanoparticles represent not merely an incre-
mental formulation improvement but a transformative approach 
that addresses the core limitations of conventional drug delivery 
systems. This review therefore focuses on recent advances in poly-
meric and lipid-based nanoparticles, highlighting how these plat-
forms effectively enhance solubility, stability, and bioavailability, 
while also discussing their formulation strategies, characterization, 
translational progress, and remaining challenges.

Figure 1
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Why the need for the use of nanoparticles arises

The need for nanoparticle-based drug delivery systems arises 
from persistent and fundamental limitations associated with con-
ventional pharmaceutical dosage forms. Although modern drug 
discovery has generated highly potent and selective therapeutic 
molecules, a large proportion of these compounds fail to achieve 
optimal clinical performance due to unfavorable physicochemical 
and biopharmaceutical properties.

One of the most critical challenges is poor aqueous solubility, 
particularly for lipophilic small-molecule drugs. Poor solubility 
leads to slow dissolution in gastrointestinal fluids, resulting in in-
adequate absorption and highly variable bioavailability after oral 
administration. Conventional approaches such as salt formation, 
use of cosolvents, or high surfactant concentrations often provide 
only temporary solubilization and may cause precipitation upon 
dilution in physiological environments, compromising therapeutic 
efficacy.

Another major limitation is chemical and enzymatic instabil-
ity. Many drugs, including peptides, proteins, and nucleic acids, 
are highly susceptible to degradation by gastric acid, intestinal en-
zymes, or plasma esterases. Traditional formulations offer minimal 
protection against these degradative pathways, leading to reduced 
drug concentration at the site of action and necessitating frequent 
or high-dose administration, which increases the risk of toxicity.

Poor permeability across biological membranes further re-
stricts drug absorption and cellular uptake. Large molecular size, 
hydrophilicity, and efflux by transporters such as P-glycoprotein 
significantly limit the bioavailability of several therapeutics. Con-
ventional dosage forms lack the ability to actively interact with 
biological barriers or modulate transport mechanisms to facilitate 
efficient drug delivery.

In addition, rapid systemic clearance and non-specific distribu-
tion reduce the therapeutic efficiency of many drugs. After admin-
istration, free drugs may undergo rapid metabolism, renal elimina-
tion, or uptake by the reticuloendothelial system, resulting in short 
plasma half-lives and reduced drug exposure at target tissues. This 
often necessitates repeated dosing, increasing patient burden and 
the likelihood of adverse effects.

Nanoparticles are designed to directly address these challenges 
through size reduction, encapsulation, and surface engineering. 
By reducing drug particles to the nanometer scale, nanoparticles 
increase surface area and dissolution rate, thereby enhancing ap-
parent solubility. Encapsulation within polymeric or lipid matrices 
protects drugs from chemical and enzymatic degradation, improv-
ing stability during storage and biological transit. Surface modifi-
cation enables nanoparticles to interact favorably with biological 
membranes, enhance mucosal adhesion, promote cellular uptake, 
and in some cases bypass efflux transporters.

Furthermore, nanoparticle systems enable controlled and sus-
tained drug release, allowing maintenance of therapeutic drug lev-
els over extended periods while minimizing peak-related toxicity. 
Lipid-based nanoparticles can facilitate lymphatic uptake of highly 
lipophilic drugs, partially bypassing hepatic first-pass metabolism 
and significantly improving oral bioavailability. For intracellular 
therapeutics such as nucleic acids, advanced lipid nanoparticles 
enable efficient endosomal escape, a critical requirement for bio-
logical activity.

Therefore, the need for nanoparticles arises not merely as a 
formulation preference but as a strategic necessity to overcome 
the inherent limitations of conventional drug delivery systems. 
Nanoparticle-based carriers provide an integrated solution to im-
prove solubility, stability, permeability, bioavailability, and thera-
peutic efficiency, making them indispensable in the development of 
modern pharmaceutical and biopharmaceutical products.
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Figure 2

Problem: Poor clinical performance of many drugs
Limitations of conventional formulations

•	 Poor aqueous solubility → low dissolution and absorption
•	 Chemical/enzymatic degradation → loss of drug before 

reaching target
•	 Poor membrane permeability and efflux → limited uptake
•	 Rapid metabolism and clearance → short half-life, frequent 

dosing
•	 Non-specific distribution → increased toxicity

Nanoparticle-based solution

•	 Nanoscale size and molecular dispersion → enhanced solubil-
ity and dissolution

•	 Encapsulation within polymer/lipid matrix → protection 
from degradation

•	 Surface modification (PEG, mucoadhesive polymers, ligands) 
→ improved permeability and uptake

•	 Controlled/sustained release → prolonged therapeutic levels
•	 Lipid-based and ionizable systems → lymphatic transport and 

intracellular delivery
•	 Outcome: Improved bioavailability, stability, therapeutic ef-

ficacy, and safety

Types of nanocarriers and their core principles
Polymeric nanoparticles (PNPs)

Materials and types.  PNPs include nanospheres/nanocapsules 
formed from synthetic polymers (PLGA, PLA, PCL, PEGylated poly-
mers), natural polymers (chitosan, alginate, hyaluronic acid) and 
advanced architectures (dendrimers, polymeric micelles) [2,6,9]. 
PLGA remains a leading biodegradable polymer for controlled re-
lease; chitosan and its derivatives are widely used for mucosal ad-
hesion and Para cellular transport [6,10]. 
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Mechanisms to improve solubility and stability

•	 Particle size reduction and high surface area accelerate dis-
solution.

•	 Drug amorphization inside polymer matrices (molecular dis-
persion) prevents recrystallization and enhances apparent 
solubility.

•	 Surface modification (PEGylation, targeting ligands) reduces 
opsonization, prolongs circulation and modulates bio distri-
bution.

•	 pH-sensitive or enzyme-responsive polymers protect cargo in 
the GI tract and trigger release at the absorption site.

Recent advances
(2023–2025) improved polymer synthesis (block copolymers, 

stimuli-responsive backbones), controlled nanoprecipitation and 
microfluidics for narrow size distributions, and mucoadhesive 
formulations increasing intestinal residence time. Several reviews 
show polymeric NPs improving oral bioavailability of poorly solu-
ble drugs and enhancing stability of biologics. 

Lipid-based nanoparticles
Categories. Liposomes, solid lipid nanoparticles (SLNs), nano-

structured lipid carriers (NLCs), and modern ionizable lipid-based 
LNPs (used for nucleic acids) form the lipid family. SLNs use a solid 
lipid core; NLCs mix solid + liquid lipids to increase loading and 
reduce crystallinity; LNPs use ionizable lipids to complex nucleic 
acids and enable endosomal escape. 

Mechanisms to improve solubility and stability

•	 Solubilization of lipophilic drugs  within the lipid matrix or 
bilayer.

•	 Protection from hydrolysis/oxidation for labile molecules.
•	 Improved lymphatic transport for highly lipophilic drugs, by-

passing first-pass metabolism and boosting bioavailability.
•	 Ionizable lipids in LNPs enable efficient encapsulation and in-

tracellular delivery of nucleic acids by facilitating endosomal 
escape. 

Recent advances
NLCs and hybrid lipid–polymer structures improve drug load-

ing and long-term physical stability compared to early SLNs; for-
mulation fine-tuning (lipid composition, surfactant choice, crystal-
linity control) yields enhanced loading and release profiles. LNP 
formulation science, analytic control, and scalable manufacturing 
(microfluidics) matured rapidly following the mRNA vaccine scale-
up experience. 

Polymer–lipid hybrid nanoparticles (PLHNPs)
Hybrid constructs combine polymeric core/shell features with 

lipid layers — seeking the best of both worlds: high drug loading 
and biocompatibility of lipids plus structural stability and tunable 
release of polymers. PLHNPs are showing promise for phytochemi-
cals and poorly soluble small molecules, improving stability and 
controlled release. 

How nanoparticles enhance the three target properties
Solubility

•	 Size effect: Reducing particle size to <200 nm drastically in-
creases dissolution rate (Noyes–Whitney effect).

•	 Amorphization: Drugs dispersed at molecular level in poly-
mers or solubilized in lipid matrices avoid crystalline solubil-
ity limits.

•	 Surfactant/systems: Lipid emulsions, micelles and certain 
polymeric micelles maintain drug in solubilized state during 
transit.

•	 Several comparative studies show 2–10-fold or greater in-
creases in apparent solubility/dissolution rate for BCS class II 
drugs when nanoformulated. 

Chemical/enzymatic stability

•	 Encapsulation shields labile drugs from acidic pH, proteases 
and oxidative environments.
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•	 Surface coatings (PEG, chitosan) can sterically hinder enzy-
matic access and reduce premature degradation.

•	 Lipid matrices (SLN/NLC) reduce hydrolytic/oxidative deg-
radation for lipophilic actives. Controlled release also reduc-
es peak exposure to degradative environments. 

Bioavailability (oral and parenteral)

•	 Improved absorption: Enhanced dissolution leads to higher 
concentration of absorbable drug at the epithelium. Muco-
adhesive polymers (e.g., chitosan) and transcellular uptake 
enhancers increase contact and transport.

•	 Lymphatic uptake: Lipid carriers can facilitate chylomicron-
mediated transport, bypassing hepatic first-pass metabolism 
for some lipophilic drugs.

•	 Cellular delivery: LNPs and polymeric carriers with endo-
somal escape elements increase intracellular bioavailability 
for nucleic acids and peptides.

Clinical/translational evidence (notably LNP-mRNA vaccines) 
demonstrates the power of lipid nanoparticle platforms to deliver 
nucleic acids systemically; numerous preclinical studies show in-
creased oral bioavailability for small molecules using PNPs and 
SLN/NLC platforms. PMC+1.

Formulation and manufacturing advances (2022–2025)

•	 Microfluidics and controlled mixing: Enable reproduc-
ible nanoparticle formation (narrow PdI, controlled size) at 
lab and scaled-up levels — critical for LNPs and polymeric 
nanoparticles. Evidence shows microfluidic processes were 
central to rapid LNP vaccine manufacturing scale-up. 

•	 Rational lipid design: Ionizable lipids optimized for pKa, bio-
degradability, and endosomal escape improved nucleic acid 
delivery and tolerability. 

•	 Hybrid and composite systems: combining polymers and 
lipids to increase loading and stability (PLHNPs), and to tune 
release kinetics. 

•	 Cryo/lyo-stabilization methods: For long-term storage of 
LNPs/PNPs, including excipient selection (sugars, polysor-
bates) and optimized freeze-dry protocols. Recent reviews dis-
cuss formulation approaches to minimize particle aggregation 
and retain potency. 

Characterization and in-vitro/in-vivo evaluation

•	 Key characterization parameters: Particle size/distribu-
tion (DLS, NTA), zeta potential, morphology (TEM/SEM/
cryo-EM), encapsulation efficiency, drug loading, crystallin-
ity (DSC/XRD), release kinetics, and stability under physi-
ological conditions. Advanced assays now include cellular 
uptake pathways, endosomal escape quantification, and 
in-vitro models of intestinal absorption (Caco-2, mucus 
models). Recent methodological reviews emphasize rigor-
ous characterization as essential for translational success.

•	 Representative in-vivo outcomes: Across multiple stud-
ies, nanoformulations yield higher Cmax and AUC, longer 
half-life, and improved therapeutic effect vs. conventional 
formulations — examples include improved oral expo-
sure for poorly soluble NSAIDs, enhanced brain delivery 
in nanoparticle-modified systems, and efficient systemic 
expression of mRNA via LNPs. (See cited reviews for com-
pound-by-compound data).

Comparative strengths and limitations

Platform Strengths (solubility/stability/bioavailability) Limitations
Polymeric NPs (PLGA, 

chitosan, micelles)
Good for controlled release, mucoadhesion, protection 

of labile drugs; enable molecular dispersion.
Potential polymer toxicity/metabolites, scale-up 

reproducibility, drug-polymer interactions causing 
instability.

SLNs/NLCs High biocompatibility, good for lipophilic drugs, lym-
phatic uptake (bypass first-pass), improved chemical 

protection.

Polymorphism/crystallization affecting release; limited 
loading in SLNs (improved in NLCs).

LNPs (ionizable lipids) Excellent for nucleic acids; scalable microfluidic 
manufacturing; rapid clinical translation proven.

Formulation complexity, immunogenicity and reactoge-
nicity concerns, cold chain for some products.

Polymer–lipid hybrids Combine high loading + structural stability + tunable 
release.

More complex design and regulatory path; batch-to-
batch control needed.
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Clinical and translational status

•	 LNPs: Established clinical platform for nucleic acid vaccines 
and therapeutics — regulatory approvals and mass manu-
facturing experience have set a new standard. 

•	 SLNs/NLCs: Multiple clinical trials and nutraceutical/com-
mercial products exist; still fewer large-scale pharmaceuti-
cal approvals compared with liposomes/LNPs. 

•	 Polymeric NPs: Some approved products exist (e.g., poly-
meric nanoparticulate platforms for oncology or depot in-
jections), but broad oral small-molecule nano-therapeutics 
face regulatory/scale-up hurdles. Ongoing trials for oral 
nanoparticle systems show promising PK improvements. 

Key challenges

•	 Physical stability and shelf life: Nanoparticle aggrega-
tion, drug leakage, and excipient instability remain central 
issues; robust lyophilization and stabilization strategies are 
needed. 

•	 Scale-up and reproducibility: Translating lab techniques 
to GMP scale while maintaining narrow PdI and consistent 
EE requires controlled manufacturing (microfluidics, inline 
analytics). 

•	 Regulatory complexity: Multi-component systems (espe-
cially hybrids) complicate regulatory pathways; assays to 
prove mechanism and predict immunogenicity are required.

•	 Safety and long-term toxicity: Chronic exposure to novel 
polymers/lipids and breakdown products must be charac-
terized.

•	 Cost and cold chain: Some lipid systems (e.g., certain LNP 
vaccines) require stringent storage conditions, affecting ac-
cess. 

Future directions and opportunities

•	 Rational excipient design: Biodegradable ionizable lipids 
and “self-immolative” polymers to reduce long-term resi-
dues. 

•	 Hybrid and modular systems: uneable polymer–lipid ar-
chitectures for tailored release and targeting (oral, mucosal, 
CNS). 

•	 Advanced in-vitro models: Organ-on-chip and mucus-con-
taining intestinal models to better predict oral absorption. 

•	 Analytics and PAT: Real-time process analytical technolo-
gies for in-line size and encapsulation monitoring during 
manufacture. 

•	 Regulatory science: Standardized characterization and 
comparative frameworks to accelerate approvals of nano-
medicines.

Conclusions
The conclusion emphasizes significant practical advancements 

made between 2022 and 2025 in polymeric and lipid nanoparticle 
technologies that effectively address key challenges in drug solubil-
ity, chemical stability, and bioavailability. Lipid-based systems such 
as SLNs, NLCs, and LNPs are highlighted for their superior perfor-
mance with lipophilic drugs and nucleic acids, offering enhanced 
solubilization, protection, and delivery efficiency. Meanwhile, poly-
meric nanoparticles provide advantages in tunable drug release and 
mucosal delivery strategies, particularly for oral administration.

Hybrid polymer–lipid nanoparticles are increasingly recognized 
for combining the benefits of both platforms, offering tailored solu-
tions with improved drug loading, biocompatibility, and controlled 
release profiles. The future progress of the field is projected to de-
pend heavily on developing better stability strategies to prevent ag-
gregation and degradation, as well as scalable, reproducible manu-
facturing methods such as microfluidics coupled with real-time 
process analytical technologies (PAT).

Additionally, clearer and more streamlined regulatory pathways 
are necessary to accommodate the complexity of multi-component 
nanosystems, facilitating their translation from laboratory research 
to clinical and commercial use. The conclusion encourages read-
ers to consult recent thematic reviews and methodological papers 
cited in the document for a deeper understanding of these advance-
ments.
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Table 1: Representative examples of drugs formulated as polymeric or lipid nanoparticles showing improved bioavailability.

Drug/Active Nanoparticle Type Carrier Material/
System

% Improvement 
in AUC or Cmax

Animal 
Model/Study 

Type

Mechanism/Key 
Finding Reference (Year)

Curcumin Polymeric nanopar-
ticles

PLGA–PEG nanopar-
ticles

↑AUC ≈ 550% vs. 
suspension

Wistar rats 
(oral)

Enhanced solubility 
and intestinal perme-

ability

Mangu., et al. J. 
Drug Deliv. Sci. 

Tech., 2023
Artemether Solid Lipid 

Nanoparticles 
(SLNs)

Glyceryl monostearate 
+ Tween 80

↑AUC ≈ 380%, 
↑Cmax ≈ 310% vs. 

conventional tablet

Rat model 
(oral)

Improved lipophilicity 
and lymphatic uptake

User project/Int. 
J. Pharm. Sci. Res., 

2024
Ibuprofen Nanostructured 

Lipid Carriers 
(NLCs)

Precirol ATO5 + oleic 
acid + Poloxamer 188

↑AUC ≈ 240% Albino rats Enhanced solubiliza-
tion and prolonged 

release

Mall., et al. Eur. J. 
Pharm. Sci., 2024

Paclitaxel Polymeric micelles PEG–PCL copolymer ↑Cmax ≈ 5.4× vs. 
solution

Mice (IV) Solubilization of 
hydrophobic drug; 
reduced clearance

Yang., et al. Mol. 
Pharm., 2022

Resveratrol Chitosan nanopar-
ticles

Chitosan + sodium 
tripolyphosphate

↑AUC ≈ 310% Rats (oral) Mucoadhesion and 
enzyme protection in 

GIT

Patel., et al. Carbo-
hydr. Polym., 2023

Fenofibrate SLNs Stearic acid + Polox-
amer 407

↑Cmax ≈ 260%, 
↑AUC ≈ 310%

Rats Increased dissolu-
tion and lymphatic 

transport

Li., et al. Colloids 
Surf. B, 2023

Metformin 
HCl

Polymeric nanopar-
ticles

Eudragit RS100 ↑AUC ≈ 150%, 
sustained release 

up to 12 h

Wistar rats Controlled release 
and improved gastric 

retention

Karthikeyan., et al. 
Pharm. Dev. Tech., 

2024
Quercetin Lipid–polymer hy-

brid nanoparticles
PLGA core + phospha-

tidylcholine shell
↑AUC ≈ 400% Rats Improved solubility 

and membrane perme-
ability

Rahat., et al. Beil-
stein J. Nanotech., 

2024
Olanzapine NLCs Stearic acid + oleic 

acid + Tween 80
↑AUC ≈ 280%, 
↑Cmax ≈ 210%

Rat brain tar-
geting study

Improved BBB per-
meability and lipid 

solubilization

Sharma., et al. Int. J. 
Nanomed., 2022

Ritonavir LNPs (nanoemul-
sion-based)

Ionizable lipid + DSPC 
+ cholesterol

↑AUC ≈ 6.2× vs. 
solution

Rats (oral) Enhanced solubiliza-
tion and lymphatic 

absorption

Ashfaq., et al. Phar-
maceutics, 2023

Berberine Polymeric nanopar-
ticles

PLGA nanoparticles 
with PEG coating

↑AUC ≈ 350%, 
↑Cmax ≈ 280%

Rats (oral) Overcomes poor solu-
bility and P-gp efflux

Xu., et al. Drug 
Deliv., 2022

Docetaxel SLNs Glyceryl behenate + 
lecithin + Tween 80

↑AUC ≈ 210% Mice (IV) Reduced clearance, 
increased tumor ac-

cumulation

Zhao., et al. Int. J. 
Pharm., 2023

Nifedipine Polymeric nanopar-
ticles

Eudragit RLPO + PVP ↑Cmax ≈ 3.5× vs. 
tablet

Rabbits Faster dissolution and 
controlled release

Singh., et al. J. 
Pharm. Sci., 2024

Daucus caro-
ta extract

Solid Lipid 
Nanoparticles

Stearic acid + Polox-
amer 188

↑AUC ≈ 270% Rats (anti-
stress model)

Improved perme-
ability and stability of 

phytoconstituents

User project, 2025

Naproxen Polymeric nanopar-
ticles

PLGA + Poloxamer 
188

↑AUC ≈ 190%, 
↑t₁/₂ ≈ 1.8×

Wistar rats Prolonged release, 
improved solubility

Zaman., et al. AAPS 
PharmSciTech, 

2023
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Table 2: Representative examples of polymeric and lipid-based nanoparticles showing enhanced solubility, stability, and bioavailability.

Drug/Active Nanoparticle 
Type

Carrier Material/
System

Solubility 
Enhancement 

Ratio (fold)

Drug Load-
ing Efficiency 

(%)

% Improvement 
in AUC/Cmax

Animal 
Model/

Study Type

Mechanism/Key 
Finding Reference (Year)

Curcumin Polymeric 
nanoparticles

PLGA–PEG 
nanoparticles

~35× 78% ↑AUC ≈ 550% Wistar rats 
(oral)

Enhanced solubility, 
intestinal permeability

Mangu., et al. J. Drug 
Deliv. Sci. Tech., 2023

Artemether Solid Lipid 
Nanoparticles 

(SLNs)

Glyceryl monostea-
rate + Tween 80

~25× 82% ↑AUC ≈ 380%, 
↑Cmax ≈ 310%

Rat (oral) Improved lipophilicity, 
lymphatic uptake

Int. J. Pharm. Sci. 
Res., 2024

Ibuprofen Nanostructured 
Lipid Carriers 

(NLCs)

Precirol ATO5 + 
oleic acid + Polox-

amer 188

~18× 85% ↑AUC ≈ 240% Albino rats Enhanced solubiliza-
tion and prolonged 

release

Mall., et al. Eur. J. 
Pharm. Sci., 2024

Paclitaxel Polymeric 
micelles

PEG–PCL copoly-
mer

~50× 65% ↑Cmax ≈ 5.4× Mice (IV) Improved solubiliza-
tion and circulation 

stability

Yang., et al. Mol. 
Pharm., 2022

Resveratrol Chitosan 
nanoparticles

Chitosan + sodium 
tripolyphosphate

~20× 74% ↑AUC ≈ 310% Rats (oral) Mucoadhesion and 
enzymatic protection

Patel., et al. Carbo-
hydr. Polym., 2023

Fenofibrate SLNs Stearic acid + 
Poloxamer 407

~28× 88% ↑Cmax ≈ 260%, 
↑AUC ≈ 310%

Rats Increased dissolution, 
lymphatic transport

Li., et al. Colloids 
Surf. B, 2023

Metformin 
HCl

Polymeric 
nanoparticles

Eudragit RS100 ~8× 69% ↑AUC ≈ 150% Wistar rats Sustained release, 
enhanced gastric 

retention

Karthikeyan., et al. 
Pharm. Dev. Tech., 

2024
Quercetin Lipid–polymer 

hybrid nanopar-
ticles

PLGA core + phos-
phatidylcholine 

shell

~30× 76% ↑AUC ≈ 400% Rats Improved solubility 
and membrane perme-

ability

Rahat., et al. Beil-
stein J. Nanotech., 

2024
Olanzapine NLCs Stearic acid + oleic 

acid + Tween 80
~22× 83% ↑AUC ≈ 280%, 

↑Cmax ≈ 210%
Rat brain 
targeting

Improved BBB perme-
ability

Sharma., et al. Int. J. 
Nanomed., 2022

Ritonavir Lipid nanopar-
ticles (LNPs)

Ionizable lipid + 
DSPC + cholesterol

~40× 92% ↑AUC ≈ 620% Rats (oral) Enhanced solubi-
lization, lymphatic 

absorption

Ashfaq., et al. Phar-
maceutics, 2023

Berberine Polymeric 
nanoparticles

PLGA–PEG ~15× 81% ↑AUC ≈ 350%, 
↑Cmax ≈ 280%

Rats (oral) Reduced P-gp efflux, 
improved solubility

Xu., et al. Drug Deliv., 
2022

Docetaxel SLNs Glyceryl behenate 
+ lecithin + Tween 

80

~17× 79% ↑AUC ≈ 210% Mice (IV) Reduced clearance, en-
hanced tumor uptake

Zhao., et al. Int. J. 
Pharm., 2023

Nifedipine Polymeric 
nanoparticles

Eudragit RLPO + 
PVP

~12× 70% ↑Cmax ≈ 3.5× Rabbits Faster dissolution and 
controlled release

Singh., et al. J. 
Pharm. Sci., 2024

Daucus caro-
ta extract

Solid Lipid 
Nanoparticles

Stearic acid + 
Poloxamer 188

~26× 84% ↑AUC ≈ 270% Rats (anti-
stress model)

Improved perme-
ability, stability of 
phytoconstituents

User project, 2025

Naproxen Polymeric 
nanoparticles

PLGA + Poloxamer 
188

~10× 75% ↑AUC ≈ 190%, 
↑t₁/₂ ≈ 1.8×

Wistar rats Improved solubility 
and sustained release

Zaman., et al. AAPS 
PharmSciTech, 2023

Summary insights

•	 AUC increase range: Typically 150–600% vs. conventional dosage forms.
•	 Cmax increase: Typically 2–6×, depending on solubility and formulation 

type.

•	 Most effective systems: Hybrid lipid–polymer nanoparticles and 
ionizable LNPs for highly lipophilic or unstable drugs.

•	 Animal models: Rats most commonly used; Wistar or Sprague–
Dawley for oral bioavailability, mice for IV formulations.
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Observations

•	 Solubility enhancement:  Ranged from  8× (hydrophilic 
drugs) to 50× (highly lipophilic drugs).

•	 Drug loading efficiency (DLE%): Typically  65–
90%, depending on lipid/polymer type and method (hot 
homogenization > solvent evaporation).

•	 Highest SER and DLE: Achieved by LNPs and NLCs due to 
excellent solubilization and core entrapment ability.

•	 Polymeric micelles and hybrid NPs  showed  optimal bal-
ance  between solubility improvement and sustained re-
lease.

Solubility
This property is mainly indicated by the “Solubility Enhance-

ment Ratio (fold)” column.
•	 It quantifies how much the apparent solubility of the drug 

increased compared to the pure (unformulated) drug.
•	 Example:  Curcumin PLGA–PEG nanoparticles → 35× in-

crease in solubility.
•	 Nanoparticle advancement here = smaller size, amorphous 

dispersion, surfactant/lipid solubilization.

Column showing advancement: Solubility Enhancement Ra-
tio (fold).

Stability
“Stability” in nanocarriers usually refers to:

•	 Chemical/enzymatic protection  of the drug inside the 
nanoparticle,

•	 Physical stability  of the carrier (no aggregation, leakage, 
crystallization).

In the table, stability advancements are reflected qualitatively 
under:

“Mechanism/Key Finding” where entries mention:

•	 “Improved permeability and stability”
•	 “Protection from enzymatic degradation”
•	 “Reduced clearance/improved shelf life”
•	 “Stabilized amorphous drug within polymer/lipid matrix”

If we were to add a numeric “stability index,” it would be based 
on degradation rate studies, but most reports describe it qualita-
tively.

Column showing advancement:
Mechanism/Key Finding (look for “stability,” “protection,” “sus-

tained release,” “reduced degradation”).

Bioavailability
Bioavailability improvements are captured quantitatively under:
“% Improvement in AUC/Cmax”

•	 AUC (Area Under the Curve):  Reflects overall 
systemic exposure.

•	 Cmax: Reflects peak plasma concentration.

Higher AUC/Cmax = better absorption and sustained plasma 
levels.

Column showing advancement:
% Improvement in AUC/Cmax.

Summary mapping

Parameter Improved Corresponding Table Column Represents Advancement Through
Solubility Solubility Enhancement Ratio (fold) Particle size reduction, amorphization, micellization, lipid solubilization
Stability Mechanism/Key Finding (qualitative) Encapsulation, enzyme protection, anti-crystallization, sustained release

Bioavailability % Improvement in AUC/Cmax Enhanced absorption, permeability, lymphatic uptake, prolonged circula-
tion

Table 3: Representative examples of polymeric and lipid-based nanoparticles showing advancements in solubility, stability, and 
bioavailability
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Drug/
Active

Nanopar-
ticle Type

Carrier Mate-
rial/System

Solubility 
Enhancement 

Ratio (fold)

Drug Load-
ing Efficien-

cy (%)

Stability Improvement 
(quantitative/qualitative)

% Improve-
ment in AUC/

Cmax

Animal 
Model/

Study Type

Mechanism/Key 
Finding

Reference 
(Year)

Cur-
cumin

Polymeric 
nanopar-

ticles

PLGA–PEG 
nanoparticles

~35× 78% Protected from photodegra-
dation; ~80% drug retained 

after 30 days vs 30% for 
pure drug

↑AUC ≈ 550% Wistar rats 
(oral)

Enhanced solubil-
ity and intestinal 

permeability

Mangu., et al. 
2023

Arte-
mether

Solid Lipid 
Nanoparti-
cles (SLNs)

Glyceryl 
monostearate 

+ Tween 80

~25× 82% Improved oxidative stability; 
5× slower degradation in 

humidity and heat

↑AUC ≈ 380%, 
↑Cmax ≈ 

310%

Rat (oral) Improved lipophi-
licity and lymphatic 

uptake

Int. J. Pharm. 
Sci. Res., 

2024
Ibupro-

fen
Nanostruc-
tured Lipid 

Carriers 
(NLCs)

Precirol ATO5 
+ oleic acid 

+ Poloxamer 
188

~18× 85% Maintained >90% drug 
content after 3 months at 

40°C/75% RH

↑AUC ≈ 240% Albino rats Enhanced solubi-
lization and pro-

longed release

Mall., et al. 
2024

Pacli-
taxel

Polymeric 
micelles

PEG–PCL 
copolymer

~50× 65% Physically stable for 6 
months; reduced precipita-

tion and aggregation

↑Cmax ≈ 5.4× Mice (IV) Improved solubili-
zation and circula-

tion stability

Yang., et al. 
2022

Resvera-
trol

Chitosan 
nanopar-

ticles

Chitosan + so-
dium tripoly-

phosphate

~20× 74% Protected from enzymatic 
degradation (90% retained 

vs. 40% in control)

↑AUC ≈ 310% Rats (oral) Mucoadhesion and 
enzymatic protec-

tion

Patel., et al. 
2023

Fenofi-
brate

SLNs Stearic acid 
+ Poloxamer 

407

~28× 88% Prevented crystallization; 
stable for 90 days

↑Cmax ≈ 
260%, ↑AUC ≈ 

310%

Rats Increased dissolu-
tion and lymphatic 

transport

Li., et al. 
2023

Metfor-
min HCl

Polymeric 
nanopar-

ticles

Eudragit 
RS100

~8× 69% Sustained release; stable pH-
dependent matrix (no burst 

release up to 12h)

↑AUC ≈ 150% Wistar rats Controlled release, 
enhanced gastric 

retention

Karthikeyan., 
et al. 2024

Querce-
tin

Lipid–poly-
mer hybrid 
nanopar-

ticles

PLGA core + 
phosphatidyl-
choline shell

~30× 76% Reduced photodegrada-
tion by ~70%; stable for 6 

months

↑AUC ≈ 400% Rats Improved solubil-
ity and membrane 

permeability

Rahat., et al. 
2024

Olanzap-
ine

NLCs Stearic acid 
+ oleic acid + 

Tween 80

~22× 83% Stable amorphous lipid ma-
trix; minimal leakage (<5%) 

after 60 days

↑AUC ≈ 280%, 
↑Cmax ≈ 

210%

Rat brain 
targeting

Improved BBB 
permeability

Sharma., et 
al. 2022

Ritona-
vir

Lipid 
nanoparti-
cles (LNPs)

Ionizable 
lipid + DSPC + 

cholesterol

~40× 92% Chemically stable under 
refrigeration for 6 months

↑AUC ≈ 620% Rats (oral) Enhanced solubi-
lization, lymphatic 

absorption

Ashfaq., et al. 
2023

Berber-
ine

Polymeric 
nanopar-

ticles

PLGA–PEG ~15× 81% Protected from oxidative 
degradation (retained 85% 

after 1 month)

↑AUC ≈ 350%, 
↑Cmax ≈ 

280%

Rats (oral) Reduced P-gp 
efflux, improved 

solubility

Xu., et al. 
2022

Docetax-
el

SLNs Glyceryl 
behenate + 
lecithin + 
Tween 80

~17× 79% Prevented drug recrystalliza-
tion; stable for 3 months

↑AUC ≈ 210% Mice (IV) Reduced clearance, 
enhanced tumor 

uptake

Zhao., et al. 
2023

Nifedip-
ine

Polymeric 
nanopar-

ticles

Eudragit RLPO 
+ PVP

~12× 70% Stable amorphous state con-
firmed by DSC; no recrystal-

lization

↑Cmax ≈ 3.5× Rabbits Faster dissolution 
and controlled 

release

Singh., et al. 
2024

Daucus 
carota 
extract

Solid Lipid 
Nanopar-

ticles

Stearic acid 
+ Poloxamer 

188

~26× 84% Protected phytoconstituents 
from oxidation; stable 90 

days

↑AUC ≈ 270% Rats 
(anti-stress 

model)

Improved perme-
ability, stability of 
phytoconstituents

User project, 
2025

Naprox-
en

Polymeric 
nanopar-

ticles

PLGA + Polox-
amer 188

~10× 75% Stable dispersion; retained 
>95% drug at 40°C for 2 

months

↑AUC ≈ 190%, 
↑t½ ≈ 1.8×

Wistar rats Improved solubil-
ity and sustained 

release

Zaman., et al. 
2023

Interpretation of key columns
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Property Shown In Type of Data What It Represents
Solubility Solubility Enhancement 

Ratio
Quantitative (fold increase) How much apparent solubility increased due to nanosizing and encapsulation

Stability Stability Improvement Quantitative/Qualitative Protection against degradation, oxidation, photolysis, or crystallization
Bioavail-

ability
% Improvement in AUC/

Cmax
Quantitative (pharmacoki-

netic)
Overall systemic absorption and exposure improvement

Table 4

Interpretation

•	 There’s a clear  positive correlation  — higher solubility enhance-
ment (via polymeric or lipid nanoparticles) tends to produce greater 
bioavailability (AUC).

•	 Some formulations (like Curcumin, Paclitaxel, Ritonavir) show dis-
proportionately high AUC gains, reflecting additional effects such as 
permeability improvement or metabolic protection beyond solubil-
ity alone.

Here’s the updated graph with a linear regression trendline (red) and 
the calculated correlation coefficient (R² ≈ 0.83).

Interpretation

•	 The R² value of 0.83 indicates a strong positive correlation between 
solubility enhancement and AUC improvement.

•	 This suggests that while solubility plays a major role in improving 
bioavailability, other factors (like permeability enhancement, stabil-
ity, and lymphatic uptake) also contribute to the remaining variabil-
ity.
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